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Editorial on the Research Topic 
Impact of solar activities on weather and climate


The Sun drives the atmospheric dynamics of our planet and plays a role in shaping weather and climate patterns on Earth. While the exact mechanism of solar influence on weather and climate on decadal or shorter time scales is still a challenge, scientists have proposed and even observed several ways in which solar activities can affect our planet’s atmospheric conditions by different energy forms and physical processes.
This Research Topic, “Impact of Solar Activities on Weather and Climate”, includes articles that address solar effects on weather and climate and explore the physical mechanism. Papers range from the impacts of the solar activity on the temperature, precipitation, tropical cyclones (TC), North Atlantic Oscillation (NAO), Atlantic meridional overturning circulation (AMOC), the El Niño–Southern Oscillation (ENSO), South Asian jet to response of clouds to the Galactic Cosmic Ray (GCR).
Two papers in this Research Topic are focused on the relationship between solar activity and surface climate variability. Lu et al. focused on the link between solar activity and the summer temperature distribution over Eurasian land and found a significant 11-year solar periodicity in the temperature patterns, particularly in Central Asia. Solar-induced negative geopotential height anomalies in Central Asia weaken high-pressure ridges and strengthen northwesterly, leading to regional lower temperatures. Hu et al. conducted research into the decadal fluctuations in precipitation over the Tibetan Plateau, in relation to the 11-year solar cycle. In the solar maximum years, a substantial surface warming over the Asian continent enhances the Indian summer monsoon through changing land-ocean thermal contrast and increases precipitation over the central-southern Tibetan Plateau.
Two papers are focused on the relationship between solar activity and TC. The first paper by Li et al. investigated the combined effect of solar activity and ENSO on TC genesis frequency in the Western North Pacific. El Niño years during declining phases of the solar cycle show significantly strong positive anomalies in TC genesis frequency. Various atmospheric and oceanic factors, such as sea surface temperature anomalies and wind patterns, contribute to the connections between solar cycle and TC genesis frequency. The joint effect of Sun and ENSO on the asymmetry of TC frequency found in the second paper by Li et al. The second paper by Li et al. found that intensified solar activity significantly increased the number of TCs in high-solar activity years, while no significant modulation was observed in low-solar activity years. Increased solar radiation in high-solar activity years leads to stronger surface upward latent heat flux an evaporation, thereby enhancing local upward motion and cyclonic winds over the TC source.
Three papers are focused on the relationship between solar activity and the ocean. Leamon established a correlation between the occurrence of solar cycle terminations and the transition to La Niña based on observations and understanding of the solar 22-year magnetic activity cycle. They predicted a transition to La Niña in mid-2020, which indeed occurred and persisted until 2023 as a rare “triple dip” event. However, some of the solar predictions made did not occur until late 2021. The study examined the correlations between El Niño, La Niña, and geomagnetic activity indices, providing insights into the general trends of large-scale global climate in the next decade. Huo et al. investigated the solar modulation on the connection between NAO and ENSO. They found that the boreal winter NAO-like SLP anomalies have a linear covariation with the subsequent boreal summer El Niño Modoki-like SST anomalies in the tropical Pacific in the following 1 year during the high solar activity period. The positive NAO-like SLP anomalies can enhance the influence of the North Tropical Atlantic SST on the tropical Pacific SST by triggering significant and more persistent subtropical teleconnections. Ye et al. studied the influence of solar forcing on multidecadal variability in the AMOC, a crucial component of the ocean’s thermohaline circulation system. In this study, they conducted experiments using an Earth System model with different total solar irradiance (TSI) series. They found that the declining AMOC could be attributed to the decadal variation in TSI.
Besides, Ma et al. found that the 11-year solar cycle can influence the South Asian jet by two mechanisms. One mechanism involves a solar-induced tilted NAO pattern, which triggered southeastward wave activity fluxes towards the South Asian jet. Another mechanism is the decreased convective activity over the Maritime Continent area, which can be attributed to the weakening of the Pacific Walker Circulation caused by solar activity.
The study by Miyahara et al. explored how GCRs affect high-altitude clouds via deep convective activities over tropical land areas. The authors found that susceptible areas are seasonally variable, with the most notable responses observed in August. Additionally, following the activation of high-altitude cloud formation, an increase in sea surface temperature gradient was observed over the Pacific. While the influence of solar radiation on sea surface temperature has been widely studied, the authors suggested that the impact of GCRs on cloud formation and subsequent changes in atmospheric circulations could be one of the underlying mechanisms.
Wang et al. reviewed four processes of energy transmission in the effectuation chain of solar forcing to the climate system: solar energy input into the atmosphere, atmospheric absorption of the input energy, transformation of the absorbed energy into dynamic and thermodynamic responses in the atmosphere, and coupling among all the layers affected by solar forcing. The paper detailed how solar radiation varies during the solar cycle and solar eruptions, and how the terrestrial atmosphere absorbs the input solar energy.
Overall, this Research Topic highlights the Frontier discoveries and advancements in the research on sun-climate relationships. The ten works analyzed the possible mechanisms and reasons from the perspectives of solar radiation and cosmic rays. They also highlighted the challenges and questions in studying the influence of the Sun on the Earth’s atmosphere and climate on decadal and shorter time scales. Finally, we would like to express our sincere gratitude to all the authors and reviewers who have contributed their valuable insights and expertise to this Research Topic.
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The effect of solar activity on the regional temperature in winter has been widely 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 become more 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.
Keywords: solar cycle, temperature distribution, Eurasian climate, decadal change, summer
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, 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.
[image: Figure 1]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.
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 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.
[image: Figure 2]FIGURE 2 | Spatial patterns and the corresponding normalized time series for the leading first (A–C) and second (D–F) EOF modes 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.
[image: Figure 3]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.
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 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.
TABLE 1 | Correlation coefficients between PC2 and the other climate indices.
[image: Table 1]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).
[image: Figure 4]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.
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, we mainly discuss the impact of solar activity on the summer temperature of Central Asia.
[image: Figure 5]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.
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 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 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.
[image: Figure 6]FIGURE 6 | (A–C) Composite differences (HS minus 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.
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 the mid-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 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.
[image: Figure 7]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 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).
[image: Figure 8]FIGURE 8 | Composite differences (HS minus 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.
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).
[image: Figure 9]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.
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 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.
[image: Figure 10]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.
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). 
[image: Table 2]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 temperature distribution may be affected by the response of the temperature in Central Asia.
[image: Figure 11]FIGURE 11 | Correlation maps 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.
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.
[image: Figure 12]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.
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 the LS and HS and the climatic states are shown in the middle 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 with HS 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.
[image: Figure 13]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.
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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Decadal variability of precipitation over the Tibetan Plateau modulated by the 11-year solar cycle over the past millennium
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Introduction: Knowledge of precipitation over the Tibetan Plateau, often referred to as the “Asian water tower”, is crucial for water resource management, infrastructure planning, and disaster mitigation. However, the decadal variability of Tibetan Plateau precipitation in response to the 11-year solar cycle remains unknown.
Methods: Here, we used observational data obtained between 1901 and 2013, together with proxy-based reconstructions of the past five centuries, and discovered a notable summer wet condition over the central‒southern Tibetan Plateau, accompanied by a dry condition over the southeastern Tibetan Plateau, during peaks in the 11-year solar cycle. Using an ensemble mean of four solar-only sensitivity experiments from the Community Earth System Model Last Millennium Ensemble (CESM‒LME), we further demonstrated that the 11-year solar cycle can induce this anomalous pattern of a wet central‒southern and dry southeastern Tibetan Plateau.
Results and discussion: The modeling results indicated that, under a solar maximum, a substantial surface warming occurs over the Asian continent, especially the Tibetan Plateau region; this causes an anomalous Tibetan Plateau–Indian Ocean thermal contrast, which enhances the Indian summer monsoon. The additional Tibetan Plateau heating also enhances and causes a northward shift of the South Asian High, which further intensifies the Indian summer monsoon. The enhanced Indian summer monsoon transports water vapor to the northern Indian continent, which rises upon reaching the central‒southern Tibetan Plateau, substantially increasing precipitation. Meanwhile, a negative Pacific Decadal Oscillation-like sea surface temperature pattern occurs under a solar maximum, leading to a large-scale anticyclonic anomaly over the Yangtze River basin, southeastern Tibetan Plateau, and southern Japan, substantially decreasing precipitation in these regions.
Keywords: Tibetan Plateau, decadal variability of precipitation, 11-year solar cycle, Tibetan Plateau-Indian Ocean thermal contrast, South Asian High, Pacific Decadal Oscillation
1 INTRODUCTION
The Tibetan Plateau (TP) climate is one of Earth’s most active regional climate systems, having considerable land–air interaction and playing an important role in Asian hydrological cycles (Yao et al., 2015; Wu, 2020). The TP is often referred to as the “Asian water tower” as it directly affects the hydrology of the surrounding regions, in particular the flow of major Asian rivers (Yao et al., 2022), such as the Yangtze, Yellow, Nu, Lancang, Yarlung Zangbo, Ganges, and Indus. Changing TP precipitation is also one of the driving mechanisms of the retreat and advance of glaciers (Yao et al., 2012). Understanding the variability of TP precipitation is crucial for the ecosystem, agriculture, water resource management, and social development of the Asian region.
Instrumental data has demonstrated the decadal variability of TP precipitation. For example, Liu et al. (2021) analyzed summer precipitation over the TP based on 151 meteorological stations during the period 1976–2015 and found an interdecadal variation in southern TP precipitation, with an increase from 1976 to 1998 and a decrease from 1999 to 2015. Using station rainfall data from 1979 to 2018, Yue et al. (2021) found a decadal variation in precipitation over the southern TP, with a periodicity peaking at 10 years. The wet phase of decadal precipitation variation has been shown to be associated with cold sea surface temperature (SST) anomalies over the equatorial central Pacific and warm SST anomalies over the Indo–Pacific warm pool (Yue et al., 2021). This SST pattern resembles the pattern of Pacific quasi-decadal oscillation (QDO), with an 11-year signal, which might originate from internal variabilities, such as the low-frequency mega-El Niño/Southern Oscillation (ENSO) variability (e.g., Wang et al., 2014). Besides this internal variability, some studies have also suggested that the decadal solar cycle can also contribute to the formation of QDO (White and Liu, 2008; Jin et al., 2020) and decadal variation of the East Asian summer monsoon (Zhao et al., 2012). However, owing to the limited temporal length of observational data, it is difficult to understand how the decadal variability of TP precipitation responds to external forcing (i.e., solar activity).
The period of the last millennium provides opportunities to study the decadal variability of TP precipitation, benefiting from a large number of high-resolution proxy datasets. These studies provide new insights into the causes and processes behind the decadal variability. Xu et al. (2014) reconstructed the temperature on the eastern edge of the TP over the past four centuries, and found that the decadal variation in temperature was synchronized with precipitation, which was likely affected by solar activity. Shi et al. (2018a) reconstructed the relative humidity variation on the southeastern TP during the period 1751–2005 and suggested that the relative humidity could be modulated by the ENSO and Pacific Decadal Oscillation (PDO). In addition, stalagmite δ18O records from the southeastern TP have indicated marked 11-, 12-, and 22-year periodicities on the decadal time scale, suggesting the importance of solar forcing (Tan et al., 2018). Specifically, precipitation was shown to increase over the southeastern TP at solar minima. The stalagmite δ18O record from Tianmen Cave, central‒southern TP, showed a close agreement with the Indian summer monsoon (ISM) and a marked 11-year periodicity, implying that solar activity may have influenced the ISM and further affected the δ18O record (Cai et al., 2012). On the centennial timescale, precipitation records over the Asian monsoon region show centennial–multi-centennial variability, which lags the 200-year (DeVries cycle) or 300–500-year solar activity cycles by approximately several decades (Breitenmoser et al., 2012; Sun et al., 2022b). The above research has demonstrated the similar periodicities of TP precipitation and solar activity, and imply that TP precipitation may be affected by solar activity. However, some scholars have questioned the impact of solar activity on climate, citing the variation range of total solar irradiance being too small (Vieira et al., 2011; Chiodo et al., 2019). Moreover, reconstructions have failed to reveal the physical mechanisms behind the decadal variability of TP precipitation.
Previous studies have suggested that the 11-year solar activity cycle significantly impacts climate on a decadal time scale. The multi-model mean result from the Coupled Model Inter-Comparison Project (CMIP5) showed a significant increase in global mean surface air temperature 1–2 years after the peaks of 11-year solar cycles (Misios et al., 2015). Using the ensemble of four solar-only sensitivity experiments from the Community Earth System Model Last Millennium Ensemble (CESM‒LME), Jin et al. (2019) found that the decadal variation of the East Asian summer monsoon was significantly correlated with strong 11-year solar cycles over the last millennium; this was associated with a negative PDO-like SST pattern at each solar maximum, but this relationship disappeared during weak 11-year solar cycle epochs. Using observations and climate models, La Niña-like events have been identified over the equatorial eastern Pacific at the peaks of 11-year solar cycles, followed by El Niño-like events several years later (van Loon et al., 2007; Meehl et al., 2008; Meehl and Arblaster, 2009; Meehl et al., 2009). In contrast, Misios et al. (2019) used multiple regression analysis to suggest a weakened Pacific Walker circulation at solar cycle maxima, caused by a thermodynamics-induced muted hydrology mechanism. Both the ENSO-like and PDO-like SST patterns under solar forcing can further influence precipitation over eastern China (Ma et al., 2021; Liu et al., 2022; Xue et al., 2022). However, the effect of the 11-year solar activity cycle on TP precipitation remains unknown.
This study aims to address the following questions: 1) Has the decadal variability of TP precipitation been modulated by the 11-year solar cycle over the last millennium? 2) If so, how does solar activity affect TP precipitation? Here, we used instrumental data, reconstructions, and simulations from the CESM‒LME to investigate the impact of the 11-year solar activity cycle on TP precipitation over the last millennium. The remainder of the paper is organized as follows: Section 2 describes the data we used; Section 3 shows the characteristics and possible physical mechanisms causing changes in the precipitation over the TP under the influence of the 11-year solar cycle; and our discussion and conclusions are summarized in Section 4.
2 DATA
2.1 Observational data
Observational data were used to validate reconstructed data and model simulations. The precipitation observations were derived from the Global Precipitation Climatology Centre (GPCC) full data monthly product version 2018 (Schneider et al., 2018), which is calculated from approximately 80,000 global station data points. The horizontal resolution of the data is 1 × 1 and the period covered is 1891–2016. We also used two sets of SST observations: one was the Extended Reconstructed Sea Surface Temperature version 5 (ERSST v5) global SST monthly data (Huang et al., 2017) covering the period 1854–2020, whose horizontal resolution is approximately 2 × 2; the other was the Hadley Center Sea Ice and SST dataset version 1.1 (HadiSST 1.1) (Rayner et al., 2003) covering the period 1871–2020, whose horizontal resolution is approximately 1 × 1.
2.2 Simulation data
We used simulation data to explore the spatiotemporal pattern and physical mechanism of the TP precipitation response to the 11-year solar cycle. The simulation data were derived from the CESM‒LME (Otto-Bliesner et al., 2015), which was conducted using CESM version 1.1 (Hurrell et al., 2013). The resolution of the atmosphere and land components is ∼2, while that of the ocean and sea ice components is ∼1.
The simulations used here contained a control experiment (CTRL) run from the year 850 onwards, an ensemble of 13 all-forcing (AF) experiments, and an ensemble of four total solar irradiance (TSI) forcing experiments. The time range of the AF and TSI simulations was 850–2005. The AF experiments were forced by solar activity, volcanic eruptions, land use/land cover changes, greenhouse gases, ozone, aerosols, and orbital changes (Otto-Bliesner et al., 2015). For the TSI experiments, only the reconstructed solar irradiance forcing (Vieira et al., 2011) was used to drive the simulations; the other external forcings were kept the same as in the CTRL. Differences among the ensemble members comprised the small random round-off differences in the air temperature field at the start of each run. On this basis, the ensemble-mean results from the AF and TSI experiments represented the net effect of all external forcings and solar activity forcing, respectively. Simulations imposed an estimated 11-year solar cycle and used linear regression of TSI at each spectral interval to derive spectral solar irradiance (Schmidt et al., 2011).
2.3 Proxy-based reconstructions
We used reconstructed data to reflect climate change over the last millennium. A proxy-based gridded reconstruction dataset, namely, the Asian summer precipitation (RAP) dataset during the period 1470–2013 (Shi et al., 2018b), was merged with 453 tree-ring-width chronologies and 71 historical documentary records. The RAP dataset comprises gridded data with a spatial range spanning 8.8°S–55.3°N, 61.3°–143.3°E, and a spatial resolution of approximately 2; it reconstructs the June–August (JJA) mean precipitation with an annual temporal resolution. Some previous studies have confirmed the inter annual–decadal variability of monsoon precipitation using the RAP and its relationship with the ENSO and Atlantic multi-decadal oscillation, and comparisons with instrumental data, other climatic reconstructions, and climate model simulations (Shi et al., 2019; Shi and Wang, 2019; Shen et al., 2022). In addition to the gridded reconstructions, we also collated some other high-resolution tree-ring and stalagmite reconstructions from different regions of the TP (Table 1).
TABLE 1 | Reconstructions from different regions of the TP.
[image: Table 1]3 RESULTS
3.1 Validation of reconstructions and simulations
Precipitation over the TP is dominated by the summer mean precipitation (e.g., Feng and Zhou, 2012); hence, we focused on the JJA precipitation. To verify the reliability of the reconstructions and simulations, we compared the climatological precipitation derived from the GPCC, RAP, and CESM‒LME, respectively (Figure 1). The GPCC data (Figure 1A) showed that the JJA mean precipitation decreases from southeast to northwest over the TP; a similar pattern was seen in both the RAP and CESM‒LME data (Figures 1B, C). The results of the CESM‒LME were computed by the ensemble mean of 13 AF experiments, and the results of each experiment were generally similar to the ensemble mean result (Supplementary Figure S1). The spatial correlation coefficient between RAP and GPCC was 0.77 with a root mean square error (RMSE) of 1.9 mm day−1, while the correlation coefficient between CESM‒LME and GPCC was 0.74 with an RMSE of 3.7 mm day−1. However, both the RAP and CESM‒LME exhibited some wet bias over the southern TP, which is a common error in global climate models (GCMs) (Zhu et al., 2020; Chen et al., 2022). In addition, to detect the decadal variability of precipitation, we conducted the empirical orthogonal function (EOF) analysis during the period 1901–2000 for GPCC, RAP, and CESM‒LME. The EOF first modes of all the three show an east‒west zonal dipole pattern (Figure omitted). Overall, the RAP and CESM‒LME reasonably captured the spatial pattern of climatological JJA mean precipitation and the decadal variability of precipitation over the TP.
[image: Figure 1]FIGURE 1 | Climatological Jun–Aug (JJA) mean precipitation (mm day−1) during the period 1976–2005 derived from (A) GPCC, (B) RAP, and (C) CESM‒LME.
3.2 Response of TP precipitation to the 11-year solar activity cycle
According to the wavelet analysis of the TSI during the period 850–2000 (Supplementary Figure S2A), we selected three periods with substantial 11-year solar cycle signals as the active epochs: 850–1400, 1550–1650, and 1730–2000. Then based on the solar activity sequence (Supplementary Figure S2B), we manually selected the solar maximum (Smax) and minimum (Smin) phases for each 11-year solar cycle epoch in the selected three periods. To test the net effect of solar activity on TP precipitation, we performed a composite analysis of JJA mean precipitation between the Smax and Smin (Figure 2). During the instrumental period of 1901–2013, there were 10 cases for the differences between Smax and Smin. The GPCC data showed that the precipitation significantly increased by approximately 0.6 mm day−1 over the area of 28°–36°N, 85°–95°E, accounting for 36% of the mean climatological value during the period 1901–2013 (Figure 2A). The precipitation decreased over the southeastern and southwestern TP. The results from the RAP also indicated a similar pattern of precipitation anomalies over the TP, but the amplitude of wet conditions over the central‒southern TP was slightly weaker (Figure 2B) than that indicated by the GPCC data. Meanwhile, we also tested the composite results from two other well-known gridded precipitation reconstructions, those of Cook et al. (2010) and Shi et al. (2017). However, the patterns of precipitation shown by these datasets were different from the observations, with an overall drying over the TP region under solar peaks, especially over the central‒southern TP, and a wet condition over the southeastern TP (Supplementary Figure S3). Therefore, our further analysis used only the RAP gridded reconstruction because it compared favorably with the instrumental data when reproducing precipitation changes over the TP under the 11-year solar cycle.
[image: Figure 2]FIGURE 2 | Composite differences in JJA mean precipitation (mm day−1) between the 11-year solar maximum (Smax) and minimum (Smin) phases. (A) Results from the GPCC during 1901–2013 (10 cases). (B) Results from the RAP reconstruction during 1901–2013 (10 cases). (C) Results from the RAP during 1470–2013 (39 cases). (D) Ensemble-mean result of four TSI experiments (304 cases). The black dots denote significance at the 90% confidence level (two-tailed Student’s t-test). The solid blue lines denote the elevation contour of 2,000 m.
The above analysis may contain the influence of internal variability because the sample size of the 11-year solar cycle is small during the instrumental period. Hence, we extended the sampling period to the past millennium using the reconstructions and CESM‒LME simulations. The composite results with 39 cases for the differences between Smax and Smin from the RAP during the period 1470–2013 were very similar to the result from the instrumental period (Figure 2C), which suggests that enhanced solar irradiance causes an increase in precipitation over the central‒southern TP and a decrease in precipitation over the southeastern and southwestern TP. We further performed a correlation analysis between TSI sequence and RAP during 1470–2010, and the result was similar to that using the composite analysis (Figure omitted). These results indicate that the effect of the 11-year solar activity cycle on TP precipitation was stable over the entire sampling period. Moreover, this solar-forced pattern of TP precipitation can be confirmed by other reconstruction studies. For example, Cai et al. (2012) found that the stalagmite δ18O record from the central‒southern TP was correlated with the ISM on the decadal timescale, which bears a significant 11-year periodicity. The stalagmite δ18O record from the southeastern TP indicated a significant 11-year periodicity, with a wet condition during solar minima (Tan et al., 2018). We further analyzed the TP precipitation response to solar forcing based on the TSI sensitivity experiments in the CESM‒LME. The ensemble mean result of 304 cases from the TSI experiments showed a dipole precipitation pattern, with a notable wet condition over the central‒southern TP and a notable dry condition over the southeastern TP (Figure 2D), consistent with the reconstructions. However, there was no drying over the southwestern TP in the TSI simulations, suggesting a degree of uncertainty in the model.
We then conducted a power spectrum analysis of the TP precipitation derived from the RAP and other high-resolution proxy data (Figure 3). Since the response of RAP to 11-year solar activity cycle is out-of-phase over central–southern and southeastern TP, we performed the power spectrum analysis to the RAP over the two sub-regions, respectively. The result from the RAP showed a marked quasi-11-year cycle (Figures 3A–B), suggesting the notable effect of the 11-year solar cycle. Ten of the eleven tree-ring-based and stalagmite δ18O-based proxy records across the TP (Table 1) also indicated substantial 10–12-year periodicities (Figures 3C–M), similar to the RAP data. To further detect the effect of the 11-year solar cycle in controlling the periodicities of precipitation, we conducted a power spectrum analysis of simulated TP precipitation from the TSI experiments (Figures 3N–O). The four-member ensemble-mean result of TSI experiments further showed a statistically significant 11-year periodicity. Thus, this timescale analysis confirms that the 11-year solar cycle significantly influences precipitation over the TP.
[image: Figure 3]FIGURE 3 | Power spectrum analysis of reconstructions (A–M) and simulations (N–O). (A) Result of RAP over central–southern TP. (B) same as (A), but over southeastern TP (C–M) Results from different proxy records across the TP listed in Table 1. (N) Results from the ensemble mean of four TSI experiments over central–southern TP. (O) same as (N), but over southeastern TP. Red dashed lines represent the 90% significance level; red circles mark the significant 11-year cycle.
3.3 Physical mechanism underlying the precipitation response
To understand the physical mechanism of TP precipitation under the influence of the 11-year solar activity cycles, we analyzed the results from the TSI experiments of CESM‒LME. We first examined the composite differences from the surface to 300-hPa vertically integrated water vapor transport between the 11-year Smax and Smin phases (Figure 4A). We identified an enhanced westerly anomaly over the tropical Indian Ocean and an anomalous cyclonic circulation over the Bay of Bengal, which produces an anomalous moisture transport from the Indian Ocean to the central‒southern TP. This may contribute to the increased precipitation over the northern Indian subcontinent. Meanwhile, a significant anomalous anticyclonic anomaly occurs over Japan and northern China, enhancing the transport of water vapor from the Pacific Ocean and southern China to northern and northeastern China; this induces a dry band-like zone over the Yangtze River basin, southeastern TP, and southern Japan.
[image: Figure 4]FIGURE 4 | Composite differences in JJA mean precipitation (shading, mm day−1) overlain on the (A) water vapor transport flux (kg·m−1 s−1) and (B) surface air temperature (K) between the 11-year Smax and Smin phases from the ensemble-mean result of four TSI experiments in the CESM‒LME. The black dots denote significance at the 90% confidence level (two-tailed Student’s t-test).
A previous study found that precipitation over the central‒southern TP can be affected by the TP‒Indian Ocean thermal contrast, which causes northward water vapor transport over the Indian Ocean (Li and Xiao, 2022). We investigated the composite differences in surface air temperature between the 11-year Smax and Smin phases (Figure 4B). The result showed that, when solar irradiance increases, there is a significant warming over mid-latitude regions of the TP, northern China, Mongolia, and Pacific Ocean, accompanied by a cooling anomaly over low-latitude regions, such as the Indian Ocean, India, and Southeast Asia. This causes an enhanced land–sea thermal contrast between the TP and Indian Ocean, with a difference of approximately 0.1 K, which enhances the ISM and transports more moisture to the central‒southern TP.
Surface warming over the TP region can further heat the mid‒upper troposphere through diabatic heating (Figure 5C), which increases the geopotential height at the upper troposphere (Figure 5B). The climatological South Asian High (SAH) is located over southern Asia (Figure 5A) and is an important indicator for the Asian monsoon (Wei et al., 2015). The anomaly pattern of 200-hPa geopotential height showed an enhancement and northward shift of the SAH, compared with the normal climatological position of the SAH (Figures 5A, B). Some previous studies have suggested that the onset of the Asian summer monsoon is closely related to the northward shift of the SAH, which triggers a monsoon vortex over the Bay of Bengal through the upper-level divergence pumping effect (Liu et al., 2013; Wu et al., 2015). Hence, the strengthening and northward shift of the SAH under solar maxima may contribute to the enhancement of the ISM.
[image: Figure 5]FIGURE 5 | (A) Climatological JJA mean 200-hPa geopotential height (contours, gpm) and 200–500-hPa mean upper-tropospheric temperature (shading, K) during the period 1976–2005. (B) Composite differences in JJA mean geopotential height between the 11-year Smax and Smin phases from the ensemble-mean result of four TSI experiments in the CESM‒LME. (C) Same as (B), but for 200–500-hPa mean upper-tropospheric temperature (K). The black dots denote significance at the 90% confidence level (two-tailed Student’s t-test).
Surface warming over the TP region also decreases sea level pressure (SLP), which induces an ascending motion over the central‒southern TP and northern Indian subcontinent regions (Supplementary Figure S4). We further investigated the pressure–latitude cross section of zonally averaged temperature, vertical velocity, and meridional winds over the region 77.5–87.5°E (Figure 6). We found a uniform climatological upward motion over the central‒southern TP and northern India during the boreal summer (Figure 6A). When solar irradiance increases, the ascending motion is enhanced over the central‒southern TP and the meridional circulation is also strengthened (Figure 6B). The enhanced water vapor carried by the ISM flow rises upon reaching the central‒southern TP, causing an anomalous upward motion, and substantially increasing precipitation in this region.
[image: Figure 6]FIGURE 6 | (A) Zonally averaged (77.5°–87.5°E) climatological JJA mean pressure–latitude cross section of temperature (shading, K), vertical velocity (vectors, 0.02 Pa s−1), and meridional winds (m s−1) during the period 1976–2005. (B) Same as (A), but for the composite differences between the 11-year Smax and Smin phases from the ensemble-mean result of four TSI experiments in the CESM‒LME. The black dots in (B) denote significance at the 90% confidence level (two-tailed Student’s t-test).
We also examined the changes in SST and winds at 850 hPa under the 11-year solar cycle (Figure 7). The result showed that a warm SST anomaly occurs over the Kuroshio–Oyashio Extension and North Pacific, while a cold SST anomaly occurs along the North American coastline, resembling the negative PDO phase (Figure 7B). A previous study indicated that a cool PDO-like SST pattern can be induced by solar forcing during strong 11-year solar cycle epochs (Jin et al., 2019). On the basis of observational data, our composite analysis also showed a negative PDO-like pattern between the 11-year Smax and Smin phases (Supplementary Figure S5); this is similar to the TSI modeling result from the CESM‒LME (Figure 7B). The negative PDO may induce a rise in SLP over the mid-latitude central and western North Pacific, causing a large-scale anomalous anticyclone over the extratropical North Pacific (Figure 7A) (Sun et al., 2022c). Asian continental warming induces a low SLP anomaly. Then, the large SLP gradient between the western North Pacific high and northern and northeastern China low anomalies generates strong southwesterlies over eastern China (Figure 7A); this causes wet conditions over northern and northeastern China, and dry conditions over the Yangtze River basin, southeastern TP, and southern Japan (Figure 4A).
[image: Figure 7]FIGURE 7 | Composite differences in (A) JJA mean 850-hPa wind (vectors, m s−1) and precipitation (shading, mm day−1) and (B) sea surface temperature (SST, K) between the 11-year Smax and Smin phases from the ensemble-mean result of four TSI experiments in the CESM‒LME. The black dots denote significance at the 90% confidence level (two-tailed Student’s t-test).
To explore whether the negative PDO-like SST pattern could induce this anomalous atmospheric circulation and precipitation over East Asia, we examined the PDO mode and its net effect in the CTRL experiment (Supplementary Figure S6). The EOF first mode of North Pacific SST anomalies showed a negative PDO pattern and its explained variance was approximately 40.6% (Supplementary Figure S6), similar to that in the observations (Sun et al., 2022a). We then analyzed the climatic impact of the negative PDO using the regression map of surface air temperature, 850-hPa winds, and precipitation on the associated principal component 1 (PC1). We found a remarkable warm anomaly over the mid-latitude central and western North Pacific, and a cold anomaly along the west coast of North America (Supplementary Figure S6B), inducing a large-scale North Pacific anticyclonic anomaly (Supplementary Figure S6C). Meanwhile, mid-latitude Asian continental warming causes a drop in SLP, which leads to an SLP gradient between the mid-latitude Asian continent and western North Pacific. This enhances the southwesterly flow over eastern China, which induces dry conditions over southern Japan, southern China, and the southeastern TP. The anomalous precipitation, low-level circulation and surface air temperature over East Asia caused by the negative PDO in the CTRL experiment (Supplementary Figure S6) are similar to the result under the 11-year solar cycle from the TSI experiments (Figures 4, 7). This means that when solar irradiance induces a negative PDO-like SST pattern, this SST pattern can further contribute to the drying over the Yangtze River basin and southeastern TP, and can also further enhance the land–sea thermal contrast leading to the strengthening of the Indian monsoon. A schematic diagram of the mechanism of TP precipitation variation under the 11-year solar cycle is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Schematic diagram of the mechanism responsible for the change in TP precipitation under the 11-year solar cycle.
4 DISCUSSION AND CONCLUSION
This study investigated the response of precipitation over the TP to the 11-year solar cycle during the past millennium. On the basis of observations during the period 1901–2013, proxy-based reconstructions over the past five centuries, and other high-resolution reconstructions, we found a significant quasi-11-year cycle of TP precipitation. The TSI sensitivity experiments from the CESM‒LME showed that this quasi-11-year cycle is modulated by the 11-year solar activity cycle. Meanwhile, observations and reconstructions demonstrated a significant summer wet condition over the central‒southern TP, accompanied by a dry condition over the southeastern TP, during peaks in the 11-year solar cycle; this was also captured by the TSI sensitivity experiments. Modeling results showed that, under solar maxima, a significant surface warming occurs over the Asian continent, especially for the TP region, causing a strengthened TP–Indian Ocean thermal contrast, which enhances the ISM. The TP heating induces mid‒upper tropospheric warming, which causes a strengthening and northward shift of the SAH; this further intensifies the ISM. The enhanced ISM transports more water vapor from the Indian Ocean to the northern Indian subcontinent, which rises upon reaching the central‒southern TP, substantially increasing precipitation in this region. A negative PDO-like SST pattern occurs under solar maxima, leading to a significant SLP gradient between the anomalous mid-latitude Asian continental low and North Pacific high; this induces a large-scale anticyclonic anomaly over the mid-latitude North Pacific, southern Japan, Yangtze River basin, and southeastern TP, substantially decreasing precipitation over the southeastern TP.
Many early studies have demonstrated a dipole pattern of precipitation anomalies over the northern and southern TP on the inter annual time scale (Li et al., 2021). However, the EOF mode (Figure omitted) shows that on the decadal time scale, the main precipitation mode exhibits an east–west dipole pattern. Meanwhile, the climatological mean precipitation suggests that, precipitation over the northern TP is basically below 1.5 mm day–1, while precipitation over the southern TP is even more than 6 mm day–1 (Figure 1). The large precipitation magnitude might lead to a stronger decadal variability of precipitation over the southern TP. However, under the influence of the 11-year solar activity cycle, the GPCC and RAP data show a “dry–wet–dry” zonal tripolar pattern over the southern TP (Figures 2A–C), while the TSI experiments show a “wet–dry” zonal dipole pattern over the central‒southern and southeastern TP (Figure 2D). We postulate that the bias in precipitation over the southwestern TP may be associated with the model’s uncertainty in simulating the precipitation over the western TP, which is a common problem in GCMs (e.g., Zhu et al., 2020). This type of model deficiency limits our understanding of the mechanisms responsible for TP precipitation variability. Meanwhile, there are two potential mechanisms that can explain the influence of solar activity on the climate system, namely, the “top-down” stratospheric ozone mechanism (Haigh, 1996) and “bottom-up” coupled air‒sea mechanism (Meehl et al., 2008). In this paper, only the latter mechanism is considered; however, the former mechanism might also contribute to the decadal precipitation variability over the TP under the 11-year solar cycle. Thus, further development of high-resolution models and improvement of the model physics and parameters will be critical to understanding the response of the TP climate to external forcing (i.e., solar activity).
