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ABSTRACT	  15	  

In	   early-‐January	   2014,	   an	  Arctic	   air	   outbreak	   brought	   extreme	   cold	   and	  heavy	  16	  

snowfall	   to	   central	   and	   eastern	  North	  America,	   causing	  widespread	   disruption	  17	  

and	  monetary	   losses.	   The	  media	   extensively	   reported	   the	   cold	   snap,	   including	  18	  

debate	  on	  whether	  or	  not	  human-‐induced	  climate	  change	  was	  partly	  responsible.	  19	  

Related	  to	   this,	  one	  particular	  hypothesis	  garnered	  considerable	  attention:	   that	  20	  

rapid	   Arctic	   sea	   ice	   loss	   may	   be	   increasing	   the	   risk	   of	   cold	   extremes	   in	   mid-‐21	  

latitudes.	  Here	  we	  use	  large	  ensembles	  of	  model	  simulations	  to	  explore	  how	  the	  22	  

risk	  of	  North	  American	  daily	  cold	  extremes	  is	  anticipated	  to	  change	  in	  the	  future,	  23	  

in	   response	   to	   increases	   in	   greenhouse	   gases	   and	   the	   component	   of	   that	  24	  

response	  due	  solely	  to	  Arctic	  sea	  ice	  loss.	  Specifically,	  we	  examine	  the	  changing	  25	  

probability	  of	  daily	  cold	  extremes	  as	  (un)common	  as	  the	  7	  January	  2014	  event.	  26	  

Projected	   increases	   in	   greenhouse	   gases	   decrease	   the	   likelihood	   of	   North	  27	  

American	  cold	  extremes	  in	  the	  future.	  Days	  as	  cold	  or	  colder	  than	  the	  7	  January	  28	  

2014	  are	  still	  projected	  to	  occur	  in	  the	  mid	  twenty-‐first	  century	  (2030-‐49),	  albeit	  29	  

less	   frequently	   than	   in	   the	   late	   twentieth	   century	   (1980-‐99).	   However,	   such	  30	  

events	  will	  cease	  to	  occur	  by	  the	   late	  twenty-‐first	  century	  (2080-‐99),	  assuming	  31	  

greenhouse	  gas	  emissions	  continue	  unabated.	  Continued	  Arctic	  sea	   ice	   loss	   is	  a	  32	  

major	   driver	   of	   decreased	   -‐	   not	   increased	   -‐	   North	   America	   cold	   extremes.	  33	  

Projected	   Arctic	   sea	   ice	   loss	   alone	   reduces	   the	   odds	   of	   such	   an	   event	   by	   one	  34	  

quarter	  to	  one	  third	  by	  the	  mid	  twenty-‐first	  century,	  and	  to	  zero	  (or	  near-‐zero)	  35	  

by	  the	  late	  twenty-‐first	  century.	  36	  

	   	  37	  
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CAPSULE	  38	  

	  39	  

North	  American	  cold	  extremes	  are	  expected	  to	  become	  less	  frequent	  as	  a	  result	  40	  

of	  continued	  Arctic	  sea	  ice	  loss,	  contrary	  to	  recent	  claims	  41	  

	  42	  

INTRODUCTION	  43	  

	  44	  

In	   early-‐January	   2014,	   an	   Arctic	   air	   outbreak	   brought	   extreme	   cold	   to	   central	  45	  

and	  eastern	  North	  America.	  Record	  low	  minimum	  temperatures	  for	  the	  calendar	  46	  

date	  were	  set	  at	  many	  weather	  stations,	   including	  at	  Chicago	  (O’Hare	  Airport,	   -‐47	  

26.7°C/-‐16°F,	   6	   Jan),	  New	  York	   (Central	   Park,	   -‐15.6°C/4°F,	   7	   Jan),	  Washington	  48	  

DC	  (Dulles	  Airport,	  -‐17.2°C/1°F,	  7	  Jan),	  and	  as	  far	  south	  as	  Atlanta	  (-‐14.4°C/6°F,	  49	  

7	   Jan)	   and	   Austin	   (Bergstrom	   Airport,	   -‐11.1°C/12°F,	   7	   Jan)1.	   Daily	   maximum	  50	  

snowfall	  records	  were	  also	  broken	  at	  several	  stations,	   including	  Buffalo	  (7.6”,	  8	  51	  

Jan)	  and	  St	  Louis	  (10.8”,	  5	  Jan).	  	  52	  

	  53	  

The	   cold	   temperatures	   and	   heavy	   snowfall	   caused	   widespread	   disruption	   to	  54	  

transport	   and	   power	   supply,	   closure	   of	   work	   places	   and	   public	   services,	   and	  55	  

damage	   to	   agricultural	   crops;	   all	   with	   significant	   economic	   implications.	  56	  

Unsurprisingly	   given	   the	   disruption,	   the	   national	   and	   global	  media	   extensively	  57	  

reported	   the	   cold	   snap,	   including	   debate	   on	   whether	   or	   not	   human-‐induced	  58	  

climate	  change	  was	  partly	  responsible.	  Related	  to	  this,	  one	  particular	  hypothesis	  59	  

garnered	  considerable	  attention:	   the	   suggestion	   that	   rapid	  Arctic	  warming	  and	  60	  

associated	  sea	  ice	  loss	  may	  be	  increasing	  the	  risk	  of	  cold	  extremes.	  	  61	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Data	  from	  the	  National	  Weather	  Service	  (http://www.nws.noaa.gov/climate)	  
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	  62	  

The	   media	   were	   not	   alone	   in	   making	   this	   link.	   In	   the	   midst	   of	   the	   frigid	  63	  

conditions,	   the	  White	  House	   released	  a	  public	   information	  video	   claiming	   that,	  64	  

paradoxically,	   cold	   extremes	   will	   become	   more	   likely	   as	   a	   result	   of	   global	  65	  

warming.	  President	  Obama’s	  Science	  Advisor,	  Dr	  John	  Holdren,	  stated:	  66	  

	  67	  

“…the	  kind	  of	  extreme	  cold	  being	  experienced	  by	  much	  of	  the	  United	  States	  as	  we	  68	  

speak	   is	   a	  pattern	   that	  we	   can	   expect	   to	   see	  with	   increasing	   frequency	  as	  global	  69	  

warming	  continues.”	  70	  

	  71	  

The	   cited	   explanation	   was	   that	   Arctic	   sea	   ice	   loss	   specifically,	   or	   Arctic	  72	  

amplification	   (the	   greater	   warming	   of	   the	   Arctic	   than	   lower	   latitudes)	   more	  73	  

generally,	  is	  increasing	  the	  likelihood	  of	  the	  type	  of	  weather	  patterns	  that	  lead	  to	  74	  

cold	  extremes.	  The	  scientific	  basis	  for	  this	  statement	  is	  derived	  from	  a	  number	  of	  75	  

recent	  observational	   and	  modeling	   studies	   (Honda	  et	   al.,	   2009;	  Petoukhov	  and	  76	  

Semenov,	   2010;	   Francis	   and	   Vavrus,	   2012;	   Inoue	   et	   al.,	   2012;	   Liu	   et	   al.,	   2012;	  77	  

Yang	  and	  Christensen,	  2012;	  Tang	  et	  al.,	  2013;	  Cohen	  et	  al.,	  2014;	  Vihma,	  2014;	  78	  

Walsh,	  2014).	  	  79	  

	  80	  

However,	   key	   aspects	   of	   some	   of	   these	   aforementioned	   studies	   have	   been	  81	  

questioned	   (Barnes	   2013;	   Screen	   and	   Simmonds,	   2013;	   Barnes	   et	   al.,	   2014;	  82	  

Gerber	  et	   al.,	   2014;	  Woolings	  et	   al.,	   2014)	  and	  counter	  arguments	  put	   forward	  83	  

(Hassanzadeh	  et	  al.,	  2014;	  Fischer	  and	  Knutti,	  2014;	  Screen,	  2014;	  Wallace	  et	  al.,	  84	  

2014).	   Furthermore,	   these	   studies	  have	   largely	   focused	  on	   relationships	   in	   the	  85	  

present-‐day	   climate.	   Only	   a	   few	   studies	   have	   considered	   the	   global	   impacts	   of	  86	  
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future	  sea	  ice	  loss	  (e.g.,	  Deser	  et	  al.,	  2010;	  Peings	  and	  Magnusdottir,	  2014;	  Deser	  87	  

et	  al,	  2014)	  and	  these	  have	  focused	  on	  seasonal-‐mean	  changes.	  Future	  changes	  in	  88	  

cold	  extremes	  in	  response	  to	  projected	  Arctic	  sea	  ice	  loss	  require	  further	  study.	  89	  

Here	  we	  specifically	  focus	  on	  North	  America,	  prompted	  by	  the	  events	  of	  the	  past	  90	  

winter	  and	  the	  extensive	  media	  coverage	  it	  received.	  91	  

	  92	  

HOW	  UNUSUAL	  WAS	  WINTER	  2013/14?	  93	  

	  94	  

We	   start	   with	   a	   brief	   overview	   of	   the	   winter	   of	   2013/14,	   based	   on	   gridded	  95	  

temperature	   data	   from	   the	   NCEP-‐NCAR	   reanalysis	   (Kalnay	   et	   al.,	   1996).	   The	  96	  

period	   December	   2013	   through	   February	   2014	   was,	   on	   average,	   anomalously	  97	  

cold	  over	  most	  of	  North	  America	  east	  of	  the	  Rocky	  Mountains	  (Fig.	  1a),	  while	  the	  98	  

