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The interdecadal change of the summer (July–August) rainfall over North China (SRNC) is of great concern to the climate research community. Based on the sliding correlation and interdecadal difference analysis, the interdecadal change of SRNC was studied. Results show a significantly wetter period of SRNC since the mid-2000s, which was associated with strengthening negative relationship between SRNC and PDO. PDO affected the SRNC through the jet stream in the upper-level and the East Asia–Pacific (EAP) teleconnection pattern. In the negative phase of the PDO since the mid-2000s, the contractive upper-level jet stream in the west of North China resulted in the abnormal updraft over the southern region of North China. Meanwhile, the positive phase of the EAP teleconnection pattern brought warm and wet southeast flow entering North China from its eastern boundary, both bringing more rainfall in North China. The abnormal water vapor transport from the western Pacific was very different from that accompanying the East Asian summer monsoon.
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INTRODUCTION
North China lies south of Yanshan mountains, east of Hetao Plain, north of Qinling Mountains and Huaihe River, and east of the Bohai Sea and Yellow Sea (Figure 1), where the capital of Beijing is located. The summer precipitation (July–August) accounts for 80% of the annual precipitation in North China (Tao, 1980). The shortage of summer precipitation in North China has seriously hindered the further development of industrial and agricultural production and the daily life of urban and rural residents there (Huang et al., 1999). North China experienced frequent and severe droughts in the past, which resulted in significant economic and environmental impacts and worsened the local hydrographic environment (Ma and Fu, 2006; Pei et al., 2015).
[image: Figure 1]FIGURE 1 | The topography around North China; the altitude (unit: m) is shaded. The box (35°N–41°N, 110°N–122°E) shows the region of North China.
Numerous studies have investigated the causes of the decreasing summer (July–August) precipitation over North China (SRNC) since the mid-1960s and after the mid-1970s (Yan et al., 1990; Yatagai and Yasunari, 1994; Huang et al., 1999; Lu, 1999; Dai et al., 2003; Liu and Ding, 2010; Zhu et al., 2011). The main possible causes include the large-scale temperature changes due to the weakening thermal difference between land and ocean (Yan et al., 1990; Yan et al., 1991), the winter Arctic sea-ice variations (Wu et al., 1999), the teleconnection pattern including the North Pacific Oscillation (NPO) variation and the North Atlantic Oscillation (NAO) (Li and Li, 1999), the Pacific Decadal Oscillation (PDO or NPDO) and the South Pacific Decadal Oscillation (SPDO) pattern (Zhang et al., 1997; Chang et al., 2000; Yang and Lau, 2004; Li et al., 2020), the sea surface temperature (SST) of the central and eastern Pacific in the equatorial region (Huang et al., 1999), the interaction of the air-sea in the middle latitudes (Li and Liao, 1996), the circumglobal teleconnection (CGT) (Ding and Wang, 2005), the interdecadal weakening of East Asia Summer Monsoon (EASM) (Wang, 2001), the interdecadal changes of the western Pacific subtropical high (WPSH) over the eastern China regions (Nitta and Hu, 1996), the interdecadal cooling in the upper troposphere and lower stratosphere over East Asia (Yu and Zhou, 2007), and the thermal effect of aerosols over Asia such as the black carbon (Menon et al., 2002).
The natural variability at interdecadal timescales in the Pacific Ocean is termed the Pacific decadal variability, which is referred to as the Interdecadal Pacific Oscillation (IPO; Power et al., 1998, Power et al., 1999; Allan, 2000) for the basin-wide pattern or PDO (Mantua et al., 1997) for the North Pacific pattern (Joshi et al., 2022). Both IPO/PDO is defined as a long-lived El Niño-like pattern of Pacific climate variability that not only modulates the rainfall over India (Joshi and Pandey, 2011; Joshi and Rai, 2015; Joshi and Kucharski, 2017; Joshi et al., 2021), Sahel (Mohino et al., 2011; Villamayor and Mohino, 2015), and United States (Dai, 2013) but also over North China. There were two positive phases of PDO (1922–45 and 1977–2002) and one negative phase of PDO (1946–76) in the period of 1900–2010 (Qian and Zhou, 2014). Meanwhile, Ma (2007) found that the spring PDO index had a climate shift occurring in 1978/1979. In interdecadal timescale, PDO not only has a climate shift but also has a close relationship with SRNC. Qian and Zhou (2014) suggested that the dry conditions of North China in summer were influenced by the PJ/EAP meridional teleconnection pattern generated by one negative PDO phase (1946–76) using the Palmer Drought Severity Index data. Li et al. (2020) suggested that after removing the correlation between SPDO and NPDO, there was a significant positive (negative) correlation between SPDO (NPDO) and PRNC.
