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Unprecedented heat waves have been demonstrated sweeping across much of

the Northern Hemisphere in recent summers. However, this study reveals that

for northern Eurasia (30°–70°N, 10°–130°E), significant increases in summer

extreme high temperature days (EHTDs) have already commenced since the

mid-1990s, with the peaks centered on the surrounding areas of the Caspian

Sea and Lake Baikal. Results indicate that compared with the period of

1960–1994 (P1), during 1995–2018 (P2) high-pressure and anticyclonic

anomalies occupy the areas around the Caspian Sea and Lake Baikal, thus

suppressing local cloud cover and precipitation, enhancing the solar radiation

and high-temperature anomalies. The anticyclonic anomaly over Lake Baikal

shows a close relationship with the increasing trend of global temperature, and

the anomalous anticyclone over the Caspian Sea is under the influence of the

warm North Atlantic and anomalous upper-troposphere jet stream during P2.

The warmer than normal North Atlantic leads to the high-pressure anomaly

over the Caspian Sea bymodulating the Rossby wave activity. In addition, during

P2, the temperatures in the middle North Atlantic and Western Europe show

greater increments than those over higher latitudes, and thus the temperature

gradient enhances the westerly thermal wind, which therefore leads to an

anomalous upper-level jet stream to the North of the Caspian Sea. Under this

circumstance, the Caspian Sea is located to the right side of the anomalous jet

exit, inducing the suppressed upward motion over there and favoring the

occurrence of more EHTDs after the mid-1990s.
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1 Introduction

The northern part of the Eurasian continent is located

deep inland to the east of the Atlantic and south of the Arctic

with a temperate continental climate over most of the area.

Due to the year-round control of continental air masses, this

area is characterized by large annual temperature

differences, being fragile and sensitive to background

climate variations (e.g., Li et al., 2016; Ji and Fan, 2019).

Moreover, the northern part of the Eurasian continent

constitutes the “heartland” of the world and has become a

necessary place for cultural and economic exchanges

between Asia and western countries. Therefore, it is

important to study the characteristics of extreme

temperature variations in this region.

Extreme high temperature day (EHTD) is usually defined as a

day with the maximum temperature exceeds a threshold

indicator, which is generally considered to be the 90th

percentile (Tx90p) if a cumulative distribution function is

used to represent the daily maximum temperature (e.g.,

Zhang et al., 2005; Cornes and Jones, 2013). As global

warming intensifies in recent decades, EHTDs occur more

frequently in many regions of the world, with serious impacts

on electricity, water supply, and public health, constraining the

stable development of society (e.g., Greenough et al., 2001; Meehl

and Tebaldi, 2004; Alexander et al., 2006; Coumou and

Rahmstorf, 2012; Lesk et al., 2016; Ge et al., 2019; Allan et al.,

2021).

For many years, studies have indicated that the frequency

and intensity of various extreme events are exhibiting significant

decadal changes, which could often be attributed to the

influences from external forcing caused by increasing

greenhouse gas concentrations due to anthropogenic

emissions (e.g., Wang et al., 2012; Fischer and Knutti, 2015;

Dong et al., 2017; Chen and Dong, 2019; Vautard et al., 2019; Hu

et al., 2020; Ge et al., 2021). However, changes in oceanic and

atmospheric circulation from internal variability of the climate

system and their teleconnections are also important in

determining the occurrence of regional climate extremes,

especially EHTDs (e.g., Fan and Wang, 2004; Zhou and Wu,

2016; Hong et al., 2017; Sun et al., 2019; Jiang et al., 2020; Zhang

et al., 2020; Fan et al., 2022; Li et al., 2022). It is indicated that

under the modulation of teleconnections such as the Eurasian

teleconnection pattern, Silk Road pattern, and East Asia–Pacific

pattern, the frequency of EHTDs in Northeast China increased

after the mid-1990s (Liu et al., 2021). Li et al. (2018) pointed out

that the anomalous wave activity caused by the warming tropical

Atlantic is the main reason for the increased variability of high-

temperature extremes in Mongolia. Besides, the heat wave events

in the Korean Peninsula and China have been strongly affected

by the Scandinavian and the circumglobal teleconnection

patterns and show decadal changes in the interannual

variability (Choi et al., 2020).

