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Abstract 

Planetary-scale Rossby waves in the wintertime polar stratosphere and associated 

dynamical phenomena are introduced in chapter 1. The wintertime polar stratosphere is 

dominated by planetary waves propagating from the troposphere. Amplitudes of 

stratospheric planetary waves in winter are generally smaller in the Southern 

Hemisphere (SH) than in the Northern Hemisphere (NH) due to differences in 

amplitudes of the geographical asymmetries. As a result, significant interhemispheric 

differences in dynamical phenomena associated with planetary waves are observed in 

the wintertime polar stratosphere. For example, the stratospheric final warming (SFW), 

which is the breakdown of the polar vortex, occurs approximately one month later in the 

SH than in the NH. 

Planetary waves with large amplitudes in the SH polar stratosphere are 

quasi-stationary waves with zonal wavenumber 1 ( 𝑠 = 1  QSWs; 𝑠  is zonal 

wavenumber) and transient waves with zonal wavenumber 2 ( 𝑠 = 2  TWs). 

Climatological seasonal evolution of the planetary-wave amplitudes in the SH 

stratosphere is already shown by previous studies using data for a limited time period. 

However, cause of the seasonal variation of stratospheric planetary-wave amplitudes is 

still not clear. Moreover, although it has already been confirmed by previous studies that 

SFWs occur earlier when stratospheric wave activity is larger, detailed tropospheric 

conditions leading to earlier SFWs are still not elucidated well. The present study 

investigates climatology and interannual variability of planetary waves in the SH 

stratosphere and their connection to the troposphere. The analysis is focused on 

planetary waves in the troposphere and wave transmission properties of the mean flow 

through which planetary waves propagate. Refractive index (𝑛) squared is used to 
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diagnose the wave transmission properties of the mean flow. Reanalysis dataset 

(MERRA-2) for 38 years from 1980 to 2017 is mainly used. 

In chapter 2, climatological seasonal evolution of planetary-wave amplitudes in 

the SH stratosphere is shown. The climatology for 38 years obtained in this study is 

compared to that shown by the previous studies. This is because the time period of data 

used for climatology by previous studies is relatively short, which may lead to spurious 

climatology affected by a certain phase of the interannual variability. Cause of the 

climatological seasonal variation of planetary-wave amplitudes in the stratosphere is 

examined in terms of the climatological seasonal variation of planetary-wave 

amplitudes in the troposphere and distribution of 𝑛2 in the stratosphere. In addition, 

the relation of the distribution of 𝑛2  with the structure of the polar night jet is 

investigated. Results of the analysis for 𝑠 = 1 QSWs and 𝑠 = 2 TWs are shown. 

For 𝑠 = 1 QSWs, seasonal evolution of the stratospheric wave amplitudes is 

different between above and below 3 hPa. The wave amplitudes above 3 hPa attain a 

local maximum in autumn, a local minimum in midwinter, and a maximum in spring. 

On the other hand, the wave amplitudes below 3 hPa gradually increase from early 

winter and are maximized in spring. A local maximum in the middle stratosphere in 

early winter observed in climatology shown by previous studies is not seen. The 

midwinter maximum in the middle stratosphere shown by the previous studies reflects 

significantly large amplitudes of 𝑠 = 1 QSWs in a year during time period analyzed by 

previous studies. 

Possible cause of the climatological seasonal evolution of 𝑠 = 1  QSW 

amplitudes in the stratosphere is examined. A region which is largely occupied by 

negative 𝑛2 is observed in midwinter. This is consistent with the local minimum of the 

wave amplitudes in midwinter. On the other hand, in the lower stratosphere, 𝑛2 is 

largely positive from early winter to spring. The wave amplitudes in the troposphere 
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gradually increase from early winter and are maximized in spring. Thus, it is suggested 

that the gradual increase of the stratospheric wave amplitudes below 3 hPa is due to that 

of tropospheric wave amplitudes. The maximum of the wave amplitudes in spring in the 

whole stratosphere is likely caused by the maximum in tropospheric wave activity. 

For 𝑠 = 2 TWs, stratospheric wave amplitudes gradually increase from early 

winter and attain a maximum in late winter. This is almost the same as climatology 

shown by a previous study. It is suggested that the gradual increase in stratospheric 

wave amplitudes from early to mid-winter is caused by both gradual increase in 

tropospheric wave activity and latitudinal widening of lower stratospheric positive 𝑛2. 

