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Abstract

The leading modes of Northern Hemisphere tropopause variability for November—April (1979/1980-2018/2019) and the
associated stratosphere-troposphere variability were analyzed based on the NCEP and ERA interim reanalysis products.
For this, cyclostationary empirical orthogonal function technique is employed. The first two modes feature the intraseasonal
evolution of tropopause pressure anomalies over the Arctic, which respond directly to stratospheric temperature fluctuations
in association with stratospheric polar vortex variations. These two modes reflect the link between stratospheric polar vortex
strength and high-latitude tropospheric circulation. The first mode represents a single-phase fluctuation of the stratospheric
polar vortex from winter to early spring. The second mode describes a two-phase fluctuation of the stratospheric vortex
with opposite signs in winter and in spring. Tropopause pressure anomalies near the mid-latitude tropospheric jet regions
exhibit significant zonal variation. In the first mode, in particular, these mid-latitude tropopause anomalies are linked to
asymmetric jet variations in the Atlantic and the Pacific regions. In regard to the Northern Annular mode, distinct vertical
evolution structures of the two modes are practically related to the varying evolutionary structure of extreme vortex events

with relatively long persistence.
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1 Introduction

Tropopause is an interface between the dynamically active
troposphere and the stably stratified stratosphere (Holton
2004; Vallis 2006). Tropopause pressure and temperature
are affected by competitive influences of tropospheric and
stratospheric variability. In the troposphere, heating asso-
ciated with moist convection in the tropics (Frierson et al.
2006; Wong and Wang 2000) and baroclinic eddies in the
extratropics (Haynes et al. 2001; Held 1982) modulate
tropopause variability on relatively short timescales. In
the stratosphere, heating associated with planetary-scale
waves, residual meridional circulation, and stratospheric
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polar vortex account for tropopause variability (Cai and
Ren 2007; Highwood et al. 2000; Rieckh et al. 2014; Wang
et al. 2016; Wong and Wang 2000; Zingl and Hoinka 2001;
Zingl 2002). For synoptic- and monthly-scale variability
in the extratropical region, the ascent of the tropopause is
related to a cooling in the lower stratosphere, a warming
in the upper troposphere. It is generally accompanied by
anticyclonic vorticity near the tropopause altitude, which
can be explained via the so-called potential vorticity (PV)
inversion (Seidel and Randel 2006; Zingl and Wirth 2002).
The opposite is true for the descent of the tropopause.

In particular, tropopause variability in the Northern
Hemisphere (NH) extratropics is related to stratosphere-
troposphere coupling such as in vortex strengthening or
weakening events (Ambaum and Hoskins 2002; Jucker
2016; Tomassini et al. 2012). This coupled variability is
generally characterized by changes in stratospheric polar
vortex strength, latitude of mid-latitude tropospheric jet,
and meridional gradient of surface pressure (Kidston et al.
2015). Some studies argue that tropospheric response to
stratospheric vortex fluctuations depends on how strong
and persistent they are in the lower stratosphere (Hitchcock
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and Simpson 2014; Maycock and Hitchcock 2015; Runde
et al. 2016) or near the tropopause altitude (Jucker 2016).
Strong and persistent vortex variation at the lower strato-
sphere can affect the troposphere through tropospheric
eddy flux (Kidston et al. 2015; Limpasuvan and Hartmann
2000; Simpson et al. 2009), and through the anomalous
tropospheric relative vorticity induced by the tropopause
height fluctuation (Ambaum and Hoskins 2002; Lorenz
and Deweaver 2007; Tomassini et al. 2012). In this con-
text, tropopause can be an important factor in understand-
ing stratospheric vortex fluctuations and their coupling with
tropospheric fluctuations.

To investigate the fundamental characteristics of tropo-
pause variation, Barroso and Zurita-Gotor (2016) and Wong
and Wang (2003) analyzed the principal component of the
zonal mean tropopause variability. In both studies, change
in stratospheric polar vortex plays an important role in the
major modes of tropopause fluctuations. However, detailed
information still lacks in regard to the spatio-temporal evolu-
tion of the major modes of tropopause variability. Regional
changes in the stratospheric vortex can induce zonally asym-
metric effects in the tropopause and the troposphere (Mitch-
ell et al. 2013; Seviour et al. 2016; Thompson and Wallace
2000). Tropospheric jet responses in relation to stratospheric
vortex fluctuations are often stronger in the Atlantic sector
than in the Pacific sector, and this pattern is closer to the
North Atlantic Oscillation (NAO) pattern than the Arctic
Oscillation (AO) (Davini et al. 2014; Hitchcock and Simp-
son 2014). With respect to positive NAO, tropopause alti-
tude increases near the North Pole and decreases over the
Iceland (Ambaum and Hoskins 2002). In this regard, zonally
averaged tropopause variation may not be sufficient to reflect
these characteristics. In order to understand the connectivity
of the tropopause with the stratosphere and the troposphere
in detail, it is necessary to investigate both the horizontal and
the temporal evolutionary patterns of tropopause variability.

The purpose of this study is to identify the leading modes
of extratropical tropopause fluctuations in the NH winter
season. Focusing on the spatio-temporal evolution patterns,
it is investigated how tropopause anomalies evolve in asso-
ciation with stratospheric and tropospheric anomalies. On
top of the zonal mean structures, characteristics of regional
variability are also discussed particularly in the Atlantic and
Pacific jet regions. Furthermore, it is examined how the ver-
tical evolution associated with the leading modes of tropo-
pause fluctuations are related to stratospheric vortex events.

The rest of the paper is organized as follows. Data and
method used in this study are described in Sect. 2. Sec-
tion 3.1 introduces the major modes of the tropopause
variability and Sect. 3.2 explains the dynamical relation-
ship of tropopause variability with stratospheric and tropo-
spheric variability. Section 3.3 shows the evolution patterns
of stratospheric and tropospheric circulation and Sect. 3.4

@ Springer

presents tropospheric jet variation in the Atlantic and the
Pacific regions. Section 3.5 deals with how the major modes
of tropopause variability contribute to the vortex strength-
ening and weakening events in terms of polar cap averaged
geopotential height variations.

