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Abstract

:

Sudden Stratospheric Warming (SSW) events have a strong impact on the tropospheric weather and climate. Past researchers have carried out extensive studies investigating the theories of interactions between the stratosphere and the troposphere. However, detailed studies on the influences of the global tropopause are rarely shown. This study uses Global Navigation Satellite System (GNSS) Radio Occultation (RO) data from the years 2007 to 2013 to investigate the influences of different types of SSW events on the tropopause over latitude bands from 30° S to 90° N. It was found that SSW events have strong influences on the tropopause over 60° N–90° N and over 20° N–30° N regions. In 60° N–90° N, SSW events cause a tropopause temperature increase and, therefore, a tropopause height decrease. The increment in the tropopause temperature are more than 10 K and the decrement in the tropopause height is about to 2 km during strong events. Such influences last for about 1.5 months for strong split events and about 10 days for weaker and/or displacement type events. The influences of SSW events on 20° N–30° N are weaker. Only the January 2009 SSW event shows a visible influence on the tropopause layer with a tropopause temperature decrease of about 4 K and a tropopause height increase of about 1 km. Other SSW events share no common characteristics on the tropical tropopause. This is mainly because SSW events are not strong enough to dominate the tropopause variations and other factors, especially the planetary waves in the troposphere, have stronger impacts on the tropopause layer.






Keywords:


sudden stratospheric warming; tropopause; radio occultation












1. Introduction


The stratosphere has been recognized, over a long period, as a stable atmospheric layer. However, with the advancements in observation techniques, it has been found that the stratosphere in the polar region of the northern hemisphere is frequently warmed up in winter seasons [1,2]. Such warming usually occurs in the polar middle stratosphere around 10 hPa. The temperature increases rapidly by several tens of degrees over a couple of days. Regular westerly winds in the polar stratosphere are often found to be decelerated or reversed and the polar vortex split or displaced [3]. Such phenomena are regarded as a Sudden Stratospheric Warming (SSW) event [3,4].



Sudden Stratospheric Warming events change the circulations of the Earth’s atmosphere. The troposphere, mesosphere and ionosphere are all found to be influenced by SSW. Atmospheric pressure, winds, distribution of water vapor, etc. are found to be changed during SSW [5,6,7,8]. Therefore, it is important to monitor, analyze and understand the influences of SSW on the Earth’s atmosphere. In this study, the dynamic coupling between the stratosphere and the troposphere is analyzed.



The troposphere is closely coupled with the stratosphere during all stages of an SSW event. The tropospheric planetary waves in extratropical regions are believed to be the main triggers of SSW events [9,10]. In an Arctic winter, strong westerly winds usually circle around the pole in the stratosphere, which is regarded as the stratospheric polar vortex. If the westerly jet is not too strong, tropospheric planetary waves propagate upwards into the stratosphere where they break and dissipate [11]. The winds in the polar vortex are either weakened or even reversed and, subsequently, cause the polar stratospheric temperature to increase by more than tens of degrees in a few days [12]. Some studies found that surface wave forcing prior to the stratospheric event is not a necessary condition for all SSWs but that they also depend on the stratospheric state prior to an event [13,14,15,16]. However, tropospheric forcing is still believed to be one of the main causes of SSW.



After the occurrence of an SSW event, warming propagates downwards and influences the troposphere in return [17,18]. The downward propagation depth depends on the degree of warming and also the state of the atmosphere [19]. Most strong warmings cause the tropopause height of a high-latitude region to decrease, with a compressed tropospheric column below associated with high pressure [17,20]. Some SSW events have influences on the deep troposphere and change pressure patterns over the extratropical region; subsequently, they change the phase of northern arctic oscillation (NAO). Therefore, arctic cold air propagates downwards to the middle-latitude regions and causes extreme cold weather over the surface [21,22,23,24].



