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ABSTRACT

Horizontal wind and temperature data obtained from operational radiosondes over Japan have recently been
available with high vertical resolution. Analyzing these data over 4 yr has indicated horizontal velocity layers
with vertical scales of about 5 km lasting for a week or more. The layers appear frequently in winter at several
stations simultaneously and are dominant in the height range of 8-16 km. An empirical orthogonal function
(EOF) analysisfor the time series of layered disturbance amplitude in winter indicates that there are two dominant
principal components. The first component (EOF1) describes layered disturbances in the middle of Japan (30°—
37°N) and the second one (EOF2) describes disturbances in the south of Japan (23°-30°N). Using global analysis
data, the background field of the layered disturbances was examined. An interesting result is that the background
potential vorticity (PV) is approximately zero or negative for EOF2 disturbances even though located in a
relatively high-latitude region. This fact suggests that the EOF2 disturbances are due to inertial instability. It is
also shown that negative PV occurs more than 30% of the time in winter, in a zonally elongated region of 23°—
29°N in the western Pacific, on an isentropic surface of 345 K (~10 km altitude). Such a high frequency of
negative PV is not observed at other longitudes in this latitude band. To determine the origin of the anomalous
PV, backward trajectories were analyzed. For EOF2 disturbances, air parcels having mostly negative PV are
traced back to the equatorial region in the longitude band 20°W-140°E within a few days. This is due to a
strong northward branch of the Hadley circulation associated with deep convection over the Maritime Continent
and a strong northeastward subtropical jet stream. On the other hand, the background PV is low but scarcely
negative for EOF1 disturbances. Air parcels at EOF1 stations are traced back to the far west because they are
advected mostly by a strong eastward jet stream. Thus, it is inferred that the EOF1 disturbances may be due to

inertia—gravity waves trapped in a duct of the westerly jet core.

1. Introduction

Radiosonde observations of temperature and horizon-
tal winds have been made operationally at many stations
over theworld for several decades mainly for the purpose
of numerical weather prediction. These observations,
however, are also valuable for research purposes and for
topics lying outside the scope of large-scal e meteorol ogy.
Since radiosonde data sample a single location and have
high vertical resolution of 0 (100 m) in the troposphere
and lower stratosphere, it is possible to analyze various
characteristics of small-scale atmospheric disturbances
such as gravity waves and equatorial waves.

Small-scal e atmospheric phenomena can be examined
also by recently developed observational tools with ad-
vantages that radiosonde observations do not have. For
example, mesosphere, stratosphere, and troposphere
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(MST) radars (VHF/UHF clear-air Doppler radars), and
lidars provide vertical profiles of three-dimensional
winds and temperature with fine temporal resolution of
afew minutes, in contrast to the 1.5 h typically required
for aradiosonde to traverse from the ground to the lower
stratosphere. Satellites using occultation techniques pro-
vide vertical profiles of temperature globally over any
surface, while radiosonde observations are restricted
mainly to land areas and ocean islands.

Radiosonde observations nevertheless have signifi-
cant merits compared with these recently developed ob-
servational techniques. Thefirst oneistheir economical
cost. It is easy to make special campaign, as well as
operational, observations simultaneously at widely sep-
arated stations (Tsuda et al. 1994; Wada et al. 1999)
which is difficult for radar and lidar observations. The
second merit is spatial resolution. Radiosondes provide
in situ data at a single location, while satellite occul-
tation data have a horizontal resolution of several hun-
dred kilometers, which is often insufficient to detect
small-scale phenomena. The third advantage is the ac-
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cumulation of operational radiosonde data over many
decades. Long-term variability and statistical charac-
teristics of smaller-scale disturbances can be investi-
gated using radiosonde data in various latitude bands
(Kitamura and Hirota 1989; Dunkerton 1993b; Dunk-
erton and Baldwin 1995; Allen and Vincent 1995; Yosh-
iki and Sato 2000).

