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This study reveals an intensified impact of winter (November–February mean) Arctic Oscillation (AO) on simultaneous precipitation over the mid–high latitudes of Asia (MHA) since the early 2000s. The unstable relationship may be related to the changes in the tropospheric AO mode and the subtropical jet. Further analyses suggest that their changes may be attributable to the interdecadal changes in the stratospheric polar vortex. During 2002–2017, the anomalously weak stratospheric polar vortex is accompanied by intensified upward-propagating tropospheric planetary-scale waves anomalies. Subsequently, the stratospheric geopotential height anomalies over the North Atlantic high-latitudes propagate downward strongly, causing the changes in the tropospheric AO mode, that is, the positive height anomalies over the North Atlantic high-latitudes are stronger and extend southward, corresponding to the stronger and eastward extension of negative height anomalies over the North Atlantic mid-latitudes. Thus, the Rossby wave source anomalies over Baffin Bay and the Black Sea are strong, and correspondingly so too are their subsequently excited the Rossby waves anomalies. Meanwhile, the planetary-scale waves anomalies propagate weakly along the low-latitude waveguide, causing the intensified and southward shift of the subtropical jet. Therefore, the strong Rossby waves anomalies propagate eastward to the MHA. By contrast, during 1979–1999, the strong stratospheric polar vortex anomaly is accompanied by weak upward-propagating planetary-scale waves anomalies, resulting in weaker height anomalies over the North Atlantic mid–high latitudes. Consequently, the anomalous Rossby waves are weak. In addition, the subtropical jet weakens and shifts northward, which causes the Rossby waves anomalies to dominate over the North Atlantic, and thereby the impact of winter AO on simultaneous precipitation over the MHA is weak.
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1 INTRODUCTION
Early studies on winter climate variability over the mid–high latitudes of Asia (MHA) focused mostly on cold waves (Tao, 1957; Ding, 1999; Li and Sun, 2003; Wang and Ding, 2006), surface air temperature (SAT) (Li, 1989; Chen et al., 2000; Wang L. et al., 2009), and the underlying physical mechanisms (Wu and Huang, 1999; Gong et al., 2001; Wu and Wang, 2002a), but few on precipitation. Although winter precipitation over the MHA is less than that in summer, in fact, winter precipitation could directly affect the output of crops in the following year (Kiritani, 2007; Zhang and Huang, 2012). Furthermore, anomalous heavy precipitation in the form of snow or freezing rain can exert substantial adverse influences on transportation, the economy and people’s daily lives (Wang and Chen, 2010; Fereday et al., 2012). Studying the variability of winter precipitation over the MHA is therefore of great scientific and societal relevance, especially against the background of global warming.
The East Asia winter monsoon (EAWM), Siberian high and blocking high have marked effects on winter precipitation over the MHA (Shi, 1996; Gong et al., 2002; Li and Sun, 2003; Yang and Li, 2008). Furthermore, Shi (1996) showed that, during strong EAWM years, the circulation anomalies are characterized by a strong western Pacific teleconnection and a weak Eurasia teleconnection. Gong et al. (2002) suggested that Siberian high is significantly related to Arctic Oscillation (AO) and Eurasia teleconnection pattern. Yang and Li (2008) further showed that an intensified AO corresponds to a weakening of Ural blocking high, Aleutian low, and Siberian high, indicting weak EAWM and less precipitation over Inner Mongolia and Xinjiang.
As AO is an important mode of atmospheric circulation in the Northern Hemisphere (NH) extratropics, previous studies have shown that AO has a significant impact on the tropospheric climate variability over the MHA in winter, including EAWM (Gong et al., 2001; Wu and Wang, 2002a, 2002b; Chen et al., 2005), Siberian high (Gong et al., 2001; Wu and Wang, 2002; Huang et al., 2016), SAT (Thompson and Wallace, 1998; Thompson and Wallace, 2000; He and Wang, 2013; Yu et al., 2015; He and Wang, 2016; He et al., 2019) and precipitation (Thompson and Wallace, 2001; Gong and Wang, 2003; Yang and Li, 2008; He et al., 2017).
A considerable part of AO variability is related to the external forcing factors, such as sea surface temperature (Lin et al., 2005; Li et al., 2006; Jia et al., 2009), snow cover (Hardiman et al., 2008; Wu et al., 2011) and Arctic sea ice (Jaiser et al., 2012; Screen et al., 2013; Peings and Magnusdottir, 2014; King et al., 2015; Nakamura et al., 2015; Chen and Wu, 2018). Furthermore, AO exhibits a quasi-barotropic dipole mode over NH mid–high latitudes, extending from the troposphere to the stratosphere, and thus is closely related to the stratospheric polar vortex (Thompson and Wallace, 1998; Thompson and Wallace, 2000). There is an interaction between the stratospheric polar vortex and planetary-scale waves. The strength of the stratospheric polar vortex is modified by upward-propagating planetary-scale waves anomalies (Baldwin and Dunkerton, 1999); meanwhile, the stratospheric polar vortex anomaly, in turn, affects the propagation of planetary-scale waves (Chen and Robinson, 1992; Hartmann et al., 2000; Chen and Wei, 2009). When the stratospheric polar vortex is disturbed, the downward stratospheric influence induces a tropospheric negative AO mode (Baldwin and Dunkerton, 1999, 2001; Ren and Cai, 2007; Wang and Chen, 2010; Peng et al., 2019). The changes in AO-related tropospheric circulation over the MHA in winter could be modulated by stratospheric circulation anomalies (Chen and Kang, 2006; Takaya and Nakamura, 2013; Nath et al., 2014; He et al., 2019).