In addition to the influences on the high- and middle-latitude regions, SSW events have been found to have influences on the tropical troposphere through atmospheric meridional circulation [25,26]. The equatorial lower stratosphere is found to be cooled. Such cooling influences the tropical tropopause through atmospheric circulation [27,28,29]. Dhaka et al. (2015) showed that the tropical tropopause temperature changed by 4 K and the tropopause height changed by about 0.5 km for the typical strong SSW event in January 2009 [30]. Research has also shown that some SSW events similarly change the distribution of tropical water vapor [29,31] and may increase the possibility of the occurrence of tropical cyclones [32,33,34].



The above information suggests that the stratosphere has a close coupling with the troposphere. Understanding the dynamic coupling between the stratosphere and the troposphere will provide us with helpful insights into the causes of SSW and the subsequent extreme cold weather over Eurasian regions. The tropopause is a critical layer in studying the interactions between the stratosphere and the troposphere. Planetary waves near the tropopause play an important role in the development of SSWs [18]. Therefore, the tropopause was selected as the main study target in this study to analyze the dynamic coupling between the stratosphere and the troposphere.



Past research mainly focused on investigating the mechanism of the interactions between the stratosphere and the troposphere by studying the dynamics of planetary waves [35,36,37]. Several studies have presented tropopause variations in terms of tropopause height and temperature. However, most of these studies are either based on a single event or centered on large-ensemble mean results. The influences of the different types of SSW events on the tropopause are rarely shown.



In this study, the influences of SSW on the global tropopause are investigated. Several SSW events, including split and displacement types, are selected to investigate influences of the different types of events in the tropopause. The following key questions are addressed: (1) What are the magnitudes of tropopause variations during split and displacement types of events. (2) What are the characteristics of tropopause variations with latitude. (3) How is the tropopause coupling with SSW during different temporal stages? In order to answer these questions, this paper is structured as follows: Section 2 introduces the data and methodology of the paper. Section 3 introduces the dynamic coupling between the tropopause and SSW. Section 4 discusses the results in Section 3, and Section 5 presents the conclusion.




2. Data and Methodology


2.1. Data


In this study, Global Navigation Satellite System (GNSS) Radio Occultation (RO) data were used for analysis. The GNSS RO technique has been used for sensing the Earth’s atmosphere since the 1990s [38]. RO receivers are set on Low Earth Orbit (LEO) satellites to receive GNSS signals. When the signals penetrate through Earth’s limb atmosphere, they are bent due to the atmospheric refractivity gradient [39]. The formulated bending angles can be calculated based on a Geometric Optic (GO) method using the orbits information of both GNSS and LEO satellites. In the middle and lower troposphere, a wave optic (WO) method is often used for bending angle calculation. Utilizing the obtained bending angle profile, an Abel transform is then used to calculate the refractivity profile. Based on refractivity, other atmospheric profiles including temperature, density and pressure atmospheric parameters can be calculated. In the lower troposphere, where large amounts of water vapor exist, an additional temperature or humidity profile has to be used for resolving these parameters though a 1D-Var process [40].



RO data have been proved to have several important advantages in terms of global availability, high vertical resolution and high accuracy in the lower stratosphere and upper troposphere. Therefore, RO data have been widely used in climate monitoring and weather prediction [41,42]. In addition, many meteorology organizations, such as the European Centre for Medium-Range Weather Forecasts (ECMWF) and the National Centers for Environmental Prediction (NCEP), use RO data in their numerical weather prediction system. Therefore, RO data are rather suitable for studying the influences of SSW events on the tropopause.



Currently, there are several data centers, including the German Research Center for Geosciences (GFZ), the University Corporation for Atmospheric Research (UCAR), the Jet Propulsion Laboratory (JPL), the Wegener Center for Climate and Global Change (WEGC), the Radio Occultation Meteorology Satellite Application Facility (ROM SAF), etc. Data from these centers have been proved to be consistent in the upper troposphere and lower stratosphere regions [43]. In this study, data from ROM SAF were selected.



