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occurring severe summer heatwaves with persistent high temperatures have large impacts on human health, 

regional economies, ecosystems and societies (Vandentorren et al., 2004). For example, the European heatwaves 

in 2003 and 2010 may have led to 30,000 and 56,000 deaths, respectively (Dole et al., 2011; Trigo et al., 2005). 

Thus, examining the physical causes of the recent summer heatwaves over Europe has important implications for 

understanding their formation mechanisms, improving their predictability, and for disaster reduction and preven-

tion (Van Oldenborgh et al., 2022; Witze, 2022).

Many factors have been found to contribute to European summer heatwaves (Black & Sutton,  2007; Black 

et al., 2004; Fischer et al., 2007; Ionita et al., 2020; Li et al., 2020; Schaer et al., 2004; Stott et al., 2004; Vautard 

et al., 2007; Wang & Luo, 2020; Zhang et al., 2020). Persistent high pressure systems are crucial for the outbreak 

of summer heatwaves via the continued advection of warm air on the western side of the system and increased 

surface heating associated with subsidence and increased solar radiation due to reduced cloudiness (Black 

et al., 2004; Trigo et al., 2005). For example, western European heatwaves can be caused by European blocking 

(EB)—a persistent high pressure system over central-northern Europe (Stefanon et al., 2012; Trigo et al., 2005), 

persistent Atlantic ridging and double jet events over Eurasia (Rousi et al., 2021, 2022), teleconnection wave-train 

patterns (Stefanon et al., 2012), and Ural blocking (UB) (Wang & Luo, 2020). The occurrence region of summer 

heatwaves over Europe depends on whether EB or UB events take place (Li et al., 2020; Trigo et al., 2005; Wang 

& Luo, 2020). It is also found that the onset and variability of EB and UB events are mostly linked to the positive 

phase of North Atlantic Oscillation (NAO) and the variability of the North Atlantic jet on interannual-to-decadal 

timescales via the propagation of wave trains from the North Atlantic to Eurasia (Luo et al., 2015, 2018). Thus, it 

is helpful to classify EB and UB events based on the different phase of NAO in order to establish a linkage of UB 

and EB events to the North Atlantic jet variability, because the European heatwaves depend on EB or UB events 

and the phase of NAO (Li et al., 2020). Other factors may influence European summer heatwaves, which include 

warming caused by increased greenhouse gases (GHG) (Fischer & Schar, 2010; Li et al., 2020), soil moisture–

atmosphere interactions (Schaer et al., 2004), North Atlantic sea surface temperature (SST) anomalies (Black 

et al., 2004; Duchez et al., 2016; Sutton & Hodson, 2005), shrinking Arctic sea ice and Eurasian snow cover 

(Zhang et al., 2020), and favorable antecedent conditions (e.g., winter and spring rainfall deficit over Europe) 

(Ionita et al., 2020; Rousi et al., 2021; Vautard et al., 2007).

On decadal-to-interdecadal timescales, the variability of western European heatwaves is hypothesized to be tied 

to the Atlantic Multidecadal Oscillation (AMO)—a mode of North Atlantic SST variability with a period of 

60–80 years (Della-Marta et al., 2007; Johnson et al., 2018; Sutton & Hodson, 2005), because AMO-associated 

North Atlantic SST anomalies may influence Europe through exciting quasi-stationary atmospheric wave trains 

(Ghosh et al., 2019). However, how the internal AMO variability and GHG-induced warming have contributed 

to the positive European heatwave trend in the recent decades is unclear (Schaer et al., 2004; Stott et al., 2004), 

although the warm phase of AMO is found to correspond to decreased summer rainfall over western Europe 

(Sutton & Hodson, 2005). While the recent AMO variability is linked to decadal changes in external forcing 

(e.g., volcanic and anthropogenic aerosols) (Qin et al., 2020), GHG-induced warming over Europe can be approx-

imately represented by a linear warming trend (Stott, 2003). In fact, the European air temperature is influenced 

by not only GHGs and AMO, but also many other factors such as decadal changes in anthropogenic and volcanic 

aerosols, and other decadal variability (Della-Marta et al., 2007; Stott, 2003). However, Johnson et al. (2018) 

found that the internal AMO variability plays a major role in the air temperature extremes over Europe. For this 

reason, GHG-induced warming over Europe can be approximately removed through linear detrending, with the 

nonlinear component mainly resulting from the AMO-like variability. Thus, in the present paper we hypothesize 

that the European heatwave trend in recent decades is mainly caused by the GHG-induced warming trend and 

AMO-like variability.

In this study, we assume that the recent European heatwave trend consists of a GHG-induced component and 

a nonlinear component, which is mainly correlated with observed AMO. Then, we analyze the reanalysis data 

and observed gridded data during 1950–2021 to reveal the cause of increased summer heatwaves over Europe in 

recent decades and quantify the different roles of the recent AMO-like variability and GHG-induced warming 

through their modulation of the EB and UB events. Using this approach, we are able to estimate the different 

contributions of the change in the phase of the AMO-like variations and GHG-induced warming to the recent 

European heatwave trend over 1980–2021. We emphasize that the AMO-like multidecadal variations examined 

here may be partly forced by decadal changes in external forcing such as anthropogenic and volcanic aerosols 

(Qin et al., 2020), rather than purely generated by internal AMO.
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(Stott, 2003). We estimated SGHG as the linear trend in observed SAT or heat-

wave days, and Sdecadal as the decadal trend associated with AMO and other 

decadal variations. Here, we calculate the trend ratios RGHG = SGHG/Sobs and 

Rdecadal = Sdecadal/Sobs to reflect the different contributions of GHG-induced 

warming and AMO and other decadal variations to the observed summer 

European heatwave changes. To some extent, this approach is able to iden-

tify different contributions from the GHG-induced warming and the AMO 

and decadal variations to observed heatwave changes. In previous studies, 

the large ensembles of the Coupled Model Intercomparison Project Phase 

5 or 6 simulation (CMIP5 or CMIP6) models were used to derive an esti-

mate of the forced SAT response to GHG and other external forcing changes 

(Dai et al., 2015). However, the obtained forced SAT response still includes 

some decadal or multidecadal variations (Figures  2a and  2b) because 

there exist decadal changes in GHGs, volcanic and anthropogenic aero-

sols, the model uncertainty (Liu et  al.,  2022) and internal variability (Dai 

& Bloecker, 2019), which cause nonlinear SAT changes. This suggests that 

the decadal-multidecadal SAT changes over Europe may be partly forced by 

externally forcing, rather than purely generated by internal AMO or other 

climate modes.

