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1.  I nt r oduct i on 
 
Eur opean cl i mat e i s t hought  t o be i nf l uenced by var i at i ons i n ocean 
sur f ace condi t i ons occur r i ng on i nt er annual  and l onger  t i mescal es and 
t hese l i nks of f er  t he pot ent i al  f or  pr edi ct abi l i t y at  l onger  l ead t i me 
t han i s of f er ed by convent i onal  weat her  f or ecast i ng.   The r el at i ve 
i mpor t ance of  t he ocean i n det er mi ni ng at mospher i c var i abi l i t y i s al so 
t hought  t o i ncr ease at  mul t i annual  and l onger  t i mescal es.   I n addi t i on,  
t he ocean al so r esponds t o t he at mospher i c st at e,  i nt egr at i ng hi gh 
f r equency at mospher i c anomal i es due t o i t s l ar ge t her mal  i ner t i a and 
r el at i vel y l ong ci r cul at i on t i mescal es.  Thi s cr eat es t he pot ent i al  f or  
f eedbacks on l onger  t i mescal es t han occur  i n t he at mospher e al one and 
gi ves r i se t o i mpor t ant  coupl ed ocean- at mospher e modes of  var i abi l i t y,  
especi al l y i n t he t r opi cs,  such as t he El  Ni ño Sout her n Osci l l at i on 
( ENSO) .   The r ol e of  t he oceans i n det er mi ni ng ext r at r opi cal  at mospher i c 
var i abi l i t y i s l ess cl ear  and ef f ect s on t he At l ant i c and Eur ope r egi on 
ar e t her ef or e one f ocus of  t he EMULATE pr oj ect .  
 
We descr i be r esul t s f or  pr omi nent  c l i mat e modes of  var i abi l i t y and f r om a 
var i et y of  anal ysi s met hods r angi ng f r om composi t e anal ysi s t o canoni cal  
cor r el at i on anal ysi s,  t o t he appl i cat i on of  a new f or m of  c l ust er i ng 
t echni que t o at mospher i c dat a.   The cl ust er i ng al gor i t hm devel oped i n WP2 
has been appl i ed t o t he EMULATE mean sea l evel  pr essur e dat a set  t o 
anal yse possi bl e l i nks wi t h sea- sur f ace t emper at ur e ( SST) .   The 
cl ust er i ng al gor i t hm i s car r i ed out  i n t he f ul l  pr essur e space of  t he 
EMULATE dat a and uses each gr i dpoi nt  i ndependent l y.    
 
Si mul at ed anneal i ng cl ust er i ng i s  a var i ant  of  convent i onal  k- means 
cl ust er  anal ysi s,  but  di f f er s i n t wo poi nt s:  
  

i) Ther e i s no st ar t i ng par t i t i on needed ( i . e.  i t  st ar t s on a 
r andomi zed st ar t i ng par t i t i on r espect i vel y) .  

 
ii) Dur i ng t he pr ocess of  r ear r angement s of  obj ect s bet ween 

cl ust er s,  t empor ar y wor seni ng of  t he par t i t i on bet ween cl ust er s 
i s al l owed.   

 
The l at t er  i s i ncl uded t o avoi d pot ent i al  l ocal  but  non- opt i mal  mi ni ma of  
t he opt i mi sat i on f unct i on whi ch i s i mpossi bl e f or  convent i onal  k- means 
opt i mi sat i on al gor i t hms.  Si mul at ed anneal i ng i s t her ef or e super i or  t o al l  
ot her  c l ust er i ng t echni ques under  consi der at i on ( see WP2)  when compar i ng 
st r at egi es t o r each t he best  par t i t i oni ng of  a cer t ai n dat aset .  One 
dr awback of  t hi s t echni que i s t hat  i t  necessar i l y i ncl udes some 
r andomness and i t s r esul t s may al so t her ef or e be dependent  on t he r andom 
choi ces made t o car r y out  t he si mul at ed anneal i ng ( al t hough t o a much 
l esser  ext ent  t han wi t h al l  ot her  t echni ques) .  The si mul at ed anneal i ng 
cl ust er i ng t echni que mi ni mi zes t he i nf l uence of  t hi s r andomness by 
r unni ng si mul at ed anneal i ng cl ust er i ng anal ysi s r epeat edl y,  each t i me 
wi t h a changi ng ser i es of  r andom number s and sel ect i ng t he r esul t  
conver gi ng near est  t o t he gl obal  mi ni mum of  t he opt i mi sat i on f unct i on,  
i . e.  t he best  r esul t  avai l abl e.  Thi s ensur es a ver y st abl e sol ut i on f or  



t he opt i mi sat i on pr obl em and avoi ds conver gence on l ocal  opt i ma of  l ow 
qual i t y.  A f ul l  descr i pt i on of  t he t echni que i s gi ven i n WP2.  
 
