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Abstract In the early summer (late June—early July) of 2021, a prolonged and extremely high temperature
event was observed in the Northwest United States and Southwest Canada. In this study, a connection was
found between the subseasonal variations of the East Asian monsoon system and the anomalous heat dome
over western North America (WNA). Around 2-3 pentads prior to the period of maximum heat, a northward-
propagating rain belt and abnormally intensified jet stream in East Asia excited a Rossby wave train, causing
the high-pressure anomaly over WNA that was responsible for the occurrence of this heat wave in 2021.
Multivariate singular value decomposition analysis results using historical data and a series of numerical
experiments further supported the finding of this East Asia—western North America teleconnection. The results
provide precursor signals for better monitoring and predicting heat waves over WNA.

Plain Language Summary A persistent and extremely high temperature event was observed in
several states in the Northwest United States and Southwest Canada in summer 2021. This severe heat wave
resulted in the hottest early-summer season in western North America (WNA) since 1979 and huge social

and economic losses. Although the heat dome (high-pressure anomaly) over WNA was the factor responsible
for this mega heat wave, the cause of this high-pressure anomaly was unclear. The present study reveals the
importance of an atmospheric wave train emanating from East Asia toward North America in inducing the
heat dome over WNA. The generation of the wave train is attributable to a northward-propagating rain belt
and abnormally enhanced jet stream over East Asia from 10 to 15 days before the peak of this heat wave. Thus,
monitoring the East Asian summer monsoon and associated wave train activity may help in predicting heat
waves in WNA, and therefore in knowing when to put measures in place to mitigate against their effects.

1. Introduction

A record-breaking heat wave struck western North America (WNA) from late June through early July in 2021,
which affected several large cities that otherwise rarely experience extreme heat waves, such as Portland, Oregon,
and Seattle, Washington in the United States, and Vancouver in Canada. An extreme maximum temperature
of 49.6°C—the highest ever recorded in Canada—was measured on 29 June in the village of Lytton (Schier-
meier, 2021). There were more than 700 deaths—the majority believed to have been linked to the extreme heat
(Murphy, 2021)—and 180 wildfires in the British Columbia, Canada (Schiermeier, 2021).

According to the observed daily surface air maximum temperature (7 ) data from the U.S. Climate Prediction

Center (CPC/NOAA, 2021), extreme heat at 8°C higher than the climatological mean occurred over southwestern
North America during 16-20 June 2021 (Figure 1a). Then, the high-temperature center moved toward northwest-
ern North America, with the T

max

provinces of British Columbia and Alberta during 2630 June (Figure 1c). In early July, although the heat wave

reaching 41.3°C (about +16°C relative to the climatology) in the Canadian

weakened slightly over WNA (blue boxes), the T, there still exceeded the 90th percentile (white cross-hatched
areas in Figures 1d-1f). The area-averaged T, over WNA showed “heat spike” days in early June, followed by
exceptionally hot days during late June (Figure 1g). The peak temperature of 35.3°C was recorded on 28 June,
which was far above the climatology (4+13.1°C). The heat wave then dissipated around mid-July. Similar results
were also observed in the ERAS reanalysis data (not shown). This heat wave in WNA in 2021 (Figure 1) led to
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Figure 1. Temperature evolution in the early summer of 2021 over the North America. (a—f) Pentad-mean T

(shading; units: °C) and its anomalies (contours with

max

intervals of 2°C; dashed/solid contours for negative/positive anomalies) during 16 June—15 July 2021 derived from the Climate Prediction Center (CPC) data set.

White hatching denotes those regions with 7,

. €xceeding the 90th percentile. (g) Temporal evolution of the climatological (black curve) and anomalous (shading) 7,

averaged over WNA (110°-140°W and 42°-57°N; blue boxes in upper panels) during May—July 2021. The dashed curve indicates the 90th percentile of T, for each
calendar day. Green dots label the dates with 7, exceeding the 90th percentile. (h) Surface energy budget terms over WNA in each pentad from mid-June to mid-July

2021 (units: W m~2).

the hottest early-summer season over the past 40+ years (1979-2021) in the U.S. states of Oregon and Idaho, and
the Canadian provinces of British Columbia and Alberta (Figure S1 in Supporting Information S1).

