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Based on the newly released China Merged Surface Temperature (China-MST) dataset, we diagnose the leading mode of covariation between surface temperature and the summer precipitation in Eastern China (EC). A possible connection between the surface temperature in East Asia and EC summer precipitation since the last century (1901–2016) is analyzed. Results indicate that there exists a remarkable meridional dipole pattern of surface temperature, defined as the meridional temperature difference index (MTDI). Meanwhile, there is a tripolar pattern of summer precipitation, which coincides with the first principal component of summer precipitation in EC. Further analyses show that when the MTDI is high in summer, an anomalous anticyclonic/cyclonic circulation is in East Asia’s mid/low latitude. The water vapor is down in the Yangtze and Huaihe River basins, and the ascending motion is weak, resulting in reduced precipitation over this region. At the same time, more water vapor and intensified ascending motion in North and South China tend to produce more summer precipitation. The opposite situations are found when the MTDI is low. Moreover, the MTDI closely relates with the Pacific Decadal Oscillation and the Atlantic Multidecadal Oscillation at interdecadal and multi-decadal scales. These results have been substantiated in the application of information flow analysis, a recently developed method in physics for the inference of causality between dynamical events.
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INTRODUCTION
As China’s north, south, east, and west regions span more extensive, complex terrain, climate diversity. As a result, the distribution of annual precipitation is not uniform, with significant temporal and regional characteristics. In terms of time and region, the rainfall is mainly concentrated in Eastern China (EC) in summer, and the precipitation is relatively large. It can cause all kinds of disasters, such as floods, landslides, and droughts (Kwon et al., 2007; Ding et al., 2008; Liu et al., 2012). Previous studies showed two dominant meridional modes of summer precipitation in EC during 1951–2004. One is the meridional tripolar pattern, with more precipitation over the middle and lower reaches of the Yangtze River but less precipitation over South and North China, and the other is the meridional dipole pattern, which is usually referred to as the “southern flooding and northern drought” pattern (Ding et al., 2008; Huang et al., 2011; Zheng et al., 2016).
Temperature and precipitation are the two most essential elements to characterize climate anomalies. Domestic and international studies on the relationship between temperature and precipitation are divided into two main categories. The first category focuses on the characteristics and effects of temperature and precipitation variability, which indirectly reveals their relationship. The studies range from global (Schultz and Halpert, 1993; Sun et al., 2014), European (Beniston and Tol, 1998), Mediterranean (Erol and Randhir, 2012), to China (Huang et al., 2019; Cao et al., 2020) and northwest China (Shi et al., 2007). The results show that temperature and precipitation have been predominantly increasing on a larger global scale since the second half of the 20th century (Sun et al., 2014). In some areas, the temperature is increasing, but precipitation is decreasing, which causes problems such as increasing total drought area (Zhang et al., 2010; Huang et al., 2019) and decreasing potential productivity of climate (Cao et al., 2020). The second category starts directly from the relationship between temperature and precipitation. The study area covers global, Central Asia (Zhang et al., 2010; Huang et al., 2019), southwestern Australia, China (Yang et al., 2006). The relationship was also classified as warm-dry, warm-wet, cold-dry, cold-wet, consistent change, and antisymmetric change. The results show that the global and Central Asian climates show warm-wet changes (Dilinuer and Li, 2018). The overall trend in southwestern Australia is warm and dry (Hallett C. S. et al., 2018). For the arid and semi-arid regions of China, there is a warm-wet trend in the last decade (Wang et al., 2016). The climates of Xinjiang (Yao et al., 2018), Qinghai (Han et al., 2017) transitioned from warm-dry, cold-dry to warm-wet, respectively. As for EC, scholars generally agree that the temperature and precipitation fields have significant antisymmetric changes, which are most significant in the middle and lower reaches of the Yangtze River and southern China (Zheng et al., 2019). However, due to the lack of data, such as short time records or sparse spatial coverage, most above studies have only analyzed the anomalies after the 1950s or 1960s. The relationship between temperature and precipitation before the 1950s has rarely been analyzed, it is not clear whether the relationship between temperature and precipitation in eastern China has changed or has been stable from before the 1950s to the present. Therefore, this study uses newly developed global surface temperature data to focus on the synergistic relationship between temperature and precipitation in eastern China on a centennial scale.
