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Studies on the Quasi-Stationary Rossby Wave
Trapped in the Westerly Jet
in the Northern Hemisphere Summer
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Abstract

The quasi-stationary Rossby wave trapped in the westerly jet (T(QS-Rossby wave) is
investigated from a viewpoint of the extratropical intraseasonal variations for the northern
hemisphere summer. -

Several essential aspects of the TQS-Rossby wave are newly discussed and confirmed.
Over the Eurasian Continent in summer, the TQS-Rossby wave-like disturbance is the most
prominent factor of intraseasonal variations. The case study for the 1983 summer shows
that the TQS-Rosshy wave of 30-45-day time scales plays an iimportant role in regulating the
intraseasonal variation of the Asian summer monsoon circulation. The upper tropospheric
temperature of the Tibetan High decreases when the TQS-Rossby wave transports sensible
heat northward. The zonal wavenumber and the intensity of such TQS-Rossby waves have
rather clear dependency on the frequency. This is shown clearly by space-time spectral
analvsis and is tnterpreted by the G-channel model.

The original analysis tools proposed are successfully used. The rav-path analvsis for the
Rossby wave 1s extended. Not only temporally but also zonally appropriate smoothed basic
flow is used instead of basic flows such as climatological or monthly niean flows smoothed
only in time space. The solutions of step-like zonally symmetric basic state is examined
in the f-channcl model. which clearly explains the dynamical aspect of the TQS-Rossbv
waves. The intrascasonal variation of the Asian summer monsoon circulation is associated
with the accunlation of the high potential temperature air mass transported into the upper
troposphere around the Tibetan High. This accumulation is highly remarkable in the general
circulations in the northern hemisphere summer.



1 Introduction

The ntraseasonal variation is the variation of the atmosphere on time scales longer than the
synoptic variations and shorter than the seasonal march. The time scale of the intraseasonal
variation is considered to be self-organized in the atmosphere itself or through the interac-
tions among the atmosphere, occan. land surface and so on without the external forcings.
Increasing the knowledge of the intrascasonal variations should extend the possibility of the
long-range weather forecasts. Thus. the rescarch on the intraseasonal variation is one of the
most interesting subjects of the atmospheric sciences.

Various time scales of intrascasonal variations have been found in the atmosphere. The
30-60-day oscillation of tropical convection is one of the prominent intraseasonal variations
(Madden and Julian. 1971, 1972: Lorcuc, 1984). Some researchers pointed out that such in-
traseasonal variations are also seen in the extratropics (e.g. Krishnamurti and Gadgil, 1985).
Subsequently, many researches which intend to understand the extratropical intraseasonal
variations in the context of the influence of the tropical 30-60-day oscillation have found evi-
dences indicating that the some extratropical intraseasonal variations can be explained bv the
Rossby wave induced by the variations of tropical convective activity (Lau and Phillips. 1986:
Nitta, 1987). However, the extratropical intraseasonal variations are not always caused bv
the tropical intraseasonal variations. For example, Knutson and Weickmann (1987) showed
that the extratropical intraseasonal variations highly correlated with the tropical 30-60-day
oscillation are seldom seen in northern hemisphere summer. Simmons et al. (1983) and
Tsuyuki and Kuorihara (1989) emphasized that the characteristics of the extratropical ¢ir-
culation itself control significantly its response to the tropical forcings. These results show
that the extratropical intraseasonal variations are not explained only by the influence of
the tropics. Therefore, the intraseasonal variations peculiar to the extratropics should be
investigated more.

Among such intraseasonal variations. the quasi-stationary Rossby wave trapped in the
westerly jet is fairlv important one. Recently, the waves with wavenumber 5-7 trapped in the
subtropical jet on 10-30-day time scales are mvestigated by many rescarchers for northern
hemisphere (Blackmon et al., 1984; Lauzante, 1990; Kiladis and Weickmann, 1992; Hsu and
Lin, 1992; Shapiro and Goldenberg. 1993 for the winter, and Terao, 1995; Ambrizzi et al.,
1995 for the summer), and for southern hemisphere (Berbery et al., 1992 for both of the
winter and the summer). Hoskins and Ambrizzi (1993) and Yang and Hoskins (1996) have
shown that these intraseasonal variations can be classified as the Rossby wave trapped in
the westerly jet with slow zonal phase velocity, using the diagnostic analysis based on the
ray-path theory which is called ray-path analysis, hereafter. In this thesis, the Rossby waves
with slow zonal phase velocities (smaller than 5ms™!) are referred to as QS-Rossby waves.
And the QS-Rossby waves trapped in the westerly jet are abbreviated to TQS-Rossby waves
(Trapped QS-Rossby waves). It has been shown that the TQS-Rossby wave is one of the
most major classes of intraseasonal variations in the extratropics at least on 10-30-day time
scales.

However. there remains many unknown aspects of TQS-Rossbv wave. First, the re-
searches on the relations to the otlier systems in the atmospheric circulation have just be-




gun. For example, .\Eakamura (1994) showed that the TQS-Rossby wave plays an important
role in some blocking formation events. However, there are many subjects to be discussed
further such as the interactions with the tropical circulations, the monsoons, the baroclinic
waves and so on. Second, there are many problems on the basic properties of the TQS-
Rossby wave yet. While many data analvsis (Blackmon et al.. 1984; Hsu and Lin, 1992:
Terao, 1995: Ambrizzi et al., 1995) Lave shown that the TQS-Rossby wave is evident on
about 10-30-day time scales, the reason is not clear. Yang and Hoskins (1996) showed that
the zonal wavennmber of TQS-Rosshy wave in the numerical model varies as the frequency
changes. However. no data analysis investigated the relationships between the frequency
and the wavenumber comprehensively. Third. the ray-path analysis which has been used to
investigate the dynamics of the TQS-Rosshy waves is based on the WKBJ approximation
which is violated around the westerly jets. since the basic flows around there vary steeplyv
in the meridional direction. The researclies without the WIKBJ assumption should be doune
and compared with the results obtained from the rav-path analvsis. This thesis intends to
solve some of these unknowns by investigating the properties of the TQS-Rossby wave.

The first purpose of this thesis is to investigate the role of the TQS-Rossby wave from a
viewpoint of the relations with the Asian summer monsoon circulation. The Asian sunimer
monsoon is an especially interesting region to investigate the tropical-extratropical interac-
tions on the intraseasonal time scales. In this region, the Asian summer monsoon convection
which is the major tropospheric heat source in northern summer penetrate northward be-
vond 30°N. just south of the subtropical jet (Johnson, 1992). Furthermore, it has becn
confirmed that the variations of this convective activity contain 10-20-clav (Murakami. 1976)
and 30-60-day (Yasunari. 1979) variations.

However. the relationships between Asian summer monsoon circulations and extratropical
circulations on intraseasonal time scales have not been addressed clearly yet. Kuma (1985)
emphasized the possibility of the influcnce of the thermal forcing by the variations in the
Asian summer monsoon convection on the extratropical circulations through the excitation
of the Rosshy waves. Yasunari (1986) oxamined the correlations between the activity of
the Indian sununer monsoon convection and lower tropospheric extratropical circulations.
He showed that the lower tropospheric geopotential height tends to decrease (increase) east
(west) of the Tibetan Plateau with the northward shift of relatively active Indian summer
monsoon convection region. However, the relationships between the extratropical circulations
such as the TQS-Rossby wave and the Asian summer monsoon convection are not fully
investigated especially in the upper troposphere.

