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ABSTRACT

A m odel o f the m ixed layers o f the North Pacific and N orth A tlantic Oceans has been coupled to 
a hemispherical, quasigeostrophic, beta-plane m odel of the atm osphere. The tw o oceans are 
represented by the  sectors 9 0°W -90°E  and 0°-45°W , respectively, w ith the North American and 
Eurasian land masses by 45°-9 0 °W  and 0 ° -9 0 °E . The mixed-layer m odel is a simplification of that 
o f Kraus and Turner (1967). The m eridional heat flux in each ocean is prescribed during each run of 
the model and several experim ents were carried out between which these transports were varied. This 
paper considers the role of oceanic therm al inertia in these experiments. Each experim ent began with 
a mixed layer which was everywhere in dynamic equilibrium with the unperturbed heat transport. 
The results show how th e  m ixed layer affects the dynamics o f the model. There are teleconnections 
between the m ixed layers of the tw o oceans with tim e scales of m onths. The m odel shows an e a s t-  
west oscillation reminiscent of the seesaw in northern hemisphere tem peratures described by Van 
Loon and Rogers (1978), which involves the northernm ost mixed layer of the oceans.

INTRODUCTION

M anabe (1 9 8 3 ) h ighlighted  th ree  w ays in w hich the  oceans affec t the  c lim ate , via: 
(1 ) the  hydro log ica l cycle ; (2 ) th e ir  therm al inertia ; and (3 ) th e  tran sp o rt o f  heat. The 
first o f  these is n o t considered  in  th e  p resen t m odel. M urdoch  and T ay lo r (in  p rep .) have 
investigated the  in fluence  o n  th e  clim ate o f  the m erid ional oceanic h e a t flux  using a 
hem ispherical, quasigeostroph ic , beta-p lane  m odel o f  th e  a tm osphere  w hich  is coupled  to  
tw o land m asses and tw o  oceans, each  ocean having an in terac tive  m ixed layer. The 
tran sp o rt o f  h e a t w ith in  each ocean  w as prescribed  th ro u g h o u t any  exp erim en t so th a t 
its  im pact o n  th e  a tm o sp h eric  c ircu la tion  cou ld  be  determ ined . T he experim en ts  show ed 
th a t: changes in  th e  surface tem p era tu re  spanning the w ho le  n o rth e rn  hem isphere 
accom panied  p e rtu rb a tio n s  o f  th e  oceanic h ea t fluxes; zona l w ind streng ths were 
inversely related  to  th e  s tren g th  o f  th e  h ea t tran sp o rt, the w ind changes being generally 
such as to  oppose any  change in th e  heat flux  b u t w ith  effec ts in  b o th  oceans; and the 
regions o f  deep convec tion  in th e  n o rth e rn  A tlan tic  w ere im p o rtan t during  th e  read ju st­
m en t be tw een  c lim atic  phases. T hese resu lts  w ere o b ta in ed  b y  analysing th e  average 
co n d itions du ring  th e  last 150 days o f  each  450-day  run  and assum ed th a t th e  averages 
provided an  in d ica tio n  o f  th e  eq u ilib rium  tow ards w hich  th e  m odel w as m oving. The 
p resen t paper exam ines th e  ro le o f  th e  therm al inertia  o f  th e  oceans in th e  dynam ics o f 
the  clim atic system  b y  s tu d y in g  th e  behaviour o f  the m ixed layer du ring  th e  evo lu tion  
w ith  tim e o f  th is m odel.

