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Abstract

:

Taking the stratospheric sudden warming (SSW) event in February 2018 as an example, the relationship between the SSW event and the intraseasonal oscillation (ISO) mode over mid-high-latitude Eurasia is investigated by daily reanalysis data. First, the 2018 SSW event and mid-high-latitude ISO are reviewed. The 2018 SSW event is a typical vortex-split event defined by the NCEP-DOE dataset, and the ISO mode features a southeastward propagation. Along with the ISO propagation, temperature anomalies developed from troposphere to stratosphere in the 2018 wintertime. It is also found that a strong ISO event occurred before the onset of SSW in this wintertime. Our analysis reveals that the correlation is significant when mid-high-latitude ISO leads the 2018 SSW event by 9–13 days. Occurrence of strong ISO 9–13 days before the SSW event is found to be conducive to its onset. The diagnosis of planetary wave activity indicates that stronger ISO leads to strengthened wavenumber-2 geopotential height anomalies; then, its in-phase superposition of climatological geopotential height makes up for the upward-propagating tropospheric planetary waves, which is in favor of the onset of the 2018 SSW event. The outcome of energy conversion equations also reveals that ISO perturbation contributes to the onset of SSW. Lastly, the contribution of the vertical component of Plumb wave activity flux propagated upward from the region of mid-high-latitude ISO is estimated at approximately 69%.
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1. Introduction


Stratospheric sudden warming (SSW) events occur in the winter stratosphere of both hemispheres, featuring a shift or a breakdown of the polar vortex [1]. The onset of SSW is usually accompanied by a sharp increase of temperature and a reversal of zonal wind direction (westerlies turning into easterlies) in the polar stratosphere [2]. The occurrence frequency of SSW events in the Northern Hemisphere is approximately six times per decade so far. Since the discovery of SSW [3], it has attracted wide attention, including its classification [1,4], mechanism [5], and its prediction by models [6,7]. A series of studies have demonstrated that several factors can influence SSW events, such as Quasi-Biennial Oscillation (QBO), El Nino-Southern Oscillation (ENSO), and Madden-Julian Oscillation (MJO) [8,9,10,11,12,13].



The MJO is the most dominant mode of tropical intraseasonal oscillation, which mainly exhibits eastward propagation during northern winter [14]. Previous studies have revealed that SSW events have connections with MJO on both intraseasonal and interannual timescales. Garfinkel et al. [15] firstly figured out the lag relationship between SSW events and the MJO. They pointed out that SSW events tend to occur after a certain MJO phase. Garfinkel et al. [16] further indicated that MJO phase 7 (defined by Wheeler and Hendon [17]) leads to a North Pacific low and then a weakened polar vortex, which favors the onset of SSW, while MJO phase 3 plays an opposite role. Ma et al. [12] showed that the MJO–SSW relationship can be modulated by ENSO. In addition, Wang et al. [18] discussed the link between the frequency of MJO phases and the interannual variability of stratospheric wave activity (SSW is a phenomenon of the extremely strong stratospheric wave activity) in the Northern Hemisphere. Overall, the MJO–SSW connection has been verified.



The atmospheric intraseasonal variability exists not only in the tropical region, but also in mid-high latitudes [19]. Some studies have shown that the intraseasonal oscillation (ISO) exists over mid-high-latitude Eurasia region, and that it greatly impacts extratropic circulation. Yang et al. [20] showed that the ISO signal has a feature of evidently southeastward propagation during boreal winter and is closely related to the Eurasia teleconnection pattern (EU). Then, Yang and Li [21] put forward the detailed ISO mode over mid-high-latitude Eurasia, which has southeastward propagation for both the temperature anomaly and geopotential height anomaly in the whole troposphere. They pointed out that the southeastward movement of temperature anomaly and geopotential height anomaly are induced by the ISO-mean flow interaction and Rossby wave energy propagation originating at the high latitude Europe/Atlantic sector. Subsequently, Yang and Li [22,23] found that mid-high-latitude ISO plays a vital role in regulating high-latitude blockings (Pacific blocking and Okhotsk blocking). Nonetheless, these existing studies on mid-high-latitude ISO in Eurasia only focus on the tropospheric circulation; less is known about its linkage with the stratospheric circulation. Does mid-high-latitude ISO have any relevance to SSW? The ISO–SSW relationship has not been explored thoroughly.



Cohen et al. [24,25] pointed out that the Eurasian sector is a significant source region of planetary waves, where these waves can propagate from troposphere to stratosphere. They believed that these upward-propagating waves will induce SSW events. Therefore, SSW events are closely related to the Eurasian continent. Our preliminary study showed that there exists a significant lead–lag correlation between SSW and the ISO of surface air temperature, which suggests a possible cause–effect relation between them. The primary objective of the manuscript is to investigate the potential connection between them. Therefore, taking the specific year of 2018 as an example, when a typical SSW event occurred, the linkage between mid-high-latitude ISO and SSW is revealed.



