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The effect of solar activity on the regional temperature inwinter has beenwidely

discussed. However, whether the summer temperature of land in the northern

hemisphere is sensitive to solar activity remains to be further investigated. In this

study, the empirical orthogonal function (EOF) analysis, spectrum analysis, and

correlation analysis are employed to reveal the possible link between the

summer temperature distribution over Eurasian land (0–180°E and

20°N−80°N) and solar activity. The results show that the corresponding time

series of the second pattern significantly exhibits an 11-year solar periodicity. Its

tripolar temperature distribution is similar to the correlation maps between the

temperature and sunspot number (SSN). Particularly, Central Asia (50°E−90°E

and 30°N−60°N) is the key response region over Eurasia. The temperature of

Central Asia shows a weak but significant negative correlation with SSN. Further

analysis of atmospheric circulation indicates that the solar-induced cyclonic

and negative geopotential height anomalies in Central Asia weaken the high-

pressure ridge on the southwest side and strengthen northwesterly winds. At

the same time, with the increase in the cloud cover and the decrease of

shortwave radiation, the temperature is lowered. Due to the impact of solar

activity, the upper atmosphere over Eurasia forms a wave train-like structure,

resulting in a tripolar temperature distribution pattern. On the other hand, the

21-year sliding correlation results suggest that the connection between solar

activity and the temperature in Central Asia was strong and decadal stable until

1980. Whereas the temperature and atmospheric circulations in high latitudes

becomemore sensitive to solar activity after 1980. Anyway, solar activity still can

be considered a non-negligible factor in the prediction of the summer

temperature in Eurasia.
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1 Introduction

As the external forcing of the earth system, solar activity has a

major impact on terrestrial climate change. Solar signals have

been found in the stratosphere and troposphere. The process of

the down-transmission of the solar signal to the surface is usually

explained by two mechanisms, i.e., ‘Top-down’ and ‘Bottom-up’

(Gray et al., 2010; Ding, 2019). Solar radiation is a direct source of

energy for the climate system, which is usually used to assess the

solar influence on climate in model simulations. However, the

assessment of the effects of climate on the response to solar

irradiance in IPCC AR6 mainly focuses on the global scale,

lacking a view of regional climate change. Then, the impact of

solar activity on climate change is spatially selective. (Cao, 2021;

IPCC, 2021; Xiao, 2021). In addition, Connolly et al. (2021)

found that the response of the solar irradiance to solar activity in

the northern hemisphere depends on the estimation methods.

They claim that solar activity appears to be underestimated in

modern climate change prediction. Hence, the issue of the impact

of solar activity on climate change should continue to be

addressed.

Temperature is one of the key parameters of climate change.

Numerous statistical studies have found similar periodicities in

the temperature proxy records and solar variations during the

Holocene, revealing the possible linkage between temperature

and solar activity on centennial-to-decadal scales (Soon, 2005;

Zhao and Feng, 2014; Liu et al., 2019; Huang et al., 2020;

Ogurtsov et al., 2020; Brehm et al., 2021). In the 20th century,

strong correlations between solar irradiance and the temperature

of the mid-upper troposphere are also found based on the proxy

data (Wang et al., 2010).

Kodera et al. (2016) concluded the spatial structure of global

solar signal based on the surface temperature variations from

observations and model data, reflecting the differences in

regional responses. The surface air temperatures over Eurasia,

such as Turkey and Japan, are sensitive to solar forcing (Kilcik,

2005; Kilcik et al., 2008). Kilcik et al. (2010) proved that the

response of Atlantic-Eurasian regions depends on the latitudes

and solar activity affects the temperature of mid-latitudes

significantly in winter. Moreover, some scientists proposed

that solar forcing has a significant effect on the wintertime

temperature and precipitation over Asia (Kossobokov et al.,

2010; Chen et al., 2015; Ojala et al., 2015; Song et al., 2019;

Chen et al., 2020; Xu et al., 2020). Recently, Xu et al. (2020)

revealed that extreme cold events are highly related to the

energetic particle precipitation in winter over Eurasia and the

interaction of wave-mean flow in the stratosphere and

troposphere is an important medium in the downward

process of solar signals.

