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Abstract

This thesis suggests dynamical mechanisms for the decadal change of the MJO teleconnection pattern
over the Northern Hemisphere during boreal winter by investigating the influence of the decadal change
of background states in the mid-latitude and tropical forcing on MJO teleconnection pattern and

interpreting this relationship.

Thus, it is important to understand how these changes influence on MJO teleconnection pattern to
represent the MJO teleconnection pattern caused by changes of background states and MJO activities
over the tropics. In boreal winter, OLR variance with intraseasonal variability variance is strengthened
over the Maritime Continent and weakened over the southern Indian Ocean and the western Pacific.
This is consistent with the results of the MJO amplitude at each MJO phase based on OMI. These
changes of MJO activity are associated with the La Nina-like change of background states in tropics.
There is wet and warm anomaly over the Maritime Continent and the western Pacific, and ascending
motion over the Maritime Continent, whereas dry, cold and descending anomaly over the central and
the eastern Pacific. The location of MJO teleconnection patterns can be determined by seasonal mean
upper-level zonal wind acted as a waveguide. The obvious change of the jet stream is found, especially
over the eastern Pacific. Over this region, stationary Rossby wavenumber is expanded east and
northward in the recent period than that in the past period. This change modifies the location and

intensity of the teleconnection patterns based on the analysis of zonal wavenumber.

Based on the model experiments, the decadal change in the background states, especially zonal wind
at the upper level, leads to strengthening the intensity of the MJO teleconnection pattern over the jet
exit region but does not modify the pattern itself. On the other hand, the tropical heating modifies the
teleconnection patterns over the North Pacific and North America, and these changes are similar to the
observed difference maps between the two periods. Thus, the results indicate that the decadal change
of the MJO teleconnection pattern is caused by the change of tropical diabatic heating rather than the
change of zonal wind in the mid-latitude as background states. These changes are associated with the
background states are changed into La Nina-like pattern in the recent period. This leads to moisture and
SST increase over the warm pool region. In addition, the ascending motion of the vertical circulation in
the background states strengthens over the eastern region of Maritime Continent, and then the
convective anomaly becomes stronger over this region in the recent period than in the past period. It is
thought that these background changes including the intensification of the vertical circulation lead to
the enhancement of the MJO teleconnection pattern and its teleconnectivity over the upstream regions.
Furthermore, there is close relationship of the MJO teleconnection patterns between P1 and El Nino

years or P2 and La Nina years.
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Chapter 1

1. Introduction

1.1. Background and motivation

Madden-Julian Oscillation (hereafter, MJO) is a dominant phenomenon over the tropics and
characterized by a coupled system with anomalous deep convection and large-scale circulation. The
convective system that could be described as outgoing longwave radiation (OLR) or rainfall initiates in
Indian Ocean and propagates eastward through the Maritime Continent to the central Pacific with
intraseasonal timescale shown in figure 1.1.1, which is generally 30-90 days and has a climatological
MIJO phase speed of about 5 m s (Madden and Julian 1971, 1972). The MJO has two phases, active
and inactive phases. These phases occur ahead of or behind each other. An active (inactive) phase that
has the positive (negative) convective and rainfall anomaly with vertically upward (downward) motion
combined with an anomalous convergence (divergence) and divergence (convergence) at lower- and

upper-level, respectively.

The anomalous MJO-related convections generate the upper-level circulation anomalies, which are
anticyclonic and cyclonic circulation behind and in front of anomalous convection, respectively, and
these circulation anomalies propagate from the tropics or the subtropics to the middle or high latitudes.
It is the stationary Rossby wave train and is generally called as teleconnection (Simmons 1982;

Simmons et al. 1983; Lin et al. 2006).

Through this teleconnection, the MJO exerts numerous influences on weather and climate
variability in the tropics and the extratropics (Matthews et al. 2004; Seo and Lee 2017). For instance,
previous studies have explained that it affects the onset, development, and termination of El Nifio—
Southern Oscillation (ENSO; McPhaden 1999, 2004; Takayabu et al. 1999; Kessler and Kleeman 2000;
Bergman et al. 2001; Zhang and Gottschalck 2002; Seo and Xue 2005), the American summer
monsoons (Mo 2000; Higgins and Shi 2001; Jones and Carvalho 2002; Moon et al. 2013) and the active
and break episodes of the Asian—Australian monsoon (Yasunari 1979; Lau and Chan 1986). The genesis
and track of tropical cyclones are also affected by MJO in the eastern North Pacific (Maloney and
Hartmann 2000), the northwest Pacific (Maloney and Hartmann 2001; Schreck and Molinari 2011; D.
Kim et al. 2014), and the North Atlantic (Klotzbach 2010).
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Figure 1.1.1 Climatological composite map of OLR anomaly filtered with 20-100 days from 1980-
2015 (36 years) for November-March for the eight phases. Red and blue colors indicate the convective

and suppressed anomalies, respectively. The unit is W m™.
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Furthermore, by affecting the midlatitude weather via its teleconnection (Matthews et al. 2004; Seo
and Lee 2017), the MJO is known as the dominant source of predictability in the intraseasonal time
scale over the midlatitudes (Pegion and Kirtman 2008). For example, precipitation over North America
(Matthews et al. 2004; Jones et al., 2011; Jones and Cavalho, 2012; Zhou et al. 2012; Baxter et al. 2014;
Johnson et al. 2014, Barrett, 2018; Xiong et al., 2019), temperature over North America (Zhou et al.,
2012; Rodney et al., 2013; Schreck III et al., 2013; Baxter et al., 2014; Yoo et al., 2015; Jenney et al.,
2019), South America (Roundy 2014), precipitation over East Asia (Xiaolong et al., 2011; He et al.,
2011; Jiao and Wu, 2019; Liu and Hsu, 2019), and surface air temperature over East Asia (Jeong et al.
2008; Jia et al. 2011; Lee et al., 2019) are known to be affected by the MJO’s teleconnection.

The MJO teleconnection pattern is affected by various factors, including MJO activities. For
instance, intensity and location (Jin and Hoskins 1995) and monopole or dipole patterns (Seo and Son
2012; Seo and Lee 2017) of the tropical convection anomaly, and background fields, such as subtropical
jet stream or climatological upper-level zonal and meridional wind (Henderson et al. 2017; Kang and
Tziperman, 2018a; 2018b). These factors have influenced not only interannual but also decadal
variations. In particular, the MJO activities are changed by ENSO, which is one of the interannual
variations, since it alters background fields such as sea surface temperature and upper- and lower-level
wind. The circulation changes in the mean state are known to be important for wave propagation from
the tropics to the midlatitudes. Thus, the pattern of MJO teleconnection is modified by the phase of
ENSO. Moon et al. (2011) showed that the MJO teleconnection patterns during El Nifio and La Nifia
years from 1979-2008 over extratropical regions differ distinctively even at the same MJO phase. These
differences between ENSO phases are important because these may induce different even though the

opposite effect over East Asia and North America.

According to many precedent studies, there is a long-term trend of MJO activity. Pohl and Matthews
(2011) explained an increasing trend of annual-mean MJO amplitude from 1950 to 2005. In addition,
the 11-year or 22-year running variance of MJO index calculated by using 30-96 days filtered zonal
wind at 850 hPa with zonal wavenumber 1-3 averaged over latitude 5S-5N, and longitude 120E-180
shows similar result that there is increasing trend from 1950 to 2015 (Gushchina and Dewitte 2019) to
the result from Pohl and Matthews (2011). Furthermore, Roxy et al. (2019) suggested that the Indo-
Pacific warm pool shows a twofold expansion, and this changes the MJO life cycle. For example, the
MJO phase duration over the Indian Ocean decreases by 3-4 days, but over Maritime Continent and the
western Pacific increases by 5-6 days. This change influences global weather phenomena, precipitation

due to an increase over the duration of the MJO phase from 5 to 7.
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Figure 1.1.2 Frequency of occurrence for the MJO phase. The frequency is calculated in the number
of strong MJO events at each MJO phase divided by the number of total strong MJO events. A strong
MJO event is defined when amplitude in each MJO index is more than 1.0. Black and red bars indicate

period 1 (P1, 1980-1994) and period 2 (P2, 1995-2009), respectively.



In addition, the frequency of strong MJO, which MJO amplitude is over 1.5, an occurrence is also
changed from the former period (1979-1993) to the later period (1994-2008) during boreal winter
(November to March) from Yoo et al. (2011). In the latter period, the frequency increases at MJO phases
4, 5, and 6, where the anomalous tropical convection is located over Maritime Continent and decreases
over the Indian Ocean and the Western Pacific. This change in the MJO frequency influences on the
Arctic warming that surface temperature anomaly filtered with 5-100 days increases over the Arctic
during boreal winter in the latter period. Liu and Hsu (2019) also exhibited the change of MJO
occurrence frequency during boreal winter (December to February). The number of MJO day increases
and decreases during MJO phase 5-8 and 1-4, respectively, from Period 1 (1979-1994) to Period 2
(1995-2011), and this causes persistent heavy rainfall (PHR) during the winter over southern China (SC,
latitude 21-26N and longitude 108-120E) decreases for Period 2 in comparison to Period 1.

