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In	  very	  well	  sampled	  coupled	  climate	  simulations:
• The	  greenhouse	  warming	  response	  is	  remarkably	  separable	  
from	  the	  sea	  ice	  loss	  response.

• Multivariate	  pattern	  scaling helps	  divide	  the	  response	  
between	  sea	  ice	  loss	  and	  low	  latitude	  warming.

• The	  response	  to	  sea	  ice	  loss	  is	  more	  robust	  than	  the	  low	  
latitude	  warming	  response.
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contrast, there is an extra step when nudging sea ice to a PI target in a 2X climate because106

sea ice needs to expand into regions of warm water. The water must be cooled to the freez-107

ing point of -1.96�C (Figure 1b) before sea ice can grow, resulting in it taking on the order of108

decades for sea ice to reach the target PI climatology. Aside from cooling seawater in regions109

where ice growth is necessary, no sea surface temperature nudging is performed.110
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Figure 1. Schematic of nudging methodology for a) melting ice in a Preindustrial (PI) climate, and b)
growing ice in a doubled CO2 (2X) climate. c) Summary of simulations, showing the relationship of the
global mean SAT to nudged Arctic sea ice area (SIA) in winter (DJF), and the nudged SIA in relation to the
target SIA (vertical lines).
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This methodology is similar to that of Deser et al. [2015] and Oudar et al. [2017] in115

that our sea ice perturbation is operational year-round but does not conserve energy – in con-116

trast to sea ice perturbation studies in which the albedo is modified, but energy is conserved117

[Scinocca et al., 2009; Blackport and Kushner, 2016, 2017]. The nudging flux is a “ghost"118

flux [Deser et al., 2015] that is not seen by other climate model components except indirectly119

through changes in sea ice. Our method is distinctive in that we are able to nudge both the120

pattern and amount of sea ice to a desired state.121
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Figure 2. Supplementary. a) The isolated zonal mean temperature response, [T], to Arctic sea ice loss

(ICEcold) in DJF in color (�C), overlaid with climatological control simulation (here, CPI IPI ) contours. b)

is as a) but shows the isolated response to doubling CO2 (CO2hi). c) is as a) but shows the sum of ICE and

CO2. d) is as a) but shows the response to the combined forcings. Panels e-h), and i-l) are as a-d) but show

the zonal mean geopotential height [Z] and zonal mean zonal wind [U] responses, respectively. Stippling

indicates a significant response at the 95% level using a two-sided Student’s t test (no significance testing is

performed for Sum).
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Figure 2. a) The response of SAT to Arctic sea ice loss (ICEcold) in DJF in color (�C), overlaid with cli-
matological control simulation (here, CPI IPI ) contours (10�C interval, zero contour omitted). b) is as a)
but shows the response to doubling CO2 (CO2hi). c) is as a) but shows the sum of ICE and CO2. d) is as a)
but shows the response to the combined forcings. Panels e-h), i-l), and m-p) are as a-d) but show the SLP,
Z500, and U700 responses, respectively, with contour intervals of 8 hPa from 992 to 1032, 200 m from 4900
to 5900, and 5 m/s (zero contour omitted), respectively. Stippling indicates a significant response at the 95%
level using a two-sided Student’s t test (no significance testing is performed for Sum). Percentages are the
percentage variance of the Full response explained by the Sum as computed from area-weighted pattern cor-
relations of the northern hemisphere. The number below the percentage is the northern hemisphere RMSE
between Sum and Full, normalized by spatial standard deviation of Full.
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Figure 4. Supplementary. Spatial decomposition of SAT. Panels a-d) are as Supplementary Figure 3a-d

but show the large-scale (wavenumbers < 5) additivity. Panels e-h) are as a-d but show the synoptic-scale

(wavenumbers >= 5) additivity.

