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Abstract

The present study investigates dynamical coupling between the equatorial stratospheric Quasi-
biennial oscillation (QBO) and the boreal winter surface climate of the Northern Hemisphere mid
and high latitudes using 42 years data (1979-2020). For neutral El Nifio Southern Oscillation
(ENSO) periods, QBO westerlies (W) at 70 hPa favor high sea level pressure in the polar region,
colder conditions and deeper snow over Eurasia and North America, and the opposite effects for
QBO casterlies (E). When QBO anomalies arrive in the upper troposphere and lower stratosphere
(UTLS), it is observed that planetary wave activity is enhanced in the extratropical UTLS during
QBO W and diminished during QBO E. This QBO teleconnection pathway along the UTLS to the
high latitude surface is independent of the “stratospheric pathway” (Holton-Tan mechanism).
Diagnosis of this pathway can help to improve understanding of internal sub-seasonal to seasonal

variations, and long-range forecasting over Eurasia and North America.
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1. Introduction

The role of dynamical coupling between the stratosphere and troposphere and between the tropics
and extratropics in causing regional climate variations is a topic of increasing interest. An
improved understanding of dynamical coupling at scales from regional to global via tropospheric
or stratospheric dynamical mechanisms can be helpful in improving seasonal forecasts for a given
region of interest. The boreal winter (December—January—February [DJF]) is a dynamically active
season in the Northern Hemisphere (NH), with the presence of vertically propagating planetary
wave activity in stratospheric westerlies! 2, and more active deep convection in the tropics®. In this
season, certain kinds of dynamical coupling are possible between the tropical stratosphere and
extratropical troposphere. A better understanding of this coupling would benefit the populations of
Eurasia and North America with improved winter forecasting, as dynamically modulated by
regional and global atmospheric circulations®°. These include the tropospheric El Nifio Southern
Oscillation (ENSO)®, with periodicity ~3—7 years, and the Quasi-biennial oscillation (QBO)’,
which has a periodicity of 22—-34 months and is a dominant mode of interannual variability in the
equatorial stratosphere.

ENSO is a tropospheric source of dynamical coupling between tropical and extratropical regions,
through modulation of planetary waves in both the troposphere and stratosphere® °, and is one of
the key ingredients used in forecasting wintertime surface climate anomalies for the NH
extratropics!® 1121314 ENSO teleconnections can involve both a tropospheric® and a stratospheric
pathway'> . Butler et al.!” reasoned that North America is primarily affected via the tropospheric
pathway, involving a shift in the Pacific North America pattern, while the surface climate response
over large portions of Eurasia, the Arctic, and the North Atlantic are influenced by the stratospheric

pathway via modulation of the polar vortex.
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Stratosphere forcing can also contribute to the predictability of climate-related extreme events at
the surface!®. The QBO is a dominant equatorial stratospheric dynamical forcing, having broad
impacts over the globe’. Its inclusion significantly enhances seasonal to decadal forecast systems'”.

Impacts of the QBO have been studied in the tropical and subtropical region involving the direct

18, 19, 20, 21, 22 23,24 25,

effect on deep convective systems , and in the polar region via the polar vortex
26. The QBO dynamical teleconnection has three potential routes of influence, referred to as the
tropical, subtropical, and polar routes®!:?’. However, these three routes can be classified into two
pathways to separate their responses®! 2 2”28 The tropical and subtropical routes are associated
with the “tropospheric pathway” along the tropical and subtropical upper troposphere and lower
stratosphere (UTLS)?®. In this pathway, QBO anomalies in mean meridional circulation (MMC),
temperature, and zonal wind®® can interact with synoptic Rossby wave patterns, which can then
affect the extratropical troposphere via modulation of the Northern annular mode (NAM)?. The
polar route is associated with the “stratospheric pathway”, where QBO anomalies of MMC,
temperature, and zonal wind in the subtropical stratosphere modulate stratospheric planetary wave
absorption (Holton-Tan mechanism or “H-T effect”)** .

