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ABSTIlACT

If the current arowth rat. in the u•• of fo.sl1 fuel. continua. at

4.3% per y.ar. t~en the CO2 concentration in the atmosphere can be expected

to double by about 2035 provided the current partitlon of C02 between the

atmo.pher•• bio.pher. and ocean. i. maintained a. well a. the curr.nt mix

of f~el.. Alt.rnative a••umptton. with r••p.ct to rat•• of incr.a.e of the

world-. u.e of carbon ba.ed fuel., and the nature of atmo.phere-ocean-

bio.pher. int.raction. lead to • range of doubling date. of 2020 to 2085

with mar. "na.onable" modeh yielding daU. from 2030 to 2040.

Thi. report .ddr••••• the que.tion of the .ourc•• of atMo.pheric

CArbon dioxid., consider. the distribution ~f the present ,arbon dioxide
.J

among the atmospheric, oceanic and biospheric r••ervoirl. and aSI••les the

impact of significant increa"1 in at~o.pher1c carbon dioxide as reflected

by the change in Iverlge ground temperature at each latitude. Possible

direct implctl of incre.sed atmospheric carbon dioxide levels on the

biosphere ar. also considered.

TIle ocean. and bio.phere, including the soils and methane

hydratel. store very large amountl of carbon coopared with thlt in the

3tmo,phere. Small changes in these large re.ervoir. can have 4 major

effect on the atmo.phere. Neither the ocean-atmosphere nor the atmo.phere-

biosphere tnterface, are well understood. In regard to the former. we

prop0le a naw mod.l for the mixina of carbon dioxide in the oc.an.. The
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rropo••d .ad.l t.ke••xplicit account of the flow of colder .~d/or .altier

vat.r to Ir.at.r depth•• carrying with it C02 from the .urfac. lay.rs.

n,l. approach differs from the conv.ntlonal box .odel lov.rned by vertical

diffu.lon It .ome arbitrary rate. Our calculation' are, howev.r, subject

to eon.iderabl. unc.rtainty conc.rning the form.tion of deep water

....... Th. atmo'rh.r.-bio.phere int.rface i, .ianificantly .ore

comp1.x. It 1~ c\.ar, howev.r, that data on ••veta1 k.y que.tions ar.

ne.d.d: (1) c1.ar and detailed infor.ation on long term chanae. of OXYR.n

conc.ntration in the atmo.ph.f. and oce.n.; (2) inforaation on the

po••ibllity that downward tran.port of r.duc.d carbon, by rainout of

bioloalcal d.bri. from the ocean .urface into d••per 1ay.r" ..y

.ub.tantially increa •• the n.t flow of C02 from the etmosphere into the

oc.an; (3) information on the int.ractiona of .oi1 carbon with the

atmo.phe".. and the .he of the '011 carbon r.,ervoir.

Iner.allng CO2 ln the atmolph.r. perturb, cllmate by .ltering the

radlative properti•• of the atmolph.r.. The re.ulting climate change has

b••n c.1culated throulh hilhly par.meterized an.lytic heat budget models of

the oc.an-atmolphere ,y,tem and by 1arse computer mode11. we have adopted

tne firlt approach, Itartins with an atmolph.re locally in radiative

~qui1ibrium and th.n allowins meridional tranlport of helt. We have

con.truct.d two mode11 for the ca,e of radiltlv. equilibrium: one tr•• ting

the atmo.phere al quali-grey, and the oth.r dividing the infrared .mlssion

r.slon into nine banda. The qUlli-sr.y atmo.ph.re mod.1 pr.dictl an

incr.a.e of Iv.rase ,urf,ce temveratur. of 2.80K for I doubling of C02' a

re.ult in .sreement with the nine band mod.1. Both ~ode1. are .en.itlve to

11
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a••Wlpti.,)n. with eupect to the var1at10n 1n h\81d1tJ and cloud fomaUon

a. a r••ult of Itao.phee1c wa~1nl. In the mod.l•• the pr1nc1pal .ff.et of

incnl.ina CO2 1. to enhane. the ab.orpUon by Wilt CO2 band. in E,-12

micron rel.on. Trlc. II.e•• CH4• N2C. NH3' freon. and hydrocarbons can

also dlrken the Itmo.ph.ric window.

An analyti( model of the atmo.phec. ha. been con.tructed (JASON

Climate MOd.l). calculation with this zonilly av.raled mod.l .howl an

inecel.e of aveuse .ueface temp.rature of 2.40 for I doublhll of C02. 'nle

equatori.l temper.ture incr••••• by 0.70 K while thl pol•• warm up by 10 to

12oK. 'nle.e value. refer to .n equUibriUlll state where tli- ice e.p' have

completely Illelud. In U.lle dependent heat budset model •• the incre••• in

te~perature durina the summer is greater than durina the winter.

The JASON Climate Model (JC~) suffers from a number of fundamental

·...eaknesses. nae role of clouds in determining the a!bed.:> is not ad,!quately'

taken into ~ccount, nor is the hydrological cycle. We expect. however.

that models intermediate betwe\~n the lacge GeMs and the primitive analytic

models can yield insights into the nature of climate change. A better

understandina of the influence of carbon dioxide on climate wlll depend on

the development of modela that yield information on the statlst1eal proper­

ties of a warlller atmosphere.

The fOC1llation of sea ice dllring wlnter ln the high latitudes

result. 1n a downflow of ocean water 1n restricted geographical regions.

This downflow il balanced by a slow ocean wide upwelling. The enhanced
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varaing at hiBh latitudea could diaturb thia circulation. The high lati­

tude varaina vill tend to .elt ice aheetl. particularly thoae Irounded

below aea level. The time acale for the disintelration of the ice eheets

..y be es ahort a. a few hundred year* or a. lonl as mrny thoueand years.

Thie estimate is uncertain since the mechanisms for ice wheet disintegra­

tion are poorly underetood.
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1.0 THI tKPACTS or INCREASING CAlION DIOXIDE: AN OVERVIEW

Steady, hot .ummer wlnd. ln 1979. accompanled by low pre~ipit.tlon

over the Irain Il'owin. are•• of &tropean RUllia udu,..d Soviet wheat I~rop.

by .bout 15% bdov the planned .oal. t1le Soviet. hold anticipated lUkb,S up

thll .hortfall by major purc:ha••• from the 1Jniua Statt., Canacia and

Au.tralia. The Sovi.t inva.ion of Aflhani.tan led to cultal1.ent of

further u.s. Irain .hipment.. the Soviet live.tock hlrd. bullt over tventy

yearl, wa. endanalred and ten.ione betUien Ea.t and weat vere exacerbltea.

What happened In J979 wa. not unlque for the decad. of the

s.v.nt~... In January, 1972 the vh.at crop In European Iu••ia .uff~r.d

from liladequa til 8l\"W cever , followed by prolonsed heat and drouaht In

sprins and sumu•••• In the late fall the ripened crop wa, covered by

snow. As a result. tha Soviet Union rapidly entered the world arlin

~arket. already .trained by the poor monlDon in India in the ••me ye.r.

Th, Soviet ahortfall of about J2% va. mitigated l.rlely by purc:ha.e. from

the Welt vith major repereullion, on worlJ trade and the Soviet hud

currency po.ition.

The event.. of the la.t year, of the J970', 11luatratt that

relatively amall chanae. in climatic conditton' can exert a profound

influence on world event ••

The Sovllt Union and India vere not the only countrie. affected by

abnormal cltmatlc condition. in the ••rly 1970'.. In the .ame time



interval the .ix Ye.t African countrie••outh of the Slhe1--Mauretania.

leneaal, Malt, upper Yo1ta, Nia.r and Chad--vere driven to tne edae of

political end economic ruin by a drouaht that began 1n 1968. ~e Slhelian

drouaht and the Soviet end Indian Inin failure. received wor...d-v1de

attention. 'lb. Equedorio1n rice feilure ()f 1974, the 0\1n..e droughts and

flood. rf the 'aDe year, and the 1973 drouaht. in Clntral America ettrected

1a•• attentinn. All of the .. ex~pl•• illu.trate the fraailltY of the

world'. crop produciftC c~pacity, particularly In tho.e .arllna1 areas where

••a11 alterationl in te.perature and precipitation can btinl ebout .ajor

chana.s in total proJuctivlty.
1-.

Th. example. of the tmpact of climatic atres, on the cour.e of

world eventa in the 1970. are representative of .1mllar Incidents through­

out history. The dl.trlbutlon of population In the United Statea wa.

Ireatly alteted a. a re.ult of the 1933-36 droulht of the Du.t Bowl when

total united State. production of wheat was only three-quarter. of that in

pre~e.dl"8 and sub.equent yeata. Lamb attribute. the .teet lri.h Potato

Fa.lne of the year. 1845-48 to a .erie. of wet end v.t. aummer••uleable

for the repid arowth of the potato b11.ht funlu. which had been imported

frOIl North AIIIerica In di.eand tuben. l The famine halved the population

of Inland with _taration to the United State. and Britain, and left a

1ellcy of bitterne•• a.aln.t 1n11and which ha. laated to pte••nt ttm•• a. a

re.ult of famine-a••oclated mtafortune••

The effect. of cltmete on .an are uaua11y conatdered only in terms

of elrlcultute, but climate chan.e. can profoundly tnfluenc~.any of .an',

2
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other 1.11 vitel activitie.. Hlltinl of Ilacier. and ice Ihe.t. vill btinl

about chanae. in .ea level which. even if ..all. are of lmportance to

people livina in area. lubjected to ..a flood. (1 •••• Netherland. and

Venice). Larae .hift. in ..a level could brina about najor populat!on

shiftl. Th. infraltructure of the energy and power industries are ba.ed on

av.rage cltmatic condit10n. 1n variou. part. of the world. The insurance

1ndu.try policie. are influenced by the average 1ncidence of drought.

flood. and .ev.re Itorm.. Planning of dama for the provision of

hydroelectric power and the .anaa..ent of water resource. relie. heavily on

cli~atic data. Th. touri.t indultry. particularly that depe~dent on winter

Iportl, il heaVily influ.nced by chanaina cltmat. (.1 111ultrated by the

collapae of the New England skiing industry in the abnormally dry winter of

1979-80). The list of activities that man hal b.en forced to adjust

because of prevailing weather conditions il alm08t endless. How and over

what time scale luch activities could respond to cajor changes in climate

1s \'\ot known. 1
•

The adver.e eff.cts of long t.rm Ihitts in weather are due to the

variance of climat. about a mean. Conliderationl of the impact of man-~ade

chang.s 1n clim'te on man may require an a.l.lsment of the impact of slow

change. In the mean and pOls1ble Ihiftl in the varianc ••

The fluctuation in climat. in the last thou.and yearl is small

compared with thOle taking plate over long~r periods. A warming comp~rable

to the "altithennal" period of 4000 to 8000 yeats 8g0 would bring about not

only .ajor shift I in agriculture. but would ha"e lignU icant demographic



effeeta both froa the dlreet climate chanae. and frc~ ahlftl 1n ••• level

r••ultlng from the aelting of the Antarctic and Geeeniand ice Ih~etl.

The burning of carbon-ba.ed fuell with cucren~ technology,

relealel clrbon dioxide into the atmolpherr.. Carbon dioxide is a

relatively minor cc,n.Utuent of the atlloaphar. hav~~8 i~ 1979 •

concentration of 33,4 pItta pet ml1110n (pplll). Th:h concfintl'ltion

corre.pond. to 708.5 Giaaton. (Ctona) of carbo~ in the fora of carbon

dioxide, In incraaae of 2.6 Gton. from the previous year. Delpite it&

~Ill coneentrltion, carbon dioxide exertl •••jor influence on the thermal

Itructure of the at.olphera linee the c.rbon dioxide molecule Iblorh.

infrared radiation 'MDitted by the earth-. lurflce that othetwile would

e.cape into .pac.. Iecaul. of clrbon dioxid'-I radiative prop,rti•• ,

changea in the concentraticn of carbon dioxide alter the ~tmolphere'.

thermal propertiel. In this way ehanges in carb~n dioxide concentration

will produce change. in dim.te. 'lbere is general aluement amonl

atllloapheric Ic1enth:t. about the w.tIIlinl influence of increa.ed carbon

dioxide leveh. !ohlch le.. certain ate the deUU. of world-wide climate at

variou. leveh of atmo.phedc: carbon dioxide olr when the.e levell will be

reached.

Plant. In photo.ynthe.il fix c.rbon from the carbon dioxide in the

atmo.ph.re. Ch.nae. in catbon dioxide concentt.tionl can be expected to

alt.r productivity of both n.tural and ••ricultural Iy.tem.. Fbr thOle

plant. for which c.rbon t. 6 limiting nutrient, incre.sed c.rbon dioxide

will l.ad to an enhanced rroductivity. Increased carbon dioxide levels can

4



.110 incr.... the vat.r r.tlinina c.pacity of 10•• plantl. 10 that biab.r

productivity 1n drier .re.1 .iabt be .xpect.d with hiaher c.rbon dioxide

~e~el.. ~~e acidity of rainwatet .nd of the buffered oc.ana d.p.nd ln p.ct

on atmolphetic c.arbon dioxide concentration. 10 that chanc. in thi.

concentration could alter growth of 8011 bactetia. rate. of weatherina. and

influence marine life. The.e few example. illu.trate the the.i. that

increas.d lev.l. of carbon dioxide can brinl about chana" othet than thoae

directly or indir.ctly influenced by climate. The non-climat. r.lated

chanae. have been little .tudied 1n comparilon to climat. and ar. much le••

well understood. Nowever. it may tljrn out that the chana'. other then

tllmate are of equal or ev.n are.tlr silnific.nce to m.n thIn c\~atlc

chanle••

1.1 Climate and carbon Dioxide in Historical Per&pecti~

Tyndale2 in 1861 flrst aUlaested that .light changes ln atmos­

pheric composition could bring about climatic vac14tion. Tyndale's work

w•• based on early exper~ents measuring the absorrtlon of light as a

function of gas density. Arrehnius) firat calculated the influence of

changes ln carbon dioxide conc_ntration on the .urfac~ temper.ture noting

that enhanced absorption in the infrared should yield a higher lurface

temperature. For a three-fold incr•••e in ,he atmospheric coneentt'ation of

carbon dioxide. Arrehnius in 1896 calculated a aurface temperature rise of

qOC--a remarkable result con&ldering the paucity of data. Today's est1mate

for a threefold increase 1. 6 to 16°C. Arrehnius 4 and Cha~berlalfi5 specu­

lated that the large variation in the earth', cllmate. and in particular

the glacial epoch., could be due to changing carbon dioxide concentrationl
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of the atmolphere relulting from geologic proc.sses. The work of Arrehnius

and Chamberlain greatly influenced the thinking (during tbe firlt half of

the 20th century) Ibout seologic changes in climate. l~e critical role of

the oceans in the slobal distribution of carbon dioxide VBS firlt demon­

Itrated Ind explored by Tolman6 in 1899.

Calendar in 1938 recognized that man, thro\'gh the burning of

carbon based fuell, w.s ehansins the composition of the atmosphere. 1 The

.eophYlical liinificance of the rise in atmospheric carbon dioxide was

dr.atically ..phaaized by Revelle and Sue8s8 • "Human being8 are now

carryiQi out I lltge-Icale geophylical experiment of a kind that could not

have happened in the palt nor be repeated in the future. Within a few

centuriel, we are returning to the Atmospheres and oceans the concentrated

organic carbon stored in the aedimentary rocks over hundreds of millions of

yelrs. This experiment, if adeq~ately documented, may yield a far-reaching

insight into processes determining weather and climate."

Revelle wa8 inltrumental in incorpo~ating into the progra~ of the

International Geophysical Year, accurate and regular measurements of the

concentration of carbon dioxide. Keellng9,10 has led a number of invest1-

gators in maintaining, over the palt 20 years, continuous monitoring

programs of atmospheric carbon dioxide at ~~una Loa, Haw'ii, and the South,
Pole.

The impact of riling carbon dioxid~ levels on man were alluded to

by Revelle and Suels and explicitly discu8sed in a report of the Presi­

dent'. Science AdVisory Committee 11 in 1965. The Arab 011 Embar30,
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Prelident Nixon'. Project Indep.nd.nc•• the world-wid. incre•••d ..ph.ats

on the use of coal =~d oil shale a. major enerlY re.ource•• aDd the renewed

interelt in .ynthetic fuel. d.riv.d from coal have focused renewed .tten-

tion on the po.sible consequences of increased levels of carbon dioxide in

the atmosphere.

1.2 Measured Changes in Atmoaphertc Clrbon Dioxtde,
Figure 1.2.1 show. the record of ••ecul.r incr.... of atmospheric

-;-'carbon dioxide obtained from a nearly continuous monitorina at Mauna 14a. a

site at 3.400m altitude and well within the trade wind belt. The current

content of carbon a. carbon dioxide In the atmo.phere ls about 708 x 109

metric tons (Gtons). Between about 90 and 145 Gtnna of carbon have been

added to the atmo.phere lince 18S0. The uncertainty arl ••• from the

unknown level of carbon dioxide in the pre-industrial atmosphere (see, for

exa~ple. Calendar7).

A similar secular increase has been observed at the South Pole

~ith the values lagging Mauna Loa by a few ppm in any glven year. This lag

is consistent with the interpretation that more than 90% of the carbon

dioxide is introduced in the industrialized Northern Hemisphere, and that

there is a time lag 1n the mixing of the atmosphere between the hemis-

pheres.

Shorter records from Point Barrow, Alaska,12 and from SCandinavian

airplane flight. 13 show similar secular trends. Superimposed on the .Ieu-

lar trend tl a regular annual change with a peak to peak variation of

7
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approximately 6 ppm at Mauna Loa, 1.6 ppm at the South Pole. and al high as

15 ppm at Point Barrow. In the Northern Hemilphere, the maximum in the

annual variation il in spring and the minimum in late 8ummer. The 8ea80na1

variation il u8ually attributed to lealona1 changes in net photosyntheli~

and respiration of the biosphere1 4 though variations in sea surface temper­

atule may be a minor contributor lince the dissolved carbon dioxide content

of the oceans is temperature dependent.

Even with the limited nUDber~of observation stations. it ~s clear

that the. carbon dioxide content of the atmosphere has been riling and that

the rate of increase has accelerated over the 20 yearl of accurate mea8ure­

ments. In the late 1950'., carbon in the form of carbon dioxide was being

added at a rate of about 1 Gton per year, while in 1978 the rate was

approximately 2.6 Gtons per year.

1.3 Fuel Sources of Carbon

The rate at which carbon dioxide is added to the atmosphere

depends both on the quantity of carbon bas~d fuels bu~ned and the mix of

these fuels. In 1978, 5.62 Gtons of carbon were added to the atmosphere

continuing a trend in which the exponential growth rate of fuels use has

been 4.3% per year. 1S Per unit of heat energy delivered, the amount of

carbon placed in the atmosphere depends on the fuel. Of the natural fuels,

the burning of natural gas celeases about one-half as much carbon per unit

of delivered anergy as does coal while burninJ oil releases 1n intermediate

am~unt (see Tabl~ 2.1.2). Since the conversion of coal to synthetic fuels

requires an input of energy, synthetics release substantially more carbon

9



dloxid~ p~r unit of delivered energy than do the natural fuela (see Table

2.1.12).

The cumulative contribution by fuel burning to the ahort term

earbon cycle for the period 1800 through 1978 is about I~O Gtons or about

one-quarter of the estimated pre-industrial atmospheric content. However,

only about hal! of the carbon introduced into the atmosphere has remainEd

there. In 1978. the carbon content of the atmosphere increased by 2.6

Gtona even though 5.62 GtonS" of carbon were introduced into the atmos­

phere. A similar ratio of airborne csrbon dioxide to cerbon dioxide

introduced by fuel burning has maintained over the twenty years of direct

mea&urements of the concentratien of carbon dioxide in the atmosphere.

1.4 The Csrbon Cycle Myste~

The fact that only half the fuel based corbon introduced into the

atmosphere remains there is conventionally explained through ocean

absorption though the potential importance of biospheric interactions has

been recoRnized. 16 Recently, the possibility has been advanced that

current land clearing with the subsequent oxidation of plant material and

the removal of carbon dioxide breathing plants may be adding to the carbon

conteat of the atmosphere in a significant way. An understanding of the

distribution of carbon between the oceans. biosphere, sediments and

atmosphere is of critical importance to the forecasting of future carbon

levels in the atmosphere.

The at1ll0nphere is in tact the IIDallest of the major reservoirs of

carbon (see Table 2.5.1). Further, the fluxes betweel. the reservoirs are

10
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laree. For example, thl biolphlrl putl into the atmolphlre approximately

160 Gtons of carbon a year throulh relpiration and deeompolition of terrea­

trial and oceanie biota. The atmolphere returnl an equal quantity throuah

photolyntheli8 if e~ ~,librium conditions are maintained. Small changes in

the larle reservoire or in the ratee of exchange between the reservoirs

could bring about significant changes in atmoapheric composition that would

overwhelm the effecta of burning carbon baaed fuels. lnd.ed, the older

climate chanle hypoth••ia put forward by Arrehnius and Chamberlain were

-_ baaed on ehanle. in the carbon content of the varioul r •••rvt'ira on

geologic time seale.

The uncertainty in ho~ much of the man-derived carbon goes rapidly

into ehe oceans derives from the poorly understood mixing processes withi"

the ocean. Su~erous models of ocean-wide diffusive and convective exchange

processes between adjoining vertical layers have been constructed to study

the movement of carbon dtoxide. The models and their supporting data on

the movement of radioactive isotopes are not accurate enough to dete~ine

what fraction of the carbon released through fuel burning enters the ocean

or whether additional carbon derived from land clearing and deforestation

1s also sequestered in the oceans (see section 2.4).

The question as to whether the biosphere is a source or sink for

carbon is similarly uncertain. The rates of land clearing, the resulting

changes in biological productivity, the removal of organic material by

sedimentation in the shallow oceans, the rates of exchange of carbon in

soils, the response of the biosphere to higher carbon dioxide levels, are

11



all poorly known. Recent eltimatel lusaelt that the bio.phere ha. been I

.oderate aource of carbon 1n recent ye.rl. ! to 3 GtoRlfye.r. l 7 but much

hiaher fiaure. have been propo.ed a. well al IUlse.tlonl that the blolphec.

il a aink for carbon.

A lolution to the carbon mYltery will require, amana other thin,l.

a better underatand1na of the Rl1ey-~illiaml pump .echlni.. and the world

oxy.en cycle. In the Riley-Will1Im. pump. carbon ia fixed by or,lnilml in

the near lurface euphotic layer of the oceans. Unoxid1.ed carbon in the

form of dead oraan1..a or fecal matter fall. into the deeper partl of the

ocean wht.ch mix with the nit of the ocean with a time Icalt of about a

thou.and years. In the deep ocean the carbon oxidize. rem~v1nB free

oxygen. The net effect of the pump is to move carbon from the atmosphere

to the deep ocean. deplete oxygen levels of th~ deep ocean, and release

oxygen to the atmolphere (lee Section 2.2.4).

The burning of carbon baaed fuela not only produces carbon

dioxide, but decreases the atmoypheric concentration of oxygen. Systematic

monitoring of oxygen levlitla in the atlDollphere and ocean. to • precision of

one part in a thouland would provide a better delcription of the cnupled

carbon-oxygen cycle and lid in dec.ipherin. the carbon myltery (aee Section

2.).

1.5 Future OIrbon Levels in the Atmosphe~

Given the uncertainties 1n the future rate of carbon baled fuels,

fuel m1x, biolphere-ocean-atmoaphere interactions, it 1~ hlzardous to

12
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predict future levlll of carbon dioxide in the at.olph.r.. A c~on lit of

a••u.ption. i. that thl hi.torical Ixponential .rowth rate of 4.~1 plr Ylar

i. maint.inld .1 il thl cutr.nt fUll mix .nd that half thl c.rbon r.l ....d

remainl in thl abBo.ph.r.. With th••• a••umptlon. the carbon content of

the atmo.ph.rl would be expect.d to double in the y•• r 2035.

All three a••umption. e.n be challlnl.d. Th. r.pidly inerla.ln.

pric. of carbon b..e'" fud ••hould dlcna. f.nlr.y dllland in both the-developed at~ d.v.lop1na world. Howev.r, thil .rowth of population.

particularly 1n the dlv.lopin. world, vill placi h.avy pre••url for

. incr••••d u•• of en.rIY' Th. m1x of carbon ba ••d fuel. can al.o bl

.xp.ctld to ch.n,1 from condition. in 1979 vh.r••bout half of the fu.l wa.

oil, one-third coal, and on.-fifth natur.l II'. For ,xlmpl., the Soviet

rnion plans to increase th.ir fraction of natural g,. produced .nlrlY from

th~ 1978 value of 22~ to 40~ in 1985. 18 Thi. vill tend to reduce the input

of carbon into the atmosphere ~llch will, however, b. offset by iner•• sed

coal useMge in countries such al the United State,. The world r••er/•• of

carbon based fu.l. (8ee Table. 2.1.17 and 2.1.18) are probably capable of

su.taining a 4.3% rate of growth through the 21.t Century, but the co.t of

recovery and the availability of alternate lOucees Qf energy make it highly

unlikely that the 4.31 rat. will be ~int~ined for v.ry mlny y.at.. The

assumption that half of the fuel g.neratld carbon dioxide remain. in the

atmolphere r.quires that the biospheric Ind ocelni: r ••pon•• that 1.

observed while the chang •• in concentration of c.rbon dioxide were .mIll.

persist. during periods of large eoncentration chlnse.; asain, this is

unlikely.

13



A furth.r unc.rt.lnty In future c.rbon dio~1de lev.l••ri.,.

b.c.u,. of the unknown r.'pon', of l.r•• r•••evoir. of c.rbon to iner••••d

t.mp,r.tur.,. The f••db.ck from the oC'.n. where the .quillbrium concen­

tr.tlon of clrbon dioxide d.cro•••• with .n incrt-••• in t ••p.r.tur. 1.

prob.bly ..all. However. the .agn1tude of the fe.db.ck from two llrse

r•••rvoir•• lOil. and ..th.n. hydr.t••••tt unKnown but could be

11.nifle.nt (I•• Section 2.5.3). Sl.11.rly. the bl0.ph.r. could provld••

••jor n••atlv. feedb.ck by ablOrbina c.rbon dloxid. throuah elrbon dioxid.­

Induced incr••••d productivity. Det••r. not .vll1.bl. to ••ti._t. the

.'anitudt of thi, feedb.ck.

In Section 2.5. we con,id.r a numb.r of model. of bio.phlric­

oc.anic int.rlction. a. w.ll a. different arowth rat•• of carbon b.aed

fUll. u•• but not taklns into account po••ible poaitiv. fe.dback. from the

aoil and ••thane hydrate re••evoir.. Th. dlt.a in th••••od.l. at which

the cane.ntr.tion of clrbon dloxid, doubl•• relative to the 1978 concen­

tration rana' from 2020 to 2~85 with the 1I0re "rellonlble" .odels dl>uoUng

betwe.n 2030 Ind 2040. The range of 65 Y.lr •• 2020 to 2085. providel In

.Itimet. of the unc.rtlintl•• in pr.dicting future .tmalph.ric carbon

l.v.l ••

1.6 Cllmltt Chana•• Du. to Incr••••d Level. of Clrbon Dioxide

Att.mptl to calcul,t. the .ff.ct. of carbon dioxide on climate

have focultd on d.t.~inins the change in the Iv,rag' lurflee temp.rlture

of the e.rth. Climate i. much too compllcat.d to b. d.,crlb.d by ••ingle

parl.eter. Amount••••oaraphlcal and teaporll di.tribution of pr,cipi­

t.tion. on••t of fr ••zlng condition•• ItreRlth .nd pltt.rnl of wind Ire all

14



par"ltera erltic.l for und.rlt.ndln, thl t.p.ct of ellaltic chan,1 on

m.n. Howev.r. prl••nt knovl.d,. il luch that .urf.cI teaplr.turl 1, unl-

ver •• lly uI.d a•• lurro,at. for cl~atl In calcul.tion. on clt-atlc

chanse.

Thre. principal cl ••••• of .odlll havi bl.n ~ploYld to c6lcul,t.

the .ffect. of carbon dioxide on lurfaci tl.plraturl.

1) AII~I thl itaolphlra ia Iy,r,wh.rl in radiativ.

.quUibrhn vt"th out,oina infrared radiaUon balanclna

inco.ina 101ar radiation at lach point Oft thl .arth'.

lurfac.. (Z.roth ordlr mod.l)

~) AII~' that In addition to radiativi proe~'I'I. h.at

1_ transported m.ridionally from equator to pole In the

oceana and at~o.phere by eddy-diffulion. (Fir't order

model)

3) ASlume that the bl.ic hydrodynamicil Iquatlonl

delcrib1na Itmolphlric motlon c.n be .olvld

numericilly. (Ceneral circulation modell, GeM)

Ziroth Order Cllculltion.

Thl Ilrth', thlrmal radlation II mllnly confin.d to the 5 to 30 ~m

region. The wat.r melecule la I 'trena ,b,orb,r ov.r much of thl1 r'aion,

except for the Lnportant 8 to 18 ~m lnterval where the ••rth', infr.rea

.mll,lon pelk. (for a .urf.c. temper.ture of 290oK, t.he peak 1. It • WIV.-

length of 10 ~m). Water il I principal contributor to the areenhou••

• ff.ct, IVln thouah it 1. not everywhere opticilly thick. Cllmat.

15
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calculation uluelly allumal th~t tha wat.r vapor conc.ntration r..ain&

conltant evan thouah clrbon dioxide and ta.perlture vlry.

Curr.nt clrbon dioxide .bundanc•• Ir••noush to aak. the 15 ~W:

re,ion optically thick 10 thlt chlnge. in clrbon dioxide conc.ntr.tion will

.ltar the Ir.enhou•• h.atina prtalrlly by clrbon dioxide .blorption ln the

10 u- b.nd and in the win,1 of ch. 15 ~ band. The licuetlon il further

compllc.ted ln Chit a num\Jt of mlnor eon.tltu.nta .uch I' nltroua oxlde,

.athane, Ind avid••rray of hydrocarbonl Ire potanti.lly iaportant in

.nhancina the .fflet of clrbon dioxide 1n clo.ina off chi 8 to 15 ~

felion.

If radi.tiv. tran.f.r in the .tmo.ph.r. i ••od.led e•• plrtially

ab.orb1na b1.~k.t ln which the d.tlil.d ab.orption Ipectrum 1••vlr.sed to

.t-lc • Ir.y .tmo.ph~r., a doublin, of the carbon dioxide cont.nt l ••d. to

.n .ver.,e world-Wid. lncr•••• ln temper.ture of 2.80K ( ••• 3.1.2). A

.od.l takin. lnto .ccount the band .tructute of the ab.otbina ~olacule

yield. It-llat ra.ultl. In the bund .odll • doub1ina of c.rbon dioxide

with a conat.nt r.lative humidity of 50% r••ult. in a t ••p.ratur. incr••••

of 30K. W.t.r vapor ab.orption .tronaly influ.rc•• the calculat.d

ta.p.r.tur. eh.na'. If," c.rbon dioxide doubl•• , the telativ. humidity

1ner.,•• , to 60%. ~h. t ..~.ratur. inct•••• 1. 3.90K. Alt_tnativ.ly, if the

ralative humidity d.cr..... to 40% the t ••p.ratur. incr.a•• drop~ to 1.9°1

(S.e Section. 3.1.2 and 3.1.3).
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1.6.2 Pirat Ord,r MQd'la

In th' ficlt ord,[ ao4ala. the .urf.c. t ••p.r.tur, i. p.raitt.d to

v.ry with l.titud.. Hlat tran.port 11 aod.l.d al .n .ddy-dlffuI1v, proc.l.

and the oc.an. and .tmo.ph.r. ar. conlid'f.d to b. a coupl.d 'ylt... Th.

r.lultin••qu.tionl ar. non-lin.ar .inc. the alb.do il al.um.d to b••

function of t.mp.ratur.. In the limpl.at c.... chI alb.do 1. hi,h wh.r.

the temp.tatur. 1, low b.cau.. of ic. or .now cov.t. Carbon dioxld. will

aff.ct the radlativ, c~on.nt. in the .quation and thua influ.nc. both th'

av.ral' t.mp.ratue. and the t.mp.r.tur. dl.tributlon With latitud,.

CAlcul.tlon. ba••d on h.at buda.t mod.ll .how that a doub11n, of

the carbon dioxld. cont.nt rall.1 the av.ra,. t.mp.ratur. by 2.4 0 e. Th.

t.~p.tatur. rt •• t ••uch mo:•••rk.d In the pol.r r'llonl wlth • t'.p.r­

ature tncr.al. of lOoe at hieh l.titude., whtl. in tho .qu.torlal r.glonl

it is less than the av.r.g. (Ie. Section 3.2.2).

Time dep.nd.nt h.at buda.t can be uI.d to •• timate tho influ.nce

of h.ightened carbon dloxid. level. on the lealon.l vartation of t.mp.r­

atur.. Re.ultl of the mod.l calculatlon••how th.t the wa~lnl take. plac.

rn.inly In the lumm.rti... For the latitude of Wa.hinston, the Augu.t

temp.ratur., after. doubling of the carbon dtoxtd. content, 1. 90C w.rm.r

than at pr ...nt whtl. the F.bruary t ••p.ratur. 1. only 2°C warmer (S••

Sec t 10n 3. 2.4' •

1.6.3 Globll Circulation Hod.ll

Hanab. and Wath.rald l9 have carried Gut the mOlt d.tail.d nun.r­

leal limulation. of the atmo.phere hut of n.c.ll1ty approxiutinl v.ry
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rouahly cloud fo~ation, atr-..a interactlon, Ind Ilb.do chanl" Th.y

found that a doub1lna of the carbon dioxide content rai.el the lVerase

c..p.ratur. 2.90C and thf calculationl lndic.t•• wlrmin. of 8 to 12°C in

the hiah latitude r.slon. with ..all.r than averase lncr••••• ln the equa­

torial reaion••

All el~.t••od.l••uff.r from defictencie.. Th. h.lt bud••t

.odll. d'PII~ on I v.ry few vI~lable. whl1. the Global Circulation Mod.l.

involve ten. of thou.lnd. of ••t.orolosieel vlrilble.. Th. h.lt budalt

aod.l. Ir. certalnly over.lmpllfi.d whil. the Global Circulltion MOdel.

rlquire that thl couplin. of ..all acll. efflct. to the llr•• ,cIle

f.atur•• b. plramet.riled and in the•• mod.l., potential nUNerical

tnatlbilittl. po.e problem.. It t. lik.ly thAt all mod.l. Ind particularly

the h.lt budget mod.l, more accurately rlpr••ent the .ffect. of carbon

dioddl on the heat budget of the atlllo.phl,. that. on the d.tan.d lurhce

telllp.rature. Th. latter will be len.iHv. to locd and detaned dynamics

whlch the mod.l. i.nor. or ov.r.impllty (S•• Section 4.1).

1.7 Impact. of Chanain, Concentrationl of CArbon Dioxide

If the world continue. it. h.avy rell~nce on carbon baeed fuela,

then we .hould Ixpect durina the middle of the 21st C~ntury a warming of 2

to 30c Icc.ntuatld by a flctor of thr•• or four at h11~1 latitudtt r.glons.

Thew. IVlr••• tllllpiratur. chana" ar. Ir.ater by It ~.alt I factor of three

to four than thol. ob•• rved durlng abnotlllal hlstor:Lcal weather conditions

thlt prevlUed for '.Imple durtn8 the "Little Ic. Aie" of the 16th .nd 17th

Centurle.. Th. chlnSI., hovev.c, .r. am~11.r by about I factor of two than

18
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tho ... expedenced dur lna the palt .UUon yearl ln tbe abclal and lQUr­

alaclal periode.

The antlclpated .an-made cbanae. by the yea. 1990 or even 2000 are

11kely to be .mall c~pared with hi.torical variationl though carbon

dioxide, toa.ther with minor conltituent pollutantl, could eicher ..p11fy a

natural warmina trend or dampen a natural caolina epi,ode. At the pre.ent

.tata of knowled.a, we cannot predict whether the natural variatlon will be

in the direction of warmina or coo11na.

Actual ob.ervation. of the predicted chanae, are made difficult by

the larse year-to-year fluctuation. in weather and the incomplete

geolraphical coverage of instrumentation that will allow the detection of a

trend ln the bacKground n018e of natural variations. t.timates of

vatiation of carbon dioxide levels and assoc1.ated climatic changel indicste

that the world wide averase increa.e in temperature in the 1990·, will be

at Illost a few tenths of' degretl. L.·,,~1r1·-"~ ,,~servation of such a change

wUl require improved world ",~de temp;;" . _ '.' ,...~ ;:1.[;. l;'\cluding the use

of satellite-borne infrared ••n.orl. (Si',l- -~c:t1on :,. S).

The amplification of the warmina in the polar telion. pre.entl

speci.l problem.. Generally, it 1••••umed that the polar ice sheet. would

respond to a warminl trend over atl~e Icale of thousand. of year. since

the meltina would proceed slowly at the lurface exposed to the atmo.­

ph.re. Mercer,20 however, hal pointed out that the characteristic' of the

Welt Antarctic lee .h.et are luch that meltlng could proc.ed rapidly. The
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lee eheet tl arounded below eea level with p~eeent lummer lu~face temper-

ature of -4 to -SoC. The srounded portion i. fringed by iee .helves which

.erve to buttr'll the grounded part of the ice Iheet. The .helves are

vulnerable to both oceanic and atmoepherie warming. An increale in summer

temperature of 0 to lOC could lead to rapid melting of the shelves and

dilintesration of the maln ice Iheet. The time leale for luch a procees is

not known, but oblerved lurges ralle the pOllibillty that the Weet

Antarctica ice Iheet could diacharse one-third to one-half of ltl volume in

10~ yeara. Calculationl siven in Section 4.3 IUSg.at time lealel of

leveral hundred y.are for ice Iheet .elting. However, bottom melting and

calving are not well enoughunderltood to predict confidently what will

happen to the ice Iheetl after warming. The complete melting of the ice

aheet would raiee world-wide sea levels by 3m with conaequent major dis-

ruptionl of the world'. co~.tal region. A warming of SoC in Antarctica

~ould take place in 30 to 75 yesrs, depending on ratea and kinds of carbon

fuela burned.

A warming empllfied .t high latitude regiona could affect major

featurea of the oceanic circulation. Cold, lalty, dense waters are formed

in wintertime by the freeZing of a,. lee. These denle water~ plunge to the

d••r ocean prim.rlly in the Norwesian .nd Labr.dor leas 1n the Northern

Hemi.ph,c, • t~, Weddell ... in the Southern Hemilphere. This high vela-

eity downflow in relatively reetricted BeoBraphic regionl ia balanced by a

s.n,ral ocean-wide Ilow velocity upwelling. Warming in the winter Will

tend to decrease the volume of sea ice that i. formed, decrea•• the flux of

downward movins cold water and mOlt importantly d.cr.... the ocean-wide,
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nutrient-c,-rryina up~llina. Th. mod.l. con.idered in S.c~lon 3.2.4

indic.t. a l ••••r waraina in wint.r than in .ummer 10 the .ffect. of the

warming on oc.an circulation would b. 1••, than if the oppo.it. were

true. Calculations described in Section 4.3 sugl8at that .van with a

dampened wintertime warming, there could be a sig~~ficant impact on the

circulation orilinatina in the Nor~elian Sea.

The impact of climatic chang., on aariculture are po~rly under­

ttood. Exi'tina climate modela provide little auidance a, to what changes

in precipitation to anticipate a•• result of the aeneral wa t1lli na· 'lb.

productivity of any given crop will be influ.nced both by pr.cipitation and

temperature, al well as the length of the growing aeaaen. For example.

warmer t.mperaturea would favor wheat production in the northern part of

the Canadian prairies provid~d the precipitation patterns were not altered

since Canadian wheat yields are cut by cold summers and early frost. On

the other hand, warme~ temperatures might be expected to result in lower

yields in the southern part of the United States wheat belt. (See Section

4.4) •

The increased level of carbon dioxide can increase biological

productiVity for those specie. and those areas where carbon is a limiting

nutrient through "carbon fertilization". ~()r many apecie. nutrients such

as phosphorous and nitrogen and trace ~lement8 are limiting. Limited

experimental data sugsest that for some species the effects may be large

with a doublina of carbon dioxide resulting in a 50 to 100% increaae in

yield. FUrther increased carbon dioxide reduces the water demands of some
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species that live,in arid conditions. The relative ._gnitudes of the

changes brought about in the biosphere by shifts in cltmate and carbon

dioxide concentration cannot be estimated on the basis of the data

currently available.

1.8 Conclusi~ns

Despite the many unc..rtainties about the nature of the carbon

cycle and of the effect of carbon dioxide on climate. it aeems highly

probable that continued increa.es in the world-wide use of carbon based

fuels will lead to si.nificant climatic shifts in the 21st Century. The

warming will be amp11fied in hig~ latitude regions and in these regions

man-made changes may b~ larger than natural variations in the 1990's or the

early years of the 21st century. Changes in climate. favorable or unfavor­

able in various localities. may take place on a time scale which is short,

a few decades, compared to th~ time scale for society to change the infra­

structure constructed over many decades in response to prevailing climatic

conditions. The change in composition of the atmosphere could also have a

profound impact principally by increasing biological ~roductivity, particu­

larly in arid regiona. The net impact of the projected changes on man is

unknown.

There exists a number of means by which the r~te of increase of

atmospheric carbon dioxide can be slowed if this becomes a desirable

goal. All, however, only postpone the time at which large changes in

atmospheric compositlon and climate take place. Conservation measures

designed to reduce the use of carbon based fuels are in the short term most
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likely to be effective. The increa.ed use of natural gas, 1f available,

would lengthen the tlme available for a shift to non-carbon based fuels.

Clearly a significant shift to a nuclear or BOlar energy economy would

postpone carbon-induced climate shifts. Increasing the standing crop

through massive r~forestation could provide temporary storage for carbon,

but land and water availability limit this measure. In principle, carbon

dioxide can be removed from stack gas for deep ocean dispQsal or deposited

in old oil and gas fields (see Section 2.1.9). However 0 element,tlry c:onsid­

iderations suggest that neither of the latter sugseltions areeco1:\omical in

comparison with alternative, nuclear or solar, energy systems.

The potential ~hanges to the world pOled by altering the

composition of the atmosphere appear subst~ntial enough to justify a

comprehensive research effort designed to reduce the many uncertainties

discussed above. Even though anticipated alteration would appear to be at

least 50 years in the future, the world-wide nature of the changes and

their possible effects on mankind warrant the continued attention of

policy-makers to the carbon dioxide climate question. Since the changes

are world-wide, their analysis and consequent actions should be undertaken

on an international basis.
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2.0 SOURCES AND SINKS FOR CARBON DIOXIDE

natural la., makina cement and pla.tlco, cultivatinl crop., cl.arin, land

for agrlcultur' l planting tr••• and addin, nutri.nt. to the lak•• and

ocean. through fertilizer and lewa,. runoff, altera the carbon dioxide

content of the atmolpher.. Natur. adjuat., but the reapon•• 1. auch that

the amount of carbon dioxide In the atmoapher. 1. incr.alina at an-
expon.ntial rat••

In thia Section WI diacu.a the varioul lource. and po.'ible

sinkl. In Section 2.1 we conlider the contribution to atmoapheric carbon

dioxide Qade by the burninl of fuels. We ••timate future fuel u.e and

possible ~txes of fuels in order to prOVide a base for eltimeting future

atmospheric levell of carbon dioxide. The terreltrial and marin. biolphere

can act both as a lource and link for carbon dioxide. Thele mattera are

taken up in Section 2.2. The carbon cycle in nature ia closely coupled to

the oxygen cycle since OXidation of fuels and plant materiall il the key

chern1cal reaction affecting the atmospheric carbon dioxide concentration.

We present our understanding of the fundamental elements of the oxygen

cycle in Section 2.3. In an appendix to thi. section we prelent an

experimental method which hal the promi.e of measuring the atmospheric

concentration with the precision required to untangle the oceanic and

biospheric componentl of the carbon cycl.. The rate at which the ocean can

absorb carbon dioxide by phyaical-chemical meanl dependl on how the lurface

layerl of th~ ocean mix with the aeeper patta. we di.cuaa one model for

27



hydrodynamic aixina in Section 2.4. Eltimat1na the future l.v.l. of carbon

dioxide requirel a modelina of the .tao.pheric-biolpheric-oc.anic interac­

tion.. A model of the.e inter.ction. i. de.cribed ln Section 2.5.

Th. principal iapact of aan on the chemical compolition of the

atmo.ph.r. i. the ch.n.e in conc.ntration of carbon dioxide. In addition,

••Q'••ctiviti•••dd tr.c•••••••uch ....thane and Pr.on to the

atmo.pher.. Th••e compound. can, a. do•• c.rbon dioxide, alt.r the

radiative prop.rtie. of the atmolphare and thu. p.rturb the'atmo.phere'.

heat budset. In f.ct, any aolacule th.t .b.orhl ener.y ln the infr.red

"Window" of the atmolphare enhance. the ~araina due to the carbon

dioxide. !Btlaate. aiven in section 3.1 of the m.gnitude of the w.rm1ng

due to the tr.ce a•••• indic.te that their effect. are Imall compared to

c.rbon dloxide, thouah not neslia1b1e. In this .ection we do not conalder

the .ourc•• or .inke of the.e trace component••

2.1 Carbon Diox1de From Burning of Fuel.

2.1.1 Introduction

Calendar l fir.t 'Ulseated that the burning of carbon-ba.ed fuels

provided a m.jor .ource for increa.ing the c.rbon d10xlde content of the

atao.phere. The burnins of c.lcium carbonate to m.ke qUick lime ln cement

..nuf.cture allO add. c.rbon dioxide but there i. only a fractional net

addition of c.rbon dloxide to the atmo.phere .ince carbon dioxide i.

parti.lly fixed in the mortar or cement.
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U.l na Unlted Natlonl fUll product1on 18111n12 .nd IDty] h.ve

e.t1.-ted thl hi.toric.l r.l..... of c.rbon throuah the burnlna of c.rbon­

ba'ld fu.l ••nd h.ve addld carbon dloxld. I.n.rated throulh thl c...nt­

.akina. Th. Unit.d N.tlon.· data b••• 1. luch that it 11 uncertaln whether

the u.e of carbon-ba ••d fuel. for ch.mical lndu.try feedltock. have b••n

adequately taken 1nto account (Ie. Tabl. 2.1.4). The rem.rkabl. feature of

the ht.torical data 1. that the u.e of c.rbon-ba••d fu.l. ha. lncr••••d .t

an exponential Irawth rat. of 4.31 p.r y••r from 1860 to the pr•••nt except

for three perlad.a the tva varld war••nd the d.pr•••lon of the 1930·••
•

Table 2.1.1 11lu.trat.1 thl1 trend.

TABLE 2.1.1

Estimated Carbon Added to the Atma.ph,re by
the Burning of Fuel. 1n Cton./Year

Carbon .dded

1950
1960
1970
1975
1978

1.63
2.61
3.96
4.87
5.62

The Ir.at incre••• 1n fuel price .1nel 1974 might have been

expected to Ilaw the trend down but a. of 1979 no .ignificant r,duct10n ha.

occurred. Between 1973 and 1975 the energy consumption 1n the United

Statel decr.a ••d by about three quads (1 quad • 1015 Btu) before again
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incr.a.ina. Howev.r. the world con.u.ption of fuel. continu.d to incr.a••

even in the 1973-75 p.riod. Curr.ntly the r.ee of .rowth of .n.rIY in the

indultri.liled n.tton•• the OECD countri.I, .nd the Sovi.t Bloc il l.~,

th.n 4.3%. but the rat. of incr•••• of .n.rIY ulase in the third world

countri•• includina China ha. b••n appr.ciably Ir••t.r than 4.3% per y••t.

Th. cuaul.tiv. contribution by burnina of c.rbon ba••d fu.l. to

the ahort t.r- carbon cycl. for the period 1800 throuah 1978 i. about IS4.4
-

Gton. or about on.-quart.r of the carbon pr•••nt in the .tao.ph.r. in pr.-

1ndultri.l tl.... How.v.r, a. Will b. de.crib.d, 1.a. than h.lf th. c.rbon

introduc.d into th. atao.ph.r. by the burn ina of cerbon-ba.ed fu.ll r ... in.

there. Of th. 134.4 Gton••dded .inc. the adv.nt of the indu.tri.l

r.volution, 27% or 42.5 Gton. have be.n introduc.d i~ th. p.riod 1970-78.

1!sbon Dioxid. From Conventional Pull.

The amount of ca.bon add.d to the world at.osph.r. in any y.ar

throulh fu.l burnina d.p.nd. Ir.atly on th. mix of fuell. Table 2.1.2

li.tl th. amount of carbon emitt.d throuah combustion per unit (106 Btu) of

thermal .n.rsy I.n.rated. Compl.te cc.bultion il allum.d linc. carbon

.onoxid. and hydrocarbonl will lV.ntually be oxidiz.d to carbon dioxide in

the atmo.ph.r.. Per unit of th.rmal .n.csy delivered. th': burning of

die •• l oil produc'l 46% acr. carbon dioxide th.n the burning of natural

.al, ..than.. Th. burning of lub-bltuminoul coal produc'l 87% more carbon

dioxide than the burnins of .ethane.
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TAILE 2.1.2

Carbon Dioxide Produced froa
Direct eo.bu.tion of Variou. ruel.

Carbon dioxide leneratet
(in kl of carbon per 10
Btu·. af thu'1Ilal enulY)

Meth.ne
Ethane
Prop.ne
Bunne

C••olb.e
D1I.el on
No. 6 ruel Oil

Bit~inou. co.l*
Sub-bj.t~lnou. co.l*
Lilnhe·

81om•••*

14.2
16.3
17.2
17.7

19.9
20.7
21.0_

25.0
26.6
26.6

*Averase valu... The range can be .t lea.t .10:.

The vari.tion in carbon dioxide r.l••••d with fuel type is

dependent on the hydrosen to e.rbon ratio in the fu.l.. The higher the

hydrogen to carbon r.tlo the Ir.at.r will b. the .n.rsy r.la••ed p.r unit

of c4rbon .dd.d to the atmo.pher.. In methan. the hydro.an to carbon ratio

1, 4. in galoline it 11 2, and the r.tio v.rici sroatly in coal. around an

averas_ value of 0.8.

Uling the value. l11ted 1n Tabl. 2.1.2, we compute the relative

contribution. from burning of eonv.ntional fu.ls to the carbon content of
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eh••e.o.phe,.. Table 2. J. 3 .ive. the ••U •• t•• for ttt., wrld fot 1978.

eoal provide. only 291 of the world-. UII of thl~al .ner'J but i.

rl.ponllbl. for 361 of the e~rbon add.d to the atmo.ph.t••

TABL! 2.1.3

E.tiaatad World Gener.tion
of Clrbon Dioxide (1918)

Puel

011
Natural Ga.
Nnural Ga. Flared
Co.l

Toul

. C~ Cun.rated
Perclnt n Mtric 'erclnt

EnerlY of aiaaton. of CO2
(quad.) (u.ed) of carbon) aenerated

128 47% 2.65 411
55 201 0.78 14%
10 .5% 0014 2%

-l1 29% 2.05 36%-
272 5.62

Table 2.1.4 provide. a detailed bud.et for carbon-ba.ed fUll. uled

in the United Statel in 1978. The U.I of natural aa., petroleum, and to a

8mall Ixtlnt coal a••c ~Itock. for the petrochemical lndu.tty ha. been

taken into account 1n con.tructina this tabl.. Eventually the petro-

chlmlcal product••uch a. pla.tic. vill oxidize and add carbon to the

atmolpherl but fOf the tlm. leale we er. mOlt intet••ted in, the next SO

Jear., WI a••ume that thi. carbon doe. not enter thl atmoaphere. The

United Stat••- contrlbution to the carbon content of the ataolphere ln 1978

va. 24% of the world·., down from about 27% ln 1974. In 1978, coal
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provided 201 of Lh, thl~l In.tlY u••d 1n the Unitld Statl' but producld

71 of thl eatbon ant.tina tha atao.phlrl.

