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Abstract

:

The possible impact of various Arctic polar vortex regimes for the stratosphere on the Northern Hemisphere extratropics has not been fully understood. Previous study has classified the stratospheric Arctic vortex to six regimes using the k-mean clustering algorithm based on the ERA5 reanalysis. The stability and robustness of the classification is further verified with a much longer model dataset and historical integrations from CESM2-WACCM. Consistent with the reanalysis, we clustered the Arctic stratospheric polar vortex forms into six patterns, named as homogeneously-intensified and -weakened regimes (HI, HW), North America-intensified and -weakened regimes (NAI, HAW), and Eurasia-intensified and -weakened regimes (EUI, EUW). A zonally uniform positive (negative) Northern Annular Mode (NAM) pattern develops during the HI (HW) regime from the stratosphere to troposphere. The NAM-like pattern shifts toward the western hemisphere with the largest negative (positive) anomalous height center shifting to North America during the NAI (NAW) regime. In contrast, the maximum polar anomaly center moves towards polar Eurasia during the EUI (EUW) regime. The HI, NAI, and EUW regimes are accompanied with weakened wave activities, while the HW, NAW, and EUI regimes are preceded by enhanced planetary waves. Accordingly, persistent anomalies of warmth (coldness) exist over midlatitude Eurasia and North America during the HI (HW). Anomalous warmth (coldness) centers exist in northern Eurasia, while anomalous coldness (warmth) centers exist around the Mediterranean Sea during the NAI (NAW) regime. Anomalous warmth (coldness) centers develop in East Asia in the EUI (EUW) periods. The rainfall anomaly distributions also vary with the stratospheric polar vortex regime. The frequency for stratospheric regimes during SSWs and strong vortex events is also assessed and consistent with previous findings.
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1. Introduction


The northern winter polar vortex at the Arctic stratosphere is disturbed by augmented waves for upward propagation from the upper troposphere and exhibits different shapes [1,2,3]. The importance of the polar vortex on the stratosphere-troposphere coupling has been widely noticed, and changes in the geographic location and intensity of the polar vortex at Arctic stratospheric are related to various tropospheric circulation anomaly states [4,5,6]. Recently, some studies have established the possible linkage between the stratospheric polar vortex state and local atmospheric environment [3,7,8,9]. For example, Lu et al. [9] found that the subseasonal variability in the atmospheric particulate during the sudden stratospheric warming events (e.g., extreme weak stratospheric polar vortex events) is usually enhanced as compared with the stratospheric dormant periods. In contrast, the strengthened polar vortex at the stratosphere is associated with anomalous warming signals in the North Pacific and northern Eurasia [10,11,12,13].



The SSW event, as a typical representative for the weakened stratospheric polar vortex, results from sharply strengthened wave activities from troposphere to stratosphere [14,15,16]. The negative Northern Annular Mode (NAM) phase projects from the weakened Arctic polar vortex at the stratosphere, which can sustain to influence the near surface climate in a pressure pattern resembling the negative Arctic Oscillation phase [17,18]. In contrast, the strengthened Arctic polar vortex at the stratosphere shows a positive NAM response [10,11,13]. The NAM signal can propagate downward from the stratosphere to troposphere and increase the probability to better predict the near surface weather on an amplified time scale [12,19,20,21,22,23]. Therefore, the different stratospheric polar vortex states might exert various influence on the tropospheric weather condition and provide a predictive causation of the near surface weather on a longer time scale [18,23,24,25].



Extreme weather events that affect human production and survival often occur in those specific circulation patterns, which are the so-called weather regimes [6,26,27]. The concept of weather regimes has been documented for long time [28,29]. Therefore, understanding the relationship between extreme conditions at extratropic regions and stratospheric weather regimes might be conducive to legitimately predict weather in a longer period of lead time [27,30,31,32]. To better group the stratospheric weather patterns and to facilitate a deeper investigation for the effects of inequable stratospheric Arctic vortex shapes on the troposphere or the near surface, the k-means method can be utilized to classify the northern winter circulation in the stratosphere [25]. Kretschmer et al. [33] established the possible relation between different polar vortex regimes at the stratosphere and the extreme coldness in the Northern Hemisphere continents. Lee et al. [27] clustered the tropospheric weather circulation states over the Pacific-North America region and tried to establish a possible linkage between tropospheric weather regimes and stratospheric Arctic vortex patterns. Various Arctic stratospheric polar vortex regimes connected to sea ice variability over Arctic, and changes of the regime frequencies probably arisen from the secular deficit tendency of the sea ice over the Arctic are reported [34].