Figure 2a shows the time series of the JJA-mean SAT averaged over Europe 

(10°W–60°E, 30°N–70°N) derived from the ensemble mean of 25 CMIP6 

models (Table S1 in Supporting Information S1). It is interesting to note that the CMIP6 model ensemble mean 

SAT shows a linear increasing trend over 2000–2021 (Figure 2a). Our calculation further shows that the linearly 

detrended CMIP6 multi-model ensemble-mean JJA SAT anomalies (red line in Figure 2b) have a significant 

positive correlation of 0.66 (p < 0.01) with the linearly detrended JJA AMO index during 1950–2021 (blue line 

in Figure 2b). For a 9-year low-pass filtered data their correlation coefficient can reach 0.82. This implies that 

the observed AMO variations are partly forced by decadal variations in external forcing, consistent with previous 

studies (e.g., Qin et al., 2020). Furthermore, the nonlinear component of the observed JJA SAT over Europe exhib-

its AMO-like signal variations (Figure 2b). It is further found that the JJA SAT anomaly averaged over Europe 

detrended by the CMIP6 model ensemble mean has a significant correlation of 0.75 with the linearly detrended 

domain-averaged SAT anomaly (Figure 2c), indicating that the CMIP6 model ensemble mean detrending does 

not exhibit a large difference with the linearly detrending. Thus, the CMIP6 model ensemble mean detrending 

does not significantly remove the decadal change in the Eurasian temperatures. In the following discussions, we 

also refer to the AMO and externally generated decadal varia tions as the AMO-like variations. Here we do not 

attempt to separate the forced and unforced components in the AMO-like variations; instead, we focus on the 

contributions by the linear warming caused mainly by GHG forcing and the AMO-like (or AMO-related) nonlin-

ear variations, which may result from both external forcing and internal variability.

Because the summer heatwaves in mid-high latitudes are mainly produced by atmospheric blocking with 

sub-seasonal timescales of 10–20 days, the AMO-related heatwave trend over 1980–2021 is mainly linked to 

decadal changes in the summer heatwaves modulated by the AMO-like variations via changes in atmospheric 

blocking events over Eurasia. On the other hand, because the AMO-like variations are slow compared to atmos-

pheric blocking, the phase shift of the AMO-like variations can modulate atmospheric blocking through changing 

the basic state such as changes in background zonal wind and meridional background potential vorticity gradient 

(Luo et al., 2019). Thus, to some extent, the phase transition of AMO-like variations and the change in associated 

North Atlantic jet can be considered as the different background conditions influencing atmospheric blocking.

2.4. Blocking Index

In this paper, our focus is placed on examining the physical cause of the recent summer heatwave trend over Europe. 

While the European continent is defined by the region (10°W–60°E, 30°N–70°N), the summer heatwaves in this 

region can be influenced by EB and UB events. In general, EB events mainly occur in the region (10°W–30°E), 

whereas UB events mainly take place in the region (40°E–80°E) around 60°E.

Here, we use the one-dimensional blocking index presented by Tibaldi and Molteni (1990, TM) to identify 

EB and UB events occurring in the regions (10°W–30°E) and (40°E–80°E) respectively. The blocking index is 

Figure 1. Schematic diagram of the linear trend of European heatwaves 

consisting of the greenhouse gases (GHG)-induced warming trend SGHG and 

Atlantic Multidecadal Oscillation (AMO)-related heatwave trend Sdecadal during 

1980–2021.

 2
3
2
8
4
2
7
7
, 2

0
2
3
, 8

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u
p
u
b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
2
9
/2

0
2
3
E

F
0
0
3
7
0
1
 b

y
 S

u
n
y
 U

n
iv

ersity
 A

t A
lb

an
y
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

0
/0

6
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se





Earth’s Future

LUO ET AL.

10.1029/2023EF003701

6 of 20

2.6. Statistical Testing

We used a conventional two-sided student's t-test to examine the statistical significance in the anomaly field in this 

paper. The significance of the correlation coefficient and the slope rate of the linear trend is also performed using 

a conventional student's t-test and Mann-Kendall test (Wilks, 2011). Although the conventional t-test requires a 

larger p value than that of the False Discovery Rate method (Wilks, 2016), using the two different methods does 

not change the physical cause of the variability of the SAT anomaly and associated heatwaves. Thus, in this paper, 

we still use a conventional student t-test.

3. Results

3.1. The 2022 Severe Summer European Heatwave and Its Linkage to Ural blocking

Figure 3a shows the time-mean fields of the daily Z500 and its anomaly as well as daily SAT anomalies averaged 

over the period from 11 to 21 July 2022. It is found that an intense heatwave event occurred in a large region 

covering the regions 10°W–20°E and 40°E–80°E (Figure 3a) in the 2022 summer, which is accompanied by 

large positive SAT anomalies over Europe and western Russia that occur together with an atmospheric circula-

tion pattern resembling a combination of UB centered on 60°E with NAO + events (Figure 3a). This motivates 

us to examine the role of UB events with NAO + in the summer European heatwaves by performing a composite. 

According to the time series of summer UB and EB events with different phases of NAO during 1950–2021 

(Figure S1 in Supporting Information S1) identified by the TM blocking index, the time-mean fields of compos-

ite daily 500-hPa geopotential height (Z500) and SAT anomalies averaged from lag −5 to 5 days (lag 0 denotes 

the peak day of each blocking event) of UB, UB-NAO + and EB-NAO + events as defined above are shown in 

Figure 3b–3d. It is found that a large positive SAT anomaly appeared in a widespread region over Europe for 

UB-NAO + events (Figure 3c) and EB-NAO + events (Figure 3d). Clearly, this positive SAT anomaly is more 

intense and covers a wider domain than those of the UB-NAO − and UB-NAO 0 events (Figure S2 in Supporting 

Information S1) as well as all the UB events (i.e., the sum of UB-NAO +, UB-NAO −, and UB-NAO 0 events) in 

summer (Figure 3b).

