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Reduction in Summer Soil We'bless Induced by ;m
Inaease in Abnospheric Carbon Dioxide

s. MANABE AND R. T. WFmEMLD

~ JeogJ'aphkaJ diJtributioo of d1c d1ange in lOB Wetness in responsc to aJl1 iDaoe3.se
in 8tmO8pberic carbon dioxi~ was in~~ by using a mathematical IDodd of
dimate. llapondlDg to mc inacase in carbon dioxide, lOB moiSture in the ~ICJ
would be reduced in IUmmer over cncnsive regions of d1c middle and high latitudc:s,
80m u the Nordl American Grat Plains, western Europe, nordlem Cari4ada, uad
Siberia. These resuJtI were obtained from the model with prediCted cloud 4:C)ver &lad
arc ~tivdy Iimi1ar to me results from Ie\IttaJ numeriaJ experiments conductc:d
carIiao ~m presaibed cloud cover.

vccrivc adjusancnt schcrnc (4). O:>Iud COVI~
u prcdiacd whcnCYcr thc: ttJarivc humidilty
cxcceds a catain aiticaJ value, wlum is S'9

pcrcan in d1is case. Thc distriblJtion 4>£
cloud rover thw dCtcrmincd is usc:cf for dac
computari<X1 of solar and tcrTCSniiJ radi.a-
boo (5).

A d1angc in R)OW dcpth is COf1lI~ncd as a
net COntribution from snowfall, loubliml-
bon, and snowmclt that is detcnnincd (rQn
d1C requirancm c:i: surfaa: heat ba:~1In (6).
Thc budget of soil mo~ is ca11II~ bry
d1C so-allcd bucket method (6). I:or sina-
plicity it is assumed that soil can hc.t.d 15 an
ofliquid watcr (7). Whcn soil u not 5atura1t-
cd wid! watcr, thc d12ngc in soil mc,iStUtt lis
prcdictcd as a Oct contriburion of rainfa1~
cvaporarion, and snowmdt. If d1c bucket iis
fuIl, thc cxccss watcr u regarded ;15 nudr.
Thc ratc o(cva poration from d1C sc.i]1 surface
is ~ as a fwKtic.1 of tJ~e watcr
a>Dtalt c:i: thc ~ and potcnrial cvaIXJ'"
ratioo (8).

Thc mixcd-iaycr mcxfd of die (nan is
ideaIizcd as a SO-m-dljck, vcrrlaD)' iscxhcI'-
mal ~ 0( water with prediacd sca ice (3}.
Thc dcas 0( Ix>rizonta1 heat b'an5port ~.,
ocean aIna1tS and heat cxd1angc tlCtWCCll
thc mixcd Jaycr and dK decpcr iaycr of m~
ocean are ncgJcacd. ..

Two scparate cxpc:rimcnts W1:1:e per-
fonncd: (XX with thc nonnaJ atm-=~~
~tioo c:i: ~ (300 ppm) imd 1fII~
Other with twia: thc nonnal value (~)
ppm). By ~ring thc results &om 1fII:
two cxpcrimcnts, the ~-induced dlang.:
in hydrology could be dCtcrmincd. In cadi
cxpcrimcm a numcrX:aJ ~ycar in1:cgmiol

I N ASSESSME~ OF THE POSSIBLE

d1ange in climatc duc to mc increasing
00z in d1c atmosphert, major emphasis

has been placcd on cstimaring mc mange in

~pbc:ric tanperatutt. Howcver, for ago
ricuInuaJ planning, mc d1angc in soil wet.
M.I5 may be just as in~ In mc study
~-tec: ~ which is a' corninuatia1 of
carIicr JtUdics (1, 2), COz.induccd d1angcs
m IOiJ ~ wcrc investigated by means
m. mamcmaticaJ mcxid of climatc in whid1
cbJd &nnlnt is a ~ct~ variabk. Be-
ausc d d1e largc tcmporaJ variability of mc
axxId hydrology, it has bccn difficult to
distinguish d1c ~-induced change from
w natW"al variability of soil wc:tncss. There-
~ w earlier rcpons discussed mainly mc
u.1aJ ~ ramer man d1c gcographical
diStribution of soil WeblCSS. To overcome
d1is ditiaIIty, it is ncccssary to obtain ~il
';.-w-~ d die mcxid averaged ova a very

