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ABSTRACT. A \T rti ca ll v int egra ted , zo na ll y a\'e raged energy-ba la nce clim a te 
mod el co upl ed to a two-dimen siona l ocean mod el with presc ribed O\'e rturning pa tte rn 
is employed to assess th e seasona ll y a nd la titudin a ll y \'a rying res ponse of th e clim a te 
sys tem to changes in radiative fo rcin g . Since th e sensitivity of th e clim a te sys tem 
d epend s on its ac tu a l sta te , con sidera bl e a ttenti on is g iven to th e co rrect simula ti on or 
th e importa nt fea tures of th e present-d ay climate (such as surface air tempera ture, sea­
ice a nd sno \\' a mo unt a nd meridi ona l en ergy transport ) . Th e c lim a te va riability 
indu ced b y th e vario us elements of th e a lbedo temperature (e .g . sea-ice a nd snow ) 
feed-back is qu a ntifi ed. It a ppea rs th a t th e \ a riabilirv caused b y sea-i ce vari a ti ons is 
a pproxim a te lv t\l·ice as la rge as fo r sno \\ \·a ri a tions. 

l. IN TRODUCTION II'hi ch is sholl'n schcma ticall y in Fig ure I. At th e upper 
bound a ry. short- wa ve a nd long-wave ra di a ti ve flu xes 

En ergy-ba la nce clim a te mod els (EB C tlrs) ha l e bee n used 

\\ide ly in th e pas t to study th e sensiti\'it y of th e clima te 

s\'stem. Bud yko (1969 ) a nd Selle rs ( 1969a ) independ entl y 
d e\'e loped simpl e EBC.\l s with whi ch th e latitudin a ll y 
\'a n 'ing response to sonlP cha nge in ra di a ti\'e fo rcing I\'as 
e\·a lu a ted. Sin ce th en , th e trea tm ent of th e ph \'s ica l 
mec ha ni sms in EBCtll s has impro \'Cd consid era bl v (e .g . 

di stincti on betwee n la nd , a tm os ph ere a nd ocean a nd 

be t\\'een snow, sea ice a nd la nd ice . a nd inclusion of 

seasona l cvcle ) . 
I n recent years, it has bee n shown th a t w ith simil a r 

t:'pes o f seasonal EBCIIl s, th e present-d ay clim a te ca n be 
rcprod uced to a reason a bl \' good a pproxi m;) ti o n (e.g . 

P eng a nd o th e rs. 1987; H a rvey . 1988b ), \\'hi ch is a 

pre requi sit e fo r a co rrec t simula tion of clim a te se nsiti\·it y. 

Therefo re, consid era ble e (lo rt is put into th e simul a ti o n of 
prese nt-ci a , ' clim a te. Since th e mod el is hig hh' sim.plified 
compa red to the ac tu a l climate sys tem , di sc uss io ns on 
d e ta iled stru c tures a re no t \'e ry meaning ful. Therefor e, 

we will limit o urse h-es to th e la rge-sca le fea tures a nd 

compa re th ese with obsen ·ations. 
H ere. it will be d emo nstra ted th a t the seasona l a nd 

la titudin a l res ponse introduced by th e a lbed o- tempera­
ture feed-bac k (Cl' T feed-bac k, he rea ft e r ) in thi s EBCIII is 

qu a lita ti\'ely simil a r to th a t of GC;-'ls (e .g , tlr a na be a nd 

Sto uffe r. 1980) . Three elem ents of th e O!- T feed-bac k w ill 

be di sting uished: th e d ependence 0[" sea-i ce a rea, la nd 
snoll' a rea a nd snoll'/ ice a lbed o o n temperature. Onl y 
equilibrium res ults will be di sc ussed in thi s paper. 

2. MODEL DESCRIPTION 

A zona ll v a nd \'e rti ca ll y mea n a tm osph eri c laye r is used , 
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Fig. I. Schematic illustration oJ a zonal band from the 
model. containing land. oceall, partial snow and sea-ice 
C01'e/' . S and L represenL the short-wave and Long-wave 
radiative jluxes, respecLively . H and L E are the vertical 
turbulent jlures of sensible and latenL /zeat a/ the s1l1j ace, 
reSjJectil'ely . Fa and Fo rejJresent the to/al meridional heat 
fl llxes ill the atmosjJhere and ocean , resjJectively . Fz is the 
vertical /zeat }lux between Lhe UP/le/' ocean Layer and the 
deep oceall . 
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must balance whil e at the lower bound ary th e a tmos­
phere exchanges radia tive and turbulent energy with land 
and ocean. Th e processes in the atmosphere (i. e. rad­

iation , hori zo n tal heat transport and turbulen t exchange 

of en erg y) are expressed in te rm s of surface a ir 
temperature (Ta). Th e zonal mean surface a ir temper­
a ture is governed by the following equation: 

aTa 1 a aTa 
!Clt 2 !Cl DaCOSip~ 
v r cos ip v ip v ip 

(1) 

where r is th e Ea rth 's radiu s, ip is latitud e, D a is th e 

diffusion coefficient for tota l atmospheric energy, Hand 

LE are the surface-air (luxes of sensible a nd latent heat, 
respecti vely, fJLa is the diverge nce of long-wave radiat­
ion , fJSa is th e a bsorbed short-wave radiation , a nd 
cp fJp / g is the therm a l inertia of the atmosphere. 

