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Abstract

El Nifio—Southern Oscillation (ENSO) and Quasi—Biennial
Oscillation (QBO) are the two leading modes in tropical regions.
The ENSO is a large—scale interannual variability of the sea surface
temperature and the associated atmospheric circulation changes in
the equatorial Pacific Ocean, while the QBO 1is a dominant
interannual variability of stratospheric equatorial zonal winds.
These two tropical leading modes explain over 90% of the winter
climate variability in tropical regions and have significant influences
on mid—latitude surface climates through teleconnections.
Therefore, it is important to understand the teleconnections to
improve the prediction of the East Asian winter surface climate.
However, previous studies have mainly focused on the seasonal
mean effects during winter, resulting in a relative lack of research
on a sub—seasonal time scale. Therefore, the present dissertation
investigates the influences and mechanisms of the teleconnections
on the sub—seasonal to seasonal time scales and provides three
remarkable findings:

First, the teleconnections on East Asia vary within the winter
season. Thus, the timing of their influences can be distinguished as

ENSO in early winter vs. QBO in late winter. In early winter
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(December), ENSO exerts a dominant influence on East Asian
surface climate. The ENSO—East Asia teleconnections show a
positive relationship between the ENSO and surface air temperature
over the East Asia region, which is modulated by the atmospheric
circulation variation over the Kuroshio region. In late winter
(February—March), the influence of ENSO becomes weak, and that
of QBO become relatively dominant. The QBO—-East Asia
teleconnections exhibit a negative relationship between the QBO
and surface air temperature over the East Asia region, which is
related to the meridional shift of the Asian—Pacific jet. The above

results indicate that ENSO and QBO should be considered in sub—

seasonal to seasonal prediction of East Asian winter surface climate.

For instance, ENSO in early winter and QBO in late winter. In
addition, it should be considered more actively to take into account
the influence of the QBO in the East Asian climate prediction.
Because the QBO—East Asia teleconnection has become more
pronounced in the last 30 years, i.e., since the 1990.

Second, the key mechanisms of the teleconnections are
identified. The ENSO—East Asia teleconnection is a result of a
linear combination of poleward Rossby waves stemming from the
tropical convection variations associated with ENSO, which

enhances the atmospheric circulation variations over the Kuroshio
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region. During El Nifio years, the tropical convection activity over
the Indian Ocean increases while that over the Maritime Continent
decreases, leading to the poleward Rossby waves that reinforce the
anti—cyclonic circulation anomalies over the Kuroshio region. As a
result of the constructive interference, the ENSO—East Asia
teleconnection is strengthened, resulting in a relatively warm
anomaly over the East Asia. Since this constructive interference is
primarily driven by tropical convection rather than mid—latitudes
mean states, the strong tropical convections in December lead to
the strongest ENSO—East Asia teleconnections in December. On
the other hand, the QBO—East Asia teleconnections is mainly
modulated by the meridional shift of the Asian—Pacific jet, which is
induced by background and eddy changes in the subtropical
stratosphere and upper troposphere. When the QBO is westerly
phase, the westerly vertical wind shear and positive air temperature
anomalies in the lower subtropical stratosphere region strengthen
the wave propagation towards that region, inducing a southward
shift of the Asian—Pacific jet. This leads to the development of
cyclonic circulation anomalies in the North Pacific region, causing
the cold advection into East Asia. The above results indicate that
the second pathway of QBO associated with the subtropical jet
among three pathways (i.e., polar, subtropical, tropical), plays the
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most important role in East Asian winter surface climate. In addition,
the geographical features of East Asia, located downstream of the
Asian—Pacific jet and the Tibetan Plateau, reinforces the QBO
downward influences.

Third, a more realistic representation of the key mechanisms of
the teleconnections is required to improve the East Asian winter
surface climate prediction. For instance, the state—of—the—art
prediction systems are able to predict the spatial distribution of the
ENSO—East Asia teleconnections, but have difficulties in predicting
its sub—seasonal variations. In addition, the QBO—East Asia
teleconnections are well predicted by operational prediction
systems but poorly simulated by climate models. The possible
reasons for the low predictability are the poor representation of
sub—seasonal variations in tropical convection associated with
ENSO and the poor representation of subtropical pathway of the
QBO—East Asia teleconnections. Therefore, to improve the sub—
seasonal to seasonal prediction of East Asian winter surface climate,
it is important to enhance the modeling capabilities of tropical
convection and its teleconnections to mid—latitudes in early winter,
as well as the mean state changes associated with QBO in late
winter.
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analysis. Here, El Nifio and La Nina years are defined when the
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Figure 2.1. Details of linear baroclinic experiments. (a-c) Spatial distribution of
idealized heat forcing over the (a) IO, (b) MC (b) CP at 0.45 sigma
level (d) Vertical profile of the heat forcings at 60°E, 120°E, and
160°W where the maximum location of the idealized forcing.

Figure 2.2. (a) November-February mean surface air temperature (SAT)
anomaly during El Nifio years. (b,c) Temporal evolution of pentad
mean SAT anomalies averaged over (b) East Asia (EA; 115-150°E,
25-40°N) and (c) western North America (WNA; 140-100°W, 40-
60°N). The dotted area in (a) and filled bars in (b,c) indicate
statistically significant values at the 95 % confidence level based
on the bootstrap method. The ‘peak’ and ‘suppression’ of ENSO
teleconnection are defined as the periods that the consecutive 20
days around the warmest and coolest pentad are simultaneously
observed in East Asia and WNA.

Figure 2.3. (a) Scatter plot of the maximum SAT anomaly during the peak (x-
axis) and minimum SAT anomaly during suppression periods (y-
axis) over the East Asia (red) and WNA (black). (b) SAT anomaly
difference between the suppression and peak periods in each El
Nifio winter. All the maximum and minimum appear within
December 12th to 31st and December 22nd to January 20th
except for the early peak and suppression winters (2009/10,
2014/15). The maximum appears in November 22nd to
December 1st and the minimum appears in December 7th to 21st
in those winters.

Figure 2.4. (a) Correlation coefficient of the NDJ-mean Nifio3.4 and the SAT
over the Korean Peninsula. (b) Auto-regression coefficients of Eq.
(3) (@y; cyan line). (c) Regression coefficients of Eq. (4) for the
SAT (cy; blue line) and the ENSO (by; red line). The orange (red)
colored filled bar and open (closed) circles indicate statistically
significant values at the 95 % (99%) confidence level based on a
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Figure 2.5.

student’s t-test.

(a,b) NDJF-mean (a) SAT and (b) Z500 regressed onto Nifio 3.4
index.. (c,d) As in (a,b) but for the sub-seasonal evolution of the (c)
SAT over the East Asia and (d) Z500 over the KU. The dotted area
and black (gray) bar indicate statistically significant values at the
95 % (90%) confidence level based on a student’s t-test.

Figure 2.6. (a,b) Correlation between the SAT and KU Z500 in (a) Dec and (b)

Figure 2.7.

Figure 2.8.

Figure 2.9.

Figure 2.10.

Jan. (c,d) As in (a,b) but for SLP and UV850 regressed onto the
Nifio 3.4 index. The dotted area and thick arrows indicate
statistically significant values at the 95 % confidence level based
on a student’s t-test.

(a) NDJF-mean precipitation regressed onto Nifio 3.4 index. (b)
Sub-seasonal evolution of the area-mean precipitation over the
Central Pacific (CP), Maritime Continent (MC), and Indian Ocean
(I0). The dotted area and lines indicate statistically significant
values at the 95 % confidence level based on a student’s ¢-test.

(2) NDJF-mean 500 hPa vertical velocity (omega500; orange
contour; only significant values are presented), horizontal winds
at 850hPa (UV850; white arrows; only significant values are
presented), 850 hPa specific humidity (q850; shading) regressed
onto the Nifio 3.4 index. (b) Sub-seasonal evolutions of the pentad-
mean omega500 over the MC (orange), q850 over the IO (green),
and |U850]| (black) averaged from the 10 to the MC, respectively.
All results are derived from the observation. The dotted marks and
thick arrows indicate statistically significant values at the 95 %
confidence level based on a Student’s t-test.

Nonlinear column integrated relative humidity (CRH)-OLR
relationship over the 10 between El Nifio versus La Nifia years.

Moisture budget analysis over the 10 during El Nifio years.

Figure 2.11. (a,b) Hovomoller diagram of the (a) OLR and (b) precipitation

anomalies over the tropics in El Nifio years. The dotted area
indicate the statistically significant values at the 95 % confidence
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level The red contour indicates the intraseasonal positive anomaly
by subtracting the seasonal-mean anomaly from the pentad
anomaly. The blue contour also indicates the intraseasonal
negative anomaly. The contour interval is 1 Wm™ starting from
1 Wm™ in (a), and 0.3 mmday ™! starting from 0.3 mm day %
in (b).

Figure 2.12. (a) Temporal evolutions of outgoing longwave radiation (OLR)
anomalies over the 10 in each El Nifio year (gray), their average
value (black), and the mature stage of the IO convection based on
the average value (vertical line). (b) Mature stages of 10
convections in each El Nifio year. (c) The OLR anomaly map at the
mature stage of each El Nifio year, defined in b. The longitudinal
ranges of the 10 domain in (a) are defined as 70°-90°E in 4),12)
cases and 40°-60°E in 6),7),14) cases to pick up the enhanced
convection (blue shading in c).

Figure 2.13. (a-f) Number of MJO events in El Nifio years from phases 1 to 6
(from IO to MC and western Pacific). The outline bar indicates all
the MJO cases and green filled bar indicates strong MJO cases
(amplitude = 1.5). Star denotes the period of the highest MJO
frequency for each phase (from phase 1 to 6) is observed The
MJO phases are defined by using the OLR based M]JO index (i.e.,
OMI index).

Figure 2.14. 2-pentad lagged partial regression of a yearly time series of Z500
anomaly onto the yearly time series of (a) 10, (b) MC, (c) CP
precipitation anomalies from the convection’s maximum period.
The dotted marks represent statistically significant values at the
95% confidence level based on a Student’s ttest. The contour
interval is 2 gpm (mm day %)~

Figure 2.15. (a, c) Observed ENSO-related Z500 anomalies at (a) its maximum
and (c) minimum periods. (b, d) Same as (a, c) but for the
reconstructed Z500 based on the linear combination of the partial

regression coefficients in Fig. 2.14.
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Figure 2.16.

Figure 2.17

Figure 2.18.
Figure 2.19.

Figure 3.1.

Figure 3.2.

Figure 3.3.

(a-c) Idealized thermal forcing, (d-f) The steady-state atmospheric
circulation response at 500-hPa in mid-latitudes. 2-pentad lagged

7500 response to the forcings. The contour interval is 2 gpm.

. (a,b) Anomaly correlation coefficient (ACC) of the Z500 at (a) 5th

pentad and (b) 9th pentad. (c-d) ACC of (c) East Asian SAT and (d)
KU Z500. The dotted area and lines indicate the statistically
significant values at the 95 % confidence level based on the
bootstrap method.

Same as in Fig. 2.5 but for the MME.

Same as in Fig. 2.7 but for the MME.

Time evolution of the monthly mean zonal winds at equatorial
stations (Canton Island, Gan/Maledive Islands, and Singapore). Red
and blue shadings denote westerlies and easterlies, respectively.
Time evolution of the monthly QBO U50 index. Red and blue
shadings denote westerlies and easterlies, respectively.

Time evolution of the monthly QBO index based on the EOF
analysis. Red and blue shadings denote westerlies and easterlies,

respectively.

Figure 3.4. Final prediction errors (FPEs; shading) of (a) Eq. 6 and (b) Eq. 7

Figure 3.5.

Figure 3.6.

for East Asian SAT in February-March. O is the number of years at
each month (O = 61). M and N are the total numbers of
parameters used in Egs. 6 and 7, respectively. SSE is the sum of
squared errors of each regression.

Details of control (CTL) and westerly QBO (WQBO) nudging
experiments. (a) vertical profile of the radiative equilibrium
temperature (b) WQBO-like forcing for the nudging. (c) Vertical
and latitudinal profile of the nudging relaxation time adapted from
the Stratospheric Nudging And Predictable Surface Impacts
(SNAPSI) and QBO initiative (QBOi).

The two-month averaged SAT anomaly regressed onto the QBO
index (shading; K). The values which are statistically significant at
the 95% confidence level are cross-hatched The red box in Fig.
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Figure 3.7.

3.6g denotes the western North Pacific (WNP) region (110°-
170°E, 15°-40°N).

Same as Fig.3.6 but for the composite difference between the
WQBO and easterly phases (EQBO) (shading; K). Here the WQBO
months are defined as the months when the QBO index at 70 hPa
is greater than a 0.5 standard deviation. Likewise, the EQBO
months are defined as the months when the QBO index at 70 hPa
is less than a -0.5 standard deviation. The cross-hatched area
denotes the statistically significant difference at the 95%

confidence level Welch's t-test is used.

Figure 3.8. The composite of the WNP SAT anomaly for the EQBO (red line)

and WQBO (blue line) phases.

Figure 3.9. (a) The FM-mean SAT anomaly regressed onto the FM-mean QBO

index (shading; K), (b) same as (a) but after removing arctic
oscillation (AO)-related SAT anomaly, (c) its difference from (a).
The values which are statistically significant at the 95%
confidence level are cross-hatched. The red box in (a) denotes the
WNP region. Note that (a) is identical to Fig. 3.6g, and shown here

for a direct comparison.

Figure 3.10. (a) The FM-mean SAT anomaly in East Asia regressed onto the

FM-mean QBO index during the satellite era (August 1979 - July
2016; 37 years). (b) same as (a) but for the in-situ measurements
over East Asia. The cross-hatched area in (a) and the filled dots in
(b) denote the values which are statistically significant at the 95%

confidence level

Figure 3.11. (a) Correlations between the WNP SAT anomaly and the two

dominant modes of tropical climate variability, QBO (red) and
ENSO (black). (b) Lead-lag correlations of the FM-mean WNP SAT
anomaly against the QBO and ENSO indices. The filled dots in (a,b)
denote the values which are statistically significant at the 95%
confidence level Cross in (b) indicates the statistically significant

Granger causality at the 95% confidence level
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Figure 3.12. (a) Regression between the Korean SAT and the QBO. (b) Lagged
correlation between the SAT over the Korean Peninsula and the
QBO. The white circle indicates the statistically significant
coefficient at the 95% confidence level Units of the regression
coefficients in (a) are converted into Kelvin by multiplying the
standard deviation of the QBO. The QBO lag month at y-axis in (b)
denotes the QBO lag with respect to the SAT over the Korean
Peninsula. For instance, MAR-1 lag month (white circle in (b))
indicates the correlation between the March SAT over the Korean
Peninsula and the February QBO.

Figure 3.13. (a) Regression between the SAT over the Korean Peninsula and
the QBO in March. (b) Same as (a) but for the February QBO. (c)
The Granger causality between the SAT over the Korean Peninsula
in March and the QBO in February. Blue colored circles indicate the
statistically significant regressions at the 95% confidence level
Units of the regression coefficients are converted into Kelvin by
multiplying the standard deviation of the QBO.

Figure 3.14. Same as Fig. 3.13c but for the partial Granger causality: (a) the
QBO Granger-causes the SAT over the Korean Peninsula when
conditioned the ENSO’s effect and (b) ENSO Granger-causes the
SAT over the Korean Peninsula when conditioned the QBO’s effect.
Units of the regression coefficients are converted into Kelvin by
multiplying the standard deviation of the (a) QBO and (b) ENSO.

Figure 3.15. (a) The lead-lag correlation coefficients between the two-month
running averaged QBO wind at each pressure level and the FM
WNP SAT anomaly. The vertical profile at lag 0 is separately shown
on the righthand side. (b) The latitude-height section of the FM-
mean zonal wind anomaly averaged over the Asian-Pacific jet
(APJ]) core (120°-150°E) regressed onto the FM-mean QBO index
(shading; m s™%). The filled dots in (a) and cross-hatched area in
(b) denote the statistically significant values at the 95% confidence
level The thick black contour in (b) indicates the climatological
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APJ.

Figure 3.16. The latitude-height section of the FM-mean zonal wind anomaly
averaged over the APJ core (120°-150°E) regressed onto the two-
month running averaged QBO index from lag -1 to +1 month
(shading; m s™%). The values which are statistically significant at
the 95% confidence level are cross-hatched. The thick black
contour indicates the climatological FM-mean AP].

Figure 3.17. (a) The FM-mean zonal wind anomaly at 250 hPa regressed onto
the FM-mean QBO index (shading; m s7%). (b) The FM-mean SAT
(shading; K) and horizontal wind anomalies at 1000 hPa (arrows;
m 5%, only significant values are displayed) regressed onto the
FM-mean APJ-shift index. Here, the APJ-shift index is defined as
the area-averaged 250-hPa zonal wind over the equatorward side
of the climatological AP] (120°-150°E, 22°-32°N). The cross-
hatched area denotes the statistically significant value at the 95%
confidence level The thick black contour in (a) and red box in (b)
indicate the climatological AP] and WNP region, respectively.