TABLE 2.1.4

Glnlration of Carbon Dioxidl
in tha Unitld Statl' (1978,.

Fuel

Natural ea.
Domeltie
Imported
Non-lnulY

Patroltum and natural sa. liquida
D01:l••tic
Imported
Exports
Non-Intrsy

Coal
Domestie
Exportl
Non-anarsy

Hydroelectric

Nuclear

Total u.s. EnlflY U~a

Total

u..
(in quadl)

19.3
0.9
0.7

21.2
17.4
0.7
3.8

1Sel
1.0
Oel

1.0

C02 Iln.nUon
(in 106 ..uic

ton. of carbon'

276.9

70S.9

364.0

0.0

0.0

1,346.8

*Data derived from ltaUsticl provided by the Energy Infol"lll4tion
Adminilt ration
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Th. mlnlna. cl.lnlna and tran.portltlon of coal .enerate. about

35 ka of carbon per ..trlc ton of coal uI.d.* Thil correlponda to about

1.6 ka/l06 Btu 10 that the total carbon la.dinS of the ataoephere from

obtalnlns 106 Btu'. of thermal enerlY from .ub-bituminou. coal 1. 28.2 kg

or 11molt exactly twice the amount of carbon delivered to the atmosphere by

burnlna natural aa. to obtain the same thermal enerIY.

*In complrinl the relative meritl of various fuel. with respect to
lenetation of carbon dioxide not only the clrbon dioxide lenerlted in
burninl mUlt be taken into Iccount but alia the catbon dioxide relea.ed by
the u.e of enerlY in the extractlon and trlnlportltlon of the fuel.

For natural .al and oil thele additional contributionl tend to be
8mall compared to the carbon dioxide lenerlted by burning. but for coal
they cln become 11lnificlnt.

For coal. ~nerlY 11 expended in min1nl (Itrip or underaround). in
beneflcltion (cru,hins and cl.aning). in tranlportltion. a. well a. in
flnal utllizltion. The enerlY uled in extraction varie. with location and
type of .ininl; a repre.entative average value ls 106 Btu/metric ton. 4 If
hllf thi, eneray 11 derived from coal burnina'and half from dlel.l fuel.
then about 23.6 ka of carbon are added to the atao,ph.r. per .etric ton of
coal mlned.

eoal beneficatlon referl to the proce•• by which unde.irable
..tertal. are removed from the coal. The cru.hinS Ind .cr.enina processes
.enerate mlnor amount. of carbon dloxide. the aajor .ouree 1. thermal
drylna. Thermally drled coal. repre.ent only 13% of all u.s. coal with
about 106 Btu'. required to thermally dry & ton of coal. If coal provides
the dryina eneray then the u.s. averale coal cleanins Idd, about 3.5 kg of
clrbon per metric ton of coal.

The enersy required to transport coal ranae. from 410 Btu/ton mil.
for rail to 1500 Btu/ton mile by truck. If the coal il tranlported an
averase di.tance of 500 anl.1 and the fuel ua.d for tranlportation Is
dieae1 then between 4 and 15 ka of carbon are Idded to the atmolphere for
the trln.portation of a metric ton of coal.
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£!.rbon Dioxid. fro. 'roductio" of UectUc1tx
.

In 1978, 21.6 quad. of enerlY wen u••d to delivltr 6. S quad. of

electricity in the United State.. Table 2.1.S U.ts the seurc•• of enersy

used 1n leneratins electricity and the re.u1t1ns contribudon. of carbon to

the atmosphere. In 1978 the average conver.ion efficienc)' for coal, petro-

ItUlll. nuclear and the natural sa. to electricity va. 32% ..nd the avera.e

total loss from turbine to end use va. 14%.

TABLE 2.1.5

Carbon Dioxide Rele.led 1n
Delivering 6.~ Qu~d. of Electricity

Fuel

COBl
Petroleum
~atural Cas
~uclear

Hydrothermal

Total

rne rlY used 1n
generation

(quads)

10.4
3.9
3.3
3.0

-1:0

2.1.6

Carbon Dioxidl! released
(1n 106 metric tons

of carbon)

280.5
81.9
46.9
0.0
0.0

409.3

In order to deliver one quad of electrical energy 63 mill10n

metric tons of carbofi are introduced into the atmosphere given the current

u.s. fuel mix. This figure can be contrasted with the delivery of one quad

of natural gas which on burning releases 14.2 million metric tons of carbon

or 22% that derived from electricity. Electricity and natural gas have
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different end u.e effieienei•••0 that a more reali.tic ~ompar1son between

the carbon dioxide 8enerated throuBh the use of electricity and natural'gas

would take into account theae differences. In the residential aector the

.verage electrical appliance efficiency is about 94% while the .verage

relidential ga. end use effiei.ncy is about 64%. Electricity 1n

residential end use Beneratel 67 million metric tons of carbon per quad

while natural gaa in the aame end ule ¥eneratel 22 million metric tons. In

re.idential ~pplicationl electricity derived from the fuel aources lilted

in Table 2.1.5 8eneratel three times the carbe>n dioxide than does natural

Ba. in the aame end ule.

2.1.4 Carbon Dioxide from synthetic FUel.

2.1.4.1 Introduction

Because of the very large coal reserves of the world. the United

States and other countries have mounted significant research efforts into

converting coal into fuels such as oil and methane th~t can be used more

Widely than coal. In filcal 1979 the United States planned to spend $206

.illlol In converting coal to a liquid fuel and $160 million on coal

gasification. In 1979. the U.S. Congress and Executive Branch put forward

proposals involVing investments of tens of billions of d~llars a year in

synthetic plants. The basic chemistry in producing synthetic fuels

requires an enrichment of the hydrogen poor coal into a product with a

bi8her hydrogen-to-carbon ratio. The hydrogen is Generally obtained from

water. The convers1~~ of cOMl to synthetlc oil or gas requires energy. In

considering the carbon Dudget of the total Iynthetic fuel process. the
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carbon dioxide generated during the production of the synthetic fuel aust

be ~dd.d to the carbon dioxide emitted in the burning of the synthetic fuel

in ord.r to obtain the total carbon dioxide rel....d in the burning of

synthetic fuele. Because of the energy requirements in the production of

synthetic fuels, the use of these fuels adds substantially more ~arbon

dioxide to the atmosphere than does the direct combustion of natural gas,

oil or coal.

2.1.4.2 Coal Llgulfieation

Coal 1iquification refers to a variety of chemical processes by

which coal i& converted from its natural solid state to a more flexible

liquid product. In essence. coal liquific.tion is a fuel pretreatment

process that transforms a high-ash, high-sulfur coal into an ash-free, low­

sulfur fuel thus reducing the conventional environmental problems at the

cost of lower overall energy efficiency and higher total carbon dioxide

emissions.

The major types of liquif1cation are direct hydrogenation,

pyrolysis, indirect 11qu1fication and solvent extraction. The carbon

dioxide em1ssion varies somewhst among the processes and their variants.

We examine in detail the direct hydrogenation proeessS to illustrate the

carbon dioxide emissions associated with liquiflcation.

Direct hydrogenation involves processes 1n wh1ch h.ydrog2n is

catalytically added to coal in a reactor under high pre~sure and

temperature. The coal is converted to liquids and vapo.rs which are further
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refined to remove by-products. In 1979, the H-Coal project was the most

advanced hydros.nation process with a 600 short ton per day pilot plant

under construction in catlettsburg. Kentucky.

In an operational sized plant, 2600 metric tons per day of coal

would be converted to fuel sas to power the auxiHaries. The use of the. ..
fuel .a. ~uld releaee 1935 metric tons of carbon as carbon dioxide. The

coal fed into the process itaelf WQuld contain 14,550 metric tons of carbon

and in the processing an additional 4200 metric tons nf carbon would be

rel•••ed e. carbon dioxide. The products would be 15,000 barrell a day of

naptha and 55,000 barrels a day of heavy oil. Table 2.1.6 summarizes the

carbon dioxide-energy balance for a H-Coal plaut. In the overall H-Coal

proce.s, neglecting extraction and transportation uses of energy, 39.2 kg

TABLE 2.1.6

Carbon Dioxide and Energy Balance
for a H-Coal Plant

Input I

Fuel Gas
Procels

Productl
Naptha (15,000 bbl/day)
Heavy 011 (55,000 bbl/day)

Total

Carbon dioxide released
(in metric tons of

carbon/day)

1,835
4.200

1.727
8,363

16,125
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Thermal energy
delivered

(in 109 Btu's)

83.2
328.0

411.2



of carbon are produced for each 106 Btu's of thermal enerlY- Liquid

products from the H-Coal process produce 2.8 times a. much carbon dioxide

as does the burning of natural g,s to obtain the same amount of thermal

energy and 1.5 times as much as burning coal directly.

2.1.4.3 Coal Gasification

Producing gas from coal i8 not a new technology. In the lat. 19th

and early 20th centuries there were some 11,000 "gasifiers" 1n the United

States producing low Btu gas. These were replaced as natural g.s, kept

inexpensive by governmental regulation, came on the market.

Chemically, coal gasification involves ~xposing crushed coal to a

hot gaseous stream of steam and oxygen. The resulting combustible gas con­

tains methane, carbon monoxide, water vapor and hydrogen in proportions

depending on the proce~s. ~~en a steam-air mixture is used low-Btu gas is

produced, less than 200 Btu/cubic foot. This gas can be used under

boUers. Replacing air with oxygen yields mediUlll Btu gas (300-500 Btu/d)

which can be used in energy intensive industries. High Btu 3as (900-1100

Btu/cf) would be required for commercial and residential uses and for many

industrial applications. High-Beu gas requires either direct hydrogenation

or further proocessing of medium Btu gas.

As an example of coal gasifitation, we examine the HYGAS process6

for high-Btu gas which in 1979 was in the pilot plant stage with a

demonstration plant under design. The relevent aata for the process in an

operational plant are given in Table 2.1.7. In the overall HYGAS pro~ess,

39



42.3 kg of carboD are produced for every 106 ftu'. of energy contained in

the product .ethane. Synthetic .aa from this proceaa yielda about 3 t~e.

•• much carbon dioxide a. obtaining the ..me unit of energy from natural

sa. and 60% more carbon dioxide than obtaining the energy directly from

eoa1.

TABLE 201.7

Carbon Dioxide and EnerIY Production
in HYGAS Procea.

•

Input.
Auxiliaries (dry coal feed)
Ca.ifier (dry coal feed)

Outputs
CO and CO2
Methane

Net Total.

Carbon dioxide released
(in metric tons

of earbon)

2325
8000

400
3470

10.325

Energy
produced

(in 109 Btu)

244

244 ,

2.1.5. Carbon Dioxide from Oil Shale

Oil shale is a aedimentary rock containing a waxy organic ~aterle.1

known aa "kerogen" embedded in 8 matrix of clay minerals. carbonates and

sand grains. When the ahale is heated to temperatures of 450 to S400C the

kerogen undergoel a chemical change (pyroly.is) in which about 65% of the

kerogen ia converted to hydrocarbon liquids. about 10% to a low Btu gas
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product and l,avin. a 25% carbonaceou. r ••ldue. In the heatina (or

retorting) three barrel. of water are u.ed in r.covarlna one barrel of

U.quid product. TypicaUv. 25 to 30 aaUon. of liquid product can be

obtained from a metric ton of .hale. Th. liquid product caa then be turned

into a high quality crude 011.

In 1919. thr.e r.torting proc••••• were under con.ideration. In

surface retortina. the oil Ibale 1. min.d. cru.h.d and th.n heat.d in a

retort ve •••l. In "in .itu r.torUna" the rock 1. h.ated ln plece and the

product. from the kerogen are brouaht to the .urfece throuah fracture. 1n

the rock. In the "modified in situ" prot:: •••• part of the .hal. i. mined

and brought to .urface and retort.d while the r••t 1, fractured Mnd

retorted in place.

The use of shale oil has a long history; for example, Ihale oil

was used for decades 1n the Scottish low lands only to be replaced by

inexpensive Middle Esltern oil. In 1979. three processel were ready either

for advanced demonstration or early commercialization: Paraho, TOSCO II

and Union B. All three are sucface retorting processes with differing

designs.

Table 2.1.8 summarizes the energy and cacbon dioxide budget for a

generalized surface retort of oil shale that yields 27.5 gallons of u••ful

liquid product suitable for further refining. The energy expended in

mining and crushing is taken from experience in the coal industry at

1 X 106 Btu/metric ton. Th£ heat required to retort at SOooC i8 calculated
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TABLE 2.1.8

carbon Dioxide and EnerlY Balanee
for 011 Shale Production

Procea.

Mining and
Crulhina

aecorUna at
'OOoC

Inorsanic C02
(20l CaCO) of which
5% disaoelated)

Burning 27.5
gallona liquid
product

Total

Energy Uaed
per Metric

Ton 0t Shale
Un 10 Btu-.)

1.00

0.59

3.50

Energy
Delivered
per Metric

Ton of Shale
Un 106 Btu-.)

Carbon Dioxide
Emitted per ton

of Shale
(in ka of carbon)

11.5

84.0

120.6

uling a heat capacity for the ahale of 1.25 joule./gOK. This value is

almost certainly low because the heat capacity refers to dry rock and does

not iAclude the heat required for drying the .hale. for pyrolysis and for

di••ociatins either calcite (CaC03) or dolomite [MgCa(C03)2]. Three-

fourths of the heat required for retorting ia assumed to be derived from

the burning of heavy Ihale liquid product and one-fourth from the rela-

tlvely low Btu sa. derived in retorting. The ahale is assumed to contain

20% calcium carbonate by weight; natural oil ahales vary from 15 to 30%.

rive percent of the calcium or magnesium carbonate preaent is asaumed to
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a. 1.6

di••ociat.. Thil, a.aln, tl probabl, a lov eettaate for retortinl at

'oooe. The 27.5 ,allon. of liquid product .re •••u.ed to bave a den.tty of

0.9 a/e.3 and a h.attn, value of 40,700 Btu/ka. Shal. oil in production

and burnlna will depoeit 3t l.aat 30 ka of caroon 1n the ataolpher. for

generatlon of 106 Btu'. of enlrlY. thil 1. 20% acr. than the direct

burning of coal and 2.1 timel the carbon lenerat.d ln burninl ..than••

In the ''In aitu ntofUns" 1.11 .neflY 11 requit.d in .inina and

erulhinl, but the .ffici.ncy of the recovery of the llquid product t.

1••1. Sine. the fllure of 30 kIC/IQ~ Btu uI.d conl.tvetiv. nUBb.rl for

calculating C02 emll,lonl ln retortina and carbonat. di.lociatlon, lt i.

unlikely that Ihal. oil can b. produc.d and us.d without .mittinl at l.ast

30 kaC/10 6 Btu.

Advanced Coal Power Cycles for Electrlcity

A number of improved coal converllon processes have been proposed

to increa.e the overall efficiency of the converlion of coal to electri­

city. In the atmosphertc fluidized-bed combustion procels, the coal ls

crushed to flne grains a~d the combultion takes pIece while the coal

particles are .u.pended by an upward movinl gal Itream. calcium carbonate

ls injected to remove the sulfur in the coal by forminl calcium sulfate

teleaslng carbon dioxide. A magnetohydrodynamic generator i. an expanslon

engine in which hot. partially ionized ga.es flow down I duct lined with

electrodes and lurrounded by colls that produce a magnetic field acro.s the

duct. The expanding gas propels only itself and there are no turbines

involved. The movement of the electric conducting gas through the magneti.c

field generate. a current which the electrodes collect.
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The p~lnciple probl... In ..ployina the fluidized bed combu.tlon

and .a.n.tohydrodyna.ic proc••••• to a.n.rat••l.ctricity ar. a••ociat.d

with .aUriah that can wit.h.tend tbe hlah t ••perature. and corro.ive .a.e.

involv.d in the proc•••e.. Additionally. both proce••ea, but particularly

the .asnetohydrodynamlc proc••• senerate large quantities of oxides of

nitrosen.

T.bj. 2.1.9 li.t. the carbon dioxid. output from advanc.d el.ctri­

cal power .y.tema in t.ra. of kg of carbon p.r 106 Btu·. (290 kwh) of

.l.ctrical en.r.y produc.d at the power plant. In all c••••• the coal i&

TABLE 2.1.9

Carbon Dioxide Gener.ted in
Adv.nced Electric Power Plant

eoal Feed Ef fic iency in Carbon Dioxlde
Average (In Metric Convertinl 'Iberaal Rel....d (1n

Power Tons per to Electrical kgC/l06 Btu
PI.nt Un MWe) Day) Energy (percent) electric)

Modern
Conventional
eo.l Powered
Plant with
Scrubbera 1000 6000 33 72

Atmo.pheric
Fluidized-Bed
Co.bu.tion 814 4750 35 72

Masneto-hydro-
dynamic Open
Cycle 1930 7900 57 50
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allum.d to conta1n 701 carbon With a h.atina value of 24860 leu/kl, typ1cal

of tr.ated coal. fro. SOuth.rn Appalachia or the Gr••n liv.r in the ueatern

Itate.. The ataolph.r1c fluidiz.d bed coabult10n yi.ldl the .... carbon

dioxide per unit of .lectr1cal enerlY produced al doe•• mod.rn power plant

equipped with .crubbers 1n part bec.u., of the ca:bon dloxld. r.l••••d in

the .ulfur remov.l throush introduction of c.lcium carbon.t••

2.1.7 EnerlY from !io••••

The bio.ph,r., includln. the carbon 1n aoll., i. a laraa r••,rvoir

for carbon contalnina approximately 2400 Gton. of carbon a. compared with

the atmo.ph,ric re.ervo!r of about 700 Cton.. Purther, the rate. of

interchange of carbon between the atmo.pher. and the blolph.re 1. larse

compared with the rate of tel•••e of carbon by the burning of fuel.. The

bio.phere can act aa a acure. and .ink for c.rbon, a problem d1acusaed in

Section 2.2. Changea in the carbon concentration of the atmosphere can

bring about changea in the bicaphere whi(h 1. treated 1n Sections 2.5 and

4.5. In the ptesent section, we considel the biosphere aa a source of

fuel.

Wood wal the principle fuel aoure. prior to the widespread use of

coal at the beginning of the induat:r'al revolution. The current energy

problema have prompted a re~ewed interelt in bioma.a either as a direct

source of thermal enersy by cultivating, harveating and burning large

forest"' for thermal en..rgy. or by converting th~ biomass into a more

flexible fuel luch a8 ethanol or methanol.
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Table 2.2.10 li.tl the productivity, IUnc1inn bio.... and t.h.rlla1

.nerlY fix.d by phOtOlynth.lll for vartoul .co.Y.t.... 7• In conltrucUn&

t~il tabl., for••tl ar. a~.um.d to have a carbon conc.ntration of 50% by

..ilht vhile other .y.e... are .llumed to b. 45% carbon. Whil, Whitaker',

and Liken' •••t~••t •• are lenerally "Ium~d to be the belt current values,

the unc.rtaintie. ran be al larae a. a factor of two, particularly for the

tropical fore.tl.

Table 2.1.10 illultraCe. that mOlt (981) of the Itandina biomals

i. terr••trial. but that the total productivity of the .arine biolphere i,

half that of the terreltrial bio.phere. The enerlY fix.d ~Y the bio.phere

throuah photo.ynthe.i. i. an order of .alnitude greater than the current

yearly world con.~ptlon of enerlY' The heat value of the abov'lround

growth in world' I forelts i. almost three tlmes current annual energy

conl_ption.

The carbon dioxide-enerlY balance for bloma~8 il illultrated by

con.iderina a cultivated crop, corn. used both al • direct fuel and a8 a

feedstock for .ethanol. The energy input for tranlportation and f~rtilizer

to produce a metric ton of corn i8 About 1.2 X 106 Blu8• If this energy 18

provided half by natural .a. and half by diosel fuel, then the production

of the corn generates carbon dioxide at a rate of 1.2 kgC/l0 6 Btu. The

direct burning of the corn generatel an additional 22.3 kgC/l06 Btu .0 that

the generation of a million Btu', of thermal enerlY releases a total of

23.S kg of carbon. If corn 1s used a. a renewable relource. the net carbon

releas. 1. 1.2 kgC/l06 Btu al contra.ted to 14.2 kg of carbon for a million

Btu derived from methane.
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TAI'Lf: 2. I. 10

Productivity and ~tandlnR 8!a.ass for Various '~08Y8t~9

Stand1111
Net Pr tlllary Total Total Heat Total Fbed "i.....

Vegetation Areg Si!e Product ivlt v Produc ttv! t y Value ('.. rbon (elKatona
Unit 10 leD! (tons/km2/ye';rJ C(:tons/yea r) (quads/year, (f:ton s/yea r) of carbon)

Tropical Rain Forest 17.0 2200 37.4 609 18.7 38:

Tropical Seasonal 7.5 1&00 12.0 200 6.0 nn
Forest

Teaperate Evergreen 5.0 .300 6.5 119 3.2 87

Teatperate Dectd,!ous 7.0 1200 8.4 153 4.2 105
~...,

Bor'?al Forest 12.0 800 9.6 -!.!! ~ ~

Total Forest 48.5 73.9 1264 36.9 824

Total Stem
(above ground) 44.3 758 22.1 618

Woodland , shrub 8.5 700 6.0 110 2.7 23

Cultivated Land 14.0 6:i0 9.1 14" 4.1 6.3

Other Terrestrial 78.0 60,. 29.0 ~ ll.:!. .2!:.!
Total Terrestrial 149. 118. 2052 56.6 908.2

Total Macine 161. 1"0 ')". 1024 25.2 I."
Total Biosphere ')10. 174. 3076 81.1' 910.



Corn can b. conv.rt.d into .ethanol CCH30H) throuah a vari.ty of

proc...... One ~1lolram of corn yield, 0.53 kg of ..thanol. Tabl. 2.1.11

liv., the carbon dioxide-.n.raY balance in u'lng corn a. a r••d'tocK for

..thanol. Since corn 1, a r.newable r.,ource, only the carbon dioxide

related to growing i. a net addition, but the inefficiencies associated

with the corn to methanol increa~e. the land requirement' for producing a

unit of th.rmal eneray. 1be aeneration of 106 Btu'. of thermal eneray

require I 85.3 ka of biome•• in t~e form of corn. A cornfield with a

primary productiVity of 2400 metric ton,/km2 yield. 2.8 X 1010 Btu'. of

thermal aneray a••ethanol a. coaparedwith 4.3 X· 1010 Itu·, if the corn

vere burned directly. POr a crop havina very hiah pr~ary productivity

Caee Table 2.1.10). a quad per year of thermal enerlY derived from burning

bio.a., require. 23,000 km2 or 36.000 km2, if the bioma'. i. converted to

..thanol.

TABLE 2. 1. 11

Carbon Dioxide Generated 1n Corn­
Methanol Process

Process

Growins Corn

Converlion of Corn
to Methanol

Burning Methanol

Total 002 Generated
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Carbon Dioxide Generated
in Kat/lOb Btu

1.8

17.1

17.3

36.2



2.1.8 Sum••ry of Carbon Dioxid. Rel ....d by V.riou. Pu.l, .nd Advanced
Fuel Syat•••

Tabl. 2.1.12 .um.ariz•• the relative av.r••• c.rbon dioxide

emisslons frOil avid. r.nae of n.tural and .ynth.tic fu.l. in t.ra. of

carbon added to the atmosphere p.r unit (106 Btu'.) of th.ca.l .n.rIY

gl-iterated. Th. \"aluel Usted mUlt b. used with caution in (ny comp.rative

evaluation. For example, end u.e .fficiency .hould b. tak.n into

TABLE 2.1.12

Comparilon of Carbon Dioxide Rel•••e from ~roductlon

of Thermal (or Electrical) En.ray by V.riou. Fu.l, (Aver.ae V.lues)

Fuel

~:a t ur a1 Fue19
Natural Gas (methane)
011
Coal
Shale OU*
B10mass (renewable)

Synthotic Fuels
Gas
Oil
Methanol from 81omas.

(renewable)

Electrical Power
(kgC/l06 Btu electric)
1978 Mix of Fuel.

(coal, nuclear, etc.)
Conventional Coal Fired
Fl uid lzed Bed
Maanetohydrodynamlcs

*Minimum V.lue
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Carbon Dioxide
Relea s~d (in
kgC/10 Btu)

14.2
21.0
26.0
30.0

1.2

42.3
39.2

1.8

63.0
72.0
72.0
50.0

Ratio of Carbon
Releas.d by Fuel
to that R.le. sed

by Methane

1.00
1.48
1.83
2.11
0.08

2.98
2.76
0.13

4.44
5.07
5.07
3.52



account. If the ,~d use i. the residentia1 lector (ga. • 64% efficient,

electricity • 94% efficient) then synthetic sas generates 66.1 kg of

carbon, electricity with a 1978 mix of fuels 67.0 kg of carbon and

electricity from a coal fired plant 76.6 kg of carbon per 106 Btu's of end

ule energy. Non-carbon-based fuel lources such as solar or nuclear will

lenerate no carbon dioxide. Combination ptoces8es will generate

intermediate amounts. A few candidate Ry~tems are listed in Table 2.1.13.

TABLE 2. 1.13

Carbon Dioxide Generated From
Advanced Systems

2.1.9

Fuel System

Solar-direct or electric
Nuclear including breeders
Nuclear electrolytic for hydrogen
Solar electrolytic for hydrogen
Synthetic Gas from coal and nuclear

hydrogen
Hydrogen from natural gas reforming
Hydrogen from coal gasification

Carbon Dioxide Control

Carbon Dioxide
Generated (kgCI

106 Btu)

o.
o.
o.
o.

14.2
14.2
34.8

The prospect of rapid increases in carbon dioxide raises questions

as to possible means of controlling the rate of increase, either by taking

measures now or planning for such steps if the increase in carbon dioxide

so



does l.ad to detecteble detrimental e£fecta. A deena.. in the rate of

inenase of the use of carbon-based fuels. currently 4.3% pet year. will

slow the atmospheric build-up of carbon dioxide (see Section 2.1.10).

Conservation measures adopted worldwide could postpone or ameliorate any

harmful ~paets of increasing carbon dioxide. A worldwide shift from

carbon-based fuels to nuclear or solal-based fuels would bring about a halt

to increased atmospheric CO2 loadings from the burning of fuels. However.

the worldwide infrastructure supporting any fuel economy prevents a rapid

shift from one luel type to another. the shift from a major dependence on

~
coal to one on petroleum products took about 6ato 100 yeare. In 1920 coal

was the world's major fuel source prOViding about 70% of the world's

energy. In 1980. oil will be the major fuel supplyin~ 45% of the world's

needs. A switch away from carbon-based fuels on a world~ide basis can be

expec t ed to have a similar t 1me scale. However. the use of carbon-based

fuels may produce adverse effects for society in fifty yeals. yet these. ...
might not be recognized for another ten to twenty years. These time

scales. accentuated by the delays in developing an international consensus

for action. ar~ue for the analysis of means to control carbon dioxide

now. As will be discussed in Section 2.1.10. energy conservati~n appears

to be the most effective near-term method of controlling carbon di~xide.

though alternate fuel sources could become significant in the fifty year

time span.

A variety of way. of controlling carbon dioxide have been

proposed9• Carbon dioxide can. in principle. be removed from stack gas

effluent and then disposed by land or sea burial. Technology for carbon
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dioxide remov.l from S.... bas been developed 1n the natural sas industry

aince carbon dioxide i. often a constituent of natura~ .a. that reduces the

heat value of that fuel. Alternatively. the biosphere could be managed in

.uch a way aa to remove carbon dioxide from the atmosphere either by

terrestrial or marine organisms.

Recent proposals to use carbon dioxide. pumped from deep wells in

enhanced oil recovery operationsl O have focuaed attention on disposing of

CO2 in abandon.d sas fields. Preliminary e.timates indicate that 5-10

billion barrels of oil could eventually be produced by ~hanced oil

recovery by CO2 flooding. Theae operations would require about 50 Crillion

cubic feet of carbon dioxide which corresponds to 7.58 X 108 metric tons of

carbon. If all the C02 that could be used for enhanced oil recovery were

derived from atack .ffltel_ts. about one-half of a year of the U.S.'s

len.ration of carbon dioxide could be employed or disposed of in this way.

The control of carbor. dioxide emissions at the source is made

difficult since about half (51%) of the U.S. emis8ions are from distributed

aources (aee Table 2.1.14). The problems of controlling C02 from

automobile emillions and residences are far different from controlli~g CO2

from power plants. industrial sources or synthetic fuel plants. On a

worldwide b••iB. the CO2 emitted from lransportation sources is lower and

the fraction from point aources is higher 80 that the technical control of

earbon dioxide on a worldwide basis may be a aimpler problem than for the

u.s.
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TABLE 2.1.14

Energy Use and Carbon Dioxide Production
in the United States by Sector for 1978

Energy Percent Energy Carbon Dioxide Percent of
Derived from Derived from Emitted (in Cacbon Dioxide
Carbon sased Carbon Ba sed 106 metric tons Emitted

Sector Fuels (quads) Fuels of carbon)

Utility Electri-
city Generation 17.6 26% 396 29%

Residential and
Commercial 15.1 22% 264 20%

Industrial 14.6 22% 266 20%

Transportation ~ 30% --lll -.l!!

Total 67.8 100% 1347 100%

Recovery and disposal of carbon dioxide from power plants and

industrial stacks is complicated by the relatively low concentration of C02

in t~e effluent (see Table 2.1.15) and the presence of sulfur oxides.

Analysis of carbon dioxide removal from stack gases assume that scrubbers

are used 10• Because of the relatively low concentration of carbon dioxide

in the stack gases. transportation costs from the plant to the disposal

field are high enough to examine the economics of purification of the

carbon dioxide prior to transportation.

53



TABLE 2. 1015

Composition of Typical Flue Gas of a
Coal Fired Power Plant After Sulfur Oxide Removal

Mole Weight
Component Percent Percent

Carbon Dioxide 16 25
Nitrogen 65 61
Oxygen 6 6
Water -ll -!
Total . 100 100

A number of processes are available to recover C02 from flue

gases l l • These include chemically reactive systems, phy.ical absorbent

systems, dry bed combustion systems, and cryogenic systems. The low

concentration of CO2 and the high volume of gases emitted by power plants

and industrial facilities s1~gest that only the chemically reactive systems

are economically viable. In particular. cryogeni~( 1fication has costs

that are at least an order of magnitude greater than the chemically

reactive systems. A contrary clatm appears unfounded 12•

Of the chemically reactive processes, alkanoll1mine-monoethanol-

amine (MEA) is particularly well suited for carbon dioxide removal when the

J

sas is at low pressure as it is when emecgit\3 from a stack. In the ,

prl)CeS8, CO2 is chemically removed in solution. The MEA 18 regenerated and

the CO2 produc c obtained by heating is stripped out of the product with

steam. Hare, et al l O estimates a cost of about one dollar per thousand
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cubic feet a day for CO2 removal for a 1000 MWe plant burDin, 6000 tOD' of

70% carbon coal. Thi. COlt corre.pond. to about 1.3 cent. per kilowatt

hour. The.. COlt. do not include HEA recovery .yatem. coolin, water

circulation pump. or dilpo.al of the condenled proce'l water.

The most economical method of transport of carbon dioxide i. by

pipeline with the gas at a superctitleal pressure. 73.9 barl l O• The

pipeline COlt will depend on the length and the type of terrain over which

the pipeline pa.se.. For transportation over 800 km of average terrain of
~

300 mJllion cubic feet per day. output of a 1000 MWe plant. the cost

including operation and capital investment are about one dollar pet

thousand cubic feet, which would cotr.lpond to an additional cost of about

1.3 cents per kwh of electricity.

In addition to the purification and transportation coat, there is

the cost of injecting the carbon dioxide into old gas or oil fields. These.

costs will vary greatly depending on the depth of the depleted porous zone,

the status of the drill holes, etc. An order of magnitude e.timete of an

average cost i8 agaln one dollar per thousand cubic feet. If the :ield was

still producing, then the operating cost of injecting CO 2 would be 5 cents

per thousand cubic feet. In an abandoned field the casing of every well

would have to be checked and repaired. the integrity of dry holes examined,

compressors installed. and distribution pipeline put down. These capital

costs could raise the total costs well above one dollar per thousand cubic

feet.

55



Old petroleum field disposal is also limited by the availability

of depleted ftelds. POr exa.ple, the cumulative productton of nat-ural las

in the United States through 1978 was about 500 trillion cubic feet. If

all these reservoirs were used for the disposal of carbon dioxide, then 7.6

Gtons of csrbon could be sequestered in these reservoirs. Since, in 1978,

about 0.4 Gtons of carbon, or 26% of the total wen emitted into the

atmosphere by electrical lenerating plants in the u.S. (see Table 2.1.14),

las rp.servoirs could be used to bury about 20 years of carbon produced by

electrical leneration at the 1978 rate.

The pumping of carbon dioxide into the deep ocean provides a very

larle link (see Section 2.3). Since the continental Ihelf drops sharply

off the Pacific eoast, ocean disposal on the West eoast \muld:' -I

costly than lan~ disposal. The wide Atlantic shelf and the shallow Gulf of

Mexico implies high transportation costs for deep ocean disposal over much

of the country.

In economic terms a mixed strategy of land and ocean disposal

could be used to minimize the cost of physical removal of carbon dioxide.

Technology for carbon dioxide scrubbing and dispolal exists, and in an

industrialized country such as the U.S., could be 8pplied. However, the

economic COlts are considerable. Even when account is taken of the very

considerable UDcerta1nties 1n cost estimates, such disposal would

apprGxtmately double the cost of electricity lenerated by the use of

carbon-balled fuels and a higher cost would be expe, .ed for products whose

.anufacture requires the use of carbon-based fuels. As noted above, such
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mea.ure. would control only that half of the carbon dioxide lenerated by

point eource••

An alternatIve di.poaal mechani.. i. to tranlfer the carbon

dioxide into a biospheric bank of carbon9• The tran.fer to s terrestrial

bank could be accomplished by growing long-lived trees which are left

unharvested. or by srowing 8hort-lived plante which are converted to humu8

or allowed to accumulate In artific1al peat bOIs. Each year 56 Gtons of

carbon are transferred from the atmo.phere to the terreatrial biosphere

throulh net photo_ynthesis (.ee Table 2.1.10). !hi. is ten time. the

amount of carbon put into the atmolphere in 1978 by the burninl of fuela so

that a 10 percent increase In prtmary productivity would equal the fuel

input. The increase 1n productiVity could be achieved by increasing the

area for growing either lona-lived trees or short-lived humua forminl

plants. or by increasing primary productivity in existing plant

communities. However, projected future rates of use of carbon-based fuels

(see Section 2.1.10) indicate that the rate of carbon release into the

atmosphere. 10-20 Gtona/year in the year 2000. will become a much larger

fraction of the primary productiVity.

The principal ltmitation On develo~in8 a terrestrial bioapheric

carbon bank is one of land availability as is indicated in Table 2.1.10.

38% of the available land is covered with trees haVing a net primary

productivity greater than 700 tons/km2/year. Nine and a half percent of

the land is under cultivation. and this fraction will increase 1n the

future under pres8ure from increased population. Low productivity lands
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coaprile 52% of the total area. The relative percentase of area coverage

of landa in thil eategory i. Ihown in Table 2.1.16. If all the land in

IIvanna and sra••land. were converted into forest with a Itandins crop

averasing a biomass of 15,000 tons C/km2, an average value of tropical and

temperate forest, then 360 Gtons of carbon could be stored in the living

forest and additional carbon in the 8Oil. This is equivalent to the

cumulative total of carbon released over the next 30 to 40 years depending

on a••umption. of the growth of use of carbon-baaed fuela (Section 2.1.10).

TABLE 2.1.16

Land Atea Coverage of Lower Primary
Productivity !colystems

Eco.ystems

Savanna
Temperate Gra.slands
Tundra and Alpine
Desert
Rock, sand and ice
Lake and Stream

Atea
(in 106 km2)

15
9
8

18
24

2

Percentage of
Total Land Atea

10.1
6.0
5.4

12.1
16.1

1.3

A mas.ive foreatation program involving 16% of the earth'. surface

could ameliorate any adverse carbon dioxide effects. The area required

might be .ignificantly le•• if only a fraction of the fuel generated carbon

remains in the atma.phere. In Se~tions 2.2 and 2.5 we explore the

p08.ibility that only 20% of the fuel generated carbon remains in the
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.tmosph.r.. In thi. c•••• the land .te. to be for••ted in order to r..ove

the CO 2 il 5 .1lliun k.2, .till • v••t undert.kina.

A principal technie.l limitation for • r.pid forced growth of

trees would be .vailability of .ppropri.te fertili~er. However. it would

appear that the institutional. politic.l, social .nd economical deterrente

to massive foreatation limit the avall.bility of the biospheric option for

carbon eta rage. Sav.nn••nd Ir•••l.nd. play. critical role in maintainina

diveraity of the biosphere. They .erve a. p.stuie l.nd .nd huntina grounda

for many socieUes. 'lbey al:e lov.rned by l.rl' n\Dbers of political

institutione, not all of which have consistent aoals.

In summary, it seems likely that there are technical means of

slowing the growth of carbon dioxide in the atmosphere. while still

continuing the use of increasing amounts of carbon-based fuels. Our

preliminary assessment indicates, however, that significant non-technical

barriers. both economical and social, to the implementation of these

opt ions must be surmounted if they are to be eUlployed in a significant

scale.

2.1.10 Future Inputs of carbon into the Atmosphere from the Use of
Carbon-Based Fuele

Predictions of the future impacts of carbon dioxide on the

environment and on man depend critically on forecasting future levels of

carbon dioxide in the atmosphere. Such a prediction requires an under-

standing of the essential elements of the carbon cycle. The burning of
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carbon-ba..d fuel. add. carbon to the ae.o.ph~re a. doe. defore.tation and

8011 Iroaion. The oc.an. can abearb carbon and the bioaphlre ..y be a

lource or link of carbon. Some of the complexities and uncertainties in

uDderltandina the carbon cycle are di.eulued in Sections 2.2 and 2.5. In

thia lublection we consider onl~ eltimate~ of the future contribution of

fuel uee to the world'. carbon balance.

K.ti••tel of future fuel inputl of carbon depend .oat een.itively

on the world vide rate of increa.. in the ule of carbon-baled fuela. The

carbon input vill a1ao depend on the mix of fuela uled to provide the

demanded Inergy (Table 2.1.12). Both the role of increase of fuel usase

and the mix of fuels employed il changiug in varying ways in different

parta of the world. In the indultrialized world the rate of increase of

ule of carbon-ba.ed fuel. is decr"ling while in the developing world the

reverse is true. In 1974. the ~.ited Statea used 27% of the carbon-based

fuels; in 1978 thi. figure was down to 24%. In terms of fuel mlx the U.S.

plans ln th. 1980'. to increase the use of coal and lessen the use of oil

While the Soviet Union plans to ralle the fractlon of lts total energy

derived from natural gas from 22% in 1978 to 40% in 1985. Such Ihifts in

fuel mlx and rate of ulage make uncertain any forecast of future fuel

inputs of carbon to the atmosphere.

In 1978. the industrialized world. the OECD countries. the USSR

and Eastern Europe used about 74% of the world's carbon-ba.ed fuels. The

I.timated rate of growth in 1978 of carbon-based fuels in these countries

was 3.7% per year while the use in developing countries was about 6% per
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y••r. In the future, the tr.nd toward. dacr.a.ing r.ta. of growth ill t~

indu.tri.liaed world c.n b. axpactad, p.rticul.rly a. prica. ri nd tha

rate of Irowth of population (now .bout 0.8% per y.ar) d.cr : the

futura patt.rn in davelopina countri•• i8 much le•• cart. in. In. country

with abundant en.rgy supplie., the USSR, indu.teialization during the 1930

to 1955 period, except for the war years, was accomp~nied with annual

increases in enerlY consumption of 10 to 20% per y••t. AI indu.tti.liza­

tion was achieved, enetgy Itowth tate. in the 1960'••nd 1970'. wete close

to tho•• of Westetn Europe and the U.S" the ,~v1et. bec ..a mora careful in

their enersy usase. In the current developing world, a few countri•• , for

example Mexico and Chin., have abundant energy resources and industrial­

ization in these countr1e. may be accompanied by very high rata. of

increased enerll usage. Other developing countrie. will feel strong

pressures for industrializ.tion sinee they faee population growth rates of

2% per year and will face even higher growth rates in the working age

population in the 1980's and 1990's. The pressures for industrialization,

however, may be dampened by evet-increaslng energy costs.

In view of these uncertainties. we examine two models for future

world consumptlon of carbon-ba.ed fuels. In the first model the growth

rate is maintained at the historical rate of 4.3% per year. In this

projection the world's annual carbon-based fuel consumption is 70e quads in

the year 2000 and grows to 2550 quads in 2030 (see Figure 2.1.1). In the

second model, the historical growth rate is maintained to 1990 and then the

rate of growth decreases linearly to zero over the fifty year period 1990­

2040. With the tapered growth, the world would consume 660 quads in the

year 2000 and the consumption becomes constant at 1225 quads/year in 2040.
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Figure 2.1.1 TWO MODELS OF FUTURE WORLD CONSUMPTION OF
CARBON BASED FUEL
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l.tt.ate. of proved r •••rve•• of the world'. carbon·ba.ed fuel.

(1978) are .hown 1n Table 2.1.1713• If the world continued to u.e carbon·

based fuel. at 4.3% per year, then the cumulative u•• would exhaust the

proved re.~cvea by the year 2010·2015. POr the tapered Irowth .e.nario,

exhaustion 1s postponed by five to ten years. This rapid depletion of

proved reserves suggest that both models over-estimate future use of

carbon-based fuels. However, estimates of recoverable relOurces, Table

2.1.18., indicate that the world's supply of carbon·ba.ed fuel. could be

used over longer period. of time.

TABLE 2. 1.17

tst~ate8 of the World'. Proved Reserves
Carbon-Based Fuels

Fuel

011
Cas
Coal

Total

Recoverable
Reserves
(Quads)

3.200-3,700
1,700-2.600

15,000

19.900-21.300

Carbon Release
(Gtons)

64-74
24-37

381

469-492

*Proved reselves are identified resources which are economically and
technologically recoverable at the time the estimate 1s made.
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TABLE 2.1018

Estimate of Recoverable Resources

Fuel

OU
Gas
Coal

Sub-Total

Oil &bales and
Tar Sand

Non­
Conventional
Gas (U.S. Only)

Total

Recoverable
Resources

(Quads)

8, 700- 11, 000
9,100- 9,800

86.000-160.000
103,800-180,000

14,000-100,000

20.000- 60.000

137,800-340,800

Carbon Release
(Gtons)

174- 220
131- 141

2.184-4.064
2,489-4,425

280-2,000

288- 864

Cantinuing the historical rate of growth through 2050 would

exhaust recoverable resources if the lowest estimate were appropriate,

while in the tapered growth model, the resources could be sufficient to

carry the world int~ the 2400's. Clearly these extrapolations, designed to

provide mintmur.. ~1mes of exhaustion, are vastly oversimplified since actusl

ule will follow a logistics curve rather than a s1mpl~ exponential or a

tapered exponential growth.

The comparison of energy demand and resource availability

indicates that the historical extrapolation represents the worst case

scenario and that even the tapered growth model probably overestimates the

eontributions of fuels to the world'. carbon cycle.
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The cumulative amount of carbon placed into the atmosphere by the

burning of fuel. will depend on the mix ot fuels. Figure 2.1.2 shows the

cumulative carbon deposited in the atmosphere for the 4.3% per yeat model

if the present fuel mix is maintained. In addition, theee extreme caleB

are shown ln which all the energy is derived from natural gas, or coal or

synthetic fuels. For synthetic fuels. the carbon to energy ratio i. taken

as 40 kgC!106 Btu (see Table 2.1.12). tn addition. the tlme at whlch the

carbon content of the atmosphere is doubled i. noted. This t~e i.

calculated on the a.sumption that the ratio of carbon rele••ed by fuel

burning to the carbon lncrease in the atmosphere il one-hal,f. Thil ratil)

has been empirically determined by observations over the past twenty

years. However. th~s lnterpretation neglects possible b~ospheric and

oceanic lnteractions which could substantially lower the fraction of fuel

Carbon chat remains in the atmosphere (see Section 2.5).

Figure 2.1.3 presents similar projections of fuel carbon assuming

a tapering of the growth rate to zero 1n 2040. The comparison of Figures

2.1.2 and 2.1.3 illustrates the sensitivity of estimates of future

atmospheric carbon levels to growth rate assunlptions. With the present

fuel mix. 1400 Gtons of carbon will be added to the atmosphere by the year

2035 if the historical growth rate is maintained; with a tapered growth

rate the date is pushed forward 20 years. Because of the nature of

exponential growth small shifts 1n the direction of reducing use of carbon­

based fuel. through conservation can bring about significant reductions in

the cumulative amount of carbon added to the atmosphere over a fixed

period.
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Th~ mix of fuel. u.ed elao influencea the rate at which carbon is

added to the ataoaphere. If all energy were derived from a)nthetlc fuels,

then in the tapered model, 1400 Gtons of carbon would be placed in the

ataoaphere by the year 2030 as contra.ted with the date 2055 it the present

mix of fuels were maintained. Clearly the world will not depend 80lely on

aynthetic f~els in the foreseeable future. However, the existence of

abundant coal reserfea in the United State8, the Soviet Union, Great

Britain, and Au.tralia (for pGL8ible U8e by Japan) .~seat. that countries

may .elect a coal and/or .ynthetie fuel. option. Steps in that~irection

vill accelerate the addition of carbon to the atmoaphere.

In .ummary, e.timatel of the fuel input to the carbon cycle are

uncertain primarily becaule of the unknown rate of energy usese and the

fuel lIIix of the future. In 1978, the contribution to enersy demand by non­

cerbon producing aources--hydrdpowec, aolar and nuclear--was Imall compared

with carbon-baaed sources. These will srow in the future diaplacing oil,

coal and natural gas. While the hydropower potential of certa1n regions is

n~at exhaustion, further contribution8, particularly in low-head hydropower

can be anticipated. Pa8sive 80lar is economical in 1979 in aany parte of

the world and active 801at could become t.portant two to three decades

hence. The indu8trialized world 11 purau!.1t. the nude.r option, and

nuclear energy will very probably make a alsnifleant r.ontribution to energy

u.ase. However, the vaat lave.tment 1n the tnfra.tructure of induatria­

Ibid IOdetie' 1n earbor.-b.aed fueh aaltte. it unlikely that the'e fuels

will not be a .ajor BOUrce of energy 1n the comins decade.. In view of

the •• con'lderations, we will use the preaent luel mix Ind I tapered growth
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r~te in the b... case model projection,. In this model the enhaQced use of

synthetic fuell .nd co.ll with incr••••d c.rbon production i. a~lumed to be

offset by the incr~.led ule of nucl.ar, hydroelectric, lolar and possibly

fusion lource. of enersy. In this model, the cumulative total of carbon

put into the atmosphere by burning fuels will be 1400 Gtons in 2055•

•
...
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2.2 Influ.nce of the Siolphef. On the Carbon Cycle

2.2.1 &al.nce-Sheet of the Carbon Cycle

~e may crudely reprelent the balanc~-.heet of the carbon cycle by

an equation

A-F-B+D-S •

A is the annual incr•••• in atmo.ph.ric C02' F 1. the annual relea., of

CO 2 in fossil-fuel burning .nd cement manufacture, B 1s the n.t 1ncr••••

of bien.a...nd .011 carbon produced 1n re'pon•• to the tne e•••• of atmol­

pheric CO 2, D 1s the decrease in biomass and soil carbon produc.d by

deforestatlon and erosion, and S is the net annual flow of CO 2 into the

oceans. All these quantiti•• are conveniently expressed 1n Gtons of carbon

per year. The 1978 values of A and Fare accurat.ly known and are

A - 2.6, F - 5.6 in thele units. The values of 8, n, and S are

highly uncertain. In trying to predict the future carbon content of the

atmosphere in r••ponse to the burning of carbon-based fuel., it 1. e••en­

tial to det.rmine the magnitude and probable trend of .ach of the

quantittes F, B,D, and S lepar.tely. AI hal been dilculled tn

Sectlon 2.1, the projectionl of r are uncer~ain, tho.e of B. 0 and S

are even more 10.

In r.cent year. the probl•• of the ".iIl1\,\1 carbon" h•• r.ceived

attention, E.tlmat.a of B .~d D by t.r(e.~rial ,cologiats (for
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example, Woodw.ll, et .1 1) .nd of S by oc••nogr.phers (for .xample,

Iro.ek.r, .t .12) were in 81.rina dis.SI....nt with Equ.tion (2.2.1).

Typie.l estimatea were 8 - 1, D - 6, S - 2, leavin8 • di.cr.p.ncy of 6

lilatone of "mi88ins c.rbon" between the left .nd ri8ht dd•• of the equa­

tion. At least one of these estimates must be seriously wrong. £lthec E

or S was undere.timated or D was ~vere.t1mated. To pin down the .ource

of the discrepancy .n under.t.ndin8 of biolpheric proc••••• is ••••nti.l.

n,. followin8 thr.e aubl.ctiona conaider B, D, and S in turn.