Numerous studies investigated the unstable relationships between the two time series and suggested that the relationship between El Nino-Southern Oscillation (ENSO) and the Indian summer monsoon had broken down in recent decades (Kumar et al., 1999; Kulkarni et al., 2021). Liu et al. (2004) found that the interannual correlation between the winter sea ice over the Davis Strait and July rainfall over North China had weakened after 1994.
Previous studies indicated that PRNC had experienced an interdecadal decrease since the mid-1970s (Huang et al., 1999). However, the year after which PRNC entered an interdecadal wetter period was still of great concern to the climate research community. Has a new interdecadal change of PDO occurred? How did the interdecadal change of the PDO influence the interdecadal change of the SRNC? With these questions in mind, we firstly investigated the interdecadal variations of the PDO and SRNC and then verified the stability of the relationship between PDO and SRNC from decades to decades. This study was organized as follows. The data and analysis methods were introduced in the Data and analysis methods section. The Results section shows the interdecadal change of the relationship between PDO and SRNC, and the possible mechanism of PDO influencing the SRNC. The final section is Conclusions and discussions.
Data and analysis methods
The Climate Prediction Center (CPC) Unified Gauge-Based Analysis of Global Daily Precipitation dataset with a horizontal resolution of 0.5° × 0.5° (Xie et al., 2007) and the precipitation data of 17 gauge-based stations from 1979 to 2021 in North China (Liu et al., 2020) were used to investigate the interdecadal change of the SRNC. The SRNC is the regional averaged summer (July–August) precipitation over North China in the box of [35°N–41°N, 110°N–122°E] (Liu et al., 2020). Two precipitation datasets were consistent in indicating the interdecadal change of SRNC. For brevity, we only showed the SRNC index from the CPC dataset.
The monthly NCEP-DOE AMIP-II Reanalysis (R-2) (Kanamitsu et al., 2002) dataset and ERA5 dataset were used to reveal the interdecadal variations of atmospheric circulation. Two reanalyzed datasets have subtle differences in characterizing the interdecadal variations of atmospheric circulation. For brevity, we only showed the NCEP-DOE AMIP-II results in the following. Besides, the SST data from the NOAA Extended Reconstructed Sea Surface Temperature (SST) V5 dataset (Huang et al., 2017) and the monthly Pacific Decadal Oscillation (PDO) index derived from https://www.ncdc.noaa.gov/teleconnections/pdo/ were also used.
The vertically integrated water vapor flux from the ground to 300 hPa was calculated to further measure the interdecadal difference of the water vapor transportation. The vertically integrated water vapor flux is computed using the following formula as discussed by Ding (1989):
[image: image]
where [image: image] and [image: image] are the vertical integral of water vapor flux in the zonal and the meridional directions, respectively. g is gravitational acceleration, and u and v indicate the zonal and the meridional wind, respectively. q is specific humidity, and p is atmospheric pressure. Ps is the atmospheric pressure on the surface. 300 is the 300 hPa level.
We intend to discuss the interdecadal change of the summer precipitation over North China and its causes, which was about the difference between the adjacent 10 years. Therefore, we chose a 20-year running t-test to calculate the precipitation difference between the later and former 10-year periods. The 20-year running t-test has also been used earlier to verify the abrupt point of interdecadal change in the summer precipitation over North China (Liu et al., 2012). On the contrary, we used the 11-year sliding correlation to test the relationship variation between the summer rainfall over North China and PDO (Kumar et al., 1999; Liu H. W. et al., 2004).