However, AO mode may have changed in recent years (Zhang et al., 2008; Wang J. et al., 2009; Overland and Wang, 2010; Stroeve et al., 2011). The impact of AO on the climate variability over the MHA is non-stationary (Gao et al., 2014; Li et al., 2014; Chen et al., 2015; Liu et al., 2017a; Liu et al., 2017b). For instance, Li et al. (2014) suggested that the relationship between winter AO and EAWM experienced a significant interdecadal change after the 1980s, which is related to the reduction of autumn Arctic sea-ice cover. Liu et al. (2017a) showed that the interdecadal change between winter AO and simultaneous SAT over East Asia might be attributable to the interdecadal change of AO’s Azores center.
These studies motivate us to speculate the relationship between winter AO and simultaneous precipitation over the MHA might also be unstable. However, previous studies on the unstable impact of winter AO on the MHA climate variability have less focused on the winter precipitation and the role of the stratosphere. Therefore, the primary goal of this study is to analyze the unstable relationship of winter AO with simultaneous precipitation over the MHA and explore its possible causes, including the role of the stratospheric polar vortex.
The rest of the paper is organized as follows: Section 2 describes the datasets and methods. Section 3 reveals the strengthened relationship and AO-related water vapor transport, tropospheric atmospheric circulation, and Rossby waves anomalies. Section 4 analyzes the possible causes. Finally, section 5 provides a conclusion and some discussion.
2 DATA AND METHODS
2.1 Data
The monthly mean large-scale atmospheric circulation variables are from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis, with a horizontal resolution of 2.5° × 2.5° and 17 vertical pressure levels (Kalnay, 1996), and the Hadley Center SLP (HadSLP2r) with a 5° × 5° latitude–longitude resolution (Allan and Ansell, 2006). The variables used include SLP, 2-m temperature, specific humidity from 1,000 to 300 hPa, zonal wind, meridional wind, air temperature, and geopotential height at all levels.
Four precipitation datasets are employed in this study: (1) the Climatic Research Unit (CRU) monthly precipitation dataset, with a high horizontal resolution of 0.5° × 0.5° (CRU_TS_4) (Harris et al., 2020); (2) the Global Precipitation Climatology Centre (GPCC) monthly total precipitation dataset, with a horizontal resolution of 2.5° × 2.5° (GPCC_2018) (Becker et al., 2012); (3) the Global Precipitation Climatology Project (GPCP) monthly precipitation dataset, with a 2.5° × 2.5° latitude–longitude resolution (GPCP_2.3) (Adler et al., 2018), and (4) the Precipitation Reconstruction over Land (PREC/L) monthly precipitation dataset, with a 2.5° × 2.5° latitude–longitude resolution (Chen et al., 2002).
Four indices are used in this study. (1) AO index (AOI) is defined as the leading principal component of 1,000 hPa geopotential height anomalies north of 20°N (https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml). (2) The area-weighted precipitation over the domain of 40°–56°N and 75°–120°E is defined as the precipitation index over the MHA. In addition, (3) the Indian Ocean Dipole index (https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/), and (4) the Nino 3.4 index (https://psl.noaa.gov/data/correlation/nina34.anom.data) are also adopted. All indices are detrended and normalized.
The time period is from 1979 to 2017. By analyzing the temporal correlation coefficients (CCs) of annual cycles of the land precipitation’s climatology and its standard deviation over the MHA (40°–80°N, 60°–180°E) (figure not shown), we find that the precipitation variabilities over the region present a high spatial coherence during November–February. Hence, the winter in this study refers to the monthly means of November, December, January and February.
2.2 Methods
The quasi-geostrophic Eliassen–Palm (EP) flux is calculated to measure the wave intensity and wave propagation (Andrews et al., 1987). The EP flux (F) and its divergence (∇ ⋅ F) (Edmon et al., 1980) are defined as follow:
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The mean zonal momentum equation is defined as*
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where [image: image] is the density of air, [image: image] is the radius of the Earth, [image: image] is the latitude, [image: image] is the potential temperature, [image: image] is pressure, and [image: image], [image: image] are the zonal and meridional wind, [image: image] is the Coriolis parameter, and [image: image] is the residual mean meridional circulation. By expanding the Fourier harmonics, we adopt the sum of the zonal wavenumbers 1 through 3 to denote quasi-stationary planetary-scale waves. To display the EP flux throughout the stratosphere, the vectors are scaled by [image: image] (Randel, 1987) and [image: image] (Wang L. et al., 2009). In addition, all vectors above 100-hPa are typically multiplied by 5. According to Equation 4, the zonal-mean zonal flow is decelerated (accelerated) where there is convergence (divergence) of the EP flux (Hartmann et al., 2000).
Moreover, the Rossby wave source (Sardeshmukh and Hoskins, 1988), the horizontal wave activity fluxes (Takaya and Nakamura, 2001), and the vertically (surface to 300 hPa) integrated water vapor transport (Sun et al., 2011) are calculated. The significance of all analyses is determined using the two-tailed Student’s t-test.
3 INTERDECADAL CHANGE OF THE RELATIONSHIP BETWEEN AO AND SIMULTANEOUS PRECIPITATION OVER THE MHA
3.1 Intensified Impact of Winter AO on Simultaneous Precipitation Over the MHA Since the Early 2000s
It is found that winter AOI is significantly negatively correlated with simultaneous precipitation index over the MHA during 1979–2017 (Table 1). To detect whether instability exists in this relationship, we calculate the 13-years sliding CCs between the two indices (Figure 1). No significant correlations are observed before the early 2000s, whereas significantly negative correlations are detected after the early 2000s, implying that winter AO might have an intensified impact on precipitation over the MHA after the early 2000s. To verify the results, we repeated the above analyses using the GPCC and PREC/L data, and obtained similar results (figure not shown), suggesting that this interdecadal change is robust.
