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The cold extremes along with record snowfalls in North America (NA) have attracted great concern for decades.
In this study, we select 23 wintertime cold extremes in northwestern NA (NWNA) from 1981 to 2018 and find a
significant weakening trend of their integrated yearly intensities. Strong northerlies and cold advections over
NWNA associated with the cold events are driven by the intensified and southward Beaufort anticyclone at lower
troposphere and the enhanced blocking high at higher levels. A strong low-pressure anomaly over NWNA extends
from lower troposphere to stratosphere centered at around 250-300hPa, where the jet stream becomes stronger
and moves northwestwards. Meanwhile, the cold anomaly under the low system is deep and more prominent at
the surface of NWNA. There is a significant meridional dipole structure of height and temperature anomaly in
mid-high latitudes, indicative of the negative phase of Arctic Oscillation. Results further suggest that the La Nina-
like sea surface temperature anomalies may serve as a precursor for the cold extremes in NWNA, triggering a
Pacific North America-like wave train including an active negative height anomaly center over NWNA, which is
linked with the cold anomalies extending downward to the surface. However, the sea ice concentration anom-
alies in Arctic region and the snow cover anomalies in NA continent during early autumn are likely to exert a
minimal influence on the wintertime cold extremes in NWNA.

1. Introduction

et al., 2011). The Pacific-North America (PNA) pattern is a prominent
low-frequency wave train in the NH extratropics which reflects a

The cold extremes along with record snowfalls in the mid-latitude
Eurasian and American continents have attracted great attention in
the recent decades, motivated by their strong societal and economic
impacts as well as the loss of life (e.g., Kodra et al., 2011; Guirguis et al.,
2011; Coumou and Rahmstorf, 2012; Grotjahn et al., 2016). In this
study, we focus on the cold extremes in the northwestern North America
(NWNA; Fig. 1) region, which is a crucial genesis location for Arctic air
mass and its associated anticyclone (Zishka and Smith, 1980; Turner and
Gyakum, 2011) and exhibits large temperature variability (e.g., Lin and
Brunet, 2009).

The weather and climate anomalies in boreal winter are largely
influenced by atmospheric circulation patterns in middle and high lat-
itudes of Northern Hemisphere (NH) (e.g., Wang et al., 2010; Guirguis
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quadripole located in the vicinity of Hawaii, south of the Aleutian
Islands, intermountain region of North America, and the southeastern
United States, respectively (Chen and van den Dool, 2003). The Arctic
Oscillation (AO) denotes the fluctuation of low pressure in high latitudes
and high pressure in middle latitudes (Hurrell, 1995; Thompson and
Wallace, 2001). The North Atlantic Oscillation (NAO) is the dominant
mode of winter climate variability in the North Atlantic region ranging
from central North America to Europe and much into Northern Asia
(Barnston and Livezey, 1987). The NAO is also a large-scale seesaw
circulation pattern between the subtropical high and the polar low. The
similarities and differences between the AO and NAO are still hotly
debated (e.g., [toh, 2008). Some studies proposed that AO and NAO are
synonyms with different names but for the same variability (Wallace,
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Fig. 1. The topography (shading, in meter) and location of the focused area (dashed box) in the northwestern North America (NWNA).

2000). The AO is an annular mode with the strongest signal located in
the Atlantic sector while the NAO is mostly interpreted as a regional
pattern controlled by Atlantic processes. These three pivotal circulation
patterns are possibly linked to the cold extremes of NWNA. In addition,
the variations of traditional meridional cells, the Ferrel cell, Polar cell,
and Arctic cell (Qian et al., 2017), may also play a part in the cold surges
in NWNA, which need further investigations.

In terms of the precursors favorable for the cold extremes of NWNA,
we mainly explore the potential effects of El Nino-Southern Oscillation
(ENSO) from tropical Pacific, sea ice from the Arctic Ocean, and snow
cover in NA continent. Many studies have noticed the close relationship
between ENSO and NA wintertime temperature (Ropelewski and Hal-
pert, 1986; Derome et al., 2001; Mo, 2010; Yu et al., 2012). Papineau
(2001) reported that the La Nina winters can produce significant below
normal temperatures statewide Alaska. Westby et al. (2013) further
stated that the ENSO variations generally operate in conjunction with
PNA-like teleconnection to influence the NWNA temperatures.