Previous studies have shown that due to the polar

amplification effect, the climate architecture in polar areas

undergoes a more dramatic change than in lower latitudes,

leading to changes in jet and North Atlantic sea surface

temperature (SST) (e.g., Screen and Simmonds, 2010; Francis

and Vavrus, 2015; Ma et al., 2021). The anomalous summer jet

and the teleconnection patterns are significant in modulating the

atmospheric background, which in turn affect Eurasian surface

temperatures through cloud-radiation feedback and temperature

advection processes (e.g., Smith et al., 2010; Zhu et al., 2011;

Hanlon et al., 2013; Chen and Wu, 2017). Considering the above

factors, characteristics of the interdecadal variability of local

climate extremes in northern Eurasia and possible reasons

caused by the background changes in circulation and SSTs are

to be investigated in this study.

Themain contents of this paper are as follows: Data andmethods

are introduced in Section 2. Spatial and temporal characteristics of the

EHTD in northern Eurasia, decadal variability, and the

corresponding changes in the climatic background, as well as the

possible reasons, are analyzed in Section 3. A summary and

discussion of this study are provided in Section 4.

2 Data and methods

The Tx90p index is calculated as the percentage of days when

the maximum daily temperature exceeds the 90th percentile

during a certain time interval to present the EHTD (Zhang

et al., 2005). The extreme indices are provided by the Met

Office Hadley Centre observations datasets: HadEX3 (Dunn

et al., 2020), on a 1.25° × 1.875° grid from 1960 to 2018

(https://www.metoffice.gov.uk/hadobs/hadex3/index.html). The

number of EHTDs is calculated as the sum of the Tx90p indices

in summer: June, July, and August. The monthly reanalysis

datasets for circulation, sea level pressure, geopotential height,

total cloud cover, rate of precipitation, downward solar radiation

flux, and air temperature with resolutions of 2.5° × 2.5° are

derived from the National Centers for Environmental

Prediction-National Center for Atmospheric Research (NCEP-

NCAR) Reanalysis 1 (http://www.psl.noaa.gov/data/gridded/

data.ncep.reanalysis.derived.html) from 1960 to 2018. The SST

is obtained from the National Oceanic and Atmospheric

Administration (NOAA) Extended Reconstructed SST V5

(https://www.ncei.noaa.gov). The Atlantic Multidecadal

Oscillation (AMO) index is calculated as the detrended area-

weighted average summer SST over the North Atlantic from the

website of https://psl.noaa.gov/data/timeseries/AMO/.

In this paper, the climate mean is calculated using the average

values during 1960–2018. The empirical orthogonal function (EOF)

method is used to decompose the number of EHTDs in northern

Eurasia into spatial and temporal components to reflect the main

spatial characteristics. North-test is employed to verify that the EOFs

are reasonably distinct from each other (North et al., 1982). The
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sliding t-test is used to test the significance of interdecadal changes in

the time series of the number of EHTDs. Simple linear regression

and Pearson’s correlation are used to investigate the relationship

between different fields (Wilks, 2011).

To investigate the wave-activity flux for large-scale stationary

waves during different periods, the horizontal component at

pressure level p of wave-activity flux (Takaya and Nakamura,

2001) is:

W � p
2 �u| |
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where the overbars and primes denote mean states and deviations

from the mean states, respectively; the subscripts x and y represent

zonal and meridional gradients; u = (u, v) denotes horizontal wind

velocity; and ψ′ represents eddy stream functions.