TABLE 1 | The correlation coefficients between winter Arctic Oscillation index (AOI) and simultaneous precipitation index over the mid–high latitudes of Asia (40°–56°N, 75°–120°E) (PI_MHA) in the periods of 1979–1999, 2002–2017 and 1979–2017. The PI_MHA is derived from the four precipitation datasets (CRU, GPCP, GPCC, and PREC/L). The *, **, *** indicate statistical significance at the 90, 95, 99% confidence level based on the Student’s t-test, respectively.
[image: Table 1][image: Figure 1]FIGURE 1 | 13-years sliding correlation coefficients between winter Arctic Oscillation index (AOI) and simultaneous precipitation index over the MHA (PI_MHA) derived from CRU (PI_MHA_CRU; blue curve) and GPCP (PI_MHA_GPCP; red curve) data. Both indices are detrended and normalized. The horizontal dashed lines denote the 90% confidence level based on the Student’s t-test.
Some aspects of the climate are confirmed to have a turning point around the 2000s (England et al., 2014; Xu et al., 2015; Li et al., 2019). Motivated by these studies, we conducted the 13-years moving t-test on AOI during 1979–2017 (figure not shown) and found that AO exhibits an interdecadal change around the year 2000. Consequently, combining the 13-years sliding CCs (Figure 1) and AO’s turning point, we split the study period into two sub-periods (1979–1999 and 2002–2017) for the following comparative analyses.
The CCs between winter AOI and simultaneous precipitation index over the MHA derived from the CRU, GPCP, GPCC and PREC/L data is −0.62 (0.08), −0.60 (0.08),−0.71 (0.03) and −0.66 (−0.02), respectively (Table 1), confirming that winter AO is significantly (insignificantly) correlated with simultaneous precipitation over the MHA during 2002–2017 (1979–1999). Furthermore, we perform a statistical test on the CCs in the two periods based on the 1,000 bootstrap replicates in R-project, and the results also show that the interdecadal change in Table 1 and Figure 1 is reasonable. Because the CCs are negative in 1979–2017 and 2002–2017, the AOI multiplied by −1 (−AOI) is used in the following analyses for convenience. The precipitation anomalies over the MHA regressed upon −AOI in the two periods are displayed in Figure 2. The significant positive precipitation anomalies are observed over the MHA during 2002–2017 (Figures 2B,D); however, during 1979–1999, there are only sporadic significant precipitation anomalies (Figures 2A,C). We repeated the above analyses using the GPCC and PREC/L data and obtained similar results (figure not shown).
[image: Figure 2]FIGURE 2 | (A, B) Regression maps of the winter precipitation (units: mm month−1) upon AOI multiplied by −1 (−AOI) during (A) 1979–1999 and (B) 2002–2017. The precipitation in (A, B) is derived from the CRU data. (C, D) As in (A, B) but for the results derived from the GPCP data. The black frame denotes the location of the study area (40°–56°N, 75°–120°E). The dotted areas indicate statistical significance at the 95% confidence level based on the Student’s t-test.
3.2 Differences in Water Vapor Transport and Tropospheric Circulation Anomalies Between 1979–1999 and 2002–2017
Figure 3 displays the 850-hPa horizontal wind, water vapor transport and its divergence, 2-m temperature, and 200-hPa zonal wind regressed upon −AOI in the two periods. For the MHA, there is a significant lower-level wind convergence anomaly over the MHA in 2002–2017 (Figure 3B). During 1979–1999, however, there are no significant lower-level wind convergence or divergence anomalies over this region (Figure 3A). Furthermore, the distribution of water vapor transport anomalies is highly similar to the anomalous lower-level wind distribution. During 1979–1999, the significant easterly anomalies prevailing over the North Pacific high-latitudes to convey cold and dry air to the MHA, and there are no significant convergence and divergence anomalies of water vapor over this region (Figure 3C), which is consistent with the results obtained from Figures 2A,C. However, during 2002–2017, three branches of water vapor transport anomalies reach the MHA and form a water vapor convergence region (Figure 3D): the first is significant westerly anomalies in the south flank of the anomalous cyclone prevailing over the North Atlantic mid-latitudes to convey warm wet air to the MHA; the second is southwesterly anomalies over the Red Sea transporting warm wet air to the Caspian Sea, which turns into the westerly flow to the MHA; and the last is easterly anomalies of the weak polar vortex over the North Pacific mid–high latitudes transporting cold and dry air to the MHA. Because the water vapor anomalies mostly come from the low-latitudes, the temperature on the south side of the MHA is anomalously high (Figure 3F). Moreover, the convergence region of cold and warm air corresponds to more anomalous precipitation (Figures 3F vs 2B,D).
[image: Figure 3]FIGURE 3 | Regression maps of the (A, B) horizontal wind (units: m s−1) at 850 hPa, (C, D) vertically integrated (surface to 300 hPa) water vapor transport (vectors; units: kg m−1 s−1) and its divergence (shading, 10–6 kg m−2 s−1), (E, F) air temperature (units: °C) at 2-m, and (G, H) zonal wind (units: m s−1) at 200 hPa upon −AOI during (left panel) 1979–1999 and (right panel) 2002–2017. The red frame denotes the location of the study area (40°–56°N, 75°–120°E). The shaded areas in (A, B) and the dotted areas in (C, D, E, F, G, H) indicate statistical significance at the 95% confidence level based on the Student’s t-test.
