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ARCTIC  AMPLIFICATION



Sea  Ice  Decline



Sea  Ice  and  Snow  Cover  Decline



Annual  Cycle  of  Arctic  Temperatures

Courtesy	  of	  Fred	  Laliberte/Lawrence	  Mudryk



Sea  Ice  loss  and  full  AA  

Pithan and	  	  Mauritsen (2014)
Sea	  ice	  loss	  is	  not	  the	  biggest	  contributor	  to	  AA



Sensible  heat  flux  and  downwelling
longwave  radiation

Courtesy	  of	  Tingting Gong	  (Units:	  W	  m-‐2 yr-‐1)	  



WARM  ARCTIC-COLD  
CONTINENTS/EURASIA



Arctic  Warmth  reaches  to  the  Stratosphere



Arctic  Amplification

Cohen	  et	  al.	  2014	  Review	  paper

DJF Area-Averaged Temperature Anomalies
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Arctic  Amplification  - Jet  Stream

Francis	  and	  Vavrus 2012
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Extensive	  Snow	  Forced	  Cold	  Signal	  



Reduced	  Sea	  Ice	  Forced	  Cold	  Signal	  

Kim	  et	  al.	  2014

observations model

Some	  model	  runs	  forced	  with	  low	  sea	  ice	  have	  been	  able	  to	  simulate	  atmospheric	  response	  
as	  observed.
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Synthesis  of  Sea  Ice  and  Snow  Cover  

Cohen	  et	  al.	  2014	  Review	  paper



Challenges  with  Data  and  Models  
• Scarcity  of  observations  in  the  Arctic

• Uncoordinated  modeling  studies  

• Biases  and  uncertainties  in  metrics  for  quantitative  
analysis  

• Short  time  series  in  observations  since  AA  

• Model  deficiencies

• The  climate  system  is  complicated



Scarcity  of  Arctic  Observation  Stations

Courtesy	  of	  
Wendy	  Ermold,	  
University	  of	  
Washington



Mid-latitude  Weather  is  Complicated
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Modeling Studies on Linkage Between Arctic 
Change and Mid-latitude Climate and Weather

- Progresses and Challenges

Xiangdong Zhang and Judah Cohen

IARPC, May 25, 2017
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Figure 3 | Atmospheric circulation anomalies linked to Arctic
temperature. Linear regression of sea-level pressure (Pa) (a,b) and
300 hPa geopotential height (m) (c,d) with respect to de-trended monthly
ART1 (a,c) and ART2 indices (b,d) during December–February for the
period of 1979/1980–2013/2014. Shading denotes significant values at
95% confidence level based on a Student’s t-test.

flow is established, it develops further and expands to the east
owing to anomalous cold advection at the climatologically cold
surface28. The eastward expansion of the anomalous west-Russian
anticyclone is linked to an intensified Siberian High, leading to cold
advection and frequent occurrence of cold events over East Asia28,29.
It is noteworthy from Fig. 3a,c that significant positive anomalies
appear over the North Atlantic, centred near 40� N, upstream of the
ART1 region. Likewise, significant negative anomalies are evident
over the subtropical North Pacific, upstream of the ART2 region.
These statistical results suggest that regional Arctic warming and
their downstream teleconnection patterns could be influenced by
such upstreamdisturbances30. The role of the upstreamdisturbances
in the Arctic-to-extratropical connections needs further study (for
example, Supplementary Fig. 5).

The upper-level circulation shows that the anomalous
west-Russian anticyclone is quasi-equivalent barotropic, and
accompanies anomalous cyclonic flow in the downstream region of
far eastern Siberia (Fig. 3c). This cyclonic anomaly can be explained
by Rossby wave propagation from the upstream anticyclonic
anomaly. Such an upper cyclonic anomaly implies an intensified
andwestward-shiftedAsian trough, closely related to a stronger East
Asian winter monsoon with more frequent cold extreme events29.

