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Abstract

We investigate winter Arctic Amplification (AA) on synoptic timescales and at regional scales using a daily version of the
Arctic Amplification Index (AAI) and examine causes on a synoptic scale. The persistence, frequency and intensity of high
AAI events show significant increases over the Arctic. Similarly, low AAI events are decreasing in frequency, persistence and
intensity. In both cases, there are regional variations in these trends, in terms of significance and timing. Significant trends
in increasing persistence, frequency and intensity of high AAI events in winter are concentrated in the period 2000-2009,
with few significant trends before and after this. There are some decreases in sea-ice concentration in response to synoptic-
scale AA events and these AA events can contribute to the decadal trends in AA found in other studies. A sectoral analysis
of the Arctic indicates that in the Beaufort—Chukchi and East Siberian—Laptev Seas, synoptic scale high AAI events can
be driven by tropical teleconnections while in other Arctic sectors, it is the intrusion of moisture-transporting synoptic
cyclones into the Arctic that is most important in synoptic-scale AA. The presence of Rossby wave breaking during high
AAI events is indicative of forcing from lower latitudes, modulated by variations in the jet stream. An important conclusion
is that the increased persistence, frequency and intensity of synoptic-scale high AAI events make significant contributions
to the interannual trend in AA.
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1 Introduction

Many recent studies show that since around 1980 the Arctic
has been warming at about twice the rate of hemispheric or
global warming, termed Arctic Amplification or AA (e.g.
Serreze and Francis 2006; Cohen et al. 2014; Overland et al.
Electronic supplementary material The online version of this 2018; Davy et al. 2018). This is related to key feedbacks
article (https://doi.org/10.1007/500382-020-05485-y) contains of global warming over the Arctic including the ice-albedo
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AA is greatest in autumn and winter where it is centred
over the Arctic Ocean, while in summer it is much weaker
and shifted over Arctic land masses (e.g. Serreze and Barry
2011; Cohen et al. 2018) due to different seasonal processes
and key feedbacks operating in different locations and the
ice-albedo feedback being absent over the ocean in summer.
Arctic winter warm hotspots are located in extreme northern
Canada, the Barents and Kara Seas and north of the Bering
Strait (Fig. 1a) and Fig. 1b shows the vertical structure of
zonal mean winter AA, with the familiar enhanced warming
in the lower troposphere also extending to the lower strato-
sphere, where the warming trend increases compared with
that for the upper troposphere. In summer, incoming solar
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Fig.1 Trends in (a) 2mT and (b) zonal mean temperature with alti-
tude for winters 1990-2018, using ERA-I. The regions used to cal-
culate regional AA indices are also shown in (a): BK Barents—Kara
Sea, ESL East Siberian-Laptev Sea, BC Beaufort—Chukchi Sea,
ARB Canadian Archipelago, GRE Greenland Sea
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radiation melts ice and is absorbed by the open ocean, rather
than warming the overlying air. This study focuses on the
enhanced AA in winter.

Liu and Barnes (2015) identify Rossby wave breaking as
a crucial mechanism which drives extreme moisture trans-
port into the Arctic. However, further south in winter appre-
ciable parts of Siberia and the central United States have
been cooling on average between 1990 and 2018 (Fig. 1a)
in a trend highlighted by Cohen et al. (2014), which has
been linked to AA (e.g. Overland et al. 2015; Hanna et al.
2017) but has also been attributed to internal atmospheric
variability (e.g. McCusker et al. 2016).

Many studies assess AA by examining trends in a range
of parameters on decadal timescales, and frequently quantify
such parameters in terms of anomalies (e.g. Screen and Sim-
monds 2010; Gong et al. 2017; Lee et al. 2017). While valid
and presenting important findings, anomalies can potentially
be misleading. For example, a positive heat flux anomaly
could in fact represent a less negative than usual raw heat
flux, and care must be taken with interpretation. Here we
adopt a different approach, using anomalies for AA itself but
using raw values of a range of parameters to better under-
stand warm events on synoptic timescales in the Arctic.

AA has previously typically been measured on monthly
or seasonal timescales. However, it is unclear how much
interannual trends at these timescales are significantly influ-
enced by synoptic-scale variability. Extreme AA events are
fundamentally driven by strong regional heating, e.g. from
ice or snow losses, or dynamical meteorology (circulation)
forcing at the synoptic timescale, for example involving a
split of the polar vortex and Atlantic/El Nifio teleconnections
(Overland and Wang 2016; Cullather et al. 2016), reinforced
by the above-mentioned feedbacks. Here we examine AA on
synoptic timescales and find that much of the trend in sea-
sonal AA arises from Arctic warming events on such short-
term timescales, with changes in the persistence, frequency
and intensity of these events making an important contri-
bution to overall AA. We make links between the regional
patterns and magnitude of extreme daily AA events and
synoptic meteorological forcing and relate synoptic-scale
AA events to different forcings from outside the Arctic. To
our knowledge, this is the first systematic study of AA on
synoptic timescales. In Sect. 2, we outline the datasets used,
and Sect. 3 presents the methods. Results of the investigation
are in Sect. 4, Sect. 5 is a discussion and there is a summary
of the main findings in Sect. 6.
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2 Datasets
2.1 Construction of AAI