It is interesting that lower-level zonal wind and water vapor transport anomalies over the North Atlantic mid–high latitudes also show significant differences in the two periods. Both anomalous patterns show the negative North Atlantic Oscillation (NAO) pattern (Figures 3A–D). However, their strength shows significant differences. The strength of significant lower-level wind convergence anomaly over the North Atlantic mid-latitudes during 2002–2017 is strong, and its anomaly center ranges from the mid-latitudes of the North Atlantic Ocean to western Europe (Figure 3B). Thus, the strong westerly anomalies over the south side of the anomalous cyclone facilitate transporting water vapor from the North Atlantic Ocean and the Red Sea to the MHA (Figure 3D). By contrast, during 1979–1999, the strength of lower-level wind convergence anomaly is relatively weak, which is characterized by a relatively stronger center over western Europe and a weaker center over the east coast of the United States (Figure 3A). Therefore, the weak westerly anomalies over the south side of the anomalous cyclone are not sufficient to transport water vapor from the North Atlantic Ocean and the Red Sea to the MHA (Figure 3C). Furthermore, the upper-level zonal wind anomalies over this region also show the negative NAO pattern. The significant easterly anomalies along 40°–60°N and the significant westerly anomalies along 20°–40°N in 2002–2017 are stronger than those in 1979–1999 (Figures 3G,H). These results indicate that the water vapor transport anomalies are more favorable for the occurring of precipitation over the MHA in 2002–2017 than that in 1979–1999.
Figure 4 shows the geopotential height anomalies at 200-hPa (contours) regressed upon −AOI in the two periods. It can be seen that the negative height anomalies over the MHA in 2002–2017 are stronger than that in 1979–1999. Moreover, both the height anomalies over the North Atlantic mid–high latitudes exhibit the negative NAO pattern. However, the location and strength of the height anomalies in the two periods are significantly different. The positive height anomalies over the North Atlantic high-latitudes in 2002–2017 are stronger, corresponding to the negative height anomalies over the North Atlantic mid-latitudes also being stronger (Figure 4B). However, during 1979–1999, the positive anomalies over the North Atlantic high-latitudes are relatively weak, corresponding to the relatively weak negative anomalies over the North Atlantic mid-latitudes (Figure 4A). Besides the strength, there are also differences in the locations. Compared with 1979–1999, the positive height anomalies over the North Atlantic high-latitudes in 2002–2017 move westward and southward, which correspond to the negative height anomalies over the North Atlantic mid-latitudes moving eastward.
[image: Figure 4]FIGURE 4 | (A, B) Regression maps of the Rossby wave activity fluxes (vectors; units: m2 s−2) and geopotential height (contours; units: gpm) at 200 hPa upon −AOI during (A) 1979–1999 and (B) 2002–2017. The green frame denotes the location of the study area (40°–56°N, 75°–120°E). The shaded areas indicate statistical significance at the 95% confidence level based on the Student’s t-test.
3.3 Differences in Tropospheric Rossby Waves Anomalies Between 1979–1999 and 2002–2017
Is there any connection between the anomalous meridional dipole pattern over the North Atlantic mid–high latitudes and the circulation anomalies over the MHA? The 200-hPa wave activity fluxes (vectors) upon −AOI in the two periods are also presented in Figure 4. During 2002–2017, there is a significant Rossby wave-train anomaly from Baffin Bay to the MHA. As the wave activity fluxes’ divergence region, the Rossby waves anomalies over Baffin Bay first propagate to the southeast, and some of that propagate to western Europe, during which time it is supplemented by the energy of the transverse trough over this region. Then, the Rossby waves anomalies turn and propagate eastward along the subtropical jet waveguide. This stable energy transmission process leads to the maintenance of the negative anomaly center and the transverse trough over western Europe, and this region acts as a relay to disperse the Rossby waves eastward affecting the MHA, and thereby the impact of AO on precipitation over the MHA is significantly intensified. The anomalous Rossby wave-train is also characterized by the zonally oriented anomalous positive-negative-positive-negative geopotential height pattern located in Baffin Bay, western Europe, Caspian Sea, and the MHA (Figure 4B). However, during 1979–1999, the strengths of the wave activity fluxes’ divergence and convergence anomalies that appear alternately over Baffin Bay and western Europe are relatively weak (Figure 4A), and the transverse trough anomalies over western Europe are also relatively weak. The Rossby waves anomalies are dominant over the North Atlantic, and thus the impact of AO on precipitation over the MHA is weak.
Furthermore, the 200-hPa Rossby wave source, divergent winds in the lower and upper troposphere, and SLP anomalies regressed upon −AOI in the two periods are shown in Figure 5. During 2002–2017, the significantly stronger negative SLP anomalies over the mid-latitudes of the North Atlantic Ocean to the Black Sea, consequently, there is a strong convergent wind at the lower-level in the region (Figure 5D). Meanwhile, mass continuity demands a compensating vertical outflow, and thus the Ekman pumping produces ascending motion above the low. At the upper-level, to compensate for the upward inflow, a mass divergence is needed. Thus, an upper-level divergence lies over the lower-level convergence of the region (Figure 5B). According to Rossby wave source theory, such an upper-level divergence can lead to Rossby wave source anomalies occurring over the mid-latitudes of the North Atlantic Ocean and the Black Sea. Similarly, a stronger Rossby wave source anomaly occurs over Baffin Bay, and the associated Rossby waves anomalies over these regions are correspondingly stronger (Figure 4B). Furthermore, compared with 1979–1999, the negative SLP anomalies over the North Atlantic mid-latitudes in 2002–2017 are positioned eastward, meaning the Rossby wave source anomalies are also positioned further east than that in 1979–1999. However, during 1979–1999, the negative (positive) SLP anomalies over the North Atlantic mid-latitudes (high-latitudes) are relatively weak, resulting in the anomalously weak lower-level and upper-level divergent wind over Baffin Bay and western Europe, and thus the Rossby wave source anomalies over these regions are relatively weak (Figure 5A).
