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Topics 
Provide motivation for why we are all here 

•  Arctic amplification (AA) 

•  Extreme weather 

•  Overview of theories on AA-midlatitude weather 

•  Challenges – theories, observations and models 

•  Natural variability 

•  Goals/review paper 

•  Summary 
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Global Warming Trend 



ARCTIC AMPLIFICATION 



Sea Ice and Snow Cover Decline 



2m	temperature	anomalies	for	70-90oN	from	1950-1980	baseline		

2014	
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5oC	
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2016	

data	from	NCEP	reanalysis/ESRL	J.	Francis:	francis@imcs.Rutgers.edu	

Annual Cycle of Arctic Temperatures 



SIPN	Final	Report	2016	
	

Weather/	Sea	ice	loss		Feedbacks	

Sea	Ice	Extent	



Thinning of central Arctic from combined Submarine, ICESat,  
and CryoSat-2 records 

Kwok	and	Cunningham	(2015)	
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Sea Ice Loss and Arctic Temperatures 

  

Arctic Working Group Telecon – October 1st, 2015

1) Local response to sea ice loss and causes for Arctic Amplification

Increase in surface temperature (decrease of the surface temperature inversion) 

Increase in cloud cover, moisture, precipitation

Warming and increase in thickness of the lower troposphere

Response of autumn (SON) surface temperature to observed sea ice loss 

Screen et al. (2014)CAM3 UM7.3



Sea Ice loss and full AA  

  

Arctic Working Group Telecon – October 1st, 2015

Perlwitz et al. (2015)

Role of SIC vs decadal ocean variability and internal variability 

1) Local response to sea ice loss and causes for Arctic Amplification

Sea ice loss is not the only contributor to AA 

AMIP : SST + sea ice

SIC : sea ice only 

LTOC : long-term 
oceanic trend
 
DOV : decadal 
oceanic variability

Perlwitz	et	al.	(2015)	



EXTREMES 
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Extreme Weather 
a)	Trend	in	total	wet-day	precipitaTon	[mm/year]	 b)	Very	wet	day	precipitaTon	

c)	Trend	in	very	wet	day	precipitaTon	[mm/year]	

e)	Trend	in	warm	days	[%	of	days/year]	 f)	Number	of	icing	days	

g)	Warm	summer	months	(%	of	land)	 h)	Cold	winter	months	(%	of	land)	

d)	Coldest	daily	minimum	temperature	

Cohen	et	al.	2014	
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Extreme Snowfall 



Trends in Extremes 

Source:	MunichRe	



WARM ARCTIC/COLD 
CONTINENTS 



Arctic Amplification 

Cohen	et	al.	2014	Review	paper	

DJF Area-Averaged Temperature Anomalies

(a)

(b)

(c)

DJF Area-Averaged Temperature Anomalies

(a)

(b)

(c)



Arc-c		
(70oN	to	90oN)	

Mid-la-tudes	
(30oN	to	60oN)	

Anomaly	rela-ve	to	1981-2010		

2016	

Data	from	NOAA/NCEP/ESRL		J.	Francis:	francis@imcs.Rutgers.edu	
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	 Arctic	Amplification:	

Record	High	

January-October Air Temperature Anomalies 



Warm Arctic Cold Continents 

CRU		
land	data	
only	
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Seasonal Forecast Trends 
CMIP3 	 	 	 	 	 	 	 	 	ObservaTons	



ARCTIC AMPLIFICATION AND 
MID-LATITUDE WEATHER 



Theories linking AA to Mid-latitude Weather 

•  Changes to latitudinal temperature gradient 

•  Changes to the Jet Stream/blocking/wave speed 

•  Changes to atmospheric waves: 
−  Planetary waves (winter) 
−  Synoptic scale waves (summer) 

•  Changes to troposphere-stratosphere coupling 

•  Support of these theories are conditional and 
challenged by imperfect observations and models  



Arctic Warmth reaches to the Stratosphere 



Warm Arctic Cold Continents 
Triggers	for/out	of	

phase	with	
conTnental	
temperature	
anomalies	



November 2016 Sea Ice Anomalies 
Triggers	for/out	of	

phase	with	conTnental	
temperature	anomalies	

Biggest	sea	ice	
extent	anomalies	are	
in	the	Beaufort	Sea	
and	especially	in	the	
Barents-Kara	seas	-	
favorable	for	a	cold	
Eurasia.		