The remainder of the paper is arranged as follows: Data and Methods introduces the data and analysis methods used in this study. In The Definition of Meridional Temperature Difference Index and its Multi-Scale Variations, the meridional temperature difference index (MTDI) over East Asia is defined by PCA and SVD analysis. Multi-scale variation characteristics of MTDI were studied using EEMD method. In The Inter-Annual Correlation and its Physical Mechanism, the relationship between MTDI and EC summer precipitation and its possible physical mechanism are studied by composite analysis. The Correlation in Interdecadal and Above Scales and the Causal Inference discusses the phase relationship between the MTDI, summer precipitation, and climate indices on the interdecadal and multi-decadal scales. The causal relationship between MTDI and climate index is analyzed by information flow. Finally, the summary is presented in Conclusion.
DATA AND METHODS
Data
The surface temperature data is derived from the China Merged Surface Temperature (China-MST) dataset from 1901 to 2016 (Yun et al., 2019). This dataset [the current version is China-MST-Interim (Sun et al., 2021)] is based on a merge of surface air temperature data from China-Land Surface Air Temperature (C-LSAT) (Xu et al., 2018) and SST data from Extended Reconstructed Sea Surface Temperature version 5 (ERSST.v5) (Huang et al., 2017) released by the National Oceanic and Atmospheric Administration/National Centers for Environmental Information (NOAA/NCEI). Compared with the existing similar datasets (Gulev et al., 2021), China-MST has the same accuracy and a similar global surface temperature change trend (Li Q. et al., 2020). Besides, China-MST has certain advantages in trend detection in the last 2 decades (Li et al., 2021). Due to the low resolution of the land surface temperature data (5 ° × 5 °), the Thin Plate Spline method (Hutchinson, 1991) has been used in the early stage to interpolate the data to a resolution of 0.5° × 0.5°. The comparative evaluation shows that the interpolation reflects well trend characteristics of temperature change at a higher resolution (Cheng et al., 2020).
The precipitation data is obtained from the global terrestrial rainfall dataset developed by the Global Precipitation Climatology Centre (GPCC) (Becker et al., 2013). This paper uses the full_data_Monthly_v2018 from GPCC, a monthly precipitation dataset with a spatial resolution of 0.5° × 0.5° and a time range of 1901–2016 (June, July, and August; JJA).
The circulation data are from the Fifth Generation of ECMWF Atmospheric Reanalysis of the global climate (ERA5) (Hersbach et al., 2020). The spatial resolution of ERA5 is 0.25° × 0.25°, and the time range is 1950–2016 (JJA). We use monthly averaged 500 and 850 hPa pressure level data, including zonal winds, meridional winds, geopotential heights, specific humidity.
The Pacific Decadal Oscillation (PDO) index is defined as the leading principal component of detrended monthly SST anomalies in the North Pacific Ocean. Details of this index can be found in Zhang et al. (1997) and Mantua et al. (1997). The Atlantic Multidecadal Oscillation (AMO) index for both observations and model simulations is defined as the area-weighted average of the SST (JJA) over the North Atlantic (0°−65°N, 0°−80°W), but the global mean SST is removed based on the suggestion of previous study (Trenberth and Shea, 2006). For the above monthly SST, ERSST.v5 (JJA) data is used in this paper.
Methods
Brief Introduction
We used the singular value decomposition (SVD) to analyze large-scale relationships between MTDI and summer precipitation in EC for the 116 years from 1901 to 2016. We first detrend the data before the SVD is applied to remove any effect that the trend may have on the results. For more details on the SVD and its application, please refer to Bretherton et al. (1992) and Wallace et al. (1992).
Ensemble Empirical Mode Decomposition (EEMD) is a noise-assisted signal processing method based on EMD (Wu and Huang, 2004; 2009). Wu and Huang (2009) used the uniform distribution of the white noise spectrum to add the decomposed signal to the white noise background with the consistent time-frequency spatial distribution. Therefore, the signals of different timescales can be automatically distributed to the appropriate reference scale, and the problem of end effect and modal aliasing in EMD can be resolved. The unique characteristics and capabilities of EEMD are very useful in the analysis of nonlinear and non-stationary time series, especially in climate change studies (Qin et al., 2012; Ji et al., 2014; Zhang et al., 2016; Qian et al., 2021). In this paper, EEMD method was used to decompose MTDI and the main modes of summer precipitation in EC into different time scales, and further study the relationship on different time scales.
