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Abstract

Stratospheric Sudden Warmings (SSWs) often occur at the polar region in the
winter northern hemisphere (NH). This is a phenomenon in which a Lagrangian mean
meridional circulation in the NH stratosphere is driven by forcing of stationary Rossby
waves (RWs) originating from the troposphere, resulting in adiabatic heating (cooling) in
the Arctic (equatorial) stratosphere. It has been reported using satellite observations that
warming at high latitudes in the summer mesosphere and lower thermosphere (MLT) of
the southern hemisphere (SH) appears during an Arctic SSW. This phenomenon has also
been confirmed using numerical model simulations. Based on these results, a scenario of
interhemispheric coupling of temperature anomaly through the regions from the NH
stratosphere and mesosphere to the SH MLT region has been proposed. This scenario
describes that the interhemispheric coupling occurs due to the modulation of mesospheric
meridional circulation driven by forcing of gravity waves (GWs) originating from the
troposphere. On the other hand, when the warm anomaly is formed at NH high latitudes
in the stratosphere, a cold anomaly is formed over the region across the equator to SH
low latitudes in the stratosphere. Moreover, the quasi 2-day waves (QTDWs), which are
identified as Rossby-gravity normal mode with (s, n — s) = (3, 0) and give strong wave
forcing in the SH mesosphere, develop during an SSW, resulting in warming at SH mid-
latitudes in the upper mesosphere. These features show that the previous scenario of the
interhemispheric coupling may not be complete. Recently, it is also shown that RWs and
GWs are respectively generated from the barotropic (BT) and/or baroclinic (BC)
instability in the winter mesosphere and from the shear instability in the summer
mesosphere. These RWs and GWs generated in-situ in the mesosphere may largely

influence the momentum budget in the MLT region. This study revisits the
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interhemispheric coupling following the NH SSWs from a viewpoint of wave forcing not
only by GWs and RWs originating from the troposphere but also by GWs, RWs, and
Rossby-gravity waves (RGWSs) generated in-situ in the middle atmosphere. This study
also elucidates causes of the warm anomaly in the SH MLT region that occurs in the
interhemispheric coupling.

In this study, data for the neutral atmosphere from simulations by a whole
atmosphere model called Ground—to—topside model of Atmosphere and Ionosphere for
Aeronomy (GAIA) are analyzed. The model resolution is T42L150. Orographic and non-
orographic GW parameterizations are included. The model is nudged by the Japanese 25-
year Reanalysis (JRA-25)/Japan Meteorological Agency Climate Data Assimilation
System (JCDAS) data below about a height of 30 km. The analyzed time period is 19
boreal winter seasons in the time period of December 1996 to March 2015. The analyzed
height region is from the surface to 120 km. To validate the reality of the model fields in
the stratosphere and lower mesosphere, Aura Microwave Limb Sounder (MLS)
observation and Modern-Era Retrospective analysis for Research and Applications
Version 2 (MERRA-2) data are also analyzed.

The interhemispheric coupling events are extracted as cold equatorial
stratosphere events: first, a temperature anomaly from the climatology is calculated. A
90-day running mean is removed from the temperature anomaly (hereafter referred to as
“anomaly”) to exclude the effects of 11-year solar activity cycle. Second, the time period
of the cold equatorial stratosphere events is defined as that during which the temperature
anomalies at (0 °N, 5 hPa) and (20 °S, 5 hPa) are lower than twice of the standard
deviation (gy-ny and 0yg-g), and the day with the coldest anomaly is defined as the

central day (Day = 0). A composite analysis is performed for the anomaly of the
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temperature, wind, potential vorticity, wave activity flux, and wave forcing. The
disturbances are divided into three as follows: first, migrating tides with zonal
wavenumber 1-3 are extracted from the original data as a tidal component. Second, using
Fourier analysis, the remaining component is divided into RWs/RGWs with wave periods
longer than 24 hours and (resolved) GWs with wave periods shorter than or equal to
24 hours. The contribution of each wave forcing to the momentum budget is examined.

