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Abstract

:

After the recent release of the historical runs by community Earth system model version 2–the whole atmosphere community climate model (CESM2-WACCM), the major sudden stratospheric warming (SSW) events in this model and in its previous version (CESM1-WACCM) are compared based on a modern reanalysis (JRA55). Using the World Meteorological Organization (WMO) definition of SSWs and a threshold-based classification method that can describe the polar vortex morphology, SSWs in models and the reanalysis are further classified into two types, vortex displacement SSWs and vortex split SSWs. The general statistical characteristics of the two types of SSW events in the two model versions are evaluated. Both CESM1-WACCM and CESM2-WACCM models are shown to reproduce the SSW frequency successfully, although the circulations differences between vortex displacement SSWs and vortex split SSWs in CESM2-WACCM are smaller than in CESM1-WACCM. Composite polar temperature, geopotential height, wind, and eddy heat flux anomalies in both the two models and the reanalysis show similar evolutions. In addition, positive Pacific–North America and negative Western Pacific patterns in the troposphere preceding vortex displacement and split SSWs are observed in both observations and the models. The strong negative North Atlantic oscillation-like pattern, especially after vortex split SSW onset, is also identified in models. The near-surface cold Eurasia–warm North America pattern before both types of SSW onset, the warm Eurasia–cold North America pattern after displacement SSW onset, and the cold Eurasia–cold North America pattern after split SSW onset are consistently identified in JRA55, CESM1-WACCM, and CESM2-WACCM, although the temperature anomalies after the split SSW onset in CESM2-WACCM are somewhat underestimated.
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1. Introduction


Major sudden stratospheric warming (SSW) is a radical event mostly observed in the Arctic stratosphere associated with rapid and large stratospheric variability during wintertime except the September 2002 and 2019 SSWs over the Antarctic [1,2]. The polar temperature rises dramatically in several days when westerlies reverse to easterlies and the polar stratospheric vortex becomes displaced from the Arctic or even breaks into two sister vortices [3], known as vortex displacement SSWs and vortex split SSWs [4]. Ever since this phenomenon was found by Richard Scherhag [5], much work has been conducted, including SSW theories [6,7], influences on surface weather and climate [8,9], simulations and predictions by models [10,11,12], and classifications [4,13,14,15,16,17,18].



A comprehensive understanding of the forcings for SSW events especially for different types of SSWs has been built gradually through investigations in different aspects of SSWs [4,7,9,11,17]. Studies have shown that the planetary wave forcing from the extratropical troposphere is responsible for the emergence of some SSW events [4,6,19,20]. Those studies have indicated that the downward propagation of SSW-related circulation anomalies from the stratosphere to the troposphere is related to the type of SSWs. In specific, SSW events during which the stratospheric signals can propagate into the troposphere are usually preceded by enhanced upward flux of wavenumber-2, while other events that do not propagate downward display reduced wavenumber-2 flux [15]. Vortex split SSWs are usually accompanied by the enhanced wavenumber-2 upward EP flux while vortex displacement SSWs are forced by the increase of wavenumber-1 planetary waves [6,20,21]. Therefore, it is reported that vortex displacement and split SSWs should be considered dynamically distinct since the vertical and horizontal atmospheric structure before the two types of SSWs appears to be different [4]. However, due to the limited SSW sample in observations, all those conclusions need to be further confirmed with long-term data (e.g., long-term historical runs by models). Furthermore, it has been reported that many external events can play a role in the appearance of SSW events, including quasi-biennial oscillation (QBO) [22,23,24], Madden–Julian oscillation [11,25], El Niño–Southern oscillation [26], stratospheric zonal ozone anomalies [27], and the 11-year solar cycle [28].



The winter polar stratospheric variability has a detectable influence on circulation and weather anomalies in the troposphere and the near-surface, especially during the radical stratospheric events, such as SSWs [18]. Previous studies have evaluated the surface impact of two types of SSWs but different results have been found [4,13,14,29]. Some studies suggest that vortex split SSWs are followed by more significant surface Arctic oscillation (AO) and Northern annular mode (NAM) indices than vortex displacement SSWs [13,14,17], while others using different methods of identifying and classifying SSWs claimed that the surface responses following vortex displacement and split SSWs are largely indistinguishable [4,29,30]. In addition, a multimodel comparison of the predictability of the two types of SSW events has been conducted in recent studies [11,31,32]. Therefore, a better understanding of the difference between two types of SSW events and their surface impact is important for improving the prediction of surface weather and climate.



A recent study has well evaluated the reproducibility of SSWs in a long-term historical run by the community Earth system model version 1–the whole atmosphere community climate model (CESM1-WACCM) from a statistical perspective [33], but we still do not know the behavior of the updated CESM-WACCM version (i.e., CESM2-WACCM) in reproducing the most radical stratospheric phenomenon. As one of the most widely used stratosphere-resolving models, CESM1-WACCM shows a good stratospheric behavior on the interannual timescale [34,35,36,37]. CESM2-WACCM is an improved model over CESM1-WACCM. The statistical characteristics of different types of SSW events in the two versions of CESM-WACCM have not been well explored yet. Therefore, a comparison between CESM1-WACCM and CESM2-WACCM will be the focus of this study. The questions we attempt to answer in this study are as follows: (1) How well do the two model versions simulate the frequencies of vortex displacement and split SSWs? (2) Are the dynamical differences between different types of SSW events presented in the two models? (3) Do vortex split and displacement SSWs differ in their impacts on the troposphere in the models? Studying the distinction between two types of SSWs is helpful for understanding the SSW dynamics and improving the long-range weather forecasting. Evaluating two versions of CESM-WACCM models in simulating SSW events by comparing with the observations can well locate the model bias and present suggestions to National Center for Atmospheric Research (NCAR) model developers who design the CESM-WACCM model.



The rest of this paper is organized as follows. In Section 2, the reanalysis, models datasets, and methods of identifying and classifying SSW events and of calculating teleconnections are presented. Then, a comparison of different types of SSWs between the reanalysis and models is conducted in Section 3 in various aspects, including statistics, stratospheric and tropospheric circulation evolutions, upward planetary waves, and their downward impacts. Eventually, the summary and discussion are presented in Section 4.