bgpcriod.ThcprescntltUdyrcprescntsan
~:i~~ to cmaa d1C geographical distnoo.
ticxl d IOi] Wc:b)C$S by subStantially cncnd-

mg die avcraging period. .
Thc: mamcmaticaJ Dxxkl d climate uscd

b d1is racard1 is an 1tD1IO5phcric ga1aal
cimJJatioo modd coupled wid! a static
mixed-layer ocean nxxtd (3). Thc Dx>dd has
a gJobal ~UtatiooaJ domain, rca1istic ge-
ogr:apby~ and seasonany varying insolation.

Precipiwjoo is canputCd whcncvcr suo
pcrsaruratioo is indiatcd by d1C prognostic
equatia1 for water vaIX>!' (4). It is idcntifi~
as Ilk)w{all whcn d1C air tanpcraturc ncar
~ surface h1Is bek>w freaing; Otbcrwisc it
is idcntificd as rain. Thc DX>ist convcaivc
pi"L-~~ arc paramctcriud by a moist Q)O-

~ w ~ was ~ IWting &an
an ~ initial a.xtiricx1. T award *
a)d ~ dUs pcriod, W tanpcnJ variari<X1 ~
d1e gbbaJ mean sca-swfacc ii;.11}")CJ'atutt ""
dK nxxicJ DO ~ had 8 systematic ~
indicating mat * nxxScJ attained an cqW-
librium climatc. To disringuish mc 00r
induced dIangt: frc.n ~ natural variability
of d1c mOOd hydrology, d1C rauhs wac
avcragcd OVcr a sufticicmiy long pcriod, *
last 10 yc:ars of mc 4O-yar intcgrarion. It is

cncouraging mat, in dac apcrlmcnt with
mc nonna! ~ a>nCa1tt'arion, mc nKdd

succcssfully rcproduccd thc broad scalc fe:a-
nua in mc gc:0gr2phjcaJ distributions 0(

prccipit2rion and annual mcan nInof".
Thc geographical dism"burioo of ~

OOrinduccd dIangt: in soil moisture during
JW1C to AUgust is iDUStratcd in Fig. lA. 10
sununcr mc soil bccomcs dricr ovcr d1c mid-
rontinmt2J region of N<Wth Amcrica, WCSt-
em Europc, and Sibcria in rapoosc to ~
doubling of atmosphcrK 00z.

Thc reduction in soil DX>isnue ovcr Nonh
.It.mcrjca, Westcm Europe, and Sibcria is
starisricaUy significant at dlC 10 pcrcatt Jcvd
(Fig, IB) (9). 10 001cr~ dlC probabili-
ty of faJsdy n:jcaing dac DuD hypotbcsU 0(
00 dlangc in soil moisnn is lO})a\:a1t or
kss in mcsc ~.

To danonsrratc mc pracricaJ in1plicarion
of d1c OOz-induccd summa dryncss jdcnri-
ficd aOOvc, dlC dlangc m soil moi$tUtt was
~ as a pcn:a1tagr: of d1C soil mois-
~ frtXn mc normal 00z cxpcrimcnr (Fig.
lq. This Iau1t suggcas dlat d1e 00r
induced rcductx.1 in SOIl moisnue ova *
rojd-(X)DtincntaJ tqjODs cX Nonh Amcria,
Sibcria, .aOO "~ EwtJPC. annmts to a
IUbst2DriaJ fraaioo ~ d1C IOil moistuK pia-
cnt in d)C standard ~ asc.

