
LETTER • OPEN ACCESS

Arctic sea ice modulation of summertime
heatwaves over western North America in recent
decades
To cite this article: Houwen Wang et al 2022 Environ. Res. Lett. 17 074015

 

View the article online for updates and enhancements.

You may also like
Two-cylinder entanglement entropy under
a twist
Xiao Chen, William Witczak-Krempa,
Thomas Faulkner et al.

-

A Queuing Based Technique for Efficient
Task Scheduling in Fog
Amrut Patro and Behera Ranjit Kumar

-

Interface electronic structure and valence
band dispersion of bis(1,2,5-thiadiazolo)-p-
quinobis(1,3-dithiole) on polycrystalline Au
electrodes
Yasuo Nakayama, Koji Sudo, Noboru
Ohashi et al.

-

This content was downloaded from IP address 184.98.247.202 on 21/06/2022 at 19:57

https://doi.org/10.1088/1748-9326/ac765a
/article/10.1088/1742-5468/aa668a
/article/10.1088/1742-5468/aa668a
/article/10.1088/1742-6596/2007/1/012034
/article/10.1088/1742-6596/2007/1/012034
/article/10.1088/2516-1075/ac0124
/article/10.1088/2516-1075/ac0124
/article/10.1088/2516-1075/ac0124
/article/10.1088/2516-1075/ac0124
/article/10.1088/2516-1075/ac0124
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstYx2y18713S1yBerLn45vcrky5sSFb6BJ9YdoZ9uj5nNXilVin7g8HuguJko1Mp6LMTXY5yYKQ_r5vw982seKxZxzwPDIduCkcIgaut4opLsmnNQu0lKp2PIn_Op_5vTtUCMXlBGO-Ic-YecKpdZNf8iruizLVUTWkOZyvJROo-U5o9oyLmZIv48rm5sRQrjeFd-qnwdsRNdyBMtnBhY-rplY51etmJDSNAgbp7PO2UWNjelNUU2494Uq6gbc_XqhQEHcJOss_nMNXDQ1mNO7vz7TAD3vEnbw&sig=Cg0ArKJSzM9vC09n1mUE&fbs_aeid=[gw_fbsaeid]&adurl=https://physicsworld.com/c/medical-physics/


Environ. Res. Lett. 17 (2022) 074015 https://doi.org/10.1088/1748-9326/ac765a

OPEN ACCESS

RECEIVED

5 February 2022

REVISED

29 May 2022

ACCEPTED FOR PUBLICATION

7 June 2022

PUBLISHED

23 June 2022

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

LETTER

Arctic sea ice modulation of summertime heatwaves over western
North America in recent decades
HouwenWang1, Yang Gao2,∗, Yuhang Wang3,∗ and Lifang Sheng1

1 College of Oceanic and Atmospheric Sciences, Ocean University of China, Qingdao 266100, People’s Republic of China
2 Frontiers Science Center for Deep Ocean Multispheres and Earth System, and Key Laboratory of Marine Environment and Ecology,
Ministry of Education, Ocean University of China, and Qingdao National Laboratory for Marine Science and Technology, Qingdao
266100, People’s Republic of China

3 School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA 30332, United States of America
∗ Authors to whom any correspondence should be addressed.

E-mail: yanggao@ouc.edu.cn and yuhang.wang@eas.gatech.edu

Keywords: heatwaves, sea ice, teleconnection, quasi-barotropic ridges

Supplementary material for this article is available online

Abstract
A catastrophic heatwave struck North America (NA) in the summer of 2021, the underlying cause
of which currently remains unclear. The reanalysis data (1980–2021) is analyzed to elucidate the
mechanism modulating the summer heatwaves. We find the heatwaves over western NA tend to
occur concurrently with quasi-barotropic ridges (QBTRs). The 2021 record-breaking heatwave, in
particular, coincides with an extended eight-day QBTR event. The frequency of QBTRs is
modulated by large-scale forcing. During the period of 1980–2000, it is correlated with the Arctic
Oscillation. After 2000, however, the QBTR frequency is highly associated with sea ice variations.
Specifically, the negative sea ice anomalies in the Chukchi Sea are usually associated with stronger
net surface shortwave radiation and low cloud cover, triggering upward motion and a low-pressure
center in the low- and mid-troposphere. The low pressure strengthens a stationary wave response,
concomitant with two alternately high- and low-pressure centers, inducing more frequent QBTRs
over western NA. These findings indicate that further Arctic sea ice loss under a warming climate
will likely lead to more devastating heatwaves over western NA.