2. Data and Methods


2.1. Model Data and Reanalysis


The historical-run outputs in the two versions of the CESM-WACCM model are used in this study to evaluate their reproducibility of different types of SSW events. The historical run in CESM1-WACCM, one of the fully coupled CMIP5 models, ranges from 1850 to 2005 (model time), forming a 156-year dataset. The atmospheric component of CESM1-WACCM is WACCM4, which is a superset of the community atmospheric model version 4 (CAM4) [34,35]. The raw outputs are stored in the model resolution with 66 sigma/pressure levels from 1000 hPa to 5.1 × 10−6 hPa (approximately 140 km) and a horizontal resolution of 1.9° (latitude) × 2.5° (longitude). There are significant advances compared to WACCM3 in WACCM4, including parameterization of non-orographic gravity waves and the estimation of mountain stress caused by unresolved orography [36], which result in an improvement in the simulation of the frequency of major sudden stratospheric warming events by modification of the planetary waves upward propagation. The model includes a prescribed representation of the quasi-biennial oscillation (QBO) varying in time with an approximate 28-month period, achieved by relaxing equatorial zonal winds between 86 hPa and 4 hPa to observed interannual variability (i.e., the idealized 28-month QBO cycle of tropical zonal winds) [34,35,36].



In contrast, CESM2-WACCM is a comprehensive Earth system model with coupled atmosphere, land, ocean, river, sea-ice, land-ice, and ocean-wave, which participates in the Coupled Model Intercomparison Project Phase 6 (CMIP6) and the atmospheric component of CESM2-WACCM is WACCM6 [37]. The historical run started in 1850 and ended in 2014, producing a 165-year dataset, which has 70 sigma/pressure levels from 1000 hPa to 4.5 × 10–6 hPa and a horizontal resolution of 0.9° (latitude) × 1.25° (longitude), which is higher than that in the CESM1-WACCM. The variables used in this study in both models include air temperature, zonal and meridional winds, and geopotential height. It has been reported that CESM1-WACCM is one of the best CMIP5 models in simulating stratosphere [38]. The improvements in CESM2-WACCM include modifications of atmospheric physics parameterization, significant new capabilities in the middle and upper atmosphere, improvements in the chemical modules, and so on. The horizontal resolution of WACCM6 is 4 times that of WACCM4 by default, which provides improved stratospheric variability, including an internally generated QBO (a paper by Rao et al. 2019 submitted to Journal of Climate), and an improved climatology of SSWs. The topographic ridges and low-level flow blocking effects have been incorporated into the orographic gravity wave scheme. CESM2 (a low-top version) provides a good simulation of current climate, especially the 20th-century global average surface temperature [37]. However, SSWs in CESM2-WACCM are still not reported.



This study uses the Japanese Meteorological Agency 55-year Reanalysis (JRA55) data as a representation of the observations. The JRA55 has been used extensively to study the stratospheric variability, such as the momentum budget, the stratospheric annular mode, the Brewer–Dobson circulation, and the stratospheric El Niño–Southern oscillation (ENSO) teleconnection [33,35,39,40,41]. It has been reported that the JRA55 reanalysis can well quantify the annular modes and the ENSO pathway in the stratosphere [35,39]. The JRA55 reanalysis has a horizontal resolution of 1.25° (latitude) × 1.25° (longitude) and 37 pressure levels with the top level at 0.1 hPa [42]. Since the model data used here are from atmosphere–ocean coupled model historical runs, the sea surface temperature and sea ice are generated by the models. The SSW onset dates in the models are all different from the reanalysis. Therefore, there are hardly corresponding relationships between the specific SSW events in CESM-WACCM and those in the JRA55 reanalysis (shown later).




2.2. Methods


A major SSW in this study has been defined following the WMO definition [4,43,44]: The first day on which the zonal mean zonal winds at 60° N and 10 hPa change from westerly winds to easterly winds and stay easterlies for more than five days, is defined to be the zeroth day (day 0) of a sudden warming event, which occurs mostly in the Northern Hemisphere. Meanwhile, the zonal mean temperature rises in the polar region and the direction of the meridional temperature gradients from 60° N to the North Pole at 10 hPa reverse. However, if the temperature gradient reverses without changes in circulation, it is identified as a minor SSW and has been observed in both hemispheres [45], which we will not discuss. Once a major SSW is defined, there will not be any new SSW events defined repeatedly within 20 consecutive days afterward [4,33,43]. Furthermore, stratospheric final warming is excluded as the zonal mean zonal wind reversal from westerlies to easterlies marks the annual cycle of the stratospheric circulation from wintertime to summertime [46].



As for identifying different types of vortex events during SSW events, vortex-centric diagnostics by Seviour et al. [18] are used. Two-dimensional vortex moments based on the geometry of the vortex can provide a better understanding of stratospheric variability. In order to define a vortex uniquely, parameters such as centroid and aspect ratio are required [18,47,48]. Previous studies [49,50,51] defined an “equivalent ellipse” as the representative of a vortex. Time series of the parameters needed can be calculated using a two-dimensional moment equation. Two-dimensional moment diagnostics Mab (the absolute vortex moments) and Jab (the relative vortex moments) of the modified PV field q(x,y) are given in Cartesian coordinates. The latitude of the vortex centroid and the aspect ratio of each SSW event are obtained through specified mathematical calculation [51] using two-dimensional moment diagnostics and geopotential height on isobaric levels, which are shown to be highly correlated with the conventional PV-based diagnostics [14,18].



A practical threshold-based method is introduced to distinguish the defined SSW events between displacement and split stratospheric polar vortex events [14,18]. A vortex split requires the aspect ratio to be higher than 2.4 for seven days or more and a displaced vortex event requires the latitude of the vortex centroid to remain equatorward of 66° N for seven days or more. It has been shown in previous studies that this threshold method can give a similar classification of split and displaced vortex as conventional methods [4,13,14,18]. Examples of vortex displacement and split SSWs in the JRA55, CESM1-WACCM, and CESM2-WACCM using the identification and classification methods above are shown in Figure 1. The displaced vortex is observed to be a comma-like shape that shifts off the pole towards Eurasia in Figure 1a–c, while the vortex in Figure 1d–f breaks into two comparable pieces, which can be commonly observed in the selected sample in each dataset. In short, the method introduced above is confirmed to successfully classify SSW events into vortex displacement and split events.



Many studies reported that there is a strong link between the stratospheric vortex variability and surface weather patterns following extreme events such as SSWs. For instance, the North Atlantic oscillation (NAO) is shown to be influenced by circulation anomalies in the stratosphere [19,41,52] and also differently affected by two types of vortex events [13,17]. Furthermore, studies have shown that the intensification of positive Pacific–North America (PNA) [19,53] and the negative western Pacific (WP) oscillation [54,55] may trigger SSW events since many studies indicate that the occurrence of SSWs is closely correlated with the upward propagation of planetary waves originating in the troposphere [11,16,33,56,57,58], which can be confirmed by some teleconnections. Therefore, the definitions [59] of three teleconnection indices are calculated as follows:


  NAO =  1 2   (   Z  35 °    N  ,   0 °    E    −  Z  65 °    N  ,   20 °    W     )   



(1)






  PNA =  1 2   (   Z  20 °    N  ,   160 °    W    −  Z  45 °    N  ,   165 °    W    +  Z  55 °    N  ,   115 °    W    −  Z  30 °    N  ,   85 °    W     )   



(2)






  WP =  1 2   (   Z  60 °    N  ,   155 °    E    −  Z  30 °    N  ,   155 °    E     )   



(3)




where Z is the geopotential height anomaly at 500 hPa and the subscript is the latitude (  °    N   ) and longitude (  °   E , °   W  ) of the targeted grids on Earth.