Holton and Tan?* *° showed that sudden stratospheric warmings (SSWs) occur more often when
there are QBO easterlies (E) in the tropical stratosphere near 50 hPa. In turn, SSWs are related to
an increase in negative phases of the NAM and Arctic oscillation (AO)*' in sea-level pressure, and
more cold air outbreaks at the surface in North America and Eurasia®!' 32, The “H-T effect” is an
example of the stratospheric pathway from the tropical stratosphere to the extratropical surface. It
has also been observed that ENSO modulates the QBO MMC?% 2% QBO amplitude*, and QBO

period via modulation of its downward propagation speed*® ** 3. Further, both modeling®® and

observational studies®® 3" have shown that the interaction between different phases of ENSO and
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the QBO produce a nonlinear effect in the QBO dynamical teleconnection. Hasen et al.*® showed
that QBO anomalies extend down to the troposphere most significantly during La Nifa.
Observational studies®® *” found that La Nifia amplifies the QBO dynamical teleconnection to the
polar vortex, thereby influencing the stratospheric pathway. Kumar et al.? also found that La Nifia
(EI Nifio) tends to amplify (nullify) the QBO MMC into the winter hemisphere. Recently, Ma et
al.’® pointed out that QBO teleconnections to the subtropics are more evident during El Nifio
winters, while teleconnections to the polar regions are more evident during La Nifia winters.
ENSO influences both the tropospheric and stratospheric pathways. It is therefore important to
investigate each combined ENSO and QBO state in order to understand QBO teleconnections.

As mentioned above, in past studies, the influence of the QBO on the high latitude boreal winter
surface climate was discussed in terms of modulation of polar vortex intensity?’-3%*°. However, a
complete dynamical mechanism for downward coupling is yet to be established*!. Until now, QBO
winter teleconnections to the surface have been reproduced in models with mixed success, and
current QBO forecast biases highlight model deficiencies needing future improvement *>. Updated
observational studies will play a crucial role in such improvements. Most of these studies used a
single level for the QBO index, either 30 hPa, 50 hPa, or 70 hPa and considered two phases of the
QBO, westerly and easterly irrespective of ENSO phases. However, the QBO varies continuously
in phase, with a distinct pattern of temperature and wind anomalies associated with the QBO MMC
that descend in time such that any one-point experiences a sinusoidal range of phases (see, e.g.,
Fig.1 and 21 of Hitchman et al.?®). In the present work we define QBO phase using empirical
orthogonal function (EOF) analysis, which includes phase information over a wider range of
altitudes than a single level index. The method of Wallace et al.** is adopted to define QBO phase

angle. Here we seek to identify a QBO - surface weather climate linkage using composite
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differences between opposite phase angles of the QBO in the most recent European Centre for
Medium-Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA-5) data set from of the satellite
era 1979 — 2020. As discussed above the role of ENSO is important in determining the boreal
winter surface climate as well as influencing QBO dynamical teleconnection. In this work, the
joint effects of the ENSO and QBO are discerned in a systematic fashion using a phase sweep of
the QBO phase angle. This allows for investigating the effects of different phase combinations of
ENSO and the QBO in determining NH winter surface climate.

2. Results

2.1 Zonal mean results

In order to study the influence of the QBO on NH surface weather during DJF, monthly zonal
mean anomalies are calculated for (lower stratospheric) 100 hPa geopotential height (GPH'), mean
sea level pressure (MSLP’), and surface temperature at 2 m (T'). The single prime superscript
indicates de-seasonalized anomalies, the departure from the climatological mean annual cycle in

the 42-years data set (see section 4.1). The zonal mean analysis is based on composite differences
between the two groups G1 and G2 (6, + %, and 6. + 180° + %, respectively) of QBO opposite

phases, where 6, is the central phase angle of the group and the averaging angle is A8 = 120° (see
Methods, Fig. 1 b). A phase sweep of QBO central phase angle is performed, changing the phase
every 1°in a complete cycle (0°-360°), to search the phase dependency for statistically significant
effects. El Nifio and La Nifia periods were defined by when the Nifio 3.4 monthly mean index
exceeded +0.4 K. These analyses were done separately for All, Neutral, El Nifio, and La
Nifia groupings of monthly means (Fig. 2).