Figure 5. Supplementary. As Supplementary Figure 4 but for geopotential height at 500 hPa (Z500).
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McCusker	  et	  al.	  submitted,	  Thomas	  Oudar pers.	  comm.
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Figure 4. Seasonal cycle of linearity: a) Monthly variance explained in the Full response pattern by the
Sum pattern for SAT (red), SLP (blue), zonal wind at 700 hPa (U700; cyan), geopotential height at 500 hPa
(Z500; orange), and Arctic sea ice concentration (SIC; green) as measured by the area-weighted pattern corre-
lation for the northern hemisphere. b) is as a) but showing the northern hemisphere RMSE between Sum and
Full normalized by the spatial standard deviation of Full.
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contrast, there is an extra step when nudging sea ice to a PI target in a 2X climate because106

sea ice needs to expand into regions of warm water. The water must be cooled to the freez-107

ing point of -1.96�C (Figure 1b) before sea ice can grow, resulting in it taking on the order of108

decades for sea ice to reach the target PI climatology. Aside from cooling seawater in regions109

where ice growth is necessary, no sea surface temperature nudging is performed.110
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Figure 1. Schematic of nudging methodology for a) melting ice in a Preindustrial (PI) climate, and b)
growing ice in a doubled CO2 (2X) climate. c) Summary of simulations, showing the relationship of the
global mean SAT to nudged Arctic sea ice area (SIA) in winter (DJF), and the nudged SIA in relation to the
target SIA (vertical lines).
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that our sea ice perturbation is operational year-round but does not conserve energy – in con-116

trast to sea ice perturbation studies in which the albedo is modified, but energy is conserved117

[Scinocca et al., 2009; Blackport and Kushner, 2016, 2017]. The nudging flux is a “ghost"118
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Figure 2. Supplementary. a) The isolated zonal mean temperature response, [T], to Arctic sea ice loss

(ICEcold) in DJF in color (�C), overlaid with climatological control simulation (here, CPI IPI ) contours. b)

is as a) but shows the isolated response to doubling CO2 (CO2hi). c) is as a) but shows the sum of ICE and

CO2. d) is as a) but shows the response to the combined forcings. Panels e-h), and i-l) are as a-d) but show

the zonal mean geopotential height [Z] and zonal mean zonal wind [U] responses, respectively. Stippling

indicates a significant response at the 95% level using a two-sided Student’s t test (no significance testing is

performed for Sum).
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Pattern	  Scaling	  on	  Temperature

For	  small	  change	  in	  global	  mean	  temperature	  𝛿𝑇(,

𝛿𝑍 = 𝑍 𝑇( + 𝛿𝑇( − 𝑍 𝑇( ≈
𝜕𝑍
𝜕𝑇(

𝛿𝑇(	  

Santer et	  al.	  1990,	  Tebaldi	  and	  Arblaster 2014

ANN	  Surface	  Temperature	  Response	  Per	  Global	  mean	  temperature,	  CMIP5



Can	  we	  Pattern	  Scale	  on	  Sea	  Ice?

NCAR	  
CESM1

CanESM2

Blackport	  and	  Kushner	   	  2017;
Hay	  et	  al.	  in	  prep.



Pattern	  Scaling	  on	  Multiple	  Variables
• Assume	  field	  𝑍 depends	  parameterically on	  internal	  
integrated	  variables	  𝑋1 (e.g.	  surface	  temperature,	  sea	  
ice	  extent,	  …).

• Want	  to	  know	  sensitivities	  of	  𝑍 to	  separate	  change	  in	  
each	  𝑋1:

𝜕𝑍
𝜕𝑋12 3

45

• Assume	  coupled	  simulations	  generate	  responses	  
𝛿𝑍6 with	  distinctive	  responses	  𝛿𝑋1:

𝛿𝑍6 =7𝜕𝑍
𝜕𝑋12 3

45
𝛿𝑋1,6

1
• We	  infer	  sensitivities	  by	  inverting	  this	  relationship.



Pattern	  Scaling	  on	  low-‐latitude	  temperature	  𝑇9 and	  sea	  ice	  𝐼

𝑍 = 𝑍 𝑇9, 𝐼

𝜕𝑍
𝜕𝑇9

;
<

𝜕𝑍
𝜕𝐼 ;=>

=
𝛿𝑇9,? 𝛿𝐼?
𝛿𝑇9.A 𝛿𝐼A

BC 𝛿𝑍?
𝛿𝑍A

𝛿𝑍 = 𝑍 𝑇9 + 𝛿𝑇9,𝐼 + 𝛿𝐼 − 𝑍 𝑇9, 𝐼

𝛿𝑇9 ,	  𝛿𝐼,	  𝛿𝑍
• From	  coupled	  model	  

simulations	  𝑅 and	  𝐴.