[image: Figure 5]FIGURE 5 | (A, B) Regression maps of the Rossby wave source (shading; units: 10–10 s−2) and divergent wind (vectors; units: m s−1) at 200 hPa upon −AOI during (A) 1979–1999 and (B) 2002–2017. (C, D) As in (A, B) but for divergent wind (vectors; units: m s−1) at 925 hPa and SLP (shading; units: hPa). The dotted areas in (C, D) indicate statistical significance at the 95% confidence level based on the Student’s t-test.
3.4 The Linkage Between Differences in North Atlantic Mid–High Latitudes and Those Over the MHA
The above analyses reveal that the different tropospheric circulations anomalies over the MHA in the two periods may be related to the interdecadal changes of the tropospheric circulations anomalies over the North Atlantic mid–high latitudes. Corresponding to the −AOI during 2002–2017, the positive (negative) height anomalies over North Atlantic high-latitudes (mid-latitudes) are stronger (deepened), with the center extending more southward (eastward). This negative AO/NAO pattern produces a strong lower-level divergence (convergence) over Baffin Bay (the Black Sea), in turn stimulates a strong upper-level convergence (divergence) via the Ekman pumping. Correspondingly, the Rossby wave source anomalies over Baffin Bay and the Black Sea are stronger, and then the associated stronger quasi-stationary Rossby waves anomalies propagate more eastward and excite stronger negative height anomalies over the MHA. The negative height anomalies over the MHA then make the water vapor convergence anomalies to provide beneficial conditions for more winter precipitation over this region. Thus, the impact of winter AO on simultaneous precipitation over the MHA is significantly intensified. However, corresponding to the −AOI during 1979–1999, the positive (negative) height anomalies over North Atlantic high-latitudes (mid-latitudes) are relatively weak. The Rossby waves anomalies are relatively weak and mainly confined in the North Atlantic region. Consequently, there is a weak linkage between winter AO and simultaneous precipitation over the MHA.
4 POSSIBLE CAUSES
Why are the tropospheric circulation anomalies and Rossby waves anomalies associated with −AOI significantly different in the two periods? In this section, we analyze its possible causes from the climatological perspective, including the role of the troposphere and stratosphere.
4.1 The Role of the Troposphere
4.1.1 The Interdecadal Change of Climatic Tropospheric AO/NAO Mode
The spatial distribution of the leading EOF mode (EOF1) of SLP anomalies in the two periods and their difference (2002–2017 minus 1979–1999, the same below) are shown in Figure 6. The negative AO mode in the two periods displays remarkable differences in the NH extratropics. Specially, during 1979–1999, the positive SLP anomalies over the polar region are surrounded by two negative SLP anomalies over the mid-latitudes North Pacific and North Atlantic. The intensity of the negative anomalies over the North Atlantic is greater than those over the North Pacific (Figures 6A,D). However, compared with 1979–1999, AO’s spatial pattern during 2002–2017 has undergone significantly changes, especially in the mid-latitudes. The strength of negative anomalies over the North Pacific (North Atlantic) is weakened (intensified) (Figures 6B,E). Besides the strength, the locations of the SLP anomalies over the two regions have also changed. The difference field (Figures 6C,F) clearly shows that, compared with 1979–1999, during 2002–2017, the extent of the positive anomalies over the polar region extending southward to Eurasia continent has been significantly shrunk, corresponding to the eastward extension to the MHA of the negative anomalies over the North Atlantic mid-latitudes. However, the positive anomalies over the North Atlantic high-latitudes shift westward, and are observed over Baffin Bay. Note that the climatic differences of AO mode in the NH extratropics are also consistent with the differences of AO mode regressed upon −AOI (figure not shown).
[image: Figure 6]FIGURE 6 | (A, B, C) The leading EOF mode of SLP anomalies (units: hPa) north of 20°N during (A) 1979–1999 and (B) 2002–2017, and (C) their difference (2002–2017 minus 1979–1999). Anomalies are calculated based on the climatology of 1979–2017. The variance contribution of (A) and (B) is 38.1 and 31.2%, respectively. The SLP is derived from the NCEP/NCAR dataset. (D, E, F) As in (A, B, C) but for the results derived from the HadSLP2r data. The variance contribution of (D) and (E) is 38.5 and 31.4%, respectively.
4.1.2 The Interdecadal Changes of Climatic Tropospheric Rossby Waves and Subtropical Jet
The climatic anomalies of the 200-hPa wave activity fluxes and geopotential height in the two periods, and their difference are presented in Figure 7. Over Baffin Bay, western Europe, central Eurasia and the MHA, the alternating occurrence of negative (positive)–positive (negative)–negative (positive)–positive (negative) height anomalies exhibit a wave-like pattern (Figures 7A,B). These patterns are also verified by the Rossby waves anomalies. However, the difference field (Figure 7C) shows that, compared with 1979–1999, during 2002–2017, the Rossby waves anomalies over North Atlantic mid–high latitudes are stronger, and so is the strength of their eastward propagation.
[image: Figure 7]FIGURE 7 | (A, B, C) The anomalies of the Rossby wave activity fluxes (vectors; units: m2 s−2) and geopotential height (contours; units: gpm) at 200 hPa during (A) 1979–1999 and (B) 2002–2017, and (C) their difference (2002–2017 minus 1979–1999). Anomalies are calculated based on the climatology of 1979–2017. The green frame denotes the location of the study area (40°–56°N, 75°–120°E). The shaded areas in (C) indicate statistical significance at the 95% confidence level based on the Student’s t-test.