The remainder of this article is organized in the following manner. Reanalysis dataset and methods used in this paper are described in Section 2. In Section 3, both the mid-high-latitude ISO and 2018 SSW event are briefly introduced, respectively, and then the relationship between them is presented in detail. Discussions and primary conclusions are given in Section 4 and Section 5, respectively.




2. Data and Methods


2.1. Data


Daily reanalysis data provided by the National Centers for Environmental Prediction—Department of Energy (NCEP-DOE) [26] from 1979 to 2018 is used in this study. The dataset includes the variables of temperature T, zonal wind u, meridional wind v and geopotential height Z at 17 pressure levels (1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 hPa). Additionally, we use the temperature at the σ = 0.995 level as a proxy for the surface air temperature (SAT). This is obtained from the National Centers for Environment Prediction—National Center for Atmospheric Research (NCEP-NCAR) reanalysis data [27]. NCEP-NCAR and NCEP-DOE reanalysis data employed in this paper have the same horizontal resolution of 2.5° × 2.5°. Also, it is worth mentioning that the results are not sensitive to the reanalysis data chosen.




2.2. Methods


In this study, we mainly focus on the relationship between ISO and SSW on the intraseasonal timescale. To capture the intraseasonal signals, firstly, the mean and first four harmonics of the annual cycle were removed from the reanalysis data. Secondly, the so-derived data was subjected to a band-pass (10–60-day) filter by fast Fourier transform (FFT). Then, only the wintertime period of these data were selected for the following analysis. Here, the wintertime is defined as the period from 1 December to 31 March, removing 29 February. The effective degree of freedom was estimated based on Alaka et al. [28].



The most prominent mode of ISO extracted from SAT over mid-high-latitude Eurasia (20°–140°E, 35°–80°N) during boreal winter was put forward by Yang and Li [21]. They suggested that the statistically significant ISO signal appears at a period of 10–60 days. This ISO mode is further divided into eight phases by the first two principal components (PC1 and PC2) of EOF in Cui et al. [29]. Referring to this method, PC1 and PC2 are used in this study to represent the mid-high-latitude ISO. PC1 and PC2 time series for 2018 wintertime can be achieved in two ways: one is extracting the PC index of 2018 winter direct from EOF analysis, the other is projecting intraseasonal SAT anomalies of 2018 wintertime onto EOF1 and EOF2. Note that the consequences obtained by these two methods are highly consistent. Here, we apply the former method in the follow-up study. Additionally, the amplitude of ISO is defined as     PC  1 2  + PC  2 2     , where only the ISO with amplitudes over 1.0 are denoted as strong ISO.



The 2018 SSW event is identified by the World Meteorology Organization (WMO) definition of SSW events [1]; that is, the zonal mean zonal winds at 60°N and 10 hPa reverse from westerlies to easterlies, and the 10 hPa zonal mean temperature gradient between 60°N and 90°N reverses from negative to positive. SSW events are induced by the upward propagation of planetary waves from troposphere to stratosphere [30]. The amplitude of these planetary waves increases with height, and these waves irreversibly break and release energy until reaching a certain height [31]. The propagating direction of these waves is characterized by Eliassen–Palm (EP) flux [32] in the meridional–pressure plane. The horizontal component of EP flux represents eddy momentum flux, while the vertical component denotes eddy heat flux. EP flux divergence was calculated to measure the interaction between upward propagating planetary waves and the mean flows [33]. The negative flux divergence reflects easterly forcing on the mean flow, which is in favor of the onset of SSW events. The formulas of EP flux and flux divergence are written as follows [32]:


   F φ   =  −  a ( c o s φ )      u ′   v ′    ¯  ,  



(1)






   F p   = a ( c o s φ ) f        v ′   θ ′    ¯       θ p   ¯    ,  



(2)






  ∇    F =   1   a   c o s φ      ∂    ( F   φ   c o s φ )    ∂ φ   +   ∂  F p    ∂ p   ,  



(3)




where    F φ    represents the horizontal component of EP flux;    F P    represents the vertical component of EP flux;   ∇   F   denotes the divergence of EP flux;  a  is the radius of the Earth;  φ  is the latitude (in radians);  u  is the zonal wind;  v  is the meridional wind;  f  is the Coriolis parameter;  θ  denotes potential temperature; and the overbar and prime indicate zonal mean and zonal anomaly, respectively.