The maximum of stratospheric wave amplitudes in late winter is likely associated with 

tropospheric wave activity which attains the maxima twice in mid- and late winter, and 

larger areas of positive 𝑛2 in the middle and upper stratosphere in late winter than in 

midwinter. 

In chapter 3, interannual variability of SFW date in the SH is investigated in terms 

of difference in stratospheric wave activity between early and late SFW years. The 

analysis is focused on 𝑠 = 1 QSWs because their amplitudes are the largest among 

extratropical planetary waves in the SH stratosphere, and attain a maximum during the 

austral spring. Stratospheric 𝑠 = 1 QSW activity is larger in early-SFW years than in 

late-SFW years in late winter and spring before SFW. Larger wave forcing due to 𝑠 = 1 

QSWs is observed in early-SFW years in the stratosphere. This likely leads to advanced 

seasonal evolution of the polar night jet, and hence early SFWs. The larger 𝑠 = 1 

QSW activity in early-SFW years is also observed in the troposphere. From the 

troposphere to the stratosphere, larger upward Eliassen-Palm flux is observed in 

early-SFW years. These results indicate that the larger stratospheric 𝑠 = 1  QSW 

activity originates in the troposphere. It is shown by examining the distribution of 𝑛2 

that more favorable conditions for 𝑠 = 1 stationary waves to propagate from the 
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troposphere into the stratosphere in early-SFW years than in late-SFW years are found 

at high latitudes. This indicates contribution of the difference in wave transmission 

properties of the mean flow to the larger stratospheric 𝑠 = 1 QSW activity. In addition, 

it is suggested that the difference in wave transmission properties of the mean flow 

between early- and late-SFW years comes from advanced seasonal evolution of the 

polar night jet in early-SFW years. 

Next, cause of the larger amplitudes of tropospheric 𝑠 = 1 QSWs in early-SFW 

years is explored. The analysis is focused on Rossby wave source (RWS) at low 

latitudes and the background flow in the troposphere because they may mainly affect 

the amplitudes of tropospheric 𝑠 = 1 QSWs. Significant differences in the RWS at low 

latitudes and the background flow between early- and late-SFW years are observed. 

Difference in 𝑠 = 1 steady response to the RWS at low latitudes and the background 

streamfunction is calculated using a linear barotropic model. The difference in 𝑠 = 1 

response is compared to difference in 𝑠 = 1 stationary waves in MERRA-2 at high 

latitudes. Their longitudinal phase structures are similar. It is indicated that the cause of 

the larger amplitudes of 𝑠 = 1 response in early-SFW years is different between late 

winter and spring seasons. Difference in RWS at low latitudes matters in late winter, 

while difference in background wind with zonally asymmetric structure is important in 

spring. 

The above results indicate that the larger amplitudes of 𝑠 = 1  QSWs in 

early-SFW years are caused by stationary Rossby waves which originate in low 

latitudes. It is shown that synoptic-scale waves may also contribute to the larger 

amplitudes of 𝑠 = 1 QSWs in early-SFW years. 

In chapter 4, summary and concluding remarks are given. 
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要旨 

