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Abstract An apparent increase in the frequency of summer temperature extremes over northern
Eurasia has been observed in the past decade. Some of these high-impact events were associated with
amplified waveguide teleconnections embedded in the polar front jet, but it remains unclear if extreme
temperatures are robustly and routinely related to amplified waves along the polar front jet. This study
systematically examines relationships between planetary wave activity and temperature extremes using
observations, reanalysis, and large-ensemble simulations from multiple climate models. Months with
extreme temperatures over northern Eurasia generally have amplified wave activity along the polar front
jet, whereas months with near-average temperatures tend to have attenuated wave activity. Waveguide
teleconnections are particularly amplified during extremely hot and cold summer months over eastern
Europe and western Russia. These findings demonstrate the important role of waveguide teleconnections
along the polar front jet in generating regional temperature extremes over northern Eurasia.

Plain Language Summary Atmospheric circulation anomalies move horizontally across
Earth. At a particular location, this can be seen in the passage of low- and high-pressure systems over
time, much like the peaks and troughs of an ocean wave. Sometimes these atmospheric waves can become
trapped, preventing their northward or southward migration, and are guided predominantly west to east
along a common path, and when they do this, they often grow in amplitude. Amplified atmospheric waves
may be a cause of prolonged heatwaves, such as those that occurred in eastern Europe and western Russia
in summer 2010 and that resulted in 55,000 deaths and economic losses of more than $15 billion. This
study examines the relationship between wave activity and summer temperature extremes over northern
Eurasia. We find that wave activity tended to be greater than normal during those summer months that
had extreme temperatures. In contrast, wave activity was commonly less during months with near-average
temperatures. In particular, waves were especially amplified during extremely hot and cold summer
months over eastern Europe and western Russia. This work helps to understand the causes of extreme
heat waves over northern Eurasia in order that society may be better prepared when they occur.

1. Introduction

Waveguide teleconnections along the tropospheric jet streams can profoundly affect surface weather and
cause weather extremes in the middle-to-high latitudes (Chowdary et al., 2019; Screen & Simmonds, 2014).
The most noted waveguide teleconnection, the circumglobal teleconnection (CGT), propagates along the
subtropical jet (Branstator, 2002; Branstator & Teng, 2017; Ding & Wang, 2005). An enhanced CGT pattern
has been suggested as a cause of recent weather extremes, such as the Russian heatwave, northern China
heatwave, and Pakistan floods that co-occurred in 2010 (Trenberth & Fasullo, 2012). Recent work has spec-
ulated that wave-like circulation patterns, such as the CGT, will become amplified in a warming world,
potentially leading to more extreme weather (Coumou et al., 2018; Francis & Vavrus, 2012; Liu et al., 2012;
Mann et al., 2017; Petoukhov et al., 2013; Tang et al., 2014). However, robust evidence in support of such
proposed changes is lacking (Blackport & Screen, 2020a, 2020b; Screen & Simmonds, 2013; Teng et al., 2016;
Teng & Branstator, 2019; Wills et al., 2019).
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Figure 1. The monthly mean 250-hPa meridional wind (V250, shading) anomalies in (a) July 2010, (b) June 2019, and (c) June 2020, respectively. (d)-(f) are
the same as (a)-(c), but for the monthly mean of daily maximum surface temperature (Ty,.x, shading). Contours in (a)-(c) indicate the climatological 250-hPa
zonal wind speed that exceeds 15 m/s. Stippling in (d)—(f) indicate the TX95p is eight times more than climatology.

Waveguide teleconnections propagating along the polar front jet (PFJ) (Nakamura & Fukamachi, 2004;
Schubert et al., 2011; Xu et al., 2019) have received much less attention than those propagating along the
subtropical jet. One reason for this may be that the zonal wind speed along the PFJ is weaker than along the
subtropical jet, and so the waveguide effect of the PFJ was thought to be weaker than the subtropical jet.
However, although the zonal wind speed and lateral wind shear are weaker along the PFJ, the meridional
gradient of stratification becomes very strong in boreal summer, making the PFJ an efficient waveguide
in summer, comparable to subtropical jet (Iwao & Takahashi, 2008). In addition, Xu et al. (2019) and Xu,
Wang, Chen, et al. (2020) found the dominant atmospheric mode inherent in the PFJ is a zonally oriented
wave-like pattern along the PFJ, further demonstrating the ability of the PFJ to act as a waveguide in the
summer.