As EP flux and its divergence are zonal mean quantities, we also apply three-dimensional Plumb [34] wave activity flux to diagnose the planetary wave propagation for specific mid-high-latitude Eurasian sectors. Referring to Shi et al. [35], the formulas of Plumb wave activity flux is obtained as follows:


   F  p l u m b x    =   p   p 0     c o s φ  ·    v g  ′ 2   −  1   2 Ω a s i n 2 φ      ∂  (  v g ′   Φ ′  )    ∂ λ     ,  



(4)






   F  p l u m b y    =   p   p 0     c o s φ  ·   −  u g ′   v g ′  +  1  2 Ω a s i n 2 φ     ∂  (  u g ′   Φ ′  )    ∂ λ     ,  



(5)






   F  p l u m b z    =   p   p 0     c o s φ  ·  f S       v g ′    T ′  −   1   2 Ω a s i n 2 φ      ∂  (  T ′   Φ ′  )    ∂ λ     ,  



(6)




where    F  p l u m b x    ,    F  p l u m b y    , and    F  p l u m b z     correspond to the zonal, meridional, and vertical components of Plumb wave activity flux, respectively;    p 0    is the standard reference pressure;    S ,   Ω ,      λ ,   Φ   represent the static stability, the rotation speed of the Earth, the longitude (in radians), and the geopotential, respectively;    u g    and    v g    are geostrophic winds; and the overbar, prime, and remaining parameters are the same as those in the EP flux formula.



To investigate the mechanism of the ISO–SSW relationship from the view of energy conversion, the barotropic kinetic energy conversion and baroclinic available potential energy conversion equations are applied in this research. Referring to Du and Lu [36], the two energy conversion equations are expressed as follows:


   C P = −   f S   (  v ′   T ′    ∂   u ¯     ∂ p   −  u ′   T ′    ∂   v ¯     ∂ p   )  ,  



(7)






  C K =    v  ′ 2   −  u  ′ 2    2   (   ∂   u ¯     ∂ x   −   ∂   v ¯     ∂ y   )  −  u ′   v ′   (   ∂   u ¯     ∂ y   +   ∂   v ¯     ∂ x   )  .  



(8)




where CP represents baroclinic available potential energy conversion between mean flow and intraseasonal disturbances, CK denotes barotropic kinetic energy between mean flow and intraseasonal disturbances, the prime indicates intraseasonal perturbation, and the overbar indicates the wintertime mean state during 1979–2018. The positive value means energy conversion from the mean flow to the intraseasonal perturbation.





3. Results


In order to achieve a better understanding of the relationship between the 2018 SSW and mid-high-latitude ISO, we firstly take an overview of the 2018 SSW event and mid-high-latitude ISO.



3.1. Overview of 2018 SSW Event


The 2018 SSW event, a recent typical major event, has been significantly documented [37,38,39]. For brevity, only the onset date and the classification of this event will be shown in this subsection.



The evolutions of the 10 hPa zonal mean wind at 60°N and the 10 hPa temperature gradient between 60°N and the North Pole are shown in Figure 1. It can be found that the zonal mean wind turned from westerly to easterly wind on 11 February, and the zonal mean temperature gradient changed from negative to positive 1 day before. Consequently, in accordance with the WMO definition of SSW events, the onset date of this event is redefined as 11 February.



According to the variation of polar vortex, SSW events can be further classified into two categories: vortex-displacement events and vortex-split events [1]. To achieve an overview of this event type, the patterns of geopotential height at 500 hPa and 10 hPa during two sub-periods are displayed in Figure 2. During 2–4 February, the polar vortex was maintained at the North Pole, whether at 500 hPa or 10 hPa (Figure 2a,c). During 9–11 February, two anticyclones over the Aleutian and Atlantic sectors induced the vortex to split (Figure 2b,d). Therefore, the 2018 SSW belongs to a typical vortex-split event.



Furthermore, displacement SSW events are believed to be caused by wavenumber 1 (hereafter wave 1), while split events are induced by wavenumber 2 (hereafter wave 2) [40]. Shown in Figure 3 is the variation of wave-1 and wave-2 vertical components of EP flux and flux divergence. We can see that approaching the onset date of SSW, the vertical component of EP flux of wave 2 reached its maximum value, and the EP flux divergence of wave 2 reached its minimum value. However, the wave 1 component just fluctuates around zero. In other words, the upward propagation of wave 2 leads to this SSW event.



From the diagnosis above, the 2018 SSW event can be identified as a typical vortex-split warming event which was caused by wave 2. This is consistent with previous conclusions.




