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Abstract

Inter-correlations between the active/break cycles of Indian summer monsoon and the circulation
change in the northern middle and high latitude westerlies are investigated particularly relevant to the

low frequency (30—50 day period) mode.

Empirical orthogonal functions and composite analysis revealed the standing-type east-west
oscillations of the geopotential height field between central and far-east Asia with the node over Tibet.
Lag-correlations between the monsoon trough and the 500 mb heights in the northern hemisphere
suggest that this east-west oscillation is part of the response of the mid-latitude westerlies to the
northward-moving monsoon heat source. The response in the higher latitudes seems to reach its
maximum when the heat source approaches to the southern periphery of the westerlies: ie., near

to the break phase of monsoon.

A plausible mechanism of this interaction between the monsoon and the westerly flow in the

higher latitudes are also briefly discussed.

1. Introduction

It has been well recognized now that the
summer monsoon over India shows the active/
break cycle with the time scale of about 40
days as a major intraseasonal fluctuations
(Yasunari, 1979, 1980, 1981; Krishnamurti
and Subrahmanyam, 1982; Murakami, 1984,
Murakami er ., 1984 etc.). The spatial structure
of this mode consists of the prominent charac-
teristics as follows:

1. The area of the maximum (minimum)
cloudiness (or rainfall) gradually shifts northward
from the equator to the Himalayan region with
the phase speed of 0.5—1.0 degree lat. day™’.
The first northward shift of the maximum cloud-
iness may correspond with the onset of the
monsoon. The meridional space scale is about
30 degrees in latitudes.

2. The area of the maximum (minimum)
cloudiness has a zonally oriented band structure
with the scale of 80—90 degrees in [ongitudes.

3. Anomalous cyclonic (anticyclonic) cir-
culation is dominant especially in the lower-half

of the troposphere associated with the maximum
(minimum) cloudiness. In the upper troposphere,
in contrast, the strength of the easterly wind
changes related to the maximum/minimum over-
turnings of the cloudiness over central India.

These features imply that the monsoon fluc-
tuation of this mode is part of a periodical
northward shift of ITCZ over India through the
western Pacific region. Furthermore, it was
suggested (Yasunari, 1979; Julian and Madden,
1981) that the active/break cycle of this mode
may be closely associated with the eastward
propagating large-scale wave disturbance along
the equator discovered by Madden and Julian
(1971, 1972). Some recent studies (Lorenc,
1984, Krishnamurti et al,, 1984, Murakami and
Nakazawa, 1985 etc.) have confirmed these
observational aspects by using FGGE/MONEX
data set.

On the other hand, many studies (Ramaswamy,
1962; Kalsi, 1980; Pant, 1983 etc.) suggested
that the active/break cycle of summer monsoon
is closely related to the mid-latitude westerly
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wave movements in the northern hemisphere.
For example. Ramaswamy (1962) pointed out
that the break monsoon occurs when a deep
westerly trough penetrates over the Indian sub-
continent associated with the low-index circula-
tion over central Asia. Some other studies
(Raman. 1981; Tanaka. 1983 etc.) emphasized
the role of blocking highs over central Asia to
the west of Tibet as a signal of the break mon-
soon over central India.

Another interesting problem especially for
the meteorologists in the eastern Asia is the
inter-relations between the monsoon over India
and the frontal rain over eastern Asia called
“Baiu™ in Japan or “Meiyu’ in China. Asakura
(1955) first pointed out that the onset date of
the monsoon over southern India and that of the
Baiu in Tokyo is positively correlated each other,
although the data he used was only 15 years.
Recently. Krishnamurti and Subrahmanyam
(1982) suggested that circulation anomalies at
850 mb over India is coupled with those over
the eastern Asia through the Western Pacific
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Fig. 1 Streamlines (solid lines) and isotachs (dashed

