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IntroducMon	
  
Northern	
   Hemisphere	
   sea	
   ice	
   and	
   snow	
  
cover	
  have	
  decreased	
  over	
  the	
  past	
  several	
  
decades	
   (Serreze	
   et	
   al.	
   2007;	
   Déry	
   and	
  
Brown,	
   2007)	
   and	
   these	
   trends	
   are	
  
projected	
   to	
   conMnue	
   by	
   climate	
   models	
  
(Singarayer	
  et	
  al	
  2006;	
  Seierstad	
  and	
  Bader	
  
2009)	
   as	
   a	
   result	
   of	
   global	
   warming.	
   For	
  
example,	
   CCSM3,	
   NCAR’s	
   coupled	
   climate	
  
model	
   indicates	
  that	
  sea	
   ice	
  will	
  disappear	
  
during	
  summer	
  by	
  the	
  end	
  of	
  21st	
  century.	
  
However,	
   snow	
   and	
   ice	
   do	
   not	
   simply	
  
respond	
   to	
   the	
   anthropogenic	
   forcing	
   but	
  
feedback	
  on	
  the	
  climate	
  system	
  influencing	
  
the	
   overall	
   atmospheric	
   response.	
   This	
  
feedback	
  of	
  sea	
  ice	
  and	
  terrestrial	
  snow	
  on	
  
climate	
  is	
  difficult	
  to	
  separate	
  out	
  from	
  the	
  
radiaMve	
   forcing	
   and	
   other	
   effects	
   in	
   fully	
  
coupled	
   models	
   so	
   here	
   we	
   use	
  
atmosphere	
   only	
   model	
   experiments	
   to	
  
examine	
   their	
   role	
   in	
   climate	
   change.	
   See	
  
Deser	
  et	
  al.	
  2010;	
  Alexander	
  et	
  al.	
  2011.	
  
Model	
  Experiments	
  

Three	
   60-­‐year	
   model	
   simulaMons	
   are	
  
conducted	
   with	
   the	
   NCAR	
   Community	
  
Atmosphere	
   Mode l	
   (CAM3)	
   T85	
  
resoluMon	
   (~1.4°	
   lat/lon)	
   coupled	
   to	
   the	
  
Community	
  Land	
  Model	
  (CLM3)	
  	
  

Control	
   –	
   sea	
   ice	
   and	
   terrestrial	
   snow	
  
prescribed	
   to	
   their	
   1980-­‐1999	
   average	
  
obtained	
   from	
   CCSM3	
   simulaMons	
   that	
  
include	
   ocean	
   and	
   sea	
   ice	
   models	
   in	
  
addiMon	
  to	
  CAM3	
  and	
  CLM3.	
  	
  

Sea	
   Ice	
   –	
   sea	
   ice	
   concentraMon	
   and	
  
thickness	
   prescribed	
   to	
   their	
   2080-­‐99	
  
average;	
  snow	
  cover	
  set	
  to	
  1980-­‐99	
  mean	
  
value	
  

Snow	
  –	
   	
  fracMon,	
  depth	
  and	
  water	
  content	
  
prescribed	
   to	
   their	
   2080-­‐2099	
   average,	
  
sea	
  ice	
  set	
  to	
  1980-­‐99	
  mean	
  value.	
  

Experiment	
  Design	
  
1880-­‐1999	
   values	
   obtained	
   from	
   the	
  
average	
   of	
   the	
   7-­‐member	
   ensemble	
  
CCSM3	
  “20th	
  century”	
  simulaMons.	
  

2080-­‐2099	
   values	
   obtained	
   from	
   the	
  
average	
   of	
   the	
   21st	
   century	
   CCSM3	
  
simulaMons	
   under	
   the	
   A1B	
   greenhouse	
  
gas	
  forcing	
  scenario.	
  

Boundary	
   condiMons	
   repeat	
   the	
   same	
  
seasonal	
   cycle	
   in	
   each	
   experiment	
   (no	
  
interannual	
  variability).	
  

SST	
  and	
  greenhouse	
  gas	
  concentraMons	
  set	
  
to	
   the	
   1980-­‐1999	
   CCSM3	
   output	
   in	
   all	
  
three	
  experiments.	
  