I n or der  t o exami ne t he i nt er act i ons of  t he at mospher i c c i r cul at i on 
pat t er ns wi t h SSTs,  t he cl assi f i cat i on of  dai l y MSLP f i el ds gener at ed by 
t he cl ust er i ng al gor i t hm i s used t o f or m composi t e SST anomal y f i el ds 
associ at ed wi t h occur r ences of  each cl ust er .   The year  i s di v i ded i nt o 
si x ’ nat ur al ’  seasons of  t wo mont hs each ( JF,  MA,  MJ,  JA,  SO,  ND)  and t he 
dai l y MSLP f i el ds f or  each season ar e cl ust er ed separ at el y.   The MSLP 
f i el d f or  each day of  each season i s c l assi f i ed as bel ongi ng uni quel y t o 
a par t i cul ar  c l ust er  f or  t hat  season.   The composi t e SST anomal y f i el ds 
ar e gener at ed as a wei ght ed aver age of  t he deseasonal i sed mont hl y mean 
SST f i el ds f r om t he HadI SST ( v1. 1)  dat aset ,  avai l abl e f r om 1870 onwar ds.   
The HadI SST dat a i s hi gh pass f i l t er ed ( usi ng a hal f  power  of  10 year s) .  
Onl y hi gh pass r esul t s ar e di scussed her e.  
 
 
2)  The wi nt er  Nor t h At l ant i c Osci l l at i on ( NAO)  
 
Sur f ace Pr essur e 
The wi nt er  NAO i s t he pr i mar y mode of  var i abi l i t y over  t he Nor t h At l ant i c  
r egi on on t i mescal es f r om days t o mul t i - decades.   The basi c pat t er n of  a 
mer i di onal  di pol e wi t h cent r es of  act i on near  I cel and and t he Azor es i s  
easi l y capt ur ed by t he EMULATE cl ust er  anal ysi s ( Fi g. 1) .  
 
 

Fi gur e 1.  Cent r oi d of  t he EMSLP cl ust er  best  r epr esent i ng t he wi nt er  NAO 
f or  JF ( upper  l ef t ) .   Si mul t aneous SST anomal i es ( upper  r i ght )  and 
associ at ed SST anomal i es at  posi t i ve and negat i ve l ags ( l ower  l ef t  and 
l ower  r i ght  r espect i vel y) .   Si gni f i cant  gr i dpoi nt s at  t he 5% l evel  of  
conf i dence ar e mar ked wi t h a cr oss and ar e cal cul at ed by a Mont e- Car l o 
t echni que usi ng si mi l ar ,  r andoml y gener at ed SST composi t es.  
 
 
 
Si mul t aneous SST anomal i es show a t r i pol e st r uct ur e i n Nor t h At l ant i c SST 
wi t h war m mi d- l at i t ude SSTs and cool er  SSTs t o t he Nor t h and Sout h bei ng 



associ at ed wi t h posi t i ve NAO anomal i es as f ound i n sever al  ot her  st udi es 
( e. g.  Rodwel l  et  al .  1999) .   A st r onger  s i gnal  wi t h a si mi l ar  pat t er n i s  
f ound i n t he At l ant i c SST f ol l owi ng posi t i ve NAO ci r cul at i on anomal i es,  
l eadi ng t o t he possi bi l i t y of  pos i t i ve f eedback ( Fr anki gnoul ,  1985) .   
Al t hough we f i nd l i t t l e i ndi cat i on of  SST f or ci ng t he NAO i n t he mont hs 
i mmedi at el y pr i or  t o t he occur r ence of  at mospher i c anomal i es,  t her e i s an 
appar ent  connect i on bet ween posi t i ve NAO weat her  pat t er ns and t he SST 
di st r i but i on i n t he pr evi ous spr i ng:  
 
 

 
Fi gur e 2.  Cent r oi d of  t he EMSLP cl ust er  best  r epr esent i ng t he posi t i ve 
phase of  t he wi nt er  NAO f or  DJF ( upper ) .   Cor r espondi ng SST composi t e 
f i el ds at  posi t i ve and negat i ve l ag f or  t he per i ods 1901- 1950 and 1951-
2000 ( l ower  l ef t  and l ower  r i ght ) .   Si gni f i cant  gr i dpoi nt s at  t he 5% 
l evel  of  conf i dence ar e mar ked wi t h a cr oss and ar e cal cul at ed by a 
Mont e- Car l o t echni que usi ng si mi l ar ,  r andoml y gener at ed SST composi t es.  
 
 
Fi g. 2 i l l ust r at es t hi s connect i on usi ng composi t e SST f i el ds f or  t he May 
pr ecedi ng each DJF season when t he NAO anomal i es occur r ed.  The SST 
composi t e exhi bi t s a st at i st i cal l y s i gni f i cant  Nor t h At l ant i c SST t r i pol e 
pat t er n i n t he 1951- 2000 composi t e but  not  i n t he 1901- 1950 composi t e.   
Thi s i s consi st ent  wi t h t he r esul t s of  Rodwel l  and Fol l and ( 2002,  2003)  
and suggest s t hat  May SST pat t er ns may cont ai n some pr edi ct abi l i t y of  t he 
f r equency of  posi t i ve NAO weat her  pat t er ns i n t he f ol l owi ng wi nt er .  Thi s 
r esul t  suppor t s t he soundness of  a seasonal  f or ecast i ng t echni que f or  t he 
wi nt er  NAO based on t he pr evi ous May SST i n t he Nor t h At l ant i c  t hat  i s 
al r eady oper at i onal .  
 