In particular, the spatial distribution of solar signals in winter

is pointed to be similar to the second EOF pattern of the Eurasian

temperature in the early research (Miyazaki and Yasunari, 2008;

Chen et al., 2015). Maliniemi et al. (2014) found that the clearest

winter temperature distribution pattern is seen in the declining

phase of the solar cycle and the pattern of positive North Atlantic

Oscillation is produced by the declining phase. Nevertheless, the

response of summer temperature over Eurasia to solar activity

has not received enough attention.

Overall, we first analyze the distribution of summer

temperature over Eurasian land and further do the spectrum

and correlation analysis to reveal the possible linkage between

solar activity and the temperature. Then we mainly analyze the

mechanism of solar activity signal transmission to the surface

from the perspective of atmospheric circulation. This allows us to

elucidate the causes of temperature changes in regions perturbed

by solar activity.

2 Datasets and methods

2.1 Datasets

In this study, ‘summer’ is defined as the average values of

June, July, and August. The SSN is usually used to characterize

solar activity in previous studies. The SSN data is obtained from

Sunspot Index and Long-term Solar Observation site, which is

available at https://wwwbis.sidc.be/silso/datafiles. The monthly

SSN data covers the period from 1749 to the present. We mainly

focus on the changes in solar activity during 1901–2010 because

of the limitations of meteorological data.

Two monthly temperature datasets from ERA-20C (ERA_

tmp) and CRU TS 4.05 dataset (CRU_tmp) are used. The CRU

TS 4.05 dataset spans a period from 1901 to 2020, with a spatial

resolution of 0.5° × 0.5°. It is a gridded monthly dataset from the

Climatic Research Unit (University of East Anglia) and Met

Office (Harris, 2020), which is derived by interpolating monthly

anomalies from station observations. ERA-20C (1901–2020) is a

twentieth-century reanalysis dataset from ECMWF, available at

https://apps.ecmwf.int/datasets/data/era20c-daily/levtype=sfc/

type=an/. We also use 2.5° × 2.5° monthly mean atmospheric

variations, including winds, geopotential height (HGT), cloud,

FIGURE 1
Time series of SSN. The dashed gray and solid black curves
are the series of JJA SSN and 3-year running mean values of JJA
SSN. The red (blue) dots mark the HS (LS) years.
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precipitation, and radiation from the ERA-20C dataset. The

boundary data of the Qinghai-Tibet Plateau comes from

http://data.tpdc.ac.cn/zh-hans/data/61701a2b-31e5-41bf-b0a3-

607c2a9bd3b3/(Zhang et al., 2021).

2.2 Methods

Following Thiéblemont et al. (2015) and Huo et al. (2021), we

select high and low solar activity (HS and LS) years by the 3-year

running mean method. Figure 1 shows the time series of JJA SSN

and 3-year sliding mean JJA SSN. The HS (LS) years of each solar

cycle are marked by the red (blue) dots during 1901–2020. The

HS years are listed as follows: 1904, 1905, 1906, 1917, 1918, 1919,

1927, 1928, 1929, 1937, 1938, 1939, 1947, 1948, 1949, 1957, 1958,

1959, 1968, 1969, 1970, 1979, 1980, 1981, 1989, 1990, 1991, 1999,

2000, and 2001. And the LS years include 1911, 1912, 1913, 1922,

1923, 1924, 1932, 1933, 1934, 1942, 1943, 1944, 1953, 1954, 1955,

1963, 1964, 1965, 1975, 1976, 1977, 1985, 1986, 1987, 1995, 1996,

1997, 2007, 2008, and 2009. We will investigate the responses of

terrestrial temperature to solar activity by composite analysis in

the following part.

The EOF method is also called principal component analysis

(PCA). This approach captures the dominant spatial distribution

and its time-varying characteristics by deriving the orthogonal

empirical eigenvectors of the covariance matrix associated with

climate variables (Ionita et al., 2012; Zhang and Moore, 2015).

Multi-previous studies utilized this way to extract temperature

FIGURE 2
Spatial patterns and the corresponding normalized time series for the leading first (A–C) and second (D–F) EOFmodes of summer land Eurasian
temperature (unit: °C) anomalies over 0–180°E and 20°N −80°N during 1901–2010. The red (blue) solid lines are the corresponding time series of
ERA_tmp (CRU_tmp). The black solid line is the standardized SSN.

