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9  Key Points:

10 e The interannual movement and intensification of the Northern Hemisphere wintertime
11 polar front jet reflect variations in surface baroclinicity.
12 e Variations in tropical convection over the Pacific Ocean are linked to variations of the
13 Northern Hemisphere wintertime subtropical jet.
14 e Tropical convection in CMIP6 models is often displaced westward when compared to
15 observations, reflecting a climatological bias.
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16  Abstract

17 The interannual movement and intensification of the subtropical jet (STJ) and polar front
18  jet (PFJ) streams have important implications for global and regional climate. Previous studies
19  have related the position and strength of the STJ to tropical thermodynamic processes, whereas
20  the position and strength of the PFJ are more associated with mid-latitude eddies. These

21  conclusions have largely resulted from studies using idealized models. In this study. ERA-

22 Interim reanalysis and CMIP6 global climate models are used to examine the mechanisms

23 responsible for controlling the interannual variability of the STJ and PFJ at different longitudes
24 in the Northern Hemisphere (NH) during winter. Consistent with idealized modeling studies, a
25  close relationship is found between tropical outgoing longwave radiation (OLR) and the STJ, and
26  between mid-latitude surface temperature gradients and the PFJ. The movement and

27  intensification of the NH PFJ reflect variations in surface baroclinicity. Variations in tropical

28  convection over the Pacific Ocean are linked to variations in the strength and position of the NH
29  STJ at almost all longitudes, with different phases of the El Nifio-Southern Oscillation (ENSO)
30  associated with the poleward shift and strengthening of the STJ in different regions. CMIP6

31  models generally capture these relationships, but the models” tropical convection is often

32 displaced westward when compared to observations, reflecting a climatological bias in OLR in
33 the western tropical Pacific Ocean in many models. The displaced tropical convection in models
34 excites different paths of Rossby wave propagation, resulting in different ENSO teleconnections

35  onthe STJ over North America and Europe.
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37 1. Introduction

38 Jet streams are relatively narrow bands of strong west-to-east winds in the upper

39  troposphere. In the zonal mean climatology, there are two jet streams, the subtropical jet (STJ)
40  and polar front jet (PFJ), located in both the Northern Hemisphere (NH) and Southern

41  Hemisphere (SH). The STJ is commonly viewed as being driven by the angular momentum

42  conservation in the poleward flowing upper tropospheric branch of the tropical Hadley

43 circulation (Held & Hou, 1980; Schneider, 1977), and thus it is located near the poleward edge
44  of Hadley Cell in each hemisphere. The PFI is driven by the convergence of momentum by

45  transient midlatitude eddies (Held. 1975; Panetta, 1993) and is consequently located at mid-

46  latitudes where baroclinic instability is strongest.

47 This simple picture of the two jet streams, however, does not apply at all longitudes and
48  in all seasons. For example, in the NH wintertime climatology, there are clearly two distinct jets
49  in Eurasia, the Eastern Pacific Ocean, and the North Atlantic Ocean, while the STT and PFJ are
50  merged into a single jet stream in East Asia, the Western Pacific Ocean, and the Eastern United
51  States (Christenson, Martin, & Handlos, 2017; Eichelberger & Hartmann, 2007; Koch, Wernli, &
52 Davies, 2006; L1 & Wettstein, 2012). The strength of the two jets also varies by region, with both
53  the STT and PFJ usually strongest over the Pacific Ocean during winter (Archer & Caldeira,

54 2008; Koch et al., 2006). The NH jet streams are weaker and further poleward during summer
55  months (Archer and Caldeira 2008; Koch et al. 2006; Woollings et al. 2014). In the Southern

56  Hemusphere (SH), a single jet stream is observed during summer, whereas somewhat more

57  distinct subtropical and polar front jets are observed during winter (Bals-Elsholz et al., 2001;

58 Kim & Lee, 2004)
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59 The positions and strengths of the jets are not constant in time and vary from month to
60  month and from year to year. Understanding variability in the position and strength of the jet
61  streams is important, as it directly influences impactful surface weather events, such as

62  extratropical cyclone tracks (Dickson and Namias 1976; Athanasiadis et al. 2010), blocking

63  anticyclone frequency (Kaas and Branstator 1993; Barnes and Hartmann 2010; Woollings et al.
64  2018), heatwaves and cold air outbreaks (Mahlstein, Martius, Chevalier, & Ginsbourger, 2012;
65  Petoukhov, Rahmstorf, Petri, & Schellnhuber, 2013), and atmospheric rivers and their associated
66  heavy precipitation events (Ryoo et al., 2013; Zhang & Villarini, 2018). Previous studies have
67  documented relationships between variability in the jet streams and known teleconnection

68  patterns, including but not limited to the El Nino-Southern Oscillation (ENSO), the Northern

69  Annular Mode (NAM)/North Atlantic Oscillation (NAO), the Pacific-North American

70  teleconnection pattern (PNA), and the Southern Annular Mode (SAM). Variability in the PFJ is
71  closely tied to the NAM/NAO, PNA. and SAM (Gallego, Ribera, Garcia-Herrera, Hernandez, &
72 Gimeno, 2005; Strong & Davis, 2008; Woollings et al., 2014), whereas variability in the STJ 1s
73  expected to correlate with ENSO (Gallego et al., 2005; Lu, Chen, & Frierson, 2008; Seager et al.,
74 2003). Jet streams, of course, also vary with synoptic weather systems on daily timescales

75  (Handlos & Martin, 2016; Winters & Martin, 2016), but in this study, we focus on month-to-

76 month and interannual variability of the two jet streams.