Most recently, Liang et al. [6] divided the stratospheric Arctic vortex into several patterns, but they used the limited reanalysis to establish the linkage between the Arctic vortex appearances and the tropospheric circulation changes. The robustness and stability of the stratospheric regimes is still required to further verify using a large sample. The reproducibility of SSWs was widely assessed for some individual models or multiple models, which participated in the Coupled Model Intercomparison Project Phases 5 and 6 (CMIP5/6) [35,36,37,38]. Liang et al. [39] identified that some facets of the SSWs are reasonably reproduced by CESM2-WACCM, and the stratospheric variability is also more realistically reproduced by this model than most CMIP5/6 models [1,37,38,40]. Yu et al. [13] evaluated the Arctic ozone loss events in CESM2-WACCM and found that the ozone loss is always accompanied by a strong polar vortex event in both observations and models [11]. However, we still do not know clearly if the polar vortex regimes extracted from the reanalysis can be simulated by the state-of-the-art model. As CESM2-WACCM can well simulate the stratospheric variability similarly to SSWs [39], simulation of stratospheric polar vortex regimes by CESM2-WACCM is assessed in this study.



In this study, the Arctic vortex regimes in the stratosphere from CESM2-WACCM will be clustered, although difference might exist between the reanalysis and the model. Using a longer dataset, the relationship between the extratropical temperature and precipitation and the Arctic vortex regimes in the stratosphere can be better established. The remaining of the paper is organized as follows. The data and methods utilized in this study are described in Section 2. The simulation of extratropical circulation pattern relating to different northern winter polar vortex regimes at the stratosphere is described in Section 3. The relationship between stratospheric regimes and changes in wave activities is shown in Section 4. The probable effect of the stratospheric Arctic vortex regimes on lower levels and near the surface is examined in Section 5. At last, in Section 6, conclusions are discussed.




2. Datasets and Methodology


2.1. Model and Simulations


Three historical simulations during 1850–2014 from CESM2-WACCM were employed. CESM2-WACCM participated in phase 6 of the Coupled Model Intercomparison Project (CMIP6). CESM2-WACCM is a fully coupled earth system model, which integrates land, atmosphere, river, ocean, land-ice, sea-ice, and ocean-wave trough the coupler [38,41,42,43]. In CESM2-WACCM, the horizontal resolution is 1.25° (longitude) × 0.9° (latitude), and the vertical layer extend from the near surface to ~4.5 × 10−6 hPa at 70 sigma/pressure levels.




2.2. Methodology


2.2.1. Clustering


For extracting the daily states of polar vortex at the stratosphere, daily geopotential height anomalies at 50 hPa from 60° N poleward in the extended winter season (November-March) for all days are clustered using the Python package scikit-learn with k = 6. We then assigned all days to a regime according to their minimum Euclidean distance to the cluster centroids. The number of the clustering k is confirmed by the total square error (SSE). The estimated squared error is expressed as   SSE =   ∑   i = 1  k    ∑    p  i , j   ∈  c i       |   p  i , j   −  m i   |   2   , in which Ci is the cluster ranked i, mi denotes the average of all samples in Ci termed the centroid of Ci, Pi,j is a sample in the Ci group, ranked j. The clustering errors in all samples are represented by SSE, which indicates the quality of clustering result. As the cluster number k increases, the division of sample will be more refined, and the degree of aggregation for each cluster will progressively rise, so the sum of error squares SSE will be smaller as expected. Furthermore, if k is less than the real clusters number, the increasing of k enlarges the degree of aggregation for the clusters to a large extent, and the attenuation of SSE will be extremely huge. The degree of aggregation for clustering received by increasing k will decline swiftly, while k attains the ideal cluster number. Meanwhile, with the constant increasing of k, the decay of SSE will slow down rapidly. After that, the attenuation of SSE tends to level off. At this time, k is the real number of clusters for the data. To keep consistent with the previous study [6], k is set to 6. After k is determined, all the instantaneous structures are grouped into the six clusters, and an instantaneous structure only corresponds to one of the six clusters, which is very different from the empirical orthogonal function analysis (EOF). In an EOF study, an instantaneous structure can be composed of different EOF modes with varying contributions.