AA can be measured in a number of ways; either by trends
in Arctic warming (e.g. Overland et al. 2018) or the dif-
ference in temperature anomalies between the Arctic and
lower latitudes (Davy et al. 2018). Here we adopt the lat-
ter approach, as used in many other studies (e.g. Francis
and Vavrus 2015), as trend analysis is not appropriate for
daily data where interest is focused on rapid changes on
synoptic timescales. AA datasets are typically based on
monthly datasets such as Goddard Institute for Space Sci-
ence (GISS) (Hansen et al. 2010) or HadCRUT4v (Morice
et al. 2012) global temperature records, which effectively
show gross-scale patterns and variations in AA (at monthly
or longer timescales) but not shorter-term AA fluctuations
and extremes. Recent improvements in reanalysis datasets
make it viable to study AA properties and changes at shorter
timescales. Here we construct and analyse a daily AA record
1979-2018 based on the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA-Interim (ERA-I)
reanalysis (Dee et al. 2011). Using this dataset we analyse
more detailed (higher-time-resolution) changes in AA over
these 40 years. 6-hourly 2-m air temperature data (2mT)
were used to calculate daily temperature means at the native
0.75%0.75° spatial resolution for the winter season (DJF).
Area-weighted means were calculated for 60-90°N and for
the whole Northern Hemisphere (NH). Daily temperature
anomalies were then calculated for each region as the depar-
ture of a given day’s temperature from the climatological
mean of that day of year, based on the period 1981-2010.
The daily AAI is defined as the difference between tem-
perature anomalies over 60—90°N and those for the whole
northern hemisphere. High AAI values are where the Arctic
temperature anomalies are greater than for the hemisphere
as a whole, while low AAI values indicate that Arctic
temperature anomalies are lower than those for the whole
hemisphere. For sensitivity analysis, an identical procedure
was followed but this time for temperatures north of 70°N
compared with the whole NH. The correlation between the
two daily time series (60°N, 70°N) for 1979-2017 is 0.81.
60°N is used here as it follows previous work (e.g. Davy
et al. 2018). The daily timeseries is dominated by fluctua-
tions in Arctic temperature, as temperature variations over
a whole hemisphere will be much less than for a smaller
region like the Arctic. We also investigated indices based on
the differences between 60—90°N and 0-60°N, and 60-90°N
and 30-60°N, but found no appreciable differences in the
timeseries. Although the daily Arctic Amplification Index
(AAI) is based on previous work, it is not a full normalisa-
tion procedure. A problem with using a standardised index

is that a method based on standardisation fails to capture
the increases in Arctic warming relative to lower latitudes,
as a standardised anomaly for lower latitudes is a much
reduced absolute temperature value than at higher latitudes:
thus while higher latitude absolute temperature anomalies
increase more rapidly than at lower latitudes, the standard-
ised anomalies can be of similar magnitude.

Several localised AA indices were also calculated. For
distinct regions within the Arctic Ocean we used sectors
identified by Screen (2017), where sea-ice variability in
each region is largely independent of that in other regions
(Fig. 1b). These are: Barents—Kara Seas (BK; 65-85°N,
10-100°E), East Siberian—Laptev Seas (ESL; 68—-85°N,
100-180°E), Beaufort-Chukchi Seas (BC; 68-85°N,
180-240°E), Canadian Archipelago—Baffin Bay (ARB;
63-80°N, 240-315°E) and Greenland Sea (GRE; 63—85°N,
315-360°E). For these indices, in line with Screen (2017)
we discount the region north of 85°N in calculating the AA
indices and note that the Canadian Archipelago region only
extends to 80°N, as polewards of this there is little variability
in sea ice concentration, much of the sea-ice being multi-
year ice where any response of sea-ice to AA would manifest
as changes in growth rate rather than sea-ice concentration.
ERA-I 2mT over the Arctic compares well both to observed
surface temperatures and to HadCRUT4 (Simmons and Poli
2014), and its update by Cowtan and Way, (2014) and has
been used in a number of Arctic climate studies (e.g. Lind-
say et al. 2014; Graham et al. 2017; Wilton et al. 2017) and
so is a logical choice for our daily AAI, although there is
an acknowledged warm winter-time bias over sea-ice. As
different processes operate over land and sea surfaces, land/
sea masks were also applied to the region polewards of 60°N
and the NH, to create separate AA indices for land and sea
regions of the Arctic.

2.2 Energy fluxes from ERA-I

To examine regional differences in energy flux and daily
AA, we use fluxes from ERA-I: sensible heat flux (SHF),
latent heat flux (LHF) and their sum to give turbulent heat
fluxes (THF), surface downward longwave radiation (DLR)
and vertical integrals of northward heat transport (NHT)
and northward water vapour flux (NWVT). The energy flux
terms are accumulated values so we obtain daily totals by
selecting timesteps 00:00 and 12:00 with steps equal to 12
h, to get the accumulated totals at 12:00 and 24:00. A sim-
ple daily total was then calculated. This can be converted
to Wm ~ 2 by dividing the values by the accumulation time
in seconds. Heat fluxes have a land mask applied, so values
were calculated over the ocean only, to avoid mixed signals.
NHT and NWVT were calculated as the quantities crossing
the southern border of the sector, expressed as quantities per
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metre. These energy flux parameters are presented as raw
data for reasons discussed above.

2.3 Potential temperature on the dynamical
tropopause

To assist in interpretation of daily AA events, we also use
potential temperature on the dynamical tropopause (the
surface with a constant potential vorticity of two potential
vorticity units (8 on 2PVU). Potential temperature is a con-
servative property of the atmosphere and allows the iden-
tification of Rossby wave breaking (RWB) events, which
may be significant in the polewards transport of moisture
(Liu and Barnes 2015). Previous studies (e.g. Thorncroft
et al. 1993; Strong and Magnusdottir 2008) identified two
types of wave breaking: cyclonic wave breaking (CWB) and
anticyclonic wave breaking (AWB), which are used here.