While the time-mean field of composite UB-NAO + events (Figure 3c) differs somewhat from that of the 2022 

European heatwave event (Figure 3a), it broadly captures the main feature of the atmospheric circulation pattern 

leading to the deadly 2022 summer European heatwave with a large SAT anomaly of 3–6 K for a time average of 

11 days (Figure 3a). Thus, UB events with NAO + can lead to severe heatwaves over most Europe including west-

ern Europe with a positive SAT anomaly of 1 K (Figure 3c), which are favored by the meteorological conditions 

over Europe in recent decades (Della-Marta et al., 2007; Ionita et al., 2020; Vautard et al., 2007). In contrast, 

positive SAT anomalies occur mainly over eastern Europe and western Russia during UB events with NAO − as a 

negative SAT anomaly appears over western Europe (Figure S2 in Supporting Information S1). Consequently, the 

range and severity of European heatwaves in association with UB events depend on the phase of the NAO. Warm 

anomalies appear over western, central and northern Europe for all the EB events and their different combina-

tions with the phase of NAO (Figure S2 in Supporting Information S1), which enable heatwaves to occur in these 

regions. The heatwaves are more intense in the case of NAO + (Figure 3d) than its combination with other NAO 

phases (Figures S2e–S2h in Supporting Information S1). Thus, the positive SAT anomalies associated with EB 

events are mainly located in western, northern and central Europe, while the SAT anomalies during UB events 

cover a larger region (Figure S2 in Supporting Information S1), especially nearly entire Europe for UB-NAO + 

events (Figure 3c and Figure S2 in Supporting Information S1). To a large extent, the summer UB-NAO + event 

is an optimal circulation pattern for intense and widespread heatwaves to occur over most Europe except for the 

southern Europe (Figure 3c).

3.2. Different Roles of the Phase of the AMO-Like Variations and GHG-Induced Warming

The first and second empirical orthogonal function (EOF1 and EOF2) modes of the summer heatwave days over 

the region (10°W–70°E, 30°N–70°N) during 1950–2021 and their principal component (PC1 and PC2) time 

series are shown in Figure 4a–4d for the raw (non-detrended) data, whereas the linear trend of the European 

heatwave days over 1980–2021 is shown in Figure 4e. Correspondingly, the linearly detrended results during 

1950–2021 are shown in Figure 5. We can see that for the raw data the PC1 time series (Figure 4c) with 32.9% of 
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the variance characterizes the temporal variation of the summer heatwaves over the whole Europe for the EOF1 

pattern (Figure 4a), which shows an increase in summer European heatwaves over 1998–2021 but a decrease 

over 1950–1997 (Figure 4c). Clearly, the summer European heatwaves exhibited an increasing trend from 1980 

to 2021 (Figure  4e). Because the AMO-like variations show a positive phase mainly during 1998–2021 and 

Figure 3. (a) Time-mean daily Z500 (black contours, interval = 50 gpm) field of Ural blocking (UB) event averaged over 

the period from 11 to 21 July 2022. (b–d) Time-mean composite daily Z500 (green contours, interval = 20 gpm) and surface 

or 2 m air temperature (SAT) anomalies (color shading, K) averaged from lag-5 to 5 days of (b) all UB events, (c) UB events 

with NAO + (UB-NAO + events) and (d) European blocking (EB) events with NAO + (EB-NAO + events) during 1950–2021 

summers based on the ERA5 data. In panels (b–d), the colored regions have SAT anomalies being statistically significant at 

the 5% level based on a two-sided Student t-test. The black contour denotes the time-mean composite daily Z500 field with a 

thick black line representing 5,700 gpm. Green solid (pink dashed) lines represent positive (negative) Z500 anomalies.
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a negative phase mainly during 1962–1997 (Figure 2b), it is inferred that the European heatwave trend over 

1980–2021 is not only related to GHG-induced warming, but also related to the shift of the AMO-like variations 

from the negative to positive phase. The PC2 time series (Figure 4d) with 11.4% of the variance reflects the 

east-west seesaw of European heatwaves between the western and eastern parts of Europe for the EOF2 pattern 

Figure 4. The (a) first and (b) second empirical orthogonal functions (EOF1 and EOF2) of the number of summer heatwave days over Europe (30°N–70°N, 

10°W–70°E) during 1950–2021 and (c, d) their normalized (c) PC1 and (d) PC2 time series (PC, bars) based on raw (non-detrended) ERA5 data. (e) Linear trend 

map of summer heatwave days during 1980–2021 for non-detrended data, where the dot represents the region being significant at the 95% confidence level based on 

a two-sided student t-test. In panels (c–d), the black dashed lines represent linear trends of 0.69 standard deviations (STDs)/decade (p < 0.01) and 0.25 STDs/decade 

(p < 0.05) over 1980–2021 of the PC1 and PC2 time series, respectively.
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(Figure 4b). The summer heatwave PC2 time series also exhibits an increasing trend from 1980 to 2021 over 

northern, western and southern Europe (Figure 4d).

We further find from the linearly detrended data during 1950–2021 (Figure 5) that the PC1, which explains 21.8% 

of the variance, shows notable interdecadal variations with more heatwave days mainly over central-Eastern 

Europe (Figure 5a) during 1950–1963 and 1998–2021 and fewer heatwave days during 1964–1997 (Figure 5c). 