Additionally, the method used to test the 95% significance level of the composite for one sample ensemble is the Student’s t-test and the degree of freedom is the sample size minus one. The significance level of the composite vortex split minus displacement difference is also tested by setting the degree of freedom to be the sum of the two sample sizes minus two.





3. Comparison of SSW Events in CESM1-WACCM and CESM2-WACCM


3.1. Statistics of Vortex Displacement and Split SSWs


The onset dates of SSW events in each dataset are searched based on the SSW definition and shown in Table 1, which are generally consistent with some previous studies for the reanalysis [4,19,33,46,60,61,62]. The SSW events found are classified into vortex displacement and split events using the threshold method, and the classification also appears to be consistent with previous studies [4,13,14,18]. It can be seen that there are 19 vortex split events and 15 vortex displacement events out of the 35 SSW events during 1958–2015 in the JRA55 reanalysis, since the event on 29 February 1980 fails to be classified using the Seviour et al. [18] method. The average frequency of SSW events is about six times per decade in JRA55 and different types of SSWs happen randomly without any regularity. The sample sizes of the two types of SSWs are generally comparable (19 vs. 15). In addition, several years witnessed two different types of SSW events in one winter (i.e., 1965/1966, 1970/1971, 1998/1999, 2009/2010).



The same methods are also used to identify and classify SSW events in CESM1-WACCM and CESM2-WACCM (right four columns in Table 1). It can be observed that there are 33 vortex split SSWs and 47 vortex displacement SSWs out of the 80 events during 1850–2005 in the CESM1-WACCM, whereas 34 vortex split SSWs and 41 vortex displacement SSWs occur out of 77 events during 1850–2014 in the CESM2-WACCM. Two events (5 January 1861 and 3 December 1999) fail to be classified in CESM2-WACCM. In addition, the same type of SSW events from models can occur in several successive years, which is seldom observed in the reanalysis. As for the joint time period (1958–2005) of three datasets, it can be seen that there are 16 vortex split events and 11 vortex displacement events out of the 28 SSW events in the JRA55 reanalysis while there are 8 vortex split SSWs and 20 vortex displacement SSWs out of the 28 events in CESM1-WACCM. In contrast, 6 vortex split events and 14 vortex displacement events occur out of 21 events during 1958–2005 in CESM2-WACCM. It seems that the models tend to simulate more vortex displacement events than vortex split events. Because the model data used are from an atmosphere–ocean coupled historical run and the stratosphere shows a large internal variability, the SSW events from the two models happen at different model times and the ratio of vortex split events to vortex displacement events is distinct between the reanalysis and the models during the joint time period.



The seasonal distribution of the two types of SSWs is illustrated in Figure 2. It can be observed that, due to the much smaller sample size in JRA55, the difference between the two types of SSWs in JRA55 is much larger than that in the models. The frequency of both vortex split and displacement SSWs in CESM1-WACCM tends to peak in midwinter (January), decreasing towards both sides. The SSW frequency in late winter (February, March) is larger than that in the early winter (November, December). In contrast, SSW events in CESM2-WACCM tend to occur much later than in CESM1-WACCM. The frequency distribution in CESM2-WACCM increases all the way from early winter to late winter and reaches its peak in March. In contrast, the frequency distribution of vortex displacement SSWs in the JRA55 tends to be much flatter than that in the two versions of CESM-WACCM (Figure 2a): The vortex displacement SSWs from JRA55 are nearly evenly distributed in December, January, and February, although the frequency in November and March is lower than the other winter months. In contrast, vortex split SSWs in JRA55 mainly occur in midwinter, which is also true for CESM1-WACCM. In summary, although the overall performance of CESM2-WACCM in simulating stratosphere is expected to improve over CESM1-WACCM, some new biases might be produced: Seasonal locking of SSW events to midwinter observed in JRA55 and CESM1-WACCM is biased to late winter in CESM2-WACCM.



Figure 3 shows the decadal distribution of vortex displacement and split SSW events, from JRA55, CESM1-WACCM, and CESM2-WACCM, respectively. It can be found that the SSW frequency in every decade from both reanalysis and models is not constant. Such interdecadal variation of SSW events might primarily reflect the internal variability in the stratosphere. Specifically, the frequency of vortex displacement SSWs from JRA55 (Figure 3a) peaked in the 1980s and the 2000s and reached a valley value in the 1990s (i.e., the SSW-absent decade in the observational record). However, more vortex split SSWs from JRA55 appeared in the 1970s and also hit the minimum value in the 1990s (Figure 3b). Similar interdecadal change in SSW frequencies is also identified in models. Furthermore, it can be seen that the interdecadal change with a two-year cycle in the frequency of vortex displacement SSWs in CESM2-WACCM is faster than that with a three-year cycle in CESM1-WACCM, while the reversed situation is true for the vortex split SSWs (a five-year cycle in CESM1-WACCM vs. a four-year cycle in CESM2-WACCM). In general, the frequency of vortex displacement SSWs tends to reach its peak while that of vortex split SSWs in the same dataset reaches a valley.



In addition, the amplitude of SSWs is compared and evaluated, which can be represented by the area-weighted polar temperature anomalies in the stratosphere around the SSW onset date according to previous studies [4,33,63]. Figure 4 shows the amplitude of vortex split and displacement SSWs in each winter month. It can be observed that the amplitude of both vortex split and displacement SSWs in most winter months is realistically simulated since the difference between the reanalysis and the models is less than 5 K in wintertime months, especially in January and February. Specifically, the temperature amplitude of vortex displacement SSWs in each month is well reproduced since most parts of the error bars from the two models are within the ranges of the error bars from the reanalysis, which means that the distribution of data in the models is similar with that in the reanalysis (Figure 4a). In contrast, no vortex split SSW from JRA55 appears in November; we cannot tell much about the vortex split SSWs in this month, but the temperature anomalies from CESM1-WACCM appear much stronger than those from CESM2-WACCM (15.6 K vs. 6.7 K; Figure 4b). The amplitude of vortex split SSWs in December from both models is somewhat underestimated when compared with JRA55. Generally, the models show similar amplitude of vortex split SSWs in other wintertime months (January, February, March).




3.2. Evolution of the Stratospheric Circulation and Temperature during Vortex Displacement and Split SSWs


Three indicators, including the zonal wind in the circumpolar region (55–75° N), the polar temperature (60–90° N), and the polar geopotential height (60–90° N) area-averaged over the specified regions, are shown in this study to compare and evaluate the model performance of reproducing vortex displacement and split SSWs.