In higher latitudes, the more frequent and severe cold events are
coincident with the accelerating Arctic sea ice loss (e.g., Stroeve et al.,
2012) and Arctic amplification (e.g., Cohen et al., 2014; Horton et al.,
2015) under the framework of “Warm Arctic, Cold Continents” pattern
(Overland et al., 2011; Cohen et al., 2013, 2014; Sun et al., 2016; Luo
et al., 2019, 2020). Some studies conjecture that the Arctic sea ice and
related atmospheric variabilities in storm track, jet stream, and plane-
tary waves drive the cooling over midlatitude continents (Francis and
Vavrus, 2012; Honda et al., 2009; Liu et al., 2012; Cohen et al., 2014;
Mori et al., 2014; Kug et al., 2015). However, others hold that there are
no significant linkages (Kumar et al., 2010; Gerber et al., 2014; Perlwitz
et al., 2015; Li et al., 2015; Sun et al., 2016) or even fewer cold air
outbreaks with the decline of Arctic sea ice (Screen et al., 2015; Gao
etal., 2015). Moreover, the snow cover, a requirement for the formation
of cold air masses (Walsh et al., 2001; Portis et al., 2006; Emanuel,
2008), is also an important factor for cold surges (Vavrus, 2007; Gao
et al., 2015) despite its large uncertainty (Peings et al., 2013; Cohen
et al., 2014). Specifically, the snow cover may affect the North American
cold events by inducing the stratospheric polar vortex anomalies and a
persistent negative phase of the tropospheric AO (Cohen et al., 2007;
Cohen and Jones, 2011). Considering the special geographic location of
NWNA, the Arctic sea ice and terrestrial snow cover could be potentially
related to the occurrences of cold events there, which needs further
evidence.

In this study, we mainly address three questions for the cold extremes
in NWNA: 1) Their statistical characteristics from a historical view: time,
duration, intensity, spatial distribution of surface air temperature (SAT)

anomaly, and trend; 2) Their associated winds, vertical height-
temperature configuration, and connections with the major circulation
and teleconnection patterns; and 3) Their potential driving factors:
ENSO, Arctic sea ice, and snow cover over the NA continent. The rest of
the paper is organized as follows. The datasets and methods are
described in section 2. We illustrate the features and trend of NWNA cold
extremes in section 3. Then, we discuss the wind and three-dimensional
circulation anomalies in section 4. We further provide some potential
precursors for the cold extremes in section 5. A summary and discussion
are presented in section 6.

2. Data and methods

We use daily-mean data in this study to describe the cold extremes in
NWNA. The atmospheric reanalysis dataset is the National Centers for
Environmental Prediction/Department of Energy (NCEP/DOE) Rean-
alysis 2 (NCEP R2) product from 1979 to the present. The data are ob-
tained from the website (http://www.esrl.noaa.gov/psd/data/gridd
ed/data.ncep.reanalysis2.html) with a horizontal resolution of 2.5°
longitude-latitude grids and 17 vertical levels (Kanamitsu et al., 2002).
Geopotential height H, temperature T, sea level pressure (SLP), surface
winds (u, v) at 10m, and SAT at 2m are used in this study. The monthly
gridded SST data are HadISST1 (Rayner et al., 2003) while sea ice
concentration (SIC) data are in version 2.2.0.0 (Titchner and Rayner,
2014), both with a 1°x 1° horizontal resolution. This product is a unique
combination of global SST and SIC. The data can be retrieved from the
website (http://www.metoffice.gov.uk/hadobs/hadisst/ and https://
www.metoffice.gov.uk/hadobs/hadisst2/), respectively. The monthly
snow cover data are derived from the fifth generation reanalysis of Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF) (ERAS5;
Hersbach et al., 2020), which can be downloaded at website (https://cds
.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-
monthly-means?tab=form). The horizontal resolution of snow cover is
0.25° in longitude-latitude grids. We calculate the daily or monthly
climatology averaging from 1981 to 2010 (e.g., Qian et al., 2016; Shi
and Qian, 2016). The anomalies are defined as the deviations from the
corresponding climatology. We choose the period from 1981 to 2018 in
this study. The extended winter includes November and December as
well as following January, February, March, and April. The long-term
trends of variables are retained in this study.