2.2." R'.pon.e of Natural Vegetation to'lncr•••inl Atmo.pheric C02

There .re two di.tinct w:ya in4Which atmo.ph.ric C02 incr.ase may

contribute to the qu.ntity B. W. define 81 .nd B2

•

,wh.r. B1 18 the annual iner•••e in bioma.. abov'-around .nd B2 i. tho

incr••a. in bioma•• and .oil eaeben below-around. 'nt .. mecl.ani •• aiving

ri •• to B1 .nd B2 .re diff.rent. B1 18 the efhct of inena••d Irowth

in lons-lived velet.tion, princip.lly tr.e.. B2 i. the .ff.ct of

incr••••d root-to-Ihoot r.tio., not only in tr.e. but .1so in .hort-lived

plant., ir•••l.nd and .w.mp.. 'nt. importance of root-to-,hoot ratiol lie.

in the f.ct th.t .hoot. and l ••v•• d.cay more r.pidly than root.. An

incr••••d root-to...hoot ratio ••an. that • 1.rl.r fr.ction of n.t prim.ry

production of biom«" i. betn8 tran.terr.d to the lona-liv.d r•••rvoir

und.r,round (for d.t~il. of the und.raround r••• rvoit ••• Schl ••ina.r5.6).
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It i. quite po••ible that 81 i. lero, if it happen. that bio­

.pherlc Irowth 1. not C02-l1mlted. To e'timete .n upper limit to B we

may •••ume that the entire net prim.ry production (NPP) of the telre.trl.l

bl0.phera (.bout 57 Gtunl of carbon per year, I.e T.ble 2.1.10) re.pon.e to

CO 2 incr•••••• 1 indic.t.d by the growth-ch.mber experlment. di.culsed ln

Section 4.5. The•••~perimentl IUlselt th.t .pproxim.tely

~NPP

NPP (2.2.3'

where ~PP 1. the incre'led net pr~.ry productivity in one ye.r •••oel.-

ted with .n incre.l. A ln the e.rbon eontlnt of the .tmolph.r••nd il •

eonltent whol' value 11 prob.bly betWilln 0 .nd 1 and C 11 the current

conclntr.tion of CO 2 in the .tQo.ph.re. The 57 Gtona of NPP w•• 1n b.l.nce

with dec.y proc.s ••• before fo••ll-fu.l burnlnl beaan. If we aSlume that

the 7% incr•••• (over the last 20 Ylarl) ln .tmolpheric CO2 produced 5 31~

~ incrla •• ln SfP while the dec.y proc •••e. remained unch.nSld, then the

resulting exce., of SPP oVlr d.e.y Siv •• our upp.r li~it for 81

A .imil.r .rlumlnt i. more dlffl~ult to apply to 82 b.e.u.e we

lack evidence for r'.pon.c of root-to-ahoot r.tio. to CO, in .cologieally..
iMport.nt .p.ci... Accordinl to Str.lnl reporting .n .~peri~.nt of

Knecht', root-to-.hoot r.tio at cadi.h•• iner••••• by more than a factor of

2 when CO 2 conc.ntr.tion i. inclI•••d by • factor of 3. Thia .vidlllncI, for

wh.t it t. worth, indicatl' that root-to-Ihoot r.tio. may lncr•••• eouahly
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in proportion to the concentration of CO2• If Y i. the aggr'glte root­

to-.hoot r.tio of NPP in the terrestri.l bi08phere, and if f i. the

fractional change in y produc~d by CO2 increase, then the incre••e 1n

underground growth due to the change in y is

•

U • fy(l + y)-2 x NPP

Since (2.2.5) i8 a maximum for y. 1

-
u ~ f/4 x NPP •

We aa.um., a. we did 1n e.timlting B1, that the underaround growth waa ln

equilibrium with declY before the t18e in Itmo.pheric C02 begin. and that

t~e incr.... U in underground growth is uncompen.ated by increa.ed

declY. Equation (2.2.6) th!refore gives an upper limit for B2• The NPP

of terr••trial planta includ1ng .hort-lived .pecie. i. about 57 Gtonl, and

f may be I. large I. 0.07% if radi.hea are repreaentative of the bio­

.ph'le. Ther.fore, Equation (2.2.6) givel the e.tim.te

Puttinl tosether the elti.,te. for 81 and 82 and addina I little extra

for error. and amiaaiona, ve obtlin our e.timet. fOl' B, ,

o < 1<3
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The ~portant eonelulion of thia analy.l1 1. that I cannot be

larae enoush to cover the "all l11\1 carbon" deUcit. Even wlth our leneroul

e'timatel of the relpon.el ln HPP and root-to-ahoot ratio. to atmoapherir.

C02 increase, the pUllent contribution of B to the clrbon cycle 11

insufficient.

We ar~ led to conclude th~t the terteatrial biosphere is a net

source of atmospheric CO 2 and that the "mildng ea eben" mUlt be .0.ehoW'

flndlng it. way into the oceanl if indeed D il pOlitlve and of the .ame

order al F.

It is, of course, pOlaible that the terr'ltrtal biolpheric reler­

voir of carbon i' increasing or decreftllna 1n relponle to cllftatlc change.

that hlv. occurred ln recent centuriel, quite independently of the ehan8e~

in atl:lospheric C02. If this is so , we must add to our estiNte (2.2.£1) a

contribution from CO2- unr el at ed growth. Increases in temperature may have

a nelltive effect on the rate of p~otolynth'lis about equil to the aain ln

photosynthesis (lee Section 4.5). We do not attempt a numerical .st1mate

of the CO 2- unr el at ed contribution to 8. The rate of arowth of the bio­

sphere 1s a meaaurable quantity! and we hope that with1n a few years we may

be detlm1n1ng itl value by measurement rather than by .peculltive luess-

work.

2.2.3 Defore.tatlon .nd Erolton

Bolln7, Stuiver8• Tln.9, Woodw.ll, et III and Schl.linser6 have

recently analy.ed the lm~act of defore.tation and aol1 erollon on the
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terreltrtal carbon balance. Our analyet. follows cloaely along the lines

of thts earlter work.

We divide D into two parts

reprel.nting los. of carbon from planta D1 (aalnly tr.es) and from .011,

D2. we pllce primary reltance of the estimates of Schleelnler

and of ~odw.ll, et III

, (2.2.11)

obtained by looking 1n detail at the ••leeted Ir.a. of the world in which

aoil t. b.ing Irod.~ and for••tl de.troyed. WOodwell (perlonal cOmDuni-

catlon, June 1979) revised thl publtahed e.timate (2.2.11) downward to

D1 • 3.9 , but Wbodwell ..intlln. that D1 ta llrge mainly beeause of the

deltruetion of tropical for.stl. Bolln-a7 eatimetes are much lower

(2.2.12)

Stuivlr and Tans d.rive their .Itimat•• of D from a Itudy of the

ratiol of the i.otope. CIrbon 12, Carbon 13, and r.rbon 14 in tree.. These
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ratio. live information about the net annual deerea.e of bioma.. (D - B)

rather than about D separately. Aecordina to Stuiver, the ratio.

indicate

D - B • 0

and aecordlng t. en,

(2.2013)

D - B • -1 (2.2.14)

in sharp disagreement with Woodwell. Tan. (perlonal communication, June

1979) arsued that tne tree-rina data are affected by large fluctuations of

unknown origin. Tans does not regard C12/C 13 ratios as providing a reli­

able estimate ~f biospheric decrease. Review of the C12/C13 literature l O

indicate that different substances in plant tissue show consideeable

differences in relatille concentrations of e12 and C13• Such differ-

ence s are al.o shown 1n tre.s growing a few hundred meters apart. Ir view

of these uncertainties. we have not used the isotope data to estimate

D - B. Broecker. et al 13 rely on tree ring data to reach the conclu.ion

that D - B is 8mall.

The estimates of 01 and D2 regarded a. mOlt probable by

Schlesinger and Woodwell are

1 ( D., ( 2
'"
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livin. the total annual bioapheric los.

4 < D < 9 (2.2.16)

If Belin" I' estimatel are .1ncluded then the range for annual biospheric

loas becomes

1 < D < 9 (2.2017)

Eutrophication of the Oce.n

The annual net flow of CO2 into the oceana is compoaed of two

part I

(2.2.18)

the firat beinl the effect of mech.nic.l traneport and mixing ot aurfece

water laturated with CO2 into the deep o~ean. the aecond being the effect

of bioloaical activity in the ocean. The phyeical-chemic.l mixin. ~roc­

esa.s ar. diecus.ed in Section 2.3. Although the unclrtaintie. are large.

the consensue among oceanographers agre•• With the e.timate of Bro~r.ker. et

.1. 2

Hert. we diacus. the biological contribution 52 ar!8ing from eutrophi­

catlon of the ocean.
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The ba.l, reactlon. contrlbutlna to $2 are:

,I) Photoaynthe.il

CO2 • C + 02

ln the .urface layer of the ocean. Carbon il not a limltlng

nutrient in the .urface layer.

(2) D••cent of particulate carbon, e1ther al intact oraani8mI, al

fecal pelletl or Il. orsanic molecule. adlorbed onto lnorsanic

dUlt, lnto deeper layer ••

(3, Bacterial oxidation of particle.

C + O2 • CO2

in the deeper layers.

The net effect of these reactions is to pUMp CO 2 from the atmclS­

phere down into the deep ocean, and t~ tran3fer O2 tr~ the deep ocean in~o

the lurface ocean layer where it becomes super-saturated and 1s released to

the atmosphe.!"e.

Williams (personal communication. June 1979, has mealured the

~art1culate carbon delcent and oxidation 1n the North Pacific. He finds

that between 10% and 16% of the net pr~.mary product1on 1n the surface layer

descends to depths greate, than 300 ~eter. before being oxidized. Since

the net primary production of the ocean surface layer il about 25 Gtonl per

year (Table 2.1.11), extrapolation of the results of Williams to the entire
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oc~an livea 52 between 2.5 and 4. Riley (p*raonal communication. Harch

1979) had made .arlier determin.tiona of particulate carbon in the North

Atlantic. The ext .•polation of hia obaervations gives 52. 6. Eppley

and Peterson14 conclude that global new production in the euphotic zone of

the ocean ~~proximates the sinking flux of particulate organic matter to

the de~~ _ ~n. Their est~te of the new production ia 3.4 to 4.7 •.

conliltent with the e.timatee of Riley and W11liam8. We conclude that 82

lie. in the range

,

For a de.cription of the experimental difficultiea which complicate the

monitoring of particulate ~.rbon in the oceana aee Riley11 and Eppley and

Peteraon14• If we accept (2.2.20). then we obtain for the current total

flux of CO2 into the ocean

4 < S < 8 • (2.2.21)

Our inclination to tru.t the e8timates of Williams and Riley is

atrengthened bf the fact that (2.2.21) lives a large enough carbon sink to

bring Equation (2.2.1) into balance and aolve the "m1881nl carbon"

myatery. Equation (2.2.1) requirea that

S + B - D • F - A • 3
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Since D i. probably Ireater than 1 (see Equation 2.2.17,. I le.a than

1.5, then S muat be Ireater than 3.5. A con.i.tent ••t of number. i.

A • 2.6. F. 5.6. D· 4. S. 6, B· 1

which would require that 52· 4 • near the center of the limit3 indicated

by Equation (2.2.20), and D is at the lower limit of the Woodvell-

Schlesinaer estimate•• Equation (2.2.l6). An alternative .et of number.

consi.tent with Bolin'. interpretation of the biolpheric .ituation would be

A • 2.6. F· 5.6. D· 1. s· 3, B· 1 (2.2.24)

which ~uld put 52. 1 at the lower ranae of the Riley-Willia~1 estimates

and below the Eppley-Peterson estimates. Clearly, the numerical values of

D and S are very uncertain, but we consider it probable that D and S

are both large and approximately equal at pre.ent.

Sumoary and Conclusions

If the number. (2.2.23) happened to be correct, it would ~ean that

the total man-made production of CO 2 would be 8.6 Gtons of carbon per year,

65% from fOllil-fuel burnina and 35% from defore&tation and eros1on. Of

these 8.6 Gtons, 30% would remain in the atmolphere, and the r~~~1nder

would 80 into the ocean. The increase 1n terre~tr1al biosphere 1& at pre-

sent smaller thftn the other terms in Equation (2.2.1,. Alternatively, if

the number. (2.2.24) are adopted, then 40% of the man-made CO, rema1ns.
airborne.
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We have eeached, aubject to the ulual unceetaintie., the cOhclu­

alon that only about one-foueth to two-fifths of oue peoduction of man-made

C02 eemain. in the atmolphere. The atmosphere 1. currently .aved feom a

far -ere eapid build-up of C02 by the operation of the Williama-Riley

oceanic pump. Unfortunately, as often happens ln ecologlcal altultlons. a

problam i8 mitigated at one point of a cycle at the cost of intensifying

another problem eoaewhere elae. In thl. ca.e, the mltigation of CO2

buil~-up 1n the ataoapheee ia achi.wed ~t the coat of 1nten.ifying the

eutrophication of the ocean. If oue eatimate (2.2.20) of the throuahput of

the Wl11iaml-Riley pump i. coeeect, it ..ana that 13 Ctona of molecular

oxy,en per year aee pumped out 0; the deep oc••n into the atao.phere. The

ocean contalna at preaent a total of about 8400 Ctonl of dillolved

oxy.en12• The oxysen deficlt (difference between the quantity of 02 ln 8

..turated ocean and the q"antlty actually peeaent) la already about :_00

Ctona. We therefore ralse the queatlon whether the depletlon of oxygen in

the oc.an may not be aa celtical an environmental peoblem as the 1ncrease

o~ CO2 in the atmolphere. The oxygen cycle will be dilculsed in detail in

the following .ection.
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2.3 O~Y8en cycle

The burninl o~ carbon-based fuell and defor.statlon and eroslon

remove oxygen from the atmosphere throuah the formation of carbon

dioxide. Since the rate of addition of carbon dioxide from the burninl of

fuels is known, an understand1nl of the oXYlen cycle could aid in deter­

~tnin8 the net contribution of the biosphere to the carbon cycle l •

Balance-Sheet of the OXYlen Cycle

The oxygen balance-sheet can be lummarized in th~ equation

P + Q - R· !(A + 5) + 8H3

Here P is the annual decrease of oxygen 1n the atmosphere, Q 1s the

annual decrease of dissolved ~olecular oxygen ln the ocean, and R 15 Lhe

annual net lncrease of combined oxygen resu~~ing fcoc chemical ceactions of

nitrogen, Bulf~: and iron, etc., all expressed in Gtons of oxygen per

year. H 1& the number of GtODS of hydrogen burned per year in fossil

fuel, and A, S are the numbers of Gtons of carbon in C02 added to the

atmosphere and the ocean respectively (see Equation 2.2.1). The quantity

H can be determined from the mix of fuels burned (see Table 2.3.1)

H • 0.89
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TABLE 2.3.1

Estimated World Generation of Water
Through !Urn1ng Carbon-Based Fuels (1978)

Fuel

011
Natural Gas
Natural Gas Flared
eoal

Total

As8l1Ded
HIe Ratio

2
4
4
0.8

Water Generated
in Gtons of

Hydrogen

0.44
0.26
0.05
.Qill.

0.89

'.,

The e8ti..tio~ of R will be considered in Section 2.3.2. It

turns out that R i' small compared with the other quantities 1n Equation

(2.3.1) and is approximately equal to 1 Gton per year. When the numerical

values of R, A and H are inserted, Equation (2.3.1) becomes

P ... Q - ~. 15 • (2.3.3)

If we could independently measure P and Q , the annual fluxes of oxygen

out of the atmosphere and ocean, Equation (2.3.3) would prOVide an

independent determination of the crucial quantity S, the flux of CO2 into

the ocean.

Machta and Hughe,2 determined the oxygen content of the atmosphere

ln 1968-70 to an accuracy of about ~hree parts in 105• Comparison with
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meaaure.enta aade in 1911 indie.te. that in the 59.,.ar period the oaysen

eoneentration ehanged by leaa th.n 0.011 from the pre••nl: value of 20.946%

by volume. The tot.l .as. of oXYlen in the atmo.pher. i ••bout 1.2 a 106

Gtons. If the oxygen-nitrosen r.tio in the .tmosphere could be me~aured

with an accuracy of 1 part per milllon, P would be determined wtthin 1

Gton. Rapper describes in Section 2.3A • method of measuring o~Ylen­

nitrogen r.tios which would provide the required .ccur.ey.

A measurement of P will be tmmen.ely valuabl., just .1 the

measurements of atmo.pherie CO 2 by Keeling) have been invaluable, because

the atmosphere is a well-mixed reservoir both for oxysen and for C02 with •

mixing-time on the order of a year or two. We expect that the local

fluctuations In space and time of 02 and C02 concentratlons in the

at~osphere will be of comparable magnltude, if both concentrations are

~easured In parts per mll1ion of the total at~osphere. The fact that the

atMosphere contains a thousand ti~es as ~uch 02 as C02 does not l~ply that

the measurement of 02 will be inherently noisier than the measurement of

CO 2, Both for 02 and C02. the local no f se and annul fluctuations will

give valuable information about the dlstrtbution or sources and sinks. The

mean trend of P at anyone site over a aeries of years will give an

accurace determination of the rate of change of thl! wrld inventory of

oxygen in the atmosphere. P ought to be measured at several places, but

there will be no need to sample the atmosphere at a large number ~f sites.

The determination of the changes in oxygen concentration in the

ocean presents a more formidable probl~m. The ocean is not well-mixed even
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2.3.2

on a time-acale of centuries. A direct aea.urement of the fluxes Q and

S of oxysen and C02 into the ocean necessarily requires a ....ive .ampling

proaram. But there are two differences between oxygen and CO2, The total

re.ervoir of oxysen in the ocean is much Bmaller than the reaervoir of

CO2, The measurement of oxygen concentration is not complicated by the

chemicel intricacies of carbonate and bicarbonate and buffering with other

epeeies which influence the behavior of CO2 1n solution. For both reasons.

a direct measurement ot Q is likely to be easier than a direct.measure­

ment of S. As a practical matter. it makes sense to concentrate on

mea.uring the oxysen fluxes P and Q and to use Equation (2.3.3) to

derive tbe CO2 flux S.

Minor Reactions Contributing to the Oxygen Cycle

The annual net increase of combined oxygen due to minor reactions

may be expressed as

•

where Rl ia the effect of oxidation of nitrogen. R2 is the effect of

oxidation of sulfur. and 13 i8 tbe effect of the reduction of iron ores

in 8teel-mak1ng. Other processes of oxidation and reduction give smaller

contributions to R and are here ignored.

The main reaction contributing to Rl is the oxidation of

atmos~leric N2 to nitrate. There are ..ny intermedia~~:- tions

involvllng bio.pheric nitrogen. ammonia and tbe various nit: I oxides.

88



Industrial production of fertilizer la only 0.04 Gtons of nltr08en per

year. Bl01081ea1 nitr08en fixatlon eontributes to Rl about ten time. a.

much, but 1. uncertain by at lea.t a factor of two. Stewart' .ati.at••

total nitr08en fixation at about 0.2, while the NRC report on Nitrogen

Oxides5 estimate. 0.5 Gton. of nitrogen. We adopt the estimate 0.4 Gtens

of nitrogen. which is converted to nitrate with the removal of

(2.3.5)

Gtons of oxygen.

Oxidation of sulfur, mainly associated with the burning of fossil

fuel. is estimated by Stewart at 0.065 Gtons per year. This is converted

to sulphate by combination with

(2.).6)

Gtons of oxygen.

Present world production of steel is about 0.7 Gtons. which

releases from the ore about

Gtons of oxygen. Putting together Equation (2.3.4-7) we estimate
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R • 1

2.3.3

The uncertainty in Equation (2.3.8) is about a factor of two, mainly due to

the uncertainty in the nitrogen contribution Rl • But we can aay w1~~

assurance that R ~ak2s only a minor contribution to the oxygen balance-

aheet Equation (2.3.1).

Oxygen in the Oceans

Kester6 gives detailed information about the distribution of

dissolved oxygen in the oceans. The distribution of oxygen in the oceans

can be estimated from Kester's diagrams to be as follows~

Pacific Indian Atlantic Total

Oxygen capa<:lty 6000 3000 2600 11&00

Oxygen content 3600 2400 2400 8400

Oxygen deficit 2400 600 200 3200

"Oxygen capacity" is the amount (in Gto."lS) of 02 which the ocean would

contain if it were everywhere saturated. The oxygen rleficits occur in a

thick layer of water extending from 100m below the surface to several

kilometers in depth. The deficits are distributed unevenly ovor the oceans

and are strongly correlated with regions of high biological productivity at

the ocean surface.

The crucial question which has to be answered is whether the

oxygen deficit of the oceans 1s in~reas1ng or not. In other words, is the
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net flow Q of oxygen in or out of the ocean. If the oceans were in a

state of natural equilibrium, Q would be zer( on the average and would

only fluctuate above and below zero in response to natural fluctuations 1n

ocean dynamics and in biological activity_ The time-acale ~f such natural

fluctuations would be related to the turn-over time of the deep ocean

(500-1000 years) but the m,agnitude of such natural fluctuation is not

known. Nevertheless, if it should happen that Q is measured and foun~ to

be large and positive, that would be prima facie evidence indicating that

the oxygp.n deficit may not be in equilibrium and may be increasing as a

reslllt of humAn actions.

We present a very prel1minary analysis of the proces53s

contributing to Q. Let

(2.3.9)

where (-Q1) 1s the effect of phyticAl transport and diffusion in the

ocean and Q2 is the effect of biological activity. This division of Q

1s analogous to the division of the C02 flux S into two parts in Equation

(2.2.17). In the physical transport, oxygen and CO2 move together, while

in the biological processes of the Williams-Riley pump oxygen aLd CO 2 move

in opposite directiuns.

For the physical part of Q and S we write

Q1 • M(fa s - f od )

51 • M(fc s - fCd)
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Here

H • 106 (2.3.12J

I' thp mass-flow of the physical transport processes in Gtons of vater per

year. The numerical value Equation (2.3.12J is estimated from the pipe­

model of ocean transport described in Section 2.4 of this report. The

ratio fos 1s the mass-fraction of dissolved oxygen in the water entering

the transport cycle at the ocean surface, while fod is the mass-fraction

of dissolved oxygen in the flow returning to the surface 'from belovo

Similarly, f c s and fed are the mass-fuctions of carbon in the fonn of

dissolved CO2• Since the surface water 1s saturated with both oxygen and

C02' we have roughly

fos • 300 micromole/kg • 9.6.10-6

f cs • 2500 micramole/ke • 3.10-5 (2.3.14J

The value of fad differs from ocean to ocean. An accurate estimate of

Ql would require a detailed account of flow-volumes and oxygen deficits in

th~ ,arious oceans. fbI' a preliminary est1mate, we assume that fod is

equal to the mean oxygen-fraction of the ent1re ocean, namely

Then Equationa (2.3.10) and (2.3.12) give

•
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The eltimation of f cd il much more difficult lince the C02 il clo.. to

.aturation thrO"8hout the ocean. In Section 2.2 [Equation (2.2.18)] we

used Broecker'. e.ti~.te

which is equivalent to assuming

•

(2.3.17)

(2.).18)

The near-equaUty of Q1 and S1 appean to be I numerical ace ident

without cauedl implications.

The relation between the biological fluxes Q2 and S2 1s much

moee dieect, since the Williams-Riley process releases 1 mole of C02 for

every mole of 02 consumed in the deep ocean. Therefore

(2.3.19)

If the estimate Equation (2.2.2) for 52 is valid, then Equation (2.3.19)

gives

5 < Q2 < 16

and Equation (2.3.9) with Equation (2.3.20) implies

2 < Q < 14
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The conc'.uaion Equation (2.3.21) ia not 8trong enough t~ prove that the

oc.anic oxygen deficit ia not in equilibrium. The value Q. 0 i8 not

aignificantly outaide our limits of error. But if we believe that the

numerical values Equation (2.2.23) of D and S are near to the truth.

then Equation (2.3.19) gives

• Q2· 13 S • 7 Q • 10 • (2.3.22)

and the ocean 1. 108ing oxygen at a rapid rate.

From Equation (2.3.3) we have that the oxygen content of the

atmosphere 18 presently decrea.ing at a rate

P • 15 + ! 5 - Q

For a large bi08pheric carbon contribution the values of Equation (2.3.22)

yield

P • 23

and because of the dependence of Q on 52 a lower biospheric source

gives a similar value. The obaerv.tion of Machta and Hughes provide an

upper limit to the average value of P over the period 1911-1970 of about

10 Gtons/year based on the limit on the change in oxygen concentration of

0.01% or le.a over thia period2• Because of the exponential growth of fuel

usage and induatry. the calculated value of P for 1978 1n Equation

(2.3.24) 18 not inconsistent with the Machta-Hugh.s limits.
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to natural phenomena. With Q in the ranew of 2 to 10 Gtona/y.ar. then

all the oxy.en in the ocean would be re.oved in a p.rlod 1000 to 4000

yeara. perioda ahort compared with aeolosie chana", th~Ulh of the aame

oeder aa the overturn time of the deep ocean, about 500 to 1000 year.. The

turnover would not rea.turate the deep watera with oxy.en unle.. Q1 were

of the same maanltude aa Q2'

The eoncluaiona of thi. preli~inary analyaia of oxysen in the

oceans are aa folloy.:

•
•

(1) In the natural Itate of the oceans before human activities

became important, a large oxysen deficit of the order of 3000

Ctons of 02 existed •

(2) We do not have enough evidence to estabUsh with car t a In t y

that the oceanic oxygen deficit ia incre9aing,

(3) Rough estimates indicate that the deficit may be increasing

at a rate of the order of 10 Ctons of 02 per yeae.

(4) The flow of oxygen out of the ocean~ 1f it 1. real, cannot be

attribut.ed to the effectl of atmospheric C02 increale. The

oceanl are almolt everywhere almoat saturated with CO 2 and

the biological productivity of the ocean 1s never C02-

Umi ted.

(5) The flow of sewage and of runoff from agricultural land will

fertilize the ocean and caule an incr~ale in the oxygen

deficit. But these direct effect' of human activity seem to
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be quantitaUvely in.,.fUeient to expl.in .n incre••e as

larae aa 10 Ctonl per ye.r6•

(6) Indirect .ffe~tl of hum.n activity, for example the incr.ase

of atmoeph.ric duat fall ins into the ocean .nd providing

nuclei for the .daorption of d11.olved organic ~.rbon, m.y be

increaling the efficiency of transport of organic carbon fro~

the ocean lurface to d.eper l.vela. Such indirect .ffecta,

when .daed to the direct effectl of nitrosen and pho.phorul

1n human .ffluent., asy be .uffici.nt to .ccount for 10 Ctona

per y.ar incr•••• in ox,.en deficit 7,8.

(7) It 1•••••nt1.1 to .tudy the cau.e. of oXYI.n depl.tion 1n

d.tail. using. conliatent model of oceanic circulation which

.1.0 .ccountl for the tr.nlport of CO2, 'Qlinity, temperature

.nd other oceanogr.phic ob.erv.bl....

(8) Above all, copious and long-contlnu.d ohserv.tions are

required to eliminate the many uncertainties of the oxygen

bal.nce-Iheet. In particular, we .trongly recommend.

prolram of Bystematie mealurement of the rate P of decrease

of oxygen in the .tmosphere, .ither following the IUSS'ltion

of Happer described 1n the Appendix to thil Section. or

otherwile •

•
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2.3-A.

2.~-A APPENDIX

Raman Scatterlng: A Possible High-Preclaion Measurement of the
Oxygen-Nitrogen Ratio in Air

Ra~an scattering 18 the inela.tic scattering of lilht by atoms and

•

moleclues. l ..an acatterina 1a routinely u.ed f~r hiah .enlitiv1ty

Aplctroacoplc work. Her. we conl1der Whether laman acatterina can be used

to measure the r~tio of oxy._n to nitrosen in ordinary air to a precision

('If one pact per ~llUon. St,hw1eaow and Dero l flut -\lIae.ted 1n 1970 the

u•• of laman acattartn, to determtna the oXYlen concentration of the

atmolph.,e. Here we review lome of the key conaiderationl for luccellful

application of la.an acatterina.

The around Itate. of the 02 and N2 molecules are Iketched in

Figure 2.3-A.l GROUND STATES OF 02 AND N2 MOLECULES
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Here R is the intetnuclear separation and the vibration.l In.raie. of the

around state are

w(02) - 1554.7

w(N
2)

- 2330.7

-1cm

-1em

:\ote trlat at room temperature, 200 C:, thermal I!nerlY i.

kT • 203 cm-1

Thus both N2 and 02 wU1 be m81.n1y in the lowelt v1brational sute at

room temperature and below. Raman scattering on a molecule works as shown

in Fig. 2.3-A.2.

h ;•.:0

BEFOClE AFTER

Figure 2.3·A.~ RAMAN SCATTERING

99



Thus if an int~n.e la.er beam i. incident on a .ample of air the leattered

light will contain the initial laaer frequency and downahifted or Stokes

lines as shown in Fig. 2.3-A.3.

AO

Figure 2.3 ·A3

\Je see an extremely intense line at the laser wavelength ). due
o

10to ~nstr'.D:lenta' Bcatterins ..nd Raleigh scattering by 02 and N2·

addition we .ee a pair of weaker lines at larger wavelengths due to Raman

Ileattering from 02 and N2. By energy conservation these lines are

located at the wavel~ngthB

1 1
1554.7

-1
>. (0

2
) -r- cm

0

1 1 2330.7 -1
X(N

2
j -r .. em

0

If we a.sume that >'0. 5145 A • a common line of the Ar+ laaer. we find
•..

>.(02) • 5592.3 A

>. (N2) • 5846. 0 A
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Thu., both Stok•• 11ne. are ..parated from the laser l1n. by ••veral

hundred anastrom. and they are .eparated from eaeh other by 254 A. Thtl

II excellent re.olution and 1t allowa the use of very effieient

spectrometers to cOLleet the liaht.

We now calculate the .aan1tude of the aignal for the somewhat

oversl~plifled apparatul depicted 1n Fig. 2.3-A.4. The number of photons

per second in the incident la.. r beam 1. to •

section for (12 and N2 at SUS A ue2

Th. Raman Icatter1na crocs

30 (0) 4 8 10-31 cm2 ateradian-1
~ 2 • • x

aa -31 2 -1
~ (N 2) • 4.0 x 10 em steradian

The acceptance solid angle of the spectrometer is

(2.3-A.1)

where A 1s the grating area and s is the distance between the grating

and the slit. The grating efficiency can be very high for appropriate

blazing and for simplicity we a..UDle it is 50%. The pllC'tomultipl1er

quantum efficiency can allo be very high and we w1ll also assume it 1s

50%. Then the overall efficiency of the grating and the photodetector 1s

n • 0.25
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LASER BEAM

PHOTOMULTIPLIER
TUBE

~STANDARD
~CELL

SAMPLE CELL

LENS

- SPECTA~')METER
SLIT

BLAZED GRATING

Figure 2.3-A.4 SIMPLIFIED EXPERIMENTAL APPARATUS

The photon count rate is thus

t • t [x] l.2 flO n io an (2. 3-A. 2)

where [xl is the number den.ity o! molecule. per unit volume of the

scattering species, 1 is the cell length and the other factors were defined

earlier. In a well-designed experiment we may approach the shot-noise

limit and we may therefore define the signal S as the number of ~ounts in

an integration time t ,i.e.
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s • tt

The noise is simply the statistical fluctuation is S or

N a.JS

Hence the signal-to-noise ratio is

If we demand sensitivity of a part per million we must have

or the integration time is

11)12
t· ¢

(2. 3-A. 3 I

(2.3-A.4)

~e now use the formula (2.3-A.2) to calculate the integration time t for

detecting 02 concentration at the part per million level. Suppose that

~o • 100 watts • 2.59 x 1020 photons/sec at 5145 ~

:;'1s is a reasonable intra-cavity flux for an Ar+ i.,n laser. At standard

tenperature and pressure we have
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Further assume that

Ml .. 0.04

a reasonable value for a monochrometec, and

n • 0.25

and

R. • 1 em

Then

•

6
t(02) • 1.49 x 10 sec· 40 hours

4
t{N2) • 4.60 x 0 sec· 12.8 hours

Both numbers ace far too long to be of practical interest!

The basic difficulty is the small Raman scattering cross section

,

a :I sterad1an-1 and the relatively small number density of

molecules 1n a gas at atmospheric pressure. We may improve the

experimental outl)ok by increasing the scattered flux ~. Let us examine

the factors which enter into ~
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• the incident laser flux could be increased by a factor of Ie
o

from 100 watta to 1000 watts intra-cavity with a very large Ar+ laser.

[xl the number density could be increased by a factor of 10 to

100 by compressing the gas. Even better, [x] could b~ increased by about

1000 by using liguid air.

~ the Raman cross section could be increased by using shorter

wavelength light. The Raman cross section scales as (w )4 or faster in
o

the neighborhood of resonance.) Hence, by using 3500 A lisht where another

strong line of the Ar+ laser exists one could gain at least a factor of 5

in increased cross section.

~Q the spectrometer solid angle could be increased somewhat by

using narrow band interference filters. A factor of 10 or 20 1s feasible.

n the spectrometer and photodetector effici~ncy might be

increased by a factor ~f less than 2.

1 the interaction length might be increased by a factor of 2 or

3.

Thus there is ample room for improvement and the most drarnati~

resultR can be achieved by using liquid air. ~e may estimate the density

of 02 and N2 molecules in liquid air very roughly as follows. The

specific graviUes of liquid oxygen and nitrogen are respectively
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-3
P(02) • 1.14 gram em

-3P (N2) • 0.808 grams cm

Assuming for simplicity that negligible change of volume occurs when 02

and N· are mixed in the liquid state we find that the liquid-state number..
densities are

P(02'H(N2'

P (N
2

m(02)

P(02' M(N2' •
f + ---:' ~~'-

p(N 2)H(02'

Here Avogadro's number is

23
NA • 6.02 x 10

The mole fraction of 02 to Nl in air is

f • 20.946 • 0.2682
78.084

and the gram molecular weights of 02 and N2 are

106



,

H(02) • 31.9988

H(N2) • 28.0134

Substituting into the density formulas we find

[ J
21 -:I

02 • 3.82 x 10 em

The integration times for detection at the part ~~, ...HUon level are now

3t(O ) • 2.20 x 10 sec. 3.51 minutesz

t(~2) • 67.5 sec • 1.13 minutes

T~ese integration times are not out of the question and they can

be further reduced by perhaps a factor of 10 by optimization of other

experimental parameters.

We note that the vibrational Ramnn lines are split by rotational

fine structure foc gaseous samples but this fine structure is absent for

the condensed phase. However, the condensed phase spectra ace modified in

the case of 02 by scattering feom 04 polymers.

In practice, ~x?er~ental neasurements should be done with a stan-

dard cell and a sample cell which acp placed one after another i~ the laser.
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beam at an appropriate period. Thi. will allow one to compare the differ­

enca in scattadng by the two cella and to compen.at. for tha ,Uaht

.ystematic diffaranca. between the Itandard and the sa.ple. Very clever

experimental work will be required to de.iln an apparatu. free of Iy.te-

matte errors and we hesitate to introduce much detail hera. Ona concept,

not necessarily the best, i8 sketched in Fig. 2.3-A.S. Such an instrument

could be calibrated by tuning onto the N2 peak and adjuetins the atren-

uator until the .ignale from A and B were equal. One ~ould then tune

onto the 02 line and read the difference betw.en A and B.

A B

Laser Bum

Vl'riablfl Anenuator

Oscillating Lens

I
I,
\,

A' \ B'
...~~ I~ •-===:77 'll;;'::'==-

Spectrometer Entrance Slit

Figure 2.3-A.5 EXPERIMENTAL CONCEPT FOR DETERMINING
OXYGEN CONCENTRATION
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Of cour.e the attenuator and other .ystem ca-ponentl would have to be

wavelenath independent to a hlah dear•• , but not to one part p.r a11110n if

little attenuation il required. In operation one would spend about 3% of

the time mea.uring the N2 peak to provide continuoul adjultment of the

atten~ator balancing, and the bulk of the time would be 'pent measuring on

the 02 peak.

Additional difficultiel are pollible fractional d: 'ItlllaUon in

the condensation of the air sample, pOlaible contaminatlon:r~ the wall.

by adsorption or evolution of 02 and N2' possible photo:hem1cal

reactions of 02 with the container walll, and heattng of :he cryogenic

sample. Nevertheless, there 1s a real chance that Raman I~ftctroacopy can

be used to make part-per-million me.aurementl of the 02/N2 ratio of air.
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2.4 The OC.ln. a. a Sink fOE Carbon Dioxid.

It 1. a .ad commentary on the .tate of oc.anoaraphy that we do not

know of the applicability (if any) of two extreme models:

(1) oceanvide ditfu.iv. and conv.ctiv~ txchana'

proc••••• b.twe.n .d101ninl v.rtlcal lay.r., and

(li) proc ••••• at the ocean boundari•• which .It.r the

temp.rature and .alinity (.nd hence den.ity), with

the newly formed WQtir m••••••preldina into the

oC~ln interior alonl ,uffacea of ~on'tlnt denatty.

It 1s possi~le (though not necessary) that the two models predier.

~~rv differ~nt tlme histori~s foe the amount of atm05pherl~ CO~ which can. ..
?e deposlted In the oceans. In the past, most estimates of oceante carbon

>;:r;t! been based on model (1). 1t 1s our intent he!'e also to explore the

conse quenc e s of model (11). lie first consider the general 1uue of cold

vcean sinks, then ve develop a "pipe" !!lodel of the oceans.

Maximu~ Effect of Cold Ocean Sink. on Atmo.pheric C~

The alr-Iea interfAce at whlch CO 2 1. ~xch.nlld bltween the

a t e.oaphe ee and the oceans il adjoined to • well-mixed lea .urhce layer

whose average thickllesa il conventlon.lly taken a8 about 75 m. ~e total

carbon in the layer (about 580 Gton.) ls very comparable to thlt present al

CO2 in the .tmo.phere (702 Gtons); but only 1% of the mixed layer carbon 1.

in the form of dls.olved CO 2--10% i. 1n the carbonate 10n CO)- and almo.t
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all of the r ••t~. HC03- . Th. relativ.ly 8mall mix.d la1.r volume thUG

contain. about 102 ti.e. the carbon den.ity of the a~jacent atmosphere by

.torinl al.n.t all the exce•• in carbonate and bic.rbonute ion.. But the

layer h. at pr...ne , about 85% uturated and it h. con.equently.

~ifficult for it to ab.orb much more; almolt all additional absorbed CO2

mu.t be accompanied by the disappearance of a carbonate ion. effectively

through th. reaction CO; + CO2 + H20 • 2HCOi. Becau•• of the larg~ .

amount of CO2 alr.ady ab.orbed. th.r. t. little CO)- ~till avail.ble .nd

furth.r incr••••• in atmo.pheric C02 would be accomp.ni.d by very much

smaller incr••••• in the carbon content of a mixed ocean lay.r with which

it remained In .quilibrium.

For small departure. from equilibrium

where [ClA i. the carbo" density 1n the atmosphere, lClML that in the mixed

layer, and C 1 ~ 8-15; 1;-1, the 80 called "Revelle factor", reaches the

larger value at oDe and the lower value at 30oe . The time needed to

establ1lh approximaa CO~ equilibrium between the atmosphere and the mixed

ocean llyer i. then a faetor C less th.~ the seven year. needed to attain

equilibrium betw.en C14 contents; the latter essentially requirel an

exchange of the entire carbon reservoir of th~ ~ixed layer wtth th.t of the

Atmosph.re. This time, 7c;. yr s 2 8 months 1s not short enough to l:Ia1nta1n

atmosphere-mixed layer co~ equi11brium at all lat1tudel because horizontal

surface motion exchanges water between hotter and colde ... regions 1n less
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~han th11 time. However, it i ••hort enoulh 80 t~t when ~.ra&ed over the

whole ocean ~ix.d layer, C02 equilibrium with the atmo.phere t. re­

eltab1t.hed after an .tmo.pheric perturbation 1n le •• than a Ylar. Thi. il

so very much 1••• th.n th~ ttme lor doub1inS the .tmo.pheric C02 burden

fro~ fossil fuel burning or the residence time for a carbon ato~ in the

~lxed layer that we Ih.ll henceforth a••ume a~o.ph.r.-mix.d layer C02

equilibrium is always achleved.

The ocean cln ab.orb more than the fraction ~ 2 lo~l of any

additional C02 injected into the atmo.pher. only bec.use the rapidly

respondins mixed ocean layer is ,lowly replaced by fr.aher water which hal

not yet absorbed the added C02 buraen. ~de1s for thil replacement involve

either or both of two m.ch.nl~s:

(1) The mixed layer exchanges water wlth layers

dlrectly below it, probably by the exchange of

eddies--. process represented phenomenologically by

a dlffulion equation (box modell). The tlme scale

depends sensitively on the spatial separatlon

between the mixed layer and the depth of the moat

celevant fresher layers.

(11) Cold water from the mixed layer can, ln certain

reglons, drop relatively rapidly to much lower

depth. then .pread horizontally and be replaced by

a continued upwelling ln the reat of the oce.n.

The largelt luch removal of lueface water appearl

to occur ln the Antarctic reglon--a downflow of

about 20 x lOb M)s·l. Thls would be balanced by
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an avera.e upwell in. of 1 e./day ln the reat of the

ocean.. In the Atlantlc a I~ilar upwell ina .1lht

be expected fro. a downflow of order

10 x 106 .31-1 ln the Norwellan Sea. The tlme

.eale for replaeinl a .ixed layer of thl~kne'l

R • 75. by thl1 meehani.. i.

THL • 4.Z5.~. 17 yrl (2.4.1)

We eon.ider firlt only an eltim.te of the maximum consequence. of

.echanism (ii) for v.ntil.tin. the mixe. l.yer... .":

We define the total carbon contentl of the atmolphere. mixed

layer. and the deeper relt of the ocean by [e)A' [C) KL • and [C]D'

relpective!y. Then. 1f CO2 il injected into the atmolphere-oce.n at the

loate f{t)

• • •
f(t) • lclA +lcJML+ lcJo

At present

. ~

with ~-1 as the Revelle factor. Thn factor ~ will decrease if very

Much more CO 2 enter. the syltem because of the near saturation of the mixed

layer and the ratio [C)ML![C)A will decrea8~ as [C)A increases. We

shall approximate the product
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by a conltant equal to the present value

(2.4.4)

The direct

,

coupling between ltlML and l~lD il model dependent because [C)n can

vary throughout the deeper layera. Therefore, the negative contribution to

(C)D carried by the general upwelling accompanying the local downflow

into it from the mixed layer is not simply related to [C]D We maximite

the effect of the upwelling from the cold water 81nks by .ssuming

•

The reference time t - -- refers to the steady state which existed before

!llssil fuel burning significantly changed [ClA and thus [C)ttL' vhen

.~~ (--, • O. This assumption that the up""elling ""ater into the mixed
• '0

l~yer is so old that its carbon content is independent of recent increases

frol':l t e r reat r t aI ;";.." r.ate <o-tivity during the past 150 years will, of

course, exaggerate tr. . ,:h~ ~ ;,;;;:c:i~"nism in supplying surface wa ter

capable of maximally ah,,: "HIg inc (~;~slng atT:lospher1c C02' Because

~Cl~tL - (Cl HL <--'J [:Cl ML- 1] is very small, we can use Eqs. <2.4.3) and

(2.4.4) 1n Eqs. (2.4.21 and (2.4.5, to obtain

,..

and
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• [clA- [C}A(--)
f(t)· (l +r,;")[cj + r,;--

A 1tL

For the pr••ent exponentially increasing C02 injection

and the .olution of Eq. (2.4.7) i.

(2.4.7)

The terms before the bracket on the RHS of this equation describe the

reduction of atmospheric CO2 by an unventilated mixed layer. For a 102m

mixed layer and ~"- 10-1 it alone would leave 90% of newly injected C02

in the atmosphere. (This would be reduced to 80% for a doubled mixed layer

thickness.) The bracket describes the effect of ventilating the layer. It

1s insensitive to the assumed mixed layec thickness; a thicker layer takes

longer to ventilate. It does depend upon the presumed 1 em day-l average

upwelling cate. Wi~h this value and T
f

• 23 years corresponding to a

4.3% increase per year in C02 injection into the ocean-atmosphere

r~8· voir. it gives an additional 10% of this injected CO 2 stored in the

deep oceans. Thus with TML - 17 yrs ,and t;". 0.1. Eq , (2.4.9) gives

0.8 for the total fraction of injected CO2 which should still reside in the

at~o9phere. Because of the small ~" ,a TML very much less than T
f

is

needed before lclA - [clA<-' ) would depart greatly from the value it



would have when 1n equilibrium with a non-ventilated mixed layer,

eepresented by the first term on the RHS of Eq. (2.4.9). This is

particularly true in that the use of Eq. (2.4.5) makes the whole discussion

an overestimate of the cold water sinks. Thus, it is very unlikely that

cold water sinks of presently eS~Lmated magnitude could by themselves

account for the observations which show only about half of the CO 2 from

fossil fuel burning still airborne. When, however, the continually

accelerated rate of f08.11 fuel burning begins to diminish, T
f

will grow

and the corrective factor [1 + ~~Tf(1 + ~~)-1THL-1 J-1 can be important;

but, if atmospheric C02 has increased greatly by that time, the accompan­

ying decrease i~ ~~ may no longer be .mall. This decrease is no longer

ne~ligible in the discussion that follows.

A Pipe Model of the Oceans

The ocean is modeled as a series of horizontally uniform layers,

fro~ i· 1 representing the mixed layer at the top, to 1· N + 1 at the

bor t om , Because of the horizontal uniformity, we can discuss everything

per unf.t surface area, and we effectively have a one dimensional picture.

One-d models are rightfully in disrepute and we do not need to

join the chorus o~ disclaimers (all of wha~ use such models). In fact, one

of us (~~J is the originator of a particularly naive one-d model, but in

limiting this model to Antarctic bottom water and the resulting constant

rate of upwelling by 1 em day-I, and ignoring the large intermediate

sources, he now suspects that he has thrown out the baby with the bottom

water. 7
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What we are trying to model are 80me of the following processes:

<s> The Norwegian sea is filled with shallow Atlantic

water, in winter the surface water is cooled by

contact with the atmosphere, eventually the water

column turns over forming a fairly homogeneous cold

and moderately salty water mass which flows over a

sill into a depth appropriate to its density;

presumably this is the origin of North Atlantic Deep

Water.

<b) In the process of freezing at high latitudes, the

newly formed sea ice is fresh, and the residual

water is salty and cold. Some form of this process

in the Weddell Sea is probably responsible for the

formation of Antarctic Bottom Water.

(c) Extensive evaporation from the Mediterranean sea

results in increased salinity that leads to the

formation of dense water. Suppose that on the

average Q m3/sec of Mediterranean water flows

through Gibralter and down the continental slope

into the Atlantic. In the process it mixes with the

local water with the consequence that by the time it

arrives at equilibrium depth, the flow consists of

Q' m3/sec of diluted Mediterranean water, with Q'

> Q. We will want, somehow, to include this

dilution as part of the processes of water mass

formation.

The layers are connected by pipes, which transport water at known

rates Qi and inject the water at the bottom of each layer, thus creating
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an upwelling of velocity Wi in the layer. Evidently

where A· 3 x 1014 m2 is the surface area of the oceans.

We take the view that the water is drawn from the upper layer and

injected into the lower layers. All biology is ignored in this model (see

Section 2.1). Application of the pipe-model to.~xygen as well as to CO2

might provide a way of joining ocean biology with physical oceanography.

The pipes thus transport temperature T. salinity S. denaity p and

carbon ccncent ra t fcn [C] from the surface to the deep ocean. carbon

concentration is transported unchanged, but the transport mechanism must

~~ange the density to ~atch that at the injection depth--otherwise. the

1nflowing water would be too heavy or too light and would sink or rise to

the appropriate depth in a few Vaisala periods. The tr~nsport als~ changes

t ernpe r at ur e and salinity, though not to values matching t he ambient temp-

erature and salinity at the injection depths.

~~thenaticalIYI the nodel described above may be set up as

follows: we consider a single quantity. such as carbon concentration.

[C] (z ,t) I which we take to be horizontally unifom and a function only of

depth and time. At the surface, Zs I we take [C] (zs,t) • [Cl set) , as a

given carbon concentration in the mixed layer. At the bottom. zB' we

take [C](zB.t). [C]B I a constant. In between the surface and the bottom

are N sources of C021 at depths zl ••• zN' injecting carbon with
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concentrations [C]i(t) at rates bWi - hWi has the dimensions of a

velocity ~ather than volume per second because we normalize everything per

unit horizontal area; ~Wl is just the rate at whlch water is injected by

the 1t h "pipe"_ That is, AWL" Q/unit area. Thus between the i t h

and (i+l)st "pipe" there 1s an upwelling of water with velocity Wi +i ,

where AWi• Wi - Wi+i• To conserve water, there must then be an outflow

of water at a rate immediately below the surface

removes carbon with concentration [C).(t) • The geometry is illustrated

in Fig- 2.4.1. Carbon is thus distributed through the water column both by

diffusion snd by being pumped from the surface to various depths zi at

known rates, ~Wi. The carbon concentration then satisfies the diffusion

equation

(2.4.10)

with the boundary condition

[C](z ,t) - [C] (t)s s
(2.4.11a)

(2.4.l1b)

For the case we are dealing with here, all the [e]i -[C]s(t) since the

pumping mechanism simply redistributes the surface carbon concentration.
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Figure 2.4.1 THE GEOMETRY ILLUSTRATING THE USE OF THE
PIPE MODEL

121



Temperature, T(z,t) , atad salinity, SCa,t) , ..t1I:~Y the Mma

equation with two modifications. Firet, we taka the 8urface boundary

conditione to b. time independflnt so that T· TCa) and S· .9(z) only;

thul 3T/3t and as/at disappear. Secondly, we a.sume that the pumping

mechanism inject. water of known temperature and salinity filnd ~i •

Then we invoke the equation of state and require the density p(fi,Si) of

the injected water to equal the density p(TCZi),SCZ i ») of the i~bient

water. For given AWi , f i and !1 theae conditions are used to

determine the injection depths Ii·

In a complete study of the pipe model, we would first calculate

T(z,t) and S(z,t) , (using the injection depths from the equQtion of

state), and then compare these with experimental temperature and salinity

profiles as a check on the oceanographic con st stency of the model. Then we

would readjust the injection depths zi from each pipe to match thQ

experiments. The problem 1.8 to determine reasonable source functions that

lead to acceptable distributions of T(z) and S(z) .* We lolOuld t hen have

confidence In the model and In the choice of parameters. so we would then

feel safe in applying the ~odel to carbon. As a matter of practice.

however. we shall omit all these consistency checks. and go directly to the

carbon problem using (educated?) guesses as to flow rates Wi and

injection depths Ii repeesenting the known processes mentioned earlier.

*'I'he problem i& mathematically straightforward. but oceanographically very
tricky.
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The aathematical treatment of the problem 1. de.cribsd in Appendix

We can construct a simple. but perhap. not totally unrealistic.

model of the carbon concentration (Cl.(t) in the mixed layer as a func­

tion of time. At present. the mixed layar contains about 600 Gtonl of

carbon. As the atmospheric C02 concentration growl. the amount of carbon

in the mixed layer g~ows too, but becau.e of the buffer mechanism of lea-

water (expreased through the R~v.ll. factor) it cannot arow· very· much. In

fact, as atmospheric CO 2 goes to infinity. the amount of carbon can

incr.ase only by about 25%, to 750 Gton.. Thul. taking the mixed layer

thickness to be 75 II. the carbon concentration in the layer grows fro~

2.67 x 10-14 Gtons/~3 at present to 3.33 x 10-14 Gtons/m3• The growth

rate is sl~llar to that of the atmosphere, and we take it to be charac-

terized by lIt. 0.03/yr. So let us take as the incremental carbon

concentr.ation produced by the industrial resolution the fo~ula

: CJI (t) • ---~~------,-
L S

with [Cl o• 2.22 x 10- 1 7 Gtons/m 3 (corresponding to .5 Ctons present at

8 0 ' 1 -14 1 3t • 0 • which we take as 1 6 ) and lC ~ • .67 x 10 Gtons m (corres-

pond1ng to 150 Gtons present asymptotically). Then. tn the limit wher.e

pipes dominate diffusion, Eq. ('2.4-A271 states that the tot:al incremental

carbon content (per unit area) of the ocean at time t 1s

In



1
1 N

I [C)(I,t)dl - L
i-I

•

,

(2.4.13)

Aaymptoaatieally, whln t» t • the total ineremental carbon content

becomea [Cl.(~ d~. [cl. x (depth of the deepeat pipe), which aimply
i-I LJ

reflecta the Itate.ent that (in the ab.ence of diffu.ion) the entire ocean

ab~ve the loweat pipe ia aaturated with carbon. If the deepeat pipe il at

5 ka, this alymptotic 1ncremental carbon content i. (re-in.ertina th~ oc.an

ar.a 3 x 1014 .2 ) 104 G toni. The time hiatory of Eq. (2.4.13), Ihowina

the approach to th1.s asymptotic value. is shown in F'.g. 2.4.2. The figure

is drawn for two pipes. representing Antarctic bottom water (AABW) a~d

~orth Atlant1c deep water (NADW) at depths of 5 and 3 km and with injection

rates (per unit area) of 2 m/yr a~d 3 m/yr respectively. (It must be kept

In mind that we are here ignoring other sinks of atmospheric CO 2 and

therefore assuming that the atmospheri~ C02 concentration remains high

enough to feed the mixed layer indefi~itely).