Sensitivity	   to	  𝑇9 or	  𝐼 changes,	  
with	  the	  other	  held	  fixed.
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𝑍 = 𝑍 𝑇9, 𝐼

𝜕𝑍
𝜕𝑇9

;
<

𝜕𝑍
𝜕𝐼 ;=>

=
𝛿𝑇9,? 𝛿𝐼?
𝛿𝑇9.A 𝛿𝐼A

BC 𝛿𝑍?
𝛿𝑍A

𝛿𝑍 = 𝑍 𝑇9 + 𝛿𝑇9,𝐼 + 𝛿𝐼 − 𝑍 𝑇9, 𝐼

𝛿𝑇9 ,	  𝛿𝐼,	  𝛿𝑍
• From	  coupled	  model	  

simulations	  𝑅 and	  𝐴.

Sensitivity	   to	  𝑇9 or	  𝐼 changes,	  
with	  the	  other	  held	  fixed.

Blackport	  and	  Kushner	   	  2017

𝛿𝑍? 𝛿𝑍A

𝜕𝑍
𝜕𝐼
;
=>

𝛿𝐼?
𝜕𝑍
𝜕𝑇9

;
<
𝛿𝑇9,?

(a)	  =	  (b)+(c)

(b) (c)

CESM1	   Δ𝑇 ,	  ANN
𝑹 simulation 𝑨 simulation

𝑻𝒍 response 𝑰 response



CESM1	  Δ𝑇KL,MNO

Coupled	  Model	  
Experiments

Diagnosed	  
Decomposition

Blackport	  and	  Kushner	   	  2017

𝑹 simulation 𝑨 simulation

𝑻𝒍 response 𝑰 response



CESM1	  Δ[𝑈MNO]

CESM1	  Δ𝑆𝐿𝑃MNO

𝑻𝒍 response 𝑰 response

𝑻𝒍 response 𝑰 response



𝚫𝑺𝑳𝑷𝐃𝐉𝐅 (hPa)

Hay	  et	  al.	  in	  prep.

𝑰 response𝑻𝒍 response

CESM1 CanESM2 CESM1 CanESM2

𝐼 response	  similar	  in	  several	  papers:	  
Sun	  et	  al.	  2015
Deser	  et	  al.	  2016
Blackport and	  Kushner	  2017
Oudar et	  al.	  2017

(𝐼 response	  similar	  to	  that	  found
in	  Oudar et	  al.	  2017)• Strengthened	  Aleutian	  Low	  and	  Eurasian	  high	  seen	  in	  several	  

papers:	  Sun	  et	  al.	  2015,	  Deser	  et	  al.	  2016,	  Blackport and	  Kushner	  
2017,	  Oudar et	  al.	  2017

• Robust	  sea	  ice	  loss	  response	  seen	  in	  several	  other	  fields:	  surface	  
temperature,	  u850,	  precipitation

• Response	  to	  low	  latitude	  warming	  is	  less	  robust	  except	  in	  summer.	  
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• Key	  point	  #1:	  AOGCM	  simulations	  of	  sea	  ice	  
loss	  are	  worth	  carrying	  out	  despite	  the	  
computational	  cost,	  and	  we	  can	  use	  pattern	  
scaling	  for	  further	  insight.

• Key	  point	  #2: Sea	  ice	  loss	  and	  radiative	  forcing	  
responses	  are	  remarkably	  separable,	  enabling	  
attribution.

• Key	  point	  #3: The	  response	  to	  sea	  ice	  loss	  is	  
more	  robust	  across	  models	  than	  the	  response	  
to	  low	  latitude	  warming,	  especially	  in	  the	  
North	  Pacific.

• Topics	  of	  current	  interest:	  a	  few	  slides.
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Figure 3. Agreement, A, between ICEcold and CO2hi for a) SAT, b) SLP, c) Z500, and d) U700. Measure
of A defined in text. Regions where sea ice counters the response to CO2 are negative (blue), whereas regions
where sea ice amplifies the response to CO2 are positive (red). Agreement will only be near zero if both ICE
and CO2 have near-zero responses. Units are consistent with previous figures.
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Figure 6. Supplementary. Agreement, A, between ICEwarm and CO2lo for a) SAT, b) SLP, c) Z500, and

d) U700. Measure of A defined in the main text. Regions where sea ice counters the response to CO2 are neg-

ative (blue), whereas regions where sea ice amplifies the response to CO2 are positive (red). Agreement will

only be near zero if both ICE and CO2 have near-zero responses. Units are consistent with previous figures.

