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Among the notable circulation features during the anomalous warm event, multiple blocking events occurred 
during this period (refer to Methods). A large contrast in the blocking activity before and a!er the storm event 
was noted. Before the decaying date of Storm Frank (i.e., 31 December 2015), the blocking detection algorithm 
does not detect any single blocking event in the Northern Hemisphere for the period from 25 December to  
31 December 2015 but detects a blocking event a!er 1 January 2016 over Scandinavia and northwestern Russia 
(Supplementary"Fig."S3). Although positive geopotential height anomalies occurred over Europe while Storm 
Frank was in his earlier stage over the eastern coast of North America (25 to 28 December), the algorithm does 
not detect them as blocking areas because these anomalies did not pass the thresholds. Meanwhile, it should be 
noted that the preexisting low-frequency waves in#uenced the storm trajectory. However, Supplementary"Fig."S1 
demonstrates that the intensive cyclonic circulation embedded in the low-frequency waves served an essential 
role in initiating the abrupt Arctic warming event on 28 December (Supplementary"Fig."S2).

During the first week after the storm termination, a blocking event was initiated over the European 
region (light green curves in Fig."3a). The occurrence of the European blocking (or Scandinavian block-
ing) after the breaking of an Atlantic windstorm is not a rare event but has been discussed in previous  
studies27,28. In our case, the northeastward intrusion of low potential vorticity at 350 K was observed over western 
Europe while Storm Frank was traversing the ocean between Greenland and Europe during 29–31 December 
2015 (Supplementary"Fig."S4). $is feature is a distinct feature of the anticyclonic wave breaking of synoptic 
waves27. $e average pattern of the mid-tropospheric circulation anomaly also re#ects the blocking feature over 
Scandinavia and northwestern Russia (Fig."3b). In this situation, the anticyclonic #ows induced by the blocking 
helped the warm maritime air to #ow into the Arctic.

During the next two weeks (8 to 20 January), notable changes in circulation occurred. As depicted in Fig."3d, 
two major blocking activities for this period occurred. $e blocking activity over the European region slightly 
moved eastward and changed its axis of orientation northeastward and the blocking activity around Greenland 
enhanced considerably (Fig."3e). $e two blocking highs in the troposphere of the Arctic Circle contributed to 
the large increase of the PCH in mid-January, as depicted in Fig."1b. Note that the SAT anomalies depicted in 
Fig."3a"and"d coincided with the geopotential height anomalies, which indicates that the warming was largely 
sustained by the circulation anomalies. However, the enhancement of the Greenland blocking and the eastward 
migration of the European blocking reversed the poleward transport of moist and warm air from the North 
Atlantic Ocean. $us, the SAT anomaly became smaller though remained positive (Fig."1a).

In addition to the extreme Arctic warming, the sea ice concentration along the ice margin of the Barents and 
Kara seas decreased substantially (Fig."3c"and"f). Compared with the %rst week, the sea ice slightly recovered dur-
ing 8–20 January due to the changed circulation feature but remained lower than normal. $e sea ice reduction 
caused an increase in the ocean heat release by upward turbulent heat #ux anomalies over 70 W m!2 (with a max-
imum heat #ux anomaly of 141 W m!2) along the ice margin for an average of 20 days (Supplementary"Fig."S5).

Based on the observational features, the role of the moist and warm air intrusion for the extreme Arctic warm-
ing is distinct but an additional contribution of bottom heating by turbulent heat #uxes cannot be eliminated 
for the reduced sea ice state during this event. Two competing heating sources have been a popular topic for 
understanding time-mean Arctic warming in the previous literature16,17,29–31. A number of studies attributed the 
bottom-heavy warming characteristics of Arctic ampli%cation to increased upward turbulent heat #uxes by sea 

Figure 2. Anomalous atmospheric and SST conditions for the initial date (day !3) and the peak date (day 
0) of Storm Frank. (a) SST (shading) and storm trajectory (purple line), (b) 300-hPa zonal wind, (c) Eady 
growth rate between 200 and 850 hPa, (d) 850-hPa moisture #ux (arrows) and its convergence (shading), (e) 
850-hPa temperature #ux (arrows) and its convergence (shading), (f) surface downward longwave radiation 
(downward positive), and (g) SAT. $e NCAR Command Language (NCL) with version 6.3.0 (http://dx.doi.
org/10.5065/D6WD3XH5) was used to generate the maps in this %gure.
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maintained during the entire month of January, which produced a record anomalous Arctic-mean temperature21. 
In particular, the SAT locally increased to the extreme value of approximately 30 °C higher than the normal SAT 
in January over the Eurasian Arctic sector. !is event appeared to be super-extreme in the sense that no warming 
event had developed as rapidly as this event or maintained for such a long period (Supplementary"Table"S1). !is 
case is ‘unprecedented’ for the available period of modern data and provides an invaluable opportunity to scruti-
nize a slice of extreme warming in the Arctic.

