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Abstract. The quasi-biennial oscillation (QBO) is quasi-periodic oscillation of the tropical zonal wind in the stratosphere.
When the tropical lower stratospheric wind is easterly (westerly), the winter Northern Hemisphere (NH) stratospheric polar
vortex tends to be weak (strong). This relation is known as Holton-Tan relationship. Several mechanisms for this relationship
have been proposed, especially linking the tropics with high-latitudes through stratospheric pathway. Although QBO impacts
on the troposphere have been extensively discussed, a tropospheric pathway of the Holton-Tan relationship has not been
explored previously. We here propose a tropospheric pathway of the QBO impact, which may partly account for the Holton-
Tan relationship in early winter, especially in the November-December period. The study is based on analyses on
observational data and results from a simple linear model and atmospheric general circulation model (AGCM) simulations.
The mechanism is summarized as follows: the easterly phase of the QBO is accompanied with colder temperature in the
tropical tropopause layer, which enhances convective activity over the tropical western Pacific and suppresses over the
Indian Ocean, thus enhancing the Walker circulation. This convection anomaly generates Rossby wave train, propagating
into the mid-latitude troposphere, which constructively interferences with the climatological stationary waves, especially in

wavenumber 1, resulting in enhanced upward propagation of the planetary wave and a weakened polar vortex.

1 Introduction

The stratospheric quasi-biennial oscillation (QBO) is dominant interannual oscillation of the zonal wind in the stratospheric
tropics with an approximate 28-month period (Veryard and Ebdon, 1961; Reed et al., 1961; Baldwin et al., 2001). The
influence of QBO on the winter Northern Hemisphere (NH) stratospheric polar vortex has been well known (Holton and Tan,
1980, 1982; Anstey and Shepherd, 2014). When the tropical lower stratospheric wind is easterly (EQBO) the winter NH
polar vortex tends to be weak, and the vortex tends to be strong when the tropical lower stratospheric wind is westerly
(WQBO). This relation is called the Holton-Tan relationship (Holton and Tan, 1980, 1982), for which several mechanisms
have been proposed in terms of the stratospheric linkages between the tropics and high-latitudes (Anstey and Shepherd,
2014). In the EQBO winters, the westerly region in the lower stratosphere is limited poleward of around 20°N so that the
waveguide for quasi-steady planetary waves becomes narrower. Thus the planetary waves tend to propagate more poleward
and weaken the polar vortex. On the other hand, in the WQBO winters, the westerly region extends more to the tropics, and
thus planetary waves tend to propagate more equatorward. This critical latitude mechanism was proposed in early days
(Holton and Tan, 1980, 1982). QBO-producing atmospheric circulation models (AGCMs) suggest that this critical latitude
mechanism is not effective (Naoe and Shibata, 2010). The secondary circulation associated with the QBO in the subtropics
(Plumb and Bell, 1982) is suggested to be important for the Holton-Tan relation (Yamashita et al., 2011; Garfinkel et al.,

2012; Lu et al., 2014). There is yet another study, examining a transient response, argues that the critical latitude mechanism
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has a role in the Holton-Tan relation (Watson and Gray, 2014). The Holton-Tan relation has been the subject of many
observational and modelling studies, yet its underlying mechanism may not be so completely understood (Anstey and
Shepherd, 2014). The mechanisms mentioned above are processes linking the equatorial stratosphere to the polar

stratosphere through the stratosphere, thus referred to as the stratospheric pathway in this study.

