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Variations in Upper Tropospheric Flow associated with
the onset of the Australian Summer Monsoon

A.J. TROUP
C.8.1.R.0., Division of Meteorological Physics, Aspendale, Victoria, Australia
(Received 2 January 1961)

ABSTRACT. Characteristics of the onset of the summer (northwest) monsoon in North Australin, and
of the mean upper tropospheric flow in the east Indian Ocean—Australian region are discussed. The strength
and steadiness of the upper flow are much less than that over Asia in the corresponding scason. Nevertheless,
the monsoon onset is shown to be associated with marked changes in the upper flow; in the tropics the easterlies
increase, and the subtropical jetstream shifts southward abruptly. The changes also extend to low latitudes
of the Northern Hemisphere. They appear 10 be the result of large-scale development rather than the movement

of individual disturbances,

1 Introduction

Over the past decade, considerable know-
ledge has been gained of the marked and
abrupt changes in the high troposphere
over Asia, which are linked with the incep-
tion of the summer monsoon. Several
workers have pointed out such major fea-
tures of the transition from winter to
summer as the disappearance of the polar
tropopause in subtropical latitudes, the
dissolution of the very strong and persistent
westerly jetstream south of the Himalayas,
and the establishment of an easterly jet
centred just below the tropopause at about
fifteen degrees north latitude (see for example
Yin 1949, Frost 1953, Staff Members Acade-
mia Sinica 1957, Koteswaram 1958). A
recent work on momentum balance con-
giderations in a monsoonal region (Berson
and Troup 1960) has pointed out the intimate
connection between monsoonal low-level
westerlies and the strength and position of
the upper easterly current, at least on a
seasonal basis. It would, therefore, be
expected that similar changes to those
oceurring over Asia would be found in other
monsoonal regions, thongh perhaps not to
such a marked extent.

The present study investigates such chan-
ges in connection with the onset of the
Australian summer monsoon for four
individual seasons. After establishing dates
of onset, a brief examination of the mean

flow and a comparison with the Asian region
is made. Upper wind data are then studied
in some detail for four low-latitude stations
(Darwin, Cocos Island, Singapore and TPort
Hedland), and other observations are also
considered more briefly. The behaviour of
the subtropical jetstream at 135°E is also
related to the onset of the monsoon,

2. The Australian Summer Monsoon

The region considered for specification of
monsoon onset is that of Darwin and its
neighbourhood. The monsoonal bursts are
regarded, following Palmer (1952), as due to
the movement of eyclonic vortices, often
small in horizontal extent and weak in pres-
sure gradients, along preferred tracks which
tend to be displaced further poleward as
summer progresses, Kvidence for the im-
portance of such disturbances is given by
Hannay (1945) who considers that deci)
monsoonal westerlies are nearly always
associated with the development of tropical
cyclones, The onset, which is the first of
these “‘bursts”, can then be somewhat
arbitrarily determined either by the change
in wind regime or by the changes of pre-
cipitation recorded.

An examination of hoth criteria has been
made for the Darwin region for four “wet”
seasons, v7z., the months November to March
1955/6 to 1958/9, to connect these with
changes in the upper wind regime over a
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Fig, 1. Cumulative residuals of Darwin area
rainfall (inches)

Spells of heavy rain indicated by S

wide area; prior to the first of these seasons
there are insufficient regular high-level
wind observations.

The rainfall has been considered in terms of

spells of heavy rain, by a method similar to
that used by Ramakrishnan and Narayanan
(1955) in a study of rainfall at Mangalore,
In the Darwin region conditions are similar
to those in low latitudes in India, and the
mongoon onset occurs as the culmination of
a period of disturbed weather, in which
thunderstorms and  line-squalls  become
more frequent (R.A.AF. Meteorological
Services, 1942). It is, therefore, preferable
to consider area rather than single-station
rainfall, to reduce the importance of isolated
heavy thunderstorm falls, Daily rainfalls
for six stations, available in the Awstralian
Daily Weather Report, in the Darwin
region have been used. These are: Darwin,
Pine Creek, Oenpilli, Cape Don, Croker
Island and Goulburn Island; their location
is shown in the inset to Fig. 2. It would
be expected from effects of coastal conver-
gence, and from the orientation of the mean
intertropical convergence zone in the region,
that the correlation between rainfall at
individual stations would decrease much
more rapidly in a direction normal to the
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coastline, than in one parallel to it, as has
been shown for seasonal falls by Treloar
(1934); so that the stations have heen chosen
with a weighting towards coastal obser-
vations.