Scientists have reported that this heat wave in WNA in summer 2021 is unlikely to have happened without
anthropogenic climate change, which increases the likelihood of such a heat wave occurring by at least 150
times relative to the conditions without human-induced climate change (Borenstein, 2021; Philip et al., 2021).
In addition to the effect of global warming, blocking events and high-pressure anomalies associated with Rossby
wave trains (RWTs) are commonly linked with the heat waves (Hsu et al., 2020; Lau & Kim, 2012, 2004; Luo &
Lau, 2020; Schubert et al., 2011, 2014; Teng et al., 2013). RWTs are generally excited by atmospheric heating
anomalies, which could be linked with precipitation, sea-surface temperature (SST) and land condition anomalies
at various locations (Hu et al., 2019; Jong et al., 2020; Zhu & Li, 2016). In terms of this 2021 heat wave in WNA,
a high-pressure anomaly hovered over the region persistently, like a lid on a pot trapping the heat within. The
formation mechanisms of this “heat dome” (high-pressure anomaly) have not been fully clarified. Some research-
ers have attributed this extreme heat wave to the La Nifia condition at that time and its associated circulation
anomalies of the Pacific—-North America (PNA) pattern (Gibbens, 2021; Thomas, 2021). However, the Nifio3.4

QIAN ET AL.

20f11



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL097659

index of —0.23°C during June-July 2021 indicated a weak La Nifia state; it remains unclear whether this weak La
Nifla case is responsible for triggering the heat dome over WNA.

Recent studies have identified the East Asia-North America teleconnection, which modulates extreme events
in various locations of North America during boreal summer (Lopez et al., 2019; Wang et al., 2001; Zhang
et al., 2020; Zhu & Li, 2016). This motivated us to probe the possible effects of the East Asian summer monsoon
(EASM) on the heat wave in WNA in summer 2021. The questions we sought to address were as follows: (a)
Were there any abnormal and significant signals in the EASM system, such as the rain belt or jet stream, preced-
ing and during the occurrence of the heat wave? and (b) How did the East Asia-North America teleconnection
establish and influence this heat wave?

The rest of the paper is organized as follows: The data and methods are described in Section 2. Then, a possible
formation mechanism for the heat dome involving teleconnection between the evolution of the EASM and surface
air temperature anomalies in North America is proposed and further verified based on the results of a series of
sensitivity experiments with an anomaly atmospheric general circulation model (AGCM) in Section 3. Conclu-
sions are given in Section 4.

2. Data and Methods

2.1. Observational and Reanalysis Data

Observed daily T,
with a horizontal resolution of 0.5° X 0.5°. The Precipitation Estimation from the Remotely Sensed Informa-
tion using Artificial Neural Networks-Climate Data Record (PERSIANN-CDR) data set provides high-reso-
lution (0.25° x 0.25°) daily precipitation over the tropical to mid-latitude regions from 1983 to 2020 (Ashouri

data were collected from the Climate Prediction Center (CPC) global temperature data set

ax

etal., 2015). To identify the deep convection activity, daily outgoing longwave radiation (OLR) data at a horizon-
tal resolution of 2.5° X 2.5° from the polar-orbiting satellites of the National Oceanic and Atmospheric Adminis-
tration (NOAA) (Liebmann & Smith, 1996) were employed.

To analyze the large-scale fields associated with this extreme heat event and diagnose the underlying mecha-
nisms, daily zonal and meridional wind (# and v), vertical p-velocity (@), temperature (7), and geopotential height
(Z) at 21 vertical levels from 1000 to 100 hPa as well as surface variables including surface pressure (P,), surface
net shortwave radiation (SSR), surface net thermal radiation (STR), sensible heat flux (SHF) and latent heat flux
(LHF), from the state-of-the-art ECMWF reanalysis data set, ERAS (Hersbach et al., 2020), were utilized. The
daily 7, data from ERAS were also used, along with the observational data from CPC, to obtain robust results
related to the heat wave.

According to the spatiotemporal evolution of the temperature anomaly over North America (Figures 1a—1g), the
occurrence period of the heat wave was defined as 16 June—15 July 2021, which is consistent with most media
reports. Heat wave days were identified as when the daily 7, exceeded the 90th percentile of the climatology.
Considering the annual cycle of local temperature, we define the threshold for each calendar day with a 15-day
window. For example, the 90th percentile value on 1 June was determined by the data from 25 May to 7 June
during 1979-2020 (15days X 42 years = 630 samples).

