

  atmosphere-10-00776




atmosphere-10-00776







Atmosphere 2019, 10(12), 776; doi:10.3390/atmos10120776




Article



Modified Three-Dimensional Jet Indices and Their Application to East Asia



Haishan Li 1,2, Ke Fan 1,2,*[image: Orcid], Zhiqing Xu 3 and Hua Li 1





1



Nansen-Zhu International Research Centre, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China






2



University of the Chinese Academy of Sciences, Beijing 100029, China






3



Climate Change Research Center, Chinese Academy of Sciences, Beijing 100029, China









*



Correspondence: fanke@mail.iap.ac.cn; Tel.: +86-10-82995322







Received: 25 October 2019 / Accepted: 30 November 2019 / Published: 4 December 2019



Abstract

:

A set of three-dimensional jet indices (jet speed index, jet pressure index, jet latitude index) has been proposed in previous literature to describe the variation of jet streams in both the horizontal and vertical direction. We refer to these indices at the ‘AC’ indices, after the names of the researchers involved. However, the physical meaning of the AC indices and the relationship between AC indices and climate systems are not fully understood. Further study is still needed for applying the indices in East Asia (70°–140° E). In this study, based on the understanding of the physical meaning of the AC indices, latitudinal ranges of East Asian jet streams are determined, and a set of modified AC indices is proposed. Based on the modified AC indices, the linear trends in East Asian jet streams are studied, and the relationship between East Asian jet streams and the climate is researched. The results show that the jet speed index corresponds to the meridional temperature gradient (MTG) of the middle to upper troposphere (500–200 hPa); the jet pressure index corresponds to the pressure level at which the MTG equals zero; and the jet latitude reflects the meridional MTG distribution. The latitudinal ranges of jet streams are determined based on the meridional profiles of climatological zonal-mean zonal winds. Within such a latitudinal range, the climatological zonal-mean zonal winds between 400 and 100 hPa are only westerly, and the maximum wind speed in the vertical direction at every latitude appears between 400 and 100 hPa. The jet streams can be further classified according to the features of the profiles. For East Asia (70°–140° E), jet streams can be classified into winter subtropical jet streams (15°–47.5° N), summer subtropical jet streams (27.5°–60° N), and summer polar front jet streams (60°–87.5° N). The classification of jet streams can be supported by their correspondence to the distribution of tropospheric baroclinicity. A set of modified AC indices can be acquired by using the new ranges of East Asian jet streams in the definition of the original AC indices. Descriptions of jet streams using the modified AC indices are more in accordance with the distributional features of the climatological zonal winds over East Asia, and the physical meanings of the modified AC indices are more definite than the original indices. Using the modified AC indices, we find a significant weakening trend in the strength of the summer subtropical jet stream (−0.13 m/s/10 yr) and a significant northward shift of the winter subtropical jet stream (0.22°/10 yr), and the possible reasons for these trends are studied. Finally, the relationships of East Asian jet streams in winter and summer with atmospheric circulation, temperature, and precipitation are also investigated in this study.
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1. Introduction


Jet streams are bands of high-speed winds near the tropopause, and are crucial parts of the atmospheric circulation. They are classified into two different types: subtropical jet streams and polar-front jet streams. Subtropical jets are driven by angular momentum transport from the tropics and are centered at the poleward boundaries of the Hadley cell, while polar-front jets are driven by baroclinic eddies and are associated with weather and climate events, such as precipitation and cold wave processes [1,2]. Therefore, it is of important scientific significance to study how to characterize jet streams and their relationships with weather and climate systems. However, it is difficult to clearly identify the boundaries of jet streams, especially in the Northern Hemisphere (NH), for jet streams always show noticeable variation and discontinuity in their spatial structures.



Traditionally, researchers have used the maximum wind speed on a selected near-tropopause pressure surface and its location to describe a jet stream. For example, Yang et al. [3] defined the winter East Asia jet stream (EAJS) index as the area-averaged 200 hPa zonal wind in the region of (30°–35° N, 130°–160° E), within which all maxima of the EAJS appeared during 1968 to 1999. Using this index, they studied the interannual variability of the EAJS and its relationship with El Niño–Southern Oscillation (ENSO) and the extratropical North Pacific sea surface temperate (SST). Barton and Ellis [4] studied the winter North Pacific jet stream in the domain of (0°–80° N, 110°E–110° W), and defined the strength of the jet stream at a particular longitude as the strongest 300 hPa wind within the north–south extent of the domain, and the latitudinal position of the jet stream as the latitude of the wind maximum. Based on this definition, the climatology of the jet stream for the period during 1949 to 2005 was given and a significant positive linear trend in the wind speed of the jet stream was identified. Zhang et al. [5] and Ren et al. [6] analyzed the jet streams of East Asia (20°–70° N, 60°–140° E). They defined a grid point as a jet center when the 300 hPa wind speed at this point was greater than 30 m/s and the wind speed is a local wind maximum; and by applying this identification approach to the daily 300 hPa wind speed fields of East Asia in winters and summers from 1961 to 2000, the distributions of jet occurrence numbers in the two seasons were presented. Zhang et al. [5] concluded that, in winter, two regions with large jet occurrence numbers exist over East Asia, on the northern and southern sides of the Tibetan Plateau, corresponding to the subtropical jet stream and temperate jet, respectively; while in summer, the subtropical jet stream occurs most frequently along 40° N and the temperate jet stream occurs only sporadically along 60° N.