T he m odel uses an  unchanging  annual-average heating  fu n c tio n  th ro u g h o u t th e  calcu­
la tions so th a t th e  h ea t c o n te n t o f  th e  m ixed  layer is ap p ro x im a te ly  co n stan t. The real
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m ixed layer w ill ad just to  seasonal changes and so th e  response tim es o f  th e  therm al and 
p o ten tia l energy co n ten ts  o f  th e  layer to  ex te rn a l forcing m ust be  less th an  six m on ths 
and m ay be sim ilar to  th e  decay tim e o f  sea-surface tem p era tu re  anom alies (ab o u t tw o 
m on ths, F rank ignou l, 1979; Wells, 1982). T he a tm ospheric  in d ex  cycle has a period o f  
ab o u t 2 0  days so th a t som e response o f  th e  m ixed  layer to  these  a tm ospheric  fluc tuations 
can be  an tic ipa ted . T herefo re , th e  m ixed lay e r m ay be expected  to  a ffec t th e  dynam ics 
o f  th e  a tm osphere  over m o n th ly  periods, and th is  is reflected  in  th e  large-scale transien ts 
to  be described. The tran sien ts th a t occur ex h ib it zonal p a tte rn s  w hich  are sim ilar to  
fea tu res  observed in clim atic da ta .

MODEL DESCRIPTION

T he com ple te  m odel is described in deta il b y  M urdoch and T ay lo r (in  prep .). T he 
a tm ospheric  p a r t, w h ich  is th a t o f  G ordon  and Davies (1 9 7 7 ), is a tw o-level, quasi­
g eostroph ic , be ta-p lane  system , in co rpo ra ting  a  m odel-dependen t surface energy balance 
eq u a tio n  and , a t th e  500  m b level, a tim e-d ep en d en t heating  fu n c tio n  w ith  associated 
feedback  re la tionsh ips due  to  radiative exchanges w ith  th e  surface. T he surface cond itions 
are in te rac tive ; th e  a lbedo , w hich rep resen ts snow  and ice cover, be ing  a fu nc tion  o f  
tem p era tu re . W hen th e  tem p era tu re  a t any p o in t is below  2 72K  th e  local a lbedo is 
changed to  th a t o f  ice and if  th e  area is sea it  is trea ted  as land . R ad ia tio n  transm ission 
param eters, sensible h ea t loss, la ten t h ea t loss and co ndensa tion  h ea ting  w ere from  
Sm agorinsky (1 9 6 3 ); sensible and la ten t h e a t fluxes w ere allow ed to  vary  linearly w ith  
surface tem p era tu res  ab o u t these m ean  values.

Surface tem p era tu res  over land , 71*, w ere calcu la ted  b y  assum ing therm al equilibrium . 
Over th e  sea th is  is n o t perm issible because h e a t can be sto red  in , o r  released from , the 
w ate r co lum n. T he tem p e ra tu re , 7 7 , and d e p th , h, o f  each o cean ’s surface m ixed layer 
w ere calcu lated  by  th e  m eth o d  o f  H organ , Davies and G ad ian  (1 9 8 3 ) w hich is a 
sim plifica tion  o f  th a t o f  K raus and T u rn er (1 9 6 7 ). W ater tem p era tu re  b en ea th  the m ixed 
layer is assum ed to  be  a co n stan t fu nc tion  o f  la titu d e  ( T h). T,:. and h  w ere determ ined  
b y  ensuring  th a t the therm al and p o ten tia l energies o f  th e  layer w ere conserved. The 
a tm ospheric  therm al and p o ten tia l energy fo rcing  fu n c tio n s are w ritten  as S  + B  — M  
and G — D  + S / y ,  respectively , in  w hich : S  represen ts th e  c o n tr ib u tio n  from  solar 
heating ; B  the  sum  o f  all b lack -body , la ten t h ea t and sensible h ea t losses from  th e  sea 
surface; G  th e  ra te  o f  genera tion  o f  m ixing energy by the surface w inds (deduced  from  
th e  a tm ospheric  m odel fields); SI7  th e  g en era tio n  o f  buoyancy  b y  th e  penetra tive  solar 
rad ia tio n  ( 7  is th e  coeffic ien t o f  decay o f  S  w ith  d ep th ) and D  th e  ra te  o f  d issipation  o f  
energy w ith in  th e  layer. F o llow ing  S tevenson  (1 9 7 9 ), D  w as tak en  p ro p o rtio n a l to  the 
d ep th  o f  th e  layer, th e reb y  ensuring n o  irreversible accum ulation  o f  p o ten tia l energy. 
T he te rm  M  is th e  oceanic  heat-flux  divergence w h ich  represen ts th e  m erid ional tran sp o rt 
o f  h ea t w ith in  each  ocean. Z onally  averaged values o f  M  (from  Sm agorinsky, 1963) 
w ere used and variations in th e  oceanic  h ea t flux  w ere im plem en ted  b y  changing M.