2.2.2. Strong Polar Vortex Events


Once the zonally averaged westerlies in the 55–75° N latitude band exceed 40 m/s and afterward sustain for >20 days, an extremely strong Arctic vortex event is identified for CESM2-WACCM. The first day exceeding this value is considered as the central day (day 0) for strong Arctic vortex events. Eventually, 391 strong polar vortex events in total are picked from a 495-year dataset (165 years for a historical run, three runs available).




2.2.3. Extreme Weak Polar Vortex Events


The extreme weak polar vortex event (or SSW) is determined by the date when the zonal average zonal wind on the 10 hPa isobaric surface at 60° N changes from west to east wind [14]. The first day is defined as day 0 of the SSW date. Once the SSW is determined, due to the huge perturbation of the circumpolar wind after the SSW starts, no SSW is selected in the following 20 days. Using the 495-year data, a total of 228 major SSWs are searched.




2.2.4. Eliassen Palm Flux


To well diagnose the vertical transmission of planetary waves between the stratosphere and troposphere, the Eliassen Palm (EP) flux is used in this study [44,45]. The vertical component of the EP flux,


   F z  =  ρ 0  a   c o s ∅ {      v ′   θ ′   ¯    ∂  θ ¯  / ∂ z   [ f −  1  a   c o s ∅    ∂  ∂ ∅   (  u ¯    c o s ∅ ) ] −    u ′   w ′   ¯  } ,  








where  a  is the radius of the Earth,  θ  is potential temperature,    ρ 0  =  ρ s   exp(−z/H) is the standard density in log-pressure coordinates,    ρ s    is the sea-level reference density,  ∅  is latitude, f is the Coriolis parameter, H is the scale height, the overbar denotes zonal average, prime denotes the departure from zonal mean. Fz can be calculated to represent the upward propagation of planetary waves.






3. Stratospheric Weather Regimes in the Northern Winter


3.1. Simulation of the Six Regimes at the Stratosphere by CESM2-WACCM


The k-means clustering algorithm is used to identify stratospheric polar vortex regimes for three historical simulations during 1850–2014 from CESM2-WACCM. Consistent with previous study [6], the 50 hPa geopotential height anomalies on 60–90° N latitude bands are divided into six clusters, which are shown in Figure 1. The proportion of the six clusters are 0.19, 0.08, 0.17, 0.19, 0.19, and 0.18, respectively. The first cluster is a homogeneously intensified (HI) stratospheric polar vortex regime covered over the Arctic (Figure 1a). Compared with the ERA5 reanalysis, the positive annular height anomalies at the midlatitudes are weaker in the model than in the reanalysis [6]. Conversely, the second regime corresponds to a homogeneously weakened (HW) polar vortex at the stratosphere covered over the Arctic (Figure 1d). The polar vortex intensifies and displaces to the North American continent (NAI) for the third cluster, while the vortex in the fourth cluster is weakened with the largest positive anomalies centered over the Arctic Ocean in the western hemisphere (NAW) (Figure 1b,e). In the fifth grouping, the Arctic vortex intensifies and displaces toward to the eastern hemisphere (EUI) (Figure 1c), while in the sixth cluster, the vortex displaces toward North Atlantic, with the geopotential height in northern Eurasia increasing (Figure 1f). Compared with the ERA5 reanalysis, the simulated polar vortex for the sixth cluster is biased further eastward [6]. The weakened polar vortex observed in northern Eurasia (EUW) shifts farther eastward to the Russia-Bering Strait (Figure 1f). Therefore, the model simulates a HI and a NAW regime internally different from the reanalysis. Most models tend to simulate an over-strong and over-large stratospheric polar vortex, and this bias has been shown to lead to less SSWs [46]. The bias in the simulated HI and EUW regimes are likely associated with the over-strong polar vortex and underestimated planetary waves in models, left for a future study. The sensitivity of the clustering to the timespan is also tested, and the clustering during the full timespan and the subsampling (e.g., 1950–2014) are nearly identical.