In a model with a verticall y averaged atmosphere, 

only the radiative flu)(es at the top of the atmosp here 

(TOA ) and at th e surface need to be evaluated. 
Th erefor e, the eva lu a tion of th e vertical radiation 
distribution using sophistica ted radiative tra nsfer mod els 
is not necessary . A more conve nient (and less time­
consuming) m ethod is to use a radia ti ve transfer model to 

param eterize the TOA and surface flu xes in terms of all 

important variables. The solar radiative transfer through 
the a tmosphere is determined mainly by the a mount of 
water vapo ur and ozone, solar zenith a ngle, cloud amount, 
cloud optical thickn ess and surface albedo. U sing th e 24 
band model of Slingo a nd Schrecker (1982), the short-wa\'e 
radiative (luxes are parameterized in terms of the qua ntiti es 

listed a bove. The long-wave (lu xes are dependent on 
surface (air) temperature, water-vapour content, ca rbon­
dioxide concentra tion , a mount of ozone, cloud amount and 
cloud height . A broad-band emiss ivity radiati ve model is 
used to parameteri ze the long-wave (luxes in terms of the 

a bove-mentioned variab les . 
As in a ll EBCMs, the zo nall y averaged transport due 

to complicated, three-dimensional a tmosph eri c motions is 

S,L 

represented as a diffusive process in terms of the surface 
air temperature (first term on the righth a nd sid e of 
Equ a tion (I)) . According to Lorenz (1979) a nd Stone and 

Mill er (1980), the diffusive treatment of the meridional 

transport is app li cabl e wh en on e considers long-term 
averaged radiati ve forcing whil e using a seasonal mod el. 
Th e diffu sion coe ffi c ient D" represe nts th e diffusion 
coeffici en t for th e total a tmospheric flu x, which meridiona l 
distribu tion is taken from H a rvey (1988a) . 

With respect to zonal (la nd- ocean) energy tra nsport, 

the " infinite wind" mixing case is adopted here (Peng and 
others, 1987). This means that one effe ctive atmospheric 
layer overlies the la nd as well as th e ocean pa rt of a 
la titude ba nd. 

Th e turbulent (lu xes of sensible and latent hea t 

between th e surface and the atmosphere are eva lu a ted 

according to standard aerodynamic bulk rel a tionships. 
The la nd frac tion a t a spec ifi c latitud e is subdi vid ed 

into three surface types: grass , fores t a nd perm a nent la nd 
ice . This distinction is app li ed to acco unt for the 
difIe rences in a lbedo between th e types a nd to inco rpo­

rate the eITec t of masking albedo changes due to snowfall 

in snow-covered forests (Oerlem a ns and V a n den Dool , 
1978; R obock, 1980) . Th e coverage of th ese land surface 
types is fixed at its present-d ay di stribution which m eans 
that th e la titudinal shift of vegetation zo nes under 
varying climatic conditions is neglec ted. The fra ctional 

amou nt of snow present on land (as ), equa lly di stributed 

over the three surface types, is expressed as a fun ction of 
the surface a ir tempera ture (Harvey, 1988a) : 

a, ~ { ~ . 05 (280 - T,I 260K .s 
~~ < 260K 
T' < 280K <-1-

T~ > 280K 

(2) 

where T:' = Ta + r z is th e surface a ir tempera ture 
co rrected for th e zona l mean surface elevation (z) with 
a global mean lapse ra te r of -6 .5 K km I . According to 

R obock ( 1980), the snow/ice a lbedo is a fun ction of 

surface tempera ture, cloudiness a nd zen ith angle. 
Th e zonal m ean ocean circ ulation is schematicall y 

illustrated in Figure 2. Th e ve locity fi e ld (u , w) is 
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Fig. 2. Schematic iLLustration of the zonal mean thennohaline circuLation in the ocean . The arrows indicate the direction of 
theflow. Sand L represent the short- and long-wave radiativefluxes, respectively. H and LE represent the turbulentfluxes 
DJ sensible and latent heat between atmosphere and ocean . 
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presc ribed a nd kept fi xed thro ug ho ut th e ex perim ents, 

LJ p\\'elling ta kes place in th e entire basin except fo r [\\'0 

a reas a t 50 70 ' Sand 60 80 ~ \,\'he re d O\\'ll-welling ta kes 
pl acc; to comple te th e circul a ti on , wa ter OO \\'S po leward 
in th e upper ocea n laye rs a nd equ ato rwa rcl in th e d ee p 

ocean, Thus, by tra nsporting wa rm wa ter polcwa rd and 

co ld water equ a torwa rd th e th erm ohaline circ ulati on 

effec ti\ 'C ly tra nsports hea t towa rds th e poles , Further, a 
consta nt wa te r d epth of 4 km is ass umed, The [cmpC'r­
eHure equ a ti on fo r th e ocea n read s (\\'a tts a nd 1-.101'­
a min e, 1990) : 

oTo 1 o(f cos cpuTo) o( wTo) 
- +-- +--= 
ot f cos cp 1'ocp oz 

1 a (D j ' ar., ) __;:_-,---- -- cos cp - -
1'2 f cos rp arp ° acp 

+ 1 _a (Dh f cos cp _aT_o) 
7'2 f cos cp ocp ocp 

+ - D . - + -'----=-- -"---,---=------""'-'-
o ( OTo) (i::.Lo + i::.So - Ho - Ld 
az . az P\\,C",d ll I 

(3) 

in which To is th e ocean tempera ture, z is th e \'erti cal 

coo rdin a te, f is th e mean frac ti ona l bas in \\'idth , u a nd w 
a re th e meridi o na l a nd \ 'C rti ca l \'eloc it )' components, 
rC's pec ti\ 'C ly, Do ( = 1,0 X lO l l m ~ yea r I in th e So uth ern 
H emisph ere a nd 4, 0 x lOl l m2 yea r I in th e North ern 
H emi sph e rC' ) a nd D iJ ( = 1.5 x 10lIJ m 2 yea r I ) a re 

hori zo nta l diffusion coe ffi cients, Dz ( = 2, 0 X 103 m2 

\ 'Ca r I ) is th e \'erti ca l diffu sion coe ffi c ient , i::.Lo' i::.So' Ho 
a nd L E" a re th e radi a ti\'e a nd turbulent nu x di\ 'ergences 

in th e upper ocean layer. a nd P\\' , ('\\' a nd dill th e d ensity, 
spec ifi c hea t capac ity a nd thi ckn ess , res pecri\'Cly, of th e 
u pperm os t ocea n laye r , Th e first tc rm o n th e ri g hth a nd 
sid e 0 [' Equ a ti o n (3 ) represe nt s th e po le\\'a rd hea t 