77 Whether the STJ and PFJ are merged together or in two distinct branches may also have
78  important implications for global and regional climate. One example is the relative minimum in
79  North Pacific storm track activity that occurs during mid-winter (January and February), even
80  though the baroclinicity is the strongest during these months (Nakamura, 1992). A similar

81  feature occurs in the North Atlantic storm track during years with a strong STJ (Afargan &
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82  Kaspi, 2017). Several recent studies have attributed the existence of a mid-winter storm track
83  minimum to the merging of the STJ and PFJ (Yuval et al. 2018; Novak et al. 2020). Previous
84  studies have used idealized models to explain the merging and splitting of the two jets. Lee and
85  Kim (2003) found that, when the STIJ is relatively weak, the most favorable region for baroclinic
86  wave growth often lies in midlatitudes, establishing an eddy-driven PFJ that is well separated
87  from the STJ. In contrast, when the STJ is relatively strong, baroclinic wave growth occurs close
88  enough to the STJ so that a single merged jet evolves. Son and Lee (2005) further found that a
89  single merged jet forms preferentially when tropical heating is strong, while a double-jet state
90  forms when tropical heating is weak enough to allow midlatitude eddies to grow more poleward
91 and form a separate eddy-driven jet. Yuval and Kaspi (2018) concluded that baroclinic eddies are
92  stronger when there is a strong distinct PFJ and are weaker when there is a merged jet.
93 These idealized model results provide insight into the processes that control the
94  wvariability of the polar front and subtropical jets, but they are not entirely consistent with the jet
95  characteristics found in observations or comprehensive global climate models. Based on the
96  results of Lee and Kim (2003), one might expect that the positions and strengths of the STJ and
97  PFI are negatively correlated. That is, when the STJ is weak and equatorward, there should be a
98  strong and poleward PFJ. However, several recent studies have found that interannual variability
99  in the position and strength of the jets is only weakly correlated in the zonal mean (Davis &
100  Birner, 2016, 2017; Menzel et al., 2019; Solomon et al., 2016; Waugh et al., 2018). To our
101  knowledge, the relationship between the interannual variability in the position and strength of the
102 jets has not been examined in detail at individual longitudes.
103 The purpose of this study is to better understand the interannual variability in the position

104  and strength of the STJ and PFJ at individual longitudes. To do this, we define the position and
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105  strength of polar front and subtropical jets using both reanalysis data and global climate models.
106  For this study, we focus our analysis on the wintertime (December—February) jets in the NH

107  because longitudinal asymmetries are much greater in the NH and the jets are strongest in the
108  winter season when the pole-to-equator temperature gradient is largest. We find that variations
109  in (1) tropical convective heating and (2) horizontal surface temperature gradients at midlatitudes
110  are closely linked to interannual variations in the position and intensity of the jet streams.

111  Tropical convective heating plays a more important role in modulating the STJ, consistent with
112 the idealized modeling studies discussed above (Lee & Kim, 2003; Son & Lee, 2005),

113 observations associated with the El Nifio-Southern Oscillation (Gallego et al., 2005; Lu et al.,
114  2008), and case studies of synoptic-scale weather events (Handlos & Martin, 2016; Winters &
115  Martin, 2016). Horizontal surface temperature gradients are critical in modulating the PFJ, as
116  variations in baroclinicity are closely linked to the location and strength of the PFJ (Brayshaw et
117  al. 2008; Sampe et al. 2010; Hall et al. 2015).

118 The paper 1s organized as follows. Section 2 describes the data and methods used in this
119  study. Section 3 examines the interannual variability in STJ and PFJ position and strength in
120  observations, and their linkage to tropical convective heating and midlatitude horizontal surface
121  temperature gradients. Section 4 explores the causes of model biases in these relationships.

122 Section 5 concludes with a discussion and summary of the results.

123
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124 2. Data and Methods

125 2.1 Data
126
127 To examine observed variability in the jets, we use monthly-mean wintertime

128  (December—February) zonal wind and surface temperature data from the European Centre for
129  Medium-Range Weather Forecasts (ECMWF) Interim reanalysis data set (ERA-Interim; Dee et
130 al., 2011). The data are provided at a spatial resolution of 0.75 degrees latitude x 0.75 degrees
131  longitude. We also make use of monthly-mean outgoing longwave radiation (OLR) data from the
132 National Oceanic and Atmospheric Administration (NOAA) interpolated OLR dataset

133 (Liebmann & Smith, 1996), which has a spatial resolution of 2.5 degrees latitude x 2.5 degrees
134 longitude. Our observational analysis is based on the 40-year period from January 1979 to

135  December 2018.

136 To compare the observed jet variability with that in global climate models. we examine
137  output from the historical runs of 23 global climate models that participated in phase 6 of the
138 Coupled Model Intercomparison Project (CMIP6; Eyring et al., 2016), which are listed in Table
139  SI in the supplementary material. The historical runs of the models are designed to simulate the
140  past climate over the period 1850-2014 by prescribing observed changes in radiative forcings
141  (greenhouse gases, stratospheric and tropospheric ozone, tropospheric aerosols, volcanic

142 eruptions, changes in solar output, etc.). We examine one ensemble member per model. The
143 spatial resolution of the model output is highly variable and ranges from about 0.7 degrees to
144  about 2.8 degrees (Table S1), so before analysis, all variables are interpolated to a common

145  spatial resolution of 2.5 degrees latitude x 2.5 degrees longitude. All of the model analyses are

146  based on the 36-year period from 1979 to 2014, as the models’ historical runs end in 2014. The
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147  observational analysis based on the 40-year period from 1979 to 2018 is very similar to that
148  based on the 36-year period from 1979 to 2014 and thus can be directly compared to the model

149  analyses in this study.