However, Koch et al. [7] pointed that, even the seasonal mean climatologies of winds at the 200 and 300 hPa levels have significant quantitative differences. Thus, they defined the occurrence of a jet stream event as the vertically averaged horizontal wind speed between 400 and 100 hPa at a grid meeting a threshold criterion of 30 m/s using six-hourly reanalysis data. Based on this definition, they determined the seasonal distributions and annual cycle of the jet-event climatology for both hemispheres. Strong and Davis [8,9] also pointed out that, because of the spatiotemporal variations of the altitude of a jet stream, it may be inaccurate to capture the jet stream by a single isobaric surface. Thus, they used the so-called surface of maximum wind to track the winter jet streams of the NH using six-hourly reanalysis data. The surface of maximum wind is composed of the points of greatest wind speed (larger than 25.7 m/s) near the tropopause, and a jet stream core is defined as a local maximum on the surface of maximum wind along each meridian. Based on the surface of maximum wind, they showed that, from 1958 to 2007, speeds and probabilities of jet stream cores increased over NH midlatitudes (40°–60° N), while jet cores were weaker and less frequent polewards of 60° N.



In order to characterize both the vertical and horizontal variation of jet streams, Archer and Caldeira [10] defined a set of indices (hereafter referred to as the ‘AC indices’) based on the monthly mass-weighted averaged gridded wind speed between 400 and 100 hPa, considering the three-dimensional structure of jet streams. Not only the strength and latitudinal position, but the altitude of jet streams can be described by the AC indices. The winter, summer, and annual trends of the AC indices were calculated in the period of 1979–2001 for both the NH (15°–70° N) and SH (Southern Hemisphere) (subtropical jet stream: 40°–15° S; polar front jet: 70°–40° S). They showed that, on average, jets in both hemispheres were moving polewards; plus, in the NH, the jets were becoming weak, while in the SH the subtropical jet was weakening but the polar front jet was strengthening.



The results of Archer and Caldeira [10] are widely referenced; however, further study is needed for the physical meaning of the AC indices. For example, Strong and Davis [11] pointed out that a jet stream should be identified as a narrow band of high speed wind exceeding a minimum threshold and varying from day to day, and that the jet stream using mass-weighted averages of monthly mean 400–100 hPa wind speed cannot be clearly related to surface weather, cyclogenesis, hurricanes, and air turbulence. Molnos et al. [12] pointed out that the algorithm used by Archer and Caldeira [10] cannot distinguish between subtropical and polar front streams in the NH since only one jet position is detected.



Besides, characteristics of jet streams in different regions may be smoothed when being averaged over a hemispherical scale. Thus, different studies adopt their own regions of jet streams when using the AC indices. For example, Chen et al [13] chose 40°–65° N as the latitudinal range of the NH winter polar jet stream; Thomas and Nigam [14] used the range of 15°–65° N for the NH winter subtropical jet stream; and Fan et al. [15] adopted the range of (23°–35° N, 100°–150° E) for the spring jet stream of East Asia.



It should also be noted that significant seasonal variations exist in the strength, altitude, and latitude of jet streams. Taking jet streams over East Asia as a case in point, the winter maximum 200 hPa zonal wind locates at 35° N and near the coast of East Asia, and is the strongest in the whole year; whereas, the summer maximum 200 hPa zonal wind moves to the south of 45° N and near 90° E, and is the weakest in the year [16]. Thus, seasonal variations in jet streams should also be considered when using the AC indices.



In this study, the physical meanings of the AC indices are studied, and a method is proposed to determine the latitudinal ranges of jet streams. Based on this, we modify the original AC indices to better describe the winter and summer East Asian jet streams. Linear trends of East Asian jet streams and the possible relationships between East Asian jet streams and the climate system are also studied.



Following this introduction, the data and methods used in this study are introduced in Section 2. In Section 3, the physical meanings of the AC indices are examined, the classification and latitudinal ranges of East Asian jet streams are studied, and the modified AC indices are proposed. Based on the modified AC indices, linear trends of East Asian jet streams and the relationships between East Asian jet streams and the climate system are also studied in this section. A summary and discussion are provided in Section 4.




2. Data and Methods


The atmospheric data used in this study included the daily and monthly-mean ERA-Interim data from the European Centre for Medium-Range Weather Forecasts (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim) with a 2.5° horizontal resolution and 37 vertically distributed pressure levels, over the period from 1979 to 2018 [17]. Precipitation data with a 2.5° horizontal resolution from the Global Precipitation Climatology Project (https://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html) during the same period were also used [18].



Wind speed index (  W S  ), pressure index ( P ), and latitude index (  L a t  ) were defined by Archer and Caldeira [10] to characterize the strength, the pressure level, and the latitudinal position of a jet stream, respectively. These indices are firstly calculated at each horizontal grid point or longitude, then area-averaged over the chosen region, which is 15°–70° N for the NH [10]. At each horizontal grid point in this region, indices are defined as follows:


  W  S  i , j   =     ∑  k = 400 h P a   k = 100 h P a     m k  ×    u  i , j , k  2  +  v  i , j , k  2          ∑  k = 400 h P a   k = 100 h P a     m k       



(1)






   P  i , j   =     ∑  k = 400 h P a   k = 100 h P a       m k  ×    u  i , j , k  2  +  v  i , j , k  2      ×  p k        ∑  k = 400 h P a   k = 100 h P a     m k  ×    u  i , j , k  2  +  v  i , j , k  2         



(2)






  L a  t i  =     ∑  j = 15 N   j = 70 N        ∑  k = 400 h P a   k = 100 h P a       m k  ×    u  i , j , k  2  +  v  i , j , k  2          ×  ϕ  i , j         ∑  j = 15 N   j = 70 N      ∑  k = 400 h P a   k = 100 h P a       m k  ×    u  i , j , k  2  +  v  i , j , k  2             



(3)




where    u  i , j , k     and    v  i , j , k     are the monthly average horizontal wind components at grid     i , j , k    ,    m k    and    p k    are the mass and pressure at level  k , and    ϕ  i , j     is the grid cell latitude;   W  S  i , j     is the mass-weighted average wind speed between 400 and 100 hPa and represents the wind speed of the jet;    P  i , j     is the mass-flux-weighted pressure and represents the average pressure of flows; and   L a  t i    is the mass-flux-weighted latitude in the NH (15°–70° N) and represents the latitude of a jet at longitude  i .