Temper at ur e 
The si mul t aneous r el at i onshi p bet ween t he ext ended wi nt er  season ( DJFM)  
SST and Eur opean l and sur f ace ai r  t emper at ur e ( ET)  has al so been expl or ed 
usi ng a Canoni cal  Cor r el at i on Anal ysi s ( CCA)  i n t he Empi r i cal  Or t hogonal  
Funct i ons ( EOF)  space.   I t  has been f ound t hat  t her e i s a st r ong 
connect i on bet ween t he t wo dat aset s.   Mont hl y wi nt er  SST expl ai ns ar ound 
37% of  mont hl y wi nt er  ET var i abi l i t y ( Fi g.  3) .  The char act er i st i c t r i pol e 
SST pat t er n i s f ound t o be t he most  i mpor t ant  mode of  SST var i abi l i t y 
t hat  i s connect ed wi t h a l ar ge monopol e of  anomal ous ET over  Eur ope.  

Composi t e anal ysi s of  ext r eme ET wi nt er s ar e shown i n f i gur e 4.  I n t hi s 
st udy,  t he sel ect i on of  t he ext r eme wi nt er s was based on t he f i r st  
canoni cal  scor e.  Ext r eme war m and col d wi nt er s’  CCA1 scor es exceed +1 and 
- 1. 5 st andar d devi at i ons,  r espect i vel y.   Fi gur e 4 shows t hat  t hat  col d 



( war m)  Eur opean wi nt er s ar e associ at ed wi t h cool er  ( war mer )  t han nor mal  
s i mul t aneous SSTs ar ound Eur ope and weak ( st r ong)  NAO.   

 

 

Fi gur e 3.  Fi r st  CCA pat t er n of  ( a)  SST and ( b)  ET i n ( bot h i n ° C) ,  and 
cor r espondi ng scor es ( c)  f or  ext ended wi nt er  ( DJFM)  1901- 1998.  The bl ue 
l i ne i n ( c)  i s t he SST,  t he r ed l i ne t he ET.  

 
Fi gur e 4.  a)  SST anomal y composi t e of  except i onal  negat i ve ET,  b)  SST 
anomal y composi t e of  except i onal  posi t i ve ET,  c)  anomal y composi t e of  
except i onal  negat i ve ET,  d)  anomal y composi t e of  except i onal  posi t i ve ET,  
e)  SLP anomal y composi t e r el at ed t o except i onal  negat i ve ET,  f )  SLP 



anomal y composi t e of  except i onal  posi t i ve ET.  Bl ack cont our s ar e st andar d 
devi at i ons.   

Pr eci pi t at i on  
Expl or at or y st udi es have al so been conduct ed on t he r el at i onshi p bet ween 
At l ant i c SSTs and Eur opean wi nt er  pr eci pi t at i on ( EP)  f or  t he t went i et h 
cent ur y.  Agai n,  t he ext ended wi nt er  season has been used,  however  t he 
EOF/ CCA anal yses ar e based on seasonal l y aver aged SST and EP.  Fi gur e 5 
pr esent s t he f i r st  canoni cal  pai r  bet ween t he wi nt er  At l ant i c SSTs and 
Eur opean pr eci pi t at i on.  

Fi gur e 5.  Fi r st  CCA pat t er n of  ( a)  SST ( i n ° C)  and ( b)  EP ( i n mm) ,  and 
cor r espondi ng scor es ( c)  f or  ext ended wi nt er  aver age ( DJFM)  1901- 1998.  
The bl ue l i ne i s t he SST,  t he gr een l i ne t he EP.  

 

 

Fi gur e 6.  a)  anomal y composi t e of  except i onal  negat i ve EP,  b)  anomal y 
composi t e of  except i onal  posi t i ve EP,  c)  SST anomal y composi t e of  



except i onal  negat i ve EP,  d)  SST anomal y composi t e of  except i onal  EP,  e)  
SLP anomal y composi t e r el at ed t o except i onal  negat i ve EP,  f )  SLP anomal y 
composi t e of  except i onal  posi t i ve EP.  

 

I n t he posi t i ve mode ( posi t i ve CCA scor es i n Fi g.  5c)  posi t i ve SST 
anomal i es ar ound t he Eur opean coast s,  t he Nor t h Sea and al ong t he US east  
coast  and negat i ve anomal i es i n t he subt r opi cs and ar ound Gr eenl and ar e 
connect ed wi t h bel ow nor mal  pr eci pi t at i on sout h of  ar ound 50° N and wet t er  
condi t i ons over  Nor t her n Eur ope.   

Composi t e anal ysi s of  ext r eme EP wi nt er s ar e shown i n f i gur e 6.  Ext r eme 
war m and col d wi nt er s’  CCA1 scor es exceed +1 and - 1 st andar d devi at i ons,  
r espect i vel y.  Wet  wi nt er s wi t h wet  condi t i ons i n nor t her n Eur ope and dr y 
condi t i ons i n cent r al  and sout her n Eur ope ar e associ at ed wi t h war mer  t han 
nor mal  SSTs ar ound Eur ope and t he east  coast  of  Nor t h Amer i ca and 
posi t i ve NAO.  

 
 
3)  The Summer  Nor t h At l ant i c Osci l l at i on 
 
The summer  Nor t h At l ant i c Osci l l at i on i s t he summer  anal ogue of  t he 
bet t er  known wi nt er  Nor t h At l ant i c Osci l l at i on.  Bot h phenomena can be 
def i ned  by t he f i r st  empi r i cal  or t hogonal  f unct i on of  ext r at r opi cal  
Nor t h At l ant i c sea l evel  pr essur e i n t hei r  r espect i ve seasons.  Fi g.  7 
shows t he Nor t h At l ant i c Osci l l at i on pat t er n i n al l  f our  t hr ee mont h 
seasons ( Hur r el l  et  al ,  2003)  usi ng t he Tr enber t h and Paol i no ( 1980)   sea 
l evel  pr essur e dat a set .   
 