第 1 章では、冬季極域成層圏におけるプラネタリー波及びそれに関連する

力学現象に関する導入を行った。冬季極域成層圏では、対流圏から伝播する惑

星規模のロスビー波が卓越する。プラネタリー波の振幅は北半球に比べ南半球

の方が小さく、これは地形や非断熱加熱の東西非一様性の大きさの違いによる

と考えられている。この結果、プラネタリー波に関連した力学現象に南北半球

間で違いが見られる。例えば、冬季極渦の消滅に対応する最終昇温のタイミン

グは、北半球に比べて南半球の方が 1 か月程度遅い。 

南半球で卓越するプラネタリー波は、東西波数 1の準停滞波（（quasi-stationary 

waves with zonal wavenumber 1; 以下、𝑠 = 1 QSWs）と東西波数 2の移動性の波

（transient waves with zonal wavenumber 2; 以下、𝑠 = 2 TWs）である。南半球成

層圏におけるプラネタリー波の振幅のクライマトロジカルな季節進行は限られ

た期間に対し既に示されているが、その原因は必ずしも明らかでない。また、

最終昇温のタイミングの年々変動と成層圏における波活動との関係は既に示さ

れているが、成層圏での波活動を決める対流圏の具体的な条件は示されていな

い。そこで、本研究では、南半球成層圏におけるプラネタリー波のクライマト

ロジー及び年々変動とその対流圏との関係を調べる。そのために、対流圏のプ

ラネタリー波の振幅と平均流に関連したプラネタリー波の伝播特性に着目する。

伝播特性を診断するために、refractive index (𝑛) の 2乗を用いる。解析には、1980

年から 2017年までの 38年分の再解析データ (MERRA-2) を主に用いる。 

第 2 章では、南半球成層圏におけるプラネタリー波のクライマトロジーを

示す。これを先行研究で示されたものと比較する。先行研究で使用されたデー

タの期間が短く、年々変動を十分除いた気候値になっていない可能性があるか

らである。成層圏におけるプラネタリー波の振幅の季節進行の要因を、対流圏

のプラネタリー波の振幅と成層圏における𝑛2の分布の観点から調べた。さらに、

𝑛2の分布を極夜ジェットの構造と関係づけた。ここでは、𝑠 = 1 QSW と𝑠 = 2 
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TW の結果を示す。 

成層圏における𝑠 = 1 QSW の振幅の季節進行は、3 hPa より上層と下層で

は異なる。3 hPaより上層においては、秋に極大、真冬に極小、春に最大となる。

一方、3 hPaより下層の振幅は、冬の初めから徐々に増え、春で最大となる。先

行研究で指摘された初冬の極大は見られなかった。これは、真冬に年々変動が

大きく、先行研究の解析期間に振幅の大きい年が偏って含まれているためであ

る。 

成層圏における𝑠 = 1 QSWの振幅の季節進行の要因を調べた。成層圏界面

付近では、𝑛2が負となる領域が真冬に見られた。これは、3 hPaより上層におけ

る真冬の振幅の極小と定性的に整合している。一方、下部成層圏では、𝑛2が冬

の初めから春にかけて正であった。また、対流圏の振幅は冬の初めから徐々に

増え、春に最大となっていた。したがって、3 hPaより下層における振幅の増大

は、主に対流圏における振幅の増大によると考えられる。また、成層圏全体に

おける春の振幅の最大は、対流圏の振幅の最大と対応している。 

次に、𝑠 = 2 TW の結果を述べる。成層圏の振幅は冬の初めから徐々に増え、

冬の終わりに最大となる。これは、先行研究で示されたクライマトロジーの特

徴もほぼ同じであった。冬の初めから真冬にかけての振幅の増大は、対流圏の

振幅の増大及び𝑛2が正の領域の緯度方向の幅が増えることで説明できる。一方、

冬の終わりの振幅の最大は、対流圏の振幅が真冬と冬の終わりに最大となるこ

と、及び中上部成層圏で𝑛2が正となる領域が真冬に比べて冬の終わりの方が大

きいことと対応している。 

第 3 章では、南半球の最終昇温日の年々変動を成層圏における波活動の観

点から、最終昇温日が早い年と遅い年の差を計算することにより調べる。特に、

振幅が南半球成層圏で最も大きく、冬の終わりから春にかけて最大となる𝑠 = 1 

QSW に着目する。まず、𝑠 = 1 QSW の振幅の差を調べたところ、最終昇温が起

こる前の冬の終わりと春季には、最終昇温が遅い年に比べて早い年の方が、成

層圏における𝑠 = 1 QSW の振幅が大きいことがわかった。成層圏では𝑠 = 1 

QSW による波強制が早い年の方が大きかった。これにより、極夜ジェットの季
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節進行が早められ、最終昇温が早く起こると考えられる。一方、𝑠 = 1 QSW の