The daily PNA, AO, and NAO indices are obtained from Climate
Prediction Center (CPC) of NCEP, which can be accessed at the website
(https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_i
ndex/teleconnections.shtml). In terms of the intensity indices of Ferrel
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Table 1

Persistent (at least 5 days) regional (exceeding 1.8x10° km?) cold anomaly
(lower than -12°C) events with lifetime, durations (unit: days), total intensity,
and rank in the NWNA during extended winter (Nov-Dec-Jan-Feb-Mar-Apr)
from 1981 to 2018. The integrated intensity (unit: 106 km?-°C) is calculated as
the sum of daily coverage (10° km?) multiplied by daily mean intensity (°C)
during the lifetime. The rank is based on the integrated intensity.

Year Start date End date Duration Integrated intensity Rank
1981/82 Dec 28 Jan 09 13 -544.7 2
1981/82 Jan 15 Jan 23 9 -477.7 3
1983/84 Dec 15 Dec 24 10 -358.2 9
1984/85 Dec 22 Dec 30 9 -396.2 8
1984/85 Feb 07 Feb 13 7 -220.0 15
1985/86 Nov 22 Dec 01 10 -475.1 4
1988/89 Jan 28 Feb 03 7 -399.1 6
1989/90 Jan 27 Feb 17 22 -846.2 1
1993/94 Jan 04 Jan 09 6 -183.9 20
1993/94 Jan 13 Jan 17 5 -183.1 21
1993/94 Feb 19 Feb 26 8 -312.1 10
1994/95 Mar 03 Mar 07 5 -189.2 19
1995/96 Dec 05 Dec 12 8 -290.5 12
1995/96 Jan 13 Jan 21 9 -431.1 5
1995/96 Jan 27 Feb 02 7 -298.2 11
1996/97 Dec 22 Dec 30 9 -398.0 7
1996/97 Jan 23 Jan 27 5 -181.8 22
2000/01 Dec 10 Dec 16 7 -261.4 13
2001/02 Jan 20 Jan 27 8 -257.7 14
2003/04 Jan 26 Jan 30 5 -197.3 18
2004/05 Jan 12 Jan 16 5 -175.0 23
2007/08 Feb 06 Feb 10 5 -210.0 17
2011/12 Jan 16 Jan 20 5 -215.2 16

cell, Polar cell, and Arctic cell, we use the meridional mass stream
function (MSF), which has been used in many previous studies (Lindzen
and Hou, 1988; Mitas and Clement, 2005; Hu and Fu, 2007; Qian et al.,
2015a, 2017).

In this paper, we analyze the cold extremes located in NWNA
(50-70°N, 90-160°W; Fig. 1). A cold extreme is characterized by its
intensity, coverage, and duration. According to previous studies (e.g.,
Vavrus et al., 2006; Wheeler et al., 2011; Smith and Sheridan, 2018,
2020), we tailor the criteria and define a cold extreme in NWNA when it
satisfies: 1) covering an area larger than 1.8x10° km? with daily SAT
anomaly reaching -12°C with respect to the corresponding daily clima-
tology, and 2) persisting for more than five consecutive days with at
most one-day interruption. The integrated intensity is calculated as the
summation of daily coverage (10° km?) multiplied by daily mean in-
tensity (°C, mean SAT anomaly averaged over above area) during the
lifetime of a cold extreme. There are 23 cold events based on our criteria
from 1981 to 2018 with the detailed information listed in Table 1. They
are further ranked according to the integrated intensity. Note that the
above events are mostly consistent with the events derived from ERA5
dataset (not shown).