Other statistical methods, like principal component analysis (PCA) (Lorenz, 1956; North et al., 1982), correlation analysis, composite analysis, and Information flow analysis (Liang, 2016) are also adopted in this paper, and the significance test uses the student’s t-test. To obtain the interdecadal scale and multi-decadal scale components of meteorological elements, we use the Lanczos low-pass filter method (Duchon, 1979). Linear trends are removed first from all the data.
Information Flow
Usually, we use time-lagged correlation analysis to determine the causal relationship between two-time series. However, it is well known that correlation does not carry the needed directedness or asymmetry and hence does not necessarily imply causality. In the last decade, it has been realized that causality is essentially rooted in information flow, a truly physical concept that can be formulated rigorously from first principles (Liang, 2016). This formula has been applied successfully to the investigation of many real-world problems in a variety of disciplines such as neuroscience, finance, atmosphere-ocean science, etc. For series [image: image] and [image: image], the rate of information flowing from the latter to the former (Liang, 2014) is:
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Where [image: image] is now understood as the maximum likelihood estimator, [image: image] is the sample covariance between [image: image] and [image: image] ([image: image]), and [image: image] is the covariance between [image: image] and [image: image]. [image: image] is the difference approximation of [image: image] using the Euler forward scheme:
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[image: image] is the time step, this paper is to calculate the year-by-year time series, and [image: image] is set as one. If [image: image], then X2 does not cause the change in [image: image]. If [image: image], then [image: image] is the cause of the change in [image: image] and the predictability is reduced. If [image: image], then [image: image] is the cause of the change in [image: image] and the predictability is enhanced. The causal relationships between climate indices PDO, AMO and air temperature were calculated and discussed through the information flow method. It can be found that there is a clear causal link between all of them and temperature. It will be the focus of future research.
THE DEFINITION OF MERIDIONAL TEMPERATURE DIFFERENCE INDEX AND ITS MULTI-SCALE VARIATIONS
The SVD of Surface Air Temperature With Summer Precipitation in Eastern China
Figure 1 shows the first PCA mode of summer precipitation in EC from 1901 to 2016, with a variance contribution of 17.37%. It shows that the spatial pattern of the first mode shows a +−+ distribution pattern from north to south in EC, with positive/negative/positive extreme centers in the North China, Yangtze and Huaihe River basins, and South China, respectively. The corresponding time coefficients show significant interannual variability, while there are apparent interdecadal variations.
[image: Figure 1]FIGURE 1 | (A) The first PCA mode and (B) principal components of the first (PC1) of the JJA precipitation of 1901–2016 in EC. The percentage of total variance explained by the mode is 17.37%.
In the SVD analysis, the left field is the normalized surface temperature anomalies, and the right field is the normalized summer precipitation anomalies in EC (Figure 2). Results show that the first pair of SVD modes explains 41.13% of the total covariance. It is significantly larger than and separated from other SVD modes. Thereby, analyses will be focused on the first pair of SVD modes in the following sections. As shown in Figure 2A, the first SVD pattern of the surface temperature in East Asia shows a clear meridional dipole pattern, and the accompanying synoptic precipitation field shows a tripolar distribution (Figure 2C). The correlation coefficient (CC) between the time series of China-MST (Figure 2B) and GPCC (Figure 2D) is 0.66, which is significant at the 99% confidence level, suggesting that the meridional temperature dipole pattern is closely associated with the summer precipitation in EC. When the meridional temperature dipole pattern is in a positive phase with above-normal temperature in the north and below-normal temperature in the south, summer precipitation tends to be abundant in South and North China and deficient in the Yangtze and Huaihe River basins.
[image: Figure 2]FIGURE 2 | First leading modes of SVD for (A) JJA precipitation in EC, (C) summer surface temperature for the period of 1901–2016, and normalized time series of first SVD modes (B, D). The percentage of total variance explained by the mode is 41.13%.
To further confirm the SVD results, we define the normalized time series of temperature anomaly differences between north (East-central China) and south (South China, Southeast Asia and the neighboring marine areas) as MTDI (denoted by above and below black rectangle boxes in Figure 2A). The CC between the MTDI (Figure 3A) and China-MST_TS1 (Figure 2B) is 0.95, which is significant at the 99% confidence level, indicating that the meridional temperature dipole pattern is robust in observational temperature data. Meanwhile, the CC between the PC1 (Figure 1B) of the JJA precipitation in EC and the GPCC_TS1 (Figure 2D) is 0.85 (significant at the 99% confidence level). Moreover, the MTDI and GPCC PC1 are significantly correlated with the CC of 0.58. Hereafter, these two indices are used for further analyses.