Frontiers in Earth Science frontiersin.org03

Lu et al. 10.3389/feart.2022.1087737

http://data.tpdc.ac.cn/zh-hans/data/61701a2b-31e5-41bf-b0a3-607c2a9bd3b3/
http://data.tpdc.ac.cn/zh-hans/data/61701a2b-31e5-41bf-b0a3-607c2a9bd3b3/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1087737


patterns and analyze the causes of temperature changes (Hong

et al., 2017; Ning et al., 2022; Song et al., 2022). This study takes

advantage of the orthogonal characteristic between the patterns

to better grasp the solar signal in the summer temperature over

Eurasian. Then, correlation and composite differences analysis

are combined to further explore the process of the impact of solar

activity. In the last part, we conduct the sliding correlation

analysis to assess the stability of the relationship between solar

activity and the Eurasian summer temperature.

3 Association between solar activity
and Eurasian summer temperature

3.1 The link between solar activity and the
temperature spatial distribution

In this study, we first extract the first two dominant patterns

and the corresponding principal component time series of

summer temperature over Eurasian land (0–180° E and

20°N −80° N) through the EOF analysis method (Figure 2).

The first leading mode shows positive temperature anomalies

over the whole land, explaining 12.68%/14.66% of the total

variance (Figures 2A,B). Previous studies pointed out the

westerly jet is the main factor for the summer warming of the

latitude of 40°N −65°N after 1960 (Wu and Sun, 2015). In

addition, the corresponding PC1 time series have no apparent

decadal periodicity (Figures 3A,C) and it shows a very weak

relationship with SSN with the correlation coefficients r = −0.02/

0.01. Hence, no more attention is paid to the first leading modes

in this study.

The second EOF mode, accounting for 21.43%/19.39% of the

variance, is characterized by ‘-+-’ tripolar patterns in high

latitudes, corresponding with the found by Wu and Sun

(2015). They have anomalies of one positive sign centered in

the region over Central Asia-Southwest of Russia and the other

two negative signs over the two sides of Eurasian land,

respectively (Figures 2D,E). But the 11-year solar periodicity

signal is significantly present in the PC2 time series, which is

above the 95% confidence level (Figures 3B,D).

To reveal the correlation between solar activity and

temperature distribution, we calculate the correlation

coefficients between PC2 and SSN. SSN is negatively

correlated with the corresponding PC2 times series during

FIGURE 3
Power spectrums of the time series of the leading modes. The red (black) dashed lines indicate statistical confidence levels are 90% (95%). (A)
ERA_tmp PC1. (B) ERA_tmp PC2. (C) CRU_tmp PC1. (D) CRU_tmp PC2.
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1901–2010 (r = −0.12/−0.16, p<0.1), and the correlations are

much weaker with PC3 (r = −0.07/0.06). The correlations are

stronger than that between SSN and other climate indices listed

in Table 1, such as the East Asian summer monsoon index

(EASMi), North Atlantic oscillation (NAO), Pacific Decadal

Oscillation (PDO), Southern Oscillation Index (SOI) and the

Niño3.4 index. Namely, the second spatial distribution of

summer temperature is possibly modulated by the solar cycle.

Overall, we focus on the response of the Eurasian summer

temperature to solar activity.

On the other hand, Figures 4A,B depict the correlation maps

between detrended summer temperature and SSN during

1901–2010, revealing the significant response regions to solar

activity. The impact of solar activity on Eurasian land varies

regionally in summer. But in winter, strong solar activity tends to

warm the temperature of most Eurasian land (Chen et al., 2015).

In the middle and high latitudes of Central Asia (30°N −60°N,

50°E −90°E), the temperature is negatively correlated to the solar

activity, which is opposite to that in the two sides of Eurasian

land. It is also worth noting that the spatial patterns of correlation

maps are alike to the second EOF modes of summer temperature

over Eurasian land (Figures 2C,D).

On the other hand, Figures 4A,B depict the correlation maps

between detrended summer temperature and SSN during

1901–2010, revealing the significant response regions to solar

activity. The impact of solar activity on Eurasian land varies

regionally in summer. But in winter, strong solar activity tends to

warm the temperature of most Eurasian land (Chen et al., 2015).

