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A detailed a al sis is a ied out to assess the HadGEM -A glo al at osphe i  odel skill i  si ulati g 24 

e t e e te pe atu es, p e ipitatio  a d sto  su ges i  Eu ope i  the ie  of thei  att i utio  to 25 

hu a  i flue e. The a al sis is pe fo ed ased o  a  e se le of  at osphe i  si ulatio s 26 

fo ed ith o se ed “ea “u fa e Te pe atu e of the  ea  pe iod – . These si ulatio s, 27 

togethe  ith dual si ulatio s ithout hu a  i flue e i  the fo i g, a e i te ded to e used i  28 

eathe  a d li ate e e t att i utio . The a al sis i estigates the ai  p o esses leadi g to e t e e 29 

e e ts, i ludi g at osphe i  i ulatio  patte s, thei  li ks ith te pe atu e e t e es, la d-30 

at osphe e a d t oposphe e-st atosphe e i te a tio s. It also o pa es o se ed a d si ulated 31 

a ia ilit , t e ds a d ge e alized e t e e alue theo  pa a ete s fo  te pe atu e a d p e ipitatio . 32 

O e of the ost st iki g fi di gs is the a ilit  of the odel to aptu e No th-Atla ti  at osphe i  33 

eathe  egi es as o tai ed f o  a luste  a al sis of sea le el p essu e fields. The odel also 34 

ep odu es the ai  o se ed eathe  patte s espo si le fo  te pe atu e a d p e ipitatio  35 

e t e e e e ts. Ho e e , iases a e fou d i  a  ph si al p o esses. “lightl  e essi e d i g a  36 

e the ause of a  o e esti ated su e  i te a ual a ia ilit  a d too i te se heat a es, espe iall  37 

i  e t al/ o the  Eu ope. Ho e e , this does ot see  to hi de  p ope  si ulatio  of su e  38 

te pe atu e t e ds. Cold e t e es appea  ell si ulated, as ell as the u de l i g lo ki g f e ue  39 

a d st atosphe e-t oposphe e i te a tio s . E t e e p e ipitatio  a ou ts a e o e esti ated a d too 40 

a ia le. The at osphe i  o ditio s leadi g to sto  su ges e e also e a i ed i  the Balti s egio . 41 

The e, si ulated eathe  o ditio s appea  ot to e leadi g to st o g e ough sto  su ges, ut 42 

i ds e e fou d i  e  good ag ee e t ith ea al ses. The pe fo a e i  ep odu i g 43 

at osphe i  eathe  patte s i di ates that iases ai l  o igi ate f o  lo al a d egio al ph si al 44 

p o esses. This akes lo al ias adjust e t ea i gful fo  li ate ha ge att i utio . 45 

 46 

  47 



. I trodu tio  48 

 49 

I  e e t ea s att i utio  of ha gi g likelihood of eathe  e e ts has oti ated a  outsta di g 50 

effo t of the li ate s ie e o u it  “tott et al., . While dete ti g t e ds i  odds of e t e e 51 

e e ts eg. as ha a te ized  the e eeda e of a th eshold  a  d a  solel  o  o se atio al data, 52 

fo al att i utio  to hu a  a ti ities e ui es o pa i g statisti s i  a u e t li ate  o ld a d i  53 

a o ld he e hu a  a ti ities ha e ot o u ed. This e ui es odel si ulatio s ith diffe e t sets 54 

of assu ptio s o e i g e te al fo i g. This also e ui es that the odels used a e a le to 55 

si ulate the ha ges i  likelihood of e t e es  o pa i g ith o se atio s, hi h is ofte  diffi ult 56 

i  p a ti e due to the sho t le gth a d la k of ho oge eit  of o se atio al data sets. A si plifi atio  57 

is ofte  ade ith the assu ptio  that the a th opoge i  effe t is i luded i  su fa e a ia les su h 58 

as ““T, sea i e Pall et al.,  o  soil oistu e Hause  et al., , a d i  at osphe i  o positio , 59 

a d that e t e e e e ts espo d to this i flue e th ough p o esses li ki g su fa e a d at osphe e. 60 

I  o t ast, att i utio  of o se ed t e ds to auses elies o  a al sis of the o se ed ha ge ith the 61 

help of li ate odels, he e is o e di e tl  a ho ed to the o se ed ha ge see NA“ epo t, ; 62 

Hege l a d ) ie s, . I  p a ti e, a th opoge i  fo i g i flue e o  te pe atu e- elated a ia les 63 

is su h that ha ges a e fou d ith a high o siste  usi g oth app oa hes fo  t e ds i  ea  a d 64 

e t e es Bi doff et al., . 65 

Att i utio  akes o e u a oida le assu ptio : that d a i al a d ph si al p o esses a e o e tl  66 

ep ese ted i  the li ate odel used fo  att i utio . If all p o esses a e ell a ou ted fo , 67 

se siti ities to fo i g ha ges should e ealisti . Att i utio  of eathe  e e ts the efo e e ui es a 68 

a eful e aluatio  of p o esses i ol ed i  the uild-up of the e e ts. E aluatio  also e ui es 69 

e a i atio  of e t e e e e ts statisti s, a d if possi le thei  ha ge ith i easi g g ee house gases 70 

a d othe  hu a -d i e  ha ges Bellp at a d Do las-Re es, ; Lott a d “tott, ; “ippel et al., 71 

. 72 



This stud  e a i es ho  the e l  upg aded Hadle  Ce t e Glo al E i o e tal Model e sio  -73 

At osphe e HadGEM -A  at osphe i  odel pe fo s i  ie  of e e t att i utio  i  Eu ope, ith a 74 

fo us o  p o esses leadi g to e t e e e e ts. The ea lie , lo e  esolutio , e sio  of the odel as 75 

e plo ed i  se e al att i utio  studies of e t e e e e ts i ludi g o se uti e old i te s i  the UK, 76 

the Mos o  heat a e i  Jul   Ch istidis et al., a , the se e e East Af i a  d ought of  77 

Lott et al., , the Easte  Aust alia floods of  Ch istidis et al.,  a d the old sp i g of 78 

 i  the UK Ch istidis et al., . These a al ses ua tified the effe t of a th opoge i  i flue e 79 

o  the likelihood of the e e ts as ell as the asso iated u e tai t  f o  li ited u e  of a aila le 80 

si ulatio s. Mo eo e , si ple e aluatio  assess e ts e e a ied out to de o st ate that the odel 81 

as fit fo  pu pose a d a le to ealisti all  ep ese t the t pe of e t e es u de  o side atio  i  the 82 

egio  of i te est. A gelil et al.  o pa ed the si ulated e t e e e e ts ith ea al ses 83 

datasets at elati el  high esolutio  a d fou d is at hes a o g all sets odels a d ea al ses a d 84 

a o g ea al ses the sel es . This highlights o se atio al diffi ulties he  o pa i g su - egio al 85 

t e ds usi g ea al ses, a d e phasizes the eed to ot o l  e aluate statisti al p ope ties ut also 86 

ph si al e ha is s i ol ed i  the t e ds. 87 

He e, the e  e se le of si ulatio s is e aluated th ough o pa iso  ith a aila le o se atio s. 88 

These si ulatio s a e o  used i  se e al att i utio  studies e.g. Ede  et al, ; a  Olde o gh et 89 

al., , i  p epa atio ; Philip et al., , Hause  et al, , Kleh et et al, , i  p epa atio , 90 

Ede  et al, , Ch istia se  et al, , i  p epa atio , Wil o  et al., , he e e aluatio  is 91 

a ied out fo  the lo al ase stud . Ho e e , a  o e all e aluatio  of the odel fo  Eu ope is e essa  92 

i  o de  to assess o fide e i  att i utio  esults de i ed f o  this odel. 93 

This a ti le add esses th ee ai  uestio s: i  a e the si ulatio s o e tl  ep ese ti g the statisti s 94 

of e e ts fo  the histo i al pe iod - ? ii  A e the si ulatio s o e tl  ep ese ti g lo g-te  95 

ha ges i  e t e e e e ts a d d a i s alo g the efe e e pe iod? iii  A e the si ulatio s  o e tl  96 

ep ese ti g the ke  p o esses d i i g to e t e e e e ts? 97 



The fi st a d last issues a e o e ed i  detail i  this do u e t. The se o d o e is a o e diffi ult 98 

uestio  to add ess ith - ea  lo g si ulatio s. T e ds, espe iall  i  e t e es, ha e egio al 99 

patte s of espo se to hu a  a ti ities that a e fai l  u e tai  due to lo g-te  at osphe i  100 

a ia ilit . He e a si gle- ealizatio  o se atio  is ot e pe ted to ag ee o pletel  ith odel 101 

si ulatio s. 102 

A last issue o e i g the odel e se le is also hethe  the o e all e se le also aptu es the 103 

atu al a ia ilit  ell. This ill ho e e  ot e o side ed he e to keep fo us o  p o esses. This 104 

uestio  as add essed i  a theo eti al f a e o k to sho  that the o siste  of the e se le 105 

sp ead a  e easu ed  the otio  of elia ilit  Bellp at a d Do las-Re es, ; Lott a d “tott, 106 

