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FOREWORD
In reccgnition of the necessity for augmention and acceleration of research

on weather phenomena associated with the Southwest MonsocrP, Air Force Cambridge
Research Laboratories and the Navy Weather Research Faciliy jointly sponsored a
Conference on the Sumitw-r Monsoon of Southeast Asia (SEASIA) at the University of
Hawaii from 7 through 18 April 1969, with Professor Colin S. Ramage as Scientific
Director. A digest of the operationally significant findings and conclusions from
that conference was published earlier', for the sake of timely dissemination to
organizations to which the prediction of variations in SEASIA summer weather are
a matter of day-to-day concern. By publication herewith of the Proceedings for
the 7-9 April 1969 seminar phase of the conference in their entirety, it is hoped
that both familiarization on the part of forecasters newly arrived in the WESTPAC
area and research, by scientists interested in SEASIA summer-season atmospheric
processes will be enhanced.

To all who participated in this conference, and particularly the invited
attendees who presented papers on relevant researc9' results, it is desired to
extend the appreciation of Commander, Air Force Cambridge Research Laboratories
and this command. Judging by correspondence received from a number of the field
participants and comments received relative to the publication cited below, it
appears that conference objectives were met to the extent of contemporary feasi-
bility and that participants are to be congratulated for the pertinence and
comprehensiveness of their contributions. The rather extensive woLk of readying
these Proceedings for publication was accomplished under the direction of Mr.
L. R. Brody, Mr. S. D. Case, Jr., Mr. J. L. rs. J. L. Estes of the Navy
Weather Research Facility staff.

W. L. SOMERIVELL,
ain, U.S. NCommanding 0 ' er

U.S. Navy Wea her Research Facility

"A :J1aqno:s of t"e Suarwr Monasocn of Suut!.'ast Lsa,* NAWEAPSIC•S AC Tech.

I %pe• %.0. 10-69, iLre 1969.
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PREFACE
The problems of forecasting summer weather over southeast Asia, where .onti-

nental and maritime influences interact on the edge of the south Asian monsoon,
defy easy solution. To bring together representatives of the scattered groups
working on these problems, a conference on the summer monsoon of southeast Asia
was held at the University of Hawaii from 7 through 9 April 1969. The U. S.
Navy Weather Weather Research Facility and the U. S. Air Force Cambridge Research
Laboratories sponsored the conference, which was organized and directed by the
Department of Geosciences of the University of Hawaii.

The 55 participants, whose interests ranged from the esoterically theoreti-
cal to the severely practical, presented and discussed 19 papers. Copies of al-
most all the papers were distributed ahead of the presentations. As a result
argument was more to the point and idea exchange more effective than might other-
wise have been the case.

Since the conference significantly added to my knowledge of the southeast
Asian sunzmer monsoon, I optimistically assume that the other participants also
benefited and that distribution of these proceedings will help many more tropi-
cal meteorologists.

Besides their forthright opening remarks, Ciptain W. L. SOMERVELL, Jr.,
Commnanding Officer of the Navy Weather Research Facility and Colonel D. J.
FLINDERS, Commander of Air Force Cambridge Research Laboratories, directly con-
tributed to the conference and through their organizations supported publication
of these proceedings.

The names of many who helped make the conference a success appear in the
following pages. In addition I gratefully commend Michie Hamao, Louis Oda, James
Nasuti, John Pitko, Robert Barang, and the staff of the University Conference
Center.

C. S. RAMAGE
Scientific Director and Editor
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THE SETTING OF THE SOUTHEAST ASIA SUIMER MONSOON

Colin S. Ramage
I-iversity of Hawaii

ABSTRACT
The role of the Himalayan-':ibetan Massif in the Southeast Asia summer Mon-

soon is described. Then dý scus;ion shifts to the changes leading to ons, t of
the early summer rains, the mid-summer dry spell, and the late swumer rains.
Hypotheses are advanced to account for the rainfall regime over the neighboring
seas and for "breaks" in the .,'nsoon rains.

1. INTRODUCT!ON
Southeast Asia is conveniently defined as that part of Asia east of Tibet

and the Bay of Bengal and south of the Yangtze River. It includes the East •nd
South China Seas.

In this paper I propose to concentrate on describing, and trying to account
for, the large-scale changes accompanying onset, persistence and cessation of
the sunmer monsoon of Southeast Asia. This will involve comparing conditions in
this region with conditions over India to the south of the Himalayas. The great
Himalayan/Tibetan Massif powerfully but quite differently affects these two
monsoon regions and a study of the differences throws significant light on the
nature of the Southeast Asia branch of the phenomenon.

In the broadest sense, monsoonal Asia might be divided into three parts:
east of Tibet, where significant wintex precipitation falls and spring and sum-
mer are wet; west of ':ibut, where deserts dominate; and south of Tibet, where
winters are desert like and summers are wet. Figures I and 2, showinq the 200-
mb. mean resultant winds for January and July, reflect this distribution. East
of Tibet they are divergent in both seasons, west of Tibet convergent in both
seasons, and south of Tibet, convergent in winter and divergent in summer.
These distributions derive from the combined mechanical-thermal effect of Tibet,
and in what follows I make considerable use of the excellent data published by
Flohn [5].

Figure 3 shows that upper-tropospheric pressure heights over southeast
Tibet (Lhasa) are greater than preusure heights to the west throughout the year
and than pressure heights to the east during summer.

Flohn has demonstrated from weather satellite pictures that central and
southeast Tibet are almost snow free during winter and act as a high-level radi-
ational heat source. Air subsides east of the plateau, is further warmed by
compressional heating, and over can:ral China flows alongside very cold air
which has swung around the northern edge of the massif. Here the extremely
large temperature gradients produce an exceptionally strong jet stream. West of
Tibet, smaller pressure heights, retulting from absence of a mid-tropospheric
heat source, accompany larger gradie.,ts and a stronger subtropical jet than to
the soutl' of Tibet.'

During the summer central and sou,'heast Tibet continue to act as a heat
source with condensation along the Himalayas powerfully aidirij the effects of
radiation. Now, however, the heating instead of actin'; to weaken a S. - N.
temperature gradient as in winter, act& to increase the N. - S. temperature
gradient of the summer monsoon and to produce a speed maximum in the upper--
tropospheric easterlies over India [ill. Utpstream to the east, the easterlies
are divergent. and downstream to the west ar, convergent. Since a hu' h-pressure
ridge overlies Tibet and winds over the massif are weak, no compressional warm-
ing occurs over west Pakistan xnd so the year-long upper-tropospheric 'onver-
gence persists over the great deserts of Southwest Asia and north Africa.

In the remainder f this paper, I emphasize the sicmwr monsoon of ±uuthcast
Asia, discussing in turn the changes leading to unset c(' t,w early tummer rains,
to• mid sumtmer dry spell, the late saummer rains and o:scez of t:,e winter monsoof.

akesearch sponsored by Air Force Cambridge Research Labcratory and National
Science roundast'vn

Sa-su%, that pressure hcigk-ts along 15" N. vary longitudirally mu lo. lss t.:an
Al.rg !11.-hr latitudeA.
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The peculiar rainfall regime of the adjacent seas is also described. The simmer
monsoon can be considered as a regional reversal of the Hadley cell where, in-
stead of heat being transported poleward from a near-equatorward source, it is
transported both poleward and equatorward from a source displaced 20 degrees or
more from the equator.

It is in the zone between the normal position of the near-equatorial trough
(50 N. - 100 N.) and the summer location of the monsoon/heat trough that the major
monsoon changes occur.

2, SLOW ONSET, RAPID RETREAT OF THE SUMMER MONSOON

The summer monsoon circulation results from development of a heat source
over the continent, well poleward of the equator. The circulation starts in the
surface layers and only gradually extends through the troposphere, becoming
truly established in late June when upper-tropospheric east-northeasterlies
complete the reverse Hadley cell. According to Kao, et al. [6], the sequence
over east Asia starts in March and is completed in June. At the end of summer,
the reverse sequence again starts at the surface by September (cooling), but by
mid-October is complete throughout the troposphere. The reason for such a
relatively sudden reversal is simply that the normal temperature gradient in-
stead of being opposed by a summer monsoonal eTc't-is now reinforced by a winter
monsoonal effect.

3, EARLY SUMMER
Over south China and northern North Vietnam summer monsoon rains do not set

in suddenly. From mid-January onward rain on the average steadily increases.
The polar front is maintained over south China through early summer by weak
surges of cool air to the east of Tibet [6]. When troughs in the upper-tropo-
spheric westerlies, frequently intensifying along about 1050 E., activate the
polar front, heavy rain falls beneath the overriding warm air [9]. In early
spring air above the front is usually modified Polar Mariti'me, but by early
summer it is almost always Tropical Maritime. As the year advances, although
air-mass discontinuity across the front diminishes, available moisture increases
(table 1) and average rainfall also increases.

Table 1. Annual Variations of Surface Temperature, Tropospheric Shear
and 300-mb. Wind at Calcutta, Hong Kong and Naha. Annual
Variation of 850-mb. Mixing Ratio at Hong Kong.

Jan Feb Har Apr May Ju July Aug Sept Oct Nov Dec

Calcutta (22°39'N.; 88127'E.)
Surface temperature (MC.) 20 24 28 31 32 31 29 29 29 28 24 21
850 • 300-mb. resultant

.'tear(m. sec.d) 26227 256 29 26226 26518 25313 968 8313 757 81 3 23411 25725 25322
300-mb. resultant wind

(m. sec.-,) 27031 26233 26631 126522 25219 1086 9211 947 1114 24212 26426 264 23

Hong Kong (22°18'N.; 114"10'EJ
Surface temperature (QC.) 15 15 17 21 25 27 2e 28 27 25 21 17
850 - 300-mb. resultant

shear(m. sec.-1) 26333 26634 26629 27621 305 9 216 57 9 474 82.2 27014 26322 260230
300-rob. resultant windI

(m. sec.-,l 260 35 262 37 2.9 31 266 23 273 10 22 85 6 845 764 279 8 266 1 260 29

gadena (26'21'N.; 127045'E.)

Surface temperature (1C.) 16 17 19 21 24 26 28 28 27 24 21 18
850 - 300-mb. resultant

sahow(m. sec.- 1) 25947 26349 27143 27524 28113 3215 45 6 4032833 26219 25931 25842
300-mb. reaultant wind

(a. sec.-)) 26450 26552 26947 27127 27117 2668 87 4 893 2831 26815 26330 26242

Hong Kong mixing ratio at
850 mb. j. kg..-1) 5.4 6.9 8.3 1 10.0 11.7 12.9 13.0 13.0 12.2 8.7_ 7.3 5.5
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Tibet prevents surface outbreaks of cold air from reaching Burma and Thai-
land. Thus with neither polar front nor upper trough affecting the areavery
little rain falls during spring north of 100 N. South of 100 N. the near-
equatorial trough is active during spring.

Beginning usually in late April, the situation over Burma and Thailand
changes dramatically.

3.1 Upper Tropospheric Westerlies

As mentioned earlier, the wintertime subtropical jet stream speeds up down-
stream from Tibet. Although meridional temperature gradients diminish through
spring, this distribution does not change. In the weather satellite pictures
considerable cloudiness over south China contrasts with nearly clear skies over
northeast India and northern Burma, where as a result, insolational heating by
the end of April increases the meridional temperature gradient and establishes a
local jet stream maximum (table 1).

3.2 Near-Equatorial Trough

The trough begins to move irregularly north in April and by early May
fluctuates between 100 and 150 N. Tropical storms developing in the trough and
moving north or northeast may bring the first monsoon rains to Burma. However,
interaction between the trough and the upper-tropospheric westerlies seerLS to
be the most common cause of the rains. Detailed information is scanty, but the
upper winds at Port Blair (110 40' N.; 92c 43' E.) supply some clues. When
southwesterlies overlie the station from the surface up to 7 to 10 km., the
Burma coast experiences a monsoon burst. The deep southwesterlies at Port Blair
indicate that thE near-equatorial trough is north of the station and that a
middle- or upper-.tropospheric trough or cyclone lies to the northwest. The
consequent upper divergence superimposed on a surface vorticiLy center could
lead to deep widespread convection and heavy rain.

Over south China und northern North Vietnam, May rainfall is about double
April rainfall. Over most of Burma and Thailand, however, the increase ranges
from 500 to 1200 per cent.

June is uniformly wet in Southeast Asia. To the east, the polar trough
shifts slightly northward from its May position [17]. Rain over North Vietnam
and parts of Kuangtung diminishes slightly, but elsewhere the "plum rains" in-
crease. To the west, the southwest monsoon is well established, flowing into
a surface monsoon/heat trough lying along the Ganges valley and extending into
the northern Bay of Bengal. Monsoon depressions and subtropical cyclones cause
torrential rains along the Arakan coast; on the average Akyab (200 08' N.;
92' 53' E.) receives 1143 in. in June.

4, MID-SUMMER TRANSITION
By mid-June, sensible and condensation heating over northern Inlia and

Tibet have reversed the reridional temperature gradient to the south and the
summer monsoon circulation extends throughout the troposphere. Upper-tropo-
spheric easterlies now prevail south of the Himalayas and extend eastward
(table 1). Over China the polar front moves north [17] and over south China
rainfall decreases to a secondary minimum during the first half of July [8] (see
fig. 4) -- the best-defined weather singularity of the whole year. With the
decrease in rain and cloudiness (151 insolational heating now acts to extend the
monsoon trough eastward from northern India. The rainfall minimum moves north,
affecting the Ryukyus and Japan during the second half of July (fig. 4).

5. LATE SUMMER
From mid-July through September, the summer mons oq dominates Southeast

Asia (table 1). Steered by the N. - S. temperature gradient, western Pacific
typhoons, which during early summer tend to recurve east of the continent, now
move westward across the South China Sea, contributing to e. rainfall maximuAM
over south China around the end of July. In September typhoons most often travel
across or to the south of Heinan Island (2].
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Burma, lying east of a cyclogenetic region, is affected somewhat differently.
From mid-June onward, tropical cyclones and monsoon depressions developing in the
Day of Bengal invariably travel west-northwest across India, and only remnants of
South China Sea typhoons reach Buzma. Consequently, rAins in the interior valley
are somewhat less in July and August than in June.

6, SUMMER MONSOON RAINS OFFSHORE
Figure 4 indicates that rain zones and intervening clear zones move north-

i-ard with the sun. However, figure 5, showing mean monthly rainfalls at four
small islands in the South China Sea, and at two island stations in the Bay of
Bengal reveals no such thing. Althougl, rates of change vary, the curves are in
phase; the rainfalls increase to maxima in June and then decrease to minima in
July. Mean monthly cloudiness [15] and daily synoptic and weather satellite
charts never show single weather systems extending over the 2300 km. separating
Terempa from Pratas let alone into the Bay of Bengal, nor do daily rainfalls at
the six stations fluctuate in unison. Apart from the local effects of orograph-
ic shadowing, India, Burma and the Indochina Peninsula display a well-defined
rainfall maximum in July, coninciding with a secondary minimum at the island
stations. Continent and adjacent seas are in the same monsoon system. Why the
difference?

I think the answer lies in a scale of land-ocean interaction not previously
considered. The summer monsoon reaches peak strength in July, when the heat
trough and the overlying upper-tropospheric ridge are most intense (fig. 3 and
table 1). Since upward motion and rainfall are at a maximum over land, subsid-
ence over the oceans to south and west must also be at a maximum. Over the South
China Sea and the Bay of Bengal rains are enhanced as the monsoon strengthens,
but a brake -- over-ocean subsidence -- is also being applied. Even though the
brake acts weakly and fitfully so close to the continent, it apparently becomes
strong enough on the average in July to produce a secondary rainfall minimum.

7, FLUCTUATIONS IN THE SUMMER MONSOON
Typhoons and monsoon depressions are obviously associated with bad weather

and their movements can be forecast with some confidence particularly in July,
August and September. However, during these months massive changes with periods
of about a week may occur in the distribution of weather, apparently unconnected
with or preced4.ng development of surface lows or troughs. For example, lower-
tropospheric southwesterlies have been observed to strengthen over south India
and the Andamans and monsoon rains to increase along the Burma coast before
development of a monsoon depression at the head of the Bay of Bengal [TTT7=.

Much work needs to be done, but a hypothesis based on research over Indiat
[10, 131 could serve as a starting point.

Along the foothills of the Himalayas and over south China in Myj, [precipi-
tation is quite heavy and falls beneath the upward moving branch o a circulation
in the vertical plane in which heat of condensation is transported to higher
latitudes through the agency of upper-tropospheric westerlies. Between this rain
area and another associated with the near-equatorial trough to the south, rela-
tive cloudiness and rainfall minima J15) (fig. 5) suggest subsidence.

In Au_•st, rain is heavy across central India and south China but now it
falls beneath the upward moving branch of a summter monsoon circulation in wt !ch
heat of condensation is transported to and across the equator through the agency
of upper-tropospheric easterlies.

During "breass" in the summer monsoon rains of central Inlia, precipitation
becumws heavy along the Himalayan foothills, while Rao [141 reported that the
monsuon s"ason rainfall of Assam is negatively correlated with the monsoon sea-
son rainfall over central India. Yoshino [171 found a similar negative cortela-
tion betwern J.Liy rainfalls for stations bordering and west o' the Forrisa

and, tor stations on a line between Wuhan (3" 3w5' N.; 114" 1"' Kt ) and

,'ihas then, "breaks" in the monsoon rains occur when thr vrrtxical cizcu-
•t•<n ,' •,1 [ht nurth side of the heat t¢quator becomes dominant over the

•zunon .'-Vi t" the south and a "'pre-monsoon" -ondition tenrorarity supervevnvs.
Thr rains resute when the nonsoon cell is reinviqorated.
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A staggering number of possibilities might put this sequence in train.
Ramaswamy [13] suggested that southward protrusion of a laige amplitude trough
in the polar westerlies leads to a break over central India. Certainly one
effect would be to increase the S. - N. temperature gradient and so favor in-
tensification of the northern vertical cell. On the other hand, Dixit and Jones
[4], ascribed the break to extension of a mid-tropospheric ridge from Indochina
across central India. Koteswaram [7] associated breaks with weak 700- or 500-mb.
lows moving slowly westward across south India (also remarked on by Dixit and
Jones). These three ideas, which may have validity east of the Indian region,
are not necessarily contradictory. Taken together they provide a picture of"pre-monsoon" conditions, with upward motion at tha polar front in the north and
3t the near-equatorial trouah in the south, and with subsidence in between.

The monsoon rains return when the westerly trough weakens or moves off, but
this is by no means the only way in which the cycle might be advanced. Qualita-
tive arguments cannot profitably be pursued much further; sophisticated numeri-
cal modelling through which the effects of varying individual synoptic components
could be measured will be needed before we can hope to understand these complex
interactions.

8. END OF SUMMER
The monsoon/heat trough lies over south China in August, and the near-equato-

rial trough lies along 50 N. in October. In & climatological sense, a trough
shifts southward between these two months. However, figures 5 and 6 suggest
neither a simple southward movement of a trough-associated zone of bad weather
nor any apparent relation between rainfall and typhoon frequency variations.
Transformation from summer to winter is sudden, except for disruption from an
occasional late typhoon (see table 1).

DISCUSSION
KREITZBERG: Is the July minimum in island rainfall due primarily to decreases
in daytime rairfall rather than to decreases throughout the entire day?

RAKAGE: We have no data yet on diurnal variation of rainfall over these isLand
stations.

SOMERVELL: You indicated that cold air did not get into Thailand and Burma
during winter. Surely it can intrude at low levels from the northeast. The
winter air over Thailand, Burma and northern India during winter is certainly
not tropical.

RAMAGE: True polar outbreaks can't penetrate, although north India is a local
source of relatively cool air.

CONOVER: May maximum rainfalls are observed in Florida and Central America --
distribution on islands are uncertain -- possibly similar influence as in South-
east Asia.

HAMAGE: A comparison of continental rainfall 4and rainfall on offshore islands
could usefully be made throughout the tropics.

HAU! Which do you think is the most important factor contributinq to the inten-
si~ication of the winter-tim. subtropical jet strear:

ta) The role of the Tibet Plateau;
(b) The role of the Indonesia-Carclin.i _rc; or
(c) The daily synoptic situation accompanying an active cold front?

kAMa. : All are important and interact complexly.

SOME:VYýLL: It I intor-re* y)u )rrecth, you've s4id that by and large through-
out Southeast Asia the precipitation maximum occurs in July, and that the double
maximum evidenced by the island records in figure 5 is an exception. On the
cointrary, it is .my iipression that almost all stations show a double precipita-
t ion O•aX1U.W, -- one -n late spring or early sumter and another in late summer ur
varly tall, and that the single imid-sunt-er precipitation maximun is the excep-
t i on.
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RAMAGE: Overall, through oouth and Southeast Asia, July is the wettest month
although in some areas (inland Burma; Madras), June is somewhat wetter.

SOUTHERN:

(a) Drawing a parallel with the situation south of the equator where the
effect of orography is much less, cold air does not reach well into
the tropics in the pre-monsoon period and yet there is no Tibetan type
plateau to prevent it. Possibly the effect of topography in the
Northern Hemisphere is slightly overrated.

(b) Possibly the apparent rainfall minimum in mid-summer represents a
period of suppressed convective activity between periods when both
strong convection and early or late synoptic scale systems are super-
imposed.

RAMAGE:

(a) Southeast Asia cold polar outbreaks seldom reach latitudes as low as
Darwin's (12' S.; 131' E.).

(b) The distribution of early, mid- and late summer rain producers over
south and Southeast Asia is quite similar to those you describe for
northern Australia.

BELL: Sea temperature off Hong Kong shows a minimum in July. I have recently
examined sea temperature at four stations in the South Chine Sea and they show a
maximum in June and decrease thereafter. Convective activity will depend to
some degree on the land/sea temperature difference and also on the sea tempera-
ture itself. Could not this result in some diminution of rainfall over the
islands of the South China Sea? I am not 7ure what happens to sea temperature
further to the west.

RAMAGE: This represent3 the weakened eastward limit of a mid-summer sea temper-
ature minimum which is best developed over the Arabian Sea. There may be an
effect on rainfall, although the two may be hard to separate since decreased
cloudiness leads to increased insolation and increased sea-surface temperatures.

MILLS: You stated: "Polar front passage in Saigon once every 10 years". What
happened 6 through 10 June 1967?

RAMAGF: Lt. Mills and I are going to study this case with the workshop material.
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Figure 1. January Mean Resultant Winds at 200 n1b. Solid lines are -1
streamlines, dashed lines are isotachs labelled in m. sec.

Figure 2. July Mean Resultant Winds at 200 mb. Solid lines are
streamlines, dashed lines are isotachs labelled in m. sec.
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Figure 3. Differences Between Mean-Monthly 300-mb. Pressure Heights
(gdm.) at Lhasa in SoLthern Tibet and Stations to East and
West. Negative areas (Lhasa less) stippled. Patterns at
200 rob. are similar, although complicated dtbring winter by
pre~ence of the tropopause. Temperatures recorded by Indian
radiosondes are higher than those recorded by other radio-
sondes [5, 16). Accordingly the New Delhi pressure heights
have been adjusted.
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�EAN CIRCULATION AND CLOUDINESS DURING THE DEVELOPMENT

OF THE SOUTHWEST MONSOON OVER INDIA AND SOUTHEAST ASIA

Jan�es C. Sadler

UTd.versity of Hawaii

ABSTRACT
For the months of April, May, June, and July, updated long ter�n monthly mean

wind climatology at standard pressure levels is discussed in relation to detailed
cloud climatology prepared from J years of satellite data. A deep tropical south-
westerly current flows into southern Burma in May and brings the monaoon rains to
Rangoon a month earlier than at the same latitude on the west coast of India which
in May is still dominated by a strong anticyclonic cell in the subtropical ridge.
The rains over southern South Vietnamwhich are persistent from the first of May,
occur within a mean May southeasterly flow such that the onset of the southwester-
ly monsoon over Saigon cannot be determined from a rainfall analysis alone.

PREFACE
I am the first speaker representing a group at the University of hawaii which

has been working for the past two years on the Air Force forecast problem in
Southeast Asia. The University complement of three professionals is supported
under a contract with the Air Force Cambridge Henearch Laboratories. An inte-
gral part of the group is a complement of two Air Weather Service meteorologists
from the 1st Weather Wing. More detail on the p-oject's concept and operatior'
J.s contained in the preface to our first scientific x7oport (Sadler, Ct al. [101)
which has been included in the Conference hand-out material. An operational
research project is somewhat unusual in a Universit" program and I want to stress
the point that, to be effective, it must be a cooperative effort and contain the
vital link to the operational forccaster. We also work closely with the "in-
house" personnel of the Air Force Cambridge Laboratores and are able to share
the data gathering and processing chore.

The data and techniques used in our research studies are essentially those
available to the field, i.e., conventional surface and upper-air data for sub-
jective analyses, radar coverage over some areas and daily satellite photographs.
Our approach has been to attempt to relate cloudiness and synoptic flow patterrir.,
recognizing that if any results are to be. of aid to the fi�l� forecaster they
must meet the minimum criteria of:

(a) the syr.o�;tic patterns and changes must have sufficier't dei'inition and
continuity to be recognizable from his analyses, and

(b) recurring synoptic pa�rerns hind changes should produce similar cloudi-
ness and convective conditions.

The synoptic patterns over southeast Asia can appear rather stranqe to the
newly-arrived and inexperienced tropical meteorologist who is accustomed to the
moving weather producing systems of teirperate la'±tudeu. We find it saves time
and ren�,ves some of the frustrations if he is shown the simplified lower trop-
ospheric flow patterns which �1ro associ4ted wit� the sos�ier monsoon regions.
Since my presentation and those of Major btett and Major harris will be discussing
flow pat terns over :;ootheast Asia, I take the liberty of assumir�q that some uf
you would benefit by an introductory discu�sioa and definit ion of terms.

t)iaqrV� A of figure 1 depicts the well-known trade wind regime between the
subtropical ridges oi the ��orthern and Southern Hemispheres. In '1iaqr�.m hi an
cast-west pressure rough (rioted as a dot ted 1 inc ) of soft icient ntefi5 I ty to
�rodoce a westerly c':rrer.t on the e�Iuatorward side has been introduced �n the
Northerr'.�ie r�i sphere. ko:Icurrer�t with thc es tail ishment of the tZopAc� I wes ter-
lies is the necessary aj'�.'earance of a clockwise rrtat ing wird �vster between the
westerlies md the easterly trade wind regime. z� hi this clockwise .vste� (noted
as .-i dash-dot Ii re ) is located in the Sorthern h�e�'i sphere and is ant cyc Ionic
.mnd there fore a r idye sys ter In di agzam C * only the lat it ud i ral w ± dt h of the
t�opa1 westerlies has beer expanded southward ar�d the Samc clockwise wind sys-
ter is ziw located �er the eIc.�tor. In diagra� U, orI': �i iTht .at�rstments have

* ��eea:c�: ri � I: A:z � :.- �.irrh,: i!�e 'i:ratr;
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been made to introduce more reality and produce flod patterns similar to the mean
low-level fiow of the sumner season from India through the Philippines with the
longitude of Southeast Asia near the center of the diagram. The tropical wester-
lies extend across the equator on the western portion but not on the eastern
portion of the diagram. The clockwise rotating wind system is now south of the
equator in the region of India and north of the equator in the region of the
Philippines.

There is general agreement on the terminology of the subtropical ridges but
not of the other circulation systems. The trough system has been noted by a
variety of names such as equatorial trough, near-equatorihl trough, equatorial
front, intertropical front, intertropical corvergence zone, equatorial conver-
gence zone, northern intertropical convergence zone, nonsoonal trough and cyclonic
directional shear zone. The term front is losing favor in application to tropi-
cal systems and the satellite observations have shown that is incorrect to note
the trough as an intertropical corvergence zone if tCe defition implies maximum
cloudiness for the trough is most ap'. to be a zone of minimum cloudiness. We
will normally refer to it as the ri.nsoonal trough or she.ir zone.

The equatorial clockwiie wind system is also denoted by a variety of terms
probably due to the fact that it crosses back and forth iver the equator and is
not generally recognized or treated as a continuous system. The portion in the
longitudes of India and the Bay of Bengal, which is climatically south of the
equator, and therefore cyclonic, is variously called the Southern Hemisphere
near-equatorial trough, southern intertropical convergence zone, secondary inter-
tropi-al convergence zone and clockwise equatorial eddy. During occasions when
the system is located north of the equator in the Indian region it has been re-
ferred to as the sub-equatorial ridge. The portion of the system in the region
of Borneo and the Ph~lippines, which is climatically over or slightly north of the
equator, has been called equatorial eddy, clockwise eddy or near-equatorial clock-
wise eddy with implications that the eddies may somehow be caused by the orography
of the larger island. V- prefe; to view this system synoptically as one which is
demanded by the opposink, )ersistent flows of the tropical westerlies associated
with the monsoon low system of Africa and Asia and the easterly trade wind re-
gimes. We refer to it as the buffer sys'em in the analogous seL.se of a buffer
state. It is continuous ir space and ti. and responds in position to the .luctu-
ations in the intensity and config%'ration of the two basic .-urrents. It is not
anchored orographicelly, can move back and forth across the equator, and can have
a synoptic scale ce•'•lax stxocture with the cyc(loni or anticyclonic rotational
sense being ý.icterminad by the position with re• eact to the equator.

1. INTPODUCT IO
Th. term monsoon in a broad descripti'e sense applies to regions -xperienc-

is,, mean-wind currents which hdve a marke;. season:l reversral. Cerationally,
however, the term onset of the monsoon i-is become morc associated with the begin-
ning of iome specified raiifall regime. Each specification of the regime leads
to a dilfarent date of onset such that in the I trature, or in jractice° there
i- no common .vthod of identifying the date or cI.et. Most of S<:utheast Asia,
experiences a gradual incroase of rai fJ.ll luring the pre-monsoon period and it
is impossible from the ra-,fall data alone to determine the date of onset of the
southwest ronsoon rains. If rainsll is of r'• operational consideration, it
is ,-nly acidetriy to conjider the ftow pattern except to answer the constant
qut.-y of "iss cne southweat .).sovn started yet?.

Bombay, India has vv-' littie pre-southwest mxnsoun raiinfa 1 and the z.erap-
date of the onset of monsoon rains h4: '.'een etermine(I by ea.laa, et z. [jK, to
be 8 June from a simlLa plot of daiyv zainfall vg.u,-•. Rag..un, Bu•. b-a eaperi-
ences some preimnsoorn rainfall during mostt years and Nrzalla t4i used 4 plot or
i-day moving averages to determine the Vouthwest monsoon rain onset for thc years
1965-19b7. The arrow in figure 2 indicates the dite of onset by hi.s drtnitrin.
The i-year average in near * May )lutke III used an Il-year period of zecord an%
a dif•ere,:t defintios,, which wz-- ý jo based on rain.%all ameu.:t an- pe:sisten.e,
and obtained an average ornsot date at kangjoon 0t l May wi-F. a rTr e u; days.

Teaverage date of o' set of soutthwest mnnscxýn rain at Rt.ouv -s -x~r.: thnan
month earlier than the averZa. onset date at .t,>rsay. r qcrr i' a plot "! the
5-day moving averagqe of rainfall f-r 3 stationN southwvst ,.o !'aigon as piodued
by Lund [11.
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I have added the heavy vertical line at 1 May to clearly show that, on the
average, persistent rainfall occurs by this date. The wind flow patterns, to be
discussed later, will show that this date cannot be considered as the onset of
the southwest monsoon rains.

In an attempt to better define the onset of the southwest monsoon over
Southeast Asia, Riehl [8] used as a definition of onset the date when equatorial
westerlies at 10,000 feet penetrate to 150 N. over central Southeast Asia. From
29 years of data the mean date was 17 May with a range of 33 days. This method
is highly subjective in determining whether the westerlies are a branch of the
southwest monsoon or a part of the mid-latitude westerlies and, in addition, has
little operational utility without concurrent rainfall analyses.

The purpose of this paper is to present recently up-dated wind and cloud
climatology during April, May, June, and July to serve as the large scale (time
and space) setting within which to consider the daily, monthly and interannual
variability of the monsoon from India through Southeast Asia.

"2, MEAN FLOW PATTERNS AND AVERAGE CLOUDINESS
The data for the mean resultant wind analyses at the standard pressure

levels were compiled by the International Indian Ocean Expedition (Ramage and
Raman [5]). The period of record averages near 12 years (through 1965) for
stations in India and Southeast Asia.

The gradient or 2000-ft. level data are a conglomerate from many sources
and varying periods of record. They are mainly fx 'm a publication of the Thailand
Meteorological Department 11] which covered only the 5-year period from 1956 to
1960. In addition to the short period of record, the data are mostly from pilot
balloon observations and probably contain a good-weather bias in the cloudy re-
gions. Considerable smoothing was used in the analysis of this level.

The cloud data were extracted from the operational nephanalyses of satellite
observations in a manner described by Sadler (9]. The average monthly cloudiness
will be shown for the individual years of 1965, 1966 and 1967, and for the 3
years combined. The April 1965 cloudiness will not be shown because some areas
had less than 10 observations; however, the data have been used for the 3-year
April average. The discussions of cloudiness will pertain to the 3-year aver-
ages unless otherwise noted.

2.1 April

A. Mean Circulation (fig. 4)

The gradient-level analysis (fig. 4) shows the tropical westerlies confined
tothe equatorial regions. The subtropical ridge'is continuous from Southeast
Asia through central India at this level and above (analyses not shown). An
anticyclone covers the central Bay of Bengal. There is no organized current of
10 knots or greater except in the subtropical westerlies over northern India.
The differential heating of land and sea shows as a weakening of the ridge (or
conversely as an increased troughing), over India and over the region of Burmaand western Thailand.

B. Cloud Distribution (fig. 5)

During this month, and the subsequent months to be discussed, the maximum
and minimum cloudiness zones tend to be positioned in the same general areas from
year to year; however, within the general areas there are significant year-to-
year variations in cloud pattern and amount.

The northern Bay of Bengal and northwestern and western India southward along
the coast are essentially cloud free. Some moisture is fed into central and east-
ern India by the southeasterly flow between the Bay of Bengal anticyclone and the
heat low over southern India resulting in slightly greater cloudiness. This is
shown best in 1966. Moisture is also entering Southeast Asia, as far west as
Bangkok, from the southeasterly and southerly flow over the South China Sea and
Gulf of Siam resulting in a land-locked convective cloudiness of greater than
4/8 . A relative minimim extends across the Gulf of Siam into the SouthChina Sea.
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2.2 May

A. Mean Circulation (figs. 6, 7, 8, and 9)

The increased heating of the land masses and the general decrease of surface
pressures over the region of India and Southeast Asia has eliminated the low-level
(fig. 6) closed anticyclone over the Bay of Bengal and the continuous ridge from
Southeast Asia through India although weak relative ridging remains over the
northern portion of the Bay of Bengal between the heat troughs of central India
and Burma. Westerly winds cover all of India and Southeast Asia except extreme
southern South Vietnam where the subtropical ridge lies through the Saigon region.
Speeds of 10 to 15 knots are indicated in the southwesterlies over Ceylon and the
western Bay of Bengal. The speeds over the Aidaman Islands and Southeast Asia
rare less than 10 knots.