So far, small vertical-scale fluctuations observed in
radiosonde data have been analyzed mainly in terms of
gravity waves or equatorially trapped waves. However,
it is sometimes necessary to consider inertial instability
as an alternative explanation of small-scale disturbanc-
es, particularly in the equatorial region. Inertial insta-
bility occurs when the balance of centrifugal force and
meridional pressure gradient force is broken for merid-
ional displacements. A criterion for inertial instability
is negative (positive) Ertel’s potential vorticity in the
Northern (Southern) Hemisphere. It is shown theoreti-
cally that the mode with the largest growth rate has
infinitely large vertical wavenumber for a zonally sym-
metric background field (Dunkerton 1981), although the
vertical wavelength of the most unstable mode can be
modified if atmospheric viscosity and/or zonal asym-
metry of the field are taken into account (Dunkerton
1983, 1993a; Stevens and Ciesielski 1986; Clark and
Haynes 1996).

Hitchman et al. (1987) found ‘‘ pancake structures”
in temperature data with high vertical resolution of 2
km acquired by the Limb Infrared Monitor of the Strato-
sphere (LIMS) instrument in the upper stratosphere and
lower mesosphere, and interpreted these features as in-
ertial instability. Usually inertially unstable air is con-
fined to low-latitude regions. A meridional overturning
circulation is associated with the northward or south-
ward motions due to inertial instability; this circulation
is sometimes referred to asthe inertial circulation. Tem-
perature anomalies of opposite sign are caused by up-
ward and downward branches of the inertial circulation
at the latitudinal boundaries of unstable cells as detected
in Cryogenic Limb Array Etalon Spectrometer
(CLAES) data from the Upper Atmosphere Research
Satellite (UARS) by Hayashi et al. (1998). The inertial
circulations inferred by Hayashi and Shiotani were con-
fined to aband of longitudes where anomal ous potential
vorticity (PV) was drawn poleward by a planetary Ross-
by wave entering the Tropics. O’ Sullivan and Hitchman
(1992) also demonstrated in a numerical model the im-
portance of local inertial instability in a Rossby wave-
breaking event.

There have been only alimited number of observational
reports describing inertial instability at relatively high lat-
itudes or at lower atitudes in the upper troposphere and
lower stratosphere. Ciesielski et al. (1989) showed cloud
wavelets in a region of negative potential vorticity over
the south part of the United States using Geostationary
Operational Environmental Satellite (GOES) West infra-
red satellite pictures. The life cycle of the wavelets was
approximately 4-5 h and the horizontal wavelength ap-
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proximately 400 km. They suggested that negative poten-
tial vorticity can be generated by radiative heating gra-
dients associated with cirrus clouds.

In this study, we examine operational radiosonde data
with high vertical resolution at 18 Japanese stationsover
a 4 yr period and show the existence of long-lasting
layered disturbances in horizontal wind, which appear
frequently in winter at several stations simultaneously.
Through analysis of PV and back trajectoriesit isshown
that the layered disturbances can be interpreted as, or
related to, inertial instability. From their timescale and
horizontal extent, we consider that the layered distur-
bances reported in this study are different from those
shown by Ciesielski et al. (1989), although the latitude
and altitude of observation are similar. The data are
described in section 2 and the existence of layered dis-
turbancesis shown in section 3. An empirical orthogonal
function (EOF) analysisis madein section 4 to elucidate
the large-scale organization and temporal variation of
the disturbances. Also, the background field is examined
using National Centers for Environmental Prediction
(NCEP) reanalysis data. Backward trajectories are cal-
culated in section 5 to determine the origin of the air
in which the layered disturbances are embedded. The
results are discussed in section 6, and summary and
concluding remarks are made in section 7.