. E se le elia ilit  easu es hethe  the p o a ilit  to e eed a th eshold e.g. a  e t e e 107 

e e t o  a la ge odel ua tile  ag ees ith the f e ue ies of the sa e th eshold i  a  o se ed 108 

e o d. Co e t elia ilit  is the efo e a e essa  o ditio  fo  the e se le p o a ilities used i  109 

e e t att i utio  studies ot to e iased.  A ias i  e se le elia ilit  s ste ati all  affe ts the 110 

f a tio  of att i uta le isk Bellp at a d Do las-Re es, . 111 

We fo us he e o  a fe  t pes of e e ts a d p o esses to gi e a  o e ie  of the pe fo a e of the 112 

HadGEM -A s ste  i  Eu ope. The e aluatio  does ot p ete d to e e hausti e, as e e t-spe ifi  113 

e aluatio  ill al a s e e essa . The sele ted e e ts t pes a e: heat a es, old spells, d oughts, 114 

hea  p e ipitatio  e e ts, a d i d e e ts leadi g to sto  su ges. These ge e all  ha e a dail  to 115 

seaso al ti e s ale. The  e e sele ted e ause the u de l i g eathe  a ia les ha e lo g 116 

o se atio al e o ds. 117 

I  “e tio  , e iefl  des i e the si ulatio s. A o e detailed des iptio  is gi e  i  a sepa ate 118 

a ti le Cia a ella et al., , i  p epa atio . We also des i e the data sets used. “e tio   is de oted 119 

to a  o e all assess e t of the ai  iases i  ea  state, a ia ilit  a d e t e es, as ell as a 120 

o pa iso  et ee  si ulated a d o se ed t e ds. I  “e tio  , a  e t e e alue a al sis is a ied 121 

out i  o de  to i estigate dist i utio  tails. “e tio   is dedi ated to a  a al sis of a fe  ke  p o esses 122 



d i i g the e t e e e e ts. A fi al o lusio  a d dis ussio  follo  “e tio   he e te tati e 123 

o lusio s fo  att i utio  a e gi e . 124 

. Si ulatio s a d o ser atio s 125 

2.1 The HadGEM3-A simulations 126 

The si ulatio s used i  this o k e e ge e ated  the Hadle  Ce t e e e t att i utio  s ste  127 

Ch istidis et al., a  that has fa ilitated u e ous studies of diffe e t t pes of high-i pa t e t e e 128 

e e ts. A t pi al att i utio  stud  i ol es pai s of la ge e se le e pe i e ts ith a d ithout 129 

a th opoge i  fo i gs, f o  hi h the ha gi g likelihood of e t e e e e ts u de  li ate ha ge 130 

a  e dete i ed “tott et al., . The Hadle  Ce t e s ste  is uilt o  the HadGEM -A odel 131 

that as e e tl  upg aded ithi  the EU opea  CLi ate E e t I te p etatio  a d Att i utio  132 

EUCLEIA  p oje t http://eu leia.eu/  a d o  featu es o e of the highest esolutio  glo al odels 133 

used i  glo al e e t att i utio  esea h. The odel u s at N  ho izo tal esolutio , e ui ale t to 134 

a out  k  at id-latitudes, a d o p ises  e ti al le els. The upg aded odel also e efits f o  135 

a e  at osphe i  s ie e pa kage ith a  i p o ed d a i al o e, hi h leads to ette  u e i al 136 

sta ilit  Willia s et al., . 137 

A  e se le of  at osphe i  si ulatio s of the histo i al li ate du i g the pe iod -  as 138 

p odu ed ith the e  odel a d is the asis of the e aluatio  assess e ts dis ussed i  this pape . A 139 

se o d e se le of odel u s ithout the effe t of a th opoge i  fo i gs as also ge e ated a d 140 

e plo ed i  att i utio  a al ses Ch istidis et al., ; Bu ke et al., ; Wil o  et al., , ut is 141 

ot used he e. The histo i al fo i gs i  the odel si ulatio s i lude a th opoge i  g ee house gas, 142 

ae osols, t oposphe i  a d st atosphe i  ozo e e issio s, ha gi g la d use, as ell as atu al ha ges 143 

i  the sola  output a d ol a i  ae osols Jo es et al., . E se le e e s a e ge e ated  144 

i ple e ti g a do  pa a ete  pe tu atio s as ell as a sto hasti  ki eti  e e g  a ks atte  145 

s he e that a ou ts fo  e e g  sou es o  su -g id s ales Ch istidis et al., a . Mo thl  146 

o se atio s of the sea su fa e te pe atu e ““T  a d sea-i e f o  the Hadle  Ce t e “ea I e a d “ea 147 

http://eucleia.eu/


“u fa e Te pe atu e HadI““T   dataset Ra e  et al.,  p o ide ou da  o ditio s fo  the 148 

si ulatio s of the histo i al li ate. Buildi g o  the ulti-de adal si ulatio s, a  ope atio al 149 

att i utio  s ste  is u e tl  ei g de eloped  fi stl  e te di g the odel u s a d i easi g the 150 

e se le size a d the   o ti ui g to e te d the si ulatio s o  a seaso al ti es ale i  a si ila  151 

fashio  to seaso al fo e asti g s ste s. 152 

.  O ser atio s 153 

I  this pape  e use a u e  of o se atio al data sets fo  the odel si ulatio s e aluatio . I  154 

ge e al, the NCEP/NCAR th Ce tu  ea al sis CR e-a al ses of sea le el p essu e ha e ee  used 155 

fo  ha a te izi g at osphe i  i ulatio s. “u fa e te pe atu es a d p e ipitatio  a e eithe  take  156 

f o  CRUT“ .  o  f o  E-OB“ data sets. “pe ifi  data sets ha e ee  used to stud  the la d-157 

at osphe e i te a tio s, des i ed i  Ta le . 158 

. Model li atolog , tre ds a d aria ilit  159 

.  Mea  states a d tre ds 160 

I  this se tio  e e ie  the ai  statisti s of the odel li ate a d o pa e it to o se atio s. The 161 

ea  state, ti e e olutio , a d i te a ual a ia ilit  of et i s of ea  a d dail  e t e es i  the 162 

- e e  HadGEM -A N  e se le a e o pa ed to a a iet  of o se atio al datasets p i a il  163 

CRUT“ .  a d E-OB“  fo  the Ju e to August JJA  a d De e e  to Fe ua  DJF  seaso al ea s. 164 

“patial patte s ha e ee  o side ed o e  the Eu opea  do ai , a d ti e se ies ha e ee  165 

o side ed o e  th ee egio s: Eu ope – °N, °W– °E ; No the  Eu ope – °N, °W–166 

°E ; a d “outhe  Eu ope – °N, °W– °E . Whe e egio al ea s a e o side ed, the  o l  167 

i lude odel g id ells ith a la d f a tio  o e  %, as o se atio s a e o l  a aila le o e  la d. 168 

I  ge e al, HadGEM -A ep ese ts the spatial patte  of ea  ea -su fa e te pe atu e ell, ut does 169 

ot ep odu e the egio al patte  of the t e ds. I  su e , the odel u de esti ates a i g i  170 

southe  Eu ope i  li e ith oupled odels, a  Olde o gh et al, ; Ki t a  a d Po e , , 171 



