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Abstract

As summer heatwaves have severe adverse impacts on human society and ecosystems,
there is need to better understand their meteorological drivers and future projections
under climate change. This study investigates the linkage between atmospheric blocking
and summer (June—August) heatwaves over North America using two reanalysis datasets
(ERA-Interim and NCEP-DOE-R2) and two large-ensembles of Canadian Earth System
Models (CanESM2 and CanESM5) for the 1981-2010 baseline period as well as projected
changes under high-emission scenarios out to 2071-2100. Compared to NCEP-DOE-R2,
both ensembles underestimate summer blocking frequency in the north Pacific, Alaska,
and western Canada (by —37%), while CanESM2 ensemble also underestimates blocking
frequency in central and eastern Canada (by —36%). CanESM5 generally shows better per-
formance than CanESM2 in its reproduction of blocking frequency over central and eastern
Canada, which is consistent with its overall improvements in simulating large-scale cli-
mate patterns. The two ensembles, however, agree with the reanalyses in their blocking-
heatwave linkages. Above-normal heatwave frequency occurs in the blocking core and its
surroundings due to positive heat flux anomalies, while below-normal frequency occurs
at remote locations on the eastern and/or southern flanks of the blocking core due to cold
air temperature advection anomalies. Future projections in central Canada differ between
the models, largely due to the significant under-representation of blocking frequency by
CanESM2. However, the two ensembles generally project similar behavior between the
baseline and future period for spatial distributions of blocking-heatwave linkages, indicat-
ing blocking will continue to play an important role in the development of summer heat-
waves in the future.
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1 Introduction

Summer heatwaves have received intensive attention over the past decades due to their
severe adverse impacts on human society and ecosystems. The European summer heat-
wave in 2003 was responsible for more than 35,000 deaths and economic losses of 10 bil-
lion USD (Fischer et al. 2007). This event also led to forest fires in Portugal and asso-
ciated severe damages to ecosystems with economic losses of more than 1 billion Euros
(Garcia-Herrera et al 2010). The USA summer heatwave in 1988 resulted in 5000—-10,000
deaths (National Climatic Data Center 2001). An estimated 840 deaths of Canada and
the USA resulted by the direct consequences of the Western North America heatwave in
2021 (Overland 2021). Heatwaves also have negative effects on crops, livestock, and milk
production (Sejian et al. 2012). Meanwhile, the frequency of heatwaves has increased in
large parts of Europe and Asia since the middle of the twentieth century (Seneviratne et al.
2021). Peterson et al. (2013) reported the highest and second highest number of heatwaves
occurred in the 1930s and 2000s decades in the USA; however, a higher number of heat-
waves in the 2010s than in the 2000s were reported (Alizadeh et al. 2022). Anthropogenic
global warming is blamed for increased probability of heatwave occurrences (e.g., Fischer
and Knutti 2015; Seneviratne et al. 2021). Moreover, projections from multi-model ensem-
bles of global climate models (GCMs) suggest that heatwaves will be more intense, more
frequent, and last longer over most land areas in future warming climates (e.g., Fischer and
Knutti 2015; Dosio et al. 2018). Therefore, it is important to understand the mechanisms
driving heat extremes and how these mechanisms and extremes will be affected by climate
change.

Heatwaves occurring in mid- to high-latitudes are often associated with atmospheric
blocking events, which are originally defined as quasi-stationary anti-cyclonic circulation
anomalies that interrupt the predominant westerly flow and persist for several days (Trigo
et al. 2004), but they are also associated with persistent or unusual features in storm tracks
(Zappa et al. 2014). Atmospheric blocking drives above-normal temperature anomalies for
several days based on the combination of radiative heating under clear-sky conditions and
warm air advection driven by clockwise anti-cyclonic circulations, dependent on the flow
patterns and position of blocking and its features at the seasonal scale (Pfahl and Wernli
2012; Schaller et al. 2018). Besides this, heatwaves can be amplified by land—atmosphere
feedbacks in transitional climate regions based on reduction in evaporative cooling with
enhanced persistence driven by soil moisture memory. Drought conditions are also a trig-
gering factor that can exacerbate surface and low-level air temperature from an increase in
surface sensible heat flux during drying persistent conditions (Black et al. 2004).

GCMs are the most widely used tools for simulating the historical climate, with
observed greenhouse gas concentrations and radiative forcing, as well as for making projec-
tions of future climates under different anthropogenic forcing scenarios on a global scale.
Ideally, GCMs should properly replicate atmospheric circulation features on various spati-
otemporal scales. In particular, the linkage between blocking and heatwaves is an impor-
tant synoptic-scale feature of the climate system that should be replicated by GCMs for
current risk management and future adaptation strategies. However, GCMs generally show
biased atmospheric circulation features due to coarse-scale resolution, missing orographic
drag, sea surface temperature bias, etc. which affect the simulated blocking features; thus,
underestimation of blocking frequency is a longstanding challenge (Anstey et al. 2013;
Berckmans et al. 2013; Pithan et al. 2016; Davini and D’Andrea 2020). According to
GCMs that contributed to the Coupled Model Intercomparison Project Phase 5 (CMIP5)
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(Taylor et al. 2012), blocking frequency is underestimated in the Atlantic-European sector
by around 10-30% in summer, with smaller negative biases in the Pacific-North Ameri-
can sector (Woollings et al. 2018). Underestimation of summer blocking frequency is also
reported in CMIP Phase 6 (CMIP6) GCMs (Eyring et al. 2016), although they show an
improvement in representing blocking frequency and persistence in the Atlantic and Pacific
compared to CMIP5 (Davini and D’Andrea 2020; Schiemann et al. 2020). Meanwhile,
CMIP5 and CMIP6 GCMs project decreases in future blocking frequency in mid-latitudes
but increases in high-latitudes in summer due to the poleward shift in blocking activity
with global warming (Woollings et al. 2018; Davini and D’Andrea 2020). The changed
summer blocking frequency in a future climate could result in a change in summer heat-
waves; however, changes in the background state or local feedbacks could counteract this
linkage (Seneviratne et al. 2010; Woollings et al. 2018).