 
 
Fi gur e 7.   The annual  cycl e of  t he Nor t h At l ant i c Osci l l at i on as def i ned 
by t he f i r st   covar i ance empi r i cal  or t hogonal  f unct i on of  sea l evel  
pr essur e over  t he r egi on 20o- 70oN,  90oW- 40oE.  Al so shown i s t he per cent age 



of  t ot al  var i ance expl ai ned,  1899- 2001,  based on t he Tr enber t h and 
Paol i no mont hl y sur f ace pr essur e dat a set .  Pat t er ns ar e i n hPa obt ai ned 
by r egr essi ng t he hemi spher i c sea l evel  pr essur e anomal i es on t he EOF1 
t i me ser i es.  Cont our  i ncr ement s 0. 5hPa wi t h no zer o cont our .   
 
I n t hi s not e we concent r at e on t he hi gh summer  per i od Jul y and August  
when t empor al  var i at i ons of  t he summer  NAO ar e most  coher ent .  An i ni t i al  
di scussi on of  t he summer  NAO phenomenon can be f ound i n Hur r el l  and 
Fol l and ( 2002) .   
 
 

 
Fi gur e 8a- d.  Compar i son of  t he wi nt er  and summer  NAO.  Ti me ser i es i n Fi g.  
8a i s st andar di sed over  t he per i od 1899- 2004.  Spect r a ar e smoot hed used a 
hammi ng f i l t er  wi t h wei ght s as shown.  The coher ence squar ed si gni f i cance 
est i mat es al l ow f or  f i l t er i ng.  
 
 
Fi g.  8a shows st andar di sed t i me ser i es of  t he hi gh summer  NAO si nce 1899,  
based on t he above EOF anal ysi s,  compar ed t o t he wi nt er  NAO based on an 
i ndex of  t he di f f er ence i n sur f ace pr essur e bet ween t he Azor es and 
I cel and f or  1899- 2004.  The cor r el at i on bet ween t he summer  and wi nt er   NAO 
t i me ser i es over  1899- 2004 i s onl y 0. 05.  Over  t he per i od  1950- 2004 t he 
cor r el at i on r i ses a l i t t l e t o 0. 27 but  i s st i l l  not  s i gni f i cant .  Fi gs 8b 
and 8c and t he squar ed coher ence bet ween t he spect r a ( Fi g 8d)  i ndi cat e 
t hat  t he spect r a have r el at i vel y l i t t l e i n common over  1899- 2004,  t hough 
a peak near  7- 8 year s i s seen i n bot h summer  and wi nt er .  I n hi gh summer ,  
t hi s peak i s r el at i vel y r at her  st r onger  and wor t hy of  i nvest i gat i on.  
However  t he squar ed coher ence bet ween t he hi gh summer  and wi nt er  NAO 
( whi ch can be t hought  of  as t hei r  squar ed cor r el at i on at  each per i od)   
does not  appr oach t he 5% conf i dence l evel  of  0. 52 at  any per i od.  So t he 
summer  and wi nt er  NAOs,  as def i ned her e,  can be r egar ded as ef f ect i vel y  
i ndependent  i n t i me over  t he 1899- 2004 per i od.  
 
The summer  NAO al so appear s pr omi nent l y i n a cl ust er  anal ysi s of   Jul y 
and August  sea l evel  pr essur es ( Fi g.  9) ,  based on t he new dai l y EMULATE 



sur f ace pr essur e dat a set ,  1850- 2003.  The anal ysi s shown her e gr oups days 
i nt o 6 hi gh summer  cl ust er s.  Fi g.  9 shows t he obser ved Jul y – August  
c l ust er s based on si ngl e day event s.   The t wo cl ust er  pat t er ns shown ar e 
ver y si mi l ar  t o EOF1 i n Fi gur e 7,  f or  t he ar ea of  over l ap,  but  have 
opposi t e s i gns.  Toget her  t hese cl ust er s consi st  of  30% of  al l  days wi t h 
near l y equal  popul at i ons of  t he posi t i ve and negat i ve pat t er ns.  The 
negat i ve summer  NAO anomal y t ends t o be a f ew hundr ed km t o t he west  
sout h west  of  t he posi t i ve cont our s i n t he posi t i ve summer  NAO cl ust er .  
Looki ng at  t he absol ut e pr essur e cont our s ( whi t e) ,  i t  can be seen t hat  
t he negat i ve cl ust er  cor r esponds t o cycl oni c f l ow over  nor t h west  Eur ope,  
especi al l y t he UK,  and t he posi t i ve cl ust er  t o ant i cycl oni c condi t i ons,  
especi al l y over  t he UK.  So t he changes r epr esent ed by t hese t wo cl ust er s 
ar e l ar ge compar ed t o t he var i abi l i t y of  sea l evel  pr essur e i n hi gh 
summer  over  t he UK.  Thus we may r egar d t he summer  NAO as a maj or  f eat ur e 
of  hi gh summer  Nor t h At l ant i c and Eur opean cl i mat e var i abi l i t y i n t he 
same way as t he wi nt er  NAO i s a maj or  f eat ur e of   wi nt er  c l i mat e 
var i abi l i t y.   
 