振幅は対流圏でも早い年の方が大きいことがわかった。Eliassen-Palm flux (以下、

E-P flux) の差を調べたところ、対流圏から成層圏にかけて上向き E-P flux が早

い年の方が大きかった。これらの事実は、成層圏における𝑠 = 1 QSW の振幅の

差の起源が対流圏にあることを示唆する。次に、𝑛2の分布を調べたところ、早

い年の方が𝑠 = 1の定在波が対流圏から成層圏に伝播しやすいことがわかった。

この伝播特性の差も、成層圏で𝑠 = 1 QSW の振幅が早い年の方が大きいことに

寄与すると考えられる。また、この伝播特性の差は、極夜ジェットの季節進行

の差によることも確認した。 

次に、早い年の方が対流圏における𝑠 = 1 QSW の振幅が大きい要因を調べ

る。まず、𝑠 = 1 QSW の振幅を決めると思われる、対流圏低緯度の Rossby wave 

source (以下、RWS) と背景風を解析したところ、早い年と遅い年で顕著な違い

が見られた。そこで、線形順圧モデルを用いて、低緯度の RWS 及び背景風に対

する𝑠 = 1の応答の差を計算した。高緯度における𝑠 = 1の応答の差と MERRA-2

における𝑠 = 1の定在波の差を比べたところ、経度構造が類似していた。さらに、

早い年に𝑠 = 1の応答の振幅が大きい要因が冬の終わりと春では異なることを示

唆する結果を得た。冬の終わりには低緯度のRWSの差が、春には背景風の差が、

早い年における𝑠 = 1 QSWの振幅の増大に主に寄与することがわかった。 

以上の結果は、早い年の方が𝑠 = 1 QSW の振幅が大きいことが、低緯度か

ら高緯度へ伝播する停滞性のロスビー波によることを示唆する。また、総観規

模波が、早い年に𝑠 = 1 QSW の振幅が大きいことに対して寄与する可能性も示

された。 

第 4章では、全体をまとめ、今後の展望を述べた。 
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General introduction

1.1 Planetary waves in the wintertime polar stratosphere 

The wintertime polar stratosphere is dominated by planetary-scale Rossby waves 

propagating from the troposphere (Fig. 1.1; Plumb 2002). This is because small-scale 

Rossby waves cannot propagate upward into the stratosphere due to filtering by 

background wind (Charney and Drazin 1961). The tropospheric sources of stratospheric 

planetary waves are associated with geographical asymmetries such as topography and 

spatially inhomogeneous heating which mainly comes from land-sea contrasts 

(Scinocca and Haynes 1998). Amplitudes of stratospheric planetary waves in winter are 

generally larger in the Northern Hemisphere (NH) than in the Southern Hemisphere 

(SH) due to interhemispheric difference in amplitudes of the geographical asymmetries 

(Leovy and Webster 1976). As a result, significant interhemispheric differences in 

dynamical phenomena associated with planetary waves are observed in the wintertime 

polar stratosphere. The first example is extent of ozone loss. The polar temperature is 

lower in the SH because heat transport by planetary wave forcing (Fig. 1.1) is weaker. 

The lower temperature leads to more frequent emergence of polar stratospheric clouds 

(PSCs). Ozone is destroyed primarily by chlorine radicals converted from the stable 

chlorine reservoirs HCl and ClONO2 through heterogeneous reactions on PSC particles 

(Solomon 1999; Pitts et al. 2018). Thus, more intense ozone loss, which often leads to 

formation of the ozone hole, is observed in the SH. 

The second example is frequency of stratospheric sudden warming (SSW). During 

SSW events, the polar vortex displaces or splits into two, and then completely breaks 
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down in midwinter. Subsequently, the polar vortex gradually recovers (Charlton and 

Polvani 2007; Matthewman et al. 2009; Mitchell et al. 2013). Due to the 

interhemispheric difference in stratospheric planetary-wave activity, the frequency of 

SSW in the NH is approximately six events per decade (Palmeiro et al. 2015; Butler et 

al. 2017) while SSW in the SH is observed only once in 2002 since the beginning of 

Antarctic record in the late 1950s (Charlton et al. 2005; Kruger et al. 2005; Newman 

and Nash 2005; Roscoe et al. 2005). Time series of climatological zonal-mean zonal 

wind at 10 hPa in the SH and NH is shown in Fig. 1.2. In midwinter, stratospheric zonal 

wind is much stronger in the SH. The interhemispheric difference in the stratospheric 

zonal wind reflects those in the frequency of SSWs. The last example is timing of 

stratospheric final warming (SFW) in spring. During SFWs, seasonal transition from 

strong circumpolar westerlies characterized by the polar vortex during winter to weak 

Fig. 1.1 Schematic of the residual mean flow in the atmosphere. The heavy ellipse 

denotes the thermally-driven Hadley circulation in the troposphere. The 

shaded regions (labelled “S”, “P”, and “G”) denote where breaking of waves 

(synoptic- and planetary-scale waves, and gravity waves, respectively) occurs, 

which is responsible for driving respective branches of the stratospheric and 

mesospheric circulation. Adopted from Plumb (2002). 
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circumpolar easterlies characterized by an anticyclone during summer occurs (Andrews 

et al. 1987). SFWs should be distinguished from SSWs because westerlies recover after 

the weakening and/or collapse of the polar vortex during SSWs (Hu et al. 2014). SFWs 

occur later in the SH than in the NH mainly due to the interhemispheric difference in 

stratospheric planetary-wave activity (Fig. 1.2; Black et al 2006; Black and McDaniel 

2007a; 2007b). 