Southwest	   US	   and	   northeast	   Canada	   were	   anomalously	   warm.	   The	   winter	   of	  99	  

2013/14	  was	  punctuated	  by	  several	  cold	  air	  outbreaks,	  the	  most	  severe	  of	  which	  100	  

occurred	  around	  the	  7	  January	  2014.	  Compared	  to	  the	  daily	  average	  for	  this	  date	  101	  

in	  period	  1980-‐99,	  the	  largest	  anomalies	  on	  7	  January	  2014	  were	  experienced	  in	  102	  

the	  eastern	  US,	  with	  -‐20°C	  anomalies	  stretching	  from	  Ohio	  as	  far	  south	  as	  Florida	  103	  

(Fig.	  1b).	  Averaged	  over	  central	  to	  eastern	  North	  America	  (CENA;	  70-‐100°W,	  26-‐104	  

58°N;	  black	  box	  in	  Fig.	  1b)	  daily	  mean	  temperatures	  were	  well	  below	  average	  for	  105	  

large	  portions	  of	  the	  winter	  (Fig.	  1c).	  The	  coldest	  daily-‐mean	  temperature	  over	  106	  

CENA	  during	  the	  winter	  of	  2013/14	  occurred	  on	  7	  January,	  recording	  -‐16.8°C.	  On	  107	  

this	   day,	   temperatures	   averaged	   below	   -‐20°C	   over	   central	   Canada	   and	  west	   of	  108	  

the	  Great	  Lakes,	  and	  below	   -‐10°C	  over	  most	  of	   the	  US	  east	  of	   the	  Rockies	   (Fig.	  109	  

1d).	  	  110	  

	  111	  
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Next,	   we	   consider	   how	   “extreme”	   the	   cold	   conditions	   were	   over	   CENA	   on	   7	  112	  

January	   2014.	   Figure	   2a	   shows	   the	   probability	   distribution	   function	   (PDF)	   of	  113	  

daily-‐mean	  temperatures,	  averaged	  over	  CENA,	  during	  the	  winter	  months	  of	  the	  114	  

late	   twentieth	   century	   (1980-‐99).	   The	   vertical	   green	   line	   is	   drawn	   at	   -‐16.8°C,	  115	  

corresponding	  to	  the	  mean	  temperature	  on	  7	  January	  2014.	  The	  7	  January	  event	  116	  

falls	   in	   the	   tail	  of	   the	  distribution,	  but	   is	  not	  unprecedented	   in	   the	   recent	  past.	  117	  

The	  coldest	  day	  over	  this	  period	  occurred	  on	  19	  January	  1994	  (-‐20.3°C).	  During	  118	  

1980-‐99,	  twenty	  days	  had	  a	  daily-‐mean	  CENA	  temperature	  as	  cold	  or	  colder	  than	  119	  

-‐16.8°C,	  spread	  across	  six	  winters	  (Table	  1).	  Such	  events	  have	  often	  occurred	  in	  120	  

clusters,	  with	  multiple	  days	  this	  cold	  in	  several	  years.	  Based	  on	  the	  1980-‐99	  PDF	  121	  

(Fig.	  2a),	  the	  7	  January	  2014	  event	  has	  a	  probability	  of	  1.1%,	  which	  equates	  to	  an	  122	  

average	   return	   period	   of	   1	   year	   (since	   there	   are	   90	   winter	   days	   per	   year).	  123	  

Viewed	  in	  this	  light,	  the	  recent	  event	  does	  not	  seem	  to	  be	  a	  rare	  occurrence.	  124	  

	  125	  

At	   first	   glance	   it	   may	   seem	   odd	   that	   so	  many	   long-‐term	   station	   records	   were	  126	  

broken	   on	   the	   7	   January	   2014,	   if	   an	   event	   of	   such	   severity	   is	   not	   uncommon.	  127	  

However,	   the	   records	   referred	   to	   in	   the	   opening	   paragraph,	   and	   comparable	  128	  

records	  widely	  quoted	  in	  the	  media	  reporting	  of	  this	  event,	  refer	  to	  the	  fact	  that	  129	  

the	  temperature	  on	  the	  7	  January	  2014	  was	  colder	  than	  those	  on	  the	  same	  date	  130	  

in	  previous	  years,	  but	  not	  necessarily	  colder	  than	  on	  all	  dates	  in	  previous	  years.	  131	  

Cold	  extremes	  occur	  throughout	  the	  winter	  and	  not	  always	  on	  the	  same	  date.	  For	  132	  

example,	   days	   equally	   cold	   or	   colder	   than	   -‐16.8°C	   over	   CENA	   since	   1980	   have	  133	  

occurred	  on	  dates	  from	  mid	  December	  to	  early	  February	  (Table	  1),	  but	  only	  once	  134	  

on	  the	  7th	  of	   January	  –	  and	  that	  was	   in	  2014.	  The	  probability	  of	  a	  cold	  extreme	  135	  

occurring	  on	  a	  particular	  date	  is	  therefore,	  much	  smaller	  than	  the	  probability	  of	  136	  
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it	  occurring	  on	  any	  date.	  Hence,	   the	  breaking	  of	  records	  for	  a	  particular	  date	   is	  137	  

not	  necessarily	  a	  good	  measure	  of	  how	  “extreme”	  an	  event	  is.	  	  138	  

	  139	  

A	  somewhat	  different	  perspective	  on	  the	  extremity	  of	  the	  7	  January	  event	  arises	  140	  

if	   a	  more	  recent	   reference	  period	   is	   considered.	  Figure	  2b	  shows	  an	  analogous	  141	  

PDF	  based	  on	  daily	  winter	  CENA	  temperature	  during	  the	  period	  2000-‐13.	  Arctic	  142	  

sea	  ice	  loss	  has	  accelerated	  in	  this	  period	  (Stroeve	  et	  al.,	  2012),	  so	  if	  there	  were	  a	  143	  

detectable	   influence	  of	  sea	   ice	   loss	  on	  cold	  extremes,	  we	  would	  expect	  to	  see	   it	  144	  

over	  this	  time	  period.	  Between	  2000-‐2013,	  only	  one	  day	  (16	  January	  2009)	  was	  145	  

colder	  than	  -‐16.8°C,	  giving	  a	  probability	  of	  0.08%	  (1	  day	  in	  14	  years).	  Thus,	  the	  7	  146	  

January	  2014	  event	  could	  be	  perceived	  as	   “extreme”	  compared	   to	   temperature	  147	  

minima	  in	  the	  early	  twenty-‐first	  century,	  which	  may	  help	  explain	  the	  media	  and	  148	  

public	  perception	  of	  this	  event	  being	  “extreme”.	  However,	  clearly	  this	  event	  was	  149	  

not	  uncommon	  in	  a	  longer-‐term	  context.	  Only	  a	  decade	  or	  two	  earlier,	  events	  of	  150	  

comparable	  magnitude	   occurred	   relatively	   frequently.	   This	   simple	   comparison	  151	  

suggests	   that	   cold	   extremes	   are	   becoming	   less	   frequent,	   not	   more	   frequent,	  152	  

consistent	  with	  previous	  studies	  (Alexander	  et	  al.,	  2006;	  Donat	  et	  al.,	  2013)	  and	  153	  

the	  anticipated	  response	  to	  global	  warming	  (Kharin	  et	  al.,	  2007;	  2013).	  However,	  154	  

such	  interpretation	  must	  be	  treated	  with	  caution	  as	  the	  time	  periods	  considered	  155	  

are	  very	  short	  with	  few	  extremes	  (by	  definition)	  upon	  which	  to	  calculate	  robust	  156	  

statistics.	  	  157	  

	  158	  

MODELS	  AND	  SIMULATIONS	  159	  

	  160	  
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We	  now	  turn	  our	  attention	  to	  quantifying	  future	  changes	  in	  CENA	  cold	  extremes,	  161	  

with	  particular	  focus	  on	  the	  projected	  changes	  driven	  by	  continued	  Arctic	  sea	  ice	  162	  

loss.	  To	  do	   this,	  we	  analyze	   large	  ensembles	  of	  coupled	  model	  simulations	   that	  163	  

have	   been	   forced	   by	   greenhouse	   gas	   (GHG)	   increases	   and	   which	   produce	  164	  

reductions	   in	   Arctic	   sea	   ice	   (Stroeve	   et	   al.,	   2012),	   amongst	   other	   impacts,	   and	  165	  

ensembles	  of	  atmospheric	  model	  simulations	   forced	  by	  solely	   the	  GHG-‐induced	  166	  

Arctic	  sea	  ice	  loss	  with	  all	  other	  forcing	  factors	  held	  constant.	  	  167	  

	  168	  

To	   estimate	   the	   response	   to	   projected	   increases	   in	   GHG,	   we	   utilize	   coupled	  169	  

climate	   model	   simulations	   from	   fifth	   Coupled	   Model	   Intercomparison	   Project	  170	  

(CMIP5;	  Taylor	  et	  al.,	  2012).	  We	  chose	  to	  use	  the	  RCP8.5	  concentration	  pathway,	  171	  

which	   is	   a	   high-‐end	   (“business-‐as-‐usual”)	   scenario	   with	   a	   rapid	   rise	   in	   GHG	  172	  

concentrations	   through	   the	   twenty-‐first	   century,	   for	   two	   reasons:	   firstly,	   to	  173	  

maximize	  the	  signal-‐to-‐noise	  ratio	  and	  secondly,	  because	  observed	  Arctic	  sea	  ice	  174	  

reductions	   track	   those	   simulated	  under	  RCP8.5	  more	   closely	   than	   those	   under	  175	  

any	  of	  the	  lower-‐end	  scenarios	  (Stroeve	  et	  al.,	  2012).	  We	  sample	  the	  projections	  176	  

at	   two	   time	   periods,	   2030-‐49	   and	   2080-‐99,	   representative	   of	   the	  mid	   twenty-‐177	  

first	  century	  (C21)	  and	   late	  C21,	   respectively.	  The	  projections	  are	  compared	   to	  178	  

the	  baseline	  period	  1980-‐99,	  representative	  of	  the	  late	  twentieth	  century	  (C20).	  179	  