The negative meridional temperature gradient (MTG) averaged from 500 and 200 hPa (  −   ∂ T / ∂ y  ¯   ) is used in this study to represent the meridional air temperature difference of the mid–upper troposphere (500–200 hPa) [16], as shown in Equation (4):


  −     ∂ T   ∂ y    ¯  = −      ∫  500 h P a   200 h P a      ∂ T   ∂ y   p d p         ∫  500 h P a   200 h P a    p d p       



(4)




where  T  is the air temperature and a positive (negative)   −   ∂ T / ∂ y  ¯    indicates that the air temperature of the mid–upper troposphere decreases (increases) polewards. It would be more convenient to use   −   ∂ T / ∂ y  ¯    than     ∂ T / ∂ y  ¯    considering that the NH   −   ∂ T / ∂ y  ¯    is generally positive, which corresponds to the decreasing temperature from the equator to the North Pole and to the increase of thermal wind in the vertical direction.



The midlatitude westerly jet is associated with the baroclinicity of troposphere [19]. In this study, the maximum Eady growth rate  σ  is adopted to characterize the growth rate of baroclinic eddies. This parameter is defined as the linear growth rate of the most unstable baroclinic normal mode, as shown in Equation (5):


  σ = 0.31    f    ∂ u / ∂ z    N  ;  N 2  =  θ g    ∂ θ   ∂ z   ,  



(5)




where  f  is the Coriolis parameter,  N  is the Brunt–Väísälä frequency,  u  is the zonal wind component, and  z  is the vertical coordinate. The seasonal mean of  σ  is the average of daily values. Considering that the baroclinic eddies extend through the entire depth of the troposphere, Vogit and Shaw [20] used a vertically averaged Eady growth rate:


   σ ^  =  1   700    h P a      ∫  200 h P a   900 h P a    σ d p    .  



(6)







In order to find the linear trends of East Asian jet streams over the whole period of 1979 to 2018, and the relationships of East Asian jet streams with atmospheric circulation, temperature and precipitation, the linear regression method was used in this study. A 9-year low-pass Fourier filter was also used to separate the interdecadal variations of the AC indices.




3. Results


3.1. Physical Meanings of the AC Indices


Based on the principle of thermal wind, variation of wind speed in the vertical direction depends on the MTG. When the MTG is negative (positive), air temperature decreases (increases) polewards, and the westerly wind speed increases (decreases) with altitude. Thus, westerly wind speed will reach its maximum speed at the altitude (or pressure level) where the MTG is equal to zero. Therefore, based on the MTG of the mid–upper troposphere (500–200 hPa), the physical meanings of the AC indices can be understood.



In this section, we take NH winter as a case to illustrate the physical meanings of the AC indices. The climatological   W  S  i , j     in NH winter (1979–2018) is shown in Figure 1a, in which two jet stream systems can be seen over North Africa–East Asia and the eastern coast of North America, respectively. The maximum of the climatological   W  S  i , j     is located at 140° E near the cost of East Asia and reaches up to 60 m/s. Figure 1b shows the climatology of   −   ∂ T / ∂ y  ¯    in NH winter (1979–2018). We can see that centers of large values of   −   ∂ T / ∂ y  ¯    exist over North Africa–East Asia and the eastern coast of North America. The climatologies of   W  S  i , j     and   −   ∂ T / ∂ y  ¯    share a similar distribution pattern, and the pattern correlation coefficient between them is 0.93. Thus, we can conclude that, in NH winter, the climatological   W  S  i , j     corresponds to the   −   ∂ T / ∂ y  ¯    of the mid–upper troposphere (500–200 hPa).



Figure 1c shows the climatological    P  i , j     in NH winter (1979–2018). It can be seen that a band of high climatological    P  i , j     extends from North Africa to the North Atlantic, and two centers of large values are located at 120° W near the western coast of North America and at 60° W near the North Atlantic, respectively. Figure 1d shows the climatology of the pressure at which the MTG is equal to zero (   P  − ∂ T / ∂ y = 0    ) in NH winter (1979–2018). We can see that a ribbon of large values of    P  − ∂ T / ∂ y = 0     extends from North Africa to East Asia, North America and the North Atlantic, and three centers of large values are located at 120° E near the cost of East Asia, at 150° W near the western coast of North America, and at 60° W near the North Atlantic, respectively. The distribution of the large values of climatological    P  − ∂ T / ∂ y = 0     is similar to that of climatological    P  i , j    . However, the climatology of    P  − ∂ T / ∂ y = 0     north of 50° N differs considerably to that of    P  i , j    , wherein the latter is always lower than 100 hPa. The climatological pattern correlation coefficient between    P  − ∂ T / ∂ y = 0     and    P  i , j     in NH winter is 0.43. Thus, we conclude that, in NH winter, climatological    P  i , j     corresponds to    P  − ∂ T / ∂ y = 0     and characterizes the pressure at which the maximum of the westerly wind (jet stream) is located.



Based on a simplification of Equation (3), we can see that, at the longitude  i , index   L a  t i    is an average of the latitudes weighted by the corresponding   W  S  i , j    . As mentioned above, climatological   W  S  i , j     corresponds to the MTG of the mid–upper troposphere (500–200 hPa). Thus, index   L a  t i    corresponds to the characteristic of the distribution of the MTG at longitude  i .