The importance of the interactions hetween the Asian sumimer monsoon circulation an
the extratropical disturbances has heen pointed out from another point of view. Chen
(1995) and Dunkerton (1995) showed that the Asian and Mexican summer monsoon plays
a significant role in the stratosphere-troposphere (S/T) mass exchange. Dunkerton (1995)
discussed that the S/T exchange may occur with the Rossby wave breaking on the critical
latitude where the zonal phase speeds of the waves are equal to the zonal wind velocity
component of the basic state. Actuallv. from the data analysis of the real atmosphere, the

TQS-Rossby wave-like systematic intraseasonal variatious are surcly seen just north of the

Tibetan Platean in the northern summer (Terao, 1995; Ambrizzi ct al., 1995). It suggests
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that there is interaction between the TQS-Rossby wave and the Tibetan High through the
wave breaking. ‘ '

The second purpose is to study the general aspects of the TQS-Rossby wave more svs-
tematically. As a tool without the WKB.J assumption, the 3-channel model with the zonally
symimetric step-like basic state is developed (Appendix C) after Yanai and Nitta (1968). On
the other hand, the space-time spectral analysis is applied to the data to extract the basic
properties of the TQS-Rossby wave. Using these theoretical and analvtical methods. the
following questions whicli are relevant to the basic properties of the TQS-Rosshy wave are
discussed.

Q1: Dominant time scales of the TQS-Rossby waves It has been empliasized the im-
portance of 10-30-day periods in the literature (Blackmon et al.. 1984: Hsu and Lin,
1992). However. the reason have not been clarified vet.

Q2: Dominant zonal wavenumber and its dependency on the frequency The zon-
al wavenumber dependency on the frequency should be clarified systematically. Yang
and Hoskins (1996) examined the dependency of the wavenumber of the TS-Rossby
waves on the frequency for the waves calculated in the barotropic numerical predic-
tion model on a sphere. This result is also interpreted in the context of the ray-path
analysis. However, no data analysis have shown these dependencies vet.

Q3: Strength of trapping The observations. as a whole, have shown that the eastward-
propagating TQS-Rossby waves are stronger than the westward-propagating waves
(Berbery et al.. 1992: Hsu and Lin. 1992). The rav-path analvsis also have shown that
the ray-paths for the eastward-propagating TQS-Rossby waves tend to niore strongly
confined in the westerly jets than westward-propagating waves (Yang and Hoskins,
1996). This point should be confirmed comprehensively by the space-time spectrum
analvsis.

On these considerations. this thesis is organized as follows. In section 2. the properties
of the intraseasonal variations over the Eurasian Continent are mvestigated. [t is also shown
that the fairly evident TQS-Rossby-wave like 30-45-day intraseasonal variation is seen in
1983 summer. By the case study for that vyear, it is examined whether the waveguide for the
QS-Rossby waves is formed along the westerly jet or not using an extended ray-path analysis
method (Appendix B.2). In section 3, the heat and mass transports on the 355K isentropic
surface are examined about the 1983 summer. In section 2, the systematic zonal wavenumber-
frequency and wave intensity-frequency relationships are obtained for the disturbances in the
subtropical jet over the Eurasian Continent in summer. Section 4 is devoted to the elucidation
of the mechanism which leads these relationships. Section 5 is concluding remarks. The
equations on which this thesis is based on are derived in Appendix A. The traditional ray-
path theory and its extension are defined in Appendix B. The method to solve the S-channel
model used in section 4 is in Appendix C.

Refer to Terao (1998a) for more detailed discussion about section 2. See Terao (1998a)
for more details of section 3.1. The results of section 3.2, 3.3 and 3.4 are mainly based on -
Terao (1998b). More detailed discussions for section 4 are given in Terao (1998c).



Fig. 1. The climatological summer (from June to September) mean of (a)zonal wind velocity and

(b)variance of 15-60-day band-pass filtered meridional wind velocity at 200hPa. Contour

intervals are 5ms™! for (a), and 8m2s~2 for (b).

Throughout this thesis, the ECAWF/WMO initialized analvsis and the ECMWF/TOGA
non initialized analysis are used for periods between 1980 and 1988 and between 1989 aud
1993, respectively. Lanczos filters(Duchon, 1979) are applied to extract time series of various
time scales. For the ray-path analysis and the 3-channel model. the data at 300hPa are used
following Grose and Hoskins (1979) which showed that the motions of real atmosphere are
well modeled by barotropic atmosphere at 300hPa.

2 Properties of the intraseasonal variations over the
Eurasian Continent in northern hemisphere summer

In this section. general aspects of intraseasonal variations over the Eurasian Continent in
the northern summer are investigated.

2.1 The climatological spatial distribution of the intraseasonal variations

The spatial distribution of the intraseasonal variation is shown in Fig.1. From this figure,
it is found that the activity of intraseasonal variations is high over some regions at intervals
embedded in the zonally elongated region along 40-45°N which corresponds to the subtropical
Jet. The disturbances are most prominently seen at 200hPa.

2.2 The structure of the intraseasonal variation along the subtropical jet in
the zonal wavenumber-frequency domain

In order to find dominant frequency bands, the power spectral densities are calculated using

FET nethod for daily departures of 200hPa meridional wind velocity from their climato-
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Fig. 2. The space-time power spectral density of meridional wind velocity at 200hPa in suminer for
average over 14 years from 1980 to 1993 along 40-45°N latitude circle from 30°W to 150°W.
The horizontal axis shows zonal wavenumber. The vertical axis shows the frequency in cycle
par 180-day and the period in day. While the left half shows the westward-propagating mode,
the right half shows the eastward. Contour interval is 100m?s~2day-degree.

logical daily means for all grid points over the domain along the subtropical jet from June
to September (see Fig.3 of Terao (1998a)). This shows that the intraseasonal variation on
30-45-day time scales is the most prominent intraseasonal variations.

The basic structure of the intraseasonal disturbance in zonal wavenumber-frequency do-
main is expressed by the space-time power spectral density (Havashi, 1971) for 200hPa
meridional wind along the subtropical jet over the Eurasian Continent {(Fig.2). It shows
that systematic relationships are seen among the zonal wavenumber, strength of power, and
the frequency. While the wavenumber and the strength of their spectral peaks are almost
the same at lower frequency range, as the frequency increases, wavenumber of eastward-
(westward-) propagating mode increases (decreases) and the strength of the power of the
westward-propagating mode becomes less evident than eastward-propagating one. Another
prominent feature of the space-time spectral densities is the narrow range of the zonal
wavenumbers, showing that the variation along the subtropical jet is characterized by its
typical zonal wavelength more distinctly than by its typical frequency (period).