[image: Figure 3]FIGURE 3 | (A) Time series of Meridional temperature difference index (MTDI) for 1901–2016. (B) IMF components of the MTDI during 1901–2016 based on EEMD decomposition.
EEMD of Meridional Temperature Difference Index and its Variations
To further study the variation of MTDI, the EEMD method is used to analyze the MTDI characteristics in multiple timescales (Figure 3). Figure 3B shows that components from IMF1 to IMF5 contain high to low-frequency signals. The summer MTDI varies at multiple timescales in the past 116 years. To quantify the timescale and its contribution of each IMF, we calculated the average period of each IMF component and the variance contribution rate between each IMF and the original time series (Table 1). The MTDI in summer has three types of variations: 1) The interannual variation is represented by IMF1 and IMF2. The IMF1 has an average period of 2–3 years and the most significant variance contribution rate (62%). Its amplitude is stable in most years, passing the significance test at the level of 95% (Figure 4). The second IMF2 has an average period of 5–6 years and a variance contribution rate of 12%. Therefore, we can conclude that MTDI mainly exists an interannual variation of quasi 2–3 years (IMF1). 2) The interdecadal variation is represented by IMF3 and IMF4. IMF3 and IM4 have an average period of quasi 13 and 36 years, and their variance contribution rates are 4 and 11%, respectively. The quasi 36 years cycle of IMF4 characterization passed the significance test at the level of 95%. Therefore, MTDI mainly exists an interdecadal variation of quasi 36 years (IMF4). 3) The multi-decadal variability is represented by IMF5. IMF5 represents a multi-decadal change cycle with an average period of quasi 72 years, passing the significance under 95% reliability, and its variance contribution rate reaches 10%. Therefore, MTDI mainly exists a multi-decadal variation of quasi 72 years (IMF5).
TABLE 1 | Mean cycle, average normalized energy, and variance contribution rates of IMF components of MTDI for 1901–2016 based on EEMD decomposition.
[image: Table 1][image: Figure 4]FIGURE 4 | The significance test of IMF components of the MTDI during 1901–2016 based on EEMD decomposition (e and t are normalized power spectral energy and average period, respectively).
THE INTER-ANNUAL CORRELATION AND ITS PHYSICAL MECHANISM
Previous studies have demonstrated that the variation of precipitation is always accompanied by atmospheric circulation variability (Zhu et al., 2011; Xu et al., 2015). Therefore, this section focuses on the characteristics of changes in the corresponding circulation field when MTDI changes to investigate the possible physical mechanisms linking MTDI and summer precipitation in EC. In this study, 10 high anomaly years (1951, 1955, 1961, 1971, 1994, 1997, 2000, 2001, 2006, and 2013) and low anomaly years (1954, 1977, 1979, 1980, 1983, 1987, 1993, 1998, 2014, and 2015) of the MTDI were extracted. Figures 5, 6 show the composites of the anomalous geopotential height (500 hPa), wind field (850 hPa), water vapor flux and moisture flux divergence (500 hPa).
[image: Figure 5]FIGURE 5 | Composites of JJA geopotential height anomalies (shading; gpm) at 500 hPa levels in (A) high MTDI years, (B) low MTDI years and (C) their differences during 1950–2016. Composites of JJA wind anomalies (vector; m s−1) at 850 hPa levels in (D) high MTDI years, (E) low MTDI years and (F) their differences during 1950–2016 (The letter A stands for anticyclone and C stands for cyclone). The dotted area refers to the place where the student’s t-test exceeds the 95% significance level.
[image: Figure 6]FIGURE 6 | Composites of JJA water vapor flux (vector; kg m−1 s−1 hpa−1) and moisture flux divergence (shading; 10–6 kg m−2 s−1 hpa−1) at 500 hPa levels in (A) high MTDI years, (B) low MTDI years and (C) their differences during 1950–2016. The dotted area refers to the place where the student’s t-test exceeds the 95% significance level.