Figure 8 displays the climatic anomalies of 200-hPa Rossby wave source, divergent winds in the lower- and upper-level troposphere, and SLP in the two periods. During 2002–2017, the strong negative SLP anomalies over western Europe make a strong lower-level convergent wind anomaly (Figure 8D). Accordingly, an upper-level divergence lies over the region, so there is a strong Rossby wave source anomaly over western Europe (Figure 8B). Similarly, a strong Rossby wave source anomaly is observed over Baffin Bay. By contrast, during 1979–1999, the SLP anomalies over North Atlantic mid–high latitudes are relatively weak (Figure 8C). Correspondingly, the Rossby wave source anomalies over western Europe and Baffin Bay are also relatively weak (Figure 8A).
[image: Figure 8]FIGURE 8 | (A, B) The anomalies of the Rossby wave source (shading; units: 10–10 s−2) and divergent wind (vectors; units: m s−1) at 200 hPa during (A) 1979–1999 and (B) 2002–2017. Anomalies are calculated based on the climatology of 1979–2017. (C, D) As in (A, B) but for divergent wind (vectors; units: m s−1) at 925 hPa and SLP anomalies (shading; units: hPa).
Moreover, both −AOI-related and climatic tropospheric Rossby waves anomalies affecting the MHA propagate eastward along the climatological subtropical jet (Figures 4, 7). The climatic anomalies of 200-hPa zonal wind over Eurasia in the two periods, and their difference is thus analyzed (figure not shown). During 1979–1999, the subtropical jet weakens. However, during 2002–2017, it intensifies, and the anomalous ‘north-negative-south-positive’ zonal wind distribution indicates that the subtropical jet has shifted southward.
4.1.3 The Linkage Between the Interdecadal Changes of Climatic Tropospheric Circulations and the Unstable Relationship Between Winter AO and Simultaneous Precipitation Over the MHA
The mean differences between the two periods provide different climate backgrounds for the interannual relationship between winter AO and simultaneous precipitation over the MHA in two periods. The interdecadal changes of climatic tropospheric AO/NAO mode, tropospheric Rossby waves, and tropospheric subtropical jet may be plausible reasons for the unstable relationship between winter AO and simultaneous precipitation over the MHA.
Firstly, compared with 1979–1999, the positive (negative) SLP anomalies over North Atlantic high-latitudes (mid-latitudes) during 2002–2017 are stronger (deepened), with the center shifting more southward (eastward) (Figures 6C,F), which are consistent with the −AOI-related interannual anomaly over these regions in the corresponding period. Thus, the interdecadal change in climatic anomalies of AO/NAO mode may be the reason for the interdecadal change of interannual AO/NAO mode. Then, the −AOI-related stronger tropospheric Rossby waves anomalies over North Atlantic mid–high latitudes propagate eastward to the MHA during 2002–2017 (Figure 4B). Interestingly, the strengths of the climatic anomalies of the tropospheric Rossby waves over North Atlantic mid–high latitudes during 2002–2017 are also stronger, so too are their intensity of eastward propagation (Figure 7C), indicating that −AOI-related interannual stronger tropospheric eastward-propagating Rossby waves anomalies in 2002–2017 could be related to their climatic anomalies. Besides, the intensified and southward shift of the climatic subtropical jet during 2002–2017 may be the reason for the intensified eastward propagation of −AOI-related Rossby waves anomalies in this period.
In summary, the interdecadal changes of the climatic tropospheric AO/NAO mode, Rossby waves, and subtropical jet are conducive to the occurring of the unstable relationship between winter AO and simultaneous precipitation over the MHA.
4.2 The Role of the Stratosphere
4.2.1 The Impacts of Interdecadal Change of Climatic Stratospheric Polar Vortex on the Interdecadal Change of Climatic Tropospheric AO/NAO Mode
Figures 9A–C display the climatic anomalies of 50-hPa geopotential height in the two periods, and their difference. During 1979–1999, the negative height anomalies over the polar region are characterized by relatively zonal symmetry (Figure 9A). However, during 2002–2017, the height positive anomalies over the polar region are characterized by significant zonal asymmetry, with positive height anomalies extending to the mid-latitudes over the North Pacific and North Atlantic, respectively (Figure 9B). As shown in the introduction, there is an interaction between the stratospheric polar vortex and planetary-scale waves. The climatic anomalies of the cross-section of zonal-mean EP flux (vectors), EP divergence (green contours) and zonal wind (blue and red contours) in the two periods and their difference, are presented in Figures 9D–F. The weak stratospheric polar vortex anomaly in 2002–2017 is accompanied by intensified upward propagation of tropospheric planetary-scale waves anomalies (Figure 9E). When the stratospheric polar vortex is disturbed, the anomalous stratospheric signal of the geopotential height and zonal wind will propagate down to the troposphere. From the previous analyses we know that North Atlantic mid–high latitudes is the key region in this study, and the changes over the region are related to the interdecadal change. Therefore, we focus on the stratospheric polar vortex anomaly over the North Atlantic mid–high latitudes.
[image: Figure 9]FIGURE 9 | (A, B, C) The anomalies of the geopotential height (units: gpm) at 50 hPa during (A) 1979–1999 and (B) 2002–2017, and (C) their difference (2002–2017 minus 1979–1999). Anomalies are calculated based on the climatology of 1979–2017. (D, E, F) Also shown are cross-sections of zonal-mean EP flux for wavenumbers 1–3 (vectors; units: 108 m2 s−2), EP divergence (green contours; units: m s−1 d−1), and zonal wind (blue and red contours; units: m s−1) during (D) 1979–1999, (E) 2002–2017, and (F) their difference (2002–2017 minus 1979–1999). The dotted areas in (C) and the shaded areas in (F) indicate statistical significance at the 95% confidence level based on the Student’s t-test.