lines) of the filtered wind for the 30~50 day pe-
riod. Trough (ridge) axis is indicated with thick
dashed (solid) lines. (after Krishnamuri and Sub-
rahhmanyam, 1982)
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via the zonally oriented anomaly trough or ridge
line which is moving northward. Fig. 1 shows,
for example. a typical case of this east-west
coupling. The anomaly ridge (solid line) exists
over northern India through the western Pacific
just to the south of Japan. while the anomaly
trough (dashed line) exists to the south of India
through Indonesia. Synoptically, this situation
corresponds with the recovering stage of mon-
soon in southern India following the break mon-
soon over central India. Simultaneously. the
Baiu season is ending over southern Japan
associated with the strengthening of the Pacific
high. They showed many other coupling phe-
nomena similar to this through the whole mon-
soon period.

We note here that there are two contradictory
interpretations on the mechanism of the active/
break overturnings of monsoon over India. One
idea demonstrates the role of the planetary scale
disturbance along the equator (i.e., the influence
from the south), while the other stresses the role
of the mid-latitude westerly waves (ie., the
influence from the north).

This study is directed toward a dissolution
of this contradiction. For understanding the
physical process of interaction between the
low-frequency monsoon oscillation in the tropics
and the westerly waves in the middle and high
latitudes, we shall deduce some observational
evidences in the regional as well as the hemi-
spheric scale by applying some statiscal methods
to pentad height field at 700 mb and 500 mb
for 1965 to 73. A plausible dynamical process
will also be discussed.

2. Data

The grid point data (10° long.x5° lat.) of the
pentad anomaly 700mb geopotential height over
south Asia compiled by India Meteorological
Department were used for the regional scale
analysis. The northern hemisphere grid-point
data (10° long.x10° lat.) were adopted from the
data set of Japan Meteorological Agency for
the hemispheric analysis. Additionally. the
pentad anomaly rainfall data for central India
was used as an index of the monsoon activity.



October 1986 T. Yasunari 695

mm j

50 MONSQOON 1973

40t
30

201 [ A

A\ V4 -
10F / \ B
0 [ LN

A
= T N ¥~ . . . \A ' ' . . N . . . N
’ \ [ 7 \ V - - )
—10F ¢ \ ! /’ N ’
' ‘\ / \\ / \\ ’
—20}t \ ! \ // \V—A\V’ \(I
LY vy
— L A i
30 - \V/
—40} Y
—501 A B B A A B B A A A ] A
gpm
J UNE | JutLy AUGUST SEPTEMBER

—_— RAINFALL PENTAD ANOMALY (CENTRAL INDIA)

- == - 700mb  HEIGHT PENTAD ANOMALY (8GE, 20-30N)

Fig. 2 Pentad anomalies (from normal) of 700 mb geopotential height over the monsoon trough (80E. 20—
30N) and of rainfall over central India for the monsoon period of 1973, Active and break pentads are shown
with A and B respectively.

3. The geopotential height patterns related to

. . intensity of monsoon trough. For example,
the active/break cycle of monsoon over India

Fig. 2 shows the pentad anomalies (from normal)

[t is well known that the monsoon trough in  of rainfall over central India and those of the
the lower troposphere oscillates with the mon-  monsoon trough (geopotential height at 700 mb)
soon activity over central India. The geopotential ~ for 1973. The normal values published by Indian
height at 700 mb may be adequate to see the  Meteorological Department are used here. The
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minimum or maximum of the height anomalies
(dashed line) correspond well with the active or
break phases, and is negatively correlated with
the rainfall anomalies (solid line).

To deduce the dominant patterns of circula-
tion change over a broader Asian monsoon
region related to the oscillation of monsoon
trough (or monsoon rainfall) over central India,
about 50 pentads were selected respectively
as typical active and break phases during the
years from 1965 to 1973 as shown in Fig. 3. The
total number of pentads is 96.

The empirical orthogonal function (EOF)
analysis was applied to the unnormalized pentad
anomaly 700 mb height for these selected
pentads. The space area for this analysis covers
the southern part of Asia in the square of 10N—
45N and 20E—145E. The covariance matrix
of 104 grid-points was diagonalized to yield
the EOFs.