It can be inferred that MJO activities had been changed according to climate change. The MJO
teleconnection pattern and its influence on the weather all over the globe are also altered by these
changes in the MJO activities. However, these previous studies that investigated the change in the
occurrence of MJO phase used Real-time Multivariate MJO (RMM) index that OLR as a proxy for
convection, and zonal wind at the upper (200hPa) and lower (850hPa) levels are combined to calculate
and define the empirical orthogonal function (EOF). When the frequency change of MJO occurrence at
each MJO phase is calculated using the OLR MJO index (OMI), the feature, which the number of MJO
events during MJO phase 4-6 increases in the recent period (1995-2009) compared to the past period
(1980-1994), is not dominant shown in figure 1.1.2. This result implies that the results from many
previous studies might be dependent on the MJO index, such as RMM index or OMI, and the
explanation for the decadal change of weather induced by MJO is insufficient based on the increase in

the occurrence frequency of some MJO phases.

Then, we identify if weather phenomenon, such as surface temperature (Ts) with the intraseasonal
variability induced by MJO is influenced by the type of the MJO index. Figure 1.1.3 shows the regressed
spatial distribution of 20-100 days filtered Ts onto OMI 1 and 2 for boreal winter (November to March)
during two periods, Period 1 (P1, 1980-1996) and Period 2 (P2, 1999-2015). Particularly, OMI 1 and 2
indicate MJO phase 2-3 (or 6-7) and phase 4-5 (or 8-1), respectively (Figure 1.1.4). There is a
statistically significant change in the regressed Ts anomaly onto OMIs over the midlatitudes and the
Artic. The regressed Ts anomaly onto OMI 2 does not change distinctly over the Arctic, but it is found
that the sign of the regressed Ts onto OMI 1 is changed between two periods. So, does this change also
occur in the RMM index?



(a) Ts (OMI1, 8096) (b) Ts (OMI1, 9915)
75N 1 P TN T e
60N 1 5 BON{ Q" S
45”“_ 45N‘_
30N+ 30N
15N - 15N .
EQ fQb ® WA

0 30E 60E 9OE 120E 150E 180 150W120W 90W 60W 30W O

0 30E 60E 90E

120E 150E 180 150W120W 90W 60W 30W 0
(d) Ts (OMI2, 9915)

(c) Ts (OMI2, 8096)

5N = T 3 75N

60N G 5" = ol 60N

45N s, 4 45N,

30N 30N

15N ( § i 15N -

e EQ-F
0 30E 60E 90F

D, I Y O g
-1.5-1.2-0.9-0.6-0.3 0 0.3 0.6 0.9 1.2 15

120E 150E 180 150W120W 90W 60W 30W 0

0 30E 60E 9OE 120E 150E 180 150W120W 90W 60W 30W 0O

D, I O g
-1.5-1.2-0.9-0.6-0.3 0 0.3 0.6 0.9 1.2 1.5

Figure 1.1.3 Regressed surface temperature (Ts) anomaly with 20-100 days filter onto OMI 1 (upper)

and 2 (bottom). Results from left and right columns are calculated for boreal winter (Nov. -Mar.) during

period 1 (P1, 1980-1996) and period 2 (P2, 1999-2015), respectively. The unit is °C. The shaded region

indicates statistical significance at the 99% confidence level.
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Figure 1.1.4 Spatial patterns of OLR for (a) EOF1 on 15 Jan, (b) EOF2 on 15 Jan, (c) EOF1 on 15

Jul, and (d) EOF2 on 15 Jul. Arbitrary contour interval is 1W m™. Blue shading corresponds to negative

perturbations (Fig.2 from Kiladis et al., 2014).
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Figure 1.1.5 Same as Figure 1.1.2 except for RMM index. For easy comparison, Ts anomalies from
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Figure 1.1.6 Spatial structures of EOFs 1 and 2 of the combined analysis of OLR (solid), u850
(dashed), and u200 (dotted) anomalies (Fig.1 from Wheeler and Hendon, 2004).



Figure 1.1.5 exhibits the regressed Ts anomalies filtered with 20-100 days onto RMM index.
Especially, EOF 1 and 2 in RMM index denote different MJO phases of EOF 1 and 2 in OMI. That is,
RMM 1 means MJO phase 4-5 (or 8-1), and RMM2 indicates MJO phase 6-7 (or 2-3) shown in figure
1.1.6. Thus, for easy comparison with the results from OMI, the Ts anomaly is regressed onto -RMM 2
and RMM1. This result is similar to the regressed Ts anomaly onto OMI, although the amplitude is
smaller than the result from figure 1.1.3. These results can be interpreted that the decadal change of
weather event between two periods is not influenced by type of the MJO index, and it is thought that
this change is related to the MJO phases 2-3 or 6-7 that the anomalous convective system is located
over the Indian Ocean and the western Pacific, not MJO phase 4-5 that the previous studies suggested

an importance of the occurrence frequency of MJO phase 4-5.

The other factor affecting the MJO teleconnection pattern is the mean state of zonal wind at the
upper troposphere, which is the subtropical jet stream (Hoskins and Ambrizzi 1993; Naoe et al. 1997;
Naoe and Matsuda 1998; Branstator 2002; Kang and Tziperman 2018a; 2018b). There is a shift of phase
of the pacific decadal oscillation (PDO) from positive to negative phase in 1998 shown in figure 1.1.7
(Bond et al. 2003; Mcphaden et al. 2011). Due to this regime shift, the spatial distribution of mean states,
such as not only sea level pressure (SLP) and sea surface temperature (SST) but also atmospheric
circulation at the upper- and lower-level. In addition, this is related to the increase in the frequency of
central Pacific (CP) El Nino in the recent years. Therefore, the spatial distribution of mean SST shows

the La Nina-like pattern in the recent period.

Thus, it is important to scrutinize whether there has been a decadal change in background states
over the extratropics and MJO activities over the tropics during boreal winter and to understand how
these changes influence on MJO teleconnection pattern to predict the change of MJO teleconnection
pattern according to climate change such as the decadal variation. In this study, we investigate the
influence of decadal change in background states over the extratropics and tropical forcing on the MJO
teleconnection pattern and interpret the relationship between two factors and MJO teleconnection

pattern using its dynamical mechanism.
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Figure 1.1.7 Pacific decadal oscillation (PDO) index. (Reference: https://www.ncdc.noaa.gov/

teleconnections/pdo/)



1.2. Objectives

Based on previous studies, we have scientific questions,
1) Has the wintertime MJO teleconnection pattern changed with decadal variation?

2) How do the decadal changes of tropical MJO activity and background states in the

midlatitude modulate the MJO teleconnection pattern?

3) Which factor is more important to the decadal change?

This study examines decadal changes of boreal wintertime MJO teleconnection pattern and two
factors, tropical MJO activity as high-frequency climate variability and upper-level zonal wind in the
background state over the extratropics as a low-frequency climate variability that modulate MJO
teleconnection pattern by using observation data. And, the decadal change of the MJO teleconnection
pattern resulted from the change of the factors is investigated by conducting GFDL dry dynamical core
model experiments. Based on the experiments, the role of each factor in modulating the MJO
teleconnection pattern and the relationship between the teleconnection pattern and the factors are

interpreted dynamically.

Based on these scientific questions, this study is organized as followed. Chapter 2 explains the
observed decadal changes of the boreal winter MJO teleconnection over the northern hemisphere and
the decadal changes of factors influencing on the MJO teleconnection pattern. Chapter 3 shows the
contribution of the factors to the decadal change of the MJO teleconnection pattern, especially the roles
of and the relationship between the tropical diabatic heating and the mean state for the decadal change
of MJO teleconnection are investigated. Chapter 4 summarizes the results, and future works are

suggested in chapter 5.
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Chapter 2

2. Decadal change of the boreal winter MJO teleconnection since the mid-

1990s

2.1. Background

Diabatic heating and cooling anomalies over the tropics cause to upper- and lower-level circulation
anomalies. Especially, the pattern of the upper-level circulation anomaly could be explained by linear
stationary Rossby wave theory (Hoskins and Karoly 1981; Hoskins and Ambrizzi 1993). In that
explanation, the Rossby wave source (Sardeshmukh and Hoskins 1988) associated with the MJO-
related anomalous diabatic heating excites the Rossby waves, and the wave trains are formed following

the group velocity of the Rossby waves.

In the intraseasonal timescale, the MJO activity over the tropics and the MJO teleconnection
patterns over the extratropics are influenced by the mean states. However, the mean states, such as
lower- and upper-level wind fields, SLP, SST over not only the tropics, but also the extratropics are
changed since the mid-1990s that is called as the regime shift, and spatial patterns of these changes are
similar to those in La Nina year. Furthermore, the MJO teleconnection pattern is also changed in a

similar year (the mid-1990s).

Therefore, in this chapter, decadal changes in the MJO teleconnection pattern and the factors
influencing on the MJO teleconnection pattern since the mid-1990s are investigated based on the
analysis using the observation data, and the roles of these factors are organized based on the previous

studies.