Figure 3.18. Granger causality between the FM-mean zonal wind anomaly
averaged over the AP] core and the JF-mean QBO index at the 95%
confidence level (red shaded area). The thick black contour
indicates the climatological FM-mean AP].

Figure 3.19. (a) March sea level pressure (SLP), (b) March horizontal wind at
1000hPa (UV1000) (arrows) and March SAT (shaded) regressed
onto the February QBO index. The hatched areas in (a, b) and
thick black arrows in (b) denote the statistically significant
regressions at the 95% confidence level based on Student’s t-test.
Units of the regression coefficients are converted into Pa in (a),
Kelvin and m s™tin (b) by multiplying the standard deviation of
the QBO, respectively.

Figure 3.20. SLP (shaded), UV1000 (arrows) regressed onto the -1 lag month
QBO index. For instance, the upper left panel indicates the SLP and
UV1000 in August regressed on QBO index in July. Thick black
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arrows denote the statistically significant regressions at the 95%
confidence level based on Student’s t-test. Units of the regression
coefficients are converted into Pa and m s~1. by multiplying the
standard deviation of the QBO, respectively.

Figure 3.21. (a) 21-year running correlation between the FM-mean WNP SAT
anomaly and the FM-mean QBO index, where the x-axis indicates
the middle year of the 21-year moving window. Both JRA-55 (red)
and JRA-55C (yellow) are used. (b) same as (a) but for the FM-
mean AP] shift index and the FM-mean QBO index. The filled dots
in (a,b) denote the values which are statistically significant at the
95% confidence level The dotted lines in (ab) denote the
correlation coefficients over the whole analysis period.

Figure 3.22. Leading hypothesis of the QBO downward coupling suggested in
previous studies. (a) schematic diagram and (b) 3D simulation
result indicating the role of eddies for the QBO downward coupling.
The black contour and color shading in (a) denote the zonal-mean
zonal wind and temperature anomalies associated to the WQBO
phase. Black thick arrows denote the associated secondary
circulations. Red arrows and circles in (a,b) denote the extended
QBO downward coupling due to the presence of the eddies in 3D
simulations.

Figure 3.23. (a, b) The latitude-height section of the zonal-mean zonal wind (U-
wind) response difference between the (a) W-EQBO in
observation and (b) WQBO simulation and CTL simulations
(WQBO-CTL) (shading; m s™1). The thick black contour in (a, b)
indicates the climatological AP]. The cross-hatched area in (a)
denote the statistically significant values at the 95% confidence
level, note that it is same to Fig. 3.15(b) for a direct comparison.

Figure 3.24. The response of the (a, b) U-wind (contour) and EMFC (shading)
in (a) CTL and (b) WQBO (c, e) Same as (a, b) but for the at
250hPa where the jet core level in (c) CTL and (e) WQBO. (d, f)
The budget analysis of the EMFC in (d) CTL and (f) WQBO. The
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vertical black and red lines represent the maximum latitude of the
jet and EMFC, respectively. HE, LE, MF denote the high-frequency,
low frequency, and mixed frequency components, respectively.

Figure 3.25. Time evolution of WQBO-CTL response of U-wind (a) at 250 hPa
and (b) vertical profile of 2-day mean. The contour and vertical
line represent the Jet core in CTL. Shading represents the WQBO
response. The result is ensemble mean of 100 transient
experiments.

Figure 3.26. 2-day mean time evolution of WQBO-CTL response of refractive
index (shading) and E-P flux (vector). The vertical line represents
the Jet core in CTL. The result is ensemble mean of 100 transient
experiments. The zonal-mean quasigeostrophic refractive index is
calculated based on the zonal wavenumber: k = 7, zonal phase
speed: c=0m/s.

Figure 3.27. 2-day mean time evolution of WQBO-CTL response of Eddy
momentum flux (EMF; contour) and its convergence (EMFC;
shading). The vertical line represents the Jet core in CTL. The
result is ensemble mean of 100 transient experiments.

Figure 3.28. WQBO-CTL response of (a) refractive index (shading) and
meridional gradient of potential vorticity (PV gradient; contour),
and (b) U-wind (contour) and temperature (shading) at 1-2-day
integration. The result is ensemble mean of 100 transient
experiments.

Figure 3.29. Idealized Gaussian-shaped Tibetan Plateau (TB). (a) its spatial
distribution, (b) vertical profile, and (c) a variety of height of the
TB for the sensitivity test.

Figure 3.30. WQBO-CTL response of U-wind in (a) observation, (b) Notopo
experiment, and (c) TB_4km. (lower panels) Same as upper panels
but for the spatial distribution at 250hPa. The contour and
shading represent the climatological mean jet and WQBO
response, respectively. Red thick contour in (lower panel of c)

indicates the TB_4km Gaussian-shaped topography.

XVii



Figure 3.31. U-wind response averaged over the downstream region of the AP]
(120°-150°E). (a) TB_2km and (b) TB_4km experiments.

Figure 3.32. The WQBO-CTL response of the (a) U-wind in the upper
troposphere (averaged over the 120 hPa to 400hPa) and (b) EMFC
in the lower stratosphere and upper troposphere (averaged over
around 80 hPa to 230 hPa in Notopo (gray) and TB_4km (black),
respectively. The vertical dotted line represents the climatological
mean jet position.

Figure 3.33. Wave cospectra of EMFC WQBO-CTL response in (a) Notopo and
(b) TB_4km. The vertical dotted line represents the climatological
mean jet position.

Figure 3.34. 250hPa meridional (V)-wind in CTL of (a) TB_2Zkm and (b)
TB_4km. The red contours denote the TB.

Figure 3.35. QBO downward coupling prediction in GloSea6 prediction system.

Figure 3.36. 250hPa U-wind response to the W-EQBO in QBOi climate models.
Figure 3.37. Pacific sector-mean U-wind response to the W-EQBO in QBOi
climate models.

Figure 4.1. Schematic diagram of the early winter ENSO-East Asia
teleconnections, which consists of 1) ENSO-related tropical
convection, 2) Poleward Rossby wave trains, 3) constructive
interference over the Kuroshio Extension region, 4) Warm
advection induced by anti-cyclonic circulation change over the
Kuroshio Extension region.

Figure 4.2. Schematic diagram of the late winter QBO-East Asia
teleconnections, which consists of 1) westerly wind shear and
warm anomalies over the subtropical lower stratosphere-upper
troposphere, 2) equatorward, upward eddies, 3) equatorward shift
of the Asian-Pacific jet, 4) Cold advection induced by cyclonic
circulation change over the North Pacific Ocean, 5) cold anomaly

in East Asia.
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1. Introduction

1.1. ENSO teleconnections

The El Nifo-Southern Oscillation (ENSO) is an ocean-
atmosphere coupled large-scale interannual variability, which is
characterized by anomalous sea surface temperature (SST) warming,
corresponding to the eastward shift of atmospheric deep convection in
the equatorial Pacific. Such conditions excite the stationary atmospheric
waves referred to as the Rossby wave train (Bjerknes, 1969; Horel and
Wallace, 1981; Wallace and Gutzler, 1981), similar to the Pacific North
American (PNA) teleconnection patterns (Horel and Wallace, 1981). The
resultant anomalous circulations induce the extreme events on the global
climate (Ropelewski and Halpert, 1986).

It results in extreme weather events such as heavy rainfall
drought, and temperature extremes over highly populated regions,
including East Asia and western North America (e.g., Ropelewski and
Halpert, 1986; Wang et al, 2000; Glantz, 2001; Nicholls et al, 2005;
Arblaster and Alexander, 2012). For instance, the El Nifio of 1997/98
induces 22,000 fatalities and US $36 billion in economic losses
(Sponberg, 1999; McPhaden et al 2006). In order to reduce its socio-
economic damage, an improved understanding and a prediction of ENSO

teleconnection are necessary.



On East Asia, the ENSO can modulate the winter surface climate
via these atmospheric circulation change. The strengthened trade winds,
caused by the anomalous SST warming, induce cold SST anomaly over
the tropical western Pacific through the enhancement of evaporation. As
a part of the Rossby wave response to the cold SST anomaly, the
anticyclonic circulation anomaly develops over Philippine Sea region,
effectively influencing the East Asian surface climate (Wang et al, 2000).
This so-called ‘Philippine Sea anticyclonic circulation anomaly’
continuously develops throughout the winter season via a positive air-
sea feedback (Wang et al, 2000; Xie et al, 2009).

In addition to the atmospheric circulation change in the lower
troposphere, the anticyclonic circulation anomaly over Philippine Sea
also induce the upper cyclone circulation over the Philippine Sea,
resulting in an anticyclonic circulation anomaly over the Kuroshio region
(Wang et al, 2000). This so-called ‘Kuroshio anticyclonic circulation
anomaly’ is more responsible for the northern part of the East Asian
surface climate than the Philippine Sea anticyclonic circulation anomaly
(Son et al, 2014; Kim et al, 2018).

These two El Nifio-related anticyclonic circulation anomalies act
as a bridge between the tropical anomalous SST warming and East Asian
surface climate variability. Thus, the El Nifio and the East Asia climate
variability have a statistically significant relationship during the winter
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season (Kang, 1998).

Since El Nifio usually reaches the maximum intensity in the
boreal winter and then it decays in late winter and spring (An and Wang,
2001), the El Nifio-related atmospheric anomalies are expected to be
maintained during the entire winter season. However, previous studies
show sub-seasonal variability of ENSO teleconnections in the Pacific
basin (Bladé et al, 2008; Jong et al, 2016) In East Asia, the ENSO
teleconnection weakens in January, which cannot be explained by the
sub-seasonal variation of the central Pacific SST (Kim et al, 2018). Thus,
a more detailed analysis is needed to reveal the sub-seasonal variability
of the ENSO-East Asia teleconnection.

In addition to the central Pacific (CP), the ENSO-related
convection and circulation changes lead to the atmospheric forcing in the
Indian Ocean (I0) and Maritime Continent (MC), which can modulate the
ENSO teleconnections (Zhang et al, 2005; Annamalai et al, 2007; Seo
and Son, 2012). For instance, the suppressed convection in the MC can
leads to the ENSO-East Asia teleconnections. Moreover, the enhanced
convection in the I0 makes the negative PNA-like pattern over mid-
latitudes (Moon et al, 2011; Hoell et al, 2014; Seo and Lee, 2017).
However, most previous studies have primarily focused on the seasonal-
mean effects of the ENSO-related tropical convection anomalies.

This dissertation examines the nature of the sub-seasonal



modulation of ENSO-East Asia teleconnections and suggest the role of
ENSO-related tropical convection anomalies in the MC and IO as a

possible modulator of the ENSO-East Asia teleconnections in early winter.

1.2. QBO downward coupling

The quasi-biennial oscillation (QBO) is a dominant interannual
variability of stratospheric equatorial zonal winds, characterized by an
oscillation between the westerly and easterly winds with period of 28
months (e.g., Baldwin et al, 2001). This phenomenon has a distinct
effect on the mid-latitude climate variability (Baldwin et al, 2001; Gray et
al, 2018).

The QBO-induced meridional circulation and vertical shear
anomaly can affect the propagation of mid-latitude planetary waves.
When the QBO phase is easterly, planetary wave from mid-latitudes
toward the equator are directed toward the polar vortex, weakening the
vortex (Holton and Tan, 1980). The resultant weakened polar vortex
changes the tropospheric circulation and thus the surface climate
variability as a negative Arctic Oscillation (AO) pattern (Thompson et al,
2002).

The QBO-related atmospheric instability affects tropical
convective activity (Son et al, 2017), including Madden-Julian Oscillation

(MJO; Madden and Julian, 1971). When the QBO is an easterly phase, an
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easterly vertical shear is driven in the lower stratosphere. To balance the
thermal wind relationship, anomalous upward motion and cold
temperature occur in the equator. In the subtropics, anomalous
downward motion and warm anomaly form due to the secondary
circulation. As a result, the increased atmospheric instability in the
equators amplifies not only the tropical convective activity (Collimore et
al, 2003) but also the MJO-induced teleconnection to mid-latitude climate
variability (Hood et al, 2020).

The QBO also influences the intensity and position of subtropical
jets (Ruti et al, 2006). The returning meridional flow near the
tropopause in the subtropics generates a weak easterly in the
subtropical tropopause through the Coriolis force. The easterly wind
anomaly can be extended into the lower troposphere in the form of a
horseshoe, in the presence of the transient eddy feedback (Garfinkel and
Hartmann, 2011a,b). As a result, the vertical shear around the jet is
changed, inducing the meridional displacement of the jet (Simpson et al,
2009, 2010). As this downward arching zonal wind anomaly extends to
the mid-to-lower troposphere, it can induce meridional displacement of
the subtropical jet and thus influence the Northern Hemisphere surface
climate (Gray et al, 2018, Haynes et al, 2021). Since the fluctuations of
strength and position of the jet have tightly connected to the East Asian
surface climate variability (Luo and Zhang, 2015), the QBO can affect the
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East Asian surface climate variability. The above results indicate that
QBO may have a strong relationship with East Asian surface air
temperature (SAT).

However, previous studies mainly focused on the impacts of the
QBO on the Northern Hemisphere, explained by the relationship
between the equator and high latitudes known as the Holton-Tan effect
(Holton and Tan, 1980, 1982; Baldwin et al, 2001; Chen and Li, 2007).
This impact appears mainly on the high latitude regions of the North
Atlantic, Europe, and Eurasia, which are downstream regions of the AO’s
effect (Marshall and Scaife., 2009 Scaife et al, 2014). In addition, a more
delicate analysis reveals that the regional QBO impacts, especially on the
East Asia, differs from the AO signal associated with QBO-polar vortex
downward coupling (Ma et al, 2021).

This dissertation revisits the QBO teleconnection on the sub-
seasonal time scale focusing on the East Asia region and investigates a
possible key mechanism of QBO-East Asia teleconnection. In addition,
the prediction skill and model representation of the QBO-East Asia

teleconnections is also evaluated.



1.3. Motivations and aims of the Thesis

As shown in the previous section, during the last decade, the
climate community has made remarkable progress in understanding
ENSO and QBO’s influence on the mid-latitude climate variability.
However, it is further needed to revisit the influences of the ENSO and
QBO on the East Asian SAT in detail

While the seasonal-mean ENSO-East Asia teleconnections are
well documented, their impacts and predictability on the sub-seasonal
time scale remain to be explored. Son et al (2014) showed that a
possibility for a sub-seasonal variability of the ENSO teleconnections.
The relationship can be also different depending on the type or season of
El Nifio (Kug et al, 2010; Yeh et al, 2014) and even the analysis method
(McGraw and Barnes, 2018). Such unexpected events on a sub-seasonal
time scale can induce socioeconomic damages because they could not be
detected in a seasonal-mean time scale analysis and prediction. It
indicates a more delicate study about the mechanisms and prediction
skill of the ENSO-East Asia teleconnections is needed.

In addition to the ENSO teleconnection, the QBO-East Asia
teleconnection is needed to revisit in detail Since the so-called ‘Holton-
Tan effect’ has been highlighted over decades, the impact and dynamics
of the QBO impact has been mainly focused on the Northern Eurasia and
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North America region rather East Asia. However, the Holton-Tan effect
may be not suitable for the East Asian surface climate because the it is in
the marginal region of the Eurasia Continent (see Thompson et al,
2002). Garfinkel and Hartmann (2011a) reported that the QBO
teleconnection is stronger in Pacific region than Atlantic region in
subtropics where East Asia is located. The associated mechanism is still
needed to revisit.

Therefore, the main objective of this dissertation is to improve
our understanding of the sub-seasonal and seasonal-mean impacts of
ENSO and QBO on East Asian surface climate in detail To achieve this

objective, we are supposed to answer these questions as follows:

What are the relative effects of the ENSO and QBO on East Asian
SAT on a sub-seasonal time scale?

What is the possible mechanism, and do state-of-the-art
ensemble prediction systems predict the impacts and mechanisms well?

If not, how can we improve it?

To do this, this dissertation is organized as follows. The
relationship between the ENSO and East Asian SAT is investigated by
using a variety of analysis methods (i.e., composite, correlation, lead-lag

regression, and Granger causality test) and time scale (i.e., seasonal-



mean, pentad-mean) in Section 2. Since the ENSO and QBO have a long
memory (for instance, the QBO has high autocorrelation coefficient; r =
0.92 at a one-month lag), the relationship is should be investigated by
considering the memory. According to McGraw and Barnes (2018),
present study uses a more delicate analysis method such as Granger
causality and Partial Granger causality tests.

The relationship between the QBO and East Asian SAT is also
examined in the same way in Section 3. Summary and Discussion are
provided in Section 4. The contents in Section 2 are from Park et al
(2018) and Park et al (2023), and the contents in Sections 3 and 4 are

from Park and Son (2022) and Park et al (2022).