Bo  . , a d o e esti ates it i  o the  a d easte  Eu ope Figu e a- ,e-f . “u h t e d 172 

dis epa ies a e ot due to at osphe i  i te al lo g-te  a ia ilit  as the  a e fou d i  ost 173 

e e s Figu e f . Ho e e , he  a e agi g o e  Eu ope, the odel t e d of . ± . K/de ade is 174 

o pati le ith the li ea  t e ds f o  CRUT“ .  . ± . /de ade , E-OB“ .  175 

. ± . K/de ade , a d CRUTEM .  . ± . /de ade . I  the a o e u e s, the % o fide e 176 

i te al is p o ided. The histog a  of the a k of the o se atio s i  the e se le also sho s a  177 

o e all elia ilit  of si ulated te pe atu es at the o ti e tal s ale Figu e i, see a  Olde o gh et 178 

al.,  fo  the elia ilit  a k histog a s al ulatio s . Whe  a e aged o e  No the  Eu ope, the 179 

odel slightl  o e esti ates the positi e t e d i  ea -su fa e te pe atu e . ± . K/de ade 180 

o pa ed to . - . K/de ade i  o se atio s , a d u de esti ates the positi e t e d he  181 

a e aged o e  “outhe  Eu ope . ± . K/de ade o pa ed to . - . K/de ade i  o se atio s . 182 

“i ila  fi di gs a e o tai ed fo  the t e ds i  dail  i i al a d a i al te pe atu es T i  a d T a , 183 

ea l  a i u  of dail  a i a a d i i a TX  a d TN  ot sho . Least s ua es li ea  t e ds, 184 

as al ulated a o e, e e take  fo  the pe iod - , a d should e i te p eted ith a deg ee of 185 

autio , due to the o li ea  atu e of the ti e se ies e olutio  see also Figu e . 186 

HadGEM -A also ep ese ts the spatial patte  of ea  su e  p e ipitatio , a d t e d patte s 187 

at h the o se ed dipole, ith so e dis epa ies Figu e -d,g-h , a d a ge e al u de esti atio  188 

of p e ipitatio  t e d i  the e se le e e s Figu e h . Positi e p e ipitatio  t e ds o e  189 

“ a di a ia a d egati e t e ds o e  F a e a d Easte  Eu ope a e fou d. Ho e e , the odel fails 190 

to aptu e the o se ed i ease i  p e ipitatio  o e  the UK a d d i g o e  “pai , a d does ot 191 

si ulate d i g o e  the full lo gitudi al e te t of the Alps, as is see  i  o se atio s. The i ala e 192 

to a d s ste ati  t e d u de esti atio  is also sho  i  the a k histog a s he  o side i g the 193 

hole o ti e t Fig. j . The si ulated t e d o e  southe  Eu ope is - . ± . /da /de ade, 194 

hile it is - .  a d - . /da /de ade i  EOB“  a d CRUT“ .  espe ti el . I  No the  195 

Eu ope, t e ds a e fou d i  o se atio s .  a d .  /da /de ade  ho e e  the  a e ot 196 

sig ifi a t. HadGEM -A also sho s o sig ifi a t t e d he e see also a  Ha e  et al., . 197 



I  the i te  seaso  Figu e , ea  states a e agai  ell si ulated, ut egio al t e d patte s a e 198 

ot ell ep odu ed eithe . O e  “ a di a ia, the patte  of the ea -su fa e te pe atu e ea  state 199 

is also ell- ep ese ted  the odel, ut the odel is too old Figu e a- . O se ed te pe atu e 200 

t e ds sho  sig ifi a t a i g o e  ost of Eu ope at the % o  % le el, ith the g eatest a i g 201 

o e  “ a di a ia a d the Balti s, ut HadGEM -A ge e all  u de esti ates the ag itude a d 202 

sig ifi a e of the t e ds Fig. e-f . Ho e e  these t e ds dis epa ies a  e due to lo g-te  203 

at osphe i  a ia ilit , as see  f o  Fig. f a d the a k histog a  of Figu e i, a d o ajo  204 

i o pati ilit  ith the o se atio  is fou d. HadGEM -A si ulates the patte  of the ea  states 205 

a d i te a ual a ia ilit  i  T i , T a , TN , a d TX  ell, ut it does ot ep odu e the o se ed 206 

t e ds ot sho . 207 

The patte  of the i te ti e p e ipitatio  ea  state is st o gl  tied to o og aph  i  oth the odel 208 

a d o se atio s. Ho e e , the odel o e esti ates p e ipitatio  o e  the P e ees, Massif Ce t al, 209 

Alps, a d G ee e, a d u de esti ates it o e  the UK a d I ela d Figu e -d . O se ed t e ds i  210 

p e ipitatio  ha e a st o g dipole patte , ith d i g i  southe  Eu ope, a d i easi g p e ipitatio  211 

i  the o th ese li g t e ds asso iated ith a te de  to a ds positi e NAO see Dese  et al., 212 

. The e is a hi t of this patte  i  the e se le ea  odel t e d, ut the ag itude is u h 213 

eake  tha  o se ed Figu e , a d the e se le fails to aptu e the ai  o t asts Figu e h a d 214 

j . Patte s i  the ea  state a d i te a ual a ia ilit  i  e t e e p e ipitatio  alues a e ell 215 

ep ese ted i  HadGEM -A. T e ds i  these ua tities a e ois  i  oth the odel output a d 216 

o se atio s ot sho . 217 

.  Varia ilit  218 

I  ge e al the i te a ual a ia ilit  is easo a l  ell si ulated, as see  i  Figu e  f o  ti e se ies 219 

of i di idual e e s a d supe i posed o se atio s. The odel o e esti ates a ia ilit  i  220 

seaso al ea  dail  ea  a d a i al te pe atu es Figu e , fo  Eu opea  a e age, ut si ulates 221 



the a ia ilit  i  dail  i i al te pe atu es fai l  ell ot sho . The o e esti atio  i  dail  222 

a i a is o e a ked i  No the  Eu ope tha  i  “outhe  Eu ope. 223 

I  i te , HadGEM -A ep odu es the i te -a ual sta da d de iatio  of ea -su fa e te pe atu e 224 

o e  Eu ope as a hole, ut sho s a la ge  sta da d de iatio  i  “outhe  Eu ope Figu e , a d 225 

appea s to u de esti ate it i  No the  Eu ope. I te a ual a ia ilit  i  T a  a d T i  is ell 226 

ep ese ted  HadGEM -A i  Eu ope, despite u de esti ates i  the o th, as fo  ea -su fa e 227 

te pe atu e. I  southe  Eu ope, the odel o e esti ates a ia ilit  i  T a  ot sho , ut 228 

u de esti ates it i  T i  Fig. . Va ia ilit  i  TN  a d TX  is u de esti ated i  all egio s ot sho ; 229 

see also “e tio  . Va ia ilit  i  seaso al p e ipitatio  a ou t, as ell as i  hea  p e ipitatio s o e  230 

  o    pe  da  is ell ep ese ted  HadGEM -A i  ge e al i  oth seaso s ot sho . 231 

Ho e e , it should e kept i  i d that the odel esolutio  does ot allo  a p ope  ep ese tatio  232 

of o e ti e p e ipitatio  e e ts.  233 

.  I  su ar  234 

HadGEM -A ge e all  sho s easo a le pe fo a e i  ep odu i g the o se ed ea -state, 235 

a ia ilit , a d t e ds i  dail  ea s a d e t e es he  o side i g Eu ope as a hole. Ho e e  236 

o se ed egio al patte s of t e ds a e ot al a s ell ep odu ed. Fo  i sta e, the odel fails to 237 

ep odu e the o se ed JJA a d DJF d i g i  southe  Eu ope. I  JJA, the odel also lo ates the 238 

a i u  i  ea -su fa e te pe atu e t e ds too fa  east, so that the a plitude of a i g o e  239 

southe  Eu ope is u de esti ated. I  i te , te pe atu e a ia ilit  is high aki g t e ds f o  240 

si ulatio s a d o se atio s al ost o pati le despite a ge e al te de  fo  the odel to 241 

u de esti ate a i g. The odel e se le fails to ep odu e positi e t e ds i  te pe atu e 242 

e t e es T i , T a , TN , a d TX  th oughout Eu ope, a d also u de esti ates i te a ual a ia ilit  243 

i  TN  a d TX  i  i te . The a plitude of the dipole i  p e ipitatio  t e ds i  DJF is su sta tiall  244 

u de esti ated  HadGEM -A i  DJF, a d to a lesse  e te t i  JJA. 245 



The o e t si ulatio  of t e ds i  su e  i plies that thei  att i utio  should ot e hi de ed  246 

odel’s li atologi al iases i  this seaso . Fo  te pe atu e this ea s a ealisti  ea  espo se to 247 

e te al fo i g a d a pote tial fo  att i uti g te pe atu e- elated e e ts. The diffe e es i  egio al 248 