First, the temperature, wind, wave activity, and wave forcing are analyzed from
a viewpoint of zonal mean fields. The cold anomaly in the equatorial stratosphere extends
latitudinally to about 40 °S. This is caused by a strong wave forcing in the NH
stratosphere. When the cold equatorial stratosphere occurs, a warm anomaly first appears
at SH high latitudes in the lower thermosphere (Day = +4). Subsequently, the warm
anomaly region moves down to the SH upper mesosphere (Day = +9). Compared with
the wave forcing anomaly due to GWs and RWs/RGWs, these warm anomalies in the SH
MLT region are caused by resolved GWs for the lower thermosphere and by RWs/RGWs,
especially QTDWs, for the upper mesosphere. Therefore, the interhemispheric coupling
seems to occur through a different mechanism from that proposed by the previous studies.
Furthermore, it is also revealed that QTDWs and resolved GWs that cause the warm
anomalies in the SH MLT region are radiated respectively from BT/BC instability and
from shear instability in the mesosphere. These instabilities are formed by parameterized
GW forcing, namely, GWs originating from the SH troposphere. It is suggested that the
parameterized GW forcing is modulated by the westward wind anomaly in the SH
stratosphere.

Previous observations and numerical simulations showed that there is a wide

range of time lag of ~5-10 days between the appearance of the temperature and wave
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forcing anomalies in the NH stratosphere and that of the temperature anomaly in the SH
MLT region and that the time lag depends on the season. In this study, there is a long-time
lag of ~5 days between the date of the warm anomaly maximum in the SH lower
thermosphere and that in the SH upper mesosphere on average. This result is consistent
with the time lag shown in the previous observational studies. This may be because
QTDWs need a longer time (several days) to develop in the mesosphere and propagate to
the upper mesosphere than resolved GWs (approximately 1 day). As shown by the
previous studies, the seasonality of the growth rate of the QTDWs is large, and the
QTDW:s hardly develop in the first half of December and the second half of February.
Thus, it is considered that the wide range of the time lag and its seasonality of the time
lag reported in the previous studies are due to the fact that the two types of waves (i.e.,
GWs and QTDWs) play important roles in the interhemispheric coupling.

Next, causes of the cold anomaly in the equatorial stratosphere are examined by
comparing strong cold events with weak cold events. This cold anomaly is important to
form the westward wind anomaly at SH low and mid-latitudes in the stratosphere and
mesosphere. A negative wave forcing anomaly in the NH upper stratosphere and lower
mesosphere is extended to NH low latitudes during the strong cold equatorial stratosphere
events. The negative wave forcing anomaly strengthens the middle atmosphere Hadley
circulation. The strengthened middle atmosphere Hadley circulation causes upward flow
anomaly in the equatorial stratosphere. The negative wave forcing anomaly at NH low
latitudes is caused by the breaking of the stationary RWs with zonal wavenumber s =1
originating from the troposphere and by the generation of secondary RWs with zonal
wavenumber s = 4-10 and periods T = 1-5 days from the BT instability related to the

stationary RW breaking.



Last but not the least, the longitudinal structure of the interhemispheric coupling
is analyzed. First, the polar vortex largely shifted to a lower latitude around 340 °E and
70 °N associated with the development of the Aleutian high, and the southwestern edge
of the polar vortex is collapsed. The latitudinal gradient of angular momentum becomes
small over 150 °E-340 °E. A strong meridional flow anomaly is formed in the longitude
region, which leads to a strong cold anomaly at 290 °E-350 °E in the equatorial
stratosphere.

In the SH mesosphere, the occurrence frequency of shear instability increases in
a longitude region of ~-60 °E—60 °E, where the parameterized GW forcing anomaly is
observed. More GWs propagating upward and westward are radiated from the shear
instability area. Therefore, likely due to the westward propagation of the GWs from the
shear instability and their breaking in the lower thermosphere, the warm anomaly at SH
high latitudes in the lower thermosphere appeared to the west of the cold anomaly in the
equatorial stratosphere. The negative latitudinal gradient of potential vorticity, which is a
necessary condition of BT/BC instability, is enhanced over 80 °E-200 °E. In addition, an
anomaly of QTDW activity is positive in the same longitude region. These longitudinal
characteristics are consistent with the scenario obtained from the analysis of the zonal
mean field in this study.

Many previous studies considered that interhemispheric coupling is caused
mainly by waves originated from the troposphere. However, the mechanism revealed by
this study indicates that waves generated in the middle atmosphere make a significant
contribution to the meridional circulation, especially in specific events such as SSWs.

Because the model used in this study has a relatively low resolution, resolved

GWs may be different from those in the real atmosphere. Therefore, it is necessary to
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statistically revisit the scenario presented in this study using a GW-resolving model.
Moreover, it is necessary to analyze the stationary wave development observed in the SH
stratosphere during the cold equatorial stratosphere events in the future since the
stationary waves modulate the parameterized GW forcing and make its longitudinal
structure in the SH stratosphere. Furthermore, it is recently suggested that there is a
correlation between the tropospheric Arctic oscillation and the Antarctic oscillation. This
correlation could be related to the change in the zonal winds in the SH stratosphere during
the cold equatorial stratosphere events shown in this study. In addition, the effect of the
tidal forcing is small in the altitude region examined in this study. However, its amplitudes
are large above 120 km. The tides generate an electric field in the ionosphere, which is a
significant parameter of the ionized atmosphere. The waves generated in the middle
atmosphere may affect the momentum and energy budget not only of the neutral
atmosphere but also of the ionized atmosphere. It is necessary to study the effects of tide
modulation on the ionosphere in addition to the impact of GWs, RW, and RGWs

generated in the SH MLT region.
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Chapter 1.