There is considerable change in the flow pattern between th• near-surface
levels and 700 mb. (fig. 7). Over the surface-heat trough of central India lies
a strong anticyclonic cell in the subtropical ridge. The subtropical ridge is
also sharp across Southeast Asia and lies just north of Saigon. The monsoon
trough is between 50 N. and 100 N. from northern Borneo through southern India.
The troughing in the central Bay of Bengal is of sufficient intensity to break
the subtropical ridge and permit the tropical westerlies to flow onto the southern
Burma coast. The high 58% steadiness of the wind at Port Blair in contrast to
39% at Bangkok, Z2% at Songkla and 7% at Saigon supports this interpretation.

The monsoon trough weakens with height. It extends vertically through the
500-mb. level (fig. 8) over southern India and southern Bay of Bengal but not
over Borneo and Malaya. The 49% wind steadiness at Port Blair, in contrast to
the 24% steadiness at both Bangkok and Songkla, indicates that the tropical
westerlies are frequently 500-mb. deep flcwing onto the south Burma coast.

B. Cloud Distribution

The May cloudiness (fig. 10) reflects these changing flow patterns. The
change from a low-level southerly flow into eastern India during April to the
broad westerly current in May results in a decrease in cloudiness from April to
May over central India north of 150 N. However, the most significant change in
cloudiness occurs along the south Burma coast and through the Gulf of Siam across
southern Southeast Asia. The cloudiness along the south Burma coast increases
from less than 3/8 in April to greater than 5/8 in May and the 5/8 isopleth ex-
tends northward to Rangoon. In May a relative maximum covers the Gulf of Siam
and the South China Sea off the south coast of South Vietnam, replacing the mini-
mum of April. Cloudiness in this region was rather intense during May 1965, with
one area of greater than 7/8 cover.

2.3 June

A. Mean Circulation (figs. 11, 12, 13, and 14)

In June the monsoon westerlies continue to grow in strength, depth, and area.
At 2000 feet (fig. 11) the monsoon trough extends from the southern Philippines
through Hainan, North Vietnam, Burma, and northern India. The tropical westerly
current attains a speed of 25-30 knots in the region of Ceylon and decreases in
strength downstream to less than 10 knots over the coastal region of the Vietnam
north of 100 N. The 700-mb. flow (fig. 12) is little changed from that at 2000
feet except for a slight decrease in the speed of the tropical westerlies. Slight
ridging is evident over north central India. The monsoon westerlies decrease in
area and strength with altitude. At 500 mb. (fig. 13) the subtropical ridge lies
near 230 N. across India and Burma,and the monsoon trough is near 190 N. South-
east Asia is near the eastern edge of the southwest monsoon system at this level
and the buffer ridge is just south of Saigon. The westerlies reach a maximum
depth of near 400 mb. over India and the Bay of Bengal (Ramage and Raman (5]).
At 200 mb. (fig. 14) the subtropical ridge is well positioned near 250 N. This
is a northward movement of 10° between May (fig. 9) and June. Strong, steady,
and speed-divergent easterlies overlie Southeast Asia and India. The highest
speed of 61 knots is observed over the southern tip of India.

B. Cloud Distribution (fig. 15)

There is a general increase of cloudiness between May and June over India and
Southeast Asia north of 100 N. In the Indian region the maximum cloudiness belt
moves from near 30 N. to 120 N. along the west coast and 180 N. on the east coast.
The maximum cloudiness along the Burma coast spreads northward and increases to
greater than 6/8 coverage over a large area.
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2.4 July

A. ýean Circulation (figs. 16, 17, and 18)

There is a slight increase in the overall depth, area, and intensity of the
southwest monsoon system between June and July. The low-level westerlies (fig.
16) becore stronger across central India. The monsoon trough moves slightly
northward through the South China Sea and the Philippines and extends further
eastward into the western North Pacific. The subtropical ridge at 500 mb. (fig.
17) and 200 mb. (fig. 18) moves another 50 northward. There is a considerable
change in the speed distribution within the 200-mb. northeasterly flow over
Southeast Asia and India. The speed-minimum wedge, which is attributed to the
tropical upper tropospheric trough, moves about 50 northward and the wind speeds
decrease over Clark, Southeast Asia, Port Blair and southern India between June
and July. However, the speeds increase considerably over northern India (from
20 to 53 knots at Bombay) and over the equatorial region (from 30 to 42 knots at
Gan Island).

B. Cloud Distribution (fig. 19)

The greatest change in cloudiness from June to July occurs over India. Dur-
ing July, 5/8 cloudiness covers all of India with the exception of the north-orth-
western section and tne southern tip with a greater than 6/8 strip across
central India near 180 N. Cloudiness decreases slightly along the Burma coast
from June to July and in fact the plotted data (not shown) indicates a slight
decrease over all of Southeast Asia. A complete analysis of the mouth-to-mouth
areal changes in cloudiness, using the 3-year data file, has not be completed.

2.5 Conclusions

The long term mean flow patterns in combination with the satellite viewed
3-year cloud distribution show well the orderly evolution of the monsoon sys-
tem. The changing flow patterns also relate well to the observed average time
separation between the onset of the monsoon rains over India and over Burma and
Southeast Asia.

The general regions of maximum and minimum cloudiness have little inter-
annual shift in position; however, there is a significant interannual variation
in the pattern and amount of cloudiness within those regions. This is only
another way of stating that the rmonsoon system will develop each year in response
to the annual differential heating cycle between land and sea but that the timing
and intensity of the circulation changes are slightly different each year. We
do not have monthly mean circulations for individual years to compare with the
cloud data, yet they are necessary ingredients for an increased understanding of
the differences in monsoon onset and intensity from year to year. As examples,
it might be revealing to know what the differences were in the mean monthly cir-
culation of May 1965 versus May 1966, which produced the significant differences
in the average cloudiness over the Gulf cf Siam and the South China Sea off the
southern coast of South Vietnam; or between the two Junes of 1965 and 1966 which
show an equally drastic change in cloud cover over most of Southeast Asia. I
feel that indices developed from such studies could be more successful in pre-
dicting the timing and intensity 3f the monsoon rains than some of the more
external (to the monsoon) indices now being used (Rao and Ramamurthy [7]; Lund
[31).

Suggestions have been made that tropical storms in the Bay of Bengal usher
in the southwest monsoon over Southeast Asia. Riehl [8] states that storm de-
velopment is an important aspect of monsoon onset at 150 N. over Southeast Asia.
However, his data for the 29-year period of 1936 through 1964 do not seem to
substantiate the statement. Only 12 of the years had simultaneous storm occur-
rence and monsoon onset, while 11 years had storms in early May with no simul-
taneous onset and 6 years experienced no storms in early May prior to or during
onset. Two of the earliest dates of onset (2 May 1956 and 3 May 1942) had no
concurrent storm development and the year of latest onset (3 June 1958) experi-
enced two storms in the Bay of Bengal during May.

We have studied the daily synoptic charts and satellite photographs during
the onset period of 1966, 1967 and 1968 and found no useful relationship be-
tween storm occurrence and monsoon onset. In 1966 there were no storms. In
1967 a typhoon developed north of the Andaman Islands on 16 May, or about a
week after the monsoon onset at Rangoon as determined by Neralla [4] (fig. 2).
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In 1968 a typhoon developed near the Andaman Islands on 8 May and moved north-
ward through the Bay of Bengal. Even though the dates of the storm were near the
average date of monsoon onset at Rangoon (fig. 2), the flow pattern reverted to a
premonsoon condition by 11 May and the onset was delayed until late May.

Developing storms in the Bay of Bengal do influence the weather over South-
east Asia and are a factor in the forecast problem. Each will either initiate a
temporary westerly current or increase the strength and depth of the existing
westerlies for a few days over portions of Southeast Asia. A general increase in
cloudiness should be antipicated in this tropical westerly current.

DISCUSSION

RENARD: Does your June-July cloud distribution in the Bay of Bengal area have
distinct relation to the relative minimum of rainfall during the seasonal maxi-
mum (Ref. Ramage's discussion)? Would a biweekly cloud distribution bring this
relation out more clearly?

SADLER: We have not looked for it in monthly averages but feel that shorter
period averages would show it more clearly. It should show in the large scaie
difference patterns between June and July which we are not preparing.

WANN: How many satellite pictures were analysed per day?

SADLER: Once-a-day coverage from the operational nephanalyses.

SOUTHERN: Does the incidence of cirrus (either independent from passage of upper
tropospheric westerly troughs or dependent cirrus from convective systems) inter-
fere seriously with the analysis of mean cloudiness relating rainfall incidence to
monsoonal wind influences?

SADLER: Most cirrus is not resolved by the satellite unless very thick. Thick
cirrus does occur in the monsoon region but, since it is usually associated with
the large convective systems, I feel it affects the analysis very little.

KREITZBERG: Do you attribute the cloud minimum in July in the valley north of
Bangkok to orographic subsidence over the mountains to the west?

SADLER: Yes.

HAU: In your averaging of cloudiness in Jine and July, it seems that 1966 con-
stitutes a very particular case in which we have a relatively clear area (less
than 5/8) over the western side of the central mountains in Vietnam. The 3-year
mean is therefore more or less influenced by this anomaly, if there is any.
Have you studied what happened in 1966?

SADLER: No. There are no routine monthly averaged circulation analyses for the
tropics and in fact there are no routine averages of any meteorclogical parameter
over the tropics. Such aialyses mu!ýt be done to better understand the inter-
annual variations on the monthly scale.
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Figure 8. Mean 500-mb. 'Flow for May. Trough position shown as dotted
line; subtropical ridge as dashed line; buffer system as dash-
dot line.
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Figure 12. Mean 7OO-mb. Flow for June. Trough position shown as dotted
line; subtropical ridge as dashed line; buffer system as dash-
dot line.
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Figure 11. Mean 500-mb. Flow for June. Trough position shown as dashed
line; subtropical ridge as dashed line, butfer system~ as dash-
dot line.
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Figure 16. Mean 850-mb. Flow f or July. Trough position shown as dottedline; subtropical ridge as dashed line; buffer system as dash-dot line.
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ESTABLISHMENT OF THE SOUTHWEST MONSOON
OVER SOUTH VIETNAM*

Nguyen-Kim Mon
Directorite of Meteorology, Republic of Vietnam

ABSTRACT

The onset of the southwest monsoon may be tracked objectively by using
streamline analysis for the lower troposphere (300 mI., 1000 m. and 1500 m.
levels) and following the changes in general circulation. For practical pux-
poses, flow patterns during onsets are classified according to four types. Clima-
tology shows that the first onset of the southwest monsoon over Saigon marks
the date of its establishment over South Vietnam. This date is generally an-
nounced by the shift of the subtropical r.dge axis to north of 16' N.

1. INTRODUCTION

While the typhoon is considered as the greatest tropical weather phenomenon
in terms of damage it causes to human lives anc. property, the southwest monsoon
is of chief importance to the argicultural economy of Vietnam. Advance informa-
tion about the arrival date of the monsoon will be helpful to the public. How-
ever, the problem of torecasting the march of the forward edge of the southwest
monsoon is difficult because the starting mechanism has not been completely
understood so far. And, as mentioned by Riehl [2], the advance of the monsoon
is difficult to trace and define. In fact, the continuity principle cannot be
applied to its jumping movement. The change from easterly trade to equatorial
westerlies is not always clear. There is often confusion between equatorial
westerlies and the pro-monsoon wecterlies or westerly counter-trade winds. Rain-
fall cannot be used to identify tne monsoon because the amount of rain in the
pre-monsoon period is comparable with the monsoon rainfall.

The following sections will attempt to present the characteristics of the
onset of the summer monsoon and the relationship between th.e change in t0e upper
troposphere circultation and the establishment of the summer monsoon over South
Vietnam.

2. DEFINITION AND GENERAL CHARACTERISTICS
OF THE ONSET OF THE SUMMER MONSOON

For analysis convenience, the following definition of the onset of southwest
monsoon is commonly adopted in Vietnam;

The onset of tte southwest monsoon over South Vietnam is considered as a
replacement of the lower-troposphere trade winds by the equatorial westerlies
originating in the Indian Ocean. This change in flow pattern results in the in-
crease in cloudiness and frequency and amount of rainfall. The trade winds
would be easterly Uinds or southwesterly counter-trade winds. This definition
implies the idea of disappearance of the influence of the Pacific subtropical
ridge on South Vietnam.

The leading edge of the southwest monsoon is identified as the intertropical
convergence zone (ITCZ) or equatorial trough.

General characteristics of an onset of southwest monsoon over South Vietnam
are indicate, ii, the following example. Figure 1 shows the sequence of the ITCZ
positions during an onset of the southwest monsoon.

On 12 May 1960, the ITCZ overlies Southern Malaysia from Sabang to Tarempa
Island. The Pacific subtropical ridge extends roughly from Hong Kong to Phu Quoc
Island and then west-northwestward up to 910 E.

On 14 May the Indian Ocean portion of the ITCZ moves north to the Adaman
Islands. The heat low intensifies and extends as a deep trough across Burma to
western Gulf of Thailand, reducing the strength of the Bay of Bengal anticyclonic
cell And the western end of the Pacific subtropical ridge. This situation pre-

sists for the next three days.

* Research sponsored by Directorate of Mateorology, Republic of Vietnam



- 30-

AI

May 14, 19

Figure 1. 1000 Meter Streamline Charts• Durir'g an Advance of the South~west
Monsoon.

' ITCZ m~Trough line A'v•V Ridge axis

On 18 May the South China Sea po~rtion of the ITCZ moves northwards to the
southern Gulf of Thiailand and northern tip of Borneo. The Pacific subtropical
ridge seems to retreat to the east. Over South Vietnam the trade winds veer
from east-southeast to south-southeast or soutn. The Bay of Bengal anticyclonic
cell disappears.

On the :;ext lay, 19 May, the west-southwest monsoon conjugates *with the
pre-monboon west-northwesterlies over the Bay of Bengal and western Burma. The
TTCZ jumps to north of Saigon. And thus the southwest monsoon is established
over South vietnam.

On the subsequent days, the ITCZ remains quasi-stationary over Sout~h Vietnazi
with small fluctuations around Saigon. A tropical cyclone is formed over the
Pazific. On 27 May the Philippines portion of the ITCZ aisplaces northward i
conjuction with the tropical cyclone movement; whereas, the South Vietnam portior•
of the ITCZ is blocked by a ridge from the continental anticyclcne. (The out-
conino north-northeaist flow is shallow. It is on].y observed in the lowest iayer5;frw the surface up to 1000 in.)
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Or. 28 May the continental ridge disappears and the tropical cyclone moves
northward. The ITCZ jumps to a new position lying from northern Hainan Island
to northern Luzon Island.

The above analysis and experience have shown the following main features:

(a) The development of the heat low circulation over northern Burma and
Pakistan with associated weakening of the Bay of Bengal anticyclonic
cell and the western end of the Pacific subtropical ridge occurs
before the progress of the southwest monsoon.

(b) The displacement of the ITCZ is not continuous. It is characterized
by advances, retreats and jumping movements.

(c) The northward movement of a cyclone and the disappearance of the
Pacific subtropical ridge are accompanied by the advance of ITCZ.
The retreat of the ITCZ is related to:

(1) the southward migration of the continental anticyclone often
giving rise to the formation of a shallow and ill-developed
anticyclone over the Indochina Peninsula,

(2) t1he extension of the Pacific subtropical ridge to the west, and

(3) the westward movement of tie tropical cyclone in the Philippines
area, notably the typhoon circulation, favoring the progress of
the divergent northeast flow far to the south.

By inspection of various weather maps, flow patterns during onsets of the
iouthwest monsoon over Saigon are classified into four types as seen in figure 2.

Er.

F'igure 2. '!ype~i of F~low Patterns at 1000 M. Level During Onset of South-
we~st Monsoo~n Over Saigon.

SiTCZ Trough line a: before onset b: afte: onset.
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TYPE 1: The main feature in this type is a trough separating the north-
westerlies west of Malaysia from the southwest flow over the
Gulf of Thailand. The ITCZ lies between the southwest flow in
the south and the trade winds in the north. This type is gen-
erally encountered with the early onsets of monsoon (1 to 10
May). The southwest wind area is similar to the warm sector in
a middle-latitude disturbance.

TYPE 2: This type corresponds to the normal and late onsets of the mon-
soon. The ITCZ is a line separating the southwest monsoon in
the south from the pre-monsoon westerlies and the counter trade
winds in the north.

TYPE 3: This type is associated with the late onsets of the monsoon (after
20 May). The southwest monsoon spreads over most parts of the
Indochina Peninsula. The ITCZ is a line of convergence between
this flow in the west and the counter trade winds in the east.

TYPE 4: This type is rare and represents the onset of the monsoon in as-
sociation with a cyclone in the South China Sea.

3. CLIMATOLOGY OF THE ONSET OF SOUTHWEST MONSOON
Lack of information in the tropical area is compensated by knowledge of the

climatology for determining the onset of southwest monsoon.

The intertropical convergence zone, in general, follows the sun's northward
movement during the transition period from winter monsoon to summer monsoon. Its
mean position is roughly over the equator in April and over 230 N. in July with a
fluctuation of 100 to 150 of latitude.

The mean date for onset of the southwest monsoon over Southeast Asia is 17
May with a range of 33 days, the earliest being I May and the latest, 3 June, as
shown by Orgill El]. During the period from 1 May to 3 June, an individual station
may experience more than one onset of monsoon. But experience has shown that
the first date of onset over Saigon may be taken as the date of the sunmmr mon-
soon establishment over South Vietnam. Once reaching Saigon, the ITCZ moves
northward rapidly or stays over South Vietnam for a great majority of cases.
Should it retreat far to the south, it will no longer return to its initial posi-
tion.

Table 1 shows that for a period of 18 years from 1951 to 1968, apart from
a few transient appearances, the first monsoon onset over Saigon marked the date
of the monsoon establishment over South Vietnam.

Table 1. Dates of Southwest Monsoon Onsets Over Saigon
in May for 18 Years From 1951 to 1968.

Gs. t.: retreat I. establiahment of os~oon

15 1 2510 11 12 13, s. 1, 1720 21 22 23 24 25 2. 27 2 3 '9 20 31
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"155 I. __ _ __

1956 . I
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4, CHANGES IN UPPER TROPOSPHERE CIRCULATION IN RELATION
WITH THE MONSOON ESTABLISHMENT

Figure 3 indicates the normal change of the upper-troposphere subtropical
ridge during the transition season from northeast monsoon to southwest monsoon.
The normal subtropical ridge axis lies over the latitude of Saigon in April. It
moves to Hainan Island in May corresponding to the period of onset of the summer
mons oon.o

Figure 3. Normal Subtropical Ridge Axis Position at the 200 Mb. Level Over
Vietnam for April and May (after Wiederanders [3]).

in general, the upper-troposphere subtropical ridge moves northwards with
the seasonal inclination of the sum, with temporary north-south oscillations.

Orgill [1] has shown that late and early onsets are respectively associated
with late and early latitudinal shifts of the subtropical ridge axis.

Inspection of 7-year radiosoundings over Danang has also revealed that a
relationship between upper-level wind reversal over Danang and the southwest
monsoon establishment over South Vietnam is very suggestive.

Figure 4 shows that the upper-level westerlies are very steady in April,
north of 16' N. The change from westerly winds to easterly winds takes place
!rund May and is accompanied by onset of southwest monsoon over Saigon. Apart
from 1968, when the prolonged onset of the southwest monsoon is late, the first
persistent appearance of the upper-level easterlies over Danang occurs generally
4 to 12 days before the onset of southwest monsoon over Saigon.



34 -
4 I • • 74 'II10 1 1

Hi

~LI L I

r6" I L' 19631696

Figure 4. Relationship Between First Dates of Wind Reversal From West to
East at 150 Mb. Level Over Danang (160 N.) and Dates of South-
west Monsoon Establishment Over Saigon.

[ West Winds = East winds f Date of Southwest Monsoon
Establishinrlt Over Saigon.

5, CONCLUSION
Awaiting further investigations on the starting wr-echanism of the summer mon-

soon, forecasting the date of the establishment of the southwest monsoon over
South Vietnam may be made by considering:

(a) The heat-low circulation over northern Burma and Pakistan.

(b) Tropical cyclone movement.

(c) Continental anticyclone progress.

(d) Changes in the lower-troposphere Pacific subtrcopical ridge.

(e) Upper-level wind reversal from west to east ove.r Danang.

DIS'USSION
RAMAGE: Do you ase this system to forecast monsoon onset each year? How many
days in advance do you make the forecast?

MONl: Yes, we do. We can forecast 2 or 3 days in advance.
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INDIAN OCEAN CLOUD PATTERNS FROM

SATELLITE PICTURES'

J. H. Conover

Mr. Conover presented a movie--"Indian Ocean Cloud Patterns; ESSA Digital
Product, May 1, 1967 - September 30, 1967."

The movie, made by the Walter A. Bohan Co., features a fade-in--fade out
sequence.

DISCUSSION
RAMAGE: Are you planning to make a statistical analysis of the relative
frequencies of moving and "pulsating" weather systems?

CONOVER: Mr. James Bunting of our laboratory plans to make such an analysis
around the globe over tropical latitudes. Some of the observed pulsations may
be related to atmospheric tides caused by the sun and moon.

*Research sponsored by National Environmental Satellite Center. Environmental
Scientific Services Administration
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CLIMATOLOGY OF ESSA CLOUD PICTURES OVER

SOUTHEAST ASIA IN 1967*

T. T. Fujita

Dr. Fujita presented slides showing computer-integrated cloudiness over
southeast Asia and the Indian Ocean for each month of 1967 and for the 3-month
periodu: January-March, April-June, July-September and October-December. For
the 6-month period July-December 1967 he compared the Pacific, Indian and Atlantic
Oceans.

DISCUSSION
RAMAGE: It appears where the winds are light and moisture is available; the
integrated pictures show evidence of seabreezes.

FUJITA: I noticed this phenomenon along the South China Sea coast in siunmer.
If we had had an ATS-type picture, it would have been possible to see such sea-
breeze cloud fronts in motion.

SOMERVELL: Three observations regarding your winter-season, monthly, cloud-
summary slides upon which I'd appreciate your comments:

(a) There appeared to be extensive cloudiness over southeastern Tibet which
would seem to disagree with Flohn's conclusion that this area is a
radiative heat source in winter.

(b) The very marked winter-season cloud shadow west of the Annam and Burmese
Mountains would seon to indicate a rather pronounced flow of low-level
northeasterlies and, therefore, be at variance with earlier statements
that cold air does not enter Thailand, Burma or India from China during
the winter.

(c) You did not take note of cold-air surges from China into Southeast Asia
until November; yet there is a suggc.•tion of the cloud shadow west of the
Annams in September, whtch becomes very marked in October. I can assure
you that cold-air intrusions into north Vietnam are common in September
and occur in late August.

k*UJ ITA:

(a) Brightness in an integrated picture does not mean that clouds were in
existence during the integration period. If bright clouds were only
there for a total of 10 days or so, the area might act as a heat source
as Flohn assumed.

(b) My explanation should be limited to the case of blocking of low-level
moisture by mountain ranges.

(c) I would like to study my monthly averaged picture in the light of your
comments.

c7ONOVER: Use of digital datt will help reduce problem of addinq thin cloudiness
or weak reflectance from l.nd or sea. Any threshold of brightness can be set up,
i.e., the brightest levels will most likelý show the active clouds. Patterns
deduced in this fashion are quite different from those made by summing the photo-
graphy.

YUJITA: Your are right in this regard. In fact, ISSA is now producing various
composite time integrations by integjrating on.y above A certain intensity level.
by doinq so, it is feasible to ,liminate as mu-.h as possible the effects cf s.4:Ad
dunes, suxi glint, etc.

5.)Ur 1 IEN: I would like to corracnt on an extensive zone of cloudiness ex!r:.di'.
from the ,*entral Indian (ocean at about W0" - W- U. soutzeavtwgrd to trle south-
west coast of Australia !or the whole 1wrio.d Apr l to October. This appr-ars
s iriL1a, to,, the situation in tht :;uuth 1'acific nou, heastward from the Solomvfns-
Y i alea. I was previouusly unaware of this lit.k in rwAn cloudiness brtwrern the
equat or vid suouthern cold t ronts.

1-.:,~ p r y % 'a t- fi a I L%: ii Z o :!:nt1 I it e k 11 rt C!
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FUJITA: I haven't studied closely the relationship between southern cold fronts
and equatorial cloudiness. It would be interesting to study detailed motion of
southern cold fronts in connection with satellite pictures.

SADLER: We have found that tracks of typhoons are not necessarily associated
with maximum monthly cloudiness, and in fact many of your diagrams (November in
the South China Sea and also in the eastern Pacific) show storm tracking along
minimum monthly cloudiness.

FUJITA: Swathe of typhoon tracks on monthly average pictures are pronounced when
storms move slowly over a relatively cloud-free area. I noticed on. or two swaths
along typhoon tracks. In general, however, it would be necessary to study case by
case.
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(IUMERICAL SIMULATION OF THE MONSOON ALONG 800 E.*

Takio Murakami
University of Hawaii

R. V. Godbole and R. R. Kelkar
Institute of Tropical Meteorology, Poona, India

1. INTRODUCTION
The monthly mean geostrophic zonal wind speed along 80" E. in July 1967 is

presented in figure i. In a region south of 30* N., where the monsoon circula-
tion prevails, a westerly current is encountered in the lower troposphere with
its maximum speed (14 m. sec.-') near 2.5 km., whereas the upper-flow patter.•
is characterized by the existence of strong easterlies (33 m. sec.-') at about
16 km. Corresponding to this strong negative vertical shear of the zonal wind,
the temperature is warmer to the north than to the south throughout the tropo-
sphere, te temperature difference between 300 N. and l0* N. being about 5 de-
grees. The surface-pressure trough located near 30 N. is capped by the pro-
nounced subtropical high that reaches its maximum intensity near the 100 mb.
level. According to meteorological satellite data gathered in 1967, cloud
amounts are largest near 20' N., presumably indicating that ascending motion is
stronger there than near 30" N. where the monsoon trough is located at the
earth's surface. These characteristic features of the monsoon along 80' E.,
mentioned above, will be simulated by numerical experiments described in the
following sections.
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2, DESI- OF TE EXPEPIMENT

The monsoon develops over southeast Asia as a whole, extending roqhly from
601 E. to J20* F. The main characteristics of thf' monsoon circulation are prac-
tically the same throughout this area. The essential geographic property of
this area is relatively uniform in that it consists of a land mass to the north
and oceans to the south. Under these circumstances, one may be allowed to in-
troduce an idealized numerical model ;sing a two-dimensional vertical plane
along 60* E. from the equator to pole with the Indian Ocean extending from the
equator to 15" N., the Asian continent from i5' N. to 80' t'., and the Arctic
Sea to the north of 80' N. This model considers only the meridional circulation
and its associated zonal current and allows no disturbances to be superimposed
upon the zonal motion. Observed vertical and horizontal wind shears, associated
with the monscon circulation shown in figure 1, are not considered ztronq enough
to generate urstable barotropic and tarcclinic waves because the stabilizing
tP-effect is substantial in the subtrcpicm. It is our expectation that these
iisturbances do not play an important part in controlling the monso<on circula-
tion.

In this first attempt at a numerical experimeiit, a few important factors
are disregarded: (a) seasonal variation of the monsoon circulation by fixinq
the zenith angle cf the sun to that in July and (b) the interaction between the
northern and southern hemisphere by assuming that the meridional wind vanishes
at the equator.

The -cooidinate is used to facilitate an introduction of the dynamica.
and thermal effects of the Himalayas into the model. The , -coordinate is de-
fined by ;, 11 1'. where 1'. denotes surface pressure. We divide the atmosphere
into 9 layers as shown ir table i. We then apply th- . ,uations of rnotion to
the level- I through 8, after replacingj vertical derivatives with finite lif-
Ierence expreasions. The finite difference scheme usd(! was desiqnec, to conservw
total energy in almost the same way as Kurihara [2] proposeci.

Table i. Vertical Location of the , -Lnvel Used, I' t .not2s
the Surface Prss'ire.

K 1/2 1 2 3 4 5 6 7 8 R 1/2 9

, I'. 0.00 0.01 0.08 0.21 0.37 0.54 0.71 0.86 t.9 6 0.99 1.00

Following Manabe and Mol ler [3] , the radiational heatinq due to bnth sh,'t-
and long-wave effects are computed fr-,m an observationally detefnined distribu-
tion of water vapor, carbon dioxide and ozone, using the latest available hat n
for the monsoon sea.sori. c:ondensatinn due to mcridonal circulation and c''nv-. ý(n
are also considered. The convective effect is treated simply kýy atdJust irv; t:u-
verti,'al distribution of tempierature in any layer of a column to the dry (wet)
adiabAtic 1,1pse rate wheniever the disvribution exceeds the dry (Net) a!-Ia!,t '
lapse rate tor L- hoLdlty less (more) than 110 pe.rcent.

We" atsum*- Lconstant vt rtical (II, x uf nmmenttum, heat at! wat,,er va[1, w'hi .

the turhaiýrince layer 1etwo,.r: the levvl s " 1,/2" and "9". The thick%::,-s "th,
! fi'ace-C utlu lenc%' Ilar is assured to- ;v- cons t ant (about 80 r'. ) thi.,ulh' Ut the

!ciA.cO1nosfh.red . Ai'jrzinro to fea'on' p ical trr-ula., th- ',.t ical
:u : : , :,,, ,41

h' -fr .. - -

-re -W i ,k. thc Karriatx cosat-It.. u.;hness a a.e
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where h denotes the height of the turbulence layer, p. the air density at the
earth's surface, a(R) the potential termperature at the level "b", ,. the poten-
tial temperature at the surface, q(8) the mixing ratio at the level "8", and q.
the mixing ratio at the surface. The quantity m is defined by:

4)

where N: is the height difference between the level "8" and "8 1/2".

Sorfacoe mixing ratio q. is assumed to be proportional to the saturated
mixing ratio at surface temper. _ure, q, (T.) . That is:

q- a•q (J.) (5)

where quantity a 1 1.0 over the ocean. Over the continent, we rirbitrarily set
quantity a - 0.4 or 0.8 in ord'jr to examine the effect of surface humidity upon
the intensity of the monsoon circulation.

By assuming an infinite hcat capacity of the sea, T over the oceans can
be considered constant. Temperature at the land surface is determined from the
requirement of heat balance at the earth's surface. The balance equatiun of
heat is:

, .0i - II - -': (L," .tv j•' ("-,

where S. and P1 are the net downward solar insolation and the downward long-wave
radiation at the earth's sui'face respectively, and .- -,T.' , the up.ard long-
wave radiation at the surface. Albedo at the earth's surface is determined
empirically by considering cloud amounts, precipitation a..i surface conditions
during the monsoon seaz:n. Due to the constraint of constant flux within the
turbulence layer, y" and P' at the earth's surface are assumed equal to y2(h!
and .- (h) in equation (2) .nd equatior (3), respectively. The sol:-ion of
equation (6) yields a value of T that satisfies the heat-balance condition at
the earth's surface.

Le start o,.r numerical experiment by assuming a completely ý7alm and dry
atmosphere with the sane vertical temperature distribution as that of the
standard atmosphere. Therefore, there are no ,±orth-suUth temperature -fradients
along any constant pressure surface. It takes a very long time (about 150
days) befort a state uf quasi-equilibrium is rea ted. Wind, temperature, humi-
dity, and surface-pressure distributions obtained in the quasi- quilibrium state
are then compared with observed distributions along 80* E.

The object of this numerical simulation is to understand the basic mechanism
r,--.nsihle for maintaining -he Lmonsoon circulation. Even though ouz numerical
: !Ai is very simple, it nevertheless includes many physical factors which can be
examined individually. A complete and !eiailýd attempt at the outiet might give
us some difficulty in obtainin2; ý uiorough understanding of the monsoon recha-
nism. Consequently, we start our experiment with th. most simplified version of
the model arid then proceed to other uodels with fewer constraints. We plan:.rd
the following series of experiments:

F• eriment I assumes a completely dry model atmosphere having no evaporation
at the earth's iurface and no condensation in the atmosphere. We also disregard
the effect of m.untains by assuring a flat eacth. XaUiational hcatinq and cuol-
ing, and the sensible heat transfer at the earth's surface are the main physical
factors involveu in this experiment. Surface temperatures )ver the continvnt,
evaluatod from the heat-balance Londition, are much h-jher than t-urface tempera-
tur•:s over the oceans. The aurface-temperatvre cintrast between the c-ontinenit
and tlCe oceans determines the direction and intensity (,f thermally induced "ir-
culatiuns, as is the case in the sea-breeze circulation. However, threr is a
lareer dlt'ferenLe between the two circulattons. The Coriolis force does not
play an important part in the sea-brecze circulation bcL'ause of .tis elativc!y
smnaiIlli i orinitat rxtent (of the order of 100 km.)I. on the )ther hand, the
Curiolis force is on. of the •ominant factors countrollinq the monsoxn c:irculat-
"tiOn becaoA•sc .f its relative•y large north-south vxt 'nt (of 1000 km. or inre?.
The eight 4 t.he sea breeze is generally I to 2 km. betcause of its sma.ll tlme
s •cale of only one lay, while the monns~on circuiatiov extends perhaps rv,:e' u;.

thte sttatojph!ýrr tecausie its time :scale is 'uo lrip,!r than of! ;;nr day.
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We first carried out Experimen* I by assigning 300* K. to the sea-surface

ternerature over the Indian Ocean and next by assigning 290' K. By comparing
the two computed results thus obtained, it was possible to obtain quantitative
informaticn about the effect of the 7ndian Ocedn surface temperature upon de-
terming the intensity of the monsoon circulation.

Experiment II considers evaporation at the earth's surface and condensation
in the atmosphere. The surface-temperature contrast between the continent and
the oceans is appreciably lower than that in Experiment I, described above, be-
cause evaporation takes heat away from the ground surface of the continent. Due
to this, the induced circulation is weakened. On the other hand, condensation
ray contribute to the intensixication of the circulation. Our tentative con-
clusion is that these two effects almost cancel out each other so that the in-
tensity of the monsoon circulion in Experiment Ii is nearly the sar'e as that
in Experimcat I.

We assigned two different values for the surface humidity over the conti-
nent, i.e., 40% and 80%. Which surface-humidity value makes the monsoon circu-
lation stronger? The answer to this question should provide some clue for under-
standing whý the mcnsoon does not develop wall in longitudes cloEe to the Pacific
Ocean where relative humidities over land there are presumably higher than those
to the west. Two-condensation critzrion, i.e., $C% and 100%, were examined in
Experiment II. It was anticipated that the intensity of the monsoon circulation
increases significantly according io the change of condensation criterion, i.e.,
from 100% to 80%.