Furthermore, Fig.2 shows that the variation contains phenomena in remarkably longer
time scales than those which have already been pointed out by Blackmon et al. (1984),
Hsu and Lin (1992), Kiladis and Weickmann(1992) and Berbery et al. (1992). who have
investigated variations mainly in 10-30-day band. The properties of variations on time scales
longer than 30-day up to 90-day are also suggested to be important at least over Eurasian
Continent. The properties of these variations are similar to those of TQS-Rossby waves
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Fig. 3. Longitude-time cross sections aloug 10-45°N for the 25-60-day bhand-pass filtered meridion:
wind at 200hPa in 1983. Contour interval is dms™!. Negative arcas are hatched. See the
text for the explanation for arrows.

which have already been described by tiany researchers.

2.3 The representative 30-45-day variation in 1983 summer

The year-to-year variation of the power spectral density in summer for 36-day period (Fig.3
(b) of Terao (1998a)) shows that the representative 30-45-day variation is found in 1983
summer. The 30-45-day variation along the subtropical jet in 1983 is analyzed here in detail.

The basic space-time structure of the 30-45-day disturbance in 1983 is shown in the
longitude-time cross section along 40-45°N for the 25-60-day anomaly in meridional wind
at 200hPa (Fig.3). It shows evident standing wave pattern with a 32-day period and 52°
longitudinal wavelength. The solid lines with arrows, which connect peaks in meridional
wind anomaly, show slightly downward trends. This indicates the eastward kinetic energy
propagation. The pattern of 25-60-day anomalies in temperature at 300hPa in the longitude-
time cross section is similar to that of meridional wind at 200hDPa (Fig.3) except that the
peaks are shifted about a quarter-wavelength eastward (figures arc not shiown). This implies
that the vertical structure of disturbance is nearly barotropic.
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Fig. 4. A schematic diagram which shows the reason why the meridional profile of the climatolog-
ically averaged zonal flow get flatter. See text for more informations.

2.4 The extended ray-path analysis for the subtropical jet in 1983 summer
over the Furasian Continent

Hereo it is examined whether the basic flow along rhe subtropical jet mm 1983 forms the
waveguide for the QS5-Rossby waves or not. The ray-path analysis for the barotropic Rossby
wave which is summarized in Appendix B is used. The nost important variable is # (7). For
more detailed discussion. see section 5.1 of Terao (1998a)

[t should be noted that the climatological basic flows defined in various wav don't form
the robust waveguide along the subtropical jet just north of the Tibetan Platean. The
veason is inferred as follows. As is schematicallv shown in Fig.4, if ever the climarologicallv
averaged basic flow is made by averaging of many siarp profiles of basic flows, the profile of
the resulting climatological average should get rather flat. Since the meridional profile of &
should also becomes flatter, the waveguide of the climatological average must be ambiguous.

As is discussed in Appendix B.2 and section 5.2 of Terao (1998a), the individual wave-
packet ‘feels” the basic flow in the area with certain temporal and zonal extent. Therefore,
in this study, not only temporally but also zonallv smoothed zonal wind is used as the basic
flow. The analysis using this method enables us to examine the behavior of the individual
wavepacket. This method is applied to the 30-45-dayv disturbance along the subtropical jet
in 1983 summer. :

In order to examine the properties of the basic state “felt’ by the disturbance, the 60-day
low-pass filter and zonal moving average over 50°, which approximately corresponds to the
wavelength of the disturbance (Fig.3), are used. The results are shown in Fig.h by the &
distributions. Since the wavenumber of the 30-43-dav variations is about 7 (~ 360°/52°),
the waveguide for them is the region & > 7 sandwiched by northern and southern smaller &

-~
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Fig. 5. The distributions of x for the 30-45-day disturbance in the subtropical jet on four days
when the TQS-Rossby wave-like disturbances are enhanced over the Eurasian Continent. The
contour shows the square of the 25-60-day band-pass filtered meridional wind velocity. Its
contour interval is 25ms™!. See legend for the tone levels.

(< 7) regions..
On July 12 (Fig.5(a)), for instance, the following regions along the subtropical jet flowing
at around 40°N are judged as waveguides.

e Over the Atlantic Ocean. from west of 60°W to 15°W. This x > 7 region is bounded
by k < 7 regions at both of the north and south sides.

e A short waveguide near the Black Sea at around 30°E.

e Another short waveguide to the northwest of the Indian subcontinent. from 45°F to
85°E.

e A long waveguide which covers the area over the north of the Tibetan Plateau. the east
of the China, the Japan Islands and the western North Pacific from 85°F to 170°E. It
should be noted that a narrow but well defined x < 7 region is recognized along 30°N
from 60°E to 150°E.

Although some gaps of the waveguide can be pointed out. roughly speaking. a long waveguide
extends all over the plotted domain on July 12.

On all the plotted days, largely. propagation patterns of the observed disturbances in 1983
can be explained by the extended ray-path analysis for the Rossby wave. This waveguide is
separated from the critical latitude south of 30°N by a narrow region where x < 7.

3 The heat and mass transport in the northern periph-
ery of the Tibetan High associated with the T(QS-
Rossby wave along the subtropical jet in summer
1983

In this scction, the case study of 1983 summer is further developed.  The relationships
between the Asian summer monsoon circulation and the TQS-Rosshy wave over the Eurasian
Continent in 1983 are investigated with the special attention to the northward heat and mass
transport in the northern periphery of the Tibetan High.

3.1 Some characteristics of the TQS-Rossby wave in 1983 associated with
the meridional irreversible mass and heat exchange

Following the discussion by Dunkerton (1995), the behavior of the TQS-Rossby wave near
the critical latitude is focused. As is discussed by him, the wave breaking process must play
mtrinsic role in irreversible meridional mass and heat exchange. Figure 6(a) shows the upper
tropospheric circulations over the Eurasian Continent and the western North Pacific on July
28, when the TQS-Rossby wave is intensified. It is shown that the shape of the northern
part of the Tibetan High (hatched region) is strongly distorted by the TQS-Rosshy wave
propagating along the subtropical jet, suggesting the strong interaction between them. The

9
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Fig. 6. (a)The 25-day low-pass filtered wind velocity vector at 200hPa and temperature at 300hPa,
and (b)the 25-60-day band-pass filtered streamfunction at 200hPa on July 28, 1983. In (a).
The arrow length of a grid interval gives the wind speed of about 14ms~!. Contour interval
is 1K, and contours less than 242K are not shown. Areas of temperatures higher than 244K
are hatched. In (b). the thick dashed and dot-dashed lines indicate the axis of the strong
and weak zone of the 60-day low-pass filtered zonal wind velocity. respectively. Thick solid
line indicates the critical latitude where U = 0. Contour interval is 2x 10025 Negative
contours are dashed. Zero contour is ignored.

25-60-day band-pass filteved wind field and its velation to the 60-day low-pass filtered zonal
wind on July 28 are shown in Fig.6(b). The southernmost part of the TQS-Rosshyv wave
crosses the critical latitude for the stationary wave indicated by thick solid line especially
to the east of 60°E. It proposes that the nonlinear processes such as breaking of the TQS-
Rossby wave can occur at the critical latitude. It should be noted that this critical latitude
corresponds to the center of the Tibetan High.