Fig. 4(a) shows the spatial pattern (eigen-
vectors) of the Ist component (which occupies
about 23% of the total variance). This pattern
clearly demonstrates high positive correlations
between the height anomalies of the monsoon
trough and central Asia near Caspian Sea. and
high negative correlations between the monsoon
trough and the eastern Asia near Japan and
Korea. It may be preferable to say that the
height anomalies show an standing oscillation
between the two areas to the east and to the
west of Tibetan Plateau.

Fig. 4(b) shows the spatial pattern of the 2nd
component (19% of the total variance). Negative
eigenvectors are dominant over the whole region
which implies that the height changes nearly
simultaneously over this area associated with
the active/break cycle of monsoon. We should
note, however, the large negative values exist
over the eastern Asia centered in Japan. Namely,
this component may exhibit the pattern whose
height changes related to the active/break cycle
of monsoon are not large in situ (over monsoon
trough) but very large over this area.

Fig. 4(c) shows the 3rd component (11% of
the total variance), which again expresses a
strong negative correlation between the monsoon
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trough anomalies and the height anomalies over
the eastern Asia through the western Pacific. This
pattern may represent a strong negative correla-
tion between the developments of typhoon or
tropical depressions in the western Pacific to the
south of Japan and the monsoon activity over
India as pointed out by Tanaka (1983).

It is noteworthly to state that all the three
major components (which explain about 53%
of the total variance) show that the active/break
cycle of monsoon is a phenomenon strongly
connected with the circulation changes in the
mid-latitudes to the east and to the west (more
strongly to the east) of Tibetan Plateau. This
may be a clear evidence of the interaction be-
tween the monsoon circulation and the westerly
waves in the mid-latitudes. Recently, Lau and
Chan (1986) found a dipole pattern in outgoing
longwave radiation (OLR) anomalies over India
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Fig. 5 Composite anomaly chart of S00 mb geopoten-
tial height by subtracting the averaged height for the
active period from that for the break period of mon-
soon over central India. Negative values are shaded.
(Units: gpm)

Fig. 4 Spatial patterns of the (a) 1st, (b) 2nd and (c) 3rd component of EOFs for 700 mb pentad anomaly
geopotential height deduced from the data of 96 active and break pentads.
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“through the western Pacific associated with
this low-frequency mode in summer. That is,
when OLR anomalies are negative (ie.. more
cloudiness) over India, those over the western
Pacific are positive (ie.. less cloudiness) and
vice versa. Hirasawa (1986) also noted the similar
relations in OLR and geopotential field during
FGGE year. These results seem to be consistent
with the EOF results here.

The aforementioned results showed the
dominant circulation patterns associated with
the lew frequency mode of monsoon for the
limited area over southern Asia. Hereafter, we
examine the height anomaly patterns over the
whole northern hemisphere. The grid-points

data for the 500 mb pentad anomaly geopoten-
tial height is used for the same years (1965—
1973). Since the total number of grid-points
are too large to apply the EOF analysis by our
computer, the anomaly composite map was
produced.

Fig. 5 shows the anomaly composite map
deduced from the average height for the 50 break
pentads by subtracting that for the 46 active
pentads. The anomaly pattern over southern
Asia is very similar to the spatial pattern in
Fig. 4(a), which may imply that the height
anomaly contrast between the two areas to the
west and the east of Tibet is really a dominant
pattern related to the major active/break cycle
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( CASE B )

Fig.6 Composite chart of 500 mb geopotential height for (a) active pentad and (b) break pentad. Trough and
ridge are indicated with solid and dashed lines, respectively. Unit of contour is 50 gpm.