In the All category, significant negative differences of GPH' anomalies at 100 hPa can be seen in

the NH polar region (> 60°N) for the phase angle range 100° < 8,.< 140° (Fig.2a). These significant
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patterns are mainly contributed by La Nifia (Fig. 2d), which exhibits more significant patterns in a
wider phase domain (70° < 8, < 210°) with strong amplitude, and are absent for the neutral and El
Nifio periods (Fig. 2b and c). Significant patterns for La Nifia are centered around 135° phase
angle, which represents a QBO westerly wind maximum at 50 hPa (see, e.g., Fig.3 of Kumar et
al.?®), where 50 hPa QBO W phase coincides with low geopotential height over the pole. This
analysis confirms the finding of Kumar et al.?%, that the H-T mechanism is amplified during La
Nifia. Interestingly for neutral ENSO, all the variables exhibit systematic significant modulations
simultaneously in the extratropical and polar regions for a broad phase range (120° < 6, < 240°)
with centroid at 180° (vertical dashed line) (Fig. 2b, f, and j). Note that the composite difference
G1 — G2 at centroid angle 180° is representative of QBO W — QBO E phase at 70 hPa and the
reverse phase at 20 hPa (Fig. 1¢). Significant negative anomalies of GPH' at 100 hPa in the tropical
to extratropical transition region (20°N - 40°N) are associated with positive MSLP’ anomalies in
the polar region (> 50°N) and negative T’ at 2 m anomalies in the high latitude region (50°N -
70°N). The significant anomalies in surface temperature extend up to 500 hPa (not shown).

These results suggest that it would be useful to explore the phase combination of neutral ENSO
and centroid QBO phase angle 180° to better understand the joint QBO/ENSO influence on the
NH high latitude surface via the tropical\extratropical UTLS. Figures 2g, h, k, and 1 show that El
Nifio and La Nifa interact with the QBO in a complex way to influence surface weather climate
in the extratropical and polar regions. Considerations for interpretation include the modest sample
size, uneven distribution of El Nifio and La Nifia events for QBO phases G1 and G2, and uneven
distribution of strong El Nifio or La Nifia events in the particular QBO phase bins. It is also
possible that there are significant longitudinal variations for a particular ENSO/QBO phase

combination, but the zonal mean structure is not significantly modulated.
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The present analysis focuses on neutral ENSO only at centroid angle 180°, for which G1 contains
10 months from 5 different winters and G2 contains 16 months from 8 different winters. Using
one month as a basic unit, and using a low threshold value (£ 0.4 K) for evaluating ENSO neutral,
help to minimize ENSO bias for a particular phase of the QBO (G1 or G2).

2.2 Zonally asymmetric results for neutral ENSO

This analysis is extended for non-zonal components to explore the regional dependency of QBO
modulation. Results are shown in NH polar orthographic projection in Fig. 3, for central phase
angle 8. = 180° during DJF and neutral ENSO. Top to bottom rows show 100 hPa GPH, MSLP,
T at 2 m, and snow depth, respectively. The 1st column represents the 42-year DJF mean for neutral
ENSO, while the 2nd to 4th columns show composites of G1 anomalies, G2 anomalies, and their
composite difference G1— G2, respectively.

During QBO W (G1, Fig. 3, 2nd column) a 100 hPa ridge is amplified over the Bering Sea, near
the base of the climatological Aleutian High**, MSLP is higher over the Arctic, and the midlatitude
continents are colder and snowier. During QBO E (G2, Fig. 3, 3rd column) there is a somewhat
different wave two anomaly pattern, with low 100 hPa heights over the Bering Sea, reduced MSLP
over the Arctic, and the midlatitude continents are warmer and less snowy. The composite
difference G1- G2 of GPH' anomalies at 100 hPa shows a nearly wavenumber 2 pattern in the
extratropical region (30°N — 60°N) with significant negative anomalies across North America and
southwestern Europe, and (statistically insignificant) over Northern Russia (Fig. 3a, 4th column).
The wavenumber 2 feature is present from 100 hPa to the boundary layer; and below the 100 hPa
level the Northern Russia pattern becomes statistically significant. A significant positive anomaly
in 100 hPa GPH' lies over the Bering Sea. These results are consistent with excitation of a weak

NAM and more cold air outbreaks over the continents®® 32 during QBO W and neutral ENSO.
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These composite difference patterns exhibit minor nonlinear features between G1 and G2, with
stronger amplitude and a wider region for group G1. We hypothesize that the wavenumber 2
pattern may have been induced by the tropospheric pathway of QBO influence along the UTLS.
In this connection, a significant positive pattern can be seen in MLSP’ as a semi-disc structure
(150°W-60°E) from 60°N to the north pole, including North America, Greenland, Iceland, northern
Europe, and the Norwegian Sea (Fig. 3b, 4th column). Significant negative patterns over southern
Europe extend across the Mediterranean Sea and North Africa to the equator.