In the high MTDI years, the anomalies from low latitudes to high latitudes constitute a tripolar pattern of negative/positive/negative geopotential height in the middle troposphere (Figure 5A). Negative or low geopotential anomalies are found in the South China Sea, the Philippines, and the Sea of Okhotsk. The anomalies of the atmospheric circulation must adapt to the anomalous geopotential heights. The spatial pattern of anomalous circulation from the south to the north of East Asia, that is, two anomalous anticyclones appear in the northwestern Pacific. The anticyclone near 45°N and 180°W is more robust, and the anticyclone (35°N, 125°E) southwest of Japan relatively weak. Additionally, there is an anomalous cyclone (25°N, 120°E) center over the South China Sea (Figure 5D). They are corresponding to positive and negative anomalies of geopotential height in Figure 5A. Therefore, the anomalous northeasterly winds from the western Pacific prevail in South China, controlled by the anomalous cyclone. In North China, the anomalous southeasterly winds (30–45°N, 120°E) from the western Pacific are relatively strong, which is favorable to bring warm and abundant water vapor to North China. The distribution of 500 hPa water vapor flux and moisture flux divergence will be discussed to further reveal the water vapor transport (Figure 6A). There is a significant water vapor flux from the south in EC north of 30°N, which means that water vapor from the Bay of Bengal, and the South China Sea and the Northwest Pacific can be transported to North China all the time in summer. And most of North China and South China have negative moisture flux divergence, indicating that there is water vapor convergence here, leading to increased precipitation. The positive moisture flux divergence in the Yangtze and Huaihe River basins shows water vapor divergence in this area, leading to less precipitation and drought. In the low MTDI years, the circulation situation is opposite.
The difference figure shows that the tripolar pattern is more significant (Figure 5C). Positive and negative geopotential heights correspond to obvious anticyclone and cyclone (Figure 5F). All levels of these anomalies were statistically significant with 95% confidence. This distribution pattern is similar to the East Asia/Pacific (EAP) teleconnection pattern pointed out by Huang and Sun (1992). The EAP teleconnection pattern is a vital circulation pattern affecting summer droughts and floods in the Jianghuai basin of China. Figure 6C indicates that the water vapor flux to the north of the Jianghuai basin in high MTDI years is more significant than those in low MTDI years. More water vapor is transported to North China in the high MTDI years than in the low MTDI years. Moreover, the intensity of moisture flux divergence in the Yangtze and Huaihe River basins is more vital than in the low MTDI years. In comparison, water vapor convergence in South and North China is more vital than in the low MTDI years. Therefore, in terms of water vapor transport, the water vapor in the Yangtze and Huaihe River basins is low and the ascending motion is weak in the high MTDI years, which is not conducive to precipitation. At the same time, South and North China have more water vapor and the ascending motion is strong, which is conducive to precipitation.
THE CORRELATION IN INTERDECADAL AND ABOVE SCALES AND THE CAUSAL INFERENCE
The Phase Relationship Between MTDI, Summer Precipitation, and Climate Indices
To further investigate the relationship between MTDI and summer precipitation in EC at different time scales, we extracted interdecadal and multi-decadal components of GPCC PC1 using the EEMD method.
Figure 7 shows the CCs between MTDI and GPCC PC1, and between MTDI and PDO on the interdecadal scales. The CC between the variations of MTDI and GPCC PC1 is 0.70. MTDI is positively correlated (0.69) with the 15-years low-pass filtered PDO index from 1901 to 1960. That is, when the PDO is in positive phase, North China corresponds to the period of high temperature and heavy rainfall, while the Yangtze and Huaihe River basins correspond to the period of high temperature and little rainfall and drought, and South China correspond to the period of low temperature and heavy rainfall; and vice versa. However, it’s negatively correlated (−0.65) from 1961 to 2016, which is consistent with Ding et al. (2018). When the PDO is in positive phase, North China corresponds to low temperature and less rain, while the Yangtze and Huaihe River basins corresponds to low temperature and much rain, and South China corresponds to high temperature and little rain and drought period; and vice versa. Besides, the CC is 0.84 between the variations of MTDI and GPCC PC1 on the multi-decadal scales, and 0.97 between MTDI and the 40-years low-pass filtered AMO index (Figure 8). That is, when the PDO is in positive phase, North China corresponds to the period of high temperature and heavy rainfall, while the Yangtze and Huaihe River basins corresponds to the period of high temperature and little rainfall and drought, and South China corresponds to the period of low temperature and heavy rainfall; and vice versa. All pass the 99% significance test.