3.2. Latitudinal Ranges and Classification of East Asian Jet Streams


3.2.1. Latitudinal Ranges of East Asian Jet Streams


The latitudinal range of NH jet streams was determined as 15°–70° N by Archer and Caldeira [10]. However, this may not be suitable for jet streams of other regions or different times. Taking winter in East Asia (70°–140° E) as an example, it can be seen in Figure 1a that a large-value center of the climatological winter   W  S  i , j     (1979–2018) over East Asia is located in the region (15°–40° N, 90°–180° E). However, it can be seen in Figure 1a that the climatological   W  S  i , j     over East Siberia (50°–70° N, 90°–180° E) is relatively weaker than the large-value center over East Asia. Thus, in winter in East Asia, latitudes north of 50° N should not be included in the range of East Asian jet streams.



As mentioned above, in the vertical direction, the maximum westerly wind speed appears at the pressure level where the MTG is equal to zero within the range from the upper troposphere to the lower stratosphere (400–100 hPa). Thus, we used the following method to determine the latitudinal ranges of East Asian jet streams:




	(1)

	
Calculate the meridional profile of the climatological zonal-mean zonal wind (U) of East Asia in the chosen season.




	(2)

	
Based on the meridional profile obtained in step (1), the southern and northern boundaries of a jet stream are identified following the three rules below:




	(a)

	
Southern side of the southern boundary: climatological easterly winds in the vertical range of 400–100 hPa only exist at latitudes south of the boundary;




	(b)

	
Between the southern and northern boundaries: at each latitude between these two boundaries, the maximum climatological westerly wind appears in the vertical range of 400–100 hPa;




	(c)

	
Northern side of the northern boundary: at each latitude north of the boundary, maxima of climatological westerly winds exist at the pressure lower than 100 hPa.















The meridional profiles of U and MTG for winter in East Asia (70°–140° E) are given in Figure 2a. Climatological winds south of 15° N are mainly easterly within 400–100 hPa; in the range of 15°–47.5° N, the maximum of the climatological westerly wind at each latitude can be found near the pressure where the MTG is equal to 0 and within 400–100 hPa; and the maxima of westerly winds north of 47.5° N in the vertical direction appear at pressures lower than 100 hPa, and inversion of the MTG does not exist within 400–100 hPa. Thus, 15° N and 47.5° N are determined as the southern and northern boundaries for the winter East Asian jet stream, respectively. Using the same method, the latitudinal range of the summer East Asian jet stream can be determined as 27.5°–87.5° N (Figure 2c).




3.2.2. Classification of East Asian Jet Streams and Its Verification


In general, jet streams are classified into two types: subtropical jet streams and polar front jet streams. In some cases, however, it is difficult to have a clear dual-jet structure [7,21,22]. Thus, in some studies (e.g., Archer and Caldeira [10] and Faranda et al. [23]), a single jet stream pattern is used rather than a dual pattern. In this study, based on the meridional profile of the climatological zonal-mean zonal wind, we propose a new classification of East Asian jet streams.



From the meridional profile of the climatological zonal-mean zonal wind of winter in East Asia (70°–140° E) (Figure 2a) we can see that, in the vertical range of 400–100 hPa, a large-value center of climatological westerly winds locates within the latitudinal range 15°–47.5° N, which suggests that the winter jet stream in this range is a subtropical jet stream [21,22].



Figure 2c is the same as Figure 2a but for summer. We can see that, in the range of East Asian summer jet streams (27.5°–87.5° N), two centers of large speed exist: the southern one is located at (200 hPa, 40° N) and has a stronger wind speed; the northern one is located at (250 hPa, 70° N) and its wind speed is weaker; and these two centers separate at 60° N. Thus, we can conclude that two separated jet streams exist over summer in East Asia: the southern one is a subtropical jet stream and exists in the range of 27.5°–60° N; and the northern one is a polar front jet stream and exists in the range of 60°–87.5° N.



The classification of jet streams given above can be supported by the results of Lee and Kim [22]. They pointed out that, if a subtropical jet is strong enough, the primary region of the baroclinic wave growth coincides with the region of the subtropical jet, and thus a separated polar front jet does not form at latitudes much higher than the latitude of the subtropical jet stream; whereas, if the subtropical jet is weak, baroclinic wave growth takes places mainly in the baroclinic zone at a higher latitude, and then a separated polar front jet stream appears at this latitude. As the vertically averaged Eady growth rate   σ ^   can be used to characterize the growth of baroclinic eddies in extratropical regions [20], we can verify our classification based on the variation of   σ ^   in winter and summer.



Figure 2b shows the climatological   σ ^   of winter in East Asia (70°–140° E). We can see that   σ ^   peaks in the range of 15°–47.5° N, where winter subtropical jet streams exist; while at higher latitudes,   σ ^   is relatively weaker. The maximum of   σ ^   corresponds to the winter subtropical jet stream. Westerly jet streams are related with a strong MTG according to the principle of thermal wind, and the strong MTG is related to the strong baroclinicity in this region. This agrees with Lee and Kim [22] in that, when a strong subtropical jet appears, no separated polar front jet exists at latitudes higher than the latitude of the subtropical jet stream.



Figure 2d is the same as Figure 2b but in summer, from which we can see that, in the mid–upper troposphere (500–200 hPa),   σ ^   peaks in both 27.5°–60° and 60°–87.5° N, corresponding to the latitudinal ranges of the subtropical jet and polar front jet. We can also see that, in the range of the summer subtropical jet stream (27.5°–60° N),   σ ^   is weaker in summer than in winter (Figure 2b,d), which corresponds to the relatively weaker summer subtropical jet stream; while in the range of the polar front jet stream (60°–87.5° N),   σ ^   is stronger in summer, which corresponds to the separated summer polar jet stream at high latitudes. This is also in agreement with Lee and Kim [22] in that, when a weak subtropical jet stream appears, baroclinic wave growth takes places mainly at a higher latitude, and a separated polar front jet stream appears at this latitude.