In the middle and high latitudes of Central Asia (30°N–60°N,

50°E–90°E), the temperature is negatively correlated to the solar

activity, which is opposite to that in the two sides of Eurasian

land. It is also worth noting that the spatial patterns of correlation

maps are alike to the second EOF modes of summer temperature

over Eurasian land (Figures 2C,D).

According to the temperature distribution pattern and the

correlation maps with the solar activity, the area of Central Asia

has attached attention. Huang et al. (2020) also found that the

summer temperature of acid central Asia also has a common

cycle with solar activity during the Holocene. We show the

temperature time series of Central Asia in Figure 5. The

regional temperature is positively correlated to the

corresponding PC2 and the correlation coefficient between

SSN and PC2 of ERA_tmp (CRU_tmp) is 0.63 (0.76), which

is significantly above the 99% confidence level. Besides, the

correlation coefficients between SSN and the temperature of

Central Asia are −0.19/−0.24, which is significantly above the

95% confidence level. In addition, the temperature of Central

Asia has an 11-year solar cycle. Hence, Central Asia is the key

response area to solar activity. In the following, wemainly discuss

the impact of solar activity on the summer temperature of

Central Asia.

3.2 Physical process analysis

The evidence in Section 3.1 reveals the relationship between

solar activity and summer temperature over Eurasia, especially in

Central Asia. How does the Sun signal transmit downward? To

further explore the physical process of the impact of solar activity,

we pay attention to the response of the atmospheric circulation

TABLE 1 Correlation coefficients between PC2 and the other climate
indices.

ERA_tmp-PC2 CRU_tmp-PC2

EASMi 0.10 0.11

NAO −0.07 −0.08

PDO 0.04 0.03

SOI 0.04 0.06

Nino3.4 0.02 −0.04

FIGURE 4
Correlation maps between detrended summer temperature and SSN over Eurasia during 1901–2010. Black dotted regions are above 95%
confidence level. Central Asia (30°N–60°N and 50°E–90°E) is marked by the black dashed frame. (A) SSN and ERA_tmp. (B) SSN and CRU_tmp.
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and cloud-radiation feedback mechanism based on the analysis

of the composite differences and regression.

Figures 6A–C show composite differences between HS and

LS years of geopotential height and wind at 200 hPa, 500 hPa,

and 850 hPa over Central Asia. Solar activity induces positive

geopotential height anomalies at 500 hPa and cyclonic anomalies

at 850 hPa in most of the Eurasian land regions except Central

Asia. The circulation anomalies’ patterns resemble each other at

200 hPa, 500 hPa, and 850 hPa, reflecting a barotropic structure.

The magnitudes of the circulation anomalies become weaker

with the height from top to bottom. Meanwhile, the mean

background climatology states during 1901–2010 are

FIGURE 5
Comparison of the temperature of Central Asia (30 °N–60°N and 50°E–90°E) and PC2 (A,B) and SSN (C,D), (E,F) Power spectrum of the summer
temperature for Central Asia. The red and black dashed lines indicate statistical confidence at the 90% and 95% confidence levels.
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illustrated in Figures 6D–F for comparison. In the southwest of

Central Asia, high pressure at 500 hPa centered at 30°N and 60°E

exists. And northwesterly winds prevail at 850 hPa in summer

due to the pressure gradient over Central Asia. Combining the

disturbance of the atmospheric circulation field by solar activity

and the climatic background field, the negative geopotential

height anomalies over Central Asia, opposite to the other

regions in Eurasian land, weaken the high-pressure ridge in

the southwest of Central Asia. Besides, the cyclonic anomalies

strengthen the northwesterly wind, causing more transport of

cold advection to Central Asia.