The influence of the QBO on the troposphere has been also the subject of many studies (Baldwin, 2001; Marshall and
Scaife, 2009; Gray et al., 2018). In the EQBO winters, planetary wave in the troposphere especially of wavenumber 1 is
enhanced compared with the WQBO years in mid- to high-latitudes (Baldwin and Dunkerton, 1991; Hu and Tung, 2002,
Ruzmaikin et al., 2005; Naoe and Shibata, 2010). This has been interpreted as a stratospheric influence on the troposphere,
by changing stratospheric zonal wind distribution from the tropics to high-latitudes, then changing propagation property of
the stratosphere. Previous studies have reported that the tropical convection is also affected by the QBO phase (Collimore et
al., 2003; Liess and Geller, 2012; Gray et al., 2018). Particularly, the impact of the QBO on the Madden-Julian oscillation
(MJO) (Madden and Julian, 1994) has been extensively examined in recent years (Yoo and Son, 2016; Son et al., 2017;
Marshall et al., 2017; Nishimoto and Yoden, 2017; Martin et al., 2019). In the EQBO winters the MJO is more active
compared with the WQBO winters. By using a local cloud-resolving WRF model, Martin et al (2019) showed that the colder
temperature anomaly in the tropical tropopause layer (Fueglistaler et al., 2009) associated with the EQBO phase is an
essential factor for enhancing tropical deep convection. Those results potentially suggest that resultant changes in the
tropical convection from the QBO may also influence high-latitude circulations, namely the extra-tropical planetary-scale
wave field and the stratospheric polar vortex strength, through tropospheric processes. However, such a tropospheric

pathway for the Holton-Tan relation has not been studied.

In this study, we present evidence for a possible mechanism of the tropospheric pathway for the Holton-Tan relationship
through the following process. 1) The QBO affects tropical convection. 2) The tropical convection then affects mid-latitude
planetary waves. 3) Finally the upward planetary waves propagation to the stratosphere is modified. Although there have
been many studies discussing on each of those processes, our aim is to provide a synthetic view on potential QBO influences
through a tropospheric pathway by analyzing observations and results from a simple linear model and AGCM simulations. It
should be noted that we intend to argue for a tropospheric process for the mechanism of Holton-Tan relation and QBO

influence on NH weather in early winter, but not to deny a role of the stratospheric pathway.

2 Data and methods

2.1 Data and analyses

We used 6-hourly and monthly-mean atmospheric variables from the ERA-interim reanalysis data (Dee et al., 2011), at a
1.5° horizontal resolution and 37 vertical levels (1000—1 hPa). We also used monthly-mean outgoing long-wave radiation
(OLR) data from the National Oceanic and Atmospheric Administration (NOAA) interpolated OLR site
(https://www.esrl.noaa.gov/psd/data/gridded/data.interp OLR.html), at a 2.5° horizontal resolution. Both datasets were
analysed from 1979/80 to 2015/16 (37 boreal winter seasons). The Eliassen-Palm (EP) flux (Andrews and Mclntyre, 1976)

values were calculated from the 6-hourly data.

2.2 Definition of the phase of the QBO
The phase of the QBO was defined using the winter (DJF) averaged zonal-mean zonal wind at 50 hPa averaged over 5°S to
5°N. The winters were classified as WQBO or EQBO winters when the absolute values exceeded 3 m s If the direction of

the equatorial 50 hPa zonal wind changed during winter, we excluded that winter. These criteria resulted in 19 WQBO and
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12 EQBO winters, respectively. The analysis was based on composite analysis for EQBO and WQBO winters. Recognizing
high frequencies of La Nifia and El Nifo events defined by the Japan Meteorological Agency (JMA) in the EQBO and
WQBO winters, respectively, we also made the composite analysis in which ENSO (El Nifio and La Nifia) winters were
excluded (see Table 1). Without ENSO winters, we have 9 WQBO and 7 EQBO winters (see Table 1). In the following, the
analyses with and without ENSO winters are shown and discussed. The statistical significance was calculated using the

Student’s ¢ test for the composite difference.