Figure 5 shows the composite pressure–time evolution for both types of SSWs from day −20 to day 60 relative to the SSW onset date for the JRA55 reanalysis, CESM1-WACCM, and CESM2-WACCM. It can be observed in Figure 5 that the composite evolution of the zonal mean zonal wind anomalies of vortex displacement SSWs is seemingly different from that of vortex split SSWs in observations. As the sample size becomes much larger, such difference in models between vortex displacement and split SSWs are much weaker than in JRA55. The westerly wind anomalies in both vortex displacement (Figure 5a) and split SSWs (Figure 5d) from the reanalysis rapidly weaken and reverse to the easterly wind anomalies in the stratosphere. Shortly after the SSW onset, the easterly anomalies reach the maximum (30 m/s) at 10 hPa, which is successfully reproduced by CESM1-WACCM (Figure 5b,e) and CESM2-WACCM (Figure 5c,f). The negative easterly anomalies stronger than 5 m/s can persist for more than a month in both types of SSWs in JRA55, which is well simulated in both models (Figure 5a–f). Comparing vortex displacement and split SSWs in JRA55, the latter on average is stronger than the former (Figure 5a,d,g). The different composite intensities between vortex displacement and split SSWs observed in JRA55 are also captured in CESM1-WACCM and CESM2-WACCM (Figure 5h,i), although such difference is less in CESM2-WACCM than in CESM1-WACCM. It might be concluded that vortex split SSWs have a stronger impact on the troposphere in previous studies [13,17]. However, if we see the left two columns in Figure 5, we can find that the easterly wind anomalies can descend to lower troposphere and near surface for both displacement and split SSWs in all datasets after the SSW onsets. The composite difference between vortex split and displacement SSWs is statistically significant in a long-term range after the SSW onset in JRA55 (Figure 5g), and split minus displacement SSW difference in CESM1-WACCM (Figure 5h) highly resembles the reanalysis. However, such difference is much smaller and less significant in CESM2-WACCM (Figure 5i). In addition, the negative wind anomalies descend down to the near surface more rapidly for vortex split SSWs than for displacement SSWs in all datasets [13,17].



The direction reversal of zonal wind is related to the increase of polar geopotential height by the geostrophic wind principle. Figure 6 shows the composite evolution of the polar height anomalies, which are consistent with the evolution of zonal wind anomalies (Figure 4) around the onset date. The positive height anomalies in both vortex displacement and split SSWs start to appear several days before the SSW onset date, consistent with the deceleration of circumpolar westerlies in Figure 5. The polar height anomalies reach maxima soon after the SSW onset in JRA55, which are also well resolved by models (Figure 6a–f). All the three datasets show that the positive height anomalies begin to decrease two weeks after the SSW onset and reverse to weak and nonsignificant negative height anomalies another two weeks later. However, because SSWs mainly appear in late winter and late-winter SSWs are usually weaker than midwinter events (Figure 4), it is shown once again that CESM2-WACCM somewhat underestimates the maximum polar height anomalies just after the SSW onset (Figure 6c,f). It can be observed once again that, in the reanalysis, the polar height anomalies for vortex split SSWs develop deeper in the troposphere and reach the near-surface sooner than the counterpart anomalies for vortex displacement SSWs. The reanalysis and models consistently show that the positive height anomalies for both vortex displacement and split SSWs propagate downward, but the near surface height anomalies for polar vortex split SSWs are larger than those for displacement SSWs. The positive height anomalies in the Arctic stratosphere within two weeks after the SSW onset are also consistently stronger for vortex split SSWs than for displacement events in the three datasets (Figure 6g–i).



The sharp rise of the polar temperature is also an important feature for SSWs [2,4,44] so the composite evolutions of the polar temperature anomalies are shown in Figure 7. The warming anomalies in observations first develop in the upper stratosphere, reach maxima (16 K) at the onset date, and propagate to the middle troposphere (Figure 7a–f). It should be noted that the warm temperature anomalies cannot reach the near surface but are coupled with the cold temperature anomalies in the lower troposphere. Namely, warm temperature anomalies in the Arctic stratosphere during SSWs corresponds to cold air outbreak in the lower troposphere. It can be seen that the near-surface air temperature after the SSW onset is colder and more significant for vortex split SSWs than displacement SSWs in JRA55 and CESM1-WACCM (top two rows in Figure 7): The minimum near-surface temperature anomalies can reach −1 K and −0.5 K for vortex split and displacement SSWs after the onset, respectively. In contrast, the near-surface air temperature anomalies show nonsignificant differences in CESM2-WACCM (Figure 7c,f,i). Such different surface responses to vortex displacement and split SSWs in JRA55 and CESM1-WACCM might reflect their different intensities. The intensities of the two types of SSWs are significantly different in JRA55 and CESM1-WACCM (Figure 5g,h, Figure 6g,h, and Figure 7g,h), whereas the intensities of the two types of SSWs in CESM2-WACCM are similar and their differences are nonsignificant at the 95% confidence level (Figure 5i, Figure 6i and Figure 7i).




3.3. Evolution of Tropospheric Circulation during Vortex Displacement and Split SSWs


It has been reported that the upward propagation of planetary waves originating in the troposphere can influence the stratospheric circulation and may induce SSW events [4,6,19,21], although some studies [64] declare that the tropospheric wave forcing may only affect about 30% of SSWs. In order to comprehend and evaluate the tropospheric circulation during different SSW stages, which may act as a trigger, Figure 8 and Figure 9 show the evolutions of extratropical geopotential height anomalies at 500 hPa for both types of SSWs, respectively.



The negative height anomalies centered over North Pacific from day −25 to day −15 and the positive height anomalies over Arctic Canada for both vortex displacement and split SSWs in the reanalysis (Figure 8a1 and Figure 9a1) resembles a positive PNA pattern and a negative WP pattern, which intensify planetary wave activity by interfering with the climatological trough and ridge [11,24,58]. The negative height anomalies over the North Pacific, east of US and the positive anomalies over Canada for vortex displacement SSWs are more persistent than for vortex split SSWs during 5–15 days before the SSW onset (Figure 8a2 and Figure 9a2), therefore the positive PNA for vortex displacement SSWs may be stronger than for split SSWs, which can project onto the wavenumber-1. In contrast, there is a second anomaly low center in west Europe for split SSWs, which together with the Pacific low center, project onto the wavenumber-2. Those differences between vortex displacement and split SSWs imply that wavenumber-1 is enhanced before the displacement SSW events and that wavenumber-2 is enhanced before vortex split SSWs [6,15,20,21]. The PNA and WP patterns largely weaken during the SSW onset (Figure 8a3 and Figure 9a3), and positive height anomalies appear over the high-latitude of the North Atlantic for vortex split SSWs, which project onto a negative NAO pattern (Figure 9a3) while the negative NAO-like response is not formed for displacement SSWs (Figure 9a3). It may imply that the impacts of vortex displacement and split SSWs on the troposphere, especially over the North Atlantic region, are different, consistent with previous studies [13,17]. It is noted that some uncertainties still exist due to the small sample size [18]. However, negative height anomalies form over Eurasia following the SSW onset for both vortex displacement and split SSWs (Figure 8a4,a5 and Figure 9a4,a5).