For comparison with the results just described we next outline

·,ery briefly the opposite limit. i,\ which the pipes are turned off and

~lxing occur. only by diffusion.

]24
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In thi. ca•• the IOlutlon to the ba.ie equation (2.4.10) i.

(2.4.14)

and therefore

(2.4.1~)

'. -.

With the •••e model (Eq. 2.4.12) of carbon concentration in the mixed

layer, we note that for early tim•• , when the mixed layer growth i8

to be compared with

for the pipe dominant caRe. For comparison we can get K. 0.26 cm2/sec ,

so that the behavior of the pure pipe and pure diffusion cases coincide at

an early time.

For very late times, however, where lc]s(t) + [cl
a

t Eq.

(2.4.14) tells us that
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I[c](Z,t) + [c]. • d

that i., the ocean •• turatel. The time for thil to happen with pure

diffusion however, il d2/ K 30,000 year. , to be compared with

d1/Wi ~ 3000/3, or 2000/2 ,that i., about 1000 year.. Thul It late

time., the approach of the oC'~n to aaturat10n 1. much fa.ter w1th the pipe

mechanism. FiS' 2.4.3 showl the time hiatory of the pure pipe and pure

dlffu.ion ca ••• , with K· 0.26 cm2/aec

It may be that a diffulion coefficient of 0.26 cm2/lec is too

small, however. We therefore display 1n Fig. 2.4.4 the pure diffusion case

with ~. 1 cm2/sec <a more popular value). With such a large value of

R ,the short time growth of the pure diffusion saturation is now more

rApid than with pure pipes, hut the approach to the asynptotic limit

r er-at ns slowec.

It is apparent that the time for approach to saturation predicted

by the pipe model is sensitively dependent on what is assumed for the

injection rates of AABIJ and NAOW. In this regard we should emphasize that

there seems to be considerable uncertainty in the flow of NAIDJ. Estimates

as low as 3 x 106 m3!sec , instead of the 30 x 106 m3/sec we used, are

quoted. If this much lower number is indeed correct, then the AABW 15 the

dominant effect, and the time scale ior saturation stretches out to

d!W - 5000/2 ~ 2500 years.
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The above re.ult. for the amount of atmospherically injected CO2

which ultimately may be buried in the ocean cannot be directly compared

with F~. 2.4.9 which limit. only the amount left in the atmcsphere. This

i. becau.. in deriving Eq. 2.4.9 we assume a constant Revelle factor while

Eq. 2.4.12 assum•• this factor will approach zero in a time

t -tfln([c]./[C]o) ~ 2 X 102 years. After that time the mixed layer

carbon content, and t_erefore that of the entire ocean in this pipe model.

i. not sensitive to any further increa.e. in atmospheric C02'
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APPENl>lX 2.4-A

MATHEMATICAL TREATMENT OF THE PIPE MOT)EL

We wish to outline the solution to Eq. (2.4.10). l:'1rst, however.

we make a few general remarks.

We note that (C)(z,t) is cont1nuous across the layer boundaries,

and the vertical derivative a[c}/az is not. In fact, frool Eq. (2.4.10)

we see that

Thus we can also formulate the ~roblem by writing

where

-K

with the boundary conditions

(1)

(11)

lC]I(Z .t) • te] (t)
S 5
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(Ul) (2.4-A2c)

( rv)

(2.4-A2dJ

Equation (2.4.10) leads to a simple conservati~n law. By

integrating from zB to z. we find

z

6Wi [C]i)L J 8 (.ilil - .ill..l )+ (-W [e]
n

[Cl (z. t )dz • + L()t K ()z ()z i s i-1ZB ~ ,ZBs

(2.4-A3)

If we have [eli - [el s ' i-1 •••N I then the second term on the RHS of

Eq. (2.4-A3) disappears. This simply expresses the obvious fact that the

rate of change of carbon in the water column equals the rate at which it

diffuses in through the surface minus the rate at which it diffuses out

into the bottom.

The first step in solving an equation like Eq. (2.4.10) is to

Fourier transform in time. We define

[c](z.u.) - /<10 dte i wt [C}(z.t)
-'"

with inverse
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[C](z,t). J- ~: e-i wt [C](z,w)- (2.4-AS)

Corresponding definit100ls obtain for (C]s(t) • Then Eq. (2.4.10) becomes,

for the Fourier transforms,

-(2.4-A6)

Equivalently, Eq. (2.4-A1) becomes

(~. 4-A 7)

and the boundary conditions in Eq , (2.4-A:Z, also hold for the Fourier

transforms. The solution to Eq. (2.4-A7) is

0. ('.il) Z

+A~(w) e 1-1 •••N+l

(2.4-A8)

where
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The boundary conditions in Eq. (2.4-A2) then form a set of ZN + 2 linear

+:
equations which determine the Ai(w) in teems of [els(w) and [elL.

The solution 1. then obtained by evaluating Eq. (2.4-A5). For a large

value of N. this is in practice a messy procedure. and we shall

therefore. for purposes of orientation. first look at the case of a single

source.

The model is shown below in Figure 2.4-Al.

.~

lCI set) [C]KL

Zs >

L [C]ML

(

W

W • 0

FIGURE 2.4-Al
SINGLE SOURCE MODEL
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For simplicity we choose %B. -- and (C)B • o. We also choose

%1 • 0 In the two layers we then hP¥e

(2.4-AI0)

Thus

- 1w[ ~] • 0 • (2.4-All ,

•
?

\0]- w
:1-'--2- 1-

.J 4.: K

,---
B • /-i ~...,j K

(2.4-AI2,

(2.4-A13'

(2.4-..\14;

(2. 4-AI5,

Since [C 12 must vanish as 2 + ClO • we set B_. O. (~ote that J-1W!K

has a positive real part for w in the upper (laH plane.) The remaining

~oundary conditions are

(Z.4-AI6s'

i35



(2.4-A16b)

•

(2.4-A16c)

These equations can be solved for A.... A_ and B+.

_ wzs~
21(

esinha( z. -z) + [I(a coshoz + (.; + ICa) sinhaz

(~+ I( S) sinhozs + I( a coshaza

]I.

[cJ1(a .1Iol) • e
21C [c]M(~) ~---,.::~_.+-----....;;;._--:.......--"---~

(2. 4-Al 7a)

(2.4-A17b)

We also write the solution for the quantity Ie a[C]iaz/
z

_z • which is
s

relevant for the conservation law in Eq. (2.4-A3). (Note that

Ie a[c]/az I vanishes.)
IZ--

tJz__8

2".:cee [clML(w) •
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Wz

s + (; + ICe) cOlhcz•• - 21C: w

(j2 + ICe) linhaz + ''0 cOlhaz. s •
•

(2. 4-Al B)

To make those somewhat formidable looking expressions more transparent. let

us choose

t < T

t < T

Then

(il.ll + lit)!
e

(tw+ lIT)

Si~ce the solution ~cJl (z.w) and lC~2(z.W) are proportional to

r 1
~ C'~n. (w) • t hey both have a pole 1n the upper half w plane at l.Il. i/'t •

7h1s pole produces. on inverting the Fourier transforms through

Eq. (2.4-A5) the "steady state" contributions to [ell(z.t) 'And

[CI2(z.t) ; that Is, the part proportional to e t/ t are simply residues of

this pole. These res1dues are easy to compute, particularly in various

limits.

We can iderlt1.fy three tlmes ln the problem: (1) t, the growth

rate of the m1xed layer concentration; (11) zs/W. the tLme for transport

of t he water through the "p1pe"; and. CHi) .:/",2, a d Lff us Lon time.
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In the It-it where the diffuaion time ia very ahort--i.e.,

z Iv» K/w2 --1t 18 •••y that the "ateady .t.U" solutions •
11 simply

(2.4-A19b)

The aolution i. simply constant 1n depth down to the source, and below that

dies off exponentially. This i. because in the upper layer the carbon 1s

uniformly mixed by the "pipe", while in the lower it spreads only by

diffusion.

The opposite limit, in which W + 0 , of course yields simply

(2.4-A20)

now, the only spreading is by diffusion everywhere.

These steady state solutions, however, are rCIE:Vanl l"C1ys1cally

only if the time for water transfer through the "pipe" is short compared to

the growth time , of the mixed layer concentratlon; 1.e •• if

z /W « ,. But for the real ocean we have z - ~ilometers. W- a few
~ s

meters per year, so Z /W - hundreds of years, while the characteristic time
s

for CO2 growth is only about 20-30 years. Thus the pl~ping mechani~
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cannot in fact keep up with che CO 2 arowth. and henee che Iteady Itate

Iltuation il irrelevant; ve aust look for tranlientl. Thil ..ani ve cannot

conflne our attention only to the pole al W· ilt ; ve aUlt look aore

Widely at the w dependence.

This i8 not difficult to do if we are willing to a.sume that the

"pipe" transport dominates dlffuB1on-that h. if l( 18 very small. It is

easier to look directly at Eq. (2.4-A18,. When l(. 0 • we find from

- tq. (2.4-A181 that

~ I 11. (iWZ IW)
l( ~~! z.z + W[C]HL(W) 1 - e 8

s

+ terms which vanish with l(

(2.4-A21)

~"F=-n inverting the Fourier transfocm, and invoking the conservation law

(2.4-A3), we find

(2. 4-A22)

Thus, if S/W« T , the right hand side 1s just

in conformity with the steady state solution in which [e) (z,t) is

constant 1n z in the upper layer of the ocean. But if S/W» T • then

the right hand side 1s
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W[C:]KL (t)

Thu., in the physically relevant case we find, if diffusion is small.

• (2.4-A23)

This cas~ has been analysed in Section 2.4.1 of this report--Eq. (2.4-A23)

above is Eq. (2.4.5), 80 we do not need to study it further here. Numer-

icaUy, for this case, the effect of the "pipe" is not large. For it to be

large, one would have to be in the regime where I /W «1 instead.•

The solution (2.4-A22), for the case where the "pipes" dominate

diffusion, can be trivially extended to an arbitrary number of pipes. We

obtain for the total amount of carbon in the ocean at time t , the

expression

r 1 (l C J Z, t) dz • (2.4-A24)

Here di is the width of the i t h 1ayer--i.e., d1• zi-l - zl
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2.5 Future Carbon Dioxide Levels in the Atmosphere

Foreca'tina future cal-bon dioxide level. of the at.mosphere, an

essential first step in predictina the global impact of increased levels of

carbon dioxide, requires an understanding of the response of five

reservoirs to changing carbon dioxide concentrations and associated

cltmatic chanse.. Four of the reservoirs, the atmosphere, oceans,

biosphere and soils, can be considered active in the sense that they can

exchange carb~n with other reservoirs on a time scale on the order of a few

decades. Sedimentary rocks form the largest reservoir of carbon (see Table

2.5.1) but its rate of carbon interchange with other reservoirs; for

example, the rate of dissolution of calcite or dolomite with the ocean, is

TABLE 2.5.1

RESERVOIRS OF CARBON IN CTONS

~ed iments

Oxidized 5 X 107

Reduced 2 X 107

Igneous Rocks 3 X 106

Methane Hydrates 5 X 105(1)

Oceans (Total) 4 X 104

Fuels 7 X 103

So11s 1.6 X xl03

Biosphere (Living) 8 X 102

Atmosphere 7 X 102

142



aenerally a"umed to be very ,low. Hovever ••eth.ne hydr.te, ••y 'tor.

large amount' of c.rbon in reaion, of permafro't .nd 1n oc••n ,edimcnt. 1

Gas hydrates are unu'u.l structure. in which ic. l.ttice, phy'ic.lly trap

gas molecule. without the aid of direct chemical bond.. The•••ub.tancea

form at appropriate temperature and pres.ure"conditions when the water is

saturated with methane. Increase. in te.perature could relea'e this carbon

to the atmosphere. Whether methane hydr.tes .re el••••d a. sedimentary or

soil carbon is a matter of definition, but the potenti.l re.ervoir i.

large.

Historical Extrapolation

The most often used method of calculating the future carbon

content of the atmosphere assumes a rate of increase of ~rld wide use of

carbon based fuels and that the present ratio of the increase of the CO2

content of the atmosphere to the C02 emitted into the atmosphere is

maintained. This ratio has held a more or less constant value of one-half

over the period 1958 to 1978. The dates at which the present concentration

of CO2 would double under the assumption that the historical pattern is

maintained are listed in Table 2.5.2 (See Figs. 2.1.2, 2.1.3). We note

from the discussion in Section 2.2 that this assumption neglects the

atmosphere-bio.phere interaction, or at least keeps the fraction of carbon

in the biospheric reservoir constant.

Future Carbon Dioxide Level Taking Into Account Atmosphere­
Bioaophere-oceanlc Interactions

In order to obtain a range of datea at which carbon dioxide would

doublet we con.ider possible interactions between the atmosphere and the
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TABLE 2.5.2

Doublina Datel for Carbon Dioxide Concentration
Alsuming One-Half of FUel Generated CO2 Remains

In At.olphere and No Net Atmosphere-Biosphere Interchange

Fuel

Current Fuel Mix
All Coal Past 1990
All Synthetics Past 1990
All Natural Cas Past 1990

4.3%
Exponential

Growth

2035
2030
2022
2043

Tapered Growth
(See Section 2.1.10)

2055
2045
2030
2075

oceans and the biosphere. Our calculations are in principle much over-

simplified in comparison with the detailed "box models" that have been

analyzed in great detail by a number of investigators2• 3• 4• However. the

uncertainties in the basic parameters of the models and in the basic

physical process are such that sophisticated modeling is probably not

warranted at this time.

In the carbon balance equation

A • F - B + D - 5 (2.5.1)

F rapidly becomes large (see Table 2.5.3) ~th respect to D for either

dn exponential or tapered growth in carbon based fuel usage even if the

high estimates of current forest destruction hold true for the future (see

Figures 2.1.2 and 2.1.3). The rate of deposition of organic carbon in the

oceans. 52 t is not limited by the carbon content of the atmosphere. but
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TABLE 2.5.3

Annual Additions of Cubon Dioxide to Atmollphere
With Present Mix of Fuels (GIGATONS/YEAR)

Exponential Tapered Growth
Growth at to Zero Growth

Year 4.3% per Year in 2040

1978 4.6 5.6
1990 9.4 9.4
2000 14.5 13.6
2020 34.2 22.1
2040 80.8 25.3

rather by other nutrients whose concentrations are assumed not to be

affected in any major way by future activities of man. In our models ~e

assume that

so that Equat10n (2.5.1) becomes

A • F - B - 51 (2.;. ])

The physical-chemical absorption of C02 by the oceans, 51 t is asslJned to

depend linearly on the i.crease in atmospher1c content of carbon d10x1de

(~.5.4)

As discussed in 2.2 we assume that the increase in net primary productivity

depends linearly on the fractional increase in atmospheric carbon dioxide
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as in Eq. (2.2.3) where

5NPP/NPP • 8~ • (2.5.5)

As the conc~ntration of carbon dioxide in the atmosphere increases, the net

primary productivity increases and we assume that this increase is not

balanced by an increaRe in decay rate.

Figure 2.5.1 shows the variation of c&rbon content of the

atmosphere under the assumption that half of the net carbon dioxide added

to the atmosph~re enters the oceans. The importance of the biospheric take

up of carbon is illustrated by assuming three values of ~: 0, 0.2

and 0.5 • If the ocean uptake 1s less, as is indicated by the analysis

of Section 2.4, the~ the increase of carbon dioxide in the atmosphere is

more rapid. Figure 2.5.2 illustrates this possibility ~here the ocean

absorbs 20% of the net increase of the carbon content of the atmosphere.

hi both Figures 2.5.1 and 2.5.2 the present world mix of fuels is assumed

to hold over the perio~ of interest. The extreme case in which the world

uses only synthetic fuels is illustrated in Figure 2.S.3.

Table 2.5.4 summarizes the results of the various model

calculations. The date at which the carbon dioxide content doubles ranges

from 2033 to 2085 depending on the assumed absorptive capacity of the

oceans and biosphere and whether the carbon based fuel contribution grows

at a tapered rate and the present fuel mix is maintained.
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A. noted in section 2.1.9 the la~k of land availability limite

biospheric arowth. If the aras. landa of the world, approximately 16% of

the land area, were to be ~onverted to forest, then 360 Gtons of carbon

could be stored as foreat on these lands.

The total capa~1ty of these lands to store carbon t s greater since

forest ~rowth would add carbon to the soils. '~He it is 1magblollble fcr"

foreats to grow in a tioe scale comparable to fuel additions, th~ additions

to so11 carbon would take place over a longer time.

In both models with B • 0.5 , the net increase of the biosphere

would exceed 360 Gtons by a substantl&l amount (see Table 2.5.5). If this

limitation of the biosphere is taken into account, then mod~ls with a·

o or a • 0.2 seem more reasonabl.e and the range of the doub l t ng dates

is reduced to thirty year5--2033 to 2063. From the arguments presented in

Section 2.4, a value of a of about 0.2 seems more probable so that a

doubling date of about 2035 appe~rs to be a reasonable estimate given the

large uncertainties involved. Table 2.5.3 dlso shows that by about the

year 2020, the inc rease in carbon dioxide in the atmoaphe re will be about

one-half of the amount 'l'IOW present.

2.5.3 Possible Feedback from Large Carbon Reservoirs

In Section 3, we discuss the possible t emper a t ur e increases in the

a tr.aaphe re that result from increased carbon dioxide content of the

atmosphere; a doubling of the carbon dio~ide concentration leads to an

average world-wide increase in temper3ture of about 30 e with high~r values

at high latitudes and lower values in the tropics.
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TABLE 2. S. 4

Dates for Carbon Dioxide Increase

Date of Date of
Hodel 50X Increase 100% Increase

Present Fuel Mix-Tapeted Growth

Q B

1 0 2025 2054
1 0.2 2029 2063
1 0.5 2036 2085
0.2 0 2011 2033
0.2 0.2 2018 2038
0.2 0.5 2023 2055

Synthetic Fuels Only Patlt 1990
Tapered Growth a .. 0.2 • B • 0.2 2007 2019
Exponential Growth " " 2005 2017

TA3LE ~. 5. 5

~1ass Increase of Biosphere Associated
~ith Doubling CO 2 Content of Atmosphere

Model Date

Total
Inc rease of
Biosphere in

Gton of Carbon

Net Primary
Product ivity
(Gtons/year)

Present Fuel Mix
Tapered Growth

'J 6

1 0.2 2063 240 62
1 0.5 2085 8t.O 73
0.2 0.2 2038 180 63
0.2 0.5 2055 560 r:
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The biospheric reaervoir would reapond to a temperature increase

by an inereaa. 1n net productivity, particularly if the temperature

increase i ••c~OIDpanied by an increase in precipitatlon. LeithS argues

that a 10 C ri.. in temperature accomp~nied by a 6% increase in

precipitation raises net primary productivity (NPP) world wide by about

5%. Nowever, the increase of NPP as a result of temperature changes will

be accompanied by an increase in decay rate for changes; the decay rate can

be assumed to grow exponentially with temperature. Whether the temperatura

increase will lead to large enhanced storage of ~arbon in the biosphere is

thus problematical. Further, as noted above. the biospheric storage is

limited by the availability of land and nutrients other than carbon. We

assume the impact of temperature on the biosphere to be less important than

that from increasing carbon dioxide levels in the atmosphere.

The enormous size of the organic carbon pool In the solIs implies

that small changes in the rate of humus oxidation with its exponential

temperature dependence can lead to large carbon exchanges in the

atmosphere. Loomis6 calculations, when adjusted for a lower total carbon

content of the soils (see Section 2.2.2). suggests that a degree rise in

temperature could release as much as 100 to 200 Gtons of carbon (see Tabl~

2.5.6). The rate of soil carbon release will depend on the rate at which

the temperature wave penetrates the soil, the rate at which the humus

oxidizes, and the upward diffusion rate of carbon dioxide. These are

poorly known. but it is probable that the time scale for the ponse of

the sol1 is long c ompar ed with the l 'ne scale for fuel additions to the

atnosphere.
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TABLE 2.5.6

Large Temperature-Sensitive Sources or
Sinks of Carbon Dioxide (in CtORs of Carbon)

SoUs
Stored Carbon
Temperature dependence

Oceans
Mixed layer
Deep oceans
Temperature dependence mixed layer

~lethane Hydrates
Terrest rial
Oceanic
Temperature dependence terrestrlal

1600 Ctons
100-200 Gtans/degree

600 Gtons
4 X 104 Ctons
21 Ctons/degree

2000 (?)
4.5 X 104 (?)
70 Gtons/degree

The l~pact of an increase in temperature on the chemical

composition of the upper layers of the oceans 1s well understood4 and a

relatively small quantity of carbon is released into the atmosphere by the

oceans by a temperature change, about 20 Gtons/degree. The nethane hydrate"

reservoir is the least well understood of the large carbon reservoirs. :he

rate of release of carbon from methane hydrates in ocean sediments will

depend on the warming of the deep ocean which has 8 time scale of 1000

years. The rate of release of terrestrial methane hydrates will be

controlled by processes similar to those involved in the release of so11

carbon. However, because the temperature increase 1s accentuated at the

poles, the methane hydrates in the permafrost regions could release

significant amounts of carbon (see Table 2.5.6).
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In summsry. a worldwide warmina will tend to produce a positive

feedback releasina carbon from the 80il•• methan.. hYdratee and oceans. The

rate of release is not known. thouah the ocean responee should be rapid.

Because of this we are uncertain as to whether these large carbon poole

will play a significant role in leading to further warming of the earth or

even how such feedbacks may compare with that from changes In the

biosphere.
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3.0 MODELS OF CLIMATE CHANGE RESULTING FROM CHANGES IN THE CHEMICAL
COMPOSITION OF THE ATMOSPHERE

Early attempts to calculate the effect. of change. in the concen-

tration in the atmosphere of carbon dioxide and other minor constituents

centered on determining the change in the average Burface temperature of

the earth. Climate is much too complicated to be described by a aingle

parameter. The geographical and temporal distributions of precipitation.

onset of freezing condition•• strength and patterns of storms are all

critical for understanding the impact of climatic change on man. Present

models o~ climatic change are inadequate to provide the large number of

descriptors needed to understand climatic change and it. impact on man. In

part. our lack of understanding flows from the complex interactions of the

atmosphere with other elements of our planet.

TIle climate system of ocean-land-cryosphere-biosphere is governed

by numerous feedback mechanisms having both positive and negative responses

to changes in temperature and changes in atmospheric composition. In our

studies we have isolated and discussed many of these. but have not

evaluated the full effect of each (See Section 2.5). In order to give some

indication of the issues. we discuss briefly various feedbacks and their

signs:

A. Temperature - Infrared Radiation Feedback:

As the temperature rises. so does the outgoing infrared

radiation. This is a negative feedback and is the primary mechanism
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deteralnlns the overall masnitude of the earth'. te.perature. It is

included in all recent model. of climatic chanae due to increased carbon

dioxide.

B. Water-Greenhouse Feedback:

As temperature rises, the amount of water vapor increases

since relative humidity seems rather independent of temperature (Manabe and

~theraldl, and Section 3.1). A rise in water vapor increases the infrared

blanket of the atmosphere and thus causes a further temperature increase.

So this 1s • positive feedback.

c. Ice and Snow Cover Albedo Feedback:

As the temperature is increased, snow cover and ice will melt

back. This decreases the Earth's surface albedo and the increased absorp­

tion of sunlight further raises the temperature. This is clearly a posi­

tive feedback. This mechanism is central to the energy budget models

initiated by Budyko2 and Sellers3, and is the main feedback feature in the

climate models considered here (See Section 3.2).

D. Cloud Covel' Feedb...!.£!.:

As cloud cover 1s increased, two opposing effects occur:

o the Earth's albedo increases and this tends to

lower the temperature and

the amount of IR tr~pped is incceased and this

tends to increase the temperature.
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Analysie by cess4 indicat•• that these two effect. e.em larael> to cancel

one another. we have not considered chansea in cloud cover in our

deliberations. This is likely to be an important point of omissinn and

l.eeds to be addressed in future work (See also Section 3.3 and 4.1).

E. CO 2 Biofeedback:

Increasing the CO2 concentration in the atmosphere will

increaae the growth of the biosphere (See Section 2.2 and 2.5). Thie new

growth will fix carbon via photosynthesis and tend to reduce the at~os­

pheric C02. So this is a negative feedback.

F. Icebers Formation Feedback

If the temperature increases and begins the breakup of large

ice sheets, the cab'ing and surging mechanisms described in Section 4.3

will create vast areas of new icebergs. The area covered by these bergs is

11kely to be substantially larger and further equatorward than the present·

ice. These two effects increase the earth"s albedo until the ice melts,

so, for some time, thi~ mechanism acts to decrease the temperature. Here

we have another negatlve feedback.

G. Temperature-Convection Feedback:

As temperature is increased at the ground, convection will

increase. This carries sensible heat away from the ground and cools it.

Thus. we have a negative feedback.

139



H. Evaporation-Precipitation Feedback:

Increasing the temperature will increase the intensity of the

hydrologic ~ycle. Increased evsporation will carry off the additional tem­

perature rise in latent heat while increased precipitation will be working

to return that same energy. In this cycle both positive and negative feed­

back effects are present. The hydrologic cycle is absent from the simple

energy-budget models we employ here. Along with the absence of considera­

t-ion of cloud, this is probably the most severe defect in our work.

I. Sea Ice-ocean Current Feedback:

The bottom water producing currents discussed at snme length

in section 4.2 of this study are driven in the Antarctic by the formation

of sea ice 1n the Weddell Sea. An increase in temperature due to C02 will

inhibit or stop sea ice formation and remove the pump during th.ese cur­

rents. As a result the cold bottom waters will not be replenished and an

increase in ocean temperature will occur, leading to loss of C02 from the

oceans and a further increase in temperature. This is another positive

feedback mechanism.

J. Biomass Albedo Feedback:

Cess5 has noted that an increase in L~mperature will lead to

a decrease in albedo because of the stimulation of hew growth in the bio­

sphere. The effect is small (d~/dT· 0.0062) out prOVides yet another

positive feedback.

This list exhibits some of the complexity of the climate system

and gives a hint as to the remarkable stability of the system. Indeed,
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although we have not done so here, one is led to contemplate the dynamics

of systems with very I.arge n1mlbers of both positive and negative feedbacks

as a model for the climate. Such systems may possess a kind of statistical

stability absent in the consideration of any individual feedback mecha­

nism. Actually, we have seen in our study of the JASON Climate Model, and

in other work on more complex climate models, 8 severe sensitivity to

changes in climate parameters. This sensitivity is so extreme as to be

almost unbelievable. One has the expectation that the real Earth is far

less sensitive, and that the origin of this stability say originate in the

competition of numerous feedback effects.

Partial insight into the impact of changing atmoRpheric composi­

tion on climate can be achieved by examining simple models of the atnos­

phe r e- In Section 3.1 we consider modeh of the atmosphere in which radi.a-

tion t s the only mechanism by which e _9 transferred. In Section 3.2

we consider both time independent and .Ile dep~ndent models of Lumped

ocean-atmosphere systems.
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3.1 .Radiati~mit8 on Climate

3.1.1 Introduction

The 8un's radiation in the visible part of the spectrum, except

for that fraction which 1s directly reflected back out into space, warms

the Earth. For an Earth 1n radiative equilibrium, the solar radiation

which interacts with the atmosphere and the Earth's surface must be

balanced by an equal amount of outgoing infrared radiation. The tempera­

ture of the Earth 3S observed from spac., the "effective temperature", 1s

determined by the amount of energy which the Earth must 10ee to remain in

radiatlvt" eq·.\ilibrium. The effective temperature 1s lower than the surface

temperature since all parts of the atmosphere radiate into space in

addition to the land and ~ceans. The actual surface temperature and the

tenperature profile of the atmosphere are deter~1ned by the interplay of

rad La t Ive processes, convec t tve transfer of heat and the heat released in

the phase transitions of water. Altering the radiative properties through

changing the concentrations o{ infrared absorbers will change climate on a

global scale.

In this section we explore two models of the at~osphere in which

or.Ly the radiative processes are taken into account. These models are 11

!lrst step 1n a hierarchy of atmospheric ~odels of increasing compleXity.

The first Model uses a geey atmo~phere approach in which the Earth's

surface is viewed as a "hot plate" ~t temperature 1'8. The atl'llosphere 1s

seen a s a partially absorbing blanket through whicl. only a portion of the

radiation emitted by the hot plate i. allowed to pass into space. The
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amount of abeorptlon encountered by outaoin, radl.tion i~ • function of the

amounta of v.ciou. atmospheric conatitu.nt. (C02, H20, hydrocarbon., etc.)

reaidin, in the atmoaphere.

By contrast. the second model may be conveniently understood by

picturing an obseever in space receivina the Earth'. outgoing radiation in

nine infrared spectral bands. In each band one observes radiation arising

from an effective radiating level 80mewhere in the atmosphere. This level

is determined by how far down into the atmo.phere the observer can lee

before absorption becomea too areat. In opaque bands, such .a the 15 ~ C02

band, the radiating level is high. near the tropopause. In nearly

tranaparent banda, such a9 the 12 ~ atmospheric window, the radiatina level

i. low in the tropo.phere, near the surface. Thus, in this second model,

radiation i. viewed a. arisins primarily from the atmosphere itself rather

than the surface as in the fiest model. The second model approaches the

fiest as s limiting case when a given spectral band is transparent or

nearly so and the effective radiating level 1s at the surface. A peimary

objective of this band model is the comparison of model results with

satellite spectrometer observations of the Earth's infraeed radiation to

space.

Our objective in pur8uing these two different approaches is to

make two largely independent ~st1mates of the Earth's infrared ra1iation

loss•• and thus two largely ind.pendent estimates of the increases in

surface temperature caused by increases in atmospheric CO 2 (oe other

infrared absorbers). It the two approaches give toughly the same resul e ,
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then that result can be viewed with more conf1de~ce than ••inale re.ult by

etther approach above. In addition, the infrared fluxes 1n nine spectral

bands predicted by the second model are compared to Iambus 4 .atellite

observations with reaaaurina reaulta.

Changes 1n the Planetary Heat Balance w1th Chemical Changes 1n the
Atmosphere

3.1.2.1 Introduction

What approximate analytic models lo.e 1n accuracy (compared with

more elaborate computer-baaed analyses) they galn 1n clar1ty and adapta-

bility. The model developed here 1s a cal. 1n polnt. It il a 11mple

matter to change the C02 content of the otmosphere and find what change

will occur 1n the global mean temperature. One can go ~ step further and

find how the H~O vapor content will be altered and include that feedback 1n..
the solution. This technique, of approximating the atmosphere as a quasi-

grey one (with opacity versus wavelength given by a step function),

1~proves the utility of analytic. zonally averaged modell, luch ai

::orth' sl ,2 version of the 8udyk0 3 and Sellers4 models. Other represen­

tations of opacity by a step function are due to Sagan and MullenS and to

Henderson-Sellers and Meadows6•

The troposphere is not 1n radiative equ1librium nor. 18 it even

approximately grey (meaning that the ab8ocp~ion coefficient 1s independent

of frequency). Fuethec. it is not vertically homogeneous, lince H20 11

d1Btributed with a scale height of about 2 km. C02 with 8 km , and 03
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exi.tina mainly in the .trato.phere. Hence it i. surprising that a qU8s1-

grey, radiatina homogeneous model ha. any value at all. Certalnly this

klnd of model WDuld not yield a very useful temperature-heIght profile, nor

is there ahY reason to expect it will reproduce the absolute temperature at

the ground.. We may, however, eon.l~er an "eqUivalent radiative atmosphere"

(ERA) that mimics the radiative aspects of a real atmolphere. Such a

simplified model can be uleful foe explorins the impoetance of changes in

the sreenhous. effect cauled by change. in the atmospheric composition. and

of chanses in the incident solar flux. The reasonably satilfactory nature

of the rac!lattve approximation 11 due In part to tile small mean optical

thickne•• of th_ Itmolphere. ThuI, in thil model, if the, emitting level

characterized by an optical depth Te • 2/3, has Te • 2570K , then at the

ground t
S

• 0.77 for Ts • 2880R. For a purely convective model. t
g

would be 0.82.

3.1.2.2 The Quali-crey Nadel

In the grey, ERA model only two temperature. are important: The

effective emi'llon temperature. Te • of the planet 15 fixed by balance

between the incident lolar flux and the planetary thermal emis.ion. For a

rotating planet of radius R

(3.1.2.1)

where II 1a the ornnld trect lonal albedo and "F is the solar flux out alde

the atmo.phere. The surface temperature. Ts' i~ assumed to be the

immediate lource of radiation as tar •• the atmospheric heatlng is

concerned 0
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We can relate T. to Te through SOllie unknow\l absorptivity of

the at~osphere. A • such that ATs
4• Te

4• where Al/4 is the greenhouse

factor. To evaluate the dependence of A on composition. we may mimic the

real atmosphere with a highly simplified quasi-grey radiative model. which

g Iv e s A.. 1 + (3/4) Tg

~he~ t is the vertical opacity of the atmosphere. which we now
g

est ir.'la te.

With ;\. 0.29. we have Te• 257oK~ then Ts • 288°1( gives

A • 1.58 or t • 0.77. As we shall show. this is about the mean
g

ga~eous opacity of the at~osphere. although some variation can be obtained,

derencing on the anount of H20 ..'apor aS$\r.Ied. The greenhouse effect of

clods (no t included here) would considerably raise Ts but convective

adj~stnent. also negl~cted, lowers Ts by a comparable amountS. Thus, in

~hat follows. we are not supposing that T. 1s fixed by radiative equili-

brium. but rather that changes in greenhouse heating can be estimated fren

changes in gaseous opacities of the ERA.

If the ground edt. isotropically wHh intenlity B,,(T
a)

,the

flux tcansnission directly to ccld apace 18
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OT~Q(T) "J"dABA(T.l t-: -t/lJ
• ~dlJ

.. oT42E (r ) .. (/f4 -Bt (3.l.2~3)e
• 3 •

where E3(t) i8 the exponential integul, which we approximate with a

simple exponential. tq. (3.1.2.3) define. the extinction coefficient 8.

Aa t varies from • to 0 and the tran.mission function Q ~ 2£3(1)

varies from 0 to l, the coefficient S varies feom 1.2 to 2.0. For

H20 and 03 we choose B .. 1.66 , which gives the exact value of E3

"'hen Q .. 1/2 or 1" 0.42 ; for C02 at 15 \.11II, we take B" B* = 1.2 •

For a non-grey atmosphere the s.me kind ~f considerations hold

except that 1 is. function of ~ ,and

where the summation is over narrow wavel~ngth intervals and Pi 19 the

f r ac tional flwe in t he .1~ in t e rval ,

I

3.1.2.3 Earth"s Infrared Ab!2!ptlon

The Earth'. thermal radiation is mainly confined to the 5 to

30 um uaion (S" Figure 3.1.2.1). Between 0.54 and 8 um H20 has strong

libration-rotation bands and longward of 15 ~m occur rntational 11nes frow
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the sround vibra~ional Itate. The H20 molecule i. thua • atrona ablorber

over the thermal Ipectrum. except for the important 8 to 18 ~ interval.

where the Earth'l emil.ion peakl (at 2900K. ~ax • 10 ~). The 12 to

18 ~m reglon il dominated by the CO2 v2- (bending) mode fundamental.

Leavins an 8 to 12 ~m transparency window. A portion of this window ls

blocked by the 9.6 ~ band ~f 03' Greenhouse he~ting of the atmospher~ is

thul dependent on composition in leverAl diltinct waYI al illultrated in

Figure 3.1.2.1.

Firs:. water vapor 11 dominant over a Vide v.velensth interval.

although in much of t~i. reSion it 11 not optically thick. Hen~e.

atMospheric coolina to space i. critically dependent on H20 abundance and

even the vapor in the stratolphere i8 lignificant.

Second. CO2 filll a large part of the H20 window. and current CO 2

abundances are enough to make the 15 ~m regfon optically thick. Major CO~

abundance changel vill alter the greenhoule hea~ing mainly by C02

pbsorptlon in the 10 um bandl and widening the 15 ~ bands.

Flnally. minor conltituentl that ablorb strongly in the 8-12 ~m

reglon can b. critically important. Nitroul oxide (N 20) and a wide array

of hydrocarbonl are potentially important. and the grey model can be used

to estimate thelr effectl.

Thl .bundancI of water vapor typically vari•• from 0.2 to 2 sa/cm2

(or em of precipitable vatlr). We adopt a alob~l average of l gm/cm2•
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Figure 3.1,2.1 THERMAL EMISSION OF THE EARTH'S SURFACE AT T • 290°1( (Ifter
KONDRATYEV 119691. P."S), WITH RELATIVE VALUES OF THE
ABSORPTION. 1 - ..pl· Or" INDICATED BY SHADED AREAS, THE FIGURE
ILLUSTRATES WHY TRACE AMOUNTS OF ABSORBERS IN THE 8.5-12,5 j.I m
REGION CAN 8£ CRITICALLY IMPOF1T~.NT,
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With luffitient accuracy H20 may be relarded ~. completely opaque except 1n

the near infrared and visual (Pi ~ 0.03); from 8.5 to 12.5 ~ where

t ~ v.10 and p • 0.29; and 12.5 - 15 ~ where t < 1 and p • 0.14 •

However, H20 doe. not contribute importantly to atmospheric heatins in the

region where the absorption i8 dominated by CO2, and the H20 therefore can

be treated as tranlparent from 12.5 to 18 ~ with9 p. 0.26. 11lus, Eq.

(3.1.2.4) gives the absorption function due to water alone as

As C02 increa.es, the mean opacity within a fixed wavelength

interval also increasel, but alia, the band effectively widens a, weeker

absorptions become stronger. This discussion necel.arily oversimplifies

the complex role of the weak isotopic and hot banda near 15 ~m For a

detailed treatment of C02 radiation, see Augustslon and Ramanathan l O•

For CO2 a volume mixing ratio of f • 333 ppm corresponds to an

equivalent thickness at STP conditions of

An empirical formula for the mean transmillion 1n the nearly

saturated 15 um band 1s
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whe,. 8* 18 the velue of 8 appropriate at larae t • '11\e absorption

data n.ar t. 300 ate-ca yield S*· 1.2, a· 0.361. and b • 0.23. Then

the total ab.orptlon du& to CO2 at 15 ~ (oe moee precisely between 12.5

and 18.2 &ma) 1.

A(C02, • 1 - Q(C02) • p(15 u) [1 - exp(-8*a~b)] • 0.27(0.791) • 0.214

(3.1.2.9)<

Foe the weak CO2 band abiOrpt10n we use the treatment in Section

3.1.2.4, below, for minor constituents. The propertiea of the two inter-

combination band. at 10 um ae. listed in Table 3.1.2.1 and from Eq.

(3.1.2.24) we have A(10 ~) • 0.025.

For t· 0.3 _tm-em of ozone in the strato8phere we find9• over

the band (9.4 to 9.9 uo). a mean transmission of

"

(3.1.2.10)

or

-2.8~
A(03) • 1 - Q(03) • p(9.6 u)(l - e ) • 0.035(.57) • 0.020

(3.1.2.11)
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ABSORBER IN 8 - 12 ~ WINDOW·

Species

N20 Nitrous Oxide 1

CH4 Methane 1

1\ ". "",mon:\.a

Band. ), (um)) f (ppm)

v1 7.8 0.28

v4 7.66 1.6

v2 10.5 6 x 10-3

v1 9.1 1 x 10-4

v6
~.7

v8
10.9

7 x 10-18

(?) 10-20

5 x 10-17

3 x 10-17

5 x 10-17

erel 3 F-11 v1 9.2 1 x 10-4 3 x 10-17

v4
11.8 6 x 10-17

Hydrocarbons ------ 4 x 10-3 5 x 10- 17

333

8.6 x 10-22

2.7 x 10-21

• For uniform mixing the integrated abundance is .'J • fd atm

• f x 2.15 x 1025 cm-2• Since the STP thickness 1s ~. NINo

• OJatm/2.687 x 1019 we have f(ppm)::: 1.25 E; (atm-em)

1 Note thar N20 and CH4 are not optically thin and the analysis of
this section does not apply.
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The computation of the various A-s is illustrated in Figure

3.1.2.1. If the various substances do not overlap seriously in their

spectral relions of absorption, the A-s can be added. Thus. from Eqs.

C3.1.2.4). C3.1.2.6), C3.1.2.9). C3.1.2.11) and C3.1.2.24). we have

Cwith B • 1.66)

-at
Qnet • e I. 1 - [ACH20) + ACC02.15~) + A(C02.10~) + A(03») • 0.29

(301.2.12)

livinl

t • 0.748
I

001.2013)

With an albedo A· 29% , Eq. (3.1.2.1) lives Te • 257oK. Then

Eqs. (3.1.2.2) and (3.1.2.13) yield

which is close to the world average (28BOK).

3.1.2.4 lartation of Ground Temperature with CO~ Abundance:

Differentiating E1. (3.1.2.12) with Eqs. (3.1.2.9) and (3.1.2.24).

below, gtves

-Bt dA(c0 2 ) b b (1 dr \
Be • dr • P(l5~)exp(-a*a( ) 8*aH ~ ~ i
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In terms of the mixlng ratio or volume concentration

b b
d t [C0

2
) dT • R.1!21dS*ab exp(-S*a~ H

df • d [C0
2)

-ihBe

+
1.08 x 10-

3
SIJNl•

Be-a, • 4.21 x 10-2 + 7.5 x 10-2 • 0.117

().1.2.16)

Similarly, from Eq. (3.1.2.2), we obtain

(3.1.2.17)
3Ts

.75 T )
g

dTs 3TeF • ~-"'j~7""4 '" --_........_- • 34.5
16(1 + .75T

g
) 16(1 +

and therefore,

dTs 0
ferr • 4.0 K (3.1.2.18)

1f the CO2 factional concentration were changed by a small amount. If the

C02 content were doubled, the grey m~del would give T • .828,
.g

Ts • 290.0 or ATs• 2.8oK. This value compares nicely to values obtained

from more elaborate models. In reviewing a number of recent studies,

Schneider 11 concluded that a doubling of CO 2 would produce a 6Ts of 1.5 to

30K. As C02 is increased further, the temperature will continue to rise;

although the 15 ~m bands are already nearly saturated, the 10 ~m bands are

effectively closing the 8 - 12 ~m window, as illustrated in Fig. ).1.2.2.

3.1.2.5 Radiative Effec~s of Minor Con8tituen~s:

The addition to the atmosphere of a minor constituent that absor~s
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in the 8 to 12 \D window could be t.pottent. In this re.lon

WIA/GT~ • .060 - .070/u and bence, Bq. (3.1.2.5) ie

Pi • 0.065 6A", (3.1.2.19)

where 6A i. the width of the abso~~tlon in micron.. We will e.tlmate the
U

minimum _;)~nt of a trace a•• tr...~ ~ld produce a 10K chanae in alobal

For an optically thln amount of ablorber, we have simply,

A • p [1 - e-STi
] • Sp <t >t 1 1 1

where <t> 1, the mean value in the band, or

<T> 6.~ i-:
u ~

which aives

, (301.2.20)

(3.1.2.21)

A • fH .065) NI». · .1oaN S >. (3.1.2.22)

where N l.I the integrated column density (molecule/cm2 and S), the

integrated absorption coefficient or strength (in unlts of c:m2 micron).

The more common units for strengths are em (cross section in cm2; spectrum
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Henee. et 10 ~ •

t

The maximum band atrengths are not 11ke1y to exceed 5 x 10-17ea•

Froa Sq. (3.1.2.12) we have. for A • 1 - Qnet'

r

(3.1.2.25)

and with Eq. (3.1.2.17). the Ta - A relation become•

•

Thus. for 10 K chang.s in T•• we are a.arehing for increment. in A the

order of 1 x 10-2• or from Eq. (3.1.2.24);

The integeated column density of the atmosphere is 2.15 x 1025 cm-2 &0 we

aee concerned with mixing ratios of minoe constLtuents greater than
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.U ... 10 • 10.9

or a fe. p.rtl per billion (,pb) for. .ublt.nce. that have a .lftI1••trona

obaorb1na band tn the 8 to 12 ~ window.

The halo.en.ted t:,.,than•• (freon.) bave b..n cU.d .1 • Itrik1na

ex••ple of the effect WI are o.-inina hu.U • ft. two Freon. r-ll .'nd F­

12 tOlether ha"~e flve band. w1th lu.nlth. 5\1"" 3 x 10-17ca • 'ft\. 1975

abund.nce va. 0.1 ppb: an incn••• of 102 tlMl would plac. th.M lub­

stanc•• 1n the climate critical cat.,ory.

Ho.t .ub.t.nc•• vill not h.ve band. in the window vith atr.nath.

clo•• to the ••x~um. frOID Eq. (3.1.2.27) the pertinent quantity for banda

in t he window 11

A • S ~ 10 or Af(PPlll) • S ~ 5 x 10.19

if an .baot~et ia to produe•• 1°C ehanae on future eli.ate (See Table

).1.2.1:. Both N20 and CH 4 sit ln region. where theee ia alre.dy Itrona

ab8orpti"n and they have to be .nalyzed (a. we did CO2, allow1ng tor the

ree.ent n.ae-saturation.

All of the Il''"lItance. In the Table except the hydroc.rbona h.ve

been examlned W1~h a more elaborate radi.tlve model .nd found to be

marginally import.nt, if their abundance. lncr••••• 13 Foe H20, CH4' and

NH3' f.ctor. of two .re lmport.nt.
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Mote attentloD need. to be directed toward the alobal abundance

ancl lona t.na arowth rat. of h,drocarbonl, which u, .-ona the pr1Jllar,

urban pollutantl, and Who....iliion il 1ara.1, uncontrol1.d. 1he

abundanc. in Tabl. 3.1.2.1 appU.I to the total hydrocarbon populaUon; the

.trenath lilt.d 11 the aaxtmua allowabl. and probably 1. much ..aller.

Aldehyde. (a hydrocarbon faaily) are partly de.troyed ne.r their urban

loure., Wher. th., participat. In the production of oxidant.. Away fcom

hlah concentration. of NOx ' the ald.hyd•• di..ppear by photodl.loclatlon

and attachDent to ••rolOl••

Alao, phy.ical proc ••••• In the .trato.ph.re can f.ed back on

lurfac. temperature.. The wat.r abundance In the Itrato.ph.r. 1. only

••v.ral partl per million and i. probably fixed by the vapor pre.lure at

the tropical tropopau.e (althoush H20 can be made In the Ittato.phere by

reaction of CH4 with OR). A change in the content of watec due to a change

in strato.pheric temperature will affect the earth-s greenhoule l 4• An

alteratlon of the ozone abundance will change the absorption at 9.6 ~m

which 1. the main ablorber In the 8 - 12 ~m window. Thus an increase 1n

tropospheric CR4 could affect Itratospherlc ROx chemistry, the ozone

abundance, and thence, the clift.ate.

3.1.2.6 Zonal Energy Balance:

The a.sumption of radiative equilibrium prOVides a first-ordec

eltlmate of the eh_Dle (not necessarily the absolute value) in the mean

global temperature due to the addition of minor substances to the air.

Variation. with latitude (e.g., of sunlight received, local opacity) may be
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included 1n a .taple f••hion, follawina North 1,2, by fittlna the around

temperature,

at two points, x· .in (latitude), vhere '2 i. the .econd term in the

Leaendre ..rie •• The two moat convenient point. to UI. are x· I/Jll

Where T.· To ,and x. x. ' which il the location of the ice line.

defined by T.Cx.). -10oe. The mean temperature To. <f.> for rad1ative

equilibrium of the planet a. a Whole. 1. alven by Eq. (3.1.2.2).

In the next .ection we a••ume that the planet ha. a chan.e in

atmospheric compo.ition (.pecifically, a doublina of e02 for Earth). and

that the thermal lo.s of heat from the atmosphere Is everywhere

unchanged. This constancy is not so unrp.alistic as it may seem at flrst

sight. Suppose, for example, that the Earth vere uniformly heated from

above. A change 1n composition but not In albedo would require that the

Earth ce-emit a. before, even thOllgh the opacity were increasec and hence

the .urflce temperature everyvhere increaled. Th@ effective emitting layer

vould simply rise to the height correspond ina to the original temperature

of the emitting layer.

Secondly, we suppose that the increased ground temperature allows

an increased vater-vapor content by maintaining a constant relative humi­

dity. The local a~c temperatures ace then taken to increase according to

the increaae in Incal opacity caused by the water vapor. Thi. final
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revhad tnpal'atul'e-laUtuda curve 11 not conat. rained to thlll fora of Eq.

(].1.2.30). ~ ahall ahow that the 6T feedback, fl'~ the additional

water burden that the atmosphere can IUP~Ol't, i. comparable to the 6T

produced directly by an increa.e in C02. A ~tmilar re.ult 11 obtained 1n

section 3.1.3.

3.1.2.7 The Chanle in CO2 Content:

The thermal intenlity emitted by the planet may be vrltten

which gives the irlentities

-

I
o

and

r 4
o

1 + (3T /4"T
8

(3.1.2.32)

Since 10 and 12 are constant and known from the present run of Ts ( 8 ) , a

specified chanae in Tg givel altered values of To and T2 The

optlCQl thicknesl, T ,1s found from the transparency, Q • whlch ln
g

turn comes from the absorptlvities. A ,of H20. °3_ and C02 in a manner

explained in Section 3.1.2.3;
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1/2

10 u> + AC03>]
(3.1.2.34)

The numerical values are liven 1n Table 3.1.2.2.

TABLE 3.1.2.2

TEMPERArURE AND ICE LINE. FOR DOUBLED C02

COa Ratio (p pn:) 333

A(H 2O) 0424-0.511

A( C02 t 15 IJ) 0.214

A(COZt 10 IJ) 0.025

A(02) 0.020

'8 0.744

ToCoK) 288.0

T2 COC) -28.40

P2(x s) 0.873

Xs 0.957

~ 73.10
s

666

0.425-0.517

0.227

0.050

0.020

0.828

289.94

-26.76

0.99925

0.99975

*The ice line i~ defined as Xs where T{xs) • -lObC.
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3.1.2.8 3,0 Opacity va Ground 1Iap.ratur.:

At a .pecified latitude of x!- sin (latitude») the overhead ..ter­

vapor cont.nt in number of molecule./ca2 column is

(3.1.2.3S)

We take the vapor pressure to be everywhere equal to half the local satura-

tion pres.ur.. The latter may be approximated in the t6mperature region of

interest by

where T* (= T - 273.2) is temperature 1n °C. The excellent exponential

dependence of p on T* is illustrated in Fig. 3.1.2.3, which gives ~ •

0.078 a •.• Fsat(O). 4.92 mb.