Data	   for	   this	  period	  come	  from	  the	  CMIP5	  historical	  simulations	  of	   the	  models.	  180	  

The	  historical	  simulations	  have	  all	  been	  forced	  with	  observed	  concentrations	  of	  181	  

GHG,	  aerosols,	  ozone	  and	  natural	  forcings	  (solar,	  volcanic	  eruptions)	  from	  1850	  182	  

to	  2005.	  We	  analyzed	  one	  ensemble	  member	  from	  each	  of	  34	  models	  that	  had	  all	  183	  

necessary	  data	  available	  for	  the	  historical	  and	  RCP8.5	  experiments.	  184	  

	  185	  
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To	  isolate	  the	  influence	  of	  sea	  ice,	  we	  performed	  atmospheric	  model	  simulations	  186	  

with	   prescribed	   sea	   ice	   concentration,	   sea	   ice	   thickness	   and	   sea	   surface	  187	  

temperature	   (SST).	   For	   this	   we	   used	   the	   atmospheric	   components	   of	   Hadley	  188	  

Centre	   Global	   Environmental	  Model	   version	   2	   (HadGEM2;	   Collins	   et	   al.,	   2011)	  189	  

and	   Community	   Climate	   System	   Model	   version	   4	   (CCSM4;	   Gent	   et	   al.,	   2011),	  190	  

namely	  the	  Hadley	  Centre	  Global	  Atmospheric	  Model	  version	  2	  (HadGAM2)	  and	  191	  

the	  Community	  Atmosphere	  Model	  version	  4	  (CAM4),	  respectively.	  The	  version	  192	  

of	  HadGAM2	  used	  here	  has	  a	  horizontal	  resolution	  of	  1.875°	  longitude	  by	  1.25°	  193	  

latitude	   and	   38	   vertical	   levels.	   CAM4	   has	   a	   horizontal	   resolution	   of	   1.25°	  194	  

longitude	   by	   0.9°	   latitude	   and	   26	   vertical	   levels.	   We	   performed	   three	  195	  

experiments	   using	   both	   models,	   each	   experiment	   having	   repeating	   seasonal	  196	  

cycles	   of	   sea	   ice	   conditions	   representative	   of	   a	   different	   time	   period	   -‐	   the	   late	  197	  

C20,	  mid	   C21	   and	   late	   C21	   (as	   defined	   above).	   These	   sea	   ice	   conditions	  were	  198	  

taken	  from	  the	  CMIP5	  integrations	  of	  HadGEM2-‐ES	  and	  CCSM4	  (i.e.	  sea	  ice	  from	  199	  

HadGEM2-‐ES	   was	   prescribed	   in	   HadGAM2	   and	   sea	   ice	   from	   CCSM4	   was	  200	  

prescribed	  in	  CAM4),	  averaged	  across	  the	  twenty	  years	  of	  the	  chosen	  period	  and	  201	  

all	  available	  ensemble	  members.	  Specifically,	  we	  used	  5	  HadGEM2-‐ES	  historical	  202	  

runs,	  4	  HadGEM2-‐ES	  RCP8.5	  runs,	  6	  CCSM4	  historical	  runs	  and	  6	  CCSM4	  RCP8.5	  203	  

runs.	   In	   the	   HadGAM2	   experiments,	   sea	   ice	   thickness	  was	   derived	   empirically	  204	  

from	  the	  sea	  ice	  concentrations.	  In	  the	  CAM4	  simulations,	  the	  prescribed	  sea	  ice	  205	  

thicknesses	  were	   based	   on	   climatologies	   from	   the	  CCSM4	   simulations	   for	   each	  206	  

period	   (late	  C20,	  mid	  C21	  and	   late	  C21;	   i.e.,	   in	   the	   same	  manner	  as	   the	   sea	   ice	  207	  

concentrations).	  The	  treatment	  of	  SST	  was	  as	  follows.	  In	  the	  C20	  experiment,	  sea	  208	  

surface	   temperatures	   (SST)	  were	  held	   to	   the	   climatology	  of	   the	   late	  C20,	  using	  209	  

the	   ensemble-‐mean	   SST	   from	   the	   HadGEM2-‐ES	   and	   CCSM4	   historical	  210	  
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simulations.	   In	   the	   mid	   and	   late	   C21	   experiments,	   SST	   was	   also	   held	   to	   the	  211	  

climatology	  of	  the	  late	  C20,	  except	  at	  grid-‐boxes	  where	  sea	  ice	  was	  lost.	  At	  these	  212	  

locations,	  the	  climatological	  SST	  of	  the	  mid	  C21	  or	  late	  C21	  was	  used,	  taken	  from	  213	  

the	  HadGEM2-‐ES	  and	  CCSM4	  RCP8.5	  ensemble	  means.	  This	  procedure	  accounts	  214	  

for	   the	   local	   SST	  warming	   associated	  with	   reduced	   sea	   ice	   cover,	   but	   excludes	  215	  

remote	  SST	   changes	   that	   are	  not	  directly	   tied	   to	   the	   ice	   loss	   (see	   Screen	  et	   al.,	  216	  

2013;	  Deser	  et	  al.,	  2014).	  The	  three	  experiments	  were	  each	  run	  for	  260	  years.	  In	  217	  

this	  modeling	   framework,	   each	  model	   year	   can	   be	   considered	   an	   independent	  218	  

ensemble	   member	   starting	   from	   a	   different	   atmospheric	   initial	   condition.	   By	  219	  

running	   very	   large	   ensembles,	   we	   aim	   to	   fully	   capture	   the	   large	   intrinsic	  220	  

atmospheric	  variability.	  The	  details	  of	  each	  model	  experiments	  are	  summarized	  221	  

in	  Table	  2.	  222	  

	  223	  

CONTINUED	  ARCTIC	  SEA	  ICE	  LOSS	  224	  

	  225	  

Ensemble-‐mean	  winter	   sea	   ice	   concentrations	   in	   HadGEM2-‐ES	   during	   the	   late	  226	  

C20,	  mid	  and	  late	  C21	  are	  shown	  in	  Figure	  3a-‐c,	  respectively.	  The	  projected	  loss	  227	  

of	  sea	  ice	  in	  the	  mid	  C21,	  relative	  to	  the	  late	  C20,	  is	  fairly	  small	  (-‐1.5	  million	  km2).	  228	  

The	   largest	   local	   changes	   in	   sea	   ice	  cover	  are	   found	   in	   the	  Barents	  Sea	   (cf.	  Fig.	  229	  

3a,b).	  By	  late	  C21	  however,	  HadGEM2-‐ES	  simulates	  almost	  ice-‐free	  conditions	  in	  230	  

winter	   (Fig.	   3c).	   Ice	   cover	   is	  maintained	   predominantly	   in	   coastal	   regions	   and	  231	  

embayments.	  Analogous	  plots	   for	  CCSM4	  are	  shown	  in	  Figure	  3d-‐f.	  CCSM4	  also	  232	  

simulates	  a	  modest	  change	  in	  winter	  sea	  ice	  cover	  between	  the	  late	  C20	  and	  mid	  233	  

C21	  (-‐1.3	  million	  km2).	  The	  largest	  changes	  in	  sea	  ice	  cover	  in	  CCSM4,	  in	  the	  late	  234	  

C21	  relative	  to	  the	  late	  C20,	  are	  found	  in	  the	  Bering,	  Beaufort	  and	  Chukchi	  Seas	  235	  
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(Fig.	   3f).	   In	   the	   late	   C21,	   CCSM4	   simulates	   considerably	   more	   winter	   ice	   (8.6	  236	  

million	  km2)	   than	  HadGEM2-‐ES	  (3.5	  million	  km2).	  The	  change	   in	  winter	  sea	   ice	  237	  

area	   between	   the	   late	   C20	   and	   late	   C21	   is	   –10.3	   and	   -‐4.8	   million	   km2,	   as	  238	  

simulated	  by	  HadGEM2-‐ES	  and	  CCSM4,	  respectively.	  239	  

	  240	  

Figure	  3g	  shows	  the	  winter	  sea	  ice	  area	  changes	  in	  these	  two	  models	  overlaid	  on	  241	  

the	  projected	  changes	  in	  all	  the	  CMIP5	  models.	  In	  the	  late	  C20	  and	  mid	  C21,	  both	  242	  

models	  have	  a	  winter	  sea	  ice	  cover	  close	  to	  the	  CMIP5	  ensemble	  mean.	  In	  the	  late	  243	  

C21,	   the	   two	   models	   diverge	   from	   the	   CMIP5	   mean.	   HadGEM2-‐ES	   simulates	  244	  

considerably	   less	   winter	   ice	   than	   the	   CMIP5	  mean,	   whereas	   CCSM4	   simulates	  245	  

more	  winter	  ice	  than	  the	  CMIP5	  mean.	  Both	  models	  however,	  lie	  within	  the	  10-‐246	  