2. Sub-seasonal variability of ENSO teleconnection

2.1. Data and Methods

2.1.1. Observation and hindcasts

The main datasets used are pentad-mean atmospheric variables
obtained from the fifth generation of ECMWF atmospheric reanalysis of
the global climate (ERA5; Hersbach et al, 2020), including SAT,
geopotential height (Z), horizontal winds (U,V), sea level pressure (SLP),
specific humidity, omega, and column relative humidity (CRH) calculated
using zonal winds, air temperature, and specific humidity from the
surface (1000 hPa) to the top (100 hPa) of the troposphere. The
Outgoing Longwave Radiation (OLR) data is obtained from NOAA
Interpolated OLR product (Liebmann and Smith, 1996) during
1979/1980-2018/2019 (40 years). The precipitation data is obtained
from NOAA CPC Merged Analysis of Precipitation products (Xie and
Arkin, 1997) during 1980-2016. We construct 24 pentads per winter
(November to February). For instance, the 7th pentad consists of five
days from December 2nd to 6th. Anomalies are defined by removing the
climatological mean at each pentad and the long-term linear trend for 40
years.

Furthermore, to enhance the confidence of the above results, the
21 &
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in-situ measurements from the meteorological administrations of Korea
(KMA) are also used for the period as 59-year from 1958 to 2016. The
21-day moving average daily temperature and precipitation observation
data of the Automatic Synoptic Observing System (ASOS) of the Korea
Meteorological Administration were used, and the average of 9
observation points was set as a representative value of the Korean
Peninsula. The nine observation points used were Gangneung (105),
Seoul (108), Chupungryeong (135), Gwangju (156), Busan (159),
Incheon (112), Pohang (138), Daegu (143), and Jeonju (146) and the
number in parentheses means the station number.

To ascertain the ability to predict ENSO teleconnection in a
climate prediction system, we examine the retrospective predictions (or
hindcasts) from the four state-of-the-art ensemble prediction systems,
including the European community Earth-System Model (EC-Earth3;
Doscher et al, 2021), the Hadley Centre Global Environment Model
version 3 (HadGEM3-GC31-MM; Andrews et al, 2020), the sixth version
of the Model for Interdisciplinary Research on Climate (MIROC6; Tatebe
et al, 2019), and a higher-resolution version of the Max Planck Institute
for Meteorology Earth System Model (MPI-ESM1.2-HR; Miiller et al,
2018). The datasets follow the guidance of the Decadal Climate Prediction
Project contributed to the Coupled Model Intercomparison Project 6
(Boer et al, 2016). A total of 40 ensemble members, initialized every 1
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November from 1979 to 2019 with 10 ensemble members of each model,
are used in this study. The individual ensemble members are
interpolated to a uniform 2.5° x 2.5° grid. To remove the model drift, the
forecast lead time-dependent model bias is corrected for individual
ensemble members before the analysis. For a direct comparison to ERAS5,
the daily atmospheric variables are converted from daily into pentad
resolutions except for the SST (i.e. monthly-mean modeled SST is used).
The multi-model ensemble (MME) is then constructed by averaging 40

ensemble members with an equal weighting.

2.1.2. Correlation, regression, and composite analysis

All the results in this section consist of simple correlation,
regression, and composite analysis. To estimate the linear relationship
between ENSO and East Asian SAT, Pearson correlation coefficient (R;) is

used. The equation is as follows (Eq. 1).

BN (5AT, ;;—5AT 1 (ENS0;-ENE0Op
Ef [SATy jj—SATy) -, (ENS0;;—ENS0"

ySii =1l

Ry

(1)

]
where t is the month and ii is the year, n is the total number of years.
The overbar indicates the climatological mean.

As the ENSO-related SST anomalies tend to persist throughout
the boreal winter, the regression analysis is conducted with the pentad-

mean atmospheric variables onto the seasonal-mean Nifio 3.4 index (i.e.,

12



ND]JF- or DJF-mean) as Eq. 2:
SAT, = a, + a, Nifio3.4, + ¢, (2)

where a, is the intercept, a; is the regression coefficient, and
e; is the residual of the regression. Here Nifio3.4 indicates that the
seasonal-mean value.

In addition, the association between ENSO and mid-latitude
circulation anomalies is evaluated by regressing atmospheric variables
against the Nifio 3.4 index or the three tropical precipitation indices
(central Pacific (CP), Indian Ocean (I0), and Maritime Continent (MC)).
These regional precipitation indices are defined by averaging pentad
precipitation anomalies over the CP (160°E-120°W, 10°S-10°N) and 10
domains (50°-70°E, 10°S-10°N) and MC (90-150°E, 10°S-10°N),
respectively. Here, the 10 precipitation corresponds to the western-10
precipitation, reported by Abid et al. (2021), whereas the CP domain is
extended by 5° to the north and south from the domain used in Kim et al
(2018). To separate the CP, 10, and MC impacts on mid-latitude
atmospheric circulation, a partial regression analysis is applied after
removing their relative signals. To determine the 10-convection-induced
teleconnections, a linear regression is conducted with the Z500 anomaly
filtering out the CP- and MC-convection-related anomaly against the 10
precipitation anomaly. Notably, the overall results are not sensitive to

slight changes in the indices domains.
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For a composite analysis, we use the National Oceanic and
Atmospheric Administration (NOAA)’s operational El Nifio definition,
which is based on the Oceanic Nifio Index (ONI). The ONI is calculated by

a three-month running mean SST anomaly in the Nifio 3.4 region (170°—

120°W, 5°S-5°N; Nifio3.4 SSTA) from Extended Reconstructed SST data
(ERSSTv5; Huang et al, 2017). The El Nifio (La Nifia) event is defined
when the three-month running mean Nifio3.4 SSTA exceeds +0.5K
(-0.5K) for at least five consecutive months. Any winter not meeting the
El Nifio or La Nifia criteria is defined as a Neutral winter. As a result, 14
El Nifio and 14 La Nifia years were selected during the last 40 years

(1979/1980-2018/2019) summarized in Table 2.1.

Table 2.1. List of selected 14 El Nifio and 14 La Nifia years for the composite
analysis. Here, El Nifio and La Nifia years are defined when the three-month
running mean Nifio 3.4 index exceeds +0.5K and -0.5K for at least five

consecutive months, respectively.

Events # of years List of years

1979/1980, 1982/1983, 1986/1987,
1987/1988,1991/1992, 1994 /1995,
El Nifo 14 1997/1998, 2002/2003, 2004 /2005,
2006/2007,2009/2010, 2014/2015,
2015/2016,2018/2019

1983/1984, 1984/1985, 1988/1989,
1995/1996, 1998/1999, 1999/2000,
La Nifia 14 2000/2001,2005/2006,2007/2008,
2008/2009,2010/2011,2011/2012,
2016/2017,2017/2018

14



The statistical significances of the correlation and composite are
estimated based on a two-tailed Student's t-test. For the composite
analysis, a bootstrap method is further used to cover the shortage of the
number of observations. During the winter (November to February), the
pentad anomalies of 40 years are randomly resampled 1,000 times to
produce an estimated distribution. If the composite anomaly of El Nifio
years is larger than the ranked value from the estimated distribution at a
95 % significance level, the composite anomaly is deemed to be

statistically significant.

2.1.3. Causality test

Granger causality test (Granger, 1969) is further conducted to
account into the high memory of the ENSO in the causal relationship
analysis. The key point is to determine whether the inclusion of ENSO
information (Eq. 4) is helpful to the prediction of the SAT than the case
using only SAT itself information (Eq. 3) or not. For the comparison, the
two time-lagged regressions are constructed as in Barnes and Simpson
(2017):

SAT, = a, + T, a; SAT,_; + e; (3)
SAT, =by + ZIL by SAT, ; + ZL, ¢ ENSO,_; + &y (4)

where the subscript t denotes each month of the year, while i
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and j denote the monthly time lag from t. The coefficients a; and b, are
the intercepts, a, bj, and ¢; are the regression coefficients, and e;; and
e, are the residuals. M and N are the number of optimal time lags for
the SAT and ENSO index, respectively.

Equation (3) represents a lagged auto-regression to estimate
SAT, with the prior values of SAT, ;. Equation (4) estimates SAT; by
considering not only the prior values of 5AT;_; but also the prior values
of ENsO,_;.. Not surprisingly, their results are sensitive to the choice of
the time lag, M and N. In this study, M and N are chosen to minimize the

final prediction error (FPE) (Hsiao, 1981). Here, the FPEs of Equations

O+M+1  5EEy and O+M+N+1  55E;
O-M-1 o O-M-MN-1 o’

(3) and (4) are determined by

respectively (Hsiao, 1981; Amiri and Linden, 2016).

O+M+1 & (5)

Optimal lag = argmin FPE _;tricteq = argmin o o

Optimal lag = argmin FPEcqtpicted = argmin LLLLELENT: (6)

O-M-M-1 o

The S55E; and SSE. denote the sum of squared errors of each
regression, and O is the number of years (0O = 40). The causal
relationship is identified by estimating the usefulness of the prior values
of the ENSO. When at least one value of ¢; is statistically significant
according to a two-tailed Student’s t-test and all values of ¢; collectively
improve the variance explained by the regression according to an F-test,
it is considered that the ENSO causes the SAT anomaly. Here, F statistics

are defined as follows:
16 ."\.'-'i: '-.;: -T |



F statistics = SSE.10-P) (7)
where P is the total number of parameters estimated from

Equation (4).

2.1.4. Prediction skill

The MME prediction skill is assessed with the anomaly

correlation coefficient (ACC), as shown below:

TI=3% (MME, ;~ FIFE; )(0BS; ;- UBS;)
ACG = - = (8)

E::;“ MME; ;-HFHNE; 3 .E::;“: 0BS; ;- UEE; 3
| |

where i and j represent the forecast lead-time and year,
respectively. The MME;; and 0BS;; denote the MME and observation at
the ith forecast lead-time and jth year, respectively. The overbar
indicates the climatological mean over 40 years.

For statistical significance of ACC is calculated based on a
nonparametric bootstrap method (Goddard et al., 2013). At each forecast
lead time, the ACC is randomly calculated with a replacement for 1,000
times to produce an estimated distribution. The p-value is obtained from
the ratio of negative value from the estimated distribution based on the
one-tailed test of the hypothesis that the ACC is greater than 0. If the p-
value is smaller than 0.05, the ACC is deemed to be statistically

significant at the 95 % significance level
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2.1.5. Linear baroclinic experiments

Statistically significant relationship in early winter. The relative
importance of CP, MC, and IO convection on ENSO-East Asia
teleconnections is tested by conducting linear baroclinic model
experiments. This model solves primitive equations linearized about a
given basic state at T42 horizontal resolution with 20 sigma levels
(Watanabe and Kimoto, 2000). The horizontal diffusion is set to
biharmonic diffusion with an e-folding time scale of 2 h for the largest
wavenumber. The Newtonian damping is also utilized at the lowest three
levels and the topmost two levels with a time scale of 0.5 days, and at the
mid-levels with a time scale of 20 days (Watanabe and Kimoto, 2000).

This model is forced by idealized tropical diabatic heating under
the El Nifio January background state. The diabatic heating forcing is set
to have a latitudinal width of 15°, with a gamma vertical distribution (Fig.
2.1). The maximum heating of 3 K day-1 is placed at the 0.45 sigma level
Two regional heating-one over the I0 and the other over the CP-are
considered in this study, as shown in Fig. 2.1. A steady-state atmospheric
response to each forcing is obtained by investigating the Z500 anomaly
field at 20-day. The quality of the results remains the same even when

the magnitude and level of tropical heating slightly vary.
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Figure 2.1. Details of linear baroclinic experiments. (a-c) Spatial distribution of
idealized heat forcing over the (a) IO, (b) MC (b) CP at 0.45 sigma level (d)
Vertical profile of the heat forcings at 60°E, 120°E, and 160°W where the

maximum location of the idealized forcing.
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2.2. Impacts and causality

2.2.1. Positive relationship in early winter

On a seasonal time-scale, the warm anomalies are robust over
East Asia and western North America, attributable to El Nifio-induced
atmospheric circulation anomalies in the boreal winter (two boxes in Fig.
2.2a; Wallace and Gutzler, 1981; Ropelewski and Halpert, 1986; Wang et
al, 2000). This SAT anomaly pattern has been widely known as the
canonical ENSO teleconnections. However, it is not stationary on the
sub-seasonal time scale (Son et al, 2014; Kim et al, 2017; Geng et al,
2017). Statistically significant warming appears in December (filled bars
in Fig. 2.2b,c).

For emphasizing this early winter of ENSO teleconnections, we
defined the peak period, which consists of December 11th to 31st
according to the sub-seasonal variation of SAT anomalies, i.e., the
consecutive 20 days around the warmest pentad in both East Asia and
western North America. The suppression period, which consists of
January 1st to 20th, is also defined in the same way. All 14 El Nifio
winters show this robust warming in early winter, which disappears in
early January (Fig. 2.3). Although not presented here, the results are not

sensitive to the analysis period and data.
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Figure 2.2, (a) November-February mean surface air temperature (SAT)
anomaly during El Nifio years. (b,c) Temporal evolution of pentad mean SAT
anomalies averaged over (b) East Asia (EA; 115-150°E, 25-40°N) and (c)
western North America (WNA; 140-100°W, 40-60°N). The dotted area in (a)
and filled bars in (b,c) indicate statistically significant values at the 95 %
confidence level based on the bootstrap method. The ‘peak’ and ‘suppression’ of
ENSO teleconnection are defined as the periods that the consecutive 20 days
around the warmest and coolest pentad are simultaneously observed in East

Asia and WNA.
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Figure 2.3. (a) Scatter plot of the maximum SAT anomaly during the peak (x-
axis) and minimum SAT anomaly during suppression periods (y-axis) over the
East Asia (red) and WNA (black). (b) SAT anomaly difference between the
suppression and peak periods in each El Nifio winter. All the maximum and
minimum appear within December 12th to 31st and December 22nd to
January 20th except for the early peak and suppression winters (2009/10,
2014/15). The maximum appears in November 22nd to December 1st and the

minimum appears in December 7th to 21st in those winters.
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Similar result is also seen in In-situ measurements from the KMA
(Fig. 2.4). The correlation between the winter season (NDJ) ENSO index
and the daily-mean SAT over the Korean Peninsula shows significant
relationship during the early winter (red colored bars in Fig. 2.4a),
which is consistent with the seasonal-mean relationship.

The Granger causality test reconfirms this sub-seasonal
variation of the linear relationship. The auto-regression coefficient of
the SAT can explain the SAT variability only confined to the early winter
and late winter (%:; cyan line in Fig. 2.4b), consistent with the auto-
regression coefficient of the SAT in Equation (3) (°:; blue line in Fig.
2.4c). However, the regression coefficient of ENSO (%3 red line in Fig.
2.4c), corresponding to Equation (4), can account for the SAT variation
in the December. This result supports that the relationship between the

ENSO and the East Asian SAT is robust in early winter.
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Figure 2.4. (a) Correlation coefficient of the NDJ-mean Nifio3.4 and the SAT
over the Korean Peninsula. (b) Auto-regression coefficients of Eq. (3) (ay; cyan
line). (c) Regression coefficients of Eq. (4) for the SAT (zy; blue line) and the
ENSO (by; red line). The orange (red) colored filled bar and open (closed)
circles indicate statistically significant values at the 95 % (99%) confidence

level based on a student’s t-test.
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2.2.2. ENSO-related atmospheric circulation change

Figure 2.5a shows the ENSO-related NDJF SAT anomalies in the
East Asia. As seen, a warm anomaly is clearly discerned over the East
Asia including coast line of China, Korean Peninsula, and Japan (box in
Fig. 2.5a). This warm anomaly is strongly related with the Kuroshio (KU)
anti-cyclonic circulation anomaly (boxed in Fig. 2.5b). The KU circulation
anomaly primarily determines the spatial distribution and intensity of
the SAT anomaly over the East Asia through anomalous temperature
advection (Kim et al, 2018).

As ENSO SST anomalies exhibits weak sub-seasonal variability, it
is reasonable to suggest that ENSO teleconnections can persist
throughout winter. However, the ENSO teleconnections exhibit clear
fluctuations on a sub-seasonal timescale (Jong et al, 2016; Kim et al,
2018). Figure 2.5c displays the sub-seasonal evolution of ENSO
teleconnections over the East Asia. The pentad East Asian SAT and KU
7500 time series is further regressed against the seasonal-mean Nifio
3.4 index (Figs. 2.5¢, d). The regression coefficient reveals temporal peak
in early winter and a weak signal in mid-winter. The robustness of early
winter peak structure in Figs. 2.5c and 2.5d is further tested by counting
the number of grid points in each domain that show statistically

significant regression coefficients at the 95% confidence level Its
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-
|

25



temporal evolution remarkably resembles Figs. 2.5¢ and 2.5d with
distinct early winter peak and almost zero in mid-winter (not shown).
Since such temporal variability is inconspicuous in the monthly- or
seasonal-mean analyses (Kim et al, 2018), this result suggests that the
sub-seasonal ENSO teleconnections over East Asia is distinguishable

from the conventional seasonal-mean ENSO teleconnections.