2.3 Linear model experiments

Atmospheric response to a prescribed diabatic heating was calculated by a linear baroclinic model (LBM) (Watanabe and
Kimoto, 1999, 2000) for a given climatological basic state and a thermal forcing. The LBM is a diagnostic tool used to
simulate a linear tropospheric response to an anomalous forcing (e.g., Otomi et al., 2013). We used a spectral resolution of
T42 with 20 vertical layers. In an experiment, the vertical maximum of the heating is placed at 500 hPa with a maximum
heating rate of 1 K/day, which is comparable with an actual QBO-signal. The extent of the horizontal heating domain is 40°
in longitude and 12° in latitude, and the magnitude of heating linearly decreases to the domain boundary (see Appendix A in
detail). The basic state is based on the monthly climatology (averaged 1979-2010) from the National Centers for
Environmental Prediction—National Center for Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay et al., 1996). Note
that the linear response by the LBM is only meaningful in the middle troposphere to the lower stratosphere, because
temperature and wind of the response in near-surface levels and above the middle stratosphere are strongly damped to zero

with a time scale of about 1 day.

2.4 AGCM experiments

An AGCM used in this study is the AGCM for the Earth Simulator (AFES) (Ohfuchi et al., 2004) version 4.1 with triangular
truncation at horizontal wavenumber 79, and with 56 levels and the top level of about 0.1 hPa (T79L56). The AFES version
4.1 was used for studying impacts of sea ice on mid-latitude climate and its stratospheric role (Nakamura et al., 2015, 2016).
Although the AFES model cannot produce a spontaneous QBO, the performance of the model in the stratosphere is
satisfactory (Nakamura et al., 2015; Jaiser et al., 2016; Hoshi et al., 2019). As the boundary condition, we used monthly
mean data from the Merged Hadley-NOAA/Optimum interpolation (OI) sea surface temperature (SST) dataset (Hurrell et al.,
2008). The 30-year average of 1981-2010 was used as the prescribed SST for three types of simulations. One is a “Control”
experiment, in which the AFES model was integrated for 60 years with the climatological boundary conditions. The second
simulation is a “CONV1” experiment, in which anomalous convective heating was placed over the western tropical Pacific
centered at 150°E, 5°N. The third simulation is a “CONV2”, in which anomalous convective cooling was placed over the
Indian Ocean centered at 70°E, 5°N, together with the western Pacific anomalous heating of CONV1. The CONV1 and

CONV2 have 60 ensembles of a 1-year integration branched from 1 July in each year of the Control experiment.

3 Results

3.1 Reconfirmation of the Holton-Tan relationship

Fig.1 confirms the extratropical QBO signal (EQBO minus WQBO) in composite differences in zonal wind and temperature
fields, which is robust even if we exclude ENSO winters (Fig. 2). The timeseries of extratropical QBO signal for the zonal
mean zonal wind ([U]) at 60°N indicates deceleration in mid-November till late January for both all and without ENSO

winters (Fig. la and Fig. 2a). Three-month (November-January) mean difference of [U] shows statistically significant

3
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negative signals at the mid- to high-latitude in the stratosphere for both composite cases (Fig. 1b and Fig. 2b), and extending
into the troposphere around 60°N for the without-ENSO case (Fig. 2b). The maximum value of [U] signal reaches -10 m/s
at around 10 hPa, 65°N for both cases. The zonal mean temperature ([T]) shows warm Arctic signals in thermal valance with
[U] signal (Fig. 1c and Fig. 2c). Notably, the tropical temperature in the layer from 50 to 120-hPa shows a statistically
significant cold signal, which is balanced with negative vertical [U] shear (Plumb and Bell, 1982).

EP flux difference shows the poleward QBO signals from the equator to mid-latitudes in the upper troposphere (arrows in
Fig. 1b and Fig. 2b). The upward QBO signals from the mid-latitude troposphere into the high-latitude stratosphere are also
seen. Although previous studies (e.g. Naoe and Shibata, 2010; Yamashita et al., 2011) have noticed this feature, they focused
more on mid-winter characteristics of circulation anomalies. Instead, we shall examine the tropical convective activity in

early winter by recognizing the tropics as an origin of this QBO signal in the poleward and upward flux.