The total vapor in a vertical column is thus

P (H O·sat 2'
2k

d
dI'*(x, z)

ze
T(x,z)
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where we take a linear temperature variation with heiaht (appropriate for a

convective atmosphere). T(a)· T. - rz • (Note that here we equate the

ground air temperature with the surface temperature. which i. not quite the

case in a pure radiative model). This integral may be evaluated with

sufficient .~cur.cy by taking T* in the denominator as a eonatant. OoC.

'!ben we have

.t :

,
./

(3.1.2.38)

for r· 6.50C/lcm and a. 0.078/oC. Eltpressed in term. of em of vapor at

STP. the numerical coefficient i. 479 atm-cm; in gm/cm2 or em of preeipi-

table water it is

The absorption due to water vapor varies with w mainly in the 8.5 to 12.5

lftIl region. Thus

(3.1.2.40)

t and r 1s found frca Eq. (3.1.2.34).
s

3.1.2.9 FeedbaCK from Change in H20 Opacity Due to Change 1n_C02 Content:

Eqt. (3.1.2.39>. (3.1.2.40) and (3.1.2.34) give the change in

infrared absorption due to a change in the temperature at the surface.
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Ts• For the moment, however, let U8 a.sume that this .urface temperature

i. responsive only to the C02 content of the a~osph.re. Pisure 3.1.2.4

illustratel the chanle in lurface temperature due to t.he added CO2 opacity

from Eqs. (301.2.34) and (3~1.2.2). If nov the H20 opacity 11 include, in

our estimation of T. ' the H20 cntent is further increased by Eq.

(3.1.2.39, •

The temperature iterat1~n converses fairly rapidly. the top cur~e

in Fig. 3.1.2.4 gives th. increase in tempentur.! due to a doubulins of

CO2, inc1udins both the increased sreenhoul. due to C02 itself and the

extra vater vapor contained by the va~er atmosphere. The results of this

analysis are similar to Qess's1S appraisal of the tole of water in zonal

ciimato1ogy. He concluded that cloud amount is not a significant feedback

Mechanism (clouds are neglected in this study), but water vapor changes

induced by temperature changes will double the sensitivity of the global

surface temperature to a ~~"~e in the solar constant.
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_ Extra Effect of H20 Change-- ­~----
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Doubl~ CO2 Only
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X" sin X
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Figure 3.1.2.4 THE INCREASE OF TEMPERATURE AS A FUNCTION OF LATITUDE FOR
A "NORTH MODEL" IN WHICH THE ABSORPTION BY H20 IS OETERMIN~D

BY THE TEMPERATURE. THE MIDDLE CURVE SHOWS THE TEMPERATURE
INCREASE DUE TO A DOUBLING OF CO2 ONLY; THE LOWER CURVE SHOWS
THE \\'~TER FEEDBACK IN THE FIRST ITERATION. THE HEAVY UPPER­
MOST CU!WE SHOWS THE NET TEMPERATURE EFFECT FROM BOTH CO2
AND THE ADDITIONAL WATER IN THE ATMOSPHERE, D~E TO THE
GREENHOUSE HEATING BY CO2 ITSELF AND THE ADDITIONAL H20
AS WELL. THE ARROW DENOTES x = (13. WHICH GIVES APPROXIMATEL Y
THE MEAN GLOBAL TEMPERATURE, Sl~.:~ ~2(x) • O.
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3.1.3 A limple Band Hodel for Infrared ~illion from the Terreltrlal
Atmolphere

3.1.3.1 tntrodu~tlon

A proper treatment of infrared ..il.ion from the Earth'l atmol-

phera involvea a multitude of complex factore, viz. Ramanathan and

eoakleyl, 'altridae a~d Platt 2 or KOndratyav3• Our objective here i. to

attack the ataolpheric radiatlon problem from a directlon whlch 1e eom~what

more compll~ated than the arey body approach alven ln SIction 3.1.2 above,

yet fat le•• complex than the radiativ..~onve~tive modell reviewed by

Ra.anathan and eoakley. we hope to develop a model aimple enouah to be

tra~table yet incorporatiaa enouah oblervational and theoretical knowledae

of the atmoephere to be re.pon.ive to chanae. in the atmolph.re, luch al

varyiftl C02 and H20 vapor content. ,

This model prOVides an estimate of the infrared flux (F)

radiated from a vertical column of the terreltrial atmolphere. The flux

eltimate F 11 formulated a8 a function of the local surface temperature

(T.> and a few other atmoepheric parameters such a. the CO2 concentration,

relative humidity, lapse rate. etc. By keeping the model relatively

simple. we hope to provide new insight into the impact of increasing

atmoepheric CO2 on the Earth'. climate; for example, by shOWing the size

and relative importance of various feedback mechanisml. The model has two

major applications: the fit,t 1s to prov1de an estlmate of F for us. 1n

energy budlet climate modell such al diycussed ln Sectlon 3.2.1. The

second is to make rough estimates of climatic responses to changes in C02
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cont.nt ••tc. by a••u.inl that the Earth 1. lurroundld by a hoaoienioul

atmo.ph.r.. In thi•••cond application. ~ not. that the pr•••nt .od.l

employ. a ~mewhat difflrent approach and therefore con.titute. a .o.ewhat

independ.nt ••ttm.t. of the climatic .fflct. of C02 which ••• we .h.ll ••••

l.nda credence to other mod,llna efforta luch as the qu••i-,r.y model

deacribed in Section 3.1.2.

Atmo.pheric radiation .od.ll n.ce••arily inc Iud•• numblr of

'''feedback mech.ni.I" which .ither r.duce (polit1VI fe.db.ck) or enh.nce

(ne,.tiv. feedb.ck) the ability of the Earth to r.di.t. enerlY into free

Ipac.. For exa.ple. Iuppole the Earth. with .ean lurface tlmperatu~. T••

normally radiatel .n ener,y flux '0 into Ipace. balanclnl the InerlY

input of the lun. Next, loml chan•• , luch .1 .n incr.... in the opacity of

the atmosphere, lowera Fo by ~r. . For. conlt6nt at.mo.ph.ric pacity.

this causel a rlse in .urfaee t.mperature 6Ta to brin. the r.diated flux

back to Fo and equilibrium with the lol.r enersy input. How.ver, as

Ts increase., the atmo.phere m.y chanae 10 a. to inc rea •• it. opacity to

infr.red radiation. If the opacity incr••••• with increa.ina TI (thu.

reducing the Earth'. ability to radiate energy ,w.y--poiltivi feedbackJ

then 6T mUlt be l.rger than in the conatant opacity cale and po.ltiva
a

feedback i. in effect.

5everal pOlitive feedback .echanllml ~re included in the prelent

~odel. The mOlt important of th... 1. the incr•••• in wat.r vapor content.

and hence opacity. of the atmo.phere al .urface t.mperatur. increale.. The

molecular abeorption characteristic. of both C02 and H20 vapor are .uch
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that abeorptlon incr..... with t ••p.r.tur.. Thia provid•• anoth.r po.itive

f.edb.ck ••ch.ni... The tropop.u.. h.iaht incr..... with incr.aaiDl

lurface t.ap.r.tur. thua providina a ..all ..ount of poaitiva f••db.ck in

lam. .p.ctr.l banda. Amona oth.r poalible eourc.a of poaitiv. or nea.tiv.

f••db.ck .r. chana. In the lap•• rate. i •••• the atrenath of cnvectiv.

en.ra, tran.port. .nd SCA.. ! h.iaht with temperat ur. and cloudI. '11\.

ltait.d ICOp. of the pr...nt mod.llna .ffort did not allow the inclusion of

th....ffectl. Th. most sianificant oai••lon i. cloud .ff.ct.. Hov.v.r,

0. ••26 has araued that cloud ..ount i. not a sianificant f••dback ••chani..

sine. the incr.ased op.cit, due to cloud. Is balanc.d by conv.ctiv•• ­

adjult••nt.

Th. mod.l d~eloped her. diff.ra from the arey model pr.,ent~Q in

Section 3.1.2. as well as the radiatlv.-convective mod.ls discussed by

Ram.nathan and Coakley. Again, our obj.ctive her. Is to prOVide insight

into the clim.tic effecta of the Earth'a radiation balance by adopting an

alurnative view of the prob1. and..!!2S. to develop a model which il "more

accurate" than other more complex models. In our model, r.th.r than

letting radiative transfer determine the temperatuee atructure o! the

atmolpher., we will asaume that the atmoapheric atructure La known and

limply let thil assumed structur. radiate to apace. Our assumed Itructure

ill baaed on the u.s. Standard AtlUolpheu, 1976. In thill IlIlS. the model

can be seen aa a perturbation on thl. Standard Atmosphere.

Althouah w. compare model relult.' i.e., values of the infrared

(tR) flux radiated to Ipac., with aatellite oblervatLona and other
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·"'i'tdeal elau, the "odd hal not b••n "tun.d" to ob••N.tional data exc.pt

by t\~ introduction of I noraaliaina con.taat for the total infrared flux

and the ute of ..ptrl~al valu•• of ae.o.ph.ric par...tarl, ••a•• lap••

rlt., .cal~ hellhtl, lurf.ce den.ttie., .te. Wh.re poI.lble, the'l

parameterl .r~ t.ken from the U.S. Stand.rd Atmo.phlre (1976).

Ye note her. that eomp.rtlOn. of t.rr••tri.l radiation mod.la with

infrared ap.etral oba.tvaUona froa .pac., e'I" hom Nimbul lI.ulUu•••

in 'ia. 3.1.'.3, .hould provide very u..ful f.edback tp the clt.lte

r ••••rch community. In Ipite of the r.ther obviou. n.ture of thi. comaent,

very few c"OIIparilOnl b.twen mod.l prediction. 1\.4 ob"Naton. ar. to be

found In the ltterlture. Clearly, .om. future r••••rch effort could b.

u.efully applied to .ucb comp.fi.on••

The aver.s, lurflce temp.rature lncr•••e upon a doubllnS of

atmosph.ric C02 AT
I

• 2.1 oK obtained for the conlt.nt ablolute humidity

ca •• 1. in .ublt.nttal Ilre,ment with the 2.8 oK fl~ur, Jetlv.d from the

srey .tmolph.r. above. For con.tant rel.tlve humidity AT. • 3.0cK for

the 9-band "odel. Thi. t. lnter••tlna beclule theae a~llar re.ultl were

obit1ned by quite elanlftclntly different approach.a. Theae r.aultl lend

cradibility to the .attmet. of about 30K a. the .varla' .uttle. temp.rature

lner•••• 1n r'lpon•• to M doublina of atmolpheric CO2 centent.

The ca.e of con.tant r.l.tiv. humidity ha. received conlidetable

att.ntlon ln the literature. Ra.anathan and Ooakley r.view r.diative-

convective moctel r••ultl lor 6T• whiCh ate approprllte for compari.cn
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with our con.t.nt r.latlv. huald1ty r ••ult of 3.0°1. they arrive .t a

r.pr••entaUv. flaura of AT. • 2.0°1. Schneld.r4 r..,i.w. the illpacc of

incr..... 1n .tmo.ph.ric CO2 on cl~.te con.id.rina a bro.d r.na. of

mocl.la. He arriv•••t AT•• 1.50 to 30Jt •• the 1'DOot prob.ble ranatt of

incr•••• In lV.r.a. t.mp.r.tur. r ••ultinl from. doublina of atmospheric

C02' Althoush the r••ult of our 9-band mod.l is some 5~1 hiaher th.r. the

v.lue of Rams.'.th.n .nd caakl.y1 .nd f.lls .t the upper .nd of the ranae

.usae.ted b, Schn.id.r, the ••r....nt betweea the •• v.rlou. mocl.l. i.

r ••••urinll' clo•• , e.p.ci.lly .0 in view of the somewhat different .nd

r.th.r .impl••ppro.ch we hIVe t.ken in our 9-band r.di.tiv. mod.l. Th.

rouah .Ir••••nt betwe.n the re.ult. of diff.r.nt .ppro.c~•• lupport. the

vi.w that AT•• 30K i •• r•• lon.ble firat approxim.tion to the climatic

re.pon•• of • doublinl of .tmo.ph.ric C02' Nev.rth.l •••• it i. import.nt

to rememb.r h.re that this and other eltlmates result from imperf.ct models

of n.tur.. Hany important factors. such as cloudl. have been completely

omitted or tre.ted in only .n elementary falhion. Further, our modell have.

not been compr.henllvely compared to ob••rvationa of natur.. Flnally, the

observed incr••••• In atmo.pheric C02 11 not the only factor affectina the

Earth". clim.te. Henc•• e.timat.a of cl1matic chang. focusins solely on

C02 and n.sl.ctinl oth.r, poorly underatood factor. luch as thOle which

cau•• allci.l epoch., are likely to b. IOmewh.t incorrect dthouSh they ace

the b~.t e.tlmate. one can make ulins our current understandins of nature.

Returnins to r••ultl from our 9-band model we note that our

estimate for AT
8

i. dependent on the inlt14l value of T. uled. Above

we have u.ed T•• <T.> • 2880K .a our bale or unp.rturbed temp.r.ture. As
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indic.t.d in Pia. 3.1.3.4, 6T would bl ..al1.r for ba.. t ••p.r.turl.a

below 2880X and larSlr for ba •• tl.p.r.tur•• above 288°1. Thi. phlno••na

.rta•• fta. the tneraa.itos1y .trona po.iUvl fe.dbaek of wter vapor and

.blorption band .ttlnsth.. T. incr......

The .odll i. brilfly lu.m.rized In tlrml of thrl. a'lumption~:

- o Th. at.olphlrl 11 locally planl parall.l wtth a t ••p.rature

profill T(z) Ilv.n by a pi.elwil. lin.ar curve conltltent

wlth the U.S. Standard At.olphere (1976). lOr lurfac.

te.per.ture. T. other than 2880K. the lap•• rat. i. held

con.tant and the tropopau•• te.peratur. h.ld con.t.nt at

2170K (se. Fla. 3.1.3.1). Structu~. above the tropopaul' 11

allo held con.tant.

" ."

...'

o The .tmo.phlr, r.diat•• IR emi'llon only in the 8-100 ~ (100­

1250 cm-1) . This .pectral rana' is dlvided lnto nlne bands

chosen so a. to reflect la1ient f.ature. of the tertestrlcl

IR .pectrum and their chanse. over dlfferlnt part. of the

Earth. Th. b.nd. corr••pond to the atmospheric window and

the .b.orptlon band. of H20, C02 and 03 (5•• Table ).1.3.1

and Fig. 3.1.3.2).

o The 11 £mi.llon of tn, Earth·, lurfaci ari••• from. black

body at the lurfac.. temperature (TI > . Emil.ion ln the

opti,.lly thick CO2 and H20 ab.otption band • • tl••• from an

atmolphlrlc lay.r who.. temp.rature 11 avproprl.t. to an

optical depth of 2/3 melluud vertically downward from the

top of the atmolphere. 7 The 03 band and optically thln H20

and CO2 b.nd••re handled a. thin absorblna lay.r. over the

,utfac. whlch radiatl' a. a black body.t T••
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Figur, 3.1.3.1 SCHEMATIC DIAGRAM OF UMPERATURE PROFilE USED
IN NINE-BAND IR EMISSION MODEL FOR THE TERRESTRIAL
ATMOSPHERE

Tn, ordinllt.. Ir, n,ignt (z) or optiCiI d,ptn (r). Optical dopth is measured downward from ~he top

of th, atmosph're. Tn, plot of T(z) is tlken from the U.S. Stlndard Atmospnere. 1976. The dotted

lines indicat' perturbltions for surflC' tamperltures Ibove Ind below 288 0 K. The effective heights

Zj (r • 2/3Iev,ls) for vlrious binds Ir, given in Tlbl' 3.1.3.1.
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TABLf. 3. 1.3. I

RAND CHARACTERISTICS

Band

1-

Major

Absorber

Spectral

Range (c..- 1 )

Band Center
- -1
VI (ell ), A(p)

Bandwidth
- -1

i'1v(cm )

Spectral

Infot'll8tton*

Effective

JleightI'I'

zi(km)

Effecttv@ Power

TemperatureI'I' Flux**

Ti(l) PI (W.-2)

1 H2O 100-400 250, .4~.0 300 R1 - 1002 10.8 218 41.6

2 H2O 400-550 475, 21.1 150 R2 - 59.8 ].9 26] 48.1

J H2O/CO2 550-600 575~ 17.4 50 a. - 7.44/12.2 4.3 260 15.4- J
\D.....

4 CO2 600-750 675, 14.8 150 ~4 - 438 18.l 211 19.9

5 H2O/CO2 750-800 775, 12.9 50 R5 - 1.53/8.90 0.4 286 17.9

6 None 800-925 862, 11.6 125 -- 0 288 40.9

7 H2O/CO2 925-1000 962, 10.4 75 R7/S7 - 0.87/0.86 0*** 288*** 8.1

8 °3 / C02 1000-1100 1050, 9.5 100 Re/S8 - 1733/1.2 0*** 288*** 14.1

9 H2O 1100-1250 1115, 8.5 150 R9 - 6.2 0 288 25.7

-* Ri and 51 were calculated by Interpolation fra. the tables given by Houghton (1977, Appendix 10) with units
-I

converted ~o cm-i(kg..- 2) •

** These quantities ace obtained by applyin?, the .(~el to the case whereTs - 288K, veo - 333 x 10-6, relative
humidity • 50% and a - I (see text below). 2

*** Band treated as tC8n&~isston thcough an optically thin layer.
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Figure 3.'.3.2 INFRARED BAND ABSORPTION OF ATMOSPHERIC GASES

The IR emissil:m IMnd (v. 100-1250 cm-'I in which the model is allowed to radiate is ~hown IS being

composed of 9 bands: atmospheric window 161.°3181. CO2 13.4.5.7.81 and H
2
0 11.2.3.5.91. A black

body curve for 250 K is shown norm,lized to the upper bound.-; oi the graph. The plot is rnodified

fro,n that given by Allen
7

where b A if. an absorption parameter defined such that lIb). is the thickness

(in the chosen uniu) required for 50% transmission. The chosen units are the number of atmosphere-cm

Clf elCh gas normally found in one air mass. In a limited sense b A is a kind of "optical thickness" fo.r .ach gas.
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"

3.1.3.2 Model Description

Division into Banda

we divide the terrestrial IR radiation spectrum into nine

bands as shown in Figure 3.1.3.2. This appears to be about the minimum

number one can use and still hope to include the major effects of the

absorbing gases. In Table 3.1.3.1 we have summarized the characteristics

of these bands. In band 1 we include the strona (SO ~) absorption band of

water vapor. Banda 2 and 9 al.o contaln water vapor absorption. but

considerably les. strong than band 1. The strona CO2 (v2 bending mode)

band at 15 ~ i. acco~nted for' in banda 3. 4 and 5. Water vapor is also

included in the winss (band. 3 and 5) of this CO2 absorption band.

The 8-12 ~ at.mospheric window is divided into four bands.

Eand 6 is completely transparent and thus radiates at an effective tempera­

ture equal to the surface temperature Is. One can consider radiation 1n

this band to be from a grey body with emissivity £ • Since <£> ~ 0.95 •

we shall simply take it as unity in our calculations here. Band 7

presently contains only weak water vapor and CO2 absorption. We have

introduced this band in anticipation of a major rise in atmospheric C02

content. As noted in Section 3.1.2. the major effect of incr~ases in C02

content. so rar a. the greenhouse effect is concerned. will probably lie 1n

making currently transparent portions of the atmospheric window more

opaque, rather than making the 15 ~ C02 band even more opaque. Band 8

contains the 9.6 ~ ozone and 9.4 ~ C02 absorption bands. Band 9 contains

relatively weak water vapor absorption.
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Total tR Radiation to Space

The total tR ra~iation to space is given by a summ..tion over

9 terms:

where the Planck function for v T in K is

-8
c 1 - 1.911 x 10

and

Vi - band center wavenumber 1n cm-1 ~~ee Table 3.1.3.1)

~~i - width of the i t h band in cm-1 (See Table 3.1.3.1)

The factor w arises when converting the radiance or specific intensity

B· to a flux through a plane parallel atmosphere. The constant a ,of
V

order unity, is used as discussed below, to normalize the value of F to

some desired value for a specified set of conditions. For example, it

could account for IR radiation outside the 100-1250 cm-1 band. The

effective temperatures Ti are determir.ed for each band as discussed

below. Each T1(T s , ••• ) is a function of the surface temperature Ts as

well as other atmospheric parameters, e.g., CO2 content, relative humidity,

etc.
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Feedback Mechanilms

In the intrGduetion above, several feedback .echan~ImS were

mentioned in connection with the temperature ~ependencies of atmos~heric

water vapor concentration, molecular absorption coefficients and tropopause

height. These mechani..s will be dlscussed as they occur in the discussion

of effective temperature calculation. below.

3.1.3.3 Effective Temperature Calculation.

The effective temperatures for opti~ally thick bands are deter-

mined by noting the altitude (~r equivalent pressure level) at which the

mean optical depth measured vertical downward from the top of. the atmos-

phece in band 1 ls 2/3. The temperature Ti at this level ls then the

effective temperature at which the i t h band radiates. The value 2/3 foc

the optical depth of the effective radiatiag level is derived by
•

Chamberlain. 7

Our object is then to find a T (1) function where the effect

temperature is simply Ti(li· 2!3J. The determination of the T(t'

function requires a sequence of operations. First l is function of the

total equivalent width (W
1

) of the absorption within a given spectral band.

which may contain more than one species of absorbing molecule. Wi is in

turn a function of the absorption characteristics of the molecular species

~appropriate to a given band and the column density (kg m-·, of each species

encountered as radiation propagates from some atmospheric height zi upward

through the atmosphere and out into the interplanetary space. Thus, in a

simplified view we could wrlte
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where the funetional relationlhips at each step requireli\odele of the

radiattv. properties of atmos~~er1c constituents, the distribution of

~onltltuents with cltitude and the distribution of temperature with

altitude.

.!,g"lvalent Width to make '( - 2/3

The Wi ('(i) relation is relatively stra1ght forward. One

simply adds up the total equivalent widths of all the important absorption

lin.s of all the ~por~.nt species w1thLn the speetral limits o( the i t h

band. However, for altitudes below about 30 Km the lines 1n the pertinent

waur vapor band. are not well separated and overlap considerably. In

addition to this overlap for a single atmospheric constituent there 1s

overlap involving water vapor bands and absorption bands of other constl-

tuents, such as CO2 and 03.

Goody9 has developed a random model to account for this

-overlap in which the mean transmission t in a spectral range Av 1s

given by

\

\

t - exp(- Wl/Av)

where Wi is the total equivalent width of the lines 1n the range Av

A mean vertical optical depth of 2/3 impl:es a mean transmission
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~ • I - exp(-2/3) • 0.487 above the .ffecti~e radiatina level, &i.

Thus. &1 is defined by making Wi .uch that

Transparent Atmospheric Window (800-925 em-I, Band 6)

,

In this completely transparent portion of the atmospheric

window the equivalent width of the atmosphere is aero. However. the

Earth's surface is essentially opaque to infrared radiation and the opt~~~~

depth rises extremely sharply right at the surface. Thus, the effective

radiating level is at the lurface (Zl • OJ and the effective temperature is

simply the surface temperature Ti• T. •

Equivalent Widths for Strons and Weak tines

~ow that the Wi (t i • 2/3J portion of the aforeDentioned

T(t) relation has been established, we now need to find the effective

height zi[W1] • 1.e •• the altitude at which Wi integrated along the path

upward from zi into space attains the value required by Eq. (3.1,3.3).

Wi is calculated differently depending on whether or ~ot the lines in the

interval 6v
i

are weak (unsaturated) or strong (saturated such that

additional absorption can only occur in the wings of a line).lO

Following Houghton. 10 the equivalent wi-:lth for~ lines

over the i t h band is given by
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(3.1.3.4)

where i. the equivAlent width over the i t h .ubtnterval ineide the.
tnterval Av, c the mae. mtxtna ratio of the abeorber and p the

atmoepheric mase deneity. Here we have assumed Sj conetant along the

path. The quantity I j i. the line Itrenath for linee in the I t h

subinterval. SI· t Sj In units of em-1(ks m-2)- 1.

For strona l1nes, the equivalent width 1s

W •
1 [

( ]1/2. 2 1/2~ J ]1/
2

L Wj • 22: 1(8j'Yj)cPdZ • 2 j (lj'Yj) cpdz
j j path pat~

Taking account of pcessure broadenlng by lettlng the half

w •1

where p is the local pcessure, Po the standacd pcessuce (1.013 x lOS

Pa), Ri • ! (Sj'YOj)1/2 In units of cm-l(kg m-2)-l, and Yoj

width avec the i t h subinterval at STP. The quantities Sand

is the half

Race
.j

conveniently tabulated (cgs, not mks units!) by Houghton l O foc water vapoc,

carbon dioxide and ozone.
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S and a ate Ce.per.ture dependent .nd e,,.cial1y for ~.k

line. thi. dependence can be taport.nt. To include the teaperature

variatlon ~ heve u.ed linear interpolatlon between the S .fid a v.lue.

Ilven for 220. 260 and 300 l by Houahton. Thl. linear interpolatlon When

combined with ••1mpl. iterativ. comput.tlonal .ch••e yl.ld. valu•• of a

and 5 which .r. con.i.t.nt with the effect Iv. tamperlture Ind .uamed over

band. of interest, are .hown in Tablft 3.1.3.1 for I particular c....

~t.r Vapor JaQd. (1.2.3.5.7.9>

A llance It F:ta. 3.1.3.2 Ihow. vaur vapor to b. an important

conltituent over .lmolt the entire infrared b.nd of the Earth. Hence, we

have included water vapor ablorption In .ix of the nine emilsion band. con­

sidered here--the exception. be1na the ca.e of the C02 15 ~ band (5), the

tran.parent atmosphere window (6) and the 9.5 ~ 03 ablorption band (8).

Referring to Fig. 3.1.3.2 and Table 3.1.3.1. we note that water vapor 1.

the do~lnant ablorber in bands 1. 2 and 9 and is comb1ned with CO2 1n bands

3. 5 and 7.

We now calculate Wl (zi •••• >. the e~ulvalent width of water

vapor absorption. al a function of the following variablel: radiating

level zl' molecular absrJrption coefficients 51 or '4 for the i t h band.

surface lUll dendty 0'£ water vapor p (which 11 11\ turn dependent on
we

surface temperature and relative h,.idity) and the le.le-helghtl foc water

vapor and the atmosphere as a whole. To find Wi we ate requlred to

evaluate the integral quantities in Eq. (3.1.3.4) and (3.1.3.S) for both

weak and .trong lines. In the case of wlter vapor, we let
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cp - Pw • Pvo exp (-al1lw) with a acale hat.ht Hv of 2 b. 'ft\e .udaca

ma•• dana1ty of watar vapor Pwo i. dhcu••ad ba1ov. For J!!K 11n•• feO.

Eq. (3.1.3.4) ... hava

(3.1.3.6)

..
whtrt the path i' from tht tffectivt radiatina 1evtl 11 vtrtica11y upvard

to infinity.

For .trona lint. fro. Eq. (3.1.3.5), 1.ttina cp. P ,a.
v

abovt, and (p/Po ) · txp(-I/H) whlrt H 1. the .ealt httaht for tht

at~o.phtre a. a wholt, ve have

UI1r.~ Kw • 2 x 103 and H· 8.5 x 103m we hive H"H/(Kw + H) • 1619 and

Eq. (3.1.3.7) becomt.

J
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We IlUIt DOW e.Uaece the lurface .... clen.it, of wter

vepor Pwo • A nw.ber of vorken heve u..cI a conltant l'e1atlve '".1c1Uy

fo~ulatlon·ll Followlns thla IUSSI.tion we Ihall calculate Pvo 10 a. to

..tnt.in • conatant rllative bu.1c11ty r (r. 0.' for 501 rllattve

humidity). one c.n ftt the .. turatlon vapor pr.aaur. of wat.r vapor oVlr

pure liquid v.tlr Cab) In the "1\1' -IOOe < TI < 400e and ovlr pura tee ln

the ranse -lOoe < T. < -10oe rather WIll by a lav of the fora Pav(Ta) •

• 7.26 x 10-9 exp(.0745 T.). The correl.tlon coefflelent of the flt on l'

pointe 1. 0.994 (5•• al.o fiS' 3.1.2.3). Thl .urf.ce •••• dlnolty then

(3.1.3.9)

For 50% relative hUlftldlty.nd T.· 288 0K, Eq. (3.1.3.9) aiv" 5.70 x 10-3

kg m- 3 whlch 11 ~o.p~rabl. to tha mld-latitud••••n vater vapor .a••

denlity given by the ~.S. Standard Atmolphare, 1976.

Ultng £ql. (3.1.3.8) .nd (3.1.3.9), the effectivi heilhtl

Ii and tempu.t ,ra. TI can b. c.lculated for the vater vapor b.ndl 1, 2

.nd 9. Llttlnl r. 0.5 and T•• 288QK w. find, ulina the data ot Tabla

3.1.3.1, the helShu aha slv.n In T.ble 3.1.3.1. In ell e.... WI h.va

.1I\Jl\ed Itrona Un... Tha hellht. Imply temperature. vl. an atlllo.pheric

temperature-halaht profile. For Ts • 2880K wa So directly to the U.S.

St.ndard At.olphara. Th. temper.tura. Tl corr.lpondlnl to thl h.1Sht.

Ii .u .hown in T.ble 3.1.3.1. We wUl dl.cu.' below the temper.tun

profile to bo u.ld when T. _ 288oK.
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W. not. h.r. that poaltlv. f••dback ••chani.ma have b••n

introduced by ..kina Ii and 51 fu~ct1onl of the .ff.ctiv. t.~.ratur.

and Pv a function of lurfac. t ••p.ratur. T.. To 111u.trat. the

po.itiv. f ••dback .f!.ctl, conald.r Eq. (3.1.3.8). To flnd the .ff.ctlv.

radiatina l.v.l we .imply solve for &1

we know Wi !roa Eq. (3.1.3.3" Pwo from Eq. (3.1.3.9) and 11 from the

afor••entloned table 10 and int.rpolation. Suppole we find Ii to be 3.9 km

(al with band 2 1n Table 3.1.3.1) when the Earth 11 in radlativ. equiU-

briu. with the 101ar .n.rIY input. Now luppole additional op.clty il add.d

in blndl 3. 4, , and 7 by .n iner•••• 1n Itmo.ph.r1c C02. Bleau•• the

Earth now radiatea lea. pow.r th.n 1t takes in, the Earth's temperature

increa.e. to ree.t.bli.h equilibrium. If Ri and Pvc did not vary with

temperaturp., &i would remain constant .nd the required increale in

~ff.ctive temper.ture T1 at level &i would be achieved by an increase

In T. (namely, AT.) as shown by the upper dotted line in Fig.

3.1.3.1. However. if Ri and Pwo ar~ increasing functions of

temperature (a. th.y indeed .re), then the abOVE: equation r ..quir•• an

incre••• in &i •• T. incr•••••• So lonl •• remain. in the

tropo.ph.r., &i mu.t incr•••• a, T. incr...... Such.n increase 1n

zl decr.ase. the effective temperature Ti and a further increa~e in

T. (.bov. 6T.' i. required to bring about equilibrium. Since zi i8

only lOlarithlllicaUy dependent on A. and c ,this additional '.nctease"'1. wo

in T. i. limited. but of considerable significance 88 we shall see below.
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Carbon Dio~id. With and Withoyt Wls.r Vapor Ablofptlon <lind.
i: 4. ! and 1)

Th••xpr.,.ion for r.quir.d equival.nt width, Eq. (3.1.3.3)

hold••qually well for C02 al do the .xpr•••lon. for .qulval.nt wtdth, Eq••

(3.1.3.4) .nd (3.1.3.5h prov1d.d It 11 n].utlvely clo•• to the .urfac.,

1.e., within about a Icale h.isht or two. Sine. C02 1. w.ll mix.d 1n the

.t~o.pher. up to Itt.to.ph.rtc heilht •• it ha. the ..~••cal. t.ilht a. the

atrr:o.pher. al a whole. Thu•• for.!Ui.Un., we have frClll r,q. (3.1.3.4):

• 1. 86 \I S H.-IIH
CO 2 1

where mCO~ (\'C0
2"

1s the I'IISS (volume) mixinl ratio of C02' Po i. the

surface ma•• d~n.lty of the atmosph.re • 1.225 kg 11-3 and H ts the scale

height of the .tm~.ph.r•• For .Itrona lin•• , Eq. (3.1.3.9) b.com••

1 -z 1M
v H/2)/2. i

CO2

,

In band 4 wh.r. the C02 absorption !~ very .trong, Eq. (J.L.J.IIJ with K •

S,500 II yi.ld. an .ff.ctiv. radi.ting level which i. on the order of 18
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ka. At 18 ka the acal. h.1.ht 11 appr.ctably diff.r.nt fro. ttl luefac.

valul. Hanc., it il approprilt. to l.t H+NO Wh.r. HO il a value mor.

approprilt. to the .xp.cted .ff.ctiv. rlatatina l.v.l Ii. H.r. w. chool'

"0 • 7,300 • which il appropriate to the d.nlity chana' b.twe.n the

lurflc. and about 18 km. In bInd 4 uling H'· 7,300 m, T•• 28801 ,

Veo • 333 ppm and R3 fra. Tabl. 3.1.3.2, we flna that 13· 18.2 km.
2

Ulin. the 1976 u.s. Standard At.olph.r., thil laadl to an .ff.ctiv.

temp.ratur. T· 2170K •

Bandl 3 and 5 contata the win,1 of the Itrona 15 ~ C02

ablOrption bana. Th... two banal have b••n included al a.parat. bandl

b.caul. it il h.r. rather than in bInd 4 (which il alr.aay very Itronaly

ablorb.d) that chans,. in C02 conc,ntration will b. important .0 far a.

radiation balanc. ia conc.rn.d.

Water vapor il allo important 1n banda 3, 5 and 7; 80 in

determining Wi for the •• banas we inclwde contributions from both water

vapor and CO2• Thul for banda 3 and 5 Wi in Eq. (3.1.3.3) 81mply becomes

the sum of the equivalent widthl of the two constituents. Water vapor in

band 7 il dilcUI••d b.low.

In banda 7 and 8, C02 ablorption 11 prel.ntly very weak and

could w.ll b. n.gl.cted. How.v,r, al discussed in Section 3.1.2 of thil

report, future incr.as'l 1n atmolph.ric COt content should make a greater

impact 1n bandl 7 and 8 than 1n band 4. Thi. i' becaule band 7 (at 10.4 ~)

11 pr ••ently a n.arly transparent part of the a~mospheric window.
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TABLE 3.1.3.2

EFFECTIVE HEICHTS AND TEMPERATURES FOR

THE SURFACE COtmITIONS OF FIC. 3.1.3.3

(a) T. • 320 It (b) T. • 283 K (c) T. • 188 K
Banc$ Najor I' • 0.5 I' • 0.5 l' • 0.5

1 • Ablorber a1 (kID) Ti (K) 11 (kID) T1 (K) &1 (km) T1 (K)

1 H2O 14.9 223 10.3 217 0.0 188

:! H2O 8.1 268 3.4 261 0.0 188

3 CO2 4.1 293 2.0 270 0.0 188

4 CO2 18.2 217 18.2 217 19.7 217

5 CO2 3.9 294 2.1 269 0.0 Ig8

6 :~one 0.0 '320 0.0 283 0.0 I~B

7 CO2 0.0* 320* 0.0* 283* 0.0* Id8·

8 °3/ C02 0.0* 320' 0.0* 283* 0.0* 188*

9 H2o 1.2 312 .~ :'"
2~3 0.0 1~8v -.

~-.....- ... -_._-;.;,...-
• Treated a8 opt1cally thin

211



Similarly in band 8, 002 absorption near 9.4 u will add to the oaone

absorption present there. In bands 7 and 8 the C02 absorption is presently

weak hence will grow linearly with increases in atmospheric CO2 contentj

whereas in band 4 the C02 absorption 1s strong and will grow only as the

square root of the CO 2 concentration. In addition, band 4 is nearly

completely opaque already.

In band 7 both water vapor and CO2 are important (though

relatively weak) absorbers (See Fig. 3.1.3.2). For the ranse of conditions

inv.ltisated here the water vapor lines are strong while the 002 lines are

weak. ThuI, we u.e Eq. (3.1.3.8) to find the equivalent width of the

strona watftf vapor lines and Eq. (3.1.3.10) to find the equivalent width of

the weak C02 linel. Summina these two equivalent widths, we have W7.

Since absorption is rather small in band 7 we treat this band as emission

from the surface at temperature Ts with the mean transmission through the

atmosphere (£) given by Eq. (3.1.3.2). Put another way, we calculate the

radiative flux to space from band 7 as radiation from a black body at

f"

temperature Ts diminished by the factor t In Eq. (3.1.3.1), the term

for i-7 becomes For the nominal conditions of

Table 3.1.3.2. the mean transmission of band 7 is 0.88 and decreases to

0.81 after atmospheric C02 has been doubled and radiative equilibrium

reestablished.

9.6 u

Carbon Dioxide with Ozone Absorption Band

The ozone layer near 25 km altitude is a strong absorber at

Since absorption i. relatively weak in band A and since ozone is
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distributed in a stratolpheric layer and the Itr.tolphere 11 held eOnBt.nt

in our model. we treat band 8 a. radiation from the lurface at

temperature Ts with a mean transmlsslon given by

(3.1.3.12)

~here WC02 and W0
3

\re the equivalent width. of the 9.4 ~ C02 and

9.6 ~ 03 absorption bands respectively.

AssuDing the ozone layer of thicknesl 1 to be homogeneoul

wlth coluDn density (cp> t - 3.68 x 10-3 kg m-2 • RO • 1731.8 cm-3

3
(kg m-2)- I . and mean pressure <p> - 25.5 mb • we have from Eq. (3.1.3.5)

for strong 11nes.

(3.1.3.13)

• The equivalent width of the weak 9.4 ~ CO 2 absorption band

is calculated using Eq. (3.1.3.10) and as with band 7. the term for i-8 in

Eq. (3.1.3.1) becomes t8WB~[~8' Ts]A~8 • For the nominal conditions of

Table 3.1.3.2. t S • 0.62 which reduces to 0.55 after atmospheric CO 2 has

been doubled and radiative equilibrium reestablished.

3.1.3.4 raoperature Profil~

The temperature profile T{z) is basically that of the U.S. Stan-

dard Atmosphere. 1976. 6 For a surface temperature Ts of 2880K the temp­

erature profile ls thus the solid line in Fig. 3.1.3.1. For values of Ts
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other than 2880K the lap•• rate is maintained constant at 6.5 KIka as is

the tropopau.. tempereture (2l70K). Th. structure above the tropopause is

eGsua.d to r..ain that of PiS. 3.1.3.1 regardless of surface temperature.

Profiles for T. _ 2880K are illustrated by the dotted lines of Fig.

3.1.3.1.

Thi. scheme of .lterins the temperature versus height profile'in

respan.. to chanaes in surface temperature (T.) results in an incre... in

t :popause heiaht at T. incr...... This variation in tropopause height

is a well known feature of the terrestrial atmosphere.1 2 While this mod.l

is clearly not • 8Ophi.tieated one. it doe. retain the basic features and

the virtue of .implicity.

The alteration of the tropopause height introduces a small nega­

tive feedback in that tadiation from the region just above the tropopause

increases with an increase in surface temperature. If there were no change

in tropopause height. the radiation f~ the aforementioned region would be

constant with increases in Ts• Band 1 of the present model radiates from

close to the tropopause (See Table 3.1.3.1) and this feedback mechanism

come. into play for certain parameter choices.

3.1.3.5 Comparison with Observations

We now compare the IR fluxes predicted by our model with satellite

measurements of the IR radiation emerging from several differ r t geographi­

cal areas. One set of such measurements (made by Hanel. et al13) from

Nimbu. 4. Is shown in Fig. 3.1.3.3. The thermal emission of the surface
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plus at~o.phere emitted vertically upward was measured over a 9S km diam­

eter circular area with a .pe~tral resolution of 1.4 cm-l• In each of the

three araph. of Fia. 3.J.~.3 the radiances of black bodie. at variou8

temperatures are shown t~r comparison. Also shown are the spectral bands

of our model and the radiances predicted for ech band. MOdel results are

shown for relative humiditiel of 10. 50. and 901 (r • 0.1. 0.5 and 0.9).

Here we have used vco • 326 ppm appropriate to 1970 when the observations
2

were made.

For the Sahara desert case of Fig. 3.1.3.1. we let Ts • 3200K

correspondi~ to the black body temperature in the atmospheric window (band

6). The e~fective heights zi and temperatures T1 • determined as above,

are shown in Table 3.1.3.2. The 9 band model gives a reasonably good fit

to the observational data. The agreement between model and observation is

reassuring in that Ts• 3200K is an extreme case--some 200K higher than

the highest zonal average shown in Fig. 3.1.3.4.

For the Mediterranean Sea case of Fig~ 3.1.3.3 we again estimate

the surface temperature from the atmospheric window (band 6, yielding Ts ­

2830 K. The agreement between Model and observation is considerably

improved at this more moderate temperature especially in bands 3 and 7.

The improvement in model accuracy as the surface temperature approaches the

average surface temperature is not surprising since several factors. such

as scale he1&hts~ have been set constant at value. appropriate to

2880 K. th. 8Vec8ae surfac. temperature.
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Figure 3.1.3.3 THERM~L EMISSION FROM THE EARTH'S SURFACE
AND ATMOSPHERE EMI rTED VERTICAllY UPWARDS
AND MEASURED BY HANEL ET Al. (1971) USING THE
INFRARED INTERFEROMETER SPECTROMETER ON
NIMBUS 41A) OVER SAHARA, (9) OVER MEDITERRANEAN
AND (ClOVER ANTARCTIC

The radiances of etaek bodies at various temperatures are superimposed as dashed lines. Average
r~iances predicted by the nine band r~iation model discussed In the text are gillen by bar graphs.
In each caM model r~iances are given for three relative humidities. The solid lines corrtnpond to
• relative humidity of SO% (r-0.51. The dashed (- - -) and dotted (000 'llintls show cnangtos for
relative humidities of 10% and 90% rt5pectively 0 The normalization factor a -1.
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Figure 3.1.3.4 ATMOSPHERIC RA[)IATION FLUX TO SPACE FITsl

Curves Irr given tor the 9 band model for IICO .. 333 ppm Ind relltlve humidities
2

of r .. 0.1, 0.5 Ind 0.9 (solid linesl. A model curve is .Iso given for CO2 doubling to

IICO • 666 ppm and r .. 0.5. For comparison we include 3 curves 1- - - - .nd
2

.......... lines) which repre~ent straight line fits to observltion.1 d.t•. The model curves
o

Ire normalized to the Iyerage of the emperical curves .s ,.s .. 288K. i.e., • -.95 In Eq.

(3.1.3.11
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In Pl•• 3.1.3.3. r••u1t. ar. ahOWft for the Antarctic. Her. the

black body t.-p.ratur. in the at.o.pb.tic window iadicate. T. ~ 1880 K

(-8S 0C), very cold ind.ed. Slnc. our t ••p.ratut. ptofil. mod.1 ~all. fot •

con.tant tropopau•• tempetature of 217ox, thi. indicate. a te.perature

invet.ion and we assume a linear Bradlent of 5K/km from the aurface to the

2170K level. The saturetion water vapor pressure ia so low at thll low

teaperature that even hiBh value. of re1ativ. humldity .ti1l do not cause

11.nlficant vat.r vapor ablOrption. 1hul the .ffect1ve raaiatina leve11 1n

b~d. ~. 2 and 9 are at the lutfac.. "The enhanced radiance in the 15 u C02

band arisel because the temperature at the effective height in our model il

actually Ir.at.r than the very lav surface temperature. i •••• there 11 a

strona tempetature inverllon. Asaln, the comparison shown in Fig. 3.1.3.3

(c) 1. reassuring in that the agr••••nt between model and observation il

reasonably good even in this very ext rem. case.

Although this comparison between satellita observations and model

estimates of the Earth's infrared flux is clearly not definitive, it does

illustrate a valuable method for inserting experimental knowledge iuto

models for the Earth'. outward radiation flux. To the author's knowledge,

comparison, along the lines of Fig. 3.1.3.3 have not been made before.

N~bu. satellite•• of which Nimbul 7 i' the most recent version. can supply

pertinent information on the Earth'. radiation to space. It seems prudent

that model calculations, especially those used by General Circulation

MOdels (GCM's), and satellite observation. be compared to prOVide both the

n~eded feedback for model improvement and confidence in results based on

the models. The comparisons of FlI_ 3.1.3.3 show that even the rather
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.iapll .odel Inve.tl.ated here can livi ~.a.onabl, lood ••tl.at•• of the

Earth'. Inf~ared radiation to .paci ov.r a rathar widl ranal of .urfaci

condition••

3.1.3.6 Radiated Infrared nux froln the !tAveras. Atl:lolphere" and it.
Implicationl for Climatic Eff.et. of !ner.a.,d AtmOlph.rlc CO2

AI a flr.t approxtmation. conlidlr the Earth to b. cov.rld with a

homo.en,oul aVlra•• atmolphlr.. fbi. a'luaption alloW8 u. to extrapolate

conelulionl about an atmo.pher. with a Iln.ll tlmplraturl proftle. etc. to

the E.rth .1 a whole. Cl••~ly. clt-lt. aodl1a lav••tll.t.d In Slctton 3.2

and .11.whe~. will yield mar. pr.ci.. re.utt •• but thi. initial approxtma-

tion I. atlll worth tnakina. For oue 8Vera•• ataolph.r. we take the u.s.

Siandard At~olphlrl. 1976. Ihown In Fil. 3.1.3.1. Ultnl thil proflle and

letting othl. parametlrs al dl,c~8.ed below. Eq. (3.1.3.2) yleldl the sum

of the average radiated flux In lach of the 9 ap.ctral band•• i •••• the

total e.timated radiation flux to .pace. Thil total flux F il plotted as

a function of lurface temp.rature T. in Fia. 3.1.3.4.

Flrlt, conlider the total flux F for the average atmosphere

with Ts • 2a8oK. veo • 333 pp1ll and relative hWidity • 50%. '111, 11 flux
2

1n .ach band al wall a. the afflctive hellht. al and temper.turl T1 are

shown in T.bl. 3. 1.3.2. n,e total tl flux F • 242 Wm-2 when a • 1. This

value of F t ••llahtly too hiah to bal.nce thl lncomlna lolar flux

FO(1-AJ/4 • 235 Wm-2 calculated when the albedo A ha. the conventional

value of 0.33. However. 1II0re rec.nt wo&:'k indicatel A 11 about 0.29,

y1eld1na an incomins flux of 249 Wm-2. To lUke the outl01ns flux fram our

219



• ....ad aver.,e .e.o.ph.,. b.laftc. the incOllln, flux of 249 lIIl we au.t let

• • 1.03. lavina') 1 ~I to Ie.. e.tent jUltifled in that .a.a

ca.penaation Ihould be ••de for 11 flux which i. n~t included within the

100-1250 ca-l V8Ve number band of the model•••••• I.e the 1250-1500 ca-1

portion of Pl•• 3.1.3.3. Anoth.r. way t~ ••ke the inc~.in. and out.oin.

flux., b.lanc. i, to l.t •• I, but ral.. T, from 18801 to .bout 29001.

Althouah a 11 clo.e to unit" it 1, not c~e.r jUlt what value

a .hould take. Fra. ri•• 3.1.3.4 va DOte that the d.tl of Oerl...n••nd

Van den Dool14 indic.te. r il about 238 Ws-2.t Ts • 28801 ba..d on

lon.lly aver••1d fluxe. and temperatura.. The.e data allO indicat. a

difference of about 4 w.-2 bet.en th~ northern and lOuth.rn he.i,phere••

If we take r al 238 v..2, a- 0.98.

The key item of interelt 80 fat al climate effect. ate concerned

is the alteration of F by change I 1n the atmosph.ric conltituents luch aa

water vapor and CO2, Con.ider the average atmolph.ra dilcu••ed above where

vCO • 333 ppm. T.· 2880K relative humidity • 50%. a • 103 and hence,
2

F • 249 ~u-2 balane hg the incoming .olar flux (inlolaUon). U lome

factor in our Iverns, atmolphere, .uch a. relative humidity or C02 contant,

.hould chan.a 10 a. to chanaa F; then. othar factorl ramainin. conltant,

the lurfac. temparatur. T. would hava to incre••a 0; d.~raaue to return

r to itl equilibrium value of 249 wm-2• In the real atmolphere other

faetorl will~ in gen.ral remain constant and further. othar factor. will

chans,. TI change. in response to the oriainal perturbatlon. In the

pre ••nt model we neslect the response of the atmosphere to variations of
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CO2 contlnt per ... but Include veflou. f.edback .echlnl... Whicb f••pond

to chanl" in T. Csee Section 3.1.3 above).

U.inl our alluaptton that the larth II lurroundld by a hoaoienioul

"av.ua." ItllOlpll.r •• we een cilculati tht. chana' in lVera•• luttlCI

tempi tI t ur I 6T• r.quited to rl.torl , to tt••quUlbrlua Valul.

w. con.l~.r the lurf.c. t ••p.rltur. r ••pon.. 6T of our hoao••n.ou. Earth•
to I doubl f,na of C02 concentration froa 333 to 666 ppl. 6TI 11 1.lIIlnld

undlr thr•• a..wapUon. r,.ardina wter vapor. n.llyl conltlnt abloluu

humidity. conltant r.lativi hu.idity and vlrtabl. rilativi h~idlty.

Doublin. of At;olph.rlc CO? with Conltant Ablolut. Humidity

A alanc. at Fta. 3.1.3.2 .hould 1'll1y convinci onl that

water vapor 1, the dominant ablorber 1n the E.rth·, atmo,phlre and that the

cl t.rnatle efheta of doubl1ns atmo.pheric CO2 Itt likely to b••cronlly

d.pendent on varlatlons in water vapor content lnduc.d by the C02

lner.al.. AI a lort of calibration cae. we coneidlr thi. cale wh.r. the

absolute humldity il held cunltant. Thul. we I.t the 'utfac...... dln.tty

of water vapor con.tant at 5.70 • 10-3 kS ",-3 (eorre.pondln. to T,. 28SoK

and r • O.S in Eq. (3.1.3.9) and ,.t the eeale h.t.ht of vater vapor

conltant at 2 km. Und.r th"1 citcum.tanc•• a doubl1n. of atmo'rh.ric CO2

lowere F by 5.8 Wm- 2 to touahly 243 Wm- 2• To t ••tor. F to equilibrium

6T. • 2.1 0K. Thi' ca.e let' u. e•• the eff.ct' of CO2 doubling 1n

lsolation. i •••• without the water vapor f.edbaek dileul.ed 1n section

3.1.3.2.3J.
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W. not. that the chanl' 1ft outlolnl tnf~ared flux induced by a

doubUna of C02 1a our .od.l i. c.u.ed by ch.na'. 1n b...... 3, " 1 .nd 8,

i •••• thl vinll cf chi 15 ~ b.nd .nd the ww.k 9.4 .nd 10.4 ~ .blorption

b.ndl of C02. Doub11na the C02 cont.nt c.u... the .ff.cU.vI h'1&ht 1n b.nd

4, cont.in1nl the corl of the 15 ~ CO2 b.nd. to incr.... ; but linCI tha

Iff.ctlvi hl1&ht r..aln. ln thl ttOpop.U.I r'llon thl aff.ctlvi tl.plrltura

r..ln••t 217°1 .nd the flux radi.ted In b.nd 4 r..in. unchanaad.