Connections between blocking and summer heatwaves have been studied over Atlantic-
European sector. In particular, influences of blocking on individual mega-heatwave events
that occurred over northern Europe and western Russia in 2003 (Fischer et al. 2007) and
2018 (Li et al. 2020) were investigated based on historical reanalysis datasets. Climato-
logical blocking-heatwave linkages for historical and future simulations were also inves-
tigated using ensembles of GCMs. For instance, Brunner et al. (2018) found that Cana-
dian Earth System Model version 2 (CanESM?2) (Arora et al. 2011) reproduces observed
blocking-heatwave linkages in simulations for summer over the 1981-2010 historical
period; blocking significantly increases heatwave frequency in northern Europe, and the
historical blocking-heatwave connection is maintained into the future (2070-2099). Simi-
larly, Schaller et al. (2018) reported that (1) there is a significant correlation between
blocking and summer heatwave magnitudes in northern Europe and western Russia for
1979-2015, (2) large ensembles of three GCMs (i.e., CanESM2, CESM-CAM4, CESM-
CAMS) are able to reproduce that connection, and (3) the connection will not change in
the future (2070-2099). However, blocking-heatwave connections and abilities of GCMs
to reproduce these connections are rarely studied over the Pacific-North America region
from either a historical or future climate change perspective. In an analysis of the National
Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-
NCAR) reanalysis dataset, Dong et al. (2018) found that a blocking event that persisted
over the USA during August 2007 led to a record-breaking heatwave over southeastern
USA. Although, changes in summer blocking intensity and persistence in the future have
been investigated (Lee et al. 2021), their potential implications for future hot temperature
extremes are not well documented over North America.

Here, we investigate observed linkages between blocking and summer (June—August)
heatwaves over North America — with an emphasis on the Pacific-North America region
— using two reanalysis datasets (ERA-Interim (Dee et al. 2011) and NCEP-Department of
Energy reanalysis 2 (NCEP-DOE-R2) (Kanamitsu et al. 2002)) for the 1981-2010 base-
line period. Subsequently, we evaluate two generations of Canadian Earth System Models
(CanESM2 and CanESM version 5, CanESMY) for their ability to reproduce the observed
blocking-heatwave connections. We also investigate projected changes in summer blocking
activity and implications of these changes on heatwaves by the end of twenty-first cen-
tury under high-emission scenarios (Representative Concentration Pathway RCP 8.5 (Moss
et al. 2010) in CanESM2 and Shared Socioeconomic Pathway SSP5 8.5 (O’Neill et al.
2014) in CanESMS5). Other atmospheric circulation and surface variables related to the
blocking-heatwave linkage including anomalies of air temperature advection at 850 hPa,
surface heat flux forcing, 1000-500 hPa geopotential thickness, and surface precipitation
during blocking episodes are analyzed in the baseline and future periods. Note that this
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is a complement study to the previous work conducted by Jeong et al. (2021) for the link-
age between atmospheric blocking and winter cold spells over the Pacific-North American
sector.

2 Data and Methods
2.1 Data

CanESM2 and CanESMS5 are Earth System Models (ESMs) developed by the Canadian
Centre for Climate Modelling and Analysis (CCCma) of Environment and Climate Change
Canada (ECCC). Simulations from CanESM2 contributed to CMIP5 and those from
CanESMS5 contributed to CMIP6. CanESM2 is a comprehensive ESM that includes cou-
pled atmosphere, ocean, sea-ice, land, and terrestrial and ocean carbon cycle components
(Arora et al. 2011). Major improvements in CanESMS5 from CanESM?2 are incremental
updates to the atmosphere, land-surface, and terrestrial ecosystem models, with the imple-
mentation of completely new components for the ocean, sea-ice, and marine ecosystems,
as well as a new coupler (Swart et al. 2019). Virgin et al. (2021) provided further compari-
sons between the two versions in term of underlying causes of the difference in effective
climate sensitivity.

This study makes use of variables from the two models, including daily maximum
air temperature at 2 m and daily mean values of geopotential heights at 500, 850, and
1000 hPa, U and V components of wind at 850 hPa, surface precipitation, shortwave
and longwave solar radiations (downward), and surface sensible and latent heat fluxes
(upward). These variables are obtained from a 50-member ensemble of CanESM?2 initial-
condition simulations under historical (1981-2005) and RCP 8.5 (2006-2100) scenarios
and a 20-member ensemble of CanESMS5 initial-condition simulations under historical
(1981-2014) and SSP5 8.5 (2015-2100) scenarios. Members of each CanESM ensemble
share the same historical and future external forcings, differing only in initial conditions of
the atmosphere and ocean state at the beginning of the simulation (i.e., 1950 for CanESM2
and 1850 for CanESM5). Consequently, members of each CanESM ensemble have differ-
ent realizations of internal-variability under the given external forcings (Fyfe et al. 2017).
RCP 8.5 and SSP5 8.5 are high emission (no mitigation policy) scenarios used for the
CMIP5 and CMIP6, respectively, with a radiative forcing of 8.5 W/m? and roughly 5 °C
increase in global mean temperature by the end of the twenty-first century compared to the
pre-industrial level (IPCC 2013; Lee et al. 2021).