3 Results

3.1 Decadal variation of the EHTD

EOF analysis on the EHTDs in summer northern Eurasia

(30°–70°N, 10°–130°E) during 1960–2018 shows that the first

eigenvector explains 37.2% of the total variance (Figure 1A). The

first eigenvector is well separated from the second according to

the criterion developed by North et al. (1982), with consistent

values across the region. Therefore, a regional average of the

EHTDs in summer in this region could be carried out to obtain

the EHTD index. As shown in Figure 1B, during 1960–1994, the

EHTD index fluctuates slightly and the average value is relatively

small, while the mean EHTD index increased during

1995–2018 with a relatively large mean value. Moreover,

statistical analysis of the decadal variation characteristic of the

EHTD index with sliding t-test (Figure 1C) reveals that the

average value of the index changes significantly around 1994/

1995. According to the variation in the number of EHTDs in

summer in northern Eurasia, the total period is divided into two

phases, i.e., fewer EHTDs during the period of 1960–1994 (P1),

and more EHTDs during the period of 1995–2018 (P2).

Figures 2A, B show the anomalies of EHTDs during P1 and

P2, respectively. Negative anomalies are mainly distributed over

most areas in northern Eurasia during P1 (Figure 2A), while

positive anomalies of EHTD occupy almost all the regions with

the large values located around the Caspian Sea and Lake Baikal

during P2 (Figure 2B). The difference in the EHTDs between

P2 and P1 shows a similar pattern as that between P2 and the

climatology, showing more EHTDs during P2 than P1

(Figure 2C). Concerning the significant decadal increase in the

EHTDs, how the associated atmospheric circulation and sea

surface temperature background change during the two

periods and the possible causes responsible for these

anomalies are to be investigated in the next subsection.

3.2 Decadal variations of associated
atmospheric circulations

The lower-troposphere circulation anomalies for P1 and

P2 show generally contrary characteristics (Figures 2D–F).

During the P1 period, low pressure and cyclonic circulation

anomalies are observed over Greenland, eastern Europe, and

Mongolia, whereas high pressure and anticyclonic circulation

anomalies occupy the North Atlantic (Figure 2D). The cyclonic

circulation over northern Eurasia is favorable for the formation

of clouds and precipitation (Figures 3A, D), which suppresses the

solar radiation reaching the surface (Figure 3G) and the

formation of anomalous EHTDs during P1 (Figure 2A). In

contrast, during the P2 period, high pressure and anticyclonic

circulation anomalies are detected over the northern Eurasia

region (Figure 2E), leading to a clearer sky with less cloud cover

FIGURE 1
(A) The first eigenvector of the EOF analysis on the EHTDs. (B)
Year-by-year series (scatter) of the summer EHTD indices in
northern Eurasia (10°–130°E, 30°–70°N) from 1960 to 2018, and
the averaged values (dashed lines) of the index on time for
1960–1994 (P1) and 1995–2018 (P2), respectively. (C) Decadal
change of EHTDs in northern Eurasia according to the sliding t-test
(blue: sliding t-test statistic, two dotted lines for low and high
indicate significance at 90% and 95% confidence levels,
respectively).
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(Figure 3B), less precipitation (Figure 3E), more solar radiation

(Figure 3H), and finally benefiting the occurrence of EHTDs

(Figure 2B). As shown in Figures 3C, F, I, the differences in terms

of cloud cover, precipitation and solar radiation between P2 and

P1 exert similar patterns as shown in Figures 3B, E, H: Less cloud

cover and precipitation are accompanied by more solar radiation

reaching the surface as well as more EHTDs during P2 than P1.

3.3 Possible physical mechanisms

The ocean and atmosphere compose a complex coupled

system. Ocean provides heat, water vapor, and energy to the

atmosphere, influencing the temperature, humidity, and

atmospheric circulations (e.g., Gill and Adrian, 1982; Webster,

1994; Trenberth et al., 2001; Si and Ding, 2016; Chen and Wu,

2017; Fan et al., 2019). To further investigate the causes of the

circulation anomalies, the following parts focus on the

relationship between the circulation anomaly over northern

Eurasia and the surrounding SST.