150 2.2 Methods
151
152 To define the position and strength of the PFI and STJ, we exploit the fact that the STJ is

153  defined by a baroclinic vertical structure (strong westerlies aloft and near-zero surface winds),
154  whereas the PFJ is defined by an equivalent barotropic vertical structure (westerly wind

155  maximum throughout the depth of the vertical column). Even though the wind speeds associated
156  with both jets are maximized in the upper troposphere, it is challenging to uniquely identify the
157  position and strength of each jet using the upper tropospheric wind field alone. Thus, following
158  previous studies, we define the position and strength of the PFJ using the lower tropospheric

159  wind field (e.g.. Ceppi & Hartmann, 2013; Barnes & Polvani 2013). Specifically, in this study,
160  we define the position of the PFJ as the latitude of the maximum of the lower tropospheric (850
161  hPa) zonal wind averaged over a given longitude band between 20°N and 65°N. The location of
162  maximum winds is determined by fitting a quadratic to the peak and finding the latitude of

163  maximum wind speed at an interval of 0.01° (Barnes & Polvani. 2013). The strength of the PFJ
164  is then determined using the value of the 850 hPa zonal wind at the 1dentified PFJ latitude.

165 We define the position of the STT as the latitude of the maximum value found in the

166  difference field between the upper tropospheric (250 hPa) zonal wind and the lower tropospheric
167 (850 hPa) zonal wind averaged over a given longitude band between 10°N and 40°N. The lower
168  tropospheric zonal wind is subtracted to isolate the vertically integrated thermal wind shear

169  (Davis & Birner, 2016), as the STJ is defined by strong westerlies aloft and near-zero surface
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170  winds. In the zonal mean, this method yields a comparable position to the NH subtropical jet
171  identified using tropopause height gradients (Maher et al., 2020). The strength of the STJ is then
172 determined using the value of the upper tropospheric (250 hPa) zonal wind at the identified STJ
173 latitude.

174 The above definitions of the jet streams have been used in a number of recent studies for
175  zonal-mean diagnostics (Adam et al. 2018; Waugh et al. 2018). However, here we intend to

176  apply these definitions both in the zonal mean and at specific longitudes. To do this, we define
177  regional jet indices, in which north-south zonal wind profiles are averaged over specific

178  longitude bands prior to finding the jet positions and strengths. The six regions are defined as:
179  Europe (0°-50°E), Asia (50°E-130°E), the Western Pacific Ocean (130°E-160°W), the Eastern
180  Pacific Ocean (160°W-130°W), North America (130°W-80°W), and the Atlantic Ocean (80°W-
181  0°). We also calculate the four jet indices (PFJ position, PFJ strength, STJ position, STJ

182  strength) at each individual longitude (i.e., using the north-south zonal wind profile at each

183  longitude) (see Fig. 1).

184

185 3. Observed variability in the subtropical and polar front jet streams

186 We begin by reviewing the observed climatology of the NH wintertime jet positions and
187  strengths. Figure 1 shows the NH wintertime (December—February) climatological positions
188  (Fig. la) and strengths (Fig. 1b and Fig. 1c) of the polar front and subtropical jets along with
189  their standard deviations at each longitude. In the NH wintertime climatology, there are clearly
190  two distinct jets in Eurasia, the Eastern Pacific Ocean, and the North Atlantic Ocean, while the
191  STJ and PFJ are merged into a single jet stream in East Asia, the Western Pacific Ocean, and the

192  Eastern United States (Fig. 1a), as also documented in previous studies (Christenson et al., 2017,
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Eichelberger & Hartmann, 2007; Koch et al., 2006; Li & Wettstein, 2012). The PFJ position has
a similar standard deviation at most longitudes (6.73 degrees latitude on average), with the
largest standard deviations occurring over western Eurasia. In contrast, the standard deviation of
the STT position varies more substantially by longitude, with very small standard deviations
(2.09 degrees latitude) over Eurasia and the western Pacific Ocean and standard deviations
comparable to that of the PFJ position at most other longitudes.

The strength of the two jets also varies by region. The strength of the PFJ (as measured
by the 850-hPa zonal wind maximum) is largest (10-15 m/s zonal wind at 850 hPa) and displays
the most variance over the storm track regions of the North Pacific and North Atlantic Oceans
(Fig. 1b). The strength of the STJ (as measured by the 250-hPa zonal wind maximum) is largest
(> 40 m/s zonal wind at 250 hPa) over Eurasia and the western Pacific Ocean, with the largest
wind speeds (~70 m/s) observed where the STJ and PFJ are merged over the western Pacific
Ocean (Fig. 1¢). A secondary peak in STJ strength is also observed in eastern North America
where the two jets are merged. The standard deviation of the STJ strength varies little with

longitude.

10
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Mean positions and strengths of the polar front and subtropical jet
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Figure 1. Mean positions (a) and strengths (b and ¢) of NH wintertime (December—February)
polar front and subtropical jet with =1 standard deviation (shading) shown at all longitudes using
jet indices derived from the ERA-Interim reanalysis dataset from 1979-2018. Note that the jet

speeds in panels b and ¢ are plotted on different scales. The polar front jet is defined at 850 hPa

whereas the subtropical jet is at 250 hPa.
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214 We next examine whether variability in the jet strengths and positions are correlated with
215  one another, as could be anticipated from the results of Lee and Kim (2003). Figure 2 shows the
216  correlations among the monthly time series of the positions and strengths of the STJ and PFJ.
217  The correlations are shown for the zonal-mean (leftmost bar in each panel) and the 6 different
218  regions defined in Section 2.2. The horizontal dashed lines in each panel indicate the minimum
219  value for statistically significant correlations at the 95% confidence level.