More robust features are seen in T’ at 2 m anomalies, with significant negative patterns over the
Eurasian and North American sectors (Fig. 3¢, 4th column), and simultaneously significant
positive patterns spread across the northern Arabian Peninsula, part of eastern North Africa, and
the Mediterranean Sea. Weakly significant positive patterns can also be observed near the Aleutian
and Icelandic low-pressure systems. Similar patterns are found for snow depth anomaly over the
both Eurasian and North American sectors, but with the opposite sign and smaller-scale features.
Snow depth is higher when it is colder. The patterns of MLSP’, T" at 2 m, and snow depth exhibit
a linear transition from G1 to G2 with a marginally stronger amplitude for G1.

2.3 Regional dependence on QBO phase angle for neutral ENSO

In order to further investigate particular regions of interest, we analyzed the series for MSLP'and
T’ at 2 m against QBO phase angle over selected domains which exhibited significant patterns for
DJF during neutral ENSO (Fig. 3). The area of interest for MSLP' is the significant region in the
composite difference highlighted by the back dots over the positive golden color at the polar
region, and over the negative dark green color at southwestern Europe (Fig. 3b, 4th column), and

for T’ at 2 m the significant region of black dots over the negative dark green color at Eurasia, and

North America (Fig. 3c, 4th column). A sine trigonometric function with mean amplitude defined
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from both groups (G1 and G2) is applied to each series. All resulting series with QBO phase are
shown in Fig. 4, reflecting sinusoidal waves with phase constant 90° (dashed line).

As expected, the MSLP' series over the Arctic and southwestern Europe have a phase difference
of 180° because their significant patterns show the opposite sign for composite differences (Fig.
2b, 4th column). The composite difference for MSLP between G1 and G2 is greater than 6 hPa (3
hPa) for the Arctic (southwestern Europe), and that for T' at 2 m is greater than 2 K (4 K) for
Eurasia (North America). The statistical significance of each difference series exceeds 99% for
groups G1 and G2. Since the sampling is limited, we also used a bootstrap method with 10,000
resampling members to estimate the significance of G1 and G2. Results are shown in the adjacent
histogram plots on the right-hand side of each series. The first histogram corresponds to non-
parametric bootstrapping on the ratio of variance (f-test) for G1 and G2, and the second
corresponds to bootstrapping on the difference of the means for G1 and G2. The yellow vertical
line represents the original ratio of variance and difference of mean for G1 and G2 in the first and
second histograms, respectively. The regions between the two red vertical lines lie at a 99%
significant level. The significance is also met for the bootstrapping. The sinusoidal characteristics
in the original sampling with QBO phase angle and the significance level in bootstrapping reflect
the robustness of the results. These significant composite differences of MSLP' and T’ at 2 m
between the opposite QBO phases contain meaningful applications for seasonal and longer time-
scale forecasts, although internal variations within each group are not also small.

3. Discussion

After confirming a consistent result with our previous study?® that the H-T mechanism is amplified
during the La Nifia period, the present study investigates the QBO teleconnection with the boreal
winter surface climate of NH mid and high latitudes regions in the presence and absence of El

Nifio and La Nina effects. A significant modulation of the climate dynamics governing surface
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anomalies is observed in the zonal mean and zonally asymmetric quantities for a specific QBO
phase at the centroid angle of 180° for neutral ENSO period only (- 0.4 K < Nifio 3.4 index < —
0.4K). This specific QBO phase group G1 corresponds to maximum westerly wind at 70 hPa (QBO
W) and simultaneously opposite easterly maximum at 20 hPa, whereas G2 group (QBO E) has the
opposite signs.