Generally, the positive PNA-like and negative WP-like pattern, as well as the negative height anomalies over the North Pacific before the SSW onset date, are successfully reproduced by both models (Figure 8b1,b2,c1,c2 and Figure 9b1,b2,c1,c2). The much stronger North Pacific low anomaly response than the North Atlantic low anomaly center mainly projects onto an enhanced wavenumber-1 in models for vortex displacement SSWs (Figure 8b1–b3,c1–c3), consistent with the reanalysis (Figure 8a1–a3). In contrast, the comparable North Pacific low anomaly center and North Atlantic low anomaly center before and during the SSW onset mainly project onto an enhanced wavenumber-2 (Figure 9a1–a3,b1–b3,c1–c3), which is well simulated in models. However, the negative NAO-like response in CESM2-WACCM during and after the SSW onset is much weaker for split SSWs than in CESM1-WACCM (Figure 9b,c).




3.4. Teleconnections and Upward Propagation of Planetary Waves from the Troposphere


It has been reported that extreme stratospheric events such as sudden stratospheric warmings are closely related to upward planetary waves from the extratropical troposphere [11,16,24,56,57,58], which can be revealed through teleconnections and the evolutions of eddy heat flux. For instance, studies have shown that SSWs may be triggered by negative WP and positive PNA patterns preceding SSWs. Furthermore, SSW events play an important role in regional weather anomalies such as negative NAO phase during SSW events, which is caused by downward propagation of the AO/NAM signals [2,9,19,65]. Additionally, studies have discussed whether there are significantly stronger positive AO/NAM anomalies near the surface following vortex splits [13,17,18]. Therefore, in order to evaluate the possible trigger preceding different types of SSWs and their difference in the surface impact, three teleconnections are calculated.



The evolutions of three teleconnections calculated from day −50 to day 50 with respect to the SSW onset date are displayed in Figure 10. The PNA for both types of SSWs stay mainly in its positive phase before the SSW onset date in observations, although it fluctuates frequently (Figure 10a,d). The WP index, however, develops in its negative phase before the SSW onset and reaches the minima simply several days before the SSW onset (Figure 10a,d). The NAO remains in its negative phase 20 days around the SSW onset for vortex displacement SSWs, while the NAO phase is mainly in its negative phase after the vortex split SSW onset. The negative NAO for vortex split SSWs appear stronger and more significant than that for vortex displacement SSWs. As in the reanalysis, both models also show that the negative WP occupies most of the period before SSW onset (Figure 10b,c,e,f), and the positive PNA is also simulated except that there is an abrupt drop of the PNA about a week before the vortex split SSW onset in CESM1-WACCM (Figure 10e).



The eddy heat flux (    v ′ T ′  ¯   ) is calculated because it can be used as a representation of the upward propagation of planetary waves (i.e., the vertical component of the Eliassen–Palm flux, Fz), which is almost proportional to the eddy heat flux [2,4,11,25,53]. Figure 11 and Figure 12 show the evolution of eddy heat flux from day −40 to day 40. It can be seen in both JRA55 and the models that large positive eddy heat flux anomalies suddenly turn negative after reaching maxima just several days before the SSW onset (Figure 11a–f). It is noticeable that the upward propagation for vortex displacement and split SSWs are different. Namely, the eddy heat flux anomalies for vortex split SSWs (Figure 11d) appear to be stronger than for vortex displacement SSWs (Figure 11a), which can also be further verified by the difference between vortex split and displacement SSWs (Figure 11g). In addition, the magnitude and duration difference between the two types of SSWs in observations can also be observed from the eddy heat flux at 10 hPa (Figure 12). The negative eddy heat flux after the SSW onset indicates that the upward propagation of planetary waves is suppressed by the easterlies when the downward impact becomes strong. However, both models do not show any significant difference of eddy heat flux between vortex displacement and split SSWs (Figure 11b,c,e,f). It can be concluded when the sample size becomes large, the difference in upward propagation of total waves might not be significantly large between vortex displacement and split SSWs.




3.5. Downward Impact of SSW


The evolution of the air temperature anomalies at 850 hPa in the Northern Hemisphere during different types of SSW events is shown in Figure 13 and Figure 14 to demonstrate their impacts on the lower troposphere and near surface. It is noticeable that there are no model data available at 850 hPa in Tibet Plateau, Greenland, and Rocky Mountains due to their high altitudes. The temperature anomaly patterns before SSW onset are in connection with the evolution of teleconnections while the temperature anomaly patterns afterward are also influenced by downward propagation of SSW-related signals.



It can be revealed from the reanalysis that large-scale cold anomalies occupy the North Eurasian continent before and during SSW onset while warm anomalies occur over the North American continent for vortex displacement SSWs (Figure 13a1–a3). This large-scale temperature pattern, however, is reversed after the polar vortex displacement SSW onset in JRA55: The North Eurasian continent is anomalously warm and the North American continent is anomalously cold (Figure 13a4,a5). The opposite land temperature patterns before and after the displacement SSWs are also identified in CESM1-WACCM and CESM2-WACCM (Figure 13b,c). Compared with JRA55, the cold temperature anomaly center in the Eurasian continent is further eastward biased before the vortex displacement SSW onset. The temperature patterns in Figure 12 are different from Figure 10 in Cao et al. [33]: They find that the northern Eurasian continent is anomalously cold all the way weeks before and after the SSW onset. Therefore, it is necessary to differentiate SSW types when we study the impact of the SSW events.



Consistent with Cao et al. [33], it is shown that before and during the split SSW onset, a cold northern Eurasian continent–warm North American continent pattern is observed, but both continents are dominated by cold air after the split SSW onset (Figure 14a). Therefore, the composite temperature pattern using all SSW events in Cao et al. [33] (see their Figure 10) is primarily dominated by vortex split SSWs (Figure 14a). The cold Eurasia–warm North America air temperature pattern before and during vortex split SSWs are well reproduced by CESM1-WACCM and CESM2-WACCM (Figure 14b,c). Similarly, the Eurasian and North American continents are almost covered with cold air temperature anomalies after the vortex split SSWs. In contrast, the temperature anomalies in CESM2-WACCM are much weaker than in CESM2-WACCM, especially during the post-SSW periods (Figure 14b,c), consistent with the relatively weaker SSW intensities in CESM2-WACCM.