Experiment III considers mountain effects. The -,t and elevated Himalayas
could act as a heat source in the middle tropoEphere and could play a dominant
role in intensifying the mcnsoon circulation. T'he importance of the thermal
effect of the Himalayas hio been discussed by 'lohn [2] and Murakami [5]. A
preliminary integration was carried out up to the time interval of 80 days. The
computed zonal wind speed for an 80-day interval is presented in figure 2 as a
function of latitude and height. One may at once notice a great similarity be-
tween the compited zonal wind distribution and the observed one, which are shown
in figure 1. It may be possible to conclude that the essential feature of the
mcnsoon circulation--exiscence of the westerlies in the lower troposphere tapped
by the strong easterlies aloft--can be simulated even by using the simplified
two-dimensional model, in whicl several important factors are disregarded, such
as the effects of disturbances superimposed upon the zonal motion and so on.

20 -

-10

-15 / -2

'-0

10 20 3C 4" 60 70 SW

Figure 2. Computed Zonal Wind Along 80' E., Obtained After 80-day Time
Integration in E~xperiment III. isolines are for 5 m. sec.`
interi als.



- 43 -

In the course of the time integrations in Expeziment III, however, we en-
countered some difficulty with the finite-difference scheme used. It was not
possible to depress the so-called two-mesh irregularities caused primarily by
steep mountains such as the Himalayas. We applied rather strong smoothing to
extend computations up to 80 days. It was, therefore, neceasary to revise our
computational scheme before we continued Experiment III any further. This be-
ing the case, detailed discussions on Experiment III will not be given in this
paper.

3. EXPERIMENT I
This section will be primarily devoted to discussions on the first subset

of Experiment I, in which the sea-surface temperature was prescribed as being
3000 K. over the Indian Ocean and 2700 C. over the Artic Sea.

Figure 3 demonfLrates the latitudinal distribution of temperature at the
a-levels ,f "6", "7", "8", and "9". The level "9" is for the earth's surface
as shown in table 1. Omission of evaporation in this experiment makes the sur-
face temperature over the continent extremely high, the maximum being about
3230 K. at 27.5* N. It is of interest here to add that the net solar inselation
at the earth's surface, which is primarily related to the zenith angle of the
sun and the duration of day time in a day, is maximum at 32.5' N. The surface
temperature computed from the heat-balance requirement depends not only upon the
net downward solar insolation but also dominantly upon the sensible heat flax at
the top of the turbulence layer. The reason why the surface temperature computed
in this experiment is maximum at 27.50 N., rather than at 32.50 N., is that the
sensible heat flux is much larger at the latter latitude than at the former lati-
tude as will be seen later. In order words, more heat is removed from the
earth's surface at 32.50 N.

320 [ T9

T 8310 ........................... .ell'

300 T7 ' " "31 ......................

w

T6

280 -

Ic 20 30 40 50 60 70 80

LATITUDE (0N)
Figure 3. Latitudinal Temperature Distribution at Constant a-level Ob-

tained in Experiment I T9 denotes the temperature at the
earth's surface. T, , T7 , and T4 are the temperature at the
a-level "6", "7", and "8", respectiveiy.



- 44 -

It also appears in figure 3 that the temperature difference between the
continent and the Indian Ocean is about 230 C. at the earth's surface, about 5"
C. at the level "7" (approximately 850 mb.), and only about 1' C. at the level
"6" (roughly 700 mb.). The temperature difference appears to decrease almost
exponentially with increasing height. This characteristic does not agree with
observations. For example, the observed monthly mean-temperature difference
between New Delhi (290 N., 77" E.) and Trivandrum (8g N., 770 E.) is 5.9' C. at
850 mb., 3.90 C. at 700 rb., 3.90 C. at 500 mb., 6.9" C. at 300 mb., 7.30 C. at
200 mb., and 2.0" C. at 100 mb. The mean temperature at New Delhi is substanti-
ally higher than that at Trivandrum throughout the entire troposphere with the
maximum difference at the 200-mb. level. Referring to Lhe thermal wind equa-
tion, one may guess that the computed vertical wind shear in Experiment I would
be extremely weak as compared to the observed vertical wind shear associated
with the westerlies in the lower troposphere and strong easterlies aloft. A
question may be raised here as to what physical factor must be introduced into
the numerical model so that even in the higher troposphere, computed north-south
temperature gradients would compare favorably with observed ones. To answer
this question, is one of the central problems in this study.

Now let us take a look at figure 4, which shows the latitudinal distribu-
tion of the computed surface pressuire and the geopotential heights at several
a-leve-s. The surface pressure, considered constant (1013 mb.) initially at all
latitudes, is minimum near 30" N., where the computed surface temperature is
highest as shown in figure 3. It will be pointed out later that there is pro-
ncunced descending motion in the surface-pressure trough. These features are
characteristic of the so-called heat low. In figure 4 we also presert, by a
dashed line, the observed monthly mean-surface pressure along 80" E. in July
1967, obtained from the Mittlere Luftdruck Verteilung, Hamburg. One may notice
that the computed surface-pressure trough agrees fairly well in its location
with the observed monsoon trough, although tie computed trough is not as deep
as the observed one.

/ L

I ,N
I,

Figure 4. Latitudinal Distribution of the Surface Pressure and the Geo-
potential Height at Constant a-level, Computed in Experiment
1. The dashed line is for the observed monthly mean surface
pressure alon% 800 E. in July 1967, extracted from Die
Witterung in Ubersee, Deutscher Wetterdienst, Hamburg. The
unit is in mb. for the surface pressures and in 10ý ni.-' sec.-'
for the geopotential Leight.

,.,
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It appears in figure 4 that the geopotential height at any c-surface is
highest near 350 N., this latitude being only slightly north of the center of
the computed surface-pressure trough. By using the geopotential height at
a-level and the surface pressure, it is possible to evaluate the north-south
gradient of isobaric height as follows:

(ado (3, a oP ad
P

where 0 is latitude, 0 is geopotential height and the subscripts "p" or "a"
refers to the quantity at constant p or , surfaces.

We next estimated the first and second terms on the right-hand side of
equation (7). In the monsoon region to the south of 30" N., the first term
is positive, decreasing as , decreases, whereas the second term is negative
with small (large) magnitude in the lower (upper) atmosphere. Consequently
the sum of the two terms, which is identical to the north-south gradient of
isobaric height, is positive in the lower atmosphere and negative in the up-
per atmosphere. Actual computation shows that the sum changes its sign some-
where around the -level "6" (approximately the 700-mb. surface). On the
other hand, it has been long known among synoptic meteorologists that the
north-south gradient of isobaric height changes its sign near 500 mb. since
the monsoon trough extending generally up to 500 mb. is capped by the pro-
nounced wedge in the upper atmosphere above 500 oh. At any rato, from
Experiment I, it may be concluded that the monsoon trough extends only up to
700 .. * above which it is replaced by the wedge.

We prepared figure 5 to show the distribution of the computed zonal wind
speed. In a region to the south of 251 N. a westerly current is encountered
near the earth's surface with easterlies aloft. This feature is very similar
to what we found in the observed zonal wind distribution shown in figure 1.
However, the computed maximum speed of the easterlies in only about -8 m. sec.-'
as against the observed value of -33 m. sec.-'. Likewise, the computed wester-
lies are appreciably weaker than the observed westerlies.

33
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Figure 5. Computed Zonal Wind in Experiment I. Isolincs are for 1 m. sec."

intervals.
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Let us now turn our attention to the distribution of the vertical velocity,
c=.dp/dt, shown in figure 6. A positive sign indicates descending motion and a

negative sign ascending motion. The outstanding feature in the stratosphere is
the presence of ascending moticzi in middle latitudes surrounded by descending
motion to the north and south. This feature undoubtedly indicates existence of
two meridional circulation cells in the stratosphere. One cell to the south of
450 N. is accomplished by ascending warm air in middle latitudes and descerding
cold air in lower latitudes with the northerly meridional current as a colipensat-
ing flow. Another cell to the north of 45" N. is associated with ascending
motion in middle latitudes and descending motion in higher latitudes, accompanied
by the southerly meridional current. These two meridional circulation cells,
each of about 45 degrees of latitude in horizontal extent, are perhaps induced
by the geographical configuration--a flat continent overlies the central part of
the region with the Indian Ocean to the south and the Arctic Sea to the north.
These two meridional circulation cells can be discernible in the troposphere,
also, although they are not as clearly defined as in the stratopshere. Tropo-
spheric meridional circulation is more complicated. Near the southern edge of
the continent, a marked region of strong ascending motion is surrounded by two
bands of descending motion, one each to the north and south. The same situation,
with less circulation intensity, can also be recognized near the northern pe-
riphery of the continent. In the monsoon region to the south of 30* N., we note
the following:

(a) Strong ascending motion exists near 17.50 N., about 10 degrees south
of the surface-pressure trough (see fig. 3) and also of the maximum
surface temperature (see fig. 2). This computed finding is supported
by meteorological satellite observations taken in 1967 in that cloudi-
ness is greatest about 10 degrees south of the monsoon trough. We
will see later that the location of strong ascending motion coincides
exactly with the location of maximim sensible heat flux at the top of
the surface-boundary layer.

(b) Strong descending motion is encountered near 27.5' N., which is the
latitude of the surface-pressure trough and of the highest surface
temperature.

0/

// /P 0
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10 2q 36 40 o 60 yo so

Figure 6. VertIcal Velocity In the Unit of 10 'mb. sec. iObtained in Ex-
perimentt I. Isolines are for 5 x 10 ýrnb. sec. intervals. The
ascending motion is inlicated by minus, and the descending
motion by positive.
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(c) Descending motion predominates over the Indian Ocean. This result
agrees qualitatively with less cloudiness observed over the Indian
Ocean by meteorological satellites.

(d) At any level, the magnitude of the ascending motion is almost equal
to the sum of the magnitude of descending motions to the north and
south. At the level "5" for instance, the maximum value of ascending
motion is about -30 x 10-5 mb. sec.-' and the corresponding values for
the descending motion are 10 X 1l-5 nb. sec.-'(north) and 20 x 10-5mb.
sec." (south). This is due to the requirement of mass continuity.

In an effort to describe the process whereby balance is achieved among
variouas forms of energy, we measured several interaction terms under Experiment
I. In the q~uasi-equilibrium state, the energy equation may be expressed as
follows:

o .<K,, Km>+<K,* FA> (8)

o - -<K,, K,>+<K,,, P>+<K,,, FO,> (9)

where

1f-f uv 'a"' u) CSA
2 c~dkau()

<K, P>-a2CS-,dod'.2

<P, 4>=<P, 4,>+<P, F T> (13)

<P, q>=f 2 t(S,, - S) + (U. - D. - U,,)] a 2 COS V dA, (14)

<P, F T>t, -cf y.2 a' COS 0dp/ (15)
0

in which S. and S are the ret solar radiation at Cie top and bottom of the at-
mosphere, respectively; U 0 and D represent the upward and downwa~rd long-wave
radiation at the earth's surf ace: and U,, the outgoing long-wave radiation at
the top of the atxrsphere.

The term <K2,K,,> represents a redistribution of kinetP.' energy between
the zonal and meridional current, <K.,P> indicates a conversion of potential
energy into kinetic energy of the. meridional current, <P,4> signifies a
generation of potential energy due only to radiational ef fect I and <P, FT> Sig-
nifies a generation of potential energy due to sensible heat supply at the top
of the turbulence layer. The quantity <P. 4> indicates a net generation of po-
tential energy and is equal to the sum of <P. q>4 and <P. F > . The terms
<K,, FA> and <K,., Fo,> represent frictional diss'ipation of 26oal and meridional
kinetic energy, respectively. We evaluated the interaction terms in equations
(111) through (15) at each 5- degree latitude band.

Figure 7 applies to <P. F I>. A positive sign represents ar. upward transfer
of sensible heat at the top of the slirface turbulence layer, i.e. the sensible
heat isi transferred into the atmosphere, and consequently potential energy is
furnished through this process. ]'igt~re 7 re -*als that the sensible heat trans-
fer is upward over the entire continent, while it is slightly downward over the
oceans. The net transfer of sensible heat over the whole region considered is
obviously positive. Increase of potential energy through tthis process is even-
tually transformed into kinetic energy of the induced circulation. It would not
be fortuitous to find in figures 6 and 7 that the strongest ascending motion is
induced in a region where the sensible heat transfer is lar~jest and that de-
cending motion is induced in a region where the sensible heat flux is relatively
small as compared with the surrounding area.
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Figure 7. Sensible Heat Transfer at the Top of the Surface Turbulence
Layer, Computed by (13) at each 5 degree Latitude `Band. The
unit is in either 10 2Dergs. sec.-' or 1 013cal. secl...

Let us next take a look at the latitudinal distribution of <P ,4>, shown
in figure 8 by the dashed line. The_ f~rst term in the integrant of e~uation (14)
represents the absorption of direct solar radiation and the second term the cool-
ing due to lpng-wave radiation. It is clear in figure 8 that the net radiational
effect, <P, q.• , is negative (cooling) everywhere. The sum of the radiational
effect and tHe sensible heat supply, <P,> >, -is also shown in figure 8 by the
solid line. There is a net heating oaer the continent due primarily to the sens-
ible heat supply at the earth's surface and a net cooling over the oceans due
mainly to radiational effects. This heat contrast between the continent and the

oceans is an essential factor for determining the intensity of induced circula-
tion. An excess of heat over the continent has to be transported through induced

atmospheric circulation and on to the oceans to compensate for loss of heat there.
There is a sharp gradient of diabatic heating near the latitude 200 N. where the
monsoon circulation develonR at its full intensity. Tt is our conclusion in this
section that the monsoon circulation is caused principally by the heat contrast
between the radiational cooling over the Indian Ocean and the sensible heat supp~ly
at the southern part of te continent.
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Figure S. Generation of Potential anergy Due to Radiotional Effect,
<Pib,> as Defined in (12), is Shown by Dashed LAne. The full
line is for<Kn. P, generation of potential energy due both to

efecradiational earect and to sensible heat supply. The unit is
in 10efrgs. sechI.
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It would be worthwhile here to point out that <P, 4> can be expressed in
the following form: I

<P. i,>J 2 [$, - Uj 42 cos,, do (16)

where use is made of the balance requirement of heat at the earth's surface.
Since no evaporation is included in Experiment I, equation (16) becomes:

0- U, - D - S - cy,2  
(17)

By inserting equation (17) into equations (14) and (13), we can obtain the
equation (16).

Figure 9 portrays <K., P> and <K,, K.>. As for <K , P>, a large conversion
of potential energy into meridional kinetic energy occurs near 17.50 N., and the
reverse is the case over the Indian Ocean. The dashed line gives the latitudinal
distribution of <K,, K.> and reveals that it is positive everywhere, a positive
sign signifying kinetic energy transfer Zrom the meridional to lonal current.
The sign of <K,,K > is determined by the sign of a product of m and v, as is
seen in equation T11). The computed wind field shows that the westerly zonal
current (uIo) is generally associated with the southerly meridional flow (v<0o)
and the easterly (u<o) with the northerly (u>o) . Accordingly, the product of
u and v is found to be positive almost everywhere. This result presumably means
that the coriolis force plays an important role in maintaining the monsoon cir-
culation.
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Figure 9. Conversion Between Potential Energy and Meridional Kinetic
Energy (full line), <Kj> as Defined by (10), is in the Unit
of 1021 ergs. sec-1 . The kinetic energy interaction between
the meridional and zonal flow (dashed line),<K,,K >as de-
fined in (9), is expressed in the unit of 10" erga. sec'.

so much for the case where the sea-surface temperature over the Indian Ocean
was assigned a value of 3000 K. In another case we changed it to 290* K. The
other parameters, such as the sea-surface temperature over the Arctic Sea, the
surface albedo over the continent and so on, remained unchanged. In doing so,
it is possible to isolate the effect of the Indian Ocean surface temperature
upon the monsoon circulation. The results, obtained after 50- day time inte-
gratior.s, may be summarized as follows:

(a) The surface pressure diminished over the continent as a wholel however,
it increased over the Indian Ocean by about I ob.1 the maximum decrease
(about 0.5 mb.) occurred near 50* N. This result means that a shift of
mass took place between the continent and the Indian Ocean.
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(b) In spite of the extraordinarily large change (10" C.) of the Indian
Ocean surface temperature, the magnitude of the westerlies and easter-
lies associated with the monsoon circulation remained basically the
same; the maximum increase of the westerlies (easterlies) was only
about 0.3 m. sec." (1.5 m. sec.').

(c) Ageostrophic meridional flow developed rapidly at the initial stage
to adjust to the sea-surface temperature change, but the flow died
out soon.

These findings all lead us to conclude that the sea-surface temperature is
net a dominant factor in controlling the intensity of the monsoon circulation.

4, EXPERIMENT II
Only a brief discussion will be given in this section concerning Experiment

II. It considers evaporation from the earth's surface and condensation in the
atmosphere. Thermal and dynamical effects of the Himalayas are not taken into
account, however.

Experiment II consists of three-subsets. In the first subset the humidity,
at the earth's surface, defined in equation (3) as quantity a, is 401 over -he
continent and 1001 over the oceans. The condensation criterion is prescribed
as 100%. The second subset has a condensation criterion of 80%, while the sur-
face-humidity criterion is the same as the first subset. In the third subset
the surface-humidity value is changed to 80% over the continent, but the con-
densation value is held at 100%. For all subsets we use the same value (300°
K.) for the Indian Ocean surface temperature. The remaining parameters, in-
cluding the surface albedo, are the same as used in Experiment I.

The zonal wind speed obtained in the first subset was compared with that
obtained in Experiment I. Surprisingly, the zonal wind speed remrained practi-
cally unchanged. This result means that inclusion of evaporation and condensa-
tion in our model did not contribute significantly to intensify the monsoon
circulation. A similar conclusion was reached by Manabe et al. [4]. In their
three-dimensional simulation of the general circulation, using a nine-level
model, they found that the jet stream did not appreciably intensify even when
evaporation and condensation were incorporated. In order to consider this prob-
lem, we will examine the energetics of our present model. Instead of equation
(11), we now obtain:

<P, 4>-<P, 4,>+<P, FT>-<P, F> (18)

where <P. F? represents a generation of potential energy due to condensatioo.
',.. can be expressed As: ,

<P. F,>- -LJ,2 C 62COSk (19)

iri which quantity c denotes amount of condensation.

The continuity of water vapor in the atmosphere is given by:

ic (2(CosJ) ' :#so 120)

Inserting equations (14), (15), and (19) into equation (18) and then using
equatUons (6) and (20), we obtain:

<P 4>- [5 s, - uV A. Cos,0 ,. (21)
'Jo

which has exactly the same foxm as equation (16) under Experiment I. Since the
albedo remainc the same for both Experiment I and II, the nat solar radiation
at the top of the atmosphere, S, , is also the same. The outgoing long-wave
radiation at the top of the atmosphere, U , depends primarily upon atmospheric
tewperature, cloud axount and cloud heighlt. In this study, however, U was
simply assumed to be a function of temperature only. It was found tndt U, re-
mained practically unchanged in both Experiment I and If. In consequence of
this, the net generation of potential enargy, <P. q> estimated by equation (13)
for Experiment I and by equation (18) for Experiment II, were also virtually
equal. TVis result could be the reason why the intensity of the monsoon cir-
culation jid not change significantly even though evaporation and condensation
were considered in the second experimenkt.
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The second subset of Experiment II did not show any intensification of the
monsoon circulation, either. We interpreted the findings as follows: The
change of condensation criterion from 1001 to 80% increased precipitation and
at the same time increased evaporation at the earth's surface. The increase of
condensation is favorable for intensifying the monsoon circulation, but the in-
crease of evaporation over the land is unfavorable because it tends to diminish
the temperature contrast between the continent and the oceans. In fact, these
two effects seem to cancel each other out. It is our ten~tative conclusion in
this paper that, unless we take the thermal and dynamical effects of the
Himalayas into account, the computed monsoon circulation cannot be as strong
as the observed one.

In the third subset we found that the monsoon circulation appreciably
diminished in intensity as compared to the first subset. For instance, the
easterly maximum centered near 12 km. decreased to about -3 m. sec.-'. This
finding is to be compared with -8 m. sec.-' encountered in th. first subset.
Our speculation is that the monsoon circulation is weak in a region of high
surface humidity.

DISC USS ION
KRISHNAMURTI: Sadler's maps show large asymmetries in the zonal directions;
hence, I would not expect a perfect simulation in a symmetric experiment.
When you find some aspect of verification not working too well, you make
another experiment by changing parameters such as relative humidity criteria,
etc. I wonder if some of these large asymmetries may not be locally important
in thfw Southeast Asia monsoon.

MURAKAMI: My contention concerning the large asynmmetries in the zonal direction
is not that they are uiimportant factors of the monsoon, but that I neglected
them in the preliminary experiment in order to examine other effects more
closely. To include all possible factors at once makes physical understanding
of the effect of each individual factor upon the mon3oon quite difficult. We
will consider east-west asymmetries in the future.
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ABSTRACT
Because of poor coverage by synoptic stations, the tropical circulation over

the eastern Pacific is not too well known. As a result of photographic experi.-
ments, using geosynchronous ATS-I, fields of cloud motion over the eastern equa-
torial Pacific were mapped in detail on a number of days in September 1967. It
was found that a large-scale flow from the Southern Hemisphere recurves after
crossing the equator to form an anticyclone centered around 100 N. Dynamical
characteristics of this type of anticyclone were investigated by estimating the
vorticity dissipating force from computed values of divergence and vorticity of
low-cloud velocities determined from successive ATS-I pictures. The vorticity
dissipating force seems to be closely related to the sea-surface temperature
which would reduce the frictional coupling between the low-level atmosphere and
the underlying sea surface. It was found that the anticyclone in its development
stage results in a discontinuity of the intertropical band of cloudiness; then it
travels westward, accompanying an active cloud band along its leading edge. Based
upon evidence found through case studies, a model of an equatorial anticyclone is
proposed in this paper. Numerical computations of cross-equatorial trajectories
were made by using the divergence-vorticity relationships and the vorticity dis-
sipating force, which were obtained through numerical analyses. This paper thus
presents an initial step toward the further development of tropical synoptic
meteorology, which is expected during the next few years as a result of photo-
graphic experiments by using ATS-I and III.

1. INTRODUCTION
Advanced knowledge of meteorological disturbances in high latitudes has been

applied, during the past two decades, to the tropics so as to improve our under-
standing and subsequent forecasting of tropical weather systems. The lack of
significant gradients in meteorological parameters in the deep tropics, except in
the areas of tropical storms, made it very difficult for us to establish the fields
of pressure and temperature related to the patterns of cloudiness. Meteorologists.
therefore, tend to analyze streamlines based upon few island-station reports and
those by ships.

Analyses of tropical flow patterns by Palmer [9J convincingly clarified the
existence of equatorial and easterly waves which often develop into tropical
storms. Extensive discussion by Riehl [11] in his book Tropical Meteorology also
supported the existence of easterly waves in the Caribbean area.

In pre-satellite days, a band of cloudiness running parallel to the equator
was studied both climatologically and synoptically. The band called the "inter-
tropical convergence zone (ITCZ)" has been regarded as a zone in which the south-
east trades and the northeast trades of the Southern and Northern Hemispheres,
respectively, converge to form a well defined band.

Because the cloudiness associated with ITCZ broadens when easterly waves
develop, the relationships between cloud patterns in satellite pictures and
easterly waves in various stages were studied by a number of researchers, result-
ing occasionally in arguments leading to proposed revisions of the term ITCZ.
There is no doubt that we see a climatological band or bands of cloudiness as
studied by Godshall [6] and Kornfield, et al. [8]. In individual pictures,

* Research sponsored by National Aeronautics and Space Administration, Environmental
Scientific Services Administration, and Japan Cooperative Science Program
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Examination of flow patterns in relation to nephsystems reveals that the
cyclonic circulation uenter coincides with those of tropical storms. The cyclonic
circulation centers seem to be related physically to large cloud clusters nearby.
It is of interest to find that an anticyclone "A" is located over a clear arca
aeparating the intertropical cloud band into two. These subjects will be dis-
cussed later.

3. CORRECTION OF SEMIDIURNAL PRESSURE VARIATION AND
SURFACE-MAP ANALYSES

After determining the field of low-cloud velocities in the previous sec-
tion we shall compare the field with that of low-level winds. It is highly desir-
able to make such a comparison at several levels in the lower layer of the atmo-
sphere; however, because of the lack of upper-air stations over the area of inter-
est, only surface maps were available for comparison with the cloud-velocity field.

Shown in figure 3 is an example of these surface maps analyzed by plotting
all available ship and station reports. In order to increase data over the ocean,
surface winds reported by ships 6 hours before and after the synoptic time were
also plotted at the ship positions without station circles.

Due to the fact that semi-diuznal pressure variation, decreasing poleward,
reaches as large as 4 mb. in full amplitude at the equator, and that observed
surface winds do not adjust themselves to this passing pressure wave of 20,000
km. wavelength travelling at aboi 1,700 km. hr. , all surface pressures were
plotted after correcting the semi-diurnal variations. No corrections to diurnal
variation were made in this case because its anýlitude was rather small over the
ocean areas where diurnal temperature variation is insignificant.

Figure 3 illustrates the surface chart for OOOOZ, 18 September 1967. The
streamlines represent a surface-wind analys. and the isobars, a pressure analysis
and the isobars, a pressure analyses after semi-diurnal variations had been cor-
rected. Tropical storms, NANETTE and MONICA, and Hurricane BEULAH are clearly
depicted. Since the period of cloud-velocity computed used in figures 1 and 2 is
only 2 to 4 hours earlier than the time of the surface map in figure 3, we may
compare these three figures for further meteorological interpretation. An anti-
cyclone, centered at 10' N., 1200 W., appears in all three figures. Note that the
wind circling anticyclonically around the center can be traced back across the
equator toward the region off Chile. This feature is the southeasterly wind from
the mid-latitude high over the south Pacific.

Although it is not possible to estimate the height of the flow represented
by low-cloud velocities determined from ATS pictures, the cloud-velocity field is
very close to the surface-wind field. A number of other studies by Fujita' indi-
cated that low-cloud velocities are very close to the winds at about 3,000 ft.
In other words, cellular clouds in the tropics move with the wind approximately
at the cloud base. Hubert and Whitney 2 found, on the other hand, that low-cloud
velocity agrees best with the 6000-ft. wind. Figure 2 readily shows that these
clusters, identified as b, c, and d are located, respectively, to the southeast
of cyclonic circulation centers B, C, and D. These locations of cloud clusters
are characterized by converging streamlines with cyclonic curvatures, suggesting
that absolute vorticity will be very large. If we assume the conservation of

I

Lectures on the use of ATS pictures entitled: Mesostructure of Subtropical Jet-
Strear, Growth of Anvil Clouds, Modification of Jetstream by Large Convective
Storms, Outflow from a Large Tropical Cloud Mas3, Kinematic Analysis of Hurricane
BRENDA, and Divergence and Vorticity at the Jetstream Level. Presented at the
WMO Training Seminar on Interpretation of Meteorological Satellite Data,
Melbourne, Australia, November - December, 1968.

2

Wind estimate from geostationary satellites presented dt New York, AMS Meeting,
Jan., 1969. Their analysis of tropical and subtropical cumuli from five differ-
ent days indicates that 68 percent are no more than 6 knots and 25* from the 6000-
ft. wind.
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potential vorticity while travelling inside each of the cyclonic disturbances,
A P, the pressure difference between the top and the base of the inflow layer would
be very large where Q, the absolute vorticity, reaches a maximum. In light of such
a simplified dynamical characteristic we may conclude that a band of intertropical
cloudinesE is composed of several cloud clusters each of which is closely related
to the low-level disturbance such as B, C, and D, which are spaced more or less
evenly. In this case, the spacing was about 1,100 km. which is about 1/2 of equa-
torial waves as introduced by Palmer [9].

4, LOW-LEVEL WIND FIELD IN RELATION TO INTERTROPICAL

CLOUD CLUSTERS
It was mentioned earlier that a cloud cluster is embedded inside a low-level

wind disturbance extending much beyond its visual boundary. Unless a cirrus can-
opy obscures low clouds inside the area of the wind disturbance we are able to
estimate the field of low-level air motion from coapuLted low-level cloud veloci-
ties.

An attempt was made to compute both divergence and relative vorticity from
the streamlines in figure 2 and isotachs drawn on separate charts. Both direction
and speed at each grid point with spacing of 2.5-degree longitude square on a
Mercator projection were read out for use as input data.

Divergence patterns of low-level flow, thus computed, are shown in figure 4.
Isolines are drawn for every 10-1 sec.-'. When the locations of maximum conver-
gence are compared with those of cloud clusters and intertropical cloud bands, it
is seen that the regions of the maximum convergence have shifted to the southeast-
ern side of these nephsystems.

On the other hand, L.a regions of vorticity maxima shown in figure 5 coincide
with the positions of cyclonic circulation centers which are located near the
northwest edge of the nephysystems under consideration. This means that the loca-
tions of vorticity and convergence maxima associated with a cloud cluster are sep-
arated by a considerable distance. In the case of a tropical storm, however, both
maxima are located near the storm's circulation center. Thus, the flow pattern ac-
companying a cloud cluster seems to be quite different from that of tropical
storms. Instead it is rather similar to that of a so-called easterly or equatori-
al wave, although the latter is characterized by a much longer wave length.

To clarify .he dynamical characteristics of a cloud cluster, figure 6 was
prepared. Both low-level convergence and vorticity are schematically shown. The
absolute vorticity with its maximum near the circulation center decreases both in
the upwind and downwind directions while the maximum convergence is seen to the
upwind side of the maximum vorticity. Such a distribution of convergence with
respect to that of vorticity fits to the concept of vorticity advection in rela-
tion to divergence. Under the steady-state assumption we write the well-known
equation by Petterssen [10],

-V 1- DQ (1)
as

where V denotes the speed of air parcel moving toward the direction s; the quan-
tity, Q, represents the absolute vorticity and D the divergenc( . This equation
shows that large convergence corresponds .o the region where the vorticity ad-
vection, as defined by the leit side of equation (1), shows large negative values.
The maximum convergence itn figure 6 is located where the vorticity advection is
significant. Referring to this figure, we try to move low-level air encloved by
a rectangular box inside the friction layer toward the region of maximum conver-
gence. The top of the inflow air moves upward while conserving the potential
vorticity as soon as the air passes the top of the frictional layer. If the low-
level air is suffiently warm and humid, the top will soon reach the outflow layer
at the cirrus evel where diverging air spreads the cirrus canopy. Since the air
parcel tends to conserve its potential vorticity while advecting into the region
of varying absolute vorticity, the pressure difference between the top and the
bottom of -he parcel is more or less proportional to the absolute vorticity which
increases toward the location of the maximum vorticity. Over the reqrions of de-
creasing absolute vorticity, where divergence dominates, copveý-tive clouds no
longer receive moisture supply from the friction layer, resulting in the disinte-
gration of cirrus canopy along with convective toweri. The processes of cloud-
cluster circulation are not reversible because it transports a sigi.ificant amount
of moisture, hydrometeors, and air from the friction layer to the outflow layer
through condensation processes.
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Although the locations of the centers of vorticity, convergence, and cloud
clusters do not coincide precisely, the formation o' cloud clusters is closely
related to tha frictional convergence bý which the air inside the friction layer
is pumped upward to form cirrus canopies. We may expect, therefore, that the
grid-point values of vorticity and divergence plotted on a C versus D diagram dis-
tribute systematically forming groups of points representing values inside or
outside cloud clusters. A scatter diagram for these point values located inside
tropical storms, inside cloud clusters, and outside cloud clusters appears in
figure 7. The diagram reveals that clear areas are characterized by either di-
vergence or very small convergence but mostly by anticyclonic relative vorticity.
The areas of cloud clusters are where C is positive and D is negative. Grid-
point values inside hurricanes are also located inside the same domain where
is positive and D is negative.

In connection with the dynamical properties accompanied by cloud clusters
which often form a band of cloudiness, we shall discuss proper terms for the in-
tertropical cloudiness which has long been called the "intertropical convergence
zone" or ITCZ. In view of the evidence that the cloud band is characterized more
by "vorticity" than "convergence", we may call it the "intertropical vorticity
zone"-or ITVZ. If we refer only to the pattern of clouds we may call it the
"intertropical cloud band" ITCB. The ITCB in this definition may be a solid band
of cloudiness or a band of cloudiness consisting of a number of cloud clusters.

5, EVALUATION OF VORTICITY DISSIPATING FORCE
So far we assumed that potential vorticity can be conserved against conver-

gence. Cressman [2] computed trajectories of cross-equatorial flow assuming
constant absolute vorticity, thus obtaining constant absolute vorticity trajec-
tories (CAVT). These trajectories show significant anticyclonic curvatures as
air parcels travel away from the equator.

In t1heir computation of air trajectories over the Tndian Ocean, Gordon a,.d
Taylor [7] introduced friction in a linear form,

du l f aP kudt p dx (2)

dv I aP
+ fU---- - k

pd
where k is a constant of a dimension sec.-:. These expressions are very converi-
ent for trajectory computations due to the fact that isobars over the Indian
Ocean are more or less parallel to the equator. Computed trajectories revealed
that they vary significantly with input values of k which increases with the
frictional coupling between the sea surface and the friction layer.

Now that ATS pictures provide accurate methods of computing the cloud-veloc-
ity field, we shall try to determine the extent of the frictional coupling. Over
the eastern tropical Pacific where equatorial anticyclones form as a result of
cross-equatorial flow of the Southern Hemisphere air, there will be no pre-exist-
ing high-pressure centers. But the cross-equatorial flows under favorable con-
ditions curve anticyclonically until they form an anticyclonic closed circulation.

To avoid unnecessary complicatior. involving pressure fields, we will start
from the vcrticity equation but neglect the solenoid term because of insignifi-
cant gradient in temperature and pressure. We will also neglect the horizontal
gradient of vertical motion since we deal only with the flow of the atmosphere
inside the friction layer defined by low-cloud velocities. These assumptions
were made by Riehl !11] to simplify vorticity equations. Now we shall write the
vorticity equations under the abcve a3sumptions but will also include the fric-
tional force between the sea-surface and the low-level flow, thus:

0 - -QD .rotF (3)

where F denotes the frictional force, Q and 0 are th absolute vorticity and its
time derivative, and P, the divergence.

By using the expression of the frictional force in equation (2), we may write:
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Q=-OD - rotkV (4)

= -QD - kC

where V is the velocity of low-level air or that of cellular low clouds, k, a
positive constant, C, the relative vorticity, and -kC , the vorticity dissipating
force.

In order to evaluate the magnitude of the frictional force we assume a
steady-state flow and express the rotational part of the frictional force in
eque.tion (3) as:

rot F-V VQ + QD (5)

which shculd be proportional to the relative vorticity if equation (4) is appli-
cable to the flow under discussion.

Because we already computed both D and 6 for the flow at OOOOZ, 18 September
1967, it would be useful to calculate rot F from these values. The absolute
vorticity and streamlines presented in figure 8 clearly show that the absolute
vorticity is negative everywhere south of the equator. Due to cross-equatorial
advection the area of the negative absolute vorticity invades northward beyond
the equator as far north as about 110 N. near the 1200 W. meridian. Due mainly
to rot F, the absolute potential vorticity is not conserved for such a low-level
flow. From this figure, \,.VQ at each 2.50 grid point was obtained. Both Q
and P are also read out of figures 4 and 8.