ROM SAF provides several types of data records in terms of near-real-time (NRT) products, offline and non-time-critical (NTC) products, climate data records (CDRs) and Interim Climate Data Records (ICDRS). Among these types of data, the NRT products provide near-real products of refractivity, dry temperature and 1D-Var products (temperature, humidity and pressure) of the Meteorological Operational (MetOp) satellite only. The NTC products provide non-time-critical products with higher accuracy. In addition to the conventional atmospheric products provided by NRC, NTC products also provide tropopause height and gridded monthly mean parameters. The NTC products are mainly based on the MetOp and the Sentinel-6 satellites, which are operated by ROM SAF. For satellites operated by other organizations, data records are provided by the CDR products. In addition to the MetOp satellites, data from the Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC); the Gravity Recovery And Climate Experiment (GRACE); and the CHAllenging Mini-Satellite Payload (CHAMP) are also provided by the CDRs. The ICDRS products provide climatology data based on the MetOp satellite covering the time period from January 2017 onward. Therefore, the data records of the CDR products were used in this study.



In the RO data processing, ROM SAF uses a typical Geometric Optic method in retrieving atmospheric profiles in dry atmospheric condition [44]. In moist air conditions, a 1D-Var process is used to retrieve atmospheric profiles [45]. Background profiles used in the data retrieval are obtained from ECMWF Reanalysis Archive–Interim (ERA-I) or ERA version 5 (ERA5). In addition to the commonly used atmospheric parameters, ROM SAF also provides tropopause height and temperature parameters. The algorithm to derive tropopause height (TPH) is based on the World Meteorology Organization’s (WMO) definition [46]. TPH is defined as the “the lowest level at which the lapse-rate decreases to 2 °C/km or less”. The detail on the processing steps and also the quality control issues can be referred to in Algorithm theoretical baseline Documents: level 2C tropopause height [46].



In this paper, RO data of the years from 2007 to 2013 were used since data from this period are the densest so far. RO missions that are available during this time period at ROM SAF include CHAMP, COSMIC, GRACE and MetOp. Figure 1 illustrates the numbers of RO events for each single satellite and the total numbers of all available RO events during our observation time. Among all satellites, RO events from a single MetOp satellite are greatest in quantity, with values of around 600 each day. RO events from the CHAMP and GRACE satellites are much less frequent, with numbers varying from 150 to 200, and CHAMP data are only available until the end of 2008 due to the deactivation of the CHAMP satellite. RO events of the COSMIC satellites vary in number from 200 to 400. The bottom panel shows that the total numbers of RO events are larger than 2500 most of the time. The numbers show a decrease during the years of 2011 and 2012 due to the deactivation of two COSMIC satellites. However, since 2013, the launch of the MetOp-B satellite has increased the total number of RO events again.




2.2. Determination of SSW Onset Date


In studying the influences of SSW events, the first step is to determine SSW onset dates. However, we found that there is currently no standard definition of an SSW event. Onset dates detected based on different definitions may vary a lot. A commonly used definition is the one from Charlton and Polvani (2007) [3]. They defined that an SSW event is detected if the mean zonal wind at 60° N and 10 hPa is reversed to easterly [3]. This definition is widely used in evaluating the influences of SSW on the atmosphere. According to the differences in detail implementations, e.g., latitude and altitude, several similar approaches have been proposed, e.g., Hu et al. (2015), and Butler and Gerber et al. (2018) [2,47]; multiple decades of SSW climatology data have been developed in their researches [2,47].



However, research has also shown that SSW onset dates determined by wind reversal definitions may differ substantially with those determined by other definitions, such as vortex geometry, geopotential height anomalies, etc. [48,49]. Hitchcock and Simpson (2014) [4] analyzed the times of tropospheric responses to SSW events. They found that the most relevant aspect of stratospheric variability on the troposphere is not the wind reversal in the middle stratosphere but the anomalies in the lower stratosphere, i.e., immediately above the tropopause. Therefore, many studies decided to use temperature increase or other alternative definitions to determine SSW onset date in their studies to study the influences of SSW events.



In this research, two approaches were used to determine SSW onset dates. First of all, the SSW climatology developed by Hu et al. (2015) [47] was used to determine SSW onset dates. As briefly described above, Hu et al. (2015) [47] defined SSW onset dates based on wind reversal at 65° N. They also provided types of SSW events based on the geometry of polar vortices. Since the climatology is only available until the year 2012, the onset date of winter 2013 was obtained from Butler and Gerber (2018) [2]; this event is recognized as a split event in various studies [50]. Secondly, a simplified approach based on temperature increase was used to define the occurrence of SSW events. The onset date of an SSW event was defined as the first day when polar-mean (60–90° N) temperature increases by more than 30 K within two days.