tra nsport by gy res a nd eddi es in th e upperm os t ocean 

la ye r. 1 n th e in teri o r of th e bas in, hori zo n ta l hea t 
tra nsport is represe n ted by th e seco nd te rm on th e 
ri g hth a nd sid e with dif'f'u sion coe fTi c ielll Dh, Th c third 
te rm on the ri ghth a nd side of Equa ti on (3) represe nts all 
\ 'enica l mixing processes with difT'u sion coefTi cient Do 
(ass um ed to be consta nt with d epth a nd la titud e) , The 

las t term on th e rig htha nd sid e o f Equ a ti on (3) is th e 

a mo unt of radi a ti\'e a nd turbul ent ene rgy recei\'ed by th e 
up pe rm ost ocean laye r. As sta nd a rd case, a mea n up­
we lling \'e loc it )' 'w of 4m yea r I is ass umed (H ofTert a nd 
o th e rs, 1980), which impli es o\'e rturning ra tes of 17,2 a nd 
20, 2 S\' in th e Northe rn (NH ) a nd So uthern H emisph eres 

(SH ) , res pec ti ve ly, Howe\'e r , th e upwelling rate is 

ass umed hi g hes t in th e equ a to ri a l region a nd d ec reases 
linea rl y to ze ro a t 50 ' S a nd 60 N (Fig , 2) , S imila rl y, th e 
d o \\'n-\\ 'C lling \ 'C loc iti es a rc ass um ed to increase linearh' 
['ro m ze ro to 70 0 S a nd 8 0 0 N, res p ec ti\'e ly , Th e 

merid iona l d istri bu ri on of th e hori zo n ta l \ 'C loc i ry u th en 

fo ll o l\'s from th e con ti n ui t\' eq ua ri on 

1 a( f'u cos rp) + aw = 0 
f cos rp TBrp a z 

(4) 

\\ 'ith th e ass umption of no ach 'Cc ti\ 'C hea t nu xes throug h 

th e la tera l a nd ve rti ca l bas in bo und a ri es . 
Sea ice is in co rpora ted in a pure ly rh e rm od\ 'na mi c 

,,' <1\ ' , Onl \' a rea l sea-ice \'aria ti ons a rc conside red sin ce 

th ey a rc consid ered to be mu ch m ore important th a n 

\'a ri a ri on in thickn ess wi th res pec t to th e surface ene rgy 
bud ge t. Th e m om entum exc ha nge o f sea ice " 'ith a t­
m os ph ere o r ocean is neglec ted , whi ch means that drifting 
of sea ice is no t inc lud ed , Wh en th e wa te r temperature o f 

th e upper ocean laye r (T", ) becomes sm all er than th e 

freez ing tempera ture of wa ter (Tt' == 271. 22 K for a mea n 
sa linit y of 35% ), sea ice with a spec ifi ed thickn ess 
(di = 2 m ) sta rts to fo rm , Th e fi-ac ti o na l sea-ice co\'e r 
(ai ) of a ce rtain la titud e ba nd ca n be computed fro m 
consen 'a ti on of ene rgy 

(5) 

in whi ch c" is th e la tent hea t 0 [' melting ( = 3,35 x 

10" J kg I ) , Pi th e density of ice ( = 920 kg m 3
) , p" the 

densi ty o f' sea water ( = 1000 kg m 3) , CII' th e specifi c hea t 

ca pac ity of sea wa ter ( = 3,9 x 103 J kg I K- I
) , a nd i::.B 

( = Tr - TII' ) th e und ercoo lin g te mpe ra ture, iJB ca n 
become pos iti ve a ft er the " new" tempera ture is e\'alu a ted , 

After a ppl ying Equa ti on (5 ) , th e wa ter a nd sea-i ce 
tempera ture a re se t equal to Tr, If th e frac tiona l sea-ice 

a m ount becomes equa l to 1.0 (i, e , th e latitud e ba nd is 

entirel y covered with sea ice ), th e sea-i ce tempera ture (7i ) 
is a ll owed to d ec rease below Tr whil e th e temperature 0 [' 

th e und erl ying upper ocean la ye r rema ins equ a l to Tr, 
Th e sea-i ce variations are due ma in ly to va ri a tions of th e 
ene rgy ba lance at the ocean surface , The energy suppli ed 

to th e upperm os t ocean laye r covered by sea ice throug h 

ad\'ec ti o n a nd diffusion in th e ocea n is impli citl y equ a l to 

th e ene rgy [lux throug h th e base of th e sea-ice laye r a nd is 
th e refore used to wa rm /coo l th e sea ice. Ob\'iously, th e 
melting process is ra th er simil a r to th e fi-eez ing process 
d esc ri bed a bO\'e , 

The a lbed o of sea ice is ta ken simil a r to th a t of land ice 

wi th res pec t to its depend ence on snow cover, zeni th 
a ng le, surface tempera ture a nd clo udin ess , The a mount 0[' 

snow coverin g th e sea ice is gove rn ed by Equ a tion (3) 
using sea-i ce tempera tures , 

I n th e meridi ona l direc ti on, a 5° g rid d ista nce is used 

in th e ocea n a nd a tmos ph ere, The ocean is subdil·ided 

into six ve rti ca l layers with increas ing laye r thickn ess 

towa rds th e bo ttom ( lOO, 3 17, 544, 776, 101 2 a nd 
125 1m ) , Th e meridional di stribu tion o f clo ud a mount is 
presc ribed acco rding to obsen 'a ti ons, whil e th e g loba ll y 
uniform cloud opti ca l d epth is used to tunc th e mod el to 

its present-d ay sta te. 