General introduction

1.1.  The temperature structure of the middle atmosphere

The temperature structure of the middle atmosphere is quite different from that
expected from radiative equilibrium (e.g., Leovy 1964; Shine 1987; Becker 2012). Figure
1.1 shows the climatology of the zonal mean temperature radiatively determined (Fig.
1.1a) and that of simulated by a general circulation model (GCM) for January (Fig. 1.1b)
in the latitude—height section. In the radiatively determined state, O3 (O3 and O2) heating
through absorption of solar UV flux and CO: cooling by longwave radiation in the
stratosphere (mesosphere) are mainly balanced. On the other hand, in the lower
thermosphere, heating by solar ultraviolet (UV)/extreme ultraviolet (EUV) flux
absorption and joule heating accompanied with high-energy particle precipitation, and
cooling due to infrared radiation by CO, NO, and atomic oxygen are mainly balanced.

The temperature determined by radiative equilibrium is characterized by the
warm summer stratosphere where solar radiation is incident, and by the cold stratospheric
and mesospheric winter pole where solar radiation is no longer incident. However, it can
be seen that the simulated temperature by the GCM has maxima in the stratospheric and
mesospheric winter pole and the equatorial stratopause, and minimum in the vicinity of
the polar summer mesopause. Such departure from the radiatively determined
temperature is maintained by adiabatic heating or cooling associated with the meridional

circulation driven by atmospheric waves in the middle atmosphere.
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Figure 1.1: (a) The temperature determined by solar radiation and distribution of radioactive

gases and (b) the temperature simulated by a GCM in January. Adapted from Becker

(2012).
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Figure 1.2: A schematic illustration of the residual mean meridional circulation in the
atmosphere. The heavy ellipse denotes the thermally-driven Hadley circulation of
the troposphere. The shaded regions (labeled “S”, “P”, and “G”) denote regions of
breaking waves (synoptic- and planetary-scale waves, and gravity waves,
respectively), responsible for driving branches of the stratospheric and mesospheric
circulation. Adapted from Plumb (2002).
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Figure 1.2 shows a schematic illustration of the dominant wave forcing and the
residual mean meridional circulation in the lower and middle atmosphere (Plumb, 2002).
The synoptic-scale Rossby waves (RWs) generated in the troposphere drive poleward
flows in the subtropical upper troposphere and lower stratosphere (UTLS) in both the
summer and winter hemisphere. This circulation is called shallow branches of the Brewer-
Dobson circulation (BDC) (Butchart, 2014). In addition, a single poleward flow in the
winter hemisphere that extends up to the middle and upper stratosphere is present and
called the deep branch of the BDC (e.g., Birner and Bonisch, 2011, Butchart, 2014). The
planetary-scale RWs generated by topography and land-sea temperature contrast in the
troposphere deposit the westward momentum in the stratosphere and drive this deep
branch of the BDC. Recently, Okamoto et al. (2011) and Sato and Hirano (2019) showed
gravity wave (GW) forcing drives the summer hemispheric low latitude part of the deep
branch. The difference in BDC between the summer and winter stratosphere is because
that the stationary planetary-scale RWs cannot propagate due to the westward zonal wind
in the summer stratosphere (Charney and Drazin, 1961). In the mesosphere, GWs
originating from the troposphere break and deposit the momentum in the upper
mesosphere and drive the residual mean meridional circulation from the summer pole to
the winter pole.

Adiabatic heating/cooling associated with downward/upward part of the
meridional circulations maintains the warm winter pole in the stratosphere and
mesosphere and the cold summer pole around the mesopause. Thus, the temperatures of
the summer mesopause and the winter stratopause and mesosphere in the polar region are

much different from those expected from the radiative equilibrium.
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1.2.  Stratospheric sudden warmings (SSWs)

There is a large vortex called the “polar vortex” in the winter middle atmosphere.
However, the stationary planetary-scale RWs often have a larger amplitude in the winter
stratosphere and give a stronger wave forcing to the polar vortex than climatology. This
wave forcing drives strong meridional circulation in the stratosphere, and the temperature
in the stratospheric winter pole becomes warmer than the climatology (Matsuno, 1971).
This phenomenon is called a stratospheric sudden warming (SSW). The zonal winds
decelerate through the thermal wind balance with the high temperature in the winter polar
region. The zonal mean zonal winds even get reversed in major SSW events. SSWs are
mainly classified into the displacement type in which the polar vortex shifts from the
winter pole and a split type in which the polar vortex splits into two vortices.