3. Characteristics and trend of cold extremes in NWNA

Figure 2 illustrates the time series of top three cold extremes in the
record. The strongest event occurred in 1990 from 27 January to 17
February (pink shading), lasting for 22 days. On 30 January 1990, the
average cold anomaly over NWNA could reach around -19°C. The sec-
ond and third strongest events were in the 1981/82 boreal winter with
only one-week break. But these two events were due to different cold air
outbreaks from higher latitudes. Note that these three events were
relatively steady with slow moving speed (black line in Fig. 2), which
would have persistent impacts on local area.

For the timing of cold extremes (Table 1), 7 events occurred in the
1980s and 10 events were in the 1990s, which accounts for more than 2/
3 of total events. After 2000, five events occurred in the 2000s while
only one event occurred after 2010. Based on this, we could deduce a
declining trend of the number of cold extremes. Furthermore, we
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calculate the interannual variation of integrated intensity over the
whole lifetime of each event (Fig. 3). The integrated intensity also
demonstrates a statistically significant weakening trend for the cold
extremes. Strong cold extremes are more frequent before mid-1990s,
which is consistent with Fig. 2 and Table 1. The large wintertime
values in 1981, 1993, and 1995 are contributed by several separate cold
events (Fig. 3 and Table 1). The trend calculation here gives a complete
picture of temperature extremes with intensity, coverage, and duration
considered rather than only a single threshold involved (e.g., Gleason
et al., 2008). This weakening trend does not have conflicts with the
frigid temperatures over NA and Europe in recent winters, such as 2009/
2010, 2010/2011, and 2013/14, which has been widely reported by
social media and researchers (e.g., Cattiaux et al., 2010; Wang et al.,
2010). Because while some parts of NA and Europe experienced cold
surges, the NH was not anomalously cold (Guirguis et al., 2011). The fact
was that extreme wintertime warm events were more dominated in both
magnitude and spatial coverage. Moreover, above weakening trend of
cold events in NWNA is not incompatible with the “Warm Arctic, Cold
Continents” trend pattern because our focused NWNA region is located
along the boundary region of warming and cooling latitudinal bands
(Sun et al., 2016). Rather, this weakening trend well corresponds to the
local (Jones and Moberg, 2003; Serreze and Francis, 2006) and global
warming (Cassano et al., 2011, 2016). Similarly, the long-term trends
toward milder and less frequent cold waves across the US (Peterson
et al., 2013) and midlatitude regions (van Oldenborgh et al., 2019) have
been revealed.

In terms of the months of the events, around 50% emerged in
January and six events started in December, implying a higher possi-
bility of cold extremes to fall within the climatological wintertime. No
extreme event occurred in April. In addition, the longest event persisted
for 22 days, which would have dramatic impacts on life and agriculture.
Other events were less than 2 weeks, consistent with the timescale of
biweekly internal variability of atmosphere.

The horizontal distributions of SAT anomalies are shown for the
three strongest cold events on the day with the maximum coverage
(Fig. 4). On 30 January 1990, the most dominant cold anomalies were
mostly located within our targeted area with the magnitude exceeding
-25°C (Fig. 4a). The eastern NA to the north of Great Lakes region was
experiencing an anomalous warm period (Fig. 4a). There was no
outstanding anomalous signal over the wide southern NA (Fig. 4a). On 8
January 1982, cold anomalies prevailed over most of the NA continent
with the strongest center of cold anomaly in the NWNA region (Fig. 4b).
In Fig. 4c, a dipole of northwest cold and southeast warm was clear on
20 January 1982. It should be noted that these three cold events were
not well documented in previous studies. The specific distributions of
warm and cold anomalies are different for each event, which may partly
result from the intensity of cold air mass and its moving track, but their
cold centers are concentrated in the NWNM region for all the 23 cases. In
addition, the magnitude of the NWNA cold anomalies is a bit stronger
than that in Turner et al. (2013).