3. SIMULATION OF PRESENT -DA Y CLIMATE 

Th e cha rac te risti cs of th e differences be twee n simul a ted 

a nd obse rved current-clima te sta te will be disc ussed, The 

meridi ona l distributi on of th e a nnua l. zo na l mean surface 

a ir tempera ture a nd its sea ona l ra nge a re shown in 
Fig ure 3 , The O\'era ll agreem ent see ms to be good , 
a lth oug h th c m od el somewh a t und eres tim a tes th e surface 
a ir tempera tures in th e reg ion 10- 45° N (th e maximum 

diffe rence is a bou t 4°C ) , T em pera tures over the An ta rc ti c 

contin ent a re sig nifi cantl y lower th a n ove r th e l.\orth 
Pola r basin (even when co rrec ted to sea-Ie\'el tempera t­
urcs ) , as co rrec tl y simulated by th e m od el. Due to th e 
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Fig. 3. Zonal and annual mean slII/ace air temperature and 
ils seasonal range (solid Line) . D ols are observalions given 
by W arren and Schneider ( 1.97.9) . 

la rge la nd m asses in th e NH , th e a mplitud e of th e 

seasona l cycle of a ir tempera ture is la rges t th ere. The 
pol ewa rd enh a nceme n t of th e seasona l tem pera tu re 
r a nge, du e to th e pole wa rd in c rease in seaso na l 
a mplitud e of in cid ent sola r r adi a ti o n , seem s to be 
ca ptured b y th e m od e l, a lth o ug h th e sm a ll-sca le 
structures a r e not , possibly due to th e use of -' infinite­

wind " zonal a tmosph eri c hea t tra nsport . 
Th e mod el success full y reprodu ces th e seaso na ll y 

\'a rying snow cove r on lancl. On th e o th er ha nd , some 
problems exist with res pec t to Ihe seasona l beha \'iour of sea­
ice a mo unt: in the NH , the seasonal ra nge is overes tim a ted 

whil e in th e SH it is und eres tima ted. The phase of the 

a nnual cycle seems to be simul a ted co rrec tl y, with ex tremes 
in sea -i ce cover in f ebru a ry- M a rch a nd Aug ust- Septem­
ber. The simula ti on of the la titudin a l d istribution of a nnual 
mean surface a lbedo seems fa irl y good as compa red with 
\'a lues from Robock ( 1980), wi th maxim um di sc repancies 

of a bout 0.03. Global mean va lues of the radi a tion budge t 

a re shown in T a ble I togeth er with es tima tes from Sell ers 
( 1969b). The la rges t disc repa ncies seem to occur in th e 
long-wave region. H owever, differences betwee n the mod el 
and obse rva tions a re rela ti\'ely small and of the order of the 

acc uracy of the obse rva ti ons. 

Concerning th e tra nsport in th e a tmosphere, th e 

mod el seems to be a bl e to reprodu ce th e m a in fea tures, 
as indica ted in Fig ure 4 : maximum valu es o f abo ut 
3 x 10 15 \IV a t 45 0 in bo th hemisph eres . Obviousl>" th ese 
cha racteri stics a re imposed ma inl y by the choice of 
tra nsport formula tion a nd by the m eridi ona l distributi on 
of th e a tmospheri c diffu sion coeffi cient (Do). According to 
th e (widely va r ying) obser vati ons, th e m aximum ocea ni c 
t ransport ta kes p lace a t lower la titud es . This as pec t is 
reprodu ced by the mod el du e to th e contributi on of th e 
meridi onal ove rturning (tra nsport hereby is proporti o na l 
to th e meridio na l mass fl ux a nd tem pera ture c1ifIe rence 

between top a nd botto m mod el ocean laye r) . Th erefore, 
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T able J. Observed ( Sellers, 1.96.9b ) and modeL-generated 
mean annual, globally averaged radialive lerms ( I V m 2) 

Observed Model 

N et short- wave Surface 154 154 .1 
Atmosph ere 86 88. 0 

T o ta l 240 24·2 . 1 

Ne t long-wave Sur face - 55 50. 7 
A lmosph ere - 185 - 190 .7 
T ota l 240 - 24 1.4 

Ne t a ll- wa \'e Surface 99 103.4 
A tmos ph ere - 99 - 102.7 

T otal 0 0. 7 

th e inclusion 0 (" a n o\Trturning mechanism, simpl e as it 
may be, improves th e meridi ona l di stribu tion o(" ocea n hea t 

tra nsport compared to mod els which onl y ta ke diffu si\ 'e 

ocean tra nsport in to acco unt. Th e edd yjgyre transport 
contributes littl e to th e to ral oceanic tra nsport , especia lly in 
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Fig . 4. Annual and .canal mean meridional energ)1 
Irans/Jo rt in atmosphere and ocean . j\IJinimum and 
maximum estimales oJ 10lal ocean IransjJorl are Jiom 
HSlling ( 1.985) and Carissimo and others ( 1985), 
res/lectively . In Ihe lower /Jall eL, eslimates qf allllos/J/zeric 
lransporl are laken Ji'om Carissimo and others ( black 
squares) and Oort and Vonder Haar (1976) (white 
squares) . 
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thc SH, This ca uses the total oceanic heat nux to be largest 
in the ,\H, HOI\'C\T!'. thc tota l ocean heal transport is still 
onl\- hair of' the atlTlosphe ri c transport, 

4. THE ALBEDO-TEMPERATURE FEED-BACK 

J n oreier to quantify th e contribution of' eac h c lement or 
the Cl T fl'cei-back m ec hani sm 10 the actua l response, 
three separate crfcc ls arc conside reei : ( I th e d ependence 

of sea -i ce COl'er on temperature (refe rred (0 as sea-ice area 

feed-back, hereafter ), (2) thc depcnd ence of 51101\ ' COl 'C ], 

on temperaturc lsno\\" area reed-bac k) . a nd 13 ) the 
dependence of'sno\\,/ ice a lbedo on tcmperaturc (snOl\"­
a lbedo fe eel-bac k I , Four addition a l model \ 'ersions halT 
been constructed in \\ 'hi ch the element considered is [ix ed 

at its lat itudin a ll y and seaso nalh- \'arying prese nt-da\" 

di s tribution. Th e ri\'(' models cons iderecl are: 

:-\ I Full Cl' T fe ed-bac k 
1\ 2 Sea -iec area [jx('d 
:-\ :1 Land sno\\' a rea [jxed 