Response	
   is	
   obtained	
   from	
   the	
   difference	
  
(Δ)	
   between	
   the	
   60-­‐year	
   average	
   of	
   the	
  
Sea	
   ice	
   or	
   Snow	
   (2080-­‐99)	
   with	
   the	
  
control	
  integraMons	
  (1980-­‐99).	
  

StaMsMcal	
   significance	
   of	
   the	
   response	
  
evaluated	
  using	
  a	
  two-­‐sided	
  t-­‐test.	
  

Sea	
  Ice	
  Experiments	
  

Bimonthly	
  distribuMons	
  of	
  ArcMc	
  sea	
  ice	
  concentraMon	
  
(%)	
  during	
  1980–99	
  and	
  2080–99	
  from	
  CCSM3.	
  

Sea	
  Ice	
  Forcing	
  and	
  Surface	
  Flux	
  response	
  

(Top	
   two	
   rows)	
   Bi-­‐monthly	
   differences	
   (2080-­‐2099	
  
minus	
  1980-­‐1999	
  =	
  Δ)	
  ArcMc	
  sea	
  ice	
  thickness	
  (ΔSIT;	
  m)	
  
and	
   concentraMon	
   (ΔSIC;	
   %)	
   from	
   CCSM3.	
   (Bomom	
   3	
  
rows)	
   Bi-­‐monthly	
   turbulent	
   energy	
   flux	
   (ΔSH+LH),	
  
longwave	
  radiaMve	
  flux	
  (ΔLW)	
  and	
  shortwave	
  radiaMve	
  
flux	
  (ΔSW)	
  responses	
  to	
  sea	
   ice	
  cover	
  changes.	
  Fluxes	
  
are	
  given	
  in	
  units	
  of	
  Wm-­‐2	
  and	
  are	
  posiMve	
  upward.	
  	
  

ArcMc	
  Surface	
  Energy	
  Flux	
  Response	
  (Δ)	
  

Sea	
  Ice	
  
inverted	
  

Qnet	
  
LH+SH	
  

LW	
  

SW	
  

Seasonal	
   cycle	
   of	
   the	
   turbulent	
   energy	
   flux	
   (Wm−2;	
  
ΔSH	
   +	
   LH;	
   thin	
   solid	
   curve),	
   longwave	
   radiaMve	
   flux	
  
(÷ΔLW;	
   domed	
   curve),	
   and	
   shortwave	
   radiaMve	
   flux	
  
(ΔSW;	
   dashed	
   curve)	
   responses	
   area	
   averaged	
   over	
  
the	
   ArcMc	
   Ocean.	
   The	
   net	
   surface	
   energy	
   flux	
  
response	
  is	
  given	
  by	
  the	
  thick	
  solid	
  curve,	
  and	
  the	
  SIC	
  
changes	
  (%)	
  are	
  indicated	
  by	
  the	
  gray	
  bars	
  (note	
  the	
  
inverted	
  scale).	
  Fluxes	
  are	
  posiMve	
  upward.	
  

Net	
  Surface	
  Energy	
  Flux	
  &	
  Air	
  Temperature,	
  Snow	
  
Depth	
  and	
  PrecipitaMon	
  Response	
  

Bi-­‐monthly	
   	
   response	
   of	
   net	
   surface	
   energy	
   flux	
  
(ΔQnet;	
   Wm-­‐2),	
   terrestrial	
   air	
   temperature	
   (ΔAir	
   T;	
  
ºC),	
   terrestrial	
   snow	
   depth	
   (ΔSnow;	
   cm	
   liquid	
  water	
  
equivalent)	
  and	
  terrestrial	
  precipitaMon	
  (ΔPrecip;	
  mm	
  
day-­‐1).	
   Thick	
   black	
   contours	
   on	
   the	
   air	
   temperature	
  
panels	
   outline	
   regions	
   with	
   a	
   low-­‐level	
   temperature	
  
inversion	
   (T850hPa	
  –	
  T1000hPa	
  >	
  0	
  ºC)	
  during	
  1980-­‐1999.	
  
PrecipitaMon	
   responses	
   significant	
   at	
   the	
   95%	
  
confidence	
  level	
  are	
  outlined	
  with	
  black	
  contours.	
  !