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This study analyzes the frequency characteristics of tropical cyclone (TC) genesis in the southeastern part of the western North Pacific (SEWNP) during June–November from 1965 to 2019 and investigates the possible combined effect of the solar activity and El Niño-Southern Oscillation (ENSO). Results suggest that TCs generated in the SEWNP have the longest lifetime and greatest strength, and its frequency has apparent interannual and decadal variations, which is jointly affected by the solar activity and ENSO. In El Niño years during declining phases of solar cycle (1–3 years following the solar maximum), positive TC genesis frequency anomalies in the SEWNP are significantly strong and tend to occur in extremes. While the opposite is true for La Niña during ascending phases of solar cycle (1–3 years following the solar minimum). However, there exists no significant feature in the combined effect of La Niña (El Niño) and declining (ascending) phases of solar cycle. When declining (ascending) phases of solar cycle and El Niño (La Niña) are combined, the overlapping effect leads to apparently warmer (colder) sea surface temperature (SST) anomalies in the central equatorial Pacific and colder (warmer) SST anomalies in the western Pacific, so the SST anomalies gradient are stronger. It enhances low-level westerly (easterly) wind anomalies and upper-level easterly (westerly) wind anomalies, which is favorable for the further decrease (increase) of the vertical wind shear in the eastern (most) part of SEWNP. Moreover, the stronger and more westward low-level convergence (divergence) center appears in the Pacific, causing stronger low-level convergent (divergent) flow and upper-level divergent (convergent) flow anomalies, and strengthened (suppressed) ascending movement anomalies in the SEWNP. As a result, the TC genesis frequency in the SEWNP is much higher (lower). Further diagnoses show that absolute vorticity plays a leading role in El Niño years during declining phases of solar cycle, and its contribution is obviously much greater than other environmental factors. It is not perfectly symmetrical in La Niña years during ascending phases of solar cycle when the contribution of absolute vorticity is the greatest, but vertical wind shear is also important.
Keywords: tropical cyclone genesis, solar cycle phases, El Niño-southern Oscillation, combined effect, environmental factors
1 INTRODUCTION
Tropical cyclones (TCs) could not only bring severe weather with significant casualties and economic losses, but also make an impact on the atmospheric circulation (Zhong, 2006; Ren et al., 2007; Zhong and Hu, 2007; Chen et al., 2017; Wang et al., 2019; Ling and Lu, 2022), so understanding the TC activity is of great importance. TC genesis has attracted considerable attention, but its prediction has been a difficult topic for the past few decades (Cao et al., 2022). The western North Pacific (WNP) is known to be the most prolific tropical cyclone basin, accounting for about 1/3 of all the global TCs (Chan, 2005; Huang and Chen, 2007; Woodruff et al., 2013), and the southeastern part of the WNP (SEWNP) is an important key region for the TC genesis (Wang and Chan, 2002; Camargo and Sobel, 2005; Zhang et al., 2017; Liu et al., 2019; Shan and Yu, 2021; Cao et al., 2022; Song et al., 2022). Zhang et al. (2017) found that the Atlantic meridional mode affects TC activity in the WNP mainly through changes in the TC genesis in the SEWNP. What is more, the TC genesis frequency in the SEWNP is associated with that in the eastern North Pacific and tropical North Atlantic Ocean. When more TCs generate in the SEWNP, more TCs generate in the eastern North Pacific, but less in the tropical North Atlantic Ocean (Cao et al., 2022). The sudden decrease in TC genesis frequency in the SEWNP also leads to the abrupt reduction of the frequency of TC landfall in southern China in the post-peak season, owing to the abrupt decline in westward-moving tracks (Shan and Yu, 2021). In addition, the increased TC activity in the SEWNP contributes significantly to the intensity of El Niño after 3 months by weakening the Walker circulation and strengthening the eastward propagating oceanic Kelvin waves in the tropical Pacific (Wang et al., 2019). Consequently, the TC genesis in the SEWNP is noteworthy.
As the most significant signal of interannual variability in the coupled atmosphere-ocean system, El Niño-Southern Oscillation (ENSO) plays a crucial role in TC genesis in the WNP (Pan, 1982; Chan, 1985; Li, 1987; Lander, 1994; Chen et al., 1998; Chan, 2000; Wang and Chan, 2002; Elsner and Liu, 2003; Chu, 2004; Camargo et al., 2007; Kim et al., 2011, 2016; Zhan et al., 2011; Wang et al., 2014; Zhao and Wang, 2019; Song et al., 2022). A general consensus is that the relationship between ENSO and TC genesis frequency is weak in the entire WNP, but ENSO remarkably affects the shift of TC genesis location. The TC genesis frequency increases in the SEWNP and decreases in the northwestern part of the WNP (NWWNP) during El Niño years. Wang and Chan (2002) attributed the more TCs in the SEWNP to the increase of the low-level vorticity, and fewer TCs in the NWWNP to the upper-level convergence induced by the strengthening of the East Asian trough and WNP subtropical high, which are all forced by El Niño. Camargo and Sobel (2005) suggested that more TCs generated in the SEWNP take relatively longer time to make landfall or encounter colder mid-latitude water during El Niño years, which results in more opportunities to obtain energy and enhance TC intensity.
Besides the interannual variation, the frequency of TC genesis in the WNP has the decadal feature, which is modulated by several decadal influencing factors. The solar activity has a remarkable quasi-11-year cycle and plays an important role in driving climate (Herschel, 1801; Meehl et al., 2008; Gray et al., 2010). As previous studies have shown, the solar activity exerts an influence on sea surface temperature (SST) in the central tropical Pacific (Kodera et al., 2016; Huo et al., 2021; Lin et al., 2021), and El Niño Modoki events are found within 1–3 years following the solar maximum (Huo and Xiao, 2016, 2017). Huo and Xiao (2017) proposed two mechanisms to explain it. One is the direct effect that the lagging warming response of the central tropical Pacific to the solar radiation is amplified by the coupled atmosphere-ocean processes. The other is the indirect effect that the anomalous atmospheric circulation at mid-high latitudes is modulated by the heating effect propagating from the upper atmosphere, which may trigger an El Niño Modoki event in the 1–3 years following the solar maximum through wind-evaporation-SST feedback and the seasonal footprint mechanism. Enfield and Cid (1991) found that the persistence of ENSO is shorter (longer) in low (high) solar activity years. In addition, the solar activity could also modulate the impact of ENSO on the Pacific North American teleconnection, South Asia high, East Asian winter monsoon, and precipitation in southern China (Huth et al., 2006; Zhou et al., 2013; Liu et al., 2014; Li and Xiao, 2018; Xue et al., 2020; Ma et al., 2021; Wang et al., 2021).
Although Li et al. (2019) have pointed out that the solar activity is closely related to all the global TC genesis frequency, the relationship between the solar activity and TC genesis frequency in the WNP is less studied. It is still unclear whether the influence of ENSO on the TC genesis frequency in the WNP depends on the solar activity. Considering the significance of the SEWNP, this study focuses mainly on the modulation of the effect of ENSO on the TC genesis frequency in the SEWNP by different solar activities to provide evidence for the forecast of TC genesis frequency in the SEWNP and improve the forecast accuracy.
2 DATA AND METHODS
In this study, the TC best-track data are derived from the Shanghai Typhoon Institute of the China Meteorological Administration (CMA), including the information on TC location (latitude and longitude) and intensity at 6-h intervals during 1965–2019 (Ying et al., 2014; Lu et al., 2021). Owing to the uncertainty of tropical depression, a TC here refers to reaching tropical storm intensity (17.2 m s-2) and generating in the west of 180°C in the WNP. The TC genesis location is defined as the position where the TC reaches tropical storm intensity at the first time. As suggested by Cao et al. (2022), the WNP is divided into southeastern (5°N–15°N, 140°E−180°), northeastern (15°N–30°N, 140°E−180°), northwestern (15°N–30°N, 120°E−140°E) and southwestern (5°N–15°N, 120°E−140°E) regions (Figure 1). This analysis focuses on the active TC season in the WNP, which is from June to November (JJASON).
[image: Figure 1]FIGURE 1 | Four subregions of the WNP (black box).
The monthly atmospheric fields including wind, temperature, relative humidity, specific humidity, sea level pressure, total cloud cover, and surface heat flux are obtained from the National Centers for Environmental Prediction and National Center for Atmospheric Research (NCEP/NCAR) reanalysis dataset on 2.5°C × 2.5°C grids (Kalnay et al., 1996). The monthly SST data are taken from the National Oceanic and Atmospheric Administration (NOAA)’s Extended Reconstructed SST version 5 (ERSST.v5) with a horizontal resolution of 2°C × 2°C (Huang et al., 2017). The data cover the period 1965–2019, and the linear trend is removed before the analysis. The power spectrum, Pearson correlation, linear regression, and composite analysis are used in this work, and the statistical significance is evaluated based on the Student t-test. According to Yan et al. (2004) and Yu et al. (2019), the effective degree of freedom of low-pass filtering is calculated.
The Niño3.4 index (5°S–5°N, 170°W–120°W) is from the NOAA’s Climate Prediction Center. We identify ENSO based on the ±0.5 standard deviations of the June–November-averaged Niño3.4 index. An El Niño (La Niña) event is identified when the Niño3.4 index is greater (less) than + (−) 0.5 standard deviations. The sunspot numbers (SSN) index from the World Data Center at the Royal Observatory of Belgium is used to quantify the solar activity. An 11-year fast Fourier low-pass filtering is applied to the June–November-averaged SSN index to obtain the solar maximum (minimum), which are greater (less) than 0 standard deviations. The declining (ascending) phase of solar cycle is then defined as the 1–3 years following the solar maximum (minimum).
To quantitatively diagnose the contributions of different environmental factors to TC genesis, the genesis potential index (GPI) from Emanuel and Nolan (2004) is employed, which is calculated as follows:
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Where [image: image], [image: image], [image: image], [image: image], [image: image] is the absolute vorticity at 850 hPa (s−1), [image: image] is calculated as the magnitude of the vertical wind shear between 200 and 850 hPa (m s-1), [image: image] is the relative humidity at 600 hPa (%), and [image: image] is the potential intensity (PI; m s-1), which is estimated in detail following the study of Bister and Emanuel (2002). According to the method of Li et al. (2013), the deviation of [image: image] is evaluated as follows:
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where the bar represents the climatological mean, and the prime indicates the deviation from the climatological mean. The four terms in the right-hand side of the above equation denote the contributions of lower-level absolute vorticity, vertical wind shear between 200 hPa and 850 hPa, mid-level relative humidity, and PI, respectively.
3 RESULTS
3.1 Frequency characteristics of TC genesis in the SEWNP and NWWNP
Characteristics of TCs generated in the four subregions of the WNP are shown in Table 1. In the NWWNP, the average TC genesis frequency in JJASON during 1965–2019 is 5.9 per year, with the highest in the four subregions of the WNP, and there is an insignificant linear decreasing trend with a value of −0.01 per year. The NWWNP is so close to East Asia that more TCs generated here tend to have a serious impact on East Asia. Compared to that in the NWWNP and northeastern part of the WNP (NEWNP), TC genesis frequency in the SEWNP of 3.8 is lower, with a linear trend of −0.04 at the 90% confidence level. However, TCs generated in the SEWNP have the longest average lifetime of 202.7 h, which far exceeds the second value of 154.4 h in the southwestern part of the WNP (SWWNP). The shortest average TC lifetime appears in the NWWNP with a value of 129.6 h. Additionally, the strongest TCs generate in the SEWNP with the average annual accumulated cyclone energy (ACE) of 2 × 105 m2 s-2, while the smallest ACE is in the SWWNP. To further confirm the feature, TC genesis frequency reaching typhoon intensity (32.7 m s-1) and super typhoon intensity (51 m s-1) are checked. It is found that in the SEWNP, there are 196 TCs reaching typhoon grade, accounting for 93% of the total number, while 131 TCs reaching super typhoon grade, accounting for 62% of the total number. It outdistances that in the other three subregions, which also verifies TCs generated in the SEWNP are the strongest in general. To sum up, TCs generated in the SEWNP have the longest lifetime and the greatest strength, while the TC genesis frequency in the NWWNP is the highest. Furthermore, ENSO has a great influence on the TC genesis in the SEWNP and NWWNP (Lander, 1994; Chen et al., 1998; Wang and Chan, 2002; Elsner and Liu, 2003; Chu, 2004; Camargo et al., 2007; Kim et al., 2011; Zhan et al., 2011; Song et al., 2022). Therefore, it is of great significance to study the TC genesis in the SEWNP and NWWNP, which is the focus of our analysis below.
TABLE 1 | Characteristics of TCs generated in the four subregions of the WNP in JJASON during 1965–2019.
[image: Table 1]As can be seen in Figure 2, there are apparent interannual and decadal variations in the TC genesis frequency in the SEWNP, with the highest TC genesis frequency occurring in 1972 and 1994, which is approximately 9 TCs. The corresponding power spectrum of TC genesis frequency in the SEWNP shows obvious peaks at cycles of 2–4 years and 11 years, in which the 11-year cycle is the most significant (Figure 3A). By means of filtering, the decadal variance contribution is proved to be significant, explaining 26% of the total variance. Therefore, in addition to the interannual influence, the TC genesis frequency in the SEWNP may be modulated by decadal factors. It is well known that solar activity has a remarkable quasi-11-year cycle and ENSO is the strongest signal of interannual variation in the coupled atmosphere-ocean system. Thus, a hypothesis naturally comes out that the TC genesis frequency in the SEWNP may be jointly affected by solar activity and ENSO. With regards to the TC genesis frequency in the NWWNP, the interannual variation is dominant and the highest TC genesis frequency occurred in 1966, 1978, 1989, and 1993, with about 10 TCs (Figure 2). The power spectrum also confirms that it has a significant peak at cycles of 3–4 years (Figure 3B). The TC genesis frequency in the NWWNP is primarily influenced by interannual factors.
[image: Figure 2]FIGURE 2 | Time series of TC genesis frequency in the SEWNP (red line) and NWWNP (black line) in JJASON during 1965–2019. The dotted line denotes the average.
[image: Figure 3]FIGURE 3 | Power spectrum analysis of TC genesis frequency in the (A) SEWNP and (B) NWWNP. The green line indicates the red noise spectrum and the red line denotes statistical significance at the 95% confidence level.
3.2 Association between ENSO and TC genesis frequency in the SEWNP and NWWNP during different solar cycle phases
Previous studies have verified that ENSO plays an important role in TC genesis frequency in the SEWNP and NWWNP (Lander, 1994; Chen et al., 1998; Wang and Chan, 2002; Elsner and Liu, 2003; Chu, 2004; Camargo et al., 2007; Kim et al., 2011; Zhan et al., 2011; Song et al., 2022). The researchers suggested that El Niño contributes to the increase of TC genesis frequency in the SEWNP and the decrease in the NWWNP, while the effect of La Niña is roughly opposite. We calculated the correlation coefficient again and found a highly strong correlation between TC genesis frequency in the SEWNP and Niño3.4 index in JJASON during 1965–2019, with a value of 0.74 at the 99% confidence level. The TC genesis frequency in the NWWNP has a significant negative correlation with Niño3.4 index, with a value of −0.41 at the 99% confidence level. These results are consistent with the previous findings. Then what are the relationships between the SSN index and TC genesis frequency in the SEWNP and NWWNP on the decadal time scale? As demonstrated in the lead-lag correlation on the decadal time scale, TC genesis frequency in the SEWNP has a significant positive correlation with the SSN index in the leading 1–3 years (Table 2). When the SSN index leads 2–3 years, the correlation coefficients of 0.77 and 0.75 are the largest, both at the 99% confidence level. In addition, no obvious correlations are found between the TC genesis frequency in the NWWNP and the SSN index in the leading 1–3 years. In consequence, the relationship between the SSN index and TC genesis frequency in the SEWNP is different from that in the NWWNP, meaning that the declining phase of solar cycle only favors increasing TC genesis frequency in the SEWNP. It is unlike El Niño, which also has an impact on the TC genesis frequency in the NWWNP.
TABLE 2 | Correlation coefficients of TC genesis frequency in the SEWNP with the SSN index in the leading 0–3 years on the decadal time scale in JJASON during 1965–2019. * (***) denotes the 90% (99%) confidence level.
[image: Table 2]According to the above analysis, the TC genesis frequency in the SEWNP has a significant positive correlation with the SSN index on the decadal time scale. Furthermore, the decadal variance contribution of the TC genesis frequency in the SEWNP is large, so can the influence of ENSO on TC genesis frequency in the SEWNP be modulated by the solar activity? The previous studies indicated that the influence of solar activity on the tropical Pacific SST lags for more than 1 year (Huo and Xiao, 2016, 2017), and TC genesis frequency in the SEWNP is significantly related to the SSN index in the leading 1–3 years. Thus, the following study focuses mainly on the situation of the SSN index in the leading 1–3 years in detail. As described in Part 2 of this study, the declining (ascending) phase of solar cycle is defined as the 1–3 years following the solar maximum (minimum). During declining phases of solar cycle, El Niño events are associated with significantly strong positive TC genesis frequency anomalies in the SEWNP. It tends to occur in extreme value, and the standardized anomalies exceed +1.0 in the overwhelming majority of El Niño years. TCs in the SEWNP are more numerous, with the mean of +1.1, +1.0, and +1.3 in the 1–3 years following the solar maximum, passing the 95% or 99% confidence level, respectively (Table 3). During ascending phases of solar cycle, there are negative or relatively weak positive TC genesis frequency anomalies in the SEWNP in El Niño years, and the mean of +0.6, +0.5, and +0.3 are all not significant. On the contrary, in La Niña years, there are generally obviously fewer TCs and the average anomalies are −0.9, −1.2, and −1.2 at the 99% confidence level in the 1–3 years following the solar minimum. However, in La Niña years during declining phases of solar cycle, there are nearly half more-TC years and the average negative anomalies of −0.4, 0, and −0.3 are all weak.
TABLE 3 | Mean standardized TC genesis frequency in the SEWNP in El Niño and La Niña years during different solar cycle phases from 1965 to 2019. ** (***) denotes the 95% (99%) confidence level.
[image: Table 3]For the combined impact of ENSO and solar cycle phases, it is the most obvious in the 3 years following the solar maximum and minimum, so take this as an example to show the detailed anomalous TC genesis frequency in the SEWNP (Table 4). As can be seen, during El Niño in the 3 years following the solar maximum, TC genesis frequency anomalies are greater than or equal to +0.8 in all years, except 2006 when it is only −0.1. As a result, the positive anomalies are quite high. However, during El Niño in the 3 years following the solar minimum, TC genesis frequency anomalies are smaller than −1.0 for 2 years, and weak positive anomalies also appear for 2 years in all 8 years. Similarly, La Niña events are associated with all the negative TC genesis frequency anomalies smaller than or equal to −0.9 in the 3 years following the solar minimum, while this feature is weak in the 3 years following the solar maximum. To sum up, with regards to the TC genesis frequency in the SEWNP influenced by ENSO, solar activity is an important modulation in the decadal background. In El Niño (La Niña) years during declining (ascending) phases of solar cycle, there are significantly strong positive (negative) TC genesis frequency anomalies in the SEWNP, which may be synergistic. Resulting from the opposite effect of El Niño (La Niña) and ascending (declining) phases of solar cycle, TC genesis frequency anomalies in the SEWNP have no significant feature.
TABLE 4 | Standardized TC genesis frequency in the SEWNP during ENSO in the 3 years following the solar maximum and solar minimum from 1965 to 2019.
[image: Table 4]Although there is no significant lead-lag relationship between TC genesis frequency in the NWWNP and the SSN index on the decadal time scale, it is hard to judge whether solar activity modulates the effect of ENSO on the TC genesis frequency in the NWWNP or not. It is essential to carry out statistical analysis in detail. In El Niño years during ascending phases of solar cycle, the TCs in the NWWNP are significantly reduced. However, the effects of El Niño and ascending phases of solar cycle are out of phase, so TC genesis frequency in the NWWNP is dominated by El Niño, which is less modulated by ascending phases of solar cycle. In addition, the TC genesis frequency anomalies in the NWWNP are all not significant in the combined effects of La Niña and ascending or declining phases of solar cycle. Consequently, the modulation of ENSO’s influence on the TC genesis frequency in the NWWNP by solar activity is little.
3.3 Physical mechanism for the solar activity to modulate the effect of ENSO on TC genesis frequency in the SEWNP
According to the previous studies, the solar activity has an effect on the anomalous SST in the central equatorial Pacific (Huo and Xiao, 2016, 2017; Kodera et al., 2016; Huo et al., 2021; Lin et al., 2021), so the SST in the central equatorial Pacific may be the key modulated by solar activity in the influencing process of ENSO on TC genesis frequency in the SEWNP. To explain it, the anomalous SST, cloud cover, and surface heat fluxes in the 1–3 years following the solar activity are regressed onto the SSN index on the decadal time scale (Figure 4), which are primarily alike from the lagging 1 year to the lagging 3 years. The downward (upward) surface heat flux is defined as the positive (negative). During the declining phases of solar cycle, the negative shortwave radiation flux anomalies appear in the western equatorial Pacific and positive anomalies in the central-eastern equatorial Pacific (Figure 4A), which contributes to the negative and positive SST anomalies in the western and central-eastern equatorial Pacific, respectively (Figure 4B). It is well known that the shortwave radiation flux is dominantly controlled by the cloud cover. The distribution of the cloud cover anomalies is also essentially in agreement with that of the shortwave radiation flux anomalies in the equatorial Pacific (Figure 4D). Meanwhile, the westerly wind anomalies over the central equatorial Pacific on account of the zonal SST anomalies gradient reduce the climatological trade winds, which reduces the surface evaporation and upward latent heat flux (Figure 4C). Besides, the longwave radiation flux anomalies are negative and sensible heat flux anomalies are positive in the central equatorial Pacific (Figure omitted). Thus, the positive net heat flux anomalies (Figure 4E) contribute to the warm SST anomalies in the central equatorial Pacific. In consequence, by means of the direct radiative effect of solar activity and wind-evaporation-SST feedback, the declining phases of the solar cycle cause warm SST anomalies in the central equatorial Pacific, which verifies the findings of Huo and Xiao (2017) and Huo et al. (2021).
[image: Figure 4]FIGURE 4 | Regression of (A) shortwave radiation flux anomalies (units: W m−2), (B) SST anomalies (shaded; units: °C) and wind anomalies at 925 hPa (vector; units: m s−1; vectors denote statistical significance at the 95% confidence level), (C) latent heat flux anomalies (units: W m−2), (D) cloud cover anomalies (units: %), and (E) net heat flux anomalies (units: W m−2) in the lagging 2 years onto the SSN index on the decadal time scale. Dots indicate statistical significance at the 95% confidence level.
Then how does the solar activity modulate the effect of ENSO on TC genesis frequency in the SEWNP through anomalous atmospheric circulation? Because the distributions of anomalous SST and atmospheric variables during ENSO in the 1–3 years following the solar maximum or solar minimum are basically similar, the physical fields from the following 1 year to the following 3 years are averagely composited. As shown in the composited SST and wind anomalies at 925 hPa (Figures 5A, B), owing to the effect of solar cycle phases, compared to El Niño during ascending phases of solar cycle, there are apparently warmer SST anomalies in the central equatorial Pacific and colder SST anomalies in the western Pacific in El Niño years during declining phases of solar cycle, along with the stronger SST gradient anomalies between the central equatorial Pacific and western Pacific. Therefore, the overlapping of declining phases of solar cycle and El Niño possibly enhances the low-level westerly wind anomalies in the SEWNP, where the upper-level easterly wind anomalies are also stronger. In the climatological mean, the SEWNP is dominated by the easterly wind at low levels, while dominated by the westerly wind at eastern high levels and the easterly wind at western high levels. As a result, the vertical wind shear between 200 hPa and 850 hPa in the eastern SEWNP is further reduced, which is more favorable for TC genesis in the eastern SEWNP. Additionally, it can be seen in the low-level velocity potential and divergent wind anomalies (Figures 6A, B) that a stronger and more westward convergence center exists in the Pacific in the combined effect of El Niño and declining phases of solar cycle, which is conducive to the stronger low-level convergent flow and high-level divergent flow anomalies in the SEWNP (Figures 7A, B). Correspondingly, the ascending movement and convection anomalies are strengthened, leading to more TCs in the SEWNP.
[image: Figure 5]FIGURE 5 | Composite SST anomalies (shaded; units: °C) and wind anomalies at 925 hPa (vector; units: m s−1) in JJASON in (A), (B) El Niño and (C), (D) La Niña years during different solar cycle phases. Dots (vectors) indicate SST (wind) anomalies are significant at the 99% confidence level.
[image: Figure 6]FIGURE 6 | Composite velocity potential anomalies (shaded; units: 106 m2 s−1) and divergent wind anomalies at 925 hPa (vector; units: m s−1) in JJASON in (A), (B) El Niño and (C), (D) La Niña years during different solar cycle phases. Dots (vectors) indicate velocity potential (divergent wind) anomalies are significant at the 99% confidence level.
[image: Figure 7]FIGURE 7 | Composite velocity potential anomalies (shaded; units: 106 m2 s−1) and divergent wind anomalies at 200 hPa (vector; units: m s−1) in JJASON in (A), (B) El Niño and (C), (D) La Niña years during different solar cycle phases. Dots (vectors) indicate velocity potential (divergent wind) anomalies are significant at the 99% confidence level.
Compared to the declining phases of solar cycle, La Niña brings the obviously colder SST anomalies in the central equatorial Pacific and warmer SST anomalies in the western Pacific during ascending phases of solar cycle (Figures 5C, D). As a result, the SST anomalies gradient are stronger and low-level easterly wind and upper-level westerly anomalies are also stronger in the SEWNP. It further increases the vertical wind shear between 200 hPa and 850 hPa in most parts of the SEWNP, resulting in the further suppression of TC genesis. In La Niña years during ascending phases of solar cycle, the low-level divergent and high-level convergent flow anomalies in the SEWNP become more pronounced (Figures 6C, 6D, 7C, 7D) and the descending movement anomalies become more enhanced, accompanied with weaker humidity and convection, which suppress TC genesis in the SEWNP in further.
The vertical wind shear, low-level vorticity, and middle-level relative humidity are three important environment factors for TC genesis (Gao et al., 2018; Liu and Chan, 2018). In El Niño years during declining phases of solar cycle, the warmer SST anomalies in the central equatorial Pacific induce a stronger Rossby wave response in the northwest compared to the ascending phases of solar cycle, causing the stronger cyclonic circulation anomalies. As a result, the positive low-level relative vorticity anomalies are further intensified in the SEWNP (Figures 8A, B), which is beneficial to more TCs. It exhibits different characteristics of the vertical wind shear anomalies in the eastern and western SEWNP, that is the stronger positive anomalies are in the western SEWNP, while the stronger negative anomalies are in the eastern SEWNP (Figures 8E, F). Thus, the vertical wind shear favors TC genesis in the eastern SEWNP and suppresses TC genesis in the western SEWNP. In terms of middle-level relative humidity, during declining phases of solar cycle, El Niño events are associated with stronger positive relative humidity anomalies in most parts of the SEWNP compared to the ascending phases of solar cycle (Figures 8I, J). It is more favorable for TC genesis and leads to higher TC genesis frequency in the SEWNP. In La Niña years during ascending phases of solar cycle, the negative relative vorticity anomalies are stronger in the SEWNP (Figures 6C, D), and the positive vertical wind shear anomalies (Figures 8G, H) and the negative relative humidity anomalies (Figures 8K, L) are also stronger in most parts of the SEWNP compared to the declining phases of solar cycle. These environment conditions further inhibit TC genesis, resulting in the lower TC genesis frequency in the SEWNP.
[image: Figure 8]FIGURE 8 | Composite (A–D) relative vorticity anomalies (units: 10–6 s−1), (E–H) vertical wind shear anomalies between 200 hPa and 850 hPa (units: m s−1), and (I–L) relative humidity anomalies at 600 hPa (units: %) in JJASON during ENSO in different solar cycle phases. Dots indicate statistical significance at the 99% confidence level.
To ascertain which environmental factor plays a dominant role in TC genesis, the GPI is employed to quantitatively diagnose the relative contributions of environmental factors to TC genesis in the SEWNP. The detailed calculation method of the anomalous GPI is described in Part 2 of this study, which consists of the low-level absolute vorticity, vertical wind shear between 200 hPa and 850 hPa, mid-level relative humidity, and PI terms. Cao et al. (2022) pointed out that absolute vorticity contributes the most to the GPI anomalies in the SEWNP, along with the secondary contribution of relative humidity and vertical wind shear terms. How is it in our study? On account of the overlapping effect of the declining (ascending) phases of solar cycle and El Niño (La Niña), the regional averages of the four terms in the SEWNP are composited in El Niño (La Niña) years during declining (ascending) phases of solar cycle (Figure 9). As shown in Figure 9A, the positive GPI anomalies appear in the SEWNP, corresponding to the increase of TC genesis frequency in El Niño years during declining phases of solar cycle. The absolute vorticity term makes the largest contribution to the GPI anomalies, and it is obviously much larger than the other terms. The contributions of the other terms are different in El Niño years during declining phases of solar cycle. The second largest contribution is the vertical wind shear term in the 1 year following the solar maximum, and the relative humidity term in the 2–3 years following the solar maximum. In conclusion, the absolute vorticity term plays a leading role in the GPI anomalies, whose contribution is obviously much larger than the other terms. In the meanwhile, it is not perfectly symmetrical with the combined effect of La Niña and ascending phases of solar cycle. During this period, the negative GPI anomalies are accordant to the decrease in TC genesis frequency (Figure 9B). The absolute vorticity term makes the largest contribution to the GPI anomalies and the second largestt contribution is the vertical wind shear term. It is different from that in El Niño during declining phases of solar cycle because the vertical wind shear term is also important. The above conclusions are basically consistent with the analysis in Figure 8.
[image: Figure 9]FIGURE 9 | Composite regional mean absolute vorticity term (T1), vertical wind shear term (T2), relative humidity term (T3), potential intensity term (T4), and GPI anomalies in the SEWNP in (A) El Niño years during declining phases of solar cycle and (B) La Niña years during ascending phases of solar cycle.
4 SUMMARY AND DISCUSSION
Previous studies have suggested that ENSO has an important impact on the TC genesis frequency in the SEWNP and NWWNP (Lander, 1994; Chen et al., 1998; Wang and Chan, 2002; Elsner and Liu, 2003; Chu, 2004; Camargo et al., 2007; Kim et al., 2011; Zhan et al., 2011; Song et al., 2022). However, few studies have focused on the influence of solar activity on TC genesis frequency in the WNP. In this study, the combined effect of solar activity and ENSO on the TC genesis frequency in the SEWNP during JJASON from 1965 to 2019 has been primarily investigated. The results indicate that as for the four subregions in the WNP, TCs generated in the SEWNP have the longest lifetime and greatest strength, with an average lifetime of 202.7 h and an average annual ACE of 2 × 105 m2 s-2, far larger than that in the other subregions in the WNP. The overwhelming majority of TCs generated in the SEWNP reach typhoon intensity and super typhoons accounting for 62% of the total number. Additionally, The TC genesis frequency in the SEWNP has apparent interannual and decadal variations, reflecting both the interannual influencing factors and decadal background factors.
The lead-lag correlation shows that TC genesis frequency in the SEWNP has a significant positive correlation with the SSN index in the leading 1–3 years on the decadal time scale, and it is the largest when the SSN index leads 2–3 years. However, no significant correlations are found between the TC genesis frequency in the NWWNP and the SSN index in the leading 1–3 years. Further analysis indicates that the effect of ENSO on TC genesis frequency in the SEWNP is modulated by the decadal background of the solar activity. In El Niño (La Niña) years during declining (ascending) phases of solar cycle, there are significantly strong positive (negative) TC genesis frequency anomalies in the SEWNP, which tends to occur in extreme value. Resulting from the opposite effect of El Niño (La Niña) and ascending (declining) phases of solar cycle, TC genesis frequency anomalies in the SEWNP have no significant feature.
For El Niño (La Niña) modulated by declining (ascending) phases of solar cycle, the overlapping effect leads to apparently warmer (colder) SST anomalies in the central equatorial Pacific and colder (warmer) SST anomalies in the western Pacific, along with the stronger SST anomalies gradient between the central (western) equatorial Pacific and western (central) equatorial Pacific. It enhances low-level westerly (easterly) wind anomalies and upper-level easterly (westerly) wind anomalies, which is favorable for the further decrease (increase) of vertical wind shear between 200 hPa and 850 hPa in the eastern (most) parts of SEWNP. Moreover, there exists a stronger and more westerly low-level convergence (divergence) center in the Pacific, resulting in stronger low-level convergent (divergent) flow and high-level divergent (convergent) flow anomalies in the SEWNP. Correspondingly, the ascending movement and convection anomalies are strengthened (suppressed). As a result, more (fewer) TCs generate in the SEWNP.
The TC genesis factors including vertical wind shear, low-level vorticity, and middle-level relative humidity are examined. In El Niño years during declining phases of solar cycle, the stronger cyclonic circulation anomalies bring about the stronger positive low-level vorticity anomalies in the SEWNP, which is beneficial to more TCs. The stronger positive vertical wind shear anomalies appear in the western SEWNP, while the stronger negative anomalies are in the eastern SEWNP. El Niño events are associated with stronger positive middle-level relative humidity anomalies in most parts of the SEWNP. In La Niña years during ascending phases of solar cycle, the negative vorticity anomalies, positive vertical wind shear anomalies, and negative relative humidity anomalies are stronger in most parts of the SEWNP, resulting in the lower TC genesis frequency in the SEWNP.