Here, the central-eastern Europe is an extended region that includes central Europe, eastern Europe and western 

Russia. Calculation reveals that the PC1 time series exhibits an upward trend of 0.3 STDs/decade (p < 0.05) from 

1980 to 2021 (Figure 5c), but there is a positive slope rate of 0.69 STDs/decade (p < 0.01) for its non-detrended 

data (Figure 4c). Because the non-detrended PC1 (Figure 4c) includes the combined role of the GHG-induced 

warming and AMO-like variations as well as because the detrended PC1 (Figure 5c) reflects the effect of the 

AMO-like variations, we can deduce the different contributions of GHG-induced warming and AMO-like 

Figure 5. The (a) first and (b) second empirical orthogonal functions (EOF1 and EOF2) of the number of summer heatwave days over Europe (30°N–70°N, 

10°W–70°E) during 1950–2021 and (c, d) their normalized (c) PC1 and (d) PC2 time series (PC, bars) based on detrended ERA5 data. (e) Linear trend map of summer 

heatwave days during 1980–2021 for detrended data, where the dot represents the region being significant at the 95% confidence level based on a two-sided student 

t-test. In panel (c), the black dashed line represents a linear positive trend of 0.3 standard deviations (STDs)/decade (p < 0.05) over 1980–2021 in the PC1 time series 

with the raw summer Atlantic Multidecadal Oscillation index (green line) that is significant at the 99% confidence level and the pink line denotes a 40-year low-pass 

filtered curve. In panel d, the PC2 time series with the summer Nino3.4 index (green line) has a positive trend of 0.09 STDs/decade (p > 0.1) over 1980–2021 (black 

dashed line).
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variations to European heatwaves by calculating the ratios of these trends (Figure 1) as described in Section 2. It 

is not difficult to estimate that approximately 43% of the increased trend of European heatwaves over 1980–2021 

comes from the change in the phase of the AMO-like variations, while about 57% of the recent trend results from 

GHG-induced warming.

The contributions of GHG-induced warming and AMO-like variations can also be estimated by comparing the linear 

trends of heatwaves over 1980–2021 in Figures 4e and 5e. For example, it is found that the upward trend of heatwave 

days over the southern part of Europe and central-eastern Europe is estimated to be nearly 3 days/decade for the 

detrended data (Figure 5e), but about 7 days/decade for the raw (or non-detrended) data (Figure 4e). Obviously, the 

GHG-induced warming can significantly enhance the recent upward trend of European heatwaves (Stott 2003), particu-

larly in the southern part of Europe and central-eastern Europe (Figures 4a, 4e, 5a, and 5e). When the GHG-induced 

warming trend is removed for the heatwave PC1 time series (Figure 5c), the upward trend of heatwaves cannot be seen 

over the western Europe and northern Europe (Figure 5a). But significant trends can still be seen over central, eastern 

Europe and western Russia (Figure 5e), while they are weaker  than  those of non-detrended results (Figure 4e). Thus, 

the recent increasing heatwave trend over central, eastern Europe and western Russia is mainly due to the combined 

effect of the AMO-like variations and GHG-induced warming. The EOF2 (Figures 5b and 5d) represents an inter-

annual mode, likely linked to the modulation of El Nino–Southern Oscillation (ENSO) (Schneidereit et al., 2012) 

and North Atlantic SST tripole (Li et al., 2020; Mecking et al., 2019). This EOF2 mode (Figure 4b) with its positive 

PC2 value (Figure 4d) has more heatwave days over western, northern Europe and the part of southern Europe for 

non-detrended data and exhibits a linear upward trend over 1980–2021 (Figure 4d). However, it has more heatwave 

days over western, northern Europe and the part of western Russia (Figures 5b and 5d), and no significant upward 

trends over 1980–2021 for a linearly detrended data (Figure 5d). Thus, the significant upward trends of heatwave days 

over western and northern Europe over 1980–2021 (Rousi et al., 2022) are mainly due to GHG-induced warming.

3.3. Role of the North Atlantic Jet Variability Mediated by the Phase of the AMO-Like Variations

Although a sub-seasonal UB-NAO + event is a key factor for severe and widespread heatwaves over most Europe, its 

event number does not show notable increases during 1980–2021 for a linearly detrended data from 1950 to 2021 

(Figure S1b in Supporting Information S1). Thus, the change in the number of UB-NAO + events cannot explain 

the increasing trend in European heatwaves during 1980–2021 (Figures 5c and 5e). However, because NAO events 

are mainly driven by synoptic-scale eddies and because changes in UB and EB events are related to the phase of 

NAO and the strength of midlatitude North Atlantic jet (Luo et al., 2015), the multidecadal variability of European 

heatwaves is likely linked to the change in the phase of AMO-like variations via interdecadal changes in the location, 

scale, movement and persistence of sub-seasonal UB and EB events due to the interdecadal variability of the North 

Atlantic jet. Although Rousi et al. (2022) emphasized the role of double jets over Eurasia in Eurasian heatwaves, 

their double jet events essentially correspond to atmospheric blocking events over Eurasia. The double jet events over 

Eurasia can reflect the sub-seasonal (10–20 days) variability of zonal winds over Eurasia, but cannot reflect the vari-

ability of North Atlantic jet modulated by the shift of the AMO-like variations from the negative to positive phase.

Because NAO, EB, and UB events are of subseasonal timescales (10–20 days), we can use a 30-days filter to 

remove individual NAO, EB, and UB events to obtain the basic atmospheric state with timescales longer than 

those of NAO, EB, and UB events. The change in the basic atmospheric state can be considered as different 

background conditions influencing NAO and atmospheric blocking (Luo et al., 2018, 2019). As a result, it is 

inferred that the variability of the North Atlantic jet modulated by the phase of the AMO-like variations can 

significantly influence NAO, EB, and UB events (Luo et al., 2015, 2018). We used 30-days low-pass filtered daily 

500-hPa zonal wind (U500) fields based on the detrended ERA5 reanalysis data to calculate the EOF1 mode of 

the JJA-mean North Atlantic zonal winds over the North Atlantic to obtain the variability of the North Atlantic jet 

in strength and location on interannual-to-interdecadal timescales. The EOF1 of JJA-mean U500 over the North 

Atlantic (80°W–0°W, 20°N–70°N) and its corresponding PC1 time series are shown in Figures 6a and 6b. It is 

seen that the U500 EOF1 mode, which explains 37% of the variance and multidecadal variations similar to those 

of the heatwaves (Figure 5c; r = 0.67 for 9-year smoothed data and r = 0.99 for 40-year smoothed data), reflects 

multidecdal changes in the strength of the North Atlantic jet represented by the red contours of the climatological 

zonal wind exceeding 5 m/s in Figure 6a. This mode suggests a strong (weak) jet over the North Atlantic midlat-

itudes (30°N–50°N) during 1950–1963 and 1998–2021 (1964–1997), with the jet extending toward European 

high latitudes (Figure 6a), even though its intensity shows an upward trend of 0.18 STDs/decade (p < 0.05) over 
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Figure 6. (a) The first empirical orthogonal function (EOF1) of June, July, and August (JJA)-mean 30-days low pass filtered U500 anomaly over North Atlantic 

(20°N–70°N, 80°W–0 oW) and (b) normalized time series of its corresponding principal component (PC1, bars) during the 1950–2021 summers for detrended data. 