patte s of t e ds a e pa tl  due to the elati el  sho t le gth of o se atio al data sets o i ed ith 249 

a haoti  at osphe e a d eak ““T depe de e. It is also p o a l  due to u e tai ties i  u de l i g 250 

p o esses see “e tio  . I  i te  the too eak a i g t e d a  pote tiall  lead to 251 

u de esti atio  of likelihood edu tio  i  i te  old spells. Ho e e , this dis epa  a  also esult 252 

f o  the la ge i te a ual a d a ia ilit  i  i te  te pe atu es. “o e of the  e e s do sho  253 

t e ds as o se ed i  dail  ea  i te  te pe atu es. 254 

. E tre e alue a al sis 255 

A spe ifi  fo us is gi e  o  o  e t e es of te pe atu e a d p e ipitatio . The e aluatio  of the 256 

odel’s ep ese tatio  of e t e es as u de take  usi g e t e e alue a al sis, ased o  a ual 257 

a i a of the histo i al u s i  p e ipitatio  da  a d a i u  TX  a d i i u  dail  258 

te pe atu e TN  dis ussed a o e. These e e fitted to a statio a  ge e alized e t e e alue GEV  259 

dist i utio  Coles, . The th ee pa a ete s of the GEV dist i utio , a el  the lo atio  260 

pa a ete  μ ep ese ti g the ea  alues , s ale pa a ete  σ ep ese ti g the t pi al a ge of 261 

alues  a d shape pa a ete  ξ des i i g hethe  the dist i utio  is hea  tailed o  ot , e e 262 

e aluated alo gside dist i utio s fitted to the sa e e t e es f o  E-OB“. No -pa a et i  263 

ootst appi g  epli atio s  as used to esti ate the u e tai t  a gi s. Co pa iso s a e 264 

ade usi g the . º egula  g id E-OB“ p odu t, hi h ep ese ts the esolutio  losest to that of the 265 

odel. 266 

Fo  e t e e a i u  dail  te pe atu e TX , the lo atio  pa a ete  is sig ifi a tl  u de -esti ated 267 

i  No the  Eu ope a d o e -esti ated i  u h of “outhe  a d Easte  Eu ope. As illust ated i  268 

Figu e , the odel e hi its a  iases i  hot e e ts a oss Ce t al, Easte  a d, to a lesse  e te t, 269 

“outhe  Eu ope, e plai i g the ias i  the lo atio  pa a ete . The s ale pa a ete  is o e esti ated 270 



so e hat a oss ost of the o ti e t, ut u de esti ated i  B itai , a d the shape pa a ete  is 271 

o e esti ated so e hat o e  ost of No the  Eu ope, i di ati g too hea  tail pote tiall  elated 272 

to u ealisti all  high d i g i  su e  i  this odel see “e tio  . 273 

Fo  e t e e i i u  dail  te pe atu e TN , egio s of o ple  topog aph  i ludi g the Alps a d 274 

the este  oastli e of “ a di a ia  a e ha a te ized  a lea  u de -esti atio  of the lo atio  275 

pa a ete . The old ias to the south of the Alps is also appa e t i  the a al sis of old e e ts i  Figu e 276 

, ith si ila  spatial featu es e ide t i  ultiple e se le e e s. The s ale pa a ete  is 277 

easo a l  ell ep ese ted, ut the shape pa a ete  is u h too la ge i  Easte  Eu ope, he e the 278 

odel si ulates too e t e e e  old e e ts. B  o t ast, the shape pa a ete  is too s all i  u h 279 

of Weste  Eu ope. 280 

Fo  e t e e p e ipitatio  the oad oastal a d topog aphi al p e ipitatio  featu es a e ell-281 

ep odu ed  the odel, ut oth the lo atio  a d s ale pa a ete s a e o siste tl  la ge  tha  those 282 

of o se ed e t e es Figu e : the odel ge e ates too u h ai  i  e t e es ith too u h 283 

a ia ilit . This is pa ti ula l  the ase i  Medite a ea  oastal egio s a d i ediatel  south of the 284 

Alps. This is the opposite of hat o e ould i tuiti el  e pe t: gi e  the odel’s oa se esolutio , 285 

e t e es i  the si ulated p e ipitatio  field should t pi all  e s alle  i  ag itude tha  those 286 

e e ts o up i g the sa e poi t of likelihood i  the o se ed dist i utio . 287 

. Pro ess a al sis 288 

 289 

The a ilit  of a odel to si ulate ph si al a d d a i al p o esses leadi g to e t e es is ke  fo  its 290 

apa it  to si ulate thei  ha ges u de  hu a  a ti ities i flue e. E t e e e e ts ge e all  esult 291 

f o  a  e se le of p o esses i ol i g at osphe i  d a i s, la ge-s ale d i e s, as ell as egio al 292 

to lo al-s ale p o esses hi h i te a t ith o e a othe . He e, e e aluate hethe  the odel 293 

aptu es the ost i po ta t p o esses leadi g to e t e e e e ts. Fo  the fi e t pes of e e ts u de  294 

stud  heat a d old a es, hea  p e ipitatio  e e ts, d ought a d sto  su ges  e e a i e i  295 



pa ti ula  the ole of la ge-s ale i ulatio  a d a fe  ke  egio al-to-lo al s ale p o esses, su h as 296 

i te a tio  ith la d su fa e. 297 

I  ge e al, e t e e eathe  e e ts o u  u de  spe ifi  t pes of eathe  patte s: heat a es, 298 

d oughts a d old spells elate to lo g pe sisti g a ti lo es sitti g o e  a la ge a ea. I  Eu ope, hea  299 

p e ipitatio  is asso iated eithe  ith su e  o e ti e episodes o i g afte  a lo g a  pe iod 300 

ith the a i al of f o tal s ste s ith old ai  aloft desta ilizi g the t oposphe e, o  i  lo g-lasti g 301 

i te ti e lo i  episodes i gi g i  e u i g sto s. I  ea h ase t pi al at osphe i  i ulatio  302 

patte s a e fou d. The , e t e e e e ts also esult f o  a plif i g p o esses, hi h a  do i ate 303 

i  so e ases, su h as la d-at osphe e i te a tio s i  pa ti ula  i  the ase of heat a es a d 304 

d oughts “e e i at e et al. , a d also old spells th ough the effe t of s o  o e  O soli i et al. 305 

. “t atosphe e-t oposphe e i te a tio s ha e also ee  sho  to e i po ta t i  the uild-up of 306 

old spells Bald i  a d Du ke to , . He e e e aluate these p o esses i  HadGEM -A 307 

si ulatio s. 308 

 309 

. . At ospheri  eather patter s 310 

 311 

O e a  to e aluate hethe  the odel o e tl  si ulates the at osphe i  i ulatio  a ia ilit  is 312 

th ough the a al sis of eather regi es. Weathe  egi es a e usuall  defi ed as la ge t pi al luste s 313 

of at osphe i  flo s that a e o se ed. The o ept of eathe  egi es is ased o  d a i al s ste s 314 

theo  a al sis of at osphe i  a ia ilit : e tai  phase-spa e a eas a  i lude slo -do  of 315 

t aje to ies, due to the i i it  of statio a  solutio s Leg as a d Ghil, , o  uasi-statio a  316 

solutio s Vauta d a d Leg as . “i e the , a u e  of studies e.g. Mi hela geli et al., ; 317 

Cassou et al.  ha e ha a te ized eathe  egi es usi g luste  a al sis. O e  the No th-East 318 

Atla ti  a d Eu ope, su h a  a al sis usuall  fi ds fou  sta le luste s f o  o se atio s o  ea al sis 319 

of sea-le el p essu e o  geopote tial height.  320 



He e, e o pa e luste s o tai ed  a k- ea s algo ith  applied to the NCEP/NCAR ea al sis a d 321 

the HadGEM -A si ulatio s a ied out o e  the sa e pe iod - . The sa e No th-Atla ti  322 

do ai  is used oth fo  odel a d o se atio s [- °W- °E, . °N- °N]. A sepa ate a al sis is 323 

do e fo  i te  DJF  a d su e  JJA  seaso s usi g sea-le el p essu e fields.  324 

The e t oids of the o tai ed luste s fo  the NCEP/NCAR ea al sis a d the HadGEM -A odel  325 

e e  e se le, a e sho  fo  i te  i  Figu e a-h a d fo  su e  i  figu e i-p. The HadGEM -326 