3.2. Signal of ISO over Mid-High-Latitude Eurasia


SSW events have been demonstrated to be controlled by forcing waves near the tropopause [41]. We first extract the main periodicity of tropopause geopotential height to confirm that the period of waves which could modulate the SSW event in 2018 is consistent with the period of mid-high-latitude ISO. Figure 4a shows the standard deviation (STD) of non-filtered geopotential height at 250 hPa over mid-high-latitude Eurasia during the 2018 wintertime. It can be seen that the largest STD appears at the 50°–80°N region. It should be mentioned that this region is also where the planetary waves propagate upwards most actively. Next, the maximum perturbation center near the Kara Sea (50°–70°N, 40°–80°E) is chosen for the power spectral analysis. The significant variability of this particular year is found to be on the timescale of 10–20 days, which is included in the period of 10–60 days (Figure 4b). When we focus on the timescale of ISO, the center of STD near the Kara Sea can still be captured (Figure 4c). There is a significant positive correlation coefficient when PC1 leads PC2 by 5 days and a significant negative correlation when PC2 leads PC1 by 3–4 days (Figure 4d). Both the power spectral analysis and lead–lag correlation of PC1 and PC2 indicate that, in this particular year, the quasi-biweekly scale of waves plays a more important role.



The propagation feature of the ISO of SAT over mid-high-latitude Eurasia has been described in great detail in both Yang and Li [21] and Cui et al. [29]. That is, the SAT anomalies are coupled with upper-tropospheric geopotential height, and temperature anomalies propagate southeastward. The same is true in the year of 2018. Figure 5 displays the evolution of the geopotential height and the temperature anomalies at 250 hPa in 2018. The negative geopotential height anomalies originating from high latitudes show a southeastward propagation. The anomalies propagate southeastward from Novaya Zemlya (60°E, 75°N) (Day −6) to East China (110°E, 40°N) (Day +8). One may notice that a secondary minima of temperature anomalies around (40°N, 90°E) is associated with negative geopotential height anomalies, while the other temperature minima around (60°N, 90°E) is associated with positive geopotential height anomalies. The reason why the same sign of temperature anomaly corresponding to different signs of geopotential height anomaly is due to the vertical profiles of temperature and geopotential height anomalies. The vertical profile shows a lower-cold upper-warm temperature anomaly, with a zero line near 150 hPa and a negative geopotential height anomaly at the whole troposphere at lower latitudes (around 40°N). The situation near the region of (60°N, 90°E) is a lower-cold upper-warm anomaly, with a zero line near 300 hPa and a positive geopotential height anomaly at the whole troposphere. Therefore, at 250 hPa, a cold anomaly is associated with a negative geopotential height anomaly near (40°N, 90°E), and a cold anomaly is associated with a positive geopotential height anomaly near (60°N, 90°E).



Figure 6 shows the meridional vertical cross sections of the 10–60-day filtered geopotential height anomaly and temperature anomaly averaged from 20°E to 140°E from Day −6 to Day +8, obtained by regressed geopotential height anomalies and temperature anomalies at all pressure levels on PC1 of the 2018 wintertime. The vertical distribution shows a hydrostatic relationship. For instance, a warm temperature center at a lower layer corresponds to a cold center at a higher layer, along with positive geopotential height anomaly existing in the whole troposphere at Day −2 around 60°N. This can be deemed as a connection between the ISO and the stratospheric temperature. Moreover, it is interesting to find that temperature anomalies reveal an evident signal of upward development in conjunction with the movement of ISO anomalies. Hence, in the year 2018, the ISO over the mid-high-latitude Eurasian region may be a precursor of the stratospheric temperature.



To summarize, we can find an upward propagation of temperature anomalies from troposphere to stratosphere in the 2018 wintertime, which is associated with mid-high-latitude ISO. This indicates that the 2018 SSW is related to the mid-high-latitude ISO. The following explores the exclusive connection between the SSW and mid-high-latitude ISO in 2018.




3.3. Relationship between the 2018 SSW Event and Mid-High-Latitude ISO


To further analyze the linkage between the mid-high-latitude ISO and the 2018 SSW event, the specific ISO during the 2018 winter is assessed. The evolution of ISO and its amplitude from 1 December 2017 to 31 March 2018 is illustrated in Figure 7. A complete strong ISO lifecycle (hereafter the strong ISO event) can be found before the onset day (11 February) of the 2018 SSW event, which started at 14 January. Therefore, we consider that this SSW event is associated with the amplitude of ISO.