2.2. Methods
2.2.1. Temperature and Surface Energy Budget Equations

To reveal the physical processes leading to this heat wave, the temperature budget equation was diagnosed. As
shown in Equation 1, changes in temperature perturbations at each pressure level are contributed by the horizontal
temperature advection, adiabatic process associated with vertical motion and static stability, and diabatic heating
including small-scale physical processes:

aTl Ql

=7 =~V V) + (@) + G )
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in which prime indicates the perturbation components relative to the climatological summer (June—July) mean of
1979-2020, ¢ is time in seconds, V is the horizontal velocity vector, V is the horizontal gradient operator, and ¢
is the static stability, calculated as

oP C,P’ )

Here, R is the gas constant, P is the pressure in Pa, and C, is the specific heat at constant pressure.

The apparent heat source (Q) near the surface could be connected to the surface energy budget processes. As
shown in Equation 3, the net upward heat flux through the surface (Fs) is determined by surface SSR, STR, SHF
and LHF:

Fs = SSR + STR + SHF + LHF + G, A3)

where G is the ground heat flux and is negligible (Kustas et al., 1993; Santanello Jr. & Friedl, 2003). All the
fluxes are positive upward.

2.2.2. Rossby Wave Source and Wave Activity Flux

To detect the Rossby wave source (RWS) that triggered the teleconnection related to the heat wave, the anomalous
RWS (S’) was diagnosed (Sardeshmukh & Hoskins, 1988):

S =—¢V-V,=V,.VE-¢(V-V, -V, V¢, )

where an overbar represents the climatological seasonal mean during June—July of 1979-2020, and a prime
indicates the daily deviation from this climatological state. { is absolute vorticity. V, is the divergent wind vector.

The anomalous horizontal wave activity flux (WAF) associated with a quasi-stationary RWT was proposed by
Takaya and Nakamura (2001) as follows:

U aw/ 2 _ ,azu// + 1% au// aw/ o aZw/
peosg | @cosp [\ox )~V 9 | T @cosg | ox 9 ~ " a40s s
= 2|U| U 0_1//’0_1//’ ~ ,aZW/ v 0_11/' 2 ~ /ale// B
2cosg | 04 op ¥ 9a0¢| T @cose [\ ) TV o

where W is the WAF; ¢, 1 and a represent the latitude, longitude and Earth's radius, respectively; p = (pres-
sure/1,000 hPa); U = (U, V) denotes climatological seasonal mean of the basic flow; and y’ is the anomalous
stream function.

2.2.3. Model Experiments

To confirm the contributions of the EASM on the heat wave, including the heating induced by the monsoon rain
belt and the waveguide effect of the jet stream, a set of sensitivity experiments were conducted with the dynamic
core of the Geophysical Fluid Dynamics Laboratory (GFDL) AGCM (Held & Suarez, 1994). This model is
linearized by a three-dimensional climatological basic state to investigate responses to observed heating. The
vertical coordinate of the model is five evenly distributed sigma levels (=p/p,) with an interval of 0.2 started from
a bottom level (6 = 1) to a top level (¢ = 0), and the horizontal resolution is triangular 42 (T42). Realistic basic
states including u, v, T, and P, are derived from ERAS. More details about the primitive equations can be found
in Supporting Information Text S1 in Supporting Information S1.

The model's capability in mimicking the effect of the preceding EASM anomalies on the heat wave in North
America was first tested by prescribing the conditions during 16-20 June 2021 (2 pentads prior to the peak stage
of the heat wave), including the mean states over the globe and the anomalous heating/cooling over East Asia,
referred to as EXP_2021ANO. To reveal the relative effects of the precipitation-induced heating anomaly in the
subtropical EASM region and the cooling anomaly in the Philippine Sea on the temperature changes in WNA,
two experiments, EXP_2021HT and EXP_2021CL, were conducted by forcing either the heating or cooling
alone, respectively. The basic states for EXP_2021HT and EXP_2021CL are prescribed the same with those in
EXP_2021ANO. The essential role of the enhanced jet stream in the occurrence of this heat wave was verified
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by another experiment, EXP_CLIMIJET, in which the climatological pentad-mean (16-20 June) fields of u, v,
T, P, and the anomalous heating/cooling over East Asia during 16-20 June 2021 were used (against the results
of EXP_2021ANO). The model was initialized with the forcing given by setting # = 1 day, and integrated for
60 days. The quasi steady state was approached after ~15 days.