3 Methods
3.1 Trend analysis

Trends are calculated using the non-parametric Sen slope
test (Sen 1968) and significance of trends is calculated
using the Mann-Kendall trend test, autocorrelation being
accounted for using the pre-whitening method of Zhang
(2000). Significant trends are identified as those where
p<0.05. In addition to calculating trends over the whole
period, trends are also calculated for 11-year moving win-
dows and results are shown for a range of p-values (0.01,
0.05, 0.1).

3.2 Composite analysis

We present composite maps of 500 hPa geopotential height
(Z500) and 2mT differences between the 100 highest and
lowest AAI days for the Arctic and each region. The sig-
nificance (p <0.05) of any difference between composites is
assessed with a two-sided t-test and the p-values are adjusted
for field significance and multiple comparisons using the
false discovery rate of Benjamini and Hochberg (1996).

3.3 Markov chain analysis of frequency, persistence
and intensity of AAl events

We identify and analyse three different aspects of high or
low AAI events on a synoptic timescale: frequency, per-
sistence and intensity. Markov chain analyses (e.g. Wilks
2011; Kim et al. 2017a, b) were used to analyse changes in
the frequency and persistence of more extreme AAI events
with time. Daily time series were converted into dichoto-
mous variables based on yes/no exceedance of specific daily
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AALI thresholds, in this case, above the 90th percentile for
high AAI days and below the 10th percentile for low AAI
days. The specific thresholds vary according to season and
region. A two-state Markov chain can be used to assess the
frequency and persistence of such binary events, assuming
serial independence within the season in question. The fre-
quency of events is the number of events with the same con-
secutive state in a given period, so for example a single day
would count as one event, as would a run of four consecu-
tive days. Thus the number of groups where the threshold is
exceeded is counted, not the individual days exceeding the
threshold. The persistence of the occurrence groups is also
considered and is defined as the average number of consecu-
tive days per event as averaged across all events (groups).
The intensity of events was identified by taking the ten
highest and lowest AAI days within a season, and averaging
these, to give an indication of how the most extreme AAI
days within a season, both high and low, are changing over
time.

3.4 Evolution of high AAl events

To examine the evolution of high AAI events on synoptic
timescales we produce composites of energy fluxes, heat and
water vapour transport, daily AAI values and sea ice concen-
tration, based on the highest 5% of AAI days in winter (180
days), from 14 days before the maximum AAI to nine days
after. These high AAI days are split into separate events,
with the proviso that events (i.e. the dates of maximum AAI)
should be at least ten days apart. This results in around 40
separate events for each Arctic sector. The ERA-I convention
is that downward fluxes are positive.

Arctic Amplification Anomaly /°C

1985 1995 2005 2015
year

— Arctic __land sea

Fig.2 Seasonal means of daily AAI values in winter for the Arctic,
land and sea regions. Linear trends for each region are shown as dot-
ted lines. Only significant trends are shown
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4 Results

4.1 Frequency, persistence and intensity of high
and low AAl events

Seasonal means of daily AAI values for the Arctic, land
and sea are shown in Fig. 2, while the equivalent for
the Arctic sectors is Figure S1. All regions and sectors
show an overall positive trend of increasing AAI values,
although in some instances these are relatively slight and
not statistically significant (e.g. the Beaufort—Chukchi

seas, Figure S1). Trends for the Arctic, land and sea
regions are significant. The daily land AAI has a strong,
significant correlation with the Arctic AAI (0.93), but
correlates more weakly, but still significantly, with the
sea AAI (0.39). The sea AAI correlation with the Arc-
tic AAI is significant but moderate (0.70, DJF). Figure 3
shows that winter 11-year moving window seasonal trends
are significant for years centred on 2001-2004 for the
Arctic, Barents-Kara and East Siberian-Laptev sectors
and the land and sea regions, and significant trends in
the Beaufort-Chukchi Seas extend from 2002 to 2006
(p <0.1); however, the significant trends arise earlier for
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Fig.3 Significant positive (brown) and negative (blue) 11-year trends for seasonal means of daily AAI values. Year is the centre of the window.
Significance of trend is p<0.01 (dark); P <0.05, (medium); p<0.1 (light)
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Fig.4 Persistence and frequency of high and low AAI events, winter 1980-2018 for the Arctic, land and sea regions. Time series are smoothed
with a 3-year moving average. Linear trends found to be significant using the unsmoothed time series are shown as dotted lines
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the Canadian Archipelago (1994-1999). Interestingly
there are few significant trends in the period after this.

4.1.1 Frequency and persistence of AA events

Figure 4 shows the frequency and persistence of high and
low AAI events for winter for the Arctic, land and sea
regions, identified using Markov chain analysis. Figure S2
shows the same for the Arctic sectors. There are significant
decreases in the frequency of low AAI events for the Arc-
tic, land and sea regions and significant decreases in low
AATI event persistence in the Arctic as a whole and over
the sea (Fig. 4a, b). The Arctic, land and sea regions all
have significant increases in frequency of high AAI events,
while significant increases in persistence of high AAI events
are found for the Arctic and over the sea (Fig. 4c, d). In
the Arctic sectors, significant negative trends in frequency
(persistence) of low AAI events occur for the Barents-Kara
and Greenland (East Siberian-Laptev) Seas (Figure S2a,b).
Positive significant trends of high AAI events occur only
for frequency (Barents-Kara, East Siberian-Laptev, Green-
land; Figure S2c¢). The Beaufort-Chukchi seas and Cana-
dian Archipelago present an interesting contrast. There are
no significant trends in either persistence or frequency of
high and low AAI events. However, interannual variability
in frequency of low AAI events is much higher than for the
other sectors, while interannual variability in persistence of
low AAI events is very low (Figure S2). Low AAI events for
these regions are characterised by a high frequency but short
persistence, events being often restricted to single days. The
pattern for high AAI events is similar to those from other
sectors.