A composite analysis of SST at different periods reveals that

the key areas with significant decadal changes in SST are mainly

located in the North Atlantic. The North Atlantic SST is colder

than normal during P1 (Figure 4A) while warmer than normal

during P2 (Figures 4B, C), playing important roles in the decadal

variation of EHTDs in northern Eurasia. In addition, the

correlation coefficient between the AMO indices and the

EHTD index is 0.69, which is significant at the 99%

confidence level according to the Student’s t-test, indicating

the influence of AMO on the interdecadal timescale. That is,

the positive correlation between the changes in North Atlantic

SST and the EHTDs in northern Eurasia indicates that the

warmer (colder) than normal North Atlantic is consistent

with more (less) EHTDs in northern Eurasia. Furthermore,

the AMO index is standardized for P1 and P2, respectively

(Supplementary Figure S1), to obtain the warm cases with

AMO indices greater than 1.5 standard deviation (1960 and

1989 for P1, and 2010 for P2). The anomalous wave activity flux

and geopotential height at 200 hPa for warm cases during P1 and

P2 are shown in Figure 5. A propagation route of the anomalous

FIGURE 2
Differences in terms of the EHTDs between (A) P1 and the climatology, (B) P2 and the climatology, and (C) P2 and P1 (unit: %); the second
column [(D–F)] for the sea level pressure (shading, unit: hPa) and wind field at 850 hPa (vector, unit: m/s). Dashed areas indicate significance at 99%
confidence level according to the Student’s t-test.
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wave activity flux with alternating high- and low-pressure

anomalies from the northern Atlantic to the Caspian Sea

could be figured out for both P1 and P2 (Figure 5), indicating

that a warmer than normal North Atlantic favors the high-pressure

anomaly over the Caspian Sea. During P2, the North Atlantic is

warmer than P1 (Figure 4), and the wave activity flux and pressure

anomalies over the Caspian Sea are stronger (Figure 5). Meanwhile,

the sinkingmotion accompanied by high pressure would bringmore

clear sky and solar radiation (Figures 3C, F, I), increasing EHTDs in

northern Eurasia (Figure 2C).

Another important factor affecting the summer climate in

northern Eurasia is the position of the upper-level jet stream (e.g.,

Smith et al., 2019; Ma et al., 2021; Streffing et al., 2021). As shown in

Figure 6, during P2 (P1), the temperatures in the middle North

Atlantic and Europe show significant increments (decreases) than

those over higher latitudes, and thus the temperature gradient is larger

FIGURE 3
Differences in terms of the total cloud cover between (A) P1 and the climatology, (B) P2 and the climatology, and (C) P2 and P1 (unit: %); the
second column [(D–F)] for the rate of precipitation (unit: mm/day); the third column [(G–I)] for the downward solar radiation flux at surface (unit: W/
m2). Dashed areas indicate significance at 95% confidence level according to the Student’s t-test.

FIGURE 4
Differences in terms of the SST between (A) P1 and the climatology, (B) P2 and the climatology, and (C) P2 and P1 (unit: K). Dashed areas indicate
significance at 95% confidence level according to the Student’s t-test.
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(smaller) than normal along these areas along 50°N. Moreover,

according to the thermal wind principle, the westerly jet stream

over therewould be accelerated. As shown in Figure 7, the climatology

of the 200 hPa horizontal wind speed over Europe shows that the

average position of the jet stream is located at around 45°N, while the

anomalous westerly jet stream is southward (northward) at around

30°N (50°N) during P1 (P2). Therefore, during P2, the Caspian Sea is

located on the right side of the anomalous upper-level jet stream exit.

Due to that the wind speed decreases rapidly in the jet exit area and

thewind speed along the jet axis is larger than that on both sides, there

is a negative vorticity advection resulting in the anticyclonic anomaly

on the right side of the jet exit area at 200 hPa. Furthermore, under the

Coriolis forcing effect, convergence anomaly exits at the upper-level

troposphere, leading to high pressure and divergence anomalies at the

lower troposphere as well as the abnormal sinking motion between

the two layers.With the joint impacts of the northwards-than-normal

jet stream, negative vorticity advection, and strengthening sinking

movement, the summer EHTDs are inclined to increase in the

Caspian Sea during P2.