Figure 9 shows the pattern of rot IF thus computed. It should be noted that
rot F is negative mostly over the area of disturbances characterized by a large
positive relative vorticity. A striking resemblance and negative correlation
are found when figures 9 and 5 are compared. In other words, the areas of cloud
clusters and tropical storms coincide with those of large negative value of rot
F . Namely, the rate of increase in the vorticity is suppressed in-Iside cloud
clusters where the frictional convergence tends to increase vorticity. The ro-
tational part of the frictional force inside cloud clusters, therefore, acts as
a vorticity dissipating force.

Such an important effect of the vorticity dissipating force can be evaluated
by a scatter diagram of rot F against relative vorticity, 4. Figure 10 was ob-
tained by plotting computed values of rot F and ý at 2.5' x 2.50 grid points
located between 50 N. and 25' N. latitudes. The corresponding mesh size is about
280 km. Drawn 10so in the figure are the isolines of k for 1.0, 2.0, 3.0, and
5.0 x 10- sec.-'. The elongated distribution as outlined by an elliptic boundary
indicates that the proper k would be about 3 x 1 0 -5sec.-'.

The value shows a good agreement with k = 1.7 x 10- sec.- as estimated
earlier by Gordon and Taylor [7] based upon an entirely different method applied
to Indian Jcean data. Through mesoscale analysis of heavy rain situations over
Japan, Matsumoto and Akiyamal determined k to be 4.2 x I0-' sec.-I.

6, COMPUTATIONS OF CROSS-EQUATORIAL TRAJECTORIES
In order to reveal the mechanism of the formation of equatorial anticyclones

due to the cross-equatorial flow of low-level wind, we shall compute trajectories
in a similar manner to that by Cressman (2] and Riehl (11]. The only difference
is that we added a vorticity dissipating force introduced in the previous season.

The basic equations for corputation are derived from equation (4) under the
stead•,-state assumption, thus

Q 'Q-QP)- k.: (6i)

Personal ccomnmunication on th- result of mesoscale analysis of heavy rainfalls
of 9 July 1967.



Then we rewrite this equation in the natural coordinates iith the s axis directed
toward the direction of motion and n axis pointing left, perpendicular to the
axis in a form:

V -. (f + ) + 4 + 4)D + k 4 = 0. (7)

where f+4=Q denotes absolute vorticity.

To carry out a step-by-step computat;on we write equation (7) in a different
form by using the relation VAt. ,ý; , thus:

- -!L+ D+ 1)+ C
At At

The increment of Coriolis parameter:

Af = Ay = .,Vsin aAt (8)

is then put into this equation to obtain:
A_ = -_(Vsina + I + CD+ k) (9)

At

where 0 denotes Rossby parameter, V, the wind speed, and a, the direction of the
flow measured counterclockwise from local east. It will be feasible to compute
the rate of change in the relative vorticity from this equation after making a
few further assumptions.

Although equation (9) gives the impression that vorticity and divergence
can be independent of each other, their relationship presented in a scatter
diagram in figure 7 does imply that divergence decreases with increasing vortic-
ity, thus:

D = -0.48t (10)

The coefficient, -0.48 , applies for the equatorial Pacific between 0 N. and
250 N. where statistics were made. In the southern hemisphere the sign of the
coefficient should be reversed because negative vorticity is associated with
convergence. A generalized but simplified relationship between ý and D may be
written as:

D . -cfC (11)

where f is Coriolis parameter and c, a constant. The latter may be affected by
p , V, a , and k in equation (9), but we will be keeping this a constant in this
paper in order to avoid further complications. From equation (10) and the mean
value of at 15° N., we have:

0.48 0.48 sec. (12)
at 15a 'N. 3.78,10-

Although the divergence-vorticity relationship expressed by equation (11)
needs further modification, it would be considerably better than simply assuming
either non-divergence or specific divergence values in the low-level atmosphere.
By putting equation (i1) into equation (9) we eliminate divergence, thus:

cf 4 - W - tVit a. (13)

This equation will permit us to compute the rate of change in relative vorticity
if initial conditions of flow are given.

Since our primary interest is to compute cross-equatorial trajectory, we
form rectangular coordinates wich the origin at the equator-crossing point, x
axis pointing east, and Y axis pointing north. Each trajectory then starts from
z - 0 and V - 0

The initial vorticity at the equator may be chosen as a function of the
equator-cros!;ing angle -. ,r*asured from : axis to the ve'locity vector. A si m-
plified rquation car. be written as:

'I, - -b-,%,1
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because a southerly flow tends to be characterized by a negative absolute vortici-
ty advected from the Southern Hemisphere while a northerly flow will have a posi-
tive absolute vorticity. Equation (14) indicates that the initial vorticity is
propo:7tional to the north-south component of cross-equatorial wind velocity. From
the erpirical relationship that C0 = -1.0 x 10-5 sec." when V0 = 10 m. sec.-'
and a0 = 1350, we estimate bo being:

b o - 0 1.0 x I0-" sec.' Q0.14 . 10-1 m.". (15)
V0 SiN a 10 sin 135*m. 0sec."

Complete solutions of equation (13) require further assumptions of the wind
speed and its lateral gradient. Using Riehl's [11] juistification, we made the
following two assumptions: V -constant = Vo

dV 0(16)and -=0,

so as to express relative vorticity:

S"r A r (7

where r denotes the radius of curvature of the flow.

Through standard procedure we compute both Ax and Ay from

S+tI -x, AX, - VoAtcos an
(18!!

Y* - Yn Ay" = VoAL Sin a

where the suffix n is changed 0, 1, 2, 3 ... to for each time-interval At
The increment of a is expressed by:

a 1 - A. n Y r L - •A(19)

A number of trajectories of cross-equatorial air under the influence of
various parameters were computed in order tc determine the air motion after
crossing the equator. Presented in figure 1V are these trajectories with the
cros -equatorial speed of 20 knots which was kept constant as expressed in equa-
tion (16). The equator crossing angle a was varied as 10', 50*, 90', 130',
1500, and 1700. It should be noted, hcwever, that the trajectories for a= 0'
and 180' follow the equator eastward and westward, respectively.

The coefficient k was selected as 2 x 10-1sec.-' in obtaining the upper
figure in which I-rajectories extend up to about 20" N. before returning gradudl-
ly toward the equator in an oscillatory fashion while travelling eastward. It
is of interest to find that the maximum northward penetration of the Southern
Hemisphere air occurs when the equator-crossing angle is 170'. If it increases
by 100 to 1800 the air will travel along tue equator without deviating either
north or south. When . decreases to less than 90* trajectories reach only up
to about 8*.

By decreasing the coefficient k to zero, trajectories show dramatic changes
resulting in the formation of loops when . exceeds about 150' and also in the
returning of the air to the Southern Hemisphere where it started from. A group
of such trajectories with varying a is presented in the lower diagram of figure
11.

In view of significant changes in the shapes of trajectories when k was
changed from zero to 2 x 10-" sec.", we may postulate that the equatorial anti-
cyclone presented earlier will form only if the value of k is approximately Vqual
to I x 10' set.-I which is very small compared with other estimated values. !t
is likely that 1 suppressed low-level overturning over the South t uatoriai -iA
current results in such a small value oý k . Over the equatorial rvqions with
warm ocean-surface temperature, the large value of k would no, perf'it a .ros:-
equatorial trajectory to recurve for the forration of an equatortial anticyclone.
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In order to evaluate the influence of the cross-equatorial velocity, V0 upor.
the shape and the maximum northward penetration of trajectories, figure 12 was
produced by changing V0 into 10, 20, and 30 knots. It is of extreme interest to
find that the size of the anticyclonic loop appearing when k = 0 increases signif-
icantly with V., while three trajectories with three different velocities remain
almost identical when k exceeds 2 x i0" sec."I. That is to say, the cross-
equatorial air will follow a trajectory determined mainly by k and not by V when
k is larger than 2 x 10-lsec."I

The northwaud penetration increases significantly with increasing k. This
would be a partial reason why Southern Hemisphere air in northern summer pene-
trates far into northern latitudes over the warm western Pacific and western
Atlantic especially when the equator crossing angle is close to 1700. However,
the mean crossing angle over the region of the dnticyclone formation is about
1350.

.Although the results of these numerical cofiputations of trajectory are rather
preliminary, they have a potential value in studying cross-equatorial cloud mo-
tion- which can now be determined from a se-ýries of ATS pictures.

7. A MODEL OF MIGRATORY EQUATORIAL ANTICYCLONES
It was revealed in the previous sections that an organized cross-equatorial

flow from the Southern Humisphere in winter gains its relative anticyclonic
vorticity. The effect of R or the northward increase in Coriolis parameter f
will overcome that of the vorticity dissipating force especially when k is small.
Areas of small k would naturally coincide with oceanic regions with cold sea-
surface temperatures. The eastern equatorial Pacific is really qualified for one
of the most favorable regions of the formation of equatorial anticyclones.

Presented in figure 13 is a model of a migratory equatorial anticyclone
which was established after studies of cloud patterns and velocities over the
eastern equatorial Pacific.

During the "Pushing Stage", a large scale flow from the Southern Hemisphcre
pushes northward, thus producing a convex band of intertropical cloudiness. Dur-
ing this pushing stage the band is pushed as far as 1,000 km. to the north. We
often observe formation of tropical storms along the zone in which Northern and
Southern Hemisphere air begins interacting with large horizontal wind shear and
cyclonic relative vorticity.

Within 1 to 3 days the flow from the Southern Hemisphere gains sufficient
anticyclonic relative vorticity. The flow starts returning southward, thus enter-
ing the "recurving stage". The intertropical cloud band shows little change.
Tropical depressions formed in the pushing stage tend to move out from the region
of the tropical cloud band in this stage.

After a day or so the equatorial anticyclone is charactertzed by an enclosed
circulation, forming an anticyclone. This stage is called the "Cut-off Stage".
Dtiring this stage, the anticyclone center is encircled entirely by the air from
the Southern Hemisphere.

As soon as a break in the intertropical cloud band takes place, the Northern
Hemisphere trade starts flowing to the south of the anticyclonic flow. Thpr, the
Northern trade and the flow from the Southern Hemisphere start mixing around the
anticyclone center. This stage is called the "Mixing Stage."

After a day or so a signfizant amount of the northern trade is tran.iported
through the southern sectors of the equatorial anticyclone migrating toward the
west-northwest. Meanwhile the flow from the Southern IHemisphere keeps pushing
the cloud band along the leadirng edge of the anticyclone. Such a joint Uush by
both northern trade and the flow from the Southern Hemisphere often results in a
very intense zone of oonvergence with cyclonir vorticity. An intense band of
intertropical cloudiness located in this zone may bLe 1ailed the "burst band".
This proposcd tern is related to the northwesterly expansiorn of an intzrtropical
clouu band. In order to emphasize this phenýrnon,wr (:all this stage th- "Burrt
,:;lag'. This stage lasts only I or 2 days, an.! then thv burst band disintegqates
quickly into small fra•ments or izsolatcd cloud clusters.
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After the disintegration of the burst band there still remains a rather in-
tense flow to the south of the equatorial anticyclone center moving in a north to
northwesterly direction. This anticyclonic flow is still strong enough to pre-
vent the southeasterly movement of a middle-latitude cold front in the summer
hemisphere. A wave on the cold front is observed in the "Interacting Stage."
The interaction takes place between a cold front and an equatorial anticyclone
which has advected into middle latitudes.

The entire life cycle of an equatorial anticyclone requires about a 2-week
period. Depending upon the frequency of the anticyclone formation, we often see
two anticyclones in different stages of development at the same time over the
equatorial northern Pacific, especially in Aujust or September.

8, STRUCTURE OF A BURST BAND

Because the equatorial anticyclones under discussion form over the equatorial
eastern Pacific where no upper-air observations are available, it would be very
difficult to establish their three-dimensional models. When a burst stage is
reached, however, a burst band is located over the equatorial central Pacific
where several upper-air stations are in existence.

We shall examine the passage of a strong burst band over Johnston Island
located at 16.7' N., 169.5' W. Shown in figure 14 is a time section of various
meteoi, logical parameters recorded at the surface. A burst band moved over the
station -, 24 September 1967. Heavy rain occurred in five separate periods identi-
lied in the figure as RI through R5. The heaviest hourly rain occurring betweenl

9600 and 0700 local time was 0.75 inches followed by 0.65 inches during ttze foliowini,
hour. The wind direction shifted to southerly at the onset of the first rain RI,
thus placing most of the burst band inside the s'tutheasterly flow just behind the
leading edge of the band. This position of the band coincides with that of the
intertropical cloud band in figure 2 already discussed. In both cases, therefore,
it is the southeasterly flow which converges into cloud bands while the easterly
ahead of the line acts more or less as a barrier to initiate both convergence and
cyclonic vorticity.

Surface pressures are not affected by the passage of the burst band. They
could be a few tenths of a millibar higher than the average semi-diurnal varia-
tior. Surface temperatures are affected considerably e3pecially during the rain
periods. During the five rain periods, the temperature dropped by 3" C. to 5* C.
As explained by Rienl [ii],these drops are due to cooling by rain. The fact that
the pressure variation is insignificant strongly suggests that it is the shallow
layer above the ground that is chilled by rain.

"The vertical cross section of winds aloft from Johnston IslanA for about a
10-day period in September 1967 is shown in figure 15. Two burst bands, a weak
one on September 17 and the other a strong one on 24 - 25 September Grcenwich diys,
passed over the station as indicated in the figure. It is important to find tLat
each band moving westward was followed by an anticyclonic circulation at about
the 10,000-ft. level. The anticyclone center at s-ia level passed to the northeast
of the station. Rather intense outflows associateu -ith these burst bands are
seen between 25,000 and 50,000 ft. They are identified as outflow I and outflow
2. The latter is combined with another outflow 3 front a large cloud cluster lo-
cated near the equator at the southwest end of thr strong burst band. It is of
interest to see that burst band 2 was accompanied by a significant anticyclonic
center at about 30,000 ft. identified in t1'e figure as 12.

The 300-mb. chart in figure 16 was completed by plotting rowin wini!s with'
black station circles, aircraft winds with square boxes, and high-cloud veloci-
ties in arrows with open circles. Large areas of convective clouds are stippled.
Groups of strea'lines drawn in the chart reveal five centers of outflows, !.!, 1i.,
HI , It , and Hl, . both HI. and It. are the highs associated with lonq-wavv patterns,
howevcr, H ., 1,, and hl1 are closely related to the accumulative outflow f:om
groups of oonvect've cloudc or cloud clusters inside the boun.lary -It oi -h out low
system. ("utflows 2 and 3 a:e n'rt or less inteparable because intense co•nvt,*tivt
ac4tivit ie near the southwest and tht northwest onds of t04- burst 1and a." ,,n-
t:but ing to the mo-ntenan,-e and intensification of thefs, cmblnid uutf lw 'v'-

tms . It would be .qhly desirat • to cLompare the relative ,;pos ion 'IF hi A:d H.
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in both figures 15 and 16 for better understanding of four-dimensional character-
istics of these outflow systems, which need to be expressed in x, y, z, and I
coordinates.

Returning to figure 15, we must recognize that the vertical transport of low-
level momentum takes place only inside convective systems in which moist-adiabat-
ic ascent takes place. A dry-adiabatic process does not permit low-level air to
transport its horizontal momentum upward against the more or less moist adiabatic
stratification of tropical atmosphere. Strong southerly winds in burst band 2
were measured probably when balloons were under the influence of such convective
cloudr.

It shouldi be ezphasized that the time variation of winds aloft at a single
station is related to: (1) the synoptic flow patterns of wind systems, (2) their
development and decay, and (3) -heir migratory velocities.

9. AN EXAMPLE OF EQUATORIAL ANTICYCLONES
OVER THE TROPICAL PACIFIC

To varify the proposed model of equatorial anticyclonesefforts are being
made to complete analyses of surface and 300-mb. charts over the equatorial
Pacific for the entire month of September 1967.

Tracks of two major equatorial anticyclones, A, and A, appear in figure 17.
Note that each anticyclone lived over 10 days while travelling with the westward
velocity component. The travelling speed varied between about 5 to 10 degrees
per day, which is comparable to that of hurricanes and easterly waves.

A question might ar se as to why the e.stern tropical Pacific is favorable
for such anticyclone formaetion. One reasor being the cold ocean-surface tempera-
ture as studied extensively by Bjerknes [I] who pointed out the importance of the
South Equatorial cold current extending from off the Pacific coast of South
America to the equator. To confirm the existence of the cold current during the
period of our analysis all ship reports during the 3-day p'riod, 17 - 19 September
1967, were plotted on a composite chart of figure 18. It will be seen that a
tongue of cold surface water was dominating the equatorial region.

Such a cold ocean-surfe:ce temperature would suppress vertical mixing of the
air inside the friction layer. That is to say, the value of k in figure 10 and
equation (4) is expected to be vcry small over the region of this cold current.
This expectation means that the cross-equatorial flow will quickly gain anticyclonic
relative vorticity as it travels with a northerly component, thus decreasing
with time. Over the area of high ocean-surface temperature, however, the result-
ing convection and vertical mass exchange inside the friction layer tend to dissi-
pate the relative vorticity so that an anticycloie development will he suppressed.

We shall now examuine surface analyses corresponding to the six stages of an
anticyclone development. Figure 19, including six surface cnarts covering longi-
tudes 150" E. through 90" W., was drawn by plotting all land-station reports for
0000Z and ship reports fur 18000Z, 0000Z, and o0ooz. Areas of large nvphsystems
were copied from ESSA's mosaic pictuies reducrd tu the map scale. Surface stream-
lines were then diawn taking surface winds anO cloud velocities from ATS-I picture
analysis into consideration. No cloud velocities were plotted in the figure be-
cause they were computed tentatively without correcting the mis-synchronization
o! tTs scan lines which occurred shortly before the spring -nd aututmnal equinoxes
of 15ý7. We have succeeded, however, in correcting the mLs-synchronizatiun fur
the 18 September case which was used extensively in this report.

The top chart f- ." 12 September includes anticyclone A, in its cut-off :t2age
and A.. in the pushing stage. Two tropical storifs N (NANE1TT) and M (MONLICA) are
forming simultaneously .nside an intertiopical cloud band along the leadLing edge
of the southwesterly flow from the Southern He:-isphere. Near the eastern end of
the intertropic cloud band associated with articyclone A, we find a very weak
vortex indentified as P. In these examples of vortex formations a large nurtber
of vottices were found to form in the cloud band accompanied by an anticyclonc
.n its pushing stagc. This mode of vortex formation will correspond to Fett• s
[4) second category and also to Erickson and Fritz's ()I type of formatiuns.
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A well developed storm S, hurricane SARAH, near Johnston Island, origina .ad from
a weak easterly-wave disturbance and is now travelling westward. SARAH'3 forma-
tion would be in Fett's ýecond category studied intensively by Yanai [11, 131.

The second chart for 000OZ, 16 September shows anticyclone A,, already in the
burst stage and A 2 in the recurving stage. It should be pointed out that both
storms N and M are moving away from their nesting band of intertropical clovdi-
ness. Due to their locations over warm equatorial counter current they are
maintaining their features of tropical storms. Seen to the southwest of anti-
cyclone A, is a weak burst band along which is observed moderate cyclonic curva-
ture in streamlines. Hurricane SARAH is moving toward the western edge of the
chart.

On the third chart for 0000Z1 20 September, SARAH is seen in the northwest
corner of the chart and aaticyclone Ai is seen interacting with a cold front in
the middle latitudes. A weak vortex P is still visible nv'ar Hawaii. Of interest
is an e,,idence of complete separation of tropical storms N and M from the inter-
tropical cloud band north of A,, which has been reestablished into a thin band.
Anticyclone A, in its cut-off stage is moving westward steadily.

The fourth chart for OOOOZ.24 September indicates that anticyclone A. has
entered its mixing stage characterized by an injection of northern trade into
the anticyclone circulation. Two tropical storms N and M are weakening rapidly,
while an intertropical cloud band to their south becomes wider, extending toward
the south quadrant of hurricane BEULAH over Mexico.

The dramatic burst stage of antiryclone A, is seen in the fifth chart for
00001Z25 September. A burst band which has passed Johnston Island has already
been discussed in the previcus section. Seen behind the burst band is a well-
defined anticyclonic circulation which might have been analyzed not as an anti-
cyclone but as a noise if there were no satellite data and no circulation model.
Over the eastern half of the chart, tropical storm N is weakening further. Mean-
while, the distance from her sistei storm M increased c-nsiderably.

The last chart for OOOOZ,26 September, shows anticyclone A, in its interacting
stage. Note that the southward movement of a cold front has been slowed down in
the region of interaction. Both BEULAH and MONICA merged to form a lsrqe, but
weak tropical vortex centered on the Pacific coast of Mexico. A dissipating
tropical storm NANETTE is still seen near the center of the chart.

10. CONCLUSIONS
Detailed analyses of data-scarce regions of the eastern tropical Pacific

revealed that satellite data can be effectively used in determining the scales
and the modes of the tropical circulation. Particularly, the use of ATS pi%--
tures in determining fields of cloud velocities resulted definitely in a break-
through in understanding dynamical aspects of tr-opical circulations.

As a result of this study, it is conc'uded that the tropical nepphsystems
larger than a cloud cluster are accompanied by definite flow fields. These
fields are mostly cyclonic and convergent, giving an impression that the fric-
tional -onvergence is one of the most important driving mechanisms for the for-
mation &nd the maintenance of ;-loud clusters and intertropical cloud bands.

It should be emphasized also that the cloud velohties determined from
ATS pictures can .-e used in evaluating various dyn.;mical parameters skch 4s
advection, frictional Coopling, etc.

In the liqht of these resu.t :, it would be proper to recomzend 4n orq-ant:~-.
effort of tropical a.:alyses by '- lecting all existinq synoptic. land -At:! Shi

data in addition to satellitt- oictures. These efforts m±i;ht or are likely to
develop into a secct,:d look at "tropical synoptic metcorol.•qy' a= well as ýtropt-
cal mesoneteoroiogy".
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DISCUSSION
WANN% Have you ignored propagational cloud movement in your wind flow calcula-
tions from satellite pictures?

FUJITA: By selecting small cellular clouds only, we can minimize errors which
might result due to propagation. My studies indicate that small cellular, low
clouds move with the 950- to 850-mb. winds.

RAMAGE:

(a) The Johnston Island analysis might more probably be modified to indi-
cate an eastward moving large-amplitude trough in the westerlies super-
imposed on a low level disturbance, thus causing deep upward motion and
accounting for the cloud mass.

(b) Over South and Southeast Asia, a simple single vertical tropospheric
circulation cell is often replaced by a double cell with deep and sig-
nificant middle clouds.

FUJITA:

(a) I do not rule out the possibility, however, day-to-day analyses of
cloud velocities also indicate that a local outflow could qffect a
single station at high levels for several days.

(b) Over Southeast Asia, cloud cover seen from satellites may be contributed
equally by three-layer nephsystems. Trackable clouds as tracers will,
however, be largest at low levels with a scconda: 1 maximum at high
levels.

HAU: Until the time you could move the ATS westward, do you think the same rea-
soning still stands with the southwest monsoon in the Southeast Asia area. Would
the frictional coefficient reach a value very much higher than the maximum
determined for the eastern Pacific or the Indian Ocean?

FUJITA: Over Southeast Asia the fxictional coefficient is related closely to the
land and sea distribution. The horizontal patterns of k dculd be quite conpli-
cated if it were possible to determine the value in meso. tale. Over the Indian
Clean k = 2 x 10-5 sec.-' is a proper value for me.
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Figure 3. Surface Chart. for 0000O. 18 September 1967, .About 3 Hours After
the Time of the Velocity Computation in Figure 1. Note that an
anticyclone depicted by streamlines in figure 2 appears clearly
in this surface map. Ship-reported winds at 1800Z on the 17th
and 0600Z on the 18th were entered without station circles.
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Figure 4. Divergence of Low-Cloud Velocities in Figure 1. As expected,
the areas of intertropical nephsysteins are characterized by
fields of convergence. m



- 71-

160 '50 140 130 1 0 "0o P 9

3ON CCCCLONI

(0 .....T./C Y L ~ I

ZEROU CLSE

0 ANTICYCLONTC

CONSRVE
to> IC CII

ANRE TICYCLOFNFOWM

COOW-LEVELC

RELLO-LEVE VORTICITY20

(l>.;rlativ v.~ orr ticiItye.cr.Cnarc. adVrtet

CLOUD CLUSTERn~ ayri~z~c. h

vi~ ~~~F ' h yE. z~ he u-ae~ o.side n



-72-

0 * 8X10-5see,

7

=-2.1 D6
D= -O.48ý

o40

0,
00

00 0. 0
%00~

7 3 5 -4 3o -21~o 2 3 4 5 6 7 0

DAT PINS LCAED00- 0

BETWEEN 50 AND 250 N
* INSIDE TROPICAL STORMS-40

0 INSIDE CLOUD CLUSTERS

* OUTSIDE CLOUD CLUSTERS 00 Z, SEPT. 18, 1967

Figure 7. A Scatter Diagram Showing a Linear Relationship Between Di-
vergence and Relative Vorticity. Data points are located
inside a zonal belt between 5o N. and 250 N. bounded by 901
W. and 1700 W.

.- 5

A8OUE OTC0Y

,4-c NT 2S --- ___---A - __--

OOZ SPT D,196 LW _________H

Fiue8 boueVrict bandb0digCoilsPrmtrt h
VeaieVotct n iue5

ZERO



- 73 -

60i [s0 140 130 12 1101O 90W

20

Fiqure 9. 'IoZRtO~yDsiaigFreDlnd ykqain()adCmue

4,J4O
29)1

?F.4ure 9. :otiity-rDissipatrin Force efine by~ Eq-tcyuas~tionz(3 and Compted
REntirel From tSCloudTh Pinturres. No synopti dat ware used in

theul computattaion.daqa ws ot~r~td aed

ATS pcture only



- 74 -

"k- 10, •ec"
V-20kt

2q

Figure 11. Trajectories of Cross-Equatorial Air Computed by Changing Both
the Vorticiry-Disuipatinq Force and the Equator Crossing Angle.
Tra~ectories vary significantly with these input parameters.k~ zeror•
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verl little accord-.n. to the velocity variation within this
range.
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Figure 13. A Proposed Model of an Equatorial Anticyclone in Six Stages. An
example corresponding to each stage is shown in I.igure 19.
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figure 14. Passage of a burst Sand at Jo~hnatfun Island, 16.7* M. and 169.5' W.
on 24-.1S September 1967. During the passage of the band, rain
occurred in five separate period*, producing, 0.10, 0.31, 1.40,
0.73, and! 0.1S inehes. reptectively, with a total of 2.69 incehs.
D'uri.ng r,,i of these rain periods air temperature dropped several
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Figure 15. A Verticil 'fime Cross Section at Johnston Island Between 16 and
28 September 1967 When To Burst Bands Passed Over the Station.
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Figure 17. Tracks of Two Equatorial Anticyclones, A, and A 2, Which Orginated
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FORECASTING FINE WEATHER OVER NORTH VIETNAM*

W. R. Brett
1st Weather Wing

ABs tRACT
Two distinct synoptic regimes, each possessing lower and middle tropospheric

ridge systems and resultant fine weather over the Red River Delta of North
Vietnam in summer, are examined.

(1) Tropical storms entering or developing in the South China Sca have
the effect of building, intensifying or reorienting a ridge in advance
of the storm. Satellite photographs illustrate the minimum. of cloudi-
ness associated with sinking air through the advancing ridge system.
A simple storm location versus cloudiness minimum relationship is sug-
g sted.

(2) Movement of ridge system of near-equatorial origin across Southeast
Asia in early July 1966 and mid-July 1967 was accompanied by dramatic
clearing of the Red River Delta for several days. Kinematic analyses
and satellite photographs d-cument the July 1967 case. Rzinfall data
at three stations in centrmi Southeast Asia reveals significant reduc-
-ion of precipitation after passage of the ridge system.

Similar ridge associated clearing occurred in mid-July 1968 over Southeast
Asia. Pisharoty and Asnam [2] and Dixit and Jones [1] observed similar 500-mb.
ridye patterns during the "break" monsoon over India in mid-July of 1954 and 1955,
and *.n 1964, respectively. However, they view differently events leading to the
break. Ramage [3] documented a July dry spell singularity over southern China.
These time related events over much of the monsoon region suggest a yearly recur-
rence, a circulation singularity that produces fine weather over a wide area.

Since this is not an original paper but instead, a presentation of cases
already documented in Scientific Report No. 1 [4], figures published in that re-
port will not be reproduced herein. With the exception of figure 1 (attached)
slides used in this presentation are figures 8 through 17 (pp. 28-37) and figures
19 through 36 (pp. 39-56) of the publication. Pages 6-9 contain a discussion of
the figures used. A copy of Scientific Report No. 1 will be distributed to con-
ferees with this abstract.
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DISCUSSION

ATLINSON: What happens to the vertical slope of the buffer zone as it moves
northward?

BRETT: There is a pronounced northward slope with height as the buffer zone lies
near the equator. As the buffer zone moves northward, the slope becomes more
vertical.

BELL: Heywood found that at Hong Kong the weather clears ahead of typhoons when
they are about 700 miles away, and clouds return when the storm is about 400
miles away. The fine weather ahead of the storm gives rise to the "Coppersky'
mentioned by old mariners as the cirrus shield is illuminated by the setting sun.

(a) Did you notice any effect due 'Lo recurving storms?

(b) You mention that even weak storms give clear weather ahead; in south
China we also get a clearing ahead of other westward moving distu-
bances such as easterly waves. Did you examine these situations?

BRETT:

(a) The location relative to the recurving storm is important. North
Vietnam is also affected by terrain, i.e., mountains to the west and
north. Any light west-wind component tends to dissipate low level
clouds. Ramage had noted that recurving storms give a longer period
of clearing at Hong Kong.

(b) Weak vortices also give reinforced ridging over the area (north
Vietnam). We have examined only the two years 1966 and 1967.

ATKINSON: What happens to upper tropospheric flow as the storm develops?

SADLER: The westward moving cyclonic cell dissipates and the norcheasterly flow
at 200 mb. returns over the South China Sea.
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THE MONSOON TROUGH NEAR THE SOUTH CHINA COAST *

Gordon T. Bell
Royal Observatory, Hong Kong

ABSTRACT
The frequency of the main synoptic patterns over south China during the sum-

mer season is determined. The frequency and duration of spells of southwest mon-
soon and trough situations are examined. The rainfall associated with the two
meteorological situations during different summer months is examined, and a radar
climatology of the southwest monsoon and associated troughs is given. Some rules
are developed for predicting the location of the surface trough and its associ-
ated rainfall. The structure of the trough in the mean and at different times of
the year is briefly discussed.

1. INTRODUCTION
At Hong Kong heavy rain associated with surface troughs that extend east-

ward from the southwest China low have, in recent years, caused a greater loss of
life and more damage than tropical cyclones. In June 1966, the trough was par-
ticularly active and on the 12th of that month caused the loss of 64 lives and
over 5 million dollars worth of damage. Chen [2] of the Royal Observatory pro-
duced a report on this storm in which the meteorological and hydrological aspects
are examined in some detail. Rainfall rates as high as 161 nm. in 1 hour and
518 mm. in 24 hours were recorded. On the same day in 1968 - 12 June - a trough
again caused loss of life and considerable damage in the territory.

In view of the importance of these troughs to people on the south China
coast, I decided to look for techniques witich would help in forecasting trough
movement and intensity more accurately, especially insofar as they affect 5-day
quantitiative rainfall forecasts.

2. CLIMATOLOGY OF SYNOPTIC SITUATIONS
2.1 Introduction

Several Chinese and Japanese authors have written extensively on tne clima-
tology of these troughs; for example, Asakura [1] has recently reviewed some of
this work. The following treatment will concentrate on troughs near Hong Kong.
These troughs have different structure and characteristics at different time of
the year. !t is doubtful whether the early season frontal troughs should bear
the name Mai-yu (Japanese name BAIU) although this is sometimes done because they
are found over China during the Mai-yu or Plum rains season.

Figure I portrays the surface chart for OOO0Z, 12 June 1966, showing a typi-
cal trough situation. Ramage [6] has already described how the summer weather
over the south China coastal region is mainly determined by the interplay between
the ridge from the Pacific anticyclone, the summer monsoon, tropical cyclones and
other westward moving disturbances. Ramage used the 10,000 ft. wind at Saigon as
an indicator of ridge and monsoon dominance; if this wind is easterly then it us-
ually indicates that the ridge dominates the area and that then anticyclonic flow
occurs over the south China Sea with considerable subsidence and fine weather.
Conversely, if this wind is westerly then south China is exposed to the southwest
monsoon which turns cyclonically over the China Sea and reAches Hong Kong as a
convergent humid south or southwest flow. At such times a monsoon low will be
found over southwest China and frequently an associated trough will be encoun-
tered as shown in figure 1. The probability of showers at Hong Kong is high fox
both the trough and monzoon situations.

Satellite photograhs show - as predicted by Riehl JlO] - that the line of
cloud on these troughs is usually linked to some extrstropical line of cloud
asdociard with extratropical depressions or westerly troughs. I have been sur-
prised to see how highly correlated surface-pressure patterns and cloudiness are
over China during the summer mnoths. A pressure deficit over a region of the
oontinert of one isobar (2-mb. interval) or so is immediately shown as an area of
cloud~ness on satellite pictures. The clouds and pressure falls seem to develo'p
together. I know of no statistical treatment of this phenomenon.

"*Pisearch sponsored by Royal observatory of Hong Kong
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2.2 Frequency of Occurrence

Table 1 lists the five main synoptic situations that are frequent during the
summer months in the region. It will be seen that for the period May to September
the summer monsoon plus its associated trough account for 52 percent of the days.
The monsoon is most frequent, of course, in June when it attains a frequency of 77
percent. The definition of a trough day in this report has been limited to oc-
casions when a surface trough is shown within 240 nm. of Hong Kong on the local
printed Daily Weather Map for 1800Z. The maximum limit of range is usually 240
nm. at which the trough has any appreciable effect on Hong Kong rainfall; it is
the rainfall with which we are most concerned.

Table 1. Percentage Frequency of Synoptic Situations at Hong Kong
From R.O.H.K. Printed Daily Weather Map: 1800Z, 1958 - 1967.

Month
Type o May June July Aug. Sept. May-July Aug.-Sept. May-Sept.
Situation

T - Trough within 41 N.
or S. of Hong Kong 45.2 53.7 10.3 14.5 16.3 36.2 16.4 28.3

S - Southerly or
Southwesterly Flow 10.0 23.0 39.4 33.5 14.7 24.1 24.3 24.2F - Lastecly Flow 39.7 14.0 35.8 33.2 32.3 30.0 32.8 31.1

L' - Northeast honsoon 2.3 - 16.7 0.8 8.2 3.7

L - Tropical Cyclone 2.9 9. 14.6 1C.7 18.0 8.9 18.4 12.7

5*T - Summer Monsoon 55.2 76. 49.7 48.0 33.0 60.3 40.7 52.5

Table 2 shows the occurrence of "S" and "T" situations during the last 10
years. The number of "T" days in May is relatively stable, varying from 11 to 20.
June is again seen tc be the most active month for trcughs, but with considerable
variability. The nr'mber of "T" days varying from 8 to 24 in any one month. In
July the number of "T" days is greatly reduced because the Mai-yu trough will
normally be much further north, leaving south China under the influence of a
Pacific ridge - a tsingularity which Ramage [7] has described.