The QBO modulations of surface temperature and snow depth in Eurasia and North America
illustrates a systematic association with MSLP in the arctic region. High pressure conditions over
the polar region induce colder temperatures over the midlatitude continents and vice-versa. It is
observed that ENSO neutral and QBO W favors a high value of MSLP (> 6 hPa) over the polar
region (>50°N), and cold conditions (~ 2 — 4K) with high snow depth over Eurasia and North
America, and the opposite effects during QBO E. A comparison of the anomaly patterns for QBO
W and QBO E shows that the response is fairly linear, with marginally stronger amplitude for QBO
W. During QBO W, anticyclonic anomalies are found at 100 hPa over the Bering Sea and the high
North Atlantic. This favors higher arctic MSLP, especially in the North Atlantic. The pattern of
colder surface temperatures extends farther into the midlatitudes, with enhanced snowfall farther
south than normal, favoring a low index NAM ?* and negative AO*!. During QBO E, the Aleutian
High and the trough over eastern North America at 100hPa are reduced in amplitude such that the
polar vortex is more zonally symmetric, with a region of lower MSLP over the pole. Such a high
index NAM/AO flow confines polar air to higher latitudes, giving a warm anomaly across Eurasia
and North American and reduced snow depth.

These results suggest that tropospheric wave activity is enhanced at high latitudes during QBO W
and diminished during QBO E for the neutral ENSO period. This QBO pathway to the high latitude

surface is independent of the traditional “stratospheric pathway” or H-T mechanism. To explore
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the hypothesis that there is enhanced planetary wave activity in the extratropical troposphere
during QBO W for the neutral ENSO period, we investigate the joint effect of the QBO and ENSO
on the Eliassen-Palm (EP) flux and flux divergence, which is shown in Fig. 5. In the DJF
climatology there are two branches of EP fluxes, with some wave activity propagating upward in
the troposphere near 40°N and refracting equatorward along the UTLS (Fig. 5, left column), and
another branch propagating upward in the stratosphere near 60°N. A region of poleward flux of
wave activity can also be observed along the UTLS from equator to 15°N. It is difficult to discern
any differences among the phases on ENSO in the climatology plots, although there are some
differences in the shape of the zero-wind line of the zonal mean zonal wind in the lower
stratosphere (Figs. 5a-c, left column). In the climatology one may also observe the vertical dipole

of divergence/convergence of the EP flux (i.e., westerly/easterly wave drag) in the extratropical
troposphere due to the baroclinic disturbances.

During QBO W and neutral ENSO the equatorward refraction of Rossby wave activity along the
UTLS in the subtropics is diminished and the upward branch in the extratropical stratosphere is
enhanced (Fig. 5a, G1), consistent with poleward confinement of wave activity and a higher
amplitude wave two pattern in the lower stratosphere (Fig. 3a, Gl). During QBO E, the
equatorward branch along the UTLS is stronger and the upward branch in the extratropical
stratosphere is diminished (Fig. 5a, G2). This pattern is more noticeable in their difference (Fig.
5a, G1-G2). These results are consistent with the high index NAM/AO patterns during QBO E and
neutral ENSO shown in Fig.3.

In order to see the QBO route though the subtropical jets (STJs), the joint effect of the QBO and
ENSO on the STJ is shown in Fig. 6. During neutral ENSO months (Fig. 6a), the amplified

Aleutian High at 100 hPa during QBO W implies reduced westerlies across the Pacific and an
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equatorward shift in the STJ (Fig. 6a, G1), but in the Atlantic sector, an amplified Icelandic Low
coincides with a stronger, northward-shifted STJ across the Mediterranean Sea. During QBO E
and neutral ENSO (Fig. 6a, G2) the Pacific STJ is strengthened and zonal winds in the North
Atlantic are stronger, consistent with a higher index NAM flow. During El Nifio, the anomalies in
G1 and G2 are diminished, but with similar difference patterns to neutral ENSO in the Atlantic
and Eurasia (Figure 6b), whereas QBO modulation is weak over the Pacific. During La Nifia, the
anomaly fields in G1, G2 and their difference show similar patterns to neutral ENSO, but with
opposite sign and weaker amplitudes.