Ouaen	and	Esau	2012	
Kim	et	al.	2014	 James	Overland	

(a) (b) (c)

Figure S1

	sea	ice	-	Zhang	et	al.	2008	 snow	cover	-	Cohen	et	al.	2000	



Francis	and	Vavrus	2015	
Hartmann	2015	

James	Overland	
hap://www.aer.com/science-
research/climate-weather/
arcTc-oscillaTon	



Warm	ArcTc	Forced	Cold	Signal		

Kug	et	al.	2015	

Shown	are	both	
observaTons	and	
models 		



TROPOSPHERE VS. 
STRATOSPHERE PATHWAY 



Arctic Amplification - Jet Stream 

Francis	and	Vavrus	2012	



Arctic Amplification – Mid-latitude Weather 

Overland	et	al.	2015	



  

Arctic Working Group Telecon – October 1st, 2015

3) Teleconnection between Barents-Kara Seas and Siberia

Supported by, e.g., Kim et al. 2014, Kug et al. 2015, Liu et al. 2012, Mori et al. 2014, Pethoukov and Semenov 2010

Response of February air surface temperature to Barents-Kara sea ice anomalies 

Honda et al. 2009

Less sea ice, warming in the Barents-Kara Seas induce a 
cooling over Siberia/central Asia

Reduced	Sea	Ice	Forced	Cold	Signal		



High	Pressure	over	the		
Arc-c	and	frequent		
cold	air	outbreaks	

Regional	
Perturba-on		
over	Siberia	

Sept 			Oct	 						Nov 	 	Dec 	 	 	 	Jan 	 	Feb	

Increased	Eurasian	snow	cover	

Background		
Westerlies	

Stratospheric	Polar	Vortex	Weakens	

Nega-ve	Arc-c	Oscilla-on	

Upward	Energy	
	Flux	

Downward	propaga-on	of	High		
pressure	and	southward		
displacement	of	jet.	

warming	
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Extensive	Snow	Forced	Cold	Signal		



Reduced	Sea	Ice	Forced	Cold	Signal		

Kim	et	al.	2014	

observaTons	 	 	 	 	 	 	 	 	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	
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CHALLENGES- THEORY, 
OBSERVATIONS AND MODELS 



Challenges with Data and Models  
•  Short time series in observations since AA  

•  Uncoordinated	modeling	studies	 

•  Biases	and	uncertainTes	in	metrics	for	quanTtaTve	
analysis	 

•  Model	deficiencies	 

•  STll	more	and	more	observaTonal	and	modeling	studies	
argue	that	a	changing	ArcTc	is	influencing	mid-laTtude	
weather 



Mid-latitude Weather is Complicated 

L 
POLAR&VORTEX&

ARCTIC&AMPLIFICATION&

NH&MID2LATITUDE&
WEATHER&

NH&CRYOSPHERE&CHANGES&
! Summer/Early&Fall&ArcAc&Sea&Ice&Loss&
! Fall&Eurasian&Snow&Cover&Increase&
! Late&Fall/Winter&ArcAc&Sea&Ice&Loss&

NATURAL&VARIABILITY&
! Internal&Climate&Modes&

! Solar&Cycle&
! Volcanic&ErupAons&

CHANGES&IN:&&
! Storm&Tracks&
! Jet&Stream&

! Planetary&Waves&

GLOBAL&CLIMATE&&
CHANGE&

Cohen	et	al.	2014	



Elizabeth A. BarnesCSU

Internal atmospheric variability is large

- AMIP experiments with high and 
low sea-ice concentrations based 
on observed trends (1979-2009) 

- same forcing…different response!