3. Formation Mechanism of the Heat Wave

Figure 2 compares the spatiotemporal evolutions of the large-scale fields prior to and during the period of the heat
wave. In the peak stage (26-30 June) of extreme heat, a suppressed convection anomaly (shading in the upper
panel of Figure 2¢) along with a quasi-barotropic high-pressure anomaly system at the levels of 500 and 200 hPa
(the lower panel of Figure 2¢) were evident over WNA. The temperature budget diagnostic results show the domi-
nant contribution of adiabatic heating process during the developing stage of the WNA heat wave (Figure S2 in
Supporting Information S1). In contrast, the anomalous horizontal temperature advection and diabatic heating
effects were either negative or small. The subsidence of suppressed convection and the high-pressure anomaly
induced a clear sky, enhancing the downward SSR to heat up the surface, and then the increased STR and SHF
(Figure 1h) warmed the surface air.

The source of the local high-pressure anomaly (the “heat dome”) could be linked to the RWT that was triggered
by the convective heating near the East Asian jet stream (pink shading and blue dots near the red contours in the
upper panel of Figure 2c) and emanated along the westerly jet toward North America (vectors in Figure 2c). This
RWT initiated around mid-June (Figure 2a) and enhanced persistently (Figures 2b and 2c¢) when the high-level
divergence associated with the EASM rain belt anomaly appeared over the subtropical western North Pacific
(WNP) and moved northwards toward the jet stream (the area with large vorticity). Among the physical processes
of RWS generation [S” in Equation 4], the stretching of climatological absolute vorticity by the anomalous diver-
gent flow (=L V - V) is the major contributor (Figure S3 in Supporting Information S1). Meanwhile, the jet stream
intensified and extended eastwards abnormally (red contours in Figures 2b and 2¢) compared to the pentad clima-
tological state (light blue contours), providing a more efficient waveguide for teleconnection (Branstator, 1983;
Teng et al., 2013; Zhang et al., 2020; Zhu & Li, 2016, 2018). The enhancement and eastward extension of the jet
stream was related to the strengthening of the meridional temperature gradient when the suppressed convection
anomaly induced a warm anomaly over the subtropical WNP (150°E—180° and 20°—40°N) (not shown). From
early to mid-July (Figures 2d—2f), the monsoon rain belt and jet stream weakened, and the RWT became less
organized. The heat dome over WNA gradually dissipated. Note that the pattern of the East Asia-North America
teleconnection leading to the heat dome (Figure 2) is distinct from the typical PNA pattern associated with trop-
ical Pacific SST anomalies (Horel & Wallace, 1981; Jong et al., 2020) suggesting that the weak La Nifia event
might have played a minor role in inducing this heat wave in summer 2021 simultaneously. However, how and
to what extent the La Nifia in the previous winter could exert a delayed impact on the following EASM and its
teleconnection (Wang et al., 2001) are unsolved issues that require further study (Supporting Information Text S2
and Figure S4 in Supporting Information S1).

Although the East Asia-North America teleconnection was clearly apparent in the case of this heat wave in WNA
in summer 2021 (Figure 2), long-term (1983-2020) historical data were further used to confirm whether this tele-
connection pattern is a robust signal for triggering high temperature events in WNA more generally. To elucidate
the joint effects of the EASM system (including precipitation and 200-hPa zonal wind over [100°E—180° and
10°-55°N]) on the 7, in North America (60°-135°W and 15°-65°N), a multivariate singular value decomposition
(SVD) analysis was performed (Figure 3). Notably, the first leading mode, accounting for 20.8% of the explained
covariance, identifies the association between anomalous EASM activity and high temperature conditions over
WNA. A tripole pattern of 7, anomalies over North America (i.e., significant high temperature anomalies in
northwestern and southern North America, but a low temperature anomaly in central-eastern North America)
(Figure 3b) is closely coupled with the subtropical precipitation and enhanced jet stream over East Asia (Figure 3a).