Fi gur e 10,  based on EOF1 f or  1899- 2004,  shows t hat  t he summer  NAO al so 
has coher ent  mul t i decadal  f l uct uat i ons.  I t  t ended t o be negat i ve on t hese 
t i me scal es i n t he ear l y par t  of  t he t went i et h cent ur y,  near  neut r al  
bet ween about  1930 and 1955,  negat i ve i n t he f ol l owi ng decade wi t h a 
r at her  r api d i ncr ease peaki ng i n t he 1980s t o posi t i ve decadal  aver ages.   
Ther e i s some evi dence si nce t he l at e 1990s of  a r educt i on t o onl y a 
weakl y posi t i ve summer  NAO.   
 
 
 

 
 
Fi gur e 9.   The t wo sea l evel  pr essur e cl ust er s t hat  cont r i but e t o t he 
summer  NAO,  based on i ndi v i dual  days,  1850- 2003.  Absol ut e pr essur es ar e 
cont our ed whi t e,  anomal i es f r om a 1961- 90 aver age ar e col our ed.  30% of  
al l  days ar e cl assi f i ed  i n bot h cl ust er s,  whi ch ar e near l y equi pr obabl e.  
 

Fi gur e 10.  Ti me ser i es of   EOF1 i n hi gh summer ,  1899- 2004,  usi ng t he 
Tr enber t h and Paol i no sea l evel  pr essur e dat a set .  
 

 



 
 
The behavi our  of  t he summer  NAO i s as mar ked i n i t s own season as t he 
decadal  t o i nt er decadal  var i at i ons i n t he wi nt er  NAO,  gi ven t he weaker  
var i at i on of  sea l evel  pr essur e i n hi gh summer .  To i l l ust r at e t hi s,  t he 
i mpact  of   decadal  summer  NAO var i at i ons on sea l evel  pr essur e and 
r ai nf al l  i s i l l ust r at ed i n Fi g 11.  The summer  NAO i s associ at ed wi t h 
consi der abl e mul t i decadal  var i at i ons i n at mospher i c pr essur e and,  not  
sur pr i s i ngl y,  r ai nf al l  over  t he Nor t h At l ant i c and Eur opean r egi on ( Fi gs 
11a,  11b) .   The t endency t o dr y hi gh summer s i n r ecent  decades over  t he 
UK and a r egi on ext endi ng t owar ds west er n Russi a i s not abl e.  Over  t he 
Medi t er r anean,  summer s have t ended t o become wet t er .  However ,  Fi g.  10 
i ndi cat es t hat  t hi s t endency has pr obabl y ceased and may have st ar t ed t o 
r ever se.   
 

 
 
Fi gur e 11.  ( a)  Di f f er ences i n sea l evel  pr essur e bet ween a per i od of  hi gh 
val ues of  EOF1 ( 1967- 1998)  and r el at i vel y l ow val ues ( 1921- 60)  ( b)  
Rai nf al l  i n 1967- 1998 ( based on t he Hul me dat a set )  as a per cent age of  
t he 1921- 60 aver age.  St ar s i n ( a)  show gr i d poi nt s wher e sea l evel  
pr essur e i s s i gni f i cant l y di f f er ent  bet ween t he t wo per i ods at  t he l ocal  
5% conf i dence l i mi t .  The ar ea shown i s c l ear l y hi ghl y f i el d s i gni f i cant .   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi gur e 11c)  Decadal  var i at i ons of  r ai nf al l  i n Sout h East  Engl and compar ed 
t o t hose i n Nor t h West  Scot l and,  1931- 2004,  based on r egi onal  UK r ai nf al l  
ser i es ( Al exander  and Jones,  2001) .  
 
Fi g.  11c shows an appr oxi mat el y decadal l y aver aged t i me ser i es of  
r ai nf al l ,  expr essed as a per cent age of  t he 1961- 90 aver age,  f or  sout h 
East  Engl and i n hi gh summer .  Thi s i s  a r egi on ver y st r ongl y af f ect ed by 

  

 



t he summer  NAO.  For  compar at i ve pur poses a compar abl e t i me ser i es of  
r ai nf al l  i n wi nt er  ( December  t o Mar ch)  i s shown f or  Nor t h West  Scot l and 
( Fi g.  11c) ;  t hi s i s known t o be st r ongl y af f ect ed by t he wi nt er  NAO ( Fi g.  
5) .   Not e t hat  compar ed t o t he 1950s,  sout h east  Engl and r ai nf al l  has 
aver aged per si st ent l y 30% l ower  over  t he 20 year s f r om t he mi d 1970s t o 
t he l at e 1990s,  t hough wi t h si gns of  a s l i ght  r ecover y t o wet t er  
condi t i ons si nce t hen as mi ght  be expect ed f r om Fi g.  10.  These 
f l uct uat i ons,  and t he f ut ur e cour se of  hi gh summer  r ai nf al l ,  ar e cl ear l y 
of  st r ong soci et al  i mpor t ance.  I t  i s i nt er est i ng t o not e t hat  t he f amous 
1975/ 76 dr ought  over  UK,  par t i cul ar l y sever e i n summer ,  f el l  at  t he 
begi nni ng of  t he r eal l y dr y r ecent  decades.  Thi s dr ought  was f ol l owed by 
a number  of  ot her  dr ought  summer s i ncl udi ng 1984 when t he UK br i ef l y  
appoi nt ed a Mi ni st er  f or  Dr ought .   
 