Figure 1 presents monthly mean anomalies of the meridional wind at 250-hPa (V250, left panels) and of the
daily maximum surface temperature (Tyay, right panels) during three example months in the last decade,
which featured extreme temperature anomalies over Eurasia. In July 2010, a record-breaking heatwave hit
eastern Europe and western Russia (Figure 1d), resulting in 55,000 fatalities and economic losses of more
than $15 billion (Barriopedro et al., 2011). In June 2019, record-breaking heat waves occurred over central
Europe (Figure 1le), leading to temperatures exceeding 45°C, and France, where a red weather alert was
issued for the first time in recorded history (Sousa et al., 2020; Xu et al., 2021; Xu, Wang, Liu et al., 2020).
In June 2020, an unprecedented heatwave in northern Siberia (Figure 1f) fueled an enormous outbreak
of wildfires on tundra underpinned by permafrost. The severity of the heatwaves can be measured by the
95th percentile of daily maximum temperature (TX95p), defined as the percent of days where T,y is larger
than the calendar day 95th percentile based on a 5-day window for 1958-2018. The regions hit by the three
heatwaves all featured extreme value of TX95p that is eight times more than its climatology (Figures 1d-1f).
In all cases, pronounced planetary wave activity can be observed along the subtropical jet (Figures la-1c).
But in addition, a closer examination of the V250 anomalies reveals there was also amplified wave activity
along the PFJ over northern Eurasia. The zonal orientation of these planetary waves suggests a waveguide
along the PFJ. The close geographical coincidence between the Ty, and V250 anomalies over northern
Eurasia indicates that, in these specific months, teleconnections along the PFJ were a dominant cause of
the observed temperature extremes.
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Table 1
The Multi-Models LE Datasets Used in This Study
Modeling center Model version Model resolution No. of members Years Reference
NCAR CESM1 1.3° x 0.9° 40 1920-2005 Kay et al. (2015)
GFDL CM3 2.0° x 2.5° 20 1920-2005 Sun et al. (2018)
CCCma CanESM2 2.8° x 2.8° 50 1950-2005 Kirchmeier-Young et al. (2017)
CSIRO MK3.6 1.9° x 1.9° 30 1850-2005 Jeffrey et al. (2013)

Although there appears to be a close relationship between temperature extremes and waveguide telecon-
nections along the PFJ in these three months, to determine whether or not the relationship is robust re-
quires looking at larger samples. Therefore, a better understanding of the role of waveguide teleconnections
along the PFJ in causing such temperature extremes over middle-to-high latitudes is essential, which is the
aim of this study.

2. Data and Methods

Monthly mean and four-times daily Tp.x and V250 are from the Japanese 55-year Reanalysis (JRA-55) data
set, with 1.25° latitude by 1.25° longitude resolution (Kobayashi et al., 2015). Monthly mean surface tem-
perature (Ts) is from the Climatic Research Unit (CRU) high-resolution gridded data set version 4.04 (CRU
TSv4.04) (Harris et al., 2020). The analyzed period for JRA-55 and CRU TSv4.04 is the overlapping period of
two datasets, which is 1958-2019. In order to compensate for the limited cases of extreme events in observa-
tions, we also use large ensembles (LE) of historical simulations from four Coupled Model Intercomparison
Project 5-class (CMIP5-class) Earth System Models (ESMs) (Deser et al., 2020), forced with historical emis-
sions. Analyzed periods and other information about LE datasets are listed in Table 1.

This study focuses on June-July-August (JJA) over Eurasia, when and where the waveguide effect of PFJ
is the strongest, and when and where the geographical boundary between the PFJ and subtropical jet is
the clearest (Xu, Wang, Chen, et al., 2020). Monthly anomalies are calculated by removing the relevant
climatological monthly mean at each grid-point. In order to eliminate the signal from global warming from
observations, the global-mean Ts has been subtracted from the grid-point values. For LE simulations, the
temporal evolution of the ensemble average of Ts and V250 has been subtracted for each grid-point from
the grid-point values in each model.