2. Data description

The Japan Meteorological Agency (JMA) has ar-
chived data from operational radiosonde observations
at small vertical sampling intervals since 1995. The ver-
tical intervals of JMA data are about 200 m for tem-
perature and on average about 300 m for horizontal
winds, which are finer than those of the World Mete-
orological Organization (WMO) criteriafor the purpose
of numerical weather prediction. The accuracy of tem-
perature measurements is 0.1 K. Horizontal winds are
estimated as time derivatives of the horizontal position
of radiosondes. Time intervals of 1, 2, and 4 min are
used to obtain the time derivatives for the height regions
roughly corresponding to z = 0.3-4.5 km, z = 4.8-15
km, and z > 15.3 km, respectively. Thesetimeintervals
are equivalent to about 300-, 600-, and 1.2-km height
intervals. Since the horizontal positions of radiosondes
are estimated from the temporal variation of elevation
and azimuthal angle of the radiosondes, the wind ac-
curacy is not constant and depends on the accuracy of
these measured parameters. Wind accuracy is consid-
ered to be better than a few meters per second for the
radial direction and better than 1 m s—* for the tangential
direction in normal atmospheric conditions (Japan Me-
teorological Agency 1995). Note, in this paper we ex-
amine mainly meridional wind fluctuations that are ap-
proximately in the tangential direction of winds.

We used twice daily (0000 and 1200 UTC) radio-
sonde data at 18 stations for 4 yr from 1995 through
1998. The station locations are shown in Fig. 1 and
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listed in Table 1. To make the analysis easier, we in-
terpolated the datato a uniform vertical interval of 200
m using a cubic spline method in the altitude range 0—
30 km.

We also used NCEP reanalysis data of geopotential
height, zonal and meridional winds, and temperaturefor
the same time period to examine the background field.

3. Existence of layered disturbances
a. Typical examples

Layered structures are often observed in the merid-
ional wind component v at several stations simulta-
neously in winter. Figure 2a shows atime—height section
of meridional wind at Naha (26.2°N, 127.7°E; station
number 47936) in the southern part of Japan over 21
days from 20 December 1995 through 10 January 1996.
Dots show the tropopause levels estimated from vertical
profiles of radiosonde temperature data. The tropo-
pauses are located at two levels: about 16 km (20-30
December and 3-10 January) and 6 km (30 December
to 3 January). Thisdoubletropopause structureisrelated
to the existence of a strong westerly jet around 11 km,
and the appearance of a lower tropopause corresponds
to the southward shift of the westerly jet, as shown | ater.
Note also that this double tropopause structure is not
clear in the reanalysis data with coarse vertical grids.

Strong and shallow northward winds are observed
below the upper tropopause continuously from 25 De-
cember to 10 January. Similar layered structure in me-
ridional wind is observed simultaneously at other sta-
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TaBLE 1. List of operational radiosonde stations of the Japan
Meteorological Agency.

Station
Station hame no. Latitude Longitude
Wakkanai 47401 45.4°N 141.7°E
Sapporo 47412 43.1°N 141.3°E
Nemuro 47420 43.3°N 145.6°E
Akita 47582 39.7°N 140.1°E
Sendai 47590 38.3°N 140.9°E
Wajima 47600 37.4°N 136.9°E
Tateno 47646 36.0°N 140.1°E
Hachijojima 47678 33.1I°N 139.8°E
Yonago 47744 36.4°N 133.4°E
Shionomisaki 47778 33.5°N 135.8°E
Fukuoka 47807 33.6°N 130.4°E
Kagoshima 47827 31.6°N 130.6°E
Naze 47909 28.4°N 129.5°E
Ishigakijima 47918 24.3°N 124.2°E
Naha 47936 26.2°N 127.7°E
Minamidaitojima 47945 25.8°N 131.2°E
Chichijima 47971 27.1°N 142.2°E
Minamitorishima 47991 24.3°N 154.0°E

tions located at almost the same latitude. Figure 3 shows
vertical profiles of (unfiltered) meridional wind at 0000
UTC 27 December 1995 at Ishigakijima (24.3°N,
124.2°E; station number 47918), Naha, Naze (28.4°N,
129.5°E; 47909), Minamidaitojima (25.8°N, 131.2°E;
47945), and Chichijima (27.1°N, 142.2°E; 47971). A
northward flow around 13 km is observed at all stations.
A southward countercurrent is observed at 10.6 km at
Naze and at 13.8 km at Chichijima. Another northward
flow is observed at 15 km at Chichijima.