(a) Regression of NDJF SAT vs. Nifio3.4 (b) Regression of NDJF Z500 vs. Nifio3.4
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Figure 2.5. (a,b) NDJF-mean (a) SAT and (b) geopotential height at 500 hPa
(Z500) regressed onto Nifio 3.4 index.. (c,d) As in (a,b) but for the sub-seasonal

evolution of the (c) SAT over the East Asia and (d) Z500 over the Kuroshio
Extension (KU). The dotted area and black (gray) bar indicate statistically
significant values at the 95 % (90%) confidence level based on a student’s t-
test.
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The robust sub-seasonal teleconnection is attributed to the KU
circulation change (Fig. 2.6). Figure 2.6a shows that the correlation of
the KU Z500 and SAT in December when the ENSO-East Asia
teleconnection is robust. A significant interannual correlation between
the KU Z500 anomaly and the SAT anomaly over the East Asia region
(dotted area). The identified positive relationship between them
indicates that warm anomalies over the East Asia are closely associated
with the strengthening of the KU circulation because the associated
horizontal wind anomalies transport a relatively warm and moist air to
the East Asia (Fig. 2.6¢). The significant interannual correlation between
the KU Z500 anomaly and East Asian SAT anomaly remains almost same
in mid-winter (Fig. 2.6b). However, as the KU Z500 anomaly (i.e., key for
the ENSO-East Asia teleconnection) weakens, the horizontal wind
anomalies also weaken (Fig. 2.6d), resulting in the insignificant

relationship in mid-winter.
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Figure 2.6. (a,b) Correlation between the SAT and KU Z500 in (a) Dec and (b)
Jan. (c,d) As in (a,b) but for SLP and UV850 regressed onto the Nifio 3.4 index.

The dotted area and thick arrows indicate statistically significant values at the

95 9% confidence level based on a student’s t-test.
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2.3. Mechanisms with an idealized model experiment

2.3.1. A hint in tropical convection: Indian Ocean

Since ENSO teleconnection is interpreted as an anomalous
Rossby wave propagation resulting from the latent heat release of
equatorial deep convection (e.g., Hoskins and Karoly, 1981), the tropical
convection changes are examined as a possible cause of the sub-
seasonal ENSO teleconnection (Fig. 2.7).

Figure 2.7a shows the NDJF-mean precipitation pattern
associated with ENSO events, obtained by regressing the NDJF-mean
precipitation anomaly onto the normalized seasonal-mean Nifio 3.4
index. During El Nifio years, tropical convection is weakened in the
Maritime Continent/western Pacific (MC) but strengthened in both CP
and Indian Ocean (10) (Fig. 2.7a). This tripolar pattern results from the
anomalous Walker circulation (Bjerknes, 1969), a large-scale circulation
in a zonal direction, modulated by ENSO (Philander, 1989). In the El Nifio
years, the Walker circulation shifts eastward compared to normal, and
descending and ascending motions occur in MC and CP, respectively. As a
result, an anomalous positive SST, convergence, water vapor, and deep
convection are in the CP (Lindzen and Nigam, 1987). Since the Walker
circulation is closely connected to both 10 and CP (Webster, 1983), the

positive precipitation anomaly appears not only in CP but also in 10
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(green shading in Fig. 2.7a).

Figure 2.7b shows the pentad-mean precipitation anomaly
evolutions regressed onto the ENSO index. The tropical precipitation
shows different sub-seasonal evolutions depending on the regions. In
the El Nifio year, CP precipitation is gradually enhanced until January
and tends to be maintained during January and February (gray line in
Fig. 2.7b). This is because CP precipitation is directly coupled with SST
(Lindzen and Nigam, 1987). Following the SST with a longer memory,
the CP precipitation also shows a monotonous sub-seasonal evolution. A
similar result is also observed in MC but with the early winter peak
(black line in Fig. 2.7b). The negative precipitation anomaly is strongest
in early December. The dry precipitation anomaly over the MC is
insignificant in January, thereby resonating with the Kim et al (2018)
findings, highlighting its critical role in the sub-seasonal variability of the
ENSO teleconnection in East Asia. On the other hand, 10 precipitation
exhibits a clear enhancement around mid-December, and a little
significant anomaly appeared in the rest of the period (green line in Fig.
2.7b). The result is not sensitive to the definition of the domain.

What drives the changes in 10 convection in early ENSO years?
To figure out the physical mechanism of the enhanced 10 convection in early El
Nifio winter, the upward motion and its associated horizontal wind, and

specific humidity is investigated (Fig. 2.8).

30



(a) NDJF precipitation regressed onto Nifio 3.4
30N Sa——

20N 1\ i £

10N -

I 2
108 -
2054+

3055 60E 90E 1206 150E 180 150W 120W 90W

(b) Precipitation regressed onto Nifio 3.4

m— 1 HIC A

fmmday 'K™")

-1 v v v
NOV DEC JAN FEB

Figure 2.7. (a) NDJF-mean precipitation regressed onto Nifio 3.4 index. (b)
Sub-seasonal evolution of the area-mean precipitation over the Central Pacific
(CP), Maritime Continent (MC), and Indian Ocean (I0). The dotted area and
lines indicate statistically significant values at the 95 % confidence level based

on a student’s t-test.

Figure 2.8a shows the NDJF-mean upward motion, horizontal
winds, specific humidity pattern associated with ENSO events, obtained
by regressing the NDJF-mean anomalies onto the normalized seasonal-
mean Nifio 3.4 index. During El Nifio years, an anomalous downward
motion is robust in MC region (orange contour in Fig. 2.8a). The

associated easterly wind anomalies are observed in I0 and MC region
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(arrows in Fig. 2.8a), leading to the spatial distribution of the moisture
anomalies (shading in Fig. 2.8a).

As the anomalous downward motion becomes stronger around
mid-December (orange and black lines in Fig. 2.8b), they supply a
significant level of moisture anomaly to the IO (green line in Fig. 2.8b).
Because the MC is climatologically moisture-rich, the statistically
significant horizontal wind anomalies, together with the climatologically
plentiful moisture in MC, can bring moist air to the 10.

Since moisture plays an important role in the growth (Brown and
Zhang, 1997; Holloway and Neelin, 2009) and onset (Sherwood, 1999;
Takayabu et al, 2006) of the convection, a scatter plot between the
column integrated relative humidity (CRH) and OLR is examined during
the December 2nd to 26th (Fig. 2.9). As the moisture increases, the
convection becomes strong nonlinearly. Here it is important to note that
the CRH-OLR relationship is nonlinear like the CRH-precipitation
relationship (Bretherton et al, 2004; Rushley et al, 2018). Under moist
condition, a small increase of moisture can efficiently enhance the
convection. This result indicates that the moisture supply during early
winter (Fig. 2.8b) can efficiently boost the enhanced convection over the

10 (Fig. 2.7).
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Figure 2.8. (a) NDJF-mean 500 hPa vertical velocity (omega500; orange
contour; only significant values are presented), horizontal winds at 850hPa
(UV850; white arrows; only significant values are presented), 850 hPa specific
humidity (q850; shading) regressed onto the Nifio 3.4 index. (b) Sub-seasonal
evolutions of the pentad-mean omega500 over the MC (orange), q850 over the
[0 (green), and |U850] (black) averaged from the 10 to the MC, respectively. All
results are derived from the observation. The dotted marks and thick arrows

indicate statistically significant values at the 95 % confidence level based on a

Student’s t-test.
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Figure 2.9. Nonlinear column integrated relative humidity (CRH)-OLR

relationship over the 10 between El Nifio versus La Nifia years.

The positive humidity tendency in early winter is tightly
connected to the horizontal advection term (Fig. 2.10). Figure 2.10
shows the moisture budget analysis over the 10 domain. Before the 10
convection peak, the strong positive IO moisture tendency peak appears
in advance (black line). This positive peak of moisture tendency is closely
related to the horizontal moisture advection term (cf. black and blue
lines). The relatively high pattern correlation between the moisture
tendency and the horizontal advection term over the 10 (r = 0.5),

indicating that the moistening is mainly driven by this horizontal
3 o 1 T
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moisture advection. The enhanced IO convection indeed peaks in one-
pentad later than the peak of moisture, indicating that the moistening

leads to the enhanced convection in early winter.
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Figure 2.10. Moisture budget analysis over the IO during El Nifio years.

A qualitatively similar result can be found in a composite
analysis (Fig. 2.11) and each El Nifio winter case (Fig. 2.12). The
enhanced 10 convection in early ENSO winter also appears when non-
linear relationships are included (Fig. 2.11) Moreover, each 14 El Nifio
winter is accompanied by the enhanced 10 convection in early winter
(Fig. 2.12) due to the horizontal moisture advection (not shown).
Interestingly, the number of MJO events, which is the dominant sub-

seasonal variation of the tropical convection, increases in the phase 1-3,
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indicating that the enhanced convection is located in the 10 (Fig. 2.13).
The above results re-confirm the 10 convection enhancement is robust

in early ENSO winters.
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Figure 2.11. (a,b) Hovomoller diagram of the (a) OLR and (b) precipitation
anomalies over the tropics in El Nifio years. The dotted area indicate the
statistically significant values at the 95 % confidence level The red contour
indicates the intraseasonal positive anomaly by subtracting the seasonal-mean
anomaly from the pentad anomaly. The blue contour also indicates the
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and the mature stage of the 10 convection based on the average value (vertical
line). (b) Mature stages of 10 convections in each El Nifio year. (c) The OLR
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Figure 2.13. (a-f) Number of MJO events in El Nifio years from phases 1 to 6
(from 10 to MC and western Pacific). The outline bar indicates all the MJO
cases and green filled bar indicates strong MJO cases (amplitude = 1.5). Sar

denotes the period of the highest MJO frequency for each phase (from phase 1
to 6) is observed. The MJO phases are defined by using the OLR based M]JO
index (i.e., OMI index).

To reveal the association between the sub-seasonal variability of
the ENSO teleconnections and these tropical convection anomalies, the
partial regression of atmospheric variables against the Nifio 3.4 index or
the CP, MC, 10 precipitation anomalies are conducted (Fig. 2.14). To
separate the [0, MC, and CP impacts on mid-latitude atmospheric

circulation, a regression is applied after removing their relative signals.
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Figure 2.14 shows the partial lagged regression of the Z500
anomaly on the 10, MC, and CP precipitation anomalies. Here, the MC dry
anomaly is multiplied by -1 for a direct comparison with 10 and CP
precipitation. A yearly time series of the area-averaged precipitation
anomalies at their maximum periods are regressed onto the Z500
anomaly with +2 pentad lags. For instance, Figure 2.14a shows the Z500
anomaly related to the 10 precipitation anomaly at the 9th pentad, when
the IO precipitation anomaly is at the maximum (green line in Fig. 2.7b).
The same partial regression analysis is also carried out with respect to
MC- and CP-convection-induced teleconnection, as indicated shadings in
Figs. 2.14b and 2.14c. A comparison between the figs. 2.14a-c clearly
shows that the KU Z500 responses to the CP convection are opposite to
that of MC and [0. While CP convection governed the development and
maintenance of the cyclonic anomaly over the North Pacific region
during El Nifio winters (Fig. 2.14c), 10 and MC convection induces an
anticyclonic anomaly over the KU region (Figs. 2.14a and b). The IO-
convection-related NP Z500 anomaly is roughly similar to the MC-related
anomaly in magnitude (values in the left boxes in Figs. 2.14a and b).

Based on its sub-seasonal evolution and the associated
teleconnections (Figs. 2.7 and 2.14), the observed sub-seasonal
variability of ENSO teleconnections shown in Fig. 2.5 can be attributed to
the tropical convections. The above results further indicate that the mid-
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winter weakening of ENSO teleconnections is likely caused by the
weakening of the 10-, and MC-convection-induced teleconnection in late
December and early January as I0 and MC convection is anomalously
weakened in mid-December during El Nifio winters. Although
destructive interference of the MC- and CP-convection-induced
teleconnections has been previously reported in East Asia (Son et al,
2014; Kim et al, 2018), the possible role of the 10- and MC-convection-

induced teleconnections has not been studied yet.
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This assumption is explicitly tested by comparing the ENSO-
related Z500 anomalies in the observation and those reconstructed by
combining Z500 anomalies regressed onto 10, MC, and CP precipitation.
The linear combination of CP, MC, and 10 influences resembles the
observed ENSO teleconnection pattern in both its maximum period
(r=0.91 btw. Figs. 2.15a and b) and minimum period (r=0.92 btw. Figs.
2.15c and d). These results indicate that sub-seasonal variability of
ENSO teleconnections in the East Asian surface climate can be
qualitatively understood as arising from the tropical convection not only

CP but also MC and IO.
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Figure 2.15. (a, ¢) Observed ENSO-related Z500 anomalies at (a) its maximum

and (c) minimum periods. (b, d) Same as (a, c) but for the reconstructed Z500

based on the linear combination of the partial regression coefficients in Fig.
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2.3.2. Evidence in linear baroclinic experiments

To investigate the causality between tropical convection and KU
2500 response, the atmospheric response to the idealized heat forcing is
re-examined in the linear baroclinic model experiment (Fig. 2.16).
Similar to observation (cf. Figs. 2.14 and 2.16), three equatorial forcings
(i.e, 10, MC, and CP convective heating) are prescribed under the
January mean background of the El Nifio year (Figs. 2.16a-c) and then a
composite analysis is performed. The steady-state atmospheric response
is obtained based on the Z500 anomaly at 2-pentad lag-time (i.e., 10-
day). It shows a KU Z500 response of 10 and MC is an opposite sign to
that of CP forcing experiment, consistent with observation. Although the
KU Z500 response to the CP forcing shows a marginal effect in this
experiment, the result is qualitatively the same as the observed sign. It
re-confirms the relative role of I0 and MC precipitation on the ENSO-East

Asia teleconnections in early winter.
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2.4. State-of-the-art multi-model ensemble systems

2.4.1. Prediction skill

To examine the whether the observed sub-seasonal variations of

the ENSO teleconnections and its association with the tropical

convection is well reproduced in the state-of-the-art hindcast systems,

the ACC skill scores of MME SAT and Z500 are investigated (Fig. 2.17).

Figure 2.17a shows the ACC of Z500 anomaly over the East Asia region

at the 5th pentad. Since the sub-seasonal prediction skill of Z500 in the

Northern Hemisphere mid-latitudes is only three pentads (Son et al,

2020), it is expected to observe a small ACC in this period. However, a
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high skill appears particularly in the KU region where the ENSO-related
Z500 anomalies are persistent in both MME and observation. The skill
disappears in later forecast lead time (Fig. 2.17b). Although the area-
averaged Z500 skill over the KU appears the statistically significant skill
at this period, the relatively high skill disappears around the 9t pentad
when the observed 10 convection is enhanced but MC convection is
weakened. The KU Z500 skill change is also reflected in East Asian SAT
prediction skill (cf. Fig. 2.17c and d). These results emphasize the KU
2500 prediction skill is closely tied to the sub-seasonal variation of the
ENSO teleconnections associated with the sub-seasonal variations of the

tropical convection.

(a) Z500 ACC (5th) (b) Z500 ACC (9th)
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Figure 2.17. (a,b) Anomaly correlation coefficient (ACC) of the Z500 at (a) 5t
pentad and (b) 9t pentad. (c-d) ACC of (c) East Asian SAT and (d) KU Z500. The
dotted area and lines indicate the statistically significant values at the 95 %

confidence level based on the bootstrap method.
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2.4.2. Incomplete representation of the tropical convection

To understand the cause of the poor skill in mid-winter, the sub-
seasonal variations of the ENSO teleconnections are investigated in the
model predictions. Figure 2.18 shows the same regression coefficients as
in Fig. 2.5 but for the MME. Similar to the observation, a statistically
significant warm anomaly is observed in the East Asia during the
seasonal-mean El Nifio winters (Fig. 2.18a). In addition, the anomalous
anti-cyclonic circulation anomaly in the KU is also well predicted (box in
Fig. 2.18b). However, the MME does not reproduce the sub-seasonal
variation of ENSO teleconnections (Figs. 2.18c, d). Amplitudes of KU
7500 and East Asian SAT are under-estimated compared to observation.
In addition, the sub-seasonal evolution of the East Asian SAT and KU
2500 shows a monotonous increase throughout the winter season.
Although the observed responses of East Asian SAT and KU Z500
weaken in mid-winter (Figs. 2.5¢, d), their temporal evolution is not
found in the MME. This discrepancy between the observation and MME
leads to poor prediction skill especially from mid-December to early
January (Fig. 2.17c, d).

Figure 2.19 shows the ENSO-related tropical convection in the
MME. The MME simulates similarly a spatial distribution of the NDJF-

mean precipitation anomaly (Fig. 2.19a). In the El Nifio winters, the
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tropical convection is suppressed near the MC and enhanced near the 10
and CP. Although the amplitude of the precipitation is under-estimated
(cf. Figs. 2.7a and 2.19a), a well-reproduced spatial distribution of the
tropical convection leads to a similar seasonal-mean teleconnection
pattern in MME compared to that in observation (cf. Figs. 2.5a and
2.18a).

As can be expected from the seasonal-mean precipitation
anomaly, the sub-seasonal tropical convection response to ENSO in MME
is generally weaker than the observed one (Fig. 2.19b). In terms of the
sub-seasonal temporal evolution, the peak of 10 precipitation tends to be
predicted earlier than the observation. The enhancement of 10
precipitation is evident in November, and it becomes weaker in mid-
December (green line in Fig. 2.19b). As a result, the response of KU

2500 to the 10 convection is not properly predicted in the MME.