[image: Figure 7]FIGURE 7 | Time series of MTDI, GPCC PC1 and the 15-years low-pass filtered PDO index in the interdecadal scales for 1901–2016.
[image: Figure 8]FIGURE 8 | Time series of MTDI, GPCC PC1 and the 40-years low-pass filtered AMO index in the multi-decadal scales for 1901–2016.
The Causal Inference Between MTDI and Climate Indices
To further investigate the correlation and causal inference between climate indices and the meridional temperature difference in East Asia. In this paper, the two-way information transfer between the climate index and the meridional temperature difference in East Asia from 1901 to 2016 is calculated using the information flow method. The results are shown in Table 2. Where T1→2 represents the information transfer from climate indices to MTDI and T2→1 represents the information transfer from MTDI to climate indices.
TABLE 2 | Correlation coefficients and information flow between PDO and MTDI on the interdecadal scale and between AMO and MTDI on the multi-decadal scale (* Represents passing the significance test with a 95% confidence level).
[image: Table 2]On the interdecadal scale, PDO and MTDI have a two-way causal relationship from 1901 to 1959, although this causal relationship is asymmetric. In particular, the PDO phenomenon does not stabilize MTDI, while MTDI makes the PDO phenomenon less uncertain. In other words, for PDO, MTDI is the source of uncertainty, and the causality of MTDI on PDO is expressed as the propagation of uncertainty from the former to the latter. However, it did not pass the 95% significance test. PDO and MTDI had opposite effects in 1960–2016 and passed the 95% significance test. On the multi-decadal scale, the MTDI phenomenon does not stabilize AMO, while AMO makes the MTDI phenomenon less uncertain. In other words, for MTDI, AMO is the source of uncertainty, and the causality of AMO on MTDI is expressed as the propagation of uncertainty from the former to the latter. All pass the 95% significance test. In this paper, the causal relationship is found through statistical methods, and the influencing mechanism will be studied in the future.
CONCLUSION
Based on the newly released China-MST, we diagnose the leading mode of covariation between surface temperature and the summer precipitation in EC. A possible connection between the surface temperature in East Asia and EC summer precipitation during 1901–2016 is analyzed. Results indicate that there exists a remarkable meridional dipole pattern of surface temperature, defined as the MTDI. The multi-time scale analysis shows that MTDI has significant quasi 2–3°years, quasi 36°years, and quasi 72°years change cycles.
Firstly, the spatial pattern of the CCs between MTDI and summer precipitation is similar to the first PCA mode of the summer precipitation in EC, indicating that MTDI is an important indicator reflecting the change of summer precipitation in EC. Secondly, the CC between the MTDI and the PC1 is significant at the 99% level. The composite analysis shows that when MTDI is high, precipitation is higher than average in most of South China and North China and lower than average in the Yangtze River and Huaihe River Basins. When MTDI is low, precipitation is higher than average in the Yangtze River and Huaihe River Basins and lower than average in most of South and North China. In the high MTDI years, there are anticyclone anomalies in Japan and cyclonic anomalies in the South China Sea and the western Pacific. The WPSH position is eastward, and the southerly wind is strong in EC, which is conducive to water vapor transport to the north of China. The water vapor in the Yangtze and Huaihe River basins is low, and the upward movement of airflow is weak, resulting in low precipitation. In South China and North China, there is more water vapor and stronger upward airflow, resulting in more precipitation. In the low MTDI years, the circulation distribution pattern is the opposite. The water vapor in South China and North China is low, and the upward movement of airflow is weak, resulting in low precipitation. In the Yangtze and Huaihe River basins, there is more water vapor and stronger upward airflow, resulting in more precipitation.
On the interdecadal and multi-decadal scales, MTDI and PC1 have significant correlations with climate mode indices such as the PDO index and AMO index. There is a clear bidirectional information transfer between MTDI and PDO or between MTDI and AMO, indicating that they are mutually important influencing factors. In fact, there have been some studies on the changes of PDO in the context of global warming (Li S. et al., 2020), they conclude that it is less predictable under the greenhouse warming. Different from the PDO, MTDI proposed in this paper always has a stable positive relationship with main modes of summer precipitation in EC during all the period of 1901–2016. while the correlation between the PDO and the precipitation has a reversal around the middle of the 20th century. Therefore, it is of great significance to study the variation of a meridional temperature gradient to understand and predict the interdecadal variation of precipitation in EC.
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