of monsoon over India. Although the circulation
anomalies in the middle and high latitudes may
be greatly different from year to year and month
to month, 'the composite map shows a quite
systematic pattern as a whole. Three areas of
large positive and negative height anomalies are
prominent, which appear alternately in the
latitudes between 40N and 70N, Fig. 6 shows
real geopotential height fields at 500 mb com-
posited for (a) active and (b) break pentads. It
can easily be seen that considerable changes of
stationary trough-ridge positions appear between
the two phases particularly over Asia, the north-

ern Pacific and Norh America. Over Asia a deep
trough is located at about 70E and a prominent
ridge- exists over Far East (130E=140E) at the
active phase, while at the break phase a ridge
appears over Caspian Sea (50E) and an elongated
trough appears over northéast-Siberia through
central China. Namely, the anomalous pattern
over Asia shown in Fig. 5 represents the differ-
ence of real trough-ridge pattern between the

~active and break phases. A large difference in

trough-ridge position -is’ also noted over the
north Pacific through north America between
the two phases, but a little difference over the
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Atlantic through Europe.

4, Lag-correlations between the active/break
cycle of monsoon and the geopotential
height over the northern hemisphere

It was suggested in the previous section that
the active/break cycle of monsoon is associated
with the hemispheric changes of circulation
pattern. However. the inter-relations between
the two systems in the time sequence are not
clear by the EOF analysis and the simultaneous
correlations, It may also be true that the inter-
relations may depend on the mean monthly or
seasonal flow pattern for each year. Accordingly.
the time-lag correlations between the monsoon
trough and the geopotential height field over
the northern hemisphere were calculated for
each year. to see how the circulation pattern
changes in the course of the transition of mon-
soon activity over central India. As an index of
monsoon trough intensity, the pentad anomaly
700 mb geopotential height was again adopted
by averaging the two grid-points data over central
India. The S00 mb pentad anomaly geopotential
height was used as a measure of the circulation
patterns in the mid-troposphere.

Fig. 7 shows the time-lag correlation maps
from LAG = -3 pentad (the correlations be-
tween the monsoon trough intensity and the
geopotential height of 3 pentads before) to
LAG = +2 pentad for the monsoon period (June
to September) of 1965. It may become more
easier to understand these patterns if we con-
sider the map for LAG = —3, for example. as
a kind of composite height anomaly chart for
the period 3 pentads before the maximum
height at the monsoon trough (namely. the
maximum stage of break monsoon over India).
Additionally, if we take account of the time
scale of one active/break cycle (6 to 10 pentads)
of this low frequency mode, this map may ex-
hibit the height anomaly distribution at or
just after the most active phase of monsoon over
central India. Similarly, the map for LAG = 0
may correspond with the composite height
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anomalies at the maximum stage of break mon-
soon over [ndia.

Fig. 7(a) shows a broad area of negative co-
efficients over the monsoon trough area through
the western Pacific, and a broad area of positive
coefficients to the north of it. The area of large
positive coefficients is prominent over north-
east Siberia through the Aleutian islands. This
pattern suggests the negative correlation between
the monsoon trough and the Okhotsk high as
formerly pointed out by Asakura (1955) and
Suda and Asakura (1955).

At LAG = -2 (Fig. 7(b)). negative values
become larger especially over eastern Asia,
while the area of positive values to the north of
it also becomes more prominent. This implies
that the contrast of negative-positive values is
intensified over Far East Asia to the north of
Japan. The mutually existing large negative-
positive values along the great circle from east
Asia, northeast Siberia through the north America
(as shown with a solid line) seems to appear as
a Rossby wave train as a response to thermal
or dynamical forcing over eastern Asia. This
feature seems to suggest that the circulation
change in the middle and high latitudes is at
least partly a response to the monsoon heat
source over Asia. We will discuss further on
this problem in section 5. The area of positive
values is also prominent over southern Europe.
At higher latitudes to the north of SON, the
correlation pattern seems to be wavenumber 3
type as a whole.

We should recall here that the anomaly mon-
soon trough gradually shifts northward to the
Himalayas during the course from active to
break phase over central India. Namely, the
correlation pattern seems to become more dis-
tinct when the monsoonal convective activity
shifts northward from central India to the
Himalaya region.