Days were only considered as raindays
when four or more of the stations recorded
rainfall. The average rainfall on each rain-
day was then obtained; this quantity will be
referred to below as the “area rainfall”.
This selection excludes a considerable portion
of the rainfall recorded early in the season;
thus in these four seasons fiftysix per cent
of the total rainfall was excluded in Novem-
ber, but only twelve per cent in January,
indicating the quite different nature of
rainfall distribution in these two months.

The definition of a spell of heavy rain
is similar to that of Ramakrishnan and
Narayanan (1955); a spell occurs and lasts
for N days when the total rainfall for those
days exceeds 0:75 (N-+1) inch. The
factor 0-75 is used instead of the factor 2
used by these authors, because the rainfall
in the region is half of that at Mangalore,
and also because area rather than single-
station rainfall is considered. Two further
restrictions are made on spell length; first,
a spell is concluded when the area rainfall
on any day is zero, or when on two conse-
cutive days the rainfall is less than 0-75
inch, and second, days with rainfall less
than 0-75 inch at the beginning and end
of a spell are excluded.

In these four seasons the number of spells
is rvespectively four, six, three and one;
these are comparable with the number of
spells at Mangalore, and also with the
number, viz., 3 to 4 per year, given by
Hannay (loc, eit.) of incursions of the ITC
into the Darwin region.

Graphs of cumulative residuals of the area
rainfall (accumulated departures from the
average area rainfall for each individual
season) are shown in Fig. 1, with the spells
indicated. It can be seen that in three out
of the fonrseasonsthere is an abrupt change
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from negative to positive slope, correspond-
ing to the first heavy rain spell, which
initiates a rainfall regime with short-period
slope changes but with an average slope
approximating zero. These graphs effec-
tively demonstrate the intermittent nature
of monsoon rainfall in the region.

Spells of moderate west wind at Darwin
have also been noted, using the zonal com-
ponent of the three thousand foot wind at
04 GMT (first 2 seasons) or 23 GMT (second
two seasons), the time of the rawin sounding.
A spell of moderate west wind occurs and
lasts for N days when the cumulative
zonal component (eastward positive) exceeds
10(N--1) knot; it is concluded when this
component is less than five knot on two
consecutive days.

The spells of heavy rain and the west
wind spells are listed in Table 1. The
mean vector winds during the rain spells
are also included. It will be seen that
heavy rain is associated with moderate
west winds, except for some occasions
at the beginning and end of the season. A
clear-cut monsoon onset oceurs in two cases,
viz., on 13 January 1956 and 1—3 January
1959; in the other two the rain onset differs
from the wind onset, and it appears pre-
ferable to state that the monsoon commenced
over the periods 8—15 December 1956 and
19—28 December 1959,

An examination of westerly wind spells
from 1951/2 to 1959/60 shows that in seven
of these nine seasons the first spell began
hetween 25 December and 20 January,
dates agreeing broadly with the normal
time of the first two weeks of January
(R.A.AF. Met. Services, loc. cit.). The
1956/7 season must therefore be anomalous,
although a comparable date is given by
Hannay for the 1944-5 season; this will
be referred to in Section 4

3. The Mean Flow in the Upper Troposphere

In considering the possibility and mag-
nitude of abrupt transitions of wind regime,

TABLE 1

Spells of heavy rain and of westerly wind in
the Darwin area

(All dates Greenwich dates)