Both CanESM2 and CanESM5 use the spectral transform method for the atmosphere
component with about 2.8° latitude X 2.8° longitude horizontal resolution (Arora et al.
2011; Swart et al. 2019). For this assessment, all variables are interpolated to a grid spac-
ing of 2.5°%2.5° using the first order conservative remapping method (Schulzweida 2019).
The two large-ensembles are evaluated in their ability to reproduce observed blocking
activity (based on NCEP-DOE-R2 and ERA-Interim reanalyses) and the linkage between
blocking and summer heatwaves over Pacific-North America for the 1981-2010 baseline
period. NCEP-DOE-R2 provides pressure level variables on a 2.5° grid but the other vari-
ables on a 1.9° grid; the latter are interpolated to 2.5°x2.5° in this study. All variables
of ERA-Interim are available at a horizontal-resolution of 0.75°, which are used without
further treatment. Reanalysis datasets at higher resolutions (e.g., ERAS at 0.28° resolution
(Hersbach et al. (2020)) are not considered in this study. Rohrer et al. (2020) showed that
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blocking characteristics are very similar (<3% difference) in ERAS and its predecessor
ERA-interim; however, coarse-resolution climate models cannot represent orography that
is known to strongly affect the atmospheric circulation (Pithan et al. 2016). Meanwhile, the
difference in resolutions of the reanalyses could be sensitive to detection methods of block-
ing events (Rohrer et al. 2020).

2.2 Blocking and associated anomalous atmosphere circulation and surface
variables

Blocking indices could be categorized into three types, using absolute field (Davini et al.
2012), anomaly field (Schwierz et al. 2004), and combination of the two (Barriopedro et al.
2010). Woollings et al. (2018) compared summer blocking frequency diagnosed by the
three types for 1958-2012 using three reanalysis datasets. All types display similar spa-
tial pattern of the frequency over the Pacific-North American sector with more frequent
blocking over the North Pacific than North American continent (Fig. 2 of Woollings et al.
(2018)).

To identify the occurrence of blocking episodes, we apply a 2-dimensional absolute
blocking detection method to meridional gradients of daily 500-hPa geopotential height
fields (Z500) (Brunner et al. 2018; Woollings et al. 2018). For a given latitude ¢, gradients
of Z500 to the north (GZ500N) and to the south (GZ500S) are calculated along longitude A

Z500(\, ¢ + Adp) — Z500(A, )
Ad

GZ500N(A, §) =

GZ500S0,, ) = Z500(A, d) — Z500(\, & — Ad) W
Ad

for 50°N <¢$p <75°N and Ad=15° latitude, thus focusing on high latitude blocking that
diverts the main westerly flow (Davini et al. 2012). While, blocking activities based on
ridge anomalies of cut-off lows or low latitude (40-50°N) blocking activities generated by
fluctuations of the subtropical high pressure systems are not considered (Barriopedro et al.
2010). Instantaneous blocking (IB) is detected at the grid point (A, ¢) when gradients to
the south and north simultaneously satisfy GZ500N < — 10 gpm/° and GZ500S >0 gpm/°.
Blocking events are then defined based on the 2-dimensional IB field by further taking
into consideration spatial extent and temporal persistence. A spatial event is detected when
IB conditions extend over at least 15° longitude while allowing for meridional movement
within + 5° of latitude. A blocking episode is then detected when a spatial IB event persists
within 10° longitude for at least five consecutive days.

Blocking events are further detected over four different blocking regions (BRs) to
explore both remote and coincident relationships between blocking and North American
summer heatwaves. The four blocking regions are referred to as BR1 (180-150°W; north
Pacific and western Alaska), BR2 (150-120°W; eastern Alaska and western Canada),
BR3 (120-90°W; central Canada), and BR4 (90-60°W; eastern Canada). A blocking day
in a blocking region occurs when more than half of the blocking region (i.e., 15° longi-
tude in the region) is covered by a blocking event; thus, any two blocking regions could
have the same blocking day when a blocking event is larger than 30° longitude. Wazneh
et al. (2021) showed that the mean extension of blocking events in summer is about 22°.
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Blocking days in the blocking regions are identified for each 30-year future period, incre-
mented by 10 years, from the baseline to 2071-2100.

Atmosphere circulation and surface variables, including temperature advection at
850 hPa level (this level is selected to avoid noises stemming from surface boundary condi-
tions such as topography, vegetation, roughness length, and land—atmosphere coupling),
surface heat fluxes, surface precipitation, and 1000-500 hPa geopotential thickness, can
influence extreme hot temperatures at the surface; therefore, anomalous behaviors of these
variables during blocking are investigated to better understand the physical mechanisms
behind the blocking-heatwave linkage. Anomalies of horizontal temperature advection
(850 hPa) driven by anomalous wind flows during blocking are estimated using

—% - %v’ (Lehtonen and Karpechko 2016), where T represents the climatological mean

temperature in summer for the baseline or 2071-2100 periods, and ' and V' are the anoma-
lous zonal and meridional wind components during blocks, relative to climatological
means (i.e., Julian climatological values for the baseline or 2071-2100 periods). Net sur-
face radiative and turbulent heat fluxes are estimated on a daily timescale via
R¢+ R, — LE — H (Pettenuzzo et al. 2010), where the components represent daily mean
values of shortwave and longwave solar radiation (downward) and surface latent and sensi-
ble heat fluxes (upward), respectively. Consequently, the net heat flux roughly indicates the
summation of the surface heat flux and total heat energy stored in the surface layer for a
day when assuming the heat flux conduction from the soil is negligible. Anomalies of the
surface heat fluxes during blocking days are calculated relative to climatological means for
each baseline and future period. In the same way, anomalies of surface precipitation and
1000-500 hPa geopotential thickness during blocking days are calculated for the baseline
and future periods.