Doublina of Almo.ph,rie CO2 Vith Cpp,t.pt Btl.tiy. UumidiS1

In thi. c... tha watlr v.po~ contlnt of thl .taolphara 1a

.UON to V.&"7 vith tba t_plraturl eo .a to klep thl relative h\Bidity

conlt.nt. Praci..l, hov thl. il dona ia di.cu••ld in Slction 3.1.3.2.4

.bov.. With TI • 2880K and rllativ. huaidlty ..t at 501 (r • 0.5). I

doubllng of a~o.ph.tic CO2 lover. F by 5.8 wm-2 IXlctly •• in thl c•••

of con.t3nt .blOlucl humidity. Hovevar. 6T • 3. oK hlrl blc.u.. the water•
v.por feedback m.chani_ 11 op.ratin8. i .••• b,c,uH the water vapor con-

tent of the .tao.phlr•• Ind h.nce. Itmo.pheric op.city. h.v. ba.n allowed

to iner.... I. T. incr...... Thu. vat.r v.por feedb.ck incr..... ATt for

C02 doublina by • f.ctor of 1.4. It i ••Inerally Isr.ad th.t atmolpharic

mod.l, holding r.l.civ~ humidity contt.nt ara cloHr to the truth thin

tho.. holdina .b.olutl humidity conlt.nt, "1', ••• Man.ba and

W.th.rlld l 1• the filur. ATI• 3.0oK i. rlther in.en.itiv. to the exact

cholc. of r.lative huaid1ty--40% or 60% al.o yl.ld 3.0oK.

3.1.).6.3 Doubllna of Atmospheric C02 with Variable Relatlve Humidity

ASlin, constder the aforementioned averlS. atmo.ph.re with T.

• 188oK, t » 0.5 and a· 1.03. In Sectlon 3.1.3.6.2 above, we ,.w that
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doubl1na ac.o.pherh: CO2 r.duced r by 5.8 w.'-2 .nd that. AT. of 30K

wa. r.quired to r•••t.blilh the r.di.tion b.l.nc. if r.l.tiv. hualdlty wal

h.ld con.tant .t 501. A chana' in aurfac. te.p.ratur. could al,o tapl, •

chana. in ~.raa' rel.Uv. humidity-probably a1\ incr..... If _ incr....

the av.r'a' t.l.tiv. humidity in our .od.l fro. SOl to 601 1n .ddition to

doublina the C02 cont.nt, the n.v radi.tion b.lanc. 1a ••tabli.hed at ~I •

291.90K. an ov.rall ].,oK incr..... tt, on the oth.r hand. the r.lativ•
• "P

hun1dity d.cr••••• to 401 in additlon to C02 doubl1na, the n.w r.di.tion

b.lanc. would occur at T•• 289.8OK, .n ov.rall incr.... of only I.IOK.

Thu., ch.na.a in rllativ. humidity vhich occur concurr.ntly with chanae. 1n

CO2 cont.nt can ..tve to .1anlflcantly .nhanc. or d1alni8h Iny C02 induc.d

lurfac. t.mp.ratur•• chana•• I.

3.1.3.6.4 Compachon of 'nlele with Other Hodel Re.ult.

Ur.t we conlidee the constant _absolute humidity case 1n

Sectlon 3.1.3.6.1, .bov•• Our re~ult of 6T • 2.1 oK is appropriate for•
co~p.ri.on with the con.t.nt ablolut. humid1ty re.ult of 2.S oK obtained

feo. the sr.y atmo.ph.r. model con.ider.d in Section 3.1.3 above. Although

the two r••ult. differ by ~ 25%, th.y ate in r ••••uringly Good asreement

con.id.rinl the rel.tive .implicity of the .odel. employed.

We now come to the ca.e of constant eelatlve humidity

dlsculled in sectlon 301.3.6.2 abov•• Thl. ca.e ha. received more atttn-

tion in the lit.ratur.. R.manathan and eoakleyl revieved radiative-

conv.cttve mod.l. for infrared radiation from a homollneou. teer••tri.t
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atao.phere includinl the incr.... in T. pred1~t.d b, auch aod.la for a

doublina of atmo.pher1c CO2• Th.y con.ider a number of re.ulta .nd .rrive

.t ATa• 2.0 in the c.a. of con.t.nt r.l.tive humidity. The aoat r.c.nt

work th., con.id.r 1. th.t of AuSu.t ••on .nd Ram.n.th.n 15 who .rriv••t a

value of

S:hn.id.r4 r.view. the imp.ct of CO2 incr..... on clim.t.

eon.iderina • bro.d r'nae of model.. He arrive. at AT. equal. 1.5 to 30K

aa the aoat probable ranae of aver••e temper.ture inere••e re.ultinl-froa a

doublinl of .tmo.pheric C02

Althouah our r ••ult for AT. 1. lome 501 hisher than

Auau.t ••on and Raman.than-. aad fall. at the upper end of the r.nae

susse.ted by Schneider, the aareement is rea.surinaly clo.e in view of the

somewhat different and rather 8imple approach we have tak.n in our 9 band

model.

3.1.3.7 Infrared Flux F Radiated to Space as a Function of Surface
Temperature T. for Various Atmo8phe~ic Condition.

By .ummina the r.diation flux to space in each of the nine bands

accordina to Eq. (301.301) .... arelve at • total flux F. In FiS' 3.1.3.4

we have plott.d F aa a function of lurface temperature (T.) for several

.et. of atmosph.ric paramet.rl (namely, average relative humidity end

carbon dioxide concentration). For comparison we show three empirical

curve. for F(T.) , which are straight 11nes fitted tc observations. We

have normalized th. model curve. by letting the model curve F(Ts) fot
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r • 0.5 and vcO • 333 ppm pa,. throuah thl aVlra,1 of thl I.plrleal
2

curvi' , • 232 wm-2 at T,· 288oK. thl Eatth', IVltl,1 ,utflCI

templrlturl, 1 •••• I • 0.95 ln 14. (3.1.3.1).

Perhipi the mOlt Itrlkina felture of the modll eurvel them••lves

Is the lara' Ifflct cau••d by chanae. In av.tl,1 relatlve h~ldlty (rl.

explclally for r ~ 0.5 Ind T, ~ 2700K. Thl1 Ilrvl' to ..ph.aizi the

Importanc. of watlt vapor in the atmoaphlrl and pointa out that chan,l. 1n

av.rlae rllativ. humldlty. whlch ml.ht occur alona with chlnal. In CO~

content could 'iln~ficantly altlr ~Idlctlon. of C02 cltmltl Ifflcta bl.ld

on an unchanaina relatlve humidity. Thl Itmo.phlric rldlltlon modll (Iolld

and dashed curve. In Fig. 3.1.).4) includlw the .ff.ctl of water vapor and

other feedback ~echanlsm8 dlscussed above.

If the Earth radiated llke a black body. we would expect FeTsl ~

Ts
4 and thus. F would double as T. rlses from 2~O to 3000 K. None of

tlle model or empirical curves rise this fast. In addlt10n. the model

cur,es are much more nearly l1near than the T4 law--the emp1r1cal cur,es

are 11near fit. to obs~rvatlon. and hence. are forced to be linear. We

thus conclude that linear fita to the FeTa' funct1on••uch aa used by

North 17• 18 and elsewhere 1n thi' report. are rea.onably clo.e to rea11ty

prov1ded the proper constant. are us.d.

We note that for Ts > 2800K, the three model curves for F(Ta)

converge. Thia occurs because the decreasing temperature decreases the
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wata~ vapo~ content of the at.o.phe~e for a alven relatlve humidity. Aa

taape~ature dec~ea.ea. the water vapor ab.orptlon beca.e. le•••lanlficlnt

ln band. 1. 2. 3. 5. 7 and 9 and the model predicta very nearly the .ame

flux rellrdl••• of r.

An interestinl fe.tur. of the mod.l ) curve for r • 0.5 and

Vco • 666 ppm ls thlt the diff.renc. relative to the r • 0.5. vco • 333
2 2

ppm curve 1• .cat pronounced at hiaher temp.rlture.. Thu•• accordina to

our mod.l. a doubllnl of atmo.pheric CO2 ha. a arp-~.r impact on OUCloinl

radiation FCT.) at hllh .urfac. temperature thIn at low one.. The princi­

pal orlain of chi. felture lie. in the temperature dependence of the CO2

Ib.orptlon .ttenath. 'i(T) and Si(T). Por exampl•• in band. 7 and 8 SCT)

more than double. a. T ri••• from 250 to 3000K. Aa Ts lnct••••• , .0 doe.

the entire tropospheric temperature profile (See Fig. 3.1.3.1). Since S

and , increaae with T, and hence with T5 ' increases in atmospheric C02

cause proportionally larger increases in C02 opacity at higher Burface

temperaturee. This feature tends to mitigate CO2 induced temperature

changee at hilh latitudes.

Comparing the model curves with the observational curves in Fig-

J.l.3.4 we find that our model generally lies between the sets of

ob••rvation data. In terms of the slope of the model curves, which is

really the relevant comparison, the model curves for r ) 0.5 agree belt

wtth the Oerle.ans and Van der Dool14 data at Ts ) 2800 K and with the

~orth7 data for lower temperatures. If we consider the empirical curves to

represent a range over which F(Ts' varies for the real Earth, then our
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model curve for: • 0.5 18 lndeed a realhtle ,approx1lllatlon. We note,

how.ver. that .lthouah the work of North, Oerl...n••nd V.n der Do01 i.

quite • lood 8t.rt, aore r ....rch .ffort could u.efully be .pplied to

definina r(T.> ob•• rv.tion.lly.

3.1.3.8 LIne.r Approximation to F(T,}

In connection with enerlY bal.nce climate models lt 1. convenient

and, In v1ew of Fll' 3.1.3.4, reasonable to approximate the .tmo.pherle

r.d1atlon flux to free .pace by a Une.r law of the- r~'f'lIl:

F (ToO ) • A + BT"
• • (3.1.3.4)

where T- 1. the .urf.ce temperature 1n degree. centigr.de. This law
s

allows analytic .olutions to a simple energy balance climate model as

d1scussed in Sec t ion 3.2. To provide an input to such 'models. we have used

our 9 band model to calculate A and B for varying CO2 content with

relative humidity held constant at 50% and. • 0.95. This value of a Is

the same a. was used for normalization 1n Fig. 3.1.3.4.

Table 3.1.3.3 gives the values of A and B for C02 concentra­

tions ranging from 300 to 1000 ppm. Comparing our values for A and B

with those used by ot-her authors, we find A· 209.9. 200.0 and 199.3 and

B • 1.57. 1.45 and 2.40 for North 17,18 and Oerlemans and Van del' 0001 14

respectively. Comp~~~~ the.e value. for A and B with our 9 band model

(V eo • 333 ppm and r • 0.5) we .ee from Table 3.1.3.3 that our model
2

value. fall near the center of the observational values.
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TABLE 3.1.3.3

Lin.ar Approximation for F(T' 8) Centered on OoC, •
FeT'. in °C) • A + BT'.)

"CO (ppm) A (WIn-2) BCwm-2C- l)
2

300 203.0 1.71

333 202.8 1.70

41)0 202.2 1.69

500 .. 201.4 1.67

600 200.5 1.56

666 199.8 1.53

700 199.4 1.53

800 198.5 1.50

900 197.6 1.48

1000 196.8 1.46



3.1.3.9 Summary and Conclusions

In Section 3.1.3 we have approached the problem of terrestrial

infrared radiation to space from a direction significantly different from

that of the grey atmosphere model discussed above and from the radiativ~

convective models reviewed by Ramanathan and Coakleyl. Our alternative

approach thus constitutes a 80mewbdt independent estimate of the climatic

effects of increasing atmospheric C02. In constructing this 9 band model

we hoped "0 include enough physics of the E..,:th's atmosphere and of the

radiation processes involved to produce a reasonably useful model. The

extent to Which this go~l was achieved ii shown graphically in F1sures

3.1.3.3 and 3.1.3.4 where we compare model predictions with observational

data. From these comparisons we conclude that our 9 band radiation model.

while far from complete. should be useful in making at least crude

estimates of the impact of increases in atmospheric CO2 content on future

climate. especially when coupled with the energy balance climate model

discussed in Section 3.2. Three distinct feedback processes are included

1n the model by allowing the water vapor content of the atmosphere. the

absorption band strengths (R and S) of CO2 and H20 vapor and the tropopause

height to vary with temperature. The first two of these feedback processes

are significant and positive; thus positively reinforcing surface

temperature increases induced by increased atmospheric C02' while the third

is of less significance and is negative.

By assuming the Earth's atmosphere to be homogeneous with an

average temperature of Ts • 2880K we can estioate the change in surface

temperature (~Ts' induced by a doubling of C02 content.

~29
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vapor ab.c»rption playa a\ICb an important role in infrared radiation froID

the larth, we have co-putecl AT for three different aaau-ptions ressrdins
a

atlloaphertc wc.r vap4')r. For conatant absolute humidity, i ••• , vatt'r vapor

conteDt held constant at the SOl relative humidity, T. • 2880R valu~,

resardl.sa of temperature changes, we find In this Calle the

water vapor feedback mecbanilm is suppressed. Next, we assume relattve

humidity conatant at 50% with the result ATs• 3.00K. Hence, the water

vapor feedback has increased ATa by 43%. The AT - 3.00 K fisure i.s

relative insenlittvity to the exact choice of relative humidity--40% 01' 60%

allO yield Finally, ve consider "aryins relative humidity.

If relatlve humidity were to inc rea.. by 101 (to 60%) a. T. rise. in

reapon. to • doubl ina a f a bIlospheric C02' t hc1D AT • 3.90K i8 our modela

reault. Conv.ra.ly, if relative humidity vere to drop by 10% (to 40%) then

AT falls to 1.BoR. 1heae results serve to emphasize the importance of•
water vapor in connection with the CO2-climate question.

The C02 doubling has its impact in the wings of the strong 15 ~

C02 absorption band (bands 3 and 5 of our model) and in the weak C02

absorption bands near 10.4 and 9.4 ~ (bands 7 and 8 in our model). In band

4, which contalns the core of the strong 15 ~ CO2 absorption, 110 changes

occur for a C02 doubling. In this case, although absorption increases

drive the effective radiating height upward, thls height is in the constant

temperature tropopause both before and after doubling; hence, there is no

change ln radiated flux.
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The ~T.· 2. 10 K result for constant humidity ls in subetantlal

agreement with the 2.80K figure derived fr. the arey ataosphere. PDr

constant relative humidity AT • 3.00K for the 9 band model. This iss

interesting because these similar result. were obtained by quite

significantly different approaches. Henee. it lends credibility to the

estimate of about 30X a8 the average surface temperature inerease in

response to a doubling of atmoepheric C02 content.

The caee of constant relative humidity has received considerable

attention in the literature. Ramanathan and eoakleyJ review radiative-

convective model result. for AT. which are appropriate for ,amparison

with our constant relative humidity result of ).OoK. They arrive at a

representative figure of AT • 2.00K. Schneider16 review. the impact of•
increases in atmospheric C02 on climate considering a broad range of

models. He arrives at AT • 1.5 to 30K as the most probable range ofs

increase in averag~ temperature resulting from a doubling of atmospheric

C02' Although the result of our 9 band model 1s some 50% higher than the

value of Ramanathan and Coakley's and falls at the upper end of the range

suggested by Schneider, the agreement between these various models is

reassuringly close, especislly so in view of the somewhat different and

rather s1mple approach we h8Ve taken in our 9 band radiation model. The

rcugh agreement between the results of different approaches supports the

view that AT • 30K is a reasonable first approximation to the climatic
s

response of a doubling of atmospheric CO2, Nevertheless, i( is important

to remember here that this and other estimates result from imperfect models
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of nature. Hany p~tentially i.portant factor •• euch a. cloud•• have been

coapletely oaitted or treated in only an eleaentary f ••hion. Further. our

nodel. have not been coaprehenaivdy compared to obeeryationa of nature.

Finally. the ob.erved increa.. in atlDOlpheric C02 i. not the only factor

affecting the Earth'. cl~at.. Hence. e.tl.ate. of cl~atic change

focusing .olely on C02 aDd nealectina other, poorly underltoad factor••

such aa tho.. which cau•• a1acial epoch•• are not llkely to be entirely

correct thouah they are the be.t .stimate. one can make u.ins our current

understanding of nature. MDre credable esti.ate. of cllaatic effects will

only come with better uncleutencliaa of nature.

Returnina to re.ult. fro. our 9 band mod.l. we not. that our

esttaate for AT. is dependent on the initial value of T. uled. Above

we have used Ts• <Ts> • 2880K .s our baae or unperturbed temperature.

As ind ica ted in Fig. 3.1.3.4, AT would be IIDaUer for baae temperatures
s

below 2880K. This phenomena arises from the increaslngly strong positive

feedback of water vapor and absorptlon band strength as Ts lncreases.

While our 9 band model 1s deficient i~ some respects, e.g., cloud

variatlons are neglected, it does incorporate a modicum of atmospheric

physic. and aare•• rather well with experlaental data (Figs. 3.1.3.3 and

3.1.3.4). Henc., it provides some insight into the climatic effects of

increased atmospheric CO2 content. It a110 prOVides a radiatiye loss

function dependent on average relative humidity and atmospherlc C02

content for uae in the energy balance climate model discussed in section
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3.2

3.2.1

JASON Clla.t. HOdel,

EnerlY !Udalt Cllmate Mod.l.

We ev.luate the effect of incr•••ed ataol?h.rie conc.ntr.tlon. of

C02 on the clim.te by .x.minina .1mple climat. 1I0d.l•• the .0 called .nersy

budalL 1I0del••

Thl mo.t el.lI.nt.ry .n.rsy budS.t aod.l. Which we call t.ro·th

order••imply ••••rtl:

where

a • Steran Balt..ann tan.tant~
Te u effective mean r.di.ting temperature

Q • .olar eon.t.nt

a • mean albedo of the earth.

From comput.tion. made at JASON 1918. we believe the rel.tion

between effective and surface temper.ture i. given by
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vhere t 1. a ....ur. of the opacity of the ataolphere who.. dep.ndenc. ou

CO2 conceutration La delcrlbed ln Sectlon 3.1. Por the current aeaolphere.

t • coaputed froa firat prlnciplel. val found to be 0.15. Puttln. in

conventional value. of the remainin. con.tant••

Q

• 5.6 x 10-8 w/.2 (OK)4

• 1360 W/.2

~ • 0.29

ve .et the quite acceptable filure.

AI a predictive equation. Eq. ().2.1.1) .uffer. from an array of

detectl. Changing, for example, the solar constant alter. a in an

unknown manner. A change in C02 concentrations affects the mean surface

temperature, and hence also a. Its effect on the biosphere, and hence

again a. is unknown and require. further investigatlon.

A fir.t attempt to overcome the.e dlfficultie. is present in First

Order Model.. In theee, surface temperature T is permitted to vary with

latitude e ,or one may lmagine. if one prefer •• that T is rnean

azimuth.l temper.ture at latitude e Heat transport is introduced. and

the governing equation has the general form

v + I • %(l - ClJ • q( 1 - aJ

where nov
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P • tran.port ..chani..

I • out,olna r.di.tive flux .1 function of T

Q. (..an) .lbedo of e.rth .t l.titude 6 al

function of e and T.

Varioul modelinSI of I , P ,.nd Q are poslibl.. 111e

simplest parametrization of 1 - Q 11 al followI: (it il convenient to

introduce the vari.ble x· .In e ,in pl.ce of e )

1 - Q. Z(x) •

0.4 if T < -looe

where Z(X} is a correction for zenith angle, 0.7 is the co-albedo of

land-sea, 0.4 that of ice-snow. In this way, ice albedo feedback is

incorporated into the model.

The radiative flux I may be modeled by permitting Eq. 3.2.1.1 to

hold locally; thus

I • a T
4

•
e

where T can now be adjusted for e02 concentration.

It i8 convenient to modify I by linearizing about zero degrees

Cel~lul to get t· A + BT ,with T now in degrees Celsius. It appears,
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1n pract1c.. that A and I ar. th.n r.trolp.ct1v.ly Idjult.d to b.tt.r

fit curr.nt clt.it. dati. thul lncorpcrltlna curr.nt cloudin.... for

••_pl••

At the .... tim•• th.re are large, and rather I.rioul

d1Icr.panci•• in the 11t.ratur. coneernina the .agnitud. of B. which

.ianificantly affect the .enlitlvlty of the model to chang•• in the lolar

con.tlnt.

w. con.ider ~he fir.t ord.r energy budget mod.ll to Budyko and

Seller.. Sublequant work ha. baen. ln the main. variantl of the Icheme.

thay contrived.

Budyko's choice of D was:

11 • y (T - T)

T is the mean 8urface temperature. a~d y a phenomenological constant to

be adjusted later.

Sellers (and otherl) used diffusive transport

11 • - .L.~ (1 - x
2) .fiJdx L dx

where D il. according to who you are reading, a constant. a function of

x, a function of x and T , or even a function of x.
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Some writer. hava uaed a 11near m1x of ludyko and Sellerl type

tranlport ••

For prelent purpose. we will take

D • -D ~ [(1 - i)~]. -D div lrad T •

where D 1•• phenomenololical eon.tant to be dete~ned later.

The ficlt order enerlY budlet equation b.com.a

\

0. 7

0.4 if T < -loDe

Equation 3.2.1.2 includes Eq. 3.2.1.1 from two points of view. so

we may expect Eq. 3.2.1.2 to give reasonable mean surface temperatures. On

tne one hand. as D gets large (more energetic diffusion). T lets more

nearly constant and Eq. 3.2.1.2 becomes a version of Eq. 3.2.1.1. On the

other hand. if Eq. 3.2.1.2 is intelrated from -1 to +1 • the diffusive

term vanishea. and what remains il a verlion of Eq. 3.2.1.1.

Equation 3.2.1.2 is usually solved as follows. Assume T is a

decrealing function of x for °~ x ~ 1 • and even. Postulate xi' 0

~ Xi ~ 1 • pOlition of the northern ice Une where T(Xt)· -10. Now the

differential equation is 8n ordinary inhomoleneous one. requiring no

239



boundary condition which can be solved by variation of par...ter., or

ei.enfunctlon expansion.

~lth the .olution obtained, Q and D mUlt be adjusted 10 that

T(Xt) • -10 , ,nd monotonicity and evenne.s verified.

If one IUppOS'. that for current cltmate, xi. 0.95 • and

fixed at 340, on. finds three pOlition. alto8eth~r of the ic. line meeting•

q • il determined uniquely. With D so determined, and q still
-\

the assumed requireMentl of evenne•• and monotonicity of T(x) , to wit:

the normal, a heaVily slaciated, and all lee. The heaVily Ilaciated is not

sta~le.

~lth D fixed by t~e current cl~atet cne nay also in~esti33te

the effect of changes in S. A decrease of Q on the order of 2 to J~ is

enough to gi~e only an ice covered earth as solution. still on t~e

assumption of evenness and monotonicity of T(x}.

There i. one consideration of the methodology above which we feel

is important to further consideration of such models. It concerns the ro~e

of the constant D t which 1s determined by matching current climate. It

~ould be particularly jesirable to give an a priori estimate of ~. or at

least to prese~t a persuas1ve argument that ~ 15 Indeed constant over a

reasonable range of the other parameters present.
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3.2.2 Desct1et10n of the Tlme 1ndeeendent JASON Cllmate HOdel

To alless in a quantitative fashion the effectl on climate of

increaling the C02 concentration. we hav~ constructed and analyzed an

energy balance climate model of the kind delcribed in the previous

section. The ingredients in an energy balance model are specifications of

1) Incoming solar radiation and absorption by land and

water: inlolation.

2) Outgoing radiat10n by the .arth and hy the

atmolphere.

3) Trans~ort of energy poleward by the ocean currents.

by latent heat and by sensible heat.

More prec1sely we write

aT
Cat· Insolation - Outward Radiation - Transport

where C is some "heat capacity" which sets the tiele scale for the

response of the temperature T to changes in any of the quantities on the

right hand s1de of this equation. In principle. C can be a function of

longitude, latitude a~d even time.

Let uS look at the three basic energy quantities listed above:
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3.2.2.1 Insolation

The insolation i. probably the beat established quantity in the

First Order Models. The form of insolation is

where Q 1s the solar constant

Q • 1380 watts/m2

and Z(x) is a zenith angle factor giving the mean annual distribution of

insolation over latitude. x is the sine of the latitude and

Z(x) • 1 - O.482P2( x l

with P2(x)· t (3x2 - 1) , the second order Legendre polynomial. The

factor a(x.xc ) represents the absorption of the solar radiation by 13nd,

sea and ice. We will use the idea of Budyko1 that a(x.xc) varies with

x for x < x
- C

at which latitud. the hemisphere is permanently ice covered

and a(x,xc ) x ~ Xc is a constant. Actual values for a(x,x c) are not

precisely agreed upon by all werkers, but we adopted the following values

f rom North 2;

Latitude. 71.80
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for x < Xc

• albedo • 0.62 o. 2. 2. 3)

which sivel an average albedo of • 0.1 including land, water, and ice.

TVa comment. are 1n orde~ here: (1) we use zonally averaged

quantitl•• 10 tha~ azimuthal or longitudlnal dependence 1& washed out.

!hi. 1. an lmport~nt simplification of the real two dim!nsional geometry of

the earth-' lurface. However, follo~inl the orginatoes of energy balance

~od.ll we are cor~:1nc.d it 1, an adequate starting point. (2) The

particular value. represented in £q•• 3.2.2.2, 3.~.2.3. and 3.2.2.4 are. of

cours•• important. but variations over small domains ar~ unlikely to

significantly affect our discussion or conclus1o~9.

3.2.2.2 '"\ltgoin&. Radiat ion

~e desire a representation of the 1nfrared radiation escaping the

earth at each latitude as a function of the ground ter.lperature. There

lppears to be agreement among workers that a lineari~ed f~r.nula

~'.l "',u1te adequate. :he coefficient. '\R and ~. i r e ""t- cour seK ~. v ,-v •

Lr.dependent of lex) but may depend on cloudiness ~nd ut~er cli~tulo~ical

:~atucel. Cess 3 has reviewed the situation and his cesults deri.ed from

244

l

,



satellite obs*rvation are pr••ented in Tables 3.2.2.1 and 3.2.2.2 where

AC is the cloud cover fraction.

Table 3.2.2.1
Summary of Zonal Annuli Climltologic;al

Data for the Northern Hemisphere

The Units of Fare W/m-2

Latitude Ts Ac Observed F Eq. (8) Error
(aNI (oC) (Ill.)

5 26.3 0.51 250 252 0.8

15 26.3 0.44 257 259 0.8

25 23 ..2 0.41 259 256 -1.2

35 15.9 0.47 241 239 ~.8

45 8.4 0.57 220 218 ~.9

55 2.2 0.64 204 202 -1.0

65 - 5.5 0.64 191 190 -0.5

75 -12.7 0.61 la1 182 0.6

65 -18.0 0.55 179 179 0

Average 15.0 0.51 233 234
04 J
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TABLE 3.2.2.2

SUMMARY OF ZONAL ANNUALCI.IMATOLOGICAL
DATA FOR THE SOUTHERN HEMISPHERE

The Units of Fare Wfm-2

•

Latitude Ts F Error
(OS) (oCI Ac Observed Eq. (81 (%)

5 26.2 0.50 :Z57 263 2.3

15 24.6 0.47 266 263 -1.1 r
25 21.4 0.47 262 258 -1.5

35 16.6 0.54 243 245 0.8

45 9.7 0.65 224 225 0.5

55 2.8 0.79 206 ~O2 -1.9

65 -6.0 0.77 188 190 1.1

75 -33.0 0.56 163 164 0.6

8S -43.8 0.47 154 154 0

Average 13.4 0.57 236 237 0.4

Using his values of average cloud cover we find for the Northern

Hemisphere AR - 210.59 watts/m2 and ~. 1.57 watts/m2_oC while for the

Southc~n Hemisphere ~. i15.83 watts/m2 and Ba. 1.59 watts/m2_oC. In

our actual calculatinns we adopted the values of Nocth4 of AR· 211.2

watts/m2 and ~. 1.55 watts/m2_oC.

246



Now a. dilcullad ahova, tha variation of Aa and 'R with CO2

concentration or the concentration of any ataolpheric conltltuant 11 liven

by

and

with t g the net opacity at the around and Cl and S some conltants. By

usina the relation bet~en ground temperature, T, an~ the .kin

temperature Te needed to radiate back the net in.olation

we determine that t
S

• 3/4 for Ta • 2510K and T. 28SoK--the global

a~erage temperature.

As the opacity of the atmosphere to the infraced radiation

entering in Eq. 3.2.2.5 increaaes, the radiation coefficients AR and

~ will decrease and the avecage global temperature must increase. ~) get

a feeling for this, note that if we are ln a steady state and lntegrate the

energy balance equation over the globe it reads

Infrared Radiation Out • Insolation

As we change CO2 concentraUl)n, say, the net insolation is more or less

constant (it i' constant in our simple models if the ice line at Xc
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do..... t chana.) eo Aa + Ia. <T> 1. CODn'Dt. <1> 1.. the alobal av.raae

t.-perature. U.1aa the rule. fraa Eq•• 3.2.2.9 aDd 3.2.2.10 va find. 00

the ba.i. of the radiative transport theory pr••ented befor.. that doublinl

the C02 concentration from today". value of 332 ppm would r••ult 1n a,
chanse in slobal averase temperature of

Thi. i. a number con.i,tent with.a wide variety of other model•• simple and

complicated. and emerges becaus. global energy balance really doe.

repee.ent the ba.ie gros. structure of our planetary temperature.

Precisely how this energy 1s transported about the globe does not affect 1n

a dramatic fashion these global averages. Details of any climate model.

including the one we are discussina here. will differ in how this 2°_3°C

c~ange is distributed over the globe.

3.2.2.3 Energy Transport

Variations of teoperature over space and time are governed by

energy transport mechanisms. We restrict ourselves in our models to

transport in the latitudinal directions only. The heat flux from the

equatorial region toward the pole comes in three main forms: ocean

currents. latent heat. and sensible heat. Figure 3.2.2.1 shows these

ftuxes as recorded by Sellers. S

Following the ideas expressed by Stone6 witl, somewhat different

~~phasis we have chosen to view this figure as representing several
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vart.tt•• of h.at tran.port c.ll.. Ibr .x..pl•• auppo.. WI con.ider the

net heat flux _. .hown 1n Fllur. 3.2.2.1. It vant.h•• at x· 0 and

x • 1 and peaka around x. 0.6. we can parametrize thi. by 1malininl a

net heat flow which i.

d [ dlJ-K dX x (1 - x) di

where K is an "eddy dHfuaion constant" and the heat flux

(3.2.2.10)

-Kx(l - x}dT/dx vanilhe. at x· 0 and x. 1 while peaking at x. 0.6

when dl/dx behave. a. 3'"4
• x • Really this i. a repre.entation of the

actual heat flow by a lumped diffusion law with one overall con.tant K

which sets the scale of the flow.

If one wanted to make a flner kind of cellular structure. it is

easy to imagine constructing several cells corresponding to latent heat

alone or ocean currents alone. etc. For example. consider ocean

currents. The sea surface temperature, call it To, is different fcom the

ground temperature T we have been considering heretofore. The heat flow

due to ocean currents in the Northern Hemisphere is poleward from the

equator to about x· 0.94. One could try a representation of the ocean

currents as

with Ko another "eddy diffusion constant" setting the scale for the kind

of heat tranaport being con.idered--here ocean currents.
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Por latent heat ln the Northern aemllphere we 'would a••lln an

effective temperature TL(x) to each latltude. Next note that the latent

heat flow 1. ne,aUve for 0 ~ x ~ 0.37 with a peak at x • 0.17 and

pol1t1ve for 0.37 ~ x .!. 0.94 peakina at x. 0.59. Por thb flux ve

would write

•
(3.2.2.12)

with the "eddy diffusiun conltants" Ki L > O. 1· 1,2 • It, rule relating

or coupling To. TL and T would have to be constructed to complete

this scheme.

The general zone lying between a~ x ~ B has the flux

d [ dT]-K - (6 - x) (x - a) -dx dx

Here we will take one heat transport cell for each hemisphere and

one diffusion constant K for each hemisphere.

The climate model we have arrived at foe the Northern Heml.~heee,

say, 1s

c if - K ~x [xU - XJ:;] + Ai + 8aT(x , t J • ~ z(x,tJa(x,xc.tJ
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We vill rerer to this and ita lener-ali.ationa a. JASON ellaace MOdel.

(JCM).

Our first concern i8 with the allowed steady state versiona of Eq.

In this set z - 1 - 2x which turns Eq. 3.2.2.15 into

-h [(1 - Z2):~J + 0(0 + l)T(z) II - i[~ z(z)a(z,zc) - ARJ- -S(z)

(3.2.2.16)

with

or

I
1 I ~ 1

0--1+ i J'K-t;

(3.2.2.17)

(3.2.2.18)

This is the Legendre equation. IA heat transport cell with flux given by

Eq. 3.2.2.13 becomes Legendre's equation with

z - [( a + a) - 2x] I (a - a») I

The solution to Eq. 3.2.2.16 is
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T(z)

1

+ QCI(&) f dwP o(w)S(w)

z
+ tIt CI(Z) + 1'\QO(z)

(3.2.2.19'

where P (z) and
e

o.~ index a

Q (z) are the usual and second kind of Legendre function
a

t and n are integration constants. The function

Q (z) is logarithmically singular at z • • 1 as is 'o(z) ata

z • -1 • We must choose t and " 80 the temperature T(z} is Unite

for all z • Finiteness at z • 1 requires n • 0 • while at z • -1 it

is satisfied only when

11 cot
t • - 2 • (3.2.2.20)

To derive these results we need

for z along the real axis between -1 and 1. The result for T(z) is

finally

Po(-o' jr1dvS(WlPo(W'\

~ (3.2.2.22)

The solution for T(z) inside any heat transport cell has j" st this form

with the O. - 1/2 + i JBR/X
1

- 1 and K1 the transport coefficient

for that cell and z· (a + S - 2x)/(S - a) in that cell.

253



It ta important to note that we need require no conditiona on

T(a) or 1t. derivative. except f1aiteneaa of T(a) throuahout each

cell. 'lbe "boundary condit10na" d1acuued by North and other. are

uanflcea aary •

To dete~lne K, the eddy d1ffusion coefficient in the JCM, we

proceed by settlna Q. Aa, Ba and zc· 1 - 2xc to their present day

values liven above. then K is varied until T(zc) achievea a definite

value, conventionally chosen to be -lOoC. Th1s yields a K· 1.37

watts/m2•oc. This diffusion coeff1cient 1s much larger than the value 0.59

watts/m2oC found by North2,4 when he cons1dered a single heat transport

cell runnina from pole to pole. Our heat flux proportional to x(l· x) 1s

inhibited in transportina heat near the equator, while North#s transport is

proportional to 1· x2 which 1s still ~lz!able near x· o. It ls

natural to expect the transport coefficient here to be larger since it is

from the equatorial region that heat must be pumped.

Once we have K such that T(zc' • ·lOoC we may calculate T(z,

for today# s climate. This is given in Figure 3.2.2.2.

Th1s should be compared to the data recorded in Cess) for both the

~orthern and Southern hemispheres (Figure 3.2.2.3,. The JCM gives

temperatures too low 1n midlatitudes. but rather reasonable at high and low

latitudes. An effect like this should be expected from our discussion of

the structure of heat transport cells in the actual earth-atmosphere-ocean

system. Because of the zeroes in latent heat transporc and dips in

sensible heat transport in mldlatitudes. less heat. 1n fact. is transported
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out of those latitudes than the simpleat JCK would indicate. So a many

celled JCH vill push up the mldlatltude temperature .a deaired.

The response of the JCK to changea in C02 concentration is

examined by changing AR and BR according to (9) and (10). Using the

results fcom earlier sections. ve find a doubling of C02 in the atmosphere

to 664 ppm will lead to values of Aa· 207.7 watt./m2 and BR· 1.524

watts/m2-oC. Since we have fixed our eddy diffusion parameter K. ve

adjust Zc so T(zc)· 10°C. We find that zc· -1 for this Aa and

~ • which means the lee 11ne haa retreated to the po'" So a doubling of

C02 concentration according to the one heat transport cell/hemisphere JCM

is likely to cause th£ ic.. caps to melt.

The rate of incre3se of C02 concentration has been 4.3%/yr of the

industrial contribution. Taking 285 ppm as the preindustrial level we see

that the fraction of C02 in ppm increases as

N
• 285 ppm + (1,043) • 47 ppm

3.2.2.23

~l is in years from today. So a doubling of C02 to 664 ppm should occur as

soon as 50 years hence. Ii the ice line instantaneously follows the

T • 100 e line as is assuned in energy-balance models. the ice line should

retreat and disappear as CO 2 doubles.

Comparing Figures 3.2.2.2 and 3.2.2.4 we see that the average rise

in T is slightly more than the 2.4oe evaluated from the conservation of
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AI + BaT. Thi. 1. cle.rly bec.use of the ret~eat of the ice line, and

thl. i. empha.ized by the larse riee ln T in the polar reglon.

'"'... reault. are the eS8ence of our anal.y.is of the JCM. We have

not explored to any ex~ent questions auch as the variation of the ice line

a. the .olar constant variea or the oensitivity to the values of Aa, ~ •
• lb~o. xc' or the a ••umption that T(x c) m -lOoe. Thel. a,e

intere.tlnl i.aue. and important for one's confidence in the general seheme

~~pr.aented by the JCM~ ~ f••l.it 1. rather cle.r that our heat transport

cell de.cription of h.at flow in the earth-ocean-atmolpher. system promis.e

a reali.tic ver.ioYl ~f the actual complicated proce.a.s involved yet within

the attractive ei~;~icity of the ener,y balance models.

258



-, 0

rl
25

~..,...
20 '"tl

j
'"..15 >
~

10
U ie
l-

i5

t"l
B-

-.8 -.6 •. 4 -.2 o .2 .4 .6 .8 ~ .0

Flyure 3224 PAEDICTtON OF THE JASO~ MODEL FOA VARIANCE IN TEMPERATURE
WITH LATITUDE (0), AND A~SUMINGA DOUBLING OF THE CO2
CONCENTRATION FOR PRESENT LEVELS

259



1.

REFERENCES FOR SECTIon 3.2.2

P. Chylek and J. A. eoakley, Jr., "Analytical analysis of a Budyko­
type cUDlat. model; Journ. Atm08. Sei •• 32, 1975, No. 67:»-679·,

2. M. Chil, "Climate stability for a Sellers-type Dlodel," Journ. Atm•
.!s.!., A, 1976, pp 3-20.

3. K. Rantel, "Polar boundary conditiors in zonally averaged global
climate models," Journ. App. ~ieteor, llt 1974, 752-759.

4. M. Held and M. J. Suarez, "Simple albedo feedback Ulodels of the
icecaps," TellulI. 36. 1974. pp 613-629.

5. M. S. Ue. and R. D. Cess, "Energy belance climate Dlodela-a
reppra1.al of ice-albedo feedback," Journ. Atm. Sci, 34.1977, PP
1058-1062.

6. J. Oerleman and H. M. van den Dool, "Enecgy balance climate model.:
stability experiments with a refined albedo and updated coefficients
for I-I e.iss1vn," Journ. Atm. Scl •• March 19;8, Pf) 371-381.

7. W. D. Sdleu, " ... new glcbal cHute model," Journ. App. Heteo..r, !..
1973, pp 241-254.

8. G. North, "Analytical solution to a simple climate model with
diffusive heat transport." Journ. Atmos. Sci., 11" 1975, pp 1301-1307.

9. G. North, "'nleory of energy balance climate models." Journ. AtmCl!.:.
Sci., .1b 1975, pp 2033-2093.

10. G. R. North, "Simple Mathematical ~dels of the Climate," unpublished
lecture notes (1978).

11. G. R. North, "Analytical Solution to a Simple Climate Model with
DUfusive Heat Transport," J. Atmos~., Vol. 36, pp. 1301-1307
(1957a) •

12. M. 1. Bodyko. "The Ef feet of Solar Radiation Variations on the Climate
of the Euth." Tellus. Vol. 21, pp. 611-619 (1969).

13. R. North, "'I1\eory of Energy-Balance Climate Models," J. Atmol. Sci.,
Vol. 32. pp. 2033-2043 (1975b).

14. W. D. Selleta, Physical Climatolosy University of Chicago Pr~ss, 4th
Edition. 1974) (1965).

15. H. Stone, "The Effect of Large-Scale Eddies on Climatic Change," .1:.
Atmoa. Sci., Vol. 30, pp. 521-529 (1973).

16. R. D. Cess. J. Atmos. Sci., ll, 1831 (1976).

260

•



Discussion of Enersy-Budset Climate Hodel,

The ener8y-budaet climate model. described in 3.2.1 .nd 3.2.2

focused on equilibrium states only. We considered the generic model

aT ~
c at (x,t) + Diffusion + IR radiation • Insol.tion

for the case where T is time independent. These equilibrium Itat.1 were

expected to describe the present climate first of all and then the final

state to which the earth would settle when the IR term il luddenly

altered by changes in the atmospheric C02 concentration. In thele limple

models the key feedback effect among those from our long lilt given in 3.0

is the ice albedo feedback which i8 lurking in the insol.tlon term. The

eq~ilibrlurn calculations indicated that when the CO 2 concentration is

doubled, the ice line, originally at 72.2° latitude ~uld retreat to the

pole. Since the coefficients A and B in the IR radiation • A + BT

formula changed only by ~ I.St, this is a measure of the severe sensitivity

of the model. Nonetheless, the temperature rise as a function of latitude

given by the model was much the same 8S more co~plicated General Circula­

tion Model calculations. This point has been celtically reviewed by Watts 1

and we find oueselves in general agreement with his arguments.

The real time scale for the retreat of ~Jl the ice on the earth is

likely to be so long. as much a. 103 to lOS years. 2 that predicttons for

the period 2030 to 2050 would not seem to be much affected by .uch possible

future events. What ip much more l1kely 1s that the pe~anent ice sh•• t.

of Greenland and the Antarctic will survive the few degrees centigrade



eh.n.e induced by doubllna CO2 concentr.tion.. Rowever, the ....on.l Inow

cover Which bl.nket. 31 million (km)2 (7.41 of the e.rth·. 'urf.ce) and the

.e. Ice coverinl JS alllion (ka)2 (6.11 of the earth) are much aore fra-

811e. In the Antarctic aSI of the .e. lee dl.appear. each ••••on. while

the Inow cov.r on the land ~'I'I In the Northern Hemisph.r••llllo.t totally

retre.ts on the aame time ac.le. So a lIIuch more pl.u.ibl. Icenlrio than

"real" equllibriUlll I' to allUllle that the ••••on.l .now cover and the lea

ice will both dil.pp••r on the t~ ac.l. of 50-75 ye.rl in which we are

int.r••ted. Clrtainly the ti.e ac.le for ,ea ic. i. on the order of 1-10

y.ar., so it 1. pl.ulibl. th.t it too will b••b••nt when C02 double ••

We have thul t.ken our eqUilibrium modell .nd consid.red them to

be y.a,ly averlge ~od.la and r.computed the effect of doublina atmospheric

co, when the lee 11ne 1a varied to coerespond to our scenarl0 of no sea lee..
or 3now cover. We represent thls tn the model by movlng tne effective tce

l1ne (that 11, the lat1tude ~lere the albedo changea from earth-water to

"lee") polew.rd In each helllisphere. In the ~:orthern Hemisphere we Move the

ice 11ne from 7~. 20 N to 830 N, while ln the Southern Hemisphere we love

the ice Une frolll 66.90 S to 70° s.

In Flgure 3.2.3.1 we show the change 1n temperature 1n °c ln the

~orthecn Helllllphere for the followlna conditlons: 0) we fix the C02

concentratlon at today's value and remove the lee completlly; (2) we double

the C02 concentratlon but l.ave the ice 11ne fixed 4t 72.2° N, and (3) we

.louble the CO2 and rtmove the lce--thls t. the calculation reported
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\ .

ea~lie~. The sen.itivity to the removal of the ice cover i ••pparent

e.peciall, in the polar latitude.. [The horizontal vartable 18 z· 1 - 2

l1a (latitude).]

In Filure 3.2.3.2 we inve.tillte both what occurs as we increase

the C02 concentration and keep the ice line fixed and the amount the

temperature rise. when the CO2 concentration i. double the pre.ent value

and the .ea ice i. ab.ent. There are three 1e••on. here: (1) the on.et

time of .ignificant temperature chanae i. about 40 year.. At that time the
,.

C02 concentration will be • 500 ppm if it continue. to ri •• at th~ rate

ub.erved over the pa.t 20 year.! After that initial important increa.e,

temperature ri8es are 8ilnific.nt on tLne Icale. of 5-10 y.ar.; (2) by

comparinl the top two curveo we .e. the effect of removing only th~ sea ice

after the C02 concentration has been doubled; (3) by comparing the top

curve with the top curve in Figure 3.2.3.1 we see how removing only the sea

ice and not all the ice has significantly modified the re~arkable tempera-

ture lncreas. in the polar regionl which 11 the "real" equlltbrlUl11 state.

F1gure ).2.).) repeatl this same calculation for the Southern Hemisphere.

The general behavior 11 the lame 81 the ~:othern He~i.phere. Theee 18 nuch

t ••• ice eem~ved In the South but it il allo much more effective than the

~orthern ice in chanalng the net in.olltion because it was and remalns

further equatorwltd than ~orthern iee and the zenith angle effect therefore

is lugu. ::onethel... , the whole effect on ~T 1, .lbout lO~ leu in the

;outh than 1n the ~orth.
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~65



'0
IOUTHIIUI HI .......I".

CHAHGINGCOa

60
...

....--- 'a,'. 2021

......

CIPII' '- Ie ,..

, 20a.> a,'e"'"..... --------===::::::;....--- '002'" 2031

~=-----------"--' '500 ;,'CI,r_ <0•

-"':

!

. 'Q -, •• -7 -, -I -. -~ -2-' o , 2 3 •
I

, I 7 •

••

• • 0
, J~' •
'1

F i"'" 3 2 3 3

'TE'.APEA.TUAE C...ANGES 1"4 T~E SOUTHERN HE~ISP"'ERE RESUL.TIf\4G FROM
C....NGING THE CO, CONCENTP..TION TO .00 sao 600 ANO 666 PPM T...e
yEAA IS C.LCUL.ATEO FRQM CO, CONCENTRATION • 285 PP\1 • .7 PP\1
)( \ 1 0431N WITH ~ • \' EARS FROM 1979 THe TOP C\.iF'Vi IS FOR OOuBLE r ...e
PRESENT co, co~ceNTAATION 1'0 I • 666 pC"'" "~O SEA ICE vcv E::>

~66



The.e little calculationa demonatrate tha real power of the

enerly-budl.t mod.l.. One ia .bl. to .nawer a ••ri•• of int.r.atinl

questiona .bout the b.havior of a ella.t., .lb.it ch.r.et.rized by a ain~le

variable T(z), in an easy and rapid fashion. Each of the curves in these

figures represents about 2.5 min of tim~ on • Prim. 500 system to compute

and print. We will make further remark. on the reliability of energy·

budget models a bit later; nevertheless it 1s fair to note at this point

that both the 111n and general magnitude of th.s. results i8 lik.ly to be

accurate.
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3.2.4 Time Dependent Enerly-Bud,et Models--Se.son.l V.ri.tions 1n
Climate

We have investigated the time dependent JASON Climate Model to see

how ••••on.l variation affect. ~ur expectation. on the doubling of C02.

With .easonal v.riations in the albedo and zenith angle factor. entering

the insolation driving term of the climate model

Insol.tion . (~013r Constant/4) * (Zenith Angle) x (1 - Albedo),

we expeet that in the summer when the sur. is "hiSh" longer .nd the snow

cover and sea ice are substanti.lly removed from polar ~eglons the temp-

eratures predicted by our seasonal model will be quite a bit higher than

the .verages given by the sea.on.lly averaged verlion above. Similarly,

winter temperatures will be quite a bit lower. Furthermore, cross terms 1n

the time dependence of albedo and zenith angle factors which do not average

to zeto upon averaging 0\. the year will also lead to the average tempera-

ture of the seasonal model to be ~igher than the prediction of the averaged

model. The seasonal model clearly has more real physics built into it. A

proper use of the model would be to take the albedo, zenith angle and lR

radiation terms as given functions of time and adjust the parameters (one

here) of the diffusive transport term in the energy balance until it pro-

duced T(x,t) which nicely m.tched the present climate. Doubling of C02

concentration or other time dependent effect. could be investigated.

We have adopted the view that the diffusion eonstant calculated in

our equllibri\lll considerations is accurate enough and used it with t,he
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Legandra ..rie. prasantation of albedo and zanith anala givan by North and

coakelyl to evaluate T .a a function of z· 1 - 2 sin (latitude) and

t illla.

Our calculations were performed taking the time scale setting heat

capacity C in Cit to be that of land, i · two months. We began our

calculations with two different initial temperature distributions: (1)

T(z,t • 0) • 10°C + 200C x z and (2) T(z,t· 0) • 10°C. In each case a

plot of T(z,t + 1 year) w'T(z,t) shows this quantity became zero (i.e.,

1e•• than O.loe) after elaht "months" of computer time (actually about 10
i

minutes). In each case the same periodic solution was reached. Figure

3.2.4.1 shows the temperature as a function of time (after the periodic

solution was reached) for the latitude I. ~.74oN , which is that of

Panama, and for the latitude 1· 64.2oN, which 1s that of ReykjaVik,

Iceland. The temperatures averaged over the year are, indeed, a bit higher

than those generated by the "aoJerage" models. One coulcl tune the t r an spo r t

parameter to fix this.

As on~ can see the model now contains quite intecesting phase lags

betwen parts of the hemisphere. Ind••d, it 1s altogether sensible, for

example, that th. hottest p.rt of the year should come later in Panama than

in Iceland. Further, it is sensible indeed that variations in temperature

~ear the equator should be much small~r than near the pole. (The time

~~riation of zenith angle gives zero insolation during polar night.)
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We have prea.nted end carried out celculaUonl only for th••

Northern Heallphere. Sine. the JASON Climate Model 11 a he.ilphare med.l,

we could e.lll, perform the .... Inv.ltl,~tlonl for the Southerm He1118­

phere. In our calculationa, we have alRO left out the ob.erv.d .easonal

variation of the para.eterl A and B whieh enter the IR radiation part

of the enera, balanr - . The•• variationl ar. Baall eompared to the main

effeet ( ... U of tl.- .Iean value yaarly) and .how a 8isnlUcant latitude

variation a••e.n in comparina Mauna Loa and Point Barrow data. nte full

latitude dependence of the variation i. not known. - I

One ean allo di.play T(I.t) for various monthl al a function of

l~tltud.. No particularly notable f.ature. ari •• except p6rhapi that pole

to .quator temp.rature differeneel are mOlt marked 1n winter (~T • 4S0C)

and qu1te a bit less (~T. 250C) 1n s~mer.

The effect of doubling the CO2 is carried out as 1n the scenario

abov.. First the IR formula is altered by lowering the values of A

and B by the'" 1.5% caleulated before. Next, sea ice and snow cover are

removed up to a permanent ice 11ne taken to be about • 830 N. Equatorward

of 830 N the albedo is unchanaed at I < 72.20 and smoothly matched between

theae latitudel. Several "81Ilooth" matc:hinSI were tried and no e.sential

difference in T(z,t) va. produced.