VerMcal	
  Structure	
  of	
  Air	
  temperature	
  December	
  

VerMcal	
   profiles	
   of	
   atmospheric	
   temperature	
   during	
  
1980–99	
   (dashed	
   curves)	
   and	
   2080–99	
   (solid	
   curves)	
  
over	
   (lex)	
   the	
   ArcMc	
   Ocean	
   and	
   (center)	
   the	
   high-­‐
laMtude	
   (65°–80°N)	
   conMnents	
   in	
   December.	
   (right)	
  
The	
   2080–99	
   minus	
   1980–99	
   differences	
   over	
   the	
  
ArcMc	
  Ocean	
  (thick	
  curve)	
  and	
  high-­‐laMtude	
  conMnents	
  
(thin	
  curve).	
  

GeopotenMal	
  Height	
  Response	
  (m)	
  

The	
   geopotenMal	
   height	
   response	
   (Δz).	
   The	
   contour	
  
interval	
   is	
  10	
  m,	
  with	
  posiMve	
  (negaMve)	
  values	
   in	
  red	
  
(blue)	
   and	
   the	
   zero	
   contours	
   omimed.	
   Shading	
  
indicates	
   values	
   that	
   exceed	
   the	
   5%	
   confidence	
   level	
  
based	
  on	
  a	
  two-­‐sided	
  Student’s	
  t	
  test.	
  

Response	
  to	
  change	
  in	
  Sea	
  Ice	
  
	
  
•  The	
   loss	
   of	
   ArcMc	
   sea	
   ice	
   is	
   greatest	
   in	
   summer	
   and	
   fall,	
   yet	
   the	
  

response	
   of	
   the	
   net	
   surface	
   energy	
   budget	
   over	
   the	
   ArcMc	
   Ocean	
   is	
  
largest	
  in	
  winter.	
  	
  

•  Air	
  temperature	
  and	
  precipitaMon	
  responses	
  also	
  maximize	
   in	
  winter,	
  
both	
   over	
   the	
   ArcMc	
   Ocean	
   and	
   over	
   the	
   adjacent	
   high	
   laMtude	
  
conMnents.	
  	
  

•  Snow	
   depths	
   increase	
   over	
   Siberia	
   and	
   northern	
   Canada	
   due	
   to	
   the	
  
enhanced	
   winter	
   precipitaMon	
   and	
   temperatures	
   that	
   remain	
   below	
  
freezing.	
  	
  

•  Atmospheric	
   warming	
   over	
   the	
   high	
   laMtude	
   conMnents	
   is	
   mainly	
  
confined	
  to	
  the	
  boundary	
  layer	
  (below	
  ~	
  850	
  hPa)	
  and	
  to	
  regions	
  with	
  
a	
  strong	
  low-­‐level	
  temperature	
  inversion.	
  	
  

•  Enhanced	
  warm	
  air	
  advecMon	
  by	
  sub-­‐monthly	
  transient	
  moMons	
  is	
  the	
  
primary	
  mechanism	
  for	
  the	
  terrestrial	
  warming	
  (Deser	
  et	
  al.	
  2010).	
  	
  

•  Significant	
  large-­‐scale	
  atmospheric	
  circulaMon	
  response	
  is	
  found	
  during	
  
winter,	
   with	
   a	
   baroclinic	
   verMcal	
   structure	
   over	
   the	
   ArcMc	
   in	
  
November-­‐December	
   and	
   a	
   barotropic	
   response	
   in	
   January-­‐March.	
  
Response	
   resembles	
   the	
   negaMve	
   phase	
   of	
   the	
   North	
   AtlanMc	
  
OscillaMon	
  in	
  February	
  only.	
  	
  

•  Comparison	
  with	
   the	
   fully	
   coupled	
  model	
   reveals	
   that	
   ArcMc	
   sea	
   ice	
  
loss	
   accounts	
   for	
   most	
   of	
   the	
   high	
   laMtude	
   warming	
   response	
   to	
  
greenhouse	
  gas	
  forcing	
  at	
  the	
  end	
  of	
  the	
  21st	
  century.	
  