:-\ I Sno\\'! ice albedo fixed 

:\,'i ~o Ct - T feed-back l i,e, :\2 + A;; + A ,), 

Al FULL FEED-BACK 
90 

60 

w 30 
Cl 
~ 0 f-

A uniform d ecrease of' 2% in solar inso lation at TOA 
IS app li ed, The latitudinal a nd seaso nal di s tribution of' 
change in surface air temperature for thc fi\ 'e mod els is 
prese nt ed in figure 5. The annual mean res pon se f'or the 

I'a rious models is shown in Figure 6a, Ob\iously. the 

strong seasonal cycle in the response of mod el A, in th e 

polar reg ions is clue entireh' to va ri a tion s in sra ice , since 

the rcsponse of mode l A~ sho\\'s no seasonal beh a \'iour. All 
mode ls including sea -ice variations (AI , A3 and A+) halT 
thi s typical seasonal " sea-iec-induced " response, \\ 'hich 

can be cha racterized Iwa large seasonal \ 'a ri a tion in th e 

res ponse in surface air temperature orthe polar rcgions. It 

is eausrd b\' e nh anced heating of th e ocean in summer as 
a result of'redueed sea ice. The addit io nal hea t is released 
to the OI 'erly ing atmosp here in winter, a lso du e to 
reduced sea -ice CO\Tr ( i\Ianabe and StouJfe r, 1980; 

Han'ey . 1988b) , If the sea -i ce area is fix ed (mod el :-\2 ) , 

the polar amplifi cation of se nsitil' ity is \ 'irtually abse nt, 

simi lar to thc responsc in the absence of th e Cl'-T feed­
bac k (model A.J ) ' 

\\ ' ith sea ice fi xcd there is a slight in c rea se in 
tcmperaturc change \\ 'hi ch peaks in the mid-latitudes 

betl\'een 30 and60 N (Fig, 6a ) . At these latitudes. \\ 'here 

spring and autumn 5nOl\' co\'er is st il l significant , net 

A2 SEA ICE FIXED 

9°~~~III 60UT}J 
30 

o 
3 - 30 

-60 

- 90 

tm~~-30._ 
L ~~1Ifj-60 
~ -90 

A3 LAND SNOW FIXED A4 SNOW ALBEDO FIXED 
90 

60 

w 30 
Cl 
~ 

0 f-

3 - 30 

~Il~\ '--5,:) 
/.// ::;:;:::; ~ .J_ 

&~it '.le :'8::: 
,..:......,,.....-

~ 
~\ 
> :::::::C: :,:,:, :rr ,:;:: 

:::::::: 
::::::: ::::;::: ;:;:; 

~:::::: 

90."~~ 60 
30 

-60 

-90 \ ~ ':. '-
',t~1 

AS NO ALBEDO-TEMPERATURE FEED-BACK 
JA FE MA AP MA JU JU AU SE QC NO DE JA 

90 
L::: ::::{ 

60 :::0': :::::::: :::::::: :::::;:;: 
:::::: ::":: 

w 30 
Cl 

::::::,: 

:':",: ;;;;':;:'i 

::J 
0 f-

5 -30 i":: ::::""':'" 
""" -60 "::::,:,,,:, 
,:,',: 

- 90 :::,::::,: /: 

JA FE MA AP MA JU JU AU SE OC NO DE JA 

Fig , j, Latitudillal alld seasollal di.rlribllLion oJ alll7os/J/teric lem/Jeralllre c/tange resulling .from a 2% decrease ill svlar 
comlanl Jar lIIodels Ai A~, Lighl-gre)' and dark-g}'(~)' areas re/He,l ml Ifln/Jfralllre c/wl1ges q/ less l!tall 2" (; alld 11/01'1' l/tall 
.r c. respecl il'e£)', 
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;; 
~ 
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U 

-- Al rull leeU- back 
- - - A2 Sea ice lixed 
- - - - -~ Land snow fi xed 01 ,- A, Snow albeuoli xcd 

1 As No alhedll-fempcntturc feed-back .,';; - , i --, ,L-. ___________ -' .- I 
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60 

\ 
! 

90 
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Fig. 6. IIJeridionat distrib ll tion oj the change i ll zonaL alld 
annuaL mean (a) sur/ace air lemjJeralllre and (b) lIet sotar 
radialion al TOA, resullingfrom a 2% decrease il1 solar 
cOllstantjor models A l A5 . Also shown ill ( b) as" initial 
jorcing" is Ihe deaease in Ihe TOA solar radialioll jusI 
aJier the soLar calls/ant is reduced b.,v 2% al/d '{,('il/lOlIt (lI7) ) 

climale jeed-backs. 

cha nge in TOA sol a r radi a ti on is la rges t, as ca n be 

inferred fro m Fig ure 6 b. In the SH , cha nges in so la r 
radia ti o n a nd tem pera ture due to va ri a ti ons in snow 
cO\'er a re virtua lly a bsen t si nce la nd snow cO\'er o u tsid e 
th e Anta rctic eontinent d oes not ex ist in th e present-d ay 
clima te. The 1 0 1~' se nsitivity in the .\TB is due to th e fac t 

th a t, in th e present-d ay sta te, snow cove r is sm a ll in 
summ er when cha nges in incident so la r radi a ti on a re 
la rgest. As a result , th e snow a rea feed-bac k is re la ti ve ly 
wea k compa red to th e sea-ice a rea feed-bac k. Altho ug h 
sensitil'ity indu ced by th e snow a rea feed-back a lo ne is 
small , it effec tively enh a nces th e sensitil 'ity due to sea-i ce 

a rea fcedbac k in th e NB , as can bc inferred from Fig ures 

5 a nd 6 wh en th e results of A I a nd A3 a re compa red. 
U nex pec tedl y. th e omiss ion of th e d epend ence 0 [' th e 

snow/ice tempera ture o n a lbed o (mod el A_I) enh an ces th e 
sensiti v ity in th e NB , in contras t to th e response in th e 
SH. Presum a bly, thi s is due to a sea-ice-induced shift in 
seasona l cycle o f th e surface tempera ture_ Howe, 'e r, since 
thi s is onl y a minor effec t it w ill not be ex tensively 
di scussed here. 