At LAG = -1 (Fig. 7(c)), the whole pattern
resembles that of LAG = =2, but becomes less
systematic compared to LAG = —2. The areas
of negative values over Far East shifts more

Fig. 7

Lag correlations of pentad anomaly geopotential height (500 mb) with pentad anomaly monsoon trough

(700 mb) during 1965 summer for the lags of —3 through +2 pentads. Units of contour are 0.2 and negative
values are shaded. Supposed Rossby-wave responses are shown with thick solid lines.
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eastward and the positive-anomaly area over
southern Europe also shifts eastward to central
Asia. This feature over central Asia may be
identified as the appearance of blocking highs
as a precursor of the break monsoon over central
India, whose anomaly pattern is shown in the
next figure (Fig. 7(d)) for LAG = 0.

In Fig. 7(d). the pattern over monsoon Asia
is very similar to that of Fig. 5, although the
pattern over the other area shows somewhat
different from it. The area of positive values
over central Asia in Fig. 7(c) moved eastward
to the northwest of India.

At LAG = 1 (Fig. 7(e)), the broad area of
positive values expand toward eastern Asia with
large contrast to the north of it. The whole
pattern can be compared to that of LAG = 2.
These two patterns appear quite similar each
other opposite signs.

The pattern of LAG = 2 (Fig. 7(f)) is nearly
identical with that for LAG = —1 or LAG = -2
but with the opposite sign. This may imply that
the anomaly circulation pattern over the whole
of the northern hemisphere changes almost
cyclicly with the period of 6 to 8 pentads (30
to 40 days) associated with the active/break
cycle of monsoon over India through southeast

80° N

1965
-5 —
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Asia.

To examine the difference of the correlation
patterns among latitude bands more precisely.
the (pentad) lag-longitude sections for 8ON,
60N, and 40N were produced as shown in Fig. 8.
At 40N (Fig. 8(c)), it is clearly demonstrated
that the pattern of large positive and negative
correlations to the west and the east of Tibet
is reversed values. The area of large coefficient
values is limited in the eastern hemisphere. It
should be noted that the maximum (or mini-
mum) coefficient values are prominent not at
LAG =0 but at LAG = +1 or +2.

At 60N (Fig. 8(b)), the whole pattern re-
sembles wavenumber 3 with the eastward move-
ment. Although the absolute values of the
coefficients are not so large as a whole, the
maximum (or minimum) values seem to appear
at LAG = +2 or +3.

At 80N (Fig. 8(a)). in contrast, the whole
pattern seems to correspond with the oscillation
of standing wave of wavenumber 1 with the
maximum and minimum values at around the
date-line. It is noteworthly to state that the
correlations there with the monsoon activity
are larger than those of the mid-latitudes (60N)
and that the maximum (or minimum) values
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Fig. 8 Time lag (in pentad) ~ latitude sections of correlation coefficients for {(a) 80N, (b) 60N and (c) 40N re-
produced from Fig. 5. Units are 0.2 and negative values are shaded.
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exist again at around LAG = +2.

The results mentioned above were derived
from the case study for 1965. We made similar
analyses for 9 years from 1965 to 1973. The
correlation pattern differs considerably from
year to year especially over the mid-latitudes
(50N—60N). However. for most of the years
the patterns over south Asia through the western
Pacific to the south of 40N showed more or less
similar features to the case for 1965. Moreover,
in most of the years the pattern of standing wave
of wavenumber 1 was dominant over the high
latitudes (70N—80N) with somewhat large co-
efficient values at the maximum (or minimum).

5. Discussion

We showed in this paper some statistical re-
lations between the active/break cycle of mon-
soon over India and the westerly flow patterns
in middle and high latitudes associated with the
low frequency mode. One of the central prob-
lems may be whether the monsoon acts as a forc-

ing to the westerlies or the monsoon fluctuates in
response to the westerlies. In other words, we

have to see how the dynamical process occurs
between these two circulation systems in the
time sequence of the interaction. Unfortunately,
the lag-correlation analysis did not make it so
clear which system precedes dynamically to the
other, since the fluctuation of both systems
appeared as nearly cyclic with the periodicity of
6 to 8 pentads (30—40 days).