Rain
spells

Mean 3000 ft
vector wind
during rain
spell

West wind
spell

1055/6

1214 Jan
29 Jan-4 Feb
25—27 Feb

250° 12 kt
No data
285 117

12—20 Jan
[2]—14 Feb

18 Feb—
11 Mar

24—27 Mar 14
11 Dec g 12
15—19 Dec 21
3—8 Jan 2 26
16—17 Jan 16
5—9 Feb

8—27 Dec

2—16 Jan

1—5 Feb
8—20 Feb

27 Feb— 4—10 Mar

9 Mar
1957/8  19—20 Dec

27—30 Dec 28 Dec—

7 Jan
29—30 Jan

11—16 Feb
26—31 Mar

30 Jan

1958/9  1—10 Jan 3—30 Jan

15—16 Feb

it is necessary to bear in mind the climu-
tology of the upper flow in the region.
Fig. 2 shows the streamlines and isotachs of
the mean 200-mb (40,000 ft) February
flow. The observations on which this chart
is based are taken mainly from the pub-
lished mean values (Ramage 1959, Lamond
1959, Clarkson 1958) and vector means are
plotted for stations with at least three
years of observations. Values for Cocos
Island and Tae, and additional years
for Darwin, have been computed from ma-
nuscript data kindly supplied by the Aus-
tralian Burean of Meteorology. In analy-
sing the chart, account has been taken of
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shorter series of observations, pilot. balloon

data, and other charts
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region.

Because of absence or inadequacy of data
from large areas, and of differing lengths of

record, in a season where the flow is
very variable from year to year, the analy-
sis can only broadly portray the features
of the flow.
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Fig. 4. Annual variation of zonal components at 206 mb

Noteworthy among these is the belt of
comparatively strong easterlies extending
from Malaya to New Guinea, and well into
the Northern Hemisphere. This is associa-
ted with the monsoon flow and with the
doldrum area south and southeast of the
Phillipines. Upper easterlies appear to be
absent further east in the west-central
Pacific.

The vertical structure of the upper flow
is indicated in the generalised cross-section
of Fig. 3, which is based on one published
by Ramsey (1955) for January 1954 at
110°E. It is modified and extended to
higher levels by consideration of the pub-
lished mean data. The easterly maximum
is located at about 50 thousand feet near
the equator; further south it slopes upwards

to merge with the summer subtropical
maximum above the tropopause.  Thig

easterly jet is not a feature of the West
Pacific in Southern Hemisphere summer;
the cross-section of Baliff et al. (1958)
shows only the stratospheric maxima.

The seasonal variation of the flow is
somewhat complicated in the low latitudes,
several stations in both hemispheres show-
ing evidence of a semi-annual oscillation of
east component. The evidence available
suggests that the strongest upper easterlies
in the monsoon regions prevail in February
and August. Variations for some stations
in or adjacent to these areas are shown in

Fig. 4.

It can be seen from such observations
that the upper easterlies in southern
summer are considerably weaker as well
as less extensive in latitude than those
which flow over the Asian summer monsoon.
They are also less persistent, and the per-
centage variability from year to year 1s
greater.  Since the winter westerlies in
corresponding latitudes are approximately
the same in strength, one might expect
that transitions between winter and summer
flow patterns might be less marked in the
Sonthern Hemisphere; in fact, however, the
changes which occur can be both abrupt
and of considerable magnitude.

There is considerable variation in the
upper flow from year to year, in the region
of strong easterlies as well as in latitudes
further south, whether the season as a
whole or individual months are considered.
Radok and Grant (1957) point out that
in some summers an anticyclone or ridge
is established over the Australian continent,
while in others this does not occur. At
Singapore we find values of 50,000 ft vector
mean wind ranging from 8 kt in February
1954 to 51 kt in February 1955 (Clarkson
1958). Such variations may be ascribed
to relatively small displacements of the
major wind systems in the vertical or hori-
zontal particularly in regions of strong
mean gradients; there is however, some
evidence (Berson and Troup, loc. cit.)
that they represent major changes in the
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TABLE 2

Mean percentage departures of Northern Rivers moithly rainfall, related to monthly mean
departures of Darwin-Alice Springs 200-mb height difference

Height difference grouping < =50 —40 to —20 —10 to 10 20 to 40 >40

Mean height difference (metres) i8 —28 +68

Rainfall departure (per cent) 12 —38

No. of observations of
Positive departures 9

Negative departures 1 4

TABLE 3
Marked changes of upper flow in East Indian Ocean Region

Darwin Cocos T Singa. Port Shift of
pore Hedland jet at Monsoon

B ) 135°E onset
45,000 ft 40,000 ft 40,000 ft -]“,(HI(I ft 200 mb

1955-56
Transition dates a_5 Not, i
observed

Mean zonal comp.

prior to change U »
Subsequent Us*

1956-57

Dates 4—6 27—_21!
Dee Nov

+12-9 — 70
— 99 —25-0 + 58
1957-58

3—06 No
Dec transition

+19-6 . Temporary
+ 6:3 22+ Change only
1958-59

8— 10 17— 18 13— 15 30— 31
Jan Dec Dec

+ 7-0 1+13+9 —10-8
—15-9 — 39 —23:0

* knots—westerly positive
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basic flow pattern, at least at a particular
longitude.