4. Summary and Discussion


The reproducibility of vortex displacement and split SSW events in two versions of the CESM-WACCM coupled model during 1850–2005/2014 is evaluated in this study based on the JRA55 reanalysis during 1958–2015. A statistical and diagnostic analysis is conducted on the monthly and decadal distribution of two types of SSW events, their intensities, evolutions of the stratospheric and tropospheric circulation, and temperature. In particular, the tropospheric precursors for vortex displacement and split SSWs and their impacts on the near-surface temperature are discussed. The main concluding remarks in this paper are as follows.



	
SSW events are searched and their displacement and split types are categorized using the WMO definition [43] and a threshold-based classification method by Seviour et al. [18], respectively. It is found that the ratio of vortex displacement to split SSWs is about 0.79 in the JRA55 reanalysis while the ratio is 1.2–1.4 in the CESM1-WACCM and CESM2-WACCM models, which means that the CESM-WACCM model family tends to simulate more vortex displacement SSWs than in the reanalysis. The seasonal distribution somewhat differs between two types of SSW events in observations. The frequency of both SSW types peaks in January. November is the wintertime month when least SSWs occur for both types. Although CESM2-WACCM is expected to improve over CESM1-WACCM, no statistical proof is found that the seasonal distributions of both SSW types are simulated better by CESM2-WACCM than CESSM1-WACCM.



	
The decadal frequency of both types of SSW events changes quasi-periodically in both the reanalysis and the models, which may reflect the internal variability of the stratosphere. All datasets show that a low/high frequency of vortex split SSWs tends to be accompanied by a high/low frequency of vortex displacement SSWs. Due to the atmospheric chaos and the free run of the atmosphere-ocean system in historical experiments of both models, the numbers of SSW events in each decade are very different in model and the reanalysis.



	
The polar temperature anomalies, height anomalies, wind anomalies, and eddy heat flux anomalies for vortex split SSWs are identified to be stronger and more persistent than those for vortex displacement SSWs in the reanalysis. In contrast, as the sample size becomes large in the models, and the differences between vortex displacement and split SSWs are smaller than in JRA55. The circulation and temperature anomalies in CESM1-WACCM more resemble JRA55 quantitatively, and the anomaly amplitudes in CESM2-WACCM are underestimated due to the worse phase locking of SSWs from CESM2-WACCM. Although the total eddy heat flux by all waves before vortex split SSWs are much stronger than displacement SSWs in JRA55, such differences between two types of SSWs in models are small.



	
It is shown in both observations and the models that positive PNA and negative WP patterns in the troposphere precedes vortex displacement and split SSWs, which indicates the enhancement of upward planetary waves from the troposphere before SSW events. The North Pacific low anomaly center is much stronger than the North Atlantic counterpart before and during the displacement SSWs, which mainly projects onto an enhanced wavenumber-1. In contrast, the North Pacific and North Atlantic low anomaly centers before and during split SSWs are comparable, which corresponds to an enhanced wavenumber-2. In addition, as in JRA55, the models also show that negative NAO-like pattern after split SSW onset is stronger than that after displacement SSW onset.



	
A cold Eurasian continent–warm North American continent pattern appears during some pre-SSW periods for both types of SSWs. On the contrary, a warm Eurasian continent–cold North American continent pattern appears after the displacement SSW onset. In contrast, both continents are anomalously cold after the split SSW onset. The near-surface air temperature patterns before and after the SSW onset are well reproduced by both models, although the temperature anomalies after the split SSW onset in CESM2-WACCM are somewhat underestimated.






The performance of the CESM1-WACCM and CESM2-WACCM models in simulating different types of SSW events are comprehensively assessed in this study. Although some improvements have been achieved for CESM2-WACCM when compared with CESM1-WACCM, new biases might be generated. For example, it has been noted that CESM1-WACCM cannot reproduce the QBO but CESM2-WACCM can spontaneously generate the QBO, which is a great improvement for the new CESM-WACCM version (a paper by Rao et al. 2019 submitted to Journal of Climate). However, new biases regarding SSWs also appear, including the seasonal shift of the SSWs to late winter in CESM1-WACCM, underestimation of the SSW intensity, and obscurity of the near-surface response to the two types of SSWs. It is still unknown how those biases are produced in CESM2-WACCM. In addition, more CMIP6 models have released their historical runs, and a more comprehensive comparison between CMIP5 and CMIP6 models in simulating SSWs is still lacking. However, the comparison between CESM1-WACCM and CESM2-WACCM still provides useful information for NCAR model developers and also corrects our conventional idea that a new model version is destined to behave better than the old version. The fact might not be so.
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Figure 1. Polar projection of the geopotential heights (units: km) at 10 hPa in (a,d) the Japanese Meteorological Agency 55-year Reanalysis (JRA55), (b,e) community Earth system model version 1–the whole atmosphere community climate model (CESM1-WACCM), and (c,f) CESM2-WACCM during vortex displacement sudden stratospheric warmings (SSWs) on (a) 30 November 1968, (b) 6 January 1880, (c) 26 February 1854 and vortex split SSWs on (d) 2 January 1963, (e) 20 January 2005, (f) 24 February 1902. 
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Figure 2. The frequency distribution (units: Events/year) of (a) vortex displacement SSWs and (b) vortex split SSWs in each wintertime month in the JRA55 reanalysis (light grey) during 1958–2015, CESM1-WACCM (dark grey), and CESM2-WACCM (black) during 1850–2005/2014. 
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Figure 3. The frequency distribution (units: Events/year) of (a) vortex displacement SSWs and (b) vortex split SSWs in each decade in the JRA55 reanalysis from the 1960s to the 2000s (light grey) and in CESM1-WACCM (dark grey), and CESM2-WACCM (black) from the 1850s to the 2000s/2010s. 
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Figure 4. Composite area-weighted polar (60°–90° N) temperature anomaly (units: K) at 10 hPa, ±5 days from the onset date of (a) vortex displacement SSWs and (b) vortex split SSWs in each wintertime month for the JRA55 reanalysis (light grey) during 1958–2015, CESM1-WACCM (dark grey), and CESM2-WACCM (black) during 1850–2005/2014. The error bar denotes the inter-case standard deviation. 
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[image: Atmosphere 10 00679 g004]







[image: Atmosphere 10 00679 g005 550] 





Figure 5. Composite pressure–time evolution of the zonal mean zonal wind anomalies area-averaged over 55–75° N (shadings; units: m/s) from day −20 to day 60 relative to the onset date of (a–c) vortex displacement SSWs and (d–f) vortex split SSWs for (top row) the JRA55 reanalysis during 1958–2015, (middle row) CESM1-WACCM, and (bottom row) CESM2-WACCM during 1850–2005/2014. The last column (g–i) shows the difference of vortex split minus displacement SSWs in each dataset. Black contours mark the composite zonal wind anomalies/differences at the 95% confidence level according to the Student’s t-test. 