Circulation patterns associated with ART2 are seemingly di�er-
ent from those with ART1. For example, the SLP responses over the
Arctic are opposite. However, there is great dynamical similarity,
particularly in the downstream regions. There is an anomalous
equivalent barotropic anticyclone near the Arctic warming area and
anomalous cyclonic flow in the downstream regions (Fig. 3b,d).
The anomalous anticyclone implies a weakened Aleutian Low and
more frequent North Pacific blocking events31. Associated northerly
winds bring cold Arctic air into northern North America.

The above results clearly indicate that regional warming over the
Arctic Ocean can a�ect extratropical climate in the downstream re-
gion by inducing a downstream teleconnection pattern. To substan-
tiate the Arctic-to-extratropical connections in the observations,
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Figure 4 | Modelling support on the relationships between Arctic
temperature and SAT over the NH extratropics. a,b, SAT anomalies
regressed on de-trended monthly ART1 (a) and ART2 indices (b) during
December–February for the period 1979/1980–2012/13 from observation
(contour) and CM2.1 model experiments (shaded). The pattern correlation
coe�cients between the observation and the model experiments over
30�–90� N are denoted in the upper right side of the figure. c,d, Regression
coe�cients of SAT over the East Asia region on the ART1 index (c) and SAT
over the North America region on the ART2 index (d) during
December–February in the 39 CMIP5 simulations. Red and orange bars
show the coe�cients from the observation and the CM2.1 model
experiments, respectively. Green bars show the coe�cients from the
CMIP5 models, and blue bars denote the multi-model ensemble mean. The
scale bars represent a range of 95% confidence levels from internal
variability using a Monte Carlo approach.

idealizedmodel experiments were carried out using a coupled global
climate model (GCM). In the six model experiments, sea surface
temperature (SST) in the Arctic region was restored to the historical
SST but themodel was fully coupledwith the oceans in other regions
(see Methods). The sea-ice concentration simulated in the model
mostly follows the observational evolution, indicating that sea ice
quickly adjusts to the SST evolution.

For these model simulations, a similar correlation analysis of
de-trended ART1 and ART2 with SAT is performed (Fig. 4a,b).
Figure 4a shows that, for ART1, the model gives a similar pattern
of negative correlation of SAT over the Eurasian continent, the
negative correlation being again strong over East Asia. The pattern
correlation between the observations and the model simulation is
0.90, indicating high similarity between model responses and the
observations. More importantly, the model quantitatively repro-
duces the regression coe�cient of the observations (compare red
and orange bars in Fig. 4c). For ART2, the model simulation also
captures the overall negative SAT correlation over northern North
America well. The pattern correlation between the observation and
model simulation is very high at 0.90, although regression coe�-
cient is underestimated (Fig. 4d). In addition to the SAT pattern,
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Arctic  warming  forced  
changes  in  SAT
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Figure 2 | Observed and simulated changes in boreal winter BKS sea-ice concentration and CEUR SAT associated with BKS sea-ice. a, Histogram of
winter BKS sea-ice concentration changes from 1979–1989 to 2002–2012 in the 50 AOGCM simulations. The red vertical line shows the observed change3.
The box at the top shows the histogram mean (centre line), the 95% confidence interval on the mean (inner box), and the 95% confidence interval of the
histogram (outer box). b, As for a, but showing CEUR SAT changes in the AOGCM simulations, and related to BKS sea-ice changes as inferred from the
interannual correlation of CEUR SAT with BKS sea-ice in each simulation. The red vertical line shows the observed change1. c, As for b, but showing CEUR
SAT in AGCM control and perturbation simulations. Each histogram is made up of fifty 11-year average elements (see Methods).