With the intention of verifying our conjecture, a series of correlation analysis was carried out to investigate the statistical linkage between the 2018 SSW event and mid-high-latitude ISO. EP flux divergence is chosen to denote the SSW event, and PC index (a general designation of PC1, PC2, and the amplitude of ISO) is employed to represent mid-high-latitude ISO. Here, PC1 and PC2 indicate the first two principal components of the first two EOF modes, respectively, and the amplitude of ISO is defined as       PC 1  2  +   PC 2  2     . In the first step, we calculated the simultaneous correlation coefficient between EP flux divergence time series of the 2018 wintertime and PC1, between this divergence and PC2, and also between this divergence and amplitude of PC time series of 2018, respectively (not shown). The consequences show that none of the correlations are significant, which implies that there is no obvious in-phase or anti-phase correlation between the 2018 SSW event and mid-high-latitude ISO.



Since Figure 7 shows a strong ISO event prior to the onset of SSW, and as documented in Cohen et al. [24], an offset may exist between a tropospheric event and a stratospheric event due to the multiple-week timescale of stratosphere–troposphere interaction. Wondering whether a lead–lag correlation exists between the SSW and mid-high-latitude ISO or not, we applied a lead–lag correlation analysis on the EP flux divergence and the time series of PC index, especially the amplitude of ISO. As a result, the lead–lag correlation between this event and PC index is not significant during a long period, i.e., the entire 2018 wintertime (figure omitted). However, when we only pay attention to a short period, i.e., about 1 month centered on the onset day of the 2018 SSW event, significant correlations at the 0.05 significant level can be found (Figure 8). The significant correlation appears when the amplitude of ISO leads EP flux divergence by around 9–13 days, with the maximum correlation coefficient occurring at 11 days. This means that mid-high-latitude ISO can affect the SSW event. Specifically, the stronger the ISO 11 days before the onset day, the more conducive it is to its onset. A possible mechanism of this relationship will be discussed later. Also, the correlation when SSW leads ISO is not significant, though a sub-peak occurs when EP flux divergence leads the amplitude of ISO by about 7 days. This implies that an impact of SSW events on mid-high-latitude ISO exists, but it is not statistically significant in this year.



Consequently, we mainly focus on the impact of mid-high-latitude ISO on the 2018 SSW event in this study. We further corroborate the timescale of the relationship between ISO and SSW by wave–flow interaction (i.e., EP flux and its divergence). Figure 7 demonstrates a complete strong ISO event, and Figure 9 displays the evolution of EP flux and its divergence from the first day of this strong ISO event (14 January, i.e., lag −28) to the onset day of the SSW event (11 February, i.e., lag 0), with an interval of 2 days. From Figure 9, we can see that negative EP divergence transforms to positive EP divergence in the stratosphere from lag −28 to lag −24. During the period of from lag −22 to lag −14, the EP divergence remains weakly positive in the stratosphere, with EP flux convergence appearing at about 300 hPa. Then, from lag −12, the stratospheric EP flux divergence increases and further transforms into convergence until the onset of the SSW event. Note that this evolution of EP flux divergence can also be found in Figure 3b if we add the wave 1 and wave 2 components together. As mentioned in Section 2, EP flux convergence means easterly forcing. Therefore, the feature which occurred after lag −14 satisfied the condition for the onset of the SSW, i.e., zonal mean wind turns from strong westerly to easterly. This timescale is almost consistent with that of the significant lead–lag correlation.



Based on the above analysis, the impact of ISO on SSW is corroborated. Next, we will discuss the mechanism of the ISO-SSW relationship from the viewpoint of linear interference and energy conversion, respectively.



Garfinkel et al. [35] proposed a linear interference mechanism; that is, when the geopotential height anomalies are in phase with climatological planetary waves, it will favor the upward propagation of planetary waves. This has been affirmed by many studies [18,42,43]. We use this linear interference mechanism to detect how the 2018 SSW event is affected by mid-high-latitude ISO. Since the 2018 SSW event was induced by wave 2, and the geopotential height anomalies regressed on PC1 also present distribution of 2 waves roughly (not shown), we only present the evolution of wave 2 geopotential height. Depicted in Figure 10 is the variation of wave 2 geopotential height anomalies overlaid on the wave 2 climatological geopotential height from the first date of the strong ISO event to the onset date of the SSW event. The wave 2 climatological geopotential height barely changes, while the wave 2 geopotential height anomaly shows a southeastward movement. During the period from lag −28 to lag −16, there is a process of gradual anti-phase superposition of the geopotential height anomalies and climatological geopotential height. Then, the in-phase superposition of geopotential height anomalies and climatological geopotential height starts at lag −14. From lag −14 to lag −8, the height anomaly strengthens, with little variation of its location at mid-high latitudes. Then, the anomaly center starts moving southeastwardly, leading to the enhancement of in-phase overlay, which further favors the upward propagation of planetary waves. Owing to continuous southeastward propagation, the anomaly center gradually moves out of the climatological center after lag −4. Finally, the pattern of anomalies and climatological pattern are orthogonal at the onset day.