2 Data and methods
2.1 Data

Winter-spring variability of tropopause pressure is extracted
from 5-day mean data of the 40-year (1979-2019) NCEP
daily reanalysis data. The tropopause definition used in this
study is based on the lapse-rate criterion (WMO 1957). Each
year represents the 36-pentad data from November 1 through
April 29. To analyze the vertical linkage with key variables,
the pressure-level ERA interim daily reanalysis data (Dee
etal. 2011) at a 1.5°% 1.5° resolution at the 37 vertical levels
(1000—1 hPa) are used for the same period (1979-2018).
Pressure-level variables include air temperature, geopoten-
tial height, zonal wind, meridional wind, and omega veloc-
ity. Pressure at 2 potential vorticity unit (PVU) level from
the ERA interim data is also used to validate the leading
modes from the NCEP tropopause pressure. The analysis
domain is [0°-360° E, 30°-87.5° N].

2.2 Cyclostationary EOF analysis and regression
analysis in CSEOF space

To identify the leading modes of tropopaue pressure vari-
ability, cyclostationary empirical orthogonal function
(CSEOF) technique is used in this study (Kim et al. 1996;
Kim and North 1997). Space—time data are decomposed
into mutually orthogonal CSEOF loading vector (CSLV),
B, (7, t), and mutually uncorrelated principal component time
series (PCT), T,(?):

T(r,H)= ) B,(r,0T,(t), B,(r.1) = B,(r.t +d). 0

In this study CSLV for each mode includes temporally
varying spatial patterns with the nested period d = 36 pen-
tads, which describes a physical evolution in the data. Analy-
sis is performed on anomalies after removing the compos-
ite seasonal cycle. Area weighting is not applied since the
results are not sensitive to it.

A regression analysis in CSEOF space (Kim et al. 2015)
is conducted to explore stratospheric and tropospheric evo-
lution associated with the tropopause leading modes. The
regression analysis in CSEOF space is conducted as follows:
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Step 1 : P(r,t) = Z C,(r,n)P,(1), )
M
Step2 1 T,()= ) WP, (0) + ™), 3)
m=1
M
Step 3 : Cflreg)(r, = Z a,(,:’)Cm(r, 1), 4)

m=1

where T, (#) is the nth PCT of tropopause pressure (target
variable), C, (r, t) and P,,(¢) are the mth CSLV and PCT of
other (predictor) variables, af,:‘) are the regression coeffi-
cients, e™(¢t) is regression error time series, M is the number
of PCT used for multivariate regression (=25 in the present
study), and Cflreg)(r, 1) is the regressed CSLV of P(r, f) asso-
ciated with the nth CSEOF mode of tropopause pressure
(target).

CSEOF analysis is conducted on the pressure-level key
variables one level at a time (step 1), the regression is con-
ducted on the PCT of tropopause pressure (step 2), and the
regressed loading vectors of predictor variables are obtained
from step 3. After the regression analysis, entire data collec-
tion can be expressed in the form:

Data(r, f) = 2 {B,(r,0), P™(r, ), UT® (1, 1), VE(r, 1), ... } T, (),

&)
where the spatio-temporal evolution patterns in curly
braces represent loading vector of the target variable and
the regressed loading vectors of predictor variables. They
are all governed by the PCT of tropopause pressure, 7, (?),
and are physically consistent with each other. In this way,
4-dimensional (x, y, z, f) structure of variability is extracted
from datasets for each mode, but time-mean or space-mean
evolution patterns are displayed typically for the sake of
brevity.

3 Results

3.1 Leading modes of the NH tropopause pressure
variation

The first two leading modes of tropopause pressure vari-
ability in the Northern Hemisphere cold season are char-
acterized by high-latitude signals evolving on sub-seasonal
time scales (Figs. 1, 2 see also Fig. S9). The two modes can
also be identified from other variables such as tropopause
temperature from the NCEP reanalysis and 2-PVU pressure
from the ERAS reanalysis. The first mode accounts for 12%
of the total variance. This mode exhibits a persistent tropo-
pause depression from winter to early spring; strong positive

pressure anomalies are seen in the polar region from Janu-
ary to March (Fig. 1a—f). The Arctic anomalies develop in
an approximately concentric fashion around the North Pole.
Weak positive anomalies are developed over the Atlantic
sector during January—February and weak negative anoma-
lies over the Pacific sector during February—April.

The second mode explains about 8% of the total variance.
The second mode indicates a winter-spring oscillation of the
Arctic tropopause anomalies, which consists of a relatively
weak winter signal and a relatively strong spring signal
of opposite signs (Fig. 2). Negative anomalies exist in the
polar region in December—February with a phase transition
in February leading to positive anomalies in March—April
(Fig. 2a—f). In addition to the development of these Arctic-
centered anomalies, local anomalies also develop across the
hemisphere. They are particularly apparent in November,
December, and February when the Arctic signal is not so
strong or is in the stage of phase transition.

The PC time series corresponding to each mode shows
a large interannual variation in both modes (Figs. 1g and
2g). Lagged correlation between the two PC time series
is generally insignificant within the range of +72 pentads
(—0.19 < r < 0.04) (figure not shown); this suggests that the
two leading modes are statistically independent and derive
from different physical processes. The PC time series of the
first mode is weakly correlated with interannual variation
of the Arctic Oscillation (AO) (— 0.41 with the + 17-pentad
smoothed AO index). This paper investigates the spatio-tem-
poral evolution of several key physical variables correspond-
ing to the positive phase of the PC time series in order to
understand the physical mechanisms associated with the first
two CSEOF modes of tropopause pressure. For the negative
phase, the results are the same except for the opposite signs.