To see this layered structure of meridional wind more
clearly, we extracted fluctuations using a bandpass filter
in the vertical with cutoff lengths of 1.5 and 6 km, and
a low-pass filter in time with a cutoff length of 2 days.
Figure 4 shows the response function of these filters.
Hereafter, we refer to the filtered meridional velocity
component as v’. The time-height section of v’ at Naha
is shown in Fig. 2b. The layered structure is clear in
the height region between the upper and lower tropo-
pause levels, and large positive values of v’ greater than
7 m st are seen around 13 km. From their large am-
plitude and layered structure similar to that of Fig. 2a,
it is confirmed that the layered disturbances observed
in Fig. 2b are not an artifact of the vertical filter.

The time-height sections of v’ at Ishigakijima and
Chichijima are shown in Figs. 2c and 2d, respectively.
It is worth noting that there are some phase differences
in the vertical between the stations. Judging from the
similarity in disturbance structure and timing of ap-
pearance, it isinferred that the layered disturbances ob-
served at these stations are due to the same event.

Another example is observed at more northern sta-
tions at | atitudes of 33°-37°N. The unfiltered meridional
winds at Shionomisaki (33.5°N, 135.8°E; 47778) are
shown in the time—height section during the time period
of 1-20 February 1997 (Fig. 5a). The tropopauses are
again located at two levels of about 16 and 8 km. Os-
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FiG. 2. Time-height sections for the time period of 20 Dec 1995 to 10 Jan 1996 of (a) v at Naha (26.2°N, 127.7°E; station no. 47936),
(b) v" at Naha, (c) v’ at Ishigakijima (24.3°N, 124.2°E; 47918), and (d) v’ at Chichijima (27.1°N, 142.2°E; 47971). Contour intervals are 5
ms?*(..,—-10, -5,0,5,10,...)for(@,and2ms* (..., =5 —3,—-1,1,3,...) for (b), (c), and (d). Thick contours show 0 m s~ for

(a). Dots indicate the tropopause levels.

cillations with periods of 2—-6 days extending through
the whol e troposphere are seen, which are probably due
to synoptic-scale baroclinic waves. Oscillations with
shorter periods of 1-2 days, which are not very clear
in these twice daily data, are also observed. They are
due to the medium-scal e waves with barotropic structure
trapped around a strong potential vorticity gradient at
the tropopause (e.g., Sato et al. 1993, 2000).

An interesting feature is that a layered structure is
embedded in these oscillations. For example, anegative
anomaly is observed around 16 km in the time period
of 9-14 February 1997 with positive anomaly below.
The timescale is longer than that of baroclinic wavesin
the troposphere. Typical vertical scalesare 3-4 km. Fig-
ure 6 shows vertical profiles of unfiltered meridional
winds at Fukuoka (33.6°N, 130.4°E; 47807), Shion-
omisaki, Hachijojima(33.1°N, 139.8°E; 47678), Yonago
(36.4°N, 133.4°E; 47744), and Tateno (36.0°N, 140.1°E;
47646). The layered structureis observed at all stations,

though it is not very clear at Hachijojima, which is the
westernmost station.

Time-height sections of v component at Shionomisaki,
Hachijojima, and Fukuoka are shown in Figs. 5b, 5¢, and
5d, respectively. Layered disturbances having similar
structure are observed a these three stations. As in the
first case, there is a dlight difference in the vertical phase
and timing of appearance between the three stations.

Similar layered wind disturbances have frequently
been observed by the middle- and upper-atmosphere
(MU) radar, an MST radar located at Shigaraki (35.0°N,
136.1°E), at a distance of about 150 km to the north of
Shionomisaki. From previous studies (e.g., Hirota and
Niki 1986; Sato 1994), it was shown that these distur-
bances are likely due to inertia—gravity waves (IGW).