Some dynamical studies were already done
on the 40-day mode oscillation of monsoon
system (e.g., Chang, 1977: Stevens, 1983; Yama-
gata and Hayashi, 1984 etc.). although these
studies have revealed the mechanism of only
some aspects of this mode. Whatever the mecha-
nisms, the oscillation of monsoon of this mode
may be related to the thermal and dynamical
forcing around the equator or possibly in the
southern hemisphere, if we take account of the
meridional phase propagation of this mode
from the equator to the mid-latitude.

On the other hand, we should not the promi-
nent observational aspects shown in this paper.
That is, the negative (positive) height anomalies
change rapidly from the west to the east of Tibet
when the negative (or positive) anomaly mon-
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soon trough shift northward to the Himalayas,
and at this time the correlation (whether it is
positive or negative) between the monsoon
trough intensity and the geopotential height
anomalies in the middle and high latitudes re-
aches its maximum. In their detailed stream line
analysis at 850 mb (refer to Fig. 1), Krishnamurti
and Subrahmanyam (1982) showed that the
anomaly trough (or ridge) lines of this low
frequency mode suddenly jump northward at
its east end (in the western Pacific near Japan)
when these lines over southern Asia reached
the Himalaya-Tibet region as clearly shown in
Fig. 1 (lower). This may certainly be a synoptic
evidence for the statistical results mentioned
above.

The observational evidences shown here may
suggest that the circulation pattern changes in
the middle and high latitudes described here
is at least partly a response of the northward
migrating anomalous monsoon heat source when
it reaches the southern periphery of the westerly
zone, Some considerations on the dynamical
process are presented in the following.

It has been demonstrated by Hoskins and
Karoly (1981) and Webster (1981, 1982) that
the response of the atmosphere to the heat
source changes largely and drastically depending
on the location of the heat source in latitudes
as well as the basic flow distribution on it.
Hoskins and Karoly (1981) introduced a non-
dimensional value as follows:

r=_t 1]
BN*HoH

where [#] is the time and zonal mean u-com-
ponent, /V is Brunt-Viisild frequency, Hy is the
vertical scale of the diabatic heating, H/=min (H ¢,
H,). H is the vertical scale of the zonal wind.
This 7 is a parameter for comparing the size of
the horizontal advection and the vertical advec-
tion (adiabatic cooling) in the thermodynamic
equation, If y<<1, a balance of direct circulation
is dominant, where the vertical advection term
and the diabatic heating term is nearly balanced.
If y>>1. an indirect circulation is dominant,
where the horizontal advection term is nearly
balanced with the diabatic heating term. Webster
(1981) named the former balance ‘‘diabatic
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limit” and the latter *‘advective limit”. Remote
response (or “teleconnection”) is more feasible
in the balance of “diabatic limit”. since the
available potential energy easily increases and
maintains in this process. In the balance of
“advective limit”, local response is possible,
though the persistence of this response may be,
in many cases, weak because of the weakening
or removing of the heat source itself by the
effect of horizontal advection.

As we can see easily from this formula, in
the low latitudes where §is large and f is small
“diabatic limit” is most feasible and dominant,
and in the higher latitudes ‘“‘advective limit”
may be common. However, as precisely discussed
by Webster (1982). “diabatic limit” may occur,
or rather the intermediate stage between these
two balance may be dominant in the mid-latitude
summer where [i] is generally very weak.

The difference of the circulation pattern
around the heat source may be quite contrastive
between the two balances. If we assume a simple
vorticity balance for a stationary or slowly
moving large-scale waves. the trough in the lower
level should be to the west of the heat source
in the *“diabatic limit”, while in the “advective
limit” the trough should be to the east of the
heat source (Hoskins and Karoly, 1981) as
schematically illustrated in Fig. 9.