1. Introduction

Heatwaves are extreme weather events with high
temperatures, causing considerable damages to eco-
systems and humans (Smoyer-Tomic et al 2003,
Bondur, 2011, Pearce and Feng 2013, von Biela et al
2019). A severe heatwave event can result in thou-
sands of deaths (Stefanon et al 2012). Heatwaves
also have substantial effects on morbidity, includ-
ing acute renal failure, diabetes, and cardiovascular
diseases (Knowlton et al 2009). In the summer of
2021, a record-breaking heatwave swept across west-
ern North America (NA) from late June to early July.
More than 500 people died during the event, and 180
wildfires occurred in British Columbia, Canada, amid
a record-breaking temperature as high as 49.6 ◦C
on 29 June 2021 (Schiermeier 2021). Therefore, it
is of great significance to investigate the causes of
heatwaves.

It has been suggested that heatwaves can be attrib-
uted to persistent anticyclones (Fischer et al 2007,
Stefanon et al 2012). At the middle and high lat-
itudes, the quasi-stationary atmospheric blocking is
the primary weather system of anomalous anticyc-
lone (Barriopedro et al 2011, Gao et al 2015, Schaller
et al 2018, Li et al 2020). The duration and frequency
of atmospheric blocking can be steered by the intens-
ity of baroclinicity and upper-level zonal wind (Yao
et al 2017). At lower latitudes, the intensity and dur-
ation of heatwaves are strongly modulated by sub-
tropical highs such as the West Pacific subtropical
high (Li et al 2015) and subtropical ridges in Europe
(Sánchez-Benítez et al 2018). However, few studies
investigated the distinct effects of anticyclones with
different baroclinicity or dynamical properties on
heatwaves.

The frequency and duration of heatwaves have
been increasing and are projected to continue to
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increase even more substantially in a warming cli-
mate (Gao et al 2012, Habeeb et al 2015, Zhang et al
2018). Notably, Arctic warming has been about twice
the global average in the past few decades (Screen
and Simmonds 2010). For instance, the Arctic sea ice
extent has declined at a rate of 4% per year from
1979 to 2010 (Cavalieri and Parkinson 2012), and
its thickness in 2008 has almost halved compared
with 1980 (Kwok and Rothrock 2009). The sea ice
decline can induce more persistent and extreme mid-
and high-latitude weather and atmospheric circula-
tions (Vihma 2014, Yeo et al 2014, Coumou et al
2015, 2018, Overland et al 2016, Cvijanovic et al 2017,
Kim et al 2020, Zou et al 2021). For example, the
local effect behaves as the enhanced energy trans-
fer from the ocean to the atmosphere, which may
strengthen thewarming andmoisture locally, increas-
ing the thickness of the lower troposphere (Screen
et al 2013), whereas the sea ice loss may remotely lead
to a decrease in the meridional temperature gradi-
ent and upper-level zonal wind speed at mid-latitude
while stimulating Rossby wave trains (Francis and
Vavrus 2012, Wang and He 2015, Zou et al 2020).
The suggested relationship between sea ice decline
and persistent mid and high-latitude weather pat-
terns, and the strong dependence of heatwaves on
persistent anticyclones inspires us to investigate the
linkage between sea ice loss and heatwaves. Budikova
et al (2019) find that the decrease in summer sea
ice in Hudson Bay is associated with the increase in
the frequency of summer heatwaves in the United
States. Nevertheless, the mechanism of Arctic sea ice
variations modulating heatwaves over western NA
remains unclear.

In this study, we analyze the long-term reana-
lysis data (1980–2021) to diagnose the occurrences of
large-scale high-pressure ridges and investigate their
relationships with heatwaves over western NA and
large-scale forcing factors such as the Arctic sea ice
variations in recent decades. An emphasis is placed on
decadal changes and the underlying processes.