Table 2. Number of Days With "S" and "T" Type Situations 1958 - 1967.
eMay June :uly Aug. Sept. May-July Aug.-Sept. May-Sept.

S T S T S T S T S T S T S T

1958 6 15 11 9 17 1 9 1 6 1 34 25 is 2 49 27

1959 - 20 8 18 7 3 12 7 7 5 15 41 19 12 34 53

1960 8 16 6 9 6 1 7 5 2 8 20 26 9 13 29 39

1961 7 10 i1 8 19 1 14 4 3 14 37 19 17 18 54 37

1962 3 17 & 21 10 2 14 6 3 4 19 40 17 10 36 50

1963 1 17 3 20 9 9 11 2 1 8 13 41 12 10 25 51

1964 - 1i 8 17 20 2 7 13 - 3 28 3U 7 16 35 46

1965 2 13 1 20 14 - 9 3 6 5 17 33 15 8 32 41

1966 - II 4 24 9 4 13 4 11 - 13 39 24 37 43

1967 4 14 11 15 11 10 8 - 5 7 26 39 13 7 39 46

Mean 3.1 14.0 6.9 16.1 12.2 3.2 10.4 4.5 6.4 5.5 22.2 33.3 14.8 10.0 37.0 43.3

There does not appear to be any marked compensation of trough occurrence
from one month to another; e.g., May, June and July can all have below normal "T"
frequency as in 1961 (19 days), above normal occurrence as in 1963 (41 days) or
1959 (41 days). Incidentally, 1959 was a wet year and 1963, the driest in 105
years. The number of "S" + "T" days in the period May, June and July appears to
be fairly conservative, varying from 46 to 56 apart from one year - 1967 with 65
days.
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Table 3 shows the "ength of spells of "S" and "T" situations and it will be
see.i that in June the trough persisted within 4 degrees latitude of Hong Kong for

as long as 24 days consecutively. It should also be noted that in June the trough

occurs more frequently in 2-day spells than 1-day spells. During the ten years
under review "S" and "T" situations together have persisted for 30 consecutive
days from 27 May to 25 June, 1959 and for 29 days from 4 June to 2 July, 1962.

Table 3. Spells of Consecutive Days of "S" and "T" Type
Situations 1958 - 1967.

M:onth
May* June* July- Aug. Sept. May-July Aug.-Sept. May-Sept.

No. of.days•'-? ,.,_"

S T S T S T S T S T S T S T S T

1 15 18 18 8 12 10 13 6 11 14 42 33 23 20 62 53

2 6 12 3 9 8 4 8 6 4 11 18 24 12 16 31 40

3 11 2 6 4 2 6 3 2 2 6 19 7 5 12 24

4 1 1 3 5 5 2 6 2 2 2 9 8 9 3 17 11

5 - 5 2 3 3 - 2 2 1 1 5 7 3 3 9 10

6 3 - - i 1 3 2 1 1 4

7 - 1 1 2 - - 3 1 - 2 1

8 I 3 1 - - 2 2 1 3 2

9 - 1 1 - - 2 - 1 2

10 1 - -.. i 1 - 2 1

1- - - 1 - --2 - 2

14 - - 1 - - 1 - - 1

IC 1 -.. 1 - i 1!

24 1- - - - - -- - -

25------------------------------------- - - - 1•

Longest Spell 4 10 10 24 9 4 9 5 6 5 10 25 9 6 15 25

*A spell that continues from one month into the next is counted as two separate spells.

3. RAINFALL

3.1 Introduction

On the average, approximately 25 percent of the annual rainfall at Hong Kong
is attributable to tropical cyclones. Tropical cyclone rainfall is here defined
as that which falls when a tropical cyclone of any intensity is centered within
300 nm. of the territory. Most of the annual rainfall is attributable to the
southwest monsoon and its associated troughs.

Figures 2 and 3 show the variation of the instantaneous rate of rainfall
(actually a 20 second mean) in a trough and in a typhoon; the records were taken
from the same gauge. The appearance of the traces is typical for trough and ty-
phoon rainfall respectively, but in both examples the intensity of the rainfall
is extreme. The difference in appearance is attributable to wind effects. The
typhoon gales cause extreme turbulence in the friction layer with changes in the
relative fall speeds of raindrops. Rapid transit of rain cells over the gauge I
and turbulence around the gauge also cause variations in catch; however, the
geuge in question is in a pit at ground level. The effects of gauge turbulence
should be minimized. In contrast, the relative - sometimes absolute - calm that
attends extreme rainfall from troughs is remarkable. Most troughs have higher
instantaneous rates of rainfall than most tropical cylon"s in this region. This
fact is readily established by radar; the high power 10 cm. Plessey 43S, which
has been in continuous operation at Hong Kong since August 1966, has not yet
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(as of March 1969) seen a tropical cyclone with a "radar" rate of rainfall greater
than 50 mm. hr.-' (equivalent to 35 db. of attenuation). Whereas troughs frequently
contain cells with "radar" rates of rainfall in excess of 130 mm. hr.-i ( 40 db. of
attenuation). It is to be expected that some typhoons will contain extreme short
period rainfall rates; indeed, during the last 17 years ratea of rainfall of 300,
301 and 307 mm. hr.-' have been recorded by the Jardi-gauge in tropical cyclones.
The highest reading in a trough situation during the same period was 320 M. hr.-'

Figure 4 shows the Z/R (radar reflectivity/rate of rainfall) relationship
in different situations in 1968. It will be noted that typhoon SHIRLEY which
passed directly over the radar and the 148 observatory raingauges had less in-
tense rainfall than was recorded in troughs and the southwest monsoon.

3.2 Rainfall Climatology of Southwest Monsoon and Troughs

Table 4 gives information on the daily rainfall at Hong Kong associated with
"S" and "T" situations. It will be seen that in May and June "S" rainfall is
relatively light with 87 percent and 91 percent of the days having less than 5 nMu.
of rain, respectively.

Table 4. Percentage Frequency of Daily Rainfall at Hong Kong
Associated With "S" and "T" Type Situations 1958 - 1967.
May June July Aug. Sept. May-July Aug.-Sept. May-SIpt .

Rainfall __.

S T S T S T S T S T S T S T S T

0 - Trace 48 51 46 20 41 28 50 27 4C 35 45 34 48 11 4 , 13

0.1 - 5 39 10 15 29 25 28 25 18 21 31 33 29 24 '5 .2) 28

6 - 10 3 5 4 12 10 b 6 4 7 11 7 9 6 8 7 8

1• - IS 3 4 - 6 5 19 5 1b 5 4 3 b 5 9 4 7

1it - 20 - I - 2 2 6 4 - 7 2 1 2 5 1 2 2

>20 6 1 4 10 16 11 11 3b 16 1s 11 20 12 2t, 11 21

T1t.! M•4n . 187 860 173 )S5d 1212 )11 H I 829 506 630 1512 4179 1359 1508 2951 6287

TutA}. DL % 140 b4 161 122 32 104 45 44 55 222 J 14 300 4170

Av 4y 6. 1 1.) .2.1 13.1 10.4 d.2 1S4 11.5 12.4 7. 2 14.4 9.2 1S.•, .0 14.15

,, Lays tth1
1b 40 1j d 63) 21 52 1 1 167 649 144 284

Av~ 4±

Trough rainfall is very much more variable. In June 30 percent of "T" days
have daily rainfa.ll amounts in excess of 20 mn. and 20 percent have iho rain at
all. It will be noted that the average "T" rain-day in June has approximately
six times more rain than the average "S" rain-day. During the summer as a whole,
(i.e., May to September) the rainfall due to "T" days is more than twice that
due to "S' days and, in June, trough rainfall is approximately 20 times ds abun-
dant as that from "S' situations. In July and August the frequency of "S" days
increases and the "S" rain days also have more rain. by September the frequency
of "S* days falls again, and the rainfall contribution of "S" and "T* days is
similar in both amount and intensity. June, therefore, is the nm:ith when troughs
are both most frequent and most active.

Figure ' snows the mean daily rainfall from all troughs at given ,iistances
from Hong Kong during May to August. The individual values have beorrl sroothed
by takitqg moving averages over three points weighted 1, 2, 1. The indication
that, on avtrage, the heaviest rain falls when the- surface trough is about I'
south of hing Kun; in May and June was not expectrk. The effect is probably 1u0

tor lifting or 'upslope" motion to the north of the early season troujghs which
rotain frontal characteristics. In July and Atp4ust frontal ehazac.erist~cs arc
nonexistent, or very weak. At this tire tho, rai:nfall dis•riV1utiun shows a rini-
nUi. on the trough axis with principal i-sxina 1 1/2 dve;rrcs erioth and 1 1eqivv
suuth of tne trough axis. This -Ot.ndinf 35 is acco..d with trou.;h% 0'ou="d ,vvr the
Indian Ooan and elsewhere in the trolpics.



- 87 -

3.3 Forecasting Heavy Trough Rainfall

Although Chen [21 has determined the synoptic feature. associated with ex-
treme rainfall in the June trough of 1966, we thought that it might be possible
to devise some objective aids to assist in forecasting the heavier falls, given
the necessary basic synoptic pattern.

Figure 6 shows the daily rainfall at Hong Kong plotted at the center of the
southwest China surface low on occasions when surface troughs were within 60 nm.
of Hong Kong in June. Data for the 12 years, 1958-1969, have been used. The
rainfall was found to be independent of the Hong Kong pressure, the central pres-
sure in the depression, and the pressure difference from the center of the depres-
sien to Hong Kong. The average pressure gradient between the center of the low
and Hong Kong for all points within the 100 mm. isohyet varied from 1 mb./120 am.
to I mb./200 rau. The two points in the maxima were associated with a gradient of
1 mb./200 nm. i.e., 1.5-mb. pressure difference from the center of the low to Hong
Kong.

If conditions over China, Indochina and the South China Sea modulate the
rainfall of the monsoon and assoc'ated troughs over south China in May and June,
then it seems likely that this modulation would be obtained through changes in
surface temperature of the South China Sea,. This possibility was examined for
four selected sea areas, and it was found that the annual rainfall in June was
correlated with the sea temperature over Nansha (11i - 130 N., Ii1 to 1130 E.).
However, tn:e relationship was closer for the February and March sea temperatures.
If annual rainfall less tropical cyclone rainfall had been considered as the vari-
able, an even closer relationship would have resulted. Fiqure 7 shows a plot of
the Hong Kong annual rainfall less tropical cyclone rainfall against Nansha sea
temperature in March. The correlation coefficient of 0.76 is significant at a
level better than 1 percent.

3.4 Upper Winds

When the westerly ccmponent at 200 mb. over Honq Kong is stronger and per-
sists turther than normal into the sumrmer, then the year usually has more than
normal rainfall. Neither the persistence of the westerly component nor the
strength -)f the westerlies are in themselves closely related to the annual rain-
fall; however, an index which combines both the strength and persistence of the
westerlies can be used as an index for seasonal rainfall forecasts. It has been
fou'. that the average west-wind component between 11 May and 20 June is satis-
fa, orv foz this purpose. The relationship can be improved if tropical cyclone
rainfall is discounted. The graph depicting the relationship is shown in figure
8; the correlation coefficient is 0.75, this value is significant at a level bet-
ter th', 1 percent. The relationship is not as useful '! it appears because the
relatunship cannot be used until 21 June. Nine days later the rainfell for the
tizst r, .,or.ths of the year will be available with the latter correlating well wit'h

he annual rainfall. The January to June rainfall for 1957 to 19t8 has a
tici coefficient of 0.81 with the annual rainfall and 0.q3 with th- annual rain-
fall loss tropical cyclone rainfall.

The correlation coefficient will rise to 0.80 ii May plus June rainfall is
used as the dependent variable and will rise to 0.88 if tropical cyclone rainfall
in May and June is discounted. This latter relation i': il'ustrated in figure 1.
It probably could be further improved by removing the contrbbutior• o tho wes--
wind comnponent from passing tropical cyclones.

Wright [11 shovwed at Hong Kong, as at locations over Indii, that the wvst-
win,! compo.nent in som years falls steadily throughout May and June, and ii other
years there is a rapid fall. Frequently the west-wind component changes siqg. sev-
eral tirns before finally becoming negative. The. reason, for th- relatiuns:, i. be-
tween the 200-mb. west-wind component and the annual ra,nfall have not bee':
studied in detail. However, late season westerlies will be associated ait!h .1ur-
fasc troughs south of their nnrmal position, ha'xinq weak tfontal haracte:ist: s.
At such times the 200-trb. ridge will be south .)! the coast. Thus, with pCr-
sistn t westerlies, early troughs should 'cntain frontal tnd bLe activv ov-: •outfh
China. :.ater troughs will also be active ow~r the sare reqion because the 2UU-.
ridge will be late itvvinq north and, consequently, will k,ý superiviposed upon thv
trouqhs.

Figurc 10 illustrates the 200-mb. ridge over the surface trough in figur I
on 12 June, 196b. Chen [2) demonstrated the importance of this superposi•ionr of
the rildge on this occasion.
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3.5 Albedo and Rainfall

Figure 11 shows the latitude of the trough during June 1966 as determined
from original Royal Observatory 6-hourly working charts. Between the 1st and
15th of the month the trough was quasi-stationary near 220 N.; this location is
reflected in the high rainfall amounts for that period over Hong Kong and Taiwan
as shown in figure 12. The dashed isohyets ha-e been entered in geometrical pro-
gression i.e., 100, 200, 400 and 800 mm. to bring out the pattern clearly. Chen
[2] found that on 12 June the cloud cover, as depicted by satellites, did not
correlate well with the rainfall pattern but did correlate well with the isopleth
of 30 C. depression of the 200-mb. dew-point temperature. Since the trrugh was
quasi-stationary for the ist to 15th, it was thought worthwhile to examine the
mean radiation pattern and the mean rainfall pattern. Raschke and Pasternak (9]
have presented mean Nimbus II radiation data for this period.

Figure 13A shows that the albedo of 50 percent over the trough was greater
than anywhere else between the latitudes 40* N. and 40* S. -- nearer the poles the
reflectance is, of course, increased by the low elevation of the sun throughout
the day. For completeness the outgoing long wave radiation and the radiation
balance of earth-ctmosphere system during this period are shown in figure 13B.
These figures show that over the region of the trough the radiation balance is
directed towards the earth and has a value of 0.08 cal. cm."' min.". Figure 12
shows that the trough rainfall fell to the south of the area of highest albedo.
The poor correlation between radiation and rainfall patterns in general. has been
observed previously by Radok [4] and Rainbird [5].

3.M Diurnal Variation of Rainfall in the Southwest Monsoon

During 1967 and 1968 a radar climatology was prepared by recording all
echoes within 60 nm. of Hong Kong at the main and intermediate synoptic hours.
Figure 14 shows the area covered in the analysis. The high power 10 cm. radar
used is sited 577 m. above sea level, and it has no difficulty in seeing rain near
ground level to the limit of range employed. The radar was operated in swept-gain
mode.

Figure 15 shows the percentage of the radar screen whirh was covered by
echoes at each observation time when a trough was within 2* latitude of Hong
Kong or when the southwest monsoon was prevailing. This figure, therefore, shows
the diurnal variation of radar echo coverage irrespective of the location of the
echoes. The maximum occurs at 1400 LT and is apparently determined by convection
inland. The area of echoes then falls away rapidly until a minimum is reached in
the early hours of the morning.

Ramage (8] has shown that, in those parts of east China, Japan and Korea that
are affected by the southwest monsoon, a morning maximum of ra;.nfall is experi-
enced, and, in addition, if the location is favorable an afternoon maximum is also
found. Frank, Moore and Fisher 13] have shown that over the Florida Peninsula
clouds form offshore in the early morning and progress towards the coast with the
basic windflow at a speed of approximately 11 knots and reach a maximum inland dur-
ing the afternoon. Radar echoes in the rectancjular area shown in figure 14 wvre
studied to see if such a movement could be seen on the China coast during south-
west monsoon days. The eastern area was chosen to reuuce the effects of the es-
tuary. Altogether there we:•e 45 days in which the southwest monsoon prevailed
for the whole 24 hours.

The rectangle was divided into 34 strips each 2.14 nm. wide and 47.08 nrm.
long. The percentage area of each strip covered by echoes at each observation
time was obtained and smoothed by taking running means over three strips. The
results are shown in figure 16. It will be seen that about dawn a maximum of
approximately 10 percent appears offshore; it reachts a level ot 15 ptrc~nt. at
0800 LT on the coast and about 10 nm. to seaward. There then follows a sli~jht
de:rease in activity around mid day, rising to an afternoon maximum of 15 perent
which appears about 10 nm. inland at 1400 LT. It- !he eveninq a lesser maximujt is
again found about 30 nm. offshore; this feature moves inland and reaches the
coast at midnight.

In the 9 hours between 0500 LT and 1400 LT the location of the maximum
shower activity progresses northwards at about 4 knots.

Figure 17 shows the number of observations of rain reported from Waglan
Island and the Royal Observatory compared with the number of radar r-7hoes frorm
the same area. The top curve showu the number of rain observations at ";t1ton -
just off the northwest edge of the radar lisplay in liqure 14 - and the radar
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echoes in the northernmost strip of the rectangle. These two curves are not,
therefore, strictly comparable. It will be noted, however, that the observations
show no morning maximum inland during the southwest monsoon. The rainfall obser-
vations from Canton during this period do not show the usual dawn maximum although
a secondary maximum is apparent at 0200 LT.

4, SOME SYNOPTIC CONSIDERATIONS

4.1 Forecasting Movement of the Trough

During winter the southvrrd penetration of outbreaks of polar continental
air over China is usually related to the passage of waves in the westerlies at
the 500-mb. level. Such waves, although furthur north in summer, also affect the
position of the surface trough especially in the active month of June. The lati-
tude of 125' E. for the 5,700 gpm. contour on the 500-mb. surface was used to
crudely indicate passages and intensities of troughs in the westerlies over north-
east China. The latitude of this contour was read off the printed series of
Japanese Daily Weather Maps and it was found that its meridional movement tended
to preceed movement of the June surface trough - figure 11 - by approximately two
days. Figure 18 shows the relationahip between the latitude of the surface trough
and the latitude of the 5,700 gpm. contour two days earlier. The latitude of the
5,700 gpm. contour at 1253 E. is only a crude objective measure of trough activity.
It is considered that a forecaster could identify troughs more precisely and so be
able to improve on the relationship shown in figure 18. Furthermore, he will be
able to make allowances for the short period variations in latitude of the surface
trough which are caused by easterly moving vortices.

Northern hemisphere 500-mu. 48-hour forecast charts are generally available
in the region of computer products. At the Royal. Observatory both Japanese and
Monterey charts are received. These products are usually available some 36 hours
ahead of their time of validity and can therefore be used to enable a forecast
of the movement of the surface trough to be made some 3 days and 12 hours ahead
of time.

4.2 The Structure of the Trough

In May and early June the trough retains some frontal chazacteristics. It
is usually found below polar westerlies. By mid-June the frontal characteristics
usually disappear, and the trough is found below the ridge at 200 mb. as shewn in
figure 10. Later still, upper easterlies prevail over south China and over any
troughs that form there.

P. Li of the Royal Observatory is currently studying the three-dimensional
structure of the trough in some detril by meaning all parameters located on a
grid which moves with the trough. The grid covers an area of 20 degrees of lati-
tude by 20 degreez of longitude. To reduce the effects of topography, the origin
of the grid is always fixed on the trough at 100' E. The large square is divided
into 50 boxes of 2' x 4', and observations in each box are meaned and related to
the central point of the box. Diagrams have been prepared for the trough which
was located over south Chifia during the first 15 days of May 1967.

Figure 19 shows the mean surface-pressure pattern. The mon&oon low over
southwest China was located at 24.5" N., 103.5' E., and the trough curved awry to
the east-northeast. In figura 'C the 850-mb. trough is found 2' north of the
surface trough - a feature noted by Yoshino [12] as being peculiar to China, giv-
ing a slope of about I in 150. The trough is usually found still further north
at 700 mb. See Chen [2].

Figure Z1 shows the associated 500-mb. pattern. The westerlies of the Mon-
soon current are relatively strong at this level, while those from the north ,re
we.Ak. There is a ridge j.' the f'ow over the trough and the strong 8-)O-mb. flow
near 116' E.

Figure 22 shows that westerlies tre found on both sidbs of the trough at 100

rob. (see also fi'. 10, and at 500 rob. The fields of surface dew point and surface

temperature are shown in figures 23 and 24. As the data accumulate, P. Li hopes

to be able to com[,ute stable mean fields and follow chhanges in the structure and

characteristi.cs of the trough through the summer season.

Fi;iure. 2 show% isotherrm and tiopleths of wet-bulb t,-,'ential temperature

acrosA ?"t. trouý'h of I J0 19 t'. frontal tliaracteristicy are clearly seen. At

thc surfaor the dry-Luil tempratule Lhanges fom 29* C. to 19' C. in 90 nm.
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across the trough. The wet-bulb potential temperature changes from 26* C. to 19e
C. over a similar distance. However, the mean 0000Z cross section for the first
fifteen days of June, figure 26, during which the trough was quasi-stationary,
seen in figure il, shows a marked weakening of frontal characteristics. The
isotherms showed that the atmosphere there wns essentially barotropic.

DISCUSS ION

SOUTHERN: Is there a particular statistical method by which you distinguish be-
tween rainfall on a trough day and rainfall on a monsoon day?

BELL: Yes, trough rainfall is that which occurs when a surface trough ;a located
within 4 degrees of Hong Kong.

SADLE:R

(a) In your definition of trough day and southwest monsoon day -- if tho
trough is north of Hong Kong and [long Kong is in southwest flow, is it
trough day or southwest monsoon day?

(b) Is your southwest monsoon flow often anticyclonic around the western
end of the Pacific articyclone?

BELL: It is a trough day if the trough is within 4 degrees of Hong Kong because
this is the approximate limit at which the trough significantly affects local
rainfall. A southwest monsoon day has flow from the Indochina Peninsula and
usually reaches Hong Kong as a southerly flow. Ramage in his summer weather over
south China [6] showed that a ridge day was associated with 700-mb. easterly flow
at Saigon; a monsoon day has westerly winds at Saigon; and, of course, the proba-
bility of rain at Hong Kong is greatly different for the two flows.

RAMAGE: Reference to your figure 6. Were there any cases in which no vortex
could Le detected in the trough? If so, what rainfall occurred at Hong Kong? It
is my impression that the south China trough is very active with many vortices in
contrast tc over ocean near equatorial troughs. Perhaps this difference could
account for the fac': of trough/rain coincidence over south China as against the
offsetting found by Sadler from satellite pictures.

BELL: I cannot say offhand whether there were any cases with no depression. It
can be derived from the results by subtracting 107 from the total number of
trough days. I will look into this.

SOMERX-T!,L .

(a) The torrential tropical trough precipitation during early June 1966 at
Hiong Kong occurred also at Kaohsiung, Taiwan, early in tU•a* month.

(b) An operational application for the summer diurnal precitation variation,
which you described, may be found in the time of sailing or arrival of
ships. It seems that noon would be preferable to the customary 0900 L-ST,
or so. Not only would navigation be facilitated but also life would be
better for line handling parties, and arrival honors for visiti:q dini-
faries could be less inconvenienced.
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CASES OF HEAVY PRECIPITATIONS AND

THEIR FORECAST IN SOUTH VIETNAM*

NGUYEN-HUU-HAU
Directorate of Meteorology, Republic of Vietnam

ABSTRACT
Statistical analysis of rainfall distribution in the III and IV Corps of the

Republic of Vietnam represented by Saigon has shown that daily precipitations of
25 mm. or more occur only in 6 percent of all observed days.

The Darkow's "Total Energy Index': (EI) has been computed from Saigon radio-
sonde data during the 1968 summer monsoon zmd compared with synoptic considera-
tions. A preliminary result is that an EI value more negative than -3.0, con-
stitutes a good indication of heavy showers altholigh the bulk of severe thunder-
storms is derived from disturbances associated with higher ElI.

The corresponding synoptic situations are classified into 5 types:

A - Waves in the easterlies

B - Low level convergence and westerly trough

C - Trough associated with typhoon

D - Upper easterly waves

E - Tropical cyclones

In all types, the presence of some mid-level disturbance is striking.

Case studies 1968 are presented.

1, INTRODUCTION
To the weatherman in Vietnam, the war has brought the problem of heavy rain

into a degree of acuteness never felt before. The tremendous increase in air
operations and the influence of so many people from the countryside to the cities
creating new difficulties in town planning are the two main factors sensitive to
the intensity of precipitation.

On 17 September 1968, two thunderstorms lasting about four hours produced
112.9 mnm. of rain in the Saigon area, creating an incredible traffic jam in the
air as well as on the ground to the delight of newsmen. It took at least another
four hours for the water to be completely drained off the streets. A record
maximum of 179 mm. was received in 1942.

The purpose of this paper is to present some insight into the patterns and
synoptic situations associated with those downpours in the southern part of the
Republic of Vietnam.

2, DISTPIBUTION OF DAILY RAINFALL IN SOUTH VIETNAM

Due to the showery character of procipitation in this tropical part of the
world, the best analysis of course would have to deal with the whole area or
rain rather with data from one station alone. The assumption that Saiqon could
be representative of the III and IV Corps of the Pepublic of Victram in cases of
heavy rain is based on the iollowing:

A. The III and IV Corps (and aigon) are approximately within thc same
climatic boundaries.

ii. Thc very flat general topography excludes important variability in
th,, local effects, especially regarding synoptic "rainstoi-m" pro-
ducing distrubances. Their variations in frequency and intensity
govern the rainfall variations [101.

Tdble 1 shows the repartition of daily amounts of rain in Saigon during the
period from 1953 t(, 1968.

'Research sponsored by Dir.-cturate ou Meteorolhqy, Republic of Vietnam
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Table 1.

Rain in 24 hrs. (-m.) Number of Observed Days

< 5 4474
5 - 14.9 ........ 688

15 - 24.9 ........ 306
25 - 34.9 ........ 151
35 - 44.9 ........ 80
45 - 54.9 ........ 53
55 - 64.9 ........ 30
65 - 74.9 ........ 24
75 - 84.9 ........ 13
85 - 94.9 ........ 6
95 - 104.9 ........ 6

105 - 114.9 ........ 7
115 - 124.9 ........ 1
125 - 134.9 ........ 1
135 - 144.9 ........ 1
145 - 154.9 ........ 1

Figure 1 is the corresponding frequency curve adjusted according to a Modi-
fied form of th.e Poisson's distribution, in which 0, 1, 2 ... cm. respectively,
represents intervals of daily amounts of <5, 5-14.9, 15-24.9 ... mm.

One can see that cases of 24-hour rainfall (PR:,)Ž25 mm. represent only about
6 percent of all the observed cases or 13 percentL of the rainy days. An average
of 2 or 3 days with rain amount higher tian or equal to 25 nm. is therefore, ex-
pected during the summer monsoon period from May through October. This will be
our definiti -, of heavy precipitation.

3. OBJECTIVE APPROACHES

Only eight soundings are available with a certain regularity for the whole
of Southeast Asia (Song Khla, BangkoK, Udorn, Chiang Mai, Hongkong, Clark,
Singapore, Saigon). Such a sparse density prevents successful analyses on hori-
zontal charts and the only "objective" indices to look for, if there are any, are
indeed through vertical time-cross sections.

3.1 Vertical Distribution of Vorticity

One obj-tive method for 24-hour forecasting of rainy areas has been pro-
posed by Buajitti [3] using 24-hour wind change at 5000 ft. The meathod implies
that for a triangular area with each sil. of about 200-300 km. there is a good
possibility of lain when the change in the vertical component of vorticity at
5000 ft. (given by Eellaml's method) is larger than +5.0 X 10-1sec.-' day -1

It seems that in consideration of the density of sounding stations and the
assumption of linearity between stations, which could be in the proximity of
vortices in the troughs, the simplest way to use the vertical change of vorticity
as an aid in analysis (and forecasting) is still t, interpret it qualitatively
in terms of vertical 'wind profile at different locations. Thunderstorm oreas
are to be associated with upward vertical motion, i.e., as in case of divergence,
the change of absolute vorticity must reverse sign; the lower air must gain and
th- upper air must lose positive vorticity (101.

A classification of different types of vertical wind profiles in Saigon has
shown that precipitations of R*,225 mi. are frequenitly preceded by tht appear-
ance of northwesterly winds at che top of the westerly monsoon between 700 and
500 nib. and north-northeasterly to northerly wind at the base o! the upper east-
erlies [5]. Also, since the m;an resultant winds over South Vietnam from 500 nib.
upward, at this period of the jear (June-October), are between 070" and 160*, the
presence of a north-northeastecly wind at the mid-troposphere i- a good sign of
the approach of some disturbances from Zhe east, most of them of wave type (fig.
2).

Exceptions to this rule are found when:

1. The low westerly layer is thin (below 700 rtb.) indicating the proximity
of the retreating thermal troulh. Heavy rain could occur in association with up-
per easterly waves (fig. 3).
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2. The transition zone is a thick l.ayer of light variable winds denoting a

large area of neutral flow. Fine weather is to be expected.

3. South Vietnam is under the influence of a tropical cyclone.

3.2 Total Energy Index

The notion of total energy ET gives a combination of all parameters involved

in any convective storm study. Per unit mass of air, it is:

ET = c T + gz + Lq +(1)

where cp is the specific heat of air at constant pressure, T the temperature, gZ

the geopotential, L the latent heat, q the specific humidity and V the wind

speed.

Considerations on the magnitude of the kinetic energy term and the normal

allowable tolerances in upper air humidity measurement lead to the approximation:

ET = cPT + gZ + L,ý (2)

L. and w being respectively the constant latent heat of condensation and the mix-

ing ratio (cp = 0.24 cal. gm.- 1 ( 0A.)'! , L, = 600 cal. gm.-I, g = 980 cm. sec.- 2 ).

Darkow [4] uses the total energy profile to examine the ascent and descent
of elements of air within an undisturbed environment and the degree of potential-
convective instability of atmospheric layers according to the decrease of the
total energy. As a practical application, he defines an'Energy Index EI, as the

algebraic difference between the total energy of air at the 500- and 850-mb.
levels.

EI = ET500 - ET850 (3)

Since it seems to represent an improvement over other stability indices,
taking into account both the ascending potentially warm air and the descending
potentially cold air, the Darkow's Energy Index has been computed for the 1968
summer monsoon. Figure 4 presents some preliminary results in connnection with
heavy precipitation.

4, SYNOPTIC APPPOACHES

It is well known that most of the rainfall in tropical areas results from
disturbances and not from random convection.

Despite the complexity of the synoptic patterns associated with those dis-
turbances, it is always convenient to group them around some basic situations.
Seven synoptic models have been developed by Booz Allen Applied Research Inc. (2]

to describe (and forecast) different types of "weather" over the Indochina
Peninsula during the summer monsoon.

As far as heavy rain is concerned, daily synoptic analyses for over 10
years point out the predominance of the following five categories: (Samples are
chosen from the 1968 summer which is considered as "wet" [164.4 mm. above the
average from May through October]).

A - Waves in the Easterlies

Waves in the easterlies represent major disturbances during the transition
period in May. They show up quite well in vertical time section (fig. 5).

To the synoptic meteorologist, however, unlike the waves over the open ocean
that can be seen over an area of nearly 1.000 sq. mi. and can be tracked over large
distances day after day [7], most of the waves reaching South Vietnam in May are
difficult to discover and trace on horizontal maps. (See'figs. 6a and 6b and
corresponding satellite pictures seen in figs. 7a and 7b.) The lack of data
certainly plays a large part in this deficiency, but it is obvious that some
deviation from Riehl's [10] or Frank's [7] model is to be expected in the South
China Sea.
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B - Low-Level Convergence and Upper Westerly Trough

As the season advances, with the northward migration of the thermal trough,
the low-level wind veers gradually from easterly to southeasterly then to south-
erly forming a convergence area ahead of the trough. Convection becomes more
and more developed, scattered thunderstorms start over South Vietnam in the after-
noon. (See fig. Ba where Saigon received 50.7 mm. of rain in 45 minutes around
1300 local time.)

The pattern becomes typical of a heavy precipitation generating situation
when a trough in the mid-troposphere, coming from Burma, overlays the lower
convergence zone. (See fig. 8b where Saigon received 45 mm. of rain in 4 hcurs.)
At 300 mb., a high cell generally covers the whole area in both cases. Later in
the year, however, the westerly trough might occasionally extend up to 300 or
200 mb. It is only in this particular case that one can find the classical dis-
tribution of a mid-latitude trough with resulting severe convection on the east-
ern side. This seems to be the same as what happens in South India [11, but no
correlation was found between this type of extensive trough and the onset of the
monsoon.

C - Trough Associated with a Typhoon

A trough asoociated with a typhoon is considered a variation of Booz Allen's
"pre-monsoon type", which is also typical for good weather over the Red River
Delta in North Vietnam (11].

The trough extends southwestward from a typhoon in the northern part of the
South China Sea and is generally best seen at the 500-mb. level (see fig. 9 to-
gether with satellite photo, fig. 10).

In the upper troposphere, easterlies strengthen over Southeast Asia with a
relative maximum over Borneo and Malaysia. This seems to be a reverse process of
what happens in winter when a correlation is found between the "wet" weather in
the maritime continent of Indonesia with the vigorous subtropical jet stream
through cross-latitudinal transport of energy (8].

D - Upper Easterly Waves

Upper-easterly waves are considered mid-level transverse waves in the east-
erlies overlying the lower monsoon. The disturbed wind field is frequently be-
tween 700 and 400 mb. so that charts at low levels are of little use in their
analyses and forecasts. The 700-mb. level is either within the monsoon or near
the transition layer.

Toward the end of the summer, with the regression of the thermal trough, the
effect of this type of disturbance could be enhanced by the proximity of the
lower intertropical convergence zone. This is, when it occurs on a shallo,' lay-
er of convergent westerly wind. The most severe precipitation in South Vietnam
is concomittant to this coibination (see figs. 11 and 12;.

E - Tropical Cyclones

Heavy rain resulting from the direct influence of tropical cyclones is
rather rare in South Vietnam due to their small number. h!ost of the South China
Sea cyclones have a track more toward the north in the direction of central North
Vietnam and south China.