EXPERIMENTS

T he m odel (Fig. la )  pa rtitio n s th e  N o rth e rn  H em isphere in to  fou r sectors: Pacific 
(9 0 °E —90°W ), N o rth  A m erica (9 0 ° -4 5 ° W ), A tlan tic  (4 5 ° W -0 ° )  and Eurasia
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Fig. 1. a. The geom etry used in the m odel. The extent of sea- and land-ice for the control run are 
shown, b. The latitudinal distribution o f heat-flux divergence used in each ocean during the control 
run and during the runs with increased M  and decreased M. Each un it of M  represents 1 Langley in 
the Pacific or 4 Langleys in the Atlantic.

(0 ° —9 0 °E ). T he grid-spacing is 7 .5 °  o f  long itude  and 2 .9 °  o f  la titu d e . T here is no  to p o ­
graphy .

T he experim en ts  w ere designed to  investigate th e  sensitivity  o f  th e  system  to  changes 
in  th e  oceanic  heat-flux  divergence (M ) occu rring  in e ith e r ocean . In th is m odel, M  is 
p rescribed  in  any run . T here is considerab le  u n certa in ty  a b o u t th e  relative streng ths o f  
th e  zonally  averaged oceanic h ea t flux  divergence in th e  tw o oceans. M eridional hea t
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tran spo rts  in th e  N o rth  Pacific and N o rth  A tlan tic  O ceans are sim ilar, desp ite  th e  g reater 
area o f  the  Pacific (B ryan , 1982); p a rtly  because there  is a  larger re tu rn  flow  o f  h ea t in 
th e  Pacific and p a rtly  because o f  the  w ide connec tion  betw een  th e  A tlan tic  and A rctic  
O ceans. T herefo re , in  the  m o d el, M  was set up  to  be fo u r  tim es as great in th e  A tlan tic  
sec to r as in  th e  Pacific sec to r so th a t th e  tw o m odel oceans tran sp o rted  th e  sam e am o u n t 
o f  heat no rthw ards. T he divergence was d is trib u ted  un ifo rm ly  w ith  longitude. This 
arrangem ent was used fo r th e  co n tro l run .

T he in itial values o f  the  s tream  fun c tio n s w ere ob ta ined  by  runn ing  th e  m odel w ith o u t 
a m ixed layer u n til th e  a tm osphere  cam e in to  equ ilib rium  w ith  the  specified  clim atological 
heating  (th e  zonally  averaged heating  fu n c tio n s o f  Sm agorinsky, 1963). S ubsequent 
in itia lisation  o f  th e  m ixed  layer w as carried o u t using the  surface tem p era tu re  and surface 
w ind fields, averaged over several energy in d ex  cycles. By requiring  th a t  therm al and 
po ten tia l-energy  forcing fu n c tio n s  be sim ultaneously  zero , th a t is:

S  +  B - M  =  0  (1 )

and:

G + D - S /7  =  0  (2 )

these average fields could be  used to  prov ide in itia l oceanic-surface tem pera tu res  and 
m ixed-layer dep ths. The first co n tro l run  w as o b ta ined  from  th e  succeeding 450  days 
a fte r the m ixed layer becam e active. T he ca lcu la tion  w ith o u t a m ixed  layer w as con tinued  
as a second co n tro l run .

F our experim en ts w ith  d iffering  M -values w ere carried o u t (Fig. lb ) : ( A l )  M  was in ­
creased by  50% in  th e  A tlan tic  sec to r; (A 2) M  was decreased b y  50% in  th e  A tlan tic  
sec to r; (P I )  M  w as increased by  50% in th e  Pacific sec to r; and (P 2) M  w as decreased b y  
50%  in the  Pacific sector.