2. Data andmethods

ERA5 global hourly reanalysis (Hersbach et al 2020),
with a horizontal resolution of 0.5◦ × 0.5◦, is
downloaded from Copernicus Climate Data Store
(https://cds.climate.copernicus.eu/#!/home; last
access: 14 November 2021) in ECMWF. This dataset
is mainly used for (a) heatwave detection from near-
surface 2 m air temperature, (b) ridge detection from
geopotential height at 500 hPa (Z500), (c) correla-
tion and composite analysis from 2 m temperature
and Z500, (d) calculation of atmospheric baroclini-
city from zonal wind speed at different altitudes, i.e.
200–400 hPa and 600–850 hPa, and (e) investiga-
tion of air-sea interaction from medium cloud cover,
surface net longwave radiation and air temperature
in the troposphere (1000–500 hPa). Monthly AO

index is downloaded from Climate Prediction Cen-
ter (CPC, www.cpc.ncep.noaa.gov/data/; last access:
14 November 2021).

According to the previous method (Li et al 2020),
regional heatwaves are identified as continuous three
or more days with daily maximum 2 m surface air
temperature (Tmax) averaged over a region exceed-
ing a certain threshold. The threshold is calculated
for each calendar day of a year, equivalent to the 90th
percentile of the Tmax on a 31 days moving window
centered on that day during 1980–2009, warranting a
sufficient sample size. The region is selected in west-
ern NA (green quadrilateral in figure 1(a)).

To identify the daily high-pressure ridges overNA,
we develop an algorithm based on the method to
detect troughs (Li et al 2018). Specifically, we first
obtain the daily geostrophic curvature for each grid
calculated by Z500 over NA. A ridge over a region can
then be identified when the geostrophic curvature of
each grid is negative and exceeds a certain threshold,
and the width of the adjacent grids in the north-south
direction is longer than a designated length threshold.
The ridge detectionmethod is summarized as follows:

(a) A spatial smoothing to Z500, at a spatial extent
covering 20◦ in both zonal and meridional dir-
ections, is applied to reduce the impact of meso-
and small-scale weather systems.

(b) The zonal and meridional components of geo-
strophic wind are calculated in equation (1)
shown below, which can then be used to cal-
culate the angle of the geostrophic wind. In
a natural coordinate system, the curvature is,
by convention, negative (positive) when a flow
is anticyclonic (cyclonic), according to Holton
(2004). Thus, the curvature of each grid point is
calculated as the additive inverse of the rate of
change in the geostrophic angle along the direc-
tion of the geostrophic wind, followed by a spa-
tially moving average spanning 5◦ × 5◦ in latit-
udinal and longitudinal directions to eliminate
minor disturbances. More details can be found
in Li et al (2018)

ug = −1

f

∂Φ

∂y
vg =

1

f

∂Φ

∂x
(1)

where ug and vg represent the latitudinal and
meridional components of geostrophic wind
speed, respectively, Φ denotes Z500, x and y
denote latitudinal and meridional directions,
and f denotes Coriolis parameter.

(c) In weather charts, a ridge is an extended region
of relatively high atmospheric pressure, gener-
ally detected by the distribution of isobars con-
vex towards areas of low values along local min-
imal curvature. Based on the shape of isobars
and the distribution of the curvature calculated
above, the threshold of geographic curvature is
set to−0.05 (supplementary figure S1).
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(d) Considering that the wavelength of synoptic-
scale ridges is in the order of 1000–6000 km
(Lackmann 2011) and theminimum spatial scale
of atmospheric blocking approximates to 15◦

(Pelly and Hoskins 2003), a north-south width
at 1500 km is set to be the length threshold. To
avoid false ridges due to east-west subtropical
highs, the north-southwidth of the ridges should
be greater than the east-west width if the ridges
are located south of 45◦ N, considering the posi-
tion of subtropical highs documented previously
(Wallace and Hobbs 2006, Hartmann 2015) as
well as shown in supplementary figure S2.

High-pressure ridges are classified based on back-
ground baroclinicity, according to Yao et al (2017).
The background baroclinicity is considered the ver-
tical wind shear in the troposphere, calculated as
the difference between the upper (200–400 hPa) and
lower (600–850 hPa) zonal mean wind speed over NA
(30◦–70◦ N, 60◦–150◦ W). A quasi-baroclinic ridge
(QBCR) and a quasi-barotropic ridge (QBTR) are
identified when a high-pressure ridge is detected, and
the background baroclinicity on that day is the upper
75th percentile and lower 25th percentile during sum-
mer 1980–2021, respectively.