A odel eathe  egi es e t oids a e uite si ila  to the o se ed o es ith slight shifts. Fo  327 

i sta e, the lo ki g  BLO  egi e is ell ep ese ted i  i te  a d su e  ut the Atla ti  idge  328 

AR  egi e has diffe e es that a  e see  ai l  i  i te . Ho e e , this should ot e a ajo  329 

issue fo  Eu opea  e t e es of te pe atu e a d ai  as this latte  egi e is ge e all  ot asso iated 330 

ith e t e es. Cold spells a e usuall  ha a te ized i  i te   eithe  the egati e No th Atla ti  331 

os illatio  NAO-  egi e, as as the ase fo  the i te  of -  Cattiau  et al., , o   the 332 

BLO egi e. Mild i te s ith pe siste t ai falls o e  Weste  Eu ope a e ha a te ized  the )o al 333 

flo  )O  egi e as sho   “ halle  et al. . 334 

A othe  i po ta t aspe t fo  e t e es is the f e ue  of o u e e of egi es. O e e pe ts that to 335 

o e tl  si ulate the statisti s of e t e e e e ts, a odel ust si ulate o e t f e ue ies i  the 336 

eathe  egi es. I  o de  to o pa e si ila  luste s statisti s, e used the NCEP/NCAR luste  337 

e t oids “LP a o alies as efe e e a d ou ted the u e  of “LP fields fo  hi h ea h e t oid is 338 

ea est, oth fo  NCEP/NCAR a d HadGEM -A fields fo  a est o pa iso . HadGEM -A eathe  339 

egi e f e ue ies a e ell ep ese ted ith espe t to o es i  NCEP/NCAR. BLO a d NAO- egi es 340 

a e ell ep ese ted i  oth seaso s hile )O i te  a d AL su e  ha e slight diffe e es to 341 

NCEP/NCAR lo e  a d highe  f e ue ies of o u e e espe ti el . 342 

Ta le  sho s the f e ue ies of ea est eigh o s al ulated i  this a . It is uite e a ka le ho  343 

ell the f e ue ies at h et ee  o se atio s a d the odel. We o lude that the HadGEM -A 344 



odel si ulates uite ell the ai  eathe  patte s of the No th East Atla ti  ith ea  f e ue ies 345 

that ep odu e faithfull  the o se atio s. 346 

. . At ospheri  ir ulatio s asso iated ith hot a d old e e ts 347 

 348 

The p e ious a al sis as ade fo  eathe  patte s i depe de tl  of e t e e e e ts. We o  tu  349 

to the e aluatio  of the apa ilit  of HadGEM -A i  ep ese ti g the spe ifi  eathe  patte s 350 

asso iated ith hot a d old e e ts i  Ce t al Eu ope defi ed he e as the a e age o e  °- °E a d 351 

°N- °N . This a al sis uilds o  K uege  et al.  a d is ased o  a o posite a al sis of 352 

te pe atu es a d i ulatio  states ha a te ized  the geopote tial heights at  hPa  fo  hot a d 353 

old e e ts. We sho  he e esults fo  hot e t e es a d old e e ts a e sho  i  the supple e t. The 354 

te pe atu e data as deseaso alized usi g a -da  filte  fo  al ulati g the li atolog ; p io  to 355 

dete ti g hot a d old e t e es the li ea  lo g-te  t e ds o e  the a al sis pe iod e e e o ed 356 

f o  ea h g idpoi t.  357 

Hot a d old e e ts ith a ti e s ale of fi e da s e e o tai ed as o se uti e alues a o e the th 358 

a d elo  the th dail  te pe atu e pe e tile fo  su e  JJA  a d i te  DJF , espe ti el . These 359 

ode ate e t e es should o u  u de  oadl  si ila  i ulatio  o ditio s to st o ge  e t e es, ut 360 

a e ell sa pled K uege  et al.,  a d ha e ee  fou d useful Ale a de , . Co posites of 361 

all su h e e ts e e al ulated fo  the -  pe iod hi h ields  heat a es a d  old 362 

spells f o  the CR  i  o pa iso  to a a ge of -  hot spells a d -  old spells fo  the 363 

odel e se le, espe ti el  ote that the ea al sis sho s slightl , ut sig ifi a tl , fe e  hot a d 364 

old spells . The asso iated i ulatio  patte s a e al ulated as the o posites of the  hhPa 365 

geopote tial height fou d fo  ea h o u e e of a old- o  hot te pe atu e e e t, follo i g K uege  366 

et al. . I  o t ast to K uege  et al. , the o posite a al sis as pe fo ed fo  la d-o l  367 

te pe atu es. The a al sis fo  the odel as pe fo ed fo  ea h of the  e se le e e s 368 

sepa atel , ith esulti g o posites the  a e aged to p o ide a  e se le ea  alue.  369 



Figu e  sho s the te pe atu e o posites of hot e e ts, a d Figu e  the i ulatio  asso iated ith 370 

it. The diffe e es et ee  i ulatio  o posites a e elati el  la ge i  oth su e  a d i te  e e  371 

though these a e agg egated o e  e e ts o u i g o e   ea s i  ea h ase. La ge  diffe e es 372 

et ee  the e se le e e s a e fou d fo  su e . Fo  the i ulatio  asso iated ith e t e e 373 

hot e e ts, the e is high a ia ilit  a oss the e se le e e s hile fo  the e se le ea  the 374 

geopote tial patte  ese les a lassi  o ega lo ki g i  CR ith the easte , egati e e te  of 375 

the lo ki g supp essed o  o ed i  the a e age i ulatio  of HadGEM -A. The lo atio  of lo  376 

p essu e a o alies a d thei  ag itude a ies a oss e se le e e s fo  this  ea  a e age. The 377 

spatial e te t a d i te sit  of heat a es a ies a oss e se le e e s o siste t ith the su tle 378 

a iatio s i  i ulatio  fo  e a ple, o pa e iddle of the se o d to otto  left pa el fo  figu es  379 

a d . The o se atio s lie ithi  that la ge a ia ilit .   380 

Results fo  old e e ts a e si ila  “upple e ta  Figu e  a d , ith a st o g p essu e g adie t 381 

et ee  a high a d lo  i  NW a d “E Eu ope, espe ti el , ausi g old spells, hose a e age i te sit  382 

a d e te t a ies depe di g o  the tilt of the p essu e g adie t, agai  e e plif i g the i po ta t ole 383 

of at osphe i  a ia ilit  e e  o  the lo g ti es ales a e aged a oss he e.  384 

.  La d-at osphere i tera tio s 385 

 386 

La d-at osphe e i te a tio s a e ajo  p o esses i  the de elop e t of a  e t e es a d ust 387 

the efo e e ell ep ese ted i  ie  of att i utio  studies. This is pa ti ula l  i po ta t fo  heat 388 

a es, hi h a e e pe ted to e o e o e f e ue t ith g ee house gases i ease “e e i at e et 389 

al. , ith pote tial se e e i pa ts o  so iet  a d e o o  Rose z eig et al. , Co ti et al. 390 

, Blauhut et al. , )hao et al., . The u e tai t  of p oje tio s of futu e te pe atu es a d 391 

asso iated hot e t e es is espe iall  la ge i  egio s he e a shift of the e apot a spi atio  egi e is 392 

e pe ted, i.e. he e e apot a spi atio  is adiatio -li ited i  toda ’s li ate ut ill e o e soil-393 

oistu e-li ited i  futu e li ate. This is due to a la ge u e tai t  i  the ep ese tatio  of the la d-394 

at osphe e oupli g a oss state-of-the-a t Ea th “ ste  Models E“Ms  i  p ese t a d futu e li ate 395 



“e e i at e et al. , a d esulti g flu es “tegehuis et al., . This p o le  eeds to e 396 

add essed  alidati g a d e aluati g the i ol ed odelled p o esses i  p ese t li ate o ditio s 397 

agai st o se atio s. Tha ks to e e t ad a es i  the de elop e t of efe e e datasets fo  la d ke  398 

a ia les su h as soil oistu e O th a d “e e i at e  a d e apot a spi atio  Muelle  et al. 399 

, a o p ehe si e e aluatio  of the odelled la d-at osphe e oupli g e a e feasi le. 400 