220 With respect to the overall correlations between position and strength from the zonal-

221  mean wind field, few statistically significant correlations are found, consistent with the results of
222 Menzel et al. (2019). A significant negative correlation is found between the PFI position and
223 STI strength (Fig. 2b), as a more poleward distinct PFJ is associated with a weaker STJ (as could
224 be anticipated from the results of Lee and Kim 2003). A weakly significant positive correlation
225  is also found between the strength and position of the STJ (Fig. 2d), in contrast to the weak

226  negative correlation found in climate models by Menzel et al. (2019). This difference could be
227  due to the fact that Menzel et al. (2019) defined STJ strength using the difference field between
228  the upper tropospheric (250 hPa) zonal wind and the lower tropospheric (850 hPa) zonal wind,
229  whereas in this study, we use only the upper tropospheric (250 hPa) zonal wind to define the STJ
230  strength. If we define the STJ strength as in Menzel et al. (2019), we also find a weak negative
231  correlation (-0.0718) between STJ position and strength.

232 However, the weak correlations among the positions and strengths of the jets in the zonal
233 mean mask significant correlations among the positions and strengths of the jets that occur on the
234 regional level, which highlights the need to examine the variability of the jets and the underlying
235  mechanisms at individual longitudes. As in the zonal mean (Davis & Birner 2017; Waugh et al.

236 2018; Menzel et al. 2019), there are few significant correlations between the positions of the PFJ

12
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237  and STJ, except in the Eastern Pacific and Atlantic sectors where a small negative relationship is
238  observed (Fig. 2a). Consistent with the results of Lee and Kim (2003), the PFJ position is

239  negatively correlated with the STJ strength in the zonal mean, and this negative correlation arises
240  predominantly from the Pacific Ocean regions (Fig. 2b). However, in other regions, the

241  correlations are small. The strength and position of the PFJ are positively correlated over

242 continents and negatively correlated over oceans (Fig. 2c), whereas the strength and position of
243 the STI are positively correlated in all regions (Fig. 2d). Significant positive correlations also
244  exist between the PFJ strength and STJ position/strength over the Pacific Ocean, particularly in

245  the Western Pacific where there is a merged jet (Fig. 2¢ and Fig. 2f).

Cross-correlations between four jet indices
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247  Figure 2. Correlations between monthly time series of the positions and strengths of the

248  subtropical and polar front jets during NH winter, based on ERA-Interim reanalysis (1979—

13

https://www.essoar.org/pdfjs/10.1002/essoar.10506595.1 13/41



2021/4/26

ESSOAT | https://doi.org/10.1002/essoar. 105065951 | CC. BY 4.0 | First posted online: Fri, 26 Mar 2021 10:11:47 | This content has not been peer reviewed.

249

250

251

252

253

261

262

263

264

265

PDF.js viewer

manuscript submitted to Journal of Geophysical Research: Atmospheres

2018). The jets are defined in the zonal mean and for the six different regions defined in Section
2.2. The seasonal cycle is removed prior to the analysis. The horizontal dashed lines in each
panel indicate the minimum value for significant correlations at the 95% confidence level

according to a two-tailed Student’s t-test.

To interpret the correlations shown in Fig. 2, we now examine the physical processes
associated with variability in the positions and strengths of the jets. To do this, we regress
monthly anomalies of OLR and surface temperature onto each of our four jet indices (PFJ
position, PFJ strength, STJ position, STJ strength). Before the regression analysis, we remove
the seasonal cycle of each timeseries and normalize the jet indices by subtracting the
climatological mean and then dividing by the standard deviation. Results for the PFJ and STJ
are shown in the following two subsections. We note that regressions on the distance between
the two jets (1.e., the difference in the PFJ and STJ latitudes) are generally dominated by the
processes that govern the PFJ position, which has a greater standard deviation at most longitudes
(Fig. 1a). Only over the eastern Pacific Ocean and Atlantic Ocean do processes that govern both
the PFI and STJ position play comparable roles in affecting the separation distance between the

jets.
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3.1 Polar front jet

Regression of surface temperature onto polar jet position (observed)

Figure 3. Regression of wintertime monthly surface temperature anomalies onto six different
regions’ PFJ position in observations. Patterns correspond to surface temperature anomalies
associated with a 1 standard deviation poleward shift of the polar front jet in each region. Thick
black lines on each panel are climatological PFJ positions in observations as shown in Fig. la.
Stippling indicates that regression patterns are statistically significant at the 95% level according
to a two-tailed Student’s t-test. The model version of this figure is shown in Fig. S1 in the

supplementary material.

Figure 3 shows the regressions of observed wintertime surface temperature anomalies
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278  onto the position of the PFJ in six regional sectors (as defined in section 2.2). The surface

279  temperature anomalies shown in each panel correspond to a one standard deviation poleward
280  shift of the PFJ in each of the six regional sectors. Based on idealized aqua-planet simulations,
281  we expect the location of the polar front jet to be controlled closely by shifts in local

282  baroclinicity (Brayshaw, Hoskins, & Blackburn, 2008). This is indeed the case in Fig. 3 in the
283  Asia, West Pacific, and North America sectors. In Asia, the climatological PFJ position is around
284  53°N (Fig. 1), so an anomalously warm Eurasian continent is correlated with a shift in the

285  maximum baroclinicity further poleward, which is consistent with a poleward Asian PFJ shift
286  (Fig. 3b). Likewise, in North America, the climatological PFJ position is oriented from

287  northwest-to-southeast to the east of the Rocky Mountains (Fig. 1a), so anomalous warming over
288  the interior of the North American continent is linked with a shift of the maximum baroclinicity
289  and North American PFJ further poleward (Fig. 3e). Alternatively, because the West Pacific PFJ
290  is located at around 40°N to the south of eastern Russia (Fig. 1a), anomalous cooling over the
291  continent to the north shifts the maximum baroclinicity and West Pacific PFJ further poleward
292  (Fig. 3c).