From these calculations we have made graphs of the change in

seasonal temperature expected at various latitudes after the doubling of

CO2 and the retreat of sea ice. In Figures 3.2.4.2, 3.2.4.3, and 3.2.4.4
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we pr ••ent th... 6T valu•• for the latitude of La Jolla, California;

Wa.hinlton,D.C.; and Mbleow, U.S.S.R.

Our aodel, a. noted above, lack, any hydrololic cycl., 10 laplica­

~lonl of 6T ,lone are not us.ful in draving much in the way of even qu.li­

tattve conclulion. about the effect of all thi. on the i.portant i!lu~, of

lOil ~oilture or precipitation which .tronaly influence crucial human

activitie••uch a. agriculture.
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3.3 Comm.nt. on V_riou. APpro.ch•• to Mod.lina the EArth', Cltm~

Th. work r.port.d on the JASON Cl~te Mod.l i. on. of -any

.ttr.etiv••nd fruitful .ppro.eh•• to the Itudy of eli..t.. Earlier in

thi. r.port ~ have giv.n • kind of hi.rarchy in terms of the numb.r of

dim.n.ion. of apac. explored by the models. Here we mak. som. comments on

s.v.ral kind. of elim.te models: (1) General Circulation Models--three

dim.nsional computer codes which attempt to predict in detail th.

temperatur.~ pr•••ur., wind, cloud cov.r, pr.cipit.tion, ete.; (II) Energy

Con••ry.tion Mod.ll (ECK)--one or two dimen.ional mod.l., lueh a. the JCM,

which .xpr••• ~neraY b.l.ne. in t.rm. of temperature alone; (Ill)

Stoch'ltie Climate Mod'la (J( I)--zero dimensional mod.ls whieh treat

elimat. la • Brownian motion of long time scal.s buffeted about by weather­

-a short time seal. ph.nom.non.

(1) ~neral Circulation Models (GCM) are the most ambitious

attempt to compute the behaVior of fundamental climate variables:

pressure, temperature, Wind, precipitation, etc., from the basic equations

of motion and state. They have reached a point of impressive sophisti­

cation including an ocean wlth heat capacity for the mixed layer, snow and

,ainfall, cloud formation, and other such c~mplicated phenomena. There is

110 doubt that the.e models represent the most interesting a priori attempt

to evaluate the important set of climate variables. GeMs, however, suffer

from sever.l drawbacks. Among them are these: (1) in order to actually

carry out the numerical computations required, it is necessary to make a

grid (typically 500 to 1000 km on a side for the largest grids) within

which all climatolosical phenomena are represented by spatially averaged
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physical pat...ter.. !hi. arid eile il llr.e c~ared to iaportant

atmospheric phenoaena, 10 arft) de~alll are viped out fro. the .tart. Al.o,

numerical instabilities ari.ina from the method of .olution of th.

diff.r.nt equation. on the lattice of I~id ,ite. limit. th~ c:edence of the

output. (2) 'lbe climate aystem is an impres.ive no~··l1near mathematical

problem. Recent .tudie. of non-linear cl•••ie.l aylt... h.ve revealed that

when the numb.r of deare.a of freedom i. la~ae (three il often large

enough) the detailed motion of any dear.e of fr.edom il extr~ely

chaotic. 1,2 tven though the IYltem i. deterministic it can be described as

effectively .tocha,tic or random. Clearly the climate syltem can be

expected to exhibit thi. "inttinaic .tocha.t1city" with a vengeance. If

the fluctuations intrinsic to the equation. of evoluti!)n of the climate

system are indeed levere, one .hould cont.mplate aver'aing the dynamics

over both space and time to reduce the severity of tl.. problem. Such a

reduction 1s inherent in the energy conservation models and the stochastic

!:lodels below. (They are perhaps over averaged.) Some intermediate model

between the GeMs and those over-simplified models are perhaps what 11

called for. (3) ":'he amount of input data (- 106 pieces of information',

the amount of coding, and the length of time to run one realization of •

GCM make it a very difficult tool for probing variation of clioatologic.l

pUd,lIeters such as C02 concentrated extent of ice lines, insolation, etc.

Each variation results in a lengthy And expensive calculation. The general

variation of pressure, temperature, etc., are hard to predict because of

the complicated dynamics involved. Finally, after the calculation is done,

the intrinsic Itochastlclty and numerical problems with the calculation

leave the user of the r.esults with an uneesy uncertainty about what is

provided. 3,4,5,6
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(ii) EnerlY Conservation MOdels (ECK) atudy the highly

parametrized distribution of energy through the climate syatem by

expressing each complicated phenomenon (IR radiatior. and atmosphere,

transport, lnlolstlon and albedo changea, transport of energy by ocean

currents, wind, and latent heat, ••• > in te~s of one or a few b3slc

functions of space and time. In most models this function is the

temperature; this is certainly the ca.. with the JCM treated in detail in

Section 3.2.

Theae ECHa treat the density of energy which is the only quantity

thought to be singled out In non-integrable classical systema. This is a

vlrtue and puts some believability in the resulta. The ECMI, however,

generally suffer from an absence of a fundamental understanding of the

parameters entering them. In the diffusive transport models like the JCM.

for example t the use of a simple diffusive term scaled by an overall

constant is believed by no one to be an accurate representation of ocean

currents, latent heat fluxes t etc. What this warnilig means is that one

should forbear from asking these parametrized ECMs to give more than a 30%

to 50% correct answer for. say. the Lemperature in Chicago in October.

Absent are local effects (e.g •• Lake Michigan). a good hydrological cycle.

6 re31 treatment of cloud. and other serious matters. Nonetheless. one may

believe the sign and magnitude of effects predicted by such models. There

will be significantly larger ~T in Moscow than in La Jolla when the C02

1s doubled. Perhaps tiT in Moscow in August will only be 5-7 oC. rather

than the lloe indicated by the JCM calculations presented here. ~vert

the trend and general size of the effe~ts are likely to be cor~~~
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A real virtue of the ECMs--one whicb tenda to blind the

practitioner. to it. faulta--i. the aimplicity of the equatlona formulating

the models. With such simplicity, one 1s able to ealily chanae parameters

and rapidly probe the answerl to numerous interesting questiona--many of

significant social ~port. Infrequently, after enough idealization, one

can do t.hese probes analytically, but the ease and Ipeed with whicb one can

extract nWllerL:al results makes analytic r'!sults an amusina sideline.

To "epeat: one should u.. tbese Eat results aa an ind1cator of

directions and magnitudes of responsel of a ~l1mate Iyatem to alterations

in lts input. Using ECM results in conjunction witb the more comprehen.ive

GeM calculations will improve the quality and utility of both.

(iii' Stochastic Climate Models (SCM) are based on an idea of

Hasselmann· 7 One treats the climate as the ootlon of the climate system

(earth-atmosphere-cryosphere-ocean-biosphere) on long time scales while

shorter time scales. called weather, are treated as a random driving of the

slow motions. The analogy with Brownian motion i8 direct and made quite

explicit in the papers. 8 With weather considered gaussian noise, the

formalism becomes identical to that used in the study of the Langevin

equation for Brownian motion. Since climate is driven by a stochastic

force. it is stochastic itself. In computing correlation functions of

climate variables (for example, autocorrelations of sea surface tempera­

tures) one has three input parameters: (1) the time scale on which the

w~ather acts--this 1s taken to be zero. relative to climate time scales;

(2) the strength of the weather driving force; (3) the decay time of the
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cl1lllate systell after beins "bUllped" by the weather. With this INch freedom

10118 data on .ea .urfac. te.perature autocorrelationl haa been iaprealively

fit. 9• 10

It aeems to us that the real use of SCMs is to give an indicatioD

how much of climate variability arises fr~ the inevitable averaging

process uaed in extracting the "climate" froll the "weather" and how much 1s

really intrinsic to climate dynamics. This will allow climatologists to

focus on the dynamical aspec 1; . of climate motions rather than try to re- .-

explain weather.

SCMs are likely to be deducible by suitable space and time

averaging from GCMs. Their connection with GCMs deduced by this kind of

averaging will be useful in giving some footing to the value of the

parameters they deduce from their limited data. The connection of SCMs

with ECMs is ad hoc as far as we can see.

282



REFERENCES Foa SECTION 3.3

1. Ford, J., "Picture Book of StochasUcHy," Topics in Non-Line'!!.
Dynamic•• (S. Jorna, ed.; Am. Institute of Physics, 1978).

2. Lorenz, E. N., "The predictability of a flow which possessesuny
scales of motion," Tellus. 21. No.3. 289-307, 1969.

Wetherald. R. T., and S. Manabe, "Response of the Joint Ocean­
Atmosphere ttodel to the Seasonal Variation of the Solar Radiation."
Mon. Weal ~.~. 42-59 (1972).

3.

4.

5.

6.

7.

8.

9.

LOt

Leith, C. E., "Predictability of Climate," Nature. 276. 352-355,
(1978).

Manabe. S., and R.T. Wetherald. "The Effects of Doubling the CO 2
Concentration on the Climate of a General Circulation Model." ~
Atoos. Sci., 1!, 3-15, (1975).

Schutts. G. J., and J.S.A. Green, '~echanisms and Models of Climate
Change," Nature. 276.339-342. (978).

Gilchrist. A•• "Numerical Simulation of climate and climatic change,"
Nature. ~~ 342-345, (1978).

Hasse Inann , K•• "Stochastic Climate ~todels, Part I, Theory," ~~,
28, -~ '85, (1976).
"'Hasselmann. K•• and C. Fr ank Lgnou'l , "Application to sea-surface
temperature anomalies and the monocline variability. Part II." Tellus,
~, 289-305, (1977).

Paltridge, G.W •• "Global dynamics and cl1mate--a system of minimum
entropy exchange," Quart. J. R. Het. Soc., lQl.. 475-484, (1975).

Gates, W.L., and K. Hasse1mann, "The Influence of the Ocean on
Climate," WMO Publication #472, WMO-Geneva, (1977).

Reynolds. R. W. t "Sea Surface Temperature Anomalies in the North
Pacific Ocean." Tellus. 30. 97-103, (1978).

283



(This page left blank intentionally)

284

I



4.0 SOHE CONSEQUENCES OF MAN·S CHANGING THE COMPOSITION or THE
ATMOSPHER.E

An increased carbon dioxide concentration In the atmo.phere il

equated by many Ic1enthta and policy _ken vith the "Ireenhouse effect."

that is, a warmer planet. As we empha.ized. climate i. much too

com~licated to be descri~ed .01ely by averaae .urface temperature or

chana.1 in temperature at variou. latitude.. Chanae. in cltaate vill alter

the biosphere, both terr••trial and marine, by chanaina temperature,

precipitation, length of the Irowing .eason, etc. Further change. in

concentration of :arbon dioxide can altor the bio.phere .s ha. been

discussed in Sections 2.2 and 2.5.

In this section we briefly comment on several consequences of

man's activities that change atmospheric composition. The use of models to

predl~t climate is discussed in Section 4.1. The changing temperature and

the latitude dependence of these changes affects the distri~ution of sea

ice and as a result a component of the ocean.· circulation with major

implications for the marine biosphere. The.e queltiona are taken up in

Section 4.2. As the earth wa~a vith the warming accentuated at high

latitudes, melting and dill1ntegration of the llpermanent" ice sheets can be

expected. tn section 4.3. we con81der the impact of the warming on the

~ost vuln~rable part of the Antarctic ice mas., the West Antarctic ice

sheet which i. gro~nded below sea level. Both the change in climate and

the chang,e in the carbon dioxide content of the atmosphere '1111 affect the
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bio.ph.r.. Sectioa 4.4 bri.fl, not•• the anticipat•• effect. Which, we

a.pha.i•• , .ra poorl, ~a••r.tood.

COa AtMolpheric Mode1ina and Climate Pc.dlctiog

4. i. 1 Introductlon

r: .••ltu.tioft with ce.p.ct to atMolph.dc modll. and precUctlon.

on thi. q~••tloft 1•••••ntl.11y a. follow.. Thara a.i.t a numbar (-10) of

more or 1••• indapendant .od.l c.lculatlon. of 10.. a.pect of tha C02­

Cllmate q~e.tlon, wlth dlffaclna c••ult.. Whl1. all aaree on the 11an of

the ta.paratur. ra'pon.. and on It. 8an.ral maanlt uda, there 1. conlider­

~bl. dilalr.a••nt on oth.c c11mata featur•• , and lnd.ad on what ar. the

dominatina factor.. Only two or three incorporate even crudely the actual

1ynam1cI of the at~osphere acting in response to physical laws; Lhe ~thers

3i~ulate the effect. ~f dynamics ~y &ross siMplifications, e.~., Jl~bal

~trculatlon sl~ulated by heat dlffuslon. tn the sl~plest ~odels conser-

:~tlon of e~.rgy and cectain ~ptlcal atmospheric pcoperties are lncluded~

but not much else.

FrOID tha cruder mod.ls we can expect to extract only very slmple..
propertie. of the cll,e, such al averas, slobal tempecature tncr ea se- -.:.t H ls the spaea olnd t lma aver sse CJ f .HsCx,t' Fo r thls

J I

n)t ~uch ~ore than energy conservatlon clnd Nme 3ssul!lpti.:lns 3.b"'lt J·.. ar..lge

dl~edo and tR emlss10n ls needed. Nlth lncreaslng ~omplexlty 1n the modal

,I)CI letalled atmospherlc propertles can be pcedlcted. :'he level "f

required Lnputs for ~aclous outputs can be tabulated.



Output

(ii) 6T (x,t)s,asonal, 6' latitudes •

(11i) Chang.s 1n precipitation,

humidity, wind patt.rna, .tc.

M1n~UI Blquir",nt,

En,rlY input, .v,r'I' .lb,do

and II ••halon

Se.aonal 801ar input, alb.do

va latitud, and II vs l.ti-

tude (actually t.mp,r.ture),

the latt.r lott.n

••plrie.lIy or by .na1y.is

of • radiation .od~l.,
Global circulation, corr.ct

th.rmodynamica, radiation

th.ory and oc.an couplina

The degree of arbitrariness stUl allowable in the paumeterlziug even

among one dimenslon models is large. Typlcally each Iuch model hal been

selected to emphallze one or more lensitive "feedback" mechanisms to the

neglect of others.

n.. more elaborate GeM modela contaln their own .p.clal a••Ulllp···

tions, as with re,pect to chanse. in cloud height, stabillty and lapse

.ate, optical peopeetles of cloud. and ice, etc., which may make for quitt

different cltm.te prediction. with increal.d C02 concentration. In

assesslng the .laborat. mod.ls and in trying to und.rstand thelr diff.r.nt
••predictionl, it i. important to learn the I.nlitivity of the pr.dictions to
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th......uaptlon. O~ •••1Ined prop.rtl... Rlr. the on. d18.n.lona1 mod.l •

.., b. h.lpful, •• tD .oa. c•••• the ••n.ltlvlt, to p.rticul.r mod.l f ••-

tur•• c.n b. t ••t.d dir.ctl,. Thu. for .n, cl~t. f••tur•
•

• te.) we c.n defln•••en.ltlvlt,t[eone., T.(x),
A[CO2)

Alt • ~ (CO 1
•

• By exa1nlna t h. value of

.ueh th.t

for ••erle. of mod.ll

• ome ld•• of the r.latlv. lmportane. of a .p.ctal featur. (e •••• cloud

hellhe varlation) c.n b••aln.d.

On. r.alOn for the nec.I.lt, for luch indirect method. to analyle

the atructur. of an elaborate GMC output 11 the Inability, 10 far, to

d.velop perturbation ••thed. to tre.t ..all effect. 1n all but the mo.t

prtm1t1ve model.. (The u.e of differential notatton 1n the fo~ula above

for At do•• not tmply that we can eonltruct the taplted d.rtv~tlv'i.)

Thul for the "doubled CO 2'' investisatlon the complete calculatlon 19 per­

fomld tw1ce, for the two different [C02) values. (It is not clear that

intermediate valuel are given by linear Interpolation.) EvlJently the

strona interaction between the vlrloUI feedback ~echanism. makes lt dlfft-

cult to conltruct a perturbatlon procedure.
\

4.1.2 Atmosphertc FeedbaCK Senlttivltie.

We examine the senlittvity of elimate propertlel, partieularly

~TI ,for a ~tven input [C02J to the follOWing feedback mechanislll':

A. ~s. Case--no feedb.~k

B. H20 vapor denllty

C. Amount of cloud cover
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E. Cloud helaht

We 1mali~e here that the CO2 concentration. are aiven; not

included an .uch eUect. a. the additional plant ab.orpUon of C02 with

photo.ynthe.i. increa.ina vith the concentration of C02' or the additional

emi•• lon of C02 from .uil. or methane hydrate. in a warmer cl1mate.

Additional "feedback.1I on eli"au are:

F. The efflct of the breakup of iClblra' into Im&lllr floltina

unit. over a laral ,rea, n.arer the Iquatof J in inerla.lna

t~e net tee Ilbedo. Th. polltble ••anitude. and ti...ealel

are unknown.

G. The effect of the los. of ••a ice in reducing the lea

current. feom polar regions to the ocean deepl, allowing the

ocelnl to warm and drLve out CO2, The time Icale il probably

long.

A. we have emphalized throughout this report.
•

~T 11 a poor
I

description of world-vide climate chana', ,ertainly of the effect. of mOlt

consequence for human ltfe; it repee••ntl, hovevec, a celative mea.ure of

CO 2 effect. bet,.. en model.. For the cruder modell it is the only re.ult

with much credibility.

Actually there have been more detailed Itudi•• of the stn.itivity

to small increas'l in .olar radiation than of change. in C02' In a leriel
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of pap.ra, 01••1, 5, 7 ha. ~tudl.d th... qu••tlon. In d.tall, .nd we wt~l b.

lulded by hl1 analyele. W. vill arlue thet t~••ffect of incr.a.ed eolat

input, which ptwatlly Vlint. the ground, .nd t.nere•••d CO2 dendt" vho ..

ablOrptlon .nd ..lIlll)n incr..... the In.ulaHna eff.et of the .t1ro.pher.,

au lovern.d by the ••condary feedb.ck .fhetll-eloud cover, etc •• -11\

much the ..... VI, ••t laa.t .ufflcllntly to .".ble u. to judge tt.. rehtiva

illportane. of different f••db.ck.. Cle.rly thar. vill ba .011. real

dlffarenc•• betwe.n the.. two e•••• ; C02 ineNa•• ha. eooUna .ff.ct. In

the .ttato.pher., vhich vill affec~ the 1& .mle.lon and cone.ivably affect

Ilob.l t~.n.port--no .uch .ff.ct 1. produced by tn iner•••• In inaul.tion.

A....atter of f.et, a certa1n deare. of "calibration" of the••

two ,ff.ctl c.n b••ttempt.d. Th, Manab~ and Weth.rald2 on~ dlmonsion.l

~od.l (1967) and their (197S)3 three dimensienal model both yielded results
_ ~[C02] es

for 6T•• a [C0
2

] and 6f•• ~ The ratios In each case ~ere such

thH • 1.6% Locu••• 1n 1nsulation is equiva],ent to a doubling of CO 2,, The

JASON model (see Section 3.2) is 1n agreement. with this ratio. Actually,

w. will u•• this paralltl1l1ll only to ind icat.l the relative inportance of

the variou. feedb.ck. in the C02 problem.

•
A.. Ba •• c..,--no f,.dback. Th, I'r.ug, U·flux 11 reproset1.ted

and the avulge 'Iolalr input byby F. E:oT
4

•
S4' (1-8) wh.re S· 1360 W/U12 and a 1s average

albedo. If E: and a are ioci.pendent of T,

energy consarv.tion we have fo~ the sensitivity

t hen fro'll
J! s;

~ • .is . s •
T./4 • 700 ot 0.70 increas. t,~r a 1% change in S •.Ut

other re.ult. can be compared 'rith thi. "ba.e."
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I. Variable H2O Vapor. If we flx humidity at 501, allow no

chanae i~ cloud cover or heiaht or ln total lee reflection,

this corre.ponda to the Hanabe-Vetherald2 lD model, from

which 8. 130 0 We note that the Budyk04 "empirical"

•

fo~ul. for 11 flux F· A + ITs preaumably contalns ••veral

phYlical effect., but for fixed cloud and ice cover it may

correspond to thele aame condltions. It give. a value

e • 1600

C. Variable Cloud Cover. 1hl1 provide. two feedback ..echanilllll

of oppollt4! I1ln, (t> the "Iuenhou.e" effect of added cloud

cover, and (ii) the reduced 101ar flux onto the around.

Ces.S hal examined the.. effects in detail, each of which

turns out to be qUite large. According to cell, however, the

effects almost cancel on an averege global balis. He gets an

ovetall lensitivity of 145°. about the same al in (8). In

this investigation, two other effects of intetest were

explored. To alsea. the feedback the connection between

amount of cloud Ac and aurface temperature Ts must be

found. In spite of the "intuitive" gue.. of most people that

dAc/dTa is poaitive, from a careful study of .atellite data

-Ceaa found dAc/dTa. -0.02. Thia reqUired a rather indirect

argument in which the tmportant variation of cloud albedo

with zenith anale mUlt be aotted out first. He alao find.,

not aurpddngly, that at high latitude the lR areenhoulle

effect, on an annual average, considerably dominates over the

weak albedo effect of solar input. Thus there il a
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con.ldlrabll po.ltlvl Ifflct of cloud varlatloD ln polar

ulion.. We note here. to b.. dle-cullect ln SlcUon 4.1. ~'.

that Ill\lch of the h.at input to f",lar reliona. a"nua11y, com...

frog thl at~08phlric and oClanic flov olIvaI'd. from regiona

of hiih soler radiation. (Near summer 101aticI, of course,

thl direct lolar lnput arlatly exceed. thia convlctional flow

of heat.)

D. Ice Cap Albedo. In the early model calculationa this ha.

eVidlntly bIen rllar~ed a. the .inale moat important feedback

mechant.. which lavern. the Iloba~ templrature r"apona. to

, chanae. it! lolar radiation. In th.early 8udyko4 and

5el1.r.6 model. it i. the only explicit f••d-blck included.

Suba.qulnt calculatione, of courae, includ•••veral of the

feedback factors discussed here. especially the elaborate

~nab. ~nd Wethera1d 3 analysis of the effect of 301ac

radiation increase. One way to examine the celative

importance of ice albedo 18 to find the 1\\ccealle in

a • s1IS due to the 1nclu8ion of this factor over the value

of l3 from the same madill without such tnc Ius Lon (Cess).

The Budyko relult, based on empirical modeling of the

temperature dependence of cloud albedo and IR fll~ yielded an

lncrease factor in a of 158%. This wall criticized by cess,

I\owever, for !lot takins int.o account the ~trong cloud albedo

Jependence on sun zenith an~le in the empirical modeling,

which 8i~el a large false apparent temperature dependence

from the albedo-latitude data. Corcect1vn for. this effect

292



from modern eatalllt. data, .ccordina to c.•• , brlnal the ice

.lb_do lncr.... in Q down to 25%. Thi. th.n .ar••• with

the value of 27% incr.aee from the Man.ba-Wether.ld3 model

referred to abov.. On the oth.r hand, the Seller. mod.l.

whlch employ•• step function lncrea.e in albedo at the "Ice

lln." latitude give. an Ice albedo tncrea.e ln a of 117%.

Evidently the u.e of a .tep function ic. albedo aiv" a very

much laraer effect than do other quit. plau.lble

calcula tionl. (See Section 4.1.4.)

E. Cloud Heiaht. The .ffect of thl. pot.ntially important

fe.dback mechanism hae not yet been analyl.d vQry fully. In

the GeM ty~e c.lculation of Hanabe and wetherald2 the cloud

altitude distribution was kept fixed. For an increale in

solar radiation this means the cloud tops are warmed as the

general atmosphere i, wa~ned, and thus they radiate more

strongly. Many clouds are essentially opaque black bodies;

if the atmosphere above them is quite transparent the IR

radiation to outer apace is then aoverned by the cloud top

temperature. In fact. the assumption of fixed cloud height

in Hanabe-wetherald2 resulted in a small negative feedba~k

factor (O.8~J, according to the analyll1 of their work by

Cess 5,7. With incr•• sing lurface temperatuees one may expect

that the enhanced humidity will extend the (moist) adiabatic

lap•• region to high~r altitudes. ~ith a ~e.ultin8

equilibration of clouds at higher altitude.. In one limiting

model the cloud top temperature remains conetant, with a
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..rked re.ultina positive fe.dbeck. Accord1na to ~••• the

a.aumption of conatant cloud temperature in the MW model

would aive a feedback factor of 1.6. whlch would then sive an

overall IElnl1t1vlty a. 1850 ~::5 • 340 0 • ntll 1s not

very conclusive; it appears that only a calculation that

incorporate. a dynamical theory of cloud formation can be

expected to clarify this important question.

Sumaary of ~en.itlvities

There ...ms to b. aBreement amana the models that. in the absence

of tce-anov albedo variation. and wlth fixed relative humidlty. cloud

amount .~d altitude•• a 1% lncr.a.e ln insolation will produce a slobal

temp.rature ri •• of about 1.50 • Thi. is true of the semi-empirical models

(Budyko) •• well as the elaborate GeM models. Includins the ice albedo ~~d

its feedback by melting results 1n greater divergence among models; the
I

Budyko model (uncorrected) gives a very large effect, most of the othecs

givina a modest 25% additional positive feedback. (The "corrected" Budyko,

see above. is 1n fair agreement with other calculations.) The sensitivity

to varying cloud cover is not well established. There may lndeed be a near

cancellation of albedo and greenhoule effecta here, but not in polar

regiona (lee Section 4.1.4). Cloud height is G potentially important

factor, but very likely only a theocy that shows what the clouds~ will

clarify the situation.

Depending on this lase factor the predicted rise 1n temperature

for a 1% Increa•• in Inlolation is in the range 1.80 to 3.4°, the upper

~alu. probably rather extreme.
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There are other ~portant factors that influence cliQate which are

even les. well understood than tho•• di.cu••ed here. amona them the effeet

of leasonal oacillation and the complex subject of the role of convection

and stability at varioua latitude. and in different cltmate conditiona.

These questiona will be of importance in the problem of high latitudes and

the polar regions. and ~ will discuss them. a. best we may. at that point.

COa Hodel Prediction.

-1'here have been about a dozen "modern" 1IIOdel-calculaUons of the

effect of doublina CO 2, running through the spectrum of modele from one

dimensional enerlY balance eltimat.s to recent attempta at full three

diMensional calculations which include atmospheric dynamics. In the

latter. quantities such a. ice and enow. humidity. cloud formation and

altitudes are not input parameters but are calculated outputs. While the

very simple models. guided by observed input data are useful for estimates

of a few variables such as global temperature rise. probably only the

latter more complete theory can be expected to yield reliable statements on

the variation of C02 effecte with latitude and season, not to mention pre-

cipitation and other cl~ate effects. There have been excellent reviews of

this subJect by Schneider8 and Watts9 on which we will draw freely. Note

that

index

the actual temperature rise 6T ilt related to the "sensitivity"
dT s

I

Here we will describe these modell briefly. and give the predicted

l
I

global temperature rise for C02 doubling

equivalent to the sensitivity pacametec
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A. EnlrlY Balance Hodlln. 'lbe prototype i8 the Budyk04

calculation of the effect of chanl1na insolation. (The JASON

climate model 18 of this type.) Therl i. on~ space

dimenllon--lat1tude, and the atmosphere is pe. ~eterized by

i' and albedo functions Which are usually written a. linear

function. of temperature. Cloud cover and ice extent are

input quantities, which may be taken to be functions of

temperature. The IR flux and cloud albedo are empirical,

follOWing Budyko and the later improved valu•• of CessS, in

alreement with satellite obseeva-tions. Horizontal

circulation is simulated by heat diffusion type express1ons,

with diffusion constants adjuAted to describe present
•

conditions. Foc the CO 2 problem these empirical functions

must be adjusted to new values for the doubled C02 density.

Subtleties such as the stratospheric cooling by CO2 can

hardly be incorpo-rated in these models. (For these latter

reasons these models are probably better suited to describing

changes in insolation than in composition of the

atl!losphere.) (1) JASON (1978) CUmate Model. Here the.02

effect in IR emission and absorption is obtained by

calculating the change in "overall optical path length" from

CO 2 doubling, treating the atmos!lhere as a uniform "g eey"

absorber. To relate this absorption to the groun~

temperature the lapse rate is taken to be that of pure

radiative equilibrium (no convection). The other properties,

albedo, heat flow, are taken empirically. This model also
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sivea latitude variation of AT • an~ with the correct
8

80lar radiation input can yield aea80nal changes. described

in Section 3.2. The slobal temper-ature rise. for CO 2
a

doubling i8 ~T a 2.40 • (ii) Ramanathan. l l from auch
a

an enersy balance model. haa obtained. with fixed cloud
a

altitude AT. a 2.20 but with fixed cloud top temperature
a

AT a 6.30 • (i11) It 18 also reported9 that Cess. froms

a Budyko type model but with new radiation-temperature
•

relation. has obtained
a

•

B. One Dimension Radiation-Convection Models. At an "averase"

location the atmospheric radiation processes are treated in

some detail. Various .ssump-tions are made as to cloud cover

and height and humidity. Care 1s presumably taken to use the

corr~ct lapse rate. radiative or convective. at each

altitude. We note that the stratospheric cooling by CU 2

seems to have a pronounced effect on infrared feedback. and
a

(i)ATs

Ras,ool and Schneider l O assumed a fixed humidity. cloud

its inclusion gives a marked increase in

structure. and laps!! rate. l:Ind omitted strata-spheric
a

conling. hence obtain a smull AT a 0.8
s • (11) Manabe

and Wetherald. 2 A careful treatment of radiation-convection

relations. includes stratospheric cooling but assumes fixed
•

humidity and cloud distribution obtain AT a 2.40
s

(lii) Ramanathan13 fixed humidity aed clouds. different IR
\

radiation assumptions from Hanabe-~etr .raid (above)
a

(iv) Augustsaon and Ramanathan. 12 Similar
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I •to above. but includinl the weaker 002 band. AT•• 1.980
•

but if cloud temperature i. constant. then AT • 3.20
•

c. Three D~en.ional CMe Model.. These calculationa, in

• •

ppinciple, attempt to construct a description of climate,

starting from .uch baaic input data as inaulation,

atmospheric compo.ition, land and water geosraphy, lR

radiation theory, optical properties of air and clouds and

surfaces. ,\ft approx~atlon to the real equations of motion

and thermodynamics i. integrated to a (pre.umably) unique
r

steady state.-'lbis intesraUon 18 accompl18hed on a grid

with simulated geography. Of order ten vertical levels are

employed. Actually in the results published to date, some of

the climate features aa humidity or cloud distribution are,

in fact, inserted as inputs. 'lbe only completely pub-lished

and analyzed C02 calculation to date is that of (i) Manabe

and Wetherald. 3 Cloud amount and cloud height distributions

are prescribed and are held fixed in this calculation.

Evaporation and humidity are calcu-lated from the insolation

and wind flow, as are snowfall and rainfall. A region of

permanent icecap is defined by an isotherm which varies as

C02 increase.. The ocean serves as a source of water vapor

only and has no heat capacity. No transport of heat by ocean

currents is allowed for. This latter is probably the most

serious defect of this and the other GCM models employed to
•

date. The re-ulting temperature r1se is 6T • 2.930s

Other results of this model ~ll1 Je dis-cussed later. We
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note here that an av~raae (Itaady) 1n~lation funetion 1.

a.ployed, 80 no •••8Onal effeet. are pra.ent. (1i) Han.en

G~SS Model. 13 Be.lde. a aore detailed land and vater

seosraphleal input thi. d1ffer. from "-nab. and Wetherald3 a.

follows:

(a) Cloud formation 1n convective ri.ins and cool ins ia

calculated. 80 amount and height dl.tributlon i. not an

input·

(b) Conden..tion and optical propartia. at r.v~Q8 are al.o

calculated (•••umina 10m drop .1.e).

(c) The oceans are given the 70m depth heat capacity of the

mixing layer.

(d) Daily and ••••on.l .ol.r variation i. employed. The CO2

doubling sensitivity of global temperature 1s
•

6T • 4.50
s

• The reason !or this high value is not

4.1.4

fully understood but it may very well be the relaxation

of the cloud height restriction to allow aacent to

cooler regions. In thi8 model the clouds may more

nearly approx-imate to constant temperature. We r~call

that in Section 4.1.2 it was aeen that between constant

height and con~tant temperature there was a factor of

some seventy percent. Compared with Manabe and

Wetherald, the Kansen value 1s within this range.

COa Effects in Latitude. Seasons. and Polar Regions

Predictions of climate change will be determined, in the firlt

place, by the variation of temperature with latitude and with sea80ns.
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Unle.... can predict the.. drivlnl forcea in a ..ti.factory way. we can

hardly expect to ..te reliable ,tat..ent. about precipitatlon. arctlc ice

.alt•• rellonal ablft. In arldity, etc.

Annual averase latitude variation AT (x)
s

from C02 doublina from

the Manabe-WetheraldJ and the recent Budyko11 re.ult. i' shown in Flaure

1. (The latter i. an application of the old Budyko mode14 to the CO2 prob-

1... , The ri.. 1n AT at hiah latitude. 1. marked in both cal.',•
amounttna to a. much a. 100 .-4 n cOIIparllOn with cbe averaae value of about

JO • On the face of it. thll dee .e•• to be a direct r••ult, a, a feed-

back, of the 10" of ic. albedo by m.ltina. (A .imilar latitude effect ~a.

found in the Budyko'. 1969 evaluation of the effect of increa.ed 1n801a-

tion.) Thi. pietuts ha. chanaed .omewhat a. a ce.ult of analysl. of the

cecent GCH cesults. ~~nabe and Wetherald3• S, and ce-appraisal of the Budyko

parameterization by Lian and cess l S and Watts9 as follows:

A. The re-evaluation of clo'd albedo by ce••• S in particu-lar

the realization of the importance of zenith angle on cloud

albedo led Lian and cess15 to ce-evaluate the ice albedo

function of Budykoo M was di'.cuased In Section 4.1.2, this

led to a reductlon In the global temperature sensitlvity to

ice albedo to a modest 2S%. Watts9 hal applied this new

alb.do function to the Budyko model. and finds that the rlse

In AT s at high latitudes Is reduced to about 1°.
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B. The CCM re.ult. do not aake u~e of e.pirica] albedo input.,

thu. the predicted rt •• of 6T. 11 not .ubject to thh .a.e

crltlcl... In the opinton of tho euthor. the ice albedo

eff.ct ••ke. only a mode.t contrlbutlon to the Hlnabe-

Wetherald predicted rl .. ln AT. with lati-tude. They polnt

out that thl occurence of "radlltion nlblU..d" ItllOlphlrel

~~ ~1ah lltttude. 11 I more tmport.nt flctor. Such.

Itabilized atmo.phore (no convection) cond~tl heat from the

.urtace moro poorly than doo. a convect1nl ae.olphere. ttlil

enha,ced areen-hou.. ef teet 11 found 1n colder Ind dryer

reslon.. In Iddltlon, the Iharp rlle ln te.perlture near the

.urf.ce ln the Itabiltzed profile even slve•• lomewhat

spurioul effect, a. the larae 6T values are lurtace•
tempera-tures, and not reprelentative of the whole

troposphere. The introduction of convection mix•• the

troposphere, not only transporting heat thereby, but a180

feductns the thermal sr.diant in the tropo.phere. Watt.9 has

shown that • vertical averase of temperature .hows only •

mild incr.a.e with latitude.

c. In the polar regtone there are spetial probleml. Most of the

model calculationl publtlhed 10 far do not include lea-.onal

vari.tion of inlolation. Whil. thi. may not be a .,rious

defect in tropic.l or temperate latitude., the huge lea.onal

variation ln pol.r reslon. wl11 emphalize non-ll~l.ritiel ln

the dynamic.l "Iponle and will intro-ducl "be.tl" between

lolar and albedo oscillationl. An elementary example il the
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faet that In polar re.ionl when lee albedo II a ...laue thure

II no lun, but 24 hour lUll when It il a mtnllllUl'l. A tuatllent

ba,ed on "annual wer-a.e" lnlOlatlon 11 not very

..anln.fu1. It 11 a110 the cale that mOlt of the annual h.at

Input Into the arctlc circle II not 101ar but cOlDe. from h.at

flow from more equatorial re.lonl. lee albedo play, no role

In thll ener.y flow, nor doe, doud alb.do, 10 th.. quoud

n.ar cancellation of lt with cloud .teenhou•• eff~ct, S.ctlon

4.1.2, doe. not apply to thh h.at flow 1n polar rll'-.il)n••

!hu, cloud cover varlationl could b. an added fe.dback

.• ff.ct. With r.lpect to the qu••tlon of the ••ltln, and

pQll1bll dlaapp.uanc. of the polar ic., the annual aVlluae

tr.at••nt•••••ntl.lly c.lculat•••ean temp.ratur. at the

pole fcora en.ray balane.; if 1t 18 above lome 8ulgne'd ice

melting t.mp.r.ture (0 0 or -100) thi. il Interpreted al the

dllapp.arane. of the ie. cap. Only by carrying the ayatem

through annual eyel•• , with latent heat included, e an thia

que.tlon b. an.weced. There II the further elementar~ ract

that the raelting ice, either In the Arctic Ocean or atl

81ac ierl In An '\tetiea, acts as a themal ballast and ensutes

that the .UIIllfter surface telllp.rature Itays at osc llfJ lonll as

the lee la.t.. The one GeM model which i.neludes fieaSOIU and

latent heat--Hansen-GISS13_do• s show th!.s effect. Th.! lee

does not all melt for doubhd CO 2, and summer te'.llperature

.tays at osc.
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D. rOt. clt..te predict10n. the .ff.ct throuahout the ,e.t ot •

C02 incC'••H .hould b. known. 1n p.rticul.r the .n....r to "la

AT Ire.ttt in •••er or 1n vint.r?" 'ftl. ~d,ko .nd JASON•
• ad.l. yleld the r••dy .n.... r th.t 1n .u..•r the ••ltlnl le.

iner••••• the ..ount of .b.orb.d .ol.r r.di.tlon who.. C02

ar••n' )u•••ff.ct ...1.1... AT. 1n .u.••r. In GCM aod.l ••

•• va h.ve ...n. ice .lb.do ..... ta pl., a l ••••r rol., .nd

lt i. 1••• cl.ar wh.n the aaxt.w. AT. tak•• pl.ce. 'ftle

r.di.tlon .t.blll••cion effe~t .., do.ln.C' ••nd lt 1.

Itronaer and aor. vtd••pr.ld ln vtntlr thin ln .um••r. 'ftle

Hln••n-GISS model .how•• Ir••tlt AT. 1n wlnt.r. It w11l

b. int.r-e.tina to .e. wh.th.r ind.p.nd.nt GeM mod.l. v.rlfy

this r.thar .urprl.inl r••ult.

4. 1.5 Climat. Prediction

The foregoing dl.cu•• lon leave. one with ••enle of c.ution about

prediction. of the gener.l cltm.te Iffect. of CO 2• A few feature ••re

fairly clear: there 1. doubtle •• an over.ll areenhou.e .ffect a. CO 2 In­

ere•••• , whlch will l ••d to an .v.rag. temperature rl •• , probably of order

30_4 0 • There i. a .trona ca.e th.t thi. t.mp.r.ture incr•••• will be

di.cernably larl.r .t h11h latitud... Wh.t .ctually h.pp.n. at the poles,

including ~h.th.r • CO 2 doubllna mak•• the lc. capl v.nllh, leems to be

quite op.n .t pr•••nt. ~. believe th.t thl. qU'ltion can only be r'lolved

by .n.ly••• th.t c.rey the Itmolpheee .nd oce.nl through the annu.l

cycle. Since.n lmport~nt plrt of climate delcriptlon i. the le••onll

cycle, lt would ...m thlt computation.l .ffort .hould be pl.ctrl ln th.t

dtrectlon.
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In the Man.b..W.·~.r.ld thr•• d~.n.lon.l .od.13 on. r ••ult to

whleh th., polGt, .nd ""leh .UGd. out d ••dy, 11 the .ub.t.nU.l iller••••

ln the ''hydro1011eal eyel."; pnelpltltloG bere•••• by about 101 in a band

pol.v.rd. of 400 latitud., with a eorr••pondtna lner.... ln .vaporatlon

b.low r.hl. l.tltude. the Kanab. and Wlth.rald 3D Ivaluatlon of lnlOlation

iner••••hov. the .....ffect. MDr. !.lIporu.nt, the reclnt Hanl.nl:) GeM

mod.l .hov. v.ry lIuch the .... Iff.ct. PerN.p. we are nlarly 1n • 11>0IUlon

to uk. a. d.finit. a Itat••nt about thl. p(,lavlrd 'hUt of rlln bllt a.

we eln .ake now about the tl.p.r.tur. rl ••••

W. not. th.t the .tr.to.ph.r. vatlll~~ 1. a .p.clfie C02 Ifflet,

not found V1th tftlOlatton incn..... "'11 vUl d..ltabUh. t~•

• trato.ph.fI lom.vhlt, p.rhap. shUt thl trollopaul. upward. Thil, and the

efflct that ttratolph.rie warming may have 011 high .iltltude cur eene s such

.a the poleward flow of ozon•• has not been flxamin.d •

•
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4.2 De.p Ocean CUrrent. and rol.r War.ina

4 • 2. 1 De. Z? Ocun n OWD.

The tr.n.fer of water betweln thl lurface and deep layers of the

oceanB ha. important conlequence. for .arth .urfacI templr.tute., and for

the c.pacity of the oClan. to .b.orb CO2 from the atmolphere. The

atmosphlre. in turn••ffectl the oceanic .urf.ce l.yerl and thu! ultimately

the flow of weter in all p.rtl of thl oCI.n. We focu! hlte on pOlsibll

Ifflctl on the flow p.ttern. atilins from C02-induced atmo.pheric warming.

and on lome of the conlequence. of altered flow.

In Ittemptina to .nalyzl thl current Itate of flow onl hal to face

the fact that our fundamental under.tanding and knowlldgl of the flct. i.

limited and that the motions arl complicated. A very rough sketch of major

ocean flows ln • vertical plane of the Atlantic is shown 1n Flg. 4.2.1.

The lmportant vertical motions are the following:

1. A downflow to tf;·~,.· . :.1....: ",,"tic !'eglon. mAinly in the

Norweghn and Lab r r- '. Sea8. t"l:icimat.ee of the magnitude of

thi, flow r.nge trom 3 x 106 m3/s.c to 30 x 106 m3/ ••c.

2. A downflow origin.tina in the Wlddell Sea Ired of th.

Antartlc, with tate, known only ve,y roughly, of about 20 x

106 lIl 3/ sec .

3. A general upwelling though the cc eans , with upward velocity

of about 4 1Il/yeat. balancing the 25 - 50 1Il3see downflow.

4. A southward-lIloving flow of deep North Atlantic wat£c which

penetratel the upper layerfli of the Weddell Su in Antart1r' ••
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ABW • ANTARCTIC BOTTOM WATER. AND AlW ;I ANTARCTIC

INTER',~EDIATEWATER. (From Lamb, VOl II

4.2.2 Form3tion of Dense Surface Waters

The chief mechanism (pump) that drives this circulation probably

involves the continual creation of pol.r surface water whict is con-

siderably d3nser than the waters of the underlying layers and Which there-

fJre flows, the way to the b~ttom. Density 1s determined by temperature

J~d salinity. changes in these quantities being related by
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where T 1s the temperature 1n °c and S the s.linity. _I of .alt per

I of water (0/00). For most of the bottom waters of the oceans

T T < 1°C and S. 34.7 0/00 (see Table 4.2.1).~ Surface waters-
obviously cannot be made much colder than this without beinl transformed

into floating ice. (The melting temperature ior sea ice is T .­III

1.8oC.) But there is scope for increasing the salinity of surface water.

This increased salinity seems to be achieved. by district mechanisms. in

the South and North Polar seas.

~uch of the North Atlantic surface waters are maintained at

relatively high salinity by evaporation and by a small influx of the very

salty water which flows out of the Mediterranean Sea. Typical parameters

for North Atlantic upper layers (upper km) correspond to S. 35.4

(Table 4.2.1>. This salinity is larger than that of the South Atlantic and

other ocean surface layers and larger than that of bottom waters

generally. Owing to its high salinity. the North Atlant ic surface water

becomes dense enough to sink wherever the temperature is sufficiently small

(T ~ 4°C). The cooling needed to accomplish this seems to be a~hieved in

the Artie seas. so that water mOVing into this polar region and then back

into the Norwegian Sea then drops to the ocean bottom (see Fig. 4.2.2). As

said, surface waters in the southern oceans and in thp. North Pacific are

~ess salty than for the North Atlantic. For the former surface waters

S - 34.7, about the same as for bottom water; and near Antarctica. in

particular. the surface salinity is typically even smaller. In this

region. however. two circumstances combine to produce bodies of cold and

~alty water. dense enough to flow to the bottom even after ~ntrainment of
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Table 4.2.1

Some Ocean Water Temperatures and SaUnity2 •

Deep Water T(OC) S(%o)

Atlantic Artie Buttom 0.0 34.7

Labrador Sea Bottom 3.3 34.9

Antarctic Deep 1.5 34.74

Circumpolar (3 km) (Clc.X)

Antarctic Bottom (5 km) 0.6 34.7

Surface (upper km)

::orth Atlantic 12.0 35.4

South Atlantic 8.0 30:..7

~;orth Pacific 10.0 34.4

SOUCll Pacific 10.0 34.7

Mediterranean Efflux 12.0 38.5
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Figure 4.2.2 MAIN SURFACE CURRENTS OF THE NORTH ATLANTIC
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1••••alin••••bient water. !br one thina. a larae amount of sea ice i.

formed each winter and melted each summer around the Antarctic continent

(cf. Fla •• 4.2.3 4nd 4.2.4). Eiahty-five percent of the Antarctic ice pack

melts and is refrozen each year. The new ice covers an area of

- 15 x 106
C1Il

2 with an averaae thickness of - 1.5 u. Since ~ce

contains very little salt, the residual water is very briny, hence dense,

that it can drop to the bottom. A salinity equal to that of bottom water

18 achieved when the brine is mixed with a vollmle V of ambient, near-

surface water. with nominal salinity S - 34.0, such that

1.5mx IS x 1012 m2 15_3
V • x 34.0 - 1 x 10... •34.7 - 34.0

If all of this cold surf~ce water were to flow to the ocean bottom it would

contribute an abyssal flow of 30 x 106 m3/sec. (Dilut1ot~ of this flow with

lesE' saline water on the way down would b':'ing in water less saline than

that at the b~~tom so that the abyssal salinity could not be maintained.)

The above mechanism for production of dense, sinking water in t~A

Antarctic region probably cannot work without spec~al ocean06raphic and

geographic features. Although the formatton of sea ice suuly leaves

behind residual salt, the brine must not mix with too much ambient water.

sin~e the final salinity must not drop significantly below that of bottom

water if the diluted brine is to reach the ocean floor. ..ha above estimate

would restrict the mixing to less than about 100 m of subsulface water and

it is hard to see why the mixing would be so limited for waters so far.

above the ocean floor. There is wide support, instead, for assigning the
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Figure 4.2.3 ANTARCTIC SEA ICE IN FEBRURAV. (POLAR REGIONS ATLAS)
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Figure •.2.4 ANTARCTIC SEA ICE IN OC10BER (POLAR REGIONS ATLAS)
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..nufacture of downflowina ..It Wlter to a _or. reltrlct.d realona the

contin.ntal Ih.lf ar.a of the W.dd.ll sea. The ar.a of the Ih.lt th.ra 1.

about 106 ka 2, and the d.pth ,.low I.a lev.l i. typically a f.v hundred

meter.. Thil r'llon of ocean 11 reached by a ri.1na lay.r nf d••p, North

Atlantic Wlt.r, with ..linity So • 34.25 vhich i. hilher than that of aOlt

of the aurroundina Antarctic Wlter. In vint." the W.dd.ll sea Ih.lf wat.r

ia near the freezinl temp.ratur. tm. -1. SoC.

ice 1. formed at the .urface, a volume V· Ah

Wh.n a thickn... t of new

of mix.d brine I, form.d on

the .h.lf, where A il the ar.a of the Weddell sea Ih.lf, and H • f.v

hundred "met.rl il the depth of the Ihelf. The .alinity of the mixed brine

is

•

•

:. not inplausiblt picture which would describe the fl~w of new bottom water

~f appropriate salinity i. then as follows: With t· 1.5 m. h· 130 ro, a

volume of V ~1.3 x 1014 mJ of mixed salty shelf water is formed, with

salinity 51. 34.63. If thia water On the way down then entrains 2.7

times its own volume of ambient Antarctic circumpolar water (S" 34.74,

T • + 1.50 c). figures appropriate for ocean bottom water in the Antarctic

region. On this picture the annual production of briny ahelf water 1.

1.3 x 1014 m3/year • 5 x 106 m3/.ec; and adding the entrained

circumpolar waters, the net production of new bottom water comes to

18 x 106 m3/sec, which compares well with the conventionally assumed rate.

4.2.3 Environmental Consequences of the Vertical Flows

The operation of the polar pumps, which drive cold, aaline sueface

waters by the ocean bottom has several important implication.:
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1. It ... probably the ..jor drtvtnl Mchanl. that proe,uce. the

aeneral upvelllna (velocity ~ 4 _/y.ar).

2. It ventilate. the abld .udaee layer clf the OC.ln, on aU...

Icale of 10 - 20 y.ar., and the de., ol:.an on a t:111••eal. of

500 - lOv" y.arl. ThuI, for .x••ph, an incre.....l (If

stllo.pheric CO2 can be Ihared vith the .ntire oc..a" in la••

than 1000 y.ar••

3. It ... a ..j or p.p drlviftl the hod"lflul pohva.~d flow of

upp.r o~.an ~t.rl and thul e ••chani •• for tran.r.r of h.et

from .quatorlal to polar reaion. of thll earth. I'ra••ntly,

about one-third of the equatQr1l1 to "olar heat tran.hr 1.

accomplilhed by luch currentl, which thul conltitute a

l1anif1c:ant det.rminant oi! the latitude d.fendenc •• of .arth

surface temperature. In uneray budaet c~1mate mOtlell, thi,

heat tranafer il reprelented by a diffusion con.tlnt K.

Typical temp~rature changes that would result from vary1na

changes 1n the diffullon conlltant are ahuWl'\ 1n Fla.· 4.2.5.

4. It keeps the deep ocean I cold. A more ~tagnnnt octant on the

average, would be lianificantly ~arm.r. ~~l. in turn would

relult in the rel.... of dissolved CO2 into the atm)sphere al

the new equil1bri\lll between the atmosphere and the uceans is

achieved. The decr...e 1n the concentration of dhllolved CO2

with increaa1na temperature is shown in Fia" 4.2.6. We may

note that the bury ina of oOe polar surface ~~ter can remeve

almost twice as much dissolved C02 as 1s ccnaa Lned in an

equal mass of 200 e water. An lneraale of the average ocean
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t ••p.ratur. b1 4°C would ulti..t.ly r.l.... about 1/7 t h of

the pr•••ntly di••olved C02' cont.nt of the ac.o.ph.r.. If

.uch • r.l•••• wwr••cca.pli.h.d ov.r • period of 103 ye.r.