Table 1 shows the exact onset dates determined by the two approaches. Figure 2 shows temporal series of mean polar-cap temperatures during the first three months of each year. The solid vertical blue lines represent onset dates of the SSW events determined by the simplified temperature increase definition, and the dashed lines represent dates determined based on wind reversal definitions. Results of January to March are shown since all events are detected during these three months of the selected years.



Based on the wind reversal definition, a displacement-type SSW event was detected in each year of 2007 and 2008, and a split SSW event was detected in each year of 2009, 2010 and 2013. Based on the temperature increase definition, multiple warming pulses were detected for the years 2007 and 2008, while the wind reversal definition detected only one event for both years. This is mainly because the wind reversal definition requires at least 20 consecutive days of circumpolar westerlies to exist between two independent major SSW events. However, SSW onset dates detected by the wind reversal definition will always be consistent with one of the onset dates determined by the temperature increase definition. For the years of 2009, 2010 and 2013, both approaches detected only one SSW event. For the years of 2009 and 2013, the onset dates detected by both approaches are very close, with discrepancies within ±1 day. However, for 2010, the onset date determined by the temperature increase definition is four days after the date determined by the wind reversal definition. For the years of 2011 and 2012, no events were detected by both definitions.




2.3. Analysis Methodology


The first step is to understand variations in temperature anomalies during different stages of SSW events. A simplified method was used to estimate temperature anomalies. First of all, a mean temperature profile of each 10° latitudinal band was estimated over our complete observation time from January to March. Secondly, each individual RO temperature profile was subtracted by the mean temperature profile to obtain an anomaly profile. For each day, all available anomaly profiles within a 10° band were averaged to obtain a mean anomaly profile, based on which temporal and spatial variations of temperature anomalies were analyzed. Temperature anomalies and also subsequent tropopause anomalies were analyzed from 90° N to 30° S. Researches show that the influences of SSW on the southern hemisphere regions (30° S–60° S) are minor; therefore, they are not discussed in this study.



Based on the understanding of temperature variations over the tropopause layer, variations in tropopause height and temperature were analyzed during different stages. The first step was to estimate the tropopause height (TPH) and temperature (TPT) anomalies in a similar way as for temperature anomalies. Then, variations in TPH and TPT anomalies in terms of time and latitude were discussed. Finally, variations in tropopause anomalies during four stages of an SSW event—i.e., emerge, occurrence, decay1 and decay2—were analyzed. Each stage has a duration of 7 days. The occurrence stage is defined as the period of 3 days before the onset date until 3 days after the onset date. The emerge stage is defined as the period of 7 days until the occurrence stage. The decay1 and decay2 stages are defined as the periods 1 and 2 weeks after the occurrence stage, respectively. Based on this division, a mean tropopause anomaly of each stage was calculated and the trends of tropopause anomalies during each stage were analyzed.





3. Responses of Global Tropopause to SSW


3.1. Temperature Variations over Latitudinal Bands


Figure 3 shows temporal series of temperature anomalies in selected 10° latitude bands from January to March of the years 2008 and 2009 illustrating displacement- and split-type events, respectively. In order to maintain the simplicity of this paper, results are only shown for every 10° band from 90° N to 30° S. Results of neighboring bands are similar overall. The horizontal black lines indicate the mean tropopause height from January to March of the bands.



For the year 2008, temperature anomalies in the bands of 80° N–90° N and 60° N–70° N show four warming pulses during the three months. For the first two warming pulses (counted by time from 1 January), the largest anomalies are found at a relatively higher altitude than the latter two. The third warming pulse is weaker (smaller anomalies) and, therefore, does not pass our detection criteria (c.f., Table 1). The fourth warming pulse occurs on 23 February, and this one is also detected by the wind reversal definition (c.f., Table 1). It is the only one among the four warming pulses that has visible downward propagation effects. At the mean tropopause layer (indicated by the horizontal black line), temperature anomalies are within ±4 K. In other latitude bands from 50° N to 30° S, temperature anomalies are smaller than 2 K from 30 km below.