293 In other regions, the jet position appears to be closely linked to well-known global

294  teleconnection patterns and less clearly to fluctuations in surface baroclinicity at the same

295  longitude. For example, the surface temperature anomalies associated with poleward shifts in
296  the PFIJ in the Atlantic and European sectors closely resemble those associated with the positive
297  phase of the North Atlantic Oscillation (NAO), which is characterized by above-normal

298  temperatures over northern Europe and below-normal temperatures over Greenland and Eastern
299  Canada (Hurrell, 1995). A positive NAO signature is also weakly seen for the North American

300 PFIJ, suggesting that poleward shifts in the North American PFJ are affected by both the NAO
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301 and changes in local surface baroclinicity over the continent. In the eastern Pacific sector, the
302  surface temperature anomalies associated with a poleward shift in the PFJ closely resemble those
303  associated with the Pacific-North America pattern (PNA; Wallace & Gutzler, 1981; Yu & Lin,

304 2019).

Regression of surface temperature onto polar jet strength (observed)

0" 60°E 120°E 1807 1200w GO"W 0

305

306  Figure 4. As in Fig. 3, but for the PFJ strength. The model version of this figure is shown in Fig.
307  S2 in the supplementary material.

308

309 Figure 4 shows analogous results to Fig. 3, but for the PFJ strength. The regression

310 patterns of surface temperature anomalies onto polar jet strength (Fig. 4) are similar to that of
311  polar jet position (Fig. 3) for Europe, Asia, and North America, but very different in the Pacific.

312 This suggests that similar processes control the PFJ position and intensity over the continents,

17

https://www.essoar.org/pdfjs/10.1002/essoar.10506595.1 17/41



2021/4/26 PDF.js viewer

ESSOAT | https://doi.org/10.1002/essoar. 105065951 | CC. BY 4.0 | First posted online: Fri, 26 Mar 2021 10:11:47 | This content has not been peer reviewed.

manuscript submitted to Journal of Geophysical Research: Atmospheres

313  but not necessarily over the oceans (see also Fig. 2¢). As for the PFJ strength in the Pacific
314  sector, the surface temperature anomalies associated with PFJ intensification closely resemble
315  those associated with the warm phase of the El Nio-Southern Oscillation (ENSO; Halpert &
316  Ropelewski, 1992; Ropelewski & Halpert, 1989). Intensification of the western and eastern
317  Pacific PFJ is associated with enhanced convection (anomalously low OLR) in the eastern

318  tropical Pacific Ocean and suppressed convection (anomalously high OLR) in the western

319  tropical Pacific Ocean (Fig. S3). Alternatively, intensification of the North American PFJ is
320  associated with the cool (La Nina) phase of ENSO (Fig. S3). Intensification of the PFJ in other
321  regions is not associated with significant variations in tropical convection (Fig. S3), and

322  wvariability in tropical convection also has little to no correlation with variability in PFJ position

323  in any region (not shown).

324 3.2 Subtropical jet
325
326 Figures 5 and 6 show the regressions of observed wintertime OLR anomalies onto the

327  position and strength of the STJ in six regional sectors (as defined in section 2.2). The OLR
328  anomalies shown in each panel correspond to a one standard deviation poleward shift (Fig. 5) or
329  strengthening (Fig. 6) of the STJ in each of the six regional sectors. We also examined

330 regressions of wintertime surface temperature anomalies onto the position and strength of the
331  STI, but found few significant relationships (not shown).

332 Previous studies have concluded that tropical convection plays a critical role in forcing
333 the position and strength of the STT locally, particularly over the Pacific sector where El Nifio 1s
334  known to strongly modify the subtropical jet (Gallego et al., 2005; Lu et al., 2008; Seager et al.,

335 2003). Over the western Pacific, enhanced convection is associated with a strengthening and
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336  poleward shift of the STJ (Figs. Sc and 6¢), consistent with the idealized model results of Lee
337  and Kim (2003) and Son and Lee (2005) and the correlation between western Pacific STJ

338 latitude and speed in Fig. 2d. Over the eastern Pacific, there is a robust relationship between

339  enhanced convection (an El Nifo-like pattern) and a strengthened STIJ, but there is only a weak
340  relationship between local convection and the STJ position (Figs. 5d and 6d). Additionally, there
341  1s arobust relationship between a strengthened STJ over Asia and enhanced convection over the
342  same longitude band (i.e., over the northern Indian Ocean).

343 At most other longitudes, the variability in the STT latitude and strength is more affected
344 by teleconnections from remote tropical convection anomalies over the Pacific basin than by

345  tropical convection anomalies at the same longitude. Figure 5 shows that a poleward shift of the
346  STIJ over Europe, Asia, and North America is associated with enhanced convection over western
347  tropical Pacific Ocean (i.e., a La Nina-like pattern). This La Nina-like pattern is strongest for

348  North America, indicating a large influence of ENSO on the position of the North American STJ,
349  which is consistent with the well-known teleconnections of ENSO over North America (Cook &
350  Schaefer, 2008; Eichler & Higgins. 2006; Ropelewski & Halpert, 1989; Smith, Green, Leonardi,
351 & O'Brien, 1998). As for the STJ strength, Figure 6 shows that enhanced convection in the

352  eastern tropical Pacific Ocean (i.e., an El Nifio-like pattern) is associated with a strengthened STJ
353  over North America. Because enhanced convection in the western tropical Pacific Ocean is

354  associated with a strengthened PFJ over North America (Fig. S3), there is a negative correlation
355 between PFJ and STJ strength over North America (Fig. 2f). Enhanced convection in the western
356  tropical Pacific Ocean is also associated with a strengthened STJ in Europe (see also positive

357  correlations between STJ position and strength in Europe in Fig. 2d).