Figure 7 presents the correlation maps between geopotential

height and wind at 200 hPa, 500 hPa, and 850 hPa and SSN

during 1901–2010, indicating the contribution of solar activity to

circulation. A wave train-like structure of geopotential anomalies

with one negative and two positive anomalies at 500 hPa shows

up in themid-high latitude, which is similar to the second pattern

of the summer temperature distribution in Figure 2. The wave

train-like structure is weaker in the bottom of the troposphere

than that in the upper troposphere. At 850 hPa, a pair of cyclonic

and anticyclonic anomalies appear in the northwest of the

Eurasian land, which may affect advective transport. The

FIGURE 6
(A–C)Composite differences (HSminus LS) of wind and geopotential height (GHT, color) at 850 hPa, 500 hPa, and 200 hPa during 1901–2010.
Black dots marks regions where GHT differences are above 90% confidence level. The black vectors show the wind differences are over 90%
confidence level (D–F) Background climatology states GHT and winds at 850 hPa, 500 hPa, and 850 hPa in summer over Eurasia during 1901–2010.
The wind and geopotential data at 850 hPa on the Qinghai-Tibet Plateau are ignored.
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results of regression analysis show no essential differences with

the analysis of the composite differences, except for the size of

several significant areas. Solar activity will perturb the climate

background field, thereby weakening the climate system and

strengthening convection.

Figure 8 illustrates the composite differences in the cloud,

radiation, and precipitation between HS and LS years during

1901–2010. The composite differences patterns of total cloud

cover are characterized by positive anomalies centered over

Central Asia and negative anomalies in other areas of

Eurasian land (Figure 8A). It is consistent with the correlation

patterns between temperature and SSN in Figure 3. The pattern

for surface net solar radiation is opposite to that for the total

cloud cover (Figure 8B).

FIGURE 7
Correlation maps between (A) 200 hPa, (B) 500 hPa, and (C) 850 hPa geopotential height (GHT, color) and wind (vector) and SSN. Black dots
marks regions where GHT differences are above 90% confidence level. The black vectors show the wind differences are over 90% confidence level.
The wind and geopotential data at 850 hPa on the Qinghai-Tibet Plateau are ignored.

FIGURE 8
Composite differences (HSminus LS) of total cloud cover (A) surface net solar radiation (B) (units: J·m−2) during 1901–2010. during 1901–2010.
Central Asia (30 °N–60°N and 50°E–90°E) is marked by the black dashed frame.
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Previous studies found that the temperature is sensitive to

cloud-radiative feedback (Tang et al., 2012; Tang and Leng,

2012). Increased total cloud cover over Central Asia inhibits

the downward transmission of solar energy, resulting in lower

temperatures. The negative anomalies of the surface net solar

radiation result from the increase in the total cloud cover. The

synergy amplifies the effect of solar activity on the temperature.

Figure 9 depicts the atmospheric circulations and surface air

temperature anomalies regressed onto the second dominant time

series PC2. The GHT and wind anomalies at 200 hPa show a

tripolar pattern characterized by ‘-+-’ anomalies in mid-high

latitude (Figure 9A). The significant positive anomalies centered

over northern Europe, which is in contrast to other negative

responses over the other regions in Eurasian. Furthermore, the

similar and weaker patterns at 500 hPa and 850 hPa reflect an

equivalent structure. The wave-train-like temperature anomalous

pattern associated with PC2 resembles the correlation maps

between solar activity and atmospheric circulation (Figure 7).

4 Discussion

In the sections above, it is revealed the response of the

Eurasian summer temperature to solar activity during

1901–2010. We note that the decadal changes in the

relationship between the summer temperature of the mid-

upper troposphere over Eurasia have been found through

proxy data and the empirical mode decomposition method

(Wang et al., 2010). Based on the 449-year reconstructed

temperature, Duan and Zhang (2014) found disparities

between temperature in Tibet Plateau and solar activity are

identified in two periods, the 1880s–1900s and the

1980s–present. It should be noted that a similar reversal of

signs of solar-climatic correlation at the beginning of the 80s

was also reported by Georgieva et al. (2007) and Veretenenko and

Ogurtsov (2012). However, Ogurtsov and Veretenenko (2017)

found responses of low atmosphere to solar activity in winter

Russia changed in the 2000s approximately. Chiodo et al. (2019)

suggested that the solar signal only occurs in NAO after the mid-

1960s, which is not robust. The research above reveals that the

decadal impacts of solar activity on regional climate are different

and the persistence of the impact and the stability of the signal

deserves attention.