4. Wind and circulation features associated with the cold
extremes in NWNA

To explore the meteorological features associated with the cold ex-
tremes, we firstly show the SLP and winds at surface by performing the
composite analysis (Fig. 5). In Fig. 5a, the Beaufort anticyclone stretches
southward and merges with the continental anticyclone over NA. This
intensified and meridional-elongated anticyclone drives strong north-
erlies over the NWNA region (also see Fig. 5b). The anomalous north-
erlies indicate cold advections responsible for these regional cold
temperatures (Fig. 5b). Note that other studies have reported the
weakening of the Beaufort High, which is consistent with weakening
trend of the cold events in NWNA (Fig. 3; Wu et al., 2014; Castruccio
et al., 2019; Urrego-Blanco et al., 2019; Zhang et al., 2019). In North
Pacific, the Aleutian low is also prominent but shift westwards (Fig. 5).
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Fig. 2. Daily variations of the average intensity (green line, in °C) with SAT anomalies exceeding -12°C within the NWNA, the coverage (red line with dots, in 10°
km?), and the distance (black line, in 10® km) between anomalous temperature centers in two adjacent days. The daily anomalous center is defined by the centroid
weighted by the magnitude of SAT anomalies within the NWNA area. The lifetime of three strongest cold events is highlighted by pink shading in (a) 1989/90 winter
and (b) 1981/82 winter. The thick red lines denote the 1.8x10° km? coverage (e.g., the coverage threshold). The numbers within the bracket in the middle top
indicate the number of days with coverage larger than 1.8x10° km? and the number of cold events, respectively.

This intense baroclinic high-low pressure couplet and associated cold-air
damming (Fig. 4) are consistent with Turner and Gyakum (2011).

We further probe into the horizontal height pattern in upper levels
(Fig. 6). At 300hPa, a robust mid-latitude wave train is detected which
includes a strong low anomaly over NWNA and an anomalous high ridge
over northeast Pacific extending into the Arctic region (Fig. 6a). The
favorable conditions for severe winters in NWNA are similar to those in
Kug et al. (2015). In terms of the jet stream, it becomes stronger and
wider and moves northwestwards (Fig. 6a). The stronger temperature
and height gradients reinforce the jet stream and baroclinity while the
northwestward movement of the Alaska ridge drives the westward shift
of jet stream (not shown). On the left side of jet entrance around the
NWNA, there is a negative vorticity advection and a cyclonic shear
vorticity, which are in favor of the development and persistence of
surface anticyclone as shown in Fig. 5. At 500hPa, the enhanced ridge
over Aleutian Islands and Alaska extends into the central Arctic region,

driving strong cold advection into NWNA (Fig. 6b). The above devel-
oping blocking high establishes a meridional circulation pattern over
North Pacific and NWNA area (Fig. 6b), indicative of the longer duration
and strong intensity of cold events. This stable blocking condition is vital
for mid-latitudes cold extremes (Sillmann et al., 2011; Yao et al., 2017;
Li et al., 2020; Luo et al., 2018, 2020) and also has implication for the
weather prediction for eastern North America.

In terms of the responsible teleconnections, there is a prominent
PNA-like teleconnection originating from tropical Pacific and propa-
gating towards Aleutian Islands, NWNA, and southern NA (Fig. 6b).
Moreover, the general opposite height anomalies in polar and mid-
latitude regions suggest a negative phase of AO. The out-of-phase
height pattern with low anomaly in NWNA and high anomaly pole-
ward favors the penetration of cold air into NWNA. The height oscilla-
tion between high and middle latitudes are only significant in eastern
Eurasia and NA sector (Fig. 6). In North Atlantic, the height anomalies
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Fig. 3. The interannual variation of integrated intensity of cold events in NWNA from 1981 to 2018. The integrated intensity for each year is the sum of the product
of intensity and coverage over the whole lifetime of each event. The dashed line indicates a weakening trend of the integrated intensity. The trend exceeds 95%
confidence level of student’s t-test. The year 1981, for example, indicates the 1981,/1982 extended winter (November to April).

are much weaker and only significant in middle latitudes. Above results
are further proved in Table 2, which calculates the composite values of
synchronous daily PNA, AO, and NAO for the selected cold extremes in
the NWNA region. The PNA and AO are significantly negative and
provide favorable atmospheric conditions for the cold extremes. How-
ever, the NAO plays a negligible role, probably resulting from its remote
distance to the NWNA region (Table 2). The salient role of AO in NWNA
region is somewhat different from the US and Europe, where NAO is
more important during the cold outbreaks (Walsh et al., 2001).