46



(a) NDJF-mean SAT (MME)

60N

50N

40N

30N

20N

......

(b) NDJF-mean 2500 (MME)

1O 100E 120E 140E 160E 180 80F 100E 120E 140E 160E
(c) EASAT (d) KU Z500
0.6 20 =
Bl o
o L 10
¥ 02 £
¥ § 5
0.0 0
-02 . , . -5 . y .
Nov DEC AN FEB Nov DEC JAN FEB

calendar month

calendar month

Figure 2.18. Same as in Fig. 2.5 but for the MME.
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3. Sub-seasonal variability of QBO downward coupling

3.1. Data and Methods

3.1.1. Observation and climate model simulations

The QBO index is defined as the two-month running mean zonal
wind, obtained from the radiosonde observations archived at the Freie
Universitit of Berlin (Naujokat, 1986). For the analysis, the monthly
mean zonal winds at equatorial stations (Canton Island, Gan/Maledive
Islands, and Singapore) are merged as one QBO index (Fig. 3.1). Among a
variety of QBO indices (as summarized in Table 3.1), the zonal wind at
70 hPa (U70) is primarily used, since the overall results are not sensitive
to the choice of the QBO index.

To examine the influence of QBO on atmospheric circulation and
surface climate, two-month running mean fields are also constructed
from the Japanese 55-year reanalysis (JRA-55; Kobayashi et al, 2015)
for 61 years from August 1958 to July 2019. To figure out the effect of
the artifact of satellite data assimilation, JRA-55 conventional reanalysis
(JRA-55C; Kobayashi et al, 2014) from August 1973 to July 2012 is also
used. In-situ measurements from the East Asia meteorological
administrations including KMA are also used to enhance the confidence

of the reanalysis data results.
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To achieve our goals, ‘evaluation of the relative importance of the
QBO to ENSO’, we define ENSO index as the two-month running mean
SST over the Nifo 3.4 region (170°-120°W, 5°S-5°N), obtained from
NOAA Extended Reconstructed SST data version 5 (ERSSTv5; Huang et al,
2017). The QBO impact has been further tested after removing AO-
related signal from the SAT. The AO index is obtained from NOAA
website and then two-month running mean index is defined in the same
way as other indices. All the results are with detrended anomalies and
the anomaly is defined as the deviation from the monthly climatology.

To evaluate whether the observed surface impacts and the
combined effect of ENSO and QBO are well simulated in current climate
models, 8 QBO-resolving multi-model data participating in QBOi Exp2
and QBOi-ENSO experiment are used. The two experiments are one of
experiments of QBOi, a new activity coordinated under SPARC to
evaluate the QBO presentations in different general circulation models,
and to quantify the uncertainty of the models (Bushell et al, 2022;
Anstey et al, 2022). The QBOi Exp2 experiment is a timeslice
experiment that uses climatological SST and sea ice conditions as a
boundary conditions and forcings based on the 1988-2007 period. Since
all interannual variability in Exp2 arises from internal atmospheric
dynamics, it excludes a potential impact of the ENSO on the interannual
variability through the SST boundary conditions. QBOi-ENSO
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experiment is designed to figure out the modulations of QBO and its
teleconnection by ENSO phase by prescribing perpetual El Nifio and La
Nifia SST anomalies. The details of the QBOi model and QBO definition
are summarized in Table 3.2.

To evaluate the prediction skill of the QBO downward coupling
and QBO-East Asia teleconnection, the KMA Global Seasonal Forecasting

System (GloSea6) is also used (Kim et al, 2021).
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Table 3.1. The list of QBO definitions.

QBO phase

Definition

Direction at

a specific single level

US0 QBO [U] 5S-5N > +/-0m/s

U30 station data QBO [U] ateq.>+/- 0 m/s

U50 DJFM QBO [U] ateq. > +/-0m/s

U30 DJF QBO [U] ateq.> +/- 10 m/s

U70 monthly QBO [U] 10S-10N > +/- 2m/s

U30 DJF averaged QBO [U] 2S-2N > +/- 2.5 m/s
U40-50 QBO [U] 2.85-2.8N > + 5m/s (W), - 2.5 m/s (E)
U50 QBO [U] ateq. > +/- 0.5 std.

U50 QBO [U] ateq. > +/- 0.5 std.

Vertical shear btw.

two levels

Vertical shear btw. [U]10-20, 20-30, 30-50, 50-70
[U]50-70 at eq. > +/- 0.5 std.

DJF-averaged [U]50-70 55-5N > +/- 0 m/s

Vertical structure
based on two
dominant modes

The phase angle is 45 degree (W), 225 degree (E) based on
the phase diagram of EOF1 and EOF 2 of U10-70

(+ 5-month running mean, Anstey et al. 2010)
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Table 3.2. Details of the QBOi models and QBO definition.

Dimensions Std. of FM QBO
Models QBO definition
(lonxlatxlevxtime) (EXP2, E], La)
MRI-ESM2.0 320x160x80x50 yrs 54,4.3,5.4
EC-EARTH 512x256x91x100yrs  wQBO: 5.1,4.5,4.6
FM-mean [U] 70 hPa
(2°S-2°N)
ECHAM5sh 192x96x95x40 yrs 2.6,1.8,2.5
> 0.5 std.
MIROC-ESM 128x64x80x100 yrs 1.6,2.1,1.3
EQBO:
LMDz 144x143x79%82 yrs FM-mean [U] 70 hPa 1.4,18,1.4
(2°5-2°N)
<-0.5 std.
GISS-E2-2-G 144x143x102x30 yrs 33,1321
WACCM 288x192x110x100 yrs 2.4,19,2.8
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3.1.2. Correlation, regression, and composite analysis

The results in this section consist of simple correlation,
regression, and composite analysis as in Section 2. To make
comparisons easier, the regression coefficients are multiplied by the two
standard deviations of the QBO index. The resultant values show a similar
magnitude to composite results.

To estimate the linear relationship between QBO and East Asian
SAT, Pearson correlation coefficient (R;) is used. The equation is as
follows (Eq. 1).

IR (SAT,;j-5AT 1 (QB0;-TE0

Ry = (1)

-.‘:.Eﬂzﬁ 5,;1'_‘1 ii_ﬂ'-l'- -.‘:.Eﬂzﬁ'qEDLii_ml i

where t is the month and ii is the year, n is the total number of
years. The overbar indicates the climatological mean.
In the same way, the following regression (Eq. 2) was also
constructed to quantitatively check the effect of QBO on the SAT,
SAT, =a, + 2, QBO, + ¢, (2)
where =, is the intercept, = is the regression coefficient, and
e; is the residual of the regression. The lead-lag correlation is also
computed to identify the possible causal relationship (Eq. 3) by delaying
the QBO index from the Eq. 2 up to i-month in order to check how long

the QBO had a relationship with the SAT,
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SAT, =by + b, QBO,_;j+ ¢ (3)

where i was considered up to 5 months. For instance, in the case
of the December SAT, the relationship between 54T, and QBO,, to the
relationship between SAT,. and QEO. are considered. Even if i was
delayed more than 5 months, the results do not change significantly.

For the composite analysis, the westerly QBO phase (WQBO)
and easterly QBO phase (EQBO) are defined based on the QBO index.
When the positive QBO index exceeds +0.5 standard deviation then the
month is defined as WQBO, and the negative QBO index exceeds -0.5
standard deviation then the month is defined as EQBO. The resultant
QBO months are denoted as red and blue colored marks, respectively
(Fig. 3.2). The classification of the WQBO and EQBO is not sensitive to
the QBO definition (compare Figs. 3.2 and 3.3). To eliminate the ENSO
effect, these WQBO and EQBO events are further classified as six cases
according to the ENSO phases such as neutral (NENSO), El Nifo
(WENSO), and La Nifia (CENSO) cases as depicted in Fig. 3.2.

The statistical significances of the composite, correlation, and
regression coefficients are estimated based on a two-tailed Student's t-

test.
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3.1.3. Causality test

Since the QBO has a long-term memory (r = 0.92 at a one-month
lag for the QBO-index autocorrelation), it is needed to carefully evaluate
the causal relationship. Granger causality test can account into the high
memory of the climate variability (Granger, 1969). The key hypothesis
of the Granger causality test is to determine whether the inclusion of
QBO information (Eq. 5) is helpful to the prediction of the SAT than the
case using only SAT itself information (Eg. 4) or not. For the comparison,
the two time-lagged regressions are constructed as below:

SAT, =a, + Y11, a; SAT, ; + e, (4)
SAT, = by + XiL, by SAT,_; + TN, c,QBO,_; + &5, (5)

where the subscript t denotes each month of the year, while i
and j denote the monthly time lag from t. The coefficients a, and b, are
the intercepts, s, b;, and ¢; are the regression coefficients, and e,; and
e, are the residuals. M and N are the number of optimal time lags for
the SAT and QBO index, respectively. The above equations are same as in
Section 2.1.3 except for replacing the ENSO to QBO.

Equation (4) represents a lagged auto-regression to estimate
SAT, with the prior values of SAT, ;. Equation (5) estimates SAT, by
considering not only the prior values of 5AT;_; but also the prior values

of qQBO,_. Here, the FPEs of Equations (4) and (5) are determined by
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D+I!-'[+J.>( 55E, and D+I!|-'[+N+LXSSE: respectivel
0-M-1 o O=-M-MN-1 o’ p y-

D+M+1  SSE,

II!I—I!:-{—J.>< o (6)

. . . O+M+M+1 55E;
Optimal lag = argmin FPEyprestricred = argmin S— = x == (7)

Optimal lag = argmin FPE . tricteq = argmin

The 55E; and SSE. denote the sum of squared errors of each
regression, and O is the number of years (O = 61). An example of FPE is
presented in Fig. 3.4. In the case of February-March, both M and N are
set to 1.

The selected M and N for each month are listed in Table 3.3.
Equation (5) is also applied to the ENSO by replacing the QBO index with
the ENSO index. The N*, N substitute for the ENSO, is listed in Table 3.3.

The causal relationship is identified by estimating the usefulness
of the prior values of the QBO (or ENSO). When at least one value of «¢; is
statistically significant according to a two-tailed Student’s t-test and all
values of ¢ collectively improve the variance explained by the
regression according to an F-test, it is considered that the QBO (or

ENSO) causes the SAT anomaly. Here, F statistics are defined as follows:

(55E, —55E, /N (8)

F statistics = SSE./10-B)

where P is the total number of parameters estimated from
Equation (5) (e.g., P=1+M+N=1+1+1=3 for February-March; see Table
3.3). The critical values for F statistics are 2.5 in November-December

and 4.0 in other months at the 5% significance level, respectively.
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Figure 3.4. Final prediction errors (FPEs; shading) of (a) Eq. 6 and (b) Eq. 7
for East Asia SAT in February-March. O is the number of years at each month
(O = 61). M and N are the total numbers of parameters used in Egs. 6 and 7,

respectively. SSE is the sum of squared errors of each regression.
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Table 3.3. The optimal time lags for the WNP SAT (M), QBO index (N),
and ENSO index (N*), which are derived from the final prediction erro
rs (FPEs; Hsiao, 1981). The first row denotes the abbreviation of the ca

lendar months from AS (August-September) to JA (July-August).

AS SO ON ND Dj JF FM MA AM M] J JA

N* 11 1 1 1 1 1 1 2 2 2 2 1

The East Asian SAT is known to be affected by ENSO. Therefore,
partial Granger causality test considering ENSO is further performed by
constructing the following regression equations. The core of the test is to
determine whether considering QBO predicts the SAT better than not,
and it is the same as the conventional Granger causality test. However, it

is different in that it considers ENSO at the same time.

SAT; = ag + T2, 2, SAT, .+ X% b, ENSO;_.. + ey; (9)

Ee=1

ENSO; = ¢, + £oF, ¢, SAT;_; + To5 d,.ENSO;_, + &5 (10)

SAT, = f, + To5, £,SAT; , + To% g, ENSO;_,, + (T2 h,..QBO; ,..) +e5 (11)

ENSO; = ko + g%, k,SAT; , + Do 1, ENSO; ;. + (Zo5, 0,..QBO;_,..) +e4(12)
Equations 9 and 10 are constrained regression models

constructed with the limited effect of QBO. On the other hand, Equations

11 and 12 are unconstrained regression models constructed by
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considering the effects of QBO together without limitation.

The criteria for evaluating whether there is a partial Granger
causal relationship are: 1) Among g**=1,2,---,0g**, there is a significant
regression coefficient h,.. that passes Student's t-test, 2) whether SSE,
is significantly improved when adding the QBO information. The
significance test for the improvement of SSE was evaluated at 95%
confidence level through the F test for the test statistic below (Eq. 13).
1.'ar15|i'—|:|:ﬂ.':5|iE:in'ar:E:in"lzm':l:-:iE.inj (13)

F=1In(

var(es;)—cov(es; €y Ivaries;) ~ looviesBail

where var and cov denote variance and covariance, respectively.

These test statistics indicate the partial effect of the QBO on the East

Asian SAT as subtracting ENSO-related cov(e;. e.; Jvar(e; )" cov(er. e;;) and
varie, ;]

cov(eg. ey Jvar(e,; )" 'cov(ey. e5) from the total F =In(——"). Thus, the test

varleq;)
statistic indicates that the partial causal relationship between the QBO

and the East Asian SAT.

3.1.4. Dry dynamical core model

To understand the QBO downward mechanisms, we employ the
dry GFDL. The model consists of a horizontal resolution (T85) of about
1.4° and an even sigma coordinate system (L40) of vertically 40 layers.

The model is relaxed to a given radiative equilibrium temperature profile
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(T.;; Eq. 14). The T,, mainly follows the original version of Held and
Suarez (1994) but with minor modifications to mimic the boreal winter

season (contours in Fig. 3.5a):

200 K,
TPG'{?:'-P] = max {[Tn — Ay (sin®¢ — 2sing,sing) — ﬂb.lng{f]cns::p]{fjﬂfﬂ_l} (14)

where ¢ is the latitude, ¢, is the thermal equator (= 6°S), p is
the pressure, p, is the reference surface pressure (= 1000 hPa), T; is
the surface temperature at the equator (= 315 K), 4; is the equator-to-
pole temperature difference (= 60 K), 4, is the static stability parameter
(= 10 K), F is the gas constant of the air, and ¢, is the specific heat
capacity at constant pressure (Re,~'= 2/7). A small spherical harmonic
function of about 0.1 days that occurs during integration is set to
attenuate through V& hyperdiffusion (Garfinkel and Hartmann, 2011a).
All experiments were integrated for 5000 days, and the data averaged for
4850 days (151-5000 days) after reaching equilibrium during the total
5000 days of integration period were used for analysis. The simulation

without any QBO forcing is referred to ‘CTL’ run.

3.1.5. QBO nudging experiment

To examine the key mechanism for the QBO downward coupling,
the nudging experiment is conducted. The WQBO nudging experiment is

conducted by applying an idealized elliptical shape WQBO-like zonal

6 2 A 22 TH



wind momentum forcing in the lower stratosphere of the CTL run. The
shape and magnitude of zonal wind momentum forcing is designed to

mimic the observational data based on the Eq. 15:

UG, §) = apenp(— 2-tef _ Ppe’el) (15

Here, ¢ and p, denote reference latitude and altitude, and ¢, and
p, denote coefficients in latitudinal and vertical directions. The reference
latitude and altitude of the forcing are adjusted to the lower part of the
stratosphere (70 hPa) of the equator (0°N), and the coefficients in the
latitudinal and vertical directions are set to 0.25 and 0.9. In addition, ag
is set to 10. The given wind forging has a speed of up to 15 m/s similar
to the observations (Park et al, 2022). In the same way, the counterpart
of the lower stratospheric forcing is set in the upper stratosphere. As a
result, two-fold structure of the QBO forcing is applied to the nudging
experiment (Fig. 3.5b).

The relaxation time scale ={p.¢) of the nudging is set to 5-day
according to the criteria as suggested in QBOi protocol (see black line in

Fig. 3.5¢):

t(p) =2 (1 - tanh (222 ”“]]{1 + tanh (=

1)) (16)
w(p) =2 (1 — tanh (22 “"“]j{LHauh (B2 “"]] (17)
Here, p, and p, represents the reference altitudes and Ap, and ap,

represents the vertical radius coefficient, and ¢, and ¢, represents the

reference latitudes and A¢, and A¢, represents the horizontal radius
' L, 11 =1 —
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coefficient, respectively. The above coefficients are set to p, =80, p, =8,
Apy =5, Ap, =05, ¢pp=—12, ¢, =12 , Ap, =12, n':i. The

simulation is referred to ‘WQBO’ run.
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Figure 3.5. Details of control (CTL) and westerly QBO (WQBO) nudging
experiments. (a) vertical profile of the radiative equilibrium temperature (b)
WQBO-like forcing for the nudging. (c) Vertical and latitudinal profile of the
nudging relaxation time adapted from the Stratospheric Nudging And
Predictable Surface Impacts (SNAPSI) and QBO initiative (QBOi).
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3.2. Impacts and causality

3.2.1. Negative relationship in late winter

Figure 3.6 shows the SAT anomaly regressed onto the QBO index.
Although not statistically significant, a positive relationship is observed
over northern Eurasia in early winter (Fig. 3.6c-e). This high-latitude
signal, which becomes stronger when the mid-stratosphere QBO index is
used (e.g., U50), resembles the SAT anomaly associated with the positive
AO (e.g., Thompson and Wallace, 1998).