Arctic Amplification Index /°C

2000
year

2010

land sea —— Arctic

Fig.5 Intensity of high (solid lines) and low (dashed lines) AAI
events for Arctic, land and sea regions, smoothed with a three-year
moving average. Only significant linear trends are shown (dotted
lines), calculated from the unsmoothed time series
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4.1.2 Intensity of AA events

AAI event intensity is presented in Fig. 5 for the Arctic,
land and sea regions, and in Figure S3 for the other sectors.
There are significant positive trends over land for both low
and high AAI events, that is both tails of the distribution are
showing a significant shift towards more positive values, so
extreme cold events are becoming less intense while extreme
warm events become more intense. The only other signifi-
cant trend is a positive trend of high AAI values over the sea.
Here the high AAI events become distinct and consistently
higher than those for the Arctic and land regions around
2000 (Fig. 5a). Since 2012, there has been a decrease in both
high and low AAI events, which is most marked over land.
The intensity time series for the Arctic sectors show signifi-
cant trends for GRE for both high and low events (Figure
S3). ESL shows positive trends for both high and low AA
events, while there are further positive trends for low events
in BK and BC (Figure S3a).

4.1.3 Trends in persistence, frequency and intensity

All time series of frequency, persistence and intensity are
very noisy, showing greater interannual variability than the
magnitude of the overall trend, and a linear trend does not
always appear to be the best fit. For example, in the Arctic as
a whole, the frequency of high AAI events appears to have
little trend prior to 2000, then shows a marked increase to
around 2010 before flattening off again (Fig. 4c). To fur-
ther analyse trends of persistence and frequency and inten-
sity, 11-year moving window trends were calculated and
are shown in Fig. 6. Significant trends for low (high) AAI
events mostly show decreases (increases) in frequency, per-
sistence and intensity. The most significant winter trends for
the whole Arctic, land, sea, Barents-Kara and East Siberian-
Laptev Seas are concentrated between 2001 and 2009, while
other Arctic sectors show very few or no significant trends.
There are some outliers for the Arctic, Barents-Kara and East
Siberian-Laptev Seas in the 1980s and early 1990s, includ-
ing a number of 11-year trends of opposite sign to those
which would be expected from the overall time series. For
example, in the 1980s the Arctic shows significant increases
(decreases) in the persistence of low (high) AAI events. For
the Arctic, land and sea, significant decreases in persistence,
frequency and intensity of low AAI events occur earlier than
the significant increases in high AAI events (1998-2004 cf.
2000-2008, Fig. 6), while for the Arctic sectors, they are
more synchronous (Figure S4).
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4.2 Spatial variability of Z500 and 2mT during high
and low AAl events

Composite plots of Z500 and 2mT for the 100 highest AAI
days minus the 100 lowest AAI days for the 40 years are
presented for the Arctic, land and sea regions (Fig. 7) and
for the sectoral AAIs (Figure S5). These show some notable
differences between regions in the locations of temperature
and Z500 maxima and minima. For all regions and sectors
the composite differences in Z500 are co-located with areas
of significant high (low) 2mT differences. Where the two
sets of anomalies agree one can assume that Arctic surface
heat anomalies are probably more strongly related to and
driven by dynamical (circulation) changes, while near-sur-
face temperature anomalies that are unrelated to thickness
anomalies may have resulted from more localised/shallower
heat sources such as sea-ice removal increasing turbulent
heat flux from the ocean. Here comments concern high AAI
days: the converse is true for low AAI days.

For the Arctic, significant areas of increased Z500 heights
occur over Northern Siberia and centred on the north coast
of Alaska, with a region of significant height increase over
the central North Atlantic Ocean (Fig. 7a), while longitudi-
nally extensive regions of significantly lower heights extend
around the mid-latitudes. Significant positive temperature
anomalies occur over the central Arctic and the northern
coasts of Siberia and North America, with cold anomalies
stretching east-west over a broad swath of central Eurasia
and extending southeast from southwest Canada across
much of the central USA (Fig. 7d). This is the well-estab-
lished Warm Arctic-Cold Continents pattern (Overland et al.
2011; Chen et al. 2018) and generally corresponds with mid-
tropospheric height anomalies (Fig. 7a). The land-based AAI
events show a very similar pattern to those of the Arctic as a
whole (Fig. 7b, e), indicating that the more extreme Arctic
AAI days, both high and low, occur over land (54% shared
high days, 80% shared low days), rather than over the sea
(32% shared high and low days). The sea-based AAI shows
a monopole of high Z500 anomalies centred over the Kara
Sea, but extending eastwards to the Bering Strait (Fig. 7¢).
The 2mT anomaly is centred slightly to the North of the
7500 centre, closer to Svalbard (Fig. 7f). Low heights over
the UK and western Scandinavia coupled with high heights
over north Siberia, and a similar pattern of low heights south
of Bering Strait and increased heights over Alaska, indicate
the transfer of warm southerly air masses right up into the
central Arctic (Fig. 7a—c). Temperature and GPH differences
over Greenland, although significant, are more modest than
those found over Siberia and Alaska in winter.