2.3 Summer heatwaves

A summer heatwave is defined as a prolonged period of at least three consecutive hot days
with daily maximum temperature above a threshold. The threshold used in this study is the
90th percentile of daily maximum temperatures in a 31-day window centered on a calendar
day calculated for each ensemble member; heatwaves are estimated at each grid point on
each calendar day for a given 30-year period (Pereira et al. 2017). Future heatwaves are
defined in two different ways using two different thresholds for hot days: time-invariant
(stationary) threshold calculated from the baseline period and time-variant (nonstationary)
thresholds calculated for 30-year future periods from the baseline to 2071-2100. However,
blocking-heatwave linkages are mainly investigated using the nonstationary hot day thresh-
old, as the linkages are difficult to measure with the stationary definition due to the signifi-
cant increase in the number and duration of heatwaves in a warming climate.

The strength of the blocking-heatwave connection is defined between each blocking
region from BR1 to BR4 and each grid point over North America using the heatwave fre-
quency anomaly P, = (Ngyyp/Np)/ (N /N) (Brunner et al. 2018), where N, Ny, Np,
and Ny, p represent total number of summer days, number of heatwave days, number of
blocking days, and number of heatwave days during blocking for a 30-year period. Thus,
this anomaly represents the ratio of the conditional probability of heatwave days during
blocking episodes to the unconditional (climatological) probability of heatwave days. The
anomaly is larger than one when the conditional occurrence probability of heatwaves is
higher than the unconditional occurrence probability, and close to one when blocking is not
associated with heatwaves.
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Statistical significance of the heatwave frequency anomaly is detected in each ensemble
member using a block bootstrap resampling approach that accounts for the complicated
spatiotemporal correlation structure of dataset (Efron and Tibshirani 1994). Autocorre-
lation in blocking and heatwaves is preserved using contiguous 15-day bootstrap resam-
ples that could include a long blocking episode as well as a heatwave. The resampling is
repeated 100 times from the series of daily blocking in each blocking region and heatwaves
at each North American grid point. Statistical significance is defined when the 5th-95th
percentile range, as quantified by the bootstrap, excludes one. The anomaly is either statis-
tically significantly higher than climatology when the Sth percentile is larger than one, or
lower when the 95th percentile is smaller than one. Anomalies of surface heat fluxes and
1000-500 hPa geopotential thickness are also tested their statistical significance using the
bootstrap resampling approach. Four sub-regions of North America are defined as north-
west (NW; 170-102°W and 50-70°N), northeast (NE; 102-52°W and 50-70°N), south-
west (SW; 140-102°W and 30-50°N), and southeast (SE; 102-52°W and 30-50°N) to
summarize regional differences in the blocking-heatwave linkages.

3 Results
3.1 Atmospheric blocking

CanESM2 and CanESMS5 ensembles agree with ERA-Interim and NCEP-DOE-R?2 in terms
of historical spatial variability of summer blocking frequency, with more frequent blocking
days over the north Pacific, Alaska, and western Canada (BR1 and BR2) than central and
eastern Canada (BR3 and BR4) (Fig. 1a). This climatological spatial pattern of summer
blocking is well documented over Pacific-North America based on reanalyses and GCM
simulations (e.g., Woollings et al. 2018; Davini and D’Andrea 2020). Moreover, the two
ensembles and reanalyses show a consistent result in the preferred location for blocking
occurrence over higher latitudes (i.e., 60—75°N), based on the poleward shift in the position
of the jet stream in summer compared to winter (Woollings et al. 2018). However, com-
pared to reanalyses, CanESM?2 and CanESM5 ensembles underestimate summer blocking
frequency, particularly in regions BR1 and BR2. This is consistent with previous findings
from CMIP5 and CMIP6 (e.g., Woollings et al. 2018; Davini and D’Andrea 2020). There
are 29 and 25 blocking days of ERA-Interim and 24 and 21 days of NCEP-DOE-R2 versus
15 and 13 days of CanESM?2 and 13 and 15 days of CanESM5 on average per summer over
BR1 and BR2 (Fig. 1c). This underestimation is also present in CanESM?2 in central and
eastern Canada (BR3 and BR4); compared to NCEP-DOE-R2, CanESM2 underestimates
blocking frequency by —55% at BR3 and 16% at BR4. However, CanESM5 shows good
agreement with the reanalyses for summer blocking frequency in these two regions. This
may be due to the improved ability of CanESMS5 to reproduce features of the large-scale
atmospheric circulation. For example, Swart et al. (2019) found improvements in the repre-
sentation of the 3-D distribution of northward winds, surface zonal winds, sea-ice volume
and seasonal cycle, and sea-level pressure, but no significant improvement in 3-D zonal
winds, sea-surface temperature, and 3-D geopotential height. Systematic misplacement of
the blocking activity from the Alaska toward the North American continent is also shown
from both CanESMs. This discrepancy is generally seen in CMIP5 and CMIP6 models and
is associated with the overestimation of the Pacific Jet stream speeds and extensions far
toward the North Pole (Anstey et al. 2013; Pithan et al. 2016; Davini and D’Andrea 2020).
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Fig.1 a Two-dimensional summer blocking days of ERA-Interim, NCEP-DOE-R2, and CanESM2 and
CanESMS5 ensemble averages (EAs) over the Pacific-North America for 1981-2010 baseline, and b pro-
jected changes of CanESM2 and CanESMS5 EAs for 2071-2100 relative to the baseline. Grid points are
marked by black dots when ensembles between the baseline and future period are statistically significant
based on the two-sample t-test at 10% significance level. ¢ Percentages of blocking days in four blocking
regions (BR1 to BR4) of ERA-Interim (black dots), NCEP-DOE-R2 (green dots), CanESM?2 ensemble (red
box-plot), and CanESMS5 ensemble (blue box-plot) for the baseline, and projections of the ensembles for
future 30-year periods to 2071-2100. The four blocking regions are presented in the first panel of (a)