In mid-latitudes, a statistically significant relationship appears
over the East Asia and western North Pacific region (110°-170°E, 15°-
40°N; red box in Fig. 3.6g) in early and late winter. A significant negative
relationship is confined to a small region over East Asia in November-
January (Fig. 3.6d, e), as reported in Ma et al (2021). However, it is more
widely distributed in February-March (FM) (Fig. 3.6g). In addition to this
negative relationship, a positive relationship appears over western
North America, forming eastwest dipolar SAT anomalies across the
North Pacific. This result indicates that the QBO-SAT relationship is not a
local phenomenon but a part of large-scale circulation changes in the
North Pacific. The same SAT response is obtained when the composite
analysis is conducted (Fig. 3.7).

Figure 3.6g shows that the QBO affects the East Asian SAT in FM. _
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The QBO westerly phase is particularly related with anomalously cold
East Asian SAT. The composite analysis further shows a slight
asymmetry in SAT response to the QBO phase. Although the reason is
not clear, the East Asian SAT anomaly is slightly stronger in the QBO

easterly phase than in the westerly phase (Fig. 3.8).
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Figure 3.6. The two-month averaged SAT anomaly regressed onto the QBO
index (shading; K). The values which are statistically significant at the 95%
confidence level are cross-hatched. The red box in Fig. 3.6g denotes the East

Asia and western North Pacific region (110°-170°E, 15°-40°N).
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Figure 3.7. Same as Fig.3.6 but for the composite difference between the
WQBO and easterly phases (EQBO) (shading; K). Here the WQBO months are
defined as the months when the QBO index at 70 hPa is greater than a 0.5
standard deviation. Likewise, the EQBO months are defined as the months
when the QBO index at 70 hPa is less than a -0.5 standard deviation. The cross-
hatched area denotes the statistically significant difference at the 95%

confidence level Welch's t-test is used.
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Figure 3.8. The composite of the area-averaged SAT anomaly over the East
Asia and western North Pacific (WNP) for the EQBO (red line) and WQBO (blue

line) phases.

What causes the QBO-East Asia teleconnection in FM? As
addressed earlier, the QBO impact on SAT anomaly can be mediated by
the AO induced by the polar vortex change (e.g., Gray et al. 2018; Haynes
et al. 2021). Figure 3.9b presents the February-March (FM)-mean SAT
anomaly regressed onto the FM-mean QBO index but removing AO
signal The overall regression pattern is quite similar to Fig. 3.9a, which
is identical to Fig. 3.6g, even the AO-related SAT anomaly is linearly

removed. Here the AO-related SAT anomaly is defined by regressing SAT

-
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anomaly onto the two-month running averaged AO index. The first two
figures are almost identical in East Asia. A discernible difference,
resembling the SAT anomaly associated with negative AO, is observed
only in northern Eurasia and eastern North America (Fig. 3.8c). This
result indicates that the QBO-related SAT anomaly shown in Fig. 3.9a (or

Fig. 3.6g) is not due to the polar vortex response.

(b) FM SAT (-AQ) (c) b-a

1
-1.4 -1 -0.6 -0.2 0.2

Figure 3.9. (a) The FM-mean SAT anomaly regressed onto the FM-mean QBO
index (shading; K), (b) same as (a) but after removing arctic oscillation (AO)-
related SAT anomaly, (c) its difference from (a). The values which are
statistically significant at the 95% confidence level are cross-hatched. The red
box in (a) denotes the WNP region. Note that (a) is identical to Fig. 3.6g, and

shown here for a direct comparison.
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The similar results are found when only the satellite era (since
1979) is considered. Figure 3.10a presents the SAT anomaly over East
Asia regressed onto the QBO index in FM. Here, the maximum/minimum
values of the color bar are only the half of Fig. 3.6. Statistically significant
values are observed from the east coast of China to the western Japan.
The in-situ measurements show even larger values than reanalysis data
(Fig. 3.10a) with a higher significance level (Fig. 3.10b), revealing a
robust QBO-SAT relationship. The QBO-East Asia teleconnection, shown
in Figs. 3.6g, 3.9a, and 3.10, is not sensitive to the choice of the QBO
index.

Because the East Asian SAT is influenced by the ENSO (Wang et
al, 2000), the relative importance of the QBO-induced East Asian SAT
change to the ENSO-induced change is further quantified. Figure 3.11a
shows the correlation coefficients of the East Asian SAT with the ENSO
and QBO indices. A statistically significant correlation with the ENSO
(black filled dots) appears in autumn and winter (August-October and
December-February). A maximum positive correlation is found in
December-January with a correlation coefficient (r) of 0.31. As winter
turns into spring, the ENSO impact weakens whereas the QBO impact
gradually increases (cf. black and red filled dots). A significant negative

QBO-East Asian SAT correlation is observed in late winter and early
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spring (January-April). This result indicates that the QBO plays a more
important role in modulating the late-winter East Asian SAT anomaly
than the ENSO.

Here it should be stated that the QBO and ENSO have essentially
no correlation in cold season (r = -0.08 in DJ and r = -0.05 in FM).
Whether the ENSO signal is linearly removed or not, the FM and March-
April (MA) correlation coefficients of the QBO-East Asian SAT remain
high (r=-0.41).

The above results do not necessarily indicate a causal
relationship. To examine a possible causality, a lead-lag correlation of the
two-month running mean QBO index to the FM-mean East Asian SAT
anomaly is computed in Fig. 3.11b. Statistically significant correlations
are observed from lag -2 (D]) to 1 month (MA). The extended
correlations over three months result from the long-term memory of the
QBO wind (see 70 hPa wind in Fig. 3.15a). This makes it difficult to
determine the optimal time lag of the lead-lag relationship. A significant
causal relationship is identified in January-February (JF; cross in Fig.
3.11b). It indicates that the JF-mean QBO index has a causal relationship

with the East Asian SAT anomaly in FM at a one-month lag.
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Figure 3.10. (a) The FM-mean SAT anomaly in East Asia regressed onto the
FM-mean QBO index during the satellite era (August 1979 - July 2016; 37
years). (b) same as (a) but for the in-situ measurements over East Asia. The
cross-hatched area in (a) and the filled dots in (b) denote the values which are
statistically significant at the 95% confidence level

z L

L



(a) Correlation (WNP SAT vs. ENSO, QBO)
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Figure 3.11. (a) Correlations between the East Asian and western North
Pacific (WNP) SAT anomaly and the two dominant modes of tropical climate
variability, QBO (red) and ENSO (black). (b) Lead-lag correlations of the FM-
mean WNP SAT anomaly against the QBO and ENSO indices. The filled dots in
(a,b) denote the values which are statistically significant at the 95% confidence
level Cross in (b) indicates the statistically significant Granger causality at the

959% confidence level

Figure 3.12a shows the simultaneous regression values between
QBO and SAT over the Korean Peninsula for all months. Here, white
circles indicate statistically significant relationships. The QBO and
Korean SAT have a significant negative relationship in March. This
means that if the QBO index is positive (WQBO), the SAT over the Korean

Peninsula becomes colder than normal, and when the QBO index is
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negative (EQBO), the SAT becomes warmer than the normal years. This
relationship is unique to March. The distribution of the relationship
between QBO and SAT in March is evident in most regions except for the
west side and some island regions (Fig. 3.13a). A distinct negative
relationship is mainly distributed in the southeast of the Korean
Peninsula.

In order to investigate the extent to how much the QBO precedes
the relationship with the Korean SAT, a lagged correlation is investigated
from each month up to 5 months (Fig. 3.12b). MAR-1 lag month
represents the correlation coefficient of February QBO and March SAT.
QBO shows a significant lagged relationship with the Korean SAT in
March from one month ago. On the other hand, there is no significant
relationship in any lagged relationship in the rest seasons. The Korean
SAT in March has a significant negative relationship not only with the

QBO of March (Fig. 3.12a) but also with the QBO of February (Fig. 3.12b).
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Figure 3.12. (a) Regression between the Korean SAT and the QBO. (b) Lagged
correlation between the SAT over the Korean Peninsula and the QBO. The white
circle indicates the statistically significant coefficient at the 95% confidence
level Units of the regression coefficients in (a) are converted into Kelvin by
multiplying the standard deviation of the QBO. The QBO lag month at y-axis in
(b) denotes the QBO lag with respect to the SAT over the Korean Peninsula. For
instance, MAR-1 lag month (white circle in (b)) indicates the correlation
between the March SAT over the Korean Peninsula and the February QBO.

It can be seen that the distribution of the delay relationship is
also very similar to the result of simultaneous regression analysis (Fig.
3.13a). A distinct negative relationship is mainly distributed in the
southeast of the Korean Peninsula.

The causality of the simultaneous and lagged relationships

i
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shown in the simple regression analysis was estimated through the
Granger causality test (Fig. 3.13c). As a result of considering the delay
period of up to 5 months (Mg*=5), the Granger causal relationship
appears only between the QBO in February and the Korean SAT in
March, indicating that QBO may play an important role in predicting the
Korean SAT in March.

In addition, the spatial distribution of the significant causal
relationship is mainly confined to the southeast of the Korean Peninsula
(Fig. 3.13c). This is somewhat different from the fact that QBO's
influence on the early winter SAT is concentrated in the northern
regions of the Eurasian continent (Thompson et al, 2002), implying that
the QBO may influence the Korean SAT in March through different
pathway.

The Korean SAT is known to be also influenced by ENSO (Wang
et al, 2000; Park et al, 2018). Thus, the above results may include the
effect of ENSO as a third factor (Geweke, 1984). In order to exclude the
ENSO'’s effect, the causal relationship between the QBO and the Korean

SAT is re-confirmed by using the partial Granger causality test.
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Figure 3.13. (a) Regression between the SAT over the Korean Peninsula and
the QBO in March. (b) Same as (a) but for the February QBO. (c) The Granger

causality between the SAT over the Korean Peninsula in March and the QBO in

February. Blue colored circles indicate the statistically significant regressions at

the 95% confidence level. Units of the regression coefficients are converted into

Kelvin by multiplying the standard deviation of the QBO.
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Figure 3.14a shows the distribution of partial Granger causality
between QBO and Korean SAT. in late winter. The distribution is similar
to the conventional causal relationship results mentioned above (cf. Fig.
3.13c and Fig. 3.14a), and the number of KMA stations showing the
causality slightly increased from 17 (Fig. 3.13c) to 22 (Fig. 3.14a). It was
found that the additional explained variance of the regression model
including QBO (Eq. 11) has improved by about 10% compared to the
regression model (Eq. 9), explaining the SAT with the SAT and ENSO
information. Furthermore, the number 22 showing the causality is the
same number as when ENSO is not taken into account. It means that
QBO's influence on the Korean SAT in March is robust regardless of
ENSO.

Figure 3.14b shows the partial Granger causal relationship
between ENSO and Korean SAT in late winter. Compared to QBO, the
effect of the ENSO is relatively weak. The number of KMA stations
showing the causality slightly is only 6, and the additional explained
variance of the regression is only 1%. This is to less robust than the
additional explained variance of the regression of the ENSO regression
in December, which could provide 22.18% additional explained variance
(Park et al, 2018). These above results suggest that ENSO is a relatively
important in early winter (Park et al, 2018) but the QBO is relatively

important in late winter.
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Figure 3.14. Same as Fig. 3.13c but for the partial Granger causality: (a) the
QBO Granger-causes the SAT over the Korean Peninsula when conditioned the
ENSO'’s effect and (b) ENSO Granger-causes the SAT over the Korean Peninsula
when conditioned the QBO’s effect. Units of the regression coefficients are
converted into Kelvin by multiplying the standard deviation of the (a) QBO and
(b) ENSO.

3.2.2. Subtropical route on East Asia

It is confirmed that the distribution of causality between QBO
and SAT of the Korean Peninsula was mainly concentrated in the
southeast of the Korean Peninsula (Figs. 3.13-3.14). In this section, we
investigate the QBO-induced tropospheric large-scale circulation changes
from stratosphere to the surface around the East Asia.

Figure 3.15a presents the lead-lag correlation coefficients

between the two-month running averaged QBO wind at each pressure
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level and the FM-mean East Asia and western North Pacific (WNP) SAT
anomaly. At lag 0, a statistically significant positive correlation is found at
15-hPa and 20-hPa pressure levels (see the filled dots in the right panel).
Such positive correlations at and above 20 hPa, opposing the negative
correlations at and below 50 hPa, are consistent with the downward
propagation of the QBO wind. When considering time lag from -6 to 5
months, a downward propagation of a pair of positive and negative
values is clearly captured. Owing to the slow descent of the QBO wind, the
earlier QBO phase lingers in the lower stratosphere when the new QBO
phase appears in the upper stratosphere.

The sector-mean circulation response to the QBO is illustrated in
Fig. 3.15b. Specifically, the FM-mean zonal wind anomaly averaged over
the APJ longitudes (120°-150°E) is regressed onto the FM-mean QBO
index. In the tropics, a two-fold structure is evident, which reveals the
QBO structure as shown in Fig. 3.15a. A statistically significant positive
relationship also appears in high latitudes. This high-latitude response
with a stronger polar vortex during the QBO westerly phase is similar to
the Holton-Tan effect (Holton and Tan, 1980). However, the polar vortex
change does not extend into the troposphere in FM. This differs from the
Holton-Tan effect in early winter, which is well connected to the
troposphere (Gray et al, 2018).

Figure 3.15b shows that a significant zonal wind anomaly in the
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subtropics extends to the mid-troposphere. This downward arching of
the zonal wind anomaly is connected to the AP] and the tropospheric
circulation anomalies (Garfinkel and Hartmann, 2011a, b; Rao et al,
2020). When the QBO wind is westerly, anomalous westerly and easterly
winds appear on the southern and northern flanks of the AP] (black
contours), indicating an equatorward shift of the APJ] during the QBO
westerly phase. Although not presented here, this APJ change is weaker
in other seasons. When the FM-mean AP] wind anomaly is regressed
onto the QBO index with a time lag, the horseshoe-shaped wind anomaly
is also found at a one-month lag to the JF-mean QBO index as well as at a
one-month lead to the MA-mean QBO index (Fig. 3.16). This result
indicates that the FM-mean AP] wind anomaly is likely influenced by the
QBO within one-month time lag.

Both the latitudinal displacement and the intensity change of the
AP] are closely related to the WNP SAT change (e.g., Yang et al, 2002;
Luo and Zhang, 2015). Yang et al. (2002) proposed that a stronger AP] is
related to a colder WNP SAT anomaly via an intensification of the
regional circulations over eastern Eurasia and WNP such as the
deepening of the East Asian trough and the Aleutian low. Luo and Zhang
(2015) further showed that the AP] equatorward shift is closely related
to the colder East Asian SAT anomaly on the interannual time scale.
These studies suggested that the QBO-East Asian SAT relationship is
2]
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likely mediated by the AP] shift. Earlier studies have separately
examined the QBO-AP] and APJ-East Asian SAT relationships in winter.
Here, we combine these two relationships and extend them to the late

winter and early spring.

(a) Lead-lag correlation (QBO vs. FM WNP SAT)
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Figure 3.15. (a) The lead-lag correlation coefficients between the two-month
running averaged QBO wind at each pressure level and the FM WNP SAT
anomaly. The vertical profile at lag 0 is separately shown on the right-hand side.
(b) The latitude-height section of the FM-mean zonal wind anomaly averaged
over the Asian-Pacific jet (AP]) core (120°-150°E) regressed onto the FM-
mean QBO index (shading; m s™1). The filled dots in (a) and cross-hatched area
in (b) denote the statistically significant values at the 95% confidence level The
thick black contour in (b) indicates the climatological APJ.
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Figure 3.16. The latitude-height section of the FM-mean zonal wind anomaly
averaged over the AP] core (120°-150°E) regressed onto the two-month
running averaged QBO index from lag -1 to +1 month (shading; m s~1). The
values which are statistically significant at the 95% confidence level are cross-

hatched. The thick black contour indicates the climatological FM-mean AP].

Figure 3.17a shows the regression of the 250-hPa zonal wind
anomaly onto the QBO index in FM. The thick black contours indicate the
climatological APJ] (see also black contours in Fig. 3.15b). A dipole
pattern appears around the jet core. When the QBO wind is westerly, the
zonal wind is enhanced on the equatorward side of the AP] from
upstream to downstream regions. Such a zonally elongated and
equatorward-shifted APJ in the QBO westerly phase is consistent with
that of Garfinkel and Hartmann (2011a, b). The causality in Figs. 3.11-14
is closely related to the horseshoe-shaped downward-arching QBO wind

anomaly. Figure 3.18 shows the Granger causality of the FM-mean
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Asian-Pacific jet (AP]) wind against the JF-mean QBO index. A causality
is again found in the subtropical troposphere. This result confirms that
the downward-arching wind anomaly shown in Fig. 3.15b is caused by
the QBO with a one-month lag. It supports that the QBO westerly in the
equatorial lower stratosphere drives cold SAT anomaly over East Asia
and WNP via the APJ change in FM.