Figure S5 show patterns for the locations of Z500 and
2mT anomalies for the Arctic sector AAIs. Z500 anoma-
lies occur at largely within the sector concerned, as do 2mT
anomalies although these are often located where warmer air
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flow anticyclonically around the Z500 anomaly, indicating
higher surface pressure. For the Canadian Archipelago, 2mT
anomalies, while significant, are weaker than for other sec-
tors, which, due to the location of the sector away from the
Arctic gateways, means more limited advection of warm air.

4.3 Energy fluxes for high AAl events

Figure 8 shows lead-lag composites for high AAI events,
illustrating changes in energy fluxes before and after the
maximum AAI day. THF are consistently positive (down-
ward) for the East Siberian-Laptev and Beaufort-Chukchi
sectors (Fig. 8a), peaking two days before the AAI maximum
(AAmax). THF for other regions are negative (upwards),
the upwards flux being greatest at maximum leads and
lags, when the vertical temperature and moisture gradients
between surface and atmosphere are greatest. This upwards
flux diminishes at AAmax as the vertical temperature gradi-
ent is reduced. Further reductions in upwards flux will arise
as the air overhead contains more moisture, reducing the
upward latent heat flux (not shown). The distinction here
between positive and negative THF regions is between areas
with high sea ice concentration (SIC), which reduces or pre-
vents upwards turbulent heat fluxes from the ocean surface
(East Siberian-Laptev and Beaufort-Chukchi sectors), and
those with a higher proportion of exposed ocean, where
upwards THF are less restricted in larger areas of the sector.

DLR is much greater for the Greenland and Barents-Kara
Seas (Fig. 8b), associated with greater quantities of water
vapour in the atmosphere and the passage of extratropical
cyclones into the regions from lower latitudes, although the
amplitude of the increase at AAmax is less than that in the
Beaufort-Chukchi and East Siberian-Laptev Seas. As with
THF, the minimum amplitude is for changes in the Canadian
Archipelago. This is likely related to limited cyclone activ-
ity. Figure S5g shows that for AAI high events in this sector,
the usual route of storms into the Arctic via Baffin Bay is
blocked by anticyclonic anomalies.

NWVT is greatest over the Greenland Sea, this sector
showing the greatest magnitude of increase at AAmax
(Fig. 8c). The Beaufort-Chukchi Seas also shows a marked
increase peaking just prior to AAmax. These two regions are
in close proximity to the oceanic gateways into the Arctic
(Greenland-Norwegian Seas and Bering Strait respectively),
which will provide access for moisture transport into the
Arctic by cyclones. In the East Siberia-Laptev seas, NWVT
is actually slightly negative (southwards), from —5 to +5
days.

NHT is highest for the Greenland Sea (Fig. 8d), showing
large increases peaking at AAmax, likely associated with
Greenland blocking and synoptic-scale storms. For other
regions, a more complex picture emerges. For the East Sibe-
rian-Laptev Seas, NHT declines to a minimum at AAmax,
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while for the Canadian Archipelago and the Barents-Kara
Seas it is consistently negative. In the Beaufort-Chukchi
Seas there is peak in NHT at d-1, after which values become
negative.

These regional differences in energy and moisture flux are
reflected in SIC responses at AAmax. The Beaufort-Chukchi
and East Siberian-Laptev Seas demonstrate a similar SIC
response; initial growth at longer lead times, reflecting the
seasonal cycle of ice growth, followed by a sharp decline
in SIC from d-2, with a sea-ice minimum at AAmax as a
response primarily to increased DLR (Fig. 8b), followed
by a steady recovery in SIC (Fig. 8f). The Greenland and
Barents-Kara Seas on the other hand show a more grad-
ual but extended SIC decline from d-6, and the minimum
is not reached until 2 days after AAmax (Fig. 8e). Here,
while DLR plays an important role in SIC reduction, con-
tributions from NHT and NWVT for the Greenland Sea are
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particularly important. SIC in the Canadian Archipelago, on
the other hand, as with the energy and moisture flux terms,
behaves completely differently. Over the whole period there
is a steady increase in SIC reflecting the growth phase of
the annual cycle. However, from d-3 to d + 1, this growth is
halted, when AA max occurs, although actual reduction in
SIC is minimal. After this, the growth cycle resumes. This
is the one region where moisture intrusion is lower; with the
exception of along the east coast of Greenland, net moisture
transport over the archipelago is often southwards (Woods
et al. 2013) and the peak in DLR is smaller than for all other
regions. 2 mT temperature anomalies are modest compared
with other regions (Figure S5g), resulting in a cessation of
SIC increase rather than the reduction seen elsewhere.
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Fig.9 Lagged composites Z500 anomaly and potential temperature
on 2PVU, for 10 highest winter AAI events in the Arctic sectors. d-6,
-4, -2, are 6-, 4- and 2-day lead times and dO is the high AAI day.

4.4 Sources of AA in winter

From the above, differences between Arctic sectors are
apparent, which may indicate different sources of forcing
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on 2PVU panels indicate direction of Rossby wave breaking

for high AAI events. Examining Z500 anomalies and 6 on
2PVU can help to explain these differences (Fig. 9).