In o rd er to qua ntify th e magnitud e of th ese feed-bac k 
mecha ni sms, a linea r fced-back anal ys is is adopted here. 

G ene ra ll y, th e cha nge in g lo ba l m ean surfa ce air 
tempera ture (.,1T) res ulting from a n initi a l cha nge 111 

TOA radi a ti" e forcing (.,1Q ) can be written as : 
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.,1T = A.,1Q (6) 

wh ere A is referred to as th e sensitil 'ity pa ra meter. In the 
a bsence o f inte rn a l feed-backs, th e sensiti\ 'ity pa ra me ter 
(Aa) can be es tima ted fro m th e d eri va ti ve of th e spec tra il ), 
integra ted Pla nck fun c ti on a t th e effective radi a ti on 

tempera ture (Tep ): 

(7) 

which , fo r present-d ay valu e of L (T a ble I ) gives Aa = 

0 .266 (W m 2 K I) I . With th e inclusio n of feed-bac k 

mechanisms, Equa ti on (6 ) can be expressed as : 

.,1T = (AO- 1 + LA;-I)-I.,1Q (8) 

where subsc ript i d eno tes feed-back mecha ni sm i . It is 

ge nera ll y ass um ed th a t th e contributio ns to A- I from th e 

indi vidu a l feed-bac k mecha nisms combine linea rl y fo r 
sma ll L3.Q . Furtherm ore, it is ass umed th a t th e A;- 1 a re 
ind epend ent of wh a teve r o ther feed-bac k mecha ni sm is 
prese n t. No te, howeve r, th a t th e tem pera ture res ponse 
d oes d epend on th e presence of feed-bac k mecha nisms, 

which implies tha t th ese can a mplify each o th er with 

res pec t to the tempera ture res ponse, as can be inferred 
from Equa ti on (8) . The values o f A,.-1 fo r each feed-bac k i 
can be easil v eva lu a ted from th e difference of th e tOla l A 
with a nd without feed-back i o pera tin g . Thus, th e A;- 1 

for each e lement of th e a- T feed-back ca n be obta ined 

from th e g loba l mean tempera ture response of mod els A l­
As. Th e res ulting va lu es of A;-1 (o r a 2% d ec rease in so la r 
consta nt (So) are shown in T a ble 2. N o te th a t A;-1 is 
nega tive for a pos iti ve feed-bac k. 

The combined wa ter-I 'a pour- temperature feed-bac k 
fo r short-wa \'e a nd lo ng-wa\'e radi a ti on is la rger th a n th e 

tota l a T feed-bac k, whi ch amounts to \ ,_T- 1 
= - 0.77 

W m- 2 K I . Tt must be no ted , howeve r, th a t th e sensiti vity 
due to the wa ter-\'apour- te mpera ture feed-bac k (AII ,O - 1) 
could no t be e\'a l ua ted independen tI y. 1 t was es ti ma ted as 
being th e difference be tween th e \'a lue o f A produced by 
th e " no a- T feed-back' mod el" (mod el As) a nd AO. Cess 
( 1989) es tim a tes AH ., O - 1 = - 1.2 W m 2 K 1 whi ch agrees 

reasona bl y well with th e value found here. 

T able 2. Global meall values oj l/ie inverse sensilivit)l 
parameter associated wilh individual jeed-back processes 
jar a 2% decrease in solar constanl 

Process 

aLl oT 
'Va ter vapo ur 
Snow a rea 
Sea-ice a rea 
Snow albed o 

T o ta l 

A j - I 

Wm 2K I 

3.76 
- 1.05 
- 0. 28 
- 0. 53 

0.04 

1.94 
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.-\ s disc ussed a bo\'(> , g lo ba l se nsiti\'it y du e to sea-i ce 

a rea (eed-bac k is mu ch la rger th a n th a t due to sno w a rea 

reed-back , whe reas th e sno w / ice albedo reed-bac k is 

re la ti\T ly \I'ea k. Th ese res ult s compa re reaso na bly \I'e ll 

Il' ith the \ 'a lues presented by R o bock 1983. L' sing a 
,easonal EBC.\1 he o btain ed for th e snaIl' area. sea-ice 
area and snow /ice a lbedo \'alue, o r A ; - I of 0 .07, OA5 
a nd - 0 . 13 \\. m ~ K I. res JJe c ti\ ·e ly. H a n 'ey ( 1988 b ) 

confirms o ur co nclusio n th a t th e sno ll-j ice a lbed o feed­

back has \ 'e ry little effec t o n g lo ba l se nsiti\·it y. C ess and 
o th ers 1199 11 compare sna Il' a rea Ceed-hac k in 17 GC .\ ls 
by pe rturb ing the sea surCace temperature Cor a pe rpe tual 
.\ pril simulat io n . \\' ithout cloud ked - bac ks. th e mocl e l­

m ea n c lear-sky ill\ 'e rse se nsiti\'ity parameter is a bo ut 

0 .3 7 \\. m 2 K 1 \I·ith the extrem es being - 0 .03 a nd 0.90 
\\. m 2 K I . 

T a bl e 3 sho ll's the inl 'C' rse se nsiti\·it\· parameter 
An _ T - J Cor th e to ta l et T feed-back as d e termined in 
\'arious mod elling studies . Our m od e l agrees ro ug hl y \I'ith 

th ree of th e refe rred m odel s. The (1\'0 other model s 

pred ic t a n Q T fe ed-back app roxim ate l ~ o nh- half as 

stro ng as in th e o th er (o ur models. This (~\ct illustrates th e 
need Cor m o re st udi es o n th e Cl T ked-hack. l-I o wC\'C r , it 
m ay be sa fe to state that th e to tal 0. T reed-bac k is 
s ig nifi ca ntl y II'ea ker th a n th e total II'a tCl'-\'apou r 

temperatu re reed-back Ilith respect to th e g lo ba l mean 

res po nse fo r the present-d ay c limate . 