The two ensembles generally project a consistent spatial pattern of changes in summer
blocking days. Increases are projected over the Pacific Ocean and in some parts of south-
ern Canada (BR1), while decreases are projected in northern North America and adja-
cent oceans (BR2 and BR4). However, opposite changes are projected over BR3. Here,
CanESM2 projects an increase in blocking days, whereas CanESMS5 projects a decrease
relative to their baseline levels. While changes in mean blocking frequency may be statisti-
cally significant by the end of the twenty-first century, the magnitude of projected changes
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are generally small relative to internal variability (Fig. 1c). The largest absolute increase
(+0.40 day (+2.4%)/decade) is projected by CanESM2 ensemble at BR1, while the largest
absolute decrease (—0.27 day (—1.7%) /decade) is shown by CanESMS5 at BR2. In gen-
eral, results from CanESMS are in better agreement with previous findings from CMIP5
and CMIP6 multi-model ensembles (Woollings et al. 2018; Davini and D’Andrea 2020).
In these studies, it is suggested that warming leads to a poleward shift in the jet stream and
Hadley circulation and an attendant decrease in summer blocking frequency, while the sig-
nal over the Pacific area is less clear and robust (compared to Greenland) from both CMIP5
and CMIP6 models (Davini and D’Andrea 2020).

3.2 Heatwave events

The spatial variability in summer heatwave frequency simulated by CanESM2 and
CanESMS is generally consistent with the ERA-Interim and NCEP-DOE-R2 reanalyses
(Fig. 2a). Inter-ensemble agreement in the spatial pattern of climatological heatwave fre-
quency is high (spatial correlation of 0.84), with slightly lower agreement with the rea-
nalyses (spatial correlation of 0.58 between both ensembles and NCEP-DOE-R2). This
suggests that the surface response of the two models to persistence of synoptic-scale
atmospheric circulation anomalies and land—atmosphere feedbacks is reasonable (Diro
and Sushama 2017). Furthermore, results are in agreement with those reported by Diro
and Sushama (2017) in their analysis of heatwaves based on a gridded observation dataset
developed using in situ station records.

Under the stationary hot day definition, the two ensembles show significant increases in
heatwave days over all regions of North America as the future projection horizon increases
from the baseline (Fig. 2c). These increases are due to background warming in response to
future emissions and the time-invariant hot day threshold, which is determined from the
historical baseline period. CanESMS5 projects larger increases in the frequency of heatwave
days than does CanESM?2 (Fig. 2c), in part because CanESMS5 has a higher climate sensi-
tivity than CanESM2 and also because of differences in emissions between the SSP5 8.5
and RCP 8.5 scenarios (Swart et al. 2019).

Under the nonstationary hot day definition, the two ensembles both project small
changes in heatwave frequency over North America by the end of the twenty-first century
(Fig. 2b). Climatologically, the average number of hot days per summer remains constant
over time as the threshold used to define a hot day is calculated separately for each future
period. Therefore, a possible way for the number of heatwaves to increase is for the persis-
tence of heat wave days to increase. While changes are statistically significant at some grid
points (Fig. 2b), results are not field significant. Furthermore, changes in regional averages
over the four regions of North America are not significant (Fig. 2c).

3.3 Linkage between blocking and heatwaves

It should be noted before discussing the blocking-heatwave linkage that blocking cores
and associated high-pressure anomalies dominate in the northern parts of blocking regions
(higher than 60°N) (Fig. 1a). For the 1981-2010 period, ERA-Interim and NCEP-DOE-R2
display statistically significant connections (tested, as before, by bootstrap resampling at
a 10% significance level) between blocking and above-normal heatwave frequency in the
northern parts of blocking regions where the blocking cores are dominant, as well as their
eastern and/or western sides (Fig. 3a for blocking events at selected regions BR2 and BR3).
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Fig.2 a Summer heatwave days of ERA-Interim, NCEP-DOE-R2, and CanESM2 and CanESMS5 ensemble
averages (EAs) over North America for 1981-2010 baseline, and b projected changes of CanESM?2 and
CanESMS5 EAs under the nonstationary threshold condition for 2071-2100 relative to the baseline. Grid
points are marked by black dots when ensembles between the baseline and future period are statistically
significant based on the two-sample #-test at 10% significant level. ¢ Regional averages of heatwave days for
ERA-Interim (black dots), NCEP-DOE-R2 (green dots), CanESM2 ensemble (red box-plot), and CanESMS5
ensemble (blue box-plot) at the four regions of North America (NW, NE, SW, and SE) for the baseline, and
projections of the two ensembles for future 30-year periods. Unfilled and filled box-plots represent station-
ary and nonstationary hot day threshold definitions. The four regions are presented in the first panel of (a)

In particular, based on the reanalyses, about 76% of heatwave events in the NW region
occur at the same time as a co-located blocking event over northern North America. Mean-
while, the reanalyses show a statistically significant relationship between blocking and
below-normal heatwave frequency at remote locations on the southeastern and/or southern
flanks away from the blocking cores (i.e., the northern parts of the blocking regions). These
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warm/cold temperature anomalies are mainly due to the location (and extent) of the block-
ing events and their changes from warm to cold seasons (Wazneh et al. 2021), while cold
air advection anomalies on the eastern-side and downstream (i.e., clockwise) from anti-
cyclonic blocking episodes could result in the blow-normal frequency anomalies (Pfahl and
Wernli 2012; Whan et al. 2016).