To confirm the influences of EASM-associated anomalies on the WNA heat wave, the composites of the preced-
ing large-scale precipitation and wind fields relative to the peak of high temperature over WNA are plotted. Day
0 is the day when the standardized expansion coefficient of the first leading SVD mode of the 7, anomaly over
North America exceeds one standard deviation. Lead N days indicate the large-scale fields in N days before Day
0. From 8 to 14 days before the peak of high temperature over WNA (Figures 3c-3f), the EASM rainfall appears

ax
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Figure 2. Evolutions of large-scale fields

associated with the western North America (WNA) heat wave. Pentad evolutions of the (upper panel of each sub-figure)

observed outgoing longwave radiation (OLR) anomaly (shading; units: W m~2), westerly jet represented by zonal wind (red contours; start from 30 m s~! with an
interval of 20 m s~!), and anomalous Rossby wave source (values smaller [larger] than —5 X 10'° s~2 [5 x 10'° s=?] are indicated by dark blue [pink] dots) and WAF
(black vectors; units: m? s—2) at 200 hPa, and the (lower panel of each sub-figure) geopotential height anomaly at 500 hPa (shading; units: gpm) and 200 hPa (gray
contours with an interval of 30 gpm). (a—f) represent the results of 16-20 June, 21-25 June, 26-30 June, 1-5 July, 6-11 July, and 11-15 July in 2021, respectively.
The climatological pentad-mean of the westerly jet (defined by 200-hPa zonal wind = 30 m s~!) is shown by the light blue contours. The black box (110°~130°W and

42°-57°N) delineates the region of WNA.

over the subtropical region, and the 200-hPa zonal wind extends toward the central Pacific. The RWT is seen with
relatively weak amplitude. Accompanied by the enhancement of EASM precipitation and jet stream, the RWT
strengthens in the following periods, forming a positive high-pressure anomaly associated with heat waves in
WNA (Figures 3g-3j). The evolution of the large-scale conditions associated with North American T, derived
from SVD1 (Figure 3) closely resemble the case in 2021 (Figure 2). The results signify a robust connection
between North American heat events and EASM activity (Lopez et al., 2019; Yang et al., 2020).
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The relative roles of monsoon rainfall-related heating anomalies and jet steam intensity in causing the heat wave
in WNA were clarified by carrying out sensitivity experiments as described in Section 2.2.3. The results of
EXP_2021ANO show the capability of the AGCM in simulating the large-scale RWT emanating from East Asia
and inducing the high-pressure anomaly over WNA (left panel of Figure 4a) as observed (Figures 2 and 3). The
high-pressure anomaly (middle panel of Figure 4a) and positive temperature anomaly (right panel of Figure 4a)
in WNA both increase with integration time and reach their maximum around 10-15 days (Figures 2 and 3).
The distinct effects of rain belt-induced heating in the subtropical WNP (left panel of Figure 4b) and cooling in
the tropical western Pacific (left panel of Figure 4c) were examined by comparing the results of EXP_2021HT
(Figure 4b) and EXP_2021CL (Figure 4c). The positive anomalies of geopotential height and temperature over
WNA are only shown in the results of EXP_2021HT (Figure 2b). In contrast, an opposite phase of the RWT and
decreased geopotential height and temperature over WNA appear in the results of EXP_2021CL (Figure 4c). This
suggests that the subtropical rain belt-induced heating alone (without the cooling in the tropics) may have forced
the RWT relevant to this heat wave in WNA. Note that the results remained the same if we only prescribed the
background mean state in 2021 over the East Asia-WNP region (60°E—180°, 0°-90°N) but the climatological
mean state elsewhere, implying that the high temperature anomaly over WNA was indeed related to remote
forcing rather than local effects. The simulation produced by EXP_CLIMIJET highlights the importance of the
extremely enhanced jet stream in the early-summer of 2021 in causing the heat wave. Once the climatological
3-D wind fields were prescribed, the RWT was weakened and shifted westwards (left panel of Figure 4d), as
compared to the 2021 case (left panel of Figure 4a). Very small changes in geopotential height and temperature
were measured in WNA (middle and right panels of Figure 4d). Therefore, the enhancement and eastward exten-
sion of the jet stream (Figures 2a—2d) were essential for the occurrence of this heat wave in WNA. To enhance the
robustness of the modeling results, we generated five ensemble members by forcing individually the daily heat-
ing/cooling anomalies from 16 to 20 June in individual experiments and conducted ensemble averages (Figure
S5 in Supporting Information S1). The ensemble results are largely consistent with the current results (Figure 4).