To examine the SAT and near-surface circulation anomalies
associated with the latitudinal displacement of the AP], the SAT and
1000-hPa horizontal wind anomalies are regressed onto the APJ-shift
index in FM (Fig. 3.17b). Since the 250-hPa zonal wind anomaly related
to the QBO index is statistically significant only in the southern part of
the climatological AP] center (Figs. 3.15b and 3.17a), the APJ-shift index
is defined as the area-averaged 250-hPa zonal wind over the southern
part of the climatological AP] (120°-150°E, 22°-32°N). The positive AP]
shift index indicates an equatorward shift of the APJ. Figure 3.17b shows
a robust cyclonic circulation anomaly in the subtropical North Pacific
and an anticyclonic circulation anomaly in northern Eurasia when the
AP] moves to the south (Lee et al, 2020). Similar circulation anomalies
are also evident in the sea-level pressure anomalies (not shown), as
shown in Gray et al (2018).

The associated SAT anomaly shown in Fig. 3.17b closely
resembles Fig. 3.6g over the North Pacific basin. This resemblance can
2]
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be explained by the temperature advection. The northwesterly winds in
the subtropics and northeasterly winds in the mid-latitudes (see arrows)
transport cold air from the continent or the high-latitude ocean to the
East Asia and WNP region (red box). The regression of the temperature
advection at 975 hPa is indeed qualitatively similar to the SAT regression

onto the APJ-shift index (not shown).

(a) Regression (FM U250 vs. FM QBO) (b) Regression (FM APJ vs. FM UV1000)
vs. FM SAT)
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Figure 3.17. (a) The FM-mean zonal wind anomaly at 250 hPa regressed onto
the FM-mean QBO index (shading; m s™%). (b) The FM-mean SAT (shading; K)
and horizontal wind anomalies at 1000 hPa (arrows; m s~%, only significant
values are displayed) regressed onto the FM-mean AP]J-shift index. Here, the
AP]J-shift index is defined as the area-averaged 250-hPa zonal wind over the
equatorward side of the climatological AP] (120°-150°E, 22°-32°N). The cross-
hatched area denotes the statistically significant value at the 95% confidence
level The thick black contour in (a) and red box in (b) indicate the

climatological AP] and WNP region, respectively.

8 6 2 M E g



0 ‘Granger causality (FM [U];2¢°_150°g VS. QBO)

20
30

50 1
701
100 1

Pressure level (hPa)

200 1

500 1

700 EQ 30N 60N 90N

latitude

Figure 3.18. Granger causality between the FM-mean zonal wind anomaly
averaged over the APJ core and the JF-mean QBO index at the 95% confidence
level (red shaded area). The thick black contour indicates the climatological

FM-mean AP]J.

The Granger causality test confirms that the QBO downward
coupling is mainly connected to the subtropical route among three
possible routes, i.e., polar, subtropical and tropical route (Fig. 3.18).
Figure 3.18 shows that only the statistically significant signal is
observed in tropics, not tropics and polar region. It indicates the
subtropical zonal wind change shown in Fig. 3.17b is caused by the QBO.

Figure 3.19a shows the linear regression values between
February QBO and March sea level pressure (SLP). The significant SLP
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anomaly appears in the eastern Eurasia and the North Pacific regions. In
the case of WQBO, the atmospheric circulation anomalies consist of a
positive (+) SLP anomaly in eastern Eurasia and a negative (-) SLP
anomaly in the south of the Aleutian Low region. The negative SLP
anomaly south of the center of the Aleutian Low is consistent with the
North Pacific circulation response to the QBO (Ruti et al, 2006; Garfinkel
and Hartmann, 2011a, b). The mean value of the center of this anomaly
is -112 Pa (160°E-150°W, 30°-60°N). It becomes the largest value
around December and January (not shown).

Rao et al (2020) also showed that this circulation response to
the QBO is evident over the North Pacific region by comparison of the
climate models, which is driven by the descending QBO momentum
anomaly from the stratosphere to the troposphere near 20°-40°N.

Figure 3.19b shows the linear regression between the QBO in
February and UV1000 (arrow) and SAT (color) in March. The significant
zonal wind anomaly and thus the SAT anomaly appear near the Korean
Peninsula, which is the region between the significant circulation
anomalies over the Aleutian Low and the eastern part of Eurasia. This
means that the significant temperature advection is induced by the
large-scale circulation anomalies around the Korean Peninsula. For
instance, during the WQBO, a strong northeasterly wind anomaly blows
into the Korean Peninsula, bringing a relatively cold SAT anomaly from
2]
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the high-latitude. Although no results were shown, the budget analysis of
the temperature at 975 hPa confirms that the horizontal temperature
advection significantly contributes to the SAT change in the Korean
Peninsula.

During EQBO, a strong southwesterly wind anomaly blows into
the Korean Peninsula and thus induces anomalous warming over the
Korean Peninsula. In other words, the QBO in February-March affects the
Korean Peninsula SAT by inducing the large-scale circulation change
around the Korean Peninsula. Thus, the significant relationship between
the QBO and the Korean SAT can be seen in the southeastern side of the
Korean Peninsula (Figs. 3.13, 3.14).

To reconfirm whether the above-mentioned physical process is
closely related to SAT fluctuations in the Korean Peninsula, the same
analysis is conducted in all seasons, which did not show any significant
relationship between QBO and Korean SAT (Fig. 3.20). In December and
February, large-scale circulation changes are also observed around the
Korean Peninsula, but the horizontal wind anomaly is more confined to
the coastal area of China rather than the Korean Peninsula, resulting in
no temperature advection to the Korean Peninsula. In the other months,
the similar reason leads to the no causality between the QBO and Korean
SAT. In other words, The FM-mean QBO influences the Korean SAT by
modulating the large-scale circulation field around the Korean Peninsula,

7]

-
|

89



but in other months, the QBO has little effect in causing large-scale
circulation fluctuations that can directly affect the Korean SAT.

The spatial distribution of the large-scale circulation and zonal
wind anomalies also show that the evident anomalies are located mainly
in the southeastern part of the Korean Peninsula (not shown in the
figure). This distribution is consistent with the distribution of the causal
relationship between QBO and the Korean SAT (Figs. 3.13, 3.14), re-
confirming that the large-scale circulation anomaly induced by the QBO
plays an important role in the relationship between the QBO and the
Korean SAT. All the above analyses showed qualitatively consistent
results even when the average period is changed to from one-month to

three-month.
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Figure 3.19. (a) March sea level pressure (SLP), (b) March horizontal wind at
1000hPa (UV1000) (arrows) and March SAT (shaded) regressed onto the
February QBO index. The hatched areas in (a, b) and thick black arrows in (b)
denote the statistically significant regressions at the 95% confidence level
based on Student’s t-test. Units of the regression coefficients are converted into
Pa in (a), Kelvin and m s~in (b) by multiplying the standard deviation of the

QBO, respectively.
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Figure 3.20. SLP (shaded), UV1000 (arrows) regressed onto the -1 lag month
QBO index. For instance, the upper left panel indicates the SLP and UV1000 in
August regressed on QBO index in July. Thick black arrows denote the
statistically significant regressions at the 95% confidence level based on
Student’s t-test. Units of the regression coefficients are converted into Pa and

m s~ 1. by multiplying the standard deviation of the QBO, respectively.
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This strong QBO downward coupling shows a robust decadal
variation (Fig. 3.21). Previous studies have shown that the QBO
influence on the organized tropical convection (e.g., MJO) has a decadal
variation (Klotzbach et al, 2019; Martin et al, 2021) and its influence has
emerged only in recent decades. A similar decadal variation has also been
reported for the Holton-Tan effect (Lu et al, 2014). Similar to these, the
QBO-East Asian SAT relationship has emerged only in the last three
decades. Figure 3.21a shows the 21-year running correlation between
the QBO index and the East Asian SAT anomaly in February-March. A
statistically significant correlation appears only since the 1990s. The
same result is also found in JRA-55C (yellow line), indicating that this
decadal variation is not an artifact of satellite data assimilation. In
addition, the QBO-AP] relationship (Fig. 3.21b) shows a similar decadal
change to the QBO-East Asian SAT relationship. A consistent decadal
change supports the SAT response. This result suggests that the QBO
downward coupling through the subtropical jet is not static but varies in

time, possibly due to background flow change.
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(a) Running correlation (FM WNP SAT vs. FM QBO)
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Figure 3.21. (a) 21-year running correlation between the FM-mean WNP SAT
anomaly and the FM-mean QBO index, where the x-axis indicates the middle
year of the 21-year moving window. Both JRA-55 (red) and JRA-55C (yellow)
are used. (b) same as (a) but for the FM-mean AP]J shift index and the FM-mean
QBO index. The filled dots in (a,b) denote the values which are statistically
significant at the 95% confidence level The dotted lines in (a,b) denote the

correlation coefficients over the whole analysis period.

¥ SRR



3.3. Mechanisms with an idealized model experiment

3.3.1. Eddy changes in the downward coupling

As the role of eddies has been suggested (summarized in Fig.
3.22; Garfinkel and Hartmann, 2011a, b), the QBO-East Asia coupling
observed in previous section can be attributed to the eddy-mean flow
interaction. To examine a possible mechanism in more detail, the WQBO
nudging and CTL experiment are conducted which are the simulations
with and without the QBO-like zonal wind forcing (Section 3.1.5).

Although the model has no temperature profile in the
stratosphere in the polar region, i.e, a poor representation of the
atmospheric variability in the high latitudes, the downward arching zonal
wind anomaly is qualitatively well reproduced by this simple dry
dynamic core model (Fig. 3. 23). It implies that the QBO downward
coupling is directly connected to the East Asian surface climate via the
subtropical jet rather than through a high latitude (e.g., Holton-Tan
effect). It is interesting point that this result is consistent with the
Granger causality test showing the statistically significant causal
relationship only appears in subtropics (cf. Fig. 3.23 and 3.18).

To confirm a possible role of eddy momentum flux convergence
(EMFC) on such zonal wind anomaly, their vertical profile and budget

analysis are investigated on each CTL and WQBO experiment (Fig. 3.24).
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According to the time-mean of zonal-mean zonal momentum equation,
EMFC can derive the westerly wind together with Coriolis force acting
on the anomalous mean meridional wind. The role of eddies is confirmed
in both cases (Figs. 3.24a and b). The center of the positive EMFC
coincides with the jet core (cf. black contours and red shadings in Figs.
3.24a and b). The result becomes more pronounced at the core level of
the jet (i.e,, 250 hPa; red and black lines in Figs. 3.24c). This EMFC
change is mainly attributed to the change of the high-frequency eddies
(orange line in Fig. 3.24d). The change of eddies having a frequency
higher than 7-day, shows a close relationship with the change of the jet,
while that of the low frequency or mixed frequency eddies has little
contribution to the change of the jet (cf. orange, blue, and gray lines).
Similar results are also shown in the WQBO case (Figs. 3.24e and f).
Furthermore, the shift of the jet (cf. black lines) can be explained by the
eddies (cf. red lines). The above results indicate that eddies, particularly

high-frequency eddies, have a key role on the QBO downward coupling.
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(a) Schematic diagram of the leading hypothesis  (b) Model results in previous studies

in the presence of eddies F 0 &
_ ) latitude

Garfinkel and Hartmann, 2011

Figure 3.22. Leading hypothesis of the QBO downward coupling suggested in
previous studies. (a) schematic diagram and (b) 3D simulation result indicating
the role of eddies for the QBO downward coupling. The black contour and color
shading in (a) denote the zonal-mean zonal wind and temperature anomalies
associated to the WQBO phase. Black thick arrows denote the associated
secondary circulations. Red arrows and circles in (a,b) denote the extended QBO

downward coupling due to the presence of the eddies in 3D simulations.
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.,(8) U-wind (0BS) (b) U-wind (WQBO-CTL, Notopo)
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Figure 3.23. (3, b) The latitude-height section of the zonal-mean zonal wind (U-
wind) response difference between the (a) W-EQBO in observation and (b)
WQBO simulation and CTL simulations (WQBO-CTL) (shading; m s~1). The
thick black contour in (a, b) indicates the climatological AP]. The cross-hatched
area in (a) denote the statistically significant values at the 95% confidence level,

note that it is same to Fig. 3.15(b) for a direct comparison.
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Figure 3.24. The response of the (a, b) U-wind (contour) and EMFC (shading)
in (a) CTL and (b) WQBO (c, e) Same as (a, b) but for the at 250hPa where the
jet core level in (c) CTL and (e) WQBO. (d, f) The budget analysis of the EMFC in
(d) CTL and (f) WQBO. The vertical black and red lines represent the maximum

latitude of the jet and EMFC, respectively. Orange, blue, and gray lines denote

the high-frequency, low frequency, and mixed frequency components,

respectively.
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3.3.2. QBO-related stratospheric mean state change

How does QBO drive the downward coupling? To examine how
the WQBO-related atmospheric background changes make the eddies,
the time-evolution of the downward coupling is further investigated.
100-ensemble transient experiments are performed for 22 days at 50-
day intervals from both CTL and WQBO. Thus, the dynamical processes
in early stage of the QBO downward coupling, which are not seen in the
time-averaged pattern (Section 3.3.1), can be obtained under the various
initial conditions. Figure 3.25 shows the ensemble mean time evolution
of the zonal wind difference between the WQBO-CTL. At an early stage of
the time evolution, the zonal wind response is observed confined in the
lower stratosphere and upper troposphere (shading). However, the
zonal wind anomaly becomes stronger and extends downward to the
troposphere.

The time-mean of zonal-mean zonal momentum equation in
terms of the Euler mean represents that this zonal wind anomaly can be
derived by the EMFC, which can be modulated by the refractive index.
Figure 3.26 shows the refractive index (shading) and E-P flux (vector).
During the downward coupling, the WQBO-related positive refractive
index is robust in the equatorial lower stratosphere-upper troposphere

(red shading in Fig. 3.26). Since eddies propagate to the regions of high
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refractive index (Karoly and Hoskins, 1982), it leads to the equatorward
and upward eddy propagation (vector in Fig. 3.26). At early stage, this
eddy propagation is robust only in the upper troposphere, but the
propagation becomes stronger and extends to the troposphere.

Such eddy propagation induces a horizontal eddy momentum
and its convergence to the region. Figure 3.27 shows the time evolution
of the eddy momentum flux (EMF; contour) and its convergence (EMFC).
As expected, the positive EMF is observed in the upper troposphere at
the early stage, leading to the positive EMFC to the poleward side of the
maximum latitude. As the eddy propagation becomes stronger (Fig. 3.26),
the resultant horizontal EMF and EMFC also becomes stronger (Fig.
3.27). The positive EMFC contribute to the westerly wind anomaly on
the equatorward side of the jet (cf. red shadings in Figs. 3.27 and 3.25),
and thus the downward zonal wind anomalies as the WQBO-related eddy
propagation becomes strong.

Figure 3.28 explains how QBO-related stratospheric background
state induces a positive refractive index in the lower subtropical
stratosphere as depicted in Fig. 3.26. Since zonal wind is too weak in the
early stage of the downward coupling, the positive refractive index
(shading in Fig. 3.28a) is induced mainly by the positive meridional
gradient of potential vorticity (i.e.,, PV gradient; contour in Fig. 3.28a),
which is derived the westerly vertical wind shear and warm anomalies
2]
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associated with the WQBO (Fig. 3.28b). During the WQBO phase, the
WQBO-related wind causes warm temperature anomaly just below the
westerly wind shear level to maintain the thermal wind balance. This
process is well reproduced in the idealized model experiment (Fig. 3.28).
The changes of wind and temperature leads to the change of PV gradient
as well as refractive index, resulting in the Rossby wave propagation
change (Fig. 3.26). The anomalous equatorward and upward
propagation of the Rossby waves derive the convergence of the E-P flux

in the southern flank of the jet. The resultant EMFC induces the westerly

wind anomaly in the southern flank of the jet.
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Figure 3.25. Time evolution of WQBO-CTL response of U-wind (a) at 250 hPa
and (b) vertical profile of 2-day mean. The contour and vertical line represent
the Jet core in CTL. Shading represents the WQBO response. The result is

ensemble mean of 100 transient experiments.
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Figure 3.26. 2-day mean time evolution of WQBO-CTL response of refractive

index (shading) and E-P flux (vector). The vertical line represents the Jet core

in CTL. The result is ensemble mean of 100 transient experiments. The zonal-

mean quasigeostrophic refractive index is calculated based on the zonal

wavenumber: k = 7, zonal phase speed: c = 0m/s.
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Eddy momentum flux (EMF) & its convergence (EMFC) (WQBO-CTL)
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Figure 3.27. 2-day mean time evolution of WQBO-CTL response of Eddy
momentum flux (EMF; contour) and its convergence (EMFC; shading). The
vertical line represents the Jet core in CTL. The result is ensemble mean of 100

transient experiments.
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Figure 3.28. WQBO-CTL response of (a) refractive index (shading) and
meridional gradient of potential vorticity (PV gradient contour), and (b) U-
wind (contour) and temperature (shading) at 1-2-day integration. The result is

ensemble mean of 100 transient experiments.
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3.3.3. Zonal asymmetry induced by topography

To investigate why this downward coupling is strong in East Asia,
a possible role of the Tibetan Plateau (TB) is investigated. Since East Asia
is the downstream region of the TB and jet, it is expected to the
topography-induced stationary waves may enhance the eddies as well as
the QBO response to the East Asia.