Our AGCM simulations consist of five pairs, each 120 years in
length andwith external forcing set at 1984 values. The ‘control’ sim-
ulation in each pair has sea-ice concentration, sea-ice thickness, and
global sea surface temperature (SST), taken from one of five inde-
pendent AOGCM simulations, fixed at their climatological monthly
values averaged over 1979 to 1989. The ‘perturbation’ simulation in
each pair has these quantities fixed at their 2002–2012 climatological
values in the Arctic only, and at 1979–1989 climatological values
everywhere else (see Methods). This methodology, while allowing
for the isolation of Arctic sea-ice loss, does not incorporate air–sea
interaction and therefore ignores ocean feedbacks that could a�ect
the magnitude of the response pattern such that warming is under-
estimated23 (seeMethods). The choice to use the AOGCMoutput as
boundary conditions in the AGCM was made so that multiple sea-
ice forcing patterns could be tested, so that surface boundary forc-
ings are physically consistent, and so that AGCM results could be
cleanly compared with their AOGCM counterparts. Supplementary
Fig. 4 shows the five simulated patterns of change in winter sea-ice
concentration. While BKS sea-ice loss is seen in all cases, there are
di�erences in the extent and magnitude of these changes.

Figure 2c shows histograms of independent 11-year averages of
CEUR temperature in the control and perturbation simulations.
Here the five 120-year simulations have been combined. The hori-
zontal boxes show the 95% confidence intervals on the mean CEUR
SAT (inner box) and the 95% range of values (outer box). Themeans
of the histograms are statistically consistent (p=0.34) and there is
no evidence of a change in shape of the distributions (as confirmed
by application of the Kolmogorov–Smirnov test, p=0.84), which,
had that been the case, could have indicated a change in the prob-
ability of unusually cold CEUR temperatures given BKS loss. These
results are insensitive to the choice of Eurasian box, and are also
supported when considering each of the five 120-year simulations
individually (Supplementary Fig. 5). In Supplementary Fig. 5 we
also show that our results hold in an additional 120-year pair of
simulations using the pattern of observed sea-ice concentration
change3 (shown in Supplementary Fig. 4). Further, the influence of
internal variability dominates over the e�ect of the pattern of sea-ice
loss, since the CEUR SAT responses to the separate patterns of sea-
ice loss are statistically indistinguishable.

Regarding earlier conflicting results on the influence of BKS
sea-ice loss on CEUR surface temperature, we note that in our
experiments, averaging over an insu�cient number of years in a

given simulation pair can produce regionally significant continental
cooling. For example, one AGCM simulation pair has a significant
CEUR cooling of 0.70 �C for a 40-year period (p< 0.05), where
the full 120-year average is �0.10 �C and not significantly di�erent
from zero. Thus, sampling uncertainty may help to reconcile our
results with previously published results that utilize fewer years
and fewer patterns of ice loss than we have here (for example,
refs 13,15,21 utilize 28, 40 and 50 years, respectively). Additionally,
our AGCM boundary conditions are epoch average di�erences
and may help to reconcile other conflicting results based on BKS
sea-ice composites (such as ref. 14; see Supplementary Fig. 6 and
Supplementary Information for further discussion of di�erences to
earlier work).

Atmospheric circulation link to Eurasian cooling
To help understand what drove the Eurasian cooling, if not sea
ice loss, we turn our attention to atmospheric circulation. On
an interannual basis, anticyclones over the BKS region have been
linked to CEUR cooling9,13,24 but this connection has not been
established on the decadal timescale considered here. To explore
this we define a circulation index, 1Z , as the anomalous 500 hPa
geopotential height25 di�erence from 1979–1989 to 2002–2012
between the BKS and CEUR regions. Atmospheric dynamics dictate
that an increase in 1Z approximately reflects the movement of
cool polar air towards CEUR and warm air away from CEUR
resulting in anomalous cooling in the region. This is consistent
with a large negative correlation that exists between interannual
fluctuations in winter 1Z and winter CEUR surface temperature
in ERA-interim reanalyses since 1979 (r=�0.90) and in twentieth-
century reanalyses26 since 1900 (r = �0.88). We note that 1Z is
related to theArcticOscillation (AO) andNorthAtlanticOscillation
(NAO) indices obtained from the NOAAClimate Prediction Center
(r=�0.54 and r =�0.38 for the AO and NAO, respectively), but
explains more SAT variance in the CEUR region.