We assess a d e aluate the la d-at osphe e oupli g i  the HadGEM -A odel i  Eu ope  401 

o side i g all pa ts of the o e all oupli g sepa atel  see Figu e  of “e e i at e et al. . I  402 

pa ti ula  e fo us o  i  the oupli g et ee  soil oistu e a d e apot a spi atio , ii  the oupli g 403 

et ee  e apot a spi atio  a d te pe atu e e t e es , a d iii  the esulti g  oupli g et ee  404 

p e ipitatio  a d te pe atu e e t e es . I  te s of te pe atu e e ill fo us o  o thl  ea  405 

te pe atu e, a d to ep ese t hot e t e es e use TX . 406 

The elatio ship et ee  the a ia les i ol ed i  ea h pa t odelled  HadGEM -A is o pa ed 407 

ith the o espo di g o se ed i te pla  usi g state-of-the-a t efe e e datasets of the 408 

o espo di g a ia les Ta le . He e e fo us o  the ti e pe iod - , ho e e , due to 409 

li ited a aila ilit  of the efe e e datasets, the e aluatio  of e apot a spi atio - elated oupli gs is 410 

o st ai ed to - , a d the e aluatio  of soil oistu e- elated oupli gs is est i ted to -411 

. Note fu the o e the diffe e t spatial esolutio s et ee  the e plo ed efe e e datasets 412 

see Ta le , a d of the HadGEM -A output data. Model output has ee  asked he e e  the 413 

efe e e data as ot a aila le to e su e the sa e spatial a d te po al asis of the a al ses. 414 

I  o de  to fo us o  the highest oupli g st e gths, e pe fo  all o putatio s ith o thl  data 415 

usi g o l  the hottest o th of ea h ea . I  the ase of soil oistu e a d p e ipitatio  e use the 416 

p e ious o th to aptu e thei  i flue e o  su se ue t te pe atu e o  e apot a spi atio . Fo  the 417 

esti atio  of the o side ed oupli g st e gths e o side   Eu opea  su egio s, i  No the  418 

Eu ope NEU , ii  Ce t al Eu ope CEU , a d iii  the Medite a ea  MED  as defi ed i  “e e i at e et 419 

al. . Fo  the Medite a ea  egio , ho e e , e fo us o  latitudes et ee  °N- °N i stead 420 



of °N- °N as i  “e e i at e et al  due to li ited spatial a aila ilit  of the efe e e datasets 421 

egio  he e de oted as MED* . Coupli g st e gths a e e p essed as o thl  o elatio s. 422 

Fu the o e, e o pa e odelled e sus efe e e dist i utio s of the o side ed a ia les i  the 423 

o side ed o ths. 424 

Soil oisture - E apotra spiratio  Coupli g: The HadGEM -A oupli g et ee  p e edi g soil 425 

oistu e a d e apot a spi atio  i  the hottest o th is o pa ed ith efe e e data i  Figu e . 426 

Apa t f o  the appa e t ias i  e apot a spi atio  i  NEU a d CEU, HadGEM -A aptu es the 427 

o se ed oupli g ell. O e all st e gth a d the spatial patte  of the o elatio  et ee  soil 428 

oistu e a d e apot a spi atio  a e also ell ep ese ted. With fe  e eptio s the HadGEM -A 429 

e se le aptu es the o se ed oupli g st e gth i  all Eu opea  egio s. O l  o e  the I e ia  430 

Pe i sula u de esti atio  a d i  I ela d o oupli g  the odel esults do ot ag ee ith the 431 

o elatio s a oss the efe e e datasets. Note the la ge sp ead of o elatio s et ee  the i di idual 432 

e se le e e s suggesti g st o g a ia ilit  of the odelled oupli g. 433 

E apotra spiratio  - Te perature Coupli g: The HadGEM -A oupli g et ee  e apot a spi atio  434 

a d te pe atu e i  the hottest o th is o pa ed ith efe e e data i  Figu es  a d . While the 435 

o e all st e gth a d the o th-south g adie t i  the o elatio  a e ep ese ted i  the odel, its 436 

si ulated spatial oupli g patte  ag ees o l  pa tiall  ith the efe e e datasets. The t a sitio  zo e 437 

ith ze o oupli g st e gth et ee  the positi e oupli g i  NEU a d the egati e oupli g i  MED* 438 

is too ide i  the odel, a d it is shifted o th a d as o pa ed to the efe e e datasets. This 439 

o t i utes to the o e esti atio  of hot te pe atu e e t e es  the HadGEM -A odel fou d i  440 

“e tio  . The u de esti atio  of the e apot a spi atio -te pe atu e oupli g et ee  °N- N° 441 

also e plai s h  the o se ed o elatio  is ot o tai ed i  the HadGEM -A e se le i  la ge pa ts 442 

of this egio . This o u s e e  though the sp ead of o elatio s et ee  the e se le e e s of 443 

HadGEM -A is la ge, as fo  the p e ious oupli g Figu e  of “e e i at e et al., . Results also 444 

sho  a No th a d e te sio  of oupli g egio , pote tiall  eati g too a  hot pe iods, i  445 



ag ee e t ith the e t e e alue a al sis of “e tio  .  We fi d o pa a le esults fo  ea  a d 446 

e t e e te pe atu es i di ati g al ost o ha ge of this oupli g i  heat a es. 447 

We fi d a la ge sp ead of oupli g st e gths et ee  the e se le e e  si ulatio s ot sho  448 

i di ati g la ge a ia ilit  of the oupli g. It e ai s u lea  if this is a odel-spe ifi  featu e. This 449 

ould e tested  o pa i g the te po al a ia ilit  of the oupli g st e gth i  the efe e e data 450 

a d i  the odel output usi g te po al su sets of the a aila le data. Ho e e , this is e o d the 451 

s ope of this a ti le. We ote, ho e e , that this a ia ilit  ould help to e plai  the offset i  the spatial 452 

patte s of oupli g st e gths et ee  the efe e e datasets a d the odel. 453 

Spri g pre o ditio i g of heat a es: We e t i estigate to hat e te t sp i g p e o ditio i g of 454 

soil atte s fo  i di idual heat a e et i s see e.g. Vauta d et al., ; Hi s hi et al., . A et i  455 

of Eu opea  heat a es that ta gets i pa ts is used, ased o  a i u  a d i i u  te pe atu es 456 

e eedi g the th pe e tile th eshold fo  at least  da s a d  ights Pezza et al., ; Co a  et al. 457 

. This app oa h should e o side ed a alogous to app oa hes usi g E ess Heat Fa to  e.g. 458 

Pe ki s et al.,  o  hottest dail  a i u  te pe atu e of the ea  Hause  et al.,  a d he e 459 

elates to the i de  o side ed a o e. We tested the se siti it  of su e  heat a es to p e eedi g 460 

et a d d  sp i gs fo  diffe e t Eu opea  su - egio s i  E-OB“ . , a d hethe  the HadGEM -A 461 

a  aptu e this se siti it . Heat a e o posites e e al ulated o e  su e s follo i g the top 462 

% d iest a d ettest sp i gs i.e. fo  E-OB“ this is e ui ale t to the  d iest a d  ettest sp i gs, 463 

fo   HadGEM -A  this o espo ds to the  d iest a d  ettest sp i gs pe  e se le e e  ased 464 

o  - o th “ta da dized P e ipitatio  I de  “PI;  M Kee et al.,  fo  sp i g e di g i  Ma , 465 

a e aged o e  ea h egio  of i te est ou ded egio s i  Figu e . A o -pa a et i  t o-sa ple 466 

Wil o o  sig - a ked test Holla de  a d Wolfe,  us used i  o de  to dete i e if the su e  467 

heat a e et i s a e disti guisha l  diffe e t et ee  d  a d et sp i g ases at the % 468 

o fide e le el e.g. Co a  et al., .  469 



 Figu e  sho s the o posite patte s follo i g the et a d d  sp i gs fo  the heat a e du atio  470 

HWD , hi h des i es the lo gest seaso al heat a e. The odel o posites a e ased o   sp i gs 471 

ea h f o  the  histo i al e se le e e s  sp i gs i  total . The patte s f o  E-OB“ sho  472 

that d  sp i gs a oss southe  Eu ope a e s ste i all  follo ed  lo ge  su e  heat a es 473 

o pa ed to et sp i gs Figu e , left pa els , ith a  Medite a ea  egio s e eedi g .  da s 474 

o  a e age. This is o siste t ith the esults fo  oupli g st e gth sho  a o e Figu e . Fu the  475 

o th i to e t al a d easte  o ti e tal Eu ope, this o se ed te de  e o es u h eake  a d 476 

less sig ifi a t. A oss southe  E gla d a d o the  F a e, despite the la k of sig ifi a e the e is 477 

a s all i ease i  HWD follo i g d  sp i gs o pa ed to et sp i gs. Fo  este  “ a di a ia, lo ge  478 

su e  heat a es te d to e e ge follo i g ette  sp i gs, o siste t ith a positi e 479 

e apot a spi atio  te pe atu e oupli g, hi h suggests that a te ede t soil oistu e o ditio s, 480 

ased o  the “PI, a e ot a sig ifi a t p edi to  of su e -ti e heat a e a ti it .  481 