2.2. Data and Methods

Pacific decadal oscillation (PDO) is a prominent variation having decadal timescale over the Pacific
basin and shows similar spatial distribution to El Nino/Southern Oscillation (ENSO). Positive (negative)
PDO phase exhibits anomalous warm (cold) SST along the western coast of America over the North
Pacific and El Nino (La Nina)-like SST distribution. This PDO index is obtained from the National
Oceanic and Atmospheric Administration (NOAA) and used to examine the decadal change of the MJO

11



teleconnection pattern. Major changes in climate are observed in approximately 1976/1977 and
1997/1998 based on the PDO index (See Figure 1.1.7) or frequency of ENSO occurrence. PDO is
changed from negative to a positive phase in about 1976/1977 and from positive to negative phase in
about 1998/1999 (Bond et al. 2003). In addition, the central Pacific (CP) El Nino occurs more frequently
after 1998/1999 than the eastern Pacific (EP) El Nino (McPhaden et al. 2011), and this result is

consistent with the year when PDO phase is changed.

ERA-interim reanalysis daily data is used for vertical variables such as zonal and meridional wind,
temperature, relative humidity, specific humidity, geopotential height, and omega, and has 1.5° x 1.5°
spatial resolution. Daily Advanced Very High-Resolution Radiometer (AVHRR) satellite data is also
used for interpolated outgoing longwave radiation (OLR) and has 2.5° x 2.5° spatial resolution. The
Lanczos filter is applied with the 20-100 days period window to extract intraseasonal variability (ISV),
and all data, including the filtered or the non-filtered data, are interpolated into 2.5° x 2.5° resolution

for the convenience.

The period adopted in this study is from 1980 to 2015 (36 years) due to the availability of AVHRR
satellite data. The extended boreal winter (November to March) is only considered because MJO
activity is strongest during the boreal winter. The year of regime shift is determined as 1998/1999, and
based on this, the period is divided into two sub-period, the past period (P1, 1980-1996) and the recent
periods (P2, 1999-2015) to inspect the decadal changes.

There are two MJO index, the Real-time Multivariate MJO (RMM) index and OLR-based on MJO
index (OMI), which are commonly used. The RMM index is defined by Wheeler and Hendon (2004,
hereafter WHO04), who used the combined Empirical Orthogonal Function (EOF) analysis for OLR, and
zonal wind at 850 hPa and 200 hPa. The OMI is defined by Kiladis et al. (2014) that is purely based on
planetary-scale OLR anomaly with zonal wavenumber 1-3. This OMI index represents only convective
activity without the effect of the adjacent circulation; thus, the OMI is used in this study to consider the
only influence of the tropical convection on the upper-level circulation. The MJO amplitude and phase
are defined as (OMI1*+OMI2%)"? and tan'(-OMI1/OMI2), respectively. Generally, strong and weak
MIJO cases have been defined as the MJO amplitude greater than and below 1.0, respectively. In the

same manner, this study uses MJO amplitude 1.0 for a strong MJO case.

To obtain the anomaly fields with the intraseasonal timescale, the climatological fields of each
variable are removed first, and the intraseasonal variability is derived by using 20-100 days filter with
a Lanczos filter. MJO teleconnection pattern and tropical diabatic heating are expressed as geopotential

height at 200 hPa and OLR anomalies and calculated using a composite method.
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In this study, we try to find an occurrence location where the MJO-related OLR anomaly appears

over the tropics. Thus, the following procedures are carried out.

(1) The OLR anomalies are temporally and spatially filtered by 20-100 days filter and zonal

wavenumber 1-5 filter and called as raw data (hereafter, raw).

(2) Reference standard deviation (hereafter, std) is calculated for total P1 and P2 (1980-1996 and
1999-2015), not 1980-2015.

(3) std and raw are averaged over latitude 25S-15N to reduce the noise value, and we only consider
the OLR anomalies when latitude-averaged raw is more than latitude-averaged std to extract the

distinct OLR anomaly.

(4) Significant propagating anomalies are defined when the raw OLR anomalies from step 3 are

more than std in the two-dimensional map.

(5) Find the minimum (maximum) point of significant raw anomalies over a 2-d map. In this step,

the minimum and maximum points denote the active and inactive phases, respectively.

2.3. Observed decadal changes of the boreal winter MJO teleconnection

pattern over the northern hemisphere

Based on the year of regime shift, the decadal change of wintertime MJO teleconnection patterns at
each MJO phase are examined and figure 2.3.1 displays the MJO teleconnection patterns for two periods
and its difference. There are anticyclonic, and cyclonic circulation anomalies in west and east regions
of the tropical convection anomaly located over the Indian Ocean and Maritime Continent addressed in
Section 1. And, this anomalous upper-level circulation propagates from the central Pacific over the
subtropics to North America or the North Atlantic. As the tropical OLR anomaly moves eastward from
the Indian Ocean to the central Pacific, the MJO teleconnection pattern is shifted eastward, and the signs
of the OLR and GPH200 anomalies are reversed. An interesting point in this figure is that the tropical
OLR anomaly displays almost opposite signs between phases 1-4 and 5-8, where the OLR anomalies
are located over the Indian Ocean and Maritime Continent, and the western and central Pacific,
respectively, but signs of the MJO teleconnection patterns are not. This implies that the relationship

between the tropical diabatic heating and its teleconnection pattern is not linear.

13
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Figure 2.3.1 Composite maps of OLR (shading) and GPH200 (contour, 10m interval) anomalies
filtered with 20-100 days at all MJO phases during boreal winter for two periods, P1 (left column) and
P2 (middle column). The right column indicates the difference of GPH200 anomaly between two
periods, P2 and P1. Black dotted areas are exceeded statistical significance 99% level of 200 hPa
geopotential height anomaly based on a two-tailed t-test. The units of OLR and geopotential height W

m™ and m, respectively.
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Generally, the MJO teleconnection patterns are pronounced at MJO phases 3, 4, 7, and 8 in
comparison to other MJO phases in common for two periods. In a comparison of the MJO
teleconnection patterns at all MJO phases for P1, the MJO teleconnection patterns for P2 show that
there are intensification and expansion of the upper-level circulation anomalies located over the North
Pacific and North America where are the upstream region of the teleconnection pattern. In addition, the
sign of the circulation anomaly over the north pole is changed, especially, MJO phase 2-3 and 6-7. For
example, at MJO phases 2 and 3, the cyclonic circulation anomalies (a negative sign of the filtered
GPH200 anomaly) are observed in P1, whereas there are anticyclonic circulation anomalies (the
positive sign) in P2. In reverse, there are the anticyclonic and cyclonic circulation anomalies in P1 and

P2, respectively, at MJO phases 6 and 7.

The difference of the MJO teleconnection patterns between two periods is distinct and statistically
significant at all MJO phases that have statistical significance 99% level with a two-tailed t-test, not
randomized. Particularly, the difference of the MJO teleconnection patterns is observed over the
upstream region, and the difference over the north pole appears at only MJO phase 2, 3, 6 and 7 that the
tropical convection anomaly has obvious dipole pattern, for example, the convective anomaly is located
over the Indian Ocean or the western Pacific, but the suppressed anomaly is appeared over the western
Pacific or the Indian Ocean, respectively, at the same time. Therefore, understanding which factors
influence on the decadal change of the MJO teleconnection pattern is important to predict the MJO

teleconnection pattern according to decadal change in future climate.

To compare a relationship between cells of the teleconnection pattern for the past and recent periods,
“teleconnectivity” is considered (Wallace and Gutzler, 1981). This is a simple method of contrasting
the strengths of teleconnection patterns for different grid points based on their respective one-point

correlation maps.

T; = | (ri]-) minimum for allj| Equation. 2.3.1

In Equation 2.3.1, r;; indicates temporal correlation coefficients between the geopotential height
anomalies at any selected grid point (denoted by the i subscript) and those at every other grid point in

the hemisphere denoted by the j subscript, and T; is termed the teleconnectivity of the ith grid point.
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Figure 2.3.2 Teleconnectivity map at MJO phases 2, 3, 6, and 7 for two periods, P1 (left column)
and P2 (right column). Teleconnectivity is calculated when MJO is a strong case (Amplitude >= 1.0).
The solid black line is statistically significant with a two-tailed t-test with a 99% level.

16



UM hsT

A I-|.-- :-:I'|-‘|E I'\.:":. 1 I" |.-|'

- (a) P1(8096)

. (b) P2 (9915)

0.8

0.7

0.5

0.4

S

0.3

phsé phs7 phs8

£Q EQ+—— . : —
phs1 phs2 phs3 phs4 phs5 phsé phs? phs8 phst phs2 phs3 phs4 phsS

Figure 2.3.3 Latitude-MJO phase plot of teleconnectivity at all MJO phases averaged over longitude
130E-60W for two periods, P1 (left column) and P2 (right column). Before the longitude average,

teleconnectivity is calculated when MJO is an only strong case (Amplitude >= 1.0).
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Figure 2.3.2 shows spatial distributions of the teleconnectivity at MJO phases 2, 3, 6, and 7, in
which the MJO phases display the clear difference of the teleconnection pattern over the north pole, for
two periods, P1 and P2. The teleconnectivity in regions over North America, the North Atlantic, the
Asian Continent, and the subtropics and the mid-latitude over the tropics are statistically more
significant than in other regions for both periods. However, in the recent period, the teleconnectivity
becomes much stronger, especially two cells over the Pacific where is the upstream region of the MJO
teleconnection pattern than that for P1. Furthermore, the recent MJO teleconnectivity has become

noticeably stronger in North America.