Each o f  these experim en ts s ta rted  w ith  th e  same in itial m ixed  layer and a tm osphere as 
did th e  first co n tro l ru n  and ran  fo r a t least 450  days. C om paring  th e  pair o f  opposite  
runs A Í and A2 (o r P I and P 2) to  see w h ich  responses reverse sign provides an ind ica tion  
o f  signal to  noise ratio .

RESULTS

Figure 2 show s th e  tem pora l varia tion  o f  th e  atm ospheric  eddy  k inetic  energy fo r the 
co n tro l run  w ith  and w ith o u t a m ixed  layer. W hen th e  oceans have a m ixed layer th e  
k inetic  energy varies m ore sm oo th ly  w ith  tim e , and th is is co n sis ten t w ith  analyses o f 
m odels under stochastic  fo rcing  (e .g ., F rank ignou l, 1979) in w hich th e  therm al inertia  o f 
th e  ocean transfo rm s a w hite  noise spectrum  o f  sea-surface tem p era tu re  varia tions in to  a 
spectrum  w ith  g reater energy in  th e  low -frequency  regime. Flowever, F ig. 2 show s this 
reddening  to  be  m ore com plex , fo r peaks a t 30  days and 75 — 100 days are  sm eared in to  a 
b road  band  cen tred  o n  a period  o f  50  days.

The presence o f  ocean ic  m ixed  layers in  th e  m odel leads to  a generally  w arm er clim ate 
(M urdoch  and T ay lo r, in  p rep .) . F o r instance, a lthough  ice cover on  land does n o t change 
appreciab ly , th e  e x te n t o f  sea-ice is reduced  b y  abou t six degrees o f  la titude . This 
w arm ing can be  u n d e rs to o d  i f  the developm ent in tim e o f  th e  m odel is exam ined in  the
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Fig. 2. Time series of mean eddy kinetic energy for the control run w ith and w ithout a mixed layer. 
The low-frequency spectrum  is shown for each series.

ligh t o f  th e  a tm ospheric  dynam ics and th erm o d y n am ics. T he in itial stages o f  Fig. 2 
illu s tra te  th e  w ay th is d ifference  in clim ate arises. B o th  tim e series show  a trough  a t abou t 
day  10, a fte r  w h ich  each  g raph  clim bs to  a peak. T he series from  the  experim en t w ith  a 
m ixed lay e r has a m uch  higher firs t peak . This occurs because th e  presence o f  a heat- 
abso rb ing  m ixed layer requires th a t m ore heat be tran sp o rted  n o rth w ard s  by  the 
a tm o sp h eric  eddies to  p roduce  a given tem p e ra tu re  change. S o , m ore vigorous eddies 
can bu ild  u p  befo re  th e  tem p era tu re  g rad ien t a t th e  500  m b level is forced back  tow ards 
baroc lin ie  s tab ility . D uring th is period , heat th a t w ould  o therw ise  be lo s t by  rad ia tion  to  
space is s to red  in th e  m ixed layer. S uch  a sto rage o f  h ea t occu rs during  each o f  the 
a tm o sp h e re ’s energetic  phases and th is h e a t can be released a t less energetic  tim es to  
im pede  th e  fo rm a tio n  o f  ice. T hus, th e  m ixed layer a ffec ts th e  clim ate  o f  th e  m odel 
b y  in fluencing  th e  a tm ospheric  th erm o d y n am ics via th e  500-m b tem p era tu res  and hence 
th e  dynam ics o f  th e  a tm osphere  th ro u g h  th e  m erid ional tem p era tu re  grad ien t. T he m ixed 
layer is th e re fo re  seen to  have a significant e ffec t on  th e  system  even in th e  absence o f 
seasonal forcing.