That such year to year variations in the
strength of upper winds in the Australian
tropics and subtropics have an important
effect on rainfall was shown by Kraus
(1954), who pointed out that monsoon
rainfall is defective when the upper westerlies
are stronger than usual in low latitudes;
this is attributed to subsidence on the
equatorward side of the jetstream, and to
restriction of convective cloud development
by strong vertical shear. Kraus's upper
air observations were for spring and autumn
using higher-latitude stations (Townsville
and Brisbane). A similar effect can be
demonstrated for lower latitude in summer,
for the actual monsoonal region. Table 2
sets out the average percentage departures
of the monthly rainfall for Australian rain-
fall district 14, Northern Rivers (see Fig. 2
inset) from the monthly mean, against the
average departures of Darwin-Alice Springs
200-mb contour height difference from the
monthly mean, for November to March
for 10 to 12 years. The individual wvalues
gshow quite a large scatter, particularly at
the beginning and end of the season, as is to
be expected.

4, Changes in Upper Flow in Relation to Monsoon

Onset

In the Australasian region, it has been
shown by Radok and Grant (loc. eit.),
mainly using geostrophic winds, that there
is a shift in the latitude of the main jet-
stream in late spring or early summer,
from about 25° to 4078, although a secondary
zonal wind maximum may in some years
persist in low latitudes. Another feature of
the summer flow is the establishment of a
ridge or a closed high at 200 mb over the
Australian continent in certain years. Both
these effects result in easterlies or reduce
~ westerlies in the tropies and subtropics.

(@) The tropical region

The Dar?vin rawin observations show
that there is a marked and often abrupt
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increase (regarding east winds as positive)
in the zonal component, at levels of forty
to fifty thousand feet (200 to 125 mbk) at
or about the time of monsoon onset.
(For brevity, both at Darwin and other
stations this phenomenon will be referred
to in future as ““the transition’”, and the
flow before as westerly and afterwards as
easterly). The subsequent easterly flow
does mnot necessarily persist throughout
the season, but lasts for at least a month.
These transitions are illustrated in Fig. 5
which gives the daily values of the zonal
component at 45,000 ft (150 mb) at Darwin
for the four seasons considered, and also
the spells of heavy rain and west wind.
Approximate dates for the transition are
set out in Table 3. A minimum of twenty
days has been taken for the easterly flow
subsequent to the transition (although

there may be brief interruptions of one or
two days), and the values of the 20-day
means before and after it are also set out in
this table, indicating a change in mean of
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the order of 20 knots. (The abruptness
of the transition should not be indged from

the dates in this Table, which determine
the period of the twenty day means).  Since
a change in regime—although not neces-

sarily in seasonal regime —is  considered,
it is desirable to confirm it while excluding
particular disturbances associated with the
transition itself. “Student’s™ /-test. with
due allowance for auto-correlation. |las
thercfore been applied to testing the sig-
nificance of the difference hetween the 20 -
day means prior to, and eleven to thirty
days after the transition, for three of the
four seasons (the 1955-6 season could not
be used due to the absence of observations
for seven consecutive days). The details
of the applicaticn of this test are left to an
appendix; the changes in mean, of whicl
the smallest is 14 kt , are all significant at
the one per cent level.  Of course, this
significance level is not strictlv applicable
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since the test has been ;1[.]:“9-1 to selected
and not random samples, but it is indi-
cative of a considerable degree of signi-
ficance.