90%	   range	   of	   the	   CMIP5	  model	   spread.	   Thus,	   we	   consider	   the	   simulations	   by	  247	  

these	  two	  models	  to	  capture	  some	  of	  the	  uncertainty	  in	  future	  sea	  ice	  cover,	  but	  248	  

neither	   of	   the	  models	   are	   obvious	   outliers.	   In	   terms	   of	  winter	   sea	   ice	   volume,	  249	  

CCSM4	  lies	  near	  to	  the	  CMIP5	  mean	  in	  all	  three	  time	  periods	  (Fig.	  3h).	  HadGEM2-‐250	  

ES	  has	  a	  winter	  sea	  ice	  volume	  close	  to	  the	  CMIP5	  mean	  in	  the	  late	  C20	  and	  late	  251	  

C21,	  but	  has	  a	   larger	  volume	   in	   the	  mid	  C21	  (primarily	  due	   to	   thicker	   ice).	  We	  252	  

note	  that	  the	  sea	  ice	  thicknesses	  used	  to	  calculate	  these	  values	  are	  those	  derived	  253	  

empirically	   from	   the	   sea	   ice	   concentration	   (and	   prescribed	   to	   HadGAM2;	   see	  254	  

above)	  and	  not	  those	  simulated	  in	  the	  HadGEM2-‐ES	  RCP8.5	  experiment.	  255	  

	  256	  

WARMER	  AND	  LESS	  VARIABLE	  257	  

	  258	  

Figure	  4a	  shows	  PDFs	  of	  winter	  daily	  CENA	  temperature	  from	  34	  CMIP5	  models.	  259	  

The	  three	  histograms	  show	  distributions	  based	  on	  the	  late	  C20	  (grey	  bars),	  mid	  260	  
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C21	  (blue)	  and	  late	  C21	  (red).	  Each	  histogram	  is	  based	  upon	  61,200	  daily	  values	  261	  

(34	  models	  x	  20	  years	  x	  90	  days).	  As	  a	  group,	  the	  CMIP5	  models	  project	  a	  shift	  262	  

towards	   the	   right	   and	   a	   narrowing	   of	   the	   PDF,	   the	   former	   implying	   mean	  263	  

warming	   and	   the	   latter	   less	   variability.	   The	  mean	  warming	  measures	   2.6°C	   by	  264	  

mid	   C21	   and	   6.5°C	   by	   late	   C21,	   both	   relative	   to	   the	   late	   C20.	   The	   standard	  265	  

deviation	   decreases	   by	   -‐0.3°C	   by	   mid	   C21	   and	   by	   -‐0.7°C	   by	   late	   C21,	   again	  266	  

relative	   to	   the	   late	   C20.	   All	   these	   changes	   are	   statistically	   significant	   (95%	  267	  

confidence).	  268	  

	  269	  

Figure	   4b,c	   shows	   analogous	   PDFs	   from	   simulations	   of	   the	   HadGEM2-‐ES	   and	  270	  

CCSM4	  models,	  respectively.	  We	  present	  the	  simulations	  from	  HadGEM2-‐ES	  and	  271	  

CCSM4	  here	  to	  enable	  direct	  comparisons	  with	  the	  sea	  ice	  forced	  runs	  that	  were	  272	  

conducted	   with	   the	   atmospheric	   components	   of	   these	   coupled	   models.	   Both	  273	  

models	  show	  broadly	  the	  same	  response	  as	  the	  CMIP5	  ensemble,	  namely	  mean	  274	  

warming	   and	   a	   decrease	   in	   variability.	   The	   HadGEM2-‐ES	   simulations	   show	  275	  

warming	  of	  3.5°C	  and	  8.7°C	  in	  the	  mid	  and	  late	  C21,	  respectively,	  and	  variability	  276	  

declines	  of	   -‐0.3°C	   and	   -‐1.1°C	   in	   the	  mid	   and	   late	  C21,	   respectively.	  The	  CCSM4	  277	  

simulations	   show	  a	  mean	  warming	  of	  2.6°C	  by	  mid	  C21	  and	  5.7°C	  by	   late	  C21,	  278	  

and	  a	  standard	  deviation	  decrease	  of	  -‐0.24°C	  by	  mid	  C21	  and	  -‐0.58°C	  by	  late	  C21.	  279	  

Again,	  all	  quoted	  changes	  are	  statistically	  significant	  (95%	  confidence).	  280	  

	  281	  

The	   results	   from	   the	   sea	   ice	   forced	   experiments	   are	   shown	   in	   Figure	   4d,e,	   for	  282	  

HadGAM2	   and	   CAM4	   respectively.	   As	   under	   GHG	   forcing,	   the	   sea-‐ice	   forced	  283	  

simulations	   show	  mean	  warming	   and	   a	   decrease	   in	   variability,	   but	   to	   a	   lesser	  284	  

degree	  than	  in	  the	  GHG	  forced	  experiments.	  The	  sea	  ice	  forced	  changes	  in	  mean	  285	  
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temperature	   and	   standard	   deviation	   are	   relatively	   small	   between	   the	   late	   C20	  286	  

and	   mid	   C21,	   but	   emerge	   more	   clearly	   by	   the	   late	   C21,	   consistent	   with	   the	  287	  

magnitude	   of	   the	   sea	   ice	   loss	   (recall	   Fig.	   3g).	   HadGAM2	   simulates	  warming	   of	  288	  

0.3°C	  by	  mid	  C21	  and	  2.0°C	  by	  late	  C21,	  and	  CAM4	  exhibits	  warming	  of	  0.7°C	  and	  289	  

2.2°C,	   respectively	   (all	   statistically	   significant).	   These	   CENA	   temperature	  290	  

changes	  can	  be	  divided	  by	  the	  changes	  in	  winter	  sea	  ice	  area	  to	  yield	  sensitivity	  291	  

terms.	  In	  HadGAM2	  this	  sensitivity	  is	  0.2°C/million	  km2	  (multiplied	  by	  -‐1	  to	  yield	  292	  

a	  value	  for	  sea	  ice	  area	  loss)	  between	  the	  late	  C20	  and	  mid	  C21,	  and	  the	  ssame	  293	  

value	  between	  the	  mid	  and	  late	  C21.	  In	  CAM4	  the	  corresponding	  values	  are	  0.5	  294	  

and	   0.4°C/million	   km2.	   Thus,	   in	   both	  models	   there	   is	   an	   approximately	   linear	  295	  

relationship	   between	   winter	   sea	   ice	   area	   loss	   and	   CENA	   warming;	   however,	  296	  

CAM4	   has	   a	   higher	   sensitivity	   than	   HadGAM2.	   Both	   models	   simulate	   a	  297	  

statistically	  significant	  decrease	  in	  the	  standard	  deviation	  of	  CENA	  temperature	  298	  

by	  late	  C21	  in	  response	  to	  sea	  ice	   loss,	   -‐1.0°C	  in	  HadGAM2	  and	  -‐0.8°C	  in	  CAM4,	  299	  

which	  represents	  a	  27%	  and	  18%	  decrease	  relative	  to	  the	  late	  C20,	  respectively.	  300	  

Although	   much	   smaller	   in	   magnitude,	   a	   statistically	   significant	   decrease	   in	  301	  

variability	  in	  response	  to	  sea	  ice	  loss	  is	  evident	  by	  mid	  C21	  in	  both	  models.	  None	  302	  

of	   the	   C21	   sea	   ice	   forced	   experiments	   show	   evidence	   of	   cooling	   or	   increased	  303	  

variability	  relative	  to	  the	  C20:	  in	  other	  words,	  there	  is	  no	  evidence	  for	  increased	  304	  

cold	  extremes.	  305	  

	  306	  

So,	   why	   does	   Arctic	   sea	   ice	   loss	   make	   CENA	   temperature	   warmer	   and	   less	  307	  

variable?	  Arctic	  sea	  ice	  loss	  drives	  local	  warming	  via	  changes	  in	  the	  surface	  heat	  308	  

fluxes	   (Deser	  et	   al.,	   2010;	   Screen	  and	  Simmonds,	  2010a,b;	   Screen	  et	   al.,	   2013).	  309	  

This	  warming	   signal	   is	   spread	   to	   lower	   latitudes	  primarily	  due	   to	   temperature	  310	  
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advection	   by	   transient	   eddies	   (Deser	   et	   al.,	   2010).	   Temperature	   advection	   can	  311	  

also	  help	  explain	  the	  variability	  decrease.	  Cold	  winter	  days	  in	  mid-‐latitudes	  tend	  312	  

to	   coincide	  with	   northerly	  wind	   (from	   the	  Arctic)	   and	  warm	  winter	   days	  with	  313	  

southerly	  wind	  (from	  the	  sub-‐tropics).	  Arctic	  warming,	   induced	  by	  sea	   ice	   loss,	  314	  

leads	   to	   warmer	   northerly	   wind	   but	   little	   change	   in	   temperature	   of	   southerly	  315	  

wind	  (Screen,	  2014).	  As	  a	  result,	  cold	  days	  warm	  faster	  than	  warm	  days,	  leading	  316	  

to	   a	   decrease	   in	   daily	   temperature	   variability	   (Screen,	   2014).	   Figure	   4	   clearly	  317	  

shows	   that	   the	  cold	  (left-‐hand)	   tail	  of	   the	  CENA	  temperature	  PDF	  warms	  more	  318	  

(i.e.,	  shifts	  further	  to	  the	  right)	  than	  does	  the	  warm	  (right-‐hand)	  tail,	  supporting	  319	  

this	  simple	  mechanism.	  320	  

	  321	  

Contrasting	   the	   GHG	   forced	   and	   sea	   ice	   forced	   simulations,	   sea	   ice	   loss	   in	  322	  