For the well-known January 2009 strong SSW event, temperature anomalies of the bands 80° N–90° N and 60° N–70° N at 30 km are more than 20 K on the onset date, 23 January. The warming propagates downward to the upper troposphere and lower stratosphere (UTLS) region with temperature anomalies at the mean tropopause level of more than 8 K. The duration of UTLS warming lasts for about 1.5 months from the end of January to the middle of March. In the 20° N–30° N band, visible cooling is detected in the middle stratosphere with temperature anomalies of more than −8 K. Such cooling is mainly caused by the changes in meridional circulation that induce upwelling, which is caused by wave forcing in the extratropical stratosphere [51,52]. Temperature anomalies in other latitude bands are minor overall, with values varying within ±2 K.



For the other years of 2007, 2010 and 2013, temperature anomalies of two representative bands, i.e., 80° N–90° N and 20° N–30° N, are shown in Figure 4. In the band of 80° N–90° N, all years reveal stratospheric warmings. For the year 2007, several warming pulses are detected and two of them pass our criteria, i.e., the 5 and 24 February ones. The latter one, i.e., the 24 February event, has strong downward influences on the mean tropopause level with temperature anomalies larger than 2 K. The SSW events occur in the years 2010 and 2013; they are both split events and have larger temperature anomalies, with values varying from 4 to 8 K and lasting for about 1.5 months. In the band 20° N–30° N, however, no visible cooling (temperature anomalies larger than −4 K) is detected below 30 km for all the three events.




3.2. Temporal Series of Tropopause Height and Temperature Anomalies


For the year 2008, TPH anomalies reveal a visible increasing trend prior to the first and second SSW onset dates and reveal a decreasing trend after the onset dates. Such trends that occurred around the onset date are defined as a positive peak hereafter. For the first SSW event, such trends are not visible. This could be related to the close occurrence of the second SSW in that the upwelling may limit the downward influences of the first SSW on the tropopause [5]. However, further researches are required to study the detailed dynamical movement of planetary waves in the stratosphere and the troposphere when multiple warming pulses occur.



The second row of Figure 5 shows latitude mean TPH anomalies in the extratropical region. TPH anomalies in the band 50° N–60° N also show a positive trend prior to the first SSW event. This is mainly related to the upwelling of extratropical planetary waves, elevating the tropopause height [5]. However, for the other SSW events of the year, no visible trends are shown. This may suggest that the first SSW event is mainly caused by the upwelling in the band 50° N–60° N. The other warming pulses may be caused by the complicated stratospheric circulations. For the other two bands, 40° N–50° N and 30° N–40° N, variations in TPH anomalies are within ±0.5 km overall.



The third and the fourth rows show latitude mean TPH anomalies in the tropical areas of the northern and southern hemisphere, respectively. Variations in TPH anomalies are opposite to that in the polar region. For the year 2008, TPH anomalies of the 20° N–30° N band keep increasing after the first and second SSW events. The increases in TPH anomalies are mainly related to the propagation of equatorial planetary waves, which induces upwelling and cooling [53,54]. The cooling then penetrates further down into the tropical troposphere through the modification and deepening of convective activity in the tropical tropopause layer, subsequently increasing the TPH [5,51]. For the year 2007, TPH anomalies of the band 20° N–30° N also reveal larger variations than the rest of the sub-bands in the tropical region, while no visible trends can be seen related to the occurrence of SSW. This is because not all SSWs produce cooling in the equatorial stratosphere [55]. The responses of the tropical atmosphere to SSW events depends on the duration of planetary waves, the state of prior tropical atmosphere, etc. TPH anomalies in the other bands in the area from 30° N to 30° S are within ±0.2 km overall.



Figure 6 shows the same results as Figure 5 but for the three split SSW events that occurred in 2009, 2010 and 2013. The first row shows that characteristics of anomalies in these three bands are similar overall. For all three split events, TPH anomalies reveal a visible decreasing trend after the occurrence of SSW events. For the strong January 2009 SSW event, TPH anomalies increase to maximum prior to the onset date. After reaching maximum, TPH anomalies decrease until the end of February with a variation of 2 km during 1.5 month.