Results in this section show that the two leading CSEOF
modes of tropopause pressure variability are characterized
by zonally asymmetric signals dominant in the Arctic. The
first mode represents a strong increase in tropopause pres-
sure in the Arctic, lasting from January to March. The sec-
ond mode shows a relatively weak reduction of tropopause
pressure in December—February and a relatively strong
increase in March—April.

3.2 Evolution in the Arctic stratosphere
and troposphere and its linkage to the Arctic
tropopause variability from a zonal mean
perspective

Based on the lapse-rate definition, tropopause pressure
(height) is closely related to changes in the vertical gradient
of temperature in the upper troposphere and lower strato-
sphere (UTLS) (Fig. Sla (shading) and b), i.e. changes in
static stability such as the square of buoyancy frequency
(Seidel and Randel 2006; Wang et al. 2016). In the Arctic
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Fig. 1 a—f Monthly mean loading vectors for the first CSEOF mode of tropopause pressure variability (hPa) and g the corresponding principal

component time series

region, tropopause anomalies are dominantly affected by
stratospheric temperature anomalies and are more closely
related to stratospheric zonal wind anomalies than to tropo-
spheric anomalies (Fig. Sla and b). Thus, a rise in Arc-
tic tropopause pressure is largely due to an increase in the
stratospheric temperature and the UTLS static stability,
and is accompanied by a weakening of stratospheric west-
erlies that satisfy the thermal wind balance (Fig. 3). Con-
versely, a reduction in tropopause pressure is accompanied
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by a decrease in stratospheric temperature and UTLS static
stability, and a strengthening of stratospheric westerlies.
This relationship is similar to the results in other studies
(Ambaum and Hoskins 2002; Barroso and Zurita-Gotor
2016; Tomassini et al. 2012; Jucker 2016; Wong and Wang
2003; Zangl and Hoinka 2001).

In the first mode, temperature begins to increase in the
polar stratosphere from early December, and then tropo-
pause pressure begins to rise near the end of December.
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Fig.2 a—f Monthly mean loading vectors for the second CSEOF mode of tropopause pressure variability (hPa) and g the corresponding princi-

pal component time series

Strong temperature anomalies (see e.g., 1.5 °C contour
line) gradually grow and descend for about two months
(Fig. 3a). The signal peaks in mid-February and persists
until early April in the lower stratosphere. This increase
in temperature indicates a weakening of the cold strato-
spheric polar vortex. In association with the positive tem-
perature anomalies, negative static stability anomalies
develop above them and positive static stability anomalies
develop near the tropopause (shading in Fig. 3b). It seems

that the stratospheric warming and a subsequent increase
in static stability near the tropopause result in a rise in
tropopause pressure (shading in Fig. 3a, b). The positive
static stability anomalies near the tropopause also explain
positive PV anomalies there (contours in Fig. 3b). Change
in PV near the tropopause is dominated by the static stabil-
ity component than the absolute vorticity component (fig-
ure not shown). Anomalous tropospheric cooling develops
from February (Fig. 3a). This tropospheric cooling can
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Fig.3 Time-altitude zonal mean patterns of a. e 65°-87° N averaged
air temperature anomalies (K), b, f 65°-87° N averaged static stabil-
ity anomalies (shading, 107> s72) and potential vorticity anomalies
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m? s~ K kg™")], ¢, g 50°-80° N averaged zonal wind anomalies (m
s71), and d, h 50°-80°N averaged convergence of EP flux anomalies
(shading, m s day‘l) and vertical EP flux anomalies [red (upward)

further intensify the tropopause pressure increase induced
by stratospheric warming.

The development of the positive temperature anomalies is
linked thermodynamically with that of negative zonal wind
anomalies (Fig. 3¢). This change in zonal mean zonal wind
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and blue (downward) contours at+0.5, 1.5, 2.5, and 3.5% 10° Pa
m? 5] and tropopause fluctuations (green line) for the a—d first and
e-h the second CSEOF modes of tropopause variability. The tropo-
pause fluctuation is obtained by adding a 3¢ value of the anomalous
field to the climatology. The grey line depicts the zero contour of the
shaded anomalies

is attributable to the variation of the Eliassen-Palm (EP)
flux divergence (shading in Fig. 3d) (Baldwin and Dunker-
ton 2001; Polvani and Waugh 2004; Thomson and Wal-
lace 2000), which is dominated by the vertical component
of EP flux anomalies (contours in Fig. 3d). Similar to the
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positive temperature anomalies, negative zonal wind anoma-
lies develop in the upper stratosphere from early Decem-
ber (Fig. 3c). This is related to prominent upward EP flux
anomalies throughout the troposphere and stratosphere and
their convergence in the stratosphere during late Novem-
ber—mid-February (Fig. 3d). The bottom level of the anoma-
lous convergence seems to descend toward the tropopause,
which is consistent with the downward expansion of the
zonal mean stratospheric easterly (Limpasuvan et al. 2004,
2005) (Fig. 3d and Fig. S2). In February—April, downward
flux and divergence of EP flux anomalies are dominant in the
stratosphere. They are related to a reduction in the anoma-
lous easterly wind and a subsequent phase transition to the
anomalous westerlies in the stratosphere.

In the second mode, negative temperature anomalies first
appear from the upper stratosphere in early December and
change to positive anomalies during February (Fig. 3e).
The UTLS static stability and tropopause pressure display
negative anomalies from the end of December and positive
anomalies from the end of February (shading in Fig. 3f). PV
anomalies near the tropopause also show evolution similar
to the tropopause pressure anomalies (contours in Fig. 3f).
The spring phase with a peak in March is relatively strong
compared to the winter phase with a peak in January. The
evolution of the second mode exhibits a shorter duration of
about 2 months and a half and a faster growth and a shorter
descending time scale of about 1 month for each phase
compared to the first mode (Fig. 3a, e). The second mode
describes a strengthening of the cold stratospheric polar vor-
tex in winter and a weakening in spring.