100 years of Unified Model!
60 years of CAM!
Screen, Deser et al. (2013; CDYN)

area loss from 1979 to 2012, based on the National Snow

and Ice Data Center (NSIDC) sea-ice index (http://
nsidc.org/data/G02135), is 2.40 and 1.34 million km2 in

SON and DJF, respectively. Thus, the single-forcing

experiment represents a smaller (by 28 and 27 % in SON
and DJF) loss of sea-ice than observed from 1979 to 2012

and the double-forcing experiment represents a slightly

larger (by 5 and 10 % in SON and DJF) loss of sea-ice than
observed from 1979 to 2012. Figure 1c, d shows the cor-

responding differences in SST for SON and DJF, respec-
tively. In general, the SST warms where SIC decreases, and

vice versa. By design, SST is unchanged in regions of

constant or zero SIC change. The SIC and SST differences
in the double-perturbation experiment have the same spa-

tial patterns as in Fig. 1, but with differences that are larger

in magnitude (not shown).
Figure 2 shows the ensemble-mean Tref responses (a–c;

g–i) and associated values of Nmin (d–f; j–l), with the

panels arranged as follows. The first (a–c) and second (d–f)
rows correspond to SON and the third (g–i) and fourth (j–l)

rows to DJF. The first (a, d, g, j) and second (b, e, h, k)

columns are for the single-perturbation experiment in the
CAM and UM, respectively, and the third column (c, f, i, l)

is for the double-perturbation experiment.

In SON, both models show widespread and significant

warming over the Arctic Ocean and adjacent continents
(Fig. 2a, b). Unsurprisingly, warming is largest over the

regions of greatest ice loss (cf. Fig. 1a). The models are in

very close agreement. The most obvious difference is that
the warming extends further over Scandinavia and north-

eastern Russia in the CAM than UM. The DJF responses in

both models show four warming centres: the Barents Sea,
Hudson Bay, northern Bering Sea and the Sea of Okhotsk

(Fig. 2g, h). These regions correspond to areas of winter

sea-ice loss and associated SST warming (cf. Fig. 1b, d).
The atmospheric warming is largely confined to maritime

regions in the case of the Bering Sea and the Sea of
Okhotsk, but spreads to neighbouring land masses around

the Barents Sea and Hudson Bay. Farther away from the

regions of sea-ice loss, there are very few areas of signif-
icant Tref response in either model. The UM depicts sig-

nificant cooling over the Caspian Sea and CAM depicts

warming over central Asia.

a b

c d

-2 -1 0 1 2

Sea surface temperature (oC)

50 40 30 20 10 0 -10 -20 -30 -40 -50

Sea ice concentration (%)

Fig. 1 Ensemble-mean differences (PERT-CTRL) in sea-ice con-
centration (SIC) for a autumn and b winter. (c–d) As (a–b), but for
sea surface temperature (SST). Note the inverse scale for SIC
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Fig. 2 Ensemble-mean differences in autumn near-surface air tem-
perature (Tref) for a CAM PERT-CTRL, b UM PERT-CTRL and
c UM PERT*2-CTRL. Statistically significant differences (at the
p B 0.05 level) are enclosed by black contours. d–f Nmin for the
differences shown in (a–c), respectively. Grey shading denotes an
insignificant ensemble-mean difference. g–l As (a–f), but for winter
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Fig. 1 Ensemble-mean differences (PERT-CTRL) in sea-ice con-
centration (SIC) for a autumn and b winter. (c–d) As (a–b), but for
sea surface temperature (SST). Note the inverse scale for SIC
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Fig. 2 Ensemble-mean differences in autumn near-surface air tem-
perature (Tref) for a CAM PERT-CTRL, b UM PERT-CTRL and
c UM PERT*2-CTRL. Statistically significant differences (at the
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Fall Winter

perturbed sea ice minus control!
(similar to 2009-1979)

small regions show significant responses in the double-

perturbation experiment that are not significant in the sin-
gle-perturbation experiment. These are SLP increases over

the Bering Sea, Eastern Europe and eastern China. The

region of weak, but significant, SLP decrease over central
North America in the single-perturbation experiment is not

significant in the double-perturbation experiment.