3.2. Wave Forcing during Six Polar Vortex Regimes at the Stratosphere


Previous studies indicated that planetary waves explain the variability of the Arctic vortex at the stratosphere [2,14,47,48,49,50]. To exam the wave forcing during those regimes, the vertical cross-section of composited Fz anomalies is shown in Figure 2. For HI, NAI and EUW pattern, the negative Fz anomalies dominate at higher latitudes extending throughout the troposphere and the stratosphere (Figure 2a,b,f). This implies that weakening of the upward propagations of waves are a necessary condition for the homogeneously-intensified, North America-intensified, and Eurasia-weakened polar vortex events. The wave forcing anomaly is smaller for EUW than HI and NAI regimes.



The other three regimes, EUI, HW, and NAW are preceded by anomalously stronger waves throughout the troposphere and the stratosphere (Figure 2c–e). Further, the EUI regime showed a narrower region with anomalously upward propagation of waves than HW and NAW regions (50–90° N vs. 40–90° N). The enhanced eddy heat flux for HW shows a stronger maximum center than the EUI and NAW regimes, which appears in the middle troposphere in the latitude band over 40–55° N.




3.3. Simulation of Tropospheric Circulation Patterns for the Six Regimes at the Stratosphere


The composite 500 hPa standardized geopotential height anomalies during six Arctic stratospheric regimes are shown in Figure 3 for CESM2-WACCM. The potential impact of the stratospheric regimes on tropospheric circulation in CESM2-WACCM is basically consistent with the ERA5 reanalysis. Specifically, the tropospheric geopotential height anomalies display three pairs of opposite patterns. As to the HI (HW) weather regime, a positive (negative) NAM-like pattern develops at northern mid-to-high latitudes. The geopotential heights anomalously decrease (increase) over the North Pole, whereas a long and narrow patch of positive (negative) height anomalies appear in midlatitudes, with three significant anomaly centers over Lake Baikal, North Atlantic-western Europe, and Great Lakes (Figure 3a,d). As to the NAI (NAW) at the stratosphere, the tropospheric positive (negative) NAM-like circulation pattern shifts towards North America; meanwhile, the positive (negative) height anomaly band over northern Eurasia is biased farther poleward (Figure 3b,e). For EUI, the polar vortex shifts toward northern Eurasia, contrasted with a positive height anomaly center over Arctic Canada (Figure 3c). The last clustering is a dipole pattern between Arctic Russia and Alaska (Figure 3f), and this extracted pattern is inconsistent with the result from the reanalysis, which exhibits an opposite pattern to the EUI. Compared with the ERA5, this pattern is farther westward shifted, and for easy description it is still termed EUW. In short, the tropospheric geopotential height anomalies during the six regimes are generally consistent with the result from ERA5 reanalysis [6].





4. Evolution of the Tropospheric Circulation Related to the Regimes in the Stratosphere


4.1. Change in the Circulation at the Stratosphere


The composited evolution of the 50 hPa standardized height anomalies for the six Arctic regimes at the stratosphere from CESM2-WACCM simulations is shown in Figure 4. Three periods are focused for each stratospheric regime, namely the initial stage (from −30 to −10 days), the mature stage (from −10 to 10 days), and the decay stage (from 10 to 30 days). In comparison with the ERA5 reanalysis, negative (positive) weak height anomalies at the North Pole coexist with positive (negative) anomalies over the Asia-Pacific sector during the HI (HW) initial stage, corresponding to the typical positive (negative) NAM pattern (Figure 4(a1–a3,b1–b3)). During the mature phase of HI (HW), negative (positive) geopotential height anomalies exist over the Arctic Ocean, whereas positive (negative) height anomalies in midlatitudes develop to its peak. The HI (HW) pattern is nearly unchanged although the intensity gradually weakens. The timescale for HI (HW) regime is rather persistent and lasts for nearly two months.