Moreover, longer-lasting QBTR events may yield
a much more significant impact than a single-day
event. Considering QBTRs and atmospheric block-
ing have similar effects on heatwaves in summer, fol-
lowing the work of Pelly and Hoskins (2003) and
Small et al (2014), a QBTR event is defined when at
least five continuous days are considered QBTR days,
and a relaxation criterion is adopted when one day
gap occurs in between two QBTR days, which is con-
sidered aQBTR day as well. A detailed check indicates
minimal chances when a five day QBTR event is due
to the filling of two day gaps. To facilitate the discus-
sion, the middle day of each event is considered as the
peak, defined as day 0, with the days before or after
denoted by negative or positive numbers.

3. Results

3.1. Atmospheric circulation associated with
regional heatwaves over NA in 2021
A long-lived and record-breaking regional heatwave
event is detected in western NA from 22 June to 5 July
2021. To understand the spatial and temporal char-
acteristics of the heatwave event, the Tmax anomaly,
over each grid, relative to the climatological (1980–
2009) mean on the respective day is calculated, with
the temporal mean shown in figure 1(a) (shading),
exhibiting strong positive anomalies overwesternNA.
The strong high temperature in this area is concurrent
with a large-scale ridge based on the mean geopoten-
tial height at 500 hPa centered on the northwestern
United States (blue contour lines in figure 1(a)). Par-
ticularly, Tmax anomalies reach 13.0 ◦C, yielding the

Tmax value of 36.8 ◦C on June 29 over southwest-
ern Canada (i.e. grey box in figure 1(a)), located in
the ridge center. Besides the heatwave period, most
of the remaining days during summer 2021 show a
positive anomaly relative to the climatological mean
(figure 1(c)), indicative of high mean temperature
even from a seasonal scale when regional heatwaves
occur.

To this end, we delve into the association between
regional heatwaves and summer mean air temper-
ature. The ranking in percentile of summer mean
Tmax in 2021 relative to 1980–2021 is displayed in
figure 1(b). A striking feature is that most grids
exceeding the 90th percentile are similar to the
region where the record-breaking heatwave occurs
over western NA (green quadrilateral in figure 1(b),
the same as green quadrilateral in figure 1(a)). The
interannual variations of summer mean Tmax aver-
aged over western NA during 1980–2021 (black line
in figure 1(d)) is further displayed together with the
frequency (orange bars in figure 1(d)) andmean dur-
ation (red dots in figure 1(d)) of regional heatwaves
over western NA, showing statistically significant cor-
relations with coefficients of 0.77 (P < 0.01) and
0.53 (P < 0.01).

3.2. Relationship between ridges and summer
mean Tmax in summer
To quantitatively analyze the linkage between the
ridges and the summer mean Tmax over western
NA (green quadrilateral in figure 1(b)), high-pressure
ridges during summer 1980–2021 are first identified
over NA. The different types of ridges are classified
based on atmospheric baroclinicity, such as QBTRs
and QBCRs (see section 2 for definitions). Detrend-
ing is applied before the time-series analysis in this
study to avoid the influence of linear trends. The total
number of summer QBTR days over each grid of
NA is regressed onto the standardized summer mean
Tmax averaged over western NA during 1980–2021,
showing strong linkage in the west of NA (referred to
as WNA; dark blue square in figure 2(a)).

Further examination of the number of summer
QBTR days over WNA and summer mean Tmax
over western NA (green quadrilateral in figure 1(a))
depicts a statistically significant correlation of 0.49
(P < 0.01). In addition, the abovementioned analysis
in this section has been repeated usingQBCRs, imply-
ing no significant relationship with summer Tmax.
The greater role of QBTRs in summer mean Tmax
may be explained by decreased baroclinity associated
with weaker upper-level flows, retarding the move-
ment of ridges and prolonging the life cycle of the
weather systems (Inoue et al 2012).