We examined zonal wind fluctuations (u”), extracted
using the same filters. However, the layered structure
observed in v’ is not very clear in u’, athough theo-
retically a coherent structure should be observed in u’
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FiG. 3. Unfiltered (solid curves) and filtered (dashed curves) ver-
tical profiles of meridional winds at 0000 UTC 27 Dec 1995 at Ish-
igakijima (24.3°N, 124.2°E; 47918), Naha (26.2°N, 127.7°E; 47936),
Naze (28.4°N, 129.5°E; 47909), Minamidaitojima (25.8°N, 131.2°E;
47945), and Chichijima (27.1°N, 142.2°E; 47971).

also. The unclear structure in u’ may be partly due to
contamination of the u” component by the strong west-
erly jet with its strong vertical shear. Similarly, for the
temperature component, it was difficult to distinguish
between the layered disturbances and discrete back-
ground structure around the tropopause. Thus, the ac-
tivity of layered disturbances will be examined mainly
using v’ in the following sections.

b. Mean characteristics

Layered disturbances asin Figs. 2 and 5 are observed
mostly in winter when the subtropical westerly jet
stream is situated over Japan. Thus, further examination
is made for winter periods from 1 December through
10 March in each year. The total nhumber of analyzed
vertical profiles is 802 at each station.

To describe the intensity of layered disturbances we
calculate an envelope function v, of v" as a function of
height in each profile using a Hilbert transform v’ (with
phases of al Fourier components shifted by 90°) in z as

vap(2) = [V'(2) + 1V'(9)]. @

Similarly, we define u,,, using the u” component.

Figure 7 shows meridional cross sections of zonal (u)
and meridional winds (v), u,,, and v,,,, averaged over
the four winter periods. The data used are from nine
stations denoted by open circlesin Fig. 1. Note that the
stations chosen here are different from those of Kita-
mura and Hirota (1989) and cover awider latitude range
with close distribution particularly at lower latitudes.

The axis of westerly jet is located at a latitude of
32°N and altitude of 12 km. A strong northward flow
is seen around 13-km altitude. The magnitude of the
northward flow is larger at lower latitudes.

The meridional wind amplitudes v, of the layered
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disturbances are large to the south of the westerly jet
in a height region of 8-16 km. The upper and lower
edges of the disturbance region correspond roughly to
the tropical and midlatitude tropopauses, respectively.

On the other hand, u,,,, shows a different distribution
from wv,,,. Zonal wind disturbances are maximized
around the westerly jet core, which may be partly due
to contamination by the westerly jet itself, as mentioned
before. However, the distribution of u,,, does not ex-
actly match that of the mean zonal wind. It is obvious
that large amplitudes are distributed above and below
the jet level at lower latitudes with a shape of ““>.”

A horizontal map of v,,,, averaged over the four win-
ter periods and for the height range 8-16 km is shown
in Fig. 8. The diameter of the circlesis proportional to
v, Values. A circle located at the bottom right of the
figure corresponds to a value of 1 m s-*. There is a
tendency for larger amplitudes at lower latitudesin any
longitude region.

Contours show the time mean of horizontal wind
speed at 200 hPa (~12 km) based on NCEP reanalysis
data. Most stations in Japan are located at the entrance
of the westerly jet in a climatological sense.

