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In the context of more frequent extreme precipitation worldwide, the Sun’s influence on global or regional rainfall patterns has attracted much attention. Due to its vital importance to Chinese industrial and agricultural production, the precipitation property in the mid-lower reaches of the Yangtze River (MLRYR) remains a hot issue. Although previous works have implied the plausible influence of solar activity on precipitation in the mid-lower reaches of the Yangtze River, the time-lagged effect is still an open question. In this paper, we adopt the China-Z index (CZI) to represent the original precipitation data, which is proposed to monitor moisture conditions over China and is more sensitive to solar activity. We explore the lagged correlations between summer precipitation in the mid-lower reaches of the Yangtze River and solar activity. The China-Z index in June-July is negatively correlated with the sunspot number in July of the preceding year, giving a time lag of 11 months. Based on the composite analysis, we suggest that solar activity possibly modulates the precipitation by influencing the local moisture and its vertical movement through the sea-land thermal contrast and the associated East Asian summer monsoon on a much larger scale.
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1 INTRODUCTION
Global warming is usually suggested to be responsible for the more frequent extreme precipitation worldwide. Considering a 4°C global warming, the occurrence rates of 10-year and 50-year events are likely 2–3 times than in the recent past (Seneviratne et al., 2021). As the major external energy source of the Earth, the Sun’s influences on the Earth’s precipitation have attracted many concerns in recent 10 years. On the one hand, the time series of precipitation contain the same period signals of solar activity of weak statistical significance (Zhai, 2017; Heredia et al., 2019; Nitka and Burnecki, 2019). On the other hand, solar activity can modulate precipitation through multiple physical processes, which can be shortly summarized as follows: 1) The total solar irradiance (TSI) influences the sea surface temperature (SST) and changes the atmospheric circulations through air-sea interactions (Reid, 1991; Soon et al., 1996); 2) Solar ultraviolet radiation absorbed by stratospheric ozone causes the temperature gradient, changes the Brewer-Dobson circulation, and further alters the lower atmosphere through the interaction between the troposphere and the stratosphere (Baldwin and Dunkerton, 2005; Butchart, 2014); 3) Galactic cosmic rays influence the formation of cloud condensation nuclei (Svensmark, 2007) and ultimately affect the precipitation.
The effects of solar activity on precipitation are very complicated, reflected in the varying correlations with time scales and regions. Some studies directly focus on solar activity indices to investigate the effects. For example, both the summer precipitation in the plum rain area and the late winter precipitation in southern China are negatively correlated with the solar activity represented by the sunspot number (SSN) (Zhao and Wang, 2014; Zhao et al., 2017; Ma et al., 2019). However, the precipitation in other regions, e.g., India, Northeast Asia, and the Southern Chinese Loess Plateau, may positively correlate with the solar indices, such as the solar 10.7 cm irradiation (F10.7) and the total solar irradiance (Claud et al., 2008; Song et al., 2019; Yu et al., 2019). Other studies focus on the space weather effects caused by solar activity. Suparta et al. (2008) finds the ionosphere total electron content (TEC) enhancement can increase the precipitable water vapor in Antarctica during geomagnetic storms. Prikryl et al. (2021) investigates the climate effect of co-rotating interaction region (CIR), which may lead to heavy rain in many regions.
The mid-lower reaches of the Yangtze River (MLRYR) are in the East Asia monsoon region. The drought and flood disasters in this region could cause severe damage to industrial and agricultural production (Zhang and Wang, 2022). Zhao and Wang (2014); Zhao et al. (2017) present evidence of a northward shift or expansion of the rain band in the MLRYR in the solar maximum. They explain the correlations with up-down and bottom-up mechanisms. However, to advance the development of more accurate forecasting, solar signals prior to precipitation should be captured. By studying the precipitation in Europe, Laurenz et al. (2019) suggests the existence of time-lagged effects between solar activity and precipitation but does not consider the physical mechanism. The time-lagged effect between solar activity and precipitation in the MLRYR is also an open question.
In this paper, we adopt the China-Z index (CZI) as the precipitation index and discuss its sensitivity to solar activity. We explore the relationship between solar activity and precipitation in the MLRYR, focusing on the time-lagged response. In addition, a preliminary physical interpretation of the lagged response is also discussed.