Figure 7. Supplementary. Agreement, A, between ICEcold and CO2hi for a) zonal mean temperature [T],

b) zonal mean geopotential height [Z], and c) zonal mean zonal wind [U]. Measure of A defined in the main

text. Regions where sea ice counters the response to CO2 are negative (blue), whereas regions where sea ice

amplifies the response to CO2 are positive (red). Agreement will only be near zero if both ICE and CO2 have

near-zero responses. Units are consistent with previous figures.

–6–

“Agreement”	  𝑨	   = 	   (|𝑰| + |𝑪|)𝐬𝐢𝐠𝐧(𝑰)𝐬𝐢𝐠𝐧(𝑪)

M
cC
us
ke
r	  
et
	  a
l.	  
su
bm

itt
ed
,

Diagnosing	  Feedbacks in	  CanESM2



𝚫𝑻𝐃𝐉𝐅 	  from	  SST	  warming	  
caused	  by	  sea	  ice	  loss

Blackport and	  Kushner	  in	  prep.



Are	  CESM1	  and	  CanESM2	  consistent?

CESM	  Sea	  Ice	  Albedo	  
and	  CanESM2	  Sea	  Ice	  
Loss	  (𝐴 simulations)

𝐼 response
Hay	  et	  al.	  in	  prep.

𝑇9 response

Spatial	  pattern	  
correlation	  
between	  
CESM1	  and	  
CanESM2	  
responses



Zonal	  mean	  DJF	  𝑻 Response	  to	  Sea	  Ice	  Loss

Coupled	  ocean	  atmosphere	  GCM

• Why	  is	  the	  Arctic	  free	  tropospheric	  response	  to	  
sea	  ice	  loss	  amplified	  in	  the	  coupled	  model?

AGCM



Response	  to	  Midlatitude	  Surface	  Heating
• Simplified	  
aquaplanet GCM.

• Transient	  (10-‐20)	  
day	  response.

• Response	  roughly	  
organized	  by	  𝜃e
distribution.

• Response	  	  warms	  
and	  stabilizes	  the	  
polar	  troposphere.	  
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Fajber,	  Kushner,	  Laliberte in	  prep.



• Topics	  of	  current	  interest:
– Consistent	  strengthening	  of	  the	  Aleutian	  Low
– The	  “tug	  of	  war”	  on	  the	  circulation	  response	  over	  
the	  North	  Atlantic

– The	  non-‐additivity	  in	  the	  shoulder	  seasons.
– A	  positive	  feedback	  from	  the	  North	  Pacific	  SST	  to	  
the	  Arctic	  mid	  troposphere.	  
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Extra	  slides



Entropy	  Perspective

• Moist	  isentropic	  circulations	  in	  extratropical	  
dynamics	  (Juckes 2000,	  Frierson	  2008,	  Wu	  and	  
Pauluis 2014,	  Laliberté	  and	  Kushner	  2014)

• Isentropes link	  the	  Arctic	  troposphere	  to	  the	  
midlatitude	  surface.

5.1. RADIATIVE FORCING AND TEMPERATURE 131

Figure 5.8: The zonally averaged potential temperature in (top) the annual mean,
and averaged over (middle) December, January and February (DJF) and (bottom)
June, July and August (JJA).

132CHAPTER 5. THEMERIDIONAL STRUCTUREOFTHEATMOSPHERE

Figure 5.9: The zonal average, annual-mean equivalent potential temperature, θe,
Eq.(4.30).

the tropics, downward in the extratropics) does so very slowly, so that it
has time to adjust its potential temperature to ambient values in response
to weak diabatic processes. However, air can be exchanged more rapidly
across the tropopause gap since it can do so adiabatically by moving almost
horizontally along isentropic surfaces between the tropical upper troposphere
and the extra-tropical lower stratosphere.

The latitudinal temperature variation of the stratosphere is consistent
with the incoming radiation budget: its temperature is greatest at the sum-
mer pole, where the averaged incoming radiation is most intense. However,
in the troposphere the pole remains far colder than the tropics, even in sum-
mer. The polar regions, after a long cold winter, remain covered in highly
reflective ice and snow (which do not have time to melt over the summer)
and so have a high albedo (typically around 60%, compared to the global
average of about 30%; cf. Fig. 2.4 and Table 2.2). Thus, the solar radiation
absorbed at the surface is substantially lower at the poles than in the tropics,
even in summer.