To summarize these features at all MJO phases, the result from figure 2.3.3 is obtained by
calculating the teleconnectivity at all MJO phases averaged over longitude 130E-60W in the northern
hemisphere for each period. The teleconnectivity between the subtropics and the mid-latitude tends to
become strengthened, and this intensification is observed at most MJO phases in a higher latitude over
50N, although the teleconnectivity is rapidly weakened at MJO phase 4, and this is observed for both
periods. These results imply that the intensity of the teleconnection pattern that is the teleconnectivity
has increased, thereby increasing the relationship among the teleconnection cells over the upstream

regions, particularly the Pacific and North America and the Atlantic.

2.4. Decadal changes of factors influencing on the MJO teleconnection

In this section, the decadal change of two factors, the tropical convection and the upper-level zonal
wind over the extratropics as a background state, which influence on spatial distribution and intensity
of MJO teleconnection pattern during boreal winter, are examined. We scrutinize how these factors

could contribute to the MJO teleconnection pattern based on previous studies.

2.4.1. Tropical diabatic heating related to MJO

To identify the decadal change of the tropical diabatic heating, spatial distributions of the 20-100
days filtered OLR variance and the 20-100 days filtered OLR variance with zonal wavenumber 1-5 are
compared over the warm pool region, and this is shown in figure 2.4.1. In the past period, the filtered
OLR variance occurs evenly over the western and southern regions of Maritime Continent (longitude
80-140E) and the western Pacific (160E-180). In comparison, the result in P1, the filtered OLR variance
in P2, is strengthened over the northern region of the Indian Ocean and near Maritime Continent and

weakened over the southern region of the Indian Ocean and the western Pacific.
18
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Figure 2.4.1 Variance of OLR anomaly over the warm pool region for two periods, P1 (top) and P2
(middle). Results are calculated by using (left) 20-100 days filtered OLR and (right) 20-100 days filtered
OLR with zonal wavenumber 1-5. (bottom) The difference in OLR variance between P2 and P1. Black
dotted areas are exceeded statistical significance level 99% of OLR variance based on F-test. The unit

of OLR is W? m™.
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This difference between two periods is also found in the variance of the filtered OLR with 20-100
days temporal filter and spatial filter of zonal wavenumber 1-5, which has characteristics of eastward
propagation. The variance for P1 is zonally extended from the Indian Ocean to the central Pacific
(longitude 80-170W) and is centered at the eastern region of Maritime Continent or the western Pacific.
However, the variance for P2 is zonally shrunk (90-170E) and is centered at the southern region of
Maritime Continent. This result provides that there is a clear decadal change over the warm pool region,
especially the Indian Ocean, Maritime Continent, and the Pacific Ocean in the southern region of the

equator.

The frequency of the MJO-related OLR anomaly is investigated for two periods to compare the
location of the center of MJO activity. Figure 2.4.2 represents that the MJO in P1 appears mainly over
the southern regions of the Indian Ocean, Maritime Continent, and the western Pacific. However, in P2,
the main activity region is shrunk zonally. This means that the MJO-related OLR anomaly tends to not

occur over the western Pacific in the recent period, and it is consistent with the result from figure 2.4.1.

Regressed 20-100 days filtered OLR anomaly averaged over latitude 20S-10N is shown in figure
2.4.3 to figure out the propagating feature of the OLR anomaly over the central Pacific. The results
show that the regressed MJO-related OLR anomaly in P1 propagates over the eastern region of the
dateline until lag 15 days, but that in P2 has difficulty in propagating to the central Pacific. This feature

also explains the same results from figure 2.4.1. And 2.4.2.

So, why do these features appear? It is thought that these features, as explained above, are associated
with the change of the background states. The difference in the background states between the two
periods is represented in figure 2.4.4. Spatial distribution of the decadal changes in SST and low-level
wind field resembles La Nina-like pattern; that is, there are warm and cold SST anomalies over the
Indian Ocean and the western Pacific, and the central Pacific, respectively in the recent period. In
addition, the easterly and westerly anomalies are dominant over the Pacific and the Indian Ocean,
respectively. The spatial distribution of specific humidity anomaly at a low-level is consistent with the

SST anomaly.
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Figure 2.4.2 Frequency of 20-100 days and zonal wavenumber 1-5 filtered negative OLR anomaly
over the region where MJO propagates eastward. The frequency is calculated that the number of strong
minimum (or minimum) points at each grid divided by the number of the total winter day. Only a strong
OLR anomaly, which is stronger than a standard deviation of the OLR anomaly over 25S-15N, is
considered. The numbers of strong MJO case in P1 and P2 are 1421 and 1215, respectively. The unit is
0.1 %.
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Figure 2.4.3 Longitude -lag diagram of 20-100 days filtered (shading) and 20-100 days and zonal
wavenumber 1-5 filtered (contour) OLR anomalies (W m™) for (a) P1 and (b) P2 regressed against a
reference time series of the OLR anomaly by area-averaging over the central Pacific (160E-160W, 20S-
10N). The anomalies are averaged over latitude 20S-10N. Shading regions indicate the statistical

significance at the 1% level based on the two-tailed t-test.
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Difference of vertical structures of relative humidity and Walker circulation display that there are
dry and wet anomalies over the central Pacific and Maritime Continent, respectively, and ascending
(descending) motion appears over Maritime Continent (the central and eastern Pacific), which is the
same location with warm SST and wet specific humidity at 850hPa anomalies. This result suggests that
background states are clearly changed between two periods and are also associated with La Nina-like

distribution.

Then, the relationship between the changes of the wintertime background states and the MJO-related
OLR anomaly over the tropics is investigated. In particular, the regression analysis is performed using
specific humidity at 850hPa in the mean field over two regions, the Indian Ocean (I0) and the western
Pacific (WP), where the difference of the frequency of MJO-related OLR anomaly is obvious between
two periods. The result from figure 2.4.5 explains that the tropical OLR anomaly is influenced by the
low-level moisture field, especially, a decrease of the frequency over WP is associated closely with the

decrease of the specific humidity at low-level in the recent period.

As described in Chapter 1, RMM index and OMI are calculated in different ways, and with different
variables, for instance, RMM index uses OLR and 200hPa and 850hPa zonal wind, but OMI uses only
OLR. Because of this, these two indices express the MJO-related OLR anomaly over the tropics and
the MJO activity differently. For example, the frequencies of strong MJO cases from OMI and RMM
index are different (Figure 2.4.6). In the case of OMI, there is the little decadal change in the frequency
between two periods, but the frequency decreases at MJO phase 6, where the convective anomaly is
located over the western Pacific. This denotes that OMI does not tend to describe the decrease of the
MJO activity over the central Pacific. However, in the case of RMM index, the frequency of MJO
occurrence represents a distinct difference between two periods. The frequency increases at MJO phase
4, 5, and 6 where the anomalous convection is located over Maritime Continent and the western Pacific
in the recent period., whereas decreases at other MJO phases (1, 2, 3, 7, and 8) where the convective
anomaly is located over the Indian Ocean or the central Pacific. This result is consistent with Yoo et al.
(2011). Especially, there is a statistically significant difference with 90% and 99% levels at only MJO
phases 4 and 5, respectively, where the anomalous tropical convection is located over the Maritime

Continent based on RMM index.
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(a) SST and wind at 850hPa
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(b) Specific humidity at 850hPa
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(c) Vertical structure of RH and Walker circulation
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Figure 2.4.4 Difference of the wintermean (a) SST (shading) and wind field at 850hP (vector), (b)
specific humidity at 850hPa, and (c) vertical structures of relative humidity (shading) and Walker
circulation (contour) between P2 and P1. The units of SST, wind, specific humidity, relative humidity,

and Walker circulation are °C, ms™, gkg™, %, and 10" kg s, respectively.
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(a) Frequency of MJO-related OLR anomaly (P2)
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Figure 2.4.5 Spatial distribution of regressed specific humidity at 850hPa onto a reference time
series of 20-100 days filtered OLR anomaly by area-averaging over the Indian Ocean (IO, 60-100E,
20S-15N) and the western Pacific (WP, 140-180E, 20S-15N) for P1 and P2.
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(a) OMI
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(b) RMM index
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Figure 2.4.6 Frequency of MJO occurrence at each MJO phase during P1 (black bar) and P2 (red
bar) from (a) OMI and (b) RMM index. Only strong MJO cases are considered (Amplitude >= 1.0).
One and two red stars signify significance statistically with 90% and 99% levels, respectively. The unit

is %.

26



As the previous result compared the change in frequency of the MJO occurrence in each phase,
figure 2.4.7 compares the MJO amplitude between two periods. Most phases depict the peak near the
approximately amplitude 0.8-1.2, and the ratio of strong MJO case with the amplitude of more than 1.0
accounts for approximately 70 percent of the total cases. The interesting point is that density function
of the MJO amplitude based on OMI shows a decrease in MJO amplitude over the western Pacific and
the increase over Maritime Continent, and these difference at all MJO phases represent 99% level of
statistical significance by the chi-square test, which is a simple and common goodness-of-fit test.
Moreover, these changes, particularly MJO phase 4-5 and 6-7, are coherent with the decadal change of
background states and the variance of the filtered OLR anomalies shown in figure 2.4.4 and 2.4.1,

respectively.