Together with the negative and positive temperature
anomalies, positive and negative zonal wind anomalies
appear in the stratosphere (Fig. 3g). The evolution of the ver-
tical EP flux anomalies and divergence with alternating signs
in the stratosphere coincide with the variation of zonal mean
flow (Fig. 3h). The direction of the vertical EP flux anoma-
lies in the stratosphere is opposite to that in the troposphere
during December—January, but the direction thereafter is the
same throughout the stratosphere and troposphere (contours
in Fig. 3h). The detailed latitude-altitude structures of sev-
eral zonal mean variables are briefly discussed in the sup-
plementary information (Fig. S3 and S4).

In both modes, the anomalous zonal mean flow started
from the upper stratosphere is clearly traced in the tropo-
sphere; evolution coherent in phase appears in the tropo-
sphere (contours in Fig. 4a, d and Fig. S5). In connecting
the zonal mean flow in the stratosphere and that in the
troposphere, variation of eddy momentum flux seems to
play an important role (Limpasuvan et al. 2004; Simpson
et al. 2009). This momentum flux is negatively proportional
to the meridional component of EP flux. In the first mode,
when anomalous easterlies occupy the lower stratosphere,
northward EP flux is dominant in the upper troposphere

(shading in Fig. 4a, d). The northward EP flux corresponds
to southward eddy momentum flux, which decelerates the
zonal mean flow in higher latitudes and accelerates the zonal
mean flow in lower latitudes (second column in Fig. S2).
This anomalous eddy momentum forcing is consistent with
easterly wind anomalies in the polar region. Along with
these momentum flux anomalies, Eulerian mean meridional
circulation develops, which consists of anomalous north-
ward wind in the upper troposphere, anomalous southward
wind in the lower troposphere (shading in Fig. 4b) and
anomalous downward motion in the Arctic region (contours
in Fig. 4b). Coriolis force acting on the meridional wind
anomalies induces westerly momentum in the upper tropo-
sphere and easterly momentum in the lower troposphere
(shading in Fig. 4b). In the perspective of momentum bal-
ance, the westerly wind anomaly driven by Coriolis force in
the upper troposphere attenuates the easterly wind anomaly
driven by divergence of momentum flux anomaly (shading
in Fig. 4a, b). On the other hand, in the lower troposphere,
the easterly wind anomaly driven by Coriolis force is par-
tially offset by surface friction. Therefore, eddy momentum
forcing as well as related mean meridional circulation play
a crucial role in the evolution of tropospheric zonal wind
anomaly with the same polarity as the high-latitude strato-
spheric zonal wind anomaly (Limpasuvan et al. 2004; Simp-
son et al. 2009). These relationships can also be seen in the
second mode (Fig. 4d, f). When anomalous westerly prevails
in the lower stratosphere during winter, southward EP flux
anomalies are dominant in the upper troposphere (shading
in Fig. 4d). They are accompanied by anomalous southward
winds in the upper troposphere, anomalous northward winds
in the lower troposphere (shading in Fig. 4e), and anomalous
upward motion in the Arctic region (contours in Fig. 4e). As
anomalous easterly develops in the stratosphere in spring,
anomalous meridional EP flux and associated anomalous
mean meridional circulation are reversed.

The zonal-mean zonal wind variations in the subpolar
region coincide with the polar cap averaged geopotential
height (PCH) variations in the lower troposphere (bars in
Fig. 4c, f). PCH anomalies show more complicated fluctua-
tions than the tropopause anomalies (black line in Fig. 4c, f),
which are directly affected by the low-frequency change in
the lower stratospheric temperature. In the first mode, while
the tropopause pressure increases, PCH increases along
with easterly anomalies in the troposphere (Fig. 4a, c). The
northward EP flux anomalies peak at the end of January, and
become relatively weak in February early March. However,
the intensity of the positive height anomalies tends to be
maintained during this period. This may be partly related to
the tropospheric column compression effect due to the tropo-
pause height decrease: a reduction in the height of the tropo-
spheric column as a result of stratospheric warming reduces
relative vorticity below, which is associated with an increase
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in surface pressure (Ambaum and Hoskins 2002; Tomassini
et al. 2012) (Fig. S5). The relationship between the strato-
spheric polar easterly anomaly and the positive anomalies in
the tropopause pressure and near-surface geopotential height
can also be explained in terms of global mass circulation
(Cai and Ren 2007; Kidston et al. 2015). Convergence of
EP flux anomalies associated with the stratospheric polar
easterly anomaly induces a strengthening of the residual
meridional circulation (third column in Fig. S2). As a result,
anomalous air inflow and descending motion above the polar
region increase tropopause pressure and surface pressure.
In the second mode, like the tropopause pressure fluc-
tuation, tropospheric PCH exhibits negative winter anoma-
lies followed by positive spring anomalies (bars in Fig. 4f).
However, tropopause and tropospheric PCH anomalies
evolve differently in the detail (black line in Fig. 4f). In

@ Springer

Z1000 [m] & Tropopause pressure [hPa]

204 ¢
104 T
0___?l
10 E—-”:'
-20 !
NOV DEC JAN  FEB

(yellow line), ¢, f 65°-87°N averaged geopotential height anomalies
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line, hPa) for the a—c first and d—f the second CSEOF modes of trop-
opause variability. The tropopause fluctuation is obtained by adding
the climatology with the 1o values of the anomalous field. The grey
line depicts the zero contour of the contoured anomalies

the winter phase, negative anomalies of PCH develop
and decline more rapidly than the anomalous tropopause
pressure. On the other hand, positive anomalies of PCH
last longer than the anomalous tropopause pressure in the
spring phase.