In contrast, the evolution of the NAI (NAW) is fast, and the height anomaly patterns during the three periods are different (Figure 4(c1–c3,d1–d3)). The negative (positive) height anomalies develop over the northern Eurasia in the initial stage, and move towards North America in the mature phase, contrasted with positive (negative) height anomalies in the northern part of Eurasia. During the decaying period, the NAI (NAW) pattern weakens quickly, and the maximum anomaly center move out of North America.



In the EUI (EUW) initial period, the negative anomalies are simulated over parts of North Pole, and the EUI (EUW) pattern is still not clearly present (Figure 4(e1–e3,f1–f3)). In the mature stage, geopotential heights decrease (increase) over part of Arctic Eurasia, which are contrasted with positive (negative) anomalies over parts of Arctic Canada and Greenland. This pattern shifts eastward and gradually diminishes in the decaying period, with positive (negative) height anomalies shifting to North Atlantic-Europe and negative (unclear) height anomalies over North America.




4.2. Change in the Tropospheric Circulation


To test the evolution of the tropospheric height anomalies corresponding to various regimes at the stratosphere, the composited 500 hPa standardized height anomalies for stratospheric Arctic vortex weather regimes from CESM2-WACCM for three periods are displayed in Figure 5. In the HI (HW) weather regime, the stratospheric positive (negative) NAM like response develops deep downward to the troposphere (Figure 5(a1–a3,b1–b3)). Specifically, negative (positive) geopotential height anomalies form over the North Pole, which are contrasted with a long band of positive (negative) midlatitude height anomalies. This midlatitude anomaly band is divided into two centers, one over North Pacific, and the other over North Atlantic. The positive (negative) NAM pattern has a longer timescale and show very similar height anomaly distribution from the early stage to the recession stage.



In the NAI (NAW) weather regime, negative (positive) geopotential anomalies form in the western hemisphere, while positive (negative) anomalies appear in some part of the eastern hemisphere (Figure 5(c1–c3,d1–d3)). The negative (positive) height anomalies move eastward to Arctic Canada-Greenland, while a long band of positive (negative) anomalies form in midlatitudes. This pattern resembles the NAM but with the lobes in the eastern hemisphere situated further north. In the decaying stage, the largest anomalies move out of North America, and the general pattern also largely weakens.



For the EUI (EUW) regime, positive (negative) anomalies initially appear over North Pacific, and continental anomalies are fairly weak (Figure 5(e1–e3,f1–f3)). The largest negative (positive) anomalies cover the northern part of Eurasia (Bering Strait), and the dipole pattern over Asia-Pacific is more evident than that over North America-the Atlantic Ocean in the mature stage. The largest height anomaly centers move to oceans and largely weaken.




4.3. Change in the Weather Anomalies at Near Surface


The composite 850 hPa standardized temperature anomalies are shown in Figure 6 in the three periods for each stratospheric regime. In the HI (HW) weather regime, the cold (warm) Arctic-warm (cold) continent pattern is evidently present from the initial to decaying period, implying a positive long-lasting downward impact of the HI (HW) regime. Warm (cold) temperature anomalies exit in most parts of the land in the eastern hemisphere, and the Arctic Ocean is dominated by cold (warm) temperature anomalies (Figure 6(a1–a3,b1–b3)). Warm (cold) temperature anomalies are not clear in the initial stage but appear in the mature stage with maximum center bias to Great Lakes. In contrast, positive (negative) temperature anomalies in East Asia are stronger and more long-lasting.



For the NAI (NAW) regime, warm (cold) temperature anomalies over East Asia and cold (warm) temperature anomalies over Arctic begin to develop in the initial stage (Figure 6(c1–c3,d1–d3)). As the polar vortex is biased to North America in the mature stage, cold (warm) temperature anomalies appear over North Canada, while the eastern hemisphere land is covered with a dipole pattern with warm (cold) temperature anomalies in Arctic Russia and cold (warm) anomalies around midlatitude Eurasia. During the decaying period, the anomaly pattern largely shrinks and diminishes.



In the EUI (EUW) regime, warm temperature anomalies are preceded over north Asia (Canada) (Figure 6(e1–e3,f1–f3)). As the polar vortex strengthens (weakens) over Eurasia, negative (positive) temperature anomalies appear over Arctic Russia, while positive (negative) temperature anomalies exist over East Asia. The EUI (EUW) evolves quickly and nearly disappear in the decaying period.