In summer 500 mb level may be considered
as the lower troposphere at least in lower latitude
to the south of 40—50N, while it may be con-
sidered as the upper troposphere to the north
of 40—50N (White, 1982). Therefore, the appear-
ance of the large negative (or positive) correla-
tions over east Asia in Fig. 7(b) (or Fig. 7(e))
may indicate that the “advective limit™ type
response may take place when the anomaly
monsoon trough approaches to the Himalaya.

In contrast, when the monsoon heat source
is located over central India, the diabatic heat
source by intensive cumulus convection may be
balanced with the strong vertical motion. which
in turn intensifies the monsoon circulation itself.
Namely. the active phase of monsoon over
central India may be considered as a balance of
“diabatic limit”. This may give at least partly
an answer of why the center of the monsocon
trough in the mean state is located to the west
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Fig. 9 Schematic flow patterns in the lower tropo-

sphere balanced with thermal forcing (shaded areas)
in (a) “diabatic Imit” and (b) ‘‘advective limit”
based on Hoskins and Karoly (1981).

of the main rainfall area over south and southeast
Asia. In this stage, however, the remote nor local
response in the higher latitudes is strong as
shown in Fig. 7(d) or Fig. 8. One reason for
this is the existence of the easterly jet over
the heat source region, which may prevent the
propagation of wave energy to the westerly zone
(Charney, 1963; Bennett and Young, 1971 etc.).
The easterly wind is. as is well known, intensified
in this stage. which may make the heat source
further difficult to raise the response in the
westerly zone.

Webster (1982) showed that the remote
response possibly occurs even when the heat
source is located in the tropical easterly zone.
We should note, however, that the heat source
prescribed in his numerical model was large
enough to cover the southern periphery of the
westerly zone even if the center of the heat
source is located in the easterly zone. It may be
true. in this sense. that the total response reaches
its maximum when the center of the heat source
is sifted to the boundary of the westerly and
the easterly winds. which was also emphasized
by Webster (1982).

However, a great difference between his
model study and our observational study may
be a nature of heat sources. His model premised
the SST anomalies as an origin of heat source,
while the monsoon heat source supposed here
owe largely to the latent heating which is re-
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sulted purely from the dynamics of the monsoon
circulation itself. This may imply that the heat
source (cumulus convective activity) is actually
weakened sometime after it reaches the southern
boundary of the westerly wind because of the
removing effect of heat by horizontal advection.
That is, the balance of heat may easily tend from
the “diabatic limit” to the “advective limit™ type
when the heat source reaches to the westerly
zone (e.g. the region over the Himalaya through
Tibet). The sudden shift of the negative geopo-
tential anomalies from the west to the east of
Tibet may be a clear evidence for this.

On the other hand, the weakening of the
monsoon heat source results in the weakening
or southward retreat of the upper easterlies,
which may in turn make the heat source more
feasible to force the Rossby wave response in the
westerlies. Although the termodynamic balance
is near to the “advective limit”, this highly non-
linear process may be greatly responsible for
the large correlation patterns at this stage in the
middle and high latitudes as typically shown in
Fig. 7(b), 7(e). and 7(f).