3.2.3. Modification of the AC indices for Winter and Summer East Asian Jet Streams


Based on the latitudinal ranges of jet streams of winter and summer in East Asia (70°–140° E), the original AC indices can be further modified. In this section, the definitions of the modified AC indices for a certain jet stream are given as follows:



(1) Calculate the modified AC indices (  W  S  i , j  M   ,    P  i , j  M    and   L a  t i M   ) at each grid or longitude of East Asia (70°–140° E).



(a) The calculations of   W  S  i , j  M    and    P  i , j  M    at each grid of East Asia (70°–140° E) are the same as Equations (1) and (2):


  W  S  i , j  M  = W  S  i , j    



(7)






   P  i , j  M  =  P  i , j    



(8)







(b) The calculation of   L a  t i M    at each longitude of East Asia (70°–140° E) is based on the latitudinal range of the studied jet stream:


  L a  t i M  =     ∑  j =  B  S o u t h     j =  B  N o r t h          ∑  k = 400 h P a   k = 100 h P a       m k  ×    u  i , j , k  2  +  v  i , j , k  2          ×  ϕ  i , j         ∑  j =  B  S o u t h     j =  B  N o r t h        ∑  k = 400 h P a   k = 100 h P a       m k  ×    u  i , j , k  2  +  v  i , j , k  2             



(9)




where    B  S o u t h     and    B  N o u t h     are the southern and northern boundaries of the jet stream, respectively: for East Asian winter subtropical jet streams,    B  S o u t h     and    B  N o u t h     are 15° and 47.5° N; for East Asian summer subtropical jet streams they are 27.5° and 60° N; and for East Asian summer polar front jet streams they are 60° and 87.5° N. The other symbols in Equation (9) are the same as in Equation (3).



(2) The modified AC indices (  W  S  i , j  M   ,    P  i , j  M   , and   L a  t i M   ) for the studied jet stream are calculated as the area averages of the modified indices on grids or longitudes (  W  S  i , j  M   ,    P  i , j  M   , and   L a  t i M   ) over its region:


  W  S M  =     W  S  i , j  M         i = 70 ° ∼ 140 ° E       j =  B  S o u t h   ∼  B  N o r t h         



(10)






   P M  =      P  i , j  M         i = 70 ° ∼ 140 ° E       j =  B  S o u t h   ∼  B  N o r t h         



(11)






  L a  t M  =     L a  t i M      i = 70 ° ∼ 140 ° E    



(12)




where the brackets    •    represent the area-average of a specified quantity and the subscript specifies the area. For East Asian jet streams,    B  S o u t h     and    B  N o u t h     are the same as in Equation (9).




3.2.4. Comparison of the Performance in Describing East Asian Jet Streams between the Original and Modified AC Indices


The original AC indices can also be conformed in East Asia (70°–140° E) to describe East Asian jet streams. The time-mean original and modified AC indices over 1979–2018 are compared in this section. In the text below, the modified AC indices for the winter subtropical jet stream, the summer subtropical jet stream, and the summer polar front jet stream are denoted by the subscripts SJ_DJF, SJ_JJA, and PJ_JJA, respectively.



In winter, the modified AC indices are used to describe the subtropical jet stream (15°–47.5° N). The time-mean   W S   and   W  S  S J _ D J F  M    are 23.9 and 31.9 m/s; the time-mean  P  and    P  S J _ D J F  M    are 240.6 and 239.9 hPa; and the time-mean   L a t   and   L a  t  S J _ D J F  M    are 39.1° and 31.06° N. The different latitudinal ranges may lead to the differences between the time-mean speed indices (  W S   and   W  S  S J _ D J F  M   ) and between the time-mean latitude indices (  L a t   and   L a  t  S J _ D J F  M   ). In Figure 2a, we can see that climatological zonal winds higher than 47.5° N are weaker than winds in the range of 15°–47.5° N, and the pressure where the maximum wind speed exists is lower than 100 hPa. Thus, it can be concluded that, in winter in East Asia, the westerly winds north of 47.5° N are not jet streams. The wider latitudinal range (15°–70° N) will lead to a weaker wind speed index   W S   and a higher latitudinal index   L a t  . The values of the time-mean pressure indices  P  and    P  S J _ D J F  M    are similar; however, it can be seen from Figure 2a that, at latitudes north of 47.5° N, distinctions between  P  and    P  − ∂ T / ∂ y = 0     are large, which means that only in the latitudinal range of a jet stream can index  P  represent the vertical location of jet streams and maintain its physical meaning.



In summer, two East Asian jet streams are described by the modified AC indices: the summer subtropical jet stream (SJ_JJA, 27.5°–60° N) and the summer polar jet stream (PJ_JJA, 60°–87.5° N). The time-mean   W S  ,   W  S  S J _ J J A  M   , and   W  S  P J _ J J A  M    are 10.8, 13.6, and 8.4 m/s; the time-mean  P ,    P  S J _ J J A  M   , and    P  P J _ J J A  M    are 238.7, 237.8, and 261.73 hPa; and the time-mean   L a t  ,   L a  t  S J _ J J A  M   , and   L a  t  P J _ J J A  M    are 43.7°, 41.9°, and 68.9° N. The values of the original AC indices are between the modified AC indices of SJ_JJA and PJ_JJA. However, in Figure 2c we can see that the latitudinal range 15°–70° N is too large for SJ_JJA since the climatological easterly winds in the range of 15°–27.5° N are included, and too small for PJ_JJA since the center of high speed north of 70° N is excluded. Thus, the latitudinal range 15°–70° N is unsuitable for the East Asian summer jet streams.