Following Screen and Simmonds (2014), the absolute values of Ts anomalies (ITs'l) are used to represent
the magnitude of temperature anomalies because teleconnections tend to induce both positive and nega-
tive temperature anomalies, depending on the geographical location and the wave phase. For observations,
“extreme” and “near-average” months are defined as the 30 cases (approximately 16%) with largest |Ts'l
and smallest ITs'l, respectively, over northern Eurasia (land area over 15°W-180°E, 50°N-80°N) where PFJ
waveguide persists (Xu et al., 2019; Xu, Wang, Chen, et al., 2020; Xu, Wang, Liu, et al., 2020), or at each grid
point. For LE simulations, the extreme and near-average months are defined as months in which the target
area or point falls above the 95% quantile and below the 5% quantile of the probability density distribution
(PDF) of ITs'l, respectively. The 30 cases in observations and 5% or 95% quantiles in LE simulations are
chosen somewhat arbitrarily to balance the extremity and the size of the selected samples, and the major
conclusions remain similar if slightly different criteria are used. Although extreme events usually occur on
sub-monthly timescales, extreme monthly temperature anomalies could indicate the presence of prolonged
temperature extreme events (Alexander & Perkins, 2013; Coumou et al., 2013; Coumou & Robinson, 2013),
as shown in Figure 1.

In order to measure the activeness of waveguide teleconnections along the PFJ, a wave activity index (WAI)
is defined as the area-weighted average of absolute values of V250 anomalies (IV250') over northern Eura-
sia (15°W-180°E, 50°N-80°N). Here, we note that the term wave activity we used here is different from the
wave activity used in classical wave theory, which indicates the propagation direction of wave packets. The
definition of WAI is employed for two reasons. First, the use of meridional wind can put more emphasis
on anomalies with shorter zonal scales, and thus is a good variable to extract waveguide teleconnections
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Figure 2. (a) Probability density distributions (PDFs) for normalized wave activity index (WAI) along the polar front jet (PFJ) during summer months of land-
based extreme temperature over northern Eurasia (shading) and climatology (all summer months; contour). (f) is the same as (a), but during summer months
of near-normal temperature. (b) and (g), (c) and (h), (d) and (i), and (e) and (j) are the same as (a) and (b), but for LE simulations of NCAR-CESM1, GFDL-
CM3, CCCma-CanESM2, and CSIRO-MK3.6, respectively. The darkness of shading corresponds to the WAI anomalies in the abscissa and is only used for visual
convenience. The p values of ¢ statistics are labeled in the upper left corner, with red text indicating values that are statistically significant at the 95% confidence

level.

compared to geopotential height or streamfunction (Branstator, 2002). Second, the PFJ waveguide, indicat-
ed by the maximum value of meridional gradient of potential vorticity (PV) (Figure S1a), is located over
northern Eurasia (15°W-180°E, 50°N-80°N). Due to the trapping effect induced by the PFJ waveguide,
the Rossby wave activities, indicated by the variance of V250 (Figure S1b), are also strong over northern
Eurasia. Therefore, [V250'| can reflect the fluctuations of waveguide teleconnections along the PFJ to a
large extent. In the months with large WAI, the zonally oriented wave-like pattern is evident (Figure S2),
and the composited V250 variance is enhanced along the PFJ over the northern Eurasia (Figure S4). In the
months with small WAI, in contrast, the wave-like pattern is unclear, and the composited V250 variance
is weak (Figure S3). These results suggest that the WAI can physically reflect the activeness (amplitude or
frequency) of waveguide teleconnections along the PFJ. Months with large WAI are featured with amplified
waveguide teleconnections along the PFJ, whereas months with near-average WAI are featured with atten-
uated waveguide teleconnections along the PFJ. The British-Baikal Corridor (BBC) pattern is the dominant
wave-like pattern along the PFJ (Xu et al., 2019), but a high WAI does not necessarily mean an active BBC
pattern because there may exist other waveguide teleconnections along the PFJ.

3. Results

Figure 2a shows the PDFs of normalized WAI along PFJ in all summer months (black line; 62-year cli-
matology) and in the 30 summer months with the largest ITs'| anomalies (colored shading) over north-
ern Eurasia. Months with largest |Ts'| anomalies are generally associated with significantly amplified
WAL along the PFJ, suggesting that waveguide teleconnections with large amplitude occur relatively
more often during months with extreme temperature anomalies than they do climatologically. The sta-
tistical significance of the difference in mean WAI between extreme months and climatology is very
high (p < 0.01). By contrast, months with the smallest ITs'| anomalies are generally associated with
significantly attenuated WAI along the PFJ (Figure 2f), indicating weaker waveguide teleconnections
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occur more often during months with near-average temperature anomalies than they do climatological-
ly. The difference in mean WAI between near-average months and climatology is also highly statistically
significant (p < 0.01).