HadGAM2	  explains	  9%	  of	  the	  mean	  warming	  and	  52%	  of	  the	  decreased	  standard	  323	  

deviation	   seen	   in	  HadGEM2-‐ES	  between	   the	   late	  C20	  and	  mid	  C21,	   and	  sea	   ice	  324	  

loss	   in	  CAM4	  account	  for	  25%	  of	  the	  mean	  warming	  and	  58%	  of	  the	  decreased	  325	  

standard	  deviation	  seen	  in	  CCSM4	  in	  the	  CENA	  region	  (Table	  3).	  By	  late	  C21,	  sea	  326	  

ice	   loss	   accounts	   for	   24%	   of	   the	   mean	   warming	   and	   87%	   of	   the	   decreased	  327	  

standard	  deviation	  in	  HadGEM2-‐ES,	  and	  38%	  of	  the	  mean	  warming	  and	  141%	  of	  328	  

the	  decreased	  standard	  deviation	  in	  CCSM4.	  The	  latter	  percentage,	  being	  larger	  329	  

than	   100%,	   implies	   that	   other	   processes	   (not	   directly	   related	   to	   Arctic	   sea	   ice	  330	  

loss)	  in	  the	  GHG	  forced	  experiment	  are	  responsible	  for	  an	  increase	  in	  variability	  331	  

that	  partially	  offsets	  the	  sea	  ice	  driven	  variability	  decrease.	  Evidently	  Arctic	  sea	  332	  

ice	   loss	   is	   the	   key	   driver	   of	   the	   projected	   decrease	   in	   variability	   by	   late	   C21,	  333	  

supporting	  similar	  conclusions	  for	  the	  mid-‐latitudes	  as	  a	  whole	  (Screen,	  2014).	  334	  

	  335	  
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REDUCED	  RISK	  OF	  COLD	  EXTREMES	  336	  

	  337	  

For	   each	   experiment,	  we	   identified	   a	   threshold	   CENA	   temperature	   that	   occurs	  338	  

with	  1.1%	  (1	  day	  per	  year)	   frequency	  during	   the	   late	  C20.	  This	   represents	   the	  339	  

model	   analogue	   to	   the	   7	   January	   2014.	  We	   note	   that	   because	   the	   models	   are	  340	  

generally	   biased	   cold	   relative	   to	   the	   reanalysis,	   the	   chosen	   threshold	  341	  

temperatures	   are	   lower	   than	   -‐16.8°C	   (-‐18.7°C,	   -‐20.5°C,	   -‐18.6°C,	   –17.1°C,	   and	   -‐342	  

18.5°C	   for	   the	   CMIP5,	   HadGEM2-‐ES,	   CCSM4,	   HadGAM2	   and	   CAM4	   simulations,	  343	  

respectively).	  Figure	  4f	  shows	  how	  the	  probability	  of	  CENA	  temperature	  equal	  to	  344	  

or	  below	  this	  threshold	  changes	  in	  the	  future	  in	  response	  to	  increased	  GHG	  and	  345	  

to	  Arctic	  sea	  ice	  loss.	  In	  the	  CMIP5	  models,	  the	  probability	  reduces	  to	  0.21%	  (1	  346	  

day	  in	  5	  years)	  by	  the	  mid	  C21.	  By	  the	  late	  C21,	  CENA	  temperature	  never	  equals	  347	  

or	   falls	   below	   the	   threshold.	   In	   the	   HadGEM2-‐ES	   coupled	   simulations,	   the	  348	  

probability	   reduces	   to	   0.014%	   (1	   day	   in	   80	   years)	   by	   the	  mid	   C21	   and	   again,	  349	  

reduces	  to	  zero	  by	  the	  late	  C21.	  The	  probability	  reduces	  to	  0.093%	  (1	  day	  in	  12	  350	  

years)	  and	  zero	  in	  the	  CCSM4	  simulations,	  by	  mid	  C21	  and	  late	  C21	  respectively.	  	  351	  

Thus	   by	   mid	   C21,	   increased	   GHG	   reduce	   the	   odds	   of	   an	   event	   as	   severe	   as	   7	  352	  

January	  2014	  by	  a	  factor	  of	  5	  based	  on	  the	  CMIP5	  models	  as	  a	  group,	  a	  factor	  of	  353	  

80	  based	  on	  HadGEM2-‐ES,	  and	  a	  factor	  of	  12	  based	  on	  CCSM4.	  354	  

	  355	  

In	  response	  to	  projected	  sea	  ice	  loss,	  the	  probability	  of	  CENA	  temperature	  below	  356	  

the	  threshold	  temperature	  reduces	  to	  0.7%	  (1	  day	  in	  1.6	  years)	  in	  HadGAM2	  and	  357	  

to	  0.8%	  (1	  day	  in	  1.4	  years)	  in	  CAM4	  by	  mid	  C21.	  Thus,	  projected	  Arctic	  sea	  ice	  358	  

loss	  alone	  reduces	  the	  odds	  of	  such	  an	  event	  by	  one	  quarter	  to	  one	  third	  in	  the	  359	  
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mid	   C21	   compared	   to	   late	   C20.	   By	   late	   C21,	   the	   probability	   falls	   to	   zero	   in	  360	  

HadGAM2	  and	  0.06%	  (1	  day	  in	  19	  years)	  in	  CAM4.	  	  361	  

	  362	  

The	   sea-‐ice	   forced	   simulations	   presented	   here	   were	   not	   coupled	   to	   an	   ocean	  363	  

model	   and	   thus,	   ocean	   feedbacks	   are	   not	   represented.	   Deser	   et	   al.	   (2014)	  364	  

examined	   the	   climate	   response	   to	   projected	   Arctic	   sea	   ice	   in	   coupled	   and	  365	  

uncoupled	  versions	  of	  CCSM4.	  These	  authors	  show	  that	  the	  coupled	  response	  to	  366	  

Arctic	   sea	   ice	   loss	   resembles	   a	   weaker	   version	   of	   the	   full	   response	   to	   GHG	   in	  367	  

CCSM4.	  Since	  North	  American	  warming	  and	  decreased	  temperature	  variance	  are	  368	  

robust	   characteristics	   of	   the	   full	   coupled	   response	   to	   GHG,	   we	   speculate	   that	  369	  

ocean	   feedbacks	  may	   further	   reduce	   the	   risk	   of	   cold	   extremes,	   or	   at	   least	   are	  370	  

unlikely	  to	  increase	  the	  risk.	  371	  

	  372	  

HEMISPHERIC	  PERSPECTIVE	  373	  

	  374	  

A	  wider	   geographical	   perspective	   on	   the	   simulated	   response	   to	   sea	   ice	   loss	   is	  375	  

provided	   in	   Figure	   5,	   which	   shows	   maps	   of	   mean	   temperature	   and	   standard	  376	  

deviation	  change	  between	  the	  late	  C20	  and	  mid	  C21.	  Both	  models	  show	  warming	  377	  

over	   the	   high-‐latitude	   continents	   (Fig.	   5a,c),	   accompanied	   by	   a	   decrease	   in	  378	  

standard	   deviation	   (Fig.	   5b,d).	   Both	   the	   warming	   and	   variability	   decrease	   are	  379	  

more	  widespread	  in	  CAM4	  than	  in	  HadGAM2.	  By	  the	  late	  C21,	  both	  models	  depict	  380	  

larger	   warming	   over	   the	   high-‐latitude	   continents	   and	   an	   extension	   of	   the	  381	  

warming	  signal	  into	  parts	  of	  the	  mid-‐latitudes	  (Fig.	  6).	  In	  particular,	  warming	  is	  382	  

simulated	  over	  much	  of	  eastern	  US.	  Also	  by	  late	  C21,	  there	  are	  larger	  magnitude	  383	  

and	   more	   widespread	   simulated	   reductions	   in	   standard	   deviation,	   with	  384	  
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significant	  decreases	  over	  most	  of	  North	  America,	  Russia	  and	  northern	  Europe	  385	  

by	   late	   C21.	   In	   contrast,	   both	   models	   depict	   weak	   cooling	   and	   patches	   of	  386	  

increased	  standard	  deviation	  over	  eastern	  Asia	  (China,	  Mongolia).	  This	  cooling	  is	  387	  

related	  to	  a	  simulated	  strengthening	  of	  the	  Siberian	  High	  (not	  shown),	  consistent	  388	  

with	  the	  model	  results	  of	  Mori	  et	  al	  (2014).	  It	  is	  noteworthy	  that	  the	  two	  models	  389	  

depict	   a	   robust	   spatial	   pattern	   of	  mean	   temperature	   and	   variability	   change	   in	  390	  

response	  to	  Arctic	  sea	  ice	  loss.	  391	  

	  392	  

These	   changes	   in	  mean	   temperature	   and	   variability	   due	   to	   Arctic	   sea	   ice	   loss	  393	  

would	   be	   expected	   to	   translate	   into	   altered	   frequencies	   of	   cold	   extremes.	   To	  394	  

show	   this	   explicitly,	   Figure	  7	   presents	   the	   spatial	   pattern	   of	   the	   sea	   ice	   forced	  395	  

change	   in	   the	   probability	   of	   cold	   extremes.	   Here	   the	   temperature	   threshold	   is	  396	  

calculated	  as	  the	  1.1-‐percentile	  of	  the	  late	  C20	  distribution	  at	  each	  grid	  point.	  For	  397	  

clarity	   in	  Figure	  7,	  we	  simplify	   these	  probability	  changes	   into	  broad	  categories	  398	  

that	  emphasize	  the	  sign	  and	  relative	  magnitude	  of	  the	  sea	  ice	  forced	  change	  from	  399	  

the	   late	   C20.	   Focusing	   first	   on	   the	   changes	   by	   mid	   C21,	   both	   models	   depict	  400	  

reduced	   probabilities	   of	   cold	   extremes	   over	   the	   high-‐latitudes	   (Fig.	   7a,c).	   The	  401	  

mid-‐latitude	  responses	  are	  dissimilar	  in	  the	  two	  models.	  For	  example,	  HadGAM2	  402	  

shows	   reduced	  probability	   over	   the	  majority	   of	  North	  America	  whereas	   CAM4	  403	  

depicts	  comparably	   large	  reductions	  over	  northern	  and	  eastern	  North	  America,	  404	  

but	  modest	  increases	  over	  southern	  and	  western	  parts	  of	  the	  continent.	  The	  late	  405	  