Similar transitions may be observed at
other stations in the region: those mainly
considered here are Singapore, Cocos Island
and Port Hedland. Table 3 also gives
the dates and 20-day-mean values for such
transitions at these stations for the 200-mb
level.* At Singapore, the occurrence of
westerlies or weak easterlies 1s an anomaly,
and there is not a transition from a westerly
regime to an easterly, but rather a resump-
tion of the normal seasonal flow, Transi-
tions at this station are roughly contemporary
with those at Cocos Island, and prc-(-etfc
those at Darwin by two to three weeks.
At Port Helland the changes are contem-
porary with or Hl]ullfl)‘ earlier than those
at Darwin.

The readjustment of the tropical at-
mosphere is by no means as simple as an
immediate change from one regime to arother,
In some vears and at some stations (for
mstance Darwin in 1955 6) there is evidence
of a change from a strongly disturbed flow
to a Itlll(‘ll Nt(‘ﬂl“(‘,‘]‘ one, ﬁ”]]]{'fi]l](‘.‘"& “'it]l
little change in mean. The Cocos Island
transition in 19589 appears to have heen
of this type.

As an example of the large arex the

transition may  cover, daily values of
zonal component at Cocos Island, Port
Hedland and  Singapore at 200 mb for

the 1956/7 season are shown in Fig, 6.
(Changes associated  with the transition
may also he ohserved at other stations.
At Lae, in the 1956/7 season, although
ohservations are missing for much of De-
cember, there 1s a marked difference bhetween

*The level at which the greatest change takes place, will vary with the location of the station relative to the
major upper streams, and with variations in these. The upper westerlies normally reach their maximum speed

and greatest equatorward extent at 200 mb, while the easterly jet is located at 125 mb, «f. Fig, 3.

The 200.

mb level has the advantages of comparison with jet stream changes, to be discussed afterwards, and of few  miss-
ing observations. It is wsually adequate to represent the transition. because the flow is fairly well correlated

with that in the ten thousand feet above,
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the November winds mostly westerlies,
and those at the end of December and during
January, when strong casterlies prevail.

In the two other seasons, the prevailing
npper easterlies became considerably stronger
for a pariod of two or three weeks, at about
the same time or slightly after the transition
at Darwin.

It appears from consideration of the
observations at 105°E, that changes from
westerlies to easterlies such as those con-
sidered here, may also extend well into the
Northern Hemisphere, at least to 10°N
lat. As an example, time variations of the
200 - and 150-mb winds at 00 GMT during
December 1958 (taken [rom the IGY
jicrocards) are shown in Fig, 7, at stations

from 12°8 to 14°N. This shows the abrupt
replacement of westerly flow by a south
to east stream about the middle of the month,
the change being particularly marked at
the lower latitudes,

Other parameters which might have more
dynamic significance have also been inves-
tigated, to see whether they might provide
a clearer indication of the change from
winter to summer conditions. These were,
the wvertical shear between 300 and 200
mb, and the shear of the zonal wind at
200 mb between Singapore and Cocos
Tsland. The former shows a tendency to
change from positive (westerlies increasing
or easterlies decreasing with  height) to
negative shear at or about the time of
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transition, but the change is less marked and
definite. The latter may show a decline
associated with transition, but this is also
less marked, the easterlies being stronger
on the average at Singapore than at Cocos
throughout.

On the whole, the time intervals between
monsoonal phenomena and the transition
show less variability when the rain onset
is considered; this is preceded by the tran-
sition by about two weeks at Singapore and
Cocos Island, while at Darwin and Port
Hedland the changes are roughly contem-
porary.

(b) The subtropical jetstream

The monsoon onset is usually associated
with a poleward shift or weakening of the
southern subtropical jetstream; in different
years this may be the main jetstream itself,
or the secondary maximum sometimes
found in low latitudes during summer.
Variations at Port Hedland (see Table 3
and Fig. 6) are related to the position and
strength of the jet; its behaviour at 135°E
has also been examined, as determined
from zonal winds derived from the 200-mb
contour-isotach charts of the Australian
Bureau of Meteorology. During these four
years, in November and part or all of De-
cember a jet was located at an average
latitude of about 25°—30°S. Occasional
interruptions to this flow oceurred, but
were usually of short duration; they were
associated with well-developed upper ridges
or anticyclones. These may give rise to
easterlies in low latitudes, ut quite  fre-
quently such easterlies are confined to the
outer tropics and subtropics, while a low-
latitude trough results in westerlies in
10—15°S. Near monsoon onset, the jet
at 135°E shifted rapidly to the latitude of
Adelaide (35°S) and then usually main-
tained its summer position south of the
continent for some time. The abnormality of
the 1956/7 season may partly he associated
with the rather far southward position
of the jet, about 32°S, prior to its shift.
Dates of the jetstream shift are also given
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in Table 3. It should be emphasised that
the jet may return to low latitudes some
time after; in India also, strong westerlies
may be found in low latitudes for short
periods after the major jetstream shift
occurs (Koteswaram 1958). The month
of January 1958 must be considered ab-
normal; there was a persistent and strong
low-latitude jet for most of the month,
after it has temporarily retreated at the end
of December. There is some evidence
(Murray 1960) that this month was abnormal
in other regions; it is hoped to deal more
fully with this elsewhere.