In this study, we find the size of atmospheric response areas

differs between the composite and correlation analysis results

(Figure 6 and Figure 7). The correlation analysis is based on the

whole data, while the composite analysis is only for the years of

extreme solar activity. Therefore, we further assess the decadal

FIGURE 9
Regression maps of (A) 200 hPa, (B) 500 hPa, and (C) 850 hPa geopotential height (GHT, color) and wind (vector), and (D) ERA_tmp onto PC2.
Black dots marks regions where GHT differences are above 90% confidence level. The black vectors show the wind differences are over 90%
confidence level. The wind and geopotential data at 850 hPa on the Qinghai-Tibet Plateau are ignored.
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stability of the relationship between the Eurasian summer

temperature and solar activity to expound the reasons for the

differences.

Figure 10 shows the 21-year sliding correlations between SSN

and PC2 and the temperature of Central Asia. The PC2 was

negatively related to SSN before 1980, but the relationship

became weak and positive after 1980. The relationship

between the temperature of Central Asia and solar activity

keeps pace with PC2. We note that the negative correlation

period is about central-decadal years (Figure 10). Scafetta (2014)

thought there might be another oscillation, such as a 9.1-year

oscillation, beating with the 11-year solar cycle and producing

a long-beat pattern. To clarify the decadal change of the impact

of solar activity on the temperature and ensure consistent degrees

of freedom, we chose two periods of the same length,

i.e., 1951–1980 (P1) and 1981–2010 (P2) in the following

part (Table 2). The correlation coefficients between PC2 and

SSN during P1 are −0.31/−0.37 with above 90% significant

confidence, but they are 0.23/0.29 during P2 with no

statistical significance.

We also find remarkable differences are seen in the

correlation maps between SSN and temperature during

P1 and P2 (Figure 11). For the latitude of 30°N–60°N, strong

negative connections persist during the 1951–1980 period. In

contrast, the temperature is significantly positive relative to SSN

in high latitudes during the 1981–2010 period. During P1,

Central Asia is the significant negative response region of

temperature to solar activity (r = −0.46, p<0.05/−0.52,
p<0.05). However, the temperature of Central Asia becomes

insensitive to solar activity after 1980 (r = 0.03/0.07). And the

mid-high latitude regions, such as North Europe and East Russia,

are more sensitive to solar activity. Additionally, the correlation

between the temperature of Central Asia and the corresponding

PC2 is weaker during P2 (r = 0.64, p<0.01/0.75, p<0.01) than that
during P1 (r = 0.36, p<0.01/0.70, p<0.01). These similar changes

in 1980 reveal that the link between solar activity and the second

FIGURE 10
The 21-year sliding correlation coefficient between SSN and the time series of PC2 (A–C) and the temperature of Central Asia (B–D) during
1901–2010. The values of dashed lines are ± 0.369, which represents the 90% confidence level.

Frontiers in Earth Science frontiersin.org10

Lu et al. 10.3389/feart.2022.1087737

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1087737


temperature distribution may be affected by the response of the

temperature in Central Asia.

The solar effect on the surface temperature depends on the

atmospheric circulation condition. We compare the atmospheric

background conditions between P1 and P2 below by the

composite differences in geopotential height and wind to

explore the reason for the decadal change in the relationship

(Figure 12). The mid-high latitude differences match the change

in the solar activity response areas, such as central Asia, North

Europe, and East Russia. Positive potential height and cyclonic

anomalies in P2, compared with that in P1, may make the solar

disturbance signal insignificant. The change in the background

may be caused by global warming or internal variability of the

climate system. The reasons for the different responses of

regional climate to solar activity and its interdecadal variation

deserve further study.

5 Conclusion

In this study, we analyze the distribution of the summer

temperature over Eurasian land for the past 110 years based on

the EOF methods and reveal its response to solar activity. The

time series corresponding to the second EOF mode has an 11-

year significant power spectrum periodicity. In addition, the

correlation pattern between SSN and temperature is similar to

the temperature distribution pattern. Central Asia is considered

to be the key region where solar activity affects the temperature

distribution in Eurasia.

The physical mechanism can be explained from the perspective

of atmospheric circulation. The schematic figure is shown in FIG.13.