I  ge e al, HadGEM -A sho s a s alle  effe t of d  sp i gs o  HWDs a oss the este  482 

Medite a ea , ho e e , it aptu es the sig ifi a t diffe e es o pa ed to the et sp i g o posites 483 

Figu e ; ight pa els . The odel also appea s to o e esti ate the d -sp i g HWDs o e  the fa  484 

easte  Medite a ea  i ludi g Ro a ia. Fu the  o th, the odel si ulates a u h eake  sp i g 485 

“PI - su e  HWD elatio ship, ith st o g positi e iases o e  ost of “ a di a ia o pa ed to E-486 

OB“ . A oss southeaste  E gla d a d o the  F a e, the odel suggests that sp i g d i g has 487 

sig ifi a t o t ol o e  heat a e a ti it  also see  i  the si ulated heat a e a plitude; ot sho ; 488 

this sig al is o e p o ou ed i  the odel if uppe  la e  soil oistu e? is used i stead of the “PI ot 489 

sho .  Despite odel iases, the patte s a oss southe  Eu ope i pl  that d  sp i gs a d i te s 490 

do e e t a st o g i flue e o  su e  heat a e a ti it , o fi i g ea lie  o se atio al studies 491 

Quesada et al., , Vauta d et al.,  a d o siste t ith esults fo  oupli g st e gth sho  492 

a o e Figu e . Fo  e t al Eu ope, “ a di a ia a d the Balti  states, the e is o l  a eak asso iatio  493 

to sp i g o ditio s i  oth odel a d o se atio s, although the odel aptu es the st o g sp i g 494 

p e- o ditio i g a oss Easte  Eu ope. This is i  ag ee e t ith a o th a d shift of the egati e 495 



oupli g egio  as fou d a o e Figu e , a d as su h, the odel appea s to ha e a st o ge  espo se 496 

to d  sp i g a o alies i  Easte  Eu ope o pa ed ith o se atio s. The esults fo  oth E-OB“ a d 497 

HadGEM -A a e affe ted  sa pli g u e tai t , pa ti ula l  fo  o se atio s, a d the fa t that the 498 

“PI is a e aged o e  la ge do ai s ith a  diffe e t li ates; thus a e ust e take  i  i te p eti g 499 

the sp i g-su e  oupli g. Fu the o e, the “PI a  ot full  ep ese t a iatio s i  the si ulated 500 

uppe  soil oistu e o e  o the  latitudes e.g. “ a di a ia , gi e  lo  o elatio s ~ .  i  the 501 

odel, o pa ed to .  o e  este  Medite a ea .   502 

.  Stratosphere-troposphere i tera tio s 503 

 504 

A ke  p o ess i  old spells de elop e t is the i te a tio  et ee  st atosphe e a d t oposphe e, 505 

hi h ust also e ell ep ese ted i  ie  of old spell e e ts att i utio . I  the e t a-t opi al NH 506 

i te  the e is a te de  fo  a o alies to p opagate f o  the st atosphe e to the t oposphe e he e 507 

the  distu  the NAO a d the eathe  elated to this do i ati g ode of a ia ilit . I  pa ti ula , eak 508 

st atosphe i  o te  e e ts a e follo ed  a  i eased p o a ilit  of old te pe atu es a d old 509 

e t e es i  Eu ope. Although this oupli g et ee  the st atosphe e a d the t oposphe e o  i t a-510 

seaso al ti e-s ales has ee  k o  fo  o e tha  a de ade Bald i  a d Du ke to , ; 511 

Ch istia se ,  the e still e ai  u a s e ed uestio s a out ho  to ep ese t the st atosphe i  512 

a ia ilit  i  o de  to opti all  at h the oupli g. He e, e e aluate the HadGEM -A odel's a ilit  513 

to ep odu e the o se ed o e tio  et ee  the st atosphe e a d the t oposphe e. 514 

The do a d p opagatio  f o  the st atosphe e to the t oposphe e a  e de o st ated  lagged 515 

o elatio s et ee  zo al ea  i d at °N,  hPa a easu e of the st atosphe i  o te  a d the 516 

zo al ea  i d at othe  e ti al le els at °N. 517 

U fo tu atel , o l  o thl  a e aged st atosphe i  odel data ha e ee  sa ed i  the odel 518 

e pe i e ts hile dail  should e used. To pa tl  o e o e this e ha e i te polated the o thl  519 

a e ages to dail  alues. To e aluate the sou d ess of this app oa h e o pa e the  ith 520 

o se atio s su -sa pled to o thl  alues a d the  i te polated a k to dail  alues. I  dail  521 



o se atio s the do a d p opagatio  is lea l  see  ith a i u  o elatio s at the su fa e 522 

laggi g those i  the st atosphe e ith a out  eeks. I  the odel the e is a si ila  o e tio  523 

et ee  the st atosphe e a d the t oposphe e ut it appea s less lagged. This is at least pa tl  due to 524 

the s oothi g effe t of deali g ith o thl  data as see  i  the top left pa el of Fig. . 525 

The fa t that the st atosphe e is leadi g the t oposphe e also i  the odel is o e lea l  see  i  Fig. 526 

 hi h sho s the o elatio s et ee  the st atosphe i  o te  zo al ea  i d at °N  hPa  527 

a d the NAO. The effe t of a eak NAO o  Eu opea  te pe atu es a e ell k o  Hu el et al., , 528 

thus Figu e d sho s the odel skill to si ulate a ke  o e tio  et ee  st atosphe e a d the 529 

i ulatio  patte  p ese t du i g old spells o u e es. 530 

Fi all , Figu e  sho s the o elatio  et ee  the a o al  of the st atosphe i  o te , defi ed as 531 

a o e, a d su fa e te pe atu es, fo  o se atio s a d fi e odel e se le e e s. Fo  the 532 

o se atio s e fi d a patte  that is o siste t ith the i pa t of the NAO: positi e o elatio s i  533 

the iddle a d No the  Eu ope a d egati e o elatio s i  “outhe  Eu ope although these 534 

o elatio s a e ot statisti all  sig ifi a t .  Fo  the odel e fi d that the e se le e e s ag ee 535 

o  the ge e al patte , as e ealed  e se le ea  o elatio s although the e a e o side a le 536 

diffe e es et ee  e se le e e s. 537 

.  Pro esses i ol ed i  stor  surges 538 

 539 

“to  su ges a  o u  i  u e ous pla es i  Eu ope a d d i i g p o esses a e esse tiall  the 540 

i te a tio  et ee  i ds, lo  p essu e s ste s, seas d a i s, a d a es. It ould e a t e e dous 541 

task, ell e o d the s ope of this a ti le, to assess the odel’s apa it  to si ulate eathe  542 

o ditio s o du i e to sto  su ges e e he e i  Eu ope. O l  a ase stud  is de eloped he e as a  543 

e a ple, i  the Balti  sea, a egio  that is k o  fo  it essi g se e e su ges due to the geo et  of 544 

the sea a d eathe  o ditio s. These o u  i  pa ti ula  he  st o g i ds de elop afte  the passage 545 

of lo es o e  the Balti  “ea, pote tiall  i du i g e t e e a iatio s i  sea le el esulti g i  sto  546 



su ges e.g. alo g the Ge a  Coast i  the south este  Balti  “ea egio  “zto  et al., ; 547 

Hü i ke et al., . Du i g st o g o sho e i ds, the sea le el ises due to i d set-up. 548 

I  this se tio  e assess the a ilit  of usi g HadGEM -A as at osphe i  fo i g data to d i e the 549 

egio al o ea  odel TRIM-NP Kapitza,  fo  al ulati g ate  le el of the Balti  “ea i  . k  550 

spatial esolutio . Results a e su a ized he e as a pa allel stud  assesses the att i utio  of these 551 

e e ts to li ate ha ge Kleh et et al., , i  p epa atio . D a i al do s ali g of HadGEM -552 

A data has ee  do e ith  e se le e e s o l  due to o puti g osts  fo  - . To 553 

o tai  a g idded efe e e data fo  the e aluatio , o e odel e o st u tio  of ate  le el of TRIM-554 