Snow	
  Experiments	
  
Seasonal	
  Snow	
  Cover	
  and	
  Snow	
  Depth	
  

Seasonal	
   distribuMons	
   of	
   the	
   average	
   terrestrial	
   snow	
   cover	
  
(SC,	
  %)	
   for	
   (first	
   row)	
   1980–99	
   and	
   (second	
   row)	
   2080–99	
   −	
  
1980–99	
   (Δ)	
   and	
   (third	
   and	
   fourth	
   rows)	
   the	
   same	
  
distribuMons	
   for	
   Snow	
   depth	
   (SD,	
   cm)	
   obtained	
   from	
   the	
  
CCSM3	
   and	
   used	
   as	
   boundary	
   condiMons	
   for	
   the	
   Snow	
  
experiments	
  

VerMcal	
  profiles	
  of	
  ΔTemperature	
  (°C)	
  	
  

VerMcal	
   profiles	
   of	
  
Δ T	
   ( ° C )	
   d u r i n g	
  
November	
   (solid	
  
l i n e )	
   a n d	
   M a y	
  
(dashed	
   line)	
   over	
  
Eurasia	
   and	
   North	
  
America.	
  	
  

GeopotenMal	
  Height	
  Response	
  (m)	
  

The	
   geopotenMal	
   height	
   response	
   (Δz).	
   The	
   contour	
  
interval	
   is	
   5	
   m	
   with	
   posiMve	
   (negaMve)	
   values	
   in	
   red	
  
(blue),	
   and	
   the	
   zero	
   contour	
   is	
   omimed.	
   SMppling	
  
indicates	
   values	
   that	
   exceed	
   the	
   95%	
   confidence	
  
interval;	
  color	
  shading	
  denotes	
  ΔSC	
  (%).	
  

Response	
  to	
  Change	
  in	
  Snow	
  Cover	
  
	
  

•  The	
   reducMon	
   in	
   snow	
  cover	
   increases	
   the	
   solar	
   radiaMon	
  absorbed	
  by	
   the	
  
surface,	
   enhances	
   upward	
   longwave	
   radiaMon,	
   latent	
   and	
   sensible	
   fluxes	
  
(Alexander	
  et	
  al.	
  2011)	
  

•  Surface	
  air	
  temperature	
  changes	
  are	
  relaMvely	
  small	
   (<	
  3°C)	
  compared	
  with	
  
those	
  due	
  to	
  ArcMc	
  sea	
  ice	
  changes	
  (~10°C).	
  	
  

•  However,	
  they	
  are	
  conMnental	
  in	
  scale	
  and	
  are	
  largest	
  in	
  fall	
  and	
  spring	
  when	
  
they	
  make	
  a	
  significant	
  contribuMon	
  to	
  the	
  overall	
  warming	
  over	
  Eurasia	
  and	
  
North	
  America	
  in	
  the	
  21st	
  century.	
  	
  

•  The	
   circulaMon	
   response,	
   while	
   of	
   modest	
   amplitude,	
   appears	
   to	
   involve	
  
mulMple	
   components	
   including:	
   remote	
   Rossby	
   wavetrains;	
   an	
   annular	
  
pamern	
  that	
   is	
  strongest	
   in	
  the	
  stratosphere;	
  and	
  a	
  hemispheric	
   increase	
   in	
  
geopotenMal	
  height.	
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Temperature	
  Response	
  Snow	
  &	
  Ice	
  Experiments	
  

(Lex):	
   The	
   ΔSAT	
   (°C)	
   over	
   land	
   in	
   the	
   (top):	
   Snow,	
  
(middle):	
   Sea	
   Ice,	
   and	
   (bomom):	
   original	
   CCSM3	
  
simulaMons	
   (see	
   Deser	
   et	
   al.	
   2010).	
   All	
   of	
   the	
   ΔSAT	
  
values	
   >1.0°C	
   and	
   most	
   values	
   >0.5°C	
   are	
   staMsMcally	
  
significant	
   at	
   the	
   95%	
   level.	
   (Above):	
   Hovmöller	
  
diagrams	
   of	
   ΔSAT	
   averaged	
   over	
   land	
   as	
   a	
   funcMon	
   of	
  
laMtude	
   and	
   calendar	
   month	
   in	
   the	
   (lex):	
   Snow,	
  
(middle):	
  Sea	
  Ice,	
  and	
  (right):	
  CCSM3	
  experiments.	
  