Nmin for the SLP response is as low as 10 in the UM over
regions of maximum ice loss, especially in the double-

perturbation case, but Nmin values this low are only found
in very limited geographical regions (Fig. 5d–f, j–l).

Generally, approximately 30–50 ensemble members are

required to detect a significant SLP response, and upwards
of 50 members are required to detect a significant response

in remote regions. It is notable that even with 100 ensemble

members in the UM, very few mid-latitude regions show a
significant SLP response in the single-perturbation experi-

ment. Further, despite larger mid-latitude responses in

CAM, an ensemble size of 60 is insufficient for these to
achieve statistical significance. This implies that the remote

SLP response to recent Arctic sea-ice loss is considerably

smaller than AIV.
Figure 6 shows the zonal-mean Z responses. In SON, the

high-latitude response is baroclinic with Z decreases in the

lowermost atmosphere and Z increases aloft. Significant
zonal-mean Z responses are only found at 1,000 hPa. The

vertical profile is fairly consistent across the models and

experiments. Taken together, the SLP and Z responses in
SON are suggestive of a shallow thermal (heat) low in

response to sea-ice loss. Thermal lows can occur when cold

air overlies warmer water, as is the case in regions of sea-
ice loss (Higgins and Cassano 2009; Deser et al. 2010;

Strey et al. 2010; Orsolini et al. 2012). In DJF, the vertical

profile of the Z response is completely different. Both
models show a quasi-barotropic Z decrease over high

northern latitudes. This high-latitude Z decrease is signifi-

cant in the UM below 500 hPa, but only at 1,000 hPa in
CAM. Both models show Z increases over mid-latitudes. In

CAM, these extend throughout the troposphere, but are

only significant above 700 hPa. In the UM, Z increases are
found aloft but not at 1,000 hPa, and are shifted polewards

in comparison to those in CAM. They are insignificant in

the single-perturbation experiment, but significant above
850 hPa in the double-perturbation experiment. In all other

respects, the Z responses in the single- and double-pertur-

bation are very similar. Nmin for Z is high, typically 50 or
above in the single-perturbation experiment and only

slightly lower in the double-perturbation experiment.

In summary, the SLP and Z responses point to rather
different spatial and vertical structures to the circulation

responses in SON and DJF. In SON, the response is

baroclinic (restricted to the near-surface levels) and local-
ised. Similar local circulation responses to sea-ice loss have

been identified in other simulations (Higgins and Cassano
2009; Deser et al. 2010; Strey et al. 2010; Orsolini et al.

2012). By contrast in DJF, the circulation response is fairly

barotropic and more spatially extensive. This seasonal
transition from a local baroclinic response to a larger-scale

barotropic response was also noted by Deser et al. (2010),
although the horizontal structure of their winter responses

are rather different to that found here. In our CAM simu-

lations, the DJF responses project onto the positive phase
of the Arctic Oscillation (AO). This is in contrast to the

negative-type AO responses found in February by Deser

et al. (2010) and in DJF by Liu et al. (2012), both using
CAM but in response to projected future and past sea-ice

trends, respectively. Screen et al. (2013) reported a nega-

tive North Atlantic Oscillation (NAO) response in early-
winter (November–December) in the CAM and UM, but

cautioned that the response was weak and often exceeded

by AIV. The larger ensembles presented here do not sup-
port a shift towards to negative phase of the NAO in

response to observed sea-ice loss. Instead, in CAM the

response projects onto the positive NAO phase and in the
UM the response is not NAO-like. Thus, the wintertime

circulation responses (and their interactions with the large-
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geopotential height 
response [SON]

CAM UM

poleward 
jet shift no jet shift

Same sea ice forcing – different model response 
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Winter MSLP response to sea-ice loss	

j.screen@exeter.ac.uk	
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Petrie	et	al	2015	
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Extreme Weather 

•  Extreme weather is subjective and not well defined. 