RESULTS
The characteristics of interdecadal change of the SRNC and PDO in the recent forty years
Figure 2A shows the time series of SRNC during 1979–2021. A 20-year moving t-test was performed to quantify the interdecadal change of SRNC, as shown in Figure 2B. The year 2006 is the first point with a significant precipitation difference between the later and earlier 10-year periods, reaching a 95% confidence level. It was apparent that SRNC had an interdecadal abrupt change point in 2006 during 1979–2021. Therefore, there were two interdecadal periods obviously. In the first period of 1979–2005, the SRNC showed an interdecadal negative anomaly with a mean value below the climate mean. Liu et al. (2020) discovered that SRNC had a weak, increasing trend since 1979 and then halted in the mid-1990s. However, this halted period did not last long (Hu, 1997–2005); then, SRNC entered a wetter period in 2006 (Figure 2A). It is worth noting that, since 2006, the SRNC was not only observed with an increasing trend but also showed an interdecadal positive anomaly with the mean value above the climate mean value. Moreover, the linear trend of SRNC during 2008–2021 was also significant, reaching the 95% confidence level. Thereby, the SRNC entered an interdecadal wetter period in the mid-2000s.
[image: Figure 2]FIGURE 2 | (A) Normalized time series of SRNC index during 1979–2021. The horizontal dash lines indicate the mean during two periods, the solid black line during 2006–2021 indicates the linear trend, and the vertical line indicates the interdecadal abrupt change year. (B) A 20-year running t-test of SRNC index, with two green lines showing a 95% confidence level.
In order to further investigate the interdecadal change of the SRNC, the difference in the SRNC between 2006–2021 and 1979–2005 is shown in Figure 3. A significant positive anomaly is clearly observed in North China with blue shading areas. During 2006–2021, North China entered an interdecadal wetter period, which was consistent with the interdecadal change of the SRNC index (Figure 2).
[image: Figure 3]FIGURE 3 | Climatological mean difference of summer precipitation during periods 2006–2021 and 1979–2005 using CPC dataset (unit: mm). The shading area indicates a difference reaching the 95% confidence level based on Student’s t-test. The black box shows the region of North China.
Previous studies indicated a negative relationship between the PDO index and the SRNC (Ma, 2007; Qian and Zhou, 2014; Li et al., 2020). Since the SRNC experienced an interdecadal abrupt change in 2006, has the PDO experienced a similar interdecadal change? In order to investigate the interdecadal variation of PDO, the normalized time series of PDO index in July–August during 1979–2021 and the result of the 20-year moving t-test are shown in Figure 4. The PDO index revealed the characteristics of interannual and interdecadal variation in Figure 4A. PDO was almost in the positive phase before 2004 and then turned to the negative phase. The SRNC and the PDO index had a significantly negative relationship with a correlation coefficient of −0.361, reaching a 99% confidence level, which is consistent with numerous previous studies (Ma, 2007; Qian and Zhou, 2014; Li et al., 2020). The 20-year running t-test was performed to find the abrupt change point of the PDO index (Figure 4B). We found that the PDO index had a significant abrupt change during 2002–2004.
[image: Figure 4]FIGURE 4 | The same as Figure 2, but for normalized time series of PDO index in July–August during 1979–2021. The horizontal dash lines in (A) indicate the mean during two periods, and the vertical line indicates the interdecadal abrupt change year. Two green lines showing a 95% confidence level in the 20-year running t-test in (B).
The difference in Pacific SST between the periods 2004–2021 and 1979–2003 is also shown in Figure 5. There were warm anomalies in North Pacific and the Warm Pool region, whereas cold anomalies existed in the eastern equatorial Pacific, which is similar to the previous results (Qian and Zhou, 2014). Thus, PDO changed from the negative phase to the positive phase in 2004, and the phase transition year of 2004 is roughly consistent with the interdecadal abrupt year of the SRNC. This reminds us that the interdecadal change of the SRNC is related to the phase transition of the PDO.