358 To summarize these relationships, the left column of Figure 7 shows the regression

19
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coefficients of observed tropical (5°N-5°S) OLR anomalies onto indices of the STJ position and
strength calculated at every longitude (as shown for the climatology in Fig. 1). In other words,
for each longitude on the y-axis in Fig. 7, the horizontal line at that y-value shows the zonal cross
section of tropical OLR anomalies associated with STJ variability at that longitude. Figure 7
reveals that the STJ variability at nearly all longitudes is associated with a dipole of OLR
anomalies over the tropical Pacific Basin. This figure shows the dominance of ENSO (rather
than local tropical convection) in governing STJ variability globally.

Consistent with Fig. 5, Fig. 7a reveals that a La Nina-like pattern of anomalous tropical
convection is associated with a poleward shift of the subtropical jet from the eastern Atlantic
Ocean to the east coast of Asia, and over North America. Consistent with Fig. 6, Fig. 7¢ reveals
that enhanced tropical convection from the western Indian Ocean to the eastern Pacific Ocean
strengthens the STT at that longitude. A La Nina-like pattern of anomalous tropical convection
also strengthens the STJ over the eastern Atlantic Ocean and Europe, but an El Nifo-like pattern
of anomalous tropical convection strengthens the STJ over North America. In other words, La
Niia strengthens the subtropical jet from the western Pacific Ocean to the eastern Atlantic
Ocean, and El Nifo strengthens the subtropical jet from the central Pacific Ocean to the western

Atlantic Ocean (Seager et al., 2003).
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Regression of OLR onto subtropical jet position (observed)

Figure 5. Regression of wintertime monthly OLR anomalies onto six different regions’
subtropical jet position in observations. Patterns correspond to OLR anomalies associated with a
1 standard deviation of poleward shift of the subtropical jet in each region. Thick black lines on
each panel are climatological STJ positions in observations as shown in Fig. 1a. Stippling
indicates that regression patterns are statistically significant at the 95% level according to a two-
tailed Student’s t-test. The model version of this figure is shown in Fig. S4 in the supplementary

material.
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Regression of OLR onto subtropical jet strength (observed)

Figure 6. As in Fig. 5, but for STJ strength. The model version of this figure is shown in Fig. S5

in the supplementary material.

4. Comparison between models and observations
In this section, we compare the observed variability in the position and strength of the jets
(as documented in Section 3) with that from CMIP6 models. Model results for the regressions
on PFJ position and strength are shown in Figs. S| and S2, and model results for the regressions
on STJ position and strength are shown in Figs. S4 and S5. The model regressions of surface
temperature anomalies onto the PFJ position and strength are very similar to those shown for

observations (Figs. 3-4), but the model regressions of OLR anomalies onto STJ position and
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394  strength differ significantly from observations (Figs. 5-6). For that reason, in this section, we
395  focus on the comparison of the STJ variability between observations and CMIP6 models.

396 To summarize the model biases in STJ variability, the right column of Fig. 7 shows the
397  CMIP6 multi-model mean regression coefficients of tropical (5'N-5°S) OLR anomalies onto
398  indices of the STJ position and strength calculated at every longitude (as shown in the left

399  column for observations). Consistent with observations (Figs. 5-6), it is worth noting that the
400  STIJ at each longitude in the multi-model mean 1s not primarily sensitive to OLR at its own

401  longitude, but rather responds to tropical OLR anomalies in the Pacific. However, for the OLR
402  anomalies associated with a poleward shift in the STJ, tropical convection in the models is

403  displaced westward for Europe, Asia, and the western tropical Pacific when compared to

404  observations (Figs. 7a-b). Additionally, large discrepancies between the observed and model
405  patterns occur in the North America. Over North America in observations, a La Nina-like pattern
406  in anomalous tropical convection is associated with a poleward shift of the STJ position but this
407  pattern 1s not shown in models. For the OLR anomalies associated with a strengthening of the
408  STIJ (Figs. 7c-d), most models capture the observed relationship between La Nifia and a

409  strengthened STJ over the western Pacific Ocean, and between El Nifio and a strengthened STJ
410  over the eastern Pacific Ocean and North America (see the prominent quadrupole pattern in the
411  left-center of panels ¢ and d). However, most models fail to capture the observed relationship
412  between tropical convection and the STJ strength over the eastern Atlantic Ocean and Eurasia.
413 We now discuss the possible causes of these model-observation discrepancies shown in
414  Fig. 7. As discussed above, models agree that a La Nina-like pattern in anomalous tropical
415  convection is associated with a poleward shift of the STJ position in the Eurasian and western

416  Pacific sectors, but the dipole of OLR anomalies is shifted to the west in the multi-model-mean
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417  compared to observations (Figs. 7a-b). To illustrate this more clearly, the top row of Fig. 8 shows
418  the regressions of OLR anomalies onto the STJ position in the Asian sector (as shown in Figs. 5
419  and S4, but zoomed in to show greater detail). In particular, notice that the region of enhanced
420  convection in the multi-model-mean is narrower and confined to longitudes west of the

421  Philippines, and that the region of suppressed convection along the Equator in the multi-model-
422  mean extends much further to the west over New Guinea (Fig. 8b).