The mechanism of the SSW was proposed by Matsuno (1971). Using a weakly
nonlinear model of the quasi-geostrophic system, it was shown that a split-type SSW
appeared by forcing a stationary geopotential height disturbance with the zonal
wavenumber s = 2 near the tropopause as is consistent with observations in 1963. This
result showed that the interaction between the mean flow and planetary waves is quite
essential for the SSWs. In this model, it was also seen that the polar vortex slightly shifts
poleward before the SSW occurs. This phenomenon is now called preconditioning.
Preconditioning occurs when the polar vortex concentrates the propagation of planetary-
scale RWs in the polar stratosphere (e.g., Mclntyre, 1982; Smith, 1992).

Subsequent studies showed that there is a threshold of amplitude of or wave
forcing by planetary waves to generate SSWs (Holton and Mass, 1976; Sjoberg and Birner,
2014). Holton and Mass (1976) showed that the steady and vacillating modes of the zonal

wind exist depending on the amplitude of the RWs in a wave-mean flow interaction model
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which mimics the winter stratosphere. When the geopotential perturbations given at the
tropopause, which is the lower boundary of the model, are weak, the zonal winds keep
eastward. However, for the strong perturbation, the zonal winds oscillate between
westward and eastward. These results showed that the zonal wind behaviors in the
stratosphere are divided into two regimes depending on the RW amplitude. Recently,
Yasuda et al. (2017) showed as another interpretation that the polar vortex in the winter

stratosphere is in a metastable state.

1.3.  Interhemispheric coupling in the middle atmosphere

The SSWs are not only the phenomena in the winter stratosphere but influence
the mesosphere and thermosphere, including the ionized atmosphere (e.g., Liu and Roble,
2002; Pancheva et al., 2008; Yigit et al., 2016). In addition, the interhemispheric coupling
of the middle atmosphere, which was described by the correlation between temperature
variations in the winter stratosphere and summer mesopause, was first reported by Becker
et al. (2004) based on the observations of the MaCWAVE/MIDAS campaign (e.g.,
Goldberg et al., 2003). The interhemispheric coupling is also shown using satellite
observations. Gumbel and Karlsson (2011) showed strong anti-correlation (correlation
coefficient R = -0.83) between the winter stratospheric temperature anomaly from
European Centre for Medium-Range Weather Forecasts (ECMWF) Interim reanalysis
data and the summer mesosphere noctilucent clouds (NLCs; also known as Polar
Mesospheric Clouds; PMCs) occurrence from Odins on board Optical Spectrograph and
Infra-Red Imager System (OSIRIS) data. The NLCs are well observed when the
temperature in the summer mesopause region is low. Thus, this result showed the

correlation between the temperature in the winter stratosphere and that in the summer
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mesopause region. Karlsson et al. (2009b) also showed that the PMCs occurrence
frequency in the Southern Hemispheric (SH) mesosphere respond to the Northern
Hemispheric (NH) zonal winds at 60 °S and 5 hPa with a delay of 2 days in December
2007 (correlation coefficient R = 0.74) and a delay of 7 days in January 2008 (correlation
coefficient R = 0.91) from the Aeronomy of Ice in the Mesosphere (AIM) satellite
observations.

On the other hand, many numerical simulations have been performed to show
the interhemispheric coupling, and its mechanism has been proposed. Becker et al. (2004)
showed using the Kiihlungsborn Mechanistic general circulation model (KMCM) that an
anomalous mesopause warming in the NH is caused by anomalously strong RW forcing
during the stratospheric warming in austral winter 2002. Becker and Fritts (2006) showed
that the enhanced winter hemisphere RW activity results in the interhemispheric coupling
through a downward shift of GW-driven residual mean meridional circulation and an
increased GW activity in high summer latitudes.