•  Extreme weather is predicted to increase under climate 
change and AA is not needed to explain an increase in 
extreme weather. 

•  It is a challenge to identify which extremes may or may 
not be influenced by AA. 

•  Still extreme weather is what the public is most 
concerned about.  



NATURAL VARIABILITY 



Recent Cold Winters not Well Simulated 

Central	Asia	(McCusker	et	al	2016)		 	 	Central	N	America	(Sigmond	et	al	2016)	



Dynamical Winter Forecasts 2009/10-15/16 

Models	exhibit	warm	bias	relaTve	to	observed	winter	temperatures.	





US	Models	
	
	
	
	
	
	
	
	
	
	
	
InternaTonal/	
European	Models	

Dynamical Winter Forecasts 2016/17 
Triggers	for/out	of	

phase	with	
conTnental	
temperature	
anomalies	



Dynamical Winter Forecasts 2016 



Winter Forecasts 2016 



Is it Natural Variability? 
•  How to explain the dramatic temperature change from 

warm to cold from fall to winter, like an on/off switch? 

•  It is seven/eight years running of cold winters (obs vs. 
forecast), which less than 1% probability due to chance. 

•  The dynamical models have incorrectly predicted all as 
warm winters over continents. 

•  Forecasts that are based on boundary forcings have 
performed better. 

•  There is strong radiative forcing to warm the climate 
and the predictions were for winter amplification.  

•  The temperature anomalies for this fall/winter match 
long term trends and those theorized based on AA. 



GOALS/REVIEW PAPER 



Previous Workshops 
•  NaTonal	Academy	of	Sciences	–	September	2013	

–  Large	gaps	in	our	understanding		
–  short	observaTons	
–  conflicTng	modeling	studies	

•  Barcelona	Spain	–	December	2014	
–  AaribuTon	is	controversial	
–  Linkages	will	be	regional	
–  PotenTal	for	improving	seasonal	forecasts	

 
		

	 

•  Reykjavik	Iceland–	November	2013	
–  Topic	is	controversial	
–  There	is	liale	agreement	on	mechanisms	
–  Is	a	major	science	challenge	&	may	benefit	long-range	

forecasts	



Goals 

•  White	Paper	
•  Review	Paper	
•  Special	Issue	

•  Put	forth	five	ideas	where	we	have	made	advances	
–  ArcTc	hot	spots/mid-laTtude	response	



Review Paper 
•  ArcTc	rapid	change	

–  Thermodynamic	forcing	
–  Dynamic	forcing	
–  TeleconnecTon,	i.e.,	Tropical	forcing	

•  Next	steps	
–  ObservaTons	
–  Modeling	

 
		

	 

•  ArcTc	mid-laTtude	linkages	–	Focus	on	seasonal	and	regional	
linkages,	sources	of	inconsistence,	controversy,	and	uncertainTes		
–  Warm	Barents-Kara	Seas	-	Cold	Eurasia		
–  Warm	Beaufort	Sea	–	Cold	North	America	
–  Slower	Jet	Stream	
–  Greenland	Blocking/ice	sheet	melt	
–  More	amplified	waves/persistent	weather	
–  Summer	extremes	



Arctic&Mid)latitude&Linkages&
White&paper&outline&)))&To&be&refined/improved&during&the&workshop&

US#CLIVAR#Arctic.ML#Linkage#Workshop#OC#–#Jennifer#Francis,#Thomas#Jung,#Ronald#Kwok,#
James#Overland,#Xiangdong#Zhang,#Judah#Cohen#