C21	   changes	   are	   in	   very	   good	   agreement	   between	   the	   models,	   however	   (Fig.	  406	  

7b,d).	  This	  suggests	  that	  the	  discrepancies	  in	  the	  mid	  C21	  responses	  arise	  due	  to	  407	  

the	  small	  signal-‐to-‐noise	  ratio	  and	  not	  model	  differences	  in	  the	  forced	  response.	  408	  

By	   late	   C21	   both	   models	   simulate	   large	   probability	   reductions	   over	   North	  409	  
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America,	  Europe	  and	  Russia.	  In	  parts	  of	  northern	  Canada	  and	  northeast	  Asia	  the	  410	  

probability	   reduces	   to	   zero	   and	   over	   large	   swaths	   of	   North	   America	   and	  411	  

northern	   Asia	   the	   probability	   is	  more	   than	   halved.	   Both	  models	   show	   slightly	  412	  

increased	   probabilities	   over	   central	   and	   southern	   Asia,	   although	   the	   exact	  413	  

regions	  differ,	  related	  cooling	  induced	  by	  a	  strengthened	  Siberian	  High.	  414	  

	  415	  

So	  far	  we	  have	  only	  considered	  the	  changing	  probability	  of	  extremely	  cold	  days.	  416	  

There	   has	   been	   recent	   speculation	   that	   Arctic	   warming	   and	   sea	   ice	   loss	   may	  417	  

increase	   the	   frequency	   of	   longer-‐duration	   cold	   extremes	   as	   a	   result	   of	   more	  418	  

persistent	   weather	   patterns	   over	   North	   America	   (Francis	   and	   Vavrus,	   2012).	  419	  

Motivated	  by	  this,	  we	  have	  also	  examined	  the	  changing	  probability	  of	  5-‐day	  and	  420	  

9-‐day	  cold	  extremes	  (Figure	  8).	  The	  simulated	  changes	  in	  the	  frequency	  of	  these	  421	  

longer-‐duration	   extremes	   closely	   match	   those	   shown	   previously	   for	   daily	  422	  

extremes	   (as	   do	   the	   patterns	   of	   standard	   deviation	   change;	   not	   shown).	  423	  

Therefore,	  our	  simulations	  do	  not	  support	  the	  hypothesis	  of	  more	  frequent	  cold	  424	  

spells	  over	  central	  and	  eastern	  North	  America	   in	  response	  to	  sea	   ice	   loss.	  They	  425	  

do	  suggest	  that,	  in	  isolation,	  Arctic	  sea	  ice	  loss	  favors	  increased	  cold	  spells	  over	  426	  

central	  Asia,	  consistent	  with	  Mori	  et	  al	  (2014).	  However,	  it	  should	  be	  noted	  that	  427	  

the	   net	   effect	   of	   GHG	   increases	   is	   to	   reduce	   the	   chance	   of	   central	   Asian	   cold	  428	  

extremes	  (Mori	  et	  al.,	  2014).	  429	  

	  430	  

CONCLUDING	  REMARKS	  431	  

	  432	  

We	  have	  used	   large	  ensembles	  of	  model	  simulations	  to	  explore	  how	  the	  risk	  of	  433	  

North	   American	   daily	   cold	   extremes	   is	   anticipated	   to	   change	   in	   the	   future,	   in	  434	  
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response	  to	  increases	  in	  GHG	  and	  the	  component	  of	  that	  response	  due	  solely	  to	  435	  

Arctic	   sea	   ice	   loss.	   Specifically,	   we	   have	   examined	   the	   changing	   probability	   of	  436	  

daily	   cold	   extremes	   as	   (un)common	   as	   the	   7	   January	   2014	   event.	   Projected	  437	  

increases	  in	  GHG	  will	  decrease	  the	  likelihood	  of	  North	  American	  cold	  extremes	  in	  438	  

the	  future.	  Days	  as	  cold	  or	  colder	  than	  the	  7	  January	  2014	  are	  still	  projected	  to	  439	  

occur	  in	  the	  mid	  C21	  (2030-‐49),	  albeit	  less	  frequently	  than	  in	  the	  late	  C20	  (1980-‐440	  

99).	   However,	   such	   events	   will	   cease	   to	   occur	   by	   the	   late	   C21	   (2080-‐99),	  441	  

assuming	  GHG	   emissions	   continue	   unabated.	   Continued	  Arctic	   sea	   ice	   loss	   is	   a	  442	  

major	   driver	   of	   decreased	   -‐	   not	   increased	   -‐	   North	   America	   cold	   extremes.	  443	  

Projected	   Arctic	   sea	   ice	   loss	   alone	   reduces	   the	   odds	   of	   such	   an	   event	   by	   one	  444	  

quarter	  to	  one	  third	  in	  the	  mid	  C21	  compared	  to	  late	  C20,	  and	  to	  zero	  (or	  near-‐445	  

zero)	   by	   the	   late	   C21.	   Both	   projected	   mean	   warming	   and	   a	   decrease	   in	  446	  

temperature	  variability	  contribute	  to	  the	  decrease	  in	  daily	  cold	  extremes.	  	  447	  

	  448	  

Recent	  claims	  that	  Arctic	  sea	  ice	  loss	  may	  increase	  the	  risk	  of	  mid-‐latitude	  cold	  449	  

extremes	  are	  primarily	  based	  on	  hypothesized	  increases	  in	  the	  latitudinal	  extent	  450	  

of	  north-‐south	  excursions	  of	  the	  Jetstream.	  The	  simple	  reasoning	  is	  that	  a	  more	  451	  

meandering	   Jetstream	  will	   increase	   the	   frequency	   of	   cold	   Arctic	   air	   migrating	  452	  

southwards	  and	  thus,	  lead	  to	  more	  frequent	  cold	  extremes	  in	  the	  mid-‐latitudes.	  453	  

However,	   this	   logic	   ignores	   two	   important	   factors,	   even	   putting	   aside	   the	  454	  

considerable	  uncertainty	  in	  future	  changes	  in	  the	  Jetstream	  (Barnes	  and	  Polvani,	  455	  

2013)	   and	   associated	   features	   of	   the	   atmospheric	   circulation	   (Masato	   et	   al.,	  456	  

2013).	  The	  first	  factor	  ignored	  is	  that	  the	  mid-‐latitudes	  are	  warming.	  This	  means	  457	  

it	  takes	  a	  larger	  magnitude	  cold	  anomaly	  to	  cause	  a	  cold	  extreme	  than	  in	  a	  cooler	  458	  

climate.	  The	  second	  factor	  ignored	  is	  that	  disproportionally	  large	  warming	  of	  the	  459	  
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high-‐latitudes	   compared	   to	   the	  mid-‐latitudes	   reduces	   the	   average	   temperature	  460	  

gradient	   between	   these	   two	   regions.	   This	   means	   that	   if	   an	   Arctic	   air	   mass	   is	  461	  

displaced	  southward	   into	   the	  mid-‐latitudes,	   the	  resulting	   temperature	  anomaly	  462	  

is	  smaller	  than	  is	  the	  case	  for	  a	  larger	  north-‐south	  temperature	  gradient.	  These	  463	  

two	  factors	  translate	  into	  a	  reduced	  chance	  of	  cold	  extremes.	  Our	  results	  suggest	  464	  

these	   thermodynamically	   induced	   changes	   are	   of	   first-‐order	   importance	   in	  465	  

determining	   the	   future	   risk	   of	   cold	   extremes,	   and	   that	   dynamically	   induced	  466	  

changes	  play	  a	  secondary	  role	  (such	  as	  changes	  in	  the	  behavior	  of	  the	  Jetstream).	  467	  

As	   a	   result,	   we	   should	   expect	   fewer	   -‐	   and	   not	   more	   -‐	   cold	   extremes	   over	   the	  468	  

coming	  decades	  in	  the	  mid-‐latitudes	  including	  North	  America.	  469	  
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TABLES	  576	  

	  577	  

Table	  1:	  Days	  equally	  as	  cold	  or	  colder	  than	  7	  January	  2014	  over	  CENA	  since	  578	  

1980,	  based	  on	  the	  NCEP-‐NCAR	  reanalysis.	  579	  

Date	   CENA	  T	  (°C)	   Date	   CENA	  T	  (°C)	   Date	   CENA	  T	  (°C)	  

25/12/80	   -‐16.8	   25/12/83	   -‐20.2	   18/1/94	   -‐17.5	  

10/1/82	   -‐18.2	   20/1/84	   -‐17.9	   19/1/94	   -‐20.3	  

11/1/82	   -‐18.6	   21/1/84	   -‐17.4	   1/2/96	   -‐18.4	  

17/1/82	   -‐20.1	   22/12/89	   -‐20.2	   2/2/96	   -‐18.2	  

19/12/83	   -‐17.5	   23/12/89	   -‐19.6	   3/2/96	   -‐20.2	  

20/12/83	   -‐17.2	   15/1/94	   -‐18.2	   4/2/96	   -‐19.8	  

24/12/83	   -‐18.1	   16/1/94	   -‐18.4	   16/1/09	   -‐17.2	  

	   	  580	  
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Table	  2:	  Details	  of	  the	  model	  simulations	  analyzed.	  581	  