For the January 2010 event, TPH anomalies also reveal a visible decreasing trend after the occurrence of SSW. The decreasing duration is 1 week and the decrement is 1.5 km. However, the date that the TPH anomaly reached maximum is 5 February, which is after the onset date. This can be related to several reasons. First of all, the onset date of this event detected by different definitions has discrepancies. The onset dates from BG18 and HU15 definitions and the simple temperature increase definition used in this work are 9 February, 26 January and 30 January, respectively. This is mainly attributed to the differences in definitions. In the case of 9 February, TPH anomalies can also reach maximum prior to the onset date. Furthermore, the downward propagation speed and the state of the atmosphere also have influences on the response date of the stratospheric warming.



For the January 2013 event, TPH anomalies also reveal a decreasing trend from early January to 20 January with a duration of about half a month. Since 20 January, TPH anomalies reveal several increasing and decreasing peaks with the evolution of time. This is mainly due to the variations of several increasing and decreasing peaks of temperature at the tropopause layer (c.f., Figure 4). The complicated atmospheric circulation of planetary waves make the tropopause “warm” several times.



Another visible variation in TPH anomalies can be seen in the tropical bands (the third and the fourth row). For the January 2009 SSW event, TPH anomalies of the band 20° N–30° N reveal visible variations compared with that in the other sub-bands. Due to the stratospheric cooling in the tropical region, TPH anomalies increase from −0.5 to 0.8 km with a variation of 1.3 km within 1 month. After reaching maximum, TPH anomalies decrease to −0.8 km due to the downward propagated warming that occurs following tropical stratospheric cooling. TPH anomalies of 10° N–20° N and 0° N–10° N bands also reveal similar trends as those in the 20° N–30° N band but with smaller variations. For the January 2010 and 2013 events, the decrements of TPH anomalies of 20° N–30° N are minor compared with the January 2009 event, with variations generally within 1 km.



Figure 7 illustrates variations in the tropopause temperature anomalies during the three months of years 2008 and 2009, representing the displacement and split types of events. Overall, results of the other years are similar to results of the same types of events that occurred in these two years. Due to the downward propagation of the stratospheric warming, the tropopause layer of high-latitude bands (60° N–90° N, first row) also reveal that warming with TPT anomalies increases with the occurrence of SSW events. For the year 2009, TPT anomalies are about −8 K prior to the onset date and then increase to 6 K with a variation of 14 K during a month. After reaching maximum, TPT anomalies then gradually decrease until the end of March. For the year 2008, when multiple warmings occur, TPT anomalies are found to be increasing after the second and third events. For the first event, however, no increments in TPT anomalies are found. This may be related to the reason that the stratospheric warming of the first event did not propagate down to the troposphere. The increments in TPT anomalies are found to be largest after the second event, with a variation of about 10 K within half a month.



The second row shows TPT anomalies of the bands 50° N–60° N, 40° N–50° N and 30° N–40° N. Variations in anomalies in these bands are within ±2 K overall, and no visible trends are observed. The third and fourth rows show TPT anomalies in the tropical bands (30° N–30° S). In principle, if tropical stratospheric cooling occurs and propagates down to the tropopause layer, the temperature and TPT anomalies will decrease. However, this is only the case for the very strong January 2009 event. TPT anomalies of 20° N–30° N decrease after the occurrence of the SSW event with a variation of 4 K during half a month. For the multiple events that occurred in 2008, however, the trends are less regular compared with those in 2009. This is mainly due to the reason that no visible stratospheric cooling is detected; therefore, variations in TPT anomalies are mainly dominated by atmospheric planetary waves.




3.3. Tropopause Variations during Different Stages of SSW


In order to better understand the responses of the tropopause to SSW in different temporal stages, mean TPH anomalies in selected temporal periods are calculated and the results are shown in this section. Four temporal periods are formulated including emerge, occur, decay1 and dacay2. Definitions of each period can be referred to in Section 2.3. In order to divide temporal stages, one onset date should be selected. Therefore, for winters that have multiple onset dates, we select the onset date of the event that has the strongest impacts on the polar tropopause. Therefore, 5 February and 7 February are selected for the years 2007 and 2008, respectively.