Similarly, the composited precipitation anomalies for each stratospheric Arctic vortex regime are shown in Figure 7. In the HI (HW) weather regime, from the initial to the mature period, organized and remarkable precipitation anomalies principally appear in the Europe and North Atlantic. Less (more) rainfall occurs in North Atlantic-southern Europe and northeast Pacific, whereas positive (negative) precipitation anomalies cover northern Europe and East Asia (Figure 7(a1–a3,b1–b3)). In the NAI (NAW) weather regime, less (more) precipitation anomalies form over northeast Pacific, North Atlantic and northern Europe during the mature stage, and rainfall anomalies in the other two periods are less organized (Figure 7(c1–c3,d1–d3)). In the EUI (EUW) weather regime, less (more) precipitation covers North Pacific, and the composite rainfall signals are fairly weak across the globe (Figure 7(e1–e3,f1–f3)).





5. Stratospheric Weather Regime Conversions during Vortex Extremes


5.1. Stratospheric Weather Regime Conversion during SSWs


Liang et al. [6] revealed that the stratospheric regimes converse during stratospheric vortex extremes using the reanalysis. Further, the evolution of the composite regime frequency for SSW is shown in Figure 8. Four periods for SSWs are considered, including −20~−1 days (P1), 0~20 days (P2), 21~40 days (P3), and 41~60 days (P4). The date of SSW start is considered as day 0, and the period during −20~60 days are concerned. The statistics are based on 228 total SSWs and 729 total SPVs from three historical experiments during 1850–2014.



During the early stage for SSWs (P1), the NAW regime dominates, and the frequencies of the remaining five stratospheric regimes are comparable (Figure 8a,b). Further, the total frequency of the weak Arctic vortex regimes (HW, NAW, and EUW) is larger than that of the strong Arctic vortex regimes (HI, NAI, and EUI). This might imply that the polar vortices show a detectable dependence on the regime in the initial stage of SSWs. The NAW regime increases rapidly in the P2 period, account for ~30% of the total days within 30 days following SSW onsets (Figure 8a,c). Namely, the stratospheric Arctic vortex moves out of the North Pole and days with the vortex intensity decrease over North America ranks the first out of all regimes. The stratospheric polar vortex weakens rapidly with the proportion of the HW regime maximized (>0.3) during P3 period (days after SSW onset) (Figure 8a,d), which together with NAW and EUW, the weak polar vortex regimes appear most of days during this period. In the decaying stage of SSWs, frequencies of strong Arctic vortex regimes slowly recover with the NAI frequency higher than HI and EUI (Figure 8a,e). In general, the simulated evolution of the regime frequencies is consistent with the reanalysis.




5.2. Stratospheric Weather Regime Conversion during Strong Polar Vortex


The evolution of the composite stratospheric regime frequencies in the period of strong polar vortex events is shown in Figure 9. Similar to SSWs, four periods are focused for SPVs. During the early stage and the fast grown period (P1 and P2), the HW regime accounts for a very small proportion and the proportion of HI increases rapidly. (Figure 9a-c). The HW, NAW and EUW regimes increase while the HI, NAI and EUI decrease at the mature stage (P3), implying that the stratospheric polar vortex may begin to weaken (Figure 9a,d). In the decaying period of SPVs, the stratospheric regimes frequencies are more uniformly distributed except the HI regime. The increasing of the frequency proportion for NAI and EUI and the decreasing for HI indicate that stratospheric polar vortex might shift to continent (Eurasia/North America) (Figure 9a,e). Compared with the ERA5 reanalysis data, it is found that the occurrence frequency of the six polar vortex regimes at the stratosphere during the SPVs are more stable during the four periods.





6. Conclusions


Following a previous study that classifies the stratospheric Arctic vortex into different regimes based on the reanalysis, this study continues to confirm the robustness of the six stratospheric Arctic vortex regimes using longer model data. Using the k-means method, the six regimes are also assessed for historical simulations. The frequencies of six stratospheric Arctic vortex regimes in historical simulations from CESM2-WACCM are similar to the reanalysis reported in a previous study [6]. The central positions and intensities of the six stratospheric circulation patterns are also basically consistent with the reanalysis, although centers of the EUW shifts farther eastward in historical simulations. The results from this study are as follows.