In panel (b), the black dashed line represents a linear trend with a slope rate of 0.18 standard deviations (STDs)/decade (p < 0.05) over 1980–2021 and the green 

(black) line denotes a 9-year (40-year) low-pass filtered curve. (c, d) Probability distribution function (PDF) of the heatwave frequency (days) averaged over the region 

(20°E–55°E, 40°N–55°N) with the duration of the heatwave event during 1950–2021 for (c) weak and (d) strong midlatitude North Atlantic jet summers. In panels 

(c–e), the value of 40-year low pass filtered summer U500 PC1 time series having at least −0.5 (0.5) STDs is defined as a weak (strong) midlatitude North Atlantic jet 

or a weak (strong) jet. (e) Linear trend of the mean duration of European heatwaves between weak and strong jets for detrended (dashed blue line) and non-detrended 

(dashed red line) data.
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1980–2021 (Figure 6b). These results suggest that the increased European heatwaves from 1980 to 2021 are 

linked to the interdecadal intensification of the midlatitude North Atlantic jet.

If the value of the detrended 40-year low pass filtered JJA-mean U500 PC1 time series with ≥0.5 (≤−0.5) STDs 

is defined as a strong (weak) North Atlantic jet or PC1 + (PC1 −) in the North Atlantic, then there are 27 weak 

and 27 strong jet summers during 1950–2021. The strong (weak) North Atlantic jet is sometimes referred to 

as the strong (weak) jet hereafter. It can be seen that the summer heatwaves are longer lasting over the region 

(20°E–55°E, 40°N–55°N) for a strong jet (Figure 6d) than for a weak jet (Figure 6c). The mean duration of the 

heatwave events in the region is 6.4 days for a weak jet, but 9.9 days for a strong jet (Figure 6), while they are 

6 and 10.8 days respectively for a raw (non-detrended) data (Figure S3 in Supporting Information S1). Clearly, 

the intensification of the midlatitude North Atlantic jet can cause a significant increase in the mean duration of 

heatwaves over Europe and western Russia, whereas GHG-induced warming favors an increase (decrease) in the 

mean duration of European heatwaves under a strong (weak) jet. In particular, the GHG-induced warming can 

significantly increase the difference of the mean heatwave duration between strong and weak jets. Thus, whether 

GHG-induced warming favors the persistent European heatwaves depends on if the North Atlantic jet is strong. 

From these numbers it is estimated that the increase in the linear upward trend of the mean duration of European 

heatwaves from a weak to strong jet is 37% due to GHG-induced warming (Figure 6e). Thus, GHG-induced 

warming can significantly amplify the upward trend of recent heatwaves associated with intensified North Atlan-

tic jet. Composites of the UB-NAO + events are shown in Figure 7 for strong and weak North Atlantic jet cases. 

We find that the anticyclonic center of the UB-NAO + is located in the Ural Mountains near 70°N under a weak 

jet (Figure 7a), but near 60°N under a strong jet (Figure 7b). The warm anomaly during UB-NAO + events is more 

persistent and intense over central-eastern Europe under a strong jet (Figure 7b) than under a weak jet (Figure 7a). 

This is because the UB with NAO + shows lesser movement, longer lifetime, slower decay and larger zonal width 

due to smaller meridional potential vorticity gradient over Eurasia (Luo et al., 2019) under a strong North Atlantic 

jet (Figure 7h) than under a weak North Atlantic jet (Figure 7g) and thus is accompanied by longer-lasting dry 

surface, lower clouds and stronger surface solar heating under a strong jet. The UB is also accompanied by a 

stronger cyclonic anomaly over central Eurasia (the east of 60°E) which affects the Z500 and SAT anomalies over 

eastern Europe and western Russia under a weak jet (Figure 7a), while the cyclonic anomaly is weak or absent 

under a strong jet (Figure 7b). Given this spatial difference in the SAT anomalies (Figure 7c), the recent inten-

sification of the midlatitude North Atlantic jet (Figures 6a and 6b) contributes to the increased heatwave days 

over Europe during 1980–2021 (Figure 5e). In our results, the difference of the SAT anomaly associated with 

UB-NAO + events between strong and weak jets (Figure 7c) can explain why the linear upward trend of European 

heatwaves over 1980–2021 mainly occurs in the latitude region 40°N–60°N (Figure 5e). Moreover, the detrended 

ERA5 results are consistent with those of the detrended E-OBS daily gridded data (Figures 7d–7f), although the 

E-OBS data do not cover the region east of 45°E. Similar results are also found for UB-NAO + events based on a 

9-year low pass filtered detrended U500 PC1 time series (Figure S4 in Supporting Information S1).

Because negative SAT anomalies appear over western and northern Europe for the UB with NAO − (Figure S2c 

in Supporting Information S1), warm anomalies appear mainly over central-eastern Europe for a composite of all 

UB events (Figure S5 in Supporting Information S1). The enhancement of the UB-induced warm anomaly from a 

weak to strong jet occurs mainly over central-eastern Europe (Figures S5c and S5f in Supporting Information S1, 

strong minus weak fields). We further see that the composite of all the EB events (i.e., the sum of EB-NAO +, 

EB-NAO −, and EB-NAO 0 events) show warm anomalies over western, central and northern Europe because the 