Analogous PDFs in the 5% summer months with the largest and smallest ITs'| anomalies are presented
from LE simulations using NCAR-CESM1 (Figures 2b and 2g), GFDL-CM3 (Figures 2c and 2h), CCCma-
CanESM2 (Figures 2d and 2i), and CSIRO-MK3.6 (Figures 2e and 2j). Here, the calculations are first per-
formed for each member independently and then averaged together for each model. The LE simulations
again indicate that extreme months feature amplified WAI, compared to climatology, and near-average
months feature attenuated WAI, compared to climatology. The differences in composite-mean WAI com-
pared to climatology are statistically significant for both extreme months and near-normal months in all
models. The similarity of the results in observations and model outputs, presented in Figure 2, suggests a
robust positive relationship between waveguide teleconnection activities along the PFJ and surface temper-
ature extremes.

So far, we have demonstrated a close relationship between waveguide teleconnections along the PFJ and
extreme temperatures for northern Eurasia as a whole. To examine the effects of waveguide teleconnections
at the local scale, Figures 3a and 3b present the composite-mean WAI during the 30 summer months with
the largest and smallest |Ts'| at every grid point in observations, respectively. Here, the months in each
composite are defined based on ITs'l at each grid point, but the WAI remains the same as in Figure 2 (i.e.,
area-averaged [V250'| over the Eurasian region). In this way, we can determine how months of extreme or
near-normal temperatures at every grid point are related to the amplitude of waveguide teleconnections
over northern Eurasia. In other words, interpretations of Figures 3a-3b can show how the amplitude of
waveguide teleconnections along the PFJ behaves when a grid point experienced temperature extreme or
near-normal temperature. This is similar to Table 1 of Screen and Simmonds (2014), but here we further
extend the analysis to each grid point of the northern Eurasia.

Figure 3a shows that at almost all locations, the WAI tends to be amplified during summer months with
extreme temperatures. Moreover, the magnitude of this relationship shows a distinct regional variation
(Figure 3a). The WAL is most strongly amplified during months of extreme temperatures over central and
eastern Europe (~30°E), western Russia (~60°E), and far-eastern Russia (140°E). A broadly similar pattern,
but of reversed sign and weaker amplitude, can also be seen for the near-normal conditions (Figure 3b). The
geographical variations in the magnitude of the relationship between the extreme temperature and WAI
resembles the structure of the BBC pattern (Xu et al., 2019) to some extent. This result indicates the essential
role of the BBC pattern in anchoring the surface temperature extremes over the northern Eurasia, though
the WAL is defined to measure the overall Rossby wave packets along the PFJ.

Figures 3c-3j present the composite-mean WAI during the 5% summer months with the largest and
smallest ITs'| in LE simulations. The LE simulations further confirm the clear relationship between local
temperature extremes and WAL Although not all the geographical variability of the observed relationship
is seen in all the models, there is agreement across all models of especially high and low WAI associated
with extreme and near-normal temperatures, respectively, in western Russia (~60°E) compared to other
regions (Figures 3c-3j). The WAI anomalies over the eastern and northern Siberia are weaker in some
models than observed during the months of extreme temperature and are more spatially homogeneous
than observed during the months of near-average temperature. This discrepancy may be due to the sys-
tematic biases in the models. However, we note that the discrepancy could also result from the larger
sample size of the LE simulations and could indicate that the pattern seen in observation in these regions
is not robust.

It is possible that in any particular location, amplified teleconnections may favor one sign of tempera-
ture extreme more than another, as suggested in Screen and Simmonds (2014). Figures 4a and 4b present
the composite WAI for the 30 summer months with the largest positive and negative Ts' in observations,
respectively, for each grid point over northern Eurasia. Here, the figure is constructed in the same man-
ner as Figure 3, but the selected months are based on temperature (i.e., hot/cold) instead of the absolute
value of temperature (i.e., extreme/near-normal). Although both hot and cold extremes are linked to
amplified WAI in most regions, at a given location, there are stronger links between WAI and temper-
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Figure 3. (a) Composite difference of the normalized wave activity index (WAI) between summer months of extreme temperature and climatology. (b) is

the same as (a), but during months of near normal temperature. The WAI is defined the same as in Figure 2, that is, the area-averaged IV250'| over Eurasia
(15°W-180°E, 50°N-80°N), while the extreme (in a) and near-normal (in b) months are selected based on the ITs'| at each grid-point. (c) and (d), (e) and (f), (g)
and (h), and (i) and (j) are the same as (a) and (b), but for LE simulations of NCAR-CESM1, GFDL-CM3, CCCma-CanESM2, and CSIRO-MK3.6, respectively.
Dots indicate the 95% confidence levels based on a two-tailed Student's ¢ test.