The main point of this section is that the two modes of
tropopause pressure are strongly linked to changes in strato-
spheric polar vortex strength and are coupled with coher-
ent evolution throughout the stratosphere and troposphere
in the Arctic. In other higher modes, tropopause anomalies
are less correlated with upper-middle stratospheric varia-
tions (Fig. S6), and surface pressure anomalies evolve dif-
ferently from the anomalies related to stratospheric and
tropopause fluctuations (Fig. S5). That is, the downward
effect of the upper stratospheric vortex fluctuations tends to
be relatively weak in other higher modes. This means that
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stratosphere-troposphere coupled variability with vertically
coherent evolution is tied with the two tropopoause modes.

3.3 Horizontal evolution patterns
of the stratospheric and tropospheric
circulation

Figures 5 and 6 depict monthly averaged horizontal evolu-
tion of geopotential height and zonal wind anomalies. In the
first mode, positive height anomaly develops in the Arctic
stratosphere but is slightly shifted to the northern Europe in
February, like a climatological stratospheric vortex (shading
in Fig. 5c). Easterly wind anomaly surrounding the posi-
tive height anomaly reduces stratospheric polar jet speed
in all sectors. That is, these stratospheric anomalies depict
that the stratospheric polar vortex weakens and its center
migrates toward the northern Europe, particularly during
December—February (green dashed contour in Fig. 5a—c).
The polar high and easterly anomalies last until March in the
lower stratosphere (Fig. 5f—j). In February—March, the polar
easterly and mid-latitude westerly winds are shifted further
south in the North Atlantic and further north in the North
Pacific (contours in Fig. 5h, 1).

In the lower troposphere, anomalous high is observed
in the Barents Sea-Ural region during December, which is
favorable to enhance upward EP flux of zonal wavenumber
1 and 2 (shading in Fig. 5k). With the stratospheric vor-
tex weakening, positive height anomaly appears over Ice-
land and the Arctic in January (Fig. 51). The Arctic high
anomaly is strong until March and the surrounding easterly
wind anomaly stays strong in the Atlantic region (shading
in Fig. 51-n). Low anomalies seen to the south of the Arc-
tic high anomaly reminds the negative AO/NAO circula-
tion patterns. In the Pacific sector, however, low anomaly
is located at higher latitudes than in a typical AO condition
during February and March, and positive height anomaly is
dominant in mid-latitudes (shading in Fig. 5Sm, n). This is
similar to the tropospheric pattern over the Pacific region
during late winter—spring in association with the weaken-
ing of stratospheric polar vortex in Zhang et al. (2019). The
polar easterly and mid-latitude westerly winds in the Pacific,
located further north than in the Atlantic as in the lower
stratosphere, are related to these zonally asymmetric height
anomalies in mid-latitudes. In addition to a weak correlation
between the PC time series and the AO index, the circula-
tion patterns indicate that the first mode contributes, at least
partially, to the interannual variation of the AO (or NAO
when zonal asymmetry is considered) in January—March
(see also Fig. S7).

The winter phase of the second mode shows negative
height anomaly in the upper stratosphere, which is cen-
tered near the Chukchi Sea (shading in Fig. 6a, b). Westerly
wind anomaly surrounding the negative height anomaly is

relatively weak over Eurasia. Nevertheless, when anoma-
lies are fully developed during January, the climatological
stratospheric polar jet accelerates in all sectors (contours
in Fig. 6b). These polar westerly anomaly and polar low
anomaly also appear in the lower stratosphere and the tropo-
sphere (Fig. 6g, 1). In the lower troposphere, positive height
anomalies in the Atlantic and northeastern Pacific surround-
ing the low anomaly is reminiscent of a positive phase of the
AO (shading in Fig. 61).

During December, height anomalies with opposite signs
alternate from the northwestern Pacific to Greenland in
the lower stratosphere (shading in Fig. 6f). This pattern is
similar to the pattern of anomalous tropopause pressure
anomalies in December (Fig. 2b). In particular, negative
height anomaly over Greenland becomes stronger from
mid-December, and poleward momentum flux develops
strongly in the North Atlantic region (figure not shown).
This momentum flux, which is related to strong equatorward
EP flux anomalies in late December—early January (shading
in Fig. 4d), may be linked to a reduction in upward EP flux
toward the stratospheric polar vortex (Figs. 3h and S3).

From mid-February, positive height anomaly and easterly
wind anomaly begin to develop in the Arctic stratosphere
(Figs. 3g, 6¢c—e). The anomalous easterly is related to an
increase in upward EP flux associated with the tropospheric
high anomalies in the North Atlantic and Ural region and the
tropospheric low anomaly in the northwestern Pacific during
the phase transition period (shading in Fig. 6m). In the lower
stratosphere and troposphere, positive height anomaly devel-
ops over the Arctic from March and continues through April
(shading in Fig. 61, j, n, 0). In the lower troposphere, mid-
latitude low anomalies are seen over Europe and the central
North Pacific. The meridional gradient of height anomalies
is opposite to that in the winter phase (shading in Fig. 61,
n). Compared with the tropospheric pattern in January,
the center of action of the mid-latitude height anomalies is
shifted slightly eastward (westward) in the Atlantic (Pacific)
sector and the polar height anomalies are more asymmetric
in the zonal direction.

The perturbed vortex in the second mode shows a devel-
opment in which its center moves toward the pole as the
vortex strengthens in December—January (green dashed con-
tour in Fig. 6a, b), and then moves to the northern Europe
as it weakens in March (Fig. 6d). The strong stratospheric
anomalies in March can exert a strong influence on the frag-
ile spring vortex, much greater than the impact of winter
anomalies on the strong winter vortex (Fig. 6b, d).