423 One reason for the westward shift of the La Nina-like pattern in models could be that the
424  climatological OLR field in CMIP6 models is different from that in observations, as some

425  previous studies have documented that ENSO diversity is associated with the tropical Pacific
426  background state (Capotondi et al., 2015; Choi, An, Kug, & Yeh, 2011; Chung & Li, 2013). The
427  observed and multi-model-mean OLR climatology in the equatorial Pacific is shown in Fig. 8c
428  and Fig. 8d. The equatorial low OLR region in observations in the western Pacific is wider and
429  extends further eastward than in the multi-model-mean climatology. To illustrate this better, we
430  also plot the cross-section of observed and multi-model-mean climatological OLR at the Equator
431  as a function of longitude in Fig. 8e.

432 In Fig. 9, we show the correlation between the position of the climatological low OLR
433  region along the Equator in the western Pacific Ocean (as shown in Fig. 8¢) and the position of
434  the OLR anomalies associated with a poleward STJ shift over the Asia sector (as shown in Figs.
435  8aand 8b) across CMIP6 models. The climatological low OLR region is defined as the region
436  where OLR is smaller than 255 W m™, and we define the position of the low OLR region as the
437  mid-point longitude of the low OLR region in the equatorial western Pacific. The results are not
438  sensitive to the exact choice of threshold value (i.e., values between 250 and 270 W m™ give

439  similar results). The position of the OLR associated with a poleward STJ shift over the Asia

24
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440  sector, which we refer to as the “La Nifa pattern index”, is defined as the transition longitude
441  between 120°E-180°E where the regression coefficient of OLR to Asian STJ position (as shown
442 1in Figs. 8a and 8b) averaged over 10° S to 20° N crosses zero. The positive relationship between
443 the midpoint of the climatological low OLR region and La Nifa pattern index (Pearson

444 correlation coefficient r is 0.80) indicates that the westward La Nina-like pattern in models’

445 tropical convection associated with a poleward STJ shift over the Europe-Asia-Pacific sector can
446  be attributed to the biased OLR climatology in the tropical western Pacific Ocean in many

447  models. The western Pacific tropical convection is centered further to the west than observations
448  1in nearly all of the models and thus causes a westward shift of the La Nina-like pattern of

449  anomalous tropical convection.

Regression of tropical OLR onto subtropical jet indices at all longitudes
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451  Figure 7. Regression of the wintertime monthly tropical OLR (5°S-5°N) anomalies onto [

452  subtropical jet indices at all longitudes. (a) and (b) are regression coefficients for subtropical jet
453 position; (c) and (d) are regression coefficients for subtropical jet strength. The left column

454  shows results for observations, and the right column shows results for the CMIP6 multi-model-
455  mean. Color shading represents the regression coefficient of OLR at the longitude on the x-axis
456  to the subtropical jet index at the longitude on y axis. For (a) and (c), stippling indicates that
457  regression patterns are statistically significant at the 95% level according to a two-tailed

458  Student’s t-test. For (b) and (d), stippling indicates that more than 80% of models agree on the

459  sign of the regression coefficients.
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Figure 8. (a) and (b) are regressions of monthly wintertime OLR anomalies to the Asian STJ
position for observations and the CMIP6 multi-model mean (reproduced from the second panels
of Figure 5 and Figure S4 but zoomed in and with different color scales). (c) and (d) are the
wintertime OLR climatology for observations and the CMIP6 multi-model mean. (e) is the
observed and multi-model-mean wintertime OLR climatology at the Equator as a function of
longitude. The blue line shows the observed OLR, while the red line shows the model-mean
OLR. The dashed black line shows the 255 Wm™ OLR value, below which is defined as low

OLR.

Relationship between Western Pacific tropical OLR midpoint and Asian La Nifia pattern index
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Figure 9. Scatter plot between the midpoint of the wintertime climatological low OLR region
over the western Pacific and the La Nina pattern index. The La Nina pattern index is defined as
the transition longitude between 120°E-180°E where the regression coefficient of wintertime
monthly OLR anomalies to the Asian STJ position (as shown in Figs. 8a and 8b) averaged over

10° S to 20° N crosses zero. The midpoint of the climatological low OLR region is defined as
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476  the mid-point longitude of the low OLR region in equatorial Western Pacific (as shown in Fig.
477  8e). The low OLR region is defined where the OLR is smaller than 255 W m~. Numbers on the
478  scatterplot correspond to the models listed in Table. S1. The blue dot represents multi-model-
479  mean, while the red dot is for observations.

480

481 Another key discrepancy between observations and models shown in Fig. 7 1s that models
482  fail to capture the linkage between a La Nina-like pattern of anomalous tropical convection and
483  the poleward shift of the STJ over North America (Fig. 7b). Given the biased OLR climatology
484  in models, it seems plausible that different Rossby wave trains would be excited by tropical

485  convection at different locations associated with El Nino and La Nina patterns in observations
486  and models (Jiménez-Esteve & Domeisen, 2018). To illustrate this, Figure 10 shows the

487  regressions of eddy geopotential height anomalies at 500 hPa onto the Nifio 3.4 index (i.e., sea
488  surface temperatures averaged over 5°N-5°S, 170°W-120°W) for both observations and the

489  CMIP6 multi-model mean. Here, the term eddy geopotential height anomalies means that both
490  the zonal mean and seasonal cycle has been removed from the geopotential height data. As

491  shown in Fig. 10a. the wave train excited by anomalous tropical convection in observations is
492  further south and east compared to that in multi-model-mean. Consequently, a north-south

493  dipole of eddy geopotential height anomalies is located directly over the STJ in eastern North
494  America in observations, but not in models.