Fi gur e 11d ext ends t hi s anal ysi s geogr aphi cal l y usi ng an NCAR r ai nf al l  
dat a set .  A f eat ur e i ndi cat ed by Fi g.  11d i s a possi bl e l i nk bet ween 
l onger  t er m var i at i on i n hi gh summer  r ai nf al l  r el at ed t o t he summer  NAO 
( see Fi g.  11a)  and summer  monsoon r ai nf al l  over  Nor t h Af r i ca,  e. g.  t he 
Sahel i an r egi on of  Af r i ca.  Thi s l i nk was f i r st  not i ced by Fol l and et  al  
( 1988)  i n an ear l y st udy bef or e t he summer  NAO was named;  t he 
r el at i onshi p has hel d up wel l  s i nce t hen ( Fi g.  12) ,  suggest i ng a r eal  
r el at i onshi p bet ween Sahel  r ai nf al l  and t he summer  NAO on decadal  t i me 
scal es.  Ther e i s al so some r esembl ance on subdecadal  t i me scal es whi ch 
needs i nvest i gat i ng.  
  
 

 
 
 
 
 
 
 
Fi gur e 11d.  Rai nf al l  i n 1967- 2000 expr essed as a per cent age of  t hat  i n 
1921- 60 f or  Eur ope and Nor t h Af r i ca.  
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Fi gur e 12.   Summer  Sahel  r ai nf al l  ( c. f .  Ni chol son 1985)  and t he mean sea 
l evel  pr essur e i n ( appr oxi mat el y)  t he sout her n node of  t he hi gh summer  
NAO ( 30oW- 30oE,  40oN- 70oN)  as i ndi cat ed by EOF1,  1899- 2002.    
 
 
I t  i s wel l  known t hat  sea sur f ace t emper at ur e i n var i ous par t s of  t he 
wor l d has an i nf l uence on Sahel  r ai nf al l  ( e. g.  Fol l and et  al ,  1986,   
Rowel l  et  al ,  1995) ,  par t l y t hr ough modul at i on of  t he moi st ur e f l ux 
conver gence i nt o,  and l at i t ude of ,  t he Nor t h Af r i can I nt er t r opi cal  
Conver gence Zone ( Rowel l  et  al ,  1992) .  I ndeed SST i s used as t he mai n 
f act or  i n UK Met  Of f i ce seasonal  f or ecast s of  Nor t h Af r i can r ai nf al l  
( Fol l and et  al ,  1991) .   On t he decadal  t i me scal e,  SST i nf l uences ar e 
ver y wi despr ead as shown by i ndi v i dual  ocean basi n SST exper i ment s wi t h a 
cl i mat e model  descr i bed i n Fol l and et  al  ( 1991) .  Thus coul d var i at i ons i n 
t he hi gh summer  NAO be physi cal l y l i nked t o var i at i ons i n t he West  
Af r i can summer  monsoon?   
 
To i nvest i gat e any SST l i nks wi t h t he summer  NAO,  we l ook f i r st  at  
var i at i ons of  SST on subdecadal  t i me scal es ( Fi g 13) .  SST i s t aken f r om 
t he HadI SST dat a set  ( Rayner  et  al ,  2003)  usi ng t he per i od 1870- 2003.   
Fi gs 13c,  13d show some appar ent  i nf l uence of  ENSO on t he hi gh summer  NAO 
i n t he l ead SST f i el d ( June and Jul y mean) ,  whi ch st r engt hens as t he 
season pr ogr esses.  Ther e appear s t o be some i nf l uence of  a t r i pol e 
pat t er n of  SST i n t he Nor t h At l ant i c i n t he l ead SST pat t er n as wel l ,  
t hough t hi s di s i nt egr at es t o a near  monopol e as t he season pr ogr esses.  
Cr edi bi l i t y i s added t o t hese r esul t s by compar i son of  t he l ef t  and r i ght  
SST di agr ams.  The t wo NAO cl ust er s ar e t aken f r om i ndependent  days but  as 
mi ght  be hoped,  t he SST anomal y pat t er ns ar e l ar gel y opposi t e i n s i gn.  
However  no ot her  r egi on t han t he t wo descr i bed above cl ear l y has an 
i nf l uence – t hus el sewher e t her e i s l ack of  per si st ence i n SST when goi ng 
f r om t he l ead SST pi ct ur es ( Fi gs 13c,  13d)  t o t he l ag SST ( August  and 
Sept ember ,  Fi gs 13g, 13h) .  The l ar ge SST anomal i es t hat  devel op near  t he 
UK dur i ng and af t er  t he summer  NAO per i od ar e ver y l i kel y t o be a l ocal  
r esponse t o anomal ous cycl oni c ( col d SST)  or  ant i cycl oni c f or ci ng ( war m 
SST)  f r om t he summer  NAO i t sel f  and i t  r emai ns t o be di scover ed whi ch ar e 
t he r eal  i nf l uenci ng r egi ons f or  t hi s i mpor t ant  mode of  summer  cl i mat e 
var i abi l i t y.  Not e t hat  an ENSO l i nk i s al so seen wi t h Sahel  r ai nf al l  
( Fol l and et  al ,  1991) .   However  any l i nk t o t he summer  NAO needs car ef ul  
st udy.  
 
 Ti me has not  al l owed t he expl or at i on of  decadal  t o mul t i decadal  l i nks 
wi t h SST.  These wi l l  f ol l ow i n a f ut ur e r epor t ,  but  based on wor k wi t h 
Sahel  r ai nf al l ,  t hese ar e expect ed gi ven t he si mi l ar i t y of  t he t i me 
ser i es i n Fi g. 12.  
 