A zonally uniform positive (negative) NAM pattern develops for the stratospheric HI (HW) weather regime, which extend downward to the troposphere. Namely, the Arctic Ocean is dominated by a large patch of negative (positive) geopotential anomalies, while a long zonal band of positive (negative) geopotential anomalies exist in midlatitudes. The midlatitude band has two noticeable lobe centers, one over North Atlantic and one over East Asia. As to the NAI (NAW) regime, the general NAM pattern shifts toward the western hemisphere, and the maximum low (high) center is situated over North America, with the positive height anomaly band in the eastern hemisphere biased to northern Eurasia. In contrast, for the EUI (EUW) regime, the NAM pattern shifts toward the eastern hemisphere, and the maximum Arctic center moves toward northern Eurasia, contrasted with positive (negative) geopotential anomalies over parts of North America. On average, the timescale of the HI (HW) regime is longer than that of the NAI (NAW) or EUI (EUW) regimes. The HI, NAI, and EUW regimes are forced by weakened wave activities, while the HW, NAW, and EUI regimes are driven by strengthened upward propagation of planetary waves.



In agreement with the circulation patterns, persistent warm (cold) temperature anomalies exist in midlatitude Eurasia and North America, and cold (warm) temperature anomalies develop over the Arctic Ocean during the HI (HW). The largest negative (positive) temperature anomaly center is biased farther northward in the western hemisphere to cover most of Canada during the NAI (NAW) weather regime, while warm (cold) temperature anomalies appear in northern Eurasia, contrasted with negative (positive) temperature around the Mediterranean Sea. The largest cold (warm) temperature anomaly center shifts to Arctic Russia, contrasted with warm (cold) anomalies in East Asia in the EUI (EUW) regimes.



The rainfall anomaly patterns also vary with the stratospheric Arctic vortex weather regimes. In the HI (HW) regime, organized dry (wet) anomalies form over Europe-North Atlantic and northeast Pacific, while wet (dry) anomalies form over parts of the Arctic Ocean and East Asia. In the NAI (NAW) weather regime, a band of dry (wet) anomalies form over midlatitude continents, while positive (negative) precipitation anomalies appear near Greenland and East Asia. In the EUI (EUW) regime, scattered dry (wet) anomalies form over northeast Pacific, and meanwhile wet (dry) anomalies appear over the Norwegian Sea and Kara-Barents Seas.



The frequency of stratospheric regimes for SSWs and SPVs is compared and the stratospheric extremes show varying preference of regimes in different stages. The regime is relatively uniform in the initial and decaying stages of SSWs, while the HW and NAW weather regimes appear the most in the onset and mature stages of SSWs. The HW regime exists the least for each period of SPVs, while the HI regime is present the most during the development and decaying periods. The other four regimes share a nearly equal chance of occurrence in the whole life cycle of SPVs.



This study has confirmed the robustness of the six stratospheric regimes identified from the observations [6] using historical simulations. However, it is still unknown to what extent the stratospheric regimes can be forecasted in operational forecast models. Precursors for the six stratospheric regimes are also still not well understood yet, left for a deep investigation in the future.
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Figure 1. (a–f) Composited 50 hPa standardized geopotential height anomalies for the six stratospheric Arctic vortex weather regimes (shading) over 20–90° N based on the historical run. The dotted area marks the composite anomalies significant at the 99% confidence level based on a two-sided Student’s t-test. The top right of each plot also shows the frequency proportion for each regime. 
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Figure 2. (a–f) Composited Fz anomalies by total waves (units: Pa m2/s2) for the six stratospheric Arctic vortex regimes from the historical runs. The dotted area manifests the composited eddy heat flux anomalies at the 99% confidence level based on a two-sided Student’s t-test. 