To further examine the impact of atmospheric
baroclinicity on heatwaves, in addition to the number
of QBTR days, the longer-lasting ridges such as QBTR
events may facilitate a more persistent and wide-
spread invasion of high temperatures. We define a

3
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Figure 1. Temporal and spatial characteristics of the record-breaking regional heatwaves and summer mean Tmax.
(a) Composited daily Z500 (contour, interval= 40; unit: m) and Tmax anomalies (shading; unit: ◦C) from 22 June to 5 July 2021.
Regional heatwaves are detected in the region inside the green quadrilateral. (b) Percentile of summer mean Tmax in 2021 across
about 40 year summers during 1980–2021. The green quadrilateral in figure (b) is the same as that in figure (a). (c) Daily Tmax in
2021 (solid red line) and daily climatological mean Tmax during 1980–2009 (dashed blue line) averaged over southwestern
Canada (grey box shown in figure (a)), and shading in pink is indicative of the period when regional heatwaves occur.
(d) Summer mean Tmax (black line) and regional heatwave frequency (orange bars) and duration (red dots) over western NA
(green quadrilateral in figure (a)) during summers from 1980 to 2021.

Figure 2. The relationship between summer mean Tmax and the number of summer QBTR days. (a) The number of summer
QBTR days at each grid (unit: days/summer) regressed onto the standardized summer mean Tmax averaged in green quadrilateral
in figure 1(b) during 1980–2021 after detrending. (b) Variations of the number of summer QBTR days over WNA during
1980–2021, showing no significant trend. The horizontal dashed reference line denotes the climatological mean of QBTRs during
summer 1980–2009.
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Figure 3. Composited daily Tmax anomalies compared to 1980–2009 (shading, unit: ◦C) and Z500 (contour,
interval= 40; unit: m) on day−4, day 0 and day+4 for QBTR events (a)–(c) and QBCR events (d)–(f). Black stippling
denotes areas with statistical significance at 0.05.

QBTR event overWNA (dark blue box in figure 2(a))
at least five days (see section 2) and detect a total of 36
events on average lasting 8.4 days per event (referred
to as duration) during summer 1980–2021. Notably, a
long-lasting QBTR event is detected over WNA from
25 June to 2 July 2021, well-matched in time with the
record-breaking heatwave over western NA (22 June
to 5 July 2021). Based on the mean QBTR event dur-
ation, we composite Z500 and Tmax anomalies relat-
ive to climatological mean from 1980 to 2009 during
day −4 to day +4 (day 0 is the peak of QBTR events,
defined in section 2) to analyze the impact of QBTR
events on the spatial and temporal variations of Tmax
(figures 3(a)–(c)). Widespread positive Tmax anom-
alies across western NA are induced by QBTRs, par-
ticularly in the belts across northwestern Canada to
northwesternUnited States. During day−4 to day+4
of the 36 QBTR events, 47% (17 times) is concomit-
ant with regional heatwaves occurring in western NA.
The probability of the co-occurrence of QBTR events
and regional heatwaves shows a nicely monotonical
increase by perturbing the threshold used to define
QBTR events, e.g. from 47% (abovementioned five
days threshold) to 44% (three days), 57% (six days),
65% (eight days) and 67% (ten days).

Similarly, QBCR events (e.g. a threshold of five
days) are detected and composited during day −4
to day +4 (figures 3(d)–(f)), with a total number
of 12 events from 1980 to 2021. The QBCR events
only cause a increase in Tmax beneath the location
of QBCRs, the amplitude of which is weaker than
the QBTR (figures 3(a)–(c) vs. (d)–(f)). The occur-
rence probability of regional heatwaves over western
NA is only 25% during QBCR events. Hence, the per-
sistent ridges concurrent with weaker baroclinicity

(e.g. QBTRs) are more conducive to heatwaves over
western NA.

3.3. The mechanismmodulating the QBTRs and
heatwaves
Next, we investigate the dynamic origins in the Arc-
tic modulating the interannual variations in sum-
mer QBTRs over WNA (figure 2(a)). As the lead-
ing mode of large-scale atmospheric circulation in
the northern hemisphere (Thompson and Wallace
2000), AO is firstly correlated with the number of
QBTR days in summer during 1980–2021, showing a
statistically significant correlation of 0.34 (P < 0.05).
Moreover, considering the intermittent effects of
large-scale forcing or circulation on mid-latitude
weather (Overland et al 2016), a 21 year moving
correlation is further applied between AO and the
number of QBTR days. Although the correlation
coefficient of 0.34 during 1980–2021 is relatively
low, the moving correlation (i.e. 0.64 during 1980–
2000) exhibits a more significant correlation prior
to 2001 but decreases sharply thereafter (red line in
figure 4(a)), indicative of weakened effects of AO on
QBTRs in the latter half period.