2 DATA SETS AND METHODOLOGY
2.1 Solar activity index
We use the monthly mean SSN, F10.7, and solar wind energy flux (Ein) to characterize the variation of solar activity. The data set of SSN, from 1749 to the present, is obtained from the sunspot Index and Long-term Solar Observations of the World Data Center, Royal Observatory of Belgium, Brussels (https://www.sidc.be/silso/datafiles). The data set of F10.7, from 1948 to 2020, is from the National Centers for Environmental Information of the National Oceanic and Atmospheric Administration (https://psl.noaa.gov/data/correlation/solar.data). The data set of solar wind energy flux Ein, from 1963 to 2020, is derived from the empirical formula proposed by Wang et al. (2014).
2.2 Precipitation index
The precipitation observation over 160 Chinese stations, from 1951 to 2019, is from the National Climate Center of China. Among them, 15 stations are selected to represent the MLRYR, shown in Figure 1A. Figure 1B gives the corresponding climatology of monthly precipitation in the MLRYR. Abundant precipitation occurs during the warm season, which is the main characteristic of a monsoonal climate. In this study, we focus on the precipitation from May to July.
[image: Figure 1]FIGURE 1 | (A) Station distribution in the MLRYR. (B) Precipitation climatology during 1951–2019 in the MLRYR.
Many indices are proposed to characterize precipitation. Precipitation anomaly percentage eliminates the effect of regional difference and is commonly used by meteorological departments. It is calculated by precipitation anomaly of a certain year divided by local multi-year average precipitation. To better represent the degree of drought and flood throughout China, the China-Z index (CZI) has been proposed by the National Meteorological Centre of China (Ju et al., 1997; Wu et al., 2001). It could rapidly respond when precipitation changes significantly and has been widely used in many studies (Wu et al., 2001; Morid et al., 2006). Compared with the standardized precipitation index (SPI) (McKee et al., 1993), the calculation of CZI is much simpler and more flexible for regions with missing data (Wu et al., 2001). Since the monthly precipitation X generally follows the single-peaked, asymmetric Person Type III distribution, we first convert it to a normal distribution by eliminating the skewness and then obtain CZI as proposed by Ju et al. (1997):
[image: image]
φi is the normalized precipitation for the ith year:
[image: image]
where Xi represents the median precipitation in the MLRYR for the ith year. σ is the standard deviation of Xi. Cs is the coefficient of skewness:
[image: image]
2.3 Tropospheric meteorological data
Tropospheric meteorological data are obtained from the fifth generation atmospheric reanalysis (ERA5) dataset from European Centre for Medium-Range Weather Forecasts (https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset&text=ERA5), e.g., the monthly wind velocity (u, v, ω) and specific humidity q) on several pressure levels from 1,000 to 300 hPa, the SST, and the land temperature at the height of 2 m (T2m). All the data sets are from 1950 to 2020, with a horizontal resolution of 1°.
The El Niño-Southern Oscillation (ENSO) event is a typical climatic factor affecting the precipitation in the MLRYR (Yu et al., 2001). Here, we adopt the Niño 3.4 index (1950–2021) as a proxy of ENSO activity, reflecting the state of SST in the equatorial central and East Pacific (5°N–5°S, 170°–120°W). The data is obtained from the Climate Data Guide of the National Center for Atmospheric Research (Trenberth, 2020).
Moisture flux and flux divergence (D) are used to diagnose the conditions of precipitation. Moisture flux [image: image] can indicate the path of the moisture transportation. Moisture flux divergence [image: image] can characterize the aggregation (convergence) or dissipation (divergence) of the moisture. Since most of the water vapors are concentrated in the middle and lower troposphere and contribute to precipitation, we integrate the flux and divergence from 1,000 to 300 hPa (Darand and Pazhoh, 2019; Zhang et al., 2022):
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where g is the acceleration of gravity, p0 is 1,000 hPa and p1 is 300 hPa.
2.4 Composite analysis and bootstrap test
The composite analysis is adopted to compare the meteorological phenomenon between solar maximum and solar minimum. The first step of composite analysis is to identify the years of solar maximum and solar minimum. The solar maximum is defined as the years with the standardized SSN ≥1.0, and the solar minimum is defined as the years with standardized SSN ≤ −1.0 in this study. The second step is to determine the anomaly of solar maximum and solar minimum, which is the arithmetic means in the solar maximum and minimum by subtracting the mean values of all years.