4. Results of EOF analysis

To examine the simultaneous appearance of layered
disturbances at different stations, we calculated corre-
lation coefficients between time series of v, averaged
over the height range 8-16 km at each pair of stations.
The results are shown in Table 2, which is sorted by
station numbers. The stations with larger station num-
bers are generally located farther south. Correlation co-
efficients larger than 0.4 (40 as shown in Table 2) are
italicized. From the table we can see two groups of
stations with high correlation: central stationsincluding
Wajima (47600), Tateno (47646), Hachijojima (47678),
Yonago (47744), Shionomisaki (47778), Fukuoka
(47807), and Kagoshima (47827); and southern stations
including Naze (47909), Ishigakijima (47918), Naha
(47936), Minamidaitojima (47945), and Chichijima
(47971). The boundary of the two groups is located
around a latitude of 30°N. This regional correlation of
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Fic. 5. Asin Fig. 2, except for the time period of 1-20 Feb 1997 and stations at (&), (b) Shionomisaki (33.5°N, 135.8°E; 47778), (c) at
Hachijojima (33.1°N, 139.8°E; 47678), and (d) Fukuoka (33.6°N, 130.4°E; 47807).
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Fic. 6. Unfiltered (solid curves) and filtered (dashed curves) ver-
tical profiles of meridional winds at 0000 UTC 10 Feb 1997 at Fu-
kuoka (33.6°N, 130.4°E; 47807), Shionomisaki (33.5°N, 135.8°E;
47778), Hachijojima (33.1°N, 139.8°E; 47678), Yonago (36.4°N,
133.4°E; 47744), and Tateno (36.0°N, 140.1°E; 47646).

disturbance amplitude can be examined objectively us-
ing the EOF method.

a. Two dominant components

For the EOF analysis we excluded the time series at
Minamidaitojima (47945) because the data quality is not
good in the beginning of 1995. Thus, we used the time
series of v,,, at the remaining 17 stations. As a result of
the EOF analysis, we obtained two dominant modes ex-
plaining 25.5% and 20.0% of the total variance, respec-
tively. Patterns of EOF1 and EOF2 components are
shown in Figs. 9a and 9b. EOFL1 is dominant at central
stations, while EOF2 is dominant at southern stations.
These patterns arein accord with thetwo groupsindicated
by correlation analysis. Thus, hereafter we refer to the
central (southern) stations as EOF1 (EOF2) stations.

The time series of EOF1 (EOF2) component and v,
time series at three typical EOF1 (EOF2) stations are
shown in Fig. 10 (Fig. 11). Correlation coefficients be-
tween v,,, time series and each EOF time series are
quite high as shown on the right side of each figure.
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This means that EOF1 and EOF2 modes describe well
the appearance of layered disturbances at EOF1 and
EOF2 stations, respectively.

The time periods shown in Fig. 2 and in Fig. 5 are
denoted by thick lines above EOF1 and EOF2 time se-
ries. It is seen that the time periods for Fig. 2 and Fig.
5 are good examples of EOF2 and EOF1 cases, re-
spectively.

In order to see the distribution of disturbance ampli-
tudes for each EOF mode, we calculated the covariance
of v,,,, and EOF time series. The covariance with EOF
time series was obtained also for u,,,. Figure 12 shows
meridional cross sections of the obtained covariance.
Large values of v,,, are observed at a height of 13 km
around 33°N for EOF1 and at a lower latitude of 24°N
for EOF2.

On the other hand, u,,, distribution is somewhat dif-

ferent. The maximum of u,,,, values for EOF1 mode is
seen around 35°N and large values are distributed up-
ward and downward from the maximum to lower lati-
tudes with a shape of >, while the u,,,, distribution for
EOF2 mode is similar to that of v,

It should be noted that the patterns of time mean v,
and u,,, shownin Fig. 7 are reflected by EOF2 v,,,,, and
EOF1 u,,, distributions, respectively.

b. Background fields

To determine whether a particular configuration of
background fields was favorable for layered distur-
bances, we made an analysis of u, v, PV, angular mo-
mentum, and potential temperature (6) using NCEP re-
analysis data. Spatial derivatives needed for the calcu-
lation were obtained using a Fourier transform in the
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Fic. 8. The amplitude of layered disturbances averaged for a height
region of 8-16 km and for winter periods in 1995-98 at each station.
The diameter of closed circles is proportional to the disturbance am-
plitude. A circle at the right-hand bottom corner indicates the am-

plitude of 1 m s~*. Contours show the time mean horizontal wind
speed at 200 hPa at an interval of 10 m s,

zonal direction and a cubic spline in the meridional and
vertical directions. For convenience, cases with values
of EOF1 time series greater (less) than its standard de-
viation ogor, (—0oeor,) are referred to as positive (neg-
ative) EOF1 cases. Similarly, positive and negative
EOF2 cases are defined. The number of positive (neg-
ative) EOF1 caseis 128 (123) and that of positive (neg-
ative) EOF2 case is 129 (136).