In the SH, quasi-stationary waves with zonal wavenumber 1 (𝑠 = 1 QSWs; 𝑠 is 

zonal wavenumber) have the largest amplitude among stratospheric planetary waves 

(Randel 1988; Quintanar and Mechoso 1995a). The amplitude of 𝑠 = 1 QSWs attains 

Fig. 1.2 Time series of climatological zonal-mean zonal wind (𝑢ത ) at 10 hPa 

averaged over a latitudinal range of 59.375°–60.625°. Blue and red curves 

denote 𝑢ത in the SH and NH, respectively. Note that calendar months in 

the time axis for the NH is lagged by 6 months relative to that for the SH. 

The figure is made using MERRA-2 from 1980 to 2017. 
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its maximum in the austral spring along with a secondary smaller maximum in 

midwinter. A local minimum is sandwiched by the two maxima (Labitzke 1980; Hirota 

et al. 1983). The seasonal evolution of amplitudes of stratospheric 𝑠 = 1 QSW in the 

SH has been examined from the different viewpoints (Scott and Haynes 2002). Randel 

(1988) showed seasonal evolution of refractive index squared (𝑛2) to diagnose the 

influence of zonal-mean zonal wind on the propagation of 𝑠 = 1 stationary waves in 

the meridional cross section. Refractive index squared for waves with phase speed 𝑐p 

and zonal wavenumber 𝑠 is expressed as 

𝑛2 =
𝑞ത𝜙

𝑎(𝑢ത − 𝑐p)
−

𝑠2

𝑎2 cos2 𝜙
−

𝑓2

4𝑁2𝐻2
, (1.1) 

where 

𝑞ത𝜙

𝑎
=

2Ω cos 𝜙

𝑎
− (

(𝑢ത cos 𝜙)𝜙

𝑎2 cos 𝜙
)

𝜙

−
1

𝜌0
(

𝜌0𝑓2

𝑁2
𝑢ത𝑧)

𝑧

 (1.2) 

is gradient of zonal-mean quasi-geostrophic (QG) potential vorticity (PV); 𝑢ത  is 

zonal-mean zonal wind; 𝜙 is latitude; 𝑧 is height; 𝜌0 is the basic density; 𝑓 is the 

Coriolis parameter; 𝑁 is the buoyancy frequency; 𝑎 is the Earth’s radius; 𝐻 is the 

scale height; and subscripts refer to derivatives with respect to the given variable. An 

equation obtained by substituting a wave form solution into a linearized QGPV equation 

is similar to the equation for two-dimensional sound or light waves in a medium of 

varying refractive index 𝑛. By insights from the theory of acoustics or optics, waves are 

expected to propagate in regions with positive 𝑛2 and avoid regions with negative 𝑛2, 

so that they tend to propagate towards regions with large positive 𝑛2 (Matsuno 1970; 

Andrews et al. 1987). 

Randel (1988) found that the largest value of 𝑛2  is observed in the lower 

stratosphere when amplitudes of 𝑠 = 1  QSWs attain a local minimum. The two 

maxima of amplitudes of 𝑠 = 1 QSWs are not in agreement with seasonal changes in 
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𝑛2. Wirth (1991) solved the linear steady-state QG equation with a prescribed zonally 

symmetric basic state and a stationary 𝑠 = 1 forcing at the lower boundary based on 

climatological monthly mean zonal winds and geopotential amplitudes. It was shown 

that the seasonal evolution of 𝑠 = 1 QSW amplitudes is roughly consistent with that of 

𝑛2, although the secondary maximum in midwinter is not reproduced in their model. 

Other mechanisms for the twin maxima observed in the amplitudes of 𝑠 = 1 

QSWs have been proposed in the literature. Wakata and Uryu (1987) and Yoden (1990) 

interpreted the twin maxima of 𝑠 = 1 QSW amplitudes as transitions between separate 

stable solution branches of a steady system, in which the strength of radiative 

basic-state wind is an external bifurcation parameter. Scott and Haynes (2002) 

suggested that resonance with the lower boundary forcing in midwinter and spring leads 

to the twin maxima. 