The relative contributions of environmental factors to TC genesis in the SEWNP are further quantitatively diagnosed by the GPI. The major characteristic in the combined effect of El Niño and declining phases of solar cycle is different from that in the combined effect of La Niña and ascending phases of solar cycle. During El Niño years in declining phases of solar cycle, the absolute vorticity plays a leading role in the GPI anomalies, whose contribution is obviously much greater than other terms. In La Niña during ascending phases of solar cycle, the absolute vorticity term has the greatest contribution to GPI anomalies, but the vertical wind shear is also important, which is secondary.
In this study, the combined effect of solar activity and ENSO on the TC genesis frequency in the SEWNP is primarily investigated. It helps us to make better forecasts for the TC genesis frequency in the SEWNP. However, the influence of solar activity on the TC genesis frequency in the other subregions of WNP is unknown. Especially, the feature of TC genesis in the South China Sea is different from that in the WNP, how is the combined effect of solar activity and ENSO? The questions deserve to be carried out in the following work.
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Previous studies indicated that the North Tropical Atlantic (NTA) SST can serve as a precursor for the El Niño–Southern Oscillation (ENSO) predictability and the connection of NTA-ENSO is modulated by the mid-high latitude atmospheric variability. Despite significant solar footprints being found in the North Atlantic and tropical Pacific separately, their role in the two basins’ connection is still missing. In this study, we systematically examined this point by using observational/reanalysis datasets and outputs of a pair of sensitivity experiments with and without solar forcings (SOL and NOSOL). In observations, DJF-mean NAO-like SLP anomalies have a linear covariation with the subsequent JJA-mean El Niño Modoki-like SST anomalies in the tropical Pacific in the following 1 year. This observed SLP-SST covariation shows up in the high solar activity (HS) subset and disappears in the low solar activity (LS) subset. In the HS years, positive NAO-like SLP anomalies are produced by the stronger solar-UV radiation through a “top-down” mechanism. These atmospheric anomalies can enhance the influence of the NTA on the tropical Pacific SST by triggering significant and more persistent subtropical teleconnections. Here we proposed an indirect possible mechanism that the solar-UV forcing can modulate the tropical Pacific SST variability via its impacts on the atmospheric anomalies over the North Atlantic region. However, based on the same analysis method, we found a different coupled mode of the SLP and SST anomalies in the modeling outputs. The SLP anomalies in the North Atlantic, with a triple pattern (negative SLP anomalies in the Pole and the NTA, positive SLP anomalies in the mid-latitude), have “lead-lag” covariations with the Eastern Pacific El Niño-like SST anomalies in both the SOL and NOSOL. Although the impact of the solar activity is found in the North Atlantic and the tropical Pacific respectively in the SOL, no solar effect is involved in the simulated SLP-SST coupled mode.
Keywords: solar activity, North Atlantic Oscillation, tropical Pacific, El Niño Modoki, decadal variability
1 INTRODUCTION
The tropical Pacific sea surface temperature (SST) anomaly has a dramatic impact on the global weather and climate, its interannual variability as well as global teleconnections are dominated by an El Niño–Southern Oscillation (ENSO). An ENSO-like SST pattern is also found on the decadal timescale (Chen and Wallace, 2015). Although the interannual and decadal variability of the tropical Pacific SST can be internally generated without any change to external forcings (Kirtman et al., 2013), its response to external forcings may modulate the internal variability (Huo and Xiao, 2017; Hua et al., 2018; Liguori and Di Lorenzo, 2018; Li et al., 2020). The solar radiative forcings, as the major energy source out of the climate system, has a significant quasi-decadal variability (e.g., 11-year solar cycle). Changes in solar radiation have significant footprints in the tropical Pacific climate system, showing a lagged warming in the tropical Pacific (Meehl and Arblaster, 2009; Misios et al., 2016; Huo and Xiao, 2017; Huo et al., 2021) and a slowdown Pacific Walker circulation (Xiao et al., 2016; Misios et al., 2019). The warm response first appears in the central equatorial Pacific (Kodera et al., 2016; Huo and Xiao, 2017) and then extends into the eastern Pacific through air-sea interactions (Misios et al., 2019; Huo et al., 2021). This warm response is suggested to confine in the ocean layers above the main thermocline (White et al., 1997; Wang et al., 2018; Huo et al., 2021) and can impact the Pacific Walker circulation through a bottom thermal control effect (Xiao et al., 2016; Misios et al., 2019; Huo et al., 2023).
Besides, the north tropical Atlantic (NTA) SST anomaly is suggested can drive the tropical Pacific SST interannual variability and modulate the ENSO variability through anomalous Walker circulation (McGregor et al., 2014; Meehl et al., 2021; Ren et al., 2021), crossing continent wind (Xie et al., 2008; Wang et al., 2009; Karnauskas, 2014), and subtropical teleconnections (Wang et al., 2009; Ham et al., 2013a; Li et al., 2016). The spring NTA cooling (warming) could trigger an El Niño (La Niña) event the following winter (Ham et al., 2013a; b; Ham and Kug, 2015; He and Ma, 2021; Jiang and Li, 2021) and therefore could serve as a potential precursor for ENSO (Martín-Rey et al., 2015). This observed NTA-ENSO connection shows a multidecadal variation, which has been attributed to the Atlantic multidecadal oscillation (Wang et al., 2017), Atlantic warming trends (Chen and Wu, 2017; Park et al., 2019), and the multidecadal variations of the North Atlantic Oscillation (NAO) (Ding et al., 2023). However, the simulated NTA-ENSO connection shows a large diversity among either ensemble members of a single climate model (Chen et al., 2022) or among multiple models (Zheng et al., 2021). This could be due to the internal variability in the North Pacific (Chen et al., 2022) and the model’s ability in reproducing spring Arctic Oscillation (AO)-associated atmospheric anomalies over the subtropical North Pacific (Zheng et al., 2021). So, these previous studies imply that the atmospheric variations over the mid-high latitude (AO/NAO-like) appear to modulate the NTA-ENSO connection (Chen et al., 2017; Chen et al., 2018; Ding et al., 2023). In particular, the NAO-like atmospheric anomalies tend to depict an atmosphere-to-ocean forcing to the central tropical Pacific SST anomalies through the NTA SST anomalies (Wu, 2010; Karnauskas, 2014; Ding et al., 2017; Ding et al., 2023). As NAO-like footprints of the 11-year solar cycle are found in previous studies (Thiéblemont et al., 2015; Drews et al., 2022; Kuroda et al., 2022), we assume that the basin connection between NTA and tropical Pacific may provide a possible indirect route for the 11-year solar cycle impact on the tropical Pacific SST.
For the possible mechanisms of the 11-year solar cycle impacts on the tropical Pacific SST, one is the so-called “bottom-up” route, first proposed by Van Loon et al. (2007) and Meehl et al. (2009), is related to the changes in the total solar irradiance (TSI). More solar radiation in solar-maximum years coming in the subtropical “cloud-free” regions, can increase the local latent heat flux and evaporation. As a result, more moisture is carried to the convergence zones by the anomalous trade winds and enhances the precipitation in the climatology maximum regimes. This intensified precipitation could trigger a set of coupled feedbacks including strengthened trade winds, large-scale circulations (both the north-south Hadley circulation and east-west Walker cell), and an intensified subsidence in the subtropics to further reduce the cloud cover there and let more solar radiation incoming. These coupled processes can amplify the initial solar signal and lead to a La Niña-like SST anomaly in the boreal winter (DJF mean) of the solar-maximum years (Van Loon et al., 2007; Meehl et al., 2009). Further, the La Niña-like SST anomaly in the solar-maximum years produces wind-forced ocean Rossby waves in the equator, which reflect off the western boundary and produce equatorial Kelvin waves to lead to a lagged warm response in the years after the solar-maximum (Meehl and Arblaster, 2009). Please notice, the La Niña-like SST anomalies in the winter seasons of the solar-maximum years are aliased by La Niña events in the observation, which only can be ruled out when the analyzed database is large enough (Haam and Tung, 2012; Roy and Haigh, 2012). But the lagged warm response does not depend on the “cold response” in the solar-maximum years and sustains for 3 years after the solar maximum (White and Liu, 2008; Huo et al., 2021). This lagged warm response shows a phase-locked covariation with the 11-year solar cycle and can be explained by the accumulative solar radiation (Huo et al., 2023) or a delayed oscillator in the tropical Pacific (White and Liu, 2008).
In addition to the “bottom-up” mechanism, a “top-down” mechanism related to variations of the solar UV radiation was widely used to explain the observed NAO-like response in the boreal winter. The enhanced solar-UV radiation in the solar-maximum years increases the air temperature in the tropical upper stratosphere by directly radiative heating and increasing ozone production (Gray et al., 2009; Gray et al., 2010). This can increase the meridional temperature gradient and change the mean flow. The solar signal could propagate downward through interactions between the mean flow and upward planetary waves (Kodera and Kuroda, 2002; Matthes et al., 2006). Once the solar signal propagates down to the surface, the AO is more active and stronger (Huth et al., 2007). Meanwhile, the spatial structure of the NAO shows a hemispherical structure extending into the stratosphere in the solar-maximum years, whereas it is confined in the Atlantic sector during the solar-minimum years (Kodera, 2002; Kodera, 2003; Kodera and Kuroda, 2005; Tourpali, et al., 2005). The response of the NAO to the 11-year solar cycle can be amplified by the positive feedback from the ocean with a few years lagged (Gray et al., 2013; Scaife et al., 2013; Gray et al., 2016; Yukimoto et al., 2017). But the lagged NAO response is absent in some climate simulations, which may be due to insufficient ocean feedback in the climate models (Andrews et al., 2015; Drews et al., 2022). This solar UV-forced “top-down” mechanism may exert an indirect effect on the tropical Pacific SST and modulate the NTA-ENSO connection. Therefore, in this study, we will explore this possibility based on observation/reanalysis datasets and a pair of sensitivity experiments. Details of the data and methods used in this study are described in Section 2. Section 3 presents the results and Section 4 includes conclusions and discussions.
2 DATA AND METHODS
2.1 Observational/reanalysis data
The solar radio flux at a wavelength of 10.7 cm (F10.7) is used as an index of the solar activity, which can be obtained from the SOLARIS-HEPPA CMIP6 solar forcing dataset (Matthes et al., 2017) on their website (https://solarisheppa.geomar.de/cmip6). The NOAA Extended Reconstructed SST dataset version 5 (ERSST v5, Huang et al., 2017) is used to investigate the SST response to solar activity, which is provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, United States from their website at https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html. The HadSLP2r (Allan and Ansell, 2006) provided by Met Office Hadley Center (https://www.metoffice.gov.uk/hadobs/hadslp2/data/download.html) is used to investigate the solar signals in SLP anomalies. In addition, surface winds and precipitation rates from the National Centers for Atmospheric Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) Reanalysis 1 dataset are used in this paper, covering the period 1948–present (https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html). The NAO index from 1950 to the present is provided by the NOAA Climate Prediction Center (CPC) on their website: https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml. The CPC NAO index is derived by applying the Rotated Principal Component Analysis to monthly standardized 500-mb height anomalies in a region of 20°N–90°N. More details about the methodology used by CPC to calculate the NAO index can be found on their website: https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/history/method.shtml. Besides, monthly 3-D zonal wind and air temperature covering 1979–2016 from ERA-Interim reanalysis dataset (Dee et al., 2011) are used to investigate the “top-down” solar signals. This dataset is available on the European Centre for Medium-Range Weather Forecasts (ECWMF) website: https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/.
2.2 Model description and sensitivity experiments
The Community Earth System Model (CESM 1.0) developed by NCAR is a fully coupled chemistry-climate model, which includes an interactive ocean (POP), land (CLM), sea ice (CICE), and an atmospheric component with interactive chemistry (WACCM 3.5) (Marsh et al., 2013). The POP ocean component has 60 depth levels and a tripolar horizontal grid of 1° × 1°. The WACCM 3.5 has 66 vertical levels and a “high-top” (from the Earth’s surface up to approx. 145 km). Its horizontal resolution is 1.9°× 2.5° (latitude ×longitude). Spectrally daily resolved solar variability from the NRLSSI1 data set (Wang et al., 2005) is included in WACCM 3.5. The modeled tropical zonal winds from 86 to 4-mb (22°S–22°N) are relaxed to observations to present the time-varying Quasi-Biennial Oscillation (QBO) (more details can be found in Matthes et al. (2010)).
Two sensitivity experiments based on the CESM-WACCM, covering 145 years from 1955 to 2099, were used in this study. One includes the complete solar variability, which was forced by observed daily solar irradiance from 1955 to 2009 and by twice repeating the four solar cycles of 1965–2008 from 2010 to 2099 (SOL). The other one was forced by a fixed solar forcing of averaged value between 1965 and 2008 (NOSOL). To exclude the anthropogenic impact, both experiments fixed greenhouse gases and ozone-depleting substances at 1960s levels. The same observed volcanic forcing over 1955–2000 was applied to the two experiments, including three large volcanic eruptions—namely, Mt Agung (1963), El Chichón (1982), and Pinatubo (1991).
All the observational/reanalysis variables and indexes from 1950 to 2018 are used in this study. For both the observations and modeling outputs, the seasonal mean is calculated from monthly data and the SST is detrended by the least-squares quadratic at every grid point. The seasonal anomaly is calculated by removing the climatological seasonal means of the whole analyzed period. All the indexes were standardized before being used in regression analysis.
2.3 Methods
Singular value decomposition (SVD) (Bretherton et al., 1992) is used to analyze the covariance structure of a temporal covariance matrix between two geophysical fields. The linear combinations of variables extracted by SVD tend to have the maximum covariance. In this study, we applied the SVD analysis on the winter (DJF-mean) SLP anomalies over the North America and Atlantic region [110°W–0, 20°N–80°N] and the following summer (JJA-mean) SST anomalies in the tropical Pacific [110°E–80°W, 20°S–30°N] to isolate the most coherent pairs of spatial patterns and their associated time series. Please notice, we took December of the last year as the first month of the winter season of the current year in this study, i.e., DJF-mean indicates the average value of December of the last year and January and February of the current year. To investigate the modulation of the solar activity on the connection between the North Atlantic SLP and the tropical Pacific SST anomalies, we separate the observational/reanalysis data as well as the modeling outputs into two subsets according to the strength of the solar activity, i.e., high solar activity (HS) and low solar activity (LS). Considering the lagged response in the tropical Pacific SST anomalies, we defined the HS as four years around the maximum of DJF-mean F10.7 for each solar cycle (e.g., 1 year ahead of the maximum and 2 years following the maximum). The LS is the same as the HS but includes four years around the DJF-mean F10.7 minima. The years included in each subset are listed in Table 1. Significance levels of the correlation coefficients and regression coefficients are assessed by the two-tailed Student’s t-test. The effective degrees of freedom of the time series in the correlation and regression analysis are calculated following the method used by Huo et al. (2023). A composite mean difference method based on the solar cycle (Camp and Tung, 2007; Zhou and Tung, 2012) is used to assess the responses in the simulation and observation. The 90% statistical significance of the composite results was estimated by a 1000-fold bootstrapping test with replacement (Diaconis and Efron, 1983).
TABLE 1 | All the years included in the high solar activity (HS) and low solar activity (LS) subsets for both the observation and simulation.
[image: Table 1]3 RESULTS
Figure 1 presents the lagged correlation maps of the DJF-mean F10.7 index with the DJF-mean SLP and SST anomalies for the period 1950–2018. At a lag of 0 years, statistically significant positive correlation coefficients between the F10.7 and SST anomalies only appear in some small regions of the northeastern subtropical Pacific and the central tropical Pacific (color shading contours in Figure 1A). For the relationship of F10.7 with the SLP anomalies, negative correlation coefficients are found in the north of 60°N in the North Atlantic and positive correlation in the tropical Atlantic at a lag of 0 years (contours in Figure 1A). Both the SLP and SST anomalies have high correlation coefficients with the F10.7 at the lag of 1–2 years (Figures 1B, C). The SST pattern resembles the central Pacific El Niño (or refer as El Niño Modoki) and the SLP pattern resembles the surface fingerprints of the Walker cell, these results are consistent with previous works (Huo and Xiao, 2017; Misios et al., 2019; Huo et al., 2021). These lagged responses of SLP and SST anomalies to the solar cycle forcing may modulate the connections between the tropical Pacific and the NTA. To explore this point, we first extracted the possible “coupled” mode of DJF-mean SLP anomalies over the North Atlantic and the following JJA-mean SST anomalies in the tropical Pacific by the SVD analysis. The heterogeneous correlation maps of the leading SVD mode are shown in Figure 2.
[image: Figure 1]FIGURE 1 | (A–D) Lagged correlation maps of observed DJF-mean F10.7 index with the observed DJF-mean SLP (contours) and JJA-mean SST (color shading contours) anomalies (1950–2018) at a lag of 0–3 years. The contour interval is 0.05 and only the values above the 90% confidence level are shown.
[image: Figure 2]FIGURE 2 | Heterogeneous correlation maps of the leading SVD mode of the DJF-mean SLP anomalies in North America and the North Atlantic [110°W–0, 20°N–90°N] and the following JJA-mean SST anomalies in the tropical Pacific [170°E–60°W, 10°S–30°N] in the same year (A,B) and lagged 1 year (C,D). Stippled regions indicate above the 90% significance level based on the Student’s t-test.
The SLP anomalies with a zonal dipole pattern in the tropics have linear covariations with the tropical Pacific cooling in the following summer (Figures 2A, B). A meridional dipole pattern of the DJF-mean SLP anomalies over the North Atlantic and North America (Figure 2C), resembling the positive NAO, has maximum covariations with the positive JJA-mean SST anomalies at a lag of 1 year (Figure 2D). The spatial pattern of the 1-year lagged SST anomalies resembles the decadal component of the El Niño Modoki events (Sullivan et al., 2016).
The time series of the expansion coefficients for the SLP (blue lines) and SST anomalies (black lines) from the leading SVD mode are shown in Figure 3A. Please notice, we named the time series achieved by SVD analysis as SLP-svd time series and SST-svd time series hereafter. Both the SLP-svd and the SST-svd time series show a clear decadal variability after smoothed by a 3-year running mean (thick blue and black lines). Except for the period of 1964–1978 (covering solar cycle 20), the decadal variation of the SLP-svd and SST-svd time series are in-phase with the solar cycle (indicated by F10.7, red line in Figure 3A). The correlation coefficient between the SLP-svd time series (thick blue line) and the F10.7 is 0.43, above the 95% significance level. The correlation coefficient between the DJF-mean NAO index and the SLP-svd time series is 0.73 (Figure 3B), which suggests the variation of the winter SLP anomalies achieved by the SVD in this study (Figure 2C) is dominated by the NAO. The SST-svd time series has a significant positive correlation with the El Niño Modoki index (Figure 3C), the latter is defined following the method of Ashok et al. (2007). These statistical results suggest that the DJF-mean SLP anomalies over North America and the North Atlantic are strongly coupled with the tropical Pacific SST anomaly 1 year later. Both of them have a significant positive correlation with the local climate variability modes (e.g., NAO and El Niño Modoki) and show an in-phase decadal covariation with the 11-year solar cycle.
[image: Figure 3]FIGURE 3 | (A) Standardized expansion coefficients of the leading SVD mode of the observed DJF-mean SLP anomalies (thin blue line) and the 1-year lagged JJA-mean SST anomalies (thin black line) (Their corresponding heterogeneous correlation maps are shown in Figures 2C,D). The thin red line in (A) is the observed standardized DJF-mean F10.7 index. All the bold lines are smoothed by a 3-year running mean. (B) The blue lines are the same as in (A). The thin (bold) green line is the DJF-mean NAO index (smoothed with the 3-year running mean). The black lines in (C) are the same as in (A). The thin grey line in (C) is the El Niño Modoki index, defined following the method of Ashok et al. (2007) and its 3-year running mean (bold grey line).
To further investigate the possible modulation of the solar activity on the relationship between tropical Pacific SST and the atmosphere anomalies at mid-high latitude, we performed the same SVD analysis on two subsets, which were grouped according to the strength of the solar activity (i.e., the HS and LS, details can be found in the method section). Figure 4 shows the leading SVD mode of the DJF-mean SLP and the 1-year lagged JJA-mean SST anomalies in the HS and LS subsets. The heterogeneous patterns of the SLP and SST anomalies in the HS subset (Figures 4A, B) are similar to the patterns when all years are included (Figures 2C, D). The DJF-mean SLP anomalies in HS (Figure 4A) also present a meridional dipole pattern over North America and the North Atlantic, but with higher correlation coefficients and larger regions above the 95% significance level than the whole dataset. The JJA-mean SST anomalies in the following 1 year show an El Niño Modoki-like pattern (Figure 4B). The leading SVD mode of SLP anomaly in the HS subset with an NAO-like pattern explains a larger fraction of the total squared covariance than the whole dataset (approximately 62% vs. 46%) and the LS subset (approximately 62% vs. 35%). This implies a stronger positive NAO in the high solar activity years, which is consistent with the previous work (Kodera, 2002; Kodera, 2003; Huth et al., 2007; Drews et al., 2022; Kuroda et al., 2022). No such anomalous SLP-SST coupled mode was found in the LS subset (Figures 4C, D). Negative SLP anomalies in the Pole and North America may have a connection with the 1-year lagged tropical Pacific cooling in the LS years, but very few grids passed the significance test (Figures 4C, D). Our results suggest that the high solar activity favors a NAO-like SLP anomaly in the winter season, which may lead to an El Niño Modoki-like SST anomaly in the following 1 year.
[image: Figure 4]FIGURE 4 | (A–D) Are the same as Figures 2C,D, but for the observed DJF-mean SLP and 1-year lagged JJA-mean SST anomalies in subsets of the high solar activity (HS, left column) and the low solar activity (LS, right column).
To investigate the possible physical processes responsible for this NAO- El Niño Modoki connection in the HS years, we performed a lagged regression of the DJF-mean SLP-svd time series on the SST, surface wind and precipitation rate anomalies in the subsequent seasons of the same year and the following 2 years. The NAO-associated circulation anomalies and SST anomalies in the HS subset sustain in both winter and spring. In addition, the lagged subtropical teleconnections exist in both the summer and the autumn (figures are not shown here). So, here we calculated 6-month averaged surface variables to better show the results. As shown in Figure 5A (color shading contours), in Dec–May (0) of the HS, a triple pattern of SST anomalies appears in the North Atlantic with negative SST anomalies in the north tropical Atlantic and the Labrador See, and a warm anomaly in the middle West Atlantic. This cold-warm-cold tripolar SST pattern is tightly related to the NAO-like SLP anomalies (Visbeck et al., 2001). Previous studies have revealed that solar signals can propagate down to the troposphere through a “polar route” (i.e., “top-down” mechanism) and lead to an AO/NAO-positive phase with westerly (easterly) wind anomalies centered at 60°N (30°N) in the solar-maximum years (Kuroda and Kodera, 1999; Kuroda and Kodera, 2004; Drews et al., 2022). These surface wind responses are confirmed in Figure 5A (vectors). An anomalous cyclone over the North Atlantic (north of 30°N) and an anticyclone anomaly over the northern tropical Atlantic (south of 30°N) can maintain the cold-warm-cold tripolar pattern of SST anomalies in winter and spring through a positive wind-evaporation-SST (WES) feedback (stippled regions in Figure 5A) (Xie and Philander, 1994). Negative SST anomalies in the NTA, together with the negative precipitation anomalies (stippled green in Figures 5A, B), induce suppressed convection in situ and a low-level anticyclonic flow to its west as a Gill-type Rossby wave response (around subtropical eastern Pacific and the west coast of North America and Mexico (70°W–120°W, 0–30°N)) in the subsequent seasons (vectors in Figures 5A–C). These anomalous flows maintain in the following 1 year (Figures 5C, D) and trigger an anomalous cyclone over the western tropical Pacific (west of the dateline; Figures 5C, D). In Jun–Nov (+1), the anomalous westerly winds over the western equatorial pacific (vectors in Figure 5D) reduce the local wind speed and surface-wind-induced evaporation, leading to positive SST anomalies in the central and eastern tropical Pacific (color shading contours in Figure 5D). The positive SST anomalies are maintained in the following year due to the WES feedback (Dec–May (+2) and Jun–Nov (+2) in Figures 5E, F).
[image: Figure 5]FIGURE 5 | Left column: Lagged regression of the standardized SLP-svd time series onto the observed 6-month mean (December–May mean and June–November mean) SST anomalies (shading), surface wind anomalies (vectors), and precipitation rate anomalies (stippled red (positive) and green (negative)) in the same year (A,B), lagged 1 year (C,D) and lagged 2 years (E,F) in the HS subset. Right column: (G–L) is the same as (A–F), but for the LS subset. For all the variables, only the values above the 90% significance level are shown. Please notice, here we took December of last year as the beginning of the winter season of the current year.
For comparison, we performed the same regression analysis with the LS subset. In the Dec–May (0) of the solar-minimum years, the cyclone over the high latitude and the anticyclone over the subtropics are confined in the North Atlantic, these atmospheric anomalies are accompanied by relatively weaker SST anomalies in the North Atlantic (color shading contours in Figure 5G). Negative SST anomalies appear in the eastern equatorial Pacific, and the anomalous southeasterly winds across the equator provide positive feedback to the negative SST anomalies by more cold water upwelling and less local precipitation (Figure 5G). This eastern equatorial Pacific cooling disappears in the following 2 years and no El Niño Modoki-like warming shows up (Figures 5H–L). The above analysis suggests that the stronger wintertime NAO-like SLP anomalies over North America and the North Atlantic can trigger an El Niño Modoki-like warming in the tropical Pacific in the subsequent seasons under the HS condition. As the SLP-svd time series has a high positive correlation coefficient with the NAO index (r=0.73), it is not surprising that similar SST evolution maps can be achieved by regressions with the DJF-mean NAO index (as shown in Supplementary Figure S1). Therefore, the El Niño Modoki-like warming in the tropical Pacific response to the solar cycle forcing (Figure 1) could be partly due to the “atmosphere-to-ocean” forcing processes of the North Atlantic.
To further examine the role of the solar forcings in the above SLP-SST SVD mode, we performed the same SVD analysis on the DJF-mean SLP and the following JJA-mean SST anomalies for both the SOL and NOSOL experiments. As shown in Figure 6 (SOL) and Supplementary Figure S2 (NOSOL), the spatial patterns of the leading SVD modes of the SLP and SST anomalies in the SOL and NOSOL are quite similar, suggesting the simulated SLP-SST SVD mode is independent of the solar forcings. The simulated high-pressure zones of the SLP SVD modes locate further north in the North Atlantic (Figure 6C) than the observation (Figure 2C). The SST SVD modes resemble the EP El Niño for both the SOL and NOSOL experiments (Figure 6D; Supplementary Figure S2D). We separated the outputs of the SOL experiment into HS and LS two groups (as listed in Table 1) and performed the same SVD analysis as we did with the observation. Supplementary Figure S3A–D show the DJF-mean NAO-like SLP anomalies have a coupled covariance with the JJA-mean EP El Niño-like SST anomalies in the lagged 1 year for both the HS and LS. Therefore, the solar activity does not provide any superiority to the simulated SLP-SST SVD mode in the SOL experiment.
[image: Figure 6]FIGURE 6 | (A–D) are same as Figures 2A–D, but produced by using the simulated DJF-mean SLP and JJA-mean SST anomalies in the SOL experiment.
However, previous studies revealed a synchronization of the solar cycle and the quasi-decadal NAO variability (Thiéblemont et al., 2015) and a lagged warming response in the tropical Pacific by using the same experiments (Huo et al., 2023). As shown in Figure 7, the lagged correlation maps between the DJF-mean F10.7 index and the DJF-mean SLP anomalies of the SOL show an NAO-like pattern at the lag of 1 and 2 years (contours in Figure 7), which is absent in the NOSOL (contours in Supplementary Figure S4). A lagged warming response appears in the central equatorial Pacific at the lag of 3 and 4 years (color shading contours in Figure 7) and disappears in the NOSOL experiment (Supplementary Figure S4). Different from the observations, the above analysis based on the SOL experiment suggests that solar forcings have footprints in the North Atlantic and the tropical Pacific basins separately. Although the solar cycle can modulate the NAO temporal variability at quasi-decadal timescales via the solar-UV forced “top-down” mechanism in the SOL experiment (Thiéblemont et al., 2015), it cannot enhance the observed NAO-forced “atmosphere-to-ocean” processes to the tropical Pacific SST variability.
[image: Figure 7]FIGURE 7 | (A–F) Lagged correlation maps between the DJF-mean F10.7 index and the simulated DJF-mean SLP (contours) and JJA-mean SST (color shading contours) anomalies in the SOL experiment at the lag of 0–5 years. The black dotted regions of the color shading contours indicate above the 90% significance level. The contour interval for the SLP anomaly is 0.04 and only the values above the 90% confidence level are shown.
To discuss the possible reasons for this inconsistency between the observation and the SOL experiment, we regressed the F10.7 index and the SLP-svd time series to the SLP anomalies for the HS subset, as shown in Figure 8. For the observation (Figures 8A, B), the solar-forced footprints of SLP anomalies show a similar spatial pattern as the SVD leading mode in the HS years, which resemble the positive phase of AO. However, the positive SLP anomalies in the NTA only can be found in the F10.7 regression map in the SOL (Figure 8C), which does not show up in the leading SVD mode (Figure 8D). Besides, the regression maps based on the observational data suggest the enhanced solar forcings (high solar activity) can increase the negative SLP anomaly at the North Pole (Figures 8A, B), which shifts to the high latitude in the SOL experiment (Figure 8C). Therefore, the absence of solar effects on the simulated SLP-SST SVD mode might be due to the different locations of the active centers of the solar-related NAO-like pattern in the SOL. To further check this difference, we calculated the composite mean difference between solar maximum and minimum for the zonal mean air temperature and zonal mean zonal wind, as shown in Supplementary Figures S5, S6. Consistent with previous studies (Kodera and Kuroda, 2002; Matthes et al., 2006; Gray et al., 2009; Gray et al., 2010; Thiéblemont et al., 2015; Drews et al., 2022; Kuroda et al., 2022), both the SOL experiment and the ERA-Interim reanalysis (1979-2016) show significant warm responses in the upper stratosphere (above 7 hPa) and the lower tropical stratosphere (Supplementary Figures S5A, S6A). The warming responses in the tropical region could increase the meridional temperature gradient and lead to an anomalous westerly wind (Supplementary Figures S5B, S6B). Although the westerly wind anomalies in the stratosphere are much weaker in the experiment (Supplementary Figure S6B) than in the EAR-Interim (Supplementary Figure S5B), the westerly wind anomalies in the troposphere of the experiment are quite comparable to the ERA-Interim. However, compared to the observation, the anomalous easterly (westerly) winds in the north subtropics (mid-high latitude) shift a bit equatorward in the experiment (Supplementary Figures S5B, S6B). This difference in the solar-forced zonal wind anomalies is responsible for the different locations of the active centers of the solar-forced SLP anomalies (Figures 8A, C).
[image: Figure 8]FIGURE 8 | (A) Regression map of the DJF-mean F10.7 index onto the observed DJF-mean SLP anomalies in the HS subset. (B) Same as (A), but regressed by the standardized SLP-svd time series. (C,D) Are the same as the (A,B), but produced by using the DJF-mean F10.7 index and the simulated DJF-mean SLP anomalies in the SOL experiment. Stippled regions indicate statistical significance above the 90% level.
4 CONCLUSION AND DISCUSSION
In this study, using the observational/reanalysis datasets and outputs of a pair of sensitivity experiments with and without solar cycle forcings, we investigate a possible linear co-variability between the NH wintertime SLP anomalies over North Atlantic and the following summer SST anomalies in the tropical Pacific by an SVD analysis. We found the DJF-mean NAO-like SLP anomalies have a “lead-lag” covariation with the El Niño Modoki-like SST anomalies in the tropical Pacific in the following 1 year in the observations. This NAO- El Niño Modoki connection only shows up in the HS years when the NAO and the related teleconnections are stronger and more persistent due to the stronger solar radiation. The high solar activity could enhance the “atmosphere-to-ocean” forcing processes from the North Atlantic atmosphere anomalies to the SST anomalies in the NTA and the tropical Pacific. Here we propose a possible indirect mechanism that the solar-UV forcing can modulate the tropical Pacific SST variability via its impacts on the mid-high latitude atmosphere anomalies. As summarized in Figure 9, the enhanced solar UV radiation in the solar-maximum years (Lag 0 years) increases the ozone production and tropical stratosphere temperature in boreal winter. This increases the poleward temperature gradient and leads to an anomalous westerly wind in the polar vortex region. These solar signals propagate down to the surface and lead to positive NAO-like SLP anomalies. This NAO-like SLP pattern sustaining in the winter and spring [DJFMAM (0)], is companied by an anomalous “cold-warm-cold” triple SST pattern. The negative SST anomalies and the less precipitation in the NTA lead to an anomalous anticyclone over the northeastern tropical Pacific in the subsequent seasons [JJASON (0)]. Anomalous cyclones appear over the eastern equatorial Pacific and the western tropical Pacific in the following 1 year as a Gill-type Rossby wave response (i.e., DJFMAM (+1) and JJASON (+1)). These anomalous flows reduce the trade winds in their south flanks and lead to positive SST anomalies in the tropical central Pacific [JJASON (+1)]. The positive SST anomalies sustain in the following year [i.e., DJFMAM (+2) and JJASON (+2)] due to the WES feedback.
[image: Figure 9]FIGURE 9 | Schematic diagram representing the possible mechanism of the solar cycle modulation on the connection between DJF-mean NAO-like SLP anomalies and the followed El Niño Modoki-like SST anomalies.
However, when we performed the same SVD analysis on the CESM-WACCM modeling outputs of two sensitivity experiments with and without solar forcings (SOL and NOSOL), a similar SVD mode of the DJF-mean SLP and JJA-mean SST anomalies is found in these two experiments, but are different from the observations. The SLP SVD modes show a triple pattern in the North Atlantic with negative SLP anomalies in the Pole and the NTA, and positive SLP anomalies in the mid-latitude in both the SOL and NOSOL. They could have “lead-lag” covariations with the EP El Niño-like SST anomalies no matter whether the solar forcings are included or not. Although the impacts of the 11-year solar cycle are found in the North Atlantic and the tropical Pacific in the SOL, the responses seem to happen separately in these two basins. No solar effect can be found in the simulated SLP-SST SVD mode in the HS subset of the SOL experiment. This may be due to the relative equatorward shifting of the solar-forced SLP anomalies in the SOL experiment compared to the observation. The locations of the active centers of the SLP anomalies response to the solar cycle highly relate to the “top-down” solar signals propagation. Therefore, although all the solar forcings are included in the SOL, compared to observations, the CESM-WACCM still underestimated the impact of the solar forcings on the tropical Pacific climate variability due to the absence of the possible “atmosphere-to-ocean” forcings and less ocean feedback in the North Atlantic (Thiéblemont et al., 2015; Drews et al., 2022). Here, we have to notice that the observation, as well as the SOL experiment, includes only 1-member, possible aliasing of the internal variability and the solar signals cannot totally rule out. Further analysis based on large ensemble simulations will be done in near future.