Figure 5. Composite pressure–time evolution of the zonal mean zonal wind anomalies area-averaged over 55–75° N (shadings; units: m/s) from day −20 to day 60 relative to the onset date of (a–c) vortex displacement SSWs and (d–f) vortex split SSWs for (top row) the JRA55 reanalysis during 1958–2015, (middle row) CESM1-WACCM, and (bottom row) CESM2-WACCM during 1850–2005/2014. The last column (g–i) shows the difference of vortex split minus displacement SSWs in each dataset. Black contours mark the composite zonal wind anomalies/differences at the 95% confidence level according to the Student’s t-test.
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Figure 6. Composite pressure–time evolution of geopotential height anomalies area-averaged over the polar region from 60–90° N (shadings; units: gpm) from day −20 to day 60 relative to the onset date of (a–c) vortex displacement SSWs and (d–f) vortex split SSWs for (top row) the JRA55 reanalysis during 1958–2015, (middle row) CESM1-WACCM, and (bottom row) CESM2-WACCM during 1850–2005/2014. The last column (g–i) shows the difference of vortex split minus displacement SSWs in each dataset. Black contours mark the composite zonal wind anomalies/differences at the 95% confidence level according to the Student’s t-test. 
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Figure 7. Composite pressure–time evolution of polar temperature anomalies area-averaged over 60–90° N (shadings; units: K) from day −20 to day 60 relative to the onset date of (a–c) vortex displacement SSWs and (d–f) vortex split SSWs for (top row) the JRA55 reanalysis during 1958–2015, (middle row) CESM1-WACCM, and (bottom row) CESM2-WACCM during 1850–2005/2014. The last column (g–i) shows the difference of vortex split minus displacement SSWs in each dataset. Black contours mark the composite zonal wind anomalies/differences at the 95% confidence level according to the Student’s t-test. 
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Figure 8. Composite geopotential height anomalies (shadings; units: gpm) at 500 hPa in (a1–a5) the JRA55 reanalysis (1958–2015), (b1–b5) CESM1-WACCM, and (c1–c5) CESM2-WACCM (1850–2005/2014) during day −25 to −15 (first column), day −15 to −5 (second column), day −5 to 5 (middle column), day 5 to 15 (fourth column), and day 15 to 25 (fifth column) relative to the onset date of vortex displacement SSWs. Black contours indicate that the composite height anomalies are significant at the 95% confidence level according to the t-test. The latitude range is 20–90° N. 
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Figure 9. Composite geopotential height anomalies (shadings; units: gpm) at 500 hPa in (a1–a5) the JRA55 reanalysis (1958–2015), (b1–b5) CESM1-WACCM, and (c1–c5) CESM2-WACCM (1850–2005/2014) during day −25 to −15 (first column), day −15 to −5 (second column), day −5 to 5 (middle column), day 5 to 15 (fourth column), and day 15 to 25 (fifth column) relative to the onset date of vortex split SSWs. Black contours indicate that the composite height anomalies are significant at the 95% confidence level according to the t-test. The latitude range is 20–90° N. 






Figure 9. Composite geopotential height anomalies (shadings; units: gpm) at 500 hPa in (a1–a5) the JRA55 reanalysis (1958–2015), (b1–b5) CESM1-WACCM, and (c1–c5) CESM2-WACCM (1850–2005/2014) during day −25 to −15 (first column), day −15 to −5 (second column), day −5 to 5 (middle column), day 5 to 15 (fourth column), and day 15 to 25 (fifth column) relative to the onset date of vortex split SSWs. Black contours indicate that the composite height anomalies are significant at the 95% confidence level according to the t-test. The latitude range is 20–90° N.
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Figure 10. Day-to-day evolution of the Pacific–North America (PNA) (red), western Pacific (WP) (green), and North Atlantic oscillation (NAO) (blue) indices from day −50 to day 50 relative to the onset date of (a–c) vortex displacement events and (d–f) vortex split events for (a,d) the JRA55 reanalysis (1958–2015), (b,e) CESM1-WACCM, and (c,f) CESM2-WACCM (1850–2005/2014). Thickened solid parts of the line indicate that the composite index is significant at the 95% confidence level according to the t-test. 
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Figure 11. Composite evolution of eddy heat flux area-averaged in the 45°–75° N latitude band from 1000–10 hPa (shadings; units: K m/s) from day −40 to day 40 relative to the onset date of (a–c) vortex displacement SSWs and (d–f) vortex split SSWs for (top row) the JRA55 reanalysis during 1958–2015, (middle row) CESM1-WACCM, and (bottom row) CESM2-WACCM during 1850–2005/2014. The rightmost column (g–i) shows the difference of vortex split minus displacement SSWs in each dataset. Black contours indicate that the composite anomalies are significant at the 95% confidence level according to the t-test. 
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Figure 12. The temporal evolution of eddy heat flux at 10 hPa (units: K m/s) from day −40 to day 40 relative to the onset date of (a) vortex displacement SSWs and (b) vortex split events from the JRA55 reanalysis (red) during 1958–2015, CESM1-WACCM (green) and CESM2-WACCM (blue) during 1850–2005/2014, respectively. Thickened solid parts of the line indicate the composite is significant at the 95% confidence level according to the t-test. 
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Figure 13. Composite temperature anomaly distribution (shading, units: K) at 850 hPa in (a1–a5) the JRA55 reanalysis (1958–2015), (b1–b5) CESM1-WACCM, and (c1–c5) CESM2-WACCM (1850–2005/2014) during day −25 to −15 (first column), day −15 to −5 (second column), day −5 to 5 (middle column), day 5 to 15 (fourth column), and day 15 to 25 (fifth column) relative to the onset date of vortex displacement SSWs. Black contours indicate that the composite height anomalies are significant at the 95% confidence level according to the t-test. The latitude range is 20–90° N. 
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Figure 14. Composite temperature anomaly distribution (shading, units: K) at 850 hPa in (a1–a5) the JRA55 reanalysis (1958–2015), (b1–b5) CESM1-WACCM, and (c1–c5) CESM2-WACCM (1850–2005/2014) during day −25 to −15 (first column), day −15 to −5 (second column), day −5 to 5 (middle column), day 5 to 15 (fourth column), and day 15 to 25 (fifth column) relative to the onset date of vortex split SSWs. Black contours indicate that the composite height anomalies are significant at the 95% confidence level according to the t-test. The latitude range is 20–90° N. 
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Table 1. Onset dates of SSW events and the corresponding type of the stratospheric polar vortex (S indicates a vortex split and D indicates a vortex displacement) in the JRA55 reanalysis (1958–2015) and in the CESM1-WACCM and CESM2-WACCM historical run (1850–2005/2014).
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JRA55