T able 3. Tile illrl'r.le sfIIsilil'i{l' /){(rrtllll'ler for tile lotal 
Cl T feedback A,, - T - 1 ( J " 111 ~ A' I ) (0 delNlJlilled ill 

l'ariO/{j lIIorlf/s Jar Jo rcillgl oJ 2 x CO2 Or So ± J 2% . 
:ldo/J/ed./io JII Hml'~)' ( J.988b) 

.lforM 

GISS GC:-[ 
OSU GC~I 

\'C:-\R CC.\J 
EBC.\I 
EBC .\ I 
EB C1\ J 

H a nse n and o th ers ( J 98+ ) 

Sch lesingc r 1985 ) 

Dic kinso n and o th ers 198 7 
R oboc k 1983 
1-1 3 1'\'C I ' ( 1988 b ) 

This stud>' 

- 0,35 
- 0.7 

0.7 
0.6.3 
0 .32 

- 0.77 

For la rge r exc ursions ocr th e current c lim a te. th e total 
g loba l sc nsiti\ ' it y ShOlI'S a markcd as\·mme try. as show n in 
Fig ure 7. This is du f' mainly to a stro nge r Cl T reccl-bac k 
in co ld er cli ma tes, whi c h is th c m a in ca use Co r A to 

inc rease as So d ecreases . I n co ld er clim a tes, hi g h refl ec ti\ 'C 

areas extend into regions II'ith hi g h inso la ti on . \\'hi c h 

dramaticalh- increases th e cha nge in TO.~\ radiati o n 

ba la nce res ultin g Crom a c ha nge in surCace a lbed o . 
Th erefo re. th e se nsiti\ ' ity or th c m od el clim a te d epends 
s tro ng ly o n th e s ta te itself', \I' hi c h e mph as ises th e 

impo rt a nce o f accu ra te h ' s imula ting th e prest' nt-d ay 

elimate in studi es co ncernin g c lim ate se nsiti\·it\,. 

5. CONCLUSIONS 

In thi s paper , th e albedo tempera turt' I Q T ) feed -back is 

a na lyzed II'ith a co upl ed EBC.\1 oct'an ad\'Cction c1iffus-

1 .2 

....-, 
N 

E 0 .8 

~ 
~ 0.6 

c< 0.4 

0 .2 
- 1 0 - 5 0 5 1 0 

Change in solar constant (%) 

Fig. 7. J 'alllcj of a jell.liLil'i{J' jJarameler A Jar a l('ide 
range of c!tanges in solar (o/lj /alll. 

Io n Ill od el. In parti c u lar, its impac t o n th e la titudin a ll y 
a nd seasona ll y \'a r> 'i ng a nd g lo ba I Ill ean te m pe ra t u re 

res ponse is disc ussed . Th e Q T feed-bac k is subdi \'ided 

into thrt'e compo nents. \I'hi ch a re a ll d e pendent o n 

tempera ture : ( I ) sea-ice a rea . (2) la nd snOIl'-co\'e r area. 
a nd (3 ) snow / ice a lbedo. The enha ncem e nt or th e g lo ba l 
sensiti\'it\, caused bv lh e C\' T Ceed -back is d ue mainl y to 
sea-i ce area keel -bac k. Th e sna Il' a rea keel-bac k appea rs 

to be o nl y ha lf' a s stron g as th e sea -i ce a rea feed -bac k 

II'hile th e sno ll-j ice a lbed o reed-back is \Try sm a ll. 

A lth o ug h the cv- T ked-back int rodu ces enhanced 

se nsitil' ity or the po la r reg ions, it is wea ke r than the 
lI'a ter-yapo ur tempera ture ked-back lI'ith res pect to the 
g lo ba l m ean rcs po nse . Comparison with o ther types or 

m od els sh oll's tha t th e g lo ba l mean se nsi ti \· i t y prod uced 

by th e (l; T ICed-back is pro babl y well reproduced in the 

present m ode l, a ltho ug h its inte rac ti o n with other reed­
hac ks no t includ ed in this m ode l (e.g. c loud keel -backs ) 
Illa>' sig nifi can tl y c ha nge th ese res ults. 

ACKNOWLEDGEMENTS 

.J. d e \\'o ld c is ac kn owledged Cor hi s \ 'a lu a ble comm e nts 
o n an f' arii er \'Crsio n oC th e manuscript. Fin ancia l suppOrt 
II'a s prov icl ed b\' th e :\I et herl a nds Antarct ic R esea rc h 

Programm e (GOA l . This II'o rk \I'([S sponso red by the 

N a tional Computing F ac il ities Found atio n .'\CF) fo r the 

use of' supcrco l11puting l~lciliti es. II'ith fin anc ia l support 
fi'om th e Ketlwrlanel s Organisation Co r Sc ie ntifi c R es­
ea rc h (l\' \\'O ) . 

REFERENCES 

Buch ko. \1. I 1 96~). Th e dIC-ct of ,o lar radialiolt I'"riat ions 0 11 the 
climate of Ih l' Earth. 7 "'till, 21 ,) . 6 11 619. 

C:ar i" inll). B, C ... \ . H . Ourt and T . H. \ ·o llcl ,.,. Haar. 198.), ESl imaling 
the meridioll a l e nergy lran~p()n..., ill the al l1l osphcrC' and ocean. }. 