The AMO phase changes twice during 1960–2018, which

appear around 1965 and 1995, respectively. The decadal change

in EHTDs is consistent with the phase of the AMO from the cold

phase to the warm phase. During the positive AMO phase, more

frequent occurrences of negative NAO may contribute to the

increased EHTDS over the Caspian Sea and Lake Baikal by

modulating the eastward propagated wave trains such as the Silk

Road pattern and inducing the high-pressure anomalies (Hong et al.,

2022). Besides, regression analysis shows that the global warming

trend shows a significant influence on the positive pressure

anomalies over the areas to the South of Lake Baikal

(Supplementary Figure S2). It indicates the contribution of global

warming on the increasing EHTDs over areas around Lake Baikal.

4 Summary and discussion

In recent decades, the summer extreme high temperature

days (EHTDs) in the Northern Hemisphere has been frequently

detected, posing a serious threat to the safety of human life,

agricultural production, and the ecological environment of many

countries. This study investigates the decadal variation of

summer EHTDs in northern Eurasia during 1960–2018, using

the EHTD index provided by Hadley Center and the atmospheric

circulation and sea surface temperature (SST) data provided by

NOAA. The corresponding climate factors are also analyzed with

statistical and dynamic diagnosis methods. The obtained

conclusion are summarized as follows.

The number of summer EHTDs in northern Eurasia undergoes

a significant decadal variation around the mid-1990s, especially over

the areas around Lake Baikal and the Caspian Sea, with fewer

FIGURE 5
The 200 hPa geopotential height (unit: gpm) and wave activity flux (vector, unit: m2 s−2) anomalies for warm North Atlantic years during (A)
P1 and (B) P2.
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EHTDs during 1960–1994 and more EHTDs during 1995–2018.

The circulation background also shows a corresponding decadal

variation at that time. During 1960–1994 (1995–2018), low pressure

and cyclonic (high pressure and anticyclonic) anomalies control

Lake Baikal and the Caspian Sea, favoring more (less) cloud cover

and precipitation, absent (sufficient) solar radiation and decreased

(increased) EHTDs over there.

During 1995–2018, the anomalous Rossby wave

activities induced by warmer than normal North Atlantic

leads to high-pressure anomalies over the Caspian Sea,

resulting in the significant anticyclonic anomaly over the

area, which favors the more frequent occurrence of EHTDs

than those during 1960–1994. Meanwhile, the Atlantic jet is

located northward. The area around the Caspian Sea is to the

right side of the jet stream exit. On such a background, the

negative vorticity advection at the upper-level

troposphere would lead to the divergence anomaly and

strengthen the sinking motion between lower- and higher-

levels. Thus, the summer EHTD tends to be maintained over

the Caspian Sea. As for the increasing EHTD over areas

around Lake Baikal, the influence of global warming and

the modulation of AMO on the NAO-Silk Road teleconnection

relationship might play important roles, and corresponding

mechanisms still need further exploration. Besides, previous study

has also pointed out that the variations in summer Arctic contribute

to the heatwaves in Eurasia (Wu and Francis, 2019). Therefore, the

impacts of the sea surface temperature and sea ice cover in Arctic on

decadal change in EHTDs over Northern Eurasia are also to be

further investigated.

In this paper, the causes of decadal variation of the summer

EHTD in northern Eurasia are investigated primarily from the

perspective of changes in circulation backgrounds. However, it is

also important to further detect whether the contributions are

mainly attributed to the internal variability of the climate system

or the external forcing signals such as human-induced greenhouse

gas emissions and anthropogenic aerosols. Therefore, future studies

will make further investigations with numerical model experiments

and state-of-the-art methods of attribution analysis.

FIGURE 6
Differences in terms of the 850 hPa air temperature between (A) P1 and the climatology, (B) P2 and the climatology, and (C) P2 and P1 (unit: K).
Dashed areas indicate significance at 99% confidence level according to the Student’s t-test. [(D–F)] The meridional gradient of air temperature in
[(A–C)], respectively (unit: K kkm−1).
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