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There is a growing debate regarding the influence of solar activity on climate change as the solar forcing signal on decadal/multidecadal timescales is not robust in long-term reconstructed climate data or numerical simulations. However, solar forcing could be amplified by ocean–atmosphere coupling in sensitive regions, including the North Atlantic Ocean (N.A.). This study assessed the influence of varied total solar irradiance (TSI) due to the effects of solar activity on Atlantic Meridional Overturning Circulation (AMOC) based on an Earth System model with intermediate complexity (PLASIM-GENIE). Three groups of experiments with different TSI series; i.e., constant (NS), decadal varied (DS), and reconstructed whole (AS) for 1610–2000, were conducted and the AMOC response was investigated. The results showed that the internal forcing of the climate system led to quasi-35-year and quasi-65-year AMOC cycles and a significant and stable negative correlation between TSI and AMOC on a multidecadal timescale. The period was significantly extended due to solar forcing. The declining AMOC trend occurred in simulations after 1800. Thus, solar forcing contributed to a weakening AMOC at a rate of 0.41 Sv per century. The decadal variation in TSI was the main contributor to this decline due to solar forcing.
Keywords: solar forcing, AMOC, multidecadal variability, sensitivity test, period
1 INTRODUCTION
Evidence from observations and geologic proxies indicates that solar forcing is among the key natural driving forces affecting decadal/multidecadal climate variation (Eddy, 1976; Haigh, 1996; Wang et al., 2005; Liu et al., 2013; Gray et al., 2018; Xu et al., 2019; Kuroda et al., 2022). Although various linking mechanisms have been proposed, such as the “top-down” regime (stratospheric ozone ultraviolet radiation effect) or “bottom-up” regime (total radiation irradiance effect) (Haigh, 1994; Gray et al., 2009; Mann et al., 2009), recent studies based on climate models or reconstructed long-term reanalysis data have challenged the certainty of this linkage. A robust solar signal on decadal climate change was lacking in the long-term reanalysis or modeling data. Previous studies occasionally observed this linkage (Sjolte et al., 2018). Instead of solar forcing, volcanic eruptions or internal driving forces could also induce decadal climate variations (Mann et al., 2021). Consequently, the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC-AR6) suggested that there exists great uncertainty regarding the influence of solar activity on decadal/multidecadal climate changes (Masson-Delmotte, 2021). The key to addressing this contradiction is to establish robust linking mechanisms between solar activity and climate systems.
Although the total solar irradiance (TSI) only fluctuates by approximately 0.1%–0.2% in the solar cycle of the 11-year Schwabe cycle (Foukal et al., 2006), the changes could accumulate and be amplified in sensitive ocean regions and lead to significant impacts on regional or even global climate. The North Atlantic Ocean region (N.A.) is considered a sensitive region (Gray et al., 2013; Scaife et al., 2013; Andrews et al., 2015; Cheng et al., 2016). Andrews et al. (2015) and Gray et al. (2016) declared that the accumulated solar energy in the mixed layer of the N.A. could generate a response lag of 3–4 years of surface pressure to the decadal solar cycle. In the N.A., the local ocean response could cause a global climate effect due to thermohaline circulation. Many studies have suggested that the Atlantic Meridional Overturning Circulation (AMOC) plays an important role in Atlantic multidecadal variability. Atlantic hurricane activity, frequency of drought events in the United States, and changes in rainfall in Europe and the East Asian summer monsoon are all reportedly related to the AMOC (Delworth et al., 1993; Timmermann et al., 1998; Sutton and Hodson, 2005; Zhang and Delworth, 2006; Yu Lei, 2009; Ting et al., 2011). Thus, the connection between solar forcing and the AMOC seems to be an important part of transmitting solar signals in climate systems (Shindell et al., 2001; Scaife et al., 2013).
Moreover, the AMOC fluctuates on variable timescales; i.e., from decadal to centennial to millennial (Zhang, 2008; Chylek et al., 2012; Park and Latif, 2012). Geological proxy records (Ran Lihua, 2008; Liu Jing, 2014; Zhao Yun, 2015; Li Dongling, 2016) and model simulations (Jiang et al., 2014) reveal the significant relationship between the AMOC and variations in sea surface temperature (SST) and ice sheets in the N.A. on a millennial scale. Lin et al. (2019) claimed that the AMOC shows two groups of decadal/multidecadal oscillations of 10–30 years and 50–80 years and that the formation of these two oscillations accounted for internal oscillation and trans-basin processes in the N.A. Bagatinsky and Diansky (2021) revealed that the Atlantic multidecadal oscillation was associated with the AMOC sinking branch at 60°N latitude and the rising branch at 25°N latitude and was part of a quasi-60-year cycle. Additionally, the multidecadal variation in AMOC would shift with global climate background changes (Cheng et al., 2016).
Various mechanisms of AMOC multidecadal fluctuation due to internal or external forcings have been proposed (Gregory et al., 2005; Yu et al., 2010; Lynch-Stieglitz, 2017). The meridional density gradient (Lee and Wang, 2010; Huang et al., 2014), fresh water flux, and deep convective variation (Sutton and Hodson, 2005) control the variation in AMOC by changing the N.A. SST and salinity. Solar activity could contribute to these factors by impacting the heat capacity, planetary waves (Huck et al., 2001), and melted sea–ice freshwater injections (Yu et al., 2010; Lynch-Stieglitz, 2017).
The relationship between AMOC and TSI, controlled by orbital factors or solar activity, has been studied through observations and model simulations. Paleoclimatic evidence from deep-sea cores indicated that the AMOC decreases with weakened solar radiation on a millennium timescale (Negre et al., 2010). Based on reconstructed N.A. climate data over the past 200 years, Gary et al. (2010) proposed that TSI can affect the AMOC on a decadal time scale through the storage of solar energy in the mixed layer in the N.A. region (Gray et al., 2010; Ineson et al., 2011; Scaife et al., 2013; Andrews et al., 2015). Numerical simulations by Scaife et al. (2013) also concluded that the AMOC could amplify the solar signal and shape the regional response patterns in the N.A. region. Menary and Scaife (2014) operated 150-year experiments with the HadGEM2-ES (Hadley Centre Global Environment Model 2, with Earth System components) model and found that increased TSI could affect atmospheric circulation by changing SST on the multidecadal timescale. Consequently, the impact on seawater evaporation and ocean stratification in the N.A. leads to AMOC enhancement. However, simulations by Muthers et al. (2016) based on the SOCOL-MPIOM model demonstrated that weakened TSI was followed by colder SST and enhanced sea–ice cover, which would increase the N.A. upper water density and speed the AMOC on a multidecadal time scale. However, a weakened TSI could also induce a negative AO phase, which could decrease the AMOC intensity. Other modeling results also revealed that TSI variation could cause either positive or negative effects on the strength of AMOC on different time scales (Zorita et al., 2004; Goosse and Renssen, 2006; Sedlacek and Mysak, 2009; Swingedouw et al., 2011).
The weakening trend of the AMOC has been detected by observations (Holliday et al., 2020) and paleoclimate proxies (Caesar et al., 2021). Although there is an argument for the origin of the weakening of the AMOC, the fluctuation in eddies (Lozier et al., 2019), internal tides (de Lavergne et al., 2017), and wind forcing (Swingedouw et al., 2022), in other words, internal or external forcing, are the main contributors to this weakening trend. Solar forcing with TSI variability on multiple timescales could affect the weakening trend of the AMOC; however, its contribution has not been fully investigated.
Regarding simulation of the AMOC, although the climate model with a high-resolution ocean part, in which eddies are permitted, could simulate key processes of the AMOC, such as the transformation of water masses, strong biases remain due to the possible serious underestimation of some uncertainties (Jackson et al., 2020). The coarse-resolution model could capture the first order of driving the AMOC (Swingedouw et al., 2022), the results of which may be more consistent with the present observations. Therefore, the solar forcing effect on AMOC is still useful for initial testing with the coarse-resolution model.
In this article, we use a coupled intermediate complexity earth system model, PLASIM-GENIE, to explore the influence of varied TSIs with multi-timescale (decadal to centennial) cycles on the AMOC. The model can operate the first order of the driving process and provide the main characteristics of the climate system, in which the ocean and sea–ice modules can well simulate AMOC variability. It is suitable for long-term large-scale ensemble studies.
Concretely, we designed 390-year single-factor forcing simulation experiments with different time scale variations in TSI based on the reconstructed series and investigated the responses of the AMOC. The structure of this article is as follows: the second section describes the climate model and experimental design; the third section provides experimental results and discussion; and the fourth section provides the conclusion.
2 MODEL AND EXPERIMENTAL SETUP
2.1 Model
This study used an Earth system model with intermediate complexity (PLASIM-Genie version 1.0), which coupled the planetary simulator (PLASIM) and ocean (GOLDSTEIN), sea ice (GOLDSTEINSEAICE), and land surface components (GENIE Earth System model), and can reproduce the main feature of the climate system (Marsh et al., 2004; Zorita et al., 2004).
The primitive equation of the atmosphere includes chaotic, three-dimensional (3-D) motion and interactive radiation and cloud cover, and dominates the computational load compared to the relatively simpler frictional geostrophic ocean, which neglects momentum advection. This model is suitable for long-term or global-scale comprehensive simulations. Based on the original slab ocean and sea–ice module with flux correction, the model tuned each module, which allowed the model to improve the prediction of the characteristics of ocean circulation and the climate system. The GOLDSTEIN sub-model can adopt surface wind speed, net energy, and net humidity fluxes provided by PLASIM-GENIE, perform relevant sea–ice correction, and output responses such as SST, salinity, and sea–ice thickness. GOLDSTEIN also improves the vapor transport process, which can not only represent the variability in ocean currents, such as AMOC caused by changes in the ocean interior, but also simulate the variability in AMOC driven by wind.
The PLASIM-GENIE model has a horizontal resolution of T21 (5.6°x5.6°, 32x64) (Lenton et al., 2007). Marsh et al. (2004) successfully investigated the operating pattern of thermohalines on decadal to millennial time scales with the GENIE model. PLASIM has a vertical resolution of 10 layers for the top at the tropopause. GOLDSTEIN has a vertical resolution of 32 layers, from the ocean surface down to the bottom. Compared to other EMICs, such as OSUVic, PLASIM-GENIE performs moisture flux adjustment, and a weak (9Sv) AMOC can be simulated. Holden et al. (2016)provided a more detailed description and model evaluation.
2.2 Experimental design
This study performed three experimental tests with different series of TSI. Figure 1 shows the five series of decomposed TSI reconstructed by Lean (2010) using the empirical mode decomposition (EMD) method. Figure 2 lists the three reconstructed TSI series in the simulations. The gray line represents the constant solar irradiance of 1364.6 W/m2 (NS). The blue line represents the original reconstructed TSI (AS). The red line represents the solar irradiance without 100-year and 22-year fluctuations, which is combined with the decomposed series of EMD1, EMD2, and EMD5 and calibrated with the mean of 1364.6 W/m2 (DS).
[image: Figure 1]FIGURE 1 | Five TSI EMD sequences used for reconstruction. EMD2 has a significant 11-year cycle. EMD4 has a significant 100-year cycle. EMD5 is the random item.
[image: Figure 2]FIGURE 2 | Three TSI sequences used for model forcing. NS: constant 1364.66 W/m2 (gray); DS: combination of EMD1, EMD2, and EMD5 (red); AS: combination of the entire sequence, which is the TSI reconstructed by Lean (2010).
Figure 3 shows the results of wavelet analysis of DS (panel a) and AS (panel b) with a significant 11-year period fluctuation in the DS series and significant quasi-11-year and centennial period variations in the AS series.
[image: Figure 3]FIGURE 3 | Wavelet analysis of TSI for the DS (A) and AS (B) tests. (Data are detrended. The dotted orange line is the 95% significance test).
To exclude the influence of human activity, other initial atmospheric parameters of simulations were kept at a constant value in 1850, i.e., the CO2 concentration was maintained at 280 ppm, which was the atmospheric CO2 concentration during the Holocene interglaciation (Lourantou et al., 2010). This value is often used as the equilibrium concentration of CO2 in idealized experiments (Eby et al., 2013).
Each test used three ensembles. The initial 200 years running with a constant solar irradiance of 1364.6 W/m2 are carried out in each group of simulations to make the model run stably. The annual averaged results of the simulation are output.
3 RESULTS
3.1 Comparison with reanalysis data
The EN4 surface/subsurface temperatures and salinity dataset of the global oceans from the Hadley Center was used to evaluate the simulation results. Since the reanalysis data only cover the period from 1900 to 2022, the 1900–2000 temperature and salinity from the AS test were used for comparison.
Figure 4 shows the comparison of annual mean temperature and salinity at the surface and subsurface layers between the EN4 and AS tests, with SST shown in panels (a) and (c), subsurface sea temperature (300-meter-depth) shown in panels (b) and (d), sea surface salinity shown in panels (e) and (g), and subsurface sea salinity (300-meter-depth) shown in panels (f) and (h). The main spatial patterns of the whole-period averaged sea temperature and salinity were consistent between the reanalysis data and the simulation results. The surface salinity results of the simulation at the middle and low latitudes in the South Atlantic Ocean were lower. Based on previous model assessments (Liu et al., 2013; Holden et al., 2016), the PLASIM-GENIE model used in our work was able to reproduce the main features of the climate system in the Atlantic Ocean.
[image: Figure 4]FIGURE 4 | Results of the EN4 (top) and AS tests (bottom) from 1900 to 2000. Annual mean sea temperature at the surface (panels (A,C)) and 300 m depth (panels (B,D)). Annual mean sea salinity at the surface (panel (E,G)) and 300 m depth (panel (F,H)).
The temperature and salinity changes in the North Atlantic region from 1900 to 2000 were analyzed, as shown in Figure 5. The regional average temperature and salinity were standardized, which showed that the changes in the SST in the AS test were basically consistent with those observed during the whole period (Figure 5A). However, because the design of the model is not completely consistent with the actual climate change, certain differences in the trend changes of SST were observed in the last 10 years. After correlation analysis, the two sequences had a positive correlation of 0.272 by the 99% significance test for an EN4 SST lag of 3 years. SSS changes over the entire North Atlantic region were simulated poorly compared to temperature, with no significant correlation (Figure omitted). However, we further considered the changes over the small range of the sub-polar North Atlantic region (60oN–90oN, 80oW–30oE) where sea ice influence is significant in the AS test and EN4 datasets, and found a good correlation between the two. As shown in Figure 5B, the SSS changes of the two groups of data are very similar, with a positive correlation of 0.375 that passes the 99% significance test. Therefore, from the perspective of time change, the model well simulated the temperature and salinity changes in the North Atlantic region, which provides a basis for further analysis of AMOC changes.
[image: Figure 5]FIGURE 5 | SST and SSS time sequences in the North Atlantic region of the AS test and EN4 dataset. (A) SST variation in the North Atlantic region (0oN–90oN, 80oW–30oE). (B) SSS variation in the subpolar North Atlantic region (60oN–90oN, 80oW–30oE). The data were all standardized.
3.2 Long-term response of the AMOC
Lozier et al. (2019) defined the AMOC index (AMOCI) as the maximum value of the overturning stream function in the density space. Other studies also selected the maximum value of the overturning stream function at a certain latitude as the AMOC index (Huang et al., 2014; Menary and Scaife, 2014; Cheng et al., 2016). In our work, the maximum value of the overturning stream function in the depth profile at 48°N was set as the AMOCI. Figure 6 shows the mean AMOCI of the three tests with 11 years of smoothing, with a fitting curve from 1800 to 2000. The gray line is the NS test, the red line is the DS, and the blue line is the AS. The AMOCI of the NS varied between 12.16 Sv and 18.83 Sv (Sv:1 Sverdrup = 1×106 m3/s(−1)), with a mean of 15.3 ± 1.27 Sv. The results of the DS and AS tests showed mean AMOC strengths of 15.21 ± 0.63 Sv and 15.23 ± 0.57 Sv, respectively.
[image: Figure 6]FIGURE 6 | Eleven-year smoothed AMOCI for the composite mean of the three groups. NS is represented in gray; DS, in red; and AS, in blue. The shadow is the standard deviation of the AMOCI. The dashed line is the fitting curve of the AMOCI from 1800 to 2000.
The AMOCI of the NS test was consistent with the control run results by the Kiel Climate Model, in which the variation range of the AMOCI was 11–18 Sv (Park and Latif, 2012). The preindustrial control simulation in the HadGEM2-ES climate model had a mean AMOC strength of 13.6 ± 1.0 Sv (Menary et al., 2013). Menary and Scaife (2014) studied the influence of external forcings, such as volcanic eruptions and solar radiation, on the multidecadal AMOC change and found that the AMOC with multidecadal oscillation fluctuated between 12 Sv and 15 Sv during their 140-year experimental period. Compared with the recent observation dataset of the Rapid Climate Change (RAPID) program (AMOC intensity =18 ± 2.1 Sv) (Kanzow et al., 2010), the value of the NS experiment was slightly smaller. This result may be caused by the setting of other experimental conditions; for example, the fixed CO2 concentration, to preindustrial values.
The fitting curve in Figure 6 shows an obviously declining centennial trend after 1800. In the DS test, the largest weakening trend was observed, with a decline rate of 0.51 Sv per hundred years (Sv/100a), while the values were 0.41 Sv/(100a) in the AS test and 0.18 Sv/(100a) in the NS test. That is, the AMOCI in the DS test decreased the most, followed by the AS test, while the NS test decreased the least.
A variable negative correlation between TSI and AMOC was observed during 1610–2000. In the DS test, the AMOCI had a maximum negative correlation of −0.292 with TSI with no lag at the 99% significance level. In the AS test, the correlation coefficient was −0.279 with no lag at the 99% significance level.
Figure 7 shows the results of wavelet analysis on the AMOCI series from the NS, AS, and DS tests. Panel (a) shows the results of the NS test, panel (b) shows the results of the DS test, and panel (c) shows the results of the AS test. In Figure 7A, significant quasi-35-year and quasi-65-year periodic cycles of the AMOCI are observed in the NS test, which should be attributed to the internal fluctuation of the climate system. In Figure 7B, two significant multidecadal periodic cycles of quasi-40 years and quasi-70 years are observed, which are consistent with the two multidecadal variabilities in the AMOC suggested by other works (Delworth et al., 1993; Ortega et al., 2015). Compared with the result in NS, the two periodic cycles in the DS test show a 5-year extension. Figure 7C shows the two significant multidecadal cycles of quasi-40 years and quasi-100 years, in which the 100-year cycle has a larger spectrum power. Compared with the NS test (Figure 7A), in the AS test, the quasi-100 years cycle dominates the variability in AMOCI, which shows an entrainment effect (Park and Latif, 2012).
[image: Figure 7]FIGURE 7 | Wavelet power spectrum analysis of the composite mean AMOCI in the NS test (A), DS test (B), and AS test (C). The conical lines are wavelet cones, which denote the confidence region. The areas surrounded by the black lines in the wavelet cones are the areas that pass the 95% significance test. The power spectrum is shown on the right, with the dashed line indicating the 95% significance test line.
3.3 Effect of solar forcing
In Section 3.2, on one hand, AMOCI decreased in the three groups during the period from 1800 to 2000 and the decline rate in DS was the largest, followed by the AS test. On the other hand, the AMOCI showed obvious characteristics of two groups of multidecadal cycles, in which the cycle of AMOCI in the AS test was the longest, followed by the DS and NS tests. The AMOC showed an obvious significant response in strength and extended time scale variability to decadal and centennial TSI variations. Since ocean temperature and salinity are key factors influencing the AMOC, we investigated the responses of ocean temperature and salinity.
Figure 8 shows the difference in the ocean temperatures between the DS and NS tests (a–c) and between the AS and NS tests (b–f) at three ocean depths. Panels (a) and (d) show the results at the surface (SST). Panels (b) and (e) show the results at a depth of 300 m. Panels (c) and (f) show the results at a depth of 1,000 m.
[image: Figure 8]FIGURE 8 | Sea temperature differences in the surface layer (A), 300 m depth (B), and 1,000 m depth (C) in DS and NS between 1610 and 2000. (D–F) shows the differences temperature at surface, 300 m, 1000 m depth between AS and NS. The black dotted area is significant at the 95% level for a two-tailed T-test, and the white area is the 99% significance test.
The typical tripolar pattern of the SST in the N.A. region is shown in Figure 8A. The warming SST appears from the polar region to the Greenland–Norway Sea (GNS) with 95% confidence. A significant cooling at a depth of 300 m located on the east side of the Atlantic subtropical gyre was detected, as shown in Figure 8B, which is consistent with Canary cold current flows. Panel (c) shows significant cooling in the whole circulation field in the N.A. at a depth of 1,000 m. In the results showing the difference between AS and NS in Figure 8D, more area with a significant positive response of SST was observed in the GNS.
Figure 9 is similar to Figure 8, but it shows the differences in salinity. Figures 9A, D show a significant negative anomaly in the surface salinity in the Barents Sea (BRS) in the DS and AS tests. The significant westward extension of this negative anomaly was revealed in the DS test.
[image: Figure 9]FIGURE 9 | Same as Figure 8 but for the difference in salinity.
Figure 10 shows the differences in sea–ice cover (SIC) between the DS and AS tests and the control run (NS). Comparing panels (a) and (b), in the AS test, the full variability in TSI leads to more significant ice melting in the Arctic region.
[image: Figure 10]FIGURE 10 | ea–ice cover (SIC) difference among DS (A), AS (B), and NS. The black dotted area is significant at the 95% level for a two-tailed T-test, while the white area is significant at the 99% level.
Figure 11 shows the wind stress discrepancy among DS (panel (a)), AS (panel (b)), and NS. With the solar forcing, the wind stress in the Greenland Sea is significantly strengthened. In the DS test, there is a clear southward enhancement of wind stress, which would increase the East Greenland Current (EGC) and transport more melted fresh water from the Arctic to the west subpolar gyre (wSPG). Consequently, the salinity and temperature in the SPG would decline.
[image: Figure 11]FIGURE 11 | Wind stress discrepancy among DS (A), AS (B), and NS. The arrow represents the result with statistical significance at 99%. The contour indicates the difference in surface pressure.
Figure 12 shows the mixed layer depth (MLD) discrepancy among DS (panel (a)), AS (panel (b)), and NS. With solar forcing, the MLD in the wSPG is shallower than that in the NS test. The DS test shows a significant negative response, which is consistent with the intensified EGC shown in Figure 11. This finding could lead to a decline in the AMOC.
[image: Figure 12]FIGURE 12 | Same as Figure 10 but for the difference in MLD.
To understand the accelerated weakening trend of the AMOC since 1800 due to solar forcing, the correlation of SST/sea surface salinity (SSS) with the AMOCI was determined, as shown in Figure 13, in which panels (a–c) show the correlations between the SST and AMOCI, and panels (d–f) show the correlations between the SSS and AMOCI.
[image: Figure 13]FIGURE 13 | Correlation between annual AMOCI and SST (The top panels) and SSS (The bottom panels) in the NS test (A,D), DS test (B,E), and AS test (C,F) from 1800 to 2000. The black dots indicate the 95% significance level for the correlation, while the white indicates the 99% significance level. The contours represent the correlation coefficients.
As shown in Figures 13A, D, with a constant TSI, SST and SSS in the SPG and the Labrador Sea (LAS) have a significant positive correlation with the AMOCI. In the DS and AS tests, the significant negative contribution of SSS in the BRS would be induced by varied TSI, which is shown in panels (e) and (f). The DS test showed more positive contributions to SST and SSS than in the AS test.
Figure 14 reveals the correlation between the TSI of the DS and AS tests and the SST/SSS results. In the DS test, TSI is negatively correlated with SST in the SPG and LAS. TSI was also positively correlated with SSS in the BRS. However, in the AS test, only a positive correlation between TSI and SSS could be found in the BRS, and a weak positive correlation between TSI and SST was detected in SPG and LAS.
[image: Figure 14]FIGURE 14 | Oceanic fields correlated with the annual TSI forcing from 1800 to 2000. (A) SST in the DS test (in °C), (B) SSS in DS (in psu), (C) SST in the AS test, and (D) SSS in AS. The black dots in (A–D) indicate the 95% significance level, while the white dots indicate the 99% significance level. The contours represent correlation coefficients.
By combining the results in Figure 8 with those in Figure 14, the SST in the SPG and the SSS in the BRS may account for the weakening of the AMOC in the DS test. The TSI was negatively correlated with SST in the SPG and positively correlated with SSS in the BRS, which would cause a negative contribution to the AMOC. In the AS test, the negative contribution of the SSS in the BRS to the AMOC could be partly balanced by the positive contribution of the SST in SPG. The Atlantic water heat transport through the BRS Opening and solar heat flux has been proposed to contribute equally to the climate variability in the BRS (Sando et al., 2010). A coupled ice–ocean model simulation by Long and Perrie (2017) revealed that increased lateral heat transport and solar radiation account for the increasing SST in the southern BRS, which is consistent with our simulation.
The branch of Atlantic water transits the BRS, forming BRS Water (BSW) (Harris et al., 1998; Schauer et al., 2002). BSW is entrained in Arctic Intermediate Water (Schauer et al., 1997; Maslowski et al., 2004), which is ultimately exported to the N.A. and in turn contributes to the deeper branch of the AMOC (Aagaard and Woodgate, 2001; Barton et al., 2018). Therefore, SST and SSS in the BRS and SPG were treated as the key factors affecting the AMOC. Figures 15A, B show the regional mean SST and SSS in the BRS, 75°N–90°N, 20–60°E) and Figures 15C, D show those in the Labrador Sea and west SPG (LAS-wSPG, 50°N–70°N, 45°W–65°W) based on the NS (gray line), DS (red line), and AS (blue line) tests. The dashed line is the fitting curve of the results after 1800.
[image: Figure 15]FIGURE 15 | Mean values (11-year smoothed) of the sea surface temperature (SST) and sea surface salinity (SSS) in the BRS (75°N–90°N, 20°E−60°E) (A,B) and LAS-wSPG (50°N–70°N, 45°W–65°W) (C,D). Gray line, NS test; red line, DS test; blue line, AS test; dashed lines, fitting curves of the results from 1800 to 2000.
In the BRS, according to all three tests, the long-term trend of SST maintained a very small change and showed continuous increasing trends in SSS. Without the varied TSI forcing, the quantitative values of SST and SSS in the NS test were larger than those in the DS and AS tests. The increasing trend of SSS in the BRS may have contributed to the weakening trend of the AMOC after 1800.
In the LAS-wSPG region, the NS and DS tests showed a decreasing trend in SST. In the DS test, the trend showed a larger decreasing rate than that in the NS test. In the AS test, in the long term, the trend remained nearly constant; even after 1940, the SST showed a continuous increase. For the SSS in LAS-wSPG, the NS and AS tests showed a slight long-term increasing trend. The DS test showed a significant long-term decreasing trend. Thus, in the DS test, the decreased SSS is attributed to the intensified EGC and Greenland ice sheet (GrIS) melting.
Multilinear regression analysis was performed to evaluate the potential effects of the SST and SSS in the BRS and LAS-wSPG. The results are shown in Table 1, in which the SSS in LAS-wSPG accounted for most of the AMOC in all three tests. Compared with the results in Figures 13–15, in both the DS and AS tests with variable TSI, the increased SSS in the BRS led to a weakening of the AMOC. In the DS test, the decreased SSS in LAS-wSPG could strengthen this weakening trend. However, in the AS test, the increased SSS had a positive effect on the AMOC, which partly balanced the negative contribution of the SSS to the BRS.
TABLE 1 | Solar forcing response of the AMOCI based on a regression analysis. The regression coefficients (R.C.) for the SST and SSS in the BRS and LAS-wSPG are shown. *95% statistical significance; **99% statistical significance.
[image: Table 1]4 DISCUSSION AND CONCLUSION
Many previous simulations have addressed two kinds of multidecadal variations in AMOC and have reported two main variabilities at 20–30 and 50–70 years, which accounted for the internal interaction of ocean currents or ice–ocean–atmosphere in the N.A. region (Delworth et al., 1993; Timmermann et al., 1998; Ortega et al., 2015). In our simulation, the control simulation of NS reproduced both variabilities. The whole solar forcing in the AS test showed a significantly extended period cycle. The high-frequency part of 30–40 years remained, and a low frequency of 100-year variation appeared due to the centennial variation in TSI, which could contribute to the low frequency (60–100 years) of variability in the AMOC based on the tree ring proxy (Gray et al., 2004).
The DS and AS tests showed that the SPG and BRS are crucial regions and that the SSS in these two regions is the main factor affecting the solar forcing that links to the AMOC. In the DS test, the SSS in SPG dominated the AMOC variability. Although we expected that the variation in GrIS melting due to the solar forcing would dominate the SSS variability in wSPG, the meridional wind was the key factor, which is consistent with other studies, including the study by Li et al. (2021). In the DS and AS tests, the solar forcing led to a significant positive effect on the strength of the southward meridional wind along East Greenland, which controls the EGC intensity. EGC intensity was negatively related to the SSS in SPG and was even considered to account for the phase reversal of a bidecadal ocean mode in the N.A (Escudier et al., 2013). Then, linked by EGC intensity, the decadal variation in TSI was negatively connected to the SSS in SPG. In the BRS, seawater is considered a water source that feeds the AMOC through the Nordic Sea (Lozier et al., 2019). The SIC has been proposed to be negatively related to the AMOC due to “the Barents Sea cooling machine” (øystein Skagseth, 2020), which suggested that the low SIC in the BRS increased the heat loss and weakened the deep thermal convection. The solar forcing in the DS or AS test positively affected the SIC in the BRS, which led to a negative effect on the AMOC due to the Barents Sea cooling machine.
The weakening of the AMOC in recent decades or even in the past few centuries has been reported (Caesar et al., 2018; Collins, 2019); however, this declining trend is controversial (Moat et al., 2020). The origin of the weakening has been attributed to anthropogenic effects (Swingedouw et al., 2022) or natural forcing (Latif et al., 2022). Our work assessed the contribution of solar forcing-modified TSI. With the real TSI in the AS test, the weakening AMOC with a decline rate of −0.41 Sv per century was investigated, which is approximately 24% of the whole AMOC weakening trend assessed by Caesar et al. (2018). Based on the sensitivity tests, the main effect of the TSI on AMOC weakening was attributed to the decadal variation in TSI through its negative effect on salinity in the LAS-wSPG and positive effect on salinity in the BRS. The decline in salinity due to increased freshwater flux from GrIS melting and transportation by strengthened EGC intensity and ice melting water from the LAS was the main contributor to the decline in the AMOC. In addition to TSI variability, which is 0.1%–0.2% of the TSI, solar activity also causes other changes that could directly affect the low atmosphere in the N.A., such as solar irradiance variation in the ultraviolet band (Haigh, 1994), the precipitation flux of energetic particles (Lu et al., 2008), solar wind, and the global electric circuit (Tinsley and Zhou, 2006). These factors could also be the source of the weakening AMOC. For example, solar wind-driven variability in relativistic electron flux could lead to a significant wind stress response in the N.A. region (Mironova et al., 2012; Zhou et al., 2014), and the response of the surface pressure and wind to the fluctuation in the interplanetary magnetic field has been reported (Lam et al., 2014; Zhou et al., 2018; Tinsley et al., 2021). The solar wind-driven global electric circuit has been suggested to lead to a significant atmospheric dynamic response in the N.A. region through electric-cloud microphysics (Tinsley, 2008), which could also contribute to AMOC variability.
This study assessed the effects of different TSI forcings on AMOC multidecadal variability since the Little Ice Age using an Earth System Model with intermediate complexity, PLASIM-GENIE, version 1.0. Although it is a coarse resolution model and the atmospheric part of the model is simplified, the main features of the ocean and atmosphere circulations can be successfully reproduced, including the two multidecadal variabilities in AMOC. According to the simulation results, the effect of GrIS melting through the Labrador Sea on the MLD in the wSPG was also detected.
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The Sun provides the energy required to sustain life on Earth and drive our planet’s atmosphere. However, establishing a solid physical connection between solar and tropospheric variability has posed a considerable challenge across the spectrum of Earth-system science. Over the past few years a new picture to describe solar variability has developed, based on observing, understanding and tracing the progression, interaction and intrinsic variability of the magnetized activity bands that belong to the Sun’s 22-year magnetic activity cycle. A solar cycle’s fiducial clock does not run from the canonical min or max, instead resetting when all old cycle polarity magnetic flux is cancelled at the equator, an event dubbed the “termination” of that solar cycle, or terminator. In a recent paper, we demonstrated with high statistical significance, a correlation between the occurrence of termination of the last five solar cycles and the transition from El Niño to La Niña in the Pacific Ocean, and predicted that there would be a transition to La Niña in mid 2020. La Niña did indeed begin in mid-2020, and endured into 2023 as a rare “triple dip” event, but some of the solar predictions made did not occur until late 2021. This work examines what went right, what went wrong, the correlations between El Niño, La Niña and geomagnetic activity indices, and what might be expected for the general trends of large-scale global climate in the next decade.
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1 INTRODUCTION
In Leamon et al. (2021), hereafter Paper I, we showed a strong correlation between the end of solar activity cycles and the warm-to-cold transitions of the El Niño Southern Oscillation, that held for the 5 cycles 19–23, or from 1966–7 to 2010–11.