Moreover, Karlsson et al. (2009a) performed a composite analysis of the zonal
mean temperature anomaly for respective periods with positive and negative anomalies
of the vertical component of the Eliassen-Palm flux (EP-flux,) in the winter stratosphere
using an extended version of the Canadian Middle Atmosphere Model (CMAM). The
warm (cold) anomaly in the summer mesosphere and lower thermosphere (MLT) was
observed after about 10 days when positive (negative) EP-flux, anomaly in the winter
stratosphere took its maximum (minimum). The positive (negative) GW drag anomaly
was seen near (above) the summer mesopause for positive (negative) EP-flux, anomaly,
i.e., strong (weak) planetary-scale RW events. They also hypothesized from these results

that the mechanism for interhemispheric coupling is GW drag—zonal wind interaction in
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the summer mesosphere. According to this hypothesis, when a positive GW forcing
anomaly occurs in the summer upper mesosphere, a cold anomaly appears in its poleward
side. Since the eastward wind anomaly due to thermal wind balance appears above a cold
anomaly, a positive GW forcing anomaly also occurs slightly above the original level.
Thus, a cold anomaly gradually shifts upward and poleward.

With these results from observations and numerical simulations, Kdrnich and
Becker (2010) (hereafter referred to KB10) proposed the mechanism of interhemispheric
coupling by the modifying the meridional circulation through the equator driven by GW
forcing in the mesosphere. Figure 1.3 shows schematic illustrations of the climatological
meridional circulation and the interhemispheric coupling associated with an anomalously
fast deep branch of BDC caused by strong planetary wave forcing in the winter
stratosphere.

This scenario argues that (1) an anomaly of the planetary-scale RW drag (6PWD)
occurs in the winter stratosphere, which induces a stronger residual mean circulation than
usual. This stronger meridional circulation yields the warm (cold) stratospheric winter
polar region (tropics). The westward wind anomaly accompanies temperature gradient in
the winter hemisphere due to a thermal wind balance. (2) More GWs with eastward phase
velocity propagate into the winter mesosphere and the westward GW forcing is reduced.
Thus, the GW forcing anomaly is positive (eastward) and causes the equatorward
meridional circulation anomaly. This anomalous circulation forms the warm mesospheric
tropics. In the summer mesosphere, the zonal wind has a positive (eastward) anomaly due
to a thermal wind balance between the summer polar region and warm equatorial region
in the mesosphere. (3) This positive (eastward) zonal wind anomaly in the summer

mesosphere induces a downward shift of eastward GW forcing and that of meridional
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circulation. Thus, the meridional circulation anomaly in the upper mesosphere is
poleward and induces positive temperature anomaly at the poleward side of the negative
GW forcing anomaly.

This scenario was confirmed by using an axisymmetric version of the KMCM
with GW parameterizations. However, it seems that the altitude of the warm anomaly in
the SH MLT region of the real atmosphere is lower than that simulated by GCMs and that
the response time lag simulated by the model (~4 days) is shorter than the observations
(about 5-10 days, Karlsson et al., 2009a). Note that these previous studies mainly

considered the GWs generated in the troposphere.

Summer | ! Winter
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Height

Summer i H A H H R H
Pole Eq Pole c<0 0 c>0 c<0 0 c=0
Latitude Zonal wind and GW phase speeds

Figure 1.3: Schematic illustrations of the climatological meridional circulation (upper left
panel) and of the interhemispheric coupling for a stronger Brewer—Dobson
circulation in the winter stratosphere, where T, Trq, GWD, and PWD denote the
temperature, the radiative equilibrium temperature, the GW drag, and the planetary
wave drag, respectively. In the lower left panel, the 8-symbol indicates the variable’s
anomaly during the stronger Brewer—Dobson circulation in comparison with the
mean state. In the lower right panel, a schematic illustration of the zonal-mean wind
structure and its impact on the GW propagation for the climatology (solid) and the
weak winter polar vortex case (dashed). The straight dashed lines represent

vertically propagating GWs with negative and positive zonal phase velocity c. The

21



height regions are marked by the tropopause (TP), stratopause (SP), and mesopause
(MP). Adapted from Kornich and Becker (2010).