This section shows that the center of stratospheric vor-
tex shifts toward the northern Europe as it weakens and its
center moves closer to the pole as it strengthens. This is true
for both the modes even though the evolution patterns are
different. In the lower troposphere, AO/NAO-like pattern
appears in both modes. Mid-latitude anomalies, however,
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Fig.5 Monthly mean patterns
of a—e 10-hPa geopotential
height anomalies [shading, m]
and 10-hPa zonal wind anoma-
lies [red (+) and blue (—) con-
tours at+3, 6,9, and 12 ms™1]
with the seasonal cycle of
climatological geopotential
height (green solid contour

at 30,170 m) and perturbed
geopotential height (green
dashed contour at 30,170 m),
f—j 150-hPa geopotential height
anomalies [shading, m] and
150-hPa zonal wind anoma-
lies [red (+) and blue (—)
contours at+0.5, 1.5, 2.5, and
3.5 ms™'], and k—o 1000-hPa
geopotential height anomalies
(shading, m) and 700-hPa zonal
wind anomalies [red (+) and
blue (—) contours at+0.5, 1,
1.5, and 2 m s~!] for the first
CSEOF mode. The perturbed
geopotential height is obtained
by adding the climatology with
the 1o values of the anomalous
geopotential height. 30,170 m
contour is considered as a polar
vortex boundary, which cor-
responds to geopotential height
contour at climatological zonal
wind maximum location

Z10[m] & U10 [m s7'] Z150 [m] & U150 [ms™'] Z1000 [m] & U700 [m s7']

IR TTTTTT T ST T T T T T T
-500 -300 -100 100 300 500 -120 -72 -24 24 72 120 -35 -21 -7 7 21 35
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exhibit significant zonal asymmetry and do not evolve inthe ~ terms of tropospheric jet fluctuations in the Atlantic and
same manner as the high-latitude anomalies. These regional ~ Pacific regions.
variations will be discussed further in the next sections in
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Fig.6 Monthly mean patterns
of a—e 10-hPa geopotential
height anomalies [shading, m]
and 10-hPa zonal wind anoma-
lies [red (+) and blue (—) con-
tours at+3, 6,9, and 12 ms™1]
with the seasonal cycle of
climatological geopotential
height (green solid contour

at 30,170 m) and perturbed
geopotential height (green
dashed contour at 30,170 m),
f—j 150-hPa geopotential height
anomalies [shading, m] and
150-hPa zonal wind anomalies
[red (+) and blue (—) contours

at+0.5,1.5,2.5,and 3.5 ms™'],

and k—o 1000-hPa geopotential
height anomalies [shading,

m] and 700-hPa zonal wind
anomalies [red (+) and blue
(—) contours at+0.5, 1, 1.5,
and 2 m s™!] for the second
CSEOF mode. The perturbed
geopotential height is obtained
by adding the climatology with
the 1o values of the anomalous
geopotential height. 30,170 m
contour is considered as a polar
vortex boundary, which cor-
responds to geopotential height
contour at climatological zonal
wind maximum location

Z10[m] &U10 [ms] Z150 [m] & U150 [ms'] Z1000 [m] & U700 [m s7']
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3.4 Mid-latitude tropospheric jet fluctuation and its
linkage to the tropopause undulation

The temporally varying centers of action in mid-latitude
circulation anomalies cause regional differences in the
response of the tropospheric jets. Tropospheric jets behave
differently in the Atlantic and Pacific regions, indicating
regionally asymmetric stratosphere-troposphere coupling.
This is clearly seen in the first mode (Fig. 7a—f). The east-
erly anomaly decelerates the poleward side and the mid-
latitude westerly anomaly accelerates the equatorward side
of the Atlantic jet (shading in Fig. 7a—c). The Atlantic jet
axis moves equatorward, which is frequently accompanied
by the weakening of stratospheric polar vortex (Kidston
et al. 2015). The polar easterly anomaly is located further
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north in the Pacific region and barely affects the Pacific jet
(Fig. 7d—f). The weakened impact of stratospheric polar jet
deceleration on the Pacific jet is due to the large meridional
separation, and is similar to the result of Davini et al. (2014).
In January, the tropospheric Pacific jet is strengthened by the
mid-latitude westerly anomaly (Fig. 7d). In February and
March, the axis of the Pacific jet migrates poleward (triangle
symbols in Fig. 7e, f), which is the opposite to the jet move-
ment in the Atlantic (Fig. 7b, c).

The mid-latitude tropopause anomalies are much weaker
and smaller, which nonetheless reflect the tropospheric jet
variations. The anomalous tropopause pressure gradient is,
in general, positively correlated with the tropospheric zonal
wind variation near the jet stream (Fig. S8). This, from the
PV perspective, is because positive (negative) tropopause
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Fig.7 Latitude-altitude monthly mean patterns of zonal wind anom-
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6 m s! interval] and jet axis of the climatology (black circle) and
perturbed wind (color triangle, red: acceleration, blue: deceleration)
and the climatological tropopause (blue line) and perturbed tropo-
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pause (aqua line) over a—c, g—i the Atlantic [90°-10° W] and d-f, j-1
the Pacific [120°-230° E] regions during the period of strong strato-
spheric variation in a—f the first and g-1 the second CSEOF mode of
tropopause variability. The perturbed field is obtained by adding the
climatology with the 2¢ values of the anomalous field
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pressure anomalies are dynamically balanced with cyclonic
(anticyclonic) anomalies at the UTLS region (Seidel and
Randel 2006; Zidngl and Wirth 2002). In this regard, the
tropospheric cyclonic anomaly in the Atlantic region coex-
ists with the positive tropopause pressure anomaly in the
first mode (Figs. 1c—e, 7a—c). In the Pacific region, the trop-
ospheric anticyclonic anomaly coexists with the negative
tropopause pressure anomaly (Figs. 1c—e, 7d—f).