Figure 2.4.8 (a)-(b) describes MJO phase maps of 20-100 days filtered OLR anomaly over the
tropics for P1 and P2. At MJO phase 1 to 3, where the negative anomaly of OLR is located over the
Indian Ocean, the intensity of the negative OLR anomaly is stronger in P2 than that in P1 but is weaker
in P2 than that in P1 at MJO phase 4 to 8. This difference in the intensity between two periods is well
described in figure 2.4.8-c. The phase map of the difference of the filtered OLR anomaly exhibits that
both the convective and suppressive anomalies are significantly changed from P1 to P2, and the
dominant difference is found over the Maritime Continent and western Pacific. The location of the OLR
anomaly is changed, and the anomaly in the recent period tends to be concentrated near the Maritime
Continent, and these changes are statistically significant with significance level 99%. It is thought that

this is associated with La Nina-like change of mean states over the tropics.

In summary, the decadal change of background states over the tropics leads to the change of MJO
activity over the tropics, such as occurrence frequency, variance, and spatial distribution of anomalous

convection and suppression, and this will affect the change of MJO teleconnection pattern.
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Figure 2.4.7 Density function of MJO amplitude based on OMI during boreal winter (November-

March). The black and red lines indicate the past (P1) and recent (P2) periods. The difference between

two periods at all MJO phases shows a 99% level of statistical significance by the chi-square test. The

unit is %.
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Figure 2.4.8 Phase map of 20 — 100 days filtered OLR anomaly over the tropics for P1 (left) and
P2 (right). Red and blue colors mean convective and suppressive anomalies, respectively. The unit is

W m™.
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Figure 2.4.8 (continue) Phase map of 20 — 100 days filtered OLR anomaly for P2 (contour) and
difference of the filtered OLR anomaly between P2 and P1 (shading). Black dotted areas are exceeded

the statistical significance level 99% of the filtered OLR anomaly based on a two-tailed t-test.
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2.4.2. Mean state of zonal wind in the middle latitudes

Based on the Rossby wave dynamics, stationary Rossby wavenumber is determined using the time-
mean or the seasonal-mean upper-level zonal wind as a background state and acts as a waveguide of
Rossby wave propagation (Hoskins and Ambrizzi, 1993). In additions, many previous studies, such as
Simmons (1982), Wester and Holton (1982), Branstator (1983), Naoe et al. (1997; 1998), and Kang and
Tziperman (2019), explained the impact of longitudinal variation of zonally asymmetric zonal wind at
upper-level as a mean state. This denotes that the subtropical and its variation in both the subtropics and
the mid-latitude are important to determine the location of the MJO teleconnection pattern during the

boreal winter.

The seasonal-mean zonal wind at 200hPa for two periods are compared, and its decadal change is
examined in figure 2.4.9. The wintertime upper-level zonal wind in P1 is located over latitude 20-40N
and penetrates through the Pacific and reaches the Atlantic without a halt, although the wind is
weakened over the eastern Pacific, the zonal wind in P2 ceases over the eastern Pacific reversely. There
is an obvious difference in the wintertime zonal wind over some regions. In particular, the zonal wind
in the recent period is weakened at about latitude 30N and strengthened at about latitude 10N and 50N

over the eastern Pacific and strengthened in latitude 30-40N over East Asia.

Stationary Rossby wavenumber (Ks) is analyzed to examine the impact of the decadal change of
these upper-level zonal wind on the decadal change of Rossby wave propagation. Ks is obtained through
the following equation 2.4.1-4 (Hoskins and Ambrizzi, 1993; Freitas and Rao, 2011; Henderson et al.
2017), and is calculated by using the time-mean, in this study, seasonal (winter)-mean upper-level

(200hPa) zonal wind.

w=Uk - — Equation 2.4.1

w: the frequency of the Rossby wave
U: the zonal velocity of the background state
k: the zonal wavenumber

l: the meridional wavenumber

Ki:\ k? + 12 (the total wavenumber)
_of o

B = 5 - a_yz = B — U,, (meridional gradient of the absolute vorticity)
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Figure 2.4.9 Winter-mean zonal wind at 200hPa for (a) P1 and (b) P2. (c) The difference of the
zonal wind between P2 and P1. The shading region in (c) is exceeded the statistical significance level

99% of the filtered OLR anomaly based on a two-tailed t-test. The unit is m s™.
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Figure 2.4.10 Stationary Rossby wavenumber (Ks) during the boreal winter for (a) P1 and (b) P2.
In the a and b, the white regions indicate u,, <0. The regions where [, is negative value are omitted

and expressed as a white region. (c) The difference of Ks between two periods.
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Figure 2.4.10 represents the stationary Rossby wavenumber during the boreal winter for two periods,
and the difference between them. Spatial distributions of the Ks are similar to each other; however,
there is a clear difference when the regions, such as the eastern Pacific and North America, are focused.
In the recent period, the Ks is expanded east and northward over the eastern Pacific and penetrated
North America, particularly Ks is more than 4. Moreover, Ks between 2 and 4 reaches near the Chukchi
Sea at the Arctic, and it is considered that the decadal change in Ks could affect the decadal change of
the surface temperature associated with MJO phase 2-3 or 6-7 over the Arctic as delineated in figure
1.1.4 and 1.1.5. The spatial distribution of the difference in figure 2.4.10-c resembles the difference of
wintertime zonal wind at 200hPa in figure 2.4.9-c. Therefore, it can be thought that it is related to the
decadal change of the wintertime zonal wind at the 200hPa because the recent zonal wind becomes

stronger over the same region, as shown in figure 2.4.9.

The relationship between the GPH200 anomaly filtered with 20-100 days as MJO teleconnection
pattern and Ks is compared at MJO phases 3, 4, 7, and 8. In a comparison of P1, the MJO teleconnection
pattern is clearly shifted eastward and expanded over the northern Pacific and North America, where
are the upstream region, according to the east and northward, expanded Ks during these four MJO
phases. However, these relationships are not identified at all MJO phases; for example, the relationships

are not recognized at the MJO phases 5 and 6.

Based on the linearized Rossby wave dispersion relationship, the upper-level zonal wind as a
background state plays an important role in determining the zonal and meridional wavenumber
(Equation 2.4.1-4). Therefore, the decadal change of the upper-level zonal wind will modify the zonal
and meridional wavenumbers of Rossby wave, even though the spatial distribution of the MJO

teleconnection patterns.

Figure 2.4.11 describes latitude-MJO phase plots of the zonal-mean GPH200 anomaly filtered with
20-100 days with zonal wavenumber 0. There is a distinct change in signs of the circulation anomalies
at MJO phase 2-3 and phase 6-7 at the Arctic, although the signs are not changed over the mid-latitude
near 30N that there are positive and negative sign changes at MJO phase 4-6 and 8-2, respectively. For
instance, in the recent period, the sign of the circulation anomaly in the Arctic changed from negative
(positive) to positive (negative) at MJO phase 2-3 (6-7). Furthermore, zonal wavenumber 1 and 2 also
changed, as shown in figure 2.4.12. In the case of zonal wavenumber 1, the MJO teleconnection patterns
appear robustly over latitude 10-20N and 30-40N, and the teleconnection pattern is vigorous in only
MJO phase 5 and 6 in regions above latitude 60N for P1. However, in the recent period, the MJO
teleconnection pattern develops and propagates from the subtropics to the higher latitudes compared to
the past period. Furthermore, unlike the result from P1, the MJO teleconnection patterns are intensified

at only two latitudinal bands, such as 20-30N and 60-80N in the recent period. The MJO teleconnection
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patterns with zonal wavenumber 2 for both periods appear intensively in the mid-latitudes, and the
difference of the intensity of the MJO teleconnection patterns between two periods is caused according
to the MJO phases rather than the latitudinal bands. For instance, in the recent period, the teleconnection

pattern tends to be stronger at MJO phase 1-3 and weaker at MJO phase 4-8 than the past period.

In summary, the decadal change of the subtropical jet stream or upper-level zonal wind during the
boreal winter leads to the change in the stationary wavenumber of the MJO teleconnection pattern, and
this can induce the spatial distribution of the teleconnection pattern. Especially, this change is obviously

observed at the mid-latitude and the Arctic.
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Figure 2.4.11 Zonal mean of the 20-100 days filtered GPH200 anomaly at 200hPa over the whole

longitude with zonal wavenumber 0.
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Figure 2.4.12 Zonal mean of intensity of the 20-100 days filtered GPH200 anomaly at 200hPa with

zonal wavenumber 1 and 2. The intensity is defined as square root of square of the value averaged over

whole longitude (y/(average(gph * gph, lon = 0,lon = 360)).
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2.5. Summary

MJO teleconnection pattern is affected by tropical MJO activity and background states. Thus, it is
important to investigate that change of climate modulates background states over the extratropics and
MJO activity over the tropics, and to understand how these changes influence on MJO teleconnection
pattern to predict MJO teleconnection pattern caused by changes of background states and MJO
activities according to climate change such as decadal variation or global warming. Based on this
importance, this study examines decadal changes of wintertime MJO teleconnection patterns and factors,
such as MJO activity and background states that modulate the MJO teleconnection pattern using

observation data.