1.4  Rossby wave, Rossby-gravity wave, and gravity wave generation in
the middle atmosphere

As mentioned before, the residual mean meridional circulation of the middle
atmosphere has been considered driven mainly by waves originating from the troposphere.
However, it has recently been shown that the momentum deposition due to waves
generated in the middle atmosphere is significantly important in the MLT region. (e.g.,
McLandress et al., 2006; Sato and Nomoto, 2015; Becker and Vadas, 2018). Most
remarkable waves in the summer MLT region are quasi 2-day waves (QTDWs), which
propagate westward and have zonal wavenumber of s = 2—4 and wave periods of 40—
60 h (e.g., Ern et al. 2013). The amplitude of QTDWSs with s = 3 is larger than that of
QTDWs with s =2 or s = 4. The QTDWSs were often observed by satellites (e.g.,
Rodgers and Prata, 1981; Burks and Leovy 1986; Wu et al. 1993; Wu et al., 1996;
Lieberman, 1999; Lieberman, 2002; Limpasuvan and Wu, 2003; Garcia et al., 2005;
Baumgaertner et al., 2008; Li et al. 2008; Tunbridge et al. 2011; Ern et al., 2013; Gu et
al., 2013; Pancheva et al., 2018) and by radars such as meteor radars (e.g., Muller and
Nelson, 1978; Salby and Roper, 1980; Lima et al. 2004; Pancheva et al. 2004) and
medium frequency (MF) radars (e.g., Herman et al. 1999; Thayaparan et al. 1999;
Pancheva et al. 2004; Murphy et al., 2007).

The QTDWs are identified as Rossby-gravity normal mode with (s, n — s)=(3,
0), where n — s represents the number of meridional nodes, (e.g., Salby, 1981a; Salby,
1981b; Salby and Callaghan, 2001; Rojas and Norton, 2007) and their seasonality

explained by barotropic (BT)/baroclinic (BC) instability of the summer westward jet (e.g.,
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Plumb, 1983; Pfister, 1985). Note that the Rossby-gravity waves (RGWs) are well known
as equatorial waves. In terms of the normal mode, the equatorial waves can be regarded
as asymptotic modes to equivalent depth h — 0, i.e., vertical wavelength 1, — 0. Since
the equatorial deformation radius is proportional to h, these modes become confined near
the equator. On the other hand, the QTDWs observed in the low and mid-latitudes in the
MLT region have a large h (~8 km) and A, (~40 km). Thus, the QTDWs have a global
structure extending a wide latitude region.

Sato, Yasui, and Miyoshi (2018) (hereafter referred to SYM18) showed using
Ground-to-Topside Model of Atmosphere and Ionosphere for Aeronomy (GAIA) (Jin et
al., 2011) that QTDWs play a second largest role after the GWs in the momentum budget
in the summer MLT region. Figure 1.4a shows latitude—height section of EP flux and its
divergence (EPFD) of RWs and RGWs in January climatology (SYM18). While negative
(westward) EPFD is seen in the winter stratosphere, EPFD is positive (~+10 ms™'d!) in
the summer mesosphere and negative (~-20 ms™'d!") above. QTDWs are responsible for
most of the wave forcing in the summer mesosphere. In addition, the cause of QTDWs
was investigated by potential vorticity (PV) analysis. Figure 1.4b shows a latitude—
potential temperature section of climatology of latitudinal gradient of modified PV (MPV;
Lait, 1994) for January. The presence of negative latitudinal gradient of MPV is a
necessary condition of BT/BC instability, which is observed in GAIA. Comparing Figs.
l.4a and 1.4b, the region of positive EPFD corresponds to that of negative MPV
latitudinal gradient in the summer mesosphere. This means that the QTDWs are in-situ
generated by BT/BC instability in the summer mesosphere. Moreover, SYM18 also
showed that this BT/BC instability is caused by GW forcing. This indicates that the

interplay of GWs and RGWs is important in the summer mesosphere.
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It was reported that the QTDWs in the summer MLT region are amplified when
the SSWs occur in the winter stratosphere (Pancheva et al., 2016; Gu et al., 2018; France
et al. 2018). France et al. (2018) showed using re-analysis data from the Navy Global
Environmental Model (NAVGEM) (Eckermann et al., 2018) that the BC instability is
enhanced by strengthened westward jet in the summer stratosphere and mesosphere
during the SSW. The forcing of the developed QTDWs weakens equatorward meridional
circulation and causes a warm anomaly around the polar summer mesopause.

There are also other RWs called the 4-day waves which are generated in the
winter MLT region. Venne and Stanford (1979) first reported the 4-day waves observed
by the Nimbus 5 selective chopper radiometer in the winter stratosphere. By the spectral
analysis of geopotential height from Nimbus 6 sounding data, Lawrence and Randel
(1996) showed the existence of waves that have a zonal wavenumber s = 1 and a wave
period 7 ~ 4 days at 0.4 hPa (~55 km) and 72 °S in the winter. Garcia et al. (2005) also
showed based on the spectral analysis of temperature data from the Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER) satellite instrument that s
= 1 eastward waves with 7 = 4.3 days are dominant poleward of 40 °N in the winter
upper stratosphere and mesosphere. The 4-day waves also provide significant wave
forcing in the winter MLT region. As seen in Fig. 1.4a, the EPFD reaches ~-10 ms™'d! in
the winter MLT region in the GAIA January climatology. The 4-day waves are also
considered to be generated likely due to the BT/BC instability in the winter mesosphere

(see Fig. 1.4b) caused by GW forcing (Watanabe et al., 2009; Sato and Nomoto, 2015).
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Figure 1.4: (a) Latitude-height section of Eliassen-Palm flux (EP flux) and its divergence
(EPFD) of RWs and RGWs for climatology in January. Arrows denote EP flux (m’s”
). Note that the contour intervals are not uniform. (b) Latitude—potential
temperature section of climatology of latitudinal gradient of MPV for January.