Transient waves with zonal wavenumber 2 (𝑠 = 2 TWs) have the second largest 

amplitude among planetary waves in the SH middle stratosphere (Randel 1988; Harvey 

et al. 2002). The amplitude of 𝑠 = 2 TWs attains its maximum in the austral spring 

(Randel 1988; Manney et al. 1991a). Scinocca and Haynes (1998) proposed the 

generation mechanism for 𝑠 = 2 TWs in terms of nonlinear wave-wave interaction of 

baroclinic eddies in the troposphere. They indicated using model simulations that 

high-frequency forcing with dominant 𝑠 = 2 structure organized by synoptic-scale 

waves is responsible for 𝑠 = 2 higher-frequency disturbances observed in the real SH 

stratosphere. On the other hand, Manney et al. (1991b) paid attention to the confined 

structure of 𝑠 = 2 TWs in the stratosphere and suggested that in situ instability is 

responsible for their generation. They showed using a linear QG model that unstable 

modes with zonal wavenumber 2 have similar periods and spatial structures to 

observations. 

As discussed above, climatology of planetary waves in the SH stratosphere has 
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already been shown by previous studies. However, time period of data used for the 

climatology is relatively short: for example, 8 and 12 years in Randel (1988) and 

Quintanar and Mechoso (1995a), respectively. Short time period of analysis may lead to 

spurious climatological seasonal evolution if, for example, sporadic events with extreme 

amplitudes of planetary waves occur. In addition, it is still unclear how climatological 

seasonal evolution of amplitudes of stratospheric planetary waves is related to wave 

transmission properties of the mean flow and amplitudes of planetary waves in the 

troposphere. 

 

1.2 Stratospheric final warming 

In the polar stratosphere, winter terminates with breakdown of the polar vortex 

called SFW, as mentioned in section 1.1. During SFWs, the polar vortex decays and its 

center moves away from the Pole. On the other hand, an anticyclone called the 

Australian High in the SH (Harvey et al. 2002) develops to the south of Australia and 

moves to the South Pole (Fig. 1.3; Hirano et al. 2016). SFWs can impact tropospheric 

Fig. 1.3 Polar stereographic projection maps of GPH composites at 10 hPa with 

respect to the onset of SFW (day 0) for (a) day -30 to -16, (b) day -15 to 0, 

(c) day 0 to 15, and (d) day 16 to 30. MERRA-2 from 1980 to 2017 are used. 
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circulation (Sun and Robinson 2009; Sun et al. 2011; Byrne and Shepherd 2018; Lim et 

al. 2018). Black and McDaniel (2007b) found that geopotential height (GPH) anomalies 

from their climatology in the lower troposphere have characteristic longitudinal 

structures which exhibit much more asymmetry than the southern annular mode pattern 

at early and late stages of SFWs in the SH (Fig. 1.4). 

In the SH, timing of SFW is later in late 1990s than in late 1970s (Fig. 3.1) mainly 

because of stratospheric ozone loss (Waugh et al. 1999; Zhou et al. 2000; Karpechko et 

al. 2005; Langematz and Kunze 2006; Haigh and Roscoe 2009). After around 2000, 

however, there is a slightly negative trend in timing of SFW (Fig. 3.1) probably as a 

response to ozone recovery (Newman et al. 2006; Yang et al. 2008; Salby et al. 2012; 

Wilcox and Charlton-Perez 2013). In addition to these trends, interannual variability of 

timing of SFW associated with that of wave activity is observed (Fig. 3.1; Hio and 

Yoden 2005; Hirano et al. 2016). Hirano et al. (2016) showed that the timing of SFW is 

インターネット公表に対する著作権者か

らの許諾が得られていないため非公開 
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significantly related with polar temperature and the vertical component of 

Eliassen-Palm (E-P) flux in the lower stratosphere during the austral spring. 

Furthermore, using a formulae of three-dimensional residual mean flow (Kinoshita and 

Sato 2013a), they revealed zonally asymmetric structure of adiabatic heating by residual 

mean flow. 