For high AAI events in the Barents-Kara sector, over lead
times from d-6 to dO a positive Z500 anomaly develops over
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the Kara Sea coast of Siberia, on the eastern side of the
storm track into the Arctic, at the same time as the devel-
opment of anticyclonic Rossby wave-breaking (AWB) over
northwest Siberia and Scandinavia (Fig. 9a). East Siberian-
Laptev Sea high AAI events show positive Z500 anomalies
along the northern coast of Siberia, which coalesce over the
Taymyr Peninsula at d0. Z500 anomalies reveal evidence of
a wavetrain over the North Pacific and North America. AWB
takes place further south and west, over western Europe,
but there is also a suggestion of cyclonic wave breaking
(CWB) developing over the eastern Pacific (Fig. 9b). For the
Beaufort-Chukchi seas, the development of increased Z500
anomalies over Alaska is accompanied by a wavetrain with
low heights over the western US and Canada and increased
heights over the eastern US. This is accompanied by CWB
along the western seaboard of North America (Fig. 9c).
For the Canadian Archipelago, positive Z500 anomalies
grow over Baffin Bay and eastern Greenland from d-6 to dO
accompanied by clear CWB over the north Atlantic and up
into Baffin Bay (Fig. 9d). Finally, for high AAI events in the
Greenland Sea, positive Z500 anomalies develop over the
Barents Sea and shift westwards, over the Norwegian Seas
by dO, with AWB over the North Atlantic (Fig. 9e).

5 Discussion

For the Arctic as a whole, and over the Arctic seas the fre-
quency, persistence and intensity of high (low) AAI events
have increased (decreased) over the time period, although
this masks considerable regional and temporal variations.
There are few significant trends over land, and for the Arctic
sectors, changes in persistence, frequency and intensity can
be differentiated for the western and eastern Arctic. In the
western Arctic (Beaufort-Chukchi Seas and the Canadian
Archipelago) there are no significant trends in frequency,
persistence and intensity for either season, with the excep-
tion of a decrease in intensity of low AAI events in the
Beaufort-Chukchi sector. In addition, these regions reveal
distinct differences in patterns between low and high AAI
events; the frequency of low events shows no overall trend
and high interannual variability, while the persistence again
has no overall trend and very low persistence. This indicates
that low AAI events for these two regions comprise frequent
short-lived events, often consisting of individual days. In the
eastern Arctic, significant winter trends are common in the
Barents-Kara and East Siberian-Laptev Seas. This differ-
ence between trends in the eastern and western Arctic may
indicate different sources of AA, further discussed below.
It is notable that the significant trends of increasing high
AALI events for winter occurs in a window from 2000 to
2009. During this time, Arctic sectors, the Arctic and land

and sea regions show significant increasing trends in persis-
tence, frequency and intensity and the seasonal daily mean
AAI The exceptions here are the Canadian Archipelago and
Greenland Sea, which show very few significant trends in
high AAI events during the period, and for the archipelago
the increase in seasonal means occurs between 1994 and
1999. This coincides with changing trends in the North
Atlantic Oscillation (NAO). During the 1990s the NAO had
a negative trend, and it can be seen from Figure S5g that in
winter, high AAIin ARB is associated with a negative NAO.
To try to explain some of these regional differences, we look
at the wider patterns in the atmospheric circulation at high
AAIT events (Fig. 10).

In winter for eastern Arctic sectors (Barents-Kara, East
Siberian-Laptev and Greenland Seas), the standard winter
SLP tripole pattern of Siberian High, Icelandic and Aleu-
tian Low is evident (Fig. 10a, d, m). For AAI high events
in the Barents-Kara sector the Siberian High is zonally
extensive, while for the East Siberian-Laptev sector the
Siberian high is contracted zonally, centred on Mongolia.
For AAI high events over the Greenland Sea a ridge of
high pressure extends further westwards into the Eastern
Atlantic, which displaces the Icelandic low, shifting it east-
wards over Greenland. In addition there is a clear ridge of
higher 500 hPa geopotential heights over the North Atlantic
(Fig. 10n). This configuration results in a strong meridional
pressure gradient across the North Atlantic, and a stronger,
more meridionally tilted jet stream (Fig. 100), which steers
synoptic-scale storms into the Arctic along the east coast of
Greenland. This accounts for the very high NWVT associ-
ated with Arctic warming in the Greenland Seas sector. A
similarly strengthened jet is seen for the Barents-Kara sector
(Fig. 10c), but additional southerly winds entering the region
are a result of anticyclonic winds blowing around the high
pressure in central Siberia. These winds, although southerly,
pass over land and therefore NHT and NWVT are reduced.
In addition, the direction of winds indicates that moisture
and heat are advected into the sector from the west, which
would also account for the reduced poleward transports.

Zhong et al. (2018) identify eastward moisture trans-
port into the Barents-Kara region from the Greenland Sea,
although this is not the main contributor to moisture in the
Barents-Kara sector. For the East Siberian-Laptev sector,
wind strengths increase zonally along the maximum zonal
pressure gradient parallel to the north Siberian coast. The
air originates from the ice-covered Arctic Ocean (Fig. 10f)
and so will transport reduced moisture and heat, accounting
for the decrease in heat and moisture transport at AAmax
over this sector. Here heating is from a marked increase in
DLR which may be linked to an eastwards transport of water
vapour and heat. The Beaufort-Chukchi Seas and Canadian
Archipelago show more marked departures from the usual
tripole pattern, with additional high-pressure regions over
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Alaska and Greenland respectively (Fig. 10g, j). There
are clear ridges present in the Z500 fields over Alaska and
Greenland (Fig. 10h, k). For the Beaufort-Chukchi sector the
Alaskan high causes the Aleutian low to contract zonally,
and to be displaced westwards. This creates a strong meridi-
onal pressure gradient across the Bering Strait, strengthening
the southerly winds (Fig. 10i) and enabling cyclones from
the Pacific storm track to intrude into the Arctic through the
Bering Strait. This explains peak in NHT and particularly
NWVT seen in Fig. 8c and d, which will contribute to the
increased DLR in Fig. 8b. For the Canadian Archipelago,
the high pressure over Greenland displaces the Atlantic jet
southwards (Fig. 101), and weakens it, producing a negative
NAO pattern. Anomalous anticyclonic circulation results in
colder air moving southwards along the east coast of Green-
land, before anomalous southeasterly winds over Baffin Bay
bring relatively low amounts of NWVT and NHT into the
sector, contributing to modest warming.