The bootstrap test is applied to quantitatively test the statistical significance of the composite analysis. It is a non-parametric method proposed by Efron (1979) that replaces the overall distribution with an empirical distribution. Firstly, we take random samples of the original data set (with replacement) of the same sizes as solar maximum and solar minimum. Secondly, we calculate the bootstrap distribution of the anomalies for each set of re-samples by repeating the first step 2000 times. Thirdly, we determine the confidence interval for the anomalies. The changes in climate parameters are qualified to be significant when the anomalies in solar maximum or solar minimum are beyond the confidence intervals.
3 RESULTS
3.1 Precipitation in June-July
The climate parameters, such as the SST, the wind velocity, and the atmospheric pressure, respond to solar activity with a time lag of 1–3 years, according to previous studies (Kodera and Shibata, 2006; He et al., 2018, 2019; Huo et al., 2021). Inspired by these findings, we calculate the Pearson correlation coefficients (CC) between the CZI and other parameters by considering a time lag ranging from 0 to 24 months, shown in Figures 2A–D. In general, the CZI in June-July presents a more clear correlation with solar activity than the ENSO event. The mean value of CC is 0.161, −0.240, −0.224, −0.029, for Niño 3.4, SSN, F10.7, and Ein, respectively. For Niño 3.4, the peak positive correlation appears when the time lag increases to 14 months. The peak value, 0.236, is still less than the threshold value of 99% confidence level, 0.306. For SSN, an overall negative correlation presents most of the time lags. The peak value, −0.308, with a time lag of 11 months, satisfies the significant test of 99% confidence level. That is, the SSN in July of the preceding year is negatively correlated with the precipitation in June-July of the current year. The results for F10.7, shown in Figure 2C, are analogous to the situation of SSN, with insignificant decreases in the correlation coefficients. The results for TSI are similar to that of SSN and are not shown here. In addition, the relationship between the CZI and the solar wind energy flux Ein is not clear. Sometimes, they are negatively correlated. And sometimes, they are positively correlated. But all the correlation coefficients do not pass the significant test of 99% confidence level. Figure 2E presents the normalized CZI in June-July and SSN in the preceding July (11 months ahead). The negative correlation is obvious, with a CC of −0.308.
[image: Figure 2]FIGURE 2 | Pearson correlation coefficients (CC) between precipitation in June-July and other indices by considering the time-lagged effect. (A) Niño3.4 (B) SSN, (C) F10.7, and (D) Ein. The black dashed (dot-dashed) lines denote the 95% (99%) confidence level. The red dots denote the most statistically significant situation. (E) Normalized SSN (red, 11 months ahead) and the CZI (blue).
The composite analysis is performed to explore the effect of solar activity on the spatial distribution of precipitation in China. Figure 3A gives the normalized SSN in July of the preceding year, which is 11 months ahead of precipitation. The pink bars denote that the SSN is greater than the mean value, and the blue bars denote that the SSN is less than the mean value. The years with a normalized SSN greater than 1 are defined as the solar maximum, and the years with a normalized SSN less than −1 are defined as the solar minimum. In solar maximum, the precipitation in the MLRYR is much less (up to −30%) than the average of the entire data set, as shown in Figure 3C. In solar minimum, the Huaihe River divides the precipitation in eastern China into two parts, with the flood in the south, and the drought in the north. The precipitation in the mainstream of the Yangtze River is not prominent but is mainly concentrated in southeastern coastal areas, as shown in Figure 3D. Figure 3B gives the difference between solar maximum and solar minimum. Drought and flood are severer both in the MLRYR and Shandong province. Such a precipitation pattern is also in accord with the rain band movement features given by Zhao and Wang (2014) and Zhao et al. (2017).
[image: Figure 3]FIGURE 3 | Normalized SSN (A) and composite map of precipitation anomaly percentage: (B) the difference between solar maximum and minimum, (C) in solar maximum, (D) in solar minimum. White dotted regions indicate significant correlations satisfying the 95% confidence level. The range of the MLRYR (rectangle) is consistent with Figure 1A.