EB event is accompanied by increased solar heating, reduced clouds and precipitation in these regions (Trigo 

et al., 2005). This EB-induced warm anomaly is also influenced by the intensity of the midlatitude North Atlantic 

jet. A large increase in the warm anomaly between two jet states appears over most Europe except very eastern 

part of Europe because the EB has stronger anticyclonic anomaly over the high latitudes (50°N–70°N) to the east 

and south of Scandinavia under a strong jet than under a weak jet (Figure S6 in Supporting Information S1). It is 

noted that the Z500 and SAT of the UB-NAO + or all UB and EB events do not show a positive anomaly change 

over northern Europe from a weak to strong jet (Figure 7c and Figures S5 and S6 in Supporting Information S1), 

thus explaining the weak trend of heatwaves there (Figure 5e). We also see that the heatwaves are longer lasting 

over central-eastern Europe under a strong jet (Figures 6c and 6d) because the UB and EB have larger zonal scale, 

longer persistence, slower decay and lesser zonal movement under a strong jet than under a weak jet (Figure S7 

in Supporting Information S1), even though EB events are more frequent than UB events (Figure S1 in Support-

ing Information S1). Since 1998–2021 (1980–1997) corresponds to a strong (weak) North Atlantic jet in the 
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Figure 7. (a–f) Time-mean composite daily Z500 (contours) and surface or 2 m air temperature (SAT) (color shading) anomalies averaged from lag −5 to 5 days of 

UB-NAO + events during (a, d) weak (27 cases) and (b, e) strong (27 cases) North Atlantic jet (weak and strong jet) summers and (c, f) their differences for (a–c) ERA5 

and (d–f) E-OBS data based on 40-year low pass filtered U500 principal component (PC1) time series, where lag 0 denotes the peak day of the Ural blocking (UB) 

event. (g, h) Time-longitude evolution of composite daily Z500 anomalies averaged over (50°N–70°N) of UB-NAO + events for (g) weak and (h) strong jet summers, 

where the green contour denotes 40 gpm. The duration of the UB in the Ural region (40°E–80°E) is estimated to be about 8 (10.5 days) by calculating the persistence 

time of the 40-gpm contour between the beginning and end. In panels (a–f), the color shading indicates that the SAT anomalies are significant at the 95% confidence 

level based on a two-sided Student t-test.
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midlatitudes (30°N–50°N), the sub-seasonal SAT anomaly associated with all UB and EB events in summer 

should show decadal intensification over most Europe from 1980–1997 to 1998–2021, thus contributing to the 

increasing trend of summer heatwaves over Europe during 1980–2021 (Figure 5e). This leads us to speculate that 

the recent increased summer heatwave trend over Europe is partly due to the interdecadal intensification of the 

midlatitude North Atlantic jet.

Because the internal AMO variability has a significant contribution to the observed summer SAT change or air 

temperature extremes over Europe (Johnson et al., 2018), here we used the linearly detrended JJA AMO index 

over 1950–2021 to examine the physical mechanism of how the AMO-like variations influence summer Euro-

pean heatwaves through changing North Atlantic jet. The change in the phase of the AMO is believed to cause 

decadal changes in the North Atlantic jet as suggested previously (Hall et al., 2017) and seen in Figures 6a and 6b. 

The detrended summer AMO index (Figure 8a) is mostly positive during 1950–1963 and 1998–2021 but mostly 

negative during 1964–1997, which has an upward trend of 0.31 STDs/decade (p < 0.05) over 1980–2021 close to 

the PC1 heatwave trend in the same time interval (Figure 5c) and is positively correlated with the summer U500 

PC1 (Figure 6b) (r = 0.22, p < 0.1). The correlation increases to 0.80 and 0.99 for the 9-year and 40-year low 

pass filtered data. Thus, in the absence of GHG-induced warming the European heatwave trend over 1980–2021 

is mainly determined by the variation of the recent AMO index via changes in the midlatitude North Atlantic 

jet. The regressed summer SST, Z500, and U500 anomalies onto the detrended 40-year low-pass filtered AMO 

index (Figures 8b–8d) show that for a positive AMO index the warm SST anomalies are mainly located in the 

Gulf Stream extension and its southeast side, but relatively weak in the mid-to-high latitude region of North 

Atlantic near the coasts of UK and Norway. Such warm SST distributions (Figure 8b) are associated with inten-

sified midlatitude North Atlantic zonal winds mainly in the east of 40°W and in the latitudes 37°N–54°N which 

further extend to the high latitudes of Eurasia (Figure 8d). The enhancement of the midlatitude North Atlantic 

jet is due to the presence of a stationary cyclonic anomaly in the east of North Atlantic (46°N–62°N) (Figure 8c) 

associated with a negative-phase summer NAO-like pattern on interdecadal timescale (O’Reilly et al., 2017). The 

opposite is seen for a negative AMO phase. Thus, a warm (cold) AMO phase favors a strong (weak) midlatitude 

North Atlantic jet. For a cold AMO, reduced zonal winds are seen in the Eurasian high latitudes to the north of 

about 60°N (an opposite pattern of Figure 8d), which favors the occurrence of high-latitude UB (Figure 7a). In 

contrast, the low-latitude UB (Figure 7b) is favored by a warm AMO due to reduced zonal winds over Eurasian 

midlatitudes to the south of about 60°N (Figure 8d). Thus, a warm (cold) AMO phase tends to favor (suppress) 

European hot days through producing low-latitude (high-latitude) UB events with long (short) lifetime, large 

(small) zonal width, slow (rapid) decay and weak (strong) retrogression (Figures 7g–7h and Figure S7 in Support-

ing Information S1) via the intensified (weakened) midlatitude North Atlantic jet and its extension to the Eurasian 

continent. Such a relationship is evident because the detrended heatwave PC1 time series has positive correlations 

of 0.39 (p < 0.05), 0.73 and 0.99 with the detrended summer AMO index for the unfiltered, 9-year and 40-year 

low-pass filtered data. We also note that the composite results of UB and EB events for the warm (cold) AMO 

phase (Figures S8–S11 in Supporting Information S1) resemble those for strong (weak) jet (Figures S5 and S6 in 

Supporting Information S1) because the detrended AMO index has a positive correlation of 0.80 (0.99) with the 

detrended U500 PC1 series for a 9-year (40-year) low-pass filtered data.