Potential temperature is used for the vertical axis. The contour interval of MPVy, is

15 PVUrad™!. Green curves show contours of the geopotential height at an interval
of 10 km. Adapted from SYM18.

In addition to the summer mesospheric QTDWs, it is shown that the forcing due
to secondary GWs in the mesosphere is also significant (e.g., Becker and Vadas, 2018;
Yasui, Sato, and Miyoshi, 2018 (YSM18)). Primary GWs mainly originate from the
troposphere. Their sources are topography, convection, jet-frontal system, and wind shear
(e.g., Frrits and Alexander, 2003; Yasuda et al., 2015a; Yasuda et al., 2015b; Plougonven
and Zhang, 2014; Biihler et al., 1999; Biihler and Mclntyre, 1999). In contrast, the
secondary GWs are generated by strong body force and imbalance caused by breaking

primary waves (Vadas et al., 2003; Satomura and Sato, 1999) or shear instability
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(YSM18) in the MLT region. Becker and Vadas (2018) showed that primary orographic
GW forcing generates the secondary GWs in the winter mesosphere using the high-
resolution KMCM. These secondary GWs can propagate into the lower thermosphere and
break in the high latitudes of the winter hemisphere.

Figures 1.5a, 1.5b. and, 1.5¢ show the latitude—height sections of January
climatology of the EP flux and EPFD associated with resolved GWs, resolved GWs
propagating eastward, and resolved GWs propagating westward simulated by GAIA
(SYM18 and YSM18). The EPFD associated with GWs propagating westward is positive
in the summer mesosphere, and the EP flux is upward in the summer MLT region. The
westward propagating GWs generated in the troposphere are considered difficult to reach
these altitudes. This is because the zonal winds are westward in the summer stratosphere
and mesosphere and there are critical levels for the westward propagating GWs. Thus, the
westward propagating resolved GWs in the summer mesosphere must be in-situ generated.

YSM18 also showed the mechanism of the GW generation in the summer MLT
region. Figure 1.5d shows the latitude—height section of the occurrence frequency of
Richardson number Ri < 1/4 (YSMI18). In the summer MLT region, the occurrence
frequency of Ri < 1/4 reaches ~8 %, and the location of positive EPFD maximum
associated with westward propagating GWs corresponds well to that of the occurrence
frequency of Ri < 1/4. Thus, the GWs propagating westward are likely generated from
shear instability in the MLT region. Moreover, YSM18 also showed that shear instability
is likely formed by primary GW forcing. The secondary GWs generated in the MLT
region can propagate up to the thermosphere and deposit the momentum (Vadas and
Crowley, 2010; Vadas and Liu, 2009; Becker and Vadas, 2018).

For these reasons, GWs generated in the MLT region may contribute to the
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formation of a warm anomaly in the summer MLT region similar to QTDWs. In addition,
the generation mechanisms of QTDWs during an SSW have not been examined in detail.
Furthermore, previous studies discussed only interhemispheric coupling in terms of zonal
mean fields. There are no previous studies regarding the longitudinal structure of
interhemispheric coupling.

The purpose of this thesis is to elucidate the formation mechanisms of
interhemispheric coupling in the SH MLT region associated with the NH SSWs including
wave forcings due to the RWs, RGWs, and GWs generated in the middle atmosphere. The
longitudinal structure of the interhemispheric coupling is also examined.
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Figure 1.5: Latitude—height sections of Eliassen-Palm flux (EP flux) and its divergence (EPFD)
of (a) resolved GWs, (b) resolved GWs propagating eastward, and (¢) resolved GWs
propagating westward for climatology in January. Arrows denote EP flux (m?s2).
Note that the contour intervals are not uniform. (d) Latitude—height sections of the
occurrence frequencies of Ri < 1/4 during January obtained from the GAIA

simulation data. The contour interval is 0.5%. Adapted from SYM18 and YSM18.
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1.5  Overview of this thesis