The joint effects of the QBO and ENSO on zonally asymmetric features of wind speed in the upper
troposphere (Figure 6) are consistent with the anomalies of E-P flux and its divergence (Figure 5).
These results suggest that, for neutral ENSO, when QBO anomalies of MMC, temperature and
zonal wind arrive in the UTLS, there is a QBO tropospheric pathway of influence via the
subtropical UTLS towards to high latitudes surface through wave mean flow interaction?’, instead
of through modulation of the polar vortex via the stratospheric pathway (H-T effect). In discussing

possible mechanisms by which the QBO can influence the STJs, Wang et al.*®

included changes
in baroclinicity, eddy refraction, and changes in tropopause height. Although not yet fully
understood, through the interaction among QBO anomalies, synoptic waves, and planetary waves,
the tropospheric wave pattern is enhanced at high latitudes during QBO W, and is diminished
during QBO E for neutral ENSO. This QBO teleconnection pathway through the STJs to the high
latitude surface is independent of the traditional “stratospheric pathway” or H-T mechanism.
Diagnosis of this pathway will provide valuable input to global circulation model simulations of

internal sub-seasonal to seasonal variations, and can be implemented to improve long-range

forecasting of these time scales over the Eurasian and North American areas.

13



309
310
311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

4. Data and Method
4.1 Data
ERA-5 reanalysis monthly mean data for the 42 years period 1979 to 2020 are used to analyze

MSLP, T at 2 m, snow depth, horizontal winds (U, V), and geopotential height (GPH). The data
are available at 37 pressure levels from 1000 hPa to 1 hPa. Due to development in model physics,
core dynamics, and data assimilation, the ERA-5 data set offers several improvements over its
predecessor (ERA-Interim)*6. ERA-5 allows for the detailed evolution of weather systems as it
outperforms the high-resolution regional analysis with a 31-km horizontal resolution**. ENSO
phase is defined based on the Nifio 3.4 index in monthly mean data. The Hadley Centre Global
Sea Ice and Sea Surface Temperature (HadISST) v1.1 data*’is used to calculate the monthly Nifio
3.4 index, which is defined as the de-seasonalized SST anomaly for the 42-year data set in the
pacific region 5°N-5°S, 120°W-170°W. Any month during the 42 years is considered to be during
El Nifio or La Nifia whenever the Nifio 3.4 index exceeds the threshold values + 0.4 K (+ El Nifio,
—La Nina). All of the zonal and non-zonal analyses are performed at 2.5° spatial grid resolution.
4.2 Methods

4.2.1 QBO phase angle:

The method of Wallace et al.* is used to represent the QBO in empirical orthogonal function (EOF)
phase space for equatorial zonal mean zonal wind varying in altitude and time. The EOFs are
obtained from the covariance matrix of the de-seasonalized stratospheric zonal mean zonal wind
(U") in the equatorial region at the five pressure levels 70, 50, 30, 20, and 10 hPa. The vertical
structure of the first two leading EOFs is shown in Fig. 1a. These two functions explain 94.72%
(58.07% plus 36.65%) of the total variance. EOF1 reflects the opposite phase of zonal wind in the
upper (< 50 hPa, positive) and lower (> 50 hPa, negative) stratosphere, while EOF2 reflects

maximum zonal wind in the mid-stratosphere (around 30 hPa, positive). A scatter plot of the first
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two principal components (PC1 and PC2) associated with these two EOFs is shown in Fig. 1b (for

DIJF only). The QBO phase angle is defined as 8 = tan™?! iijc , where PC1, and PC2, are

c

defined with respect to the locus of the centroid (Cx, Cy) of all months for 42 years (shown as a +
green marker in Fig. 1b) i.e., PC1, = PC1 — Cx, and PC2. = PC2 — Cy. The centroid is
determined numerically (2.22, — 4.79) to minimize the variance of the distance to all points for the
whole data period. Successive progression of the QBO-phase angle 8 can be seen with time (Fig.
1d) except for the disturbed periods 2015/2016 and 2019/2020. As introduced by Kumar et al.?®,

this study uses the same composite difference analysis for a central angle 8, between two groups