ature extremes of one sign than the other. For example, amplified waveguide teleconnections are par-
ticularly strong during observed hot extremes over eastern Europe and western Russia, and far-eastern
Russia (Figure 4a). In contrast, amplified waveguide teleconnections are most obvious during cold ex-
tremes over central and eastern Siberia (Figure 4b). Figures 4c-4j present the composite-mean WAI dur-
ing the 5% summer months with the largest and smallest Ts' in LE simulations. The models reproduce
the major spatial features of the observed relationship, for example, the strongly amplified waveguide
teleconnections during hot months over eastern Europe and western Russia and the strongly amplified
waveguide teleconnections during cold months over central Russia. Again, there are some discrepancies
in the models compared to observations. The models generally simulate a more spatially homogeneous
feature than observed for both hot extremes (Figures 4c, 4e, 4g, and 4i) and cold extremes (Figures 4d,
4f, 4h, and 4j).
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Figure 2, that is, the area-averaged IV250'| over Eurasia (15°W-180°E, 50°N-80°N), while the warm (in a) and cold (in b) months are selected based on the Ts' at
each grid-point. (c) and (d), (e) and (f), (g) and (h), and (i) and (j) are the same as (a) and (b), but for LE simulations of NCAR-CESM1, GFDL-CM3, CCCma-
CanESM2, and CSIRO-MKa3.6, respectively. Dots indicate the 95% confidence levels based on a two-tailed Student's ¢ test.

4. Conclusions

It is known that there are close relationships between the waveguide teleconnection activity along the sub-
tropical jet and temperature extremes in the middle latitudes (Screen & Simmonds, 2014). In this paper,
we have shown that, in boreal summer, when the waveguide effect of the polar front jet (PFJ) is strong,
and the geographical boundary between the PFJ and the subtropical jet is clear, similar relationships also
hold for waveguide teleconnections along the PFJ and temperature extremes over northern Eurasia. Those
months with extreme temperature anomalies are generally associated with significantly amplified wave-
guide teleconnections along the PFJ, whereas months with near-average temperature anomalies are gen-
erally associated with significantly attenuated waveguide teleconnections along the PFJ. At a local scale,
amplified waveguide teleconnections along the PFJ favor high-temperature extremes over eastern Europe,
western Russia, and far-eastern Russia and cold temperature extremes over central and eastern Siberia. The
results identified in observations are reasonably well reproduced in the LE simulations of four CMIP5-class
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models, though the models generally produce weaker signals over eastern and northern Siberia and more
spatially homogeneous features compared to observations.

This study demonstrates the robust relationship between the waveguide teleconnections and temperature
extremes over northern Eurasia, both in observations and models. Despite this robust result, it remains
open whether waveguide teleconnections are the dominant drivers that accumulate the heat to build up and
escalate the surface temperature anomalies into extreme values. In the extratropical regions, temperature
extremes can be broadly contextualized by considering the larger-scale atmospheric dynamics that favor
the thermodynamical processes and land-atmosphere feedbacks (Horton et al., 2016). It means that atmos-
pheric dynamical processes (e.g., atmospheric teleconnections) are intrinsically coupled with both the ther-
modynamical processes (e.g., clouds and incoming shortwave radiations) and land-atmosphere feedbacks
(e.g., soil moisture-temperature coupling process and soil moisture-atmospheric boundary layer coupling
process). Nevertheless, the broad similarity between the spatial patterns of surface meridional wind var-
iance associated with amplified waveguide teleconnections and surface temperature variance (Schneider
et al., 2015) suggests waveguide teleconnections is a crucial pre-condition for the temperature extremes
(figure not shown).

The findings of this study provide a better understanding of the driving mechanisms of summer tempera-
ture extremes over northern Eurasia and suggest a potential source of predictability of such events. Given
the close relationship between waveguide teleconnections along the PFJ and temperature extremes in the
summer, our results motivate further work to assess the impact of global warming and, in particular, polar
amplification on the PFJ waveguide and associated waveguide teleconnections.
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