5, CONCLUSION
Because the 500-mb. level is considered the transition level in the tropi-

cal region in summer, difficulties exist in keeping tire and space consistency
at this level. Yet, as far as South Vietnar is concerned from the previous con-
siderations, this level is of the u:.)aost importance in locating disturbances which,
in combination with low-level convergence, produces the heaviest rainfall in sur-
me I

Vertical time sections constitute another bii help. efficiently supplerented
hy the Uirkow's Energy Inde).
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DISCUSSION
SOMERVELL: A comment concerning upper-air data availability. You mentioned that
you had but eight reporting stations for the entire Southeast Asia area. As most
of us here know, there are approximately 3 times that many artillery GMD stations
in the Republic of Vietnam--mostly Army but including a few USMC stations--which
take observations daily but for which the reports are seldom operationally avail-
able to units such as the Fleet Weather Central at Guam or Detachment 14 of the
1st Weather Group. They are even difficult to obtain for research purposes such
as ours or yours. It would seem that so long as we are aware of this problem,
that some responsible organization would get out into the field and find a solu-
tion to the data-collection problem.

HAU: Ament

KREITZBERG: Would Maj. Brett commuent on the availability of the Army artillery
data on a real time basis for operational use.

BRETT: In 1966, Army Met. soundings were turned over to the nearest AWS weather
station for transmission to the weather editing unit ia Saigon. Stations like
Chu Chi, Tay Ninh and Bien Hoa do support Army Artillery Gun Battalions in the
III Corps. Communications breakdown iq frequent in the handling of such data.
Hq. 1st Weather Group (Saigon) would know the current handling of Army Met. data.

SOMERVELL: Much more upper-air data are available in Southeast Asia than the
eight stations mentioned in Mr. Hau's talk.

WITHROW: Many of the extra stations (Army upper-air soundings) are in the Saigon
area. All Army upper-air data are subject to considerable delay and breakdown in
communications. Continuing difficulty exists in Southeast Asia Weather Centrals
in obtaining these upper-air data.

RAMAGE: Your statement that the 500-mb. chart is the best for detecting rain-
producing disturbances agrees with experience over western India. Referring to
your 28 July 1968 situation, I have observed that typhoons going inland are not
infrequently followed by development of mid-tropospheric cyclones to the south.
This might be worth keeping in mind by forecasters.

HAU: The development of the mid-tropospheric cylone south of the surface posi-
tion of the typhoon is not always observed but this is a deepening of the as-
sociated trough which is frequently observed whcn the cyclone reaches the north-
ern part of the South China Sea.

SADLER: The changes are more apparent at 500 mb. because at this level (near
the transition level) small changes in circulation features show as wind changes,
and the intrusion of the ridge ahead of the typhoon is more apparent at this
level. The easterlies associated with the 500-mb. intruding ridge in combination
with the deep westerlies to the south produce a more apparent and sharper trough
line with cyclonic cells embedded.

MILLS: Does the trough (500 mb.) deepen over South Vietnam (causing heavy rain)
when the typhoon crosses the Philippines about 15* N. insteid of through the
Bashi Channel? Does the mountain chain of Luzon cause a disruption to allow the
deepening to occur? If so, the upper-air soundings from Clazk AFB Luzon could
be a valuable tool.

HAU: The 500-mb. trough associated with typhoons is generally north-south ori-
ented so that, if the typhoon comes fron the Pacific either across the Philippines
or through the Bashi Channel, it will be somewhat influenced by the land effects.
I don't think we can find any rule about the deepening of that trough over South
Vietnam. It seems that it is more related to the strength of the typhoon.
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N ID-TROPOSPHERIC CYCLONES OF THE SOUTHWEST MIONSOO'N*

T. N. Krishnamurti

Florida State University

and

R. S. Hawkins
Air Force Cambridge Research Laboratories

ABSTRACT
Mid-tropsopheric cyclones are an important part of the tropical general

circulation of the summer season. These are synoptic-scale disturbances that
appear in the daily and monthly mean circulation maps with greatest intensity
at levels near 500 mb. The structure and energetics of this type over south-
east Asia are discussed in this paper. Interesting features include a warm
anomaly above the cyclone and a cold anomaly below.

A five-level non-geostrophic balanced model is used in this study to obtain
the distribution of vertical motion. The model includes a parameterization of
cumulus-scale convection. In the middle levels rising motions are found west of
the cyclone and sinking motions to the east. This is primarily due to the ther-
mal structure of the atmosphere and associated advection of colder air from the
oceanic regions and warmer air from land regions. A marked diurnal change in
the vertical velocity, II , is noted in the computations; large 1.1 at 0700 local
time compared to 1900. This diurnal change is primarily due to changes in the
wind direction and speed. The important result of this study is that both the
cumulus and synoptic-scale motions exhibit dual roles in the maintenance of
this mid-level system.

(1) Both scales contribute to a net warming of the air above the cyclone,
diabatic warming by cumulus-scale motions and adiabatic warming by
the descent of synoptic-scale motions.

(2) The two scales oppose each other in the transformation of eddy avail-
able potential energy into eddy kinetic energy. Cumulus-scale con-
tributes to a net generation, while the synoptic-scale motions trans-
form kinetic energy into potential energy. This latter result is
consistent with item (1) because the areas of descent are somewhat
closer to the warm temperature anomaly than to the areas of ascent.

1. MID-LEVEL CYCLONES AS A FEATURE OF IMONTHLY MEAN CIRCULATION
During the summer southwest monsoon season several quasi-stationary mid-

tropospheric cyclones (wavelength•1000 km.) are observed over southeast Asia.
These cyclones are frequently found north of the Bay of Bengal, over the north-
eastern part of the Arabian Sea and over southern Indochina. References to
these are found in the works of Miller and Keshavamurthy [14] and Sadler [18].

Figure 1 is a normal map from the "Climatological Atlas for Airmen" pre-
pared by C. W. B. Normand [16]. It is a mean map based on more than 10 years
of data for July at the 4-km. level. The mean streamlines rather clearly dem-
onstrate the existence of mid-level cyclonic circulation over the northwestern
part of the Bay of Bengal. A cyclonic trough is found over the northeastern
part of the Arabian Sea.

On the larger scale, there is no clear evidence of an organized cyclonic
circulation in the middle levels over southern Indochina. July means maps
prepared by Miller and Keshavamurthy [14], based on the International Indian
Ocean Expedition data, show the presence of these mid-level cyclones. There
is also some evidence of a mid-level cyclone over southern Indochina in the
recent mean maps prepared for July by Sadler [18]. It is, however, not as
clearly defined as those found over the Arabian Sea and the Bay of Bengal.
Figure 2 depicts a monthly mean map for July at the 500-mb. level based on the
above mentioned references. The heavy dashed line connects the three major
mid-level cyclones of the southwest monsoon. Solid lines represent streamlines,
and thin dashed lines represent isotachs of the monthly mean wind-speed field.

*Research sponsored by Air Force Cambridge Research Laboratory
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The problem.

In an intense mid-level cyclone (4>0) , d4/ap is greater than zero above the
level of maximum intensity and a•ap is less than zero below. Throughout an
appreciable depth, a24/ap 2 is less than zero. A consequence of such a vertical
distribution of C is that a warm temperature anomaly T'will be found above such
a cyclone and a cold anomaly will be observed below the cyclone. This type of
structure, as illuctrated by figure 3, can be viewed in terms of hydrostatic
balance or from the thermal wind relationship.

Figures 3a, b, and c show a schematic diagram of the typical pressure dis-
tribution over southeast Asia during the summer months. A vertical cross section
along lines A-B, interesectinV the mid-level cyclone (fig. 3b), is illustrated in
figure 3d. From point A to point B, a decrease in geopotential height is ob-
served at 900 mb., and an increase is observed at 200 mb. and at 500 r*. where
the mid-level cyclone is intersected. The warm anomaly above and cold anomaly
below the middle-level cyclone are clearly illustrated in this figure.

The question as to how the vorticity of the mid-level cyclone is maintained
is therefore intimately related to the question of mainterance of the vertical
distribution of these temperature anomalies. In this paper we shall present re-
sults of computations of three-dimens.onal vertical motions based on a non-linear
balanced model (including effects of cerrain, cumulus-scale heating, and para-
meterized air-sea interaction). By constructing backward trajectorie: (passing
through the mid-level cyclone), we will make an attempt to determine mechanisms
that maintain observed temperature omalies. It is hoped that this preliminazy
study will eventually lead to a formulation of a prediction model and achieve a
better understanding of this phenomenon.

Recently, Charney [2] and Yanai et al. [19] have stressed the importance
of a lack of coupling between lower- Pnd upper-level systems in the tropics.
Several earlier investigators, including Riehl '17], also pointed out that most
of the eddy motions in the tropics are in the iGcer and upper troposphere. In
this study, however, observations show that synoptic-scale cyclones are present
in individual, and monthly mean maps of the middle levels. A large part of the
eddy kinetic energy at the middle levels in this region is in association with
cyclonic systems that are a part of the summer monsoon complex of southeast
Asia. There are large zonul asymmetries in the tropics, and mid-level features
over the oceanic regions are quite different than observed over southeast Asia.
Furthermore, seasonal differences in scales of motions are also quite larg, in
the tropics. These intriguing features make the tropics a complicated and
challenging area for large-scale meteorological research.

2, ON THE COMPUTATIONS OF VERTICAL VELOCITY
The procedure used for computation of vertical velocity, ,, is similar to

that described by Krishnamurti [9]. In order to obtain a three-dimensional
distribution of w the following fields are required at several levels: stream-
lines, isotachs, isotherms, relative humidity, ocean temperatures (monthly mean),
terrain heights (tabulations). The model contains the influence of air-sea in-
teraction, terrain upslope and downslope motions, cumulus-scale heating and
several other features. A one-degree latitude by one-degree longitude mesh
on a mercator map projection is used for computations. While the model is in-
ternally consistent, the most serious drawback is the lack of meso-scale data.
As a result, some of the details may not be quite representative on the smaller
scale.

The non-divergent part of the wind Vo is obtained from a solution of the
following equations:

V2 (1

and
•o k~• (2)

where ý is the relative vorticity of the observed wind. Boundary conditions for
0 are obtained by the procedure outlines by Hawkins and Rosenthal [7]. This
particular choice of boundary condition permits no net mass flux from the do-
main; however, 0 varies along the boundaries.
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The following other equations are used in the present study:

Omega equation

a a~ a - araT - _] 2 aa av-_a-0_ d
V . ,(+f 072 fp1(o, C")±HV2]J(Vb,0)=fP op a, dy ay dp dx dy ap

R 2 a a 2 0- o- C" - v H + V_ ( 0 v ) f ( W -v avg{ f T(v N (d¢.

- 7,V2(VX - a aa- O (3)
op o4 at

Continuity equation

2 aw (4)

Vorticity equation

2 asbV - ý -_jO (0 :) , V " X .V V. 2 X
(5)

V V- -V, -o .a• r.J

ap dP- 5_ 8 _dy
Boundary conditions

At p = 100 mb., ,0

At southern wall, y =y. j x =#0

At northern wall, y = 2 y x = 0

1000At p = 1000 mb. , -g O- [j(6, h)-Vx'VhI
Rr0

The solutions for X, X and do/Mt are obtained by a successive approximation
procedure from equations (3), (4) and (5). This involves three-dimensional re-
laxation for . and two-dimensional relaxation for X and 30/1i.

In this diagnostic model diabatic heating rate per unit mass of air is
split into two components:

H - H, + HL (6)

where H, is the transfer of sensible heat from Lhe ccean; HIis the release of
latent heat. Radiative effects have not been included.

The sensible heat at 900-mb. surface is expressed by the following relation-

ship (see Krishnamurti, [9]):

0f, v 0,00323 V (T -19 (7)

lere H,% has units m.2 sec.-% V being the wind speed in m. sec.- at anemometer
level and (T.-T,) the difference (*C.) between the water temperature and the air
temperature at anemometer level.

The procedure for parameteri2ation of the cumulus scale as a function of
the large-scale motion with the mutual modification of the two scales is carried
out using the approach used by Kuo [11] for a tropical storm.
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Heat is released if the following criteria are met:

(1) - Lo'<0 at any level above 1000 mb. This parameter measures the moist

conditional instability.

(2) Net moisture convergence, 1 exceeds zero in vertical columns. The
column extends from the top of the friction layer to the top of at-
mosphere (100 rb.).

The heating function,HL, is defined by the relation:

HL = C, -(T,-') (8)

where (Tc - T) is the temperature difference between cloud element and tropical
environment; C, is the specific heat of air at constant pressure; and t is a
cloud-time scale.

Surface frictional stresses r. and rv are defined in terms of a surface rough-
ness constant applied at the lower level, p = 1000 mb.

3, MID-LEVEL CYCLONE OVER SOUTHERN INDOCHINA
A few selected maps for June 1966 will be presented from the large number

of cases prepared during this investigation. Maps at the surface, 500-mb. and
200-mb. levels are shown in figure 4 for four-map times over the period June
16-18. in all, six-case studies over this region were prepared.

3.1 Surface Winds

Because of orography, the analyzed features only represent surface flows
over oceans and the central plains of Cambodia. At 100 N. there is a marked
diurnal change in surface winds between 1200 GCT (westerly) and 0000 GCT
(southerly). Time continuity is not very clear in the surface-wind field.
The flow is fairly typical of the southwest monsoon. The monsoon low-pressure
trough is located around 17' to 220 N. The c-rculation around the heat low is
more organized at 1200 GCT (1900 local time) than at 0000 GCT.

3.2 500 Millibars

The mid-level cyclone is located near 100 N. and moves slowly westward
during the four-map times. A warm temperature feature (-2* C., 16 June, 1200
GCT) gradually moves westward; isotherms are represented by dashed lines
(interval 10 C.). Marked intersection of streamlines and isotherms clearly
indicates regions of cold advection east of the mid-level cyclone and warm
advection west of the cyclone. This turns out to be an important aspect of
the mid-level cyclones although advective effects are usually considered small
in the tropics. Exceptions to this may be found in the vicinity of hurricanes,
monsoon circularions and tropical cold-lows over oceanic areas. Temperature
gradients are not always negligible in the tropics (see Erickson, [5)), and
whenever temperature gradients greater than about 10 C./300 kn;. are found there
are important synoptic-scale regions of rising arid sinking motions, primarily
resulting from warm and cold horizontal advection. This does not, however,
lead to the inference that in these disturbances there is a net ascent of warm
air and a descent of colder air. On the contrary, we find that maximum cold
advection occurs closer to the axis of warmest temperature anomaly and maximum
warm advection occurs some distance ,.iay from the warm arnmaly. The implication
of this finding to the energetics will be discussed later.

3.3 200 Millibars

The mid-level cyclone of Indochina lies southeast of the upper-tropo-
spheric position of the large upper anticyclonc of the sý.-mer season. Winds
it the 200-.ab. level over the mid-level cyclone are very steady with easterlies
around 20-40 kts. increasing steadily westward. Also noted is convergence at
200 mb. which is consistent with a gradual descending moti.on on the planetary
scale, and this feature is confirmed by our dynamical calculations. Tempera-
ture increases gradually westward over this region with the warmest air near
the Tibetan plateau. No local warm or cold temperature anomalies are observtd
at this level.
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4, tMID-LEVEL CYCLONES OVER INDIA
Results of computations of dynamical parameters over southern Indochina

have been compared with those cbtained from mid-level cyclcnes over India.
Computations have been made for a case presented by Miller and Keshavamurthy
(4] for which considerable detail could be provided by the Indian Ocean ex-
pedition aircraft data. The case selected, 1200 GCT, July 7, 1963, has an
intense mid-level cyclone present over the northeastern Arabian Sea and a
weaker system over northern Bay of Bengal. The locations of these cyclones,
at about 200 N., are shown at the 500-mb. level in figure 5. At 200 mb. (fig.
6) the flow is from the east with a weak easterly jet. Observed circulation
patterns at other levels are shown in Mil>er and Keshavamurthy [14].

5, VERTICAL STRUCTURE OF 11ID-LEVEL CYCLONES
Figure 7 depicts three examples of west-to-east vertical cross 5ections

passing through the mid-level cyclones illustrted in figures 4a and 4b. Fig-
ures 7a and 7b present a cross section along 10' N. which passes through the
cyclones of southern Indochina shown in figure 4. Finally figure 7c is a
cross section along 200 N. through the cyclones portrayed in figure 5. The
center of the cyclone is we2l mar.zed in each case by a maximum in the absolute
vorticity field. The cross sections also contain the distributions of tempera-
ture anomalyT', and vertical velocity o. Values of C in the mid-level cyclones
were as high as 80 x 10- sec"1 . This "trapped" mid-level vorticity i-. a puzzling
pheomenon of the Asian southwest monsoon circulations. Above the center of
the maximum vorticity, a warm anomaly is found in each of these cross sections.
The intensity of the warm anomaly is greater over India than over southern
Indochina. Rising moitions are found to the west of the cyclone and sinking
motions to the east. The rising air has a northerly component with associated
advzction of warm and dry air. In some portions of the cross sections the
boundary-lay-.-r convergence is large, and maxima in the vertical velocity field
are found near 900 mb. The vertical motion of the upper-level systems cppears
tc couple and uncouple with the lower-level rising and sinking motion distri-
butions. These zonal cross sections show a vertical tilt of the vorticity
maxima towards the west. In the north-scuth plane (cross sections) the vortici-
ty maxima have a southward tilt with height towards colder air. The greatest
tilt is found near the surface and in the upper troposphere.

The cross sections show the warmest temperature anomaly is near the loca-
tion where the upper easterlies change their sign of vertical motion. This
result was found to be the case in almost all of the examples that were investi-
gated. This is an observational evidence of the role of subsidence warming in
maintaining the warm anomaly.

6, HORIZONTAL DISTRIBUTION OF VERTICAL MOTION
The non-linear balanced model used in the present study resolves vertical

velocity into a number of components (Krishnamurti [9]). An examination of the
details of the vertical motion revealed that thermal advection was a primary
contributor to the total vertical motion in the vicinity of the mid-level
cyclone. This is not sumprising in view of the thermal structure of the dis-
turbance and its relation to the motion field. Air over the oceanic regions is
cooler than that over land, and strong thermal advection is observed in some
regions. Flow from the land areas is associated with warm advection and rising
motions, and the converse is true for flow from the oceanic areas. Figure 8
shows the horizontal distribution of vertical motion at 700 mb. for four-map
times over southern Indochina. Largest magnitudes of vertical velocity are of
the order of 1 cm./sec. but these appear to have physical importance since the
regions of rising motions correlate reasonably well with the cloud cover during
these periods (fig. 9). We are also extending these studies over larger areas
including Southeast Asia and India. The results of these studies will be
reported later.

7, DIURNAL CHANGES IN VERTICAL VELOCITY
Remarkable diurnal differences in the magnitude of lower tropospheric

vertical velocity (, were noted in the computed fields. The magnitudes of Iof
were systematically lower at 1200 GCT (1900 local time) as compared to 0000
GCT (0700 local time). A further examination of the distribution of the
dependent variables (fig. 4) revealed that this diurnal change in 1,,, was
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primarily due to a systematic change in the distribution of wind vectors and
not in the thermal field or its gradients. The primary forcing function in
the w equation in the vicinity cý the mid-level cyclone is the Laplacian of
thermal advection. Its magnitude is reduced during afternoon hours and in-
creased during nighttime due to the changes in the wind speed and direction.
These results are in accordance with recent findings of Kreitzberg [8] who
used a mesoscale network of roughly 20 aerological stations over southern
Indochina. He found marked diurnal changes in the vertical distribution of
moisture which he attributed to diurnal changes in the vertical motion field.

Other features of interest found by Kreitzberg include a low-level meso-
scale speed maxima of the order of 40 kneot with lateral dimensions less than
one-degree latitude. He found that regions with active cumulus convection
were located roughly over the regions of maximum low-level cyclonic relative
vorticity. This is a confirmation of the presence of Ekman-type boundary
layer over land areas where the coupling between cumulus-scale and low-level
mass convergence seems to be on the mesoscale. Charney [3] has proposed
similar ideas in his theory of the intertropical. convergence zone. Fujita et
al. [6] have used cloud motions from synchronous ATS satellites to show that
over oceanic regions of the tropics the low-level wind does exhibit a relative
cyclonic vorticity maxima on the mesoscale below organized bands of cumulus
convection. It is remarkable that Kreitzburg noted similax structures over
land areas.

Lack of mesoscale data makes it very difficult to parameterize cumulus
convection properly. An attempt has been made to take this effect into ac-
count in a rather rough manne7. In general, for larger scale numerical pre-
diction in the tropics, it w,. A be impossible to expect mesoscale data over
the entire regions. However, tiaoretical work on the formation of mesoscale
velocity streaks in the boundary :ayer of a conditionally stable air mass
may prove to be important.

8, MECHANISM FOR THE MAINTENANCE OF THE UPPER

TROPOSPHERIC WARM ANOMALY
The first law of thermodynamics used in this study is expressed by the

relation:
aT ,aT R. a(T -T)

VT. V VT -(IT-+,) (9)a a tC r At

The first term on the right represents adiabatic warming or cooling, and
the second term on the right gives a measure of the cumulus-scale warming.
Quantity a rej.esents the fraction of the synoptic-scale area covered hy con-

vective elements, and At is a cloud-time scale. a R-(-+- )T a measure of

static stability, is positive on the synoptic scale.

The warm anomaly above the mid-level cyclone could be maintained by sub-
sidence warming. Several backward trajectories were constructed in order to
assess the contribution of this effect. It soon became obvious that large-
scale descending motions alone could not account for the observed warm anomalies,
e.g., a is of the order of 0.070 mb.-' and w is of the order of 30 x 10"5mb.
sec.-).

The order of magnitude of the cumulus-scale warming can be obtained by
assuming a = 0.01,T, -Tf30 C. and At v15 minutes. The orders of magnitude
of the two terms are:

a . - 2.1 1 °0 sec.-'.

a(T, - T z3. 10's sec.-'.
At

Over a period of 24 hours parcels moving through this region would experience
a warming of the order of 30 to 40 C. Both of these mechanisms therefore are
important.
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Tables 1 and 2 show the distribution of selected computed parameters along
backward trajectories based on our solutions of the balanced model. The tables
apply to trajectories passing through the mid-level cyclone over southern
Indochina and over the Arabian Sea, respectively. These detailed computations
confirm our order of magnitude, estimates discussed above. The estimates of net
radiative cooling in row 9 are taken to be 1.20 C./day, based on values given
by London [12]. It may be noted that the location of the center of the mid-level
cyclone is close to column 8 in each table.

Table 1. Parameters Along Backward Trajectory Passing Through
Mid-Level Cyclone. (Indochina)

1 2 3 4 5 6 7 8 9 10 11
Row Parameters 

I Mid-level cyclone

I Time in hours along backward
trajectory 0 -4 -4 -12 -16 -20 -24 -28 -32 -36 -40

2 Observed temperature at 500
Millibars (0A.) 266.0 266.1 266.3 266.8 267.2 268.6 1 269.9 269.0 268.7 267.9 267.4

3 Static stability a (units
deg. sec.'Imb."I) .071 .074 .078 .073 .069 .065 .065 .061 .062 .064 .065

4 Calculated vertical velocity
(units 10"Smb./sec.) 82 67 48 33 27 12 5 2 -19 -38 -49

5 Calculated temperature using
adiabatic motions only (0A.) 266.0 266.7 267.2 267.5 267.7 267.2 267.9 267.9 267.8 267.6 267.4

6 Calculated percent area
cowered by convective
clouds 0 0 0 0 0.4 1.2 1.8 1.9 0.6 0 0

7 Temperature difference be-
tween cloud 1, and tropical
environment T. (*A.) 0 0 0 0 3.4 3.1 3.3 3.r 3.1 0 0

8 Diabetic warming by cumulus
scale (*A./4 hours) 0 0 0 0 0.21 0.58 0.95 1.12 0.29 0 0

9 (Estimated long wave radi-
ative warming *A./4 hours) -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2

along trajectory 266.t 266.5 267.0 267.3 267.7 268.2 268.7 268.8 267.9 2
10 onNetrcalcultedy teprtre 6286.2881279 27.L6.

Table 2. Parameters Along Backward Trajectory Passing Through
Mid-Level Cyclone (India).

14 5 6 7 8 10 IiRow Parameters Mid-level cyclone

1 Time in hours along backward
trajectory 0 -4 -8 -12 -16 -20 -24 -28 -32 -36 -40

2 Observed temperature at 50G
Millibars ('A.) 265.1 266.0 266.7 267.2 267.8 268.7 269.3 268.8 268.2 267.0 266.1

3 Static stability a (units
dig. sec.' mb."A .077 .079 .08 .089 .089 .083 .081 .082 .077 .073 .073

4 Calculated vertical velocity
(units 10 mb./sec.-s 40 43 56 44 32 28 -27 -51 -85 -106 -58

5 Calculated temperature using
adiabatic motions only ('A.) 265.1 265.6 266.3 266.9 267.3 267.7 267.4 266.8 265.9 264.8 264.2

6 Calculated percent area
covered by convective cloues 0 0 0 0 0.3 1.1 1.7 1.6 0.9 0.5 0.1

7 Temperature difference be-
tween cloud Tand tropical
environment T. (,A.) 0 0 0 0 3.7 3.8 4.1 4.0 3.3 3.6 3.5

8 Diabatic warming by cumulus
scale (*A./4 hours) 0 0 0 0 0.18 0.67 1.12 1.02 0.48 0.29 0.06

9 Estimated long wave radi-
ative warming (A./4 hours) - -0.20 -0.20 -0.20 -0.20 -0.2C. -0.:C1 -0.20 -0.20 -0.20 -0.20

10 Net calculated temperature
along trajectory 265.1 265.4 266.1 266.7 267.3 267.6 266.2 264.9 264.1
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Table 3 shows values of (Tr-T) based on conservation of equivalent poten-
tial temperature (i.e., parcel ascent) for Saigon and Bangkok during a 10-day
period at 1200 GCT in June 1966. The temperatures of the parcel T: are greater
than T below 300 mb. Values of (T' - T) ever the troposphere, which refer to con-
ditions near sunset, can be as large as 50 to 6* C., and can, under favorable
conditions, produce significant warming of the air at upper levels on a synoptic
scale. Conditions during the day would lead to even larger values, of (T, -T)
The present investigation deals with diagnostic calculations of the three-di-
mensional motion field. Such studies have obvious disadvantages in that only
limited conclusions can be drawn regarding the importance of 'arious mechanisms.
The manner by which adiabatic warming and cumulus-scale heati.&g couple to pro-
duce isolated warm anomalies can only be examined by a prediction experiment.
Since these mid-level disturbances are present in the monthly-averaged maps,
the role of orography, warm continenLs and air-sea interaction must be important.
These features must be included for a successful simulation of the phenomenon.

Table 3. Time Variation of(T,-T)0 C. at Selected Stations
in the Vicinity of the Mid-Level Cyclone. June,
1966, 12Z.

Saigon

Date 9 10 11 12 13 ±4 15 16 17 18

Pressure

850 1.7 2.3 3.0 5.3 3.0 1.1 2.3 3.0 2.4 1.4

700 4.4 3.1 3.2 3.1 1.7 1.2 0.7 1.7 J.7 1.0

500 1.9 2.5 -0.2 0.6 3.9 2.4 2.2 0.8 0.6 1.7

400 0.9 1.5 0.1 1.5 1.8 1.0 1.0 1.2 1.2 0

300 1.0 0.6 0.6 0.5 0 -0.2 -0.9 -0.4 0 -0.8

200 -4.4 -5.2 -4.7 -0o.3  -5.1 -5.0. -4.2 -4.9 -5.1 -(o.4

Bangkok

850 3.1 9.3 7.5 5.3 1.2 2.4 2.4 3.5 3.1 2.2

700 4.8 4.6 2.7 2.3 1.8 1.8 1.8 3.5 2.3 3.i

500 0.8 4.4 2.9 3.0 1.6 2.9 0.9 3.2 2.2 L.9

400 0 1.2 1.2 1.7 1.9 2.2 2.2 | 2.0 1.3 1.1

300 -. -0.2 0.2 {0.2 0.3 0.4 0.1~ 1.4 -(0.2 0.3

200 -5.3 -4.2 -5.21 -4.5 -5.2 -. 0 - -4.9 -,.2 i -4.

Muzakami et al. [151 have made a remarkable start on a two-dimensional for-
mulation of a zonally symmetric monsoon problem. They have produccd a reasonably
successful simulation of the mean zo,,al circulation of thv Asian summer monsoon
by incorporating variot- features stch as eddy diffusion of momentum, heat ind
aater vapor in the boundary layer. They p,.rfcrm a detailed computation of the
heat balance of the earth'.R surface to predict its surface temperature. Cumulus
convection is parazmterized by a procedure similar to that -)f Manabe and
Smat.orinsk" 113]. This simulation of the zorally symmetric summer monsoon does
not contain any evidence of th! mid-1vvvl cyclonic vorticity mAxima at 20c N. or
at 10* N. This, of course, should not be expected because of thv symmetry re-
striction and the scale of this phenomenon. We feel that investiqations of mid-
level cyclones will be am intereztinq asymmetric problemi of the •,,nsooni circula-
tion. A solution of it could be accomplished by extending numerical models of
the type formulated by Murakami azil his collaborators and rrlaxint the symmetry
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constraints. Alternatively, one might wish to explain the "trapped" mid-level
vorticity maxima as a dynamic instability problem in the presence of horizontal
and vertical shear flows.

During the summer season in the middle latitudes zonal winds change from
westerlies in the troposphere to easterlies in the stratosphere. Charney and
Drazin (2] have shown that such a vertical distribution of zonal currents in-
hibits a vertical propaqation of energy of long quasi-geostrophic waves. There
is a close analogy to such a phenomenon in the tropical troposphere over the
region of the southwest monsoons. Over southeast Asia a strong belt of surface
westerlies decreases with height, and above 500 mb., easterlies are found with
an easterly jet near 150 mb. We might speculate that a critical level exists
around 500 mb. such that synoptic-scale energy at lower levels is trapped below
or around the critical level. This trapping might manifest itself in the form
of large mid-tropospheric eddy kinetic energy in these mid-level cyclones.
There is an important difference between the monsoon situation and the larger-
scale waves considered by Charney and Drazin. This difference is due to the
deep cumulus convection which transfers large amounts of energy tn very high
levels from the boundary layers of the southwest monsoon. This energy is linked
to motions on the mesoscale in the boundary layer because of the more direct
association of cumulus convection with mesoscale motions rather th)an with the
larger synoptic-scale mrtion. This analogy appears worth examining in greater
detail.

9, ENERGY TRANSFORMATIONS BY CUMULUS AND SYNOPTIC-SCALE MOTIONS
If calculations of energetics are to be carried out over the entire globe,

a simple formulation of the energy transformation equations can be obtained.
In such a problem the generation of eddy kinetic energy can be related to in-
ternal barotropic and baroclinic exchanges. On the other hand, when open bound-
aries are considered, large non-vanishing boundary fluxes are usually present,
and a simple interpretation of the energetics of the system is generally not
possible. The structure of the mid-level cyclones has been obtained by solving
the balance equation over a limited portion of the globe. The results of these
computations of energetics are more in the line of, so called, budget studies.

9.1 Energy Equations

The local change of kinetic energy per unit mass of air can be written as:

AK a RT
S- - .- ( )w\ - - I(K ý k). ... _- IF (10)dp P

Upon integration over a mass m of the atmosphere, this change may be written

as- I" j'K -, f (I ds dp f LJ di dy (11

P1 IVff IF dx dydp

where C' is an outward normal velocity in the horizontal direction and K, the
total kinetic energy, is given by:

K ~K a -. ~JJK di dy dp (12)

Vertical motion is assumed to be zero at 100 mb. in the balanced model used in
this study. The contribution to the energetics due to vertical advections at
1000 mb. have been neglected. Frictional dissipation of kinetic energy is ex-
pressed in terms of the surface drag (drag coefficient ( 1.0 x l10-) and is
roughly proportional to the cube of the surface-wind speed.

9.2 Parameterization of C'xiulun Convection

In tropical energetics the Lontribution to '.-' correlation arises partly

from larger-scale and partly from the cuXulus-scale motions. It is possible
to obtain a measure of the vertical motion that is relevant to the cumulus
scale by the following procedure.
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The net convergence of flux of moisture into a unit vertical column ex-
tending from the top of the friction layer to the top of the atmosphere may be
expressed by the relation: I--~f __! (1))

where the subscript f refers to the top of the friction layer. Units of I are
mb. m.-1 sec.-I. For large-scale motions I is roughly 10"6units in the tropics
[10]. Following Kuo, we form a model cloud which requires a net convergence
of flux of moisture to replace the tropical sounding (T, q) by a moist adiabat
(T, ,q) . At any level this may be expressed by:

J (T- T) (q,-q)

SLAI At 14)
where A( is a cloud time scale. Along an undilute cloud element l2/ap equals
zero since no entrainment is assumed. We may approximate . by the relation:

CP(T,- T)
- L + (q - q)

(15)-i L

This expression for vertical velocity in cumulus scale motion is such that w

will be zeru at the liftin9 condensation level and at the level where the tropi-
cal sounding intersects the moist adiabat. In between these levels there would
be rising motion because T -T,q -q and aq /ap are all positive. A typical
magnitude of at 500 mb. is rou4hly 10-I mb./sec. (w 1 m. sec.-'). "hie maximum
amount of moisture convergence required to produce the model cloud over
synoptic-scale unit area is expressed by the relation:

Q PT{CP(Tc T)( L ct At J 16)

Pr,

The units of Q are mrb. m.-! sec.-I. In a conditionally unstable tropical atmo-
sphere is roughly 10-units. Since I is the available moistuie convergence,
the raQoo:

a - I/Q

may be regarded as a fraction of the synoptic-scale unit area covered by con-
vective model clouds.

There are several limitations in the parameterization procedure and the
numerical procedures used for evaluation of the t .e-dimensional motion field.
These limitations are discussed at some length by Krishnamurti (9, 10].

9.3 Energy Releases By Convective Scale Motions

A measure of the contr-.bution to the 'w.' correlation by the convective
scale can be obtained by the intergral:

"4 P, - dy Jp

The horizontal distribution of 'a' is taken into account here; all clouds in
each synoptic unit area ar,- alike but they differ from one region to another.

9.4 Energy Releases By Synoptic-Scale Motion

Using the synoptic-scale vertical motions, discussed earlier in this paper,
d contribution to ' by this scale may be expressed by the integral:
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we assume that a<<I and 1-a.I .

It ir ,asy to obtain a rough comparison of the contribution by the two
scales within the framework of the parameterization procedura followed here.
In an active convective disturbance like the mid-level cyclone,

w, - 10-'mb./sic.

Sa - 1IO rob./sec.

T,-T - 40 C.

T'- 40 C.

a - 1I

and we note that w -(T" T) - w'T'. This suggests that over active convective
reqions contributions by the two scales may be comparable.

9.5 Results of Energy Computations

We have evaluated the various integrals of the kinetic energy equation
for the four-map times of figure 4. A box with i des along 7° N., 19* N., 950
E. and 115* E. encloses the mid-level cyclone in jach case.

The following is a summary of the results of computations. Convergence of
flux of potential and kinetic energy into box equals,

-12.81 x 10'a ergs/sec.

Dissipation of kinetic energy by surface friction equals,

4.11 x 1018 ergs/sec.