3.2 QBO signal on the tropical convection and circulation

For EQBO minus WQBO, the zonal mean tropospheric vertical motion near the equator is downward despite the cold
anomaly at the tropical tropopause level (Fig. lc and 2c). However, the OLR difference in early winter (OND) shows
prominent negative QBO signals over the tropical western Pacific and the South Pacific Convergence Zone (SPCZ),
denoting enhanced convective activity there (Fig. 3a and Fig. 4a). The OLR signal also shows suppressed convective activity
over the Indian Ocean. Those QBO-related convective features do not change even if ENSO winters are excluded (Fig. 3a
and 4a), although the suppressed convection over the central to eastern equatorial Pacific appears for the ENSO-included
case due to more La Nina cases in the EQBO composite (Table 1).

The relationship between the QBO and tropical deep convection has been studied in previous studies (Collimore et al.,
2003; Liess and Geller, 2012; Gray et al., 2018; Martin et al., 2019). For example, Collimore et al. (2003) studied the
relationship between the QBO and tropical convection by analyzing observations of highly reflective cloud and the OLR,
obtaining similar results to ours. Martin et al.(2019) examined the impact of the QBO on the local convection using a
regional cloud-resolving model, and found that the cold temperature near the cloud top enhances the tropical convection.
From those previous works and present analyses, we suggest the following scenario. At the tropical tropopause (around 100
hPa), the western Pacific is climatologically the coldest region in the tropics (Fig. 3b and 4b). SST being the highest over
this region, and near tropopause-level temperature anomalies in the EQBO winters (Fig. 4c, 5c) likely provide favorable
conditions for enhanced convective activity. This enhanced convection over the tropical western Pacific is accompanied by
suppressed convection over the western Indian Ocean, where the downward branch of Walker circulation lies. Indeed, the
longitude-height section of circulation anomalies (EQBO-WQBO) at the equatorial belt (10°S-10°N) clearly indicates the
enhancement of the Walker circulation with an upward branch over the tropical western Pacific (120°E-170°E) and a
compensating downward branch over the Indian Ocean (40°-90°E) in early winter (Fig. 5).

Next, we compare diabatic heating between the EQBO and WQBO winters over the tropical western Pacific (130°E-
160°E, 0°-10°N) from the conservation law of potential temperature using the ERA-Interim data (Fig. 6). Detailed
calculation method is shown in Appendix B. Diabatic heating in the EQBO years is larger than that in the WQBO years
during the October-December period with or without ENSO years. The difference becomes most prominent in the middle
troposphere in November. The maximum difference is about 1 K/day and is statistically significant in the case of with ENSO

years, and nearly significant without ENSO years.

3.3 QBO signal on the extra-tropical circulation in November
Hereafter we focus on November because the tropospheric pathway is most clearly seen in November, which will be shown

in Fig.14. The QBO signal on the geopotential height at 250 hPa (Z250) is shown in Fig. 7. At the upper troposphere, the
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troughs over Siberia and over the North Pacific are seen both with and without ENSO years. In particular, a trough over
Siberia is significant (Fig. 7a and 7¢). The stratospheric polar vortex is weakened in EQBO Novembers, though the signal is
not significant in without ENSO Novembers.

When the QBO signal (EQBO minus WQBO) in Z250 is decomposed into its wavenumber components (Fig. 8a and 8c), a
pair of negative and positive anomalies appear over climatological trough and ridge regions in the mid-latitude (around
50°N) for the wavenumber 1, implying intensified upper tropospheric planetary waves for EQBO. For wavenumber 2,

interference shifts wavenumber 2 field eastward and does not change the amplitude (Fig. 8b and 8d).