The two ensembles generally agree with the two reanalyses in terms of the spatial pat-
terns of the blocking-heatwave linkage, although they overestimate the above-normal heat-
wave frequency in the NW region during blocking occurring from BR2 to BR4 (Fig. 4).
CanESM2 overestimates more than CanESMS5, particularly on the southern flanks away
from blocking cores (Fig. 3a). Overestimation by the two models may be partly due to
over-representation of positive surface radiation anomalies with clear-sky conditions and/
or warm temperature advection from the south/east flanks of the blocking events, with
other contributing factors including different model configurations and coupling strategies
(Swart et al. 2019). The two models also overestimate below-normal heatwave frequency
at remote locations on the eastern and southern flanks away from the blocking cores, pos-
sibly due to over-representation of negative temperature advection anomalies during block-
ing events as described in the following section and from potential problems in reproduc-
ing meridional wind and storm track features at the east side of the blocking events (Poan
et al. 2018). Warm anomalies patterns in eastern Canada have a weak linkage with block-
ing located over the BR3 or BR4 region, but rather from eastern oceanic areas and/or the
Greenland sea (Pfahl and Wernli 2012; Wazneh et al. 2021). Consequently, the two reanal-
yses generally show insignificant or weak positive linkages between heatwaves of eastern
Canada and blocking of B3 and B4, while the CanESM ensembles tend to overestimate the
linkages over the baseline period.

Investigation of changes in the blocking-heatwave linkage with climate change is dif-
ficult when using the stationary hot day definition due to the significant increase in future
heatwave frequency in a warming climate (Fig. 2c). Under the nonstationary hot day
threshold, CanESMS5 generally simulates similar behavior in the baseline and future peri-
ods for both the spatial patterns and regional averages of heatwave frequency anomalies
on blocking days (Figs. 3b and 4). This is consistent with the finding for the Euro-Atlantic
sector that blocking will continue to play an important role in the development of summer
heatwaves in the future under the nonstationary threshold condition (Brunner et al. 2018).
CanESM2 also projects the persistence of the baseline behavior into the future period for
the blocking-heatwave linkage; however, it suggests large increases in regional averages
of the linkage between blocking in BR3 and above-normal heatwave frequency in the
NW, NE, and SW regions (Fig. 4). Notably, this is the region where blocking frequency
in CanESM2 is significantly negatively biased in the baseline period (by —55% compared
to NCEP-DOE-R2). These large increases in CanESM2 are due to increases in the area of
above-normal heatwave frequency over middle to northern latitude regions (>45°N) for
the future period (Fig. 3b) relative to the baseline.

3.4 Atmosphere circulation and surface variables

Compared with the reanalyses, the two climate models simulate similar spatial patterns of
positive anomalies of net surface heat flux during blocking over the northern parts of the
blocking regions (i.e., the preferred locations for blocking occurrence in Fig. 1a), as well
as their eastern and western sides (Fig. 5a). This agreement indicates that the two models
reproduce positive surface radiation anomalies resulting from anti-cyclonic high-pressure
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b, d those of CanESM2 and CanESMS5 EAs for 2071-2100 future period. Black dots over North American
grid points in (a) and (c¢) of ERA-Interim and NCEP-DOE-R2 represent statistical significance at the 10%
significant level tested by bootstrap approach. Larger dot size of CanESM2 and CanESM5 ensembles rep-
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and clear-sky conditions during blocking, particularly in the blocking core and surrounding
areas (Pfahl and Wernli 2012). The positive heat flux anomaly is spatially coincident with
the above-normal heatwave frequency for each ensemble and reanalysis (Fig. 3a), indicat-
ing that surface radiation anomalies during blocking are the main driver of northern North
American heatwaves. In addition, diabatic fluxes from sensible heat can also contribute to
summer heatwave as deficit of precipitation reduces the evaporation rate and its associ-
ated surface cooling. The coupling with soil moisture may also be important. In particular,
the positive anomaly of solar radiation that amplifies surface evaporation and the negative
anomaly of precipitation associated with blocking causes a gradual depletion of soil mois-
ture, which can result in larger sensible heat fluxes from the surface into the atmosphere
(Pfahl and Wernli 2012). Meanwhile, the two ensembles agree with the two reanalyses in
terms of negative heat flux anomalies at remote locations along the eastern and southern
flanks of the blocking regions. The negative heat flux anomaly is spatially coincident with
below-normal heatwave frequency for each ensemble and reanalysis, implying that the
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negative anomalies can, along with cold air advection, contribute to below-normal heat-
wave frequency.

The two models simulate similar spatial patterns of 850 hPa temperature advection
anomalies as the two reanalyses over North America (Fig. 5c). In particular, strong nega-
tive temperature advection anomalies are found on the eastern and southern flanks of the
blocking cores, due to northerly and/or north-easterly wind anomalies that result from
anomalous clockwise anti-cyclonic circulation. This spatial pattern of negative tempera-
ture advection anomalies over North America during blocking is in line with findings over
Europe (e.g., Trigo et al. 2004; Sousa et al. 2018). Below-normal heatwave frequency at
remote eastern and southern regions away from blocking cores (Fig. 3a) can be explained
by the negative temperature advection anomalies. Meanwhile, the two climate models and
the reanalyses display positive temperature advection anomalies on the southwestern and
western regions away from the blocking cores. These are driven by southerly wind anoma-
lies associated with anomalous anti-cyclonic circulation during blocking and they result in
above-normal heatwave frequency in those regions. However, CanESM?2, CanESMS5, and
the reanalyses show some regional-scale disagreements for the temperature advection and
wind anomalies, and the disagreements lead to the differences in the heatwave frequency
anomalies. Specifically, the two climate models yield stronger negative temperature advec-
tion anomalies than do the reanalyses at eastern flanks of the blocking regions; this leads to
overestimation of below-normal heatwave frequency. Meanwhile, the two ensembles yield
stronger positive temperature advection anomalies than the reanalyses along the southern
and western flanks of blocking in central Canada (BR3); this leads to overestimation of
above-normal heatwave frequency.