  

 
 
 
 
Fi gur e 13.   Associ at i on bet ween t he t wo summer  NAO cl ust er s and SST 
wor l dwi de,  f i l t er ed t o accept  onl y i nt er annual  var i at i ons of  SST.   Bel ow 
each EMSLP cl ust er  cent r oi d ( a, b)  ar e di spl ayed t he associ at ed SST 
anomal i es wher e SST l eads MSLP ( c, d) ,  SST and MSLP ar e si mul t aneous ( e, f )  
and SST l ags MSLP ( g, h) .   
 



 
 
4)  Possi bl e l i nks bet ween t he El  Ni ño Sout her n 
Osci l l at i on ( ENSO)  and Eur opean cl i mat e.  
 
Al t hough ENSO i s per haps t he most  pr omi nent  nat ur al  mode of  var i abi l i t y  
i n t r opospher i c c l i mat e,  r obust  Eur opean ef f ect s of  ENSO have so f ar  been 
di f f i cul t  t o ascer t ai n.   I n par t i cul ar ,  despi t e some cl ai ms of  
r epr oduci bl e ef f ect s of  ENSO i n i ndi v i dual  event s ( e. g.  Dong et  al .  2000,  
Br önni mann et  al .  2004)  t her e has been l i t t l e consensus on t he r emot e 
r esponse t o ENSO over  Eur ope.   I ndeed,  i t  has been r ecent l y shown 
( Gr eat bat ch et  al .  2004)  t hat  t he r esponse t o ENSO over  Eur ope var i es i n 
s i gn wi t h t he t empor al  per i od chosen f or  anal ysi s and may t her ef or e be 
non- st at i onar y.   Her e we suggest  nonl i near i t y as an al t er nat i ve 
expl anat i on f or  t he uncer t ai nt y i n t he Eur opean r esponse t o ENSO.   Thi s  
i s i l l ust r at ed i n Fi gur es 14- 15 whi ch show 200hPa eddy geopot ent i al  
hei ght  and MSLP anomal i es f r om composi t es of  weak and st r ong ENSO event s 
i n Jan- Mar ch.   I n t he weak ENSO case ( upper  panel s i n Fi gur e 14) ,  t her e 
i s a st at i st i cal l y s i gni f i cant  r esponse i n t he upper  l evel  hei ght  over  
t he t r opi cal  Paci f i c wi t h a wavet r ai n ext endi ng out  t o hi gher  l at i t udes 
acr oss t he Paci f i c basi n.   However ,  t he r esponse over  t he Nor t h At l ant i c  
and Eur ope i s weak and gener al l y not  st at i st i cal l y s i gni f i cant .  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi gur e 14.   

Composi t e 
ENSO 

anomal i es 
f or  weak event s ( upper )  and st r ong event s ( l ower )  over  t he l at t er  hal f  of  
t he 20 t h Cent ur y.   Eddy geopot ent i al  hei ght s at  200hPa ( l ef t )  and mean sea 
l evel  pr essur e ( r i ght )  ar e pl ot t ed i n uni t s of  m and hPa r espect i vel y  
f r om NCEP dat a ( Kal nay et  al .  1996) .   90% si gni f i cance l evel s f r om a t -
t est  ar e shown by bl ack cont our s.  Composi t es ar e based on t he NI NO3 i ndex 
der i ved f r om HadI SST.  Anomal i es ar e cal cul at ed wi t h r espect  t o 20- year  
r unni ng- wi ndow cl i mat ol ogi cal  means.  
 
For  l ar ge- ampl i t ude ENSO event s ( see l ower  panel s)  t her e i s al so a 
secondar y ef f ect  of  r educed geopot ent i al  hei ght  over  t he t r opi cal  
At l ant i c,  wi t h an eddy anomal y of  s i mi l ar  pat t er n but  opposi t e s i gn t o 



t he Paci f i c anomal y suggest i ng r educed t r opospher i c heat i ng.   The 
st r onger  posi t i ve hei ght  anomal y over  t he t r opi cal  At l ant i c r egi on and 
t he mi dl at i t ude Eur opean r egi on may be par t  of  a second wavet r ai n whi ch 

Fi gur e 15.   Composi t e ENSO anomal i es i n Jan- Mar ch f or  weak event s ( upper )  
and st r ong event s ( l ower )  over  t he per i od 1850- 2000.   Dat a ar e f r om t he 
new EMULATE dat aset  of  mean sea l evel  pr essur e and ar e pl ot t ed i n uni t s 
of  hPa.   90 % si gni f i cance l evel s f r om a t - t est  ar e shown by bl ack 
cont our s.  Anomal i es ar e cal cul at ed i n t he same way as f or  t he NCEP dat a.  
 
emanat es f r om t hi s r egi on.   The sea l evel  pr essur e anomal i es show i n al l  
cases a l ar gel y bar ot r opi c ENSO- si gnal  over  West er n Eur ope whi ch however  
becomes a st at i st i cal l y s i gni f i cant  di pol ar  sur f ace pr essur e anomal y 
( or i ent ed SW- NE)  onl y i n t he st r ong ENSO case.  
 