T h e  flu c tu a tio n s  show n in  Fig. 2 are d o m in a ted  b y  the  a tm ospheric  energy cycle. 
H ow ever, th e  exp erim en ts  A Í , A 2, P I and P2 having m odified  ocean ic  h ea t fluxes each 
began w ith  m ixed layers w hich w ere n o t in  “ eq u ilib riu m ” since, due  to  the  altered  h ea t 
tran sp o rts , th e ir  therm al and po ten tia l-energy  forcing fu n c tio n s w ere n o t zero . As a 
resu lt th e  system  g radually  adjusts du ring  each run  tow ards co nd itions w hich satisfy 
eqns. (1 ) and  (2 ) and flu c tu a tio n s w ith  longer tim e scales are also observed. These f lu c tu ­
a tio n s can  be  seen in  Fig. 3 w hich d isplays fo r tw o  typ ica l cases, A Í and A 2, successive 
50-day averages o f  th e  h ea t sto red  in  th e  m ixed layer (a fte r sub trac ting  th a t o f  the  co n tro l

C o n t r o l  w i t h o u t  a  m i x e d  l a y e r
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ru n ) a t a so u thern  la titu d e  and a t a la titu d e  near th e  n o rth e rn m o s t exposed  region o f  each 
ocean. F o r  th e  w hole o f  th e  Pacific and th e  so u th e rn  p a rt o f  th e  A tlan tic  th e  changes are 
slightly  oscilla to ry  and it is possible th a t an  equ ilib rium  is being approached . In th e  
n o rth e rn  A tlan tic , how ever, a clear tren d  is apparen t. M ixed-layer d ep th s in  th e  tw o 
oceans (Fig. 3) also show  less tren d  a t low  la titu d es b u t, a t h igh  la titu d es, the dep ths 
show  a tre n d  w hich has th e  sam e sign in  b o th  oceans. A ll o f  these tren d s  change sign 
w hen  th e  p e rtu rb a tio n  in oceanic h e a t flux  is reversed. The m ixed layers a t high la titudes 
w ill take  longer to  achieve a dynam ic equ ilib rium  th a n  th e  layers a t low  la titudes because 
th ey  are m u ch  deeper and so require  th e  tran sfe r o f  a considerab ly  larger q u a n tity  o f  h e a t 
to  cause a given tem p era tu re  change.

A t low  la titudes, the  trend  in  th e  h e a t co n ten t o f  th e  m ixed  layer is th e  sam e in b o th  
oceans and corresponds to  th e  underly ing  trend  in th e  m ixed-layer d e p th  (Figs. 3 and 4 ). 
T he w inds in  th e  m odel respond  rap id ly  (i.e. w ith in  50 days) to  th e  changing oceanic h ea t 
flux  and th e  trend  in  th e  layer d e p th  rep resen ts a slow er ad ju s tm en t to  these w inds. A t 
h igh  la titu d es  th is  is also tru e  o f  th e  Pacific in  runs A l ,  A2 (Fig. 3) and th e  A tlan tic  in  
P I ,  P2 (e .g ., Fig. 4). T hus, there  is a te leco n n ec tio n  b e tw een  th e  tw o oceans affecting  
m o s t la titudes. The n o rth e rn  m ixed layer in  th e  ocean w hose h ea t flux  is p ertu rbed  show s 
a tren d  in  its h ea t co n ten t w h ich  is the  d irec t resu lt o f  th e  changed h e a t tran sp o rt and is 
in  th e  op p o site  d irec tion  to  th a t o f  th e  o th e r  ocean.