In the SH upper troposphere, 𝑠 = 1 QSWs have the largest amplitude among 

planetary stationary waves in the extratropics (Turner et al. 2017). It was indicated by 

model simulations that tropospheric 𝑠 = 1  QSWs at southern high latitudes are 

predominantly generated at low latitudes in perpetual-October mode (Quintanar and 

Mechoso 1995b). Inatsu and Hoskins (2004) suggested that zonal asymmetry in tropical 

sea surface temperature (SST) contributes to formation of wintertime extratropical 

stationary waves in the SH. On interannual time scales, previous studies pointed out that 

tropical SST variability can influence the polar stratospheric wave activity and 

temperature in both hemispheres. Especially, the influence of canonical El Niño–

Southern Oscillation (ENSO) and central Pacific ENSO, when eastern and central 

Pacific SST anomalies, respectively, are observed, has been investigated so far 

(Domeisen et al. 2019). In the SH, Hurwitz et al. (2011) compared responses of 

stratospheric temperature to the two types of ENSO during the austral spring, and 

showed that polar temperature in the lower stratosphere is higher during the central 

Pacific El Niño, while the canonical El Niño does not significantly impact the 

stratospheric temperature. On the other hand, Lin et al. (2012) found that enhanced 

(suppressed) stratospheric planetary-wave activity is associated with the canonical La 

Niña- (El Niño-) like and the central Pacific El Niño- (La Niña-) like SST patterns. 

Moreover, previous studies dealing with the stratospheric responses to tropical SST 

found Rossby wavetrain-like features propagating from lower to higher latitudes. 

However, detailed tropospheric conditions leading to earlier SFWs are still not 



  

18 

elucidated well. 

 

1.3 Purpose of this study 

As mentioned in sections 1.1 and 1.2, it is still not clear how climatology and 

interannual variability of planetary waves in the SH stratosphere are related to 

tropospheric circulation. The present study will investigate climatology and interannual 

variability of planetary-wave amplitudes in the stratosphere and their connection to 

tropospheric planetary waves. Characteristics in the upper stratosphere and lower 

mesosphere, which are rarely featured in previous studies due to limited availability of 

data, are also revealed. 

The thesis is organized as follows. In chapter 2, climatology of planetary-wave 

amplitudes in the SH stratosphere is shown using reanalysis data for 38 years as a 

function of calendar months and height. The climatology is then compared to that 

shown by previous studies such as Randel (1988) and Quintanar and Mechoso (1995a). 

In order to examine cause of the climatological seasonal evolution of planetary-wave 

amplitudes in the stratosphere, the relation with tropospheric planetary-wave amplitudes 

and wave transmission properties of the mean flow through which planetary waves 

propagate is investigated. The wave transmission properties of the mean flow are 

diagnosed by refractive index squared. Relation of distribution of refractive index 

squared with structure of the polar night jet is also discussed. Chapter 3 deals with 

interannual variability of timing of SFWs. As mentioned earlier, the relation between 

timing of SFW and stratospheric wave activity on interannual time scales has already 

been confirmed (Hio and Yoden 2005; Hirano et al. 2016). The amplitude of 𝑠 = 1 

QSWs is the largest among extratropical planetary waves in the SH stratosphere, and 

attains a maximum in the austral spring (Randel 1988; Quintanar and Mechoso 1995a). 
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Thus, interannual variability of timing of SFW in the SH is investigated in terms of 

amplitudes of stratospheric and tropospheric 𝑠 = 1  QSWs. Wave transmission 

properties of the mean flow through which 𝑠 = 1 stationary waves propagate are also 

examined. Next, the mechanism in modulation of tropospheric 𝑠 = 1 QSW amplitudes 

is explored. Considering that it is confirmed that main source of tropospheric 𝑠 = 1 

QSWs is at low latitudes (Quintanar and Mechoso 1995b), the analysis is focused on 

remote 𝑠 = 1  responses at high latitudes to tropical heating and midlatitude 

background flow in the upper troposphere during the austral spring. The present study 

will employ a linear barotropic model, which has been confirmed to qualitatively well 

reproduce steady extratropical responses to tropical heating in the literature (Hoskins 

and Ambrizzi 1993; Ambrizzi et al. 1995; Ting 1996; Ambrizzi and Hoskins 1997; 

Watanabe 2004). It should be noted that the strongest teleconnection between the tropics 

and southern high latitudes in the upper troposphere is observed during the austral 

spring (Jin and Kirtman 2009; 2010; Schneider et al. 2012; Yuan et al. 2018). Summary 

and concluding remarks are given in chapter 4 

 

1.4 Data description 

Three-hourly three-dimensional wind, GPH, temperature, ozone mass mixing ratio, 

and temperature tendency due to longwave and shortwave radiation, and moist 

processes from the Modern-Era Retrospective Analysis for Research and Applications, 

Version 2 (MERRA-2; Gelaro et al. 2017) covering the period of 38 years (1980–2017) 

are used. The data are provided for 42 pressure levels from 1000 hPa to 0.1 hPa with a 

horizontal interval of 1.25°. Daily SST from Optimum Interpolation Sea Surface 

Temperature (OISST; Reynolds et al. 2007; Banzon et al. 2016) with a horizontal 

interval of 0.25° from September 1981 to December 2017 and daily outgoing longwave 
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radiation (OLR) from NOAA Interpolated OLR (Liebmann and Smith 1996) with a 

horizontal interval of 2.5° from January 1980 to January 2017 are also used. 