Figure 8 shows TPH and TPT anomalies during the four stages of all SSW events. Two representative bands 60° N–90° N and 20° N–30° N are selected. Results show that after the occurrence of the SSW events (from the occur to the decay1 stage), TPH anomalies of 60° N–90° N band show a visible decreasing trend for all selected SSW events, while TPT anomalies show an increasing trend. The duration and variations of the decreasing/increasing depend on the strength of each event and also the prior state of the atmosphere. Split events, which generally have stronger warming, can have stronger influences on the tropopause than the displacement events. For the year 2009, TPH anomalies keep decreasing during all four stages with a variation of about 1.0 km. TPT anomalies, in contrast, keep increasing during all stages with a variation of about 7 K. For the years 2013 and 2010, the durations of decreasing/increasing are shorter, with TPH anomalies being generally less than 1 km and TPT anomalies less than 4 K.



For anomalies in the band of 20° N–30° N, only visible trends are detected for the January 2009 SSW event. From the first emerge stage to the final decay 2 stage, TPH anomalies increase from −0.3 km to 0.6 km with a variation of about 1.0 km. TPT anomalies decrease from 0.2 K to −1.1 K with a variation of about 1.3 K. For the other years, variations in TPH and TPT anomalies reveal larger uncertainties, and no visible trends can be determined. This is because the equatorial cooling in these other years is weaker and, subsequently, has less impact on the tropopause.





4. Discussion


The above results show that SSW events have obvious influences on the tropopause. The stratospheric warming propagates downward to warm the polar tropopause and, subsequently, decreases the tropopause height. Generally, the stronger the SSW events are, the larger the influences on the tropopause. However, in reality, when the stratospheric warming is not strong enough, the prior state of the atmospheric and also tropospheric waves also has influences on the tropopause layer. It is difficult to tell which one is the dominate factor. When multiple warmings occur, the situation is even complicated. The duration of the influences on the tropopause can be limited by the next warming. If a warming pulse occurs following another warming pulse, the decreasing TPH anomalies will quickly increase again due to the upwelling, which causes the next warming. Further studies are required to analyze atmospheric circulations of the tropopause level during SSW events case by case.



Some SSW events are also found to have influences on the tropical region, which is consistent with existing findings. We found visible tropical stratospheric cooling for the January 2009 event. For other years, however, stratospheric cooling is generally minor or not visible. Therefore, TPH and TPT variations in the tropical tropopause are mainly determined by the state of the tropical atmosphere at the time.




5. Conclusions


In this study, the influences of SSW events on the global tropopause are investigated using RO data from 2007 to 2013 provided by ROM SAF. During the selected 7-year period, SSW events are detected to have occurred in five of those years—i.e., 2007, 2008, 2009, 2010 and 2013. For the years 2007 and 2008, displacement-type events are detected and multiple warming pulses are also found. For the years of 2009, 2010 and 2013, a split event was detected in each year. During the occurrence of the SSW events, the tropopause height and temperature anomalies are calculated and analyzed. Consistent with existing findings, the tropopause height decreases after the occurrence of SSW. The influence time and also the magnitudes of tropopause variations depend on the types/strength of each SSW event. For the strong January 2009 split SSW event, TPH anomalies decrease by about 2 km within 1.5 months and TPT anomalies increase by more than 10 K. For the other two splits SSW events, i.e., those in 2010 and 2013, which are of smaller temperature variation, the decrements in TPH anomalies are generally within 1.5 km and the increment in TPT anomalies are within 10 K overall. For the years of 2007 and 2008, when multiple warming pluses are detected, variations in the tropopause anomalies could be influenced by neighboring warmings, and the magnitudes of variations are also smaller.