3.4 Response of NH mid-latitude to the tropical convection —-LBM experiments

We next used the LBM to attempt to link the above mentioned circulation signal to the tropical convective heating signal.
The heating distribution is shown in Appendix A. The simulated linear response of the geopotential height at 250 hPa (Z250)
to an anomalous heating placed over the western tropical Pacific (150°E, 5°N) under the November climatological condition
is characterized by a decreased height over the northwest Pacific, and strengthened subtropical jet around 35°N and
weakened polar jet in the troposphere and the lower stratosphere (Fig. 9a and 9b). The simulated Z250 linear response to an
anomalous cooling placed over the western Indian Ocean (70°E, 5°N) shows a wavy pattern over the Pacific and positive
anomalies over Canada and western Russia (Fig. 9¢). The both subtropical and polar night jets are weakened (Fig. 9d). The
combined response of the above pair is a pronounced wave pattern over the Pacific-North America sector with negative
response extending into east Siberia (Fig. 9¢). The high-latitude jet in the troposphere and the lower stratosphere are reduced
(Fig. 9f) similar to the observed QBO signal (Fig. 7).

Fig.10 illustrates the negative anomalies centred over the northwest Pacific from the wave number 1 component of the
linear response, which constructively interfere with the climatological trough (Fig.10a and 10c). For wavenumber 2, the
linear responses are shifted eastward against the climatological field (Fig.10b and 10d). This linear response deepens the
Pacific trough and enhances the Atlantic ridge, thus providing a favourable tropospheric condition for the stratospheric polar
vortex weakening (e.g., Garfinkel et al., 2010), especially for the stratospheric sudden warming later propagating to the
troposphere (Nakagawa and Yamazaki, 2006). In summary, the anomalous convective heating over the tropical western
Pacific generates the wavenumber 1 anomaly in the NH extratropics, which is constructive to the climatological
wavenumber 1 field.

Where is a preferable location of convection to interfere constructively with the NH climatological eddy field? To address
this question we placed a convective heating (see Section 2.3 in details) at a 20° interval in longitude, and a 15° interval in
latitude, and calculated spatial correlations between the linear responses and the climatological eddy fields poleward of 40°N.
This correlation map was made for wavenumbers 1 and 2 and from October to December, separately. At 250 hPa (Fig. 11),
convection over the Pacific region gives rise to strong constructive interference with the NH climatological eddy field. In
particular, the western tropical Pacific is the most preferable location for the constructive interference, especially for
November and wavenumber 1. For wavenumber 2, convection over the western tropical Pacific also works as a constructive
player from October to December.

The above LBM-based linear analysis provides qualitatively consistent results with the observed QBO signal. However,
the response is one order of magnitude weaker than the observed QBO signal. This is probably because the LBM calculation
includes no interaction between the response and climatological fields, no stratosphere-troposphere coupling, nor feedbacks
from transient eddies. To attempt to further elucidate the role of the tropical convection induced by the QBO, we performed

the AGCM simulations.

3.5 Response of NH mid-latitude to the tropical convection —~AGCM experiments
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Two AGCM experiments were made in addition to a control experiment. One is the response to anomalous tropospheric
heating over the western tropical Pacific (CONV1), and the other is the response to the pair of heating over the western
tropical Pacific and cooling over the Indian Ocean (CONV2). These heating anomalies are related to the QBO signals in the
OLR both for all and without-ENSO cases (Fig. 3a and 4a).

The NH extratropical response is shown in Fig. 12, which can be compared with Fig. 7. The November response of Z250
by the AGCM is similar to that by the LBM (Fig. 9) but with increased magnitude. The same as in the LBM case, the eddy
response of Z250 is similar to the eddy climatology from the AGCM control run (Fig. 13), implying constructive
interference of the response from the tropical convection with the climatological eddy field. The wavenumber 1 response by
the AGCM (Fig. 13a and c) is similar to the observed QBO signal in magnitude (Fig. 8a and c), though the phase is slightly
shifted eastward compared with the climatological one. The wavenumber response 2 by the AGCM also indicates
constructive interference with the climatological eddy, and slightly sifted westward compared with the observed QBO signal
(Fig. 8b and d). Most importantly the magnitude of response to the tropical convection is now almost comparable with
observations. The [U] is reduced by about 2.5-3 m/s, at 10 hPa, 70°N (Fig. 12b and d), which is similar magnitude as an
observed QBO signal (Fig. 7b and d). The subtropical region, on the other hand, shows the large difference between AGCM
and observed signals. This is because in the AGCM simulation QBO is not directly represented and thus the stratospheric
meridional circulation anomalies in the subtropics are not well represented.