10 ga1craJ, d1C soil mo~ ovcr *
oxxid coorincms in ~ aId high Iati-

tudcsis~frOO1d1epcaklcYdin
~ to d1e summer minimum. 10 ~
!atitUdcs, d1is spring-to-~ ~UctI(X1
in mo~ is causcd by Dcnsc cva~
in !atc spring, when d1e rontincnt2I surface
abso~ a Iargc: amoImt of solar cncrgy
kcausc of str1:X1g insoIarioo and d1e disap-

~ aJXf pynamia ~/NOM. PriIICr-
~ \}riivasity. Pri.x-. NJ ~
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humidity and pn:cipitaac.t in ~ ~;)
~~ d ~ ~. A~yins '-
~ reduaicxt in rdat1\'t humidity is a~. ,
ticx1 in uxaJ ck>ud anXJUnt, causing an m-
aeasc in IOIar axrgy ~ ~ axJriDCn.
tal surface. Thus d1c radiation CDCIJY ab-
8Or\)(d by ~ ax1tinCnta1 IWfact aJ.J m-
aases. raising me rate d ~
cvaponrioo (8). B<Xh ~ dcaeasc m pra:ipo
bri<Xl and ~ increase in pcxcnriaI ~-
bon mcn~ above funha- ~ aoiJ
IJX>istUre during carty IWIUnCr aOO bdp to
maintain it at a bw k:vd mrougintt ~1UDuna.

in a maMer qualitativd)r similar IXI mar om
North America. Howevcr, ~ (I)trtaibutJ()i1
of srXJWmdt is much sn1aller.

Thc SWM1Cf dryness I~cr :North Amelia
w Wc$ttrn Europe is j:urthcr Cl1Iilanced by
d1C fX)Sirive feedback pI'OCCSS jn10'1)1ving I~
d1angc in ck>\x1 oovcr. Whcn soil r1r1OiStw1c is
reduced, a larger fracnal of radi;!Jivc enCI~
a~ by mc contincnaJ $un.I(~ is vertti.
1atcd d1rough d1c upw.ud ftux c( scnsiblc
heat ramer d1an Uuough evapor;arioo. J~'
mrdingIy, mc tanpcratlJre of mc a>ntinI~.
aJ surface and d1c ovcrtying layer inaa!es,
rcsuIring in mc gcncraIlreduaior.. in reIativc

pcar2nCC of snow COVCT wim high albcdo. In
middJc latitUdes, a similar medlanism also
~~ over thc nxxicJ «)I1Onents. In addi-
tion, me ~uctioo in JOiJ moistUre from
spring to summer in middle latinxies is also
due to d1e lem\inatioo of me rainy period in
spring d\at results &an me polcward shift of
me rain bdt.

According to me «Mnparison of me sur-
face Water budget between dIc: nonnaJ and
high ~ apcrimatu, mc I~.induccd
red\Ktioo in IOi) ~ in swnmer ova
Siberia and Dord1em Canada results from
me earlier disappcarancc of snow COVCT in
die wamxr climate. Since d1C: snow cover
has a high ~ ~, its disappeararn
B1aeascs me surfa~ absorption of solar
energy and accordingly me ratl: of potmtiaJ
evaporation (8). Thus mc ealiier termina-
~ of mc snowmelt scason Ircsults in me
earlier commcnccment of me spring-to-
swnmer ~uaion in soil moistUrc, causing
me OOrinduccd rcduction in soil moiStUre
in summer.