Generation of kinetic energy by (w'cz) synoptic scale equals,

-24.76 x 0108 ergs/sec.

Generation of kinetic energy by (w'a') cumulus scale equals,

39.29 x 101 8 ergs/sec.

Net imbalance - -2.39 x 100 ergs/zec.

This imbalance is due to several factors such as (1) contribution by i 5 which
would depend on the size of the box, (2) local changes of kinetic energy in the
box, and (3) truncation errors in the estimates and in the averaging orocesses.
For the present we shall not be concerned with an explanation of thest imbalances
Lccause of the approximation and sources of error in such computations. We find
that synoptic scale a'*' contribution transforms eddy kinetic into eddy poten-
tial energy. As stated earlier this became obvious when we examined maps of
synoptic-scale vertical motions and temperatures. We found that the centers of
maximum sinking motic".'- were located closer to the centers of warm anomalies.
The important role of the cumulus scale on the energetics becomes clearer from
these computations. Part of the kinetic energy released by the cumulus-scale
motions is axported out of the box and part of it cancels the synoptic-scale
conversions. In the absence of the cumulus scale, this system cannot be
maintained in steidy state because synoptic-scale energy conversions, friction,
and exoorts would destroy its kinetic energy. It is also very interesting to
compare the role of these two scales in maintaining the warm anomaly above the
mid-level cyclone as well as an energy ccnversions.

(1) Both scales account for warming above the mid-level cyclone.
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(2) Cumulus scale opposes the synoptic scale energy conversion, the former
being somewhat larger in magnitude.

6

We feel that further studies should be carried out to understand the
coppling of these two scales of motions discussed in this paper. It would also
be worthwhile to see if such a du3l role is found in other tropical weather
systems.

DISCUSSION
Southernt

(1) Do any of these mid-level cyclones develop down to the surface as they
mcee viestward into the Bay of Bengal?

(2) Comment. Since the advent of weather satellites we have noticed a
similar occurrence of what appear to be mid-level cyclones (700-600
mb.) over northern Australia which move westward accompanied by a
surface isobaric minimum. Generally these dissipate over land west of
Darwin at about 150 S. Occasionally, they develop into surface level
cyclones over the Bonaparte Gulf. The mid-level cyclones produce
widespread rain and flooding, vnd the inflow area at 700 mb. seems to
cover a radius of above 500 miles or so.

RAMAGE:

(1) There was at least one well documented case of a small intense cir-
culation ( 60 kts.) extending to the surface near Bombay.

ATKINSON: The temperature anomalies with these mid-level cyclones seem to be
much greater over India than those over Indochina. Assuming that large warm
departures at 500 mb. during the summer are associated with these disturbances,
we may be able to derive a climatology of the frequency ef these systemn: by
studying the temperature frequency distributions at individual stations

KRISHNAMURTI: I agreol, his would be highly desirable; this is unfortunately
bot available at present.

KREITZBERG: Would the mixing and evaporation from the convection up into sub-
sided air produce more evaporative cooling than the preceding warnming? That is,

doesn't the subsidence do more harm than good by the time you have to moisten
that air?

KRISHNAMURTI: I don't think evaporation from falling rain from a small percent
of the total synoptic scale area could be all that important. Cumulus convection
is very efficient in pumping moisture up as synoptic scale; synoptic changes art
known to take place very rapidly when there is cumulus scale pumping.

SADLER: The central portion of the cyclone is apt to be a cloud minimum area
and can't contribute cumulus for heating.

KRISHNAMURTIr Cumulus convoction is not isolated to the very center of the mid-
level low. Convection seems to move to the north and west of the id-level cy-
clone. This location will be variable from one case to the next.

NERALLA: Do you have any plans to make diagnostic case studies of heat lows?
If so, in which way do they compare with mid-level cyclones?

VRISHNAMURTI: I have no immediate plans for studying heat lows. It is a compli-
cated pro'lem. Dr. Hurakami has made a gooC start on this problem.
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APPENDIX

LIST OF SYMBOLS
L latent heat of vaporization of air

HH,. sensible and latent heat (respectively) per unit mass of air

C, specific heat of air at constant pressure

a fraction (or percent) of synoptic-scale area covered by convective
clouds

s equivalent potential temperature

R gas constant of dry'air

r, temperature of air at anemometer level, same as in this study

r, temperature of water

V total wind speed

* acceleration of gravity

Sstreamfunction

. relative vorticity and absolute vorticity

2 a2  a2

a aV =-

az dy

X potential of the divergent part of the wind field, a velocity po-
tential

RT
w Exner pressure --

' af
p the beta parameter ---

RTa
Sstatic stability parameter

vertical velocity (•)

f Coriolis parameter

T, q. temperature and specific humidity (respectively) of a parcel raised
vertically above the 900-mb. surface with no lateral mixing

T. c temperature and potential temperature of air, respectively

V¥,0 non-divergent part of the wind

I net moisture convergence in a ur~it vertical column extending from 900
mb. to the top of the atmosphere 2,00 mb.)

, y. p. I independent variables

K kinetic energy V

÷ potential energy -gz°

specific volum

q specific humidity

h terrain height (above sea level)

h.| unit vectors along tonal, meridional, and vertical directions
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LIST OF SYMBOLS (CONTINUED)
r. frictional stresses along x and y directions

IF frictional force

% horizontal wind vector
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USE OF NUIJERICAL PRODUCTS IN THE TROPICAL PACIFIC"

R. E. Hughes
Fleet Weatoer Central

Pearl Harbor

EXTENI'ED IBSTRACT

PACIFIC TIWPICAL WIND ANALYSIS

A majority of USN, USAF and commer;ial flight operations in the Pacific
takes place in the Tropics. To provide real-time environmental support for these
operations, a cooperative USN, USAF, ESSA Weather Bureau Tropical Wind Analysis
and Forecast Program is in operation at the Fleet Weathe-r Central (FWC), Pearl
Harbor. The program is run every 6 hours on one of two CDC 3100 computers.
Primary data source is the AWS Automated Weather Network (AWN) from Tinker, AFB
relayed from the Fleet Numerical Weather Central (FNWC), Monterey, California.
A secondary input is from several weather circuits which terminate in automatic
magnetic tape collectors at FWC Pearl. Maximum emphasis is placed on utilization
of aircrait reports. RAOBS and PIBALS are used to determine wind shear values by
which AIZEP winds ar* spread to the closest standard levels for which analyses
are prepared. On the average 550 RAOB/PIBALS and 2200 AIREPS are used ;.- the
analyses each day.

Wind analyses are prepared for the 700-, 500-, 400-, 300-, 250- and 200-mb.
levels. The analysis technique, developed by Vederman and Bedient (31, is a var-
iation of the correction method. A first guess to the analysis is modified to fit
all reasonable data. In areas where the data are sparse or nonexistent the first
guess is adjusted toward a climatological mean wind field. The analysis is per-
formed for the area bounded by latitudes 240 S. to 370 N. and longitudes 750 E.
to 900 W. The area was recently extended to 600 N. South of 37* N., the first
guess 3s the 6-hour previous tropical analysis. North of 370 N., a prognosis
verifying at analysis time is extracted from a hemispheric prognostic chart
produced by FNWC Monterey. The two first guess fields are merged, the data are
inserted arnd the analysis is then performed. 1t.e analysis rr.Nduc-s wind and
temperature values at grid points which are separated by a distance of approxi-
mately 300 nm.

STREAMLINE ANALYSIS

Streamlines art. fitted precisely to the analyzed wind,. The method has been
documented by Davis [1). Analyzed wind directions are interpolated along select-
ively spaced lines at G.1 inch intervals. These line segments are connecteJ to
produce each streamline. Ro subjective modelling constraints are placed on the
streamline patterns.

WIND FORECASTS

Forecast winds are produced by a statistical technique developed by Lavoie
and Wex eranders [2]. Lag correlation coefficients determined for each grid
point are used to prodv'ce a persistence - climatology mix.

S(,UT11KASTr ASIA WIND ANA.LZ'.IS

The Tropical Analysis scheme with minor modifications is used to analyze
,50-mb. winds over Southeast Asia. This program produced by Major Joern, USAF,
uses a grid spacing of 150 nm. over the area bounded by the equator, 40' N., 75*
r. and 140 1%..

TKEPICAL CYCLONE ST•':RING (TYRACK)

The Tropical Witd Analyses are used in a stevring "echnique to forecast
mov..,-nt of tropical cyclones. The cyclone ia treated as a puint vwrtex embedded
in iteerinq !low obtained by xmoo'.hinq the 4nalyzed winds at several individual
l'os and at xr.Linattions uo these levels. Fur each steeri.lq flow, the Vortex
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is first steered backward to a point in time for which the storm location has
been fixed. The position determined in this manner is compared with the actual
storm position. The steering flow which moves the storm backward in the direction
clciest to the actual movement is selected as the steering flow to be used in the
forecasL. The difference between the actual position and the position determined
by the selected steering flow is added as a bias correction to the forecast
posLtions.

REFERENCES
1. DAVIS, R., "A Coputer Method to Generate and Plot Streamlines." ESSA

Technical Memorandum WBTM PR - 5. 1969.

2. LAVOIE, R. and C. WEIDERANDERS, "Objective Wind Forecasting Over the Tropi-
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DISCUSSION
KREITZBERG: What operational decisions are based on your wind-factor forecast?
How close do they limit their fuel based on your wind forecast?

HUGHES: I can't speak for the operational people but I would expect that they
use the wind factors for determining fuel load and other necessary flight plan-
ning information. I have no information on how close they might limit their
fuel load based on our wind forecast.

RENARD: Why are you concerned with eliminating cyclonic outflow and anticyclonic
infow in your streamline analysis--for the scale of your computerized analysis?

Hughes: Only to improve aesthetic appearances. Prof. Ramage noted that under
the influence of friction it would be expected that anticyclonic outflow and
cyclonic inflow should predominate in the real atmosphere.

ATKINSON: It appears to me that the climatology-persistence mix for the first
guess field should be higher than the ratio currently used. Perhaps something
like 20 - 80 percent would be better. This would take you back close to clima-
tology at 48 hours which we know is realistic from previous statistical wind
studies.

HUGHES: The analysis is performed every 6 hours. Persistence should be the best
available 6-hour prognosis.

MANNING: A greater weight was given to climatology in the past but user comments
indicated this was undesirable. Our users are more satisfied with tthe present
mix. This is probably because the users are concerned primarily with areas in
which data is plentiful. A 20 percent climatology weight might be desirable in
sparse data areas. Users were dissatisfied with the smoothing effect of clima-
tology that wiped out features too rapidly in their opinion. Tendency since has
been to favor persistence over climatology in the program. We have had no com-
piaints recently on this score as patterns are thus retained longer. In data
areas, data are drawn for. In nondata areas, a return to climatology after a few
days does not seem to make a noticeable difference.

BRETT: I have a question concerning the 850-mb., 2 1/2 degree grid-computer
analysis over Southeast Asia, developed by Major Joerne. Is this product being
evaluated as a diagnostic synoptic analysis for operational use, possibly in
Southeast Asia? If so, does the 2 1/2-degree product significantly improve the
capability of the computer analysis to detect weather producing or surpressing
sys temss?

HUGHES: It is now available for operational use. It can be improved by further
evaluation but we are not placing much effort on this product at the present.
Other products take higher priority.
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SUMMER MONSOON STUDIES OF CLOUDS AND WEATHER OVER SEA

UTILIZING SATELLITE DATA*

John H. Conover
Air Force Cambridge Research Laboratories

ABSTRACT
This report ,immarizes progress over the past 2 1/2 years. Studies range from

the aevelopment of empirical relationships which can currently be applied in prep-
aring forecasts in the field to more basic studies which are required for under-
standing the weather there.

A radar weather index, RI, was developed and calculated for each hour to
provide a measure of pretipitation activity over SEASIA. The index equals the
percental coverage of radar echoes within a circle, whose radius is 50 P. ml.,
centered at the station. Indices were prepared for Tan Son Nhut, a suburb of
Saigon, for 1966, 1967, and 1968 and for Pleiku, RVN and Ubon and Udorn, Thailand
for 1967 and 1968.

Comparison of the heights of pressure levels over Asia and the western
Pacific Ocean with activity over the Indochina Peninsula, as represented by the
average P1 of the four stations, show that activity is first preceded by an in-
crease in *he 1000- to 200-mb. thickness over the vicinity of Nortih Korea. This
is followed by higher pressures at low levels over China which accentuates the
monsoonal trough to the south. Optimum position of the trough for activity 6*-7?
north or northeast of the area under consideration. When the trough develops in
this position, relative tc the station, cloudiness concentrates over or sout-h o0
the station in a long W. - E. band. For some unknown reason, cloudiness 400 to
500 miles east of the stations, within the band, correlates best with the subse-
quent radar index. Preceding inctivity, thicknesses are below average over North
Korea and the monsoonal trough and cloud band are absent or far removed from the
area in question. It is believed that the activity is brought about by stronger
winds and zonal shear which develops south of the trough. The significance of
the shear lies in the generally eccepted fact that deep convection in this part
of the world must have its roots at low levels, usually below 9C0 ob., and ascent
at low levels caa. be caused by convergence which in turz develops from horizontal
shear in the Ekman layer. An attempt to prove this using combined gradient-level
winds over land aund ship surface winds to produce vorticity patterns failed.
Suspected causes of failure are that the data were not representative of winds at
a constant level within the Ekman layer, and the computer wind analysis smoothed
the isotach patterns excessively. On inactive days a broad southwesterly flow
is found at low levels over the peninsula. Shear patterns are lacking, and only
over the highlands or near coastlines is there sufficient low-level convergence
and ascent to set off important shov-er activity. Superimposed on this synoptic
scale of events is the diurnal effect of the Indochina Peninsula. Due to lower
diurnal pressure falls inland than on the coast, additional horizontal uhear
develops in the afternoon in some areas within the prevailing westerly and south-
westerly winds. Maximum effect should be on the southeast coast. This, rather
than the direct effect of destabilization dte to solar heating of the ground,
seems to be a logical explanation for the very large diurnal variation in RI at
Tan Son Nhut. At that station the maximum RI occurs near 1900 local time and it
is 12 to 13 times as large as the morning minimum. At the three inland stations,
the diurnal range is significantly smaller although surface afternoon temperatures
rise to virtually the same level as temperatures at Tan Son Nhut.

Mean values of kinematically computed vertical motions at five levels, which
include the effects of topography, for the most part,yield logical average pat-
terns in relation to the synoptic patterns and diurnal effect just discussed.
However, on a day to day basis the observed winds in the form of vertical mo' ions
it all levels fail in explaining future cloudiness and RI or even current RI.

On the other hand, som• significant forecasting aids have been found in the
form of regression equations that eýmploy the noontime, afternoon, or midnight
cloudiness at :,e," l-'ations to give subsequent average RI over three or twelve
hourly periods for 36 or 48 hours. The cloudiness can b" viewed as a more posi-
tive manifestation of rising motion, thus avoiding the unsuccessful attempt of
utilirinq computud vertical motion. Also of anticipated value in forecasting,

*Rv.carch sponsored by Air Force C'ambridle Research Laboratory
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are mapa which show the relative frequency of all radar echoes or new echoes
observed from Tan Son Nhut on active or inactive days over the four 6-hourly
ieriods of the day.

An additional point of interest arose with the detection of fast moving
(50 - 60 knots) sea-level pressure waves from the east. Although the relation be-
tween pressure and weather in SEASIA is far from clear, the pressure waves will
be kept in mind in the search for effects that trigger or suppress activity.

1, INTRODUCTION
The aim of this study is to improve the foreca3ting of cloudiness and weath-

er over Southeast Asia (SEASIA) through the supplemental use of data derived from
satellites. Studies range from the development of simple empirical relationships
which can currently be applied in preparing forecasts in the field, to more basic
studies which are required for understanding the weather there.

This work has been underway for about 2 1/2 years. Over the first 1 1/2
years, three progress reports were submitted to the let Weather Wing for transmit-
tal to field personnel. This report served as a fourth progress report. However,
it differs from previous reports, for the benefit of new workers in the field, in
that details of unsuccessful experiments are also discussed. The policy of out-
lining in this section the findings set forth in earlier reports continues; there-
by, eliminating the need for their reference, at least for practical applications.
All of the work applies to the months of June, July and August and relates pri-
marily to video satellite data. The application of DRIR data to forecasting is
included.

In the first report, dated 24 May 1967, it was noted that subsequent precipi-
tation in the Saigon area was related to cloud patterns in the local noontime sat-
ellite photographs. Specifically, precipitation was indexed in the form or a
"radar weather index," RI. The RI is equal to the percent coverage by echo with-
in a circle, having a 50 n. mi. radius centered at the radar. In that report the
radar used was located at Tan Son Nhut. The RI was computed hourly from coded
CPS-9 reports commonly known as "RAREPS." Echo areas reported as "widely scat-
tered" were considered 5 percent covered, as "scattered" 25 percent covered, as
"broken," 70 percent covered, as "solid" 95 percent covered and as "cells" 100
percent covered. Each day's cloud photography was subjectively classified as one
with or without a band. A band was dofined as a major group of clouds which align
themselves into a generally straight E. - W. or curved line between NW. - SE. or
SW. - NE. Saigon must lie within 30 latitude north of the band. On "band" days
subsequent afternoon RI values were high while on "no band" days they were low.
Schematic and satellite rhotographic examples of "band" cases were also shown.

The first report also included information on the lift cycles of radar echoes.
It was found that the most frequent lift of broken areas greater than 50 n. mi. in
diameter was 3 to 4 hours. Echo duration for celli less than 20 n. mi. in diameter
showed a very strong preference for one hour (the normal interval between observa-
tions). It was also found that echoes most often drifted with the 700-mb. wind
flow at 60 to 70 percent of the wind speed.

The soundings for Tan Son Nhut over the three summer months were examined in
respect to stability and subsequent activity. It was found that stability, as
indicated by the Showalter index, was not related to subsequent activity. Since
then, Bunting (3) found similar results using the Penn State convective cloud
model.

It was also noted in the report that work was under way to develop an objec-
tive method of determining what areas of cloudiness in relation to Saigon are most
important for classifying days as those with or without a band.

In the second progress report dated 23 August 1967 the objective method was
presented. It substantiated the point that cloudiness over key areas east and
south of Saigon indicates subsequent RI over the Saiqon area. Regression equa-
tions were given which could be used to successfully predict RI up to 24 hours
in advaice from cloudiness at the key locations, even though it was warned that
these results were based only on one year's data and not were tested on inde-
pendent days. It was also shown that persistence forecasts fell below the new
method after 4 to 5 hours.
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The third report, dated 30 June 1968, dealt with new results obtained when
an additional year of RI valuew was included with the data used to develop the
previous relationships. These relationships were originally derived by consider-
ing 1500 LT' satellite data with noon cloud observations and a single season of
RI values from Udorn, Ubon and Pleiku.

In past and present work, objective techniques are emphasized because the
1-year tour of duty for most forecasters, in that part of the world, simply does
not permit the development of a high degree of skill, whereas objective methods
provide a certain amount of "instant experience."

2, RELATIONSHIP BETWEEN CLOUDINESS, CURRENT AND

SUBSEQUE1T RADAR INDICES
2.1 Analysis

2.1.1 Cloudiness

Cloud amount was obtained for Il squares over the area from 3" N. to 25" N.
and 94* E. - 125" E. Noontime data were used for the years 1966-1968 and in ad-
dition, data near mid-afternoon were used in 1567. Table 1 lists the data sources,
median picture times and usable pictures for each season.

Table 1. Sources of Cloud Data, Picture Times and Usable Number
of Picture Days.

1966 1967 1968
Satellite Nimbus II Nimbus II ESSA V ESSA VI

Mode of data AVCS APT Digital APT

Median picture time (Z) 0400 0438 0800 0300

"_ (LT) 1200 1238 1600 1100

Usable days 34 43 85 84

NASA gridded the AVCS pictures for 1966; thee were then mosaicked and read.
For 1967 and 1968 APT tapes recorded at Tan Son Nhut were carefully rerun at
the Laboratory and read using master grid overlays especially constructed for
the satellite in use and the latitude of interest. Good landmarks provided qrid
accuracy of about 1/4" of latitude. Mloudiness was read by eye and was coded
as follows: 1 - 0 to 0.2, 2 - 0.3 to 0.7 and 3 = 0.8 to 1.0 coverage. Those
areas which appeared to consist of transparent cirrus were not counted. More de-
tailed discrimination was not warranted in view of the picture quality and other
problems relatedI to the data.

Cloudiness hbserved at 1500 :T was obtained from the digitized ESSA V sat-
tllite data. These data expressed brightness in cateioxies I to 5, with 5 rep-
resenting the brightest. They were prn)cessed to give the percentage of categories
4 plus 5 111 each I' 4quare. Lx;erinrnt showed th|t a pattern, derived in *h'is
way, closely reser!'.bled one Jerived usin; the techniktue :hat was applied to the

J~~u atak.

'riginally the. I X A dLerer coud-.ixdc values were smootthed by averaging the
four v':es whicth ýovered a " iquare and the average was assigned to the central

i'tersecti�on. ont i.x['vrirrnts showed th-it the correlations siginificantly

in, :o,.ed as thi oor:.i was incrrased tý, 4 x 4 and - x 5 degree squares. S ncr
t!ýe i rvr~Was a-brj~t !h-!I,~ f-r th.ctv two, ..rno-thtr:; ýircas, it wis JIecided
t -. •oth -i tjl:ý data ý,%.-r 4 :. 4 ,er.• u%,vrlappinq ý.,!uares And still assign the

wal tir-.- ýr in this r.,! 'it 1V!C1Z t,_ tte i,'. usa.1. locally. Int South
t t ~_ 1%.-i (*reenw:.,h t.:--a hiu~w~ ~he rsematiner orinohta

.- I !as ee:4ronuP1 tinc 0, ýI"s '.hc latter xzeipo:,d!s to the ti,,e )I the
I '•':.h 'ez•!ian .hi..h xuq~hl. biats the i::su2 a.
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value to the central grid intersection. Smoothed cloud values arbitrarily re-
quired that at least 14 of the 16 one-degree cloud amounts be known.

The consistency of the cloudiness readings can be shown by (a) comparing sat-
ellite pictures before "noise" is removed, (b) comparing smoothed readings of the
same picture at different times by one person, and (c) comparing smoothed readings
of the same picture by three different people. Results of the first comparison
are shown in table 2.

Table 2. Summary of 40 x 40 Smoothed Readings by Three Individuals of a

Nimbus II AVCS Mlsiac Dated 22 May 1966.

Average

Individual D 1.69

" E 1.80

"F 2.08

Std Dev. Coef. of Variation

D - E .18 10%

D F .18 9%

E -F .17 9%]

The :•verage standard deviation for the entire picture varies ±0.2 between indi-
vidual frames, and the coefficient of variation between smoothed readings is about
10 percent. Comparisons of individual readings are summarized in table 3.

Table 3. Sumunary of 40 x 40 Smoothed Readings of an APT Picture Obtained

On 9 July 1967, Orbit 5590 Frame 4.

Average

Picture A (Min. of noise, read 7 Mar) 1.496

"B (Noisy, read 20 Feb) 1.685

"C (Min. of noise, same as A,
reread 11 Mar) 1.435

Std. Dev. Cocf. of Variation

A - B .21 13%

A - C .15 10%

B - C .20 13%

It is interesting to note that cloudiness was overestimated on the noisy picture;
average values were 15 percent too high. Once again the coefficient of variation
between the smoothed readings of the normal picture amounted to 10 percent, an
acceptable quantity.

2.1.2 Radar Indices

Radar indices for Tan Son Nhut were computed by hand for 1966. However,
due to the large amount of work involved, RAREPS for 1967 and 1968, were card
punched and a program was written by Kelley [8] which would compute the percent
covered within a 50 n. mi. radius. For 1967 each hourly obbervAtion was machine
plotted on a scale where 1 in. represented 40 n. mi. The plots were made on
transparent paper and bound to permit easy evaluation of changes over three stacked
sheets of paper or 3 successive hours. Pertinent data concexiiing echo motion,
tops .nd intensity accompanied each echo plot. As in 1966 a CPS-9 radar was
used to obtain the Tan Son Nhut observations. WSR-57 radars were used at Udorn,
Ubon and Pleiku to obtain the 1967 and 1968 data.
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Since hourly precipitation measurements were not available, the only com-
parison between rainfall and RI that could be made had to be done for 6-hourly
periods. This was done, using the Tan Son Nhut RI in 1966 and average rainfall
from the following stations:

Tan Son Nhut
Bien Hoa. about 12 mi. NNE. of Tan Sen Nhut
Vung Tan, about 40 mi. SE. of Tan Son Nhut
Vinh Long, about 55 mi. SW. of Tan Son Nhut

It is obvious that these stations sample the 50 n. mi. radius circle poorly but,
for those interested, the correlations are presented in table 4.

Table 4. Correlation, r, and Number of Pairs, n, of Average 6-Hourly

Rainfall vs. Average Radar Index, Tan Son Nhut, 1966.

r n RI

0155-0755 LT rain vs
0230-0730 LT RI +0.59 80 4.0

1355-1955 LT rain vs
1430-1930 LT RI +0.51 85 18.0

Correlations of +0.5 and +0.6 were found for respective periods of high and low
RI.

In spite of the poor correlations between RI and average precipitation de-
termined by scattered rain-gage stations, the radar index is believed to be a
good index of precipitation activity. However, in order to determine the ac-
curacy of RI values computed from RAREPS, a comparison between the computed
areas of echoes as shown in the PPI and the coded RAREP during tropical showery
conditions is underway.

The average diurnal curves for 1967 and 1968 of RI for June, July ind August
for Tan Son Nhut, Pleiku, Ubon and Udorn are shown in figures 1 through 4, re-
spectively. These figures show that the noontime picture comes just after the in-
dex starts to rise at Tan Son Nhut, Pleiku and Ubon; at Udorn, however, the index
is already relatively high at that time. The maximum diurnal variation occurs at
Tan Son Nhut, the station nearest the coast, while the lowest diurnal variation
is found at Udorn, the northern station, near the center of the peninsula. After-
noon pictures are made when the index has generally reached higher levels.

Figures 5 through 8 illustrate the hour-to-hour and day-to-day variations in
the index during the 1967 season for the four locations. These figures dramati-
cally illustrate the day-to-day variation which is precisely the forecast probiem
under discussion. They also indicate that active periods are generally of several
days duration, and, when the action is strong, an index above zero is found through-
out the day. Association of the patterns between stations is not particularly
strong, although the patterns between Udorn and Ubon show some similarity in mid-
June and late July.

Since the hour-to-hour indices vary considerably, the index, for practical
purposesis averaged over 3-hour intervals. These values are used to establish
the cloud - RI relationships. The 3-hourly intervals are centered-at 1030, 1330
1.T, etc. The averages require that all 3 of the 3 hourly values be known, other-
wise the average is listed as missing. Averages for 12-hour intervals over the
perioa 1230-2330 LT, the most active period of the day, are also used. Arbitrarily,
these averages require at least 9-hourly values out of the 12 for a valid average.

Early in the study days were classified as "active" or "inactive" according
to the RI over the period 1230-2330 LT. No clasbification was made if more than
3 hourr were missing. A day was classed as active when 5 or more hours of the 12
were above the monthly hourly averages; remainirg days were classed as inactive.
On this basis 30 days were active and 44 inactive in the 1966 season.
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The classification of days was later changed from artive and inactive to
tertile 1 and tertile 3 days. The tertiles were determ'oed by ranking all the
daily 1230-2330 LT radar averages and dividing the list into highest, medium and
lowest thirds. Tertile 1 pertains to the highest in activity while tertile 3
corresponds to the third of lowest activity. Although this reduces the size of
the samples, the active and inactive features are more clearly stratified while
the cases of middle level activity are eliminated.

2.2 Average Cloudiness at 0400Z '1100 or 1200 LT)

Average cloudiness over the 3 months determined from all available pictures
in 1966, 1967 and 1968 is shown in figure 9. It should be noted that about half
the values used in determining the averages came fLým the 1968 season. On the
other hand, average maps for 1966 and 1967, not shown here, agree closely. The
most prominent features relate directly to the topography. Cloud maxima occur
over the Annam Mountains and along the windward (western) northern Malayian
coast. A secondary maximum appears along the windward (southwest) coastline of
Cambodia. Minima are found to the leeward (east) of tne primary maximum, espe-
cially along the northeast coast of the peninsula and over ýhe adjacent part of
the South China Sea.

2.3 Correlations and Their Significance

The technique was simply to perform a correlation between smoothed cloudiness
at a grid point and the If over some subsequent time interval, using all available
days. When this correlation is done at all grid points, a map of correlation co-
efficients results on which the pattern, maximum value and location of maximum
value are clearly shown. These points of maximum correlation and their appropriate
regression equations are listed in Section 6, which concerns forecast applications.

The correlations were carried out for RI periods of 3 hours and the 12 hours
of the afternoon up to 7 days after the cloud observations. This was done to de-
termine: (a) how rapidly the coefficients decrease, (b) how the location of the
maxima move, and (c) whether any recurrence of patterns is detectable. Only maps
showing the correlation with subsequent RI for the 12-hour period, 1230-2330 LT,
beginning just after picture time, are illustrated here to save space.

2.3.1 Cloudiness Read Approximately at 0400Z (1100 or 1200 LT)

A. Subsequent A over the period 1230-2330 LT, same day as the picture.

Tan Son Nhut From about 151 days of data over the three seasons, the
area of maximum correlation, figure 10, is found some 7' - 8' east
the station with a secondary maximum on the southwest Cambodian
coast. Correlations are positive indicating high cloudiness as-
sociated with high RI throughout a W. - E. band across the map at
about 10* N. Far to the north at 23' N. and to the southwest at
50 N., negative correlations signify a decrease of cloudiness with
increasing RI. The pattern is clearly one of an extensive W. - E.
cloud band which runs just south of the station before actie after-
noons. Why cloudiness 400 miles east of the station correlates
best with the subsequent RY is not understood. Obviously, this
cloud mass does not advect to the station vicinity in the ensuring
12 hours.

Pleiku Correlations in respect to subsequent RI Pleiku, figure 11,
again take the pattern of a large scale W. - E. band, siynifying
excessive cloudiness with increasing RI and vice versa. In this
case, however, the maximum is found close to the station.

tUbon The inland station appears to be influenced 'ess by an extensive
cloud band, figure 12, although peak values are found along a line
from near the station to the Vietnamese coast some 250 miles to
the east.

Udorn The other inland station shows maximum correlations, fiqure 13,
near the station and some 600 miles to the east and slightly south.
The data do not suggest a large scle continuous cloud band due
to the intervening low correlations, but the nysterious positive
correlation far to the cast is clearly evident.
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These patterns show similarities in the form of maxima near the station,
which can be interpreted as the effect of persistence, i.e., local cloudin-ess
is followed by precipitation in the area, and a second maximum a considerable
distance to the east. A large scale cloud band appirently runs W. - E. near the
station and for some reason, far to the east, the variation in cloudiness is
directly related to the following Al at the station. These patterns, along
with average cloudiness and gradient-wind patterns on tertile 1 (active) %nd
3 days (inactive), will be discussed further in section 3.

B. Subsequent 0I over 3-hourly periods the same day and the next day.

A listing of the locations, maximum correlations, number of days used,
and regression equations used are given in section 6.

2.3.2 Cloudiness Rbad Approximately at 0700Z (1400 or 1500 "T)

A. Subsequent RI over the period 1230-2330 LT the next day after the pic-
ture was reviewed.

Spatial patterns of correlations for radar indices at Tan Son Nhut,
Pleiku, Ubon and TSorn are not reproduced here. However, significant maxi-
ma as discussed in section 2.3.1, are found for each of the stations at lo-
cations east of preferred points found for the local noon cloudiness vs.
afternoon 0 correlations. Since the correlations are significant, they
are listed with appropriate regression equations in section 6. The regres-
sion equations have been modified to utilize cloudiness read by eye in coded
form in place of original cloudiness in terms of percentages of categories 4
and 5.

B. Subsequent RI for 3-hourly intervals centered at 1630 LT, 1930 LT, 2230
LT, 0130 LT, 0430 LT, 0730 IT, 1030 LT and 1330 LT.

Before these calculations were made, it was thought that afternoon
cloudiness might mask large scale patterns. However, the spatial distribu-
tions of correlations continue to display interesting banded patterns which
change shape as the RI time changes. The correlations are not significantly
higher than those found with noontime pictures so they are not listed.

2.3.3 Cloudiness Read Approximately at 1600Z (2300 or 0000 LT) from the HRIR or
DRIR.

For this correlation the amount of dense high cloud, (DHC) or "light tone"
as depicted on HRIR photographs was used. Dense high cloud' refers to solid
cloudiness having high tops or cloudiness which indicates the greatest degree of
"activity." Details concerning the interpretation and reading of the HRIR pic-
tures derived from the Nimbus II satellite have been given by Hawkins (7]. In-
structions concerning the reading of DP'R dat3 from the new Nimbus II satellite
for forecasting dpplication art ;iven in section 6.

A. Subsequent id over the period 1230-2330 LT the next day.

Tan Son Nhut Only 1966 data were available. Therefore, correlations
could only be made for Tan Son Nhut. The number of days used in
the correlations range from about 50 near the center of the area,
to about 30 along the eastern and western edges of the area.
These DHC values were originAlly read over one degree squares
centered on degree intersections, therefore, the 4' x 4V smoothed
values are assigned to the 1/2 degree latitude and longitude po-
sitions. The pattern of correlation coefficients is shown in fig-
ure 14. Once again the primary maximum is found 10 degree to the
east with a value cf +0.60. A secondary maximum is found inland
near the center of the peninsula; this is interpreted again as the
reflection of persistence. In fa-t, in section 4, on radar weather
climatology, it will be shown that a concentration of echoes is

found N. and NW. of Tan Son Nhut in the evening.

B. Subsequent 0 ovsr 3-hourly periods of the next day.

Maps showing the distribution of correlation coefficients are not
shown, but the tabular data are included in sertion 6.
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2.3.4 Significance and Analysis

It is difficult to assess the significance of the cloudiness - R! correla-
tions and therefore the weight that can be placed on the forecasts which utilize
the relationships. This is because of the small and different size data samples
and the skewness of both the distributions. Due to the former, a given level of
significant correlation will be found at lower and lower correlation coefficients
3s tthe number of pairs correlated increases. However, the sample now includes
abnul 100 pairs except near the periphery of the area under study, so this is not
connidered serious. A more serl jus problem arises from the fact that the data
sample has a skewed rather than normal distribution, and that standard significance
tfsts cannot be used. The skewness of the sample alone provides a "built-in" cor-
rci tion. To measure this effect the RI values were randomized and the correla-
tinns were repeated, thus utilizing the same skewed distributions. Comparison of a
randcmized correlation, r,, with an actual correlation, r, provided the size of
the data sample is about the same, will then indicate improvement. The comparison
is made in the form of the difference in the percent reduction of the variance, of
(ri - r,' ). This calculation was done for the cloudiness versus 12-hourly R re-
lationships. The percent reduction ranged from 25 to 31 percent for the relation-
ship of noontime cloudiness to 12-hourly afternoon Al of the same day when approxi-
mately 38 pairs were correlated. For Tan Son Nhut, which involved 80 pairs, the
difference was 24 percent. This decrease in difference is about that expected and
is due to the larger data sample. For the 1500 LT cloudiness versus 12-hourly
afternoon 0 of the next day the reduction ranged from 13 to 21 percent. Here,
about 75 pairs were correlated. Since the reductions are consistently positive,
even though of moderate amount, they are considered significant and therefcia of
forecast value.