[image: Figure 5]FIGURE 5 | The same as Figure 3, but for the difference of SST during the periods 2004–2021 and 1979–2003 in the Pacific (unit: °C). Shaded areas show differences reaching 90% and 95% confidence levels according to Student’s t-test. The box shows the region of North China.
The interdecadal change in the interannual relationship between SRNC and PDO
As mentioned above, the PDO and SRNC both had similar interdecadal variations with close abrupt change or transition years. To further explore whether the interannual relationship between SRNC and the PDO index is stable, Figure 6 shows the sliding correlations between SRNC and the PDO index with an 11-year moving window. The negative correlations between SRNC and the PDO index had obvious interdecadal change. Based on the analysis result using data in the recent 40 years, the the correlations between SRNC and PDO have become stronger and more significant since 2007. Before 2007, the negative correlations between SRNC and the PDO index were almost weak. Accompanying the enhanced interannual relationship between SRNC and the PDO index, the SRNC became wetter since the mid-2000s (Figure 2). This suggests that the interdecadal variations of the SRNC were closely related to the interdecadal variations of the negative relationship between SRNC and the PDO index.
[image: Figure 6]FIGURE 6 | 11-year sliding correlations between SRNC and the PDO index during 1979–2021. The red line of −0.476 indicates a critical value of a one-tailed 95% confidence level with n = 11.
To further demonstrate the interdecadal change in the relationship between the PDO index and SRNC, the wind vector at 850 hPa is regressed onto the normalized PDO index during two periods in Figure 7. During 1979–2005 (Figure 7A), the PDO index was almost positive, and the regression of the wind vector shows anomalous northwest wind over North China, reaching a 95% confidence level. An anomalous cyclone was found in Northeast China. On the contrary, during 2006–2021 (Figure 7B), the PDO index was almost negative, and the regression of the wind vector shows anomalous northeast wind to the southeast of North China. Therefore, while the PDO index was negative, there was anomalous southwest wind to the southeast of North China accompanied by an anomalous anticyclone around southern Japan. Obviously, more water vapor entered North China during 2006–2011, especially from the Pacific.
[image: Figure 7]FIGURE 7 | Regression results of wind vector at 850 hPa using the normalized PDO index during (A) 1979–2005 and (B) 2006–2021. Shaded areas indicate regression reaching 95% confidence levels according to Student’s t-test. The box shows the region of North China.
The possible causes of interdecadal wetter North China since 2006
The upper-level jet stream and its secondary circulation played an important role in the SRNC (Quan and Liuzhucheng, 2013). The correlation distributions between PDO index and zonal wind at 200 hPa were calculated during 1979–2005 and 2006–2021, respectively, to measure the interdecadal variations of the relationship between the upper-level jet stream and PDO during two periods, as shown in Figure 8. We firstly figured out how the PDO influenced the SRNC through the upper-level jet stream.
[image: Figure 8]FIGURE 8 | Correlation distributions between PDO and zonal wind at 200 hPa during (A) 1979–2005 and (B) 2006–2021. Shaded areas indicate correlation reaching 95% confidence levels according to Student’s t-test. The box shows the region of North China. The blue isolines indicate the zonal wind greater than 25 m/s.
There were significant positive correlation coefficients to the west of North China in Figure 8A. During 1979–2005, the PDO was almost in the positive phase, so the upper-level jet stream was a positive anomaly to the west of North China. Uccellini and Johnson (1979) indicated a downdraft in the right hand of the exited region of the jet stream. North China is just below the exit region of the upper-level jet stream. Therefore, during 1979–2005, with an outstretched jet stream to the west of North China, there should be an abnormal downdraft over North China. Figure 9A further demonstrates an abnormal downdraft over southern North China during the period of 1979–2005, although the vertical velocity anomaly had not passed 95% confidence levels. This feature went against more rainfall in North China.