In this study, the temperature structure and mechanisms of interhemispheric
coupling in boreal winter, including the effects of wave forcing generated in the MLT
region, are examined using data from GAIA, which is a whole atmosphere model. Aura
MLS observations and MERRA-2 re-analysis data are also used for the model validation
and analysis for the stratosphere. The events when a large cold anomaly appears in the
equatorial upper stratosphere which is mainly associated with SSWs in the NH are
focused, and the results of the composite analysis are shown. In the SH, a warm anomaly
is first observed in the high latitudes of the lower thermosphere during the cold equatorial
stratosphere events. A warm anomaly is formed in the upper mesosphere about 5 days
after that in the lower thermosphere. The downward and equatorward shift of a warm
anomaly of the summer MLT region is first shown in this study.

Next, the wave forcing anomaly is examined. In the summer MLT region,
positive (negative) anomaly of resolved GW forcing is seen in the upper mesosphere
(lower thermosphere). Furthermore, a pair of positive and negative anomalies of QTDW
forcing is observed in the summer mesosphere. These results suggest that GWs and
QTDW:s are in-situ generated. These GWs and the QTDWs are likely radiated from the
shear instability and the BT/BC instability in the summer mesosphere, respectively. It is
also shown that these instabilities are formed by the enhanced westward wind related to
the thermal wind balance and parameterized GW forcing anomaly of the summer
stratosphere and mesosphere.

The causes of the formation of the cold anomaly in the equatorial stratosphere,
where the westward wind anomaly balances by the thermal wind relation in the SH

stratosphere and mesosphere, are examined. It is shown that a cold anomaly of equatorial
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stratosphere appears when a negative RW forcing in the stratosphere is seen not only in
the mid- and high latitudes but also in the low latitudes. The RW generation in the NH
upper stratosphere is important for the existence of the negative RW forcing in low
latitudes.

Finally, the longitudinal structure of interhemispheric coupling is analyzed. The
warm anomaly in the SH lower thermosphere is located westward of the cold anomaly in
the equatorial stratosphere. This is caused by westward propagating GWs from the shear
instability. These results in the present study indicate that GW and QTDW generation in
the MLT region is significant for the interhemispheric coupling, in addition to GW
originating from the troposphere considered in previous studies.

The thesis is organized as follows. The descriptions of the data from GAIA, Aura
MLS, and MERRA-2 used in this study and the methods of analyses are given in Chapter
2. Chapter 3 shows the zonal mean temperature anomaly and zonal mean wave forcing
anomaly of each wave type which are crucial to the interhemispheric coupling. The causes
of the wave forcing anomaly are also analyzed in this Chapter. Chapter 4 shows the results
of the longitudinal structure of the interhemispheric coupling phenomena and its

mechanisms. Summary and concluding remarks are given in Chapter 5.
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Chapter 2.

Data and analysis methods

In this study, three kinds of data are used for the analyses of interhemispheric
coupling. They are model simulation, satellite observation, and re-analysis data. The
model data is mainly analyzed from the ground to the MLT region, and the satellite
observation data and the re-analysis data are used to validate the model simulation and

confirm results of the analysis in the stratosphere and mesosphere.
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Chapter 3.
Composite analysis of zonal mean fields

regarding the interhemispheric coupling

In this chapter, characteristics of the zonal mean fields for the interhemispheric
coupling are shown. Since various waves are considered to play important roles in the
interhemispheric coupling, changes in each wave forcing and its mechanism are examined.
The results are discussed and compared with the KB10 scenario. In Section 3.1, time
evolution of the interhemispheric coupling simulated by GAIA is described. Sections 3.2
and 3.3 discuss plausible mechanisms of resolved GW and QTDW forcing anomalies
related to the interhemispheric coupling. Section 3.4 newly proposes a mechanism how
the anomalous cold equatorial stratosphere events affect the interhemispheric coupling.

Section 3.5 examines the causes of the anomalous cold equatorial stratosphere events.
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Chapter 4.
Composite analysis for the longitudinal

structure of interhemispheric coupling

Many previous studies for the interhemispheric coupling have focused on the
zonal mean fields and have not analyzed its longitudinal structure. However, the
longitudinal structure of temperature anomaly related to the interhemispheric coupling
can significantly influence the thermosphere as well as the ionosphere where
characteristics have strong local time dependence owing to the solar radiation. In this
chapter, the longitudinal structure of temperature anomaly associated with the cold
equatorial stratosphere events is analyzed. The results will reinforce the interhemispheric
coupling scenario obtained from the analysis of the zonal mean fields in the previous

chapter.
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Chapter 5.

Summary and concluding remarks
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