#
Arctic&rapid&change&–&Emergence&of&new&forcing&(external&and&internal)&for&atmosphere&
circulation&

1.! Prominent#Evidence:#(1)#amplification#of#warming#.#temperature#trend#divergence#
between#high.#and#mid.#latitudes;#(2)#acceleration#of#sea#ice#and#snow#decline#
(regionally#and#seasonally#varying).#

2.! Thermodynamic#forcing:#(1)#anthropogenic#forcing#–#downwelling#longwave#radiation;#
(2)#albedo#feedback#.#induced#by#sea#ice#and#snow#retreat;#(3)#greater#water#vapor#
including#local#and#remote#sources;#(4)#increasing#ocean#heat#content.#

3.! Dynamic#forcing:#(1)#atmospheric#circulation#change#–#local#and#hemispheric;#(2)#
poleward#heat#transport#in#atmosphere#and#ocean;#(3)#poleward#moisture#transport#and#
cloud#radiative#forcing.##

4.! Teleconnection:#Tropical#forcing#–#convection#induced#changed#in#atmospheric#
circulation.#

5.! Consequence:#Changes#in#SLP,#geopotential#height,#polar#vortex.#
#
Arctic&mid)latitude&linkages&–&Focusing&on&seasonal&and&regional&linkages&and&emphasizing&on&
sources&of&inconsistence,&controversy,&and&uncertainties&of&existing&studies&&&

1.! Observations:#(1)#seasonal#climate#.#anomalously#cold#winter#and#hot#summer;#(2)#
extreme#events#–#statistics#of#cold#spells,#heat#waves,#floods,#and#droughts.#

2.! Most#studied/proposed#mechanisms#–#(1)#in#depth#review#of#mechanisms#ranked#by#
consensus;#(2)#uncertainties#due#to#metrics#and#analysis#approaches#employed.#

3.! Warm#Barents#Kara#Seas#–#cold#Eurasia#
a)! Northwestward#expansion#and#strengthened#Siberian#high#
.! Due#to#low#sea#ice#
.! Due#to#high#Eurasian#snow#cover#
.! Rossby#wave#train#
.! Enhanced#poleward#heat#flux#
b)! Weakened#polar#vortex#
c)! Spatial#shift#of#hemispheric#atmospheric#circulation#
d)! Changes#in#storm#track#dynamics#

4.! Warm#Beaufort#Sea/Bering#Strait#–#cold#North#America#
a)! Rossby#wave#train##
b)! Slower#zonal#Jet#Stream#and#amplified#waves#–#persistent#circulation#pattern#
c)! Greenland#Blocking#.#Greenland#Ice#sheet#melt##

5.##Alteration#or#modulation#by#tropical#and#extratropical#forcing#–#e.g.,#ENSO,#AMOC,#PDO#
#
& &

Next%steps%–%recommendations%
1.! Observations.

a)! Forcing.data.sets.available.to.investigate.Arctic6midlatitude.linkage.
b)! Arctic.air6ice6sea.interaction.–.pathways.of.Arctic.forcing.signals.into.hemispheric.

atmospheric.circulation.
c)! Metrics.to.identify.forced.signals.of.atmospheric.circulation.from.natural.variability.

.
2.! Modeling.

a)! Uncertainties.caused.by.Experiment.design.and.forcing.prescription.
b)! Uncertainties.caused.by.model.systematic.errors.
c)! Coordinated.experiments.

.

.



Summary 
•  The globe is warming with the past three years the warmest in 

the observational record. 
•  The Arctic is warming two to three times as fast as the rest of 

the globe (AA) in part due to melting sea ice and snow cover 
and heat/moisture transport.  

•  Concurrently it appears that extreme weather has been 
increasing.   

•  Natural variability, observational limitations and model 
shortcomings make this a difficult problem. 

•  Correct understanding/simulation of cryosphere coupling 
remains a challenge but presents great opportunities and our 
hope that this workshop will make a significant contribution to 
future progress. 

•  Theories exist linking AA to mid-latitude weather including 
extreme weather. 