[image: Figure 9]FIGURE 9 | Latitude-height cross section of vertical velocity anomaly along 117.5°E in JA by (A) 1979–2005 mean minus 1979–2021 mean (unit: 10−2 Pa/s) and (B) 2006–2021 mean minus 1979–2021 mean. Shaded areas are statistically significant at the 95% confidence level according to Student’s t-test. The red line shows the latitude range of North China. The black arrow line shows the abnormal vertical movement.
On the contrary, during 2006–2021, there were weak negative correlation coefficients to the west of North China in Figure 8B. During 2006–2021, the PDO was almost in the negative phase, so the upper-level jet stream was a weak positive anomaly to the west of North China. However, we found that the upper-level jet stream was contractive to the west of North China during 2006–2021 with respect to that during 1979–2005. There should be an abnormal updraft over North China. Figure 9B further demonstrates an abnormal updraft over southern North China during the period of 2006–2021, whereas the vertical velocity anomaly had passed 95% confidence levels. This feature made more rainfall in North China.
Numerous studies indicated that PDO influenced the SRNC mainly through the East Asia–Pacific (EAP) teleconnection pattern (Nitta, 1987; Huang and Sun, 1992; Qian and Zhou, 2014). Figure 10 shows the difference in wind vector by 2006–2021 minus 1979–2005. An anomalous anticyclone was found to the east of the Philippines island. In contrast, an anomalous cyclone was observed near Taiwan island and an anomalous anticyclone to the east of Japan island. The “+-+” pattern was very similar to the positive phase of the EAP teleconnection pattern (Nitta, 1987; Huang and Sun, 1992). North China is dominated by an anomalous southeast flow from the Pacific and an anomalous northwest flow from Lake Baikal, resulting in the convergence over North China in the mid-lower troposphere. Thus, more precipitation has been observed in North China since the mid-2000s.
[image: Figure 10]FIGURE 10 | The same as Figure 3 but for 850 hPa wind vector (unit: m/s). Red arrows show the difference reaching 90% confidence levels according to Student’s t-test. The box shows the region of North China.
Although the difference in sea level pressure (SLP) by 2006–2021 minus 1979–2005 in Figure 11 does not show the typical positive phase of the EAP teleconnection pattern, it shows a distribution of low over the land and high over the Pacific along 40°N. This pattern benefited anomalous east wind, leading to more precipitation in north China (Liang et al., 2006).
[image: Figure 11]FIGURE 11 | The same as Figure 3 but for sea level pressure (unit: hPa). Shaded areas show the difference reaching 90% and 95% confidence levels according to Student’s t-test. The box shows the region of North China.
The difference of wind vector at 1,000 hPa and SST in the Pacific by 2006–2021 minus 1979–2005 shows a positive phase of the EAP teleconnection pattern (Nitta, 1987; Huang and Sun, 1992) in Figure 12. The positive phase of the EAP would lead to more precipitation in North China, with the anomalous southeast wind bringing warm-moist air into North China. At the same time, the positive phase of the EAP strengthened the Kuroshio current in the east of the Japan island to keep the warmer SST in North Pacific. The warmer SST in North Pacific was beneficial to maintaining the negative phase of PDO. In general, PDO was conducive to the form of the EAP teleconnection pattern (Nitta, 1987; Huang and Sun, 1992), whereas the EAP teleconnection pattern contributed to maintaining the PDO in turn. Thus, a positive feedback mechanism was formed between the PDO and the EAP pattern. Furthermore, the negative phase of the PDO and the positive phase of the EAP pattern both led to abundant precipitation over North China (Wang and He, 2015).
[image: Figure 12]FIGURE 12 | The same as Figure 3 but for wind vector at 1,000 hPa (unit: m/s) and SST in the Pacific (unit: °C). The isolines show the difference in SST. Shaded areas and red arrows indicate a difference reaching 95% confidence levels according to Student’s t-test. The box shows the region of North China.