[n section 2.3, it was noted that the TQS-Rosshy wave along the subtropical jet is nearly
barotropic. However, the completely barotropic disturbance can not transport heat merid-
1onally. Therefore, the vertical phase tilt of the disturbance is investigated carefullv here.
The vertical phase structure of the TQS-Rossby wave along the subtropical jet (40-45°N)
over the Eurasian Continent in 1983 is statistically shown in Fig.7. The complete definition
of the value plotted in this figure is given in section 4.3 of Terao (1998a). The wave is
nearly barotropic. However, it slightly tilts westward especially to the west of the center of
wavepacket, implying the northward eddy heat transport by the TQS-Rossby wave. It also
indicates the energy conversion from the available potential energy into the kinetic energy
of the disturbances (Ambrizzi and Hoskins, 1997).

3.2 The thermodynamic structure and its intraseasonal variations of the
upper troposphere in the Tibetan High in 1983 summer

The 8-day low-pass filtered potential temperature at 200hPa along 20-40°N from June to
September in 1983 is shown in Fig.8. The temperature over 30-120°E considerably increases
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Fig. 7. The statistical vertical structure of the longitude-pressure cross sections of 25-60-day
anomaly in meridional wind along 40-45°N for 1983 summer. Sec text for detailed expla-
nations. Contour interval is 0.1. Zero contour is not shown. Negative areas are hatched.

at late June and decreases in late August.

Evident intraseasonal temperature variations are seen in the Tibetan High in 1983 north-
ern summer. From the 8-day low-pass filtered potential temperature averaged over 20-40°N
and 30-120°E (Fig.8(b)). three major warniing events are seen (marked by o). The intervals
between these events are about 20-30 davs which is somewhat shorter than the time scales
of the tropical Madden-Julian oscillations (Madden and Julian. 1994). Major cooling events
are found on July 13. Angust 4 and 30 (marked by x).

The latitude-pressure cross sections for the 8-day low-pass filtered potential temperature
averaged over 30-120°E are shown for days indicated by numbers 4 and 5 in Fig.8 (Fig.9). The
most notable feature is the downward expansion of the 350K isentropic surface between 10°N
and 40°N. The hatched area in Fig.9 is proportional to the amount defined as Mis0.360k =
=9 Y (p3sor — pasow ). where g 1s the gravirv and p is pressure at the isentropic surface denoted
by its suffix. It is easily understood that the value Mss0.360x indicates the air mass with its
potential temperature between 350K and 360K within unit area.

It is shown that Mss0.360k is large on days indicated by o in Fig.8(b) and small on days
indicated by x or A. As is indicated by the representative cross sections shown in F ig.9, the
air mass between 350K and 360K expands and shrinks as the 200hPa potential temperature
increases and decreases.

The time-pressure cross section for the 8-day low-pass filtered potential temperature
averaged over 30-120°E and 20-40°N is shown in Fig.10. The symbols (o, x and A) and the
numbers from 1 to 7 indicate the same dates as those in Fig.8. The increase and decrease
of the M3s50.360x are evident, in accordance with the downward and upward displacements of
the 350K isentropic contour.
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Fig. 8. (a)Longitude-time cross section along 20-40°N for 8-day low-pass filtered potential tem-
perature at 200hPa, whose average over the region between two heavy dashed lines is shown
in (b). Contour interval in (a) is 2K. Areas 352K < 6 < 356K and 356K < 6 are lightly and
heavily hatched, respectively. The marks o and x indicate the major warming and cooling
events, respectively. The mark A shows the typical pre-onset and post-withdrawal days of
the Indian summer monsoon. The numbers 1 to 7 are referred in the text.

(b) x-5 Aug. 4
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Fig. 9. The latitude-pressure cross sections of the potential temperature averaged over 30-120°E in
1983 on days indicated by the numbers 4 and 5 in Fig.8 are shown in (a) and (b). respectively.
Contour interval is 5K. The areas of the 350-360K potential temperatures are hatched.
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Fig. 10. The time-pressure cross section for potential temperature averaged over 30-120°E and
20-40°N in 1983. Contour interval is 5K. The area of 350-360K potential temperatures is
hatched.
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Fig. 11. The 2-monthly mean o distributions on 355K isentropic surface. Contour interval is
10kgin~*K~'. The areas greater than 50kgmn=2K~! and 100kgin 2K~ " are lightly and heavily
hatched. respectively.

3.3 Muss transport on the isentropic surface in the northern periphery of
the Tibetan Plateau in 1983

It is shown above that the warming and cooling in the upper troposphere over the Tibetan

High region are related to the variations of Mss0.460x. Here. new variable o is introduced as

follows:

10p (1)
a4’

This variable indicates the amount of air mass within unit area and unit potential temper-

ature increment. Around the 355K isentropic surface, o is approximately proportional to

g =—g

Mis0-3601K

Another distinetive character of o is deduced from the mass coutinuity equation for the
isentropic coordinates;

(«%a =—-Vy-(ov)— -6%(09), (2)
where v is the horizontal wind vector and (= df/dt) indicates the vertical velocity of the air
parcel in the isentropic coordinate which corresponds to the diabatic effects. The differential
operator Vy represents the divergence of the vector field on the isentropic surface. If the air
motion is adiabatic, the term including # vanishes and the local change of o is caused only
by the horizontal mass flux convergence on the isentropic surface. The diabatic effects cause
the non-conservative mass ‘production’ or mass ‘sink’ on the iscntropic surface.

The seasonal march of the 2-monthly mean o355 distributions in 1983 are shown in
Fig.11. Large o355k is seen mainly from 30°S to 30°N in March-April. However, in July-
August, extremely large o355 extends over the region 10-150°E and 10-40°N. The maxinmum
0355 value reaches 100kgm 2K =1, being confined in narrow region.

To assess how long the air mass is confined in the Tibetan High. the average time of an air
parcel remaining is estimated from 7 = & /divav, where over bar denotes averaging over 1983
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flux/(10%kgK~'s™1)

terms total  NB SB EB WB

do /T —0.07
V- (5V) +0.74 | +0.27 +0.56 +0.37 —0.46
V- (V) +0.14 | +0.12 —0.01 +0.02 +0.01
Vo - (a'V') +0.15 | +0.16 —0.02 40.01 —0.00
+) V- (GV £0'V) | +0.00 | 40.01 —0.00 +0.00 —0.00
sum (/f7) +0.96 | +0.56 +0.53 +0.40 =045

Table 1. Amounts of each terms in (3) integrated over the domain 0-150°E and 20-40°N (the first
column) and the contributions from respective boundaries; northern boundary NB. southern
boundary SB, eastern boundary EB and western boundary WB (from the 2nd to 5th columns).
They are calculated on 355K isentropic surface and averaged over July and August in 1983.

mid-summer (July and Angust) and the region including the almost whole of the Tibetan
High. Though the values of 7 vary more or less by the averaging region, thev distribute
near 7 =~ 30days. For instauce, in the region 30-120°E and 20-40°N, 7 = 29davs. It means
that the air parcels inserted in the 355K isentropic surface remain for about 30 davs in the
Tibetan High. The reason why the Julv-August o355 is confined within such a relativelyv
niited region should he related to the fact that continuous intense diabatic heating occurs
i subtropical latitudes where the Coriolis parameter is large enough to maintain the large
horizontal pressure gradient. Since this time scale may he sufficiently larger than that of
the radiative cooling effect. evaluation of the radiative effect in these regions is also one of
remaining important subjects for the estimation of the heating process on the intraseasonal
or longer time scales quantitatively.