As further illustration of the somewhat
spectacular nature the change may have
on occasions, in Fig. 8 and 8b are pre-
sented 5-day mean cross-sections of zonal
wind and potential temperature for the
periods 16—20 December and 22—26 De-
cember 1957. The zonal components are
derived from observed winds. There are
also large changes in the meridional com-
ponents (not reproduced here) but these
are more difficult to interpret, particularly
in a cross-section at one longitude. It
might be expected that there would be a
decrease in the Southern Hemisphere
Hadley circulation, and an increase in the
Northern one, with monsoon onset, ex-
pressed as reduced northerly or increased
southerly components at high levels. How-
ever such a result could only be expected
to be established on space—and time—
averages as such changes would be swamped
by those due to synoptic disturbances.

5. Discussion

The results of the preceding sections
may be summarised as follows—The mon-
soon in the North Australian region consists
of spells of heavy rains, and of moderate

westerly winds in the low levels, which
oceur mdmly in January and February.
In the upper troposphere there is in  low
latitudes (but not necessarily on the equator)
an increase in easterly component from
November to February. This is the result




mb

UPPER TROPOSPHERIC FLOW & AUSTRALIAN MONSOON

100

150
200

300 -

20°S

30°s

16 -20 December [957 (23 GMT)

00 ; )
100 (b) e I =~10
3 =0
150 50__/[230 .
0 80 Lo %\w 4
20 I _2STO
300 ~60
400} =
50
500 o -~
600} =)
700 -3 B
—————— Y _
9888: QT (25 -

20°S

30°s 40°5

2 - 26 December 1957 (23 GMT |

Fig, 8, Five-day mean cross-sections of observed zonal flow and of pofential temperature at 135°E

Solid lines—zonal flow (knots, westerly positive)
Dashed lines— potential temperature °C

of more frequently occurring and longer
lasting periods of easterlies, and is not
necessarily the establishment of a steady
‘easterly regime, as occurs over Asia. The
onset of the monsoon in the Darwin region
is preceded in the East Indian Ocean, and
accompanied (or immediately followed) in
the area itself, by the beginning of one of
these periods of easterlies; it is also associated

with an abrupt poleward shift of the Southern-

Hemisphere subtropical jetstream. These

widespread changes can extend into the
Northern Hemisphere.

Except that changes in upper winds are
less subject to local influences, these transi-
tions are not of more use as predictors of
monsoon onset than flow changes near the
surface, since they are approximately con-
temporary with these. At Cocos Islapd,
it is true, there is only a slight weakening
of the trades after the transition; but the




%)

Cocos ana Singapore changes would occur
about the same time as the monsoon onset
in Java. The same holds for Aden. where
the upper easterlies set in at abont the same
time as the southwest monsoon reaches the
corresponding latitude in  the western
Arabian Sea. What thev do indicate is
that the monsoon bursts do not oceur just
simply as a surge of colder air from the
winter hemisphere, but asa result of dynamie
effects through a large depth of atmos-
phere.