In addition, when the PDO was in a negative phase, the SST in the Indian Ocean and the Maritime Continent was anomalously warm, which was significantly different from previous studies (Ma, 2007; Qian and Zhou, 2014). Meanwhile, the warmer SST in the Indian Ocean, around the Maritime Continent, and in the mid-high latitude of the western Pacific resulted in weaker East Asian summer monsoon (EASM) with weaker land-sea thermal contrast.
Figure 13 shows the difference in the water vapor transportation by 2006–2021 minus 1979–2005, which also reflected the characteristics of the positive phase of the EAP with the “+-+” pattern. Anomalous anticyclone of water vapor flux was found near the Philippines island, and the anomalous cyclone of water vapor flux was observed over Taiwan island, while the anomalous anticyclone water vapor fluxed to the east of the Japan island. The anomalous water vapor entering North China between the anomalous cyclone over Taiwan island and the anomalous anticyclone to the east of Japan was significant, reaching a 95% confidence level. Another cyclone marked as “CV” also provided abundant water vapor and brought more precipitation to North China.
[image: Figure 13]FIGURE 13 | The same as Figure 10, but for the vertically integrated water vapor flux (unit: kg/m/s).
CONCLUSION AND DISCUSSIONS
Previous studies (Yan et al., 1990; Yatagai and Yasunari, 1994; Huang et al., 1999; Lu, 1999; Dai et al., 2003; Liu and Ding, 2010; Zhu et al., 2011) proved that North China had undergone interdecadal drought since the mid-1960s and mid-1970s. However, we discovered the SRNC was interdecadal wetter since the mid-2000s. The enhanced negative relationship between SRNC and PDO has occurred since 2006. Accompanied by an enhanced negative relationship between SRNC and PDO, the negative phase of PDO since 2006 resulted in a significantly wetter anomaly of SRNC, which is different from previous results that the SRNC has become drier since the mid-1960s and mid-1970s. The possible major mechanisms are summarized in Figure 14.
[image: Figure 14]FIGURE 14 | Schematic diagram of a mechanism for the abnormal summer rainfall over North China due to (A) positive phase of PDO during 1979–2005 and (B) negative phase of PDO during 2006–2021.
In Figure 14A, during 1979–2005, with PDO in the positive phase, the upper-level jet stream extended to North China, resulting in anomalous downdraft over southern North China and the anomalous northwest wind to the southeast of North China, both leading to less rainfall over North China. However, in Figure 14B, during the enhanced relationship period (2006–2021) between the PDO and SRNC with PDO in the negative phase, the upper-level jet stream was contractive to the west of North China, resulting in an anomalous updraft over southern North China, and the anomalous southwest wind was found to the southeast of North China, both leading to more rainfall over North China.
Except for the upper-level jet stream, the PDO influenced the SRNC mainly through the East Asia–Pacific (EAP) teleconnection pattern (Nitta, 1987; Huang & Sun, 1992; Qian & Zhou, 2014). During 2006–2021 in the positive phase of the EAP teleconnection pattern and negative phase of the PDO, the water vapor transport into North China was mainly from the eastern boundary. The water vapor transport was very different from that provided by the traditional southwest summer monsoon. However, this also suggested that the wetter anomaly of SRNC would not be stable because the recent water vapor budget would be easily changed by the summer monsoon variations in the future, which is worthy of constant attention and research.
Except for two known interdecadal decrease phenomena of SRNC since the mid-1960s and mid-1970s (Yan et al., 1990; Yatagai and Yasunari, 1994; Huang et al., 1999; Lu, 1999; Dai et al., 2003; Liu and Ding, 2010; Zhu et al., 2011), we firstly discover another interdecadal increase phenomenon of the SRNC in this study and the unstable relationship between SRNC and PDO. It is worth noting that the SST in the Indian Ocean and the Maritime Continent are a warm anomaly, which is very different from previous studies when PDO was in a negative phase (Ma, 2007; Qian and Zhou, 2014). In this study, we just used PDO to explain the wetter anomaly of SRNC. However, the other factors, such as the Arctic sea-ice (Wu et al., 1999; Liu H. et al., 2004) and CGT (Ding and Wang, 2005), also need to be further studied.
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