Composite meridional cross sections along a longi-
tude of 135°E are shown in Fig. 13 for positive EOF1
and EOF2 cases. Note that the horizontal axis of Fig.
13 extends to lower latitudes compared with the merid-
ional cross sections made from radiosonde data (Figs.
7 and 12). The latitudinal boundary between EOF1 and
EOF2 stations is indicated by a red dashed line. The
latitude bands of EOF1 and EOF2 stations are denoted
by thick blue lines on the bottom axes of the respective
figures.

There are several notable differences between EOF1
and EOF2 composites. The zonal wind jet axisfor EOF1
is located slightly more northward than for EOF2 by
about 2°. The northward wind at low latitudesis stronger
for EOF2 than for EOF1. An interesting and important
feature is observed in the PV values. The potential vor-
ticity is small on the lower-latitude (anticyclonic) side
of the westerly jet stream. PV values for positive EOF2
cases are significantly smaller compared with those for
positive EOF1 cases. The minimum values for positive
EOF2 cases are about 0.02 PVU (where PVU is the
potential vorticity unit of 10°® m2 K st kg~*). For
EOF2 disturbances, v,,, is maximized around 25°N at
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the low-latitude end of the meridional cross section in
Fig. 12. Even there, PV values are less than 0.05 PVU,
suggesting that the background field for positive EOF2
cases may be occasionally inertially unstable. In fact,
the PV values were negative for the typical EOF2 ex-
ample in Fig. 2 (not shown). On the other hand, PV
values for positive EOF1 cases are about 1.6 PVU
around 33°N where the v,,,, maximum is seen for EOF1
disturbances. It is well-known that the PV value of 1.6
PVU corresponds roughly to the tropopause. Thus, the
northern half part of EOF1 disturbances is embedded
in the stratosphere (see Fig. 12). The potential vorticity
is proportional to the meridional gradient of angular
momentum along 0 surface when the fields vary slowly
in longitude. Although real fields are not zonally ho-
mogeneous, it is seen that the meridional distance be-
tween adjacent contours of angular momentum is large
at lower latitudes on an isentropic surface of 6 = 345
K around 10 km, where the low PV values are observed.
Note that the climatological field is almost zona (Fig.
8).

Next, we examine the horizontal distribution of low
PV on the isentropic surface of # = 345 K. Figure 14
shows the Montgomery streamfunction M (contours)
and PV (shading) averaged for the winter periods. Dark
(light) shaded regions have negative (smaller than 0.1
PVU) PV values. The hatched areas are regions with
PV values greater than 1.6 PVU corresponding to the
stratosphere. An interesting feature is that small PV is
observed in the region extending northeastward from
south India around 10°N to the western Pacific around
20°N. Although the PV values are not negative as an
average, the low values suggest that this region may be
inertially unstable occasionally.

It is also worth noting that even for the whole winter
average, negative PV values intrude to higher latitudes
in the longitudinal region extending from South Amer-
icato Africa. This suggests that inertial instability may
be common there.

To examine the frequency of possible inertial insta-
bility, the percentage of time periods with negative PV
values was calculated at each grid point on the 345-K
surface for the four winter periods. The result is shown
in Fig. 15. There is a narrow latitudinal band around
25°N in the western Pacific region where the percentage
of negative PV occurrence is greater than 30%. This
region corresponds to the locations of EOF2 stations.
Therefore it is likely that EOF2 disturbances are due to
inertial instability. It is also important to note that the
high percentage of negative PV is observed only in this
longitude region at such relatively high latitudes. Note
that the low PV signature extends across the Pacific all
the way to 160°W.

5. Backward trajectory analysis

In order to determine the origin of anomalous PV, we
performed a backward trajectory analysis on the isen-
tropic surface of 6