G1 and G2 of QBO opposite phases (6, + %, and 6. + 180° + Az—e,respectively , A8 = 120°),
and also gives weight to the phase transition between these two opposite groups (i.e., 60° between
G1 and G2 and 60° between G2 and G1). Therefore, the composite difference analysis will neglect
the phase transition between two opposite phases of the QBO. As an example, G1 and G2 are
shown, along with a dashed line at the central angle 6, = 180° (Fig.1 b). Most results are shown
for groups G1 and G2 with central angle 8, = 180° (Fig. 1b, c¢), for which G1 corresponds to QBO
W phase at 50 to 70 hPa, and G2 corresponds to QBO E phase at 50 to 70 hPa with clear separation
between these two phases at 70hPa, and simultaneously the opposite phase at 20 hPa (Fig. 1c).
Using individual months, the statistical significance of the composite difference is evaluated using
a two-sided Student's #-test, assuming two independent samples in each G1 and G2 group. All
results for composite difference patterns are discussed at the 95% significant level. Further, to
avoid monthly intra-seasonal variability within a group, deseasonalized anomalies are used for the
composite difference analysis. A single superscript prime on any variable, X', represents the de-

seasonalized anomaly, i.e., its deviation from the 42 year (1979-2020) climatological mean annual

cycle.
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4.2.2 EP flux and divergence:

The EP flux*® is a diagnostic tool for assessing wave propagation and wave-mean flow interaction.
It is a vector representation for the propagation of synoptic and planetary Rossby wave activity in
the meridional plane. An upward component indicates a poleward heat flux while an equatorward
component indicates a poleward momentum flux. EP flux divergence implies a source of Rossby
wave activity, and EP flux convergence implies absorption of Rossby wave activity. EP flux
divergence represents the body force, or net effect of waves on the zonal mean zonal wind, with
EP flux convergence causing deceleration of zonal mean westerlies and EP flux divergence causing
acceleration. The primary effect of a region of EP flux convergence, however, is to induce
poleward motion, with an associated MMC and quadrupole of temperature anomalies in the
meridional plane (warm over cold in the tropics and cold over warm at high latitudes) associated
with adiabatic vertical motions.

The meridional and vertical components of the EP flux are calculated in pressure coordinates using

the following expressions*”>°;

—u'o 1 9(T cosdp)\ v o’ —F
—, f, = (f— ) — —u'w’ n
Up bp > P acos ¢ o fp u'w’, and

fp =—u'v' +
F = (Fq,, Fp) =pacos¢ (fy,fp), where

¢ is latitude, p pressure, u zonal wind, v meridional wind, w vertical wind, 8 potential
temperature, f = 2 (1sin ¢ is the Coriolis parameter, ( is the angular frequency of Earth’s
rotation, a denotes the Earth’s radius, and p (p) is mean density. The zonal mean is indicated with

an overbar; a prime denotes a departure from the zonal mean. Potential temperature is calculated

K - >
from@ =T (%) and density from p = p, Pi. The EP flux divergence is calculated from V- F =
0
1 d(cos pF ) N 1 0(Fp)
pacos¢ (o) pacos¢ OJp

Twice daily (0000 and 1200 UTC) ERA-5 analyses are used
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for calculating EP fluxes and then monthly mean averages are constructed. EP flux arrows are

scaled by +/p,/p in order to see features in the upper stratosphere.
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Figure captions

Figure 1. QBO representation in EOF phase space (a) Vertical profiles of EOF1 (solid line) and EOF2 (dashed
line). (b) Scatter plots in the PC1—PC?2 phase space for boreal winter months (DJF). Dots represent neutral (black),
El Nifio (red), and La Nifa (blue) periods. The numbers of months for these periods are written at the top right corner

with same color. The centroid of all the points is shown with a green + marker. The QBO phase angle is defined to be

PC2,
PC1¢

6 = tan~t

, and PCI ¢ and PC2¢ are defined with respect to the centroid point. Two data sample groups (G1 and

G2) with opposite QBO phase are introduced for the central angle 6, and half width 46 /2 (= £60°). An example of
G1 (pink circle arc) and G2 (light green arc) are shown for the central angle 6. = 180°. (¢) Composite mean of the
zonal mean zonal wind for G1 (pink) and G2 (light green) groups at 6. = 180° with + one standard deviations. The
dashed profile shows the composite difference G1 — G2, with circles on the right-hand side of the frame indicating a
statistically significant result (> 95%) in the composite difference at the corresponding pressure levels. (d) Time

variation of the QBO phase angle 8, where all months that are not DJF are shown with gray dots.