As was documented earlier, a QBTR over west-
ern America is induced in 2007 due to the substan-
tially lower sea ice compared to the other years from
1979 to 2008 (Strey et al 2010). Similarly, the loca-
tion of ridge peaks is also suggested to be driven by
sea ice loss (Francis and Vavrus 2012). To understand
theArcticmodulating theQBTRs in the latter 21 years
from 2001 to 2021, the regression between the Arc-
tic sea ice and interannual variations in the num-
ber of summer QBTR days is evaluated each month
during 2001–2021. The regression pattern of June sea

5
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Figure 4. (a) Twenty-one year moving correlation between the number of summer QBTR days passing over WNA (dark blue
square in figure 2(a)), and summer AO index (solid red line) and sea ice concentrations (SIC, solid blue line) in June averaged in
the Chukchi Sea (green circular sector in figures (b)–(d)) during 1980–2021. The numbers in the abscissa represent the center of
the 21 year used in the calculation of moving average. The dashed horizontal line demarcates the significance of the correlation
coefficient, with values on top of the line implicative of significance (P < 0.05). (b) Correlation pattern between the number of
summer QBTR days over WNA and SIC in the Chukchi Sea in June during 2001–2021. Regression of (c) geopotential height
(unit: m) at 500 hPa in summer, (d) geopotential height at 500 hPa (unit: m) and wind speed at 200 hPa (unit: m s−1) in June
against the additive inverse of standardized SIC averaged in the Chukchi Sea during June 2001–2021. White stippling denotes
areas with statistical significance at 0.05. Linear trends are removed from the analysis.

ice displays a significant negative correlation (−0.56;
P < 0.01) in the Chukchi Sea (green circular sector
in figure 4(b)). A 21 year moving correlation between
the sea ice concentrations in June over this circular
area and the number of summer QBTR days is fur-
ther conducted (blue line in figure 4(a)). The con-
tinuous enhancement in the moving correlation with
the largest one of−0.58 centered in 2009 confirms the
more significant effect of sea ice variations modulat-
ing the number of summer QBTR days during 2001–
2021. The very lowmoving correlation (0.04) in 1990
indicates the negligible impact of sea ice concentra-
tions on QBTRs at the end of the last century, such as
1980–2000.

To investigate how sea ice variationsmay intensify
regional heatwaves in western NA, the summer geo-
potential height anomalies at 500 hPa are regressed
onto the additive inverse of standardized sea ice con-
centrations averaged in the Chukchi Sea during June
2001–2021 (figure 4(c)). A stationary wave response,
with two striking high-pressure centers over the Ber-
ing Sea and western NA and two relatively weak
low-pressure centers over the Gulf of Alaska and
southeast side of the Sea of Okhotsk, occurs along
the North Pacific at mid-high latitudes, concomit-
ant with a low-pressure center over the Chukchi Sea.
This stationary wave is barotropic, presenting sim-
ilarly low- and high-pressure centers from 925 hPa

to 200 hPa. The high pressure over WNA, to some
extent, implies potential connections between neg-
ative sea ice anomalies and enhanced QBTRs over
WNA. Furthermore, the regression pattern of geopo-
tential height at 500 hPa and wind speed at 200 hPa
in June (figure 4(d)) shows that the low-pressure
center over the Chukchi Sea, triggered by reduced
sea ice, induces westerly anomalies on its southern
flank, strengthening the high-pressure center over the
Bering Sea in the stationary waves. This response
is stronger than the other three anomalous centers
in the stationary wave, facilitating the wave activ-
ity along the jet stream and resulting in more fre-
quent QBTRs in WNA. In addition, the horizontal
structure of stationary wave resembles the part of
the Pacific-Japan pattern located over the North
Pacific at mid-high latitudes (Nitta 1987). Teng et al
(2013) also suggest a similar wave train over the
North Pacific facilitating the formation of heatwaves
over US.