In order to research the processes which control oyssc in July and August. the o355
budget is calculated here nsing the mass continuity equation for the isentropic coordinates.
(2). Upon setting 0 = 6 + 7 +¢' and v = v+ v + v/, ¢ and v represent the sum of the
components of different tine scales, where the over line denotes the average over the analysis
period and ~ and -’ denotes the variations on time scales which are longer and shorter than 15
days, respectively. By substituting this expression into (2) and averaging it over the analysis
period, the following equation is obtained;
do == == g AN
7= V- (aV) =Vy-(0V) = Vy-(0'V) = Vy-(6V' +a'V) + RR. (3)
where do is the change of o in the averaging period T', and R is the vertical flux divergence
term, or the mass ‘production’ on this isentropic surface, which includes diabatic effects,
mainly due to the intense convective clouds.

The budget analysis described above is applied for the period between Julv 1 aud August
31 in 1983. The result averaged over 0-150°E and 20-40°N is tabulated in Table 1. It
is shown that the diabatic effect R is mainly balanced with the divergence of o flux bv
time mean flow, Vy - (6v). with the main outflow from the southern boundarv. That on
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Fig. 12. Time-latitude cross sections for 60-day low-pass filtered u at 200hPa (7). o2 at 200hPa,
and 8-day low-pass filtered o and 5 on 355K isentropic surface. averaged over 0-150°E.
They are indicated by symbols @. 2. & and o, respectively in the figures. In (a), 8-day
low-pass filtered o is hatched. In (b), northward eddy o-flux by intrascasonal disturbance on
355K isentropic surface (69) is indicated by hatched area. Contour intervals are 50m2s=2 for
9%, 15kgm 2K~! for 8-day low-pass filtered o, and 25kgm~'s~'K~! for 50. Only significant
contonrs are plotted. Areas where i > 25ms~! are shaded.

the northern houndary is also large but smaller compared to the southern boundary. The
outflows by the intraseasonal (V- (5v)) and svnoptic (Vg - (0'v")) disturbance occur mainly
on the northern boundary. Those on the southern boundary arc significantly small. The
northward eddy mass transport by the disturbances with intrascasonal time scales on the
355K isentropic surface is small compared to the total prodict of the air mass (R) but not
negligible conpared to the northward mass flux in the northern periphery of the Tibetan
High. The northward flux is especially large at 30-60°E (Figure is not shown here. See Fig.8
in Terao (1998h)).

In order to confirm further the role of the TQS-Rossby wave in northward transport of the
air mass on the 355K isentropic surface, the relationships between the temporal variations
of amplitude of the TQS-Rossby wave indicated by 72 and, G355 and T355 U around the
Tibetan High in 1983 are compared. Figure 12(a) shows the latitude-time cross sections
averaged over 0-150°E for 60-day low-pass filtered u at 200hPa (shaded) which is referred by
u hereafter, the 8-day low-pass filtered 04551 (hatched) and 77 at 200hiPa. It is clearly shown
that the o355 in the Tibetan High rapidly decreases when the intense TQS-Rosshy wave
is observed around July 9, July 30 and Aungust 27 in the subtropical jet. In Fig.12(b), the
northward o-flux. 57 at 355K (hatched), is superimposed upon i aud *. The northward o-
flux is seen mainly at around 30-40°N. The variations in northward o-flux are coincident with
the TQS-Rossby wave amplifications in the subtropical jet. The large o-flux well coincides
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Fig. 13. Scatter diagrams showing the time change of distribution of PV at the 2.5° x 2.5° arid
points at 00Z on each day for two typical areas (a)Tr (90-150°FE and 15-25°N) and (b)st
(150°E-150°W and 45-55°N) shown by boxes in Fig.11 of Terao (1998b). These arcas are
nsually dominated by the tropospheric and stratospheric air. respectively. Horizontal dashed
line shows 2PVU. Four marks A-D indicate the inferred active stratosphere-troposphere mass
exchanging events.

with the decrease of o except for the event at around August 15 when the hatched area in
Fig.12(b) does not coincide with the TQS-Rossby wave.

These results suggest that the TQS-Rosshy wave trapped in the subtropical jet regulates
the wass hudget on the 355K isentropie surface through the northward mass trausport. In
other words. some part of the warnm air mass produced by the intense condensation hieating
is trausported out of the Tibetan High when the TQS-Rossby wave is intensified in the
subtropical jet producing the decrease in o in the upper troposphere over the region near
the Tibetan High.

3.4 Stratosphere-troposphere mass exchange on the 355K wsentropic surface

In order to assess the stratosphere-troposphere (S/T) mass exchange around there, Ertel’s
potential vorticity, PV = o~!(f +(). is used, where f is Coriolis parameter and ( is relative
vorticity. This value PV can be used as a tracer of the air motion, since it is conserved
in the isentropic flow. Besides, PV of stratospheric air is remarkably larger then that of
tropospheric air. By using PV’ the upper tropospheric air and the lower stratospheric air
are distinguished from each other. In this study, the air wirh P1” < 2PVU(10~%kg~'m2s~'K)
1s judged as the tropospheric air.

The PV distributions over the two regions indicated by boxes Tr (90-150°E and 15-25°N)
and St (150°BE-150°W and 45-35°N) (see Fig.11 of Terao (1998b)) are shown by scatter di-
agrams in Figs.13(a) and (b), respectively. The box Tr is usually dominated by the tro-
pospheric air, while the box St is by the stratospheric air. However, in the box St. the
tropospheric air mass are observed around the days indicated by A - D in Figs.13(a) and (b).
On around the same days, in hox Tr. the stratospheric air mass is observed. They should
correspond to the S/T mass exchanging events.
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Ue | U | K. | Ki| o [|b°] )
name | ms~' | ms™! ' note
case-1 | 15.0| 20.5|4.09|6.77 | 40°N | 5 | £35°
case-2 | 12.6 | 18.1 |5.11 | 7.32 | 37.5°N | 5 | £35° | Asian waveguide
case-3 | 14.1| 18.0 | 4.87 | 5.88 | 45°N | 5| £35° | Atlantic waveguide
case-4 | 24.7| 345523 7.35 25°S | 5| £35° | Australian waveguide
case-5 | 21.3 ] 224 3.09 | 3.50 | 52.5°S | 5| £35° | S. H. Polar waveguide

Table 2. The list of the basic states used in this thesis. Parameters of U,. U;. K, and K, are
defined in Appendix C.2. The assumed central latitude of the 3-channel is noted by ¢. The
value b and Y are half width of westerly jet and the locations of the boundaries. respectively.