In boreal winter for the recent period (P2, 1999-2015), the 20-100 days filtered OLR variance is
strengthened over the Maritime Continent and the northern Indian Ocean and is weakened over the
southern Indian Ocean, the western Pacific and the South Pacific Convergence Zone (SPCZ). However,
this is inconsistent with the result, in which the frequency of the recent MJO occurrence has changed
little at most MJO phases except for MJO phase 6. In contrast, the frequency result, the results of MJO
amplitude at each MJO phase based on OMI tend to account for the decadal change of tropical diabatic
heating.

It is thought that the change of MJO activity is associated with the decadal change of background
states in tropics. Because the characteristics of background states over the tropics in the recent period
resembles the La Nina year in comparison to the past period, that is, there is upwelling motion over the
Maritime Continent, and at the same time, specific humidity at low-level and relative humidity (RH)
also increase over the same region. On the other hand, downwelling motion exists over the central and
eastern Pacific, and the specific humidity and RH decrease. These changes in intensity, location, and

occurrence frequency of the filtered OLR anomaly will alter the MJO teleconnection pattern.

The location of MJO teleconnection patterns can be determined by seasonal mean upper-level zonal
wind acted as a waveguide. Based on this, decadal change of zonal wind at 200 hPa between two periods,
P2 and P1, is investigated, and the obvious change of the jet stream is found, especially over the eastern
Pacific. Over this region, stationary Rossby wavenumber (Ks) is expanded east and northward in the
recent period than that in the past period. This change modifies the location and intensity of the

teleconnection patterns based on the analysis of zonal wavenumber.
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Chapter 3

3. Contribution of tropical heating and mid-latitude mean state to decadal

change of MJO teleconnection pattern

3.1. Background

In the previous chapter, we looked at the decadal change in the MJO teleconnection pattern and two
factors, tropical diabatic heating and background states at the mid-latitude, which influence on the MJO
teleconnection pattern between the two periods. In addition, how these two factors affect the MJO
teleconnection patterns is identified and outlined based on the previous studies. Based on these
information and knowledge, in this chapter, we will examine which of the two factors has a more
significant effect on the decadal change of the MJO teleconnection pattern by conducting GFDL model

experiments.

3.2. Model experiment

3.2.1. Contribution

The spectral dry dynamical core of an atmospheric general circulation model of the Geophysical
Fluid Dynamics Laboratory (GFDL) is used to investigate the contribution of the two factors to the
decadal change of the wintertime MJO teleconnection pattern. This model is a primitive equation model
and has spatial resolution T42L20 (approximately 2.8° x approximately 2.77°). The tropical relaxation
simulations are conducted by nudging vertical profiles of prognostic variables as the reference state,
which is a similar method as Hoskins et al. (2012). The tropical relaxation over a specified nudging
domain generates anomalous atmospheric teleconnection out of nudging domain against a constant
forcing maintaining climatology. A differential damping in the three lowest levels (0.975, 0.925 and
0.875 sigmas) for wind with a damping time scale of 1.5 2.5, and 4 days and 0.375, 0.625 and 1 days
over ocean and land, respectively. The Newtonian cooling and vertical diffusion with a mixing

coefficient of 5 m?s™ are included in the model.
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Climatology run Nudging run
X(t+1) = X(t) + dX/dt(t) X(t+1) = X(t) + dX/dt(t)
X(0) = Climatology (global) X..r: reference state for nudging
dx/dt(0) = ¢ A: nudging time scale (3h for divergence, 10h for the others)
X(t+1) = X(t) + dX/dt(t) — ¢ out of domain: X(t+1) = X(t) + dX/dt(t) — ¢
dX/dt(t) = c (for all t) specific domain: X(t+1) = X(t) + dX/dt(t) — c — A*[X(t)-X ]
= X(t+1) = X(t) dx/dt(t) #c (ift>1)

Figure 3.2.1 Configuration of GFDL model.

The variables obtained from ERA-interim reanalysis data is used for the data as an input data, which
input variables used for the model experiment are surface pressure (Ps), vertical zonal wind (U),
meridional wind (V), and temperature (T). The period and the season are the same as the data and
method in Chapter 2, that is, the period 1 (P1, the past period) and period 2 (P2, the recent period) are
1980-1996 and 1999-2015, respectively, and the boreal winter is defined as November to March as an
extended winter. The background fields are obtained from the climatological seasonal-mean for each
period. The forcing data is the 20-100 days filtered OLR anomalies at each MJO phase for each period
(Not eastward-moving) that is calculated using composite method, and the forcing domain is confined

over the only tropical region (longitude 0-360 and latitude 30S-20N).

The climatology and the nudging runs from the model experiment maintain the climatological fields
of variables over the out of and specific domains, respectively, by subtracting constant forcing at each
time step, which acts as a resting basic state with additional forcing as shown in figure 3.2.1. At each
time step of 1,200 seconds, the model prognostic variables (divergence, vorticity, temperature, and
surface pressure) are relaxed towards reference states. The nudging time scale of divergence is 3 hours,
and the other variables are 10 hours. Figure 3.2.1 shows a brief explanation for the GFDL model

configuration.

3.2.2. Verification of model experiment

To investigate how the decadal changes in the tropical forcing and the background states contribute
to the decadal change of the MJO teleconnection pattern, the GFDL model experiments are established
as delineated in table 3.2.1. In experiment 1 (hereafter, Expl), the background states and the tropical
forcing for P1 are used, on the other hand, in experiment 2 (hereafter, Exp2), the background states and
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the tropical forcing for P2 are applied. These simulations from these experiments are used for the
reproducibility of the GFDL model. Experiment 3 (hereafter, Exp3) adopts the background states for
P1 and the tropical forcing for P2, but experiment 4 (hereafter, Exp4) uses the background states for P2
and the tropical forcing for P1 conversely. For a fair comparison with the observed results, we use
geopotential height at 224.536hPa from the model simulation, which is analogous to the vertical level
(200hPa) from the observation. In addition, since the output data are produced by applying variables
with the intraseasonal variability to the climatological fields, we can assume that the output data have
the intraseasonal variability. Thus, hereafter, this is referred to as the GPH200 anomaly like the results

from the observation.

Figure 3.2.2 displays the saturation time of the upper-level circulation anomaly after the tropical
forcing with the intraseasonal variability applying to the tropics in the model experiments. The time
unit is day. The results over East Asia (EA) and North America (NA) where the MJO teleconnection
pattern has developed are compared using the intensity of the GPH200 anomaly. Over EA, the intensity
of the teleconnection pattern is saturated at approximately five days and approximately ten days over
NA at most MJO phases. Therefore, the MJO teleconnection patterns are compared at lag ten days when
the teleconnection patterns are saturated to avoid the change of the spatial distribution of the

teleconnection patterns as they develop.
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Table 3.2.1 Information on model experiments

Expl Exp2 Exp3 Exp4
Background 1980-1996 (P1) | 1999-2015 (P2) | 1980-1996 (P1) | 1999-2015 (P2)
Tropical Forcing | MJO phase (P1) | MJO phase (P2) | MJO phase (P2) | MJO phase (P1)
Abbreviation blfl b212 blf2 b2f1
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Figure 3.2.2 Intensity of the GPH200 anomaly at the upper-level averaged over (a) East Asia (EA,

longitude 90-160E and latitude 20-60N) and (b) North America (NA, longitude 160E-30W and latitude

20-80N) from Exp2. The intensity is defined as (\/ (gph anomaly * gph anomaly ).

44



Figure 3.2.3 and 3.2.4 represent that the MJO teleconnection patterns from the observation and the
model simulations are compared by averaging two MJO phases, such as the phase 2-3 and 6-7, when
the strong MJO cases appear. The composite method is used to obtain the observed teleconnection
patterns, and these teleconnection patterns are similar to each other, the observation and the model
simulation. The spatial distributions of the MJO teleconnection patterns at MJO phase 2-3 and phase 6-
7 from Expl (Exp2) and the observation for P1 (P2) are analogous, especially over the subtropical
region and the upstream region of the teleconnection pattern, although there is the obvious difference
over the downstream region, such as the European Continent. Thus, the model tends to reproduce
reasonably the decadal change of the teleconnection pattern over the upstream regions, the North Pacific,

and North America.