4. Conclusions

A record-breaking heat wave in the early summer (16 June—15 July) of 2021, with temperatures 16°C higher than
the climatology, affected WNA, including several states in the Northwest United States and Southwest Canada
(Figure 1). In addition to the effect of human-induced climate change (Borenstein, 2021; Philip et al., 2021), this
study has identified the important contribution of East Asia-North America teleconnection to the occurrence of
the heat dome that triggered and maintained the local extreme heat condition over WNA.

The local high-pressure anomaly over the heat wave region was observed to be part of a RWT emanating from
East Asia generated by the combined effect of the subseasonal rain belt and jet stream variations (Figure 2).
With the monsoon rain belt appeared over the subtropical WNP and moved northwards toward the south of the
East Asian jet stream, the precipitation-induced heating and background vorticity gradient associated with the
jet stream excited the RWT in the upper troposphere. Then, the jet stream intensified and extended eastwards,
serving as an efficient waveguide for the Rossby wave energy propagating toward North America, inducing a
subsidence anomaly appeared to the south of the jet exit area. It warmed the temperature there and resulted the
occurrence of the extreme heat wave in WNA.

The teleconnection between North American 7, and EASM activity at the subseasonal timescale could be
clearly seen in multivariate SVD analysis results using long-term (1983-2020) daily data (Figure 3). Model
experiments also supported the observational findings that the subtropical precipitation and intensified jet stream
over East Asia played critical roles in the generation and maintenance of this heat wave in WNA through tele-
connection (Figure 4).

The East Asia-North America teleconnection pattern has been documented in some recent studies (Lopez
et al., 2019; Zhang et al., 2020; Zhu & Li, 2016) at monthly and seasonal time scales. The subseasonal changes in

Figure 3. Singular value decomposition (SVD) analysis and composited evolutions of precipitation and westerly jet in the East Asia and temperature in the North
America. The first leading SVD mode of (a) (left) precipitation anomalies (shading) and 200-hPa zonal wind anomalies (blue contours) over East Asia (100°E—180°and
10°-55°N) and (b) (right) T, ,, anomalies (shading; units: °C) over North America (60°-135°W, 15°-65°N) during 16 June—15 July of 1983-2020. (c—j) Evolutions of
the East Asian precipitation anomaly (shading to the west of 140°W), 850-hPa North American temperature anomaly (units: °C; shading to the east of 140°W), 200-hPa
zonal wind anomalies (purple contours staring from 1 with an interval of 1 m s~!), and 200-hPa geopotential height anomaly (units: gpm; contours with an interval of

10 gpm), composited for a lead time of (c) 14, (d) 12, (e) 10, (f) 8, (g) 6, (h), (i) 2 days, and (j) day 0.
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Figure 4. Sensitive experiments for verifying the crucial roles in western North America (WNA) heat wave occurrence. (left) Simulated 500-hPa geopotential height
(contours; start from 25 gpm with an interval of 50 gpm; units: gpm) and heating anomaly (shading; units: K day~!) integrated at day 10 in (a) EXP_2021ANO,

(b) EXP_2021HT, (c) EXP_2021CL, and (d) EXP_CLIMIJET experiments, respectively. (Middle and right) As in (left) but for the temporal evolution of the WNA
(110°-140°W, 42°-57°N; purple boxes in the left panel) area-averaged 500-hPa geopotential height anomaly (units: gpm) and 850-hPa temperature anomaly (units: K).
The letters “A” and “C” indicate the centers of anticyclonic and cyclonic anomalies, respectively.

the EASM rainfall and jet stream prior to and during the occurrence of heat waves provide valuable information
for monitoring and forecasting such natural disasters over WNA. How the East Asia-North America telecon-
nection is predicted by operational models and whether this teleconnection can serve as a source of subseasonal
predictability for North American heat waves are the two open issues that will be addressed in future work using
the data sets of the Subseasonal-to-Seasonal Prediction Project (Vitart et al., 2017).
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