In this study, we show that the extreme storm event caused a large heat and moisture intrusion into the Arctic and 
triggered the subsequent operation of multiple feedback mechanisms, resulting in the record Arctic warming event.

�������
�������������������������ͶͷͼǤ� First, we recon#rm that the Arctic warming event that occurred in 
January 2016 was record-breaking in multiple aspects (Fig."1a). !e Arctic-wide temperature increase, which 
was measured by the polar cap temperature anomaly (PCT; refer to Methods) at the beginning of the event was 
abruptly initiated, as indicated by an increase of approximately 6 °C in three days. !is increase was a historical 
record; the highest daily temperature anomaly corresponds to a level beyond the 3.5 standard deviation level. 
!e PCT retained the values at a record level for more than 15 consecutive days. At the beginning of the record 
Arctic warming event, the extreme Atlantic storm Frank entered the Arctic Circle. Table"1 lists the top #ve strong-
est windstorms that have occurred in the North Atlantic since 1958. According to the table, the lowest central 
pressure of 913 hPa was recorded for the storm that occurred in January 1993. Storm Frank ranked as the fourth 
strongest storm when the lowest central pressure reached 928 hPa.

Figure 1. Observed anomalies of SAT and normalized geopotential height over the polar cap. (a) Polar cap 
(north of 65°N) SAT anomalies (red line) and (b) normalized polar cap geopotential height anomalies (shading) 
at 32 pressure levels from 1 November 2015 to 28 February 2016. In (a), the range of historical daily SAT 
anomalies are shaded using the data from 1979–80 to 2014–15 and the transparent red bar indicates the lifetime 
of Storm Frank. !e black solid lines in (b) show zero anomalies.
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The objective of the proposed workshop is to bring together interdisciplinary 
expertise from atmosphere, ocean, and sea ice communities to 
• gain further insight into the processes of each climate system component 

and interactions across these components involved in the extreme events; 
• synthesize results to improve understanding of feedback processes; 
• identify key questions and knowledge gaps; and 
• suggest a way forward to make progress on the topic. 

Objectives:

Deliverable:
• A workshop summary/recommendation to funding agencies; 
• A review/synthesis paper (a discussion session on May 21)
• …



• What are the physically based metrics that can consistently detect extreme
events at different temporal and spatial scales?

• What are the large-scale atmosphere, ocean, and sea ice settings and underlying
processes/mechanisms for conditioning occurrence of extremes?

• What are the regional or local scale atmospheric and oceanic drivers for
occurrence of extremes?

• What are the feedback processes between large-scale and regional scale
systems and across atmosphere, sea ice, and ocean to cause extreme events?

• How do the long-term changes (past + future) in the Arctic/global climate system
impact the processes mentioned above?

• Where are the sources of predictability of extreme events at different temporal
and spatial scales?

Overarching Scientific Questions to stimulate discussions:



Workshop sessions

1. Perspectives from the changing Arctic climate system

Extremes events are a part of the climate system.
Changes in extremes and mean variable often associated, metrics, 
Broad perspectives needed. Here 8 talks.

2. Observed and modelled extreme climate and weather events in the Arctic

A lot of attention on the occurrence and strength of extremes.
Case studies and statistical analyses addressing many variables, regions, and seasons. 
7 talks today - tomorrow

3. Large-scale feedbacks, processes and teleconnections

Extreme events forced by local and remote mechanisms -> complex feedbacks on 
various scales, including tropical teleconnections. 7 talks on Wednesday



4. Synoptic- and meso-scale systems, air-sea-ice interactions and driving 
mechanisms

Synoptic cyclones and Polar lows -> strong impacts on societies -> a lot of attention.
Also strong impacts on the climate system. 8 talks on Thursday

5. Attribution, future projection and impacts

Reasons for changes in extremes? Attribution to AA? Extreme events in the future? 
Their impact e.g. on navigation?  Answers given in 5 talks on Friday.

Discussion and synthesis: Reviewing state of knowledge and identifying research 
gaps and future directions

Saturday: Optional writing session