Annual	  Mean	  Potential	  Temperature Annual	  Mean	  Moist	  Potential	  Temperature

http://paoc.mit.edu/labweb/notes/chap5.pdf

𝜽 𝜽𝒆



• Circulation	  is	  also	  impacted	  by	  coupling.

AGCM

Zonal	  mean	  DJF	  𝑼 Response	  to	  Sea	  Ice	  Loss

Coupled	  ocean	  atmosphere	  GCM



Ocean	  warming	  from	  sea-‐ice	  loss

Sea	  ice

Ocean

Atmosphere

Turbulent	  
heat	  flux

T↑

Lateral	  mixing	  by	  
atmospheric	  circulation

Lateral	  mixing	  by	  ocean	  
circulation

T↑

Blackport	  and	  Kushner	   in	  prep.



Zonal	  mean	  DJF	  𝑻 Response	  to	  Sea	  Ice	  Loss

Coupled	  ocean	  atmosphere	  GCM AGCM

Slab	  Ocean	  Model	  +	  AGCM



Midlatitude	  Responses	  in	  GCMs	  (Frierson	  2008)

the proper way to interpret these simulations. It is im-
portant to note that the poleward shift of the jet and the
factor of f/! is a very important factor in improving the
agreement in Fig. 10a. The increase in latitude of maxi-
mum EKE allows larger static stabilities without in-
creased meridional gradients, by increasing f and de-
creasing ! in Eq. (1). We additionally plot the
Schneider (2004) scaling theory for these quantities in
Fig. 11. This theory does similarly well to the baroclinic
adjustment formulation in this case, with large devia-
tions occurring for the high temperature cases, and a
fairly linear scaling for the colder simulations. In the
Schneider (2004) framework, again both the poleward
shift of the jet and the f/! factor are important in im-
proving the agreement in the colder cases.

We next examine the moist theory of midlatitude
static stability in Fig. 10b. The theory of Eq. (2) shows
excellent agreement for all simulations, now that the
two shifts in circulation are taken into account. As in
Fig. 5b, all of the simulations here lie on a line whose
slope is slightly greater than one that intercepts the
origin. Changes in tropopause height are most impor-
tant in improving the scaling relation from Fig. 7b, but
changes in the latitudes also contribute. It is somewhat
remarkable that while the dry theory shows agreement
only in a certain range of simulations, the moist theory
shows no such disagreement over any parameter re-
gime. As in the idealized GCM, wherever the surface
equivalent potential temperature gradients are larger,
the moist stability increases in an approximately linear

FIG. 9. (a) Bulk dry stability (K) and (b) bulk moist stability (K) between the surface and the tropopause,
averaged within 25° of the latitude of maximum eddy kinetic energy for the full GCM simulations. See text for full
definition of stabilities.

FIG. 10. Bulk stability (up to tropopause) vs meridional gradients, averaged 25° around the latitude of maximum
eddy kinetic energy for the full GCM simulations. (a) Dry stability vs midtropospheric potential temperature
gradient times f/!. (b) Moist stability vs surface equivalent potential temperature gradient.
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• Bulk	  stability	  up	  to	  tropopause	  versus	  𝜃e gradient	  
of	  baroclinic zone	  in	  aquaplanet comprehensive	  
GCMs.
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Questions

• Can	  we	  improve	  on	  the	  prescribed	  SST	  framework	  
to	  study	  this	  feedback	  process?

• Moist	  isentropic	  mechanisms	  are	  better	  
established	  in	  summer/shoulder	  seasons.	  In	  
winter,	  can	  it	  be	  disentangled	  from	  other	  
mechanisms,	  such	  as	  tropical	  moisture	  driving	  
surface	  polar	  amplification	  (Sukyoung Lee	  et	  al.)?

• What	  are	  the	  broader	  implications	  of	  this	  
enhanced	  Arctic	  tropospheric	  warming?



How	  might	  Arctic	  free	  tropospheric	  warming	  impact	  
surface	  Arctic	  amplification?