In addition to the influences on the polar tropopause, SSW events are also found to have influences on the tropical tropopause. For the strongest January 2009 event, visible stratospheric cooling can be found in the tropical regions; TPH anomalies increase and TPT anomalies decrease. The largest tropopause variations are found in the band 20° N–30° N with a variation of 1.3 km during 1 month. TPH and TPT anomalies in other sub-bands are overall similar to those in the band 20° N–30° N but with smaller magnitudes. For the years 2010 and 2013, the stratospheric cooling in the tropical regions is weaker, with variations mostly within ±0.5 km. For the years of 2007 and 2008, when multiple warming pulses occur and the events are overall weaker, no visible stratospheric cooling is detected.



The outcomes of this research suggest that SSW events generally decrease the tropopause height in the polar regions. The magnitudes and the influence time depend on the strength of each event and also the prior atmospheric state. The stronger the event is, the larger the influences of SSW events on the tropopause layer are. For the years that have multiple SSW events, variations in tropopause height and temperature are limited by the adjacent warming. With the influences of SSW on the tropical atmosphere, only strong/split events may have influences on the tropical atmosphere. Displacement-type events, which are generally considered weaker, have limited impacts on the tropical tropopause region.
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Figure 1. Upper panel: daily number of available RO profiles of different missions during our observation time from 2007 to 2013. Bottom panel: total number of RO profiles used. 
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Figure 2. Temporal series of polar cap mean temperature anomalies at 30 km of January–March for years of 2007, 2008, 2009, 2010 and 2013. Blue solid vertical lines represent dates detected by our method based on temperature increases, while dashed vertical lines represent dates detected by wind reversal definition. 
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Figure 3. Temporal series of latitude mean temperature anomaly profiles from January to March for the latitude bands of 80° N–90° N, 60° N–70° N, 40° N–50° N, 20° N–30° N, 0° N–10° N and 10° S–20° S; left panels are results of 2008 and right panels are results of 2009. 
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Figure 4. Temporal series of latitude mean temperature anomalies from January to March for two representative bands of 80° N–90° N (left) and 20° N–30° N (right) in the year 2007 (first row), 2010 (second row) and 2013 (third row). 
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Figure 5. Temporal evolution of tropopause height anomalies every 10° in latitudinal bands from January to March for the years 2007 (left) and 2008 (right). From the top to the bottom panels, results from polar, extratropical, northern hemisphere tropical and southern hemisphere tropical regions are shown, respectively. The definitions of these regions can be seen in figure panels. 
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Figure 6. Temporal evolution of tropopause height variations every 10° latitudinal bands during the 2009, 2010 and 2013 event. From the top to the bottom panel, results from polar, extratropical, northern hemisphere tropical and southern hemisphere tropical regions are shown, respectively. The definitions of these regions can be seen in figure panels. 






Figure 6. Temporal evolution of tropopause height variations every 10° latitudinal bands during the 2009, 2010 and 2013 event. From the top to the bottom panel, results from polar, extratropical, northern hemisphere tropical and southern hemisphere tropical regions are shown, respectively. The definitions of these regions can be seen in figure panels.
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Figure 7. Temporal evolution of tropopause temperature variations every 10° latitudinal band during the years of 2008 and 2009. From the top to the bottom panel, results from polar, extratropical, northern hemisphere tropical and southern hemisphere tropical regions are shown, respectively. The definitions of these regions can be seen in figure panels. 
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Figure 8. Latitude mean tropopause height (TPH) anomalies and tropopause temperature (TPT) anomalies during emerge, occur, decay1 and decay2 stages of SSW events. Left panel: results of polar cap region 60° N–90° N. Right panel: results of latitude band 20° N–30° N. 
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Table 1. SSW onset dates estimated by wind reversal definition and polar mean temperature increase in this study. The types of events are also indicated in the table.
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SSW Onset Date

(Wind Reversal)

	
Type

(Wind Reversal)

	
Onset Date

(Temperature Increase)






	
23 February 2007

	
Displacement

	
5 February 2007




	
24 February 2007




	
22 February 2008

	
Displacement

	
25 January 2008




	
7 February 2008




	
23 February 2008




	
24 January 2009

	
Split

	
23 January 2009




	
26 January 2010

	
Split

	
30 January 2010




	
7 January 2013

	
Split

	
7 January 2013
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