Model(s)	   Forcing	  
Time	  period	  

analyzed	  

Ensemble	  

members	  

Years	  of	  

simulation	  

CMIP5	  

	  

Historical	   1980-‐1999	   34^	  	   680	  

RCP8.5	   2030-‐2049	   34^	   680	  

RCP8.5	   2080-‐2099	   34^	   680	  

HadGEM2-‐ES	  

Historical	  (A)	   1980-‐1999	   5	   100	  

RCP8.5	  (B)	   2030-‐2049	   4	   80	  

RCP8.5	  (C)	   2080-‐2099	   4	   80	  

CCSM4	  

Historical	  (D)	   1980-‐1999	   3	   60	  

RCP8.5	  (E)	   2030-‐2049	   6	   120	  

RCP8.5	  (F)	   2080-‐2099	   6	   120	  

HadGAM2	  

Mean	  sea	  ice	  from	  A,	  

SST	  from	  A	  

Annually	  

repeating	  
260	   260	  

Mean	  sea	  ice	  from	  B,	  

SST	  from	  A	  

Annually	  

repeating	  
260	   260	  

Mean	  sea	  ice	  from	  C,	  

SST	  from	  A	  

Annually	  

repeating	  
260	   260	  

CAM4	  

Mean	  sea	  ice	  from	  D,	  

SST	  from	  D	  

Annually	  

repeating	  
260	   260	  

Mean	  sea	  ice	  from	  E,	  

SST	  from	  D	  

Annually	  

repeating	  
260	   260	  

Mean	  sea	  ice	  from	  F,	  

SST	  from	  D	  

Annually	  

repeating	  
260	   260	  
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^One	  ensemble	  member	  per	  model.	  The	  34	  CMIP5	  models	  analyzed	  are:	  582	  

ACCESS1.0,	  ACCESS1.3,	  bcc-‐csm1.1,	  bcc-‐csm1.1m,	  BNU-‐ESM,	  CanESM2,	  CCSM4,	  583	  

CESM1-‐BGC,	  CESM1-‐CAM5,	  CMCC-‐CESM,	  CMCC-‐CM,	  CMCC-‐CMS,	  CNRM-‐CM5,	  584	  

CSIRO-‐Mk3.6.0,	  EC-‐EARTH,	  GFDL-‐CM3,	  GFDL-‐ESM2G,	  GFDL-‐ESM2M,	  GISS-‐E2-‐H,	  585	  

GISS-‐E2-‐R,	  HadGEM2-‐CC,	  HadGEM2-‐ES,	  inmcm4,	  IPSL-‐CM5A-‐LR,	  IPSL-‐CM5A-‐MR,	  586	  

IPSL-‐CM5B-‐LR,	  MIROC-‐ESM,	  MIROC-‐ESM-‐CHEM,	  MIROC5,	  MPI-‐ESM-‐LR,	  MPI-‐587	  

ESM-‐MR,	  MRI-‐CGCM3,	  MRI-‐ESM1	  and	  NorESM1-‐M.	   	  588	  
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Table	  3:	  Changes	  in	  winter	  daily	  mean	  CENA	  temperature	  and	  variance	  589	  

simulated	  in	  response	  to	  GHG	  increases	  and	  Arctic	  sea	  ice	  decreases.	  The	  590	  

numbers	  in	  parentheses	  denote	  the	  percentage	  of	  simulated	  change	  under	  GHG	  591	  

forcing	  that	  can	  be	  explained	  solely	  by	  projected	  Arctic	  sea	  ice	  loss.	  All	  changes	  592	  

are	  statistically	  significant	  at	  the	  95%	  confidence	  level.	  593	  

	   	  
Temperature	  change	  

relative	  to	  1980-‐1999	  (°C)	  

Standard	  deviation	  change	  

relative	  to	  1980-‐99	  (°C)	  

Model	   Period	   GHG	   Sea	  ice	   GHG	   Sea	  ice	  

HadGEM2-‐ES/	  

HadGAM2	  

2030-‐49	   3.49	   0.32	  (9%)	   -‐0.31	   -‐0.16	  (52%)	  

2080-‐99	   8.67	   2.08	  (24%)	   -‐1.11	   -‐0.97	  (87%)	  

CCSM4/CAM4	  
2030-‐49	   2.62	   0.65	  (25%)	   -‐0.24	   -‐0.14	  (58%)	  

2080-‐99	   5.74	   2.17	  (38%)	   -‐0.58	   -‐0.82	  (141%)	  

	   	  594	  



	   29	  

FIGURE	  CAPTIONS	  595	  

	  596	  

Figure	  1.	  North	  American	  temperature	  anomalies	  for	  (a)	  the	  winter	  of	  2013/14	  597	  

and	  (b)	  7	  January	  2014.	  Anomalies	  are	  relative	  to	  the	  period	  1980-‐99.	  (c)	  Daily-‐598	  

mean	  temperature	  averaged	  over	  CENA	  (black	  box	  in	  b)	  for	  1	  November	  2013	  to	  599	  

31	  March	  2014	  (black	  curve)	  and	  the	  daily	  1980-‐99	  climatology	  (grey).	  Blue	  600	  

(orange)	  shading	  shows	  days	  colder	  (warmer)	  than	  the	  average	  for	  that	  day.	  (d)	  601	  

North	  American	  temperatures	  for	  7	  January	  2014.	  602	  

	  	  603	  

Figure	  2.	  (a)	  Histogram	  of	  daily	  winter	  temperatures	  averaged	  over	  CENA	  604	  

during	  the	  period	  1980-‐99.	  (b)	  As	  a,	  but	  based	  on	  the	  period	  2000-‐13.	  The	  green	  605	  

lines	  are	  drawn	  at	  -‐16.8°C	  and	  correspond	  to	  the	  temperature	  on	  7	  January	  2014.	  606	  

The	  numbers	  in	  the	  top	  left	  and	  right	  of	  each	  panel	  are	  the	  mean	  temperature	  607	  

and	  standard	  deviation,	  respectively,	  in	  units	  of	  °C.	  608	  

	  609	  

Figure	  3.	  Ensemble-‐mean	  winter	  sea	  ice	  concentrations	  from	  HadGEM2-‐ES	  610	  

during	  the	  period	  (a)	  1980-‐99,	  (b)	  2030-‐49	  and	  (c)	  2080-‐99.	  (d-‐f)	  As	  a-‐c,	  but	  for	  611	  

CCSM4.	  (g)	  Evolution	  of	  winter	  sea	  ice	  area	  in	  the	  CMIP5	  historical	  and	  RCP8.5	  612	  

experiments,	  1980-‐2099.	  The	  blue	  curve	  denotes	  the	  multi-‐model	  mean,	  dense	  613	  

hatching	  the	  10-‐90%	  range	  of	  the	  model	  spread	  and	  light	  hatching	  the	  full	  model	  614	  

spread.	  The	  black	  and	  green	  lines	  show	  the	  values	  prescribed	  in	  the	  sea	  ice	  615	  

forced	  HadGAM2	  and	  CAM4	  simulations,	  respectively.	  (h)	  As	  g,	  but	  for	  sea	  ice	  616	  

volume.	  617	  

	  618	  
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Figure	  4.	  (a)	  Histograms	  of	  simulated	  daily	  winter	  temperature	  averaged	  over	  619	  

CENA	  taken	  from	  34	  coupled	  climate	  models	  for	  the	  periods	  1980-‐99	  (grey	  bars),	  620	  

2030-‐49	  (blue)	  and	  2088-‐99	  (red).	  The	  numbers	  in	  the	  top	  left	  and	  right	  of	  each	  621	  

panel	  are	  the	  mean	  temperature	  and	  standard	  deviation,	  respectively,	  in	  units	  of	  622	  

°C.	  The	  vertical	  green	  line	  denotes	  the	  value	  of	  the	  model’s	  1.1	  percentile,	  the	  623	  

simulated	  analog	  of	  the	  7	  January	  2014	  event	  in	  observations.	  (b-‐e)	  As	  a,	  but	  for	  624	  

coupled	  simulations	  with	  (b)	  HadGEM2-‐ES	  and	  (c)	  CCSM4,	  and	  for	  sea	  ice	  forced	  625	  

simulations	  with	  (d)	  HadGAM2	  and	  (e)	  CAM4.	  (f)	  The	  probability	  of	  daily	  626	  

temperature	  as	  cold	  or	  colder	  than	  the	  1.1	  percentile	  in	  the	  period	  1980-‐1999	  in	  627	  

each	  model	  ensemble	  and	  time	  period.	  	  628	  

	  629	  

Figure	  5.	  Differences	  in	  (a)	  mean	  winter	  near-‐surface	  air	  temperature	  and	  (b)	  630	  

standard	  deviation	  of	  daily	  winter	  near-‐surface	  air	  temperature,	  between	  the	  631	  

period	  2030-‐49	  and	  1980-‐99	  in	  the	  HadGAM2	  sea	  ice	  forced	  experiments.	  (c-‐d)	  632	  