Our assertion that circulation drives temperature, rather than
vice versa, is supported in a correlation analysis of seasonal
variations in circulation and winter temperature in twentieth-
century reanalyses (Supplementary Fig. 7a), as well as in an analysis
of epoch di�erences in AOGCM circulation and temperature
(Supplementary Fig. 7b). In either case, correlations are larger
when circulation leads surface temperature rather than vice versa.
The interannual relationship is well represented in the individual

840
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However,  other  model  simulations  show  diversified  results



ANNULAR MODE RESPONSE
(NOVEMBER-MARCH DAILY COMPOSITE, 11YRS)

Kim et al. (Nature Communications, 2014)

of Eurasian SCE forcing, demonstrating robustness of
the model results.
Figure 4 shows the simulated sea level pressure (SLP)

and zonal-mean vertical structure differences between
light and heavy snow runs for early summer. The model
simulated June SLP anomaly patterns well capture its
strong projection on the negative NAM phase as iden-
tified in the observations, although the significance level
of the statistical analysis is relatively smaller than that
shown in the observational data because of the small
number of model ensembles. The June SLP anomaly
patterns are also similar to the results of Overland et al.
(2012). At the same time, rising motion occurs over
around 508N, while subsidence occurs over subpolar
latitudes contributing to subarctic lower- to midtropo-
spheric warming. In July, the rising motion moves
northward over around 608–708N, and subsidence ex-
tends to the entire Arctic, causing Arctic warming in the
lower-to-middle troposphere. These results are consis-
tent with and reinforce the observational and dynamic
results analyzed above (Figs. 1c and 2): that is, earlier
spring snowmelt leads to anomalously negative SLP

over Eurasia and positive SLP over theArctic, which has
strong projection on the negative phase of NAM. In late
summer, however, Eurasian snow cover is completely
gone and feedback from decreased sea ice becomes
more prominent, which may amplify the deceleration of
the subpolar jet originally forced by earlier snowmelt
(Fig. 3d), leading to a persistently and strongly negative
NAM-like atmospheric circulation anomalies.
Summer zonal-mean wind anomalies and tropo-

spheric warming over the Arctic associated with the
June Eurasian SCE and September Arctic SIE are also
remarkably similar (not shown). This negative NAM is
marked by strong easterly anomalies (deceleration of
the subpolar jet) over the subpolar region, forming
surface cyclonic anomalies over northern landmasses
and anticyclonic anomalies over the Arctic Ocean (Figs.
1c,d). The intensified surface anticyclonic circulation
favors sea ice transport via transpolar drift and export
out of the Arctic Ocean through Fram Strait (Ogi and
Wallace 2007), which in turn contribute to Arctic sea ice
loss (Fig. 5). It shows a pronounced reduction of sea ice
occurring in all shelf seas where September sea ice exist

FIG. 3. Zonal-mean zonal wind (shaded; m s21), EP flux (vectors; kg s22), and the EP flux divergence (contour
interval is 0.3m s21 day21 with the zero contour omitted) regressed onto standardized June Eurasian SCE for
(a) April, (b) May, (c) July, and (d) August. Convergence (divergence) is indicated by dashed (solid) contours.
Vertical length of the vector is 200 times larger than its horizontal length. White contours indicate statistical
significance at the 95% level for zonal-mean zonal wind.
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Arctic  Oscillation  (AO)

+ -

Eurasian  cold  
winter

Kim  et  al.  2014

Matsumura  et  al.  2014 J.  Wallace,  UW

NASA

Atmospheric  dynamics  linking  Arctic  sea  ice  retreat/warming  to  
midlatitude  climate  and  weather  