These atmospheric circulation patterns, together with the
widely different sea ice coverage in the sectors, explain the
disparate SIC variations seen in Fig. 8e, f. The Greenland
and Barents-Kara Seas are more marginal ice zones, with
greater extents of open water and a greater extent of sea-
ice edge. SIC here is more sensitive to the large increases
in DLR, causing melt. Additionally, the progress of storms
through the sectors will result in windblown mechanical
reductions in sea ice coverage. This will contribute to the
observed lag, with continued strong winds further reduc-
ing SIC after the peak of the AAI event as in agreement
with results from other studies (Park et al. 2015; Woods and
Caballero 2016). For the East Siberian-Laptev and Beau-
fort-Chukchi Seas however, SIC is very high during winter.
There is a rapid response, but SIC only falls by around 1%.
There is little sea-ice edge so the response is thermody-
namic, coinciding with the AA maximum, followed by a
quick recovery as temperatures increase again. In the Cana-
dian Archipelago, SIC does not decrease. This is because
in this sector, ice concentration is still increasing rapidly,
so the warming has the effect of halting growth rather than
resulting in an actual reduction. What is notable in all cases
is that SIC responds to the high AAI event, rather than the
other way round, and contributions from turbulent fluxes
which would be consistent with the ice-albedo feedback,
are minimal, when averaged over the sectors. Particularly in
the Atlantic, but also at the Bering Strait, it is the tracking
of cyclones into the Arctic that causes the synoptic-scale
high AAI events. This is in agreement with other studies,
which find the Atlantic sector is an important location for
northward heat flux, both oceanic and atmospheric, via the
Nordic seas (Graversen et al. 2008; Graham et al. 2017):
therefore it is plausible that high winter AAI years in this
sector, and in the Arctic as a whole, are driven by years with
high northward heat flux, either atmospheric or oceanic. For

example, in winter 2016 several notable Atlantic storms pen-
etrated into the Arctic, leading to significant warming epi-
sodes (Cullather et al. 2016; Kim et al. 2017a, b). Increased
frequency and duration of winter warming events since 1979
has occurred in the Atlantic sector (Graham et al. 2017);
Moore (2016) argues that this is consistent with reduced sea-
ice in the Nordic seas, which shifts the warm air reservoir
northwards and facilitates the poleward transport of this heat
by weather systems.

5.1 Origins of winter AA forcing

For the Beaufort-Chukchi Seas, a wavetrain emanating
from the tropics is responsible for the anomalous high over
Alaska, evident in Z500 anomalies (Fig. 9c) and in agree-
ment with Hartmann (2015), who links patterns of Pacific
sea-surface temperature variability, ultimately originating in
the tropical west Pacific, to the anomalous ridging over west-
ern North America, with higher temperatures over Alaska.
Similarly a tropical wavetrain is evident prior to the high
AAI event in the East Siberian-Laptev sector (Fig. 9b), remi-
niscent of that in Yoo et al. (2011), their Fig. 4. High AAI
in the East Siberian Laptev sector appear to be associated
with a tropical influence via the wavetrain and strong high
AALI events here have a mean ENSO value of — 0.77. On
the other hand, no tropical wavetrains are evident for high
AAT events in other regions. While Ding et al. (2014) find a
similar tropical wavetrain impacting on Arctic warming over
Greenland, their results were based on annual mean values,
and no such pattern is found here using seasonal daily data.
This tropical origin of regional Arctic warming is in agree-
ment with previous studies, where a tropical influence is
detected in the western Arctic while warming in the eastern
Arctic is associated with storms from the North Atlantic (Ye
and Jung 2019). High AAI events in the Barents-Kara Seas
are preceded by positive NAO conditions over the Atlantic,
with a stronger, northwards-displaced storm-track guiding
cyclones into the Arctic. The AWB shown in Fig. 9a is in
agreement with other research (Woollings et al. 2008; Liu
and Barnes 2015) indicating increased frequency of AWB
with the positive phase of the NAO. High AAI events in the
Canadian Archipelago on the other hand are preceded by a
negative NAO, with a weaker storm track and CWB, sug-
gesting high AAI events in the Archipelago and the Barents-
Kara Seas are mutually exclusive. The nature of the RWB
has been shown to be related to jet stream latitude: when the
jetis shifted poleward (equatorward), AWB (CWB) is more
frequent, with a corresponding decrease in wave breaking in
the opposite direction (Liu and Barnes 2015). As the wave
breaking develops in the lead period to extreme high AAI
events, jet latitude variability likely influences the location
of Arctic warming.
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High AAI events in the Greenland Sea are preceded by
a pattern similar to the positive phase of the Scandinavian
teleconnection pattern (SCA) (Barnston and Livezey 1987,
Eurasia-1 pattern) with high Z500 anomalies over Scan-
dinavia, with AWB, again pushing storms into the Arctic
through the Norwegian Seas. It is notable that for all Arctic
sectors, high AAI events are associated with positive Z500
anomalies to the east of the moisture and heat intrusion, in
agreement with Woods et al. (2013)