To display the vertical structure, the climatic anomalies of geopotential height averaged zonally within the North Atlantic (90°W–30°E) in the two periods and their difference are presented in Figures 10A–C. The downward propagation features of the stratospheric positive height anomalies over the North Atlantic high-latitudes in 2002–2017 are more significant (Figure 10B). Moreover, the height anomalies extend southward over North Atlantic mid–high latitudes more significantly than those in 1979–1999 (Figure 10A), which is consistent with Figures 9A,B. This indicates that downward propagation of stratospheric circulation anomalies may play an important role in maintaining tropospheric circulation anomalies over the North Atlantic high-latitudes. To show the downward propagation of the stratospheric polar vortex anomaly more clearly, the daily evolution of height anomalies averaged within the North Atlantic high-latitudes (60°–90°N, 90°W–30°E) in the two periods are presented in Figures 10D,E, respectively. During 1979–1999 (2002–2017), the height anomalies from the troposphere to the stratosphere are characterized by an out-of-phase pattern in the previous winter (November to December), indicating that the strong (weak) stratospheric polar vortex anomaly does not affect the troposphere. By contrast, in the late winter (January to February), the stratospheric height anomalies with the in-phase pattern propagate down to the lower troposphere (Figures 10D,E), which is consistent with previous studies (Kim et al., 2014; Zhang et al., 2016; Zhang et al., 2018; Xu et al., 2020). Moreover, the difference curve of the downward propagation strength of the stratospheric polar vortex anomaly in the two periods (Figure 10F) shows that, in the late winter, except for several weak negative values, the rest of the values are positive. This indicates that the downward propagation of the weak stratospheric polar vortex over the North Atlantic high-latitudes in 2002–2017 is stronger than that of the strong stratospheric polar vortex in 1979–1999, which is consistent with Figures 10A,B, and previous studies (Jeong et al., 2006; Park et al., 2011; Wan et al., 2013). The results show that the interdecadal change of climatic tropospheric AO/NAO mode may be attributable to the interdecadal change in the climatic stratospheric polar vortex.
[image: Figure 10]FIGURE 10 | (A, B, C) Cross-section of the geopotential height anomalies (units: gpm) averaged zonally within the North Atlantic (90°W–30°E) during (A) 1979–1999 and (B) 2002–2017, and (C) their difference (2002–2017 minus 1979–1999). Anomalies are calculated based on the climatology of 1979–2017. The dotted areas in (C) indicate statistical significance at the 95% confidence level based on the Student’s t-test. (D, E) The daily evolution of geopotential height anomalies (units: gpm) averaged within the North Atlantic high-latitudes (60°–90°N, 90°W–30°E) during (D) 1979–1999 and (E) 2002–2017. (F) The daily evolution of geopotential height (units: gpm) difference [abs (E) minus abs (D)] averaged vertically from 1,000 to 10 hPa.
4.2.2 The Impacts of Interdecadal Change of Climatic Stratospheric Polar Vortex on the Interdecadal Change of Climatic Tropospheric Subtropical Jet
The jet is related to planetary-scale waves and wave-mean flow interaction (Chen and Wei, 2009; Wang L. et al., 2009; Huang et al., 2014). During 2002–2017, the weak stratospheric polar vortex anomaly is accompanied by intensified upward propagation of planetary-scale waves anomalies along the polar waveguide, which causes the EP flux convergence anomalies over the mid–high latitudes of the middle troposphere and stratosphere (Figure 9E). Thus, the circumpolar westerly anomalies are weakened according to wave-mean flow interaction, indicating downward propagation of negative AO signal, which can be partly seen in Figures 7B, 8D. Meanwhile, the planetary-scale waves anomalies propagate strongly along the low-latitude waveguide with the inverse oscillation of the two waveguides (Chen et al., 2003; Chen et al., 2005), which causes the EP flux divergence anomalies in the mid-latitudes of upper troposphere. Thus, the westerly wind anomalies over the subtropical region are intensified—that is, the subtropical jet is intensified (Figure 9E). However, during 1979–1999, the strong stratospheric polar vortex anomaly is accompanied by opposite propagation characteristics of planetary-scale waves anomalies, and thus the subtropical jet is weakened (Figure 9D). The difference field (Figure 9F) suggests more clearly that the subtropical jet in 2002–2017 is stronger than that in 1979–1999. Moreover, the distribution of anomalous ‘north-negative-south-positive’ zonal wind indicates that the location of the subtropical jet has shifted southward in 2002–2017. The results reveal that the interdecadal change of climatic tropospheric subtropical jet may be related to the interdedacal change of climatic stratospheric polar vortex.
4.2.3 The Linkage Between the Interdecadal Change of Climatic Stratospheric Polar Vortex and the Unstable Relationship Between Winter AO and Simultaneous Precipitation Over the MHA
As mentioned in the introduction, AO has a quasi-barotropic structure extending from the ground to the stratosphere. Figures 11A,B display the 50-hPa geopotential height regressed upon −AOI in the two periods. AO is significantly related to the stratospheric polar vortex, and negative AO anomaly correspond to the anomalous weak stratospheric polar vortex. However, compared with 1979–1999, the height anomalies in the North Pacific and North Atlantic extend more strongly to the mid-latitudes in 2002–2017, especially in the North Atlantic, which is consistent with Figure 11B. To display the vertical structure, cross-sections of geopotential height averaged zonally within the North Atlantic (90°W–30°E) regressed upon −AOI in the two periods are represented in Figures 11C,D. The out-of-phase distribution of the height anomalies in the mid–high latitudes extend from the stratosphere to the lower troposphere. Compared to 1979–1999, the positive height anomalies of the stratosphere over the North Atlantic high-latitudes propagate downward strongly and extend southward more significantly in 2002–2017, which will further intensify the positive tropospheric height anomalies of the region, and make the positive anomalies over the region extend southward (Figure 4B). The stronger and southward extension of positive anomalies over the North Atlantic high-latitudes are accompanied by stronger and eastward-extended negative anomalies over the North Atlantic mid-latitudes—that is, AO/NAO mode changes.