These events seem to occur at the same time or several days after the cooling events in
Tibetan High (Fig.8) as far as three events indicated by A. B and D in Fig.13 are concerned.
They also appear several days behind the energy peak of the TQS-Rosshy wave activity
(Fig.12).

4 The zonal wavelength and intensity of the TQS-Rossby
waves reproduced in the F-channel model

In section 2, the systematic dependency of the zonal wavenumber and intensity on the
frequency is found for the disturbance trapped in the subtropical jet over Eurasian Continent.
In this section, the mechanism of this wavenumber-frequency dependency is explored using
the simple zonally svinmetric G-channel model. Afterward, the results of the model are
compared to the data analyvsis using the space-time spectrum analysis.

4.1 The properties of the solutions of the step-like zonally symmetric basic
state in the G-channel model

The step-like basic states in the S-channel model which is introduced in Appendix C.2 are
solved. The variables and equations used in this subsection are defined in Appendix A to C.
The w-£ relation of the solutions are related to Q1 and Q2 defined in section 1. The energy
concentration ratio € defined by (9) is useful in considering about Q3.

In Table 2, the cases examined in this thesis are listed. The basic state used in case-1
(solid lines in Fig.14(a)) is derived from a sinusoidal basic state which is defined in Table 1
of Terao (1998c) (dashed lines in Fig.14(a)) using (10).

The dependency of ¢ on k for all modes in case-1 is plotted in Fig.14(1)) with small
circles (o). As is shown in Figs.3 and 4 of Terao (1998¢), the spatial structure of 1-st mode
solution is similar to the observed TQS-Rossby waves in the real atmosphere (c.g. Hsu and
Lin (1992)).
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Fig. 14. (a)The weridional profiles of the basic states expressed by ("(y) (thin lines) and K,(y)
(thick lines). The basic state used in case-1 and the sinusoidal basic state from which the
basic state of case-1 is derived are shown by solid and dashed lines. respectively. Vertical
and horizontal axes indicate the latitudinal location and unit of I7 and K, inms™! and zonal
wavemnunber. respectively.  Horizontal long dashed lines indicate the latitude y = £2b =
1110k and y = £b = £550km. The thick horizontal lines at = £7h ~ +3870km show
locations of the boundaries. (b)The dependency of ¢ on k of case-1 solutions is represented
by small circles (o). Horizontal long dot-dashed lines indicate ¢ = +3ms~! and +5ms—!.
Marks O, x and A indicate solutions referred in the text. Thick solid line indicate the
fraction of the solution curve which correspond to the TQS-Rossby wave trapped in the
westerly jet (the TQS-Rossby wave solution curve fraction).
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Fig. 15. Dependencies of w on & variations of 1st-mode solutions for case-1 (small open circles
(0)). Thick lines show the TQS-Rossby wave solution curve fractions of case-1. The marks
*. A and o indicate the locations of the solutions corresponding to those shown by the same
marks in Fig.14(b). The dot-dashed lines indicate ¢ = +3ms~"! and +5ms—!.

To distinguish the trapped solutions, the values w, and #, (see (11)) are calculated and
plotted in Fig.14(b) by thick and thin dotted lines, respectively. It is found that the solutions
satistying the condition (11) is found only on the 1-st mode solution curve. The solutions
corresponding to the TQS-Rossby wave are on the fraction of 1-st mode solutiou curve,
indicated by thick solid line in Fig.14(b). This fraction of solution curve which consists of
the solutions corresponding to the TQS-Rossby wave is called the TQS-Rossby wave solution
curce fraction, hereafter. Recall that the phase velocity of TQS-Rossby wave was defined to
be herween —5ms™" and 5ms™! in section 1.

The TQS-Rossby wave solution curve fraction is monotonically increasing function not
only on this k-c plane (thick line in Fig.14(b)) but also on the k-w plane (thick line in
Fig.15). Therefore, if the frequency w (or the zonal phase speed c¢) is given, the wavenumber
k of solution is determined uniquely. The wavenumber of eastward- (westward-) propagating
solution becomes large (small) as the absolute value of the frequency (lw|) increases.

[n Fig.16, the distribution of energy concentration ratio ¢ defined by (9) for TQS-Rossby
wave solution curve fraction of case-1 is plotted by thick solid line. Generally speaking,
€ of the eastward-propagating TQS-Rossby wave solution is greater than that of westward-
propagating one.

4.2 Comparison between the solutions in the model and the observation

The space-time spectral densities (Havashi, 1971) are calculated using the objective analvsis
data for four regions along the westerly Jets in the northern hemisphere summer. The
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Fig. 16. The dependencies of € on zonal wavenunber for the 1-st mode solutions of case-1 (small
open circles). The TQS-Rossby wave solution curve fraction is indicated by thick line. Marks
O, x and A refer to the solutions indicate by the same marks in Figs. 14(D).

space-time spectral densities for both of streamfunction and meridional wind velocity are
calculated. in order to examine the differences hotween them, for two selected regions. This
should provide the sufficient informations to answer the Q1 raised in 1. On the other hand.
the availability of the step-like basic state in tlie j-channel model for the TQS-Rossby wave is
assessed by investigating to what degree the space-time spectral peaks coincide with the k-w
dependencies of the TQS-Rosshy wave solutions in the B-channel model and to what degree
the intensities of the spectral peaks correspond to the calculated kinetic energy concentration
ratio. They are related to the Q2 and Q3 raised in 1.

The space-time spectral densities are calenlated for the westerlv jet along the following
four regions in northern summer:

Asian waveguide(WG-1): The subtropical westerly along 37.5°N over the Eurasian Conti-
nent and the western North Pacific from 0°E to 180°E.

Atlantic waveguide(WG-2): The subtropical westerly along 45°N over the eastern North
Pacific, the American Continent and the Atlantic Ocean from 180°W to 0°W.

Australian waveguide(WG-3): The subtropical westerly in the southern hemisphere along
25°S over the Indian Ocean, Australian Continent and South Pacific from 60°FE to
120°W.

Southern Hemispheric Polar waveguide(WG-4): The polar frontal jet along 52.5°S over
the Antarctic Circumpolar Current from G0°E to 120°W

They correspond to regions where the QS-Rosshy waves are likelv to he guided (see Fig.8

of Terao (1998c)). The space-time spectral densities along WG-1-WG-4 arc shown in Fig.17.
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Fig. 17. The space-time spectral densitics for 200hPa streamfunctions (a)along WG-1 and (d)along
WG-3, and those for 200hPa meridional wind velocities along (b)WG-1, (c)WG-2, (e)WG-3
and (d)WG-4 are shown by contours. Contour intervals are 2.0x10"m*s~2.deg-day and
2.0x10°m?s~2-deg-day for the streamfunctions and the meridional wind velocities, respec-
tively. Superimposed on them, the k-w relationships for trapped solutions calculated for the
basic states generated from the observed basic state near the corresponding jet are shown by
the solid line with boxes (O). The thick parts of these lines show the TQS-Rossby wave solu-
tion curve fractions. The lengths of side of these boxes are proportional to the corresponding
value of € (see (9)). The dot-dashed lines indicate ¢ = £3ms~! and +5ms~".
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They are calculated usiilg the FF'T method for the longitude-time cross sections along the
corresponding waveguides for 14 years from 1980 to 1993.