The key breakthrough that led to this discovery was thinking not about sunspot number as the driving measure, the defining measure, of a solar cycle. Rather, a solar cycle’s fiducial clock does not run from the canonical sunspot min, or max, but instead resets when all old cycle polarity magnetic flux is cancelled at the equator, an event dubbed the “termination” of that Hale cycle, or terminator. The terminators occur about 18–24 months after the canonical minima, and although originally defined through observation of solar EUV and magnetograph images, i.e., 2-D images, the time when the monthly-averaged solar radio flux, F10.7 = 90 sfu is a good scalar proxy. For further details on Hale Cycle terminators, their predictability, and impacts on solar activity and (space weather) output, the interested reader is directed to McIntosh et al. (2019), Dikpati et al. (2019), Leamon et al. (2020, 2022), and McIntosh et al. (2023).
Although published in April 2021, Paper I was originally submitted in November 2017, a testament, perhaps, of its introductory paragraph, including:
It is fair, then, to say that searching for the connection between the variability of the solar atmosphere and that of our troposphere has become “third-rail science”—not to be touched at any cost.
Paper I made the prediction that the termination of solar cycle 24 would occur in mid-late 2020, and thus there would be a transition to La Niña at that time. That was a very bold prediction when submitted in 2017, less bold on final acceptance. La Niña did indeed begin in mid-2020, and endured into 2023 as a rare “triple dip” event. However, some of the solar predictions that Paper I made did not occur until late 2021. In what follows we present updated data through January 2023, and examine what went right for Leamon et al., what went wrong, and what might be expected for the general trends of large-scale global climate in the next decade.
2 NEW OBSERVATIONS
Figure 1 continues, and extends, our presentation of solar activity markers and proxies back over the past 60 years, combining and updating figures 1, 4 of Paper I through January 2023. Progressing down the figure, we see the total and hemispheric sunspot numbers, with colored shading representing a dominance of the north (red) and south (blue) hemispheres. Panel (b) shows a data-motivated depiction of the latitudinal progression of the Sun’s magnetic cycle bands. As initially developed by (McIntosh et al., 2014), these “band-o-grams” are set by three parameters (points in time): the times of hemispheric maxima (the time that the band starts moving equatorward from 55°) and the terminator time. We assume a linear progression between those times in each hemisphere. Above 55° latitude we prescribe a linear progression of 10° per year, in keeping with “Rush to the Poles” seen in coronal green line data (Altrock, 1997). Panel (c) shows the variation of the galactic cosmic ray flux (GCR) as measured at the University of Oulu, Finland, anti-correlated with solar activity as strong (and complicated) solar magnetic fields essentially block cosmic rays from entering the Solar System, and hence the Earth’s atmosphere during periods of high solar activity. Panel (d) shows the Penticton 10.7 cm radio flux, F10.7, which can be viewed as a disk-integrated measure of magnetic field strength and complexity. Above the ∼65 sfu floor, which is predominantly thermal in nature and produced all over the solar disk, F10.7 is generated primarily by bremsstrahlung and gyro resonance with sufficiently strong magnetic field—i.e. in the corona above sunspots. Note that the final data point (January 2023, F10.7 = 182 sfu) is higher than any single month in Cycle 24! Panel (e) shows the composite index of the Sun’s chromospheric variability measured through the ultraviolet emission of singly ionized Magnesium. This serves two purposes: (1) it is a measure of magnetic field strength in the chromosphere, and (2) it is a close proxy for solar ultraviolet flux at wavelengths near ∼200 nm that are important for molecular oxygen dissociation and ozone formation in the stratosphere Finally, panel (f) shows the NOAA Oceanic Niño index (ONI), our primary measure of El Niño and La Niña. ONI is defined as the 3-month running mean of ERSST. v5 SST anomalies in the Niño 3.4 region [5°N–5°S, 120°–170°W]. Through all panels the vertical dashed lines mark the Hale Cycle terminators, including now that of Cycle 24 in December 2021 (McIntosh et al., 2023).
[image: Figure 1]FIGURE 1 | Comparing more than five decades of solar evolution and activity proxies, combining and updating Figures 1, 4 of Leamon et al. (2021). From top to bottom: (A) the total (black) and hemispheric sunspot numbers (north—red, and blue—south); (B) a data-motivated schematic depiction of the Sun’s 22 years magnetic activity cycle; (C) the Oulu cosmic-ray flux; (D) the Penticton F10.7 cm radio flux; (E) the Mg ii index of ultraviolet variability from the University of Bremen; and (F) the variability of the Oceanic Niño Index (ONI) over the same epoch. The black dashed lines mark the cycle terminators, including the December 2021 end of Cycle 24.
2.1 Successes
Paper I predicted that there would be a transition to La Niña in mid-2020. La Niña did indeed begin in mid-2020. Success! Well, maybe.
The ∼5% drop in GCRs at the terminator was one of their defining features in Paper I. The GCRs again drop 5.5% after observed terminator in December 2021. As of January 2023, the GCR level is below the average of the entire 59-year record, is approaching the peak (nadir) level of Cycle 24, and is ahead of the same phase of Cycle 24, a year after terminator. This is not surprising given that all measures of solar activity have been higher in Cycle 25 than the relatively weak last Cycle 24.
Not shown in Figure 1 are measures of Atlantic hurricane season activity. Paper I predicted “a particularly active season in 2021, and maybe even 2020, depending on exactly when the terminator and ENSO transition occurs,” based on the historical record: all Atlantic hurricane seasons are relatively strong in the first year of La Niña after an El Niño, when waters are still warm but upper-level wind shears are favorable for cyclone genesis (Vecchi and Soden, 2007). This was indeed the case: 2020 was the most active Atlantic hurricane season on record, and the 2021 season was the third-most active. The 2022 season was near-normal. In terms of economic damage, the costliest season to date was 2017, which again had a (weak) La Niña after the extremely strong 2015–16 El Niño.
2.2 What went wrong
Paper I’s prediction for a 2020 La Niña was derived from solar cycle predictions of Leamon et al. (2020). They forecast late 2020, which did mean that Cycle 24 would have been short at less than 10 years (compared to almost 13.0 years for Cycle 23).
In reality, the Hale Cycle terminator did not occur until December 2021 (although November 2020 was a tantalising failure to launch). This meant that the length of Cycle 24 was 10.75 years, still (slightly) faster than average. McIntosh et al. (2023) discuss the failure to launch in more detail, and present a revised outlook for the solar activity for the rest of Cycle 25.
In Paper I we consciously tried to avoid discussion of causation, which, due to its controversial nature could lead to dismissal of the empirical relationship, and we wanted to open a broader scientific discussion of solar coupling to the Earth and its environment. But Paper I did suggest that corpuscular radiation—specifically galactic cosmic rays modulated by the large-scale heliospheric magnetic field—appears to have greater influence on ENSO than photons, independent of the exact mechanism by which they couple to the atmosphere. As Figure 1 shows, the second of the triple dips does align with the big drop in cosmic rays. There is a small drop (from the peak) that aligns with the onset of La Niña in 2020, but this is only a ∼1% drop in GCRs, compared to the ∼5% drop at the terminator in 2021. So it is plausible, then, that the onset of La Niña in 2020 was just “random” internal fluctuations of the atmospheric system, and the second and third years were sustained by whatever mechanism drives the external coupling.
Nevertheless, independent of the exact coupling mechanisms, the question must be asked, why has the pattern occurred and reoccurred regularly for the past five solar cycles, or 60 years?
3 DISCUSSION
3.1 Mechanisms
So if we cannot conclusively link the flux of incoming cosmic rays or other charged particles, how else might we explain a solar influence? We offer two potential solar-terrestrial mechanisms: (1) the effects of the Heliospheric Current Sheet, and (2) the effects of geomagnetic activity indices.
Figure 2 again shows the F10.7 radio flux, Oulu GCR count, and the ONI record, but adds the computed Heliospheric Current Sheet (HCS) tilt angle from the Wilcox Solar Observatory (Scherrer et al., 1977; Wilcox et al., 1980). Note that the Wilcox Solar Observatory has only been extant since 1976, so we only show the 4 + cycles since then (It did, conveniently perhaps, come online at the nadir of the Cycle 19 minimum.)
[image: Figure 2]FIGURE 2 | Showing the relationship between the tilt of the HCS current sheet (black) and ONI (red). The zero point for the ONI trace is offset to 23.4° (Earth’s axial tilt), and the horizontal dotted lines correspond to ONI=±2. The top and bottom sub-panels show F10.7 and the Oulu GCR flux as context for the landmarks of the solar activity cycle. In all panels the dashed vertical lines correspond the Hale Cycle terminators, and the dotted vertical lines correspond to the 3/5 “pre-terminator” point as described in Chapman et al. (2020) and Leamon et al. (2022).
The first thing to observe in Figure 2 is that, like F10.7 = 90, when the HCS tilt exceeds the Earth’s orbital obliquity, 23.4°, is also a good (scalar) proxy for the terminator. Similarly, on the downslope of the cycle, there seems to be a correlation between the decay of the post-maximum El Niño and when H = 23.4°.
The rapid rise in F10.7, and the increasing number and complexity of solar active regions that lead to the increasing tilt of the HCS, all occur at the terminators. When the slope of the change in solar activity is the steepest, that is, the period when the gradients in our atmosphere are the largest. It follows that there should be two such times, once during the ascending phase and again during the declining phase of the cycle. There is a difference in Figure 2 in the decay of tilt between two odd and the two even cycles, something that also visible in the production of X-flares (Leamon and McIntosh, 2022), and does seem to track in the timing of the El Niño to La Niña transition. The six terminators in Paper I, while highly statistically significant for N = 6, was a tough pill to swallow for some readers; a correlation for 4 (or even 2) is too much.
Figure 3 shows the relationship between the geomagnetic activity indices Ap (red) and Kp (green) and ONI record. The Kp and Ap record extends back further (1932) than ONI (1950), but we show the full record to see that the gross behaviour of Ap within a solar cycle remains similar independent of cycle strength. Two things are immediately apparent: 1) The El Niño near solar minimum (that precedes the El Niño to La Niña transition described in Paper I at the terminators—the dashed black lines) corresponds quite well to the local minimum of Ap. The transition to La Niña then occurs as the solar cycle and geomagnetic activity ramps up at the terminator. 2) We identify the strongest mid-cycle El Niño peaks (and mark them by pink dashed lines). These tend to be associated with the highest levels of geomagnetic activity. Note also the close—but not exact—correspondence of the dotted lines marking the 2/5 of the cycle phase and the El Niño peak pink lines, especially for the last 4 cycles (after 1978). Not every local maximum or minimum in Ap corresponds to an El Niño (and vice versa), but this simple correspondence can explain almost 90% (17/19) of El Niño events (ONI[image: image]) since 1950. With 2 misses and 4 false alarms, the Heidke skill score for this forecast (or rather, hindcast) is H = 0.71.
[image: Figure 3]FIGURE 3 | Showing the relationship between the geomagnetic activity indices Ap (red) and Kp (green) and ONI (red and blue, hot and cold). At the bottom the F10.7 radio flux (and SSN for 1932–1947) are shown, smoothed and scaled, as context for the landmarks of the solar activity cycle. As in Figure 2, the dashed vertical lines correspond the Hale Cycle terminators, but here the dotted vertical lines correspond to the 2/5 point—which closely corresponds to the sharp drop in F10.7 seen here, and the reformation of the sun’s polar coronal holes Leamon et al. (2022). The magenta dashed lines mark the dates of the (strongest) mid-cycle El Niños. Note the close correspondence of the 2/5 dotted lines and El Niño peak dashed magenta lines, especially after 1978 (i.e., the past 4 cycles).
Historically, scientists have looked at the extrema of the solar cycle, trying to correlate the timing of solar max and solar min with dynamic changes in terrestrial climatology and weather. Instead, we should be investigating the timing of the extrema of the first derivative of solar cycle activity and looking for correlations with global dynamic changes in our atmosphere during those periods. It is then no small wonder things appear more clearly when using the terminator as the fiducial time to anchor terrestrial climate epoch analyses. Summarizing, it would appear that an El Niño tends to develop starting at solar min and shortly after solar max, when the solar inputs to the atmosphere are relatively stable, and the ensuing transition to La Niña occurs when solar output is undergoing most change.
3.2 Other recent results
A common suggestion from previous studies is that a multi-year La Niña tends to occur after a strong El Niño. Iwakiri and Watanabe, 2021 argued that the duration of La Niña is strongly influenced by the amplitude of the preceding El Niño in both observations and a long climate model simulation, presumably due to a large initial discharge. The weird thing about 2020–23, however, is that this prolonged La Niña, unlike previous triple dips, has not come after a strong El Niño, which tends to build up a lot of ocean heat that takes a year or two to dissipate. Where’s the dynamics for this? (Jones, 2022, quoting NOAA’s M. L’Heureux). Paper I noted that the period of terminator-ENSO correlation corresponds to the close-to-monotonic rise in global sea surface temperatures over the same time period. As the world warms, and ice sheets melt, a slowdown of the Atlantic Meridional Overturning Circulation (AMOC) is expected from the influx of fresh water (Boers, 2021). Orihuela-Pinto et al. (2022) modelled a collapse of the AMOC, and showed that such a collapse would strengthen Pacific Trade Winds, push warm waters to the west, thus creating more La Niña-like conditions.
Generally, large-scale global climate models predict a shift to more El Niño-like states as the oceans warm, but this is not what has been observed for the past 50 years or so—as Figure 1 shows. Similarly, we may consider the shift from negative PDO to positive in 1976–77 (e.g., Mantua et al., 1997; Minobe, 1997, 2000), previously referred to as the Great Pacific Climate Shift (e.g., Trenberth, 1990; Miller et al., 1994), and the subsequent reversal to negative PDO in 2002–03, but neither phase shift is immediately apparent in Figure 1. The observed AMOC indices flipped from positive to negative in the early 1960s, but the statistical correlations of Paper I endured after the return flip in the late 1990s.
We have focused here (again) on ONI, a single scalar quantity of an area-averaged SST anomaly, rather than 2D maps of SST. McKenna and Karamperidou (2022) report a difference in the response of atmospheric blocking events, synoptic weather patterns that divert the jet stream from its typical path in the mid-to high-latitudes between “canonical” and “Modoki” (or Eastern and Central Pacific) flavors of El Niño. Put another way, there is more to teleconnections than just a scalar index can convey: the different teleconnections and impacts on the mid-latitude circulation coming from Eastern and Central Pacific flavors of El Niño demonstrate different effects in blocking frequency and characteristics; significant disruption of weather patterns caused by blocking can have severe ecological and socio-economic impacts.
Similarly, the difference between flavors of El Niño (Trenberth and Stepaniak, 2001; Kao and Yu, 2009; Yeh et al., 2009) may be associated with the difference between those forced by “fixed” solar cycle landmarks and those responding to oceanic/atmospheric dynamics, although increasingly warming sea surface temperatures may just be the dominant Modoki El Niño driver (Yeh et al., 2009).
3.3 The “standard” cycle
As previously discussed, it is clear from the modified superposed epoch analysis of Leamon et al. (2021) that there is a coherent pattern to solar output and the terrestrial response from terminator to terminator. The logical next step, then, is to average the five solar cycles for which we have data into a “standard” unit cycle that we may use for skillful prediction of future cycles. As first discussed in Leamon et al. (2022), the monthly series data are interpolated into 100 points from terminator to terminator, and an average and standard deviation are computed at each interpolation point for each of 5 cycles. This is shown in Figure 4 for F10.7 and the ONI El Niño index. Given the almost 100% variation in peak F10.7 from cycle to cycle, the average rises more smoothly from solar minimum to solar maximum than any of the individual cycles of Figure 1; however, the changes in standard deviation (i.e., the edges in the red shaded envelope) are clear at x ∼ 0, 0.4 and 0.6, and are driven by changes below the solar surface as discussed in Leamon et al. (2022).
[image: Figure 4]FIGURE 4 | “Standard” cycle for F10.7 (top) and ONI (bottom). The black trace is the average of the past five cycles [cf.Figures 1D, F], and the red envelope is defined by one standard deviation. The dots correspond to 2019 May, the blue horizontal dashed line in the F10.7 panel corresponds to the terminator proxy threshold of 90 sfu, and the blue vertical dashed lines correspond to the “Circle of Fifths” outlined in Leamon et al. (2022).
We may use this standard cycle as a prediction tool for future ENSO events. In the language of the state vector simple dynamic system formulation of ENSO of Penland and Sardeshmukh (1995), it is clear that the forcing term f(t) must have a strong negative impulse at the terminator, a (strong) positive impulse through sunspot minimum to the terminator (and one—or two, for each hemisphere—weaker positive impulses associated with increased (E)UV insolation around solar maximum). As the Appendix A and Figure 6 show [and as Torrence and Compo (1998) and Wang and Wang (1996) showed], there is always power at shorter scales (3–7 years), between the terminators, corresponding to the intrinsic mode(s) of the system. Even if it is likely that the mid-cycle El Niño peak is related to increased solar output, we do not attempt to fit every bump and wiggle, or explain every (non-terminator) feature as solar-induced.
Nevertheless, it is an interesting exercise, if not an acid test, to predict Cycle 25: we already can estimate the date of the next terminator date as the brightpoints revealing the Cycle 25 activity band (cf.Figure 1B) have been present on disk long enough such that we may make a (well-constrained) linear extrapolation for when the Cycle 25 terminator will be and thus convert the unit cycle to real time out beyond 2030. This is shown in Figure 5: The lower panel updates Figure 1B, and shows the progression of the EUV brightpoint distribution for cycles 22–25. That the cycle 25 progression is well-established and, more importantly, linear, is clear. From extrapolating observations of the distribution of EUV brightpoints and their equatorward progression, we can already estimate that the Cycle 25 terminator will be late 2031—early 2032, with an uncertainty of about 9 months. Following the method outlined by Leamon et al. (2022), we can confirm, refine, or revise our estimate for the length of Cycle 25 as early as its polar field reversal, which we currently estimate to be early-mid 2024. While the timing of the 2020 La Niña turned out to be perhaps more serendipitous than a fantastic prediction 3 years in advance, the triple-dip that endured into 2023, and its previous analogue of 1998–2001, one whole Hale Cycle ago, we may be cautiously optimistic for the general trends of large-scale solar climate in the next decade.
[image: Figure 5]FIGURE 5 | (A) “Standard” cycle from Figure 4 projected forward in (real) time from March 2019 to the Cycle 25 terminator, currently predicted (Leamon et al., 2022, from extrapolation of the band progression shown in Panel (B)) to be late 2031. EL Niños may be expected around 2026 and 2031, and La Niñas in 2020–21, 2027–28 and 2032–33. The green trace shows the observed ONI from March 2019 to December 2022.
The year 2023 does present an immediate acid test: Figure 5 suggests, statistically, that there will not a (strong) El Niño until around 2026, after the peak of the sunspot cycle, and ENSO-neutral conditions will endure from now until then. This is in contrast with the increasing drumbeats of a (strong) El Niño from various government agencies and NGOs worldwide. For instance, the European Center for Medium-Range Weather Forecasting (ECMWF) model, predicted on 1 Feb 2023 that the July measurement would be +0.91, a [image: image] shift from January. That model might be the outlier in the ensemble, and we are the wrong side of the classic “spring Predictably Barrier,” but such a +ENSO swing is a rare feat indeed, even after the triple dip La Niña. And, as Figure 3 shows, we have to go all the way back to 1957 to get a (strong) El Niño prior to solar maximum. Reiterating, the year 2023 presents an immediate acid test.
3.4 What have we learned?
It is all to easy to dismiss the solar cycle terminator–ENSO correlation of Leamon et al. (2021) as a quirk, a curiosity. Indeed, its citation record—4, plus one self-citation (Leamon et al., 2022) for the modified superposed epoch method—might concur with that sentiment.
Climate Science is messy; this is not a topic to wrap up neatly and put a bow on it. Interdisciplinary, transdisciplinary science is even harder. Not only does one have to wrap things up neatly and convince one’s own discipline community, but then to convince the other community requires speaking their (specialized) language to communicate with them. The stacked time series plots of scalar quantities in all the Figures here rather than maps suggest I am still operating in an “above-the-atmosphere” mindset.
Paper I was written with an open mind as to what the coupling mechanism from the Sun to the ocean was and reported just the statistical correlations. We suspected that cosmic rays or precipitation of other charged particles might be modulating the teleconnections (e.g., Bjerknes, 1969; Domeisen et al., 2019) from equator to higher (terrestrial) latitudes, and the fact that these correlations turned on in the 1960s came from the warming planet. Rather than increased tropospheric temperatures, other long-time-scale trends, such as phase of the Atlantic Multi-decadal Oscillation (AMO; see, e.g., Omrani et al., 2022) could aid (or hinder) teleconnections, driving the observed ENSO variability. The AMO turned negative in the mid-60s, in time for the Cycle 19 terminator, but that negative phase ended around 2000, and there have been two more Hale Cycle terminators since then, with associated (multi-year) La Niña events.
The GCR flux did drop off slightly in mid-2020, corresponding to the onset of the current multi-year La Niña event, but the big (5.5%) drop corresponded to the late-2021 decrease in ONI, or return to values below −0.5. Tinsley et al. (1989) noted that while the GCR flux recorded by neutron monitors in Oulu (as used in this paper and elsewhere) lies in the range 1–10 GeV, it would be more appropriate to use as comparison with (storm intensity) the flux of particles with energies an order of magnitude lower, being “the main source of ionisation and a source of chemical species in the lower stratosphere and troposphere.” This is consistent with the biggest change in Oxygen fluxes (ACE-SIS) from the mid-2020 peak came in the 7.3–10 MeV/nuc range (so 115–160 MeV total for an 8-proton, 8-neutron Oxygen nucleus) with a 30%–40% drop over the last half of 2020, and a further decrease aligned with the terminator (JS Rankin, personal communication; but see also Rankin et al., 2022).
The US$ billion socio-economic impacts of ENSO are such that it behooves us, as a community, to mitigate them by being able to predict ENSO on decadal timescales. We need an experiment, or series of experiments, field campaigns, models, both in the neutral atmosphere and plasma space above, to deduce the coupling pathway and mechanisms. Is charged particle precipitation properly accounted for in coupled circulation models, for instance? The method described here to describe the “unit cycle” of irradiance can then be forecast to a given/predicted solar cycle length and strength for use in higher-fidelity long-range future climate models. The various studies and authors quoted in Jones (2022) agree that the IPCC models are missing something—usually incorporation of ice sheets—but why not incorporation of upper atmosphere phenomena?
3.5 Where do we go now?
Any connection, or attempted connection between solar variability and oceanic variability is viewed with deep scepticism. Nevertheless, any prognostic skill at all, frankly, is mind-boggling. The correlations presented here and in Paper I are not happenstance. As previously mentioned, the year 2023 presents an immediate acid test of the predictions here (ENSO relatively neutral) and recent computer models calling for a strong El Niño, albeit while highly cognizant of the Spring Predictability Barrier.
To advance higher-fidelity long-range future climate models, we need a (large) team of open-minded individuals to explore what needs to be included. And, of course, not just funding, but interdisciplinary funding. Finally, there has in the last year or so, been a rapid increase in interest of Artificial Intelligence and Machine Learning for the scientific process—methods for predicting natural phenomena, and also discovering new physical insight based on hitherto unforeseen patterns in the data. Such a Neural Net technique was demonstrated for geomagnetic storm predictions by Cheung et al. (2017), and provides a clear pathway forward for our interests: What potential mechansisms can be found to explain the empirical sun-atmosphere correlation through correlated variations in the solar corona, EUV spectral irradiance, and solar wind down to the radiation belts, ITM structures and the stratosphere?
4 CONCLUSION
In Paper I (Leamon et al., 2021) we showed a strong correlation between the end of solar activity cycles and the warm-to-cold transitions of the El Niño Southern Oscillation, that held for the 5 cycles 19–23, or from 1966–7 to 2010–11. Paper I then predicted that the next such transition would be in 2020. La Niña did indeed begin in mid-2020, and endured into 2023. However, some of the solar predictions made in Paper I did not come to pass until late 2021.
It would appear, then, that the galactic cosmic ray-driven modulation suggested by Paper I to explain the El Niño to La Niña transitions is not correct. In lieu of GCRs, but still searching for a solar-modulated mechanism, we considered the we considered the tilt of the Heliospheric current sheet and the geomagnetic activity indices Kp and Ap. When the HCS tilt exceeds the Earth’s orbital obliquity, 23.4°, is a good (scalar) proxy for the terminator, and thus an El Niño to La Niña transition.
The geomagnetic activity indices are a far more promising mechanism: 17 of the 19 significant El Niño events since 1950 are closely correlated in time with a local extremum in Kp and Ap. The El Niño to La Niña transition at the terminator comes as geomagnetic activity rises from its solar cycle minimum, and any mid-cycle El Niños are associated with local peaks in geomagnetic activity (especially that event that always seems to occur within a year of the 2/5 cycle landmark).
So, revising the conclusion from Paper I, maybe it is an El Niño that is driven by solar-terrestrial coupling, and a La Niña just follows as the coupled ocean-atmosphere system relaxes. However, these temporal correlations do not explain the magnitude of an El Niño event, or the La Niña event that follows, nor does it explain why post-terminator La Niña events tend to endure for two or more years, especially those at the end of even-numbered solar cycles, such as the 2020–23 event just ended.
Based on the solar cycle correlations shown in Figures 1, 3, we computed the average ENSO for a solar cycle, and predicted it forward for the next decade.
The rest of 2023 presents an immediate acid test for the statistical correlations presented here: we do not predict a strong El Niño, in opposition, perhaps, to dynamical forecasts. Statistical forecasts have no experience of the current unprecedentedly warm ocean waters worldwide; have dynamic forecasts properly included such sea surface temperatures? If any solar cycle-dependent model is to be believed, we have to go all the way back to 1957 to get a (strong) El Niño prior to solar maximum. We shall see.
To conclude, in light of the theme of this Frontiers Research Topic, “Impact of Solar Activities on Weather and Climate,” we have shown that there are rapid changes in solar output, in terms of energetic photons, particulate ejecta and the large-scale heliospheric structure at specific, predictable times in the solar cycle, and that major swings in the various ENSO indices are correlated with at least one (The El Niño to La Niña transition at the terminator), if not two (the post-maximum El Niño peak), of these landmarks. As such, the results presented here suggest that solar (cycle-modulated) inputs are not properly captured in current models of ENSO, and thus we offer great utility for improving the fidelity of atmospheric and climate modelling in future.
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APPENDIX A: WAVELET ANALYSIS
Given that the key result of the present paper is that ENSO variability is correlated with the terminators, which occur not at a fixed temporal frequency but at a fixed phase of the solar cycle, we are reticent to include a Fourier spectral analysis. Nevertheless, the question “Would you expect there to be significant power in a Fourier spectrum of the entire ENSO signal?” is a valid one, as there have been several previous spectral analyses of ENSO. Indeed, the seminal wavelet analysis paper (Torrence and Compo, 1998) uses ENSO data (the Niño3 timeseries) as its “practical example.”
As such, Figure 6 shows wavelet power spectra for the ONI index as discussed above, and also for the longer term “Multivariate ENSO Index,” MEI, (Wolter and Timlin, 2011) that combines air pressure, temperature and wind speed data along with sea surface temperatures, normalized such that the mean value for 1871–2005 is zero and the standard deviation is unity.
[image: Figure 6]FIGURE 6 | Wavelet power spectra for the NOAA indices ONI 1950–present (top) and the extended “Multivariate ENSO Index” (MEI) 1871–present (bottom; note change of abscissa scale). Cross-hatched regions on either end indicate the “cone of influence,” where edge effects become important. Horizontal dashed and dotted white lines refer to periods of 3, 7, and 11 years; Vertical white lines indicate June 1966 (the Cycle 19 terminator), and, in the MEI panel, January 1911 (see text). Significant power is seen at solar cycle scales from the mid-1960s on, consistent with the results of Torrence and Compo (1998), and Wang and Wang (1996).
As a sanity check, the spectra of the two indices agree, and our analysis agrees with previous ENSO wavelet analyses (Wang and Wang, 1996; Torrence and Compo, 1998) that “the principal period of ENSO has experienced two rapid changes since 1872, one in the early 1910s and the other in the mid-1960s.” Thus in both panels of Figure 6, vertical dot-dashed lines indicate June 1966 (the cycle 19 terminator), and in Figure 6B, somewhat arbitrarily, January 1911 marking the extent of the significance contour at 12–14 year scales and low power at scales shorter than about 4 years. An abrupt alteration anywhere between 1911 and 1914 would not be inconsistent with Figure 6B. However, given the likely role of tropospheric warming and stratospheric cooling in changing the properties of ENSO (Ramaswamy et al., 2006), and polar vortex—QBO teleconnections (Labitzke and van Loon, 1988; Toohey et al., 2014), it is believable that the June 1912 Novarupta volcano eruption in Katmai National Park, Alaska (Fierstein and Hildreth, 1992)—the largest eruption of the 20th century in terms of ash volume expelled, and which, unlike other major eruptions with stratospheric consequences, happened at high rather than equatorial latitudes—could be the trigger of the 1910s phase change seen in Figure 6. Another suggestion from Figure 6 is that another abrupt alteration of oscillation period occurred around 2003–5 to a dominant 3-year periodicity. Even though one could then argue that a 3-year intrinsic periodicity would also make a 2019–2020 prediction, the power at scales of a few years (almost always) exceeds that at solar cycle scales, and there is consistent, significant, power at 11-ish year scales over the past five solar cycles.
Not unrelated to the change in ENSO principal period and the onset of a significant signal at solar cycle scales in the mid-1960s, Wang (1995) noted that the onset of El Niño experienced an abrupt change in the late 1970s. He attributed the change to “a sudden variation in the background state, associated with “a conspicuous global warming” and deepening of the Aleutian Low in the North Pacific.”
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The South Asian jet leading wave train (SAJLWT) is a zonally elongated and equivalently barotropic stationary Rossby wave train along the wintertime South Asian subtropical jet, which stands out as the leading empirical orthogonal function mode of monthly meridional winds at the upper troposphere over southern Eurasia. The SAJLWT is closely related to weather and climate extremes over southern Eurasia, but up to now, the mechanisms of SAJLWT variability are still not fully understood. The present study reveals a significant 11-year solar cycle (SC) influence on the SAJLWT variability in late winter (January–March). The in-phase correlation between the SC and the SAJLWT is not only statistically significant but also consistent over time. Associated with the solar-induced SAJLWT anomalies, significant surface cooling exists over northeastern Africa and Middle East, while significant positive precipitation anomalies appear over southern China. Two routes of mechanisms are presented to clarify the SC–SAJLWT linkage. One is due to the solar-induced northwest–southeast tilted North Atlantic Oscillation (TNAO) pattern, which may reflect a “top–down” solar forcing and the ocean–atmosphere couplings in the North Atlantic Ocean. This TNAO pattern would trigger southeastward wave activity fluxes toward the SAJ, thus significantly impacting the upstream portions of the SAJLWT pattern. The other mechanism involves weakened convection over the Maritime Continent (MC) region, reflecting solar-induced weakening of Pacific Walker Circulation via “bottom–up” processes. The MC convection anomaly would also excite a SAJLWT-like circulation pattern. Our analysis highlights that the solar “top–down” and “bottom–up” mechanisms may act in concert to exert a significant impact on the SAJLWT and indicates that the SC forcing is an appreciable source of decadal predictability in southern Eurasia.
Keywords: 11-year solar cycle, South Asian jet, wave train, sea surface temperature, tropical convection
1 INTRODUCTION
In wintertime, the Asian subtropical westerly jet shifts southward to around 25°N, extending from Middle East to North Pacific, known as the South Asian jet (SAJ, Yang et al., 2004) stream. It acts as a waveguide for quasi-stationary waves that promote upstream disturbances to propagate efficiently to East Asia (Branstator, 2002; Watanabe, 2004). Particularly, in the recent decade, growing interest had been focused on a zonally elongated and equivalently barotropic stationary Rossby wave train along the SAJ, which stands out as the leading empirical orthogonal function (EOF) mode of wintertime monthly meridional winds at the upper troposphere over southern Eurasia (Li et al., 2017; Li et al., 2020; Hu et al., 2018). It originates in the North Atlantic, propagates southeastward to the Arabian Sea, and then turns eastward along the SAJ toward East Asia (EA). This SAJ leading wave train (SAJLWT) features variabilities on a wide range of time scales and exerts substantial impacts on weather and climate over EA. Some extreme wintertime rainfalls, snowfalls, and temperature anomalies in EA are associated with this wave pattern (Wen et al., 2009; Ding and Li, 2017; Shen et al., 2019). Hence, it is important to discover the physical processes driving the variations of the SAJLWT.
A number of studies have investigated the triggering and maintaining mechanism of the SAJLWT. The results demonstrate it is an atmospheric internal mode, which can be triggered and sustained through wave–mean flow interactions (Wirth et al., 2018; Li, 2021). The causes of interannual and decadal variations of this wave pattern had also extracted much attention, and two types of drivers had been identified. One is the circulation patterns over the North Atlantic and European (NAE) region. Among them, the North Atlantic Oscillation (NAO) anomaly was found to be closely linked to this wave train (Song et al., 2014). In addition, the wave train can also be stimulated by quasi-zonally elongated cyclonic or anticyclonic anomalies over mid-high latitudes of the NAE region without the NAO. These NAE circulation disturbances would propagate eastward toward East Asia and North Pacific after being injected into the SAJ, due to the waveguide effect (Huang et al., 2020). On the other hand, tropical processes occurring along the wave path can also fuel this wave train. In general, the SAJLWT is associated with El Niño–Southern Oscillation (ENSO)-like patterns. Through the Gill–Matsuno mechanism, sea surface temperature (SST) and convection anomalies in the tropical eastern Pacific (EP), western Pacific (WP), and Indian Ocean (IO) were found to excite circulation anomalies along the SAJ (Leung et al., 2017; Hu et al., 2018; Wei et al., 2022). However, whether the SAJLWT can be driven by external forcing factors remains unclear. Thus, further analysis should be carried out to identify the external factors of this wave train as it is useful for predicting the EA climate anomalies.