[image: Figure 11]FIGURE 11 | (A, B) Regression maps of the geopotential height (units: gpm) at 50 hPa upon −AOI during (A) 1979–1999 and (B) 2002–2017. (C, D) Also shown are regression maps of the cross-section of the geopotential height (units: gpm) averaged zonally within the North Atlantic (90°W–30°E) during (C) 1979–1999 and (D) 2002–2017 upon −AOI. The dotted areas indicate statistical significance at the 95% confidence level based on the Student’s t-test.
These results reveal that the differences in the strength of downward propagation and the range of southward extension of the −AOI-related stratospheric polar vortex anomaly over North Atlantic high-latitudes in the two periods are consistent with their differences of climatic anomalies (Figures 9A, 9B, 10A,B,D,E), indicating that the differences in the climatic anomalies of the stratospheric polar vortex over the North Atlantic high-latitudes in the two periods may be part of the reason for the differences in −AOI-related stratospheric polar vortex anomaly over the region in the corresponding period.
In short, further analyses reveal that the interdecadal changes of climatic tropospheric AO/NAO mode and subtropical jet may be related to the interdecadal change of climatic stratospheric polar vortex. That is, the interdecadal change of climatic stratospheric polar vortex may be the deeper reason for the unstable relationship between winter AO and simultaneous precipitation over the MHA.
5 CONCLUSIONS AND DISCUSSION
This study reveals an intensified impact of winter AO on simultaneous precipitation over the MHA since the early 2000s. The unstable relationship may be related to the changes in the tropospheric AO mode and the subtropical jet. Further analyses suggest that their changes may be attributable to the interdecadal changes in the stratospheric polar vortex.
During 2002–2017, the stratospheric polar vortex anomaly is weak, accompanied by intensified upward-propagating planetary-scale waves anomalies along the polar waveguide that weaken the polar vortex further. Subsequently, the stratospheric geopotential height anomalies over the North Atlantic high-latitudes propagate downward strongly, causing the changes in the tropospheric AO mode, that is, the positive height anomalies over the North Atlantic high-latitudes are stronger and extend southward, corresponding to the stronger and eastward extension of negative anomalies over the North Atlantic mid-latitudes. Thus, the Rossby wave source anomalies over Baffin Bay and the Black Sea are strong, and correspondingly so too are their subsequently excited Rossby waves anomalies. Meanwhile, the planetary-scale waves anomalies propagate weakly along the low-latitude waveguide, according to the wave-mean flow interaction, causing the intensified and southward-shifted subtropical jet, which is conducive to the eastward-propagating Rossby waves anomalies to the MHA. So, the impact of winter AO on precipitation over the MHA is intensified significantly. By contrast, during 1979–1999, the strong stratospheric polar vortex anomaly is accompanied by anomalously weak upward-propagating planetary-scale waves, and the stratospheric height anomalies over the North Atlantic high-latitudes propagate downward weakly, resulting in weaker anomalies over North Atlantic mid–high latitudes. Consequently, the anomalously Rossby wave source and associated Rossby waves are weak. In addition, the subtropical jet weakens and shifts northward, which causes the Rossby waves anomalies to be dominant over the North Atlantic, and thereby the impact of winter AO on precipitation over the MHA is weak.
The analyses in this study suggest an important impact of the stratospheric polar vortex. But what are the reasons for its interdecadal change? Studies have shown that there is intensified warming over the Arctic region (Serreze and Francis, 2006; Cohen et al., 2017). The difference of zonal-mean air temperature, geopotential height, and zonal wind in the two periods is analyzed (figure not shown). Compared with 1979–1999, the Arctic temperature increases from the troposphere to the lower stratosphere in 2002–2017. Meanwhile, the Arctic sea-ice extent has declined dramatically (Stroeve et al., 2011). There is positive feedback between them. Therefore, the Arctic warming anomaly is likely to be impacted by sea-ice loss.
Arctic warming and sea-ice loss may impact the polar vortex through tropospheric and stratospheric pathways. The main tropospheric pathway is as follows: the sea ice loss can make the temperature increase over the Arctic region through the ice-albedo positive feedback, which reduces meridional temperature gradients and thus weakens the prevailing westerly flow in mid–high latitudes in winter (Petoukhov and Semenov, 2010; Outten and Esau, 2012). At the same time, the Arctic warming anomaly increases the vertical thickness (1,000–500 hPa), resulting in a slackening of the poleward thickness gradient (Francis et al., 2009; Overland and Wang, 2010). In addition, the main stratospheric pathway is as follows: the sea ice loss may result in intensified upward-propagating planetary-scale waves, and the stratospheric polar vortex will be greatly disturbed and weakened (Kim et al., 2014; Nakamura et al., 2015; Wu and Smith, 2016). The weak stratospheric polar vortex corresponds to positive height anomalies—that is, the thickness of Arctic height increases. In addition, the upward propagation of planetary-scale waves is stronger, and thus the circumpolar westerly jet weakens according to the wave-mean flow interaction. For brevity, the specific physical processes are not analyzed in detail in this study.
Does any tropical forcing have a role in the strengthening of winter AO and simultaneous precipitation over the MHA? The CCs between winter AOI and simultaneous Indian Ocean Dipole index, Nino 3.4 index during 1979–2017 is −0.02 and −0.09, respectively, indicating the effects of tropical forcing is little in the intensified impact of winter AO on simultaneous precipitation over the MHA since the early 2000s.
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