The space-time spectral densities of the streamfunctions and the meridional wind veloc-
ities are compared to each other for WG-1 and WG-3. \Vhile the spectral peaks become not
so evident for the periods longer than 45 days for streamfunctions (Fig.17(a) and (d)). theyv
remain evident for meridional wind velocities (Fig.17(b) and (e)). The spectral peaks for
weridional wind velocities at about k = 5.5 exist for the periods up to 90 days. This implies
that the TQS-Rosshv waves are svstematically seen not onlv in 10-30-dav time scales but
also up to 90-day time scales.

The k-w relationships of the 1-st mode solutions of case-2-case-5 (see Table 2) are shown
by the lines with boxes (O) in Fig.17. They are compared with the results of space-timie
spectrum analysis for the corresponding waveguides (the contour in Fig.17(a)-(f)).

As a whole, these figures show that the peaks in the space-time spectral densities are seen
around the lines obtained from the TQS-Rossby wave solution curve fractions calculated from
case-2-case-5. This indicates that the S-channel model well explains the observed zonal
wavenumbers of the T()S-Rossby waves.

Furthermore, Fig.17 shows that the space-time spectral densities are large (small) where
the magnitudes of €'s are large (small). This is consistent with the distribution of ¢ on the
solution curve, which shows that €'s for eastward-propagating waves are generally larger than
those of westward-propagating ones especially for larger frequency ranges.

5 Conclusions

I this thesis, the quasi-stationary Rossby wave trapped in the westerly jet (TQS-Rossby
wave) are investigated from a viewpoint of the extratropical intraseasonal variations for the
northern hemisphere summer.

Over the Eurasian Continent in summer, the TQS-Rossby wave-like disturbance is the
most prominent factor of intrascasonal variations. The case study for the 1983 summer when
the most representative TQS-Rossby wave-like disturbance is seen shows that a waveguide
for the QS-Rosshy wave is formed along the subtropical jet.

In the case study of 1983 summer, it is found that the TQS-Rosshy wave on 30-45-day
time scales plays an important role in regulating the intraseasonal variation of the Asian
summer monsoon circulation and in the stratosphere-troposphere mass exchange. The mass
budget analysis on the 355K isentropic surface averaged over July and August in 1983 shows
that the northward eddy mass transport related to the TQS-Rossby wave plays an important
role in the northward heat transport out of the Tibetan High. The temporal variation of
the eddy heat transport, too, is fairly consistent with that of the TQS-Rossby wave as is
summarized in Fig.18. Several days after the major warming events (H in Fig.18), the
TQS-Rossby wave is amplified along the subtropical jet (R in Fig.18). At almost the same
time, the northward mass transport on the 355 isentropic surface is found to be large
(Fig.12(b)). The stratosphere-troposphere mass exchanging events are also observed just
behind the northward mass transport (A, B and D in Fig.18). The structure of the TQS-
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Fig. 18. Time-latitude cross section for 60-day low-pass filtered u at 200hPa (U), 8-day low-pass
filtered o at 355K (H), 8-day low-pass filtered u at 850hPa (M) and %2 at 200hPa (R, hatched).
The contour intervals are 4ms™'. 15k ?K~! and 3ms~! for U. H and M. respectively.
Contours smaller then 20ms™! for U, smaller than 45kgm2K~! for H and smaller then
9ms~! for M are ignored. The arcas where 2 > 150m2s~2 are hatched. The marks A-D are

the same dates as those shown in Fig.13.

Rosshy wave along the subtropical jet also supports the above discnssion suggesting strouy
imteraction with the Tibetan High.

e The Tibetan High is strongly distorted when the TQS-Rossby wave passes.

e The critical latitude for the TQS-Rossby wave is just correspond to the center of the
Tibetan High.

e The slight but systematic westward phase tilt of the TQS-Rossby wave supports the
northward eddy heat flux.

These results support the discussion about the S/T exchange and its relation with the wave
breaking (Dunkerton, 1995; Chen, 1995). In the literature, the effects of the intraseasonal
variation of the Asian summer monsoon circulation on the extratropical circulations through
the Rossby wave propagation are sought after (Kuma, 1985 and Yasunari, 1986). However.
the results in this thesis show that the effects of the extratropical intraseasonal variation, i. e.
the TQS-Rossby wave, on the Asian summer monsoon circulation through the wave breaking
and the irreversible meridional mass exchange are important at least in 1983 summer.

By the space-time spectrum analvsis using the data during 14 yvears (1980-1993), the
dependencies ou the frequency of the zonal wavenumber and the intensity of the TQS-Rossbyv
wave are systematically described for the first time. Based on the results, the questions Q1
to Q3 can be answered as follows.

Answer to Q1: The TQS-Rosshy waves are observed in rather wide frequency range not
only on 10-30-day time scales but also up to 90-day time scale in the meridional wind
velocity data. However the TQS-Rossby waves appear to be less evident compared
to that by meridional wind in analysis using streamfunction (Figs.17(a) and (d)). Tt
is dangerous to determine the predominant time scales of TQS-Rossby wave by the
streamfunction or the geopotential height data only.

Answer to Q2: While the wavenumbers of the eastwird aned the westward-propagating
modes of the TQS-Rosshy wave are almost the same at lower frequency range. as the
frequency increases, wavenumber of eastward- (westward-) propagating mode increases
(decreases).

Answer to Q3: The intensitv of westward-propagating mode becomes less evident than
castward-propagating one. as the frequency increasocs.

These observational facts are explained comprehensively by solving the 3-channel model.
The solntion curve correspond to the TQS-Rossby wave is unique on the zonal wavenumber-
frequency (k-w) plane. The zoual wavenumber-frequency (A-w) relation and the zonal wave-
munber-trapping intensity (A-¢) relation are well coincide with the results of the space-time
spectrum analysis for the TQS-Rossby waves.

The original analysis tools proposed are successfully used. The rav-path analvsis for the
Rosshy wave (Hoskins and Ambrizzi. 1993; Yang and Hoskins. 1996) is extended. Not only
tetmporally but also zonallv appropriate smoothed hasic flow is nsed instead ol basic flows
suclas climatological or monthly mean flows smoot hed oulv in time space. This method is
available to the case study diagnosing the propagation route of the QS-Rosshy wave packets.

The solutions of step-like zonally svmmetric basic state is examined in the 3-channel
model, which clearly explains the dvnamical aspect of the TQS-Rossby wave.

The mtraseasonal variation of the Asian summer monsoon circulation is associated with
the accumulation of the high potential temperature air mass transported into the upper
troposphere around the Tibetan High. This accumulation is highly remarkable in the general
circulations in the northern hemisphere summer. Investigating the accumulation, niovement
and releasing the air mass with high potential temperatures should be useful to study the
mechanisms of the Asian summer monsoon circulation.
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Appendix

A The basic equations

The perturbation vorticity equation linearized about the zonally symmetric basic flow U(y)
in the S-plane is written in the following form,

J_, J . d

5V U=V + 8, — = 0. 4

ot dx T ow )
where v is the perturbation streamfunction and 3, (=03- ‘(‘;T") 1s gradient of the absolute

vorticity of the basic flow. Assuming that the perturbation with the zonal wavenumber

k(> 0) and the zonal phase speed ¢ is in the form U= U(y)e*Tel the vorticity equation
(4) reduces to the following sccond order ordinary differential equation:

>

dy?