As an important natural external forcing factor of the climate system, the 11-year solar cycle (SC) may exert non-negligible influences on regional climate (Gray et al., 2010). Recent studies identify several particularly strong SC influences on the troposphere at different regions. Particularly, increasing observational and modeling evidence supports the presence of SC impacts on NAE circulation anomalies (Ineson et al., 2011; Chen et al., 2015). Generally, enhanced solar activity tends to exert a positive NAO-like pattern in wintertime, but the SC signal exhibits substantial subseasonal variations (Gray et al., 2013; Gray et al., 2016; Ma et al., 2018). There are two crucial differences between the early and late winter SC signals. One is the issue of timing. In early winter, the positive NAO-like pattern emerges 2–4 years after SC maximum, while the late winter response tends to synchronize with the SC. The other is the difference in spatial patterns. The early winter response exhibits the north–south dipole that highly resembles the canonical NAO but with more statistical significance in the Azores region (i.e., the southern lobe). The late winter response exhibits a northwest–southeast tilted dipole structure, which contains an Icelandic low-pressure anomaly and a European high-pressure anomaly, a pattern that is somewhat distinct with the canonical NAO pattern (Brugnara et al., 2013). The lagged response in early winter is dominated by the ocean feedback in the Atlantic, and the synchronized late winter response may be jointly influenced by the “top-down” forcing from the stratosphere and the ocean–atmosphere coupling in the Atlantic (Scaife et al., 2013; Thiéblemont et al., 2015). The Indo-Pacific sector is also a hotspot of solar influence. Many previous studies identified cooling in the eastern/western Pacific and warming in the central Pacific in SC maximum years, resembling the CP type of El Niño (Roy and Haigh, 2010; Zhou and Tung, 2010; Hood et al., 2013; Kodera et al., 2016; Huo and Xiao, 2017). Correspondingly, the Pacific Walker Circulation is weakened (Misios et al., 2016). These SST and circulation anomalies may be attributed to a “bottom–up” mechanism, which involves changed hydrology or ocean dynamics in response to a warmer surface associated with the increase in the total solar irradiance (Misios et al., 2016; Misios et al., 2019; Huo et al., 2021).
As mentioned previously, both of these flavors of solar signals have the potential to impact the SAJLWT. Therefore, it comes naturally to ask whether there is an SC signal in the SAJLWT. In addition, what are the physical mechanisms lying behind? Particularly, interactive processes among the SAJ variability and the two types of solar signals deserve further discussion. Section 2 contains a description of the data and methods used. Section 3 presents a robust and significant connection between the SC and the SAJLWT. Section 4 provides the combined effects of solar-induced NAE circulation anomalies and solar-related tropical forcing on the SAJLWT. The discussion and summary are presented in Sections 5.
2 DATA AND METHODS
2.1 Datasets
In this study, we employ the European Centre for Medium-Range Weather Forecasts (ECMWF) 20th century reanalysis (ERA-20C) dataset with a horizontal resolution of 2.5° for the 1901–2010 period (Poli et al., 2016). We also employed the Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) dataset (Rayner et al., 2003). The present study employed Climatic Research Unit (CRU) TS v4.01 temperature and precipitation data with a horizontal resolution of 0.5° (Harris et al., 2014). The monthly precipitation reconstruction released by the National Oceanic and Atmospheric Administration (NOAA) was also used (Chen et al., 2002), which has a horizontal resolution of 2.5°. To investigate the vertical structure of the solar signal and the stratospheric impact, the monthly mean European Centre for Medium-Range Weather Forecasts Interim reanalysis (ERA-Interim) data were employed (Dee et al., 2011). In this study, monthly sunspot numbers (SSNs) are used to quantify the solar activity, which can be downloaded at http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/SUNSPOT/. In order to characterize the impacts from the major volcanic eruptions, the Northern Hemisphere-averaged stratospheric aerosol optical depth (AOD) is used, which can be downloaded from https://data.giss.nasa.gov/modelforce/strataer/.
2.2 Methods
It is challenging to isolate the SC signal from various sources of internal variability and external forcing. To address this issue, many previous studies of solar-climate linkage employ the multiple linear regression (MLR) method, which had been regarded as an effective way of separating SC influences (Lean and Rind, 2008; Frame and Gray, 2010; Roy and Haigh, 2010; Ma et al., 2018). Commonly, in these studies, four climate factors are considered, namely, solar forcing, volcanic forcing, ENSO, and anthropogenic forcing. Following these studies, we obtain the response of a climate variable [image: image] over location [image: image] (a vector) in year at l years leading/lagging the SC using the following MLR equation:
[image: image]
The four indices employed in the MLR (Eq. 1) are as follows: 1) SSN: the January–February–March (JFM) mean SSN at l-year lag (Note that time variations greater than 15 years were subtracted from the SSN time series by applying a low-pass filter technique to ensure that we only extract the quasi-11-year SC signal); 2) VOLC: the JFM mean Northern Hemisphere-averaged stratospheric AOD that characterizes volcanic influences; 3) ENSO, characterized by the JFM mean SST anomalies over the region 5°N–5°S and 180–90°W; and 4) TREND, a linear trend term that approximately represents the anthropogenic forcing. [image: image] represents the residual term of the MLR equation. We employed a prewhitening procedure to eliminate the potential autocorrelation in the residual term, following Chen et al. (2015). Subsequently, we used a 1000-trial bootstrap resampling test to determine the statistical significance level of the regression coefficients. The estimated SC signals are denoted by the SSN regression coefficients, which had been scaled (by multiplying the difference between the maximum and minimum values of the solar index) to obtain an estimate of the maximum likely atmospheric responses to the SC. Notably, sensitivity tests suggest increasing or decreasing of external or internal factors in the MLR analysis, for example, the Atlantic Multidecadal Oscillation, ENSO, volcanic forcing, or anthropogenic forcing does not substantially change the obtained SC signals (not shown).
To describe the upper tropospheric Rossby wave activity, the phase-independent wave activity flux (WAF; Takaya and Nakamura, 2001) was calculated. The WAF can be expressed as follows:
[image: image]
Here, [image: image] denotes the stream function, [image: image] is the Coriolis parameter, [image: image] is the gas constant, U =(u, v) represents the horizontal wind velocity, and [image: image], with temperature T and the specific heat at constant pressure [image: image]. Overbars and primes represent the climatology and anomalies, respectively. The derived WAF is suitable for analyzing the propagation of the wave packet.
3 ROBUST AND SIGNIFICANT SOLAR SIGNATURES IN WINTERTIME SAJ VARIABILITY
To show solar signatures in the upper tropospheric circulation, Figure 1A displays the SC signal in the 250-hPa GPH and vector wind anomalies. It is seen that the solar signal exhibits a marked Rossby wave train extending from the North Atlantic to the North Pacific Ocean traveling along the subtropical jet. The wave-like structure consists of six geographically fixed lobes with centers being located over Iceland, southern Europe, Egypt, Arabian Sea, southern China, and the Japan Sea. Statistical significant GPH anomalies mainly exist in the upstream nodes of this wave train, i.e., Iceland, southern Europe, and the Middle East, whereas the downstream nodes of the GPH anomalies, i.e., the negative GPH anomalies around southwest China and the positive GPH anomalies over the Japan Sea, are with limited statistical significance. However, due to the enhanced pressure gradient between them, significant southerly anomalies can still be found over central-eastern China (Figure 1B).
[image: Figure 1]FIGURE 1 | SC signals in upper tropospheric circulation anomalies. The SC signals are defined as the regression coefficients of SSN (derived from MLR Eq. 1) multiplied by the maximum peak-to-trough SSN, which can approximately represent the maximum likely atmospheric responses to the SC. (A) Spatial distributions of SC signals in GPH (shaded, unit: gpm) and wind anomalies (vector, unit: m/s) at 250 hPa for JFM. (B) SC signals in meridional wind (shaded, unit: m/s) at 250 hPa for January–March. Solid white dots denote regions where the SC signals are statistically significant at the 5% level (i.e., p<0.05) after prewhitening and a 1000-trial bootstrap resampling test. Only the wind vector that is significant at the 5% level is shown. In (B), the green contour represents climatological jet stream (40 m/s of zonal wind), and the black rectangle is consistent with the area of EOF analysis in Figure 2A. The SC signals are obtained from MLR (Eq. 1).
This derived solar pattern bears high resemblance with the SAJLWT pattern revealed by previous studies (Hu et al., 2018, see their Figure 3A). To verify this, follow Hu et al. (2018); we first obtain the SAJLWT pattern by calculating the EOF leading mode based on monthly v anomalies at 250 hPa in the domain of 0–45°N and 0–140°E during JFM of 1901–2010 (Figure 2A), which represents the dominant mode of the quasi-stationary Rossby wave along the SAJ. It should be pointed out that the chosen domain is confined in mid-lower latitudes in order to distinguish the wave train propagating along the SAJ with the waves traveling along the polar jet. This does not mean the significant solar signal is solely located over the low latitude but because we focus on the relationship between solar activity and the SAJLWT.
[image: Figure 2]FIGURE 2 | (A) First EOF mode of JFM mean meridional wind at 250 hPa for 1901–2010 over 0–45°N, 0–140°E. (B) Regressions of GPH (shaded, unit: gpm) and wind anomaly (vector, unit: m/s) at 250-hPa on the PC1. Solid white dots denote that the regression coefficients of GPH are statistically significant at the 5% level (i.e., p<0.05), and only the wind vector that is significant at the 5% level is shown.
Here, we use the PC1 of the EOF analysis on 250-hPa v anomalies in this domain (0–45°N,0–140°E) to characterize SAJLWT variability. Then, the regressed 250 hPa GPH and vector wind anomalies onto the JFM mean PC1 are shown in Figure 2B. Comparing Figure 1 and Figure 2, it is found the solar and the SAJLWT patterns are quite similar. In this study, we use the PC1 of the EOF1 mode to characterize the SAJLWT variability. As shown in Figure 3A, the time series of PC1 is significantly correlated with the SSN (r = 0.362, p<0.01), suggesting the significant influence of SC on the SAJLWT.
[image: Figure 3]FIGURE 3 | (A) Standardized time series of SSN and PC1. (B) SC signals in JFM PC1 at various lags (from −5 to +5 years) over the time period 1901–2010. (C) 33-year sliding SC signals in JFM PC1 at various lags (from −5 to +5 years). The x-axis, year, is labeled according to the central year of the 33-year window, which means that at a given year N, the MLR analysis is performed using datasets from year N-16 to year N+16. The y-axis shows the number of years that the PC1 lagging the SSN index in MLR (Eq. 1). The SC signals in (B) and (C) are obtained from MLR (Eq. 1). To determine the statistical significance, we first employed a prewhitening procedure to eliminate the potential autocorrelation in the residual term, following Chen et al. (2015). Subsequently, we used a 1000-trial bootstrap resampling test to determine the statistical significance level of the solar regression coefficients, following Ma et al. (2018). Solid black dots in (B) and (C) denote that the SC signals are statistically significant at the 5% level (i.e., p<0.05).
Next, we investigate the lead/lag nature of the solar–SAJLWT relationship. Figure 3B shows the lead/lag solar signal in PC1 estimated from the MLR analysis over the time period 1901–2010. Notably, the solar index here had been employed at different lead/lag times between 0 and 5 years. Considering the SC has quasi-11-year period, the lead/lag of zero years indicates the SC maximum (SCmax) and the lead/lag of 5 years represents SC minimum (SCmin). A maximum positive response at lag zero represents a signal whose maximum value coincides with the SCmax. As is seen, the maximum PC1 response appears at lag zero (corresponding to the SCmax phase), while the minimum PC1 response appears at lag 5 years and lead 5 years (corresponding to the SCmin phase). The significant (p<0.05) signals also appear around the SCmax and SCmin phases. These results suggest the wave train response is significant and generally synchronous to the SC. To further investigate the robustness of this solar signal, Figure 3C shows the 33-year sliding solar signal in PC1 over the time period 1901–2010. The year in the x-axis denotes the central year of the 33-year rolling window, while the year in the y-axis is labeled according to the lead/lag time employed. The results show positive PC1 response generally maximizing at zero lag for most of the time intervals, with significant (p < 0.05) signals mainly detected during 1940s–1990s, suggesting the wave train response is generally consistent over time. On the other hand, although the SC signal is relatively stable over time, a slight multidecadal drift still exists. Interestingly, we notice sometimes the strongest PC1 response occurs at 1 year, leading the Smax (e.g., 1940–1960). These slight drifts may be caused due to contamination from internal noises (Gray et al., 2016; Ma et al., 2018).
We note that SC affects not only the SAJLWT but also the SAJ itself. Figure 4 shows the solar signal in 250-hPa zonal wind. As is seen, significant strengthening of westerlies appear over the Arabian peninsula and Iranian plateau, while westerlies over the Mediterranean are significantly weakened, which is consistent with the negative GPH anomalies that exist from western Russia to the Middle East. Considering the western part of the SAJ (known as the Middle East jet stream, MEJ) is climatologically located over northern Egypt and Saudi Arabia (the green contour in Figure 4), the zonal wind pattern suggests enhanced solar activity tends to significantly shift the MEJ southeastward.
[image: Figure 4]FIGURE 4 | SC signals in 250-hPa zonal wind anomalies (shaded, unit: m/s); the definition of the SC signal here is same as Figure 1. Solid black dots denote that the SC signals are statistically significant at the 5% level (i.e., p<0.05) after prewhitening and a 1000-trial bootstrap resampling test. The green contour represents the climatological jet stream (40 m/s of zonal wind). The SC signals are obtained from MLR (Eq. 1).
It is reasonable to anticipate that the significant solar-related circulation anomalies analyzed previously are accompanied by corresponding changes in the surface air temperature and precipitation field. Figures 5A, B show solar signals in JFM temperature and precipitation anomalies, respectively. Accompanied with southeastward movement of the MEJ, the positive GPH anomaly appears over Europe and the negative GPH anomaly appears over Middle East and northeastern Africa (Figure 1A). As is known, the positive (negative) GPH anomaly at the upper troposphere means active warm ridge (cold trough), which typically corresponds to surface warming (cooling). Therefore, significant warming is seen in Europe, while significant cooling is detected in Middle East and northeastern Africa (Figure 5A). On the other hand, significant positive precipitation anomalies appear over southern China, consistent with the finding of Ma et al. (2019). We may infer that SC influences southern China precipitation anomalies through modulating the SAJLWT since the correlation between PC1 and southern China precipitation anomalies (defined as CRU precipitation anomalies averaged over 22–32°N, 110–120°E) reaches 0.41 for 1901–2010 (p < 0.01). According to Hu et al. (2018), the rainfall could be affected by the wave train-induced upward motions and the low-tropospheric moisture vapor convergence induced by anomalous wind from tropical oceans as the India–Burma trough is intensified.
[image: Figure 5]FIGURE 5 | Same as Figure 4 but for SC signals in surface air temperature (A) and precipitation (B).
4 POSSIBLE MECHANISMS FOR THE SOLAR–SAJ LINKAGE
As revealed previously, during late winter (JFM), there exists a robust and significant synchronized correlation between the SC and the SAJLWT. Over the southern Eurasian region, the solar signal also appears to significantly manifest in surface climate anomalies, including cooling in northeastern Africa and Middle East, and wet anomalies over southern China. In this section, we aimed to provide a possible explanation for these robust solar signals.
Previous studies have found that the SAJLWT pattern is closely associated with the upstream circulation patterns over the NAE region, as well as SST and convection anomalies over the tropical Indo-Pacific region (Wei et al., 2022). Coincidentally, significant solar signals exist in two regions, including a NAO-like pattern in the NAE region and a weakened Walker Circulation in the Indo-Pacific region. Therefore, both of these solar signals may impact the SAJ variability. In this section, the two routes of mechanisms are presented to clarify why the solar signal particularly manifests in the SAJLWT.
4.1 The NAE pathway of the solar modulation
In JFM, the solar pattern features a northwest–southeast dipole over the NAE region, including a significant negative (positive) GPH anomaly over the Iceland (Europe) region, consistent with the finding of Brugnara et al. (2013). To investigate the possible causes, Figure 6 shows the bi-month (November-December, December-January, January-February, and February-March, short for ND, DJ, JF, and FM, respectively) evolution of solar signals in zonal mean zonal wind averaged over the Atlantic sector (60–-0°W). As is seen, a significant positive zonal wind signal appears at around 60–80°N at 150–10 hPa in DJ, corresponding to an intensified stratospheric polar vortex. As had been suggested by many previous studies, this positive zonal wind anomaly is associated with the enlarged meridional temperature gradient in the stratosphere, which is related to variations in UV absorption and changes of ozone levels in the stratosphere. As season evolves, this stratospheric zonal wind anomaly exhibits clear downward propagation toward the troposphere. In JF and FM, the significant positive zonal wind reaches at around 60°N, physically consistent with the circulation pattern shown in Figure 1A. Therefore, our analysis suggests the observed circulation pattern over the NAE region may largely reflect a “top–down” solar forcing, consistent with the findings of previous studies (Ineson et al., 2011; Chen et al., 2015). Notably, several studies suggest the local ocean–atmosphere process also acts to shape the solar pattern over the NAE region (Gray et al., 2016).
[image: Figure 6]FIGURE 6 | Latitude-height cross-sections of SC signals in zonal mean zonal wind (m/s) over the Atlantic sector (60-0°W) using the MLR Eq. 1 during (A) November-December (ND), (B) December-January (DJ), (C) January-February (JF) and (D) February-March (FM). Black contours denote regions statistical significant at the 10% level. This figure is based on ERA-Interim reanalysis covering winter 1979/1980-2009/2010.
Several recent studies had demonstrated this circulation pattern could excite the SAJLWT pattern through downstream propagation of the Rossby wave train (e.g., Huang et al., 2020). Thus, it is reasonable to speculate that the NAE solar pattern could trigger the SAJLWT through Rossby wave energy propagation. Figure 7 displays solar signals in 250-hPa GPH anomalies and the WAFs. The source of the solar wave train originates from the mid-high latitudes of the North Atlantic Ocean. The 250-hPa WAFs start from the Gulf stream region propagating eastward, and then intensify and turn southeastward over Europe. Afterward, the wave energy is injected into the entrance of the SAJ, which causes cyclonic anomalies over the Middle East and a southeastward shift of the MEJ (western part of the SAJ). Such clear and evident WAFs allow us to interpret these upstream lobes of the solar wave pattern, including circulation anomalies over the NAE region and the Middle East region, as stationary Rossby waves propagating southeastward from the North Atlantic Ocean. However, we note that the WAFs toward EA are less clear and evident than those in the NAE region.
[image: Figure 7]FIGURE 7 | SC signals in the JFM 250-hPa GPH (unit: gpm); solid white dots denote statistical significance at the 5% level, and the vectors denote wave activity flux (Takaya & Nakamura, 2001) at 250 hPa (unit: [image: image]).
Considering the solar signal over the NAE region resembles a northwest–southeast tilted NAO (TNAO) pattern, here, we construct a TNAO index (TNAOI) to quantify the solar impact over the NAE region. The TNAOI is defined as the standardized difference of area averaged GPH anomalies over 35–50°N, 5–25°E and 50–65°N, 30–10°W regions, representing the strength of the northwest–southeast dipole anomaly over this region. The correlation between TNAOI and PC1 is 0.42 (p < 0.01), suggesting the TNAO pattern may bridge the SC–SAJLWT relationship. Figure 8 displays the TNAOI-associated circulation anomalies. By comparing Figure 8 and Figure 1, it is seen that the TNAO and solar patterns are generally consistent over the NAE region, the Middle East, and India, indicating the solar-associated TNAO pattern play an important role in the upstream portions of the SAJLWT. However, the TNAO impact is relatively weak over EA, thus suggesting the TNAO pattern may only partly explain the observed EA circulation anomalies. On the other hand, we also note that northeastward WAFs prevail between the South China Sea and Northeast Asia (Figure 7), hinting a remote influence of tropical convection to the EA circulation anomalies.
[image: Figure 8]FIGURE 8 | (A) Regressions of GPH (shaded, unit: gpm) and wind anomaly (vector, unit: m/s) at 250-hPa on TNAOI. (B) Regressions of meridional wind (shaded, unit: m/s) at 250 hPa on TNAOI. Solid black dots denote that the regression coefficients are statistically significant at the 5% level (i.e., p<0.05); only the wind vector that is statistically significant at the 5% level is shown. The green contour represents the climatological jet stream (40 m/s of zonal wind).
4.2 The Indo-Pacific pathway of solar modulation
Previous studies suggested that the SAJLWT pattern can be modulated by SST and convection anomalies over the Indo-Pacific sector (Hu et al., 2018; Wei et al., 2022). To demonstrate this, Figure 9 shows regressed SST, precipitation, and 850-hPa wind anomalies onto PC1. As is shown in Figure 9A, associated with the positive phase of the PC1, the SST anomaly resembles the El Niño pattern, with significant warming appearing over tropical EP and IO, while cooling exists over WP. Correspondingly, significant positive precipitation anomalies appear over tropical EP and IO, whereas significant negative precipitation anomalies are detected over the MC region (Figure 9B). The low-level easterly anomaly exists over MC and IO, and the westerly anomaly appears over CP and WP, indicative of a weakened Walker Circulation. These features are generally consistent with previous findings, which also demonstrate positive PC1 is associated with El Niño-like rainfall/convection anomalies in the tropics (Hu et al., 2018).
[image: Figure 9]FIGURE 9 | (A) Regression map of the SST anomaly (shading, unit: °C) against the PC1 in JFM for the period of 1901–2010. (B) Regressions of precipitation anomalies (shaded, unit: gpm) and wind anomaly (vector, unit: m/s) at 850-hPa on the PC1. Solid black dots denote that the regression coefficients of precipitation anomalies are statistically significant at the 5% level (i.e., p<0.05), and only the wind vector that is significant at the 5% level is shown.
We then display the solar signal in tropical SST, precipitation, and 850-hPa wind anomalies, as shown in Figure 10. We note that the solar SST pattern (Figure 10A) across the tropics is distinct with the PC1-associated SST pattern. It dislikes the El Niño pattern, particularly over EP (Figure 10A). However, the SST distribution from CP to IO still bears some resemblance with El Niño. The CP and IO show warming, while WP shows cooling. Such an SST pattern would drive positive precipitation anomalies in tropical CP and IO, and negative significant precipitation anomalies over the MC region (Figure 10B). The correlation coefficient between the SSN and the MC precipitation index (MCPI), defined as the domain average of precipitation anomalies over the 10°S–10°N and 100–150°E region, is −0.32, exceeding the 0.01 significance level. In addition, the significant 850-hPa westerly anomaly appears at equatorial central-western Pacific Ocean. Therefore, enhanced solar activity is also associated with suppressed convection around over the MC and a weakened Walker Circulation, generally consistent with the previous finding of Misios et al. (2019).
[image: Figure 10]FIGURE 10 | (A) SC signals in tropical SST (shading, unit: °C). (B) SC signals in precipitation anomalies (shaded, unit: gpm) and wind anomaly (vector, unit: m/s) at 850-hPa; the definition of the SC signal here is the same as Figure 1. Solid black dots denote regions where the SC signals are statistically significant at the 5% level (i.e., p<0.05) after prewhitening and a 1000-trial bootstrap resampling test. Only the wind vector that is statistically significant at the 5% level is shown. The black rectangle is consistent with the area of MCPI definition. The SC signals are obtained from MLR (Eq. 1).
As revealed previously, SC weakens the Walker Circulation and induces significant dry anomalies over the MC region. We, thus, hypothesized that the close relationship between the SC and the SAJLWT pattern could also be partly established via solar impact on the MC convection anomalies. To support this hypothesis, we compute regressed 250-hPa circulation anomalies onto MCPI, as shown in Figure 11. The GPH/wind field bears high resemblance for the downstream portions of the solar-associated wave pattern (Figure 1), suggesting MC convection anomalies may play a role in the solar–SAJLWT relationship.
[image: Figure 11]FIGURE 11 | The same as Figure 8, but for regressions of (A) GPH (shaded, unit: gpm) and wind anomaly (vector, unit: m/s) at 250-hPa and (B) meridional wind (shaded, unit: m/s) at 250 hPa onto the MCPI.
Previous observational and modeling studies had pointed out that suppressed convection over the MC would reduce local latent heat release in the mid troposphere, which excites a Gill-type response with a cyclonic anomaly in the upper troposphere of the Indo-China Peninsula and southern China. Then, a northeastward anomalous Rossby wave train is triggered, resulting in a positive center of the GPH anomaly over the Japan Sea (Sakai and Kawamura, 2009; Leung et al., 2017). We note that Figure 11A shows a similar northeastward Rossby wave train over EA, physically consistent with these previous findings. The MC convection-induced GPH pattern would also determine v anomalies over India and the East China Sea, coinciding with the downstream nodes of the SAJLWT. However, notably, Figures 11A, B also show wave-like circulation anomalies over Europe and Middle East, which is beyond the scope of MC convection-induced Rossby wave train. One possible explanation is the close correlation between MC convection and IO convection, and the latter had been demonstrated to be significantly linked to wave patterns over Europe and Middle East (Wei et al., 2022). Although the linear regression approach cannot well separate the effects of two closely dependent phenomena, therefore, we may infer that the MC convection mainly impacts the downstream parts of the SAJLWT over Asia.
It is necessary to further point out the TNAO pattern and the MC convection anomalies seem to be two independent solar signals. On one hand, according to a previous literature report, they have different driving mechanisms corresponding to “top–down” and “bottom–up” solar forcing (Kodera et al., 2016). On the other hand, the correlation between TNAOI and MCPI is weak (r = 0.07). Moreover, we had also examined the 250-hPa solar signal over the Pacific–North America sector (not shown) and ruled out the possibility that the NAE circulation pattern is induced by Rossby wave propagation from the Indo-Pacific domain. These aforementioned analyses demonstrate two independent solar signals in NAE and Indo-Pacific sectors that act in concert to exert significant impacts on the SAJLWT.
5 SUMMARY AND DISCUSSION
In wintertime, the SAJ plays a very important role in weather and climate variations over the southern part of the Eurasian continent. Particularly, in the recent decade, growing interest had been focused on the SAJLWT mode since some extreme wintertime rainfalls, snowfalls, and temperature anomalies are closely associated with this pattern (Wen et al., 2009). Thus, it is important to discover the physical processes that drive the SAJLWT. However, as an important source of regional decadal climate variability, the role of SC in SAJLWT variability remains unclear.
The present study reveals a robust and significant SC influence on the SAJLWT in late winter (January–March). Our analysis suggests that the in-phase correlation between SC and the SAJLWT is not only statistically significant but also consistent over time. Associated with the solar-induced SAJ anomalies, significant cooling exists over northeastern Africa and the Middle East, while significant positive precipitation anomalies appear over southern China. Two routes of mechanisms are presented to clarify why a solar signal particularly manifests in the SAJLWT pattern. One is due to the solar-induced TNAO pattern over the NAE region, which may reflect a “top–down” solar forcing and the ocean–atmosphere coupling in the North Atlantic Ocean. This TNAO pattern can trigger downstream WAFs along the SAJ, thus forming the SAJLWT pattern. Notably, the TNAO-induced WAFs are more closely linked to the upstream portions of the SAJLWT while exerting relatively weaker impact on circulation anomalies over EA. The other mechanism involves weakened convection over the MC region, which reflects solar-induced weakened PWC via “bottom–up” processes. The MC convection anomaly associated with the weakened PWC would also excite a SAJLWT-like circulation pattern. Our analysis demonstrates two independent solar signals, namely, the TNAO pattern in the NAE region and the MC convection anomalies in the Indo-Pacific sectors, that act jointly to exert a significant impact on the SAJLWT.
In recent decades, much effort had been focused on two different groups of solar signals. One is the NAO-like pattern in the NH winter, which is dominated by the “top–down” solar forcing. The other is the CP ENSO-like pattern in the Indo-Pacific sector dominated by the “bottom–up” mechanism (Gray et al., 2010; Kodera et al., 2016). However, less attention had been paid on the potential combining effects of these two solar signals, particularly for the Eurasia continent, which receive remote forcing from both the NAE and the Indo-Pacific sector. The present study demonstrates these two different solar signals may work jointly to produce significant climate effects over southern Eurasia. Our results highlight that SC forcing is an appreciable source of SAJ decadal variability, which shows potential in improving decadal predictability in southern Eurasia. Although our analysis underlines the role of NAE circulation anomalies and the MC convection anomalies in controlling the SAJ responses, the current observational analysis does not allow us to determine their relative contributions quantitatively. Further modeling studies in future are required to achieve a comprehensive understanding on this issue.
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Galactic cosmic rays are one of the possible mediators of the solar influence on climate. However, the impacts of GCR on clouds and climate systems are not fully understood. In this paper, we show that the high-altitude clouds associated with deep convective activities are responding to the decadal-scale cycles of GCRs and that the susceptible areas are seasonally variable. Most notable responses were found in August over tropical land areas, suggesting that the susceptivity of clouds to GCRs depends on the depth of convective activities and the abundance of aerosol precursor materials. Furthermore, following the activation of high-altitude cloud formation, an increase in sea surface temperature (SST) gradient was observed over the Pacific. Although the response of sea surface temperature to solar activity has mostly been discussed as mediated by solar radiations, we propose that another mechanism is possible: through the impact of GCRs on clouds and the resultant changes in atmospheric circulations.
Keywords: sun-climate connection, cosmic rays, clouds, atmospheric circulation, sea surface temperatures
1 INTRODUCTION
The possible responses of climate to solar activity variations have been reported for various time scales (Gray et al., 2010), and several mediators have been proposed, including solar radiations (Kodera & Kuroda, 2002; Matthes et al., 2006; Meehl et al., 2008; Misios et al., 2019), GCRs modulated by solar-wind magnetic field (Svensmark & Friis-Christensen, 1997; Carslaw et al., 2002), and the interplanetary magnetic field (Voiculescu et al., 2013; Scott et al., 2014). Notable responses of climate, such as temperatures and precipitation, to solar activity have been observed for millennial (Bond et al., 2001; Obrochta et al., 2012) and centennial time scales (Neff et al., 2001; Wang et al., 2005); however, identifying the relative importance of mediating solar-activity related parameters is difficult at such time scales, as the radiative and magnetic outputs of the Sun vary in a similar pattern. To identify the contribution of each of the parameters and trace the propagation of their impacts, it is needed to examine the shorter time scales, such as those associated with the solar decadal cycle, or even shorter, where the temporal variation of the solar radiative outputs and GCRs are slightly different (Miyahara et al., 2008; Yamaguchi et al., 2010).
Solar radiations vary based on the emergence and disappearance of sunspots and faculae on the solar surface (Domingo et al., 2009). Therefore, they change along with the decadal-scale variation of the activity level of sunspots. However, the flux of GCRs incident to the Earth’s atmosphere is attenuated by the solar wind magnetic field in the heliosphere and is thus dependent on the evolution of the configuration and its direction (Jokipii & Thomas, 1981). As a result, the flux of GCRs is dependent on the solar magnetic polarity that reverses every solar cycle maximum (see Supplementary Figure S1). In addition, the transient intensification of the magnetic fields associated with solar coronal mass ejections contributes to the shielding of GCRs (Forbush, 1938). Due to the travel time of the solar magnetic field in the heliosphere and its influence on the trajectory of GCRs, the variation of GCRs at Earth occasionally delays up to ∼1.4 years relative to the decadal variations in solar activity level (Usoskin et al., 2001; Koldobskiy et al., 2022). Such features might allow identifying the potential contribution of GCRs to the Sun–Climate connection.
The possible impact of the decadal-scale solar activity cycle on climate has been reported, e.g., in the North Atlantic region (Kodera, 2002; Gray et al., 2016; Kuroda et al., 2022), in the Pacific region (Dima & Voiculescu, 2016), and particularly in the tropical region (Gleisner and Thejll, 2003; van Loon et al., 2004; White, 2006; Misios et al., 2019). Recent studies have suggested that an increased solar activity results in a reduction in the east-west gradient of SST over the Pacific and in a weakening of the Pacific Walker Circulation (Misios et al., 2019). These decadal-scale Sun-Climate connections have been mostly attempted to be explained by the so-called “top-down” mechanism, through which solar UV (SUV) influences stratospheric temperature and subsequently alters tropospheric circulation (Kodera & Kuroda, 2002; Matthes et al., 2006) or by the “bottom-up” mechanism, through which the total solar irradiance (TSI) warms up the ocean to change atmospheric circulation (Meehl et al., 2008; Misios et al., 2019). However, significant positive feedback is needed for the latter mechanism to explain the observed temperature variations, as the variability of TSI over solar cycles is as small as 1 W/m2.
It is, however, also possible that GCRs contribute to the decadal-scale Sun–Climate connection through the ionization and its impacts on cloud condensation nuclei (Dickinson, 1975; Carslaw et al., 2002; Kirkby et al., 2011; Svensmark et al., 2013), by enhancing the collision efficiency between aerosols and cloud droplets (Tinsley, 2000; Zhou et al., 2009; Tinsley, 2022), or by stabilizing the molecular cluster to grow to cloud condensation nuclei (Tinsley and Deen, 1991; Yu & Turco, 2001; Yu, 2002). However, it is not well understood where their effects may proceed in actual environments and how those impacts propagate in the climate system.
Originally, it was suggested that the cloud covers over oceans are enhanced with the increase in GCRs (Svensmark & Friis-Christensen, 1997). Later on, it was demonstrated that the low-altitude clouds over oceans are most significantly correlated to GCR variations (Marsh & Svensmark, 2003). Voiculescu et al. (2006) has suggested that the correlation to low-altitude clouds is significant over the mid latitudes of the Atlantic. However, both theoretical estimates and the laboratory chamber experiment have indicated that GCR-induced aerosol formations are rather efficient at low temperatures (Kazil et al., 2006; Yu et al., 2008; Kirkby et al., 2011; Dunne et al., 2016) (i.e., at high altitudes). The upper troposphere is also favorable in terms of the abundance of GCR-induced ions (Ney, 1959; Ermakov et al., 1997; Usoskin et al., 2004). Deep convection is a possible method for supplying aerosol precursors from the biogenic activities at the ground or ocean surfaces to the upper troposphere (Twohy et al., 2002; Kazil et al., 2006); therefore, the high-altitude clouds near highly convective areas are potentially most susceptive to GCRs, although the deep convection may also contribute to the transport of newly-formed cloud condensation nuclei to the lower troposphere to change the cloud properties (Williamson et al., 2019).
The impact of GCRs through the formation of aerosols may only be emphasized if there are few pre-existing aerosols in an ambient environment (Almeida et al., 2013), as newly formed aerosols tend to be adsorbed to pre-existing aerosols if they are abundant. Atmospheric aerosols, including the ones that have anthropogenic origins, are mostly confined within ∼4 km from the surface, except over the mountains with high elevations (Koffi et al., 2016). This factor also suggests a possibility that only the middle to upper troposphere meets the criteria of significantly being impacted by GCRs.