Abundant moisture and ascending motion are two major macroscopic conditions for precipitation. To understand the spatial distribution of precipitation shown in Figure 3, similar composite analyses for these two parameters are performed and shown in Figure 4. Note that these two parameters are at the same time as precipitation, 11 months later than the solar activity. The moisture flux with its divergence and 500 hPa vertical motion (ω) is quite different from the solar maximum to the solar minimum. In solar maximum, as shown in Figure 4A, there is a moisture divergence in the MLRYR and a moisture convergence in the Huanghuai region. The moisture is transported from the Yangtze River to the Huanghuai region, making the MLRYR drier. Additionally, from the anomaly of the atmospheric motion shown in Figure 4C, it is clear that a descending motion anomaly dominates in the MLRYR and an ascending motion anomaly dominates in the Huanghuai region, which is not favorable for heavy rain in the MLRYR. In solar minimum, as shown in Figure 4B, there exist two channels of moisture flux that converge in the MLRYR. One is from the Bohai Sea, and the other one is from India and the South China Sea. In addition, the ascending motion in the MLRYR, represented by blue in Figure 4D, can lift water vapors to form clouds, which is more favorable for precipitation.
[image: Figure 4]FIGURE 4 | Composite map of vertically integrated (from 1,000 to 300 hPa) moisture flux (arrow) with its divergence (colored) in solar maximum (A) and in solar minimum (B). Composite map of 500 hPa atmospheric vertical velocity (ω) in solar maximum (C) and in solar minimum (D). The moisture flux divergence in red/blue represents divergence/convergence. The ω in red/blue represents descending/ascending motion. White dotted regions and the black arrows indicate significant correlations satisfying the 95% confidence level. The range of the MLRYR (rectangle) is consistent with Figure 1A.
To further investigate the driving factors of precipitation, we also perform the composite analysis for the sea-land thermal contrast and the associated wind field. Figure 5 shows the difference in the temperature both on the sea surface (SST) and the land at the height of 2 m (T2m) and the 500 hPa wind field between solar maximum and solar minimum. The trends of the land and the sea temperature around the MLRYR are opposite. In solar maximum, the SST in the West Pacific and the North Indian Ocean is colder, and the land temperature (T2m) in the MLRYR is warmer. These properties lead to an enhancement of the sea-land thermal contrast and a stronger monsoon. In solar maximum, the wind blows from the north Indian Ocean, across the South China sea, to north of the MLRYR. These results are consistent with the results shown in Figure 4.
[image: Figure 5]FIGURE 5 | Composite map of T2m (land) and SST (sea) difference between solar maximum and solar minimum. The arrows indicate the direction and strength of the 500 hPa wind field. The arrows and dotted regions indicate significant correlations satisfying the 95% confidence level. The range of the MLRYR (rectangle) is consistent with Figure 1A.
Colder SST in solar maximum seems to be counter-intuitive because solar radiation is expected to increase when the Sun is more active. However, the variation amplitude of TSI within a solar cycle is not significant, only about 1 W m−2 or 0.1% (Fröhlich, 2011). Such an insignificant enhancement in TSI can affect the SST in a limited way. Cloud cover is more likely to be the influencing factor. Li et al. (2019) shows that the SST anomaly is well anti-correlated with the annual mean total cloud cover anomaly, which is reasonable due to the existence of cloud-radiation feedback. Besides, the dynamic processes in the ocean are complex and may change the SST distribution as well.
3.2 Possible explanation for the time lag
Previous sections present the time-lagged correlation between solar activity and precipitation in the MLRYR in June-July, with a leading period of 11 months. The equatorial ocean plays a vital role in MLRYR climate mode. It takes time to change the ocean states in response to solar forcing. Xiao et al. (2015) shows that the ENSO phenomenon is the leading driver of precipitation in MLRYR. The SST variation in solar maximum from nearly 1 year ahead of the precipitation is also investigated. From the preceding July, we obtain the composite map of the SST for every 3 months, as shown in Figure 6. In the autumn and winter of the preceding year, the equatorial East Pacific gets much colder than the equatorial West Pacific in solar maximum, giving a La Niña mode. In the spring and summer of the current year, the situations are opposite. The equatorial East Pacific gets much warmer than the equatorial West Pacific in solar maximum, giving an El Niño mode. Similar results are also obtained by (Meehl and Arblaster, 2009). They suggest that wind-forced ocean Rossby waves initiated by the dynamical coupled processes in solar maximum propagate to the West Pacific in about 1 year. Li et al. (2019) also found a 1-year time delay of the modulation of Ein on tropical cyclone activities and suggested that the lifetime of ring current ions could be responsible for this time lag.