LETTERS NATURE GEOSCIENCE DOI: 10.1038/NGEO2071

Figure 1 | Arctic amplification in CMIP5 models. a, Zonal mean surface
temperature change for the last 30 years of the CMIP5 4⇥CO2 experiment
compared with the last 30 years of the control run. Box and whisker plots
show the median (lines), 25th to 75th percentiles (boxes) and full spread
(whiskers) of temperature change averaged over the tropics (30� S–30�N)
and the Arctic (60�N–90�N). b, Bars show the intermodel mean warming
for di�erent seasons. Intermodel mean warming is 11.2 K in the Arctic
and 4.3 K in the tropics. Arctic warming is strongest in winter
(15.9 K) and weakest in summer (6.5 K). March–May, MAM;
September–November, SON.

Based on a conventional decomposition of feedbacks using TOA
fluxes (Fig. 2a), the largest contributor to Arctic amplification is
the lapse-rate feedback, followed by the surface albedo and Planck
feedbacks. Although in absolute terms, the surface albedo feedback
contributes slightly more to Arctic warming, the lapse-rate feedback
additionally reduces tropical warming and thereforemakes a greater
contribution to Arctic amplification, as can be inferred from the
distance to the 1:1 line. The water vapour feedback and CO2

radiative forcing both lead to greater warming in the tropics,
opposing Arctic amplification23,24.

Instead of considering warming and moistening of the atmo-
sphere as separate feedback mechanisms, they can be understood as
one feedback caused by warming at constant relative humidity, plus
a small feedback accounting for changes in relative humidity 25. This
feedback decomposition assigns only a slightly larger contribution
toArctic amplification to the alternative lapse-rate feedback (Arctic:
+3.8 K, tropics:�2.2 K) than to the surface albedo feedback (Arctic:
+5.7 K), whereas the e�ect of the alternative Planck feedback on
Arctic amplification is close to zero. In the fixed relative humidity
framework, the contributions of the temperature–moisture and

the surface albedo feedback to Arctic amplification are thus of
roughly equal importance.

Arctic warming is stronger in winter (December–February,
DJF) than summer (June–August, JJA; Fig. 1b). The strong winter
warming has been linked to the release of heat stored in the
ocean and to increases in downwelling longwave radiation26, but
a quantitative understanding of the seasonal cycle of individual
feedback mechanisms is lacking. From a TOA perspective, the
surface albedo and water vapour feedbacks contribute to stronger
summerwarming but are outweighed by seasonal heat storage in the
ocean and the lapse-rate feedback (Fig. 2b). Seasonal heat storage
in the ocean, including latent heat of melting sea ice, mitigates
about two-thirds of the summertime e�ect of surface albedo change.
Heat from the ocean is released to the atmosphere in winter,
which in combination with the positive lapse-rate feedback causes
the well-known pattern of winter-amplified Arctic warming. In
summer, when atmospheric stability is much weaker than in winter,
the Arctic lapse-rate feedback is actually slightly negative.

Surface temperature change can be readily understood through
TOA fluxes if the troposphere is essentially well-mixed and changes
in the tropospheric temperature profile follow simple physical
principles, such as the steepening of the moist adiabat in a warmer
climate 24. These assumptions do not hold in the Arctic, where
a positive lapse-rate feedback represents a decoupling between
surface and troposphere. The TOA-based feedback decomposition
is thus internally consistent, but somewhat unsatisfying from a
physical point of view, because the Arctic lapse-rate feedback
reflects the breakdown of an assumption of vertical coupling rather
than a specific physical mechanism. By analysing feedbacks at the
surface in addition to the TOA, we can further understand what
causes the surface amplification of Arctic warming reflected in the
lapse-rate feedback (Fig. 2c).

At the surface, the temperature feedback can be decomposed into
a negative surface warming feedback (longwave radiation emitted
from the surface) and a positive atmospheric warming feedback
corresponding to the downwelling longwave radiation received by
the surface. The largest contribution to Arctic amplification arises
from the surface temperature feedback and is due to the smaller
increase in longwave emissions per unit of warming at colder
temperatures. This nonlinear dependence of blackbody emissions
on temperature plays a greater role from a surface than a TOA
perspective because the meridional temperature gradient at the
surface is larger than that in the troposphere. The atmospheric
temperature feedback contributes to Arctic amplification because

Figure 2 | Warming contributions of individual feedback mechanisms. a, Arctic versus tropical warming from a TOA perspective. b, Arctic winter versus
summer warming. c, Arctic versus tropical warming from a surface perspective. For a,c, feedbacks above the 1:1 line contribute to Arctic amplification,
whereas feedbacks below the line oppose Arctic amplification. Grey is the residual error of the decomposition. ‘Ocean’ includes the e�ect of ocean
transport changes and ocean heat uptake.
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Pithan &	  Mauritsen 2014

• Coupled	  response	  to	  sea	  ice	  loss	  influences	  Arctic	  
lapse	  rate	  and	  related	  radiative	  feedbacks.