	
CESM1-WACCM

	
CESM2-WACCM






	
17 Jan 1960 - S

	
2 Mar 1851 - D

	
7 Feb 1930 - D

	
25 Feb 1854 - D

	
27 Mar 1944 - S




	
30 Jan 1963 - S

	
20 Mar 1853 - S

	
18 Jan 1936 - S

	
13 Dec 1856 - D

	
13 Feb 1945 - S




	
18 Dec 1965 - D

	
29 Dec 1853 - S

	
12 Dec 1941 - S

	
7 Jan 1858 - D

	
10 Mar 1945 - D




	
23 Feb 1966 - S

	
10 Jan 1855 - D

	
15 Jan 1945 - S

	
2 Mar 1860 - D

	
22 Jan 1946 - D




	
7 Feb 1968 - S

	
22 Mar 1855 - S

	
3 Dec 1947 - S

	
5 Jan 1861

	
25 Feb 1947 - S




	
29 Nov 1968 - D

	
28 Jan 1860 - D

	
19 Feb 1948 - S

	
29 Jan 1864 - D

	
26 Mar 1949 - D




	
2 Jan 1970 - S

	
28 Mar 1862 - D

	
28 Jan 1949 - D

	
17 Jan 1865 - S

	
29 Nov 1950 - S




	
25 Jan 1970 - S

	
15 Jan 1865 - D

	
19 Mar 1952 - D

	
24 Nov 1865 - D

	
28 Jan 1952 - S




	
18 Jan 1971 - D

	
19 Mar 1867 - D

	
6 Jan 1953 - S

	
29 Dec 1867 - D

	
2 Mar 1955 - S




	
20 Mar 1971 - S

	
26 Jan 1874 - S

	
18 Mar 1953 - S

	
22 Feb 1869 - D

	
21 Feb 1956 - D




	
31 Jan 1973 - S

	
13 Jan 1876 - S

	
17 Mar 1954 - D

	
10 Mar 1871 - S

	
24 Feb 1957 - S




	
9 Jan 1977 - S

	
17 Jan 1877 - D

	
20 Feb 1955 - S

	
15 Mar 1877 - S

	
1 Mar 1960 - S




	
22 Feb 1979 - D

	
6 Dec 1877 - S

	
24 Jan 1958 - S

	
26 Feb 1880 - D

	
17 Feb 1961 - D




	
29 Feb 1980

	
4 Jan 1880 - D

	
14 Jan 1959 - S

	
27 Mar 1880 - D

	
3 Mar 1962 - S




	
6 Feb 1981 - D

	
4 Feb 1880 - S

	
21 Feb 1960 - S

	
1 Mar 1881 - S

	
6 Mar 1963 - D




	
4 Dec 1981 - D

	
19 Feb 1887 - S

	
27 Nov 1961 - S

	
13 Mar 1891 -S

	
6 Mar 1967 - D




	
1 Jan 1985 - S

	
13 Jan 1889 - D

	
18 Feb 1963 - D

	
10 Feb 1894 - D

	
18 Jan 1968 - S




	
23 Jan 1987 -D

	
4 Feb 1889 - S

	
31 Jan 1964 - D

	
7 Mar 1894 - D

	
8 Mar 1969 - D




	
8 Dec 1987 - S

	
3 Mar 1893 - S

	
19 Mar 1965 - D

	
21 Jan 1896 - D

	
18 Mar 1977 - D




	
14 Mar 1988 -S

	
23 Nov 1894 - D

	
28 Dec 1966 - D

	
29 Nov 1896 -D

	
26 Mar 1978 - D




	
21 Feb 1989 - S

	
26 Dec 1896 - D

	
7 Feb 1969 - D

	
21 Jan 1899 - D

	
7 Feb 1981 - D




	
15 Dec 1998 - D

	
24 Jan 1898 - D

	
6 Jan 1970 - D

	
10 Mar 1902 - D

	
18 Mar 1985 - D




	
26 Feb 1999 - S

	
21 Dec 1899 - D

	
17 Feb 1971 - D

	
26 Feb 1904 - S

	
7 Mar 1986 - D




	
20 Mar 2000 - D

	
30 Jan 1900 - S

	
9 Mar 1973 - D

	
22 Dec 1906 - D

	
9 Dec 1986 - S




	
11 Feb 2001 - S

	
22 Mar 1901 - S

	
19 Jan 1977 - D

	
14 Mar 1912 - S

	
26 Nov 1987 - D




	
31 Dec 2001 - D

	
6 Jan 1904 - D

	
7 Jan 1979 - S

	
14 Feb 1915 - S

	
16 Feb 1990 - D




	
18 Jan 2003 - S

	
29 Jan 1906 - D

	
4 Feb 1981 - D

	
5 Jan 1920 - D

	
27 Jan 1991 - S




	
5 Jan 2004 - D

	
26 Jan 1908 - D

	
26 Jan 1985 - D

	
16 Mar 1921 -S

	
16 Mar 1995 - D




	
21 Jan 2006 - D

	
21 Jan 1910 - D

	
3 Feb 1986 - S

	
28 Feb 1922 - S

	
8 Feb 1999 - D




	
24 Feb 2007 - D

	
7 Feb 1912 - S

	
2 Mar 1987 - D

	
26 Jan 1924 - D

	
3 Dec 1999




	
22 Feb 2008 - D

	
10 Feb 1914 - S

	
27 Feb 1989 - D

	
18 Jan 1925 - S

	
3 Feb 2001 - S




	
24 Jan 2009 - S

	
9 Feb 1915 - D

	
26 Mar 1993 - D

	
4 Mar 1926 - S

	
16 Mar 2004 - D




	
9 Feb 2010 - S

	
24 Dec 1917 - S

	
12 Jan 1994 - S

	
10 Dec 1926 -D

	
7 Mar 2006 - S




	
24 Mar 2010 -D

	
18 Feb 1920 - D

	
25 Feb 1994 - D

	
4 Feb 1927 - D

	
26 Jan 2007 - S




	
7 Jan 2013 - S

	
20 Mar 1920 - D

	
18 Feb 1995 - D

	
25 Mar 1928 -S

	
23 Mar 2008 - S




	

	
16 Dec 1920 - D

	
6 Mar 1997 - D

	
3 Feb 1929 - S

	
20 Mar 2010 - D




	

	
22 Jan 1922 - D

	
8 Feb 1998 - D

	
24 Dec 1930 - S

	
25 Jan 2013 - S




	

	
8 Dec 1924 - S

	
10 Jan 1999 - D

	
18 Dec 1932 - S

	




	

	
19 Mar 1928 - S

	
9 Feb 2003 - D

	
1 Mar 1934 - S

	




	

	
1 Jan 1929 - D

	
14 Jan 2005 - S

	
27 Jan 1940 - D
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