Figure 2. (a–f) Composited Fz anomalies by total waves (units: Pa m2/s2) for the six stratospheric Arctic vortex regimes from the historical runs. The dotted area manifests the composited eddy heat flux anomalies at the 99% confidence level based on a two-sided Student’s t-test.
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Figure 3. (a–f) Composited standardized 500 hPa height anomalies for the six stratospheric Arctic vortex weather regimes (shading) over 20–90° N based on the historical run. The dotted area marks the composited anomalies at the 99% confidence level based on a two-sided Student’s t-test. 
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Figure 4. Composited leading/lagging evolutions of the standardized 50 hPa geopotential height anomalies (shading) during three stages from 20 to 90° N for six stratospheric Arctic vortex weather regimes based on three historical runs. (a1–f3) The clusters 1–6 are printed as HI, HW, NAI, NAW, EUI, and EUW regimes, respectively. The first column displays the average for days −30 to −10, the second column displays the average for days −10 to 10, and the third column displays the average for days 10 to 30. The dotted area indicates the composited anomalies significant at the 99% confidence level based on a two-sided Student’s t-test. 
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Figure 5. Composited leading/lagging evolutions of standardized 500 hPa geopotential height anomalies (shading) during three stages from 20 to 90° N for six stratospheric Arctic vortex weather regimes. (a1–f3) The clusters 1–6 are printed as HI, HW, NAI, NAW, EUI, and EUW regimes, respectively. The first column displays the average for days −30 to −10, the second column displays the average for days −10 to 10, and the third column displays the average for days 10 to 30. The dotted area indicates the composited anomalies significant at the 99% confidence level. 
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Figure 6. Composited leading/lagging evolutions of the standardized 850 hPa temperature anomalies (shading) from 20 to 90° N during three stages of the six stratospheric Arctic vortex weather regimes. (a1–f3) The clusters 1–6 are printed as HI, HW, NAI, NAW, EUI, and EUW regimes, respectively. The first column displays the average for days −30 to −10, the second column displays the average for days −10 to 10, and the third column displays the average for days 10 to 30. The dotted area indicates the composited anomalies significant at the 99% confidence level. 






Figure 6. Composited leading/lagging evolutions of the standardized 850 hPa temperature anomalies (shading) from 20 to 90° N during three stages of the six stratospheric Arctic vortex weather regimes. (a1–f3) The clusters 1–6 are printed as HI, HW, NAI, NAW, EUI, and EUW regimes, respectively. The first column displays the average for days −30 to −10, the second column displays the average for days −10 to 10, and the third column displays the average for days 10 to 30. The dotted area indicates the composited anomalies significant at the 99% confidence level.
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Figure 7. Composited leading/lagging evolutions of precipitation anomalies (shadings; units: mm/d) from 20 to 90° N during three stages of the six stratospheric Arctic vortex weather regimes. (a1–f3) The clusters 1–6 are printed as HI, HW, NAI, NAW, EUI, and EUW regimes, respectively. The first column displays the average for days −30 to −10, the second column displays the average for days −10 to 10, and the third column displays the average for days 10 to 30. The dotted area indicates the composited anomalies significant at the 99% confidence level. 
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Figure 8. (a) The occurrence frequency statistics for the six stratospheric Arctic vortex weather regimes within days −20 to 60 with respect to the SSW occurrence date based on three historical runs. (b–e) The mean proportion of each polar vortex regimes at the stratosphere for four sub-stages: days −20 to −1 (P1), days 0 to 20 (P2), days 20 to 40 (P3), and days 41 to 60 (P4). 






Figure 8. (a) The occurrence frequency statistics for the six stratospheric Arctic vortex weather regimes within days −20 to 60 with respect to the SSW occurrence date based on three historical runs. (b–e) The mean proportion of each polar vortex regimes at the stratosphere for four sub-stages: days −20 to −1 (P1), days 0 to 20 (P2), days 20 to 40 (P3), and days 41 to 60 (P4).



[image: Atmosphere 14 00243 g008]







[image: Atmosphere 14 00243 g009 550] 





Figure 9. (a) The occurrence frequency statistics for the six stratospheric Arctic vortex regimes within days −20 to 60 with respect to the central date of strong stratospheric Arctic vortex events based on three historical runs. (b–e) The mean proportion of each polar vortex regimes at the stratosphere for four sub-stages: days −20 to −1 (P1), days 0 to 20 (P2), days 21 to 40 (P3), and days 41 to 60 (P4). 
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