In addition to the overlay of 10–60-day filtered wave 2 geopotential height anomalies and climatological geopotential height at 250 hPa, we also present the longitude–height cross sections and latitude–height cross sections from lag −28 to lag 0 in Figure 11. We can see that the 10–60-day filtered geopotential height anomalies present obvious upward movement except for the southward and eastward movement in Figure 11a,b. From lag −28 to lag −16, the anti-phase superposition strengthens in the troposphere with the southward and eastward movement of geopotential height anomalies. Along with the upward movement of the anomaly fields, the anti-phase superposition also moves upward. From lag −14, the in-phase superposition of geopotential height anomaly strengthens in the troposphere, and moves upward after lag −8.



The above diagnosis of Figure 10 and Figure 11 gives us a better understanding of why a stronger mid-high-latitude ISO occurring 9–13 days before the onset of SSW is more conducive to its onset. Generally, stronger mid-high-latitude ISO corresponds to stronger height anomalies; the in-phase superposition of wave-2 geopotential height anomalies and climatological geopotential height started enhancing at the period from lag −13 to lag −9. Then, along with the southeastward and upward movement, the enhancement of in-phase superposition of wave 2 geopotential height anomalies and climatological geopotential height also moved upwards. This caused tropospheric planetary waves to become more active and propagate into stratosphere, which does a favor to the onset of this SSW event.



Above, we analyzed the mechanism of ISO-SSW relationship by using the linear interference mechanism. Next, we analyze the mechanism of the ISO–SSW relationship by using energy conversion equations. The results are shown in Figure 12. For examining the impact of ISO disturbance on the onset of SSW, we choose 50 hPa to represent the state of stratosphere, and focus on the polar region (60°–87.5°N, 0°–360°) from lag −28 to lag 0. It is revealed that before the onset date of the SSW, especially after lag −14, the ISO flow gains energy from the mean flow and contributes to the onset of SSW. Specifically, the ISO flow gains more barotropic kinetic energy before lag −9, while it gains more baroclinic available potential energy after lag −9. The results of energy conversion confirm that ISO did make a significant contribution to the onset of the SSW.



Ultimately, we are going to concentrate on the contribution of ISO from the mid-high-latitude Eurasian region to the SSW event. As plotted in Figure 13, the propagation of planetary waves over the Eurasian region is attained by Plumb wave activity flux along 20°–140°E from lag −28 (28 days before the onset of SSW) to lag 0 (the onset day of the SSW event). According to this figure, the characteristics of the propagation of Plumb wave flux are in accordance with the development of overlay of wave 2 geopotential height anomalies and climatological geopotential height. During the anti-phase period (lag −28 to −16), the downward Plumb flux developed, which was entirely not favorable for the onset of SSW. From lag −14, the in-phase superposition started. This leads to strong planetary waves which keep propagating from the troposphere into the stratosphere, contributing to the onset of SSW. Combining Figure 11 and Figure 13, the reason why the correlation coefficient is only significant from −9 to −13 can be found. That is, the anti-phase superposition caused planetary waves to accumulate in the troposphere. Hence, at the start of the in-phase, i.e., from −13 to −9 days, the strongest planetary waves propagate upward to the stratosphere, which makes the correlation coefficient significant during this period.



Using the vertical component of Plumb wave activity flux (   F  p l u m b z    ), the provision of mid-high-latitude ISO over the Eurasia region to the onset of the 2018 SSW event is estimated as follows:


  rate =   ∑  F  φ i s o     ∑  F  φ a l l     ,  



(9)




where    F  φ i s o     symbolizes the 10–60-day filtered upward-propagating    F  p l u m b z     over the region of ISO mode (35°–80°N, 20°–140°E), and    F  φ all     indicates the 10–60-day filtered upward-propagating    F  p l u m b z     for the whole globe (35°–80°N, 0°–360°). We choose 15 days before the SSW onset day, i.e., lag −14 to lag 0, when the planetary waves continued propagating from the troposphere to stratosphere. The result is an average of 15 days, 35–80°N at 100 hPa. It is estimated that the 10–60-day filtered upward-propagating vertical component of Plumb wave activity flux emitted from the mid-high-latitude ISO region accounts for about 69% of that emitted that from the whole Northern Hemisphere. As illustrated in Figure 14, mid-high-latitude Eurasia is truly the main center of upward-propagating planetary waves, along with another weak upward-propagating center located in the North Pacific.