Ova me G~t Plains, me earlier tcnnina-
tion of me snowmelt scason also contributes
to me OOrinduccd summer rcduction in
soil mo~. Another faCtor rc:sponsiblc for
me summer rcduaj(Xl ~ me (hangc in me
rate of prccipitarioo in middle ]~titUdcs. The
rorinduccd warming in mc lower tropo-
sphcrc in mc modcl incrcascs wim increas-
ing IatinJdc. Thcrcfon; in me high ~
atn~ me warm, moiolo'tUtt-ridt air
pa1ctratcs into higbcr IaritUdcs man in mc
oorma1 ~ atII~. Th1J1S mc rate of
precipit2tioo increases markedly in me
oortbcm half of me middle latitUde rain belt
of die Nonhcm Hemlspi1c:n:, whereas it
dcaases in me soUthern half of mc rain
beh. B«ause of me polcward shift of me
rain bclt from wintcr to swnmcr, a locarioo
in middle latitUdes, whim is situated at mc
oord1cm half of me rain belt during wintt:r,
enters the soudtcrn half in SWIUncr. There-
fore die ~-induccd incrasc in precipita-
~ rate at d1is locarion is rapidly rcduccd
fI'OO1 spring to early swmncr, contributing
to me reductioo in soil moistUre during d1is

pcriod.
Ova wcstcm Europe me ~-induccd

reduaioo in soil DX>istUre in swnrncr occws

Fag. 1. (A) Gcogr-apbical dism"buooo of' d.r;
d1aDgC in .xI DristUR «<Otimctas) in
CD a ~ of'~ b d.r; ~ fIOO1~:
Augu.c:. Shading indiatcs n:gioos ~ d.r;
rorinchx:cd f;hangc is ~. (B) Statisrial
ai~Lk2~ of' dx OOz-induccd mange in soil
DristUR shown in (A). Areas shaded wid11incs
~ regic.1S ~ dx oegarivc soil moiSture
mange is sutistiaDy significant at dx 10% levd.
(q rorinduccd d1aDgc: in soil moiStUrc cx-
pressed as a pcrCalagc of' soil moiStUrc obtained

rnxnd.r;normaI~apcrjmcnt.
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ing d1C 1930's racmblc d1C OJrinduc;ed
wanning obtained &om me presatt cxpc:ri-
mcnts.

In d1C nxx1cl d1C COrindUI~ glObal
mean inaasc in surface air tI:mpcratl~
widt ~cd cloud coyer it aboUt 4-C and
is 1.5 to 2 times larger Ulan ~ Q)rTapor~-
ing wanning widt praaibcd cloud ~rcr
(3). This indicates mat the cloud feedbad.
process can cnhancc d1C <::orirlduced iin-
aeasc in global mean surface aiJr tanpclra-
Nre, as suggested by Hansen ~r .I. (1~!).
However, a ~t StUdy by ScxnaviUc al1d
Rcmcr (13) suggests mat die iDa1casc in tbc
liquid water axltmt of clouds in l1e$poo5C to
die warming of air may 8Ct IS ii negative

fccdb¥-1 betWeen t~ and cbxi
«1Ver by inaeasing ~ pianewy albedo.
~by ~ucing mc muiOvity d dinwe.
This dca is ncx a:.\S~ in mc ~. In
vicw of mc primirivc mtc 0( mc art b thc
~iz.atia1 of cbJd fonnaticx1 ~
cxhcr processes, mc quanrita~ ~ d:
~ present study ~ bc intcrpretcd wid1
caution.

Dcspitt mcsc WKertainrics, it Kan5 sig-
nificant mat aU dtc Clpcrlmcnts discussed in
~ report indicatt a>rind1K:ed ~
ttduaioo and wintcr mhancancnt of .xl
WCblCSS ova- cncns~ mid-ax1rinanJ re-
gQ1s in middk and high latitUdes. Furthcr-
~ thc anaJysU of die K)iJ moisnft ~-
get suggests mat thcsc Wgc-scalc d1angcs in
soil wcmcss arc dttcrmincd by mc laritudi-
naI and seasonal profiles of mc CX>r induced
warming and do DOt airically depcnd on die
~ of me warming. ~ it is likdy
dut me basic conclusXx1 is valid despite
impafecbons of me nxxIcl.
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Fig. 2. Gcogr:aphic:aI ~ «tbc d1ang1~
in (A) ttXal cbJd amoont (~) and (B) smfatt air
tanpcratUK (cc) in rapoose to a doubling of
COz axltcnt for Junc to Aug\m. Only d1C disai-
burions in d1C nc:igh!K>d1<Xxl «d1c: No,rth Ameri-
can axttincm are illustntCd.

lJ.