Fig.14 provides information on the seasonal march of anomalies in the stratospheric polar vortex strength and the upward
EP flux at 100 hPa. The observed QBO signal of anomalous upward EP flux at 100 hPa averaged over 35°-70°N reaches its
maximum in November or December depending on if ENSO winters are included (Fig. 14a). The simulated anomalous
upward EP flux also reaches its maximum value in November for CONV1 and December for CONV2, though the magnitude
is about a half of the observed value. The observed QBO signal in the stratospheric zonal-mean zonal wind (55°-80°N, 50
hPa) is larger in December and January, and the signal becomes small in February (Fig. 14b). The effect of the tropospheric
pathway estimated by the AGCM shows the maximum in November and weakens in December. The effect of the
tropospheric pathway is comparable with the observed QBO signal of the polar vortex strength in November, and it is small

in December.

4 Discussion and conclusions

From the composite analysis of the observed data we found that convective activity over the tropical western Pacific is
enhanced and that over the Indian Ocean is suppressed in the EQBO compared with WQBO winters. We also made a
regression analyses of OLR on the polar night jet, which also shows the robust relationship between the polar night jet and
tropical convection, especially over the western tropical Pacific and in early winter.

The linear response of the NH atmospheric circulation in the troposphere to the tropical convection anomalies showed
significant constructive interference with the climatological eddy field. Thus the planetary wave, particularly the
wavenumber 1, is enhanced due to the tropical convective anomalies. However, this linear response was much smaller than
the observed QBO-related signal. The AGCM simulations prescribing a pair of convective heating or at least that over the
western tropical Pacific mediated this shortcoming. Based on our analyses we argue that the tropospheric pathway for the
Holton-Tan relation plays a major role in November, and a smaller role in December, while the stratospheric pathway plays
a more dominant role from December onward. The tropospheric pathway acts to enhance the NH tropospheric planetary
waves, thus influencing the tropospheric circulation. In particular, EQBO tends to deepen the Aleutian low in November and
East Asia experiences cold anomalies. Such anomalies associated with the QBO partly come from the tropospheric pathway

through the tropical convection.
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One might think that the AGCM can be used to examine the tropospheric pathway by only prescribing the tropical lower
stratospheric temperature associated with the QBO. We have tried such an experiment. However, we have recognized two
major shortcomings. One is that a parameterized cumulus convection scheme used in the AGCM cannot guarantee a faithful
response of convection to associated temperature anomalies in the tropical tropopause layer. The other is that the wind field
would change to balance the temperature field, and thus it is very hard to distinguish between the tropospheric pathway and
the stratospheric pathway. Thus we did the experiments specifying the tropical convective heating associated with the QBO.
Related to such difficulty, this study has an implication for the model development. Improvement of the representation of
cumulus convection especially its behavior in the tropical tropopause layers in the global climate model has benefits to not
only representation of the local tropical climate variations but also that of the remote mid- and high-latitude climate

variations.

Data availability. All observed data used in this study were based on data publicly available, as described in Sections 2.1 and
2.1.

The OLR data is available at: https://www.esrl.noaa.gov/psd/data/gridded/data.interp_ OLR.html.

The LBM and AGCM simulation data used in this study are available from the corresponding author upon reasonable

request.

Code availability. ALL codes used for analyses of the reanalysis and simulation data are available from the corresponding

author upon reasonable request.