In this paper, we examine the response of high-altitude clouds based on records over the past 43 years. Due to the possible long-term artifactual influence from satellite-based observations (Evan et al., 2007), it is crucial to examine the cloud behaviors based on multiple independent data sets, and, to concentrate on the short to mid-term fluctuations. Therefore, in this work, we base on two records (see methods) and focus on the response at the decadal scale. We used monthly-resolved high temporal-resolution data to constrain the possible conditions required for cloud activity to respond to GCR variations.
2 METHODS
To examine the response of high-altitude clouds to GCR decadal cycles, we utilized a daily record of Outgoing Longwave Radiation (OLR) (Lee and NOAA CDR Program, 2001) with 1° × 1° resolution for Jan/1979–Dec/2021. OLR reflects the existence of high-altitude clouds, although only for low-latitude regions. For example, the existence of high clouds with low cloud-top temperatures leads to lower OLR value. In this study. We calculated the fraction of the days OLR is equal to or lower than a threshold value for each month. We produced four time series for each 1° × 1° grid with a threshold value: 170 W/m2, 200 W/m2, 230 W/m2, and 260 W/m2, respectively. In cases where the threshold used yielded a fraction of none or 100% for more than fifty percent of the time window used in the analysis, the threshold was considered too low or too high for that 1° × 1° tile and was discarded. The time series were then compared with the GCR variation to derive the Spearman’s correlation coefficient. The maximum correlation coefficient among the four cases and the corresponding threshold were displayed on the maps. In the tropical regions, if the maximum correlation was obtained with the threshold of 200 W/m2, it implies that tropospheric high-altitude clouds (cloud top pressure ≤ ∼440 mb) are most sensitively responding to GCRs. On the other hand, if the maximum correlation was obtained with 230 W/m2, it suggests that adding mid-altitude clouds (∼440 mb < cloud top pressure ≤680 mb) improves the correlation.
The response of clouds to GCR may be accompanied by some time lags; therefore, correlations were examined for lags between 0 and 3 years. When estimating correlation coefficients with a time lag of 0 years, correlation coefficients with lags of −2 years (GCRs lag cloud variation with 2 years) to 0 years (no time lag) were calculated, and only the cases the correlation was maximized at 0 years were considered non-false correlation and displayed on the map. For the zero-year lag, the cloud data were compared with the monthly mean GCR flux and with the yearly mean for a lag of 1 year or longer. With the lag and threshold that yielded the maximum correlation coefficient, we estimated, based on the regression line, the maximum variability of high-altitude clouds over the GCR cycles, i.e., the variability for 1987–1990 when GCR variation was at its maximum. For the GCR variation, the neutron monitor data for Jan/1953–Nov/2006 obtained at the Climax station (http://cr0.izmiran.ru/clmx/main.htm) and those for Apr/1964–Dec/2021 obtained at the Oulu station (http://cr0.izmiran.ru/oulu/main.htm) were used. The daily data were normalized and averaged to obtain the monthly means. Prior to the analyses, the long-term trends were subtracted from the cloud and GCR data to concentrate on the decadal-scale variations.
We also analyzed the ISCCP-HGM series provided by the International Satellite Cloud Climatology Project (Rossow et al., 2016) to validate the response of OLR to GCRs. We used the monthly data of high (≤440 mb) and low (>680 mb) cloud fractions for July/1983–June/2017.
For the examination of the response of SST, we used the NOAA Optimum Interpolation SST V2 data provided by NOAA/OAR/ESRL PSL (Reynolds et al., 2002). We used the 1-degree grid data for Dec/1981–Dec/2021. We also used the Niño 4 index (Trenberth and Stepaniak, 2001) and the NCEI Pacific Decadal Oscillation index (Mantua, 1999). To analyze the response of surface pressure, zonal wind, and meridional wind, we used the JRA-55 (Japanese 55-year Reanalysis) data of monthly mean pressure reduced to mean sea level with 1.25° × 1.25° resolution (Kobayashi et al., 2015). We only used data from 1979 when the observational data was substantial and the reliability was high (Ebita et al., 2011). For the precipitation analysis, we used CMAP monthly mean precipitation data with 2.5° × 2.5° resolution (Huffman et al., 1997).
To examine the responses of SST and atmospheric data to TSI, the NOAA Climate Data Record of TSI (Coddington et al., 2015) was used. As an index of solar UV, NOAA adjusted the solar radio flux at 10.7 cm (https://lasp.colorado.edu/lisird/data/noaa_radio_flux/) were combined with the Penticton radio flux data for May/2018 to present (https://lasp.colorado.edu/lisird/data/penticton_radio_flux/).
Note that the data from Jun/1991 to May/1993 were excluded from the analyses so that the possible impacts from the eruption of Mt. Pinatubo in 1991 are eliminated.
3 RESULTS
3.1 Relationship between high-altitude clouds and GCR cycles
The monthly data of high-altitude clouds, as monitored by OLR and those of International Satellite Cloud Climatology Project (ISCCP) H-series Gridded Monthly (HGM), were compared with GCR cycles (see Methods). Then, it was found that both series consistently indicate that there are regions in the tropics where high-altitude clouds show significant positive correlations to decadal-scale GCR cycles (Figures 1, 2, also see Supplementary Figures S2, S3), suggesting that GCRs may be contributing to the changes in cloud activity. However, these areas are localized and vary based on the seasons. Most significant correlations were found in August for the areas in which the formation of high-altitude clouds is active (see Figure 1), supporting the above-mentioned hypothesis; however, they were localized to the land areas and nearby oceans. There were also some regions in which high cloud formations were suppressed (see below). In boreal winter, the areas showing significant correlations migrated to the convective regions in the southern hemisphere (Figure 2, also see Supplementary Figure S3). The correlations were weaker compared with those of August; however, a prompt response was observed around the northern tip of Australia and the northwest coast of South America (Figure 2A). Figures 1F–I and Figures 2F–I indicate the OLR range that achieved the maximum correlation for each grid. While the threshold of 200 W/m2 or lower suggests that the response is limited to the high-altitude clouds, the threshold of 230/m2 or higher implies that the addition of mid- and possibly lower altitude clouds improves the correlation. For example, Figure 1F and Figure 2F suggest that the correlations off the northwest coast of South America involve the response of mid-altitude clouds.
[image: Figure 1]FIGURE 1 | (A–D) Correlation coefficient r (p ≤ 0.05) between the ratio of existence days of high-altitude clouds and GCRs in August for a time lag of 0 (no time lag) to 3 years (clouds lag GCRs). (E) Fraction of the days OLR is ≤200 W/m2 in August. (F–I) OLR ranges that yielded the maximum correlation coefficients in (A–D). (J) Maximum variability of the ratio of existence days of high-altitude clouds over the GCR cycles.
[image: Figure 2]FIGURE 2 | (A–J) Same as Figure 1 but for January.
In August, the correlations were maximized in 1 year (Figure 1B) and diminished afterward (Figures 1C, D). Such lagged responses of clouds imply that a positive feedback mechanism exists behind the GCR–cloud connection (see the fifth paragraph in the Discussion). The correlations around the Indonesian maritime continent were maximized with a further delay (Figures 1C, D), suggesting an impact through the mechanism involving atmospheric and ocean coupling. Similarly, the correlations around the northern tip of Australia and the northwest coast of South America in January diminished after 1 year, whereas the correlations around the Indonesian maritime continent were maximized in 2–3 years (Figures 2C, D).
The maximum variability of the ratio of existence days of high-altitude clouds over the GCR cycle is shown in Figure 1J and Figure 2J. The obtained maps indicate that there are regions where the variability is much larger than expected from the ion production rate in the tropics (see Supplementary Figure S12 of Dunne et al., 2016), also supporting the existence of a positive feedback mechanism. For example, while the variability of ion production rate in the upper troposphere is up to ∼20% around 20–30°N and 20–30°S in the tropics and is smaller in the lower latitude regions, the variability of the fraction of days OLR is equal to or lower than 200 W/m2 is larger than 20% in August around eastern India and Bangladesh (Figure 3), where the mean fraction is ∼40% (Figure 1E), although the corresponding variability of cloud amount needs further investigations. Note that the enhancement in the fraction of days with the presence of high clouds as estimated based on the OLR thresholds may also be caused by the uplift of the convective cloud system in addition to the increase of cloud amount itself.
[image: Figure 3]FIGURE 3 | Variability of the ratio of existence days of high-altitude clouds as monitored by OLR with a threshold value of 200 W/m2 (pale blue line) and the 3-point running averages (blue line) for the area shown in the map (highlighted by cyan), plotted together with the anomaly of GCR flux monitored by neutron monitors (red line) and TSI (green line). The variability of ion production rate in the upper troposphere over the solar cycles is about 20% around the region (Dunne et al., 2016). Note that all of the series are high-pass filtered for p ≤ 15 yrs. Note also that the period of 2 years after the eruption of Mt. Pinatubo, indicated by the gray highlight, was excluded from the correlation analysis of this study.
3.2 Relationship between SST and the GCR cycles
Figures 4A–E indicates the correlation coefficient between SST and GCRs in August when the most notable correlations were found for cloud activity. Figure 4F exhibits the spatial pattern of SST in August. The figures indicate that decadal-scale forcing results in a characteristic spatial pattern in the central and western Pacific. While the SST in the central Pacific tends to decrease as GCR is enhanced, especially in the winter hemisphere (Figure 4G), the SST in the southwestern Pacific tends to be increase, suggesting that the trade winds over the Pacific region are intensified at the GCR cycle maxima. This tendency is consistent with the previously suggested reduced east–west SST gradient and the weaker trade winds at the solar cycle minima (Misios et al., 2019). However, the response of SST to TSI, which was suggested as the forcing parameter in Misios et al. (2019), delays by 1 year compared to the response to GCR, and the correlations between SST and TSI were maximized with a lag of 3 years (see Figures 4H–N). The relationship between SST and SUV is more or less the same for TSI (see Supplementary Figure S4) and is peaked with a lag of ∼3 years.
[image: Figure 4]FIGURE 4 | (A–E) Correlation coefficient r (p ≤ 0.05) between GCRs and SST in August for a lag of 0–4 years. (F) Monthly mean SST for August. (G) Maximum variability of SST over the GCR cycles. (H–N) Same as (A–G) but for TSI.
The areas showing significant correlations between SST and GCRs with no time lag were limited to the southern edge of the tropical zone around 20–30°S 100–130°W (Figure 4A); however, the impacts on SST were expanded and maximized with a lag of 2 years (Figure 4C). The maximum temperature change around the equatorial region over the GCR cycle was as large as 1.7 K and was observed in an area centered at about 180°W(E) (Figure 4G, also see Supplementary Figure S5 for the time profile). Regarding January, the east–west contrast was less well structured. However, the maximum change around the region reached 2.1 K (see Supplementary Figure S6). This region is often characterized by the El Niño modoki events (Ashok et al., 2007) and has been examined using the Niño 4 index, one of the indices of the El Niño–Southern Oscillation. Although the Niño 4 index is derived based on the SST over the region wider than those indicating correlations to GCRs, and thus the correlation coefficient between Niño 4 and GCRs is relatively lower, the lead-lag analysis supports that the decadal component of SST in this region lags that of GCRs by about 2 years (see Supplementary Figures S7A, B).
Figures 4C, G indicates that the areas showing correlation with GCRs include the Bering Sea, which is within the region characterized by the Pacific Decadal Oscillation (Mantua et al., 1997), and that the correlations become maximum with a lag of 2 years. The lead-lag analysis between the Pacific Decadal Oscillation index and the GCRs shows that the correlation becomes maximum when the lag is about 2–3 years (see Supplementary Figures S7C, D), supporting that the decadal component of the Pacific Decadal Oscillation also lags that of GCRs.
In the cases the decadal components of the Niño 4 and the Pacific Decadal Oscillation indices were compared to the tropical high-altitude clouds, correlations were observed with a spatial pattern similar to those of Figures 1A, B; however, they were maximized when the lag was −2 to −1 years (see Supplementary Figures S8, S9), supporting that the decadal components in the Pacific Decadal Oscillation and the Niño 4 indices lag those of tropical cloud activities. Note that the direct comparison between the Niño 4 index and the Pacific Decadal Oscillation index shows that they are linked with an occasional lag of up to 1 year (see Supplementary Figures S7E, F).
3.3 Relationship between the surface pressure, zonal/meridional winds, and GCR cycles
The comparison between the surface pressure and GCRs (Figures 5A–F) indicates increased pressure around the southern edge of the tropical zone in the Pacific (Figure 5A), and the impacts are further intensified and expanded toward the northern hemisphere in 1–2 years (Figures 5B, C). On the contrary, the tropical regions between 120°W and 100°E indicate a tendency of decreasing pressure for the higher GCR, especially over the oceans. The zonal and meridional wind speed compared with GCRs suggests a possible intensification of trade winds or a westerly migration of the deep convection core around the western Pacific, especially in the northern hemisphere (see Supplementary Figure S10). When the pressure data were compared with TSI, slightly different behaviors were recognized (Figures 5G–L). One is the absence of immediate response of pressures (Figure 5G), and the other is the overall delay in the responses (Figures 5H–J) compared with the case for GCR (Figures 5A–C).
[image: Figure 5]FIGURE 5 | (A–D) Correlation coefficient r (p ≤ 0.05) between surface pressure and GCRs in August for a lag of 0–3 years. (E) Monthly mean pressure reduced to the mean sea level for August. (F) Maximum variability of surface pressure over the GCR cycles. (G–L) Same as (A–F) but for TSI.
4 DISCUSSION
Although the influence of solar cycles on climate has so far been mostly discussed under the framework of the “top-down” or “bottom-up” mechanisms described earlier, the present results suggest that another mechanism is possible: “deep-convective-clouds-mediated” mechanism through the influence of GCRs on the development of deep convective clouds, and their impact on atmospheric circulation and SST gradient.
The monthly-resolved high-resolution data allowed us to identify the areas where high-altitude clouds are responding to GCR variations and to understand the possible contributing factors determining their susceptivity, although high-resolution analyses might fail to capture the responses of the clouds that are not stationed and randomly advected after being formed or those whose locations are under the influence of other interannual variations such as the El Niño–Southern Oscillation. Significant positive GCR-cloud correlations were found in tropical regions; however, they are concentrated over land and nearby oceans, suggesting the importance of any of or all the following factors: 1) the presence of relatively deeper convections compared with oceans, 2) the abundance of continental aerosol precursors for ions to produce aerosols, and 3) a more pronounced diurnal cycle over lands (see below). Most notable correlations were found in August around West and Central Africa, India and Bangladesh, the northwest coast of South America, and the proximate oceans, with a lag of 0–1 years (Figures 1A, B). The correlations around eastern India and Bangladesh suggest that the sea breezes blowing toward elevated mountains may also contribute to creating an environment in which cloud formations become sensitive to GCRs. They uplift a substantial amount of water vapor and aerosol precursors to the upper troposphere, similar to deep convection. The correlations around the southern Brazil in February (see Supplementary Figure S11) may also be related to the same mechanism. Even though convective cloud formation is active over Brazil in austral summer, the correlations were not significant except for the areas facing oceans, thus suggesting the importance of marine aerosol precursors for the impact of ions.
The more pronounced impact in August, compared with January, can be associated with the relatively low pressure around the convective areas in August (Figure 5E, also see Supplementary Figure S12), which provides improved conditions for supplying water vapor and aerosol precursors to the upper troposphere. In other words, the overlap of the Intertropical Convergence Zone (ITCZ) with the continental areas could be the key to strengthening the GCR-cloud connection. The significant northward excursion of ITCZ from the geomagnetic equator in August also contributes in terms of the magnitude of the variability in ion production rate. As also mentioned in the Results section, the variability of the abundance of GCR-induced ions is greater at higher latitudes, especially at high altitudes (see Supplementary Figure S12B of Dunne et al., 2016); thus, the excursion of ITCZ significantly increases the encounters between ions and aerosol precursors. The lower pressure in August also contributes to the higher GCR flux in the troposphere due to the reduced barometric effect (Myssowsky and Tuwim, 1926; De Mendonça et al., 2013), although the associated enhancement is only a few percent. The more significant impact in August may also be related to the seasonal variability in the emission of organic compounds from biogenic activities, the precursory materials for the aerosol formation (Kirkby, 2007; Almeida et al., 2013). For example, the flux of dimethyl sulfide is maximum in the northern hemisphere from July to September and is especially enhanced around the north part of the Indian Ocean, near the continental areas (Land et al., 2014).
Although the climatological condition is similar for July and August, the correlations between high clouds and GCRs are significantly different. The impact in July is sparse and not notable for a lag of 0–1 years (see Supplementary Figures S13A, B), while correlations become pronounced around the Indonesian maritime continent for a lag of 2–3 years (see below). The possible explanation for the relatively weaker response in July may be related to the influence of the updrafted pre-existing aerosols masking the impact of GCRs. For example, the abundance of mineral dust in northern Africa is maximum in June and starts to decrease in July (Vandenbussche et al., 2020). It has also been reported that the aerosol optical depth in northern India is maximum in May and that it starts to decrease in July (Gautam et al., 2010). Further examinations are, however, needed to confirm the impact of pre-existing aerosols.
The tendency of the decreased pressure around tropical zones except for the Pacific region (Figures 5A–C) can be related to the activated formation of deep convective clouds, and it may be causing positive feedback to the promotion of cloud activity by the GCRs by enhancing the encounters between ions and aerosol precursory materials. It has been suggested that aerosol particles could prolong the lifetime of deep convective clouds by enhancing smaller ice crystals with smaller fall velocities (Grabowski & Morrison, 2020) and by increasing freezing water droplets to enhance the release of latent heat (Rosenfeld et al., 2008), resulting in the extension of associated anvils. Then, the extended thin anvil clouds over the proximate area would increase the net radiative forcing (warming) (Koren et al., 2010). It has been speculated that the enhancement of latent heat release may even strengthen deep convection (Rosenfeld et al., 2008), although this factor may only be significant for the altitudes below the freezing level (Grabowski & Morrison, 2020). The latent heat release is also expected to increase in the case the collisional processes in clouds are promoted by the electrification of aerosols and cloud drops by GCRs (Tinsley and Deen, 1991). Enhancement of latent heat then contributes to stronger and/or longer updrafts. The synchronized prolongation/activation of convections over land in tropical regions should result in a tendency of decreased pressure around the area. Note that while the correlations between clouds and GCRs were observed most significantly at the high altitudes, the process behind the intensification of deep convective cloud activities may also act at the middle layer of deep convective clouds. As mentioned in the Introduction, deep convection may transport the newly-formed cloud condensation nuclei to the lower altitudes.
The pressure decrease is more prominent over oceans and is significantly weaker over land (Figure 5B), and this might be related to the more pronounced diurnal cycle over land (Yang and Slingo, 2001), which may mask the signals of the transient pressure decreases in monthly averaged data. However, the diurnal cycle over land is probably playing an essential role in sustaining convective activity and supplying aerosol precursors to the upper troposphere, even under enhanced cloud formation. In fact, the precipitation pattern indicates increased precipitation around the areas where high-altitude clouds are increased (see Supplementary Figure S14), supporting this tendency. Increased precipitation might also contribute to removing pre-existing aerosols from the atmosphere.
The changed pressure gradient then affects atmospheric circulation (see Supplementary Figure S9), allowing the change in the SST gradient over the Pacific Ocean (Figures 4A–E). The reduced formation of high-altitude clouds over the western Pacific (Figures 1A, B) can be associated to the westward relocation of deep convections around the area. Low-altitude clouds, instead, are likely increased around the western Pacific (see Supplementary Figures S15G, H), consistent with the previously found correlation between GCRs and low-altitude clouds in this region (Marsh and Svensmark, 2003). It is worth noting that this is a region of typhoon generation (Bloemendaal et al., 2020). While less typhoon activity is suggested for the higher GCR flux at this region, more high-altitude clouds are expected for the higher GCR flux around the areas where hurricanes are generated, as suggested by the positive relationship over the low latitude regions of the North Atlantic (Figure 1B).
The westward extension of trade wind over the Pacific eventually warms the ocean around Indonesian maritime continent and off the northeast coast of Australia, and this warming is maximized with a lag of 2–3 years (Figures 4C, D). The enhancement of high-altitude clouds around the area with a lag of 2–3 years can be related to this increased SST. The correlation between the GCRs and the SST in the northern part of the Pacific Ocean with a lag of ∼2 years suggests that the altered atmospheric circulation pattern may also eventually contribute to modulating the Pacific Decadal Oscillation, although the mechanism behind the connection to the Pacific Decadal Oscillation remains unknown and thus needs further examination.
The responses of atmospheric circulation and SST to the GCR cycles are similar to those suggested as a response to TSI cycles in previous studies; however, there are two notable differences. The first is the overall slower responses of atmospheric circulation and SST to TSI than when compared to GCR (Figures 4H–L; Figures 5G–J), consistent with the ∼1-year delay of GCRs to TSI. The second is the warming of the eastern Indian Ocean as an immediate response to TSI (Figures 4H, N). This feature, however, contradicts the weakening of the easterly wind in the western Pacific and the cooling tendency around the region suggested for the TSI maxima, as seen for the lag of 2–4 years (Figures 4J–L). Instead, it is more likely that this warming is related to the positive response of this region to GCR with a lag of ∼4 years (Figure 4E), which is a remnant of the impact around the Indonesian maritime continent (Figure 4D). Note that the areas responding positively to GCR with a lag of 4 years could indicate an apparent negative correlation to TSI with a lag of ∼5.4 years because GCR lags ∼1.4 years behind and correlates inversely with TSI. Five years are then nearly 180 degrees of a decadal solar cycle; thus, it could result in an apparent immediate positive response to TSI.
5 CONCLUDING REMARKS
The possible solar influence pathway on climate systems through the variation of GCRs can be summarized as follows. First, GCRs impact the deep convective cloud activities in the tropics, primarily over the land areas, resulting in a decrease in pressure around the area, possibly giving positive feedback to cloud formation. Second, the reduced pressure intensifies atmospheric circulations and changes the SST pattern over the Pacific. Finally, the altered SST pattern activates the high-altitude cloud formation around the Indonesian maritime continent. Note that although the suggested characteristic response of clouds to GCRs seems to support the existence of GCR’s impact through the formation of aerosols, it is possible that they also affect clouds by the other paths, such as promoting the collisions between aerosols and cloud droplets (Tinsley, 2000; Zhou et al., 2009; Tinsley, 2022). Further investigations on the response of deep convective clouds to the GCR variations, especially over tropical land areas, should contribute to elucidate the contribution of ions, possibly through multiple mechanisms, and to realize the physics-based simulations to quantitatively evaluate the GCR’s impacts on cloud activities and global climate.
It is noteworthy that no correlation was observed in SST around the eastern Pacific region, where the El Niño–Southern Oscillation is most prominent. It was, however, found that the areas showing response to GCRs include the regions where periodic behaviors are often observed in SST, such as El Niño Modoki, the Indian Ocean Dipole, and the Pacific Decadal Oscillation. It is, therefore, possible that the GCRs may enhance the variability of the decadal component in such periodic behaviors, but with one to a few years of time lag. Further investigations on the proposed impacts of GCRs on cloud activity and atmospheric circulation may shed light on the variability or the phase changes of the decadal-scale components in such unresolved oceanic variations.
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The Sun has an obvious quasi-11-year cycle and numerous short-term eruptive activities. There are four processes of energy transmission in the effectuation chain of solar forcing to the climate system: solar energy input into the atmosphere, atmospheric absorption of the input energy, transformation of the absorbed energy into dynamic and thermodynamic responses in the atmosphere, and coupling among all the layers affected by solar forcings. However, the four processes have not been discussed in their entirety. This present paper reviews studies over the last decade on how solar radiation varies during the solar cycle and solar eruptions, and, correspondingly, how the terrestrial atmosphere absorbs the input solar energy.
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INTRODUCTION
The Sun is a typical middle-aged dwarf star on the main sequence (Tayler, 1997). It emits an electromagnetic spectrum approximating to radiation from a black body at a temperature of 5770K and provides the principal source of energy driving the Earth's atmospheric circulation (Kopp, 2018; Ding, 2019). The Sun has an obvious quasi-11-year cycle and numerous short-term eruptive activities. Whether and how these solar activities affect the Earth’s climate has been studied and debated for hundreds of years. The most recent and realistic problem is whether there is a connection between the stagnation period of global warming in the Northern Hemisphere since the beginning of the 21st century and a decrease in solar activity (Lockwood et al., 2010a; Sirocko et al., 2012), recalling the possible recurrence of scenarios like the Maunder minimum. Although there has been much research on this, it has lacked significance and consistency. Over the past 10 years, due to improvements in solar/terrestrial observation technology and the reconstruction and improvement in quality of long series data, our understanding of the impact of the Sun on climate has made some important progress.
Four processes of energy transmission in the effectuation chain of solar forcing to the climate system are relevant to this discussion: solar energy input into the atmosphere, atmospheric absorption of this input energy, transformation of the absorbed energy into dynamic and thermodynamic responses in the atmosphere, and coupling of all the layers affected by solar forcing. This present paper reviews how solar radiation varies during the solar cycle and eruptions, and, correspondingly, how the terrestrial atmosphere absorbs the input solar energy.
Solar irradiance variations during the solar cycle
The continued observation of total solar irradiance (TSI) from space is recorded by different mission instruments, starting in 1978 (Figure 1). The absolute value of TSI has been newly defined at a low value of approximately 1,361 W/m2, which was first observed by TIM aboard the SORCE mission (Kopp and Lean, 2011) and again by PICARD/PREMOS, NORSAT-1/CLARA, and TSIS-1/TIM. A new laboratory calibration technique with the TSI radiometer facility (TRF) can support end-to-end calibration for irradiance, which explained the difference between VIRGO, ACRIM3, and TIM and corrected the dataset to the same reference level (Kopp et al., 2012). The newest TSI product from FY-3E/SIM-II also shows a value of 1,361.82W/m2 (Zhang, et al., 2022). The TSI climate composite data have been built up with different combined methods showing the same 11-year solar cycle patterns, leading to a TSI variation of approximately 0.1% (Dewitte and Nevens, 2016; Dudok de Wit et al., 2017; Montillet et al., 2022). The long-term TSI trend is still under discussion and is partially limited by the accuracy of historical TSI observations. The precision of instrument on-orbit degradation monitoring has become another key point in solving this problem, especially when the instrument has more than a 10-year lifetime.
[image: Figure 1]FIGURE 1 | Time series of the total solar irradiance dataset and sunspot number (from Greg Kopp’s TSSI Page: https://spot.colorado.edu/∼koppg/TSI/index.html).
The accurate measurement of solar spectral irradiance (SSI) is much more difficult than TSI, especially for absolute calibration and degradation monitoring. The SSI data from different missions usually differ in spectral range and spectral resolution, and also in some gaps in time series. The SORCE mission has given a long time series of approximately 17 years of continued solar spectral irradiance data, which has improved our understanding of the long-term trend of specific wavelength (Woods, et al., 2021). In addition to observations from the upper atmosphere, predictions by theoretical and semi-empirical modeling also give a reference dataset for climate and solar physics application. A time-series comparison between observation and models at a selected wavelength showed that the long-term trend differs much more when it is above 300 nm. Seven spectra which presented the solar minimum state showed differences greater than the instrument pronounced accuracy (Thuillier, et al., 2022). For further improvements, high-accuracy detectors and more robust observation data are needed.
A new solar reference spectrum, TSIS-1 hybrid solar reference spectrum (HSRS), at 0.025 nm resolution from 200 nm to 2,730 nm (Coddington, et al., 2021) was recommended by the committee on Earth observation satellite (CEOS) as the new solar irradiance reference spectrum in March 2022. However, the most violent changes in solar radiation occur at much lower wavelengths and are believed to be major influences on terrestrial climate. The ultra-violet (UV) proportion varies from 6% to 8% over the solar cycle and leads to more ozone and warming during solar maxima in the upper stratosphere (Haigh, 1994; Crooks and Gray, 2005). The magnitudes of UV irradiance variability are wavelength-dependent; emissions differ according to their origins in different layers of the solar atmosphere. Over a solar cycle, chromospheric emissions vary by factors of 1.5–1.7, the transition region and upper chromospheric emissions vary by factors of 1.8–2.4, and coronal emissions vary by a factor of 8 (Woods et al., 2008). Although empirical models have emerged for investigating chromospheric and coronal emissions (Lean et al., 2011), they are contested in the literature (Huang et al., 2016). Due to the data gap and uncertainties surrounding the spectral irradiance observations, UV irradiance variability is still unclear and needs further study.
Solar irradiation variations related to solar activities
The agreement between the variability of TSI and solar activity originated in the evolution of the solar surface magnetic field. Kilogauss-strength magnetic concentrations in the photosphere cyclically emerge in association with dark sunspots and bright faculae on the solar disk (Solanki et al., 2006). Sunspots and pores are dark due to magnetic suppression of the overturning convection around the magnetic concentrations (Rempel and Schlichenmaier, 2011). Lateral heating around the magnetic concentrations overcomes the magnetic suppression to produce increasing brightness (Vögler et al., 2005), and the side walls between the magnetic concentrations and the surrounding heating have a greater view away from the solar disk center (Steiner, 2005). Thus, TSI shows an increasing trend when the active region rotates to the solar limb. Using sunspot and faculae datasets, the observed TSI variability can be reproduced with high accuracy (Lean et al., 2020).
Meanwhile, the effect of flares on TSI is not negligible: large flares make a major contribution to the visible domain (Kretzschmar et al., 2010). During the extraordinary solar storms between 18 October 2003 and 5 November 2003, TSI dropped by an unprecedented 0.34% during this period due to dark sunspots. When an X17 (4B optical) flare erupted on 28 October, TSI increased by 270 ppm in a synthetic result (Woods et al., 2004). However, a possible climate response to the synoptic change of TSI still lacks evidence.
Eruption is another critical form of solar energy export. Burst energy could be carried by radiation, energetic particles, and plasma. Changes during a solar burst at wavelengths shorter than UV are dramatically larger than at longer wavelengths. The initial release of energy during an eruption accelerates charged particles, which precipitate into the denser plasma. This heating of the plasma in the lower solar atmosphere drives an increase of hard X-ray flux via bremsstrahlung. Thereafter, the heated particles confined within the magnetic loops thermally radiate in soft X-rays (SXRs) and in some portions of UV (Neupert, 1968). During large solar flares, the variability of SXR 0.1–14 nm can reach a factor of 150, the EUV region shorter than 115 nm can increase to a factor of 40, the enhancement of FUV 115–200 nm radiation declines toward the longer wavelength, and the total variation is approximately 10% (Woods, 2006). Solar flare irradiance models have been developed to derive the variability of solar irradiance during flares, but much work is required to reconcile the deviation from the observations (Chamberlin et al., 2008; Reep et al., 2022). Radio burst is another violent manifestation of solar eruption. However, it has no direct interaction with our atmosphere.
The physics of the solar atmosphere dominates TSI and SSI variations, as well as the occurrence of solar eruptions. It is the reason why TSI and SSI have the same quasi-11-year variations as solar activity. Although they are highly correlated, TSI and SSI mainly display a decadal variation, while the solar eruptions display as events on timescales of days or shorter. Thus, there is more attention on the solar cycle variation of TSI or SSI when solar forcing on climate is investigated than on eruptive energy changes.
The absorption of the terrestrial atmosphere to solar irradiation at short wavelengths
The absorption of solar visible and infrared radiation is mainly the focus of climatologists. Comparatively, atmospheric absorption of solar radiation at shorter wavelengths is mainly discussed in the domain of space weather. Supplementary Figure S1 shows the altitude of maximum solar radiation absorption by the Earth’s atmosphere for different spectral bands at short wavelengths. These have sometimes been neglected by climate researchers since these absorptions occur in the middle and upper atmosphere. Solar X-ray radiation and extreme UV radiation (wavelengths shorter than 100 nm) are mainly absorbed by the thermosphere; far UV radiation (wavelengths between 100 nm and 200 nm) is absorbed primarily by the thermo- and mesosphere; mid UV radiation (wavelengths between 200 nm and 300 nm) is mostly absorbed by the meso- and stratosphere; near-UV radiation (wavelengths between 300 nm and 400 nm) is primarily absorbed by the strato- and mesosphere; and visible and infrared spectral radiation (wavelengths greater than 400 nm) can reach the troposphere and down to the earth’s surface (including the ocean) (see also Schoeberl and Strobel, 1978; Torr et al., 1980a; Torr et al., 1980b; London, 1980; Brasseur and Solomon, 2005).
The absorption mechanism of solar radiation in the earth’s atmosphere is highly complex. In addition to direct radiation absorption and heating, atmospheric photoionization and photodecomposition directly convert partial radiation energy into atmospheric chemical energy and the kinetic energy of photoelectrons, therefore modulating the absorption efficiency of solar radiation (Roble et al., 1987). The precipitation of high-energy particles (Ree et al., 1983) and Joule heating (Roble and Emery, 1983) related to solar activity can also change the temperature and density in the polar region of the upper atmosphere. Atmospheric chemical, dynamic, thermodynamic, and radiation cooling processes further redistribute absorbed solar radiation energy among different atmospheric layers, thus affecting the temperature structure of the whole atmospheric region (Roble, 1995). To systematically study the solar radiation absorption efficiency of the different Earth atmospheric layers for different spectral bands, a comprehensive study with numerical simulation at its core is necessary (Roble et al., 1987; Roble, 1995; Ren et al., 2009), and three key scientific issues are often the focus. First, the absorption of solar radiation by the earth’s atmosphere usually depends on the atmosphere’s specific chemical composition (Schoeberl and Strobel, 1978; Mertens et al., 1999). Atmospheric chemical composition actually dominates the absorption efficiency of solar radiation, while solar radiation can adjust the atmospheric composition through photochemical processes, affecting the absorption efficiency (Tor and Torr, 1979; Zellner, 1999). Second, atmospheric dynamic processes and heat conduction can directly affect the distribution of atmospheric temperature and can also affect atmospheric chemical processes by transporting the atmosphere’s specific chemical compositions, such as oxygen (Garcia and Solomon, 1994), carbon, hydrogen (Qian et al., 2018), and nitrogen compounds. These processes result in the redistribution of absorbed solar radiation energy between different atmospheric regions and even between different atmospheric layers. Third, the solar radiation energy absorbed by different atmospheric layers of the Earth is often dissipated in the form of long-wave radiation cooling (see López-Puertas and Taylor, 2001 and its references). CO2 (Fomichev et al., 1998), O3 (Fomichev and Shved, 1985), H2O, NO (Kockarts, 1980), and O (Kockarts and Peetermans, 1970) play important roles in long-wave radiation cooling. The coupling between solar radiation absorption, atmospheric radiation cooling, and other mechanisms codetermines the temperature structure of the earth’s atmosphere (Roble, 1995). Changes in the atmospheric radiation cooling process can adjust the effective absorption of solar radiation energy by affecting the temperature and then changing the atmospheric composition (Roble and Dickinson, 1989).