The formation of these upper easterlies
appears to be due to development rather
than to the movement of individual eddies
from region to region, (these may be connect-

ed with the transition itself), or to the
upstream or downstream movement of an
established jet. Thus if strong upper

easterlies occur in the Darwin region in
spring, they are usually associated with the
passage of individual rapidly-moving anti-
cyclonic eddies to the south., and are of
relatively shorter duration, so that a trough-
ridge pattern of large amplitude obtains,
During the monsoon season it wonld seem
rather that there is a tendency for the upper
subtropical anticyclone to expand with
southward movement of the “subtropical
ridge’’; this appears to occur earlier in the
West Indian Ocean, then further east. Tlhe
role of individual disturbances superimposed
on this large-scale process will of course
be important; by analogy with the Indian
monsoon, one would expect monsoon rain-
fall and disturbances to be associated with
troughs in the upper easterlies and with
individual jet maxima (Koteswaram and
George 1958, Srinivasan 1960) but that
the existence of a persistent strong easterly
jet would inhibit rainfall. Thus the clima-
tological relationship between easterlies and
rainfall does not imply a  one-to-one
correspondence in the short-term  situation,
The effect of such upper disturban-
ces in the Australian  region  have

not heen examined fully, due larcely to
lack of data from the surrounding oceans,
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Their importance is undoubtedly great;
for instance in the latest season considered,
although the westerly jet stream had shifted
south at 120°E, in the longitude of Darwin
it still remained in relatively low latitudes;
the monsoon onset rainfall was apparently
associated with the upper divergence in the
north to northwest flow of the northeast
quadrant of a cut-off upper cvelone. The
easterlies did not set in until a week later
i 135°E longitude,

The present study, concerned as it is
with only a limited number of vears, needs

several more for the confirmation of the
observations and  ideas presented. In

particular relationships with equatorial and
trans-equatorial flow need further study.
It will be seen for instance from
Table 3 that no transition occurred at Singa-
pore in 1955-6 at 200 mb, although such a
phenomenon  ocemred  at Cocos. A point
of special interest would be the connection
with the behaviour of the westerly jetstream
south of the Himalayas. As this may be
established there in October (Staff Members
Acadamia Sinica, loc, ¢it.) any weakening
of the equatorial upper easterlies would not
be associated directly with this event—in
fact the converse could be the case (Ramage
1952). Tt appears more probable that there
is a disruption of the Northern Hemis-
phere  subtropical ridge with a  strong
upper trough extending into very low lati-
tudes, concurrent with a similar process
in the Southern Hemisphere, [There may
be a tendency for this to oceur as a November
singularity, since this is the only month in
which a mean west wind oceurs at 10 km at
Djakarta (Braak 1929)]. Thisis then followed
by development, centred on latitudes 10— 202,
of anticyelonic patterns in  the  200-- 100
mb layers. This oceurs in both hemispheres
simaktaneously on  approximately the
same longitude, with the re-establishment or
establishment of the easterlies, It is clear
that the study of events in hoth hemispheres
is fundamental for a full understanding of
monsoon  behaviour,
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APPENDIX

Applkﬁidt;n of “Student’s’’ ¢-test to the Darwin upper
w

The application of the t-test requires
that the observations are drawn from a
population that is approximately normal.
It is generally accepted that with only a few
exceptions at particular levels and periods,
the zonal components of winds in the free
atmosphere are approximately normally
distributed, and this has been demonstrated
even for an equatorial station such as Singa-
pore (Scott 1957). However the test as
usually applied requires that the observa-
tions be independent,

An expression for the standard deviation
of the mean in an autocorrelated series is
given by Lewis and McIntosh (1952).

This is:
=5 [+ 5 {o-vnt oo

...... et )]

where @, is the standard deviation of the
mean of n observations, ¢ the population
standard deviation, n the number of ohser-
vations and r, is the autocorrelation with

lag p. The coefficient of o%n is the
“equivalent number of repetitions”, and
dividing this into the total number of obser-
vations gives the number of independent
observations,

The autocorrelations for one- and two-
day lags have been determined for the forty
days before and forty days after the tran-
sition, for three seasons, and have been
combined using Fisher's z-transformation.
This gives autocorrelation coefficients of
0:556 and 0-32 respectively; subsequent
coefficients have been obtained by assuming
n? . Thus there are approximately
seven independent observations for twenty
consecutive daily observations, and the
{-test for difference between means is en-
tered with twelve degrees of freedom.

TP=

As mentioned in Section 4, there is some
uncertainty about the interpretation  of
significance values so determined. since a
significance figure of one per cent implies that
in random samples such differences in mean
would be found on only one per cent of
occasions. Since two selected samples are
compared, the difference will not be asg
significant as implied.