Therefore, we can conclude that the descriptions of jet streams using the modified AC indices are more in accordance with the distributional feature of the climatological zonal winds of East Asia, and the physical meanings of the modified AC indices are more definite than the original indices.





3.3. Linear Trends and Nonlinear Variations of East Asian Jet Streams in Winter and Summer Based on the Modified AC Indices


Based on the modified AC indices, we further analyzed the linear trends of the winter subtropical jet stream (SJ_DJF), summer subtropical jet stream (SJ_JJA), and summer polar front jet stream (PJ_JJA) of East Asia (70°–140° E) during 1979 and 2018 by linear regression and the nonlinear variations of the modified AC indices by using a 9-year low-pass Fourier filter, to illustrate the interannual and interdecadal variations of the jet indices. Additionally, the linear trends are mainly discussed below.



Time series, filtered time series, and linear trends of each modified AC index (  W  S M   ,    P M   , and   L a  t M   ) of these three jet streams during 1979 to 2018 are given in Figure 3.



In Figure 3a,d,g, it can be seen that, during 1979 to 2018, the trend in   W  S M    of SJ_JJA is −0.13 m/s/10 yr, and is significant at the 90% confidence level, which means that the wind speed of SJ_JJA is weakening; and the linear trends in   W  S M    of SJ_DJF and PJ_JJA are 0.06 and 0.17 m/s/10 yr, both of which are not significant at the 90% confidence level, which means that both have a weak strengthening trend. Besides, although the linear trend in the   W  S M    of PJ_JJA is relatively large, its variation (standard deviation) is also the largest (0.92 m/s).



In Figure 3b,e,h, we can see that, during 1979 to 2018, the linear trends in    P M    of SJ_DJF, SJ_JJA, and PJ_JJA are −0.20, −0.24, and −0.13 hPa/10 yr, respectively, which means that the pressures of all these jet streams are lowering slightly, albeit not significantly at the 90% confidence level. Among the three jet streams, the trend of PJ_JJA is the weakest, but its variation (standard deviation) is the largest (2.09 hPa).



Furthermore, in Figure 3c,f,i, we can see that, during 1979 to 2018, the linear trends in   L a  t M    of SJ_DJF and SJ_JJA are 0.22°/10 yr and 0.09°/10 yr, respectively, which means that both SJ_DJF and SJ_JJA are shifting polewards. The trend of SJ_DJF is significant at the 90% confidence level. The linear trend in   L a  t M    of PJ_JJA is −0.14°/10 yr, which means that PJ_JJA has a trend of moving equatorwards, albeit not significantly at the 90% confidence level. Besides, the variation in   L a  t M    of PJ_JJA is the largest among the three jet streams (0.87°).



The results given above show that, during 1979 to 2018, SJ_DJF has a significant trend of shifting polewards, and the wind speed of SJ_JJA has a significant weakening trend. As mentioned, the characteristics of jet streams described by the modified AC indices can be related to the MTG of the mid–upper troposphere (500–200 hPa), and therefore the trends shown in Figure 3c,d might be attributable to the change in the winter and summer troposphere MTG of East Asia (70°–140° E).



The poleward-shifting trend in SJ_DJF might be related to the change in the mid–upper troposphere MTG of winter in East Asia. Figure 4a shows the meridional profiles of the climatology and the linear trend of the zonal-mean MTG of winter in East Asia (70 –140°E) during 1979 to 2018. In Figure 4a we can see a significant strengthening trend in the zonal-mean MTG between 500 and 200 hPa within 30°–50° N; however, within 15°–30° N, a mainly weakening trend is apparent. Figure 4c is the same as Figure 4a but for zonal-mean zonal wind. In Figure 4c we can see that, corresponding to the trends in the zonal-mean MTG (Figure 4a), the speeds of westerly winds north of SJ_DJF (30°–50° N, 400–100 hPa) show a significant strengthening trend; while on the south side (15°–30° N, 400–100 hPa), westerly wind speeds show a mainly weakening trend. These opposite trends of westerly winds on the north and south sides of SJ_DJF may result in a trend of moving polewards.



The weakening trend in wind speed of SJ_JJA may also be related to the change of the MTG in the mid–upper troposphere (500–200 hPa) of East Asia (70°–140° E). Figure 4b,d is the same as Figure 4a,c, but in summer. In Figure 4b, the zonal-mean MTG between 500 and 200 hPa within 30°–50° N shows a weakening trend; and in Figure 4c, corresponding to the trend of the zonal-mean MTG, the speeds of westerly winds in a similar latitudinal range are also weakening, which may result in the weakening trend in wind speed of SJ_JJA.




3.4. Relationship between the East Asian Climate System and Jet Streams


In order to further study the relationship between the climate system and jet streams of East Asia (70°–140° E), the regressions of the 850 hPa wind field and surface air temperature onto the detrended series of   W  S M   ,    P M   , and   L a  t M    are given in Figure 5. Figure 6 is similar to Figure 5 but for precipitation and the 850 hPa wind field.



The increase in the strength of SJ_DJF corresponds to the anomalies of low-level westerly winds over South Asia (15°–30° N) and the anomalies of northeasterly winds over Siberia, where the cold and dry air brought by the latter leads to a cooling in Siberia and North China (Figure 5a) and a reduction of precipitation over the east of the Urals (Figure 6a). The increase in the pressure of SJ_DJF corresponds to the anomalies of low-level easterly winds over North Asia (30°–50° N) and the cooling in South China and Indochina (Figure 5b). However, the association is weak between the pressure of SJ_DJF and precipitation (Figure 6b). Additionally, the poleward shift of SJ_DJF corresponds to the anomalous anticyclonic circulation over the south of East Asia (15°–30° N), and the warm advection on the western side of the anticyclone is conducive to the warming over Myanmar (Figure 5c), while under the anomalous anticyclone, a reduction of precipitation exists over Southeast China (Figure 6c).