As	  a-‐b,	  but	  for	  the	  CAM4	  sea	  ice	  forced	  experiments.	  Colored	  shading	  is	  shown	  633	  

only	  at	  grid-‐points	  where	  the	  difference	  is	  statistically	  significant	  at	  the	  95%	  634	  

confidence	  level.	  635	  

	  636	  

Figure	  6.	  As	  Figure	  5,	  but	  for	  differences	  between	  the	  period	  2080-‐99	  and	  1980-‐637	  

99.	  Note	  the	  different	  color	  scales.	  638	  

	  639	  

Figure	  7.	  (a)	  Probability	  of	  extreme	  cold	  (defined	  as	  a	  winter	  daily	  temperature	  640	  

as	  cold	  or	  colder	  than	  the	  1.1-‐percentile	  during	  the	  period	  1980-‐99)	  in	  the	  sea	  641	  

ice	  forced	  HadGAM2	  simulation	  for	  the	  period	  2030-‐49.	  The	  colored	  shading	  642	  

categories	  are	  based	  on	  the	  relative	  change	  in	  probability	  compared	  to	  the	  643	  
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period	  1980-‐99.	  (b)	  As	  a,	  but	  for	  the	  period	  2080-‐99	  relative	  to	  1980-‐99.	  (c-‐d)	  644	  

As	  a-‐b,	  but	  for	  the	  sea	  ice	  forced	  CAM4	  simulations.	  645	  

Figure	  8.	  (a)	  Probability	  of	  extreme	  cold	  (defined	  as	  a	  winter	  5-‐day	  mean	  646	  

temperature	  as	  cold	  or	  colder	  than	  the	  1.1-‐percentile	  during	  the	  period	  1980-‐99)	  647	  

in	  the	  sea	  ice	  forced	  HadGAM2	  simulation	  for	  the	  period	  2080-‐99.	  The	  colored	  648	  

shading	  categories	  are	  based	  on	  the	  relative	  change	  in	  probability	  compared	  to	  649	  

the	  period	  1980-‐99.	  (b)	  As	  a,	  but	  for	  9-‐day	  means.	  (c-‐d)	  As	  a-‐b,	  but	  for	  the	  sea	  650	  

ice	  forced	  CAM4	  simulations.	   	  651	  
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FIGURES	  652	  

	  653	  

	  654	  

Figure	  1.	  North	  American	  temperature	  anomalies	  for	  (a)	  the	  winter	  of	  2013/14	  655	  

and	  (b)	  7	  January	  2014.	  Anomalies	  are	  relative	  to	  the	  period	  1980-‐99.	  (c)	  Daily-‐656	  

mean	  temperature	  averaged	  over	  CENA	  (black	  box	  in	  b)	  for	  1	  November	  2013	  to	  657	  

31	  March	  2014	  (black	  curve)	  and	  the	  daily	  1980-‐99	  climatology	  (grey).	  Blue	  658	  

(orange)	  shading	  shows	  days	  colder	  (warmer)	  than	  the	  average	  for	  that	  day.	  (d)	  659	  

North	  American	  temperatures	  for	  7	  January	  2014.	  	  660	  
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	  661	  

Figure	  2.	  (a)	  Histogram	  of	  daily	  winter	  temperatures	  averaged	  over	  CENA	  662	  

during	  the	  period	  1980-‐99.	  (b)	  As	  a,	  but	  based	  on	  the	  period	  2000-‐13.	  The	  green	  663	  

lines	  are	  drawn	  at	  -‐16.8°C	  and	  correspond	  to	  the	  temperature	  on	  7	  January	  2014.	  664	  

The	  numbers	  in	  the	  top	  left	  and	  right	  of	  each	  panel	  are	  the	  mean	  temperature	  665	  

and	  standard	  deviation,	  respectively,	  in	  units	  of	  °C.	  666	  
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	  667	  

Figure	  3.	  Ensemble-‐mean	  winter	  sea	  ice	  concentrations	  from	  HadGEM2-‐ES	  668	  

during	  the	  period	  (a)	  1980-‐99,	  (b)	  2030-‐49	  and	  (c)	  2080-‐99.	  (d-‐f)	  As	  a-‐c,	  but	  for	  669	  

CCSM4.	  (g)	  Evolution	  of	  winter	  sea	  ice	  area	  in	  the	  CMIP5	  historical	  and	  RCP8.5	  670	  

experiments,	  1980-‐2099.	  The	  blue	  curve	  denotes	  the	  multi-‐model	  mean,	  dense	  671	  

hatching	  the	  10-‐90%	  range	  of	  the	  model	  spread	  and	  light	  hatching	  the	  full	  model	  672	  

spread.	  The	  black	  and	  green	  lines	  show	  the	  values	  prescribed	  in	  the	  sea	  ice	  673	  

forced	  HadGAM2	  and	  CAM4	  simulations,	  respectively.	  (h)	  As	  g,	  but	  for	  sea	  ice	  674	  

volume.	  675	  
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	  676	  

Figure	  4.	  (a)	  Histograms	  of	  simulated	  daily	  winter	  temperature	  averaged	  over	  677	  

CENA	  taken	  from	  34	  coupled	  climate	  models	  for	  the	  periods	  1980-‐99	  (grey	  bars),	  678	  

2030-‐49	  (blue)	  and	  2088-‐99	  (red).	  The	  numbers	  in	  the	  top	  left	  and	  right	  of	  each	  679	  

panel	  are	  the	  mean	  temperature	  and	  standard	  deviation,	  respectively,	  in	  units	  of	  680	  

°C.	  The	  vertical	  green	  line	  denotes	  the	  value	  of	  the	  model’s	  1.1	  percentile,	  the	  681	  

simulated	  analog	  of	  the	  7	  January	  2014	  event	  in	  observations.	  (b-‐e)	  As	  a,	  but	  for	  682	  

coupled	  simulations	  with	  (b)	  HadGEM2-‐ES	  and	  (c)	  CCSM4,	  and	  for	  sea	  ice	  forced	  683	  

simulations	  with	  (d)	  HadGAM2	  and	  (e)	  CAM4.	  (f)	  The	  probability	  of	  daily	  684	  

temperature	  as	  cold	  or	  colder	  than	  the	  1.1	  percentile	  in	  the	  period	  1980-‐1999	  in	  685	  

each	  model	  ensemble	  and	  time	  period.	  	  686	  
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	  687	  

Figure	  5.	  Differences	  in	  (a)	  mean	  winter	  near-‐surface	  air	  temperature	  and	  (b)	  688	  

standard	  deviation	  of	  daily	  winter	  near-‐surface	  air	  temperature,	  between	  the	  689	  

period	  2030-‐49	  and	  1980-‐99	  in	  the	  HadGAM2	  sea	  ice	  forced	  experiments.	  (c-‐d)	  690	  

As	  a-‐b,	  but	  for	  the	  CAM4	  sea	  ice	  forced	  experiments.	  Colored	  shading	  is	  shown	  691	  

only	  at	  grid-‐points	  where	  the	  difference	  is	  statistically	  significant	  at	  the	  95%	  692	  

confidence	  level.	  693	  
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	  694	  

Figure	  6.	  As	  Figure	  5,	  but	  for	  differences	  between	  the	  period	  2080-‐99	  and	  1980-‐695	  

99.	  Note	  the	  different	  color	  scales.	  696	  

a) HadGAM2 mean

c) CAM4 mean

b) HadGAM2 standard deviation

d) CAM4 standard deviation
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	  697	  

Figure	  7.	  (a)	  Probability	  of	  extreme	  cold	  (defined	  as	  a	  winter	  daily	  temperature	  698	  

as	  cold	  or	  colder	  than	  the	  1.1-‐percentile	  during	  the	  period	  1980-‐99)	  in	  the	  sea	  699	  

ice	  forced	  HadGAM2	  simulation	  for	  the	  period	  2030-‐49.	  The	  colored	  shading	  700	  

categories	  are	  based	  on	  the	  relative	  change	  in	  probability	  compared	  to	  the	  701	  

period	  1980-‐99.	  (b)	  As	  a,	  but	  for	  the	  period	  2080-‐99	  relative	  to	  1980-‐99.	  (c-‐d)	  702	  

As	  a-‐b,	  but	  for	  the	  sea	  ice	  forced	  CAM4	  simulations.	  703	  

a) HadGAM2 2030-49 b) HadGAM2 2080-99

c) CAM4 2030-49 d) CAM4 2080-99

Nil chance (0%)
Less than quarter chance (0 - 0.28%)
Less than half chance (0.28 - 0.55%)
Less chance (0.55 - 1.0%)

Equal chance (1.0 - 1.2%)
More chance (1.2 - 2.2%)
More than double chance (2.2 - 4.4%)
More than quadruple chance (> 4.4%)
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	  704	  

Figure	  8.	  (a)	  Probability	  of	  extreme	  cold	  (defined	  as	  a	  winter	  5-‐day	  mean	  705	  

temperature	  as	  cold	  or	  colder	  than	  the	  1.1-‐percentile	  during	  the	  period	  1980-‐99)	  706	  

in	  the	  sea	  ice	  forced	  HadGAM2	  simulation	  for	  the	  period	  2080-‐99.	  The	  colored	  707	  

shading	  categories	  are	  based	  on	  the	  relative	  change	  in	  probability	  compared	  to	  708	  

the	  period	  1980-‐99.	  (b)	  As	  a,	  but	  for	  9-‐day	  means.	  (c-‐d)	  As	  a-‐b,	  but	  for	  the	  sea	  709	  

ice	  forced	  CAM4	  simulations.	  710	  

a) HadGAM2 5-day mean b) HadGAM2 9-day mean

c) CAM4 5-day mean d) CAM4 9-day mean

Nil chance (0%)
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