For 1000-500 hPa geopotential thickness, CanESM?2 and CanESMS5 ensembles and rea-
nalyses show positive anomalies along the northern areas of the blocking regions, as well
as their eastern and western flanks, but negative anomalies at remote southern and eastern
locations away from the blocking cores (Fig. 6a). Therefore, for each ensemble and rea-
nalysis, the positive thickness anomaly (lighter and warmer air-mass than climatology) is
spatially consistent with above-normal heatwave frequency and positive heat flux anomaly
at the blocking core and surrounding areas. Meanwhile, the negative thickness anomaly
also shows spatial agreement with below-normal heatwave frequency and negative tem-
perature advection anomaly at remote eastern and southern locations away from the block-
ing core. The two ensembles display similar spatial patterns as the reanalyses in terms of
negative anomalies of surface precipitation at the northern areas of the blocking regions
but positive anomalies at southern areas of the blocking regions, as well as remote eastern
locations away from the blocking cores, although the anomalies are less pronounced in the
two ensembles compared to ERA-Interim (Fig. 6¢). This indicates that the positive and
negative anomalies of surface precipitation have relationships with the below- and above-
normal heatwave frequency, respectively (Fig. 3a).

In the 2071-2100 period, CanESM5 projects similar spatial patterns of tempera-
ture advection and net surface heat flux anomalies during blocking as in the baseline
period (Figs. 5b and d). Similar spatial behavior in the two variables supports similar
spatial patterns in the linkage between blocking and heatwave frequency anomalies of
CanESMS5 under the nonstationary threshold condition in the two periods (Fig. 3). How-
ever, CanESM2 projects an increase in positive net heat flux anomalies at southern parts
of blocking in region BR3. This leads to overestimation of above-normal heatwave fre-
quency as shown in Figs. 3b and 4. CanESM2 also projects an increase in positive tem-
perature advection anomalies at the southern flank of blocking region BR3, which is driven
by southerly wind anomalies and contributes to the increase in future heatwave frequency

@ Springer



5 Page 16 of 21 Climatic Change (2022) 172:5

i
e

(a) Z500 - Z1000 thickness anomaly (1981-2010) Precipitation anomaly (1981-2010)

E E
8 5
£ £
g B
o o
4 4
w w
o o
Q. Q
o o
w w
(%) o
- z
o o
= =
0 ww > ) wn
w w
d o
g 5 i &
o Ens. Sig. o
. >25%
. >50%
. >75%
] - =100%| g
w * w
2 .. 2
(7] (7]
w w
4 U
o I3
(8] o
(b) 2500 - 21000 thickness anomaly (2071-2100) (d)
< »: a . .
> N
s .
A w
& uiw s
© Ens. Sig. S o Ens. Sig.
e h
= ,,
5 . >75% ﬁ
2 2
[N [
w w
4 o
5 5
o o

Fig.6 a, ¢ 1000-500 hPa geopotential thickness and surface precipitation anomaly of ERA-Interim, NCEP-
DOE-R2, and CanESM2 and CanESMS5 ensemble averages (EAs) when blocking occurs in BR2 and
BR3for 1981-2010 baseline period, and b, d those of CanESM2 and CanESM5 EAs for 2071-2100 future
period. Black dots of ERA-Interim and NCEP-DOE-R?2 represent statistical significance at the 10% signifi-
cant level tested by bootstrap approach. Larger dot size of CanESM2 and CanESMS5 ensembles represents
larger number of ensemble members yield statistical significance (percentages of the number are defined in
the legend)

anomalies. Meanwhile, CanESMS5 projects similar spatial patterns of geopotential thick-
ness and precipitation anomalies during blocking in the 2071-2100 and baseline periods
(Figs. 6b and d), again supporting the similar spatial patterns in the blocking-heatwave
linkage in the two periods. CanESM2, however, projects an increase in geopotential thick-
ness anomalies as well as a decrease in precipitation amount anomalies at the southern
parts of the blocking cores in BR3; this also supports the large increases in future above-
normal heatwave frequency simulated by CanESM2 during the blocking events.

4 Summary and discussion
The goals of this study are to elucidate the climatological relationships between block-
ing and summer (June—August) heatwaves over North America, which have been rarely

studied before, using two reanalysis datasets (ERA-Interim and NCEP-DOE-R2), and to
evaluate the ability of two generations of Canadian Earth System Models (i.e., CanESM?2
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and CanESM)) to replicate the observed relationships. Furthermore, this study attempts
to improve understanding of coincident and remote relationships between blocking and
heatwaves using relevant atmosphere circulation and surface variables, including surface
heat fluxes, temperature advection, and surface precipitation. Finally, changes in blocking-
heatwave linkages in a future warming climate, which have been studied over the Euro-
Atlantic sector (e.g., Brunner et al. 2018; Schaller et al. 2018), are evaluated over the North
America for the first time.