The increase in the strength of SJ_JJA corresponds to the anomalous cyclonic circulation over Northeast China, anomalous northeasterly winds over Mongolia, and anomalous westerly winds over North China (Figure 5d). This anomalous cyclone leads to a cooling and increase in precipitation over Mongolia and Northeast China (Figure 5d and Figure 6d). The increase in the pressure of SJ_JJA corresponds to the anomalies of northeasterly winds from the middle and lower reaches of Yangtze River to Japan. The cold advection brought by the anomalous northeasterly winds leads to a cooling in these areas (Figure 5e). Meanwhile, the association between SJ_JJA and precipitation is weak (Figure 6e); plus, the poleward shift of SJ_JJA corresponds to the anomalous anticyclonic circulation over the north of East Asia (30°–60° N) (Figure 5f), which is conducive to a cooling (Figure 5f) and reduced precipitation (Figure 6f) over North China.



The increase in the strength of PJ_JJA corresponds to the anomalies of westerly winds over North Siberia. The cold advection and moisture transport brought by the anomalous westerly winds are conducive for the cooling (Figure 5g) and the increase in precipitation (Figure 6g) over North Siberia. The increase in the pressure of PJ_JJA corresponds to the anomalies of northerly winds from Siberia to North China and the anomalies of southerly winds near Japan. The cold advection brought by the former causes a cooling over Mongolia and Northeast China (Figure 5h), with the warm and moist air brought by the latter being conducive to the weak increase in precipitation over Northeast China (Figure 6h). Furthermore, the poleward shift of PJ_JJA corresponds to the anomalous anticyclonic circulation over Siberia and the anomalous cyclonic circulation over Northeast China (Figure 5i). The former is conducive to the warming (Figure 5i) and reduced precipitation (Figure 6i) over Siberia, and the latter corresponds to the cooling and increased precipitation over Northeast China.





4. Conclusions and Discussion


It is difficult to clearly describe jet streams in the NH because of the noticeable variations and discontinuity in their spatial structure. Traditionally, researchers have tended to describe jet streams using the zonal winds on a single pressure surface. A set of jet stream indices (jet speed index, jet pressure index, jet latitude index) were defined by Archer and Caldeira [10] based on the mass-weighted average of gridded wind speed between 400 and 100 hPa to describe the variation of jet streams in both the horizontal and vertical direction. However, the physical meanings of these AC indices and their relationships with weather and climate systems are not fully understood; it is still not clear how to determine the latitudinal range of jet streams used in the AC indices and further study is needed for their applicability in East Asia. Thus, in this study, the physical meanings of the AC indices were examined, the classification and descriptions of winter and summer East Asian jet streams were studied, and their latitudinal ranges were given. A set of modified indices were proposed by using the new ranges of East Asian jet streams in the definition of the original AC indices. Based on the modified AC indices, the linear trends in the jet streams and the relationships between East Asian jet streams and the climate were investigated. The main results can be summarized as follows:



In terms of the physical meanings of the AC indices, the jet speed index (  W S  ) corresponds to the MTG of the mid–upper troposphere (500–200 hPa); the jet pressure index ( P ) corresponds to the pressure at which the MGT is equal to zero; and the jet latitude index (  L a t  ) reflects the meridional distribution of the MTG.



The latitudinal ranges of jet streams are determined based on the meridional profiles of climatological zonal-mean zonal winds. Within such a latitudinal range, the climatological zonal-mean zonal winds between 400 and 100 hPa are only westerly, and the maximum wind speed in the vertical direction at every latitude appears between 400 and 100 hPa. The jet streams can be further classified according to the features of the profiles. For East Asia (70°–140° E), jet streams can be classified into winter subtropical jet streams (15°–47.5° N), summer subtropical jet streams (27.5°–60° N) and summer polar front jet streams (60°–87.5° N). The classification of jet streams can be supported by their correspondence to the distribution of tropospheric baroclinicity.



A set of modified AC indices (including the modified wind speed index   W  S M   , the modified pressure index    P M   , and the modified latitude index   L a  t M   ) can be obtained by applying the new latitudinal ranges of East Asian jet streams in the definition of the original AC indices given by Archer and Caldeira [10]. Descriptions of jet streams using the modified AC indices are more in accordance with the distributional feature of the climatological zonal winds of East Asia, and the physical meanings of the modified AC indices are more definite than the original indices.



With respect to the linear treads of winter and summer East Asian jet streams, based on the variation of indices   W  S M    and   L a  t M    during 1979 to 2018, we find a significant weakening trend in the strength of the East Asian summer subtropical jet stream (−0.13 m/s/10 yr) and a significant northward shift of the East Asian winter subtropical jet stream (0.22°/10 yr). These two significant trends might be related to the change in the winter and summer MTG in the mid–upper troposphere (500–200 hPa) during 1979 to 2018.