The idealized Gaussian-shape topography is introduced in the
model with a variety of the height. From flat (Okm) to realistic (4km), the
CTL and WQBO simulations are conducted with this topography set (Fig.
3.29). It is different point with previous studies having no consideration
of the topographically-induced stationary planetary waves (Garfinkel
and Hartmann, 2011a, b).

The spatial distribution of the WQBO response shows that the
strong downward coupling in East Asia could come from the presence of
topography such as the Tibetan Plateau. Figures 3.30b and c represent
the simulated downward arching zonal wind anomalies are qualitatively
similar to the observation. The equatorward shift of the jet during the
WQBO phase is observed regardless of the presence of the topography.
However, the equatorward shift of the jet becomes stronger in the
realistic TB case. The spatial distribution of 250 hPa U-wind response

becomes stronger and zonally asymmetric in TB_4km, particularly in the
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downstream regions of the topography (lower panel of the Fig. 3.30c).
The TB_4km experiment shows a more qualitatively similar WQBO
response to the observed one than the Notopo. Both climatological mean
jet (contour) and wind response to the QBO (shading) are robust in the
East Asia where the downstream region of the topography. However, the
response is zonally symmetric in the Notopo experiment (lower panel of
the Fig. 3.30b).

The magnitude of the zonal asymmetric response is also
controlled by the height of the TB (Fig. 3. 31). As the TB height increases
(from 2km to 4km), the U-wind response to the QBO becomes stronger
(cf. Figs. 3.31a and b). The response is strongest in the 4km case, which
is almost similar with the realistic height of the TB. The eddies also
become stronger in the TB_4km. The EMFC are stronger in the TB_4km
than Notopo (Fig. 3.32). Similar result is also seen in the wave cospectra
(Fig. 3.33). The stronger high-frequency eddies mainly contribute to the
stronger total EMFC and thus the zonal wind response. Based on the
momentum balance in the Eulerian mean, the zonal wind can be
modulated by not only the EMFC but also Coriolis force acting on the
anomalous mean meridional wind and ageostrophic terms. Thus, the
stronger EMFC leads to the stronger zonal wind in TB_4km than that in
Notopo, but the zonal wind response is somewhat weaker than
expectation due to the contribution of the remaining terms on the zonal
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wind response (cf. gray and black lines in Figs. 3.32a and b). The
enhancement of the high-frequency eddies is re-confirmed in the spatial
distribution of the v-wind response to the QBO (Fig. 3.34). As the TB
height increases (from 2km to 4km), wave number 7 becomes evident
especially in the downstream region of the topography, i.e., East Asia.
The above results indicate that the TB makes the stronger QBO

downward coupling in East Asia region.
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Figure 3.29. Idealized Gaussian-shaped Tibetan Plateau (TB). (a) its spatial
distribution, (b) vertical profile, and (c) a variety of height of the TB for the

sensitivity test.
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(a) U-wind (OBS) (b) U-wind (Notopo) (c) U-wind (TB_4km)
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Figure 3.30. WQBO-CTL response of U-wind in (a) observation, (b) Notopo
experiment, and (c) TB_4km. (lower panels) Same as upper panels but for the
spatial distribution at 250hPa. The contour and shading represent the
climatological mean jet and WQBO response, respectively. Red thick contour in

(lower panel of c) indicates the TB_4km Gaussian-shaped topography.
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Figure 3.31. U-wind response averaged over the downstream region of the AP]

(120°- 150°E). (a) TB_Z2km and (b) TB_4km experiments.
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(a) U-wind (WQBO-CTL) (b) EMFC (WQBO-CTL)

4 12

m— T _dkm

T
1
1
1

Notopo ! 8

1

1

1

1

1

+d

N \

0 =

(ms~)
(=3

(=10 %" ms~3)

\\/
-4

\

\/ -8

=4 T =12 T
EQ 30N GON EQ 30N BON

=7

Figure 3.32. The WQBO-CTL response of the (a) U-wind in the upper
troposphere (averaged over the 120 hPa to 400hPa) and (b) EMFC in the lower
stratosphere and upper troposphere (averaged over around 80 hPa to 230 hPa
in Notopo (gray) and TB_4km (black), respectively. The vertical dotted line

represents the climatological mean jet position.
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Figure 3.33. Wave cospectra of EMFC WQBO-CTL response in (a) Notopo and
(b) TB_4km. The vertical dotted line represents the climatological mean jet

position.
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(a) Meridional wind in 2km topo CTL
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Figure 3.34. 250hPa meridional (V)-wind in CTL of (a) TB_Zkm and (b)

TB_4km. The red contours denote the TB.

3.4. Climate models and operational prediction systems

In this section, whether the observed downward coupling is well

predicted/reproduced are investigated. Figure 3.35 sh

ows the FM-mean

QBO downward coupling and QBO-East Asia teleconnection of the 7

ensemble reforecasts initialized at every 01 February and March. The

QBO downward coupling (Fig. 3.35a) and the associated surface impacts

(Fig. 3.35b) are well predicted in an operational prediction system. The

operational prediction system also shows a high prediction skill of the
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QBO downward coupling (Fig. 3.35c). The high ACC of the AP]J-shift index
remains even at a long forecast lead time (red dotted line after the 3-
pentad forecast lead time). As mentioned earlier; the sub-seasonal
prediction skill of the mid-latitudes is only three pentads (Son et al,
2020), thus the statistically significant ACC at 3-5 forecast lead pentad
indicates that the QBO could be useful for the East Asian surface
prediction. It is re-confirmed by removing the QBO-related signals from
the AP] shift index. When the QBO signal is removed, the high skill

disappears (black line in Fig. 3.35¢).
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Figure 3.35. QBO downward coupling prediction in GloSea6 prediction system.
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To improve the fidelity of QBO in state-of-the-art climate models,
SPARC which is a core project of the World Climate Research
Programme (WCRP) launched the QBOi (see the Section 3.1.1). 8 models
participating in QBOi (Table 3.2) show a qualitatively well reproduce the
climatological mean jet (black contour in Fig. 3.36). However, the
equatorward shift of the AP] during the WQBO phase is reproduced only
in the two models. The jet is strengthened in the two models, but
weakened or even poleward shift in the other four models among 8
models (shading in Fig. 3.36). MRI-ESM2.0 and WACCM show a
strengthening of the jet during the WQBO phase, but EC-EARTH, MIROC-
ESM show the weakening of the jet. LMDz and MIROC-AGCM show the
opposite response, i.e., poleward shift of the jet. Only ECHAM5sh and
GISS-E2-2-G show equatorward shift of the AP] during the WQBO phase
like observations. As a result, the multi-model mean anomaly becomes
weak (not shown). This large inter-model spread of the jet response is
closely related to the downward horseshoe-shaped zonal wind
anomalies (shading in Fig. 3.37). The sector-mean zonal wind anomaly
shows AP] response is connected to the downward horseshoe-shaped
anomalies from lower stratosphere. Since all models reproduce well the
QBO, a possible reason for the large inter-model spread of the jet
response may be linked to the representation of the QBO seasonality
itself or the wave and mean state responses in the upper troposphere as
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found in section 3.3.

MRI-ESM2.0

ECHAMSsh GISS-E2-2-G

Figure 3.36. 250hPa U-wind response to the W-EQBO in QBOi climate models.
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Figure 3.37. Pacific sector-mean U-wind response to the W-EQBO in QBOi

climate models.
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4. Summary and Discussion

This study documents that the East Asian SAT is significantly
modulated by the ENSO in early winter and by the QBO in late winter. In
the El Nifio winters, anomalous surface warming is evident over the East
Asia accompanied by anomalous anti-cyclonic circulation in the Kuroshio
Extension region (KU). The atmospheric circulation anomaly drives the
warm advection to the East Asia region, resulting in a relatively warm
anomaly over the East Asia surface. As a result, a positive relationship is
appeared in East Asia region between the ENSO and surface air
temperature.

The ENSO-East Asia teleconnection is robust in early winter
(December), which is closely related to two tropical convection
variations over the MC and I0. In the El Nifio winters, CP convection
tends to be enhanced monotonously throughout the boreal winter, while
MC and IO convection anomaly tend to be strong around mid-December.

The difference in sub-seasonal variations among tropical
convection anomalies leads to a robust sub-seasonal modulation of the
ENSO-East Asia teleconnection. As the CP convection anomaly becomes
strong, the associated poleward Rossby wave trains make atmospheric
circulation anomalies over the North Pacific region, i.e. PNA pattern.

However, the poleward Rossby wave trains associated with the —1xMC

1]
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and IO convection anomalies tend to make a constructive interference of
the atmospheric circulation anomalies over the KU region, which can
directly influence on East Asia surface. As they become strong in early
winter, the ENSO-East Asia teleconnection, modulated by anomalous
circulation anomaly in the KU, also becomes strong in early winter as
summarized in Fig. 4.1.

The physical mechanisms of the tropical convection anomalies
in early ENSO winter has been investigated. The moistening, which is
essential to the convection, may a key mechanism for the enhanced 10
convection anomaly in early winter. All 14 El Nifo years are
accompanied by the enhanced 10 convection anomaly in early winter. In
the El Nifio winters, the suppressed convection anomaly over the MC
leads to the rotational flow between 10 and MC as a part of the Rossby
wave response. The associated horizontal wind anomalies between the
[0 and MC bring moist air to the 10. The moisture budget analysis
confirms that the horizontal advection term is a primary contributor to
the 10 moistening in early winter. The additional moisture anomaly,
added to the plentiful climatological mean moisture in early winter, helps
the convection development efficiently. The I0 moistening is closely
related to the El Nifio but not to 10 SST variability such as 10 dipole mode
or 10 basin-wide warming mode.

The state-of-the-art model prediction systems (i.e. MME) have
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poor prediction skills in the ENSO-related tropical convection anomalies
as well as the ENSO-East Asia teleconnections. Although the spatial
distributions of the predicted ENSO-East Asia teleconnections are
quantitively well represented, the East Asian SAT and KU Z500
prediction skills show a decline in a short forecast lead time. This is
because the MME tends to predict the ENSO-related tropical convection
anomalies much weaker and earlier than the observations. The poor
representation of tropical convection sub-seasonal variations leads to
poor representation of the sub-seasonal variations of the
teleconnections from the —1xMC, and IO. Such discrepancy between the
observations and MME is obvious in early winter when the observed
teleconnections are robust. Thus, a better representation of the tropical
convection in model predictions is required to improve the ENSO-East
Asia teleconnection prediction.

The QBO-East Asia teleconnection is also important in late winter
(February-March). During the QBO westerly phase (WQBO), a
horseshoe-shaped zonal wind anomaly extends from the tropical lower
stratosphere to the subtropical mid-troposphere. It results in an
equatorward shift of the AP]. This equatorward shift of the jet enhances
the cyclonic circulation anomaly on the equatorward side of the
climatological AP] and an anticyclonic circulation anomaly on ifts
poleward side. The associated surface wind anomalies induce cold
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advection toward the East Asia region in late winter. This QBO
downward coupling-induced East Asian SAT change is more important
than the ENSO-induced change. Quantitatively, approximately 16% of
the interannual variability of the East Asian SAT in February-March can
be explained by the QBO. The Granger causality test further confirms
that the QBO has a causal relationship with the East Asian SAT
variability in this season.

To understand this QBO-AP] dynamics, QBO nudging experiment
is conducted by using GFDL Flexible Modeling System atmospheric dry
dynamic core model Under the winter season background state, the
tropospheric zonal wind response to the WQBO-like forcing shows an
equatorward shift the subtropical jet. A horseshoe-shaped wind
anomaly extends to subtropical mid-troposphere as in observation. This
result indicates that the QBO-East Asian SAT relationship is directly
affected by the QBO in stratospheric equator (i.e. subtropical route) not
the tropical route or polar route. It is consistent with the Granger
causality test, which indicates the late winter QBO downward coupling is
only appeared in the subtropical route particularly in East Asia sector
and the downward coupling is well represented in the simple dry
dynamic core model.

The role of the stratospheric QBO-related atmospheric
background changes in the QBO downward coupling is further
2]
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investigated with the 100-ensemble transient experiments. WQBO-
related atmospheric background state induces changes of wind and
temperature in the subtropical lower stratosphere-upper troposphere,
leading to the change of PV gradient as well as the positive refractive
index. Since the positive refractive index is favorable condition for the
Rossby wave propagation, the equatorward and upward eddy
propagation is induced in the subtropical lower stratosphere-upper
troposphere. Such eddy propagation results in a horizontal eddy
momentum and its convergence, and the resultant zonal wind anomaly
in the region. This QBO downward coupling forms within a one-month
lag in an idealized model experiments, which is consistent with the
Granger causality test.

The presence of the topography may contribute to the strong
QBO downward coupling in East Asia sector. QBO downward coupling
becomes stronger in East Asia or Pacific sector than that in Atlantic
sector when the topography such as Tibetan Plateau is introduced in the
idealized experiments. As the topography increases, the downward
coupling also becomes stronger particularly in the downstream region of
the topography, i.e., East Asia. The above findings are summarized in Fig.
4.2.

The operational prediction systems show reasonable prediction
skills of the QBO downward coupling and its surface impact. The
<
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horseshoe-shaped zonal wind anomaly and surface response are well
represented in the prediction systems. In addition, high prediction skill
remains even in the sub-seasonal to seasonal time scale (longer than
two-week forecast lead time). However, climate models do not well
capture the QBO downward coupling. The equatorward shift of the AP]
during the WQBO phase is reproduced only in the two out of eight QBOi
models. The jet is strengthened in the two models, but weakened in the
other two models, and even northward shift is seen in some models. A
further study is needed to figure out the key factor for the improvement
of the QBO-East Asia teleconnection prediction/simulation.

It is not clear why the QBO-East Asian SAT relationship is most
pronounced in February-March. The climatological AP] forms at
relatively lower latitudes, approximately at 32°N, in late winter. This
equatorward shifted APJ is likely to be better connected to the QBO
(Garfinkel and Hartmann, 2011a). It should be stated that the
mechanism through which the QBO generates the horseshoe-shaped
subtropical wind response is associated to the eddy propagation change,
which can derive the zonal wind change based on the momentum
balance in Eulerian mean. Furthermore, the physical mechanisms of the
I0 and MC convection anomalies in early ENSO winter is needed to
investigate in detail Some hints in the present dissertation indicates that
it may be related to the Madden-Julian Oscillation (M]O), which is
2]
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characterized by eastward propagation of tropical deep convection from
the 10. The convection moves within two regions, [0 and MC, which are
the pathways for the sub-seasonal tropical leading mode referred to as
the MJO. 50% of El Nifio years indeed are accompanied by MJO phase 3
in early winter, which corresponds to the MJO convection in the I0.
Whether the 10 convection is MJO or not, the convection moves eastward,
resulting in an increase of precipitation near the western North Pacific.
Our finding has an important implication to seasonal prediction.
The QBO is highly predictable in operational seasonal prediction models
(Scaife et al, 2014; Lim et al, 2019). ENSO is also highly predictable in
prediction systems (Ham et al, 2019). This may allow an extended
prediction of the East Asian SAT in winter, a few months in advance. To
utilize the high predictability of these two tropical leading modes to the
teleconnection prediction, it is important to well simulate/predict the
ENSO-related tropical convection and QBO-related mean state and eddy
changes, which serve as the key mechanism of the teleconnections.
Overall, this dissertation sheds light on the teleconnections
between ENSO, QBO, and East Asian winter surface climate, enhancing
our understanding of climate variability in this crucial region, and

providing valuable insights for sub-seasonal to seasonal prediction.
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Figure 4.1. Schematic diagram of the early winter ENSO-East Asia
teleconnections, which consists of 1) ENSO-related tropical convection, 2)
Poleward Rossby wave trains, 3) constructive interference over the Kuroshio
Extension region, 4) Warm advection induced by anti-cyclonic circulation

change over the Kuroshio Extension region.

1 WQBO F Wi
70-hPa 3
5 N
4
circulation = 6N

3 we

T "M‘ l':

N 3 5 Cold 4
250-hPa e
1000-hPa w

Figure 4.2. Schematic diagram of the late winter QBO-East Asia
teleconnections, which consists of 1) westerly wind shear and warm anomalies
over the subtropical lower stratosphere-upper troposphere, 2) equatorward,
upward eddies, 3) equatorward shift of the Asian-Pacific jet, 4) Cold advection
induced by cyclonic circulation change over the North Pacific Ocean, 5) cold

anomaly in East Asia.
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