The suggest i on of  a possi bl e non- l i near  ef f ect  on Eur opean cl i mat e i n mi d 
t o l at e wi nt er  i s suppor t ed by t he EMULATE sur f ace pr essur e dat aset  whi ch 
ext ends f ur t her  i nt o t he past .   Fi gur e 15 shows si mi l ar  composi t es of  
weak and st r ong ENSO event s whi ch i ncl ude al l  war m event s si nce 1870.   
The ext ended set  of  st r ong ENSO event s capt ur ed her e show a si mi l ar  
pat t er n t o t he anal ysi s l i mi t ed t o t he l at t er  par t  of  t he 20 t h cent ur y 
usi ng NCEP dat a.   The weak event s al so show a si mi l ar  pat t er n t o t he 
smal l er  sampl e i n t he NCEP dat a but  t he negat i ve anomal y over  t he Paci f i c  
i s now st at i st i cal l y s i gni f i cant  and ext ends f ur t her  east war ds.  



5)  Concl usi ons  
 
We have shown si gni f i cant  l i nks bet ween SST and t he f r equency of  dai l y  
weat her  pat t er ns as wel l  as seasonal l y aver aged at mospher i c anomal y 
pat t er ns.  I n par t i cul ar ,  t he wi nt er  NAO and summer  NAO show l i nks wi t h a 
t r i pol e l i ke pat t er n of  Nor t h At l ant i c SST and t her e i s l i kel y t o be some 
pr edi ct abi l i t y i n t he f r equency of  wi nt er  NAO- l i ke weat her  r egi mes f r om 
spr i ng SST as pr evi ousl y shown expl i c i t l y by Rodwel l  and Fol l and ( 2003) .   
Bot h t emper at ur e acr oss Eur ope and Eur opean pr eci pi t at i on al so show 
st r ong l i nks wi t h t he NAO and t r i pol ar  At l ant i c SST anomal i es,  wi t h 
Nor t her n Eur ope bei ng wet t er  and Sout her n Eur ope bei ng dr i er  dur i ng 
per i ods of  posi t i ve NAO.      
 
The summer  NAO appear s t o be a r obust  phenomenon,  appear i ng i n a si mi l ar  
way i n EOF and cl ust er  anal yses of  sea l evel  pr essur e.   I t  i s a di pol ar  
anomal y i n sur f ace pr essur e t hat  cor r esponds t o a l ar ge change over  NW 
Eur ope r el at i ve t o t he var i abi l i t y.   I t s pat t er n i s such t hat  i t  has 
maxi mum i nf l uence i n hi gh summer  near  l ocat i ons wher e i t s sout her n node 
var i es f r om cycl oni c t o ant i cycl oni c.  Thi s coi nci des cl osel y wi t h UK and 
coast al  Nor t h West  Eur ope.  I t  exhi bi t s a si mi l ar  spect r um of  var i at i ons 
t o t he wi nt er  NAO but  t hese ar e essent i al l y uncor r el at ed.   We have 
concent r at ed on r ai nf al l  i nf l uences i n t hi s not e as t he t endency t o 
dr ought s and f l oods i s pr obabl y t he most  i mpor t ant  i mpact  of  t he summer  
NAO.   Never t hel ess,  t emper at ur e i nf l uences wi l l  al so be i mpor t ant  and 
need i nvest i gat i on.   Li ke t he wi nt er  NAO,  i nt er annual  var i at i ons i n t he 
summer  NAO may al so be f or ced by a t r i pol ar  SST pat t er n.   Unl i ke t he 
wi nt er  pat t er n,  i t s f eedback on t he ocean appear s t o be a mor e uni f or m 
change i n East  At l ant i c SST:  wi t h war mi ng i n posi t i ve summer  NAO 
( ant i cycl oni c)  condi t i ons and cool i ng i n negat i ve summer  NAO ( cycl oni c)  
condi t i ons.   Ther e al so appear s t o be an associ at i on of  t he summer  NAO 
wi t h t he Nor t h Af r i can monsoon t hr oughout  t he t went i et h cent ur y,  but  t he 
mechani sm of  t hi s,  i f  i t  exi st s,  r equi r es model  st udi es.  The i nf l uences 
of  SST on decadal  t i me scal es al so need i nvest i gat i on.  
 
Because of  i t s pr omi nent  r ol e i n c l i mat e var i abi l i t y we al so exami ned t he 
possi bl e i nf l uence of  ENSO on t he Eur opean r egi on.   Ext ended anal ysi s  
usi ng t he EMULATE sea l evel  pr essur e dat a i ndi cat es a r obust  r esponse 
over  Eur ope i n Januar y t o Mar ch i n hi gh ampl i t ude ENSO event s whi ch coul d 
al so l ead t o pr edi ct abi l i t y i n t hat  season.   The t r opi cal  At l ant i c 
appear s t o pl ay a r ol e i n t hi s ef f ect  but  agai n t hi s r equi r es model  
st udi es f or  ver i f i cat i on.  
 
Thi s r epor t  r epr esent s a summar y of  t he pr omi nent  ar eas of  obser vat i onal  
SST- at mospher e l i nks bei ng exami ned i n t he EMULATE pr oj ect .   Al ong wi t h 
f ur t her  decadal  i nf l uences of  SST on Eur opean cl i mat e cur r ent l y bei ng 
anal ysed,  i t  wi l l  be used t o gui de model l i ng st udi es,  and par t i cul ar l y 
SST per t ur bat i on exper i ment s i n t he comi ng year .  
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