Regarding the relationships between East Asian jet streams and the atmospheric circulation, temperature and precipitation, the variations of jet streams are always accompanied by change in the lower-level circulation, which can further influence the temperature and precipitation. The main results in this respect can be given as follows:




	(1)

	
For the winter subtropical jet stream (SJ_DJF), the increase in strength corresponds to the anomalies of low-level westerly winds over South Asia (15°–30° N) and anomalies of northeasterly winds over Siberia, with the cold and dry air brought by the latter leading to a cooling over Siberia and North China; the increase in the pressure of SJ_DJF corresponds to the anomalies of low-level easterly winds over North Asia (30°–50° N) and the cooling over South China and Indochina; and the poleward shift of SJ_DJF corresponds to the anomalous anticyclonic circulation over the south of East Asia (15°–30° N), and under the anomalous anticyclone, precipitation declines over Southeast China.




	(2)

	
For the summer subtropical jet stream (SJ_JJA), the increase in strength corresponds to the anomalous cyclonic circulation from Mongolia to Northeast China, which leads to a cooling and increased precipitation in these areas; the increase in the pressure of SJ_JJA corresponds to the anomalies of northeasterly winds from the middle and lower reaches of the Yangtze River to Japan, which leads to a cooling in these areas; and the poleward shift of SJ_JJA corresponds to the anomalous anticyclonic circulation over Northeast Asia (30°–60° N), which is conducive to a cooling and reduced precipitation over North China.




	(3)

	
For the summer polar jet stream, the increase in strength corresponds to the anomalies of westerly winds over North Siberia, which are conducive to the cooling and increased precipitation in that region; the increase in pressure corresponds to the anomalies of northerly winds from Siberia to North China and the anomalies of southerly winds near Japan, with the former causing a cooling over Mongolia and Northeast China and the latter being conducive to the weak increase in precipitation over Northeast China; and the poleward shift of PJ_JJA corresponds to the anomalous anticyclonic circulation over Siberia and the anomalous cyclonic circulation over Northeast China, with the former being conducive to the warming and reduced precipitation over Siberia, and the latter corresponding to the cooling and increased precipitation over Northeast China.
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Figure 1. Climatology in winter of the Northern Hemisphere (NH) during 1979 to 2018 of (a) index   W  S  i , j     (units: m/s), (b) negative meridional temperature gradient (MTG) (  −   ∂ T / ∂ y  ¯    ) averaged from 500 and 200 hPa (units: K/m), (c) index    P  i , j     (units: hPa), and (d) pressure at which the MTG is equal to zero (units: hPa). 
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Figure 2. (a) Meridional profile of climatological zonal-mean winter MTG (shading; units: K/m), zonal winds (contours; units: m/s), modified index    P  M    (small dots; units: hPa), and modified index   L a  t M    (big dots; units °N) in East Asia (70°–140° E) during 1979 to 2018. (b) Climatological winter vertically averaged Eady growth rate during 1979 to 2018 (units: 1/day). (c,d) As in (a,b) but for summer. The dashed box in (a) shows the vertical and latitudinal ranges used to define the winter East Asian subtropical jet stream, and the two dashed boxes in (c) show the ranges used to define the summer East Asian subtropical jet stream and polar front jet stream. 
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Figure 3. Time series (blue line), filtered time series by a 9-year low pass Fourier filter (brown line) and linear trend (black or red line, where the red line indicates the trend is significant at the 90% confidence level, as estimated by a Student’s t-test) of (a) index   W  S  M    (units: m/s), (b) index    P M    (units: hPa), and (c) index   L a  t M    (units: °N) with respect to the subtropical jet in winter (DJF) over East Asia (70°–140° E). Panels (d,e,f) and (g,h,i) are the same as (a,b,c), but for the summer (JJA) subtropical jet and summer (JJA) polar front jet over East Asia (70°–140° E), respectively. 
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Figure 4. Meridional profile of the climatological zonal mean of (a) negative MTG (contours; units: K/m) and (c) its linear trend for winter in East Asia (70°–140° E) during 1979 to 2018. (b,d) As in (a,c) but in summer. The dashed box in (a,c) shows the region used to define the jet indices of the subtropical jet of winter in East Asia, and the dashed boxes in (b,d) show the regions used to define the jet indices of the subtropical jet and polar front jet of summer in East Asia, respectively. Trends significant at the 95% confidence level are denoted with dots, as estimated by a Student’s t-test. 
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Figure 5. (a–c) Regressions of surface air temperature (t2m) (shading; units: K) and 850 hPa winds (vectors; units: m/s) in winter onto the detrended modified AC indices (  W  S  M   ,    P M   , and   L a  t M    ) of SJ_DJF. (d–f) As in (a–c) but of SJ_JJA and in summer. (g–i) As in (a–c) but of PJ_JJA and in summer. Trends significant at the 95% confidence level are denoted by dots, and vectors represent the wind trends significant at the 90% confidence level, as estimated by a Student’s t-test. 






Figure 5. (a–c) Regressions of surface air temperature (t2m) (shading; units: K) and 850 hPa winds (vectors; units: m/s) in winter onto the detrended modified AC indices (  W  S  M   ,    P M   , and   L a  t M    ) of SJ_DJF. (d–f) As in (a–c) but of SJ_JJA and in summer. (g–i) As in (a–c) but of PJ_JJA and in summer. Trends significant at the 95% confidence level are denoted by dots, and vectors represent the wind trends significant at the 90% confidence level, as estimated by a Student’s t-test.



[image: Atmosphere 10 00776 g005]







[image: Atmosphere 10 00776 g006 550] 





Figure 6. (a–c) Regressions of precipitation (shading; units: mm/day) and 850 hPa winds (vectors, m/s) in winter onto the detrended modified AC indices (  W  S  M   ,    P M   , and   L a  t M    ) of SJ_DJF. (d–f) As in (a–c) but of SJ_JJA and in summer. (g–i) As in (a–c) but of PJ_JJA and in summer. Trends significant at the 95% confidence level are denoted by dots, and vectors represent the wind trends significant at the 90% confidence level, as estimated by a Student’s t-test. 
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