4. Discussion


In this research, the relationship between a single SSW event and ISO over mid-high latitude Eurasia is confirmed. This case study can give us a simple view of the potential linkage between the mid-high-latitude ISO and the SSW. The connections between the single SSW event and the ISO over mid-high latitude Eurasia are raised through this case study; nonetheless, whether the conclusions we put forward in this work are universally applicable is uncertain. An analysis of the relationship between the ISO and numerous SSW events is necessary. Also, according to this case study, the amplitude of PC should be paid much more attention. For instance, our statistic results show that among the 23 SSW events during 1979–2018, 16 of them have strong ISO 9–13 days before the onset day of SSW. More consistent features across them will be further investigated in our next work, in order to find the relationship between mid-high-latitude ISO and the SSWs. The relationship of ISO–SSW will help improve the subseasonal-to-seasonal (S2S) prediction skill of SSW events and provide a better understanding of stratosphere–troposphere coupling. The deeper mechanism of interaction between ISO and SSW events also requires a further exploration.



Moreover, we want to mention the necessity of considering the ISO–SSW relationship, under the premise of other precursors existing in the Eurasian sector. Although it has been pointed out that the Ural blocking is also a precursor of SSW in Eurasia [44,45,46,47], there is a need to consider the ISO.



First, SSW events can affect the surface climate weeks or months later [48,49]; therefore, it is important to understand the control variability of SSW events on intraseasonal timescales. Second, though the Ural blocking is a precursor of SSW in Eurasia, existing errors in the S2S forecast of the location of Ural blocking were found [37,43]. Hence, it is difficult to predict the SSW well by the Ural blocking on an S2S timescale. The mid-high-latitude ISO is an internal variability in the atmosphere. The ISO signal over mid-high-latitude is still significant when the Arctic sea ice is forcing, excluding tropical convective forcing and stratospheric processes forcing [50]. As a critical predictability source of S2S forecasting, the mid-high-latitude ISO over Eurasia has a potential predictability up to 25 days in advance [29]. Thus, the ISO is a more effective prediction source for the S2S prediction of SSW events. Investigating the relationship between the SSW and the mid-high-latitude ISO over Eurasia is helpful for improving the predictability of SSW. Third, ISO has great impact on the blockings [22,23], and the low-frequency anomalies absorbing energy from the background flow greatly contribute to the maintenance of the Ural blocking [51]. Therefore, the Ural blocking has a connection with the ISO, and the Ural blocking–SSW relation may be a manifestation of the ISO–SSW relation.