Pill'<. Oml/IOW .. 15. 82 9 1. 
CC". R. D, 1989. (;allginl!; lIater lapollr feed back . . \ ·{[tllll' . 342 . 736 737. 
Crss. R.D. (Jilt! 32 II th,'n. 1991. Itllcrprc lal ion of,noll·riim:ltc recdback a, 

prod uced 1" 17 g;c ll cra1 ci rcu lation model, . .\'I'il'lll'l' , 253 5022 ,H88 H9~, 
Dickinsoll. R. E .. G . . \ . .\l ('(' hl and \\' . .\1. \\·ashillgto ll . 1987, lcl' a lbedo 

IlTclback ill " C:O ~-cloub liIl R sC(, lI ario. Clilllalic C;hallgr. 10 :1 .2+1 21H, 
I-I <l t"en. J, (Jilt! 7l1then. 198-1. C li mate ,cmi ti l·; t,: ana1",i , of leedback 

mt'chani"m. (:I'II{!hn, . \Ioll o,~r .. . 1111. C:eo{!/~I 'J . C llioll 29 . 130 163. 
J-1 anTI. L. D. D, 1988a. ;\ scm i·anal yt ic energy balance ri im a lc model 

lI'itl! l'''plicil sca ice a nd , nOli pI! ) sics. ]. Clilllatl' . 1 11 ), 1065 1085, 

359 https://doi.org/10.3189/S0260305500016062 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500016062


Billtrl7lja alld Oerlelllalls: Albedo temjJeratllre feed-back a/ld climate se/lsitivil]' 

Ha n ey. L. D. D. 1988b. On th e role of' hi gh lalil udc icc. sno\l·. and 
\('gelat ion f('cdbacks in tli e climatic r('''ipon~(' to eX lern<l1 forc i n~ 

('han~l·'. Clillll/lir Chl/n.~(' . 1312 . 191 22~· . 

Hofkl'l. :'I!. I.. .\ .J. Callegari and C. -'I' . II , ieh. 1980. The role or deep 
~('a hea l sto rage in the sec ular r("jJo ll .... e to ciimal(' f()ITing. J. (,'eo/)/~l',L 

Rc" .. 85 CII I, 6667 6679. 
J-huing, J. 1985. ESlimales of glo bal oceanic meridiona l heal lransport. 

J. I'I~J". QCI'anogr .. 15, /40.1 1·11 3 , 
Lorl'll z, E. N. 1979. Forced and rre(' , 'a ri al iollS or\\'ca lh cr and cl imalc . 

]. . 1/1110.,. So' .. 36. 1367 1376, 
I\ I;1>1ah(' . S, " nd R .,J . Sloufkr. 19RO. Sc ,,, il i"i ty or a globa l clilllate 

1110dcl 10 a ll increase Dj" CO~ CO Il CC lllratioll in the Zl lIllOSp IH'IT. J. 
(;eojlIO'.\. Re,., 85 Cl 0 , 5529 5554. 

Oerkma tb. J. and H . :\1. , 'an den Doo l. 1978. Energ" ba lance climale 

models: ; lab ilily experimen ls \I'ilh a rdined al bedo and upda led 

codli cil'lll s If) r infra red emi"ion. J. ,1/1110.,. Sci .. 35, 371 381. 
0 0 1'1. : \ . H . and T. H , \ 'onder Haar. 1976. On lhe obse ,,,,ed an n ual 

f) c1<- in the ocea n i:ul110sp hc re hea t ba lance oy('r the .:'\on hern 

I icl1li sp here. ]. Ph)'s, Or('allogl .. 6 , 78 1 ROD. 
Peng. I .. , :'I!. - I) , Chou a nd ,\ . . \ rk ing. 1987. C lima le \\'a rmi ng due to 

increasing atmospheric CO2: simula lio ns 1\ ith a tllU lli laycr coupled 

alt1lOSp hrre ocean seasonal en('I'g\ ba la nce mock l. J. Geoji1u,., · Re.I., 

92 , 1)51. 3505- 5521. 

360 

R obock. A. 1980. T he seasona l cycle oJ'snow cO\'Cr. sea iee and , ud acc 
a lbedo, ,\lOll , I f'ea/her RfI ' .. 108 3 ). 267 285. 

Robuc k .. \ . 1983, Ice and sno\\' Ircdbacks andlhe la lit udinal a nd seaso n,,1 
dislribution orcl illla (c sensil i"il'·,]. , 1/1110', Sri .. 4014,,986997. 

Schlesin.t;('J'. :'11. E. I 98.'i. ,\ n"lvses of' re"il ts rrom energy balance a nd 
r<ld ia li ,'C-convccri,'e model s. I" \ lacC rac ken, t-1. C. and F. \1. 
LUl her. eds. Projl'Clillg Ihe clilllalic efIec/.> 0)' ill creasing carboll dio I ir/,>. 
" '<tshinglOn , DC. U.S. Departmcill 0[' Energy. 81 - 147. (R epo rt 
DOE fE R-0237. ) 

Se lle rs, " ' . D . 1969" .. \ g loba l clim a ti c model on the energy balance of' 
th ,' Eanh almosp here SYS Il'Ill. ]. Appl .. 1/1'/('01'01., 8 . :192 400. 

Sell ers, \ \ ' . D . 1969b. PI,)'.>ica/ dilllal%g)', C hicago, eIC., Un i, 'ersily or 
C h icago Press . 

Slingo .. '\ . and H. :\f. Schrrckcr. 1982. On lhc shorNa" e radiali,'C prop­

erti es oJ'sl raliform waleI' clouds. Q ]. R, .\lelfOlo/. Soc.. 108. 407426. 

Stone. P. H . a nd D . ,\ . ,\lill er. 1980. Empi r ical relalions bel\l'Ccn 
seasonal changes in meridiona l ltlllpCnllure g radien ts and ITIcrici­
innallluxcs of' heat.]. ,1/1110'. Sri., 37, 1708 1721. 

" ·" rren. S. C. ancl S. H . Schneider. 1979, Seasonal simu la liom as a leSI 
for unccrta i nti('~ in the pa ra ll1 l'tcriZ<-1 l ions of a Bucly ko Sell ers zonal 

climalc model. J. :limos. Sri ., 36, 1377- 139 1. 

\\'a l ls, R . G. and :\ 1. ~ loranl i nc . 1990. R ap id cl ima lic change and lhe 

dccp ocean. Climate Change. 16.83 97. 

https://doi.org/10.3189/S0260305500016062 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500016062