Δ 𝑇 ,	  DJF
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Change	  in	  subseasonal	  𝑇KLvariability,	  DJF

Coupled	  Model	  
Experiments

Diagnosed	  
Decomposition

Blackport	  and	  Kushner	  (in	  press)



• Sea	  ice	  loss	  creates	  a	  
more	  maritime	  
environment.

• Stronger	  ocean-‐
atmosphere	  coupling	  
and	  polar	  
amplification	  reduce	  
temperature	  
variability	  over	  the	  
ocean	  and	  close	  to	  
coasts.

• We	  generally	  find	  
that	  polar	  
amplification	  leads	  to	  
a	  weakening	  of	  the	  
storm	  tracks,	  but	  with	  
lots	  of	  structural	  
details.

Distributions	  of	  T2m	  at	  Selected	  Points,	  CCSM4

Time	  Spectra	  for	  CCSM4	  Experiments

Blackport	  and	  Kushner	  2016
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Figure 1. SLP 2-6 day filtered variance, expressed in standard deviations. (a): Response

in CCSM4 albedo-forced experiment mutiplied by ratio of SIA loss in CESM1 to SIA loss in

CCSM4. (b) Response in CESM1 albedo-forced experiment. (c) Response in RCP8.5 forced

simulation.
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Figure 1. SLP 2-6 day filtered variance, expressed in standard deviations. (a): Response

in CCSM4 albedo-forced experiment mutiplied by ratio of SIA loss in CESM1 to SIA loss in

CCSM4. (b) Response in CESM1 albedo-forced experiment. (c) Response in RCP8.5 forced

simulation.
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Figure 2. DJF pattern scaling decomposition of RCP8.5 forced simulation, applied to the

2-6 day filtered variance response fields. (a): SLP, low latitude warming contribution. (b) SLP,

sea ice loss contribution. (c) Z500, low latitude warming contribution. (d) Z500, sea ice loss

contribution.
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Figure 2. DJF pattern scaling decomposition of RCP8.5 forced simulation, applied to the

2-6 day filtered variance response fields. (a): SLP, low latitude warming contribution. (b) SLP,

sea ice loss contribution. (c) Z500, low latitude warming contribution. (d) Z500, sea ice loss

contribution.
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Figure 2. DJF pattern scaling decomposition of RCP8.5 forced simulation, applied to the

2-6 day filtered variance response fields. (a): SLP, low latitude warming contribution. (b) SLP,

sea ice loss contribution. (c) Z500, low latitude warming contribution. (d) Z500, sea ice loss

contribution.
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contribution.
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DJF	  Sea	  Surface	  Salinity	  Response
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Experiments

Diagnosed	  
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Hay	  et	  al.	  in	  prep.



DJF	  Ocean	  Surface	  Temperature	  Response

Coupled	  Model	  
Experiments
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any change in turbulent heat flux, so may be a result of the low SLP response causing both warm 

air advection and increased wind stress preventing upwelling. Understanding these SST changes 

in more detail will be the subject of a future study. 

 

Figure 4.1: (a) The DJF mean SST response (°C) for the ensemble mean of the CESM1 RCP8.5 
forcing experiment, expressed as the difference between the 2057:2066  epoch and the 
2027:2036 epoch. (b) As in (a), but for the CESM1 sea ice albedo forcing experiments, 
expressed as the difference between the sea ice albedo perturbation experiment and the Year 
2000 control experiment. (c) The diagnosed SST response to low-latitude surface warming using 
the decomposition, used in Chapter 3. (d) As in (c), but for the response to sea ice loss. Note that 
Panels (c) and (d) sum to Panel (a). 

Hay	  et	  al.	  in	  prep
Blackport	  and	  Kushner	   in	  prep.



Can	  we	  Isolate	  the	  Impact	  of	  Sea	  Ice	  Loss	  on	  Circulation?

CAM4	  Sea	  Ice	  Loss 𝚫 𝑻CCSM4	  Sea	  Ice	  Loss 𝚫 𝑻CESM1	  RCP8.5𝚫 𝑻

Deser	  et	  al.	  2015