Figure 2. QBO phase angle versus latitude plots of composite difference G1-G2 for DJF for the following zonal
mean quantities: (a—d) 100 hPa geopotential height anomalies (GPH'), (e-h) mean sea level pressure anomalies
(MSLP’), and (i-1) surface temperature (T") anomalies at 2 m height. From left to right, columns represent All, Neutral,
El Nifio, and La Nifia periods. Black dots indicate regions with composite differences greater than 95% statistical
significance. The vertical dotted line indicates the central phase angle 6, = 180°, with vertical dashed lines for 6, +
60°. Note that G1 — G2 at 8, = 180°, is representative of QBO W — QBO E phase at 70 hPa and the reverse phase at
20 hPa (Fig. 1c).

Figure 3. Northern Hemisphere orthographic polar projections (0°N-90°N) of (a) 100 hPa GPH, (b) MSLP, (¢)
T at 2 m, and (d) snow depth at the central angle 8, = 180° for neutral ENSO period during DJF. The 1st, 2nd, 3rd
and 4th columns of each row represent the DJF climatological mean, composites of G1 anomalies (QBO W [E] at
70hPa [20hPa]), G2 anomalies (QBO E [W] at 70 hPa [20hPa]), and their composite difference G1-G2 (QBO W [E]-
E [W] at 70hPa [20hPal]), respectively. Black dots on the composite difference plots highlight regions where statistical

significance exceeds 95%.
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Figure 4. Regional anomalies (blue x’s) of MSLP’ (top) and T’ at 2 m (bottom) as a function of QBO phase
angle for statistically significant domains observed in non-zonal composite difference analysis at 6, =180° over
(a) the Polar region, (b) Southwestern Europe, (c) Eurasia and (d) North America, during DJF and for neutral ENSO
period. A sine trigonometric function with phase constant 90° is plotted as a black dashed line. Both opposite groups
GI1 and G2 at 6, = 180° are highlighted with a white color background, while the transition phases between these two
groups is highlighted with a light gray color background. The central vertical dotted line in each group G1 and G2
represents the central phase angle position of that group (i.e., 8, = 180° for G1 and 8, = 360° for G2), while the other
two dotted vertical lines represent the boundaries of that group (6. + %, AB =120°, i.e., GI ranges 120° - 240° and
G2 ranges 300° - 60°). The horizonal black solid line denotes the mean value of all the data points within that group.
One cycle of the QBO phase angle is plotted beginning at 60° so that both G1 and G2 are shown uninterrupted. The
bootstrapping between G1 and G2 for each panel is shown with adjacent histogram plots at the right-hand side, with
total 10, 000 resample size. The first histogram is for non parametric bootstrapping on the ratio of variance (f-test)
for G1 and G2 and the second is for bootstrapping on the difference of the mean for G1 and G2. The region inside

the two red vertical lines is at the 99% significant level.

Figure 5. Latitude pressure sections of EP fluxes and EP flux divergence (color bar, m s day™) (a) neutral, (b)
El Nifio, and (c) La Nifia, for the DJF climatological mean (1st column), QBO phase group G1 (2nd column), QBO
phase group G2 (3rd column), and G1 - G2 (4th column). G1(G2) corresponds approximately to QBO-W (E) at 70
hPa. EP flux arrows are scaled by m in order to see features in the upper stratosphere. Reference vector lengths
correspond to 10° kg s2 (vertical) and 4x108 kg s (meridional) at 1000 hPa. Black, red and blue lines in the 1st, 2nd
and 3rd columns, respectively, are the zero-wind lines for zonal mean zonal wind for mean, G1, and G2, respectively.
The vertical solid line in each plot denotes the position of the equator. Black arrows on the composite difference plots

highlight regions where statistical significance exceeds 95%.

Figure 6. Northern Hemisphere orthographic polar projections (0°N-90°N) of wind speed at 300 hPa at the
central angle 8, = 180° during DJF. The 1st, 2nd, 3rd, and 4th columns of each row represent the DJF climatological
mean, composites of G1 anomalies, composites of G2 anomalies, and their composite difference G1 — G2, respec-
tively. From top to bottom, rows are for (a) Neutral, (b) El Niflo, and (c) La Nifia. Black dots on the composite

difference plots highlight the regions where statistical significance exceeds 95%.
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