The left and the right panels compare the atmosphere response to

TABLE 2 The correlation coefficients between the three variabilities (SSN,
T_Central Asia, and PC2) during the two periods of P1 (1951–1980) and P2
(1981–2010).

SSN & TCentral Asia P1 P2

ERA_tmp −0.46 (p<0.05) 0.03

CRU_tmp −0.52 (p<0.05) 0.07

SSN & PC2 P1 P2

ERA_tmp −0.31 (p<0.1) 0.23

CRU_tmp −0.37 (p<0.05) 0.29

TCentral Asia & PC2 P1 P2

ERA_tmp 0.64 (p<0.01) 0.36 (p<0.01)

CRU_tmp 0.75 (p<0.01) 0.70 (p<0.01)

SSN is the series of sunspot data.

T_Central Asia is the average temperature of Central Asia.

PC2 is the corresponding time series of the temperature distribution over Eurasian land.

T_Central Asia and PC2 are calculated from the two temperature datasets, i.e.,

ERA_tmp and CRU_tmp.

FIGURE 11
Correlationmaps between SSN and temperature during 1951–1980 (P1) and 1981–2010 (P2). Dotted regions are at above 95% confidence level.
Central Asia (30 °N–60°N and 50°E–90°E) is marked by the black dashed frame. (A) 1951–1980 SSN and ERA_tmp. (B) 1951–1980 SSN and CRU_
tmp. (C) 1981–2010 SSN and ERA_tmp. (D) 1981–2010 SSN and CRU_tmp.

Frontiers in Earth Science frontiersin.org11

Lu et al. 10.3389/feart.2022.1087737

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1087737


FIGURE 12
Composite differences (P2 minus P1) of atmospheric circulation between 1951 and 1980 (P1) and 1981–2010 (P2). Black dots marks regions
where geopotential height (GHT) differences are above the 90% confidence level. The black vectors show the wind differences are over 90%
confidence level. The wind and GHT data at 850 hPa on the Qinghai-Tibet Plateau are ignored. (A) P2-P1 | 200 hPa GHT+UV. (B) P2-P1 | 500 hPa
GHT+UV. (C) P2-P1 | 850 hPa GHT+UV.

FIGURE 13
A schematic figure of the impact of solar activity on the summer temperature over Eurasia. ‘TCC’, ‘SSR’, and ‘H’ represent the total cloud cover,
surface net solar radiation, and the high-pressure center, respectively. The black arrows in the middle panel show the north-westerly wind. Positive
(Negative) anomalies are marked by red (blue) dots. The blue (red) widened vectors show the cyclonic (anti-cyclonic) anomalies.
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the LS andHS and the climatic states are shown in themiddle panel.

The second EOF pattern of the summer temperature is alike to a

wave train-like structure, with one positive and two negative

anomalies across the mid-high latitudes, and causes a barotropic

response of the atmospheric circulation. The two side panels of

Figure 13 show the atmospheric circulation anomalies associated

withHS and LS resemble the wave train-like pattern. In the key area,

Central Asia, the temperature is highly related to the second

temperature distribution and negatively related to solar activity.

The other regions are weakly positive for solar activity. Over Central

Asia, the negative potential height anomalies at 500 h Pa associated

with solar activity weakened the high-pressure ridge on the

southwest side. The cyclonic anomalies related to solar activity

strengthen the southwesterly wind. Besides, more clouds and less

radiation make the terrestrial receive less solar energy (Figure 13).

Under the combined action of atmospheric circulation and cloud

and radiation feedback, temperature decreases with increasing solar

activity.

The connection between temperature distribution and solar

activity was strong and decadal stable until 1980. The key

response areas change from Central Asia in the middle

latitudes to Northern Europe in the mid-high latitudes after

1980 due to the change in atmospheric conditions. As the

mechanism mentioned above, the arrival of solar activity

signals on the ground depends on the transport of

atmospheric circulation and the reflection of the cloud-

radiation process. The impact of solar activity on the

temperature over Central Asia and even the whole of Eurasia

would be convinced to be established again in the future if the

atmospheric change stemmed from climate internal variability.

Solar activity still can be considered a non-negligible factor in the

prediction of the summer temperature in Eurasia.
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