There is considerable debate as to whether AA is locally
forced through the reduction of sea-ice, or remotely forced
through moisture intrusions from lower latitudes (Park et al.
2015; Woods et al. 2013; Woods and Caballero 2016; Gong
et al. 2017). These studies are on seasonal timescales, and
here we present evidence to suggest forcing of AAI anoma-
lies from lower latitudes, on synoptic timescales, either from
variability of the jet stream and the extratropical storm tracks
in the Atlantic, or from tropical forcing in the Pacific. High
AAI events are associated with intrusions of moist air into
the Arctic, particularly in the Beaufort-Chukchi and Green-
land Seas. Here however the drivers of moisture transport
have different sources: the tropics and midlatitude atmos-
pheric variability respectively. In each case, SIC can be seen
to respond to the thermodynamic forcing. It is a moot point
whether reduced SIC in autumn is favouring an increased
frequency of these circulation patterns. Crasemann et al.
(2017) find low sea ice in autumn favours the development
of a positive SCA, which then further reduces the sea ice
through the northward transport of moisture and heat in syn-
optic scale storms. Here, on a synoptic scale, a positive SCA
precedes the reduction in SIC by two to three days. However
this does not necessarily contradict the influence of autumn
turbulent heat fluxes favouring enhanced positive SCA pat-
terns in winter.

Taking a seasonal mean of daily AAI produces the char-
acteristic trend of AA seen on a seasonal basis (Fig. 1).
Therefore the synoptic-scale forcing of SIC contributes to
interannual SIC variability, and also the intrusion events
influence AAI on a seasonal scale, as identified in other stud-
ies (e.g. Woods and Caballero 2016; Park et al. 2015). Lee
et al. (2017) identify DLR as the dominant source of Arctic
warming from analysis of decadal trends. Results here are
consistent with this approach. Lee et al. (2017) find that
trends in THF switch to positive (upwards). However, this is
looking at decadal trends, and the heat fluxes are presented
as anomalies. In the present study, during a high AAI event
THF become less negative during an event, but the overall
effect of increased event persistence and frequency found
here will contribute to the trend in increased DLR found in
Lee et al. 2017.

AA is not uniform over the Arctic and at any given time
the warming centres can be located in different sectors
within the Arctic, leading to variations between the sectoral
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AAIs. On a daily scale, high and low AAI days occur on
different days in different sectors and seasonal mean AAI
values show considerable temporal variation between sec-
tors. The interannual correlation of seasonal mean AAIs
between sectors is moderate to low, although there are cer-
tain years where regions have similar values, for example
in winter 1998 all regions and by extension the Arctic as
a whole, have a low AAI. This may be related to the then
record ENSO event of this year, with concomitant positive
temperature anomalies in the lower latitudes which would
reduce the AAIL. Similarly, interannual patterns of persis-
tence, frequency and intensity of warm and cold events vary
between sectors. These results suggest that AA should be
regarded as a regional, quite short-lived phenomenon, rather
than Arctic-wide at any given time, which helps to explain
how a warm Arctic may appear to have different impacts in
different regions and at different times, depending on the
location of Arctic warming. Warming over the different Arc-
tic regions is associated with different remote forcings both
from the tropics and midlatitudes, which explains the often
low correlations between regional AAls: for example, warm-
ing over Alaska can be associated with El-Nifio teleconnec-
tions while high latitude Eurasian warming may be linked to
Atlantic teleconnections (e.g. Cullather et al. 2016).

6 Summary

Using a daily AAI, we have assessed synoptic-scale Arctic
warming, its spatial and temporal variability and examined
contributory sources of the warming. The key findings are
as follows:

e There are general and often significant increases
(decreases) in the persistence, frequency and intensity
of synoptic-scale high (low) AAI events during the time
period.

e There is considerable regional variability within the Arc-
tic in the timing, magnitude and trends in persistence
frequency and intensity of AAI events; the more extreme
AAI days, both high and low, are likely to occur over
land, rather than over the sea.

e Synoptic-scale high AAI warm Arctic events account for
much of the seasonal trends in AA.

e Significant 11-year trends of increasing AA, including
persistence, frequency, intensity and seasonal mean AAI,
are concentrated in the period 2000-2009, with relatively
few significant trends prior and subsequent to this.

e  Winter high AAI events are driven primarily by poleward
transport of moisture and heat, and downward longwave
radiation flux, rather than increased turbulent heat fluxes
to the atmosphere as a result of reduced sea-ice. There is
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some decrease in SIC in response to the warming of the
Arctic troposphere.

e Winter high AAI events in different Arctic sectors have
distinct differences in energy and moisture flux terms
prior to and immediately after the peak high AAI event.

e There is clear evidence from Rossby wave breaking and
from wavetrain patterns, that indicate a tropical origin for
high AAI events in certain regions (BC, ESL), while high
AA events in other regions are influenced by midlatitude
circulation changes: the poleward transport of heat and
moisture by extratropical cyclones, and variations in the
latitude of the polar front jetstream which influences the
nature of the Rossby wave breaking.

e This study reinforces the view (Gong et al. 2017; Palmer
1993) that interannual changes in AA are due to changes
in frequency, persistence and intensity of short-term
events in the Arctic rather than slow long-term shifts in
the mean state or in the structure of spatial patterns.
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