3.4. Differing Contributions of Ural Blocking and European Blocking to European Heatwaves

While the summer NAO events frequently occur in the North Atlantic (Figure S13 in Supporting Information S1) 

and have significant sub-seasonal timescales, the summer NAO-like patterns also possess interannual and inter-

decadal variabilities (Ghosh et al., 2019; O’Reilly et al., 2017) which are modulated by variabilities in ENSO and 

AMO (Folland et al., 2009). The interdecadal NAO-like pattern and associated North Atlantic jet as background 

conditions can influence sub-seasonal NAO events and associated downstream blocking (EB and UB) events 

(Luo et al., 2015). This is because the NAO − events mainly result from the retrogression of amplified ridges over 

northern Europe or Ural region (Yao & Luo, 2015) and the EB or UB events stem from the energy dispersion of 

Rossby waves due to decay of NAO + (Luo et al., 2018). This motivates us to examine whether the NAO events 

and the total effect of EB and UB events lead to enhanced warm anomalies over Europe from a cold AMO to 

warm phase to explain the increased trend of summer European heatwaves over 1980–2021. Similar to the above 

jet strength definition, we also define the value of 40-year low-pass filtered summer AMO index with ≥0.5 

(≤−0.5) STDs as a warm (cold) AMO phase or AMO + (AMO −). Composites of EB plus UB (EB + UB) events 

show that warm anomalies associated with the total effect of EB and UB events mainly appear over western and 
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Figure 8.
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northern Europe for a cold AMO phase (Figure 8e), but over most Europe and western Russia for a warm AMO 

phase (Figure 8f). We also see that the EB + UB pattern exhibits an UB for a warm AMO phase (Figure 8f), 

whereas it more resembles an EB for a cold AMO phase (Figure 8e). Considering the total effect of EB and UB 

events, an enhanced warm anomaly is seen over central, eastern and southern Europe as the AMO experiences a 

shift from a cold to warm phase (Figure 8g).

For a cold AMO phase the anticyclonic anomaly of the NAO + undergoes an eastward extension from UK to 

Baltic Sea and Scandinavia along the southwest-northeast direction (Figure 8h) based on composites of NAO + 

events for their time series (Figures S12 and S13 in Supporting Information  S1). This NAO + leads to weak 

warm anomalies over western and northern Europe (Figure 8h). However, for a warm AMO phase the NAO + 

can produce widespread anticyclonic and thus warm anomalies over most Europe and the Arctic regions near 

Ural Mountains and the Barents-Kara Seas. Such a widespread anticyclonic anomaly is attributed to an enhanced 

energy dispersion of the NAO + associated with a strengthened midlatitude North Atlantic jet due to intensified 

meridional potential vorticity gradient in the North Atlantic (Luo et  al.,  2018). Thus, the NAO + can lead to 

more intense and widespread anticyclonic anomalies over Europe under AMO + (Figure 8i) than under AMO − 

(Figure 8h). The intensification of the NAO +-induced warm anomaly from the AMO − to AMO + is also evident 

over most Europe (Figure 8j). However, a strong warm anomaly associated with the NAO − under the warm AMO 

phase appears only in southeastern Europe (Figure S14 in Supporting Information S1). Of note is that the NAO + 

(NAO −) without concurrent blocking (UB and EB) (Figures S13 and S15 in Supporting Information S1) cannot 

produce strong warm anomalies over most Europe besides weak warm anomalies over southern Europe and the 

Mediterranean Sea, presumably due to the eastward extension of the NAO + anticyclonic anomaly (the generation 

of a weak anticyclonic anomaly due to wave train propagation related to the NAO −) (Figure S15 in Supporting 

Information S1). This indicates that the EB and UB events still play a major role in the occurrence of summer hot 

days over Europe associated with NAO + and NAO − events, even though the effects of NAO + and NAO − events 

depend strongly on the phase of the AMO. For a warm AMO phase, the NAO + (NAO −) mainly influences SAT 

over high-latitude (low-latitude) Europe (Figure 8 and Figure S14 in Supporting Information S1). We also find 

that the impact of the AMO's phase through EB, UB, NAO +, and NAO − events on SAT is weak over western 

and northern Europe (Figures 7 and 8 and Figure S14 in Supporting Information S1), indicating that the transi-

tion of the AMO's phase cannot produce a significant heatwave trend over western and northern Europe in the 

absence of GHG-induced warming. Using the time-mean SAT anomalies averaged over the blocking life period 

from lag −10 to 10 days of EB and UB events, one can obtain the normalized EB- and UB-related summer SAT 

time series (Figures 9a and 9b). By comparing their linear trends over 1980–2021, it is easily estimated that the 

EB (UB) can contribute to nearly 55% (42%) of the AMO-related heatwave trend over central-eastern Europe 

(20°E–55°E, 40°N–55°N) from 1980 to 2021 according to the reconstructed summer SAT time series based on 

a linear regression (Figure 9c).

4. Conclusions and Discussion

In this paper we found that the increasing trend in summer European heat waves over central, eastern, southern Europe 

and western Russia since 1980 is closely related to the interdecadal change in the summer-mean effects of EB and UB 

events or the UB and EB events concurrent with NAO + events that are modulated by the recent cold-to-warm phase 

transition of the AMO-like variations that may be partly forced by external forcing. Our results provide new evidence 

that while the European heatwaves are produced by EB or UB occurrences (Li et al., 2020; Stefanon et al., 2012; Trigo 

et al., 2005; Wang & Luo, 2020), their area extent and intensity depend strongly on whether the EB or UB is concur-

rent with the positive phase of NAO and whether the midlatitude North Atlantic jet is strong, which is, in turn, affected 

by the AMO. Without the role of concurrent UB or EB events, the summer NAO events cannot produce strong Euro-

pean heatwaves (Figure S15 in Supporting Information S1). Thus, EB or UB is a key ingredient for the generation of 

Figure 8. (a) Time series of normalized summer Atlantic Multidecadal Oscillation (AMO) index (bars) with a linear trend of 0.31 standard deviation/decade (p < 0.05) 

over 1980–2021 (black dashed line) and 9- (green line) and 40- (black solid line) year low-pass filtered curves. (b–d) Regressed summer (b) sea surface temperature, 