Maximum correlations of noontime cloudiness with average afternoon RI up to
seven days later naturally decrease as the lag increases. At Tan Son Nhut, Pleiku
and Udorn the decrease is rapid over the first 24 hours. At Ubon the maximum is
actually higher at 24 .aours (0.43 versus 0.40) than it is on the same day (day 0).
For greater lags it too decreases. At lags of 4 or 5 days, i.e., cloudiness versus
RI 4 or 5 days later, all of the stations show slightly higher correlations than
immediately before or after this lag interval. This suggests a tendency for re-
currence of better cloud - RI relationships at this time interval, an indicated
periodicity which is also suspected in the sea-level pressure and wind regimes
at high levels as discussed later in section 4. Positions of the maximum correla-
tions over the lag period of 2 to 7 days oscillate in a region about 500 miles
east of the station. However, since the correlations on days 3 to 7 have very
little significance, the above can only be interpreted by saying that the first
advance warning of subrequent RI appears about 500 miles to the east one or two
days early, depending upon the station. On the next day maxima are found further
west and on the same day (day 0) still further west as well as near the station.
Thus, a general movement of weather from east to west is evident with continuity,
although very weak, over a period of about 2 da-2.

2.4 Relationships Between Simultaneous Cloudiness and RI

This relationship has been comp-uted by using the noontitie video picture and
and midnight IR picture. The worrelation between cloudiness over the 4' x 4"
box certered on Tan Son Nhut and the RI for the hour of the picture was
found to be 0.56. 42 cases were used. This may be compared with Hawkin's [71
coefficient of 0.71, derived from 53 cases of RI versus the amount of dense 'iqh
clouds as deditced from the Eigh Resolution Infrared sensor on Nimbus II.

3. RELATIONSHIPS BETWEEN WINDS. CLOUDINESS AND SUBSEQUENT

AVERAGE RADAR INDEX

A series of tests was made to determine how well the observed windb, con-
vergence and kinematically Lomputed vertical motion agree with the observed cloud-
iness and radar index. This section describes the results of these tests.
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3.1 Wind Analysis

These analyses were made to yield winds at one degree grid intersections. A
procedure developed by Barnes I1] and modified by Kreitzberg' is used. The program
weights the oLaervations according to a normal distribution in all directions to a
distance of 5 degrees. Three iterations are made in the smoothing process, and
final values are not given unless that point comes under the influence of two or
more observations. Products of this analysis are considered far more consistent
than subjective analysis, at least by those who have not had long experience. How-
ever, it is quite possible that the weighting should be made heavier along the wind
and lighter acooss the wind to produce isotach patterns which are eliptical with
their major axes parallel to the wind.

3.2 Resultant Winds at All Levels on Active and Inactive Days, as Defined in
Section 2, in Respect to Tan Son Nhut, 1966

Resultant winds at 1 degree grid intervals from 70 - 250 N. and n54 - 115' E.
were computed at 0000Z and 1200Z for each type of day. The patterns are merely
described here because details at the gradient level and over a larger area will
be shown.and discussed later. The 0000Z analysis are emphasized because these
correspond to 0800 LT, a map time that would be of some use in forecasting after-
noon conditions.

Maps of the surface, gradient and 850-mb. levels at OOOOZ show the southeast-
ward extension of the rmntinental monsoonal low as a shift in wind from SW. to S.
and SE. On active days the trough line crosses the 105th meridian at 20' N., while
on inactive days it is less pronounce3 and lies a few degrees further north. At
these levels the westerlies were found to be stronger on active days than on in-
active days cver the entire area from 7" N. to 13" N.

700-mb. resultant wind charts were not constructed.

At 500 mb., 0000Z, the trough line, on active days was weak, and it meandered
across the map from WNW. - ESE., crossing the 105th meridian at 120 N. On inactive
days the trough was not clearly shown, and the anticyclonic circulation on the
eastern side of the map had pushed further to the west.

At 300 mb., OOOOZ, the area is dominated by the south and southeast flanks
of the continental anticyclone. On active days the ridge crosses the 105th meri-
dian at 230 N., while on inactive days it was located clearly off the map or north
of 25' N. Winds at this level over Tan Son Nhut were virtually the same on active
and inactive days.

Winds at 1200Z, which are neasured in the :middle of the time period that is
used to classify the type of day, show very similar patterns to those just de-
scribed. In fact, at low levels the trough is more pronounced, and at mid-leveld
(500 mb.) the same trough is discernible on active days, while on inactive days
the trouvh is weak, and the anticyclone predominates in the east. At the 300-nb.
level the patterns are similar but more pronounced.

Thus, the latitudinal positions of these features shift in phase at all lev-
els, averaging somewhat further south or closer to Tan Son Nhut on active days as
compared to inactive days.

3.3 .esuitant Gradient-Level Wind for Ttrtile 1 and Tertile 3 Days 1967

Gray 161 has shown that upward notion must start below 900 mb. to produce
deep convection in the western Pacific where conditionally unstable lapse rates
predominate. We find the saue thermal and moisture structure over Tan Son Nhut,
therefore, in the search for the initial forces that lead to general octivity,
emphasis has been placed on the gradient-level wind in 1967. The are# covered
for this phase of the study was increased to include 0' - 35' N. and 90' - 125-
F. All available ship surface winds were incorporated as "gradient winds' with-
out adjustment. Since radar data were available from Udorn and Ubon, Thailand
and 'eiku as well as Ton Son Nhut, for this year, maps were rade in reference
to activity at each of these stations. These maps are shown in figures 15

ro:metly of the Satellite Meteorology Laboratory, presently affiliated with
Pennsylvania State, University Park, Pa.
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through 18. Since they were also made for comparison with cloudiness, it should
be noted that the terthie days apply only for days when pictures were available
and therefore, each tr.xtile is made up of only 14 days.

Resultant flow patterns are much alike for the three northern stations,
Pleiku, Ubon and Udorn, figures 16 throuah !!. For tertile 1 days, each figire
shows a sharp trough which lies --ra or less W. - E., extending from the northern
Tonkin Gulf, or slightly iniand, toward the east. It was consistently located 60
to 71 north of the station. This finding in quite different from the conditions
found by Bell (2] for Hong Kong. There, during maximum rainfall the trough averages
11 south of the station, and significant rainfalls are confined to times when the
trough is within 4* of the station, either to the north or south. Divergence com-
putations over SEASIA, now shown here, yielded values of -1 x 10OIsec.-I or more
along the trough.

In the case of Tan Son Nhut, figure 15, the trough was about the same dis-
tance from the station, but convergence was found to concentrate just south of
the trough.

Tertile 3 days, in contr&st to tertile I days, show that the trough is far
to the north, off or nearly off the map, except in the case of Pleiku, figure 16,
where it is found 110 north of the tertile i position.

These patterns substantiate the findings from the 1966 maps and indicate
that, on the average, a large area over the northeast corner of the map experi-
ences southerly and southwesterly winds on tertile 3 days and northeasterly to
southeasterly winds on tertile 1 days. Furthermore, on tertile 1 days, when the
trough is further south, the westarlies are stronger over the southwest corner
of the peninsula. This suggests that differences in the u component of the wind
between key points the northeast and southwest would be of forecasting use.
Key locations for this purpose were derived from the average u-component charts.
They are given in table 5.

Table 5. Key Locations Which Yield Maximum Differences in the
u-Component of Wind Between Tertile I and Tertile 3
Days. Gradient Level 1967 Nimbus II Cloud Days Only.

Udorn 11 N., 104 F. minus 24 N., 117 E.

Ubon 10 N., 105 E. minus 23 N., 113 E.

Pleiku 9 N., 106 E. minus 22 N., 120 E.

Tan Son Nhut 9 N., 105 E. minus 20 N., 113 E.

To test this reaitionship, correlation -nefficients between the wind dif-
ferences and subsequent R-I's were obtained using the only the days with cloud
data. This selection of days was made to facilitate the c:mparison of additional
correlations to be discussed later. Results are given in table 6.

Table 6. Correlation Coefficients Between the Difference in
Gradient Level u Component of the Wind at Kev Y•.cca-
tions at 00003 (0700 or 0800 LT) versus the RI 1210-
2330 LT.

Udorn .34 31

Ubon .30 34

Pleiku *39 39

Ta;u 5on Nhut .24 38

It is clear that on a day-tn-day basis these criteria alone WM)uld Yield Poor
forecasts of subsequent 1!. rur~hermore, inspection of the data does not permit
the Isolation of the extremes of R accordinq t, these wi:.d criteria.
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Examination of the daily Hong Kong low-level synoptic charts indicates
that the trough discussed above appears to contain a front until about 12 June.
Then the front moves northward and gradually the monsoonal trough develops and
oscillates around the same position. What significance this may have in regard
to the correlations which cover the entire period is not yet known. Further
interpretation of these patterns will be found under a later section on large
scale constant pressure height patterns.

3.3.1 Mean Cloudiness on Tertile 1 and Tertile 3 Days, 1967

Mean cloudiness at local noontime for the same days is also shown in figures
15 to 18. Dashed lines were drawn where less than ten days data were used. For
stations Udorn, UMon and Pleiku on tertile 1 days cloudiness concentrates in a
band south of the trough or from 1 to 5 degrees south of the computed maximum
convergence. At Tan Son Nhut, the band ef maximum cloudiness is found south of
the station and also in poor agreement with the pattern of convergence.

On tertile 3 days the cloud band does not appear, at least south of 35" N.,
and the patterns are ones primarily of cloudiness over the mountains.

Mapp of differences in average cloudiness between tertile 1 and tertile 3
days help to portray the cloud conditions. Figures 19 to 22 show these differ-
ences in terms of cloud code numbers for the four stations whose RI areas are
shown as hatched elipses. It should be noted that the F. - W. scale on these maps
is about one and one-half times the N. - S. scale, thereby accentuating any E. -
W. pattern. At Tan Son Nhut the presence of additional cloudiness, on active days,
is clearly shown in the form of a long band centered south of the station. Sug-
gestions of negative differences are shown at the top and bottom of the chart,
thus indicating the presence of a large cloud band at a preferred location on
tertile 1 days. At Pleiku, Ubca and Udorn similar but less pronounced cloud
bands are found over the station on tertile 1 day!3.

3.4 Surface Frictional Induced Convergence

Charney and Eliassen [4] showed that low level vertical motion could develop
from frictionally induced convergence. Such convergence develops when horizontal
shear is found in the frictional layer as illustrated schematically below.

P
cc1

0 U

Let u0 and ul represent gradient-level wind vectors at points 0, and 1. At a
middle-level within the frictional layer, respective winds of p0 and p, will be
found at an angle C to the graaient-wind direction. The northward component of
shear, within the supper half of the two layers is shown as so and s, . Since
so >s1 convergence is present. By similar reasoning under these conditions,
convergence develops throughout the entire Ekman layer in the presence of cyclonic
vorticity.

3.4.1 Vorticity and Shear versus Subsequent

Details of the wind through the Ekman layer cannot be obtained over land
and sea, therefore as an approximation, it is necessary to examine the gradient-
level winds for horizontal shear. Even this could not be done strictly; winds
3000 ft. above the station were used over land and observed ship winds were used
over the sea. These were processed as before, and vortioity was computed over
21 overlapping grid squares. Average relative vorticity maps for tertile 1 and

L_



- 166 -

tertile 3 days in 1966 at Tan Son Nhut are shown in figure 23. About 28 days
were used in each average. A major band of positive vorticity lies in a WNW. -
ESE. band across the maps; if one remembers the resultant wind maps for this
level, much of this vorticity can be attributed to curvature of the flow. On
tertile 1 days the band of positive vorticity crosses just north of Tan Son Nhut,
while on tertile 3 days it is less pronounced and lies further north. On tertile
I days anticyclonic vorticity averages slightly stronger in a W. - E. band south
of Tan Son Nhut, thus causing a stronger gradient of vorticity over the Tan Son
Nhut area on tertile 1 days as compared to tertile 3 days. The significance of
this feature is not understood. Within the 30 x 30 local area centered on Tan Son
Nhut, the vorticity averages +0.5 x iO-5 sec.`- on tertile 1 days and +0.3 x 10-5 sec.-'
on tertile 3 days - a very small difference. It must be concluded that these
average vorticity maps, derived from imperfect data, contribute little toward
proving that activity follows convergence, which develops through horizontal
shear in the lowest levels.

A correlation between average vorticity over a 2* x 20 square centered at
Ton Son Nhut versus the VI from +3 to -3 hours from the wind-observation time was
also poor. The following values were determined:

Vorticity0800 LT vs. RI0.0930 LT r = +.02

Vorticity 2000LT vs. RI 16302130LT r = +.33

The test used 21 - 29 days in June of 1966.

This conclusion was repeated after examination of the OOOOZ, 1967 gradient level
wind fields. In that case an unsuccessful effort was made to determine optimum
paths over which the shear might be indicative of subsequent action.

3.4.2 Pressure Gradient versus Subsequent RI

Another way of estimating horizontal shear at low levels is by the pressure
gradient across the wind flow. This idea was explored by Dr. William Gray while
on Reserve Duty at the Laboratory. Correlations of OOOOZ MSL pressure gredients
versus Tan Son Nhut 01 1230-2330 LT the next day during the 1966 season were made
between numerous coastal stations on the Indochina Peninsula and stations on the
Malay Peninsula, islands of the South China Sea, Sarawak, North Borneo and
Palawan. On a day-to-day basis, the highest correlation that could be obtained
was 0.39 when the pressure gradient between Kuantan (48657) and An-xuyen (48914)
was used.

These stations are located near Saigon and on the Malay Peninsula about 300
mi. to the south-southwest, a line which crosses the gradient-level flow at about
400. A total of 67 days was used. If the R-I 00102130LT of the next day is fore-
cast, a slightly higher correlation of 0.42, based on 58 days of data, was found.

The observational data prove little toward substantiating the idea that con-
vergence, ascent and activity may result due to cyclonic vorticity in the Ekman
layer; however, the theory helps to explain the diurnal distribution of RI at the
four radar stations. Reference to figures 1 through 4 shows that Tan Son Nhut
experiences a large diurnal variation in RI with minima near 0800 LT and maximum
near 1900 LT. At Pleiku the diurnal range is about half as large as at Tan Son
Nhut but an afternoon maxima still occurs. At Ubon and Udorn minima occur in the
morning but afternoon maxima are weak and the diurnal range is still less than at
Pleiku. It is proposed that the large diurnal range at Tan Son Nhut is dynamic in
nature rather than a result of increased instability due to surface heating. In
fact, afternoon surface temperatures rise to exactly the same level at Tan Son Nhut
and Udorn. Examination of diurnal pressure fluctuations over the peninsula shows
that the smallest afternoon falls occur along the coast, while falls rapidly in-
crease inland to a broad area which covers most of the interior of the peninsula.
This difference, or pressure gradient, e.g., between Soc Trang (913), on the
coast, and Tan Son Nhut (900) would cause a 20 knot geostrophic westerly wind
whereas the pressure gradient between Tan Son Nhut and Ubon (407), located well
inland, would cause a mere 8 knot westerly wind. Thus, within the prevailing
westerlies at low levels, a zone of horizontal shear normally develops near the
southeast coast each afternoon. This shear, as explained earlier, could proeuce
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the "triggering" force which sets off convection and which ultimately leads to the
high RI values at Tan Son Nhut in the afternoon. By similar reasoning, the ef-
fect should be less pronounced at Pleiku and non-existent at Ubon and Udorn,
which corresponds nicely with the observed diurnal patterns of RI.

3.5 Relationships Between Cloudiness at Key Locations, Gradient Level Winds
and Subsequent Average Radar Index

Although the relation between directly measured gradient-level shear or
vorticity to subsequent RI was found to be low, the low-level shear as indicated
indirectly from mean sea-level pressuie gradients appears to be of some use. In
order to seek further improvement, the latter was combined with cloudiness to
forecast FI of the next day. To make these correlations compatible, the
RI 130.23101•T instead of the full 24-hour period was forecast for the same sam-
ple of 30 days. Table 7 shows a slight improvement when both variables, cloudi-
ness and pressure gradient, are used.

Table 7. Correlations of Pressure Gradient, Cloudiness, and
Pressure Gradient Plus Cloudiness vs. RI 1210-2o30 LT
of the Next Day for the Ton Son Nhut Summer of 1966.

1) p (station 48914-station 48657) 0000Z vs. RI next day: r = 0.36

2) clouds smoothed 40 x 40 (centered 120 N., 110 E.) 0400Z vs. RI next
day: r = 0.49

*3) (1) plus (2) vs. iT next day: r = 0.54

* The regression equation for (3) above is:

RI = 9,6a -7.9b -0.8

where a sigmities cloudiness, read or the scale of 1 through 3 and
smoothed over a 40 x 40 square. The quantity, b, reýpresents pres-
sure gradi-.L; in mbs.

Te3ts of this relationship for 1968 will be discussed in Section 6.

3.6 Vertical Motion

In spite of the emphasis that has been placed on thE lowest levels of the
atmosphere as the layer in which the vertical motion begins, a study of this
type would not be complete without further knowledge of vertical motion at all
levels. A program to compute vertical motions kinem.tically from the observed
winds at five layers and to include the topography was therefore developed. Winds
were analyzed as before and vertical motions were computed twice daily over 20
overlapping squares to give values on a 10 mesh for the 3 months in 1966. Output
levels were centered at 900 mb., 775 no., 600 nb., 400 mb. and 200 mb. To mini-
mize the "blow up" effect at the upper levels, values of vertical motion at 400
mb. were arbitrarily reduced by 40 percent of the unadjusted 200-mb. values the
200-mb. value was rtduced to 20 percent of its orignial value.

3.6.1 Dilirnal Patterns of Vertical Motion

As a irst approximation in determining the large scale diurnal effect of
the Indochina Peninsula, average vertical motion, W, was computed for all days
at OOOOZ and 1200Z or 0700 LT and 1900 LT (105 meridian time). The average pat-
terns are shown in figures 24 through 26. About 89 days were used over the main
part of the mesh to compute the averages. The number of days dropped to about
30 over the peripheral areas. At the 900-mb. level overall patterns, such as
descent to the lee (east) of mountains in the Malay Peninsula and to the lee of
the Annam Cordillera are similar morning and evening. The major differences
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portrayed in figure 30, show that at mid-levels average ascent on tertile 1 days
is two to three time3 as strong as on tertile 3 days. At the lower levels average
values are about the same for tertile 2 and 3 days.

3.6.3 Active and Inactive Days at OOOOZ

Now that reasonable differences in the mean patterns of vertical motion have
been found at 1200Z the question arises, are there significant differences at 0000Z,
4 hours preceding the beginning of the defined period of action or inaction that
might be used as forecasting aids? Mean maps for this time, based on about the
same number of days, are shown in figures 31 through 33.

Examination of all the levels portrayed shows small differences of pattern
or magnitude of the values between tertile 1 and 3 days except at the 900-mb.
level. At this level the two bands of subsidence that run northwest and south-
east on tertile 3 days are essentially crossed by a- band of ascent at about 100
N. on tertile 1 days. The feature is barely discernible at the 775-mb. level.
This west-east band of ascent agrees closely with the 0400Z cloud band found on
tertile 1 days at Tan Son Nhiit. In fact, the vertical niotions over the sea,
east of Tan Son Nhut, differ from upward on tertile 1 days to downward on tertile
3 days. This area is precisely where the highest correlations were found between
cloudiness and subsequent RI activity, thus lending credence to the strange posi-
tion of the maximum correlation.

3.6.4 Vertical Motion versus Simultaneous RI

Since it has been shown that the mean patterns of vertical motion are rea-
sonable in relation to precipitation activity, the next logical question concerns
the possibility of objectively predicting cloudiness and radar index from the ob-
served vertical motions. In answer to this, several comparisons of the 1200Z (2000
LT) vertical motions over Tan Son Nhut and RI over varying periods of time, but
centered c 1200Z (2000 LT) were made with a partial sample of the data. Highest
correlations were found when the -I 1930-2030 LT was used. It was therefore de-
cided to correlate all days with this RI-time interval. Resulting correlations
are shown in table 8.

Table 8. Correlations, r, at Different Levels and the Number
of Days Used, n, of Vertical Motion at 2000 LT Over
the Tan Son Nhut RI Area vs. R-I 1J ' LT 1966.

Level 900 mb. 775 600 400 200

r .00 +.01 +.08 +.J4 +.19

n 84 84 76 62 44

A relationship is conclusively nonexistent and therefore the possibility of
predicing 0 from vertical motions, at least computed in this way, is out of the
question.

The vertical motion-cloud relationship was tested for three areas, each
30 x 3 in size. Vertical motion W was averaged over the 9' square and the central
cloudiness value which had been smoothed over a 4 x 4" square was used. A valid
vertical motion required that at least 8 of the 9 values be known. The correla-
tions are shown in table 9. At the northern station some significance is found be-
tween increasing ascent and a subsequent increase in cloudiness. However, it is
clear that these vertical motions cannot be used to predict cloudiness 4 hours
later over the southern areas, at least when cloudiness is observed in this fash-
ion.
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Table 9. Correlations at Different Heights and Number of Days
Used of Vertical Motion at OOOOZ vs. Subsequent Cloudi-
ness at 0400Z, 1966.

Area 900 ft. 775 600 400 200

9' - 110 N., 1050 - 1070 E. -. 05 -.11 -. 09 -.11 -. 09

(southern tip of peninsula) 43 43 41 36 25

140 - 160 N., 1040 - 1069 E. .00 +.16 +.01 +.03 -. 37

(centered at Udorn) 39 39 39 33 31

210 - 230 N., 1060 - 108° E. +.13 +.29 +.24 +.41 +.17

(NE of Hanoi) 38 38 26 17 17

To conclude this section, diurnal changes of average vertical motion and aver-
age patterns on active and inactive days have been illustrated. However, on a
day-to-day basis significant relationships between vertical motion and current RI
or cloudiness 4 hours later are all but nonexistent. It is quite possible that
the vertical motions could be improved by using a weitjhting function in the wind
analysis that would better portray eliptical isotach patterns oriented along the
wind. It was originally hoped that the cloudiness values that may apply to any
level would for the most part relate directly to the intensity of the convection.
Since this relationship is not particularly high (r - +0.56 for cloudiness versus
RI), this also contributed to the poor cloud-vertical correlation.

4, RELATIONSHIPS BETWEEN LARGE SCALE PRESSURE

DISTRIBUTIONS AND SUBSEQUENT RI
In Section 3 it was shown that in the mean W. - E. or NW. - SE. trough was

present 60 to 71 NNE. of the station on active or tertile 1 days. This trough on
inactive days wts found, in respect to Pleiku, ll to the north, and for the other
stations was either nonexistent or much further to the north, off the chart. Logi-
cal questions that follow are: is the trough really a trough at any one time? Is
it the mean of many small lows or vortices positioned along a line? If the latter
is true, where do they come from? Are there other prassure patterns more removed
from the area covered that are characteristic of active and inactive days on the
peninsula? Partial answers to these questions can be given from analysis of pres-
sure over a rectangular area of about 20* x 30' and analysis of constant pressure
heights over a much larger area of Asia and the Western Pacific.

4.1 Sea-Level Pressure Analysis, 00 - 20* N., 930 - 1200 E.

Day.-to-day examination qhows that the trough, generally known as the monsoon
trough, really is a trough; it comes and goes sometimes in a couple of days, and
often small vortices are found in it. These too often form and dissipate in a
day or two. In attempting to understand these changes better, sea-level pressure
versus time plots were prepared for six stations scattered over the area. These
plots shed little light on the movement of vorticies, but surprisingly enough,
showed a pronounced tendency for minima and maxima at almost the same time over
the entire area. Variations were on the order of plus or minus 3 mb. Closer
examination hinted that the maxima and minima moved across the area at a high
speed; therefore a crude analysis was made. This consisted of noting time dif-
ferences of maxima and minima (in units of 24 hrs.) and dividing them into the
distance between stations to yield an average speed. This overall average speed
was 60 kt. from the east! The motion was most evident in the south and the sta-
tion farthest north, at 16' N. (inumber 860), did not fit any pCttern. A search
of the literature showed that Frolow (5] had made a similar analysis over the
Caribbean and adjacent areas. lie emphasized a 4- or 5-day period, which is also
suspected in SEASIA but not proven here, and he chose to call the pressure os-
cillations synchronous over the area. However, reanalysis of the published times
of pressure maxima and minima in respect to Fort-de-France showed an average com-
poteift ftz,m the cast of 68 knots. More recent work by Maruyama 191 discusses what
may be the same waves although they are most pronounced in the lower stratosphere.
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Their wave length is 10,000 km. and they move toward the west at 50 knots. Al-
though the relation between pressure and weather in SEJ'SIA is far from clear, the
phenomenon will be kept in mind in the search for effects that trigger or suppress
activity.

4.2 Pressure Patterns and Thicknesses Over Asla and
the Western Pacific Ocean

In order to examine the large scale pressure Fatterns, heights of the con-
stant pressure surfaces, 1000 mb., 850 mb., 700 mb., 500 mb., 300 mb. and 200
mb. were employed. Data supplied by the Global Weather Center at alternate grid
points or about 400 miles apart were used. Heights at OOOOZ each day for the
three sumnmer months during 1967 and 1968 were used with the exception of a missing
period, 4 through 31 August 1968. All averages, correlations, etc., were refer-
enced to the average iR- ,'2r21;OLr of stations, Tan Son Nhut, Pleiku, Ubon and
Udorn combined. This index is believed to be representative of the overall activ-
ity over the peninsula.

4.2.1 Mean Height Patterns for Tertile 1 and 3 Days on the Same Day
as the Afternoon RI

These average height maps, shown in figures 34 through 39, serve to depict
large scale pressure patterns that are not always well known among newcomers to
the area.

The primary features at 1000 mb. are the North Pacific high, eastern side of
the North Atlantic high, weak polar low and Asian monsoonal low. The monsoonal
trough that was discussed earlier in reference to the small charts is clearly
shown in the average tertile 1 map; the most important feature that makes it a
trough is the extension to the north of the Pacific high toward the west over
southern China.

Figures 35 through 37, which depict the 850-mb., 700-mb. and 500-mb. averages;
show that the monsoonal trough extends through the 500-mb. level on tertile 1 days,
while on tertile 3 days its eastward extension is not discernible at 700 mb. and
500 mb. Patterns at 300 mb. and 200 mb. for each type of day are dominated by
the polar low such that they appear to be essentially the same; however, actual
heights do differ as we shall soon see.

4.2.2 Average Difference in Heights at All Levels, Tertile 1 Days -
Tertile 3 Days

Patterns at 1000 mb., 850 mb. and 700 mb., shown in figures 40 and 41, show
relatively higher pressures over China on active days compared to inactive days,
and lower pressures extending from India to Indochina and far out into the Pacific.
It is interesting to note that the greatest differences, other than over the polar
region, are found south of Japan. Difference patterns at 500 mb. and 300 mb.,
illustrated in figures 41 and 42, show an enchancement over China, while the lower
heights on active days shift westward to a position south of China. At very high
latitudes the differences indicate the presence of short waves superimoosed on the
large Folar vortex. At the 200-mb. level, shown in figure 42, the differences
clearly indicate higher pressure over North Korea and lower pressure over a broad
belt extending from India to the Philippines on tertile 1 days as compared with
tertile 3 days. These patterns were determined from a total of about 30 days in
each tertile from two years of data; however, their significance is indicated by
the fact that the same features over China and Indochina were found earlier using
the same type of data for 1966 in reference to activity at Tan Son Nhut alone.

4.2.3 Mean Differences in Thicknesses, Tertile 1 - Tertile 3 Days

Further understanding of the patterns just discussed can be attained by
examining thicknesses which in turn can be considered in terms of the mean virtual
temperature of layers of the atmosphere. Figure 43, the difference in thickness
over the layer 200 rob. to 500 nib., showq large positive values (higher tempera-
tures) over North Korea and lesser negative values over an area extending from
India to China on active days compared to inactive days. The positive values
over North Korea correspond to an excess in temperature of about 2 i/2* C. and
those over Indochina about l/2' C. on active compared to inactive days. The
negative area over India ind China that lies north of the low level monsoonal
trough in the longitude of Indochina indicates a cooler air column on active than
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on inactive days. The lower half of the atmosphere, depicted by the thickness
500 - 1000 mb., also in figure 43, again shows an excess in temperature, now of
about 30 C., over North Korea, while tho layer is cooler on active than on inactive
days in the belt from India to far out in the Pacific. Over the area of fY we,
therefore, have on active days, as compared with inactive days, cooler air in the
lower atmosphere and warmer air in the upper atmosphere, a reasonable picture of
deep convection and the release of latent heat. Differences for the entire column,
200 - 1000 mb. are shown in figure 44. Again on active days, as compared to in-
active days, the area of the monsoonal trough is cool while the area near North
Korea is warm.

4.2.4 Patterns Preceding the Day of Classification According to RI

The above discussion described conditions on the morning of the same day as
the 12-hour period used to classify the day as active or inactive. The logical
question is: what patterns are found on preceding days and do they show contin-
uity leading up to an active or inactive day? The data can be examined in at
least two ways, by the areal distribution of correlation coeftfcients between
thickness and R-T on following days or as differences in thicknesc. tertile 1 -
tertile 3 days on different days preceding the RI. The former has been computed
but the magnitude of the correlations (0.3 to 0.4) does not diminish as the lag
is increased to 16 days, thus indicating that this magnitude of correlation can
be obtained at one place or another by chance. On the other hand, the positions
of the maxima correlation do move in reasonable patterns, suggesting some contin-
uity. Changes in the thickness difference patterns are not yet available. There-
fore, the question at this time must be left unanswered. However, work along
these lines will continue.

5, WEATHER RADAR CLIMATOLOGY
With the wealth of weather radar data available, a synoptic climatology can

be developed for each station. For example, with maps showing the distribution
of echoes at different times of the day, the distribution of new echoes and the
tops of echoes are suggested. Furthermore, the above distribution can be made
according to synoptic classifications. The work has just started at this writing;
therefore, sample data for only one station, Tan Son Nhut using 1967 and 1968 data,
will be presented.

A program was developed to provide the frequencies of echoes at 10 n. mi.
grid intersections over a 400 x 400 mi. sq. with radar positioned at the center.
Counts were built up at each grid point to represent a frequency using the weight-
ing factors for "scattered," "broken," etc., which were discussed in section 1;
thus, a grid point that fell within a scattered area was given a count of 0.25.
The "frequencies" must therefore be viewed in relative terms.

When frequencies of echoes are tabulated at grid points covering the radar
range, the highest frequencies are found near or a short distance from the radar
and the numbers decrease to zero in all directions as the range increases. This
distribution naturally does not represent the true distribution of echo producing
rain; therefore, it would be desirable to make adjustments. Unfortunately, the
fall off with range is much different than the theoretical fall off. Therefore,
an empirical adjustment like that used by Weldon [10] was tried. The scheme was
to derive the average fall off from dati in all directions and then normalize to
the value found at or near the radar. This prrcess was tried, but the lack of
reality became apparent when the overlapping patterns of adjacent, identical ra-
dars were normali3ed. For example, at the mid-point on a line between the two
radars the observed frequencies right agree, as they should. However, frequencies
near the radar sites might be quite different, a real climatological fact. After
normalization, values at the mid-point between radars might differ according to
which radar is used. For this reison, Wel', nr' normalization technique was not
used. In its place ratios of the observed frejuency/mean frequency at the
specified distance from the radar were tried. These numbers tended to blow up
where echo frequencies are small, so this type of presentation was also abandoned
in favor of the simple listing of the observed frequencies at each grid point.

5.1 The Distribution of "New Echoes" and "All Echoes" Over 6-Hourly
Intervals on Tertile 1 and Tertile 3 Pays at Tan Scn Nhut, 1967
and 1968

5.1.1 Period 0000-0500 LT

Total echoes on active days, tertile 1 days, shown in figure 45, during this
time interval are highest (41) about 25 miles northeast of Tan Son Nhut. Echoes
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are also relatively frequent over the sea, especially over and seaward of the
MeKong Delta. New echoes, figure 46, are most common in a band oriented WSW. -
ENE. which passes about 70 miles south of Tan Son Nhut. A few echoes also form
over the highlands toward the northeast.

In contrast, over the same period on inactive days, tertile 3 days, portrayed
in figure 45, the highest frequency is 13 directly over the station. The pattern
is more or less concentric over the station and not skewed toward the coastline.
New echoes, figure 46, tend to be most common within a circle centered ESE. of the
station with maxima still on or 10 - 20 miles soutuieast of the coastline.

5.1.2 Period 0600-1100 LT

In this time interval the frequencies are minimum. On tertile 1 days, figure
47, they reach 16 and the most active areas are found about 25 miles WSW. of Tan
Son Nhut and 30 miles SSE. New echoes are concentrated in a WSW. - ENE. band cen-
tered about 20 miles SE. of the station. This places the band parallel with the
coastline and 20 - 50 miles inland. Thus, the area of the largest number of new
echoes has advanced northward and inland about 50 miles from its earlier position.
New echoes, shown in figure 48, are also observed on the western coastlines of the
peninsula.

On tertile 3 days, figure 47, the highest frequencies are offshore with
values of 10 - 12. New echoes, figure 48, on these days are most coimaon along
the coastline and in an area centered 50 miles WSW. of Tan Son Nhut.

5.1.3 Period 1200-1700 LT

On tertile 1 days, depicted in figure 49, the echo frequency is 96 for this
time interval. Highest values lie slightly east of the station but in general
most of the echoes are over land. New echoes over this period, figure 50, are
most frequent over land and just inland to the south and southeast of Tan Son Nhut,
while another center of development shows in the foothills northeast of the sta-
tion.

On tertile 3 days, in figure 49, the maxinum frequency is only 24 but the
overall area of echoes is about the same as on Lertile 1 days. The new echo pat-
tern, shown in figure 50, is also about the same, except about half the number
as that found on tertile 1 days.

5.1.4 Period 1800-2300 LT

During this interval echo frequencies are highest on active and inactive
days. On tertile 1 days, figure 51, values reach 166, centered 20 miles NNE. of
the station. The pattern is nearly concentric about this position, except for
a few echoes which are found up to 200 miles away to the north. New echoes
during this period, in figure 52, are most frequent 60 - 100 miles northwest and
north of the station. On tertile 3 days frequencies, illustrated in figure 51,
only reach 18 while the overall area of occurrence stretches from the southwestern
tip of the peninsula to 200 miles northeast or well over the mountainous area.
New echoes on tertile 3 days, portrayed in figure 52, are also most common in the
N. and NNW.

5