We also compute the composite intensities of the three meridional
cells averaged over the lifetime of NWNA cold extremes (Table 2). The
cold events are only connected with the reinforced Polar cell signifi-
cantly, possibly contributed by the dipolar height anomalies for positive
polar and negative mid-latitude bands. Nevertheless, as the three cir-
culation indices are zonally averaged, which may not well explain the
regional cold events, we further calculate the intensity of Polar cell
averaged within the NWNA sector. But the sectorial-averaged Polar cell
is not statistically significant, indicating that the regional Polar cell may
not greatly influence the cold events in NWNA. The potential connection
between the meridional cells and regional cold events is seldom docu-
mented by previous studies.

Then, we illustrate the vertical cross sections of height and temper-
ature anomalies along the central longitude 120°W for the three stron-
gest cold events (Fig. 7). For the strongest event, an anomalous low was
predominant over the mid-latitude troposphere up to 100hPa on 30
January 1990 (Fig. 7a). The center of the anomalous low was at upper
troposphere around 300hPa accompanied by a strong cold air column
extending and intensifying downward to the surface associated with the
surface cold temperature. On 8 January 1982, although the high and low
anomalies alternated meridionally, an anomalous low was located
above the focused NWNA region with its center at 300hPa (Fig. 7b). The
cold column below the low center was strongest at surface. Two weeks
later on 20 January 1982, another low system dominated the lower and
middle latitudes within the whole troposphere (Fig. 7c). The cold
anomalies were prevalent within the whole NH troposphere with the
strongest anomaly at the surface of NWNA region, in accordance with a
deep-layer cooling as documented in Turner and Gyakum (2011).

Further, the composite height-temperature cross section averaged
over the whole lifetime for all the events are calculated (Fig. 8). The
anomalous low system is statistically significant and covers a large area
from lower troposphere to stratosphere centered at around 250-300hPa.
The cold anomaly under the low anomaly is prominent at surface which

corresponds to the cold extremes in NWNA. From surface up to 850hPa,
a weak high anomaly exists as shown in Fig. 5, consistent with the three
individual events in Fig. 7. Moreover, the low system, the cold anomaly
below, and the warm anomaly above satisfy the hydrostatic balance as
shown in previous studies (Qian et al., 2015b, 2016). In addition, there
is a significant height dipole in mid-high latitudes, which is also man-
ifested in Fig. 7. These results imply that anomalous atmospheric cir-
culation may drive cold winters in NWNA and mild Arctic conditions, in
agreement with that in Blackport et al. (2019).

For the perspective of the evolution of these events, the high system
in North Pacific established one week before the peak day (Fig. 9a) and
developed into the blocking state due to the warm-advection conveyor
westward behind (Fig. 9b-d), reaching its maximum on the peak day.
After that, the blocking high gradually broke (Fig. 9e, f) and the severity
of cold events also decreased. The persistence of the blocking is also
related to the slow moving of temperature anomalies in NWNA area
(black line in Fig. 2).

5. Potential precursors for the cold extremes in NWNA

In this section, we further reveal the potential roles of SST anomalies
(Fig. 10), sea ice concentration (SIC) anomalies (Fig. 11a), and snow
cover anomalies (Fig. 11b) in driving cold extremes in NWNA. In pre-
ceding summer and autumn, the anomalous SST pattern is featured by a
prominent La Nina-like cooling over central-eastern tropical Pacific
(Fig. 10a). The SST anomalies in this region further intensify to its peak
phase in following seasons and persist for at least 10 months in total
(Fig. 10b). As previous studies suggest (Papineau, 2001; Westby et al.,
2013), the La Nina-like SST anomalies can trigger a PNA wave train in its
negative phase. One of the active centers of the PNA response with
negative height anomalies is located above the NWNA region, which is
linked with the negative temperature anomalies extending downward to
the surface (Figs. 6b, 8). This large-scale SST pattern acts as a stable and
favorable background, but not sufficient and not a necessary condition
(not shown), for the occurrence of cold extremes in NWNA. In Atlantic,
there is almost no significant signal related to the cold extremes in
NWNA.