(thi. i. rouahly the ti...cale for turnove: of the deep

v.t.r.) the C02 r.l•••• rat. WDuld co•• to 6 x 1015 .. of

c/y•• r-mor. th.n the amount contribut.d by pr•••nt fo ••il

fuel burnina (and aor. than twic. the r.te of the pre..nt

lncr•••• of .tao.pherie c.rbon).

4.2.4 Vulner.bility at the Da.p W.t.r Pumpi so rolar IIc'lna.

Th. que.tlon h.r. i. wh.th.r the oper.tlon of the pump. th.t drive

aby••al circulatlon 1. vulnerable to C02-induced climate warmina·

Exp.c1ally relevant ..y be the Ireatly incre..ed varlllna In the pol.r

region. pcedict.d by '011' climate model. (Fig. 4.2.7). Qualitatively. one

\lould expect the W.ddell Sea pump to weaken in.ofac .1 cllm.te warming

reduce. the production of winter .ea ice or insofar a. the ice survives for

too .hort • time .ach y••c to .llow the lallne w.t.r to move off the Ihelf

before the m.lting ••••on. which lnj.ctl new fcelh water. Aa for the

Norwegian Se. pump thl. would weaken 1f there were 1••• cooling of the

.a11ne water recircul.ted In th.t •••• In addition. both lolar pumpl

defend (but in differ.nt w.YI) on a Iupply of the f.irly .aline North

Atlantic waterl--a. dilcul.ed abov.. How lenlitiv. the pumpl in fact ace

to polar ~l1m.t. w.rming i. hard to •••••• and we c.n only recommend here

th.t the que.tion de.eeves further investlgation. The Weddell Sea

mechani.m seeml to d.fend malnly on the total amount of new .~. ice frozen

there each ye.r. We believe that th1. may not 1n fact be too .enlitlve to

modelt CO 2-1nduced t.mpecatllre increa.e, for two re ••on.:

319



•

i
I
I

/,
.l

BUDVI<O MODEL

............
2 __ ...... • __.-.----

O'--_.-L..__.L..-_.-L..__.L-_--L__......._--L__J.-_~

o

8

'0

'2 r--...,..--"T-"---,--....,..--,----r--~-----

LATITUDE Idegreesl

F,gurt 4,2.7 ZONALLY AVERAGED ~Ts FOR A CO2 DOUBLING MANABE
AND WETHERALD BUDYKO MODEL, AND JASON CLIMATE
MODEL,

320



1. Th. pr.dict.d ri.. In ytnt,r pol.r t ••p.rltur•• 1. 1••• than

the predict.d ri .. in ..aaon.11y ev.r'a' t.ap.ratur. of Fla.

(4.2.7). At 1.a.t thi. il ao ln .any climat••od.ll.

Nam.ly. the r.duction in albedo cau••d by .m.ll.r I.a lc.

coverl ia v.ry effectlv. ln incr.a.lnl Ii fac. lilht

ablorpt1on ln th••umm.r but it makea much 1.la diff.r.nce ln

winter. wh.n the IOllr input to the polar r'aion i. anyhow

small. But whit i. criticll for the pump il not .0 much the

rat. of .umm.r m.ltina •• the Imount of n.w ic. produc.d in

the winter ••••on.

2. Th••mount of new a•• ice produc.d around th. Wedd.ll Sta

contin.ntal ah.lt may not b. particularly sen.itiv. to just

low the wint.r aurfac. t.mperatur. il in that r.gion••0 long

as the temperature is well below freeZing. Present mean

winter temperature. (Tg ) there lie in the range (depending

on locatlon) -16°C to -32oC • well enough below the

temperature Tm• -20C needed to free~e .ea ice. If one

maintaina a fixed temperature difference Ta - Tm across a

growing thickness of sea ice. and if one neglects the heat

capacity of the ice. then the thicknes8 of new ice formed

ov.r • time t (the wint.r ••••on time) i.

where • 5 x 10- 3 cal/oC sec is the heat ~onductivity of

ice. and H· 80 cal!gm i8 the latest he.t. (n,e ratio of

heat flow from local cooling to that from latent heat i.
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•

.0 the nesleet of heat capacity is reasonable). ibr

and t· 4 month•• d • 1.7 m.
•

T + T• •

An iner•••• Ad ... d AT:.I.!!. so lona as I 'f.I » 2°C

Thu•• for example~ an incre.se AT + SoC reduces the

amount of.~rine production by only 10%. This susgests

that the Weddell Sea pump Is not too sensitive to any but

very subtantial inere.ses in Antartie temper.ture. As for

the Norwegian Sea pump. which involves the winter cooling of

already saline waters, this is indeed sensitive to increasing

surface and upper layer temperatures. But, although the

freezing and melting of sea ice is not itself the main pump

mechanillll here. sea ice.9.2.!.!. serve to insulate the water

below rising atmospheric temperatures, by reducing the

production of sea ice in the Artie region could actually

increase the water cooling effects in relevant regions--an

effect that would tend to stabilize the pump in a warming

north polar climate. But warming means less sea ice, hence

1es8 brine, an effect that destabilizes the pump. The

situation, In shoet, Is complicated.
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Finally, we ob.erve that even if the polar pUDPS were to diminish

in a wa~lna polar cliaate, the respon.. in the deeper ocean layer. WDuld

lag in time. It take. of order 102 years for newly formed dens. surface

waters to descent to the bottom •
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4.3.1

Effect of Climatic Warming on Wilt Antarctic Ice Sheet

Int roduc Hon

In this section ~ discuss the possibility that C02 climatic

warming could cause a major reduction in the Antarctic ice sheet and a

dr.~matic rise in ocean leval within the next 100-300 yean. Although

direct melting of the ice sheet would require much longer time periods,

mechanical disintegration of the West Antarctic part of the ice sheet might

take place rapidly because that part of the ~heet is based on land below

sea level. A review of the basic physics of ice flow and creep is given in

the Appendix to this section (4.3A).

tole also briefly consider possible effects on climate if the tolest

Antarctic ice sheet were to disintegrate into icebergs causing an increase

in albedo.

In the study of ice sheets. we have developed two simple models of

the creep and flow of ice sheets to highlight the basic physics involved.

These sim?le models yield predictions that agree reasonably well with those

of more sophisticated models with important exceptions as noted in the

following ~ections. Based on our reading of the literature and on our own

analysis. we have come to the following conclusions:

1) The West Antarctic ice sheet could in principle be set afloat

within a 500 year time span or less ~fter triggering by a 5

to 100 C warming. This possibility should be taken seriousy

and warrants further investigation.
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2) Not enough is yet known about:

(a) the dynamic8 of large ice movements in general,

(b) the actual movement of Antarctic ice, or

(e) the topographical features below marine-based antarctic

ice to Make accurate predictions of ice movements in

we~t Antarctica.

3, Further investigation should emphasize intensUied study 'of

movements and basal topography of west Antarctic ice streaMS

and ice shelves. We mention specifically the thwartes and

Pine Island outlet ~lacier8 as possibly critical areas to

monitor over the next decades.

4.3.2 The Antarctic Ice Cover

The Antarctic ice sheet is generally 1 to 4 kilometers thick and

covers a land area of about 16 million kQ2. A map of the continent is

showr. in Fig. 4.3.1. the total volume of ice, if set afloat, is sufficient

to raise the worldwide ocean level by about 100 meters. The portion of the

ice sheet in the eastern hemisphere is based on continental land that is

above sea level, whereas the portion in the western hemisphere is based on

continental land Mainly below sea level. If only this marine-based portion

were to disl.ntegrate, the worldwide ocean level would rise about 6 meters.

Floating parts of the ice sheet called ice shelv~s fringe the

continent. These she Lve s are typically 1-2 km thick at their junction with

the land-based ice sheet. Some are enormous, such as the Ross and

Filchner-Ronne ice shelves In west Antarctica, which cover about 0.5

million lcm2•
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Figure •.3.1 WEST ANTARCTICA, SHOWING ICE SHELVES, ICE GROUNDED BELOW
SEA LEVEL, Ice COVERING LAND ABOVE SEA LEVEL, AND POSITION
OF THE 011 C JANUARY ISOTHERM IN THE ANTARCTIC PENINSULA
(BASED ON INFORMATION UP TO THE YEAR 19621.
(1) PRINCE GUSTAV CHANNEL; (2' WORDIE ICE SHELF; (3) GEORGE
VI SOUND; (., WILKINS SOUND; (5) ARGENTINE ISLAND.
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FaIt flow1n. currentl of ice, called ice Itre..a, drain the ice

abeeta into tbe frtnains Ihelvel. These Itraama are a1ao called outlet

alacierl if they flow in fjords throuah coastal mountains. lee stream

velocities of 0.5 km/yr are typical thouah the velocities can be hiahly

variable.

Ice i. added to the continent by snowfall, flows in ice streams

from the lee sheets to the frin.ina ice shelve., and i. lo.t mainly by

calving into iceberg. at the outer edge. of the iee .helve.. the ice

shelvea are probably close to a steadY-Itate In which they lose as much ice

by calVina as they pick up from entering ice Itreams and s~owfall. Melting

underneath is not well understood. The total snow .~cumulation over the

continent is very roughly estimated to be 2000 km3 / yr . this yearly

exchange of mass i8 less than 1/10,000 the total mass of the Ant&rctic ice

sheet.

The ice shelves are usually pinned at their sides and on seabed

shoals so that they buttress the edges of thE ice sheet by restraining the

outflow of the ice steeams. If key ice shelves were removed by e major

clima tic change, unrestricted flow, or "sueging" of ice streams might well

destroy a major part of the West Antarctic ice sheet. We will examine this

possibility as it has been discussed in recent literature, and by our own

highly simplified models of ice stream and ice shelf movements.

4.3.3 Recent Literature on this Subject

Vulnerability of the West Antarctic ice sheet to climatic warming

has been widely discussed by a number of authors 1, 2, 3. Cureently, much of
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the dralnaae of the iee Ih••t il Into the ID•• and Ronae Ice Ihelv••, wbleh

are arounded on .hoal. that produce lc. rl.... Th. lc. ahelv.a a.rye to

buttr••• and .tablltz. the lc. ah.et. War.er t ••peratur•• could weak.n the

ohelvea, throuah lncr••••d thinnins due to ••ltina and by enhaneina line.

of weakness such a. rift. and bottom crevie... !hil would tend to increase

rates of calving at the seaward edae of the .helves and eventually to di.­

appearance of the ice ri.... Once thi. happen. there 1. the po••ibility of

rapid deglaciation of the whole west Antarctie lce ahe.t: one. the 'helves

have lifted from the .hoal. they are expected to So everywhere into lonsi­

tudinal tension, a condition th.t snould l.ad to rapid rat•• of calvina.

Thomas, Rose and Sanderaou3 have recently attempted • quantitative

eS~10.te of the t~e ICll. for the •• eventl, accord1ng to whet they viewed

as a werst case treatment. In particular, they begin with a situation 1n

which ~arming has somehow already removed portions of the iee shelf seaward

of the shoals. The time scale for this first step is not treated in

detail, though the authors record their expectation that it may be of order

of several centuries ..ven for a ~arming rate of So C per century. The

detailed treatment focuses on the subsequent developments, leading to

destruction of the ice rises and then more rapid deglaciation of the ice

sheet. The time seale for substantial collapse of the ice sheet is on the

ocjer of several centuries, followin~ initial destruction of portions of

the shelves seaward of the ice rises. In this whole treatment the chief

sensitiVity to cltmate warming is associated with destruction of the outer.

shelf--the tr1ggeri~g event. It Is conceivable that the West Antarctic ice

sheet i8 inherently unstable and that it's disintegration could be
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trlalared by .echant... unconnected vith clt.atl, a. di.cu••ed for example

by Hushe. l• Indeed, Husbe. adduce••.veral llne. of evidence .USae.tina

that dt.intearatlon effect. '~re tn.ugurated alre.dy .everal millenle

aao. On the other hand Hercer2 argue. for stability again.t all mechani ...

except for cltaate warmina beyond a critical level that would rarely occur

in the natural cour.e of events (the last such occaaion during the

interglacial era - 1000,000 yeara aao) , but one Whlr.h ri,ln8 level, of C02

miaht produce withln a ahort time •

...
4.3.4 Creep HOdels of Ice Str.a. Flow

In thia section we viII discus. a simple model of a parallel-sided
I

ice atre...1 abown tn Fia. 4.3.2. Our aim i8 to calculate the possible

rate of retreat of the grounding line, where the ice sheet part of the

stream turns into a floating ice shelf.

It is helpful, for a qualitative understanding, to recall that ice

behaves apprOXimately aa an id.al plastic solid. Such a solid does not

deform up to a critical yield stress a (which we may take for ice as 1
o

bar), beyond whlch it deforms without limit. Thus the slope angle a ~f

the upper surface of the ice sheet 11 usully held well below the val

whlch the basal shear Itrell P1lh sin a exceeds a
o •

In Antarctica, the

observed values of a satisfy approximately the relation:
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Mor. pr~ci.. formulation. of ice creep and flow4 predict that the

lee Itre.. velocity varie. a. (PI a h 11n ~ 100)D t where n • 4 ; thul

the lee atre.. tend. to adju.t it. flow to hold a .teady value of h .in a •

Th~ weiaht of the ice Itream caUlel it to thin by creeping. The

a"81y.1I of creep-thinnin. i. particularly 81mple for an ice ahelf of great

lenath compared to it. thickn.... The thickne•• i. found to be reduced' by

creep at a frartional rate I glven by5:

(4.3.2)

where Ap· Pw - PI and A il a con.tant whoae value depends on the tempera­

ture and density profile of the shelf. Experiments on ice creep indicate

A • 2 x 10-3 (year)-1 for temperatures found in Antarctic ice shelves.

The creep rate in the ice shelf remains close to this value up to the

grounding 11ne, and then falls off rapidly in the ice sheet inside the

grounding line due to the sheer stress at the bottom. As an approximation,

we take Eq. (4.3.2) to apply at the grounding line.

The creep thinning at the grounding line will set that part of the

ice Iheet afloat and caule the grounding line to retreat inland. The

~tream flow will maintain the angle a consistent with Eq. (4.3.1). n1US

the grounding line should retreat at a rate:
.J.-
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PI 3Takina h· 1000 metera and Ap • 1] , we find: Q. 2.5 x 10-

K • 10-2, and UI• 4000 metera/y.ar. Sinee the distanee from thd around­

1ng l1n. of Welt Antarctic tce .tre.ml to the center of the Welt Antarctic

ice sheet il tyically about 500 km, we lee that in thil model, the iee

sheet might be set completely .float within about 100 years.

Masl-Conservation Model of Ice-Sheet Disintearation

In this section we obtain a time scale for ice sheet d1linte-

gration using mass conservation and observed rates of creep of ice .tre.~8.

Consider a flat-bot~omed ocean with bottom at depth D below sea

level (see Fig. 4.3.3). At the grounding point P the ice thickness is

7/6 D • h. At th~ center C of the ice sh£et the ice thickness is H.

Let the distance PC be L and suppose that the contour of the ice-sheet

is maintained under plastic flow 90 that H varies with La We

calculate the rate of retreat ug of the grounding point,

u
g

• dL
~,

assuming that the flow is plane-parallel. Circular geometry would make

only trivial changes.

Consider the plastic flow of tpe ice in the region just inland

feom P. BeC.~8e of the discontinuity in the bottom boundary of the 1ce_

at P, there are unbalanced shear stlesses of magn1tud2.
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S • kpgh t

Ithere k i8 a numerical coefficlent depending only on the local

topography. The rate of flow of mal8 palt a fixed point on the bottom il

then

F • Whvp (4.3.5)

where W 18 the width of the flow. But the total masl inland of the

grounding point i8 roughly

The law of conservation of mass says that

.sll1 • .L (WpLh) - F •
dt dt

(4.3.6)

I

Since h is constant. while H varies with LS• this equation gives

F • Wpvh • Wp (.~{.) (h - H) • WPug(H-h) •

Hence finally

u
g

• vh
H-h
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Since we have rOUihly H; 2h • the rate of retreat i.

u • v (4.3.9)
g

within a factor of two.

Thus. Equation (4.3.3) yields an estimate of the rate of movement

of the grounding of 4 km/year while Equation 4.3.9 yields an eatimate of

1 km/year. The corresponding times for disintegration of the ice sheet are

one and four centuries respectively.

4.3.6 Additional ConsideratIon in Ice Sheet Flow

A number of rrocesses have been ignored 1n the simple models

discussed above. The most important are: melting or freeZing underneath

the ice shelf. snowfall accretion at the grounding line. advection of

thicker ice at the grounding Une by the flow from ups.tream. and the

restraining effect on the ice shelf of any shoals underneath it and of

shear stress at its sides.

All of these factors have been included in the calculation carried

out recently by Thc,mas. et al. 3 and applied to two ice streams draining

into the Ross ice shelf. A figure from this publication is reproduced in

our Fig. 4.3.4, and shows their results for the retreat of the grounding

line for each stream. Our simple models approximate the grounding retreat

they find for each stream when the ice shelf is not held by shoals or
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Figure 4.3.4 THE LONGITUDINAL PROFILES Or: ICE STREAMS BAND E AS THEV ARE
TODAV, AND PLOTS OF GROUNDING-LINE POSITION VERSUS TIME FOR
THESE ICE STREAMS DURING RETREAT. RETREAT IS MOST RAPID IF
THE ICE SHELF IS COMPLETELV REMOVED. AND LEAST RAPID FOR LOW
VALUES OF ICE-SHELF MELT RATE, M. ONCE THE GROUNDING LINE
REACHES THE DEEP BASIN BENEATH ICE STREAM B RETREAT IS
EXTREMELY RAPID. IN CONTRAST, ICE STREAM E FLOWS OVER A
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ialanda. Our creep-thinning mod~l actually reproduces these results in

several re~~ects. Note for example the rapid increase in grounding-line

eetreat for ice stream B when it reaches the deep basin. This increase

cemes from the critical dependence in Eq. (4.3.2) of the creep rate on

thickness h. At least in this one case. creep-thinning seems to provide

the dominant mechanism foe ice stream behavior when the shelf is not

buttressed.

4.3.7 Possible Consequences of a Warming in West Antarctica

We have seen in the previous section that both our simple models.

and the more complete treatment of Thomas. et al p~edicts a retreat of the

grounding line of at least certain West Antarctica ice streams once the

buttressing of ice shelves is removed. A major question then is whether a

5 or 100 C wa~ming near the pole could cause ice shelves to retreat by

increased calving rates to the point at which they no longer hold in the

ice streams. Hughes 1 argues that the calving line at the edge of the Ross

ice sheet, for example. would quickly move to the shore of the ice sheet in

response to a "minor" warming. Although this may be a possibll:lty, others

believe that the Ross shelf in particular would not begin to shrink until

the ocean ~~armed up, which they believe would take hundreds of years. Only

then would the process of ice stream retreat discussed in the previous

section actually begin. That process then might take anywhere from 100 to

500 additional years before major de-glaciation was complete.

In our view calving and bottom melting are not as yet well enough

understood to permit a clear prediction of what will happen to large ice
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shelves after warming. This indeed is one of the big uncertaintiea. and

will probably remain 80 for aome time even if active re.ea~ch in this field

co~tinues or accelerates.

This uncertainty may not apply to some ice streams which terminate

in small ice shelves. In fact. the major drainage from the north coast of

the West Antarctic ice sheet is through the Thwaites and Pine Isl&~d

glaciers, te~inating in small ice shelves that probably do not prOVide

much buttressing of the ice streams. As Thomas. et a1 3 points out, if the

depth of the grounding lines of these streams is in a critical range of 400

to sao meters, then a small warming might push the grounding line back

where the depth is greater. causing accelerated creep as shown in

Eq.(4.3.2) , which could begin tho! rapid retreat outlined in the last

sec t ion.

If anyone ice stream wete to surge. it 1s not clear what would

happen to the test of West Antarctica. However. it seems probable that the

steeam would begin to expand into substantial portions of other drainage

areas. and would begin to drain out much of the marine-based ice sheet.

Thomas et al,3 and Hughes 1 agree on this point, although we have not

examined the topography of West Antarctica to reach an independent con­

clusion.

Recent Instabilities of Antarctic Ice

Concerning instabilities on a somewhat lesser scale of affected

area and of time, it is sobering to conteruplate the evidence gathered by
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H. R. taab. 6 Froa reports of .arly voyager., 1n the period between COok

(1713) arad !ieeo. (1831) he 1nfen that the limits of the southern ice pack

at the end of the aelting season had retreated 10_20 farther south of the

normal It-it. A deterioration then followed, the ice lncrea~ing on the

whole 'mtU about 1900, with some recesslon after 1907. There were

extraordinary years, with large numbers of great icebergs--in extreme cases

reach1.ng tQ the River Plate and near to the Cape of Good Hope. The area

and height repo~ted for many of the icebergs was remarkable. All of this

s~.8.st8 to Lamb the br.eaking adrift of one or more ice shelves, the great

bi8hts In the Pacific section of the Antarctic coast, or the Ro.s or

Ueddel.l Se." seeming the likeliest sources, It may be significant that

the Ullllngshausen Seas around 700s. 70o-900w. was found abnormally

clear of ice ln 1893, in one of the periods when great bergs were u~usually

abundant on the oceans in temperate zones. The evidence suggests the break

Up. in several stages during the 19th century. of an area of order 100.000

km2• The causes of such phenomena are unlikely to be meterological in any

d t.ree t sense but may be due to ice surges possibly initiated by volcanic

activity.

Effect of Disintegration of West Antarctica on Climate

It 1s difficult enough to reliably predict the fate of the West

Antarctic ice sheet even under natural developments. but it does seem

reasonable that substantial climate warming must inevitably trig~er its

destruction via instabilities. perhaps within a few centuries as a result

of the warming associated with rising levels of CO 2" Destruction of the

ice sheet would in turn trigger other events, apart from the 5 meter rise
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in sea level. The pictured destruction takes the form of accelerated

calving of icebeegs at the .aenins of the tee shelves. If the lUin

collapse occurs on a short enough time scale. before subltantial loss of

the 1cebergs through drift. melting. and destruction, then the initial

effect of deglatiation would be to distribute the enormous volume of the

ice sheet as floating ice. If we take the thickness to be - 2000eters,

that of the current ice shelves at their margins. this corresponds to a

huge area of floating ice. of order l07km2• comparable to the current area

of the whole Antarctic ice sheet. Insofar a. the floating tee survives in

the warmer era that triggered its production. the effect is to increase the

albedo in the southern polar region. This 1n turn entails a local cooling

in that region--a negative feedback effect. As described, this feedback

does not restore the West Antarctic ice sheet but it does serve to delay

the destruction of the floating ice itself. The details depend on timing-­

on the C02-induced temperature rise that prevails when the ice sheet

collapses, an event which then lowers the temperature because of increased

3lbedo. For illusttatio~. consider the era corresponding to doubled C02

levels. Here. in the absence of ice sheet collapse, the usual thin ice

pack will have largely disappeared and the seasonally averaged temperature

change (relative to today) fa as shown by the solid line in F~gure 4.3.5

(this is based on the energy budget climate llIodel descr1bed in Se~tion

3.2). The co r r espo ndtng d1stribl·t1on. with floating ice contributed by

collapses of the West Antarctic ice sheet, is indicated by the dashed

curve.
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4.3.10 Conclusions

The welt Antarctic ice .h.et probably dt..ppeared durin. the l.at

inter-alae tal pertod. and may do so a.aln. On the basta of very staple

r.lechanieal conltderatlona. the creep thl~u'\inl of lIarine-based 1ce atre.s

could be fa8t .noUSh to draw down the ice sheet In as little as 100

years. The marine-based portion of the Lavientide ice sheet coverlng

Hudson Bay apparently disintegrated within about 200 yearl at the end of

the last ice age. The question of whether a polar warming due to C02

doubling eould remove ice shelve. ,ufflet.ntly to initlate such mechanical

dis1ntesration at the 1I0ment has no elear answer. However. some important

ice streams do not draln into large lee shelves. and may be in a more

precarious state.
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A.PPENDIX 4. 3A

Creep and Flow of Ice:

Here we write down the basic 4quations governing the creep and

flow of ice, and then solve them for the simple exsmple of a floating ice

shelf •

.. Basic Equation:

When a solid il in equilibrium, the stre.s components

0ij satisfy the equations:

(4.3A-1)

where the f j are external forces (per unit volume) acting within the ice.

In glaciers, f is the gravitational force Pg.

Ice under stress will creep; that is, the strain will change

gradually under the action of a constant stcess. It is convenient to

Introduce a strain-rate E
i j

defined by:

(4.3A-2)

where ul is a velocity component. ~ye'sl relation of steady-state creep

~ay then be written:

_ C on-1 0'
ij
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where 02 • L 1/2 (0' )2 ad
ij lj

hydrostatie preslure

0lj givel the Itresl deviation from the

0' 1j - °ij - 1/3 6i j C\ll
II

The constant C which depe~ds on the temperature, and the exponent n

each have been measured in the laboratory. Accordins to Glen,2 n· 4.2

and C· 1/2 J3n+l B exp.(iT: - ~)where B • 0.017 bars-n (yeul-1, Q •

32~000 cal./mole, R is the gas constant, and tm is the lee melting

temperature.

.4.3A.1.2 Example - A Floating lee Shelf:

As a simple illusttation of the basie laws of plastic flow,

and also to provide results used in main text, we will find the creep-

thinning rate of a floating ice shelf. Referring to Fig. 2 In the section

on ice steeam models, we consider a shelf of height h and length much

greater than h that Is free to creep horizontally in one direction, which

we call the X axis. (The creep-thinning rate when the shelf is free to

expand horizontally In two dimensions turns out to be onlyu 10% greater

than the simple case we take here.O We orient the Y axis vertically and

set y • 0 at the bottom of the shelf.

rar feom the edges of the shelf, the stresses are independent of x .. '

and z. There i8 no shear stress at the top or bottom, and a • 0 at theyy

top. Thus, Eq. (4.3A-l) is reduced to:
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~.
dy -p I1 01j • 0

(4.3A-4)

Integrating yield. 0yy. Plg(y-h) we have

0- • 0 or a 1/2 (0 + a )
zz zz xx yy

'nlus, Eq. (4.3A-3) becomes

•
i:ij • 0 1*j (4. lA-5)

These equations (and 4.3A-2) are mutually consistent if c and ~ doxx yy

not depend upon y. This 1s the only solution that satisfies all

conditions. Combining Eq. (4.3A-4) and 4.3A-5J, we have:

(4.3A-6)

where K = t and turns out to be positive. Because the shelf is floating
xx

1n water of density pw· PI + ~n we may require:

which yields:

f
h

a dyxx
o
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Normally, T will depend upon the depth, 10 that C will depend upon y. To

get an approxtmate answer, we take C as independent of y, in which case:

(4. lA-7)

(I
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4.4 Imp.ct of Incr••••d Carbon Dioxid. on th. Biosphere

An incr•••ed carbon dioxide cont.nt of the atmosphere will affect

the terrestrial biosphere in two more way.; by incre.sins the carbon that

is av.ilabl. for fixation by photosynthesis and by changing the climatic

conditions and thus alterins net primary productivity. In addition,

increasing the acidity of rainfall and surface and subsurface waters will

alter rates of weathering and affect the transport of nutrients. None of

these ~pactl are well understood, and the latter i. of such compleXity

that we will not treat it here even though it may be of great significance

to the biosphere. 'lbe situation with respect to the mafine biosphere may

be simpler. In almost all parts of the ocean. carbon is not the limiting

nutrient. so that increased carbon content of the surface waters should not

alter net primary productivity. However. the pH of the oceans will change.

and altered weathering conditions on land changes the terrestrial flux of

nutrients to the oceans. The net impact of these perturbations is

completely unknown.

4.4.1 Non-climatic effects of CO, on the Biosphere

4.4.1.1 Fertilization of Crop-Plants

Elementary biological considerations suggest that if a plant

system is at a proper temperature and has sufficient water. nutrients, and

and sunl1ght, then an increase in carbon dioxide content of the atmosphere

should result in an increase in the amount of carbon dioxide that 1s fixed

by the plant system. Indeed. vegetable farmers 1n northern climates have

added CO 2 to their closed greenhouses to increase marketable yield of
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lettuce. tomatoea. cucumbers. etc. Lemon! illustrate. that conventiL ~l

biology may be misleadina in predictina chang_ in net primary productivity

as a result of changea in CO2 concentration.. The Dutch use C02 in green­

houses to give an earlier anJ bigger crop of freah lettuce. Yet the C02

fertilized lettuces fix the same amount of carbon as does the unferti­

lized lettuce. The Dutch housewife is paying for more water packaged in

the green leaves.

A field of plants utilizing full vertical sunlight for photo­

synthesis with 1% efficiency would use up all the C02 in the air within 1

meter of the ground in about 15 minutes. Under field conditions the CO2

near the ground will be replenished by convection and breezes in I ttme

shorter than 15 minutes. Nevertheless it is possible that local depletion

of C02 may be a factor limiting th~ growth of crop-plants.

A few CO 2 fertilization studies under tents in the field have been

carried out. 2 For healthy sugar beet plants under sunshine. Thomas and

Hill found that doubling the CO 2 content of air increased the photos~n­

thetic response by 30 to 40%. Lemon 1 states that this result is represen­

tative of plants haVing a C) photosynthetic system. For corn. a C4 plant.

measured under a clear plastic tent in the field. the photosynthetic res­

ponse was 50% for a doubling of the carbon dioxide content. 1

In addition to the field observations. many experiments have been

done in growth-chambers (for example. Hofstra and Hesketh with soybeans,)

Krenzer and Ho88 with wheat 4) to measure the effect on various crop-plants
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of varyinl the eoncentration of CO2 in the air. The results are generally

eonsistent and show that when growth i. not limited by other faetors there

is a strong poeitive eorrelation of growth-rate with CO2 concentration.

The growth-rate, measured by dry weight or seed weight, increases by a sub­

stantial fraction (typically on the order of 50%) when the CO2 concentra­

tion is doubled. The increase in growth-rate saturates at about two time.

the natural CO2 concentration for corn and three times for wheat and

soybeans.

The results of both the field tent and growth-chamber experiments

do not live any reliable answer to the crucial question: what is the

effect of increasing atmospheric CO 2 upon crop-plant growth in the open?

In many parts of the world, crops are well supplied with water and with

nitrogen and phosphorus fe;tllizer, so that a positive response to CO 2

increase may be expected. But the factors Influencing agricultural yields

are so multifarious that the magnitude of any response to CO 2 cannot be

deduced from data currently available.

4.4.1.2 Sav~LWater_Lost in Transpirat!2!l

PLants must open the 9tomata of their leaves in order to allow CO 2

to diffuse from the air into their tissues. The air in the stomata in

summer-t1.me contains about 100 water '1Iolecules for every molecule of CO 2•

The plant therefore loses by diffusion about 100 times as much water as it

gains CO2• Wh@n the CO2 co~centration in the air is increased, the plant

may partially cloGe itd stomata and mainta1n the same intake of C02 while

reducing its transpiration of water. Alternatively, it may leave the
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stomata open and increase CO2 intake While keeping transpiration constant.

In other words, C02 can act a8 a substitute for water when water is scarce.

And the plant's growth-rate may respond positively to CO 2 increase even

when growth is water-limited.

Leaf-chamber experiments of Regehr et a1 5 with intact leaves of

cotton-wood trees show dramat{.cally the water-economizing effect of C02'

When CO2 concentration was doubled, photosynthesis increased by 40% and at

the same time water-transpiration ~ecreased ~y 25%. In addition to its

possible direct effect as a fertilizer, the CO2 produced by fossil-fuel

burning may also be helping to increase agricultural yields by reducing the

water-demand of crop-plants in dry areas.

4.4.1.3 Effects on ~atural Plant Communities

If the magnitude of growth-response to CO 2 increase in agri­

cultural crops well supplied with artificial fertilizers is unknown, the

magnitude of the response in natural plant communities is even more

uncertain.

Numerous growth experiments reviewed by Lemon i indicate short-term

(on~ year or so) increases in growth rate (40 to 80%) in response to 3 to 5

times atmosph~cic CO2 concentration in species such as the pondecosa pine,

blue spruce, scotch pine, etc. How fac these studies can be extrapolated

to the ceal world is not known. Seedlings, studied 1n growth chamber

experiments are not representative of other states of maturity. The impact

of increased CO2 over the entire growth cycle of a tree has not been
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A

....ured nor M' the tap.ct of CO2 OD I plant coaaunity_ In. n~tural

for••t. ther. 1. DO realOo to b~11eve that the averall rate of fixatioD of

carbon i. CO2-limited- Nobody know. whether or not the total bioma•• in

n.tural fore.t. hs. lncreased in re.ponae to the 7% increase in atmospheric

CO2 aince 1958.

From In ecologic.l potnt of view, the total biomass is not the

~.t ~port.Dt plr.meter in ......ina the environment.l effect. of C02"

aore t.port.~ qu. ·tion i. whether the incr~~.. of C02 i. producing shifta
'l-

in the b.lance of .pecte. in natural plant communities If S~e .peeies are

better adapted than other. to increa.ed CO2, we should expect major distur­

bance. ~f the natural equilibrium to occur over tlme of t~e order of

dec.des_ Unfortunately, it i. difficult to separate such disturbance. pro-

duced by C02 from similar disturbances produced by other industrial pol­

lutants.

t~pact on the Biosphere ot Climatic Shifts

Avail.ble ~odell of elicate do not prOVide predictions of regional

shifts in such biospherically important parameters 8S the length of grOWing

sealon or aeasonal fluctl~tion in precipitation resulting from increased

atmo.pheric carbon dioxide concentrationa; thOUGh a poleward shift of the

temperature precipitation belt haa shown up in a numl:ler of models (see

Section ~). The rapidity of climate change and t.he variability of the

new climate are particularly import.ant. slnce the composition and produc-

tivity of plant. communities 8S well as geographical extent are strongly

determined by tho occasional seveee event. These features of climate
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clearly cannot be predicted. Becau,e of thi•• one can only apeculate a. to

the impact of climatic chanae. on the bio,phere.

The principal anticipated change ia • world-wide incr•••e in

temperature accentuated at higher latitudes. In general••n increase in

mean temperature necceasel photosynthesis provided the availability of

sunlight, nutrient•• and water remain. unchanged~6 However. for the

anticipated changes in temperature of a few dearee, rQ'ultina fro. a

doubling of the C02 content. the temperature .ffecta on world biomes, are

probably small compared to the direct effect of CO2 fertilization.

The impact of temperature change on agriculture will depend on the

crops. water ~Jal1abll1ty and sollu (nutrient availability). the COQ­

p~exlty of t~e situation is illustrated by considering North American

agriculture. In most of the United States, the corn and 80Y be~n belt

s~er temperatures (hen~e evaporation) are too high for optimal produc­

tion; yields improve in cooler yearl. Optimum temperatures for corn and

soy beans, given enough molsture, 11e in the range of 32-350C. Growth of

these two crops ceases for temperature. above 450C. II these crops were

grown 1n areas currently under cultlvatlon In the United States. t~en an

1ncrease 1n average temperature would reduce annual yields. In the

northern part of the Canadian preiries. wheat yields are cut by colder

summers and the occurrence of early froat. A warmer temperature could be

expected to increase wheat yields 1n that pact of North A~erica. Howevee,

the optimum temperature for the growth of wheat 1s ~bout 25°C .0 that the

wheat belt in southern region. of the United State. would be expected to
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have lower yields if temperature. incrna..d. Th. net .ffeet on wh.at

produeiton in area. vbere it i. currently under cultivation ie uncertain.

The impact of c11lllate chans,. on ascicultural productivity is

further c~p11cated ber-ause the 10~5er term average yield depend. on the

.tandard deviation a. wall a. the nean of the parameterl determinins

climate. Year. of lo~ productiVity ulully occur when tbe temperature,

precipitation, ete., vary greatly from averase conditionl. The models of

cltaate diacu.~ed in Section 4.1 do not provide any indication. to whether

weather ah~wa a s.~ater or lessar year to year variation under warmer

planetary atmo.pheric condition.

In seneral. one might expect asriculture to adjust to climatic

change provided lend area. lire available with appropriate soU charac­

teristica. For example, if a given corn producins area becomes warner and

drier, then BorghlD might be a replacement crop. 'One crop that may be

adversely aff.cted by temperature change i8 wheat. An increaae in tempera­

tuee in the northeen latitudes would move the optimal seowing season north

into the nutrient-pooe IJolls ot northern canada and the Soviet Union. With

current uncertainties 1.n what regional climatic changes will be. it 18

impolsible, at prelent. to predict changes, if any. in wheat or other crops

produc t ivity.

4.4.3 Summary

The non-cl~matic effects of CO 2 as a nutrient of agricultural and

natur11 plant. may be at least as important as the climatic effects.
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Unf~rtunately th~ attention of the loverament and of the public hal been

foculed almolt exclullv.ly upon the climatic effeetl. The non-elt.atic

effectl of the 7% rlle 1n CO2 linee 1958 ..y alr.ady be .ianificant in

human te~.. Compared with climatic .ffectl. the non-climatic effaetl may

be

i. more immediate.

li. easler to oblerve and mealure,

111. more crucial to the economic and ecoloaic.l problem. of human

survival.

We urge that the existing progr"l of re.aarch into the effecta of

atmospheric C02 be broadened .a as to give approprl~te welaht to the Itudy

of non-cltmatic effects.
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5.0 RESEARCH NEEDS

5.1 Introduction

A central theme of this report il'that the future increase of

atmospheric carbon dioxide levell rai .. que.tion. vhieh include important

consideraUonl other than climate. fotIlt recent lurveyl dileusl only

climate l • Changel in climate can have a profound effect on aariculture and

many other of man'. activitie. but altering the carbon dioxide level' of

the atmelphere can directly influence Igricultural productivity I' vell as

that of the natural biosphere. the researeh efforts in the United Stat••

and in other countries mirror the view that changes in climate and their

direct impact are all important. In our view, future research should also

~xa~lne those impacts of carbon dioxide change that are not climate­

r~lated, as well as changes in climate and the con.equence. of these

changes.

The prediction of future levell of carbon diodde 1n the atlllol­

phere require. an und.r.t,"~.~inB of the world'i fut ure ener.gy ne.d,. the

nature of the atllluipheric-oeeanic-bio,pherie interaetlo" a~d the re'pon.e

of nature', large relervoirl ~f clrbon to changing .urface temperature.

Forecalting the WDrl~'. future enerlY requirement. and the lIIiK of fuell

that would be u••d to meet tho.e requlrewent. would require I model of the

future world economy. It il unlikely that definitive model. ~vuld be

developed aiven our pre.ent limited understandina of the interaction

between enerlY demand and .,anomie .cowth. 2 Probably the b.lt approaeh at
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pc...nt il to .aaain. aod.ll vttb diff.r.nt r.t•• of .n.rIY con.u.ption .nd

diff.rlnt fu.l mlx•• (••1 Section 2.5). Hovwver, tbe ..in uncert.inty

••••• to 111 in ju.t ~len a Ilven C02 level vill be r ••cb.d r.ther th.n

vh.ther lt vl1l.

5.2 Role of the Biosphlre 1n the Clrbon Cycle

Dlt.raln.tion of the .iz. and magnltude of thl bl0.ph_rlc carbon

contribution to thl .tmo.ph.r. i' cl.arly a hlgh prlority r••••rch n••d.

Aa we di.cu•••d ln Section. 2.3 and 2.4, on••pproach i. to monltor the

oXYlen content of thl atmo.ph.re to a precl110n of .bout on. p.rt ln •

lIIillion and in the oc.anl to a part in • thous.nd over a p.rlod of y.ara.

For the atmo,ph.r., the pr.l.nt .tatlon. used to dete~ln. the c.rbon

d10xid, lev.l. of the atmo.phlrl Ihould bl adlquate. It vculd .pp.ar that

RaQ.n Bcatterlng observations (see Section 2.4A) may achleve the requlred

precilion and that ~ III spectrometric techniques may also b. applicable.

Dete~inMtlon of changel in oXYI'~ levell in the oc.anl presentl a more

d1fficult lampl1ng problem. certainly thl oxygen chem1atr; tl I1mpler than

carbon chemlstry but local oXY8en concentration will dlp.nd ~n the ~bient

levll of biological activity. Det.r~ination of trendl In thl oc••n~1

oxy.en concentration will require rep.ated oblervationl .t variou. Itotionl

IW'y from coalt. and from rlalonl of nutrtent-rlch upwellin•••

Further ob.etvationl It a numher ~f localltle. Ire needed to

detet1line the IlI.nHud. of the IUley..wUl1l1l1 pl.lllp ln whlch carbol\ dl' dde

i. t.kln fra. the I~o.pher. to the deep ocean. (.ee Section 2.2.4). Th.

required ob.ecv.tion involv•• detl~lnlnl the raln of particulate carbon
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from euphotic layer to the deeper part of the ocean. Aa 1n the ca .. of

deter-inina the oxy.en content, the determination of the tocal ocean r~in

of particulate carbon will require oblervationa at a number of localities

over leveral yearl. In particular it would be of int.~elt to determine

whether or not the seasonal variations in primary productivlty show up a.

fluctuations in the rain of carbon.

The re.ponse to temperature chlnaea of the llrle re.ervoir. of

carbon, loill and ~ethane hydrate., are poorly underltood (.ee Section

2.5.3). The world-I loil. differ areatly in their ch.~ical and phylical

propertiel. The rate. of oxidation of carbon and of the upward diffu.ion

of carbon dioxide are not kno~. but could be large enough to be of conse­

qaence in considering future atmospheric carbon dioxide levelR. The recoa­

nltion that large quantities of clrb~n in the form of methane are trapped

ln the permafrost regions of the world is relatively recent. The response

~! the methane hydrates to an increase 1n temperature can only be crudely

approximated.

Extensive literature exilts on the relponae of plants to increase.

in atmolpheric carbon dioxide; for example, see Strain.) Host of the data

are derived from growth chamber experiments, though lIck of documentatlon

on temperature, molsture and nutrient. reduce the value of much of thiS

exp.~imentltion. A few field experiments have b.en carried out under

plastic t,ntl. The relevlnce of th••• data ts uncertain lince ~o.t of the

world'. bloMa•• il ln the form of tr•••• The dlr.ct ob•• rvation of

'"hanced carbon dioxide i.vell on the growth of a tree ov.( it. lHetime
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po.e, a ,Ub,tantlal challenle. Prolre•• in thi. area i. almo.t certain to

ca.c from a better theoretical under.tandina and/or from a mea.urement of

the oxy.en cycle in nature than froll direct ob.ervation. Sub.tantial

uncertaintia••till exist a. to the malnitude of the Itandina biome•• and

the world-. net primary productivity and these will have to b, rllOlved

befora reliable estimat•• of the impact of higher carbon dioxide level on

the biosphere can be made.

The tmpact of cltmate chanae on net primary productiv1ty remain.

uncertain. General ecololieal con.ideration. lead UI to expect that the

productivity of natural ,y.UII' may re.pond to change. in cl1mau ir the

manner illu.tratld 1n Fiaure 5.2.1 (prOVided that change. 1n climate take

place on a time scala short compared With genetic adapt ion, migration of

specie., etc.) A mature ecosystem will adjust to prevailina climatic

condition. with an average productivity. For small deviations in weather

from the mean, lome spe~ie. will havft increased productivity, others less

~~t the total will in e~~eral initially be lower than the productivity for

the mean conditions. For large d.viatio~s from the mean, the productivit.y

lIuy depart f.om a Gaussian-like dependence. (~ote that in Figure 5.2.1,

thi. po••ibility il not shown).

For monoculture., agriculture, the drop off ~f ?roductlvity wtth

change. 1n climate should be much sharper than for a natural eco.Ylt~ a8

illu.trated in Figure 5.2.1. A. pacUcular opti',d,aciety il uS'lally

developed for prevaUing climatic ccnd t t tona in J gi',en geographical

locality.
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The aboye hypothesis is an oversimplification in that climate is

not characterized by a lingle parameter. While a decrea.. in temperature

may yield a lower monoculture productivity, a derease in temperature

accompanied by an increase in precipitation may result in higher yield than

for mean climatic conditions. While some work haa been done on

productivity responses to changes in eltmate for both natural systems and

monoculture8,4 more detailed statistical analysel using observed climatic

change is required before the impact of climate change on the biosphere can

be predicted. FOr example, it is conceivable that increased carbon dioxide

may reduce variability and 10 ameliorate condition. in most of the places

wnich now suffer from extreme conditions.

5.3 Role of Large Carbon Reservoirs

The rate at which the carbon dioxide concentration of the oceans'

upper layera responds to a change 1n temperature 1s relatively well

understood. The response and even the magnitude of the giant reservoirs of

carbon stored in the soil and in the hydrates of methane are not. The

amount of carbon stored in the various soil types n~ed8 to be determined.

The temperature dependence of the rate of oxidation of both organic and

inorgenic carbon In various soil types should be inveatlgated as well as

the tate of diffusion of carbon dioxide in the solls. Whlle the existence

of large methane hydrate deposits has been known for decades the magnitude

of carbon stored ln the permafrost region of the world Is probably

uncertain by • {actor of ten. The temperature dependent propertles of

methane hydrat.s are poorly known. Wlth respect to the methane hydrates it

1s of special interest to determine whether the large seasonal fluctuation
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in carbon dioxide observed at Point Barrow 1. in eny way aasociated with a

aeasonal outlasling of methene.

5.4 Modeling of Climate Change

In Sectlon 4.1 we consider certain of the problema associated with

current climate models. Ever more sophisticated General Circulation Models

are unc ; "ns'~ ruction. We ara con~arn.d that the complexity of the models

may be so C' ,•• c aa to hide the underlying phyaica and that the numerical

approximations employed may distort the longteem interactions. Heet budget

models auch as the JASON Climate Hodel cannot provlde the details on the

parameters determinlng cl~at. which ere essential ln aSle ••lng the Ions

term impacta on activlties luch a. agriculture. Re.earch into models

inteernediate 1n complexity between heat budget modell and the Global Circu­

lation Hodels 01"" provide useful insights into the climate prediction prob­

lem.

Satellites such aa the ~imbus series, provide a wealth of

e~pirical informAtion on the temperature distribution 1n the atmosphere as

well as the infra-red absorpt10n. These data over extreme climatic

reg tons, oceans, 1cecaps, deserts, could provide guiaance in the

construction of climate llIodels of the earth.

In addressing the impact of cl1tute changes on man's activities

three key questions arise:

o Doee the rile 1n mean temperature produced by carbon dioxide

occur mainly 1n summ~r or in the winter?
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o Do•• the rise in temperature oeeur mainly by day or by night?

o Doee the rise in temperature increase or diminish the

magnitue of damaging local extremes?

If it should turn out that temperature increases occur mainly in

winter and/or at night or mainly in places Whieh are uncomfortably cold.

then the climatic impact of carbon dioxide could be favorable. Similarly.

if there are fewer extreme variations in a warmer climate the impact could

be f~orable.

The seasonal variations have been examined in both heat budget

models and in numerical models of gl~bal circulation (see Section 4.1).

General physical considerations suggest that the warming should be greater

in summer since the winter-time solar radiation is less and there should be

less of an effect o~ the reradiated infrared. nle heat budget models do,

indeed, show heighteued summer-time maximum temparature (see Section

~.2.4), but at least one global circulation model shows the opposite

effect. 5 Until this difference is settled, the seasonal response should be

considered uncertain. We do not know of any models that attempt to deal

with the day/night cycle. Since the atmospheric circulation is sensitive

to small scale details which no existing aodel can fully represent, the

impact of carbon dioxide on day/night variations will probably require an

approach quantitatively different from existing models.

The problem of modeling changes 1n th~ statistical p~operties of

the climate ate formidable. nte heat budget models depend on very few
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parameters. Because of the sensitivity of the models to Imall changes in

the parameters. the runnins heat budget modelo with random change. in the

parameters ••y be uninformative but should be tried. General circulation

models which simulate tens of thousands of atmospheric variables have. in

theory, the potential to provide simulations of climatic fluctuations. But

these models have serious disadvantages (see Section 4.1) and further, the

amount of computer time required to obtain representative climate

statistics is prohibitive at present. Models of intermediate complexity,
•

for example; ten parameters or statistically parameterized models, may

provide ~seful insights into climatic fluctuations. 6

5.5 Trace Compounds in the Atmosphere

Carbon dioxide i~ not the only compound resulting from man's

activities that alter the atmospheric energy balance. As noted in Section

3.1.2.5, oxides of nitrogen, freon, methane, ozone and a variety of hydro-

carbons can enhance the "greenhouse effect" dominantly carbon dioxide and

water vapor. Routine observations of ozone and its variation are currently

carried out but the dete~ination of the concentration of other minor

constituents has been sporadic. A continued effort in monitoring these

trace constituents should be an important element in any tnternational

research program on climate.

5.6 Determining Trends in Climate

The determination of climatic trends is made difficult both by the

great year to year variations in weather and the number and geographical

distribution of sampling sites. Two principal methods of determining
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tr.nd. in temp.ratur. chana. have b••n eaplo,.d. Surfac. c••per.ture., ••

....ur.d by tb.r.oaeter••t tbe .urfac., .r. aver•••d ov.r ••iv.n tiae

interv.l, u.ually a year, and the ci.e av.;a.e. are tben avera.ed over the

whole eartb or over a belt of \atltude.. The placin. of weath.r Itation.

pos•• a samplin. problem sLnce tbe northern hemisphere and the continent.

are heavily flvored. ~ternatlvely, the height of a conatant pressure

level, SOO m111tb•• ~ • example, can be measured and the averase

temp.ratur. for the column of air un~er the pre••ur. level determined from

the eqDation of Itate. However. h~ight. of conatant pre••ure level. are

measured at far fever site. than those at whj.ch temperature ia ..a.ured and

a similar land/northern hemisphere biaa exista.

Measurements of the earth's 1nfrar.ed radiation from space provides

an alternative means of obtaining spatially averaged atmospheric tempera­

ture. at various levels (see Section 3.1.3). Monitoring of satelllte

derived surface or near surface temperatures over a period of years may

prOVide a more reliable estimate of temperature changes than the

alternative methods. The forecast of future levels of btmospheric carbon

.iioxide (see Section 2.5) and the results of climate models (section 3.2)

suggest that the warmlng due to carbon dio~ide will be at malt a few tenths

of a degree Celsius in the 1980's. The very difficult task of detecting a

secular trend of this small in magnitude against the noise bQckground will

require the use at a variety of sensors as well as modern statistical

analYlil. However. such observations Gnd analysis ace essential if the

postulated tempeeature inc cease due to carbon dioxide 1s to be empirically

obseeved.
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5.7 Intern.tion.1 Mature of the OIrbon Dioxid. Qu••tion

By it. intrin.ie n.tur. elta.t. i. 11ob.1; ch.n••• in e1taat. and

In the compo.ition of the .tmo.phere .hou1d b. a 11ob.1 conc.rn. To

mea.ure. under.t.nd .nd to be .ble to re.pond to ch.nae. in .t.o.pheric

composition and the con.equenc•• of the •• ch.nae•• intern.tional

cooperation i. e••entia1. Special .ttentlon 'hould be liven by the united

States and other countrle. to .ecurina internation.l cooper.tion in

coll.etlnl .nd dill.min.tlna d.t. r.1ev.nt to the c.rbon dloxid. que.tion,

in und.rt.kina the n.c••••ry r....rch .nd ••••••ina the ov.r.ll imp.ct. of

ch.nlinl the compo.ition of the .tmo.phere broulht about by man'.

activities.
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