S uperim posed  on th is overall tre n d , th e  m ixed-layer d ep th s  in  th e  n o rth e rn  region o f  
th e  ocean  show  an osc illa tion  o f  period  ab o u t 40 0  days w hich  is ou t o f  phase betw een  
th e  tw o oceans, thereby  having th e  appearance o f  an ea s t—w est seesaw. T he seesaw has 
its  g rea test am plitude  in  th e  h igh-latitude area o f  each  ocean . As a resu lt, th e  response in 
th e  A tlan tic  decreases tow ards m iddle la titu d es  and a t 57°N  in  th is ocean th e  oscillation  
is less c lear. T his tran sien t response o f  th e  m odel is exam ined  fu r th e r in Fig. 4  w h ich  
co n ta in s  th e  sam e graphs for exp e rim en t P I to g e th e r w ith  th e  correspond ing  tim e series 
o f  surface tem pera tu res and zonal-w ind com ponen ts. T hey  are typ ica l o f  th e  four runs. 
A t low  la titu d es w here th e  m ixed  layers are shallow  th e  flu c tu a tio n s in  surface 
tem p e ra tu re  are relatively large. The tem p era tu res  and zonal w inds appear inversely 
re la ted  to  th e  layer dep th s ind icating  th e  im portance  o f  varia tions in w ind m ixing. In  th is 
“ trad e-w in d ” region, the  w inds are p red o m in an tly  zonal easterlies, thus a positive zonal 
w ind d ifference  m eans a reduced  w ind streng th . T here  is a sim ilar set o f  re lationships in 
h igh  la titu d es b u t, because o f  th e  tre n d s  in  th e  lay e r d ep th  and storage, the tem pera tu res, 
and especially  th e  w inds, are less clearly  re la ted  to  th e  layer d ep th s . T he in te rp re ta tio n  is 
also com plica ted  because 57°N  is in a b an d  o f  w esterlies, w hile 75°N  is in a band  o f  
easterlies.

T he m ixed layers o f  th e  tw o  oceans are coupled  b y  m eans o f  th e  zonal w inds w hich  
tran sm it changes over one ocean dow nstream  to  th e  o ther. E qua tions describing th is 
o c e a n -o c e a n  in te rac tio n  can  be o b ta in ed  from  those  describing th e  therm al and po ten tia l- 
energy balances o f  th e  m ixed  layer, viz:

~  l ( T , - T h ) h ]  =  S + B - M  (2 )
d r

w here  Th is th e  tem p era tu re  below  th e  surface layer, and:
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Fig. 3. Time series of 50-day averages from experiments A Í and A2 for mixed-layer depth and heat 
con ten t o f  the m ixed layer a t latitudes in the northern and southern regions o f  each ocean. The series 
are averaged zonally across each ocean and expressed as deviations from the corresponding series of 
the control run.
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—  [ ( T , - T h) h 2] =  G - D  + S l  7  
o t (3 )

F igures 3 and 4  ind ica te  th a t th e  to ta l h e a t co n ten t o f  th e  m ixed layer does no t 
oscillate b u t show s m erely  an  a lm ost linear varia tion  w ith  tim e. This im plies th a t on

A1 A2 P1 P2

1

o 4 

- 1

r  1 -

!  - 1

5 7  N

0 - -

p

48°N

Days

Fig. 5. Time series o f  150-day averages from  experim ents A l, A2, PI and P2 for surface tem peratures 
at 15°, 36°, 48°, 57° and 7 5 °N. The series are averaged zonally across each continent and expressed as 
deviations from the corresponding series for the control run. The variation o f 50-day means about 
these values is ± 0.75° at m id-latitudes, lower at the  highest latitudes and ± 0.25° at low latitudes.

Fig. 4. Time series of 50-day averages from experim ent PI for mixed-layer depth, heat content o f the 
m ixed layer, surface tem perature and com ponent o f  zonal wind a t latitudes in the northern  and 
southern regions of each ocean. The series are averaged zonally across each ocean and expressed as 
deviations from the corresponding scries for the control run.
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occasions th e  m ixed layer can shallow  w ith o u t changing its  h ea t c o n te n t, w h ich  is an 
unrealistic  fea tu re  o f  th e  m odel. H ow ever, even w ith  a m ore  accu ra te  tre a tm en t o f  
po ten tia l-energy  losses, it is likely  th a t flu c tu a tio n s  analagous to  those  show n here w ill 
occur. T hus, th e  therm al forcing is app rox im ated  as co n stan t in  tim e. In  th e  m odel D  
was w rit te n  as D' h  w here  D'  w as a decreasing fu n c tio n  o f  la titu d e . A pplying eqns. (2 ) 
and (3) to  each ocean , a pa ir o f  equations describ ing the  tran s ien t behaviour o f  the  
oceanic m ixed  layers in  th e  m odel can be derived:

dhA dh A
( S  +  B A - M A ) h A + ( S  +  B A - M A ) t  —  + H a  =  G A — D  h A + S l y  (4 )