As mentioned in Introduction, the role of SIC on wintertime cold
extremes in Eurasian and NA continents is hotly debated (Honda et al.,
2009; Kumar et al., 2010; Mori et al., 2014; Gerber et al., 2014; Kug
et al., 2015; Perlwitz et al., 2015; Li et al., 2015; Gao et al., 2015; Screen
et al., 2015; Blackport et al., 2019), but no consensus has been reached
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Fig. 4. The SAT anomalies (shading with contour, in °C) on the day with the maximum coverage of the top three strongest cold events. The black dashed lines outline
the NWNA region.
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Fig. 5. Composite (a) SLP (contour, 5hPa interval) and winds (vector, in m/s) at 10m, and (b) SLP anomalies (shading, in hPa) and wind anomalies (vector, in m/s) at
10m on the day with the maximum coverage of each event. White dots in (b) indicate the areas exceeding 95% confidence level for SLP anomalies. All the plotted
vectors indicate either zonal or meridional component exceeding 95% confidence level of student’s t-test. The black dashed lines outline the NWNA region.
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Table 2

Composite values of synchronous daily circulation/teleconnection index for the
wintertime cold events in the NWNA. Note that the symbol “*” and “**” denote
the index value exceeding 90% and 95% confidence level of student’s t-test,
respectively.

Teleconnection Circulation
PNA AO NAO Arctic cell Polar cell Ferrel cell
-0.46%* -0.90%* 0.03 0.76 4.5% -2.5

on this issue. To explore whether the early SIC condition during
September and October has a delayed influence (Francis et al., 2009;
Jaiser et al., 2012) as a precursor for the wintertime cold events over
NWNA, we plot the composite SIC anomalies in Arctic region averaged
over the two months (Fig. 11a). Results show a dipole pattern with
positive anomalies in East Siberian Sea, Chukchi Sea, and Beaufort Sea
and negative anomalies in Barents Sea and Kara Sea. However, this
distribution is not statistically significant (Fig. 11a), indicating a non-
robust relationship between cold extremes in NWNA and SIC in Arctic
region. We conduct similar calculations for the snow cover during
October and November (Fig. 11b). Again, no significant linkage is
detected between the snow cover in NA continent and wintertime cold
extremes in NWNA. We did not investigate the effect of Eurasian snow
cover on NWNA cold extremes (Cohen and Jones, 2011). Besides, there
are no significant synchronal anomalies of Arctic SIC and snow cover in
NA continent associated with the cold extremes (not shown).
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Fig. 6. Composite (a) geopotential height anomalies
(shading, in gpm), zonal winds (blue contour, 8m/s
interval), and corresponding daily climatological
zonal winds (red contour, 8m/s interval) at 300hPa
and (b) geopotential height anomalies (shading, in
gpm), total height (blue contour, 80gpm interval),
and total temperature (red contour, 5°C interval) at
§ 500hPa on the day with the maximum coverage of

each event. White dots indicate the areas exceeding
95% confidence level for height anomalies. The black
dashed lines outline the NWNA region. In (a), con-
300 tours of 30m/s are highlighted to indicate the jet

stream.
200
100

-100
-200
-300

-120
-180

6. Summary and discussion

In this paper, we have analyzed the cold extremes located in NWNA
(50-70°N, 90-160°W), which not only is a crucial genesis location for
Arctic air mass and its associated anticyclone but also has great impli-
cation for the weather prediction in eastern NA. Based on our compre-
hensive criteria in terms of intensity, coverage, and duration, we totally
select 23 cold events from 1981 to 2018. The strongest event occurred in
1990 from 27 January to 17 February, lasting for 22 days with the
maximum area-mean intensity at around -19°C. Specifically, we calcu-
late the interannual variation of integrated intensity of cold events in
NWNA and highlight a significant weakening trend.