[image: Figure 6]FIGURE 6 | Composite map of SST difference between solar maximum and solar minimum in (A) the preceding July-August-September, (B) the preceding October-November-December, (C) the current January-February-March, and (D) the current April-May-June. Dotted regions indicate significant correlations satisfying the 95% confidence level.
As shown above, the SST can also be modulated by solar activity. Roy and Collins (2015) suggest that the ENSO signal is convolved with the solar forcing signal. Wang et al. (2021) found that the combined effects of ENSO and solar activity can enhance the winter precipitation in southern China. To accurately understand the impact of solar activity, it is better to remove the ENSO signal in precipitation. Lean and Rind (2008); Roy and Haigh (2010); Ma et al. (2019) propose an approach that uses the multiple linear regression analysis and only keeps the regression coefficient of solar activity. This should be applied in future work.
4 DISCUSSION
4.1 Precipitation in May
\In the previous section, we present the clear correlation between solar activity and the CZI in June-July. Here gives the results in May. Different from the CZI in June-July, the CZI in May presents a more significant correlation with ENSO events than the solar activity indices. This agrees with the finding that SST in the West Pacific could indeed modulate the following precipitation in China (Yu et al., 2001).
In Figure 7A, the CZI in May positively correlates with the Niño 3.4 index when the time lag is between 3 and 10 months, implying the persistence of the impact of ENSO activity on precipitation. The peak value of CC is 0.319, for a time lag of 10 months, which satisfies the significant test of 99% confidence level. As the time lag increases, the CC decreases gradually and turns negative, remaining at about -0.16. For SSN, F10.7 and Ein shown in Figures 7B–D, the CC all decreases with the time lag and does not satisfy the significant test of 99% confidence level. Figure 7E shows the positive correlation between CZI in May and Niño 3.4 in July of the preceding year (10 months ahead), with a CC of 0.319. The trends of these two curves are very synchronized, especially from 1960 to 1980.
[image: Figure 7]FIGURE 7 | Pearson correlation coefficients (CC) between precipitation in June-July and other indices by considering the time-lagged effect. (A) Niño3.4 (B) SSN, (C) F10.7, and (D) Ein. The black dashed (dot-dashed) lines denote the 95% (99%) confidence level. The red dots denote the most statistically significant situation. (E) Normalized SSN (red, 10 months ahead) and the CZI (blue).
Precipitation in May responds differently to solar activity than in June-July, indicating a different physical mechanism but this is beyond the scope of this work.
4.2 The superiority of the CZI index
The CZI is more suitable for studying the solar impact on rainfall patterns in the MLRYR compared with the original precipitation data. Figure 8 compares the results by using the CZI and the original precipitation data. For precipitation in June-July, the absolute correlation coefficient between the CZI and SSN is much higher than the corresponding values when the original precipitation data is used. The peak correlation coefficient can even satisfy the 99% confidence level with a time lag of 11 months. However, the peak value can not satisfy the 95% confidence level when the original precipitation data is used. For precipitation in May, the improvement of the correlation coefficient by using the CZI is similar but very limited.
[image: Figure 8]FIGURE 8 | (A) Time-Lagged correlations between precipitation in June-July and SSN. (B) Precipitation in May and Niño 3.4. The gray curves with triangles denote correlations using the original precipitation data, and the black curves with circles denote correlations using the CZI. The black dashed (dot-dashed) lines denote the 95% (99%) confidence level. The red dots denote the most statistically significant situation.
5 CONCLUSION
In this paper, we investigate the time-lagged correlations between solar activity and summer precipitation in the MLRYR for the first time. We adopt a new precipitation index, CZI, which performs better than the original precipitation data in response to solar activity. Over the three solar activity indices, SSN, F10.7, and Ein, the SSN has the strongest correlation with precipitation. It is negatively correlated with SSN in June-July, with a time lag of 11 months. The composite analysis is performed to explore the effect of solar activity on the spatial distribution of precipitation in China. Moisture, ascending motion, and sea-land thermal contrast in solar maximum and minimum are also investigated to explain the precipitation distribution pattern. A possible influence path is that solar activity can change the SST distribution and adjust atmospheric circulation, affect the East Asia summer monsoon and finally modulate the precipitation. The lagged response of the ocean leads to a lagged response of precipitation, and this lagged effect may be caused by the propagation of the ocean Rossby wave. This lagged response may be instructive for precipitation forecasts, and more detailed work will be carried out in the future.
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