 

1.5 Definitions of quasi-stationary and transient waves 

In this study, QSWs and TWs are defined as components with wave periods longer 

than 30 days and those from 5 to 30 days, respectively (Randel 1988; Harvey et al. 

2002). Figure 1.4 shows climatology of power spectral density for GPH at 10 hPa. A 

distinct peak is observed for |𝑠| ≤ 1 and wave periods longer than 30 days. For 𝑠 =

2 and 3, eastward traveling waves with zonal phase speed smaller than 20 m s−1 are 

dominant. The power spectral density for 𝑠 ≥ 4 is weaker for larger zonal wavenumber. 

The above features are consistent with previous studies. Especially, QSWs and TWs 

defined in this study are the most prominent for 𝑠 = 1 and 𝑠 = 2, respectively. 

Fig. 1.4 Climatology of power spectral density for GPH at 10 hPa during August–

October averaged over 60.625°–59.375°S. Contours representing 100, 300, 

1000, 3000, 10000, 30000, 100000, 300000, 1000000, and 

3000000  m2 day  are drawn. Red lines denote ground-based eastward 

phase speed. 
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Climatology of stratospheric planetary waves 

in the SH and their tropospheric origins

Climatology of planetary-wave amplitudes in the SH stratosphere has already 

been shown by previous studies. However, time period of data used for the climatology 

is relatively short: for example, 8 and 12 years in Randel (1988) and Quintanar and 

Mechoso (1995a), respectively. Short time period of analysis may lead to spurious 

climatological seasonal evolution if, for example, sporadic events with extreme 

amplitudes of planetary waves occur. In this chapter, using reanalysis data for 38 years 

from 1980 to 2017, climatological seasonal evolution of planetary-wave amplitudes in 

the SH stratosphere is shown in order to update it. The climatology for 38 years is 

compared to that shown by the previous studies. The mechanism causing the seasonal 

variation of stratospheric planetary-wave amplitudes is examined. First, the relation 

with seasonal evolution of tropospheric planetary-wave amplitudes is examined. Wave 

transmission properties of the mean flow also affect amplitudes of stratospheric 

planetary waves. To diagnose it, distribution of refractive index squared is examined. 

Relation of the distribution of refractive index squared with structure of the polar night 

jet is also discussed. Results of the analysis for 𝑠 = 1 QSWs and 𝑠 = 2 TWs, whose 

amplitudes are the largest among stratospheric planetary waves in the SH, are shown. 

 

本章については、5 年以内に雑誌等で刊行される予定であるため、以降の

節について、非公開。 
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Interannual variability of SFW in the SH 

and its connection to the troposphere

It has already been confirmed by previous studies that SFWs occur earlier when 

stratospheric wave activity is larger. However, dominant component of the stratospheric 

waves which contributes to the interannual variability of timing of SFW is not clear. 

Moreover, detailed tropospheric conditions leading to earlier SFWs are still not 

elucidated well. The amplitude of 𝑠 = 1 QSWs is the largest among extratropical 

planetary waves in the SH stratosphere, and attains a maximum in the austral spring, as 

shown in chapter 2. Thus, interannual variability of timing of SFW in the SH is 

investigated in terms of stratospheric and tropospheric 𝑠 = 1 QSW amplitudes, and 

wave transmission properties of the mean flow. The mechanism in modulation of 𝑠 = 1 

QSW amplitudes in the troposphere is also explored using a linear barotropic model in 

addition to reanalysis data. The analysis of tropospheric 𝑠 = 1 QSWs is focused on the 

influence of tropical heating and midlatitude background flow in the upper troposphere. 

 

本章については、5 年以内に雑誌等で刊行される予定であるため、以降の

節について、非公開。 
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Summary and concluding remarks

 

本章については、5年以内に雑誌等で刊行される予定であるため、非公開。 
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