Although the discussion made here is qualita-
tive, there are some supports of this hypothesis
from the synoptic and dynamical points of
view. Ramaswamy (1962) pointed out that at
the active phase of monsoon the longitudes of
India shows the separation of the lower monsoon
westerlies and the upper middle westerlies, while
these two westerlies are combined together at
the break phase. Fig. 10 shows, for example.
the latitude-height sections of the zonal wind
averaged over the longitudes of India (67.5E—
101.25E) for the typical phase of (a) active
monsoon and (b) break monsoon over central
India, deduced from FGGE III-b data set. Main
heat source regions are also identified from the
satellite-deduced distribution of net radiation
convergence (Smith, 1984). We may postulate
from this figure that the monsoon heat source
is located in and around the mid-latitude wester-
lies only during the break or nearly-break phase
of monsoon. In other words, the “window of
interaction” between the monsoon and the
mid-latitude westerlies seems to open only in
or near the break phase (i.e., when the monsoon
trough shifts to the Himalayan side). Recent
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numerical model studies (e.g.. Lin, 1983; Huang,
1985; Kuma, 1985) also pertinently showed
that only the forcing located in the mid-latitude
westerlies can contribute the latitudinal propaga-
tion and interaction of waves among latitudes.
We can find some evidence for this hypothesis
even in the papers stressing the influence of the
mid-latitude westerlies to the monsoon. Pant
(1983), for example. suggested that the deep
westerly trough penetrating into Tibet-Himalaya
region with cold air advection may have a great
role to the break monsoon over India. He also
pointed out by some energetic estimation that at
the break phase over central India the poleward
eddy heat flux reached its maximum and also
the generation of available potential energy
extremely went down over the continent to the
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north of India. This is exactly consistent with
the characteristic feature of ‘“advective limit”
balance. It may be true that the break condi-
tion occurs more easily if the westerly trough
migrates toward the Tibet-Himalaya region
because of the strengthened horizontal advec-
tion. However. we may emphasize here that
this effect (of the westerly trough) is valid
only when the monsoon heat source have ap-
proached to this region. In other words, the
cold air advection may not be a cause of the
break monsoon but preferably the result of it.

Thus, we may conclude that the break mon-
soon over India is brought about and sustained
as a result of the highly non-linear interaction
of the westerly waves with the monsoon heat
source approached to the southern margin of
the westerlies.

Recently, Lau and Phillips (1986) showed
that in winter the space/time evolution of
extratropical wavetrains are coupled with the
tropical dipolar convection in the manner that
forcing-response relations change from place to
plate depending on the location of heat source
in the tropics. However in summer, the inter-
action between the tropics and mid-latitudes
seems to be confined more over the Asian
summer monsoon region because of more local-
ized heat source area and the existence of broad
area of the upper easterlies.

The remote response as suggested in Fig. 7
may possibly raised not only by heating over
India but also by heating over a broader mon-
soon area including the western Pacific as noted
by Kurihara and Tsuyuki (1986).

The maximum reduction of the heat source
by the advection process may correspond with
the maximum stage of monsoon break over
central India. when the response in higher lati-
tudes is also reduced. The sensible heating
over Tibetan Plateau may contribute largely
to the revival of monsoon circulation as discussed
by Yeh and Gao (1979).

As pointed out already, the correlation
patterns in higher latitudes are greatly different
from year to year. This may be due to large
difference of response depending on the basic
zonal flow characteristics of each year as suggests

by Lin (1983).
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6. Summary

This paper presented some statistical results
of significant inter-correlations between the
active/break cycle of summer monsoon over
India and the circulation patterns in the higher
latitudes especially relevant to the low frequency
(30—50 day period) mode.

The oscillation of monsoon system of this
mode is closely connected with the east-west
oscillation of the geopotential height field with
the node over Tibet. Lag-correlations between
the monsoon trough and the 500 mb geopoten-
tial height field in the whole northern hemi-
sphere have suggested that this east-west oscil-
lation is part of the response of the middle
and high latitude westerly waves to the north-
ward moving monsoon heat source. That is, the
change in the monsoon system from the active to
break phase may be considered as the change in
the thermodynamical process from the “diabatic
limit” to the “advective limit” (Webster, 1981)
and vice versa. The response in the higher lati-
tudes reaches its maximum when the heat source
approaches to the southern margin of the wester-
ly winds. It is noteworthy to state that this
process may involve the change of the basic
flow structure via the change of the heat source
itself.

The discussion made in this paper is limited
in a qualitative sense, since the results were
derived preliminarily from some statistical
analysis. A synoptic as well as dynamical process
of this interaction should be examined more
quantitatively in detail. From this viewpoint.
the analysis by using the FGGE-MONEX data
set is being undertaken.
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