Over d)C Great p~ in summer, axaJ
~ COYa' is ~ccd and surface air tan.
pcraNrc ~ sut.untially in rapcxuc
U) d)C doubling of d)C ~ a)Oantnooo in
d)C ax)dd aooosphcre (Fig. 2). Qualitativc.
Iy Iimilar M sma!kr d1angcs in cloud ~
and 1anpcran1re also cx:cur OYer Western
~. In aunmarr, me fK)SitiVt feedback
procas involving ck>ud cover enhances me
rorind\K:cd summer dryness ova me
Qat p~ and watan Europe.

Tbc: ICaSonal variation of me d1angc in
~ nxan ~il moimlrc due to d)C ~
bJbling ~ illUStt2tcd in Fig. 3. In middJe
and high Jatinkics, zonaI mean soil moisture
CNcr d)C aXltiDCnts declincs su~tia11y
during ~ mcx1W and ~ ax1Sistatt
Mtb me geographical disttiburion of soil
moistUtt d1angc discussed arove.

In winter, when me middle latitUde rain
bcJt ~ displaced cquatorward, soil Wc:tDcss
inaeascs not only in high latitUdes but also
in middle latitUdes. However, it is reduced
at abcx1t 25~. mat is, in me soumern half
of dK rain belt. Qualitativcly similar changes
of ZDna1 mcan soil moimlrc wcrc obtained
earlier (1-3. 10).

The results described above WCl'C 0b-
tained by using me modcl wim prcdiaed
cbJd COYa' .Similar experiments ~ also
a)Qcf\x:ted by using arxmer modcl wim
fixed cloud rover. A dc:tailcd anaJysis of
d1CSC cxpcriments also indicates me COr
~~ ~uaion of MJil moistUtt in sum-
~, aId1ough me magnitUde of me reduc-
ticx1 ~ mosidcrably smaller man mat sug-
sated ~ These results suggest d1at dK
sumnxr dryness in me mid-oonrincntal ~.
gioos cxx:urs despite me abSa1ce of me cloud
feedback. process. Howc:vcr. me cloud feed.
back. process enhances mc: ~. .

Over the subtropical portion of me cooti-
nents in me Northern Hcmisphcre (such as
dK DOnhcrn C()aSt of Mrica, ccntraI Asia,
IOOia, and Soud1c:ast Asia), me gcographical
distnlxltioo of d1C COrinduccd mange in
aoiIlIX)istUrc varia greatly from ()DC cxpcri-
~ U> ~ .Furthermore, mese
manges ~ !XX always statisrically signifi-
ant, in pan because of dK large natUral
variability of dK modcl hydrology. There.

be,~shou1dDOttaketoolitcraJ1yd1C
dw1gcs in mcsc r'Cgjon\ pending further
ilM:srigation. A similar caution applies u>
d1C geographical distnOuboo of d1e COr
~~ mange in soil moistUtt ova me
«)Dtiocnts of d1C modcl in me tropics and
die Soud1crn Hanisphcre.

It is tanpting to spccutate mat mc DUSt
Bowl drought of d1C 1930's may have bttn
induad by a warm climatt anomaly. As
noted by Vmnikov and Groisman (11), d1e
seasooal and latitUdinal profiles of me posi.
tive ancmaIy cX surface ail' ttm~ dur-

" M .!" I! N ~

Fig. 3. Larln*-time ~ cLd1C d1angc DI
7a1aI ~ Q) moistutt (~:I OYCI' ~:
aJOtinalts of d1C ~ in rapoose 10 31 bJbIinJ~
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