(S  + Bp — M p ) h p  + ( S  + B p  — M p ) t  — — +  H p  = Gp  — D' h p  +  S / y  (5)
a t  út

w here su ffix  “ A ” refers to  th e  A tlan tic  and “ P ” to  the Pacific, and H A and H p  are the  
in itial heat co n ten ts  o f  th e  tw o  oceans’ m ixed layers. E quations (4 ) and (5 ) are coupled 
by  th e  ra tes o f  w ind m ixing, G A  and GP ; each o f  these will be  a com plica ted  fu n c tio n  o f
the tem p era tu re  and m ixed-layer d e p th  d is trib u tio n s in  th e  tw o oceans. It is these
func tions w h ich  will de te rm ine  th e  periods o f  any oscillations. T he d issipation  term s 
D ' h A and D' h p  w ill tend  to  d am pen  any tran sien ts , and th is effect w ill decline n o r th ­
w ards w ith  D ' . As a resu lt b o th  the  trend  and th e  oscilla tion  are m o s t p ro n o u n ced  a t h igh  
la titudes (Figs. 3 and 4).

A n oscilla to ry  te leco n n ec tio n  is also p resen t in th e  con tinen ta l-su rface  tem pera tu res. 
These tem p era tu res  are m uch  m ore  variable in  tim e th an  oceanic tem p era tu res , so th a t 
the e ffec t is m ost clearly illu s tra ted  b y  using 150-day averages (F ig . 5). While tem pera tu re  
flu c tu a tio n s at th e  h ighest and low est la titudes are sim ilar over th e  tw o co n tin en ts , in 
m iddle la titu d es (4 5 ° —60°N ) A m erica and E urasia show  variations th a t are o u t o f  phase. 
In  general, th e  tem p era tu re  over each  co n tin en t tends to  be sim ilar to  th a t o f  th e  ocean 
upstream  o f  it  (i.e . to  th e  w est in  th e  w esterly  w ind  belt).

DISCUSSION

C hanging the  oceanic h ea t flux  in  th e  m odel leads to  a tran s ien t response w ith  a 
d is tinc t s tru c tu re  w hich  show s coupling  b e tw een  the oceans. A lthough  a t low  la titudes 
little  or no  long itud inal varia tion  is show n, in m iddle and  high la titu d es th e re  is a 
p ronounced  zonal asym m etry , w ith  an ea s t—w est seesaw o f  period  a b o u t 400  days 
occurring  in each o f  th e  fo u r runs. T he m ixed layers o f  the n o rth e rn  regions o f  th e  ocean 
and the ir response to  varying w ind-m ixing and varying heat storage form  an im p o rtan t 
elem ent o f  th is  oscillation . T he oscilla tion  is also reflec ted  in  con tinen ta l-su rface  
tem pera tu res. Having only  one cycle per ex p erim en t, w e can n o t conclude  th a t th is m ode 
is tru ly  period ic ; it  m ay  be  a tem p o ra ry  fea tu re  o f  the  ad ju s tm en t process. V an L oon  and 
Rogers (1 9 7 8 ) have described  a seesaw betw een  w in te r tem pera tu res  at G reenland and 
those in  n o rth e rn  E urope. T his p a tte rn  is re la ted  (R ogers and V an L oon , 1979) to  the 
s treng th  o f  th e  zonal w inds and is accom panied by large anom alies in  th e  a tm o sp h ere— 
o c e a n - ic e  system , som e o f  w h ich  persist th ro u g h  th e  subsequen t spring and sum m er. The 
idealised calcu la tions p resen ted  here  suggest th a t  such  a seesaw effec t cou ld  be a transien t
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m ode o f  th e  clim atic system , perhaps triggered b y  an  a lte ra tion  o f  th e  oceanic heat 
tran sp o rt.
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