This relationship is relatively clear in the mid-latitude
tropopause, which contrasts with the high latitude tropo-
pause where strong coupling with stratospheric vortex fluc-
tuations results in decorrelation with tropospheric height
variations (Figs. S1a and b and S6f). It can be said, therefore,
that the mid-latitude tropopause anomalies are more closely
linked to tropospheric wind anomalies than the Arctic tropo-
pause anomalies. This relationship with the tropospheric jet
also appears in the zonal mean sense, which explains the
wavy deformation of tropopause anomalies to the north and
south of the zonal wind anomalies through meridional flux
of quasigeostrophic PV at the tropopause level (Barroso and
Zurita-Gotor 2016).

Unlike the first mode, where the latitude of the strato-
spheric polar jet anomaly differs in the Pacific and Atlantic
sectors, both polar jet anomalies develop around 60° N in
the second mode (shading in Fig. 7g-1). In January, inten-
sification of the stratospheric polar vortex is manifested as
an acceleration on the polar side of the Atlantic and Pacific
jets (Fig. 7g, j). The Atlantic jet migrates poleward, but the
Pacific jet shows no latitudinal shift in its axis and slows
down slightly. In February, when the stratospheric vortex
fluctuation begins to weaken, a poleward migration of the
Atlantic jet, along with deceleration, is seen in the mid-lower
troposphere (Fig. 7h). At this time, the Pacific jet speeds up
(Fig. 7k). Weakening of the stratospheric vortex in March
is connected with the weakening of the Atlantic jet strength
and deceleration on the polar side of the Pacific jet (Fig. 7i,
1). In addition, the Pacific jet is strengthened as opposed to
January. The associated mid-latitude tropopause anomalies
and their gradient are more complicated than the first mode,
particularly in the Pacific (Fig. 2c, e and Fig. S8).

In summary, tropospheric jet fluctuations not only are dif-
ferent in the two oceanic sectors but also vary in time despite
the persistence of the stratospheric vortex fluctuation in the
first mode. In the second mode, it is found that the change in
the mid-latitude jets is not simply of opposite signs in Janu-
ary and March as in the stratospheric vortex. From a regional
perspective, these results indicate that zonal asymmetry in
the variation of stratospheric and tropospheric zonal winds
is an important characteristic of the leading modes of tropo-
pause variability.

3.5 Role of the two modes in the extreme
stratospheric vortex events

Reconstructed data based on the two modes accounts for
more than 40 (50) % of the total variance of the PCH index
at 10 (50) hPa. In addition, the reconstructed data are sig-
nificantly correlated with the raw data in the stratosphere
with a correlation value of ~0.65 (~0.74) at 10 (50) hPa
(Fig. 8 and Fig. S10). As can be seen in Fig. 8, evolution pat-
terns of the PCH anomalies are reasonably similar between
the two, although significant differences are also seen in
some years. This suggests that PCH variability in the strato-
sphere can be explained to some extent in terms of the two
CSEOF modes. More precisely, the PCH variability can be
explained to some extent by the stratospheric fluctuations
that induce the Arctic tropopause fluctuations in the two
modes. In the troposphere, however, the PCH variability
associated with the leading modes of tropopause pressure
tend to be obscured because of strong internal variability
(Fig. S10). In this study, the normalized PCH index is used
as a proxy for the Northern Annular Mode (NAM) index,
which describes variation of the polar vortex strength (Bald-
win and Dunkerton 2001; Baldwin and Thompson 2009). If
a local extremum of the 10-hPa NAM index is greater than
+1.50, a weak vortex event is assumed to have occurred, and
a strong vortex event is assumed to have occurred if it is less
than —1.5¢. Thresholds are generally set to+ 1-3c (Baldwin
and Dunkerton 2001; Limpasuvan et al. 2004, 2005), and in
this study, the same threshold as in Runde et al. (2016) is
used. The minimum distance between two adjacent events
is set to 12 pentads (2 months) based on the peak date of
each event; any two events not separated by the minimum
distance are considered as a single event and the larger of
the two peaks is chosen as the strength of the extreme event.
For composite analysis, the strongest event in each polarity
for a given year is used.

The tropopause-related vertical evolution explains the
long persistency of typical extreme vortex events (Fig. 9).
The two modes contribute to the gradual decline of weak
vortex (WV) events in the stratosphere (Fig. 9a—f); with-
out the two modes a weak vortex event will in general end
quickly (within a month). The two modes are also strongly
responsible for the intensity and the persistence of strong
vortex (SV) events in the stratosphere (Fig. 9g-1). However,
it seems that contribution from other CSEOF modes is addi-
tionally needed to fully explain the asymmetry between the
positive and negative events in other studies (Huang et al.
2017; Limpasuvan et al. 2005; Martineau and Son 2010).

In addition to the composite characteristics of extreme
vortex events, it should also be noted that their evolution
characteristics and the timing of occurrence vary signifi-
cantly from one case to another. The two modes not only
explain the total PCH variation to some extent as mentioned
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Normalized polar cap averaged geopotential height anomalies
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Fig.8 Normalized polar cap averaged [0°-360° E, 65°-87° N] geopotential height (PCH) anomalies from the reconstructed data based on the
first two CSEOF modes of tropopause variability (shaded) and that from the raw data (contour) during the data period (1979-2018)

above, but also explain reasonably the intraseasonal evolu-
tion of stratospheric vortex each year. The irregular interplay
of the two modes with distinctive evolutionary characteris-
tics is expected to produce the diversity of vortex events.
Therefore, it is necessary to distinguish the contributions

@ Springer

of the two modes in order to understand how they shape the
individual characteristics of vortex events.