The comparisons between the two climate models and reanalyses for the 1981-2010
baseline period show that summer high latitude blocking occurs more frequently over
the north Pacific, Alaska, and western Canada than central and eastern Canada, as well
as at high latitudes (60-70°N) with a systematic misplacement of the two ensembles for
the blocking activity from the Alaska toward the North American continent. The two
models, however, underestimate summer blocking frequency over those regions (on aver-
age by —37% for CanESM2 and —36% for CanESMS5 relative to NCEP-DOE-R2), while
CanESM2 ensemble also underestimates the frequency in central and eastern Canada
(by —36% relative to NCEP-DOE-R2). Underestimation by the two climate models is
in line with previous findings based on reanalyses and CMIP5 and CMIP6 GCMs (e.g.,
Woollings et al. 2018; Davini and D’Andrea 2020). The two climate models and reanalyses
generally agree in terms of spatial variability of summer heatwave frequency, for example
showing larger values over western and southeastern North America, which is also con-
sistent with results based on a gridded observation dataset (Diro and Sushama 2017). The
two climate models and reanalyses generally agree in terms of blocking-heatwave relation-
ships, with above-normal heatwave frequency at co-located blocking cores and surround-
ings areas (i.e., high-latitudes 60—70°N), but below-normal heatwave frequency occurring
at remote locations along the southeastern and/or southern flanks away from the blocking
cores. Positive heat flux anomalies at blocking cores and surroundings due to high-pressure
system, and negative temperature advection anomalies at remote eastern and southern loca-
tions due to northerly/easterly wind anomalies during blocking, result in the above-normal
and below-normal heatwave frequencies, respectively.

Projected changes in summer blocking frequency from the 19812010 baseline period to
2071-2100 in the two climate models are relatively small compared to internal variability,
with the range of absolute changes ranging from + 0.40 day (+2.4%) to—0.27 day (— 1.7%)
per decade (Fig. 1c). Projections from CanESMS5 are generally in better agreement than
CanESM2 with previous findings (Woollings et al. 2018) that show a poleward-shifted jet-
stream and Hadley circulation in a warming climate leading to decreases in summer block-
ing frequency. Under nonstationary threshold definition, the two ensembles project very
small changes in heatwave days over North America (smaller than + 1%/decade in regional
averages at four North American sub-regions). CanESMS5 generally simulates similar
behavior in the baseline and 2071-2100 periods for spatial distribution as well as regional
averages of the blocking-heatwave linkage under the nonstationary threshold condition.
This is consistent with the finding over Euro-Atlantic sector that blocking will continue
to play an important role in the development of summer heatwaves in the future under
the nonstationary threshold condition (Brunner et al. 2018). However, CanESM2 simulates
large increases in the linkage between blocking and above-normal heatwave frequency over
northern and southwestern regions of North America during blocking events in central
Canada. These changes in the blocking-heatwave linkage simulated by CanESM2 can be
explained by changes in anomalies of surface heat flux, temperature advection, and surface
precipitation during blocking events. RCP 8.5/SSP5 8.5 is recently considered unrealisti-
cally high-emission scenarios (e.g., Ritchie and Dowlatabadi 2017; Hausfather and Peters
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2020). The main features in the projected linkages between blocking and summer heatwave
under a lower emission scenario could be in the range of the projections of this study, given
the monotonic changes in the frequencies of blocking and summer heatwaves in response
to increase in emission concentrations.

Relative to CanESM2, CanESMS is better able to reproduce observed summer block-
ing frequency over central and eastern Canada, as well as the blocking-heatwave linkage
over northwest North America during blocking events in Alaska and western and central
Canada (Fig. 4). This is likely due to overall improvements of CanESM5 over CanESM2
in simulating 3-D distribution of northward winds, surface zonal winds, sea-ice volume
and seasonal cycle, and sea-level pressure, while no significant improvement in 3-D zonal
wind, sea-surface temperature, and 3-D geopotential height (Swart et al. 2019). There-
fore, future blocking-heatwave linkages projected by CanESMS5 could be more reliable,
although CanESM?2 also makes similar projections, with the exception of the linkage dur-
ing blocking events occurring over central Canada, which are significantly underestimated
(by —55%) compared to the reanalyses. However, better projections of blocking-heatwave
relationships, particularly over northern North America, which has strong positive rela-
tionships with blocking activities, may require climate models that have finer resolution
and a better physical parameterization for both dynamics and thermodynamics processes,
sea surface temperature, orographic drag, sea-ice features, etc. in order to reduce negative
biases in blocking frequency (Pithan et al. 2016; Sousa et al. 2018; Davini and D’Andrea
2020).

The approach used in this study evaluates positive linkages between blocking of BR1
and BR2 and heatwaves of NW and between blocking of BR4 and heatwaves of NE, while
negative linkages between blocking of BR2 and heatwaves of NE, between blocking of
BR3 and heatwaves of SW, and between blocking of BR4 and heatwaves of SW and SE
(Fig. 4). However, further assessments should be needed to better understand the mecha-
nisms driving summer heatwaves and how these mechanisms and extremes will be affected
by climate change over North America. In particular, summer heatwave characteristics are
not only affected by large scale features that is focused in this study but also by regional
scale factors such as sensible and latent heat fluxes at the surface, vertical advection, and
diabatic heating (Sousa et al. 2018). Continued research is needed to evaluate the impacts
of blocking on other climate extremes such as drought and extreme precipitation over
North America using global and regional climate models under different future emission
scenarios. This study focused on the impacts of high latitude blocking that diverts the main
westerly flow on summer heatwaves; however, subtropical ridges, which are known to have
impacts on European heatwave (Sousa et al. 2018) and weak blocking events and warm
anomalies in eastern Canada (Pfhal and Wernli 2012), are not covered in this study. Moreo-
ver, further investigations are needed to understand the relationships between blocking and
hot temperature extremes in the other seasons.
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