The spatial correlation coefficients of the MJO teleconnection patterns are calculated to confirm the
similarity between the observation and the model simulation quantitatively. To validate the
reproducibility of the MJO teleconnection pattern, the teleconnection patterns from the observation and
the simulation are averaged over the MJO phase 2-3, 4-5, 6-7, and 8-1 like figure 3.2.3 and 3.2.4. Figure
3.2.5 displays that most MJO phases from the Exp1 and Exp2 have a spatial correlation coefficient over
0.5 except for the MJO phases 2-3 and 8-1 from Expl that show the correlation coefficient
approximately 0.48. Thus, it is considered that the contribution of the two factors to the decadal change
of the MJO teleconnection patterns with the intraseasonal variability can be identified using this GFDL

model and these model experiments.
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Figure 3.2.3 MJO phase-mean MJO teleconnection patterns represented by the GPH anomaly at

the upper-level from the observation (top) and the simulation from Expl (bottom). Results from the

observation are the 20-100 days filtered GPH anomaly at 200hPa at lag 0 days, and from the model,

simulation is GPH anomaly at 224.536hPa at lag ten days. The results are averaged over MJO phases 2

and 3,and 6 and 7.
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(a) Obs. (Phase 2-3, lag=0) (b) Obs. (Phase 6-7, lag=0)

(c) Exp2 (Phase 2-3, lag=10) (d) Exp2 (Phase 6-7, lag=10)
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Figure 3.2.4 Same as Figure 3.2.3 except for Exp2.
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Figure 3.2.5 Spatial correlation coefficients between the model experiment, Expl and Exp2, and
the observation. The coefficients are averaged over the northern hemisphere (longitude 0-360 and

latitude 10-90N), and over the two phases, such as 2-3, 4-5, 6-7, and 8-1.
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3.3. Contribution of two factors to the decadal change of MJO

teleconnection

3.3.1. Role of tropical heating and mid-latitude mean state in the decadal change of

MJO teleconnection pattern

Based on the GFDL model experiments shown in table 3.2.1, roles of the tropical diabatic heating
and the mid-latitude background states in the decadal change of the MJO teleconnection pattern are
identified. First, we develop a hypothesis that the decadal change of the zonal wind at the upper level
as a background state will modify the location and intensity of the MJO teleconnection patterns more
dominantly in comparison to the decadal change of the tropical forcing, particularly over the upstream

region.

Figure 3.3.1 and 3.3.2 describe the simulated GPH200 anomalies at the upper level averaged over
the two MJO phases, 2-3 and 6-7. When Exp 1-4 are compared, the all experiments describe similar
MJO teleconnection patterns. However, the difference maps display the contribution of the two factors
clearly. For instance, the different background states but the same tropical forcing obtained from the
recent period are adopted from Exp2 and Exp3 shown in figures 3.3.1-d and 3.3.2-d, then the MJO
teleconnection patterns from these experiments are reproduced similarly to each other. And, the results
in figures 3.3.1-d and 3.3.2-d show that the teleconnection cells over the Pacific and North America are
strengthened over the jet exit region in the mid-latitude. This change is consistent with the increase of
kinetic energy over the jet exit region based on the Rossby wave dynamics explained in Chapter 2.
However, contrary to this, when the same background states taken from the past period, but the different
tropical forcing is used, the MJO teleconnection patterns are modified more strongly than those from
the experiments that the different background states are adopted from Exp3 and Exp 1 shown in figures
3.3.1-e and 3.3.2-e. Especially, the teleconnection patterns are changed dominantly over the Pacific,
North America and the northern Atlantic. This difference between the two experiments is seen in
stronger and wider regions than figures 3.3.1-d and 3.3.2-d. Interestingly, this difference is analogous
to the different patterns from the observation (figure 3.3.1-f and 3.3.2-f), and the regions where the
significant differences occur are resembled based on the difference maps from the model simulations
and the observation although the model simulations have difficulty in representing the MJO

teleconnection patterns over the Arctic. These features can be seen at other MJO phases.
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Figure 3.3.1 GPH200 anomalies at MJO phases 2 and 3 from the Expl-4 (a-d) and its difference
maps between Exp2 and Exp3 (d) and Exp3 and Expl (e). (f) is the difference map of the observed
GPH200 anomaly between P2 and P1.
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Figure 3.3.2 Same as Figure 3.3.1 except for MJO phases 6 and 7. Difference maps between Exp4 and
Expl (d) and Exp2 and Exp4 (e).
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The spatial correlation coefficients are calculated and compared between the model experiments to
quantify the similarity or the dissimilarity. Figure 3.3.3 displays that there are higher correlation
coefficients when the same tropical forcing is adopted than the same background states are adopted in
consistent with figure 3.3.1 and 3.3.2. Therefore, these results suggest that the decadal change of the
MJO teleconnection pattern between the two periods, P1 (1980-1996) and P2 (1999-2015) is caused by
the decadal change in the tropical diabatic heating associated the MJO rather than the decadal change

in the seasonal-mean zonal wind in the mid-latitude as background states.

We should be also be careful when accepting these conclusions. The first reason is that the MJO is
originally an eastward-propagating phenomenon, but in these experiments, this eastward-propagating
feature is ignored because the tropical diabatic heating, that is the MJO-related OLR anomaly, is
obtained by using the composite method. Thus, we can not expect an influence of the eastward
propagation. The second reason is a limitation of the GFDL model. The simple and primitive equation
model like the GFDL model used in this study has many limitations, and one of them is that the model
tends to have difficulty in describing the teleconnection pattern over the Arctic. For example, in Chapter
2, there are the obvious decadal changes in the observed teleconnection pattern with zonal wavenumber
0 and 1 over the high latitudes and the Arctic, but these results from the model simulations do not show
the teleconnection patterns realistically, even rarely, over the Arctic and the high latitudes. Given these
limitations, it is considered that the interpretation of the decadal changes over the high latitudes and the

Arctic should be made carefully.
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Figure 3.3.3 Spatial correlation coefficients between the model experiments. The coefficients are
averaged over the northern hemisphere (longitude 0-360 and latitude 10-90N) and over the two phases,
such as 2-3, 4-5, 6-7, and 8-1.
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3.3.2. Effect of seasonal mean state on MJO teleconnection pattern

Based on the previous results and the limitations of this study, other scientific questions are emerged;
did the decadal change in the wintertime zonal wind as the background state play a role properly in this
model simulation? If we adopt the different seasonal-mean background states, do the spatial distribution

of the MJO teleconnection patterns appear differently?

The model experiment conducts by using the wintertime tropical forcing, but the summertime
background states to verify this, and the result from the simulation is compared with the result from the
original Exp2. Figure 3.3.4-c and d describe that the MJO teleconnection patterns are not developed
sufficiently over the Pacific and do not propagate eastward and northward into the northern Pacific and
the North America when the summertime background states are adopted in compared to the patterns
from the simulation with the wintertime background states at all MJO phases. That is, in the GFDL
model, the background states play a proper role in formatting and propagating the Rossby wave, and it
can be thought that the reason for the absence of the decadal change in the MJO teleconnection patterns
used the wintertime background states is that the change in the background states is not significant
enough to cause the decadal change of the MJO teleconnection pattern. Therefore, it is confirmed again
that the decadal change in the MJO teleconnection patterns occurs due to the decadal change in the
tropical convection not the background states over the tropics and in the mid-latitudes through these

experiments
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Figure 3.3.4 GPH200 anomalies at MJO phases 2-3 and 6-7 from Exp2. The simulated results from

(a-b) and (c-d) are obtained by using the wintertime and the summertime background states, respectively.

The same wintertime tropical forcing is applied to all experiments.
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3.4. Relationship between decadal changes in tropical mean states and

MJO teleconnection patterns

In the previous section, the results from various analysis explained that the decadal change in the
tropical diabatic heating influences the decadal change in the MJO teleconnection patterns than that in

the background states in the mid-latitude.
So, why did the MJO-related diabatic heating change take place over the tropics?

As explained earlier, in the recent period, the background states over the are changed into La Nina-
like pattern, and moisture and SST increase over the Indian Ocean, Maritime Continent, and the western
Pacific. In addition, the ascending motion of the vertical circulation in the background states strengthens
over the eastern region of Maritime Continent, and then the convective anomaly becomes stronger over
the same region in the recent period than in the past period. It is thought that these background changes
including the intensification of the vertical circulation lead to the enhancement of the MJO
teleconnection pattern and its teleconnectivity over the upstream regions, such as the northern Pacific

and the North America.

An influence of ENSO on the MJO teleconnection patterns during boreal winter is investigated in
many previous studies, Moon et al. (2011) and Kim et al. (2017), and this implies that the MJO
teleconnection patterns are changed according to El Nino and La Nina phases. Thus, in this section, the
MJO teleconnection patterns according to ENSO phases are examined for the whole period (1980-2015).

The El Nino, La Nina and neutral years are determined based on the NOAA Climate prediction center

(hereafter, CPC). The El Nino and La Nina years are defined based on a threshold of +0.5°C for the

Oceanic Niifio Index (ONI), which is calculated by conducting 3 month running mean of SST anomalies
in the Nino 3.4 region (5S-5N, 120-170W). The El Nino years are 1982, 1986, 1987, 1991, 1994, 1997,
2002, 2004, 2006, 2009, and 2014, the La Nina years are 1983, 1984, 1988, 1995, 1998, 1999, 2000,
2005, 2007, 2008, 2010, and 2011, and the neutral years are 1980, 1981, 1985, 1989, 1990, 1992, 1993,
1996, 2001, 2003, 2012, and 2013. The composite method is used for these results for each ENSO phase

to compare fairly with the MJO teleconnection patterns for the two periods.