Appendix A: Shape and magnitude of prescribed heating rate
To examine the atmospheric response to the tropical convection anomaly, we performed the LBM and AGCM simulation
using ideal heating that mimics tropical convection. J is determined as
Av = exp[—15- (6 — 0.5)?]
= [Qon =150 Qat - 5)? -
402 122
Ah=1.0—-h,for h < 1.0
Ah=0,for h > 1.0
J = Apax - Av- Ah

where Av is the vertical distance factor, A4 the horizontal distance factor determined by 4, and 4,,,, the maximum amplitude
of heating. Fig. Al shows the case with the maximum of the heating of 1.0 K d™' located at 0.5 sigma level, 150°E and 5°N,

with reduced amplitude linearly with horizontal distance and exponentially with veridical distance from the center.

Appendix B: Evaluation method of diabatic heating rate

We evaluated diabatic heating due to anomalous tropical convection based on the conservation law of potential temperature.
We assumed that horizontal advection is negligible in the tropics as well as the tendency term, considering the monthly time
scale and that its composite mean is close to be in equilibrium. Then, the equation adopted in this study is

®00/3p=0=J (pop)*

where w is the pressure velocity, 6 the potential temperature, p the pressure, and Q is the diabatic heating in potential
temperature, p, is reference pressure, x is ratio of gas constant to specific heat at constant pressure, and J is the diabatic
heating in temperature, for which composite anomalies for the QBOE and QBOW years are shown in Figure 6. Actual

calculation is done at each grid of the ERA interim data, using the central differencing method on the pressure coordinate.
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385 Table 1 List of EQBO, WQBO, and other years categorized in this paper

EQBO years WQBO years Other years

390 1980, 1982, 1985 1981, 1983™, 1986, 1988 1984, 1987, 1992
1990, 1997, 1999 1989, 1991, 1994, 1996 1993, 1995, 2001
2002, 2004, 2006 1998F% 2000, 2003, 2005

2008, 2013, 2015" 2007, 2009, 2010%, 2011
2012, 2014, 2016
395

The year denotes that of January. Superscript “El” denotes El Nifio winter, and that “La” denotes La Nifia winter, both

defined by Japan Meteorological Agency.
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Figure 3 October-November-December (OND) mean OLR differences between EQBO and WQBO winters. (b) OND-mean
temperature at 100 hPa averaged for the composite years. (c) OND-mean temperature difference between EQBO and WQBO

winters. Green line in (a) and (c) denotes the statistically significant value at 95% confidence level.
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Figure 4 Same as Fig. 3 but without ENSO winters.
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Figure 5 (a) October-November-December (OND) mean zonal-pressure circulation (u-wind and minus p-velocity)
differences averaged from 10°S to 10°N between EQBO and WQBO winters. (b) Same as in (a) but without ENSO winters.

Arrows below the figure show the scales for 10 m/s U-wind. p-velocity is multiplied by 300.
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Figure 6 Vertical profiles of diabatic heating in temperature over western tropical Pacific region [130°-160°E, 0-10°N]

455 derived from the conservation property of potential temperature (see Appendix B). Values are deviation from the
climatology. Blue lines show EQBO composite and red lines show WQBO composite. Shadings show the twice of standard
error, corresponding 95% confidence interval. (a) October with ENSO years. (b) October without ENSO years. (c)
November with ENSO years. (d) November without ENSO years. (¢) December with ENSO years. (f) December without
ENSO years.
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Figure 7 (a) Composite difference of geopotential height at 250 hPa (Z250) in November between EQBO and WQBO
465 winters. Contour interval (CI) is 20 m and negative values are shaded. The values statistically significant at 90 and 95% level
are hatched. (b) Same as in (a) but for the zonal mean zonal wind [CI= 0.5m/s]. (c) Same as (a) but without ENSO winters.