• Negative  NAO  (DJF,  mslp,  hPa)
• Deser  et  al  2016;;  Honda  et  al  2009;;  Seierstad  and  
Bader  2009;;  Mori  et  al  2014;;  Kim  et  al  2014;;  Peings
and  Magnusdottir 2014;;  Nakamura  et  al  2015  …

• Positive  NAO
• Screen  et  al  2014;;  Singarayer et  al  2006;;  Strey et  al  
2010;;  Orsolini  et  al  2012;;  Rinke et  al  2013;;  Cassano et  
al  2014  …

• Little  NAO  response
• Screen  et  al.  2013;;  Petrie  et  al  2015;;  Blackport  and  
Kushner  2016  …

• NAO  response  that  depends  on  the  forcing
• Alexander  et  al  2004;;  Petoukhov  and  Semenov  2010;;  
Sun  et  al.  2015;;  Pedersen  et  al  2016;;  Chen  et  al  2016  
...

Non-robust  AO/NAO  responses  (Doug  Smith  et  al.,  US  CLIVAR  
Workshop)  



Does  AO/NAO  really  play  a  role  in  linking  Arctic  and  midlatitudes?

AO-driven  temperature  
changes  do  not  
capture  the  Arctic  
amplification,  or  warm  
Arctic-cold  Eurasia.

+AO

-AO

No Amplified Arctic Warming



In  the  mid-1990s

AO ARP

Zhang  et  al.  2008  

Atmospheric  circulation  dynamics:  A  spatial  
pattern  shift  and  the  Arctic  Rapid  change  
Pattern  (ARP)

The  rapidly  changed  Arctic  from  the  mid-1990s  
to  the  early  2000s  provide  an  opportunity  to  
detect  this  circulation  change  signal.



Warm  Arctic  – Cold  Eurasia

An  increase  in  frequency  of  occurrence  of  negative  ARP  during  recent  
years

Enhanced  transport  of  warm  
and  moist  air  into  the  central  
Arctic  Ocean  and  cold  air  to  the  
Eurasian  midlatitude  in  the  
extremely  negative  ARP  phase.  

2015/16 Winter



Emergence  of  the  ARP  pattern  in  the  fully  coupled  model  experiment:  
CESM1  RCP  8.5  forcing  experiment

Sea Ice Loss Related Responses

SLP 2 m Air Temperature

Blackport and  Kushner  2017



Experiment  – Time Slice Forcing

1.
 A

M
IP

Control Present-day Climatological  SST  and  Sea  Ice  (SIC)

SST
pi Pre-industry SST

2  degree Future  2  degree  warming  SST

Arctic  SIC
pi Pre-industry SIC

2  degree Future  2  degree  warming  SIC

Antarctic  SIC
pi Pre-industry SIC

2  degree Future  2  degree  warming  SIC

2.
 C

ou
pl

ed

Control Constrained  by  Present-day Climatological  SIC

Arctic  SIC
pi Constrained  by  Pre-industry SIC

2	  degree Constrained by  Future  2  degree  warming  SIC

Antarctic  SIC
pi Constrained by  Pre-industry SIC

2	  degree Constrained  by  Future  2  degree  warming  SIC

Polar  Amplification  – Multi-model  Intercomparison Project  (PA-MIP)
- D.  Smith  et  al.,  partially  supported  by  the  H2020  APLICATE



Summary
• No  consensus  has  been  reached  among  the  modeling  studies;;

• Dynamic  process  linking  Arctic  and  midlatitude  has  not  been  well  understood,  
impacting  selection  of  metrics  to  evaluate  model  performance;;

• Uncertainties  exist  in  defining  and  prescribing  forcing  in  AGCM  or  CGCM  
simulations;;  

• Impacts  of  model  systematic  biases  have  not  been  well  investigated;;

• Influence  or  modulation  by  tropical  and  midlatitude  forcing  remains  unclear.  

Proposed  effort

• Coordinated  modeling  experiments  and  analysis  – same  design,  forcing,  and  
analysis  metrics  but  different  models.

- PA-MIP:  A  great  component.