Figure 10 depicts the amplitudes of the first and the sec-
ond modes for each vortex event, and shows fairly uneven
contributions of the two modes. This figure shows only
the cases when the 10-

hPa PCH index of the two-mode
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Fig.9 Composite time-altitude patterns of the normalized polar-cap
averaged [0°-360° E, 65°-87°] (the first and third columns) geo-
potential height anomalies and (the second and fourth columns) tem-
perature anomalies for a—f the weak events and g-1 the strong events
of the stratospheric polar vortex. The first row represents the raw
data, the second row is based on the first two CSEOF modes, and the

reconstruction has the same polarity as the event on the peak
date. Since the two modes of the tropopause pressure are
characterized by low-frequency modulation, their superposi-
tion is insufficient to form a rapid vortex event shorter than
2 months and more than two events a year. If the amplitude
of any of the two modes is greater than+ 1 or less than — 1,
it is considered to make an active contribution to the occur-
rence of the pertaining event (color symbols in Fig. 10).
There are more WV events in the positive phase and more
SV events in the negative phase of the first mode (Fig. 10).
This indicates that WV and SV events tend to develop pref-
erably when the first mode is in a positive and negative
phase, respectively. The phase of the second mode seems to
be involved in the timing of extreme events between winter

third row represents the raw data without the first two CSEOF modes.
The 10-hPa polar cap height (PCH) index greater (less) than +1.5¢
(—1.50) is defined as the weak (strong) vortex events. For composite
patterns, the strongest event of each polarity in a given year is used.
The abscissa denotes lag in pentads with respect to the timing of the
strongest event

and spring. WV events in February—March are generally
associated with the positive phase of the second mode, and
events in January are associated with the negative phase.
SV events in January—February mostly accompany the posi-
tive phase of the second mode, and events in March—April
accompany the negative phase. In the same context, if both
WYV and SV events occur in a given year, the sequence of
events is related to the phase of the second mode. In par-
ticular, when the second mode is in a positive phase, events
tend to occur in the order of winter SV and spring WV (more
cross symbols in the positive phase of the second mode).
To summarize, tropopause related stratosphere-trop-
osphere variation explains the long persistence of typical
extreme vortex events. For the interannual variation of
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Fig. 10 PC time series amplitude of the first (y axis) and the second
(x axis) modes of tropopause variability for a the 28 weak and b the
18 strong events of the stratospheric polar vortex. Events are grouped
according to the following criteria: active/inactive contribution of the

extreme vortex events, the first mode is associated with the
polarity of the event, and the second mode contributes to
determining the approximate timing of the event. Actual
extreme vortex events occur on more diverse time scales.
Nevertheless, the fact that the timing of events depends on
the strength of each mode indicates that the leading two
modes serve as a rough guideline for determining evolution-
ary structures of extreme events (Figs. 8, 10 and Fig. S10).

4 Summary and concluding remarks

In this study, the leading modes of NH tropopause pressure
variability for November—April of 1979-2019 and the asso-
ciated physical variation in the stratosphere and the tropo-
sphere were analyzed. The leading modes were extracted
based on CSEOF analysis. The distinct evolution character-
istics of the two modes in the horizontal and vertical planes
and their linkage with the stratospheric and tropospheric
changes were the focus of investigation. In addition, a sys-
tematic explanation for the development of extreme vortex
events was attempted in terms of the two leading modes.

The first two modes, marked by anomalous tropopause
pressure concentrated in the Arctic, describe connections
between the stratospheric polar vortex strength and the high-
latitude tropospheric circulation. Arctic tropopause pressure
is directly affected by stratospheric temperature fluctuations.
Stratospheric warming associated with polar vortex weak-
ening increases Arctic tropopause pressure. The first mode
reflects a stratospheric polar vortex disturbance lasting from
winter to early spring. The second mode represents weak
polar vortex fluctuations in winter followed by strong spring
vortex fluctuations of opposite polarity.
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modes to weak/strong vortex events (color/grey symbols), occurrence
of a single event in a given year (circle), and occurrence of events
with both polarities in a given year (triangle: weak vortex followed by
strong vortex; cross: strong vortex followed by weak vortex)

An examination of the zonally asymmetrical component
of the two modes reveals that stratospheric polar vortex
weakening is linked to equatorward migration of the Atlantic
jet axis and poleward migration of the Pacific jet axis in the
first mode. This means that the coupling between the strato-
spheric polar jet and tropospheric mid-latitude jet is differ-
ent in the two regions. The regional difference in the zonal
wind anomalies is reflected in the mid-latitude tropopause
fluctuations in terms of the PV inversion relation, which is
particularly apparent in the first mode. This behavior corre-
sponds to a tropopause pressure increase in the Atlantic and
a decrease in the Pacific. For the second mode, the Atlantic
jet axis moves poleward in winter, but in spring the maxi-
mum speed of the Atlantic jet only weakens without axis
movement. During this period, the maximum wind speed
decreases in winter and the maximum wind speed increases
in spring for the Pacific jet. Compared to the first mode,
however, the associated mid-latitude tropopause anomalies
are much weaker and more complex.

Similar to zonal mean tropopause variability, strato-
spheric vortex variation plays an important role in tropo-
pause variability (Barroso and Zurita-Gotor 2016; Wong
and Wang 2003). From the spatio-temporal perspective
of tropopause variation, however, mid-latitude tropopause
anomalies do not develop concurrently with high-latitude
anomalies and also vary in the zonal direction. Accounting
for asymmetry in the zonal direction provides more detailed
and realistic information about major tropopause fluctuation
than a limited analysis of zonal mean variability.

It should also be noted that the two types of stratosphere-
troposphere evolution can provide deeper insight into dis-
tinct evolution properties of extreme vortex events. The
phase of the first mode essentially controls the polarity of
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extreme events, and the phase of the second mode is strongly
tied with the timing of extreme events. As a result, the super-
position of physically and statistically distinct modes of
tropopause variability can help understand the evolution of
individual NAM events and their potential timing of occur-
rence, thereby improving the seasonal predictability of the
Arctic climate during the cold season. This means that the
leading modes of the tropopause variability can be a use-
ful tool for understanding the slowly evolving intraseasonal
interaction between the stratosphere and troposphere.
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