Another factor which may influence the physical processes in the Earth’s atmosphere and change its radiative balance is the flux of cosmic rays. Galactic cosmic rays (GCRs) are influenced by heliospheric magnetic changes, with their intensity peaking during the solar minimum due to quiet solar activity (Fu et al., 2021). SEPs originate in solar eruptions, but their energy is lower than GCR. Large-scale solar wind flow and turbulent interplanetary magnetic fields dominate the transport of cosmic rays and their links to solar activity need more study.
The impact of solar irradiation variation on terrestrial climate
Although the variation range of the total solar radiation is generally considered as one thousandth, the variation ranges of several other influence mechanisms, such as UV radiation and energy particles, are much larger than those of total solar radiation (Gray et al., 2010; Lilensten et al., 2015). Two recent assessment reports from the intergovernmental panel on climate change (IPCC) indicate that, although the total solar radiation mechanism had little impact on modern climate, it could not be ruled out that the Sun might affect the interdecadal change of climate through several indirect radiation amplification mechanisms (IPCC, 2013, 2021). Although there is little consensus on the understanding of the relationship between the Sun and climate on an interdecadal scale (Chiodo, 2019), the observed hiatus in surface warming from 1998 to 2012 may be due to a reduced radiative forcing and a cooling contribution from natural internal variability (medium confidence). The reduced trend in radiative forcing is primarily due to volcanic eruptions and the weakening of solar activity. However, there is low confidence in evaluating the effect of solar forcing on the climate warming hiatus (IPCC, 2013).
In addition, cooling in the tropical upper stratosphere under solar minimum years, which weakens the equator-to-pole temperature gradient, can propagate a solar signal downward to slow tropospheric westerlies, thus causing a negative phase of the arctic oscillation (AO) or NAO and cold winters in Eurasia (Ineson et al., 2011; Kuroda et al., 2022). However, this point needs careful confirmation because, according to reports, there is no significant AO or NAO response to solar irradiance variations on average in the CMIP5 models (Gillett and Fyfe, 2013).
The solar ultraviolet radiation variability recommended by CMIP6 can reach several percent (such as the 200 nm band) in a solar cycle, which is far greater than the TSI variability. Its contribution to the TSI variability has been predicted to increase from 35% of CMIP5 to 50% of CMIP6, and the spectral resolution is high enough. Ozone and atmospheric heating rate changes caused by the solar spectrum are also greatly affected in CMIP6 compared with CMIP5—closer to the latest observations (Matthes et al., 2017). These will help uncover and confirm the response of the middle and lower atmospheres to solar radiation as well as its mechanism. The climate simulation forced by the new SSI input found that the wind field response of the real atmosphere and the resulting climate response are likely to be significantly greater than the model simulation (Ermolli, et al., 2013; Chiodo et al., 2016). In addition, CMIP6 provides a solar-driven energy particle forcing dataset for the first time, which enables it to have a certain ability to simulate high-energy particle forcing (Matthes et al., 2017).
The 11-year cycle is the most stable feature of solar activity variations that can be used to improve interdecadal prediction techniques (Smith et al., 2012; Thieblemont et al., 2015). Previous studies have shown that the 11-year solar cycle change is a source of skills for near-term climate prediction (Dunstone et al., 2016; Kushnir et al., 2019), which has been verified in some regions. The possibility that the stratospheric polar vortex serves as a link between lower atmosphere circulation and solar activity has been noted by Veretenenko and Ogurtsov (2013) and Veretenenko (2022). Dunstone et al. (2016) confirmed that the improvement of the interannual NAO forecasting skills in the North Atlantic region is due to the climate variability of the tropical Pacific and the intensity of the stratospheric polar vortex, which is mainly driven by predictable solar forcing. In the tropical Pacific, verification of the interdecadal modulation of the Sun on Walker circulation has enhanced the confidence of the model in predicting Walker circulation and tropical precipitation (Misios et al., 2019). These results indicate that the prediction method of “Sun+a factor” shows potential to help recent climate prediction, which is consistent with the “drivers of teleconnectivity” framework for interdecadal prediction (Cassou et al., 2018).
One possible way to transform “teleconnectivity” to an understandable causation is to pay more attention to possible climate effects caused by solar eruptions. As discussed previously, the upper and middle atmosphere could vary dramatically and systematically due to solar bursts. A short-term solar eruption can cause dramatic changes in radiation (almost at all bands), CME, flares, and solar wind, which cause strong responses in the Earth’s upper atmosphere (partly bridged by the magnetosphere) (Zhou et al., 2014). The Earth’s upper and middle atmospheric responses include direct radiation absorption and heating, composition change, dynamical change, and electromagnetic change. Such changes can further affect variations in the meridional temperature gradient, vertical propagation of planetary wave, ozone cycle, and upper westerly jets, which can couple with the lower atmosphere (Kodera et al., 2016). However, how this coupling occurs is still poorly understood. For instance, Wang and Zhao (2012) found that the solar cycle modulation on the monsoon rain belt could be attributed to the coupling between the circulations in the upper and lower atmospheres. Nevertheless, how this coupling process occurs and by what mechanism it is amplified and transmitted downward is not very clear (Zhao et al., 2014; Zhao et al., 2017). Furthermore, the fact that most evidence for solar burst impacts on the climate system are around the decadal scale, while the events themselves are of time scales around days or even shorter (or of synoptic scale) means that synoptic-scale factors are often equated to or inundated by irradiation variations since they both vary in synchrony with the solar cycle. Decisive progress could be made in two directions: finding evidence of solar bursts impacts on the climate system at the synoptic scale, and clarifying the coupling processes between/among the dynamical, thermodynamical, chemical, and other processes in the upper, middle, and lower atmospheres.
CONCLUSION
Both solar irradiation and solar activity have a quasi-11-year period, and these two variations have essential physics connections. Forcing caused by TSI/SSI on the Earth’s climate mainly presents on a decadal scale. Energy surges from the Sun during solar bursts can only slightly change TSI, but these can export energy to the Earth via radiation at bands of EUV and shorter, energetic particles, plasmas, and electro-magnetic fields which dramatically impact the Earth’s upper atmosphere and induce storms there. Whether such storms can couple with the middle and even the lower atmosphere effectively enough to modify the climate system still needs more investigation. However, we can still try to draft a frame diagram for possible routes of solar forcing to climate (Figure 2). As an increment to previous descriptions, this diagram emphasizes more energy transmission through the “space weather” routines from the Sun to the lower terrestrial atmosphere.
[image: Figure 2]FIGURE 2 | Sketch of possible routes of solar forcing to the Earth’s climate.
At present, solar activity is experiencing a significant decrease after eight strong solar cycles, and some studies suggest that solar activity may even decline to the level of the Maunder minimum by the middle of the 21st century (Lockwood, 2010b; Wang et al., 2010); this may add new uncertainties to future climate change projections. Will this extremely low solar activity period continue to develop after the 24th solar cycle, and will the 11a period change lead to a new cold period (like the Maunder minimum)? These challenging scientific questions are one of the core issues of climate change, and an in-depth study of them will help assess and project future climate risks.
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The impacts of solar activity on the tropical Pacific climate have been widely reported. However, few studies focus on the effects of solar activity on the tropical cyclone (TC). Based on the observational and reanalysis data for 1979–2020, this study investigated the solar modulation of TC frequency over the western North Pacific in different solar cycle phases. Results suggest that the regressions of TC frequency to solar activity are asymmetric in the high- and low-solar activity years (HS and LS). Specifically, the intensified solar activity could markedly induce more TCs in HS; however, no significant modulation can be found in LS. Further exploration reveals a possible air–sea coupled mechanism for this interesting phenomenon. The relatively cloud-free area in the western North Pacific could receive more incoming solar radiation at the surface in HS than in LS. This increased regional surface net solar radiation in HS could produce a stronger surface upward latent heat flux and, thus, greater evaporation. Along with that, the local upward motion is dramatically enhanced over the TC source. Then, for compensation, the regional sea level pressure is reduced, and the low-level winds become cyclonic over the TC origin. All of these solar-caused regional atmospheric anomalies in HS contribute to more TC generations. The key to this possible mechanism is the increased regional solar forcing at the ocean surface that is amplified by regionally enhanced upward latent heat flux and evaporation.
Keywords: solar activity, tropical cyclone, asymmetric modulation, western North Pacific, air–sea coupled amplification mechanism
1 INTRODUCTION
A tropical cyclone (TC) is an intense warm-cored cyclonic vortex that generates over tropical oceans. The rainstorm, strong breeze, storm surge, and other disastrous weather conditions induced by TCs often bring serious economic losses and casualties to the affected areas. TCs generally form on the ocean surface with a high sea surface temperature (SST) exceeding 26.5°C and suitable dynamic conditions such as low-level pressure disturbance and weak tropospheric vertical wind shear (Gray, 1968). The western North Pacific, including the South China Sea, is the most important source region of TCs. Due to the influence and restriction of large-scale air–sea backgrounds, the TC frequency over the western North Pacific is characterized by seasonal, interannual, and interdecadal variations (Chan, 2005; Li and Zhou, 2018; Zhan et al., 2019). The generation of TCs could be influenced by some large-scale air–sea coupled systems over the tropical Pacific inside the climate system, such as the ENSO, Intertropical Convergence Zone, and western Pacific subtropical high. Meanwhile, previous studies have reported that, as the external forcing of the earth system, solar activity can significantly affect these systems that are closely tied to TC formation. For instance, the peak of the 11-year solar cycle in the tropical Pacific showed a La Nina-like event, and the Intertropical Convergence Zone and local Hadley cell were strengthened (van Loon et al., 2004; 2007; van Loon and Meehl, 2008; Meehl et al., 2008; Bal et al., 2011). While Roy and Haigh (2010) reported that the El Nino-like pattern appeared in the tropical Pacific with increased solar forcing at an interannual timescale, Huo et al. (2021) and Wang et al. (2019) found a lagged El Nino Modoki in response to decadal solar peaks. Duan (2008) pointed out that, in solar cycle peaks, the East Asian summer monsoon intensified, and the western Pacific subtropical high strengthened and shifted westward. Based on these aforementioned factors, it suggests that solar activity might modulate TC generation by affecting the regional air–sea conditions over the tropical Pacific.
It is believed that the contribution of solar activity to weather and climate change cannot be ignored (Haigh, 1996; Gray et al., 2010; Xiao et al., 2017). Based on satellite observations, the solar radiation output in a quasi-11-year solar cycle varies by approximately 1% (Kopp and Lean, 2011). Previous studies have revealed the marked responses of tropical Pacific air–sea systems to the initially small solar forcing; thus, there must exist the amplification mechanisms of solar forcing on the tropical Pacific, namely, the “top–down” solar ultraviolet radiation mechanism and the “bottom–up” total solar irradiance mechanism (Meehl et al., 2009; Gray et al., 2010). In the “top–down” mechanism, stratospheric ozone can dramatically respond to the solar ultraviolet variability, changing the thermal and dynamic conditions in the stratosphere, and then, the solar signal can be amplified and transferred downward to the troposphere by the wave mean flow interactions (Kodera and Kuroda, 2002; Haigh et al., 2005; Haigh and Blackburn, 2006; Matthes et al., 2006; Kodera et al., 2016; Li et al., 2019). In the “bottom–up” mechanism, due to the greater solar energy input at the ocean surface in the cloud-free areas, the small solar irradiance variability can be manifested by the dynamic air–sea coupling over the tropical-to-subtropical Pacific (van Loon et al., 2004; van Loon et al., 2007; Meehl et al., 2008). The combined effects of the “top–down” and “bottom–up” mechanisms can amplify the initially small solar variability and cause significant changes in the tropical Pacific air–sea systems.
The generation of TCs over the western North Pacific depends on the thermal and dynamic conditions over the tropical Pacific. The impacts of solar activity on the tropical Pacific climate have been widely investigated in many previous studies. Understanding the modulation of solar activity on a severe air–sea coupled system such as TC is important. However, little attention has been paid to the solar effect on TCs over the western North Pacific. Tian (2005) pointed out that in low (high)-solar activity years, more TCs were generated in the western North Pacific when the quasi-biennial oscillation was in the westerly (easterly) phase. Based on the observations from 1977 to 2016, Kim et al. (2017) found that in the solar maximum period, compared with the solar minimum period, TCs over the western North Pacific tended to form southward and eastward and lasted longer with lower central pressure. The recent work of Li et al. (2023) indicated that in El Niño (La Niña) years during declining (ascending) phases of the solar cycle, strong positive (negative) TC genesis frequency anomalies occurred in the southeastern part of the western North Pacific. We, thus, notice that there are no specialized studies on solar effects on TC generations over the western North Pacific.
Despite previous efforts, there may still be a lack of information revealing the specific influence of solar activity on TCs over the western North Pacific. Therefore, the present study focuses on the solar modulation of the TC frequency over the western North Pacific and the possible mechanism. Section 2 describes the data and method used in this analysis. In Section 3, we examine the asymmetric relationship between solar activity and TC frequency in different solar phases and try to further explain the mechanism. We end with a brief conclusion and discussion in Section 4.
2 DATA AND METHODS
2.1 Data
On the one hand, TC activity over the western North Pacific may enter a new period after the abrupt climate change that occurred in the mid-late 1970s. On the other hand, considering the higher credibility and accuracy of satellite observations since 1979, we selected the period 1979–2020 for analysis. The best-track data of TCs over the western North Pacific, including the South China Sea, for the period 1979–2020 were obtained from the China Meteorological Administration (CMA) Tropical Cyclone Data Center (http://tcdata.typhoon.org.cn) (Ying et al., 2014; Lu et al., 2021). Similar to most previous studies, we used the sunspot number (SSN) as solar activity proxy data. Monthly SSNs could be downloaded from the World Data Center Sunspot Index and Long-term Solar Observations (SILSO) of the Royal Observatory of Belgium (http://sidc.oma.be/silso/). The gridded monthly data of sea level pressure (SLP), wind, Ω, total cloud cover, surface upward latent heat flux, and precipitable water of the entire atmosphere for 1979–2020 with 2.5° × 2.5° horizontal resolution were taken from the National Centers for Environmental Prediction/Department of Energy (NCEP/DOE) Reanalysis II dataset (Kanamitsu et al., 2002). The monthly gridded SST analysis was based on the Met Office Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) dataset (Rayner et al., 2003) with 1° × 1° horizontal resolution for the same period. The Nino 3.4 index (mean SSTs over 5°S–5°N latitudes and 170°–120°W longitudes) calculated by the HadISST dataset was used to represent ENSO variability.
2.2 Methods
The high-solar activity years and low-solar activity years are defined depending on whether the SSN is higher or lower than the mean value. The correlation and regression analyses were adopted to examine the asymmetric relationship between solar activity and TC frequency over the western North Pacific. The linear trends of these gridded meteorological data were removed before analysis. When investigating the solar asymmetric impacts on the air–sea backgrounds for TC generation, the ENSO signal was removed from the meteorological variables to avoid its interference in the tropics. First, the linear regression of the original variable field against the standardized Nino 3.4 index is performed to get the ENSO-related field. Second, the ENSO-related field is subtracted from the original variable field to get the meteorological variable without the ENSO signal.
3 RESULTS
3.1 Asymmetric relationship between solar activity and tropical cyclone frequency over the western North Pacific
The time series of yearly SSN and yearly TC frequency for the period 1979–2020 are shown in Figure 1. The SSN varies with a quasi-11-year cycle, spanning from the solar cycle 21 to 24. The TC frequency is characteristic of interannual and interdecadal variations. There are some similarities between the variations of SSN and TC frequency in Figure 1, especially on the interdecadal timescale. Notably, the correlation coefficient between yearly SSN and TC frequency is 0.329 at a 95% confidence level, suggesting that stronger solar activity might induce more TCs over the western North Pacific.
[image: Figure 1]FIGURE 1 | Time series of the annual mean SSN (black) and yearly TC frequency (red) for the period 1979–2020.
Divided by the mean value of the SSN, the whole 42 years from 1979 to 2020 are stratified into HS (18 years) and LS (24 years). HS and LS are listed in Table 1. Table 2 shows the average TC number over the western North Pacific and the average SSN in HS and LS. Although the average TC frequency in HS (30.72) is higher than that in LS (29.12), their difference (1.6) is not very significant. To compare the relationships between solar activity and TC frequency in different solar cycle phases, the standardized yearly TC frequency is linearly regressed on the standardized yearly SSN in HS and LS, respectively (Figure 2A). As shown in Figure 2A, the regression coefficient between yearly SSN and TC frequency in HS is 0.883 with a 99% confidence level, while the regression coefficient in LS is merely 0.263 without reaching a high level of significance. Considering over 60% of TCs generated in July–August–September (JAS), we employ the same analyses in JAS (Figure 2B). Similar asymmetric results can be noticed in Figure 2B. The regression coefficient of JAS TC frequency against SSN in the whole period is 0.260 at a 90% confidence level, and the regression in HS is 0.885 with a 99% confidence level, whereas the regression in LS is insignificant (r = 0.055). This investigation reveals that the responses of TC frequency over the western North Pacific to solar activity are asymmetric. Specifically, the increased solar activity could markedly induce more TCs over the western North Pacific in HS, while no significant modulation can be found in LS.
TABLE 1 | HS and LS for the period 1979–2020. The number in bracket represents the total of HS (LS).
[image: Table 1]TABLE 2 | Average TC frequency over the western North Pacific and the average SSN in HS and LS.
[image: Table 2][image: Figure 2]FIGURE 2 | (A) Scatterplot of standardized yearly SSN and yearly TC frequency in HS (red) and LS (blue). The three lines indicate the regression lines of TC frequency on the SSN in the whole period (black), HS (red), and LS (blue), respectively. Here, “r” represents the slope of the regression line. (B) Same as (A) but for the JAS TC frequency.
3.2 Asymmetric modulation of solar activity on tropical cyclone generation over the western North Pacific
Since the asymmetric responses of JAS TC frequency to solar activity are also very striking, we focus on JAS in this section for convenience. In order to compare solar asymmetric modulation on TC generation in HS and LS, we first need to clarify the basic air–sea conditions that are closely connected to TC frequency for 1979–2020. The linear trends of these gridded meteorological variables were removed before analysis. Several important large-scale air–sea backgrounds related to JAS TC generation are exhibited in Figure 3.
[image: Figure 3]FIGURE 3 | Correlations between JAS TC frequency and JAS (A) SST, (B) vertical wind shear, (C) SLP and 10 m wind (arrows), (D) 500 hPa Ω, (E) 5°–25°N meridional-mean Ω, and (F) 110°E–180° zonal-mean Ω for 1979–2020. Correlation coefficients above the 99% (95%) confidence level are indicated by white dots (white contours). The black box represents the TC origin (5°–30°N, 110°E–180°). Red contours in (A) denote the climatological SST exceeding 26.5°C.
The SST is an indispensable thermal condition for TC formation, and the correlations of JAS SST with TC frequency are shown in Figure 3A. Within the TC origin (black box in Figure 3A), the significant positive correlations appear in the central tropical Pacific and the significant negative correlations appear in the South China Sea. Meanwhile, the SSTs in the TC source sector exceed the threshold value of 26.5°C (red contours in Figure 3A). It indicates that, as long as the basic SST condition (≥26.5°C) is satisfied, the local SST anomalies might have little impact on TC frequency over the western North Pacific.
The tropospheric vertical wind shear, also known as convection ventilation, is an important influence factor for TC generation. The weak vertical wind shear can facilitate the concentration of potential heat in a limited space and, thus, prompt the formation of a TC warm core. Following the work of Chen and Ding (1979), the vertical wind shear is represented by the absolute value of the weighted average zonal wind of the upper part of the troposphere (600–200 hPa) minus that of the lower part (1000–600 hPa). As displayed in Figure 3B, the remarkable weaker vertical wind shear appears over the main TC source region, suggesting the weaker vertical wind shear contributes to TC formation.
The atmospheric circulation anomalies are crucial to the formation and development of TC. Figure 3C exhibits the correlations of JAS SLP and 10 m wind with TC frequency. The TC-related lower SLP markedly occupies the whole TC origin, and anomalous cyclonic circulation at 10 m lies over the western North Pacific. It is without doubt that the lower SLP and anomalous low-level wind convergence are conducive to the formation of an initial low-pressure disturbance for TC. Furthermore, the correlations between JAS TC frequency and 500 hPa Ω are shown in Figure 3D. The marked negative correlations are present over the main TC origin. Moreover, the cross sections of correlations of JAS 5°–25°N meridional-mean and 110°E–180° zonal-mean Ω with TC frequency are displayed in Figures 3E,F. We can see the pronounced negative Ω appearing over the main TC source region in the whole troposphere. It indicates that the stronger ascending motion could facilitate TC generation.
Therefore, among these air–sea backgrounds, the weaker tropospheric vertical wind shear, the lower SLP, the anomalous low-level wind convergence, and the stronger upward motion can actually contribute to more TC generations over the western North Pacific. In addition, the regional SST anomalies do not affect TC formation when reaching the threshold value (≥26.5°C) of the thermal condition.
In Section 3.1, we find that solar modulation on TC frequency over the western North Pacific is asymmetric, but the reason for this interesting phenomenon remains to be explained. We will detect the asymmetric influences of solar activity on the air–sea backgrounds of TC generation and further illustrate why the regression of TC frequency to solar activity is much more significant in HS than in LS. Ruzmaikin (1999) pointed out that, as a stochastic driver, the ENSO can make the solar forcing on climate feasible. Hence, before analysis, the ENSO signal was removed from the meteorological variables to avoid its interference in the tropics.
Figure 4 provides the regressions for JAS SST against standardized SSN in HS and LS, respectively. In HS, the significant colder SST responses appear in the west of the TC origin, and the pronounced warmer SST responses lie in the north of the TC origin (Figure 4A). In LS, the whole TC source region is occupied by negative regressions, and few significant areas are present in the TC origin (Figure 4B). Both the climatological SSTs in HS and LS exceed the threshold value (≥26.5°C). The roles of these local SST anomalies in HS and LS in TC formation might be unnecessary. Combined with Figure 3A, it suggests that the solar influence on regional SST cannot explain the solar asymmetric modulation on TC frequency over the western North Pacific.
[image: Figure 4]FIGURE 4 | Regressions for JAS SST (unit: °C) (with the ENSO signal removed) against standardized SSN in (A) HS and (B) LS. Regression coefficients above the 95% (90%) confidence level are highlighted by white dots (white contours). The black box indicates the source region of TC. Red contours in (A) and (B), respectively, denote the climatological SST exceeding 26.5°C in HS and LS.
The responses of JAS tropospheric vertical wind shear to standardized SSN in HS and LS are shown in Figure 5. In LS, the significant enhanced vertical wind shear lies over the central-east part of the TC source, and the markedly weakened vertical wind shear appears over the northwest and southwest of the TC origin (Figure 5B). In HS, few pronounced responses can be observed within the TC source (Figure 5A). It indicates that the solar impacts on tropospheric vertical wind shear cannot be the reason for solar asymmetric modulation on TC frequency over the western North Pacific.
[image: Figure 5]FIGURE 5 | Same as Figure 4 but for the regressions of vertical wind shear (unit: m/s) against standardized SSN in (A) HS and (B) LS.
To examine the solar asymmetric impacts on near-surface atmospheric circulation, the regressions for JAS SLP and 10 m wind against standardized SSN in HS and LS are presented in Figure 6. In HS, the remarkable negative SLP anomalies with a maximum reduction of 1 hPa, together with the anomalous cyclonic wind at 10 m, occupy the central-west part of the TC origin (Figure 6A). However, neither a significant response of SLP nor abnormal near-surface wind convergence can be noticed in the TC source in LS (Figure 6B). As displayed in Figure 6A, the SSN-induced lower SLP and near-surface cyclonic wind anomaly in HS are conducive to TC generation, which could be one of the reasons for the distinct solar modulation on TC frequency in HS.
[image: Figure 6]FIGURE 6 | Same as Figure 4 but for the regressions of SLP (color shading, unit: hPa) and 10 m wind (green arrows, unit: m/s) against standardized SSN in (A) HS and (B) LS.
In order to reveal the solar asymmetric modulation on the tropospheric vertical wind over the western North Pacific, Figure 7 and Figure 8 exhibit the responses of JAS 500 hPa Ω, 5°–25°N meridional-mean, and 110°E–180° zonal-mean Ω to standardized SSN in HS and LS. In HS, the significant negative 500 hPa Ω anomalies with a maximum reduction of 2 x 10−2 Pa/s dominate the main TC origin sector (Figure 7A), and this anomalous local upward motion can avail the TC formation. In LS, the significant areas are small and scattered in the TC source (Figure 7B). In addition, as shown in the cross sections in Figure 8, the prominent enhanced upward motions appear over (13°–23°N, 140°E–175°W) in the whole troposphere in HS, whereas no significant features can be observed over the TC origin in LS. Results indicate that the noteworthy solar asymmetric effects on the regional vertical motion over the TC source could be one of the main reasons for solar asymmetric modulation on the TC frequency.
[image: Figure 7]FIGURE 7 | Same as Figure 4 but for the regressions of 500 hPa Ω (unit: 10−2 Pa/s) against standardized SSN in (A) HS and (B) LS.
[image: Figure 8]FIGURE 8 | Same as Figure 4 but for the regressions of 5°–25°N meridional-mean Ω against standardized SSN in (A) HS and (B) LS; the regressions of 110°E–180° zonal-mean Ω against standardized SSN in (C) HS and (D) LS. Unit: 10−2 Pa/s.
To sum up, in HS, the increased solar activity could significantly produce lower SLP, low-level cyclonic wind anomalies, and anomalous upward motion over the TC origin, all of which are conducive to TC generation. However, no obvious features can be found in LS. In other words, the remarkable and sensitive responses of regional atmospheric circulation to solar activity in HS are crucial to explaining solar asymmetric modulation on TC frequency over the western North Pacific. Based on that, we will focus on why this marked solar signal in local circulation only shows up in HS to further clarify the possible mechanism.
3.3 Possible air–sea coupled mechanism
In Section 3.2, we find an interesting phenomenon that the western North Pacific might be a sensitive area for solar effects on atmospheric circulation in HS. To detect the particularity of this area, we first give the climatological June–October (JJASO) total cloud cover for 1979–2020 in Figure 9A. It is worth noting that relatively less total cloud cover (<55%) than surrounding subtropics and tropics appears over (10°–30°N, 120°E–180°) within the TC source region. It is a cloud-free area. Then, Figure 9B shows the climatological JJASO surface net solar radiation flux for 1979–2020. The relatively higher net solar radiation flux at the surface (>220 W/m2) can be observed over the region (10°–30°N, 120°E–180°) that finely lies in the TC origin. The region of increased surface net solar radiation corresponds perfectly with this cloud-free area (Figure 9). Hence, we hypothesize that this relatively cloud-free area could facilitate more incoming solar radiation at the surface over the TC source in HS than that in LS, subsequently causing regional changes in air–sea backgrounds over the western North Pacific.
[image: Figure 9]FIGURE 9 | Climatological JJASO (A) total cloud cover (unit: %) and (B) surface net solar radiation flux (unit: W/m2, downward is positive) for 1979–2020. The black box represents the TC origin (5°–30°N, 110°E–180°).
Furthermore, the responses of JAS surface upward latent heat flux and precipitable water for the entire atmosphere (with the ENSO signal removed) against standardized SSN in HS and LS are displayed in Figure 10. The significant intensified surface upward latent heat flux on the order of 9–15 W/m2 is located in the central region of the TC source in HS (Figure 10A). While in LS, most of the TC origin shows weakened upward latent heat flux (Figure 10B). The precipitable water in the entire atmosphere can represent the amount of water vapor contained in the air column. In HS, the precipitable water for the entire atmosphere increases markedly in the TC origin, with the maximum anomaly exceeding 2.5 kg/m2 (Figure 10C). However, no marked features can be found in LS (Figure 10D). It indicates the evaporation is dramatically intensified in HS compared to LS. Along with the solar-induced stronger upward latent heat flux and greater evaporation at the ocean surface in the TC source in HS (Figures 10A,C), the local upward motion is visibly enhanced (Figure 7A; Figure 8A,C). Then, for compensation, the regional SLP is reduced and the low-level winds become cyclonic (Figure 6A), resulting in more TCs over the western North Pacific in HS.
[image: Figure 10]FIGURE 10 | Regressions of JAS surface upward latent heat flux (unit: W/m2, upward is positive) against standardized SSN in (A) HS and (B) LS; Regressions of JAS precipitable water for the entire atmosphere (unit: kg/m2) against standardized SSN in (C) HS and (D) LS. The ENSO signal was removed from these meteorological variables before analyzing. Regression coefficients above the 95% (90%) confidence level are highlighted by white dots (white contours). The black box indicates the TC origin.
Based on these analyses, we finally provide a schematic illustration for the possible air–sea coupled mechanism of this significant solar modulation on TC frequency over the western North Pacific in HS (Figure 11). The relatively cloud-free area over the western North Pacific could absorb more incoming solar radiation at the surface in HS than in LS (Figure 11A). This increased surface net solar radiation in HS could produce a stronger surface upward latent heat flux and, thus, greater evaporation over the TC source (Figure 11B). Along with that, the local upward motion is visibly strengthened (Figure 11C). Then, the regional SLP is reduced, and the low-level winds become cyclonic over the TC origin (Figure 11C). All of these solar-caused anomalies in atmospheric circulation in HS are in favor of TC generation over the western North Pacific.
[image: Figure 11]FIGURE 11 | Schematic illustration for the possible air–sea coupled mechanism of the significant solar modulation on TC frequency over the western North Pacific in HS. (A) Climatological total cloud cover and downward solar radiation at the surface. (B) Solar-induced regional increased surface upward latent heat flux and evaporation in HS. (C) Solar-caused anomalous local atmospheric circulation (low-level cyclonic wind convergence, lower SLP, and stronger upward motion) in HS. The black box represents the TC source region.
This possible mechanism involves the increased surface solar forcing in the cloud-free area that is manifested by regionally enhanced upward latent heat flux and evaporation. Therefore, it seems like an air–sea coupled amplification mechanism in HS. In climatology, the combined actions of the North Pacific subtropical gyre in the ocean and the Northwest Pacific subtropical high in the atmosphere could maintain the cloud-free region. As for ocean circulation, although the local ocean surface receives more solar radiation in HS, the effect of regional solar shortwave radiation on large-scale ocean circulation is very limited. Thus, the influence of ocean circulation has not been explored in this study. As for the atmosphere, we find the weakened Northwest Pacific subtropical high in HS (Figures 6–8), which is not conducive to the maintenance of cloud-free areas. So, there might be a restraining factor that makes the mechanism more complex.
4 CONCLUSION AND DISCUSSION
The impacts of solar activity on the tropical Pacific and the possible underlying mechanisms have been widely reported in prior studies. However, few studies focus on the effects of solar activity on the TC over the western North Pacific. Based on the observations from the CMA and SILSO and the reanalysis data from the NCEP/DOE and Hadley Centre for the period of 1979–2020, we examine the solar asymmetric modulation on TC frequency over the western North Pacific in different solar phases and further illustrate the possible mechanism.
We first find a significant positive correlation with the 95% confidence level between yearly SSN and TC frequency for 1979–2020. It suggests that stronger solar activity might induce more TCs over the western North Pacific. It is worth noting that the responses of TC frequency to solar activity are obviously asymmetric when dividing the whole period into HS and LS. Specifically, the increased solar activity could markedly produce more TCs in HS (with a 99% confidence level); however, no significant modulation can be found in LS.
Then, we detect the asymmetric effects of solar activity on the air–sea backgrounds of TC generation. In HS, the stronger solar activity significantly causes lower SLP, near-surface cyclonic wind anomalies, and anomalous upward motion over the TC origin, all of which are conducive to more TC generation. However, no obvious features can be found in LS. It seems that the remarkable and sensitive responses of regional atmospheric circulation to increased solar activity in HS are crucial to explaining solar asymmetric modulation on TC frequency over the western North Pacific.
Further investigation reveals a possible air–sea coupled mechanism for this significant solar modulation on TC frequency over the western North Pacific in HS. The relatively cloud-free area in the western North Pacific could absorb more incoming solar radiation at the surface in HS than in LS. This increased regional surface net solar radiation in HS could produce a stronger surface upward latent heat flux and, thus, greater evaporation in the TC source. Along with that, the local upward motion is dramatically strengthened over the TC origin. Then, for compensation, the regional SLP is reduced and the near-surface winds become cyclonic. All of these solar-caused regional anomalies in atmospheric circulation in HS contribute to more TCs over the western North Pacific.
The key to this feasible mechanism is that the increased regional solar forcing at the ocean surface in the cloud-free area could be manifested by the regionally strengthened upward latent heat flux and evaporation. This air–sea coupled mechanism has some similarities with the “bottom–up” mechanism (Meehl et al., 2008; Meehl et al., 2009). The “bottom–up” mechanism is used to explain the La Nina-like response of the tropical Pacific to the 11-year solar cycle peaks (van Loon et al., 2004; van Loon et al., 2007; Meehl et al., 2008). However, we neither selected the solar decadal peaks nor separated solar activity into different timescales, so the results were different from these previous studies. Moreover, some unknown restraining factors in the atmosphere and ocean might be underestimated. Furthermore, the “top–down” mechanism of solar modulation on TC has not been explored in this work. We think the phases of quasi-biennial oscillation should be considered when investigating the “top–down” transfer of the solar signal into the TC in further studies.
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