5. Summary


Based on NCEP-DOE reanalysis data, the onset date of the 2018 SSW event was identified as 11 February; also, it could be classified as a typical vortex-split event induced by wave 2. The mid-high-latitude ISO was studied in this particular year. We found that along with the southeastward movement of ISO, temperature anomalies present a clear upward development from the troposphere to stratosphere. Through the specific mid-high-latitude ISO evolution, along with a series of correlation analysis and diagnosis of EP flux divergence, the relationship between the ISO and the 2018 SSW is revealed. It was found that mid-high-latitude ISO showed a significant impact on the onset of the 2018 SSW event, leading it by 9–13 days. In addition, how the onset of SSW is affected by strong ISO 9–13 days before was demonstrated by the linear interference mechanism. The stronger ISO led to stronger geopotential height anomaly centers; furthermore, the propagation of ISO caused the enhancement of the in-phase superposition of wave 2 geopotential height anomalies and climatological geopotential height, which resulted in upward planetary waves becoming much more active, finally causing the onset of the 2018 SSW event. The diagnosis of barotropic kinetic energy conversion and baroclinic available potential energy conversion showed that the ISO flow gained barotropic kinetic energy and baroclinic available potential energy from the mean flow, which contributed to the onset of SSW. Moreover, the contribution of the vertical component of Plumb wave activity flux emitted from the region of mid-high-latitude ISO compared to that from the whole Northern Hemisphere was approximately 69%, which was averaged for 35–80°N and 15 days before the onset of SSW.
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Figure 1. The evolution of 10 hPa temperature gradient between 60°N and 90°N (solid line) and zonal mean wind at 60°N and 10 hPa (dashed line) from 12 January 2018 to 12 March 2018. The vertical dashed line denotes the onset date of the SSW event (i.e., 11 February); the horizontal dashed line represents the zero-contour line. 
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Figure 2. (a,b) Synoptic charts of geopotential height (unit: gpm) at 500 hPa averaged from 2 February to 4 February and from 9 February to 11 February; (c,d) same as in (a,b), but for synoptic charts of geopotential height at 10 hPa. 
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Figure 3. The temporal evolution of (a) the vertical component of EP flux anomaly (i.e., Fp anomaly) of wave 1 (dashed line) and wave 2 (solid line) averaged from 55°N to 75°N at 10 hPa; (b) EP flux divergence anomaly (i.e., EPdiv anomaly) of wave 1 (dashed line) and wave 2 (solid line) averaged from 55°N to 75°N, from 100 hPa to 10 hPa. The vertical dashed line represents the onset day of the 2018 SSW event. Note that the anomalies just remove the annual cycle. 
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Figure 4. (a) Standard deviation (STD) of non-filtered geopotential height anomalies (unit: K; removing the mean and first four harmonics of the annual cycle, then conducting a 5-day running mean) at 250 hPa during 2018 wintertime (from 2017 December to 2018 March, DJFM). (b) Power spectral (black solid line) analysis of non-filtered geopotential height anomalies at 250 hPa averaged from 50° to 70°N, from 40° to 80°E in 2018 wintertime. The red solid line denotes the red noise spectrum, and dashed curves represent its 0.05 and 0.95 significant levels. (c) As in (a), but for 10–60-day filtered geopotential height anomalies. (d) The lead–lag correlation of PC1 and PC2 in 2018 wintertime (black solid line). The negative (positive) days indicate that PC1 leads (lags) PC2; the red dotted lines represent the 0.05 confidence level, and the black dashed lines are zero-contour lines. 
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Figure 5. The regressed horizontal spatial distribution of 10–60-day filtered geopotential height anomalies at 250 hPa (contours; unit: gpm) and temperature anomalies at 250 hPa (shadings; unit: K) on PC1 of 2018 wintertime. Contour interval for the geopotential height anomalies is 30 gpm. Only the fields exceeding the 0.05 significant level based on a two-tailed Student’s t-test are shown. The green arrow represents the southeastward movement of negative temperature anomaly center at 250 hPa from Day −6 to Day +8. 
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Figure 6. The regressed meridional–vertical distribution of the 10–60-day filtered geopotential height anomalies (contours; unit: gpm) and temperature anomalies (shadings; unit: K) on PC1 of 2018 wintertime over Eurasian region averaged from 20° to 140°E. Contour interval for the geopotential height anomalies is 10 gpm. 
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Figure 7. Evolution of the mid-high-latitude ISO and its amplitude from 1 December 2017 (the large black dot) to 31 March 2018 (the large gray dot). The red, purple, green, and yellow segments denote days in December 2017, January 2018, February 2018, and March 2018 respectively. The dates are marked every 10 days for each month. 
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Figure 8. The lead–lag correlation coefficients between the amplitude of mid-high-latitude ISO (PC) and EP flux divergence (EPdiv) over about 1 month centered on the onset day of the 2018 SSW event. EPdiv is averaged from 50° to 80°N, from 10 to 100 hPa. The red dashed lines represent the 0.05 significant level in accordance with two-tailed Student’s t-test. The negative (positive) days denote that the amplitude of ISO leads (lags) Epdiv. 
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Figure 9. The evolution of 10–60-day filtered of EP flux (vectors; horizontal term: 107 m3 s−2 and vertical term: 105 Pa m2 s−2) and EP flux divergence (shadings; unit: m s−1 d−1) for the Whole Northern Hemisphere from the first day of the strong ISO event (14 January, corresponding to Lag −28) to the onset of the 2018 SSW (11 February, corresponding to Lag 0). 
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Figure 10. The development of 10–60-day filtered wave 2 geopotential height anomalies (shadings; unit: gpm) and the corresponding climatological geopotential height (black lines; unit: gpm) at 250 hPa from 14 days before the onset of the 2018 SSW to the onset day. Contour interval for the geopotential height anomalies is 40 gpm. 
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Figure 11. (a) Longitude–height cross sections of 10–60-day filtered wave 2 geopotential height anomalies (shadings; unit: gpm) and wave 2 climatological geopotential height (contours; unit: gpm) along 35°–80°N from Lag −28 to Lag 0. Contour interval is 20 gpm. (b) Latitude-height cross sections of 10–60-day filtered wave 2 geopotential height anomalies (shadings; unit: gpm) and wave 2 climatological geopotential height (contours; unit: gpm) along 20°–140°E from Lag −28 to Lag 0. Contour interval is 10 gpm. 
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Figure 12. The evolution of barotropic kinetic energy conversion (CK, red line) and baroclinic available potential energy conversion (CP, black line) from lag −28 to lag 0. The black dashed line represents the zero-contour line. 
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Figure 13. Latitude–pressure cross sections of Plumb wave activity flux (vertors; unit: m2 s−2), where shadings indicate the vertical component of Plumb wave activity flux (unit: m2 s−2) along 20°–140°E from Lag −28 to Lag 0. 
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Figure 14. Composite of 10–60-day filtered vertical component of Plumb wave activity flux anomalies (unit: m2 s−2) along 30°–90°N at 100 hPa, 15 days before the onset of 2018 SSW event. 
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