The regression pattern abovementioned supports
the linkage between Arctic sea ice in the Chukchi
Sea and increased QBTRs over WNA. The potential
physical mechanism of the sea ice variations trigger-
ing the low-pressure center is further examined. As
was demonstrated by Chang (2009), diabatic heat-
ing plays a major role in the maintenance of sta-
tionary waves. Previous studies have demonstrated
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Figure 5. The mechanism of negative sea ice anomalies in the Chukchi Sea triggering a low-pressure center. Regression of (a) net
surface shortwave radiation (SSR, unit: W m−2), (b) low cloud cover (LCC, unit: 0–1), (c) air temperature at 1000 hPa (T1000,
unit: ◦C), (d) vertical velocity (W, Pa s−1), (e) downward long-wave radiation (DLR, unit: W m−2) and (f) vertical average of air
temperature from 850 hPa to 500 hPa (T850-T500, unit: ◦C) against the additive inverse of standardized sea ice concentrations
averaged in the Chukchi Sea during June 2001–2021. Green circular sectors represent the Chukchi Sea. Black stippling indicates
areas with statistical significance at 0.10. Linear trends are removed from the analysis.

that Arctic sea ice anomalies can affect the weather
systems at mid latitude in summer by stimulating
Rossby wave trains (Yin et al 2019b, 2020, Du et al
2022). For instance, Yin et al (2019a) found that the
sea ice reduction in the Chukchi Sea combined with
positive SST anomalies could trigger a stationarywave
response atmid latitude, steering the atmospheric cir-
culation over thewest coast ofNA. Therefore, the pos-
siblemeteorological variables related to diabatic heat-
ing (figures 5(a)–(f)) are regressed onto the additive
inverse of standardized sea ice concentration averaged
over the Chukchi Sea in June 2001–2021. Stronger
surface net shortwave radiation and decreased low
cloud cover are conducive to negative sea ice anom-
alies (figures 5(a) and (b)), concurrent with increased
air temperature at 1000 hPa (figure 5(c)). The
increased air temperature causes an upward motion
in the low and middle troposphere (figure 5(d)),
favoring the formation of the low-pressure center (He
et al 2018). Furthermore, decreased low clouds reduce
the absorption of upward long-wave radiation in the
mid-troposphere and emission of downward long-
wave radiation (figure 5(e)), decreasing the temperat-
ure therein (Slingo and Slingo 1988), as well as shown
in figure 5(f), further facilitating the formation of
the low-pressure center (figure 4(d)). This structure
with relatively cold air at high altitudes and warm
air at low altitudes reduces the atmospheric stabil-
ity (Wallace and Hobbs 2006), continuously main-
taining the low-pressure center. Comparably, based
on numerical experiments, He et al (2018) found a
similar mechanism between the Artic sea ice anom-
alies over the Barents Sea in June and stationary wave

response in summer over Eurasia, further warranting
the robustness of the finding in this study. While the
dynamic process is plausible, detailed modeling ana-
lysis is necessary in future to confirm the role of sea
ice anomalies on the atmospheric circulation.

4. Conclusions

In this study, we investigate the characteristics and
potential large-scale causes of the devastating heat-
wave event in the western NA from late June to early
July 2021. The analysis shows that the frequency of
regional heatwaves and summer mean Tmax values
are closely associated with the number of QBTR days
over WNA in summer during 1980–2021. A direct
cause of the 2021 record-breaking heatwave is an
extended QBTR event over WNA lasting eight days.

Correlations of QBTRs with climate indices reveal
a transition from AO modulation during 1980–2000
to a significant modulation by the sea ice concentra-
tions in the Chukchi Sea during 2001–2021, reflecting
the strengthened role of the Arctic sea ice variations.
During the latter period (2001–2021), the negat-
ive sea ice anomalies in the Chukchi Sea, concur-
rent with stronger net surface shortwave radiation
and increased near-surface air temperature, induce
upwardmotion in the low- andmid-troposphere and
a low-pressure center therein. The low-pressure cen-
ter induces westerly anomalies on its southern flank,
strengthening a stationary wave response, inducing
more QBTRs over western NA. The more station-
ary QBTR events can cause an extended period of
high temperatures over large regions of western NA
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compared to a more transient and smaller temper-
ature increase caused by the QBCR events. There-
fore, heatwaves over western NA are more likely to
occur with increased barotropic and long-lived ridge
events. The observations in the past two decades sug-
gest that negative Arctic sea ice anomalies triggers
more QBTR events. Since the Arctic sea ice is pro-
jected to continue to decline under global warming
(Stroeve et al 2012, Overland and Wang 2013, Notz
and Community 2020), as a result, the frequency of
heatwaves in summertime over westernNA is likely to
increase, potentially leading to more wildfires in the
region.
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