Figure 3.4.1 and 3.4.2 show the comparison of the MJO teleconnection patterns at MJO phase 3 and
7 for P1, P2, El Nino and La Nina years. The teleconnection patterns at MJO phase 3 shown in figure
3.4.1 represent the close relationship between P1 and El Nino years or P2 and La Nina years, especially,
in cases of the location and the intensity of the teleconnection patterns over the upstream region.

However, at MJO phase 7, the similarity of the teleconnection patterns in P1 and El Nino years or P2
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and La Nina years is almost absent, and this indicates that its dependence on ENSO phases is different
according to the MJO phase. Furthermore, these results are not dependent on the number of El Nino or
La Nina years since the MJO teleconnection patterns for El Nino and La Nina year including 1996-
1998 are not changed significantly even though the 1997 and 1998 are strong El Nino and La Nina
years, respectively. Particularly, these results in this study are also compared with the previous studies,
such as Moon et al., (2011) and Kim et al. (2017). The results from the previous studies and the
teleconnection patterns from this study show the similar spatial distribution and the intensity of the MJO
teleconnection pattern. In other words, the feature that the teleconnection cells are more enhanced over
North America during the La Nina phase than the El Nin phase is also observed in the teleconnection
in P2. Figure 3.4.3 and 3.4.4 are supplementary figures and represent the MJO teleconnection patterns
at all MJO phases for El Nino and La Nina years, but the results from figure 3.4.4 are composited for
El Nino and La Nina years including 1996-1998.

To quantify the relationship of the MJO teleconnection patterns for P1 and P2, and El Nino and La
Nina years, the spatial correlation coefficients are calculated at all MJO phases between P1 and El Nino
years, P1 and La Nina years, P2 and El Nino years, and P2 and La Nina years. As described earlier, the
MJO phase-averaged coefficients from MJO phase 1 to 8 for P1 (P2) and El Nino years and P1 (P2)
and La Nina years are 0.62 (0.54) and 0.67 (0.74), respectively when 1996-1998 are excluded. Even if
1996-1998 are included, the spatial correlation coefficients are 0.63 (0.66), and 0.55 (0.74) for P1 (P2)
and El Nino years and P1 (P2) and La Nina years, and not much different from the values excluded the
two years (1996-1998). The similarity between the MJO teleconnection patterns for P2 and La Nina
years is more definite than those for P1 and El Nino years although this relationship is found only at the

MJO phase 1-5 except for the phase 2.
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Figure 3.4.1 Composite maps of OLR (shading) and GPH200 (contour, 10m interval) anomalies

filtered with 20-100 days at MJO phase 3 during boreal winter for (a) P1, (b) P2, (c) El Nino years and
(d) La Nina years for the whole period except 1996-1998, and (e) El Nino years and (d) La Nina years
for the whole period including 1996-1998. The units of OLR and geopotential height W m™ and m,

respectively.
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(a) Phase 7 (P1, 8096) (b) Phase 7 (P2, 9915)
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Figure 3.4.2 Same as Figure 3.4.1 except for MJO phase 7.
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Figure 3.4.3 Composite maps of OLR (shading) and GPH200 (contour, 10m interval) anomalies
filtered with 20-100 days at all MJO phases during boreal winter for (left column) El Nino years and
(right column) La Nina years for the whole period except 1996-1998.
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Figure 3.4.4 Same as Figure 3.4.3 except for the whole period including 1996-1998.
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(a) Spatial correlation (8015 except 1996-1998)
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Figure 3.4.5 Spatial correlation coefficients between the GPH200 anomalies obtained from the
observation for P1, P2, El Nino and La Nina years. The correlation coefficients in (a) and (b) are
obtained using El Nino and La Nina years for the whole period except and including 1996-1998,
respectively. The coefficients are averaged over the northern hemisphere (longitude 0-360 and latitude
20-90N) at each MJO phase. Red- and blue-colored bars indicate the coefficients calculated with El

Nino and La Nina years, respectively.
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3.5. Summary

In this chapter, we looked at which of the changes in the two factors, the tropical forcing, and the
background states, contributes more to the decadal change of the MJO teleconnection patterns. The
decadal change in the background states, especially the zonal wind at the upper level as a background
states, leads to strengthening the intensity of the MJO teleconnection pattern over the jet exit region but
does not modify the pattern itself distinctly. On the other hand, the tropical heating modifies the MJO
teleconnection patterns, particularly over the upstream region where is the North Pacific and North
America, and these changes are similar to the different maps of the observation between P2 and P1.
Thus, the results suggest that the decadal change of the MJO teleconnection pattern is mainly caused
by the decadal change in the tropical diabatic heating rather than that in the zonal wind in the mid-

latitude as background states.

Then, the decadal change in the MJO-related diabatic heating over the tropics is associated with the
background states and is similar to La Nina-like pattern in the recent period. This leads to moisture and
SST increase over the Indian Ocean, Maritime Continent, and the western Pacific. In addition, the
ascending motion of the vertical circulation in the background states strengthens over the eastern region
of Maritime Continent, and then the convective anomaly becomes stronger over this region in the recent
period than in the past period. It is thought that these background changes including the intensification
of the vertical circulation lead to the enhancement of the MJO teleconnection pattern and its

teleconnectivity over the upstream regions, such as the northern Pacific and the North America.

Based on these results, the MJO teleconnection patterns are compared for P1, P2, El Nino and La
Nina years, and this represents the close relationship between P1 and El Nino years or P2 and La Nina
years, especially, in cases of the location and the intensity of the teleconnection patterns over the
upstream region. However, its dependence on ENSO phases is different according to the MJO phase.
Furthermore, these results are not dependent on the number of El Nino or La Nina years since the MJO
teleconnection patterns for El Nino and La Nina year including 1996-1998 are not changed significantly
even though the 1997 and 1998 are strong El Nino and La Nina years, respectively. The spatial
correlation coefficients at all MJO phases between P1, P2, El Nino and La Nina years also represent the
same results that the similarity between the MJO teleconnection patterns for P2 and La Nina years is
more definite than those for P1 and El Nino years although this relationship is found only at the MJO
phase 1-5.
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Chapter 4

4. Conclusion

This study investigates the decadal change in the MJO teleconnection pattern during boreal winter
over the Northern Hemisphere, and the influence of the decadal change in the background states in the
mid-latitude and the tropical forcing on the MJO teleconnection pattern based on the analysis using the
previous studies and the observational data. And, based on the results, the relationship and its dynamical
mechanism are interpreted to predict the change of MJO teleconnection pattern according to climate

change such as the decadal variation.

The MJO teleconnection patterns are affected by tropical MJO activity and the background states
in the mid-latitude. Thus, it is important to understand how these changes influence on the MJO
teleconnection patterns to represent the MJO teleconnection pattern caused by the decadal changes in
the background states and the MJO activities over the tropics. In boreal winter for the recent period, the
20-100 days filtered OLR variance is strengthened over the Maritime Continent and the northern Indian
Ocean and is weakened over the southern Indian Ocean and the western Pacific, and this is consistent
with the results of MJO amplitude at each MJO phase based on OMI. This change of MJO activity is
associated with the decadal change of background states in tropics. That is, there is upwelling motion
over the Maritime Continent, and at the same time, specific humidity at low-level and relative humidity
also increases over the same region. On the other hand, the downwelling motion exists over the central
and eastern Pacific, and the specific humidity and RH decrease. These changes will alter the MJO
teleconnection pattern. The location of the MJO teleconnection patterns can be determined by the
seasonal mean upper-level zonal wind acted as a waveguide. Their obvious change of the upper-level
zonal wind, that is jet stream, is found, especially over the eastern Pacific. Over this region, the
stationary Rossby wavenumber is expanded east and northward in the recent period than that in the past
period. This change modifies the location and intensity of the teleconnection patterns based on the

analysis of zonal wavenumber.

Based on the model experiments using GFDL model, the decadal change of the background states,
especially zonal wind at the upper level, leads to strengthening the intensity of the MJO teleconnection
pattern over the jet exit region but does not modify the pattern itself. On the other hand, the tropical
heating modifies the teleconnection patterns, particularly over the North Pacific and North America,
and these changes are also found in the different maps of the observation between P2 and P1. Thus, the

results indicate that the decadal change of the MJO teleconnection pattern is caused by the change of
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tropical diabatic heating rather than the change of zonal wind in the mid-latitude as background states.
These changes are associated with the background states are changed into La Nina-like pattern in the
recent period. This leads to moisture and SST increase over the Indian Ocean, Maritime Continent, and
the western Pacific. In addition, the ascending motion of the vertical circulation in the background states
strengthens over the eastern region of Maritime Continent, and then the convective anomaly becomes
stronger over this region in the recent period than in the past period. It is thought that these background
changes including the intensification of the vertical circulation lead to the enhancement of the MJO
teleconnection pattern and its teleconnectivity over the upstream regions. Furthermore, there is close
relationship of the MJO teleconnection patterns between P1 and El Nino years or P2 and La Nina years,
but, its dependence on ENSO phases is different according to the MJO phase, for example, the similarity
between the MJO teleconnection patterns for P2 and La Nina years is more definite than those for P1

and El Nino years although this relationship is found only at the MJO phase 1-5.
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