NP has ee  pe fo ed usi g the CoastDat  data Ge e ,  as at osphe i  fo i g. CoastDat  is a 555 

egio al at osphe i  hi d ast si ulatio  fo  the Eu opea  o ti e t fo   to  o tai ed ith 556 

the egio al li ate odel CO“MO-CLM Ro kel et al.,  usi g the glo al ea al sis data of NCEP-557 

R  Kal a  et al., ; Kistle  et al.,  as fo i g data. We the  fi st di e tl  o pa e the outputs 558 

of HadGEM A-TRIM-data ith those of CoastDat-TRIM.  559 

Ma i al No e e  ate  le el a o alies fo  sele ted g id o es ep ese ti g lo atio s o-lo ated to 560 

ities alo g the Ge a  oast he e : Wa e ü de, T a e ü de  fo  -  elati e to the -561 

 ea  of the HadGEM A-TRIM-data u de esti ate e t e e ate  le els as o pa ed ith 562 

CoastDat-TRIM Figu e . The high ate  le els of oth sto  su ge e e ts i   a d  sho  563 

 CoastDat-TRIM, used as efe e e data, a e ot fou d i  the ti e se ies of histo i al HadGEM A-564 

TRIM e se le si ulatio s that ep ese t a tual li ate ith a th opoge i  fo i g. 565 

Ho e e , e t e e i ds i  the a ea a e p ope l  ep odu ed  the odel. We o pa ed the 566 

si ulated dist i utio  of th ee si ple i d i di ato s ith ERA-I te i  su fa e i ds: the i d speed 567 

itself, the i d speed o ditio al o  i ds i  the No th-East Quad a t, a d the No th-Easte l  568 

o po e t of the dail  i d field al ulated as NEW = -U –V, U a d V ei g espe ti el  the zo al a d 569 

e idio al i d o po e ts. All i di es e e a e aged o e  the a ea °E- °E; °N- °N , hi h 570 

e o passes the “outh-Weste  Balti  “ea. Dist i utio s a e fai l  ell ep ese ted as sho  i  Figu e 571 



, despite a i o  i d u de esti atio   HadGEM -A elati e to ERA-I te i . This 572 

u de esti atio  is uite ho oge eous i espe ti e of the i d speed, a d ea hes a out % i  the 573 

e t e e alues, ut a ot e plai  the too lo  ate  le els of sto  su ges i  Figu e . Ho e e , 574 

ERA-I te i  i ds a  the sel es ha e iases a d o e should e p ude t i  the i te p etatio  of 575 

these esults. Co pa iso s ith i ds o e  sea e ai s diffi ult as o se atio  data a e la gel  576 

issi g. The efo e, at least fo  this Balti  “ea, e ould ot fi d a  ajo  HadGEM -A si ulatio  ias 577 

hi de i g the att i utio  of sto  su ges. 578 

. Co lusio  a d dis ussio  579 

 580 

I  ie  of att i utio  of ha ge of likelihood of e t e e e e ts to hu a  a ti it , e ha e p ese ted 581 

a u e  of o pa iso s et ee  a  e se le of  at osphe i  si ulatio s f o  the HadGEM -A 582 

odel a d a ious o se atio s o e  Eu ope. We ha e p ese ted a  a al sis of odel ea  a d 583 

e t e e statisti s, a d a  assess e t of its apa it  to si ulate ke  p o esses i ol ed i  a fe  584 

e t e e e e ts de elop e t. Results p ese ted he e sho  that HadGEM -A si ulates the 585 

at osphe i  ea , a ia ilit  a d e t e es i  Eu ope fai l  ealisti all . As fo  a  li ate odel, 586 

so e iases a e fou d ut i  the ajo  egio al patte s of the li atolog  of the ai  a ia les is 587 

ell si ulated a d ii  d a i al eathe  patte s a e faithfull  si ulated  the odel. This p o ides 588 

o fide e i  use fo  att i utio . Co e i g e t e e alues, too st o g heat e t e es a d hea  589 

p e ipitatio  a e fou d, ut the pa a ete s of dist i utio s do ot e hi it ualitati el  diffe e t 590 

eha io  tha  i  o se atio s. Ho e e , si ulatio s do ot ell aptu e the o se ed patte s a d 591 

a plitudes of t e ds i  te pe atu e a d p e ipitatio , hi h is pa tl  due to a t e d i  i ulatio  that 592 

is diffe e t f o  the o se ed o e a d f o  othe  li ate odels. While fo  te pe atu e ou  t e d 593 

a al sis sho s that these dis epa ies a  e due to i te al at osphe i  a ia ilit  espe iall  i  594 

i te , p e ipitatio  t e ds ha e slight, ut s ste ati , iases a oss the e se le, hi h e ai  595 

u e plai ed. 596 



We the  ha e e a i ed so e ke  at osphe i  p o esses ut fou d o ajo  defi ie ies. The 597 

a ia ilit  of i ulatio  t pes is ell si ulated, oth i  te s of spatial patte s a d o u e e 598 

f e ue ies. Ph si al p o esses ehi d these statisti s o siste tl  de o st ate the a ilit  of the 599 

odel to si ulate e t e e e e ts. He e a e the ai  o se ue es that ould e d a  fo  ea h of 600 

the fi e t pes of e t e es that e o side ed i  this stud . 601 

Heat Wa es 602 

“i ulated eathe  patte s asso iated ith hot e e ts o pa e fa o a l  ith those sho  i  the 603 

ea al sis, ho e e , ith sig ifi a t i te al a ia ilit  i  the ep ese tatio  of e e ts et ee  odel 604 

e se le e e s. Ho e e , heat uild-up is also a plified  la d-at osphe e feed a ks. We 605 

fou d that HadGEM -A aptu es la d-at osphe e i te a tio s i  p ese t-da  li ate easo a l  ell. 606 

We assessed the diffe e t pa ts of this oupli g a d fi d that espe iall  the soil oistu e-607 

e apot a spi atio  oupli g is ell ep ese ted, hile the e apot a spi atio -te pe atu e oupli g is 608 

u de esti ated i  egio s et ee  °N- N°. The o e all oupli g is i estigated  o elati g 609 

p e edi g p e ipitatio  ith te pe atu e i  the hottest o th he e the o elatio s of the odel 610 

output a d et ee  the efe e e datasets a e si ila , ut the spatial patte s a e ot e ti el  611 

aptu ed. Co siste tl , o se ed heat a e et i s follo i g et sp i gs a e sig ifi a tl  diffe e t 612 

f o  those follo i g d  sp i gs, pa ti ula l  i  “outhe  Eu ope a d this p o ess is easo a l  ell 613 

aptu ed i  the odel. 614 

Too st o g d i g is taki g pla e i  the odel ith e agge ated e apot a spi atio , i  e t al a d 615 

o the  Eu ope i  the hottest o th, a p o a le easo  fo  too a  a d st o g heat a es. 616 

“i ulated su e  te pe atu es a tuall  e hi it a too la ge i te a ual a ia ilit  i  these egio s. 617 

Whethe  all these phe o e a a e li ked e ai s to e o fi ed ith fu the  a al ses, ho e e , ou  618 

esults a e suggesti e of a ias to a ds a too fast t a sitio  to a ds a soil- oistu e li ited egi e i  619 

Ce t al/ No the  a eas as fou d i  a  othe  odels Fis he  et al., , Bellp at et al., . This 620 

a  e plai  the iases fou d i  the shape a d lo atio  pa a ete s fo  hot e t e es. The ole of sp i g 621 



p e o ditio i g o  heat a e et i s appea s easo a l  si ulated, although fi di gs a e o siste t 622 

ith the iases dis ussed a o e. 623 

The o se ue es fo  att i utio  of these esults e ai  diffi ult to e aluate. The o e esti ated 624 

i te a ual a ia ilit , togethe  ith e apot a spi atio  o e esti atio  i  la ge pa ts of Eu ope 625 

suggests that heat a es espo ses to at osphe i  o positio  ha ges a  e too la ge. Ho e e , 626 

o se ed t e ds i  su e  te pe atu es the sel es do ot sho  e ide e of su h o e se siti it . 627 

This i di ates that iases a  ot ha e a ajo  i flue e o  the skill of the odel to si ulate the 628 

o e all ha ge i  odds of heat a es o  that so e of the odel e o s o pe sate fo  u e t li ate. 629 

Droughts 630 
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