(d) Same as (b) but without ENSO winters.
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475 Figure 8 Composite difference of Z250 wavenumber 1 and 2 in November between EQBO and WQBO winters. (a) Z250
wavenumber 1 difference (shade) and climatological wavenumber 1 (contour). Contour interval is 25 m. (b) Same as (a) but

for wavenumber 2. (¢) Same as (a) but without ENSO winters. (d) Same as (c¢) but for wavenumber 2.
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Figure 9 (a) Linear response of geopotential height at 250 hPa (Z250) to the adiabatic heating centered at 150°E, 5°N

simulated by LBM with November climatological background field. Contour interval (CI) is 3 m. (b) Same as (a) but for
response of the zonal mean zonal wind [CI= 0.1m/s]. (c) Same as in (a) but for the adiabatic cooling centered at 70°E, 5°N.

485 (d) Same as (b) but for the adiabatic cooling centered at 70°E, 5°N. (e) (a)+(c). (f) (b)+(d). In all figures, negative values are
shaded.
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Figure 10 Wavenumber 1 and 2 components of linear responses of geopotential height at 250 hPa (Z250) simulated by LBM
with November background field. (a) Z250 wavenumber 1 response at day 30 to the adiabatic heating centered at 150°E,
495  5°N (shade). Contour shows the corresponding November climatological wavenumber 1 field. Contour interval is 25 m. (b)
Same as (a) but for wavenumber 2. (¢) Same as (a) but for the adiabatic cooling centered at 70°E, 5°N. (d) Same as (c) but

for wavenumber 2.
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Figure 11 Correlation coefficients of spatial patterns between LBM-simulated eddy response to heating whose center is
located at each grid and the climatological eddy height field north of 40°N at 250 hPa. Correlation value is plotted at the
center of the heating location. (a)-(c) Wavenumber 1 field from October to December. (d)-(f) Same as (a)-(c), but for
wavenumber 2 field.
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Figure 12 (a) AGCM simulated response of geopotential height at 250 hPa (Z250) in November to the diabatic heating

centered at 150°E, 5°N against the control experiment. Contour interval (CI) is 20 m. The values statistically significant at
515 90 and 95% level are hatched. (b) Same as (a) but for response of the zonal mean zonal wind [CI= 0.5 m/s]. (¢) Same as in

(a) but for a pair of diabatic heating centered at 150°E, 5°N and cooling centered at 70°E, 5°N. (d) Same as (b) but for the

pair of the heating and cooling. In all figures, negative values are shaded.
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Figure 13 Wavenumber 1 and 2 components of AGCM simulated response of geopotential height at 250 hPa (Z2250) in
November. (a) Z250 wavenumber | response to the adiabatic heating centered at 150°E, 5°N (shade). Contour shows the
corresponding November climatological wavenumber 1 field. Contour interval is 25 m. (b) Same as (a) but for wavenumber

2. (c) Same as (a) but for a pair of adiabatic heating centered at 150°E, 5°N and cooling centered at 70°E, 5°N. (d) Same as

525  (c) but for wavenumber 2.
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Figure 14 (a) Time series of upward EP flux (Fz) at 100 hPa averaged over 35°-70°N. Unit is 1x10° kg s Blue solid

530 (dotted) line shows observed difference between EQBO and WQBO winters (without ENSO winters). Red solid (dotted) line
shows difference between CONV1 (CONV2) and CNTL experiments. (b) Time series of zonal mean zonal wind [U]
difference at 50 hPa averaged over 55°-80°N between EQBO and WQBO winters. Unit is m/s. Blue solid (dotted) line
shows the difference with all years (without ENSO winters). Red solid (dotted) line shows difference between CONV 1
(CONV2) and CNTL experiments.
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Figure A1 (a) Horizontal distribution of the heating given to force the LBM/AGCM at 0.5 sigma level. Contour is drawn
from 0.1 K d " to 0.9 K d "' with an interval of 0.1. (b) Vertical profiles of the heating at the location of maximum heating
(150°E and 5°N).
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