(0 =) (5 — K°¥) + UKD = 0, (5)

where K is the stationary total wavenumber defined by
> 0
2 Mx
‘[\s = z:- (6)

This is the same as I defined in Hoskins and Ambrizzi (1993). Using e. the frequency of
the disturbance can be written as w = ck.
If ¢ # U, &, the Doppier shifted total wavenumber, can be defined by
2 Uu ..

KT = I

U—-¢ % (7)

which is equivalent to A" defined in Yang and Hoskins (1996). Using this, (5) can he rewritten
into the simpler form;

= (k* — k%) . (8)

B The ray-path analysis for the QS-Rossby wave

B.1  The standard ray-path analysis

The ray-path theory to diagnose the behavior of the QQ5-Rossby wave used in this study is
based on Hoskins and Ambrizzi (1993) and Yang and Hoskins (1996). The detailed expla-
nations are made in section 5.1 in Terao (1998a). The coefficient « defined above (7) is used
to diagnose the behavior of the QS-Rossby wave on the basic flow [/

The propagation route of the QS-Rossby wave energy is diagnosed by the spatial distri-
bution of k as follows.



e When the QS- Roasb\ wavepacket with zonal wavenumber k propagating in the region
where & > k reaches the turning latitude where £ = k, it turns to the s-increasing
direction. On the other hand, as the wavepacket approaches the critical latitude where
U = ¢, it refracts toward the critical latitude and its meridional wavelength and merid-
ional group velocity of the wavepacket tend to zero. The linear wave theory is invalid
near such a latitude.

e When the QS-Rossby wave is trapped in the region with turning latitudes both north-
ward and southward, it cannot escape from this region. i. c.. it is guided. Such region
is called waveguide.

B.2  An extension of the ray-path analysis —
Representing certain spatial and temporal ertensions of the wavepacket

The equation (7) shows that. the basic flow profile U™ is needed to derive . In the lit-
erature. the climatological average of observed u has been used for the basic flow profile.
Recently. Naoe et al. (1997) examined the stationary Rosshv wave propagations using the
K (ll.\f.[lhllf,)()lls derived from the monthly mean u’s in winter as basic flows. However. since
the patterns of & obtained in their study are somewhat too complicated and involve smaller
scale variations, it is difficult to interpret the patterns of «.

Now. it should be reconsidered what the basic flow for the wavepacket is. Suppose a
wavepacket propagating in the barotropic dtmnsplwrv The beliavior of the wavepacket at
certain point is not determined only by u and “ o= at that point. but by the averaged basic flow
in the area with certain temporat and zonal e\tent (hatched rectangular region in Fig.19).
Therefore, the behavior of the wavepacket should be diagnosed using not only temporally
but also zonally appropriately smoothed basic flow. More complete discussion about this
extension is given in section 5.2 of Terao (1998a).

C The zonally symmetric #-channel model

C.1  Solving the model

Solving the disturbances in the S-channel model starts from (5). First, this differential
equation is discretized about latitude y, where y is the meridional distance from the as-
sumed central latitude of the F-channel. If the meridional profiles of U(y) and Ny(y) and
the boundary conditions are provided, the possible structures of the disturbances and corre-
sponding zonal phase velocities can be obtained for arbitrarily given k. If the area between
two boundaries is discretized into V + 2 grids at regular intervals including the boundaries,
N pairs of the amplitude function ¥ ;j(y) and the zonal phase speed ¢; (j = 1,---, N and
cp < e, < .. < cp) are obtained. Helc, the j-th solution is noted as j-th mode solution. The
boundary conditions are set at two points y = +Y, where W = 0. This method is the same
as those of Haltiner and Song (1962) and Yanai and Nitta (1968).
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Fig. 19. A schematic diagram showing the temporal and spatial extent of the region which is
effectively ‘felt’ by the wavepacket.



It should be noted that i.i) has singularities at critical latitudes where U = ¢. Since only
the solutions corresponding to QS-Rosshy waves (¢ < 5ms™!) are examined in this study,
only those with slow zonal phase velocities are needed to be considered. In order for such
solutions not to suffer the influence of the critical latitudes, the minimums of zonal flow
(Unin) of all the basic states used in this study are set larger than 10ms~!.

As a measure which shows how strongly the solution is trapped in the westerly jet, the
kinetic energy concentration ratio (¢) is introduced as follows:

J2 5 (0 % )y

e (9)
Iy 3w + ) dy

where b is the half-width of the westerly jet and u’ and ¢’ are the zonal and the meridional
wind velocities of the perturbation.

C.2  The step-like basic states

The step-like basic states deseribed below are used in the present study.

Two averaging operators. (_—)h) and (-—)(e), are defined as the averaging over the domains
lyl < b (the internal domain) and b < ly] < 2b (the external domain), respectivelv. From an
original basic state, U(y) and I(y) which satisfy (6), the step-like basic state is generated
by the following procedure.

N (e)

Uly) =0, =Ul(y) o> b
{.Aﬂu)z =60 /U e (10)
Uy =Ui=T0)" o (lyl < b).

K2(y) = K2 =B, /T )" -

As the original basic state. anyv possible basic states such as the sinusoidal basic states or
the basic states derived from rhe observational dataset can be used.

Now, it should be noted that this definition is somewhat tricky. Some supplementary
explanations must follow. The equation (6) which indicates that the profile of Ay depends
upon the profile of U prohibit us from determining the profile of K, independent of U
profile. However, if U and K are determined by (10), they no longer satisfy (6). Besides,
to determine the profiles of A'; and U, only the original K, and U profiles near the westerly
Jet (=2b <y < 2b) are used. The original profiles far from the westerly jet (|y| > 2b)
are totally ignored. In spite of the tricky definition of the step-like basic state, however,
the results obtained by the step-like basic states will be justified by the comparison of the
results obtained from the sinusoidal and step-like basic states in section 2.4 of Terao (1998c).
The reasons why the step-like basic state is justifiable are discussed in section 2.2.3 of Terao
(1998¢).

For step-like basic states. there is another distinet measure other than € to distinguish
the solutions which are trapped in the westerly jet. This measure is related to » inside
and outside the westerly jet noted by x; and k,, respectively. The equation (8) indicates

30

that the meridional structure of the solution at certain latitude becomes locally sinusoidal
(exponential) if k% — k% < 0(> 0). In order for the solution whose zonal phase speed is ¢ to
be trapped in the westerly jet. its zonal wavenumber & must satisfy

B U o U
ke = K, L__C<k<h,,—[\, T (11)

since the wave must be sinusoidal inside the westerly jet and must decay exponentiallv
outside. Consequently, utilizing the equation (11). values of x, and , enable us to determine
whether the solution with zonal wavenumber % and zonal phase speed ¢ is trapped in the
westerlv jet or not.
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