495 Finally, we noted above that models fail to capture the observed relationship between a
496  La Nina-like pattern of anomalous tropical convection and STJ strength over the eastern Atlantic
497  and European sectors (Fig. 7d). As shown in Fig. 10a, the wave train associated with ENSO in

498  observations propagates poleward to Alaska and Canada and then back equatorward toward the
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499  North Atlantic and Western Europe, where it projects onto the STJ in this region. In the multi-
500  model mean, the wave train associated with ENSO is shifted further westward and thus returns
501  equatorward over the central Atlantic Ocean (Fig. 10b). However, ENSO’s impacts in the North
502  Atlantic may be highly variable and unstable (note lack of significance in Fig. 10 over North

503  Atlantic), which means that the observed teleconnections in this sector may be highly sensitive to

504  the time frame we choose (Greatbatch, Lu, & Peterson, 2004).

Regression of geopotential height anomaly onto Nifio 3.4 index

50

505

506  Figure 10. Regression of wintertime monthly eddy 500 hPa geopotential height anomalies (i.e.,
507  with both the seasonal cycle and zonal-mean field removed) onto the Nino 3.4 index in

508  observations (a) and the CMIP6 multi-model mean (b). The Niiio 3.4 index is defined as SST
509  anomalies averaged across 5°N-5°S, 170°W-120°W. Stippling in (a) indicates that regression
510  patterns are statistically significant at the 95% level according to a two-tailed Student’s t-test,

511  and stippling in (b) indicates that more than 80% of models agree with the sign of regression
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512 coefficients. Black contours indicate the climatology of zonal wind difference fields (250 hPa
513  zonal wind — 850 hPa zonal wind), which are used to define the STJ position. Contours are
514  shown at 20, 30, 40, 50 and 60 m/s.

515

516 5. Summary and conclusions

517 The position and intensity of the polar front and subtropical jet streams in Northern

518  Hemisphere winter exhibit large spatial and temporal variance. Some previous studies (e.g., Lee
519 & Kim, 2003; Son & Lee, 2005) have provided insight into the processes that control the

520  wvariability of the polar front and subtropical jets, but most of these studies have relied on

521 1dealized aqua-planet models with no zonal asymmetries in the jets. Although correlations

522  among variations in the strength and position of the jets could be anticipated from such idealized
523  modeling studies, variability in the position and strength of the zonal-mean STJ and PFJ actually
524  exhibit few significant correlations in observations and comprehensive global climate models
525  (Fig. 2; Solomon et al. 2016; Waugh et al. 2018; Menzel et al. 2019; Davis & Birner 2017). The
526  lack of significant correlations among the position and strength of the jets in the zonal-mean

527  mask significant correlations among those of the jets that occur on the regional level (Fig. 2),
528  which highlights the need to examine the interannual variability of the jets and the underlying
529  mechanisms at individual longitudes.

530 In this study, we find a close relationship between the observed variability in the position
531 and strength of the STJ and tropical outgoing longwave radiation (OLR), and between the

532 observed variability in position and strength of the PFJ with mid-latitude surface temperature
533  gradients during the NH winter season. Local changes in surface baroclinicity are associated with

534  wvariability in the position and strength of the NH PFJ, particularly over Asia, western Pacific and
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535  North America (Figs. 2-3). In other regions, global-scale teleconnection patterns (NAO and

536  PNA) play a key role in modulating the position and strength of the PFJ, particularly over the
537  North Atlantic Ocean and Europe. Variations in tropical convection over the Pacific Ocean are
538  linked to variations in the strength and position of the NH STJ at almost all longitudes, with

539  different phases of the El Nifio-Southern Oscillation (ENSO) associated with the poleward shift
540  and strengthening of the subtropical jet in different regions (Figs. 4-5).

541 CMIP6 models generally capture these observed relationships, but for the STJ variability,
542  the models’ tropical convection is often displaced westward when compared to observations

543  (Figs. 7-8). This difference between models and observations can be attributed to the biased

544  OLR climatology over the tropical Western Pacific Ocean in many models, with climatological
545  convection in models displaced westward with respect to observations (Figs. 8-9). The displaced
546  tropical convection in models excites different paths of Rossby wave propagation, making

547  downstream ENSO teleconnections on the STJ over North America, the Atlantic Ocean, and

548  Europe different compared to observations.

549 Our study examines observed characteristics of the NH wintertime STJ and PFJ at all
550 longitudes and provides insight into the processes governing their interannual variability over the
551  last four decades. Future work could extend this study to the Southern Hemisphere, or investigate
552  the mechanisms governing the jet variability in other seasons in the NH. It may also be

553  worthwhile to examine whether the mechanisms governing the latitudes, strengths, and

554  meridional separation between the jets change in the future as the climate warms. Although

555  climate models show a robust poleward shift of the PFJ in a warming climate (e.g., Barnes &
556  Polvani 2013), the STJ does not show a consistent poleward or equatorward shift, at least in the

557  zonal mean (Davis & Birner 2017; Waugh et al. 2018; Menzel et al. 2019). Recent reanalysis

31

https://www.essoar.org/pdfjs/10.1002/essoar.10506595.1 31/41



2021/4/26 PDF.js viewer

ESSOAT | https://doi.org/10.1002/essoar. 105065951 | CC. BY 4.0 | First posted online: Fri, 26 Mar 2021 10:11:47 | This content has not been peer reviewed.

manuscript submitted to Journal of Geophysical Research: Atmospheres

558  data also show poleward trends in the PFJ latitude (e.g., Allen and Kovilakam 2017; Grise et al.
559  2018), but inconsistent trends in the STJ latitude (Maher et al., 2020; Manney & Hegglin, 2018).
560  Not only does this suggest that the mechanisms driving the responses of the STJ and PFJ to

561 climate change could be very different (as discussed by Menzel et al. 2019), but it also implies
562  that the character of the general circulation (i.e., preference for a merged jet at some longitudes
563  and two distinct jets at other longitudes) may change as the climate warms, hence modulating
564  interannual variability of the jets and the associated behavior of synoptic weather events.

565
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