From surface up to 850hPa, the Beaufort anticyclone stretches
southward and merges with the continental anticyclone over NA. This
intensified and meridional-elongated anticyclone drives strong north-
erlies and cold advections over the NWNA region. As previous studies
did not focus on the upper troposphere, we specially notice a robust mid-
latitude wave train including a strong low anomaly over NWNA and an
anomalous high ridge over northeast Pacific extending into the Arctic
region at 300hPa. Note that the relationship between the planetary
waves and cold outbreaks is complex and location dependent (Screen
and Simmonds, 2013, 2014). The above low anomaly extends from
lower troposphere to stratosphere, which exactly centers at around
250-300hPa. The deep cold anomaly under the low-pressure system is
prominent at surface corresponding to the cold extremes in NWNA.
Moreover, the jet stream becomes stronger due to stronger temperature
and height gradients and moves northwestwards because of the
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Fig. 7. The cross section of geopotential height (blue and red contour, 50gpm interval) and temperature anomalies (shading with white contour, 4°C interval) along
120°W on the day with the maximum coverage of the top three strongest cold events.
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Fig. 8. The composite cross section of geopotential height (blue and red contour, 20gpm interval) and temperature anomalies (shading with white contour, 4°C
interval) along 120°W averaged over the lifetime of all events. Black slashes for height anomalies and dots for temperature anomalies indicate the areas exceeding
95% confidence level.
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Fig. 9. Composite evolution of geopotential height anomalies (shading, in gpm), total height (blue contour, 80gpm interval), and total temperature (red contour, 5°C
interval) at 500hPa from leading (a) 6, (b) 4, (c) 2, (d) O to lagging (e) 2, (f) 4 days relative to the peak day. White dots indicate the areas exceeding 95% confidence
level for height anomalies. The white dashed lines outline the NWNA region.
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(a) comp05|te SST anomaly in JJASO
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Fig. 10. Composite SST anomalies (shading with contour, in °C) averaged over (a) June-July-August-September-October (JJASO; the summer and autumn before the
cold extremes) and (b) November-December-January-February-March (NDJFM; the winter of the cold extremes). Black dots indicate the areas exceeding 95%

confidence level. The black dashed lines outline the NWNA region.

northwestward movement of the Alaska ridge. At 500hPa, the enhanced
blocking high extends into the central Arctic region, driving strong cold
advection into NWNA. Moreover, there is a significant PNA-like tele-
connection originating from tropical Pacific and propagating towards
Aleutian Islands, NWNA, and southern NA. The general opposite height
anomalies in polar and mid-latitude regions indicate a negative phase of
AO. The potential connection between the cold extremes in NWNA and
meridional cells is also investigated. Results show a significantly rein-
forced zonally-averaged Polar cell, which is not the case for the
sectorial-averaged Polar cell.

Results suggest that the La Nina-like SST anomalies may serve as a
precursor and favorable background for the cold extremes in NWNA.
The La Nina-like SST anomalies can trigger a PNA-like wave train
including a negative height anomaly center located above the NWNA,
which is linked with the negative temperature anomalies extending
downward to the surface. The optimal juxtaposition of local and remote
factors operating on multiple timescales is required to generate a cold
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extreme (e.g., Dole et al., 2014). However, the SIC anomalies in Arctic
region and the snow cover in NA continent during early months reveal
no significant linkage with the wintertime cold extremes in NWNA.

In recent studies, radiation and moisture are found to be pivotal
during the lifetime of cold extremes in NWNA (e.g., Turner et al., 2013;
Cassano et al., 2016) and other regions in NH (Lee et al., 2017; Luo et al.,
2017). We should further examine their roles as well as the changes of
large-scale meteorological patterns in past and future cold extremes.
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