30-days low pass filtered (c) Z500 (shading) and (d) U500 (shading) anomalies against the 40-yr low pass filtered summer AMO index. (e–j) Time-mean composite 

daily Z500 and surface or 2 m air temperature (SAT) anomalies averaged from lag −5 to 5 days of (e–g) European blocking (EB) plus Ural blocking (UB) (EB + UB, 

lag 0 denotes the peak day of blocking) and (h–j) NAO + events (lag 0 represents the peak day of the North Atlantic Oscillation (NAO) and NAO + represents the positive 

phase of NAO) during the (e, h) AMO − and (f, i) AMO + summers and (g, j) their differences. The dot (color shading) in panels (b–d), (e–j) represents the values being 

significant at the 95% confidence level based on a two-sided student's t-test. In panel (d), the pink contour denotes the spatial distribution of summer climatological 

zonal winds with at least 5 m/s.
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summer European heatwaves even in the presence of NAO events, while European heatwaves are linked to double jet 

events over Eurasia and Atlantic ridge (Rousi et al., 2021, 2022). Here, we present new findings that the recent upward 

trend of heatwaves over western and northern Europe is mainly attributed to GHG-induced warming, whereas the 

recent heatwave trend over central-eastern Europe (including western Russia) and part of southern Europe is primarily 

due to the joint role of the recent cold-to-warm transition of the AMO-like variations and GHG-induced warming. In 

particular, the GHG-induced warming as an amplifier can enhance the recent European heatwave trend induced by 

the internal variability (i.e., the positive phase of AMO-like variations). However, without the participation of atmos-

pheric blocking events the GHG-induced warming cannot directly produce heatwave events over Europe.

Our estimate also reveals that approximately 43% of the recent heatwave trend over 1980–2021 over 

central-eastern Europe results from the shift of the AMO's phase from a cold to warm phase (which may be 

partly forced by external forcing), while about 57% of this heatwave trend is related to GHG-induced warm-

Figure 9. Normalized time series of time-mean composite daily surface or 2 m air temperature (SAT) anomalies averaged 

from lag −10 to 10 days and over the region (20°E–55°E, 40°N–55°N) for (a) Ural blocking (UB) and (b) European blocking 

(EB) events. (c) Normalized time series of June, July, and August (JJA)-mean SAT anomalies averaged over the region (bars) 

with a reconstructed JJA-mean SAT time series (green line) in terms of the UB and EB-induced SAT variations. The black 

and green dashed lines represent their linear trends over 1980–2021. The reconstructed time series with a 1980–2021 linear 

trend (green dashed line) has a positive correlation of 0.82 (p < 0.01) with the JJA-mean SAT time series.
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ing. It is further estimated that EB (UB) can make a contribution to about 55% (42%) of the AMO-related 

heatwave trend over central-eastern Europe in recent decades. In fact, Zhang et  al.  (2020) noted that the 

increased trend of recent European heat waves is also related to summer Arctic sea ice loss. Thus, the recent 

increasing trend in summer heatwaves over Europe is partly caused by the shift of the AMO-like variations 

from a cold to warm phase through the intensification of the midlatitude North Atlantic jet and its influence 

on EB and UB events, whereas GHG-induced warming can significantly amplify this increasing trend. To 

some extent, an intensifying of the midlatitude North Atlantic jet associated with the cold-to-warm phase 

shift of AMO is a precursor background signal for whether intense and widespread European heatwaves take 

place over Europe including western Russia. We also find that whether GHG-induced warming significantly 

influences European heatwave events depends on the strength of the midlatitude North Atlantic jet or the 

phase of AMO. The GHG-induced warming may play a favored (suppressed) role for European heatwave 

events when the midlatitude North Atlantic jet is strong (weak) or when AMO is in a warm (cold) phase 

period.

While CMIP5 models capture the mean heatwave characteristics (Schoetter et al., 2015), they are unable to realis-

tically simulate specific events (e.g., the 2003 heat wave) probably because of the underestimation of atmospheric 

blocking or different realization of the internal variability. Compared to CMIP5, CMIP6 can simulate stronger 

warming trend over Europe due to increased GHG (Wyser et al., 2020). Nevertheless, the CMIP6 models seem to 

still underestimate the occurrence and severity of Northern Hemispheric blocking (Simpson et al., 2020). Under 

GHG-induced warming, the heat waves become more frequent and have higher mean duration, extent and inten-

sity (Schoetter et al., 2015). This supports our results that more than half of the recent European heatwave trend 

is attributed to increased GHGs. However, our results further reveal that the positive phase of the AMO-like 

variations, which may be partly forced by decadal changes in external forcing, also favors increased duration, 

extent and intensity of the recent European heatwaves through increasing the duration, zonal width, slow decay 

and quasi-stationarity of the EB or UB event. Their joint effect strongly contributed to the recent increases in the 

frequency, extent and intensity of European heat waves.

Data Availability Statement

The E-OBS daily gridded land-only observational data set (Cornes et al., 2018) is taken from the website (https://

www.ecad.eu/download/ensembles/download.php). The ERA5 reanalysis data (Hersbach et al., 2020) is taken 

from the website (https://climate.copernicus.eu/climate-reanalysis). The AMO index (Enfield et  al.,  2001) is 

available online (https://psl.noaa.gov/data/timeseries/AMO/). The daily NAO index from (https://www.cpc.ncep.

noaa.gov/products/precip/CWlink/pna/nao.shtml). The monthly SST data were taken from the Hadley Centre 

HadISST (Rayner et al., 2003) website (https://www.metoffice.gov.uk/hadobs/index.html). The CMIP6 models 

data (Eyring et al., 2016) from the website (https://esgf-node.llnl.gov/search/cmip6/). All codes used in the pres-

ent study are available from the corresponding author on request. The Climate Data Toolbox for MatlabR2018a 

software (Greene et al., 2019) is used for plotting and the NCAR Command Language (Version 6.6.2) software 

is used for plotting Figure 2.
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Erratum

The originally published article contained a typographical error. In the second sentence of the second paragraph 

of Section 2.4, “∆ = −5°, 0°, 5°” has been corrected to read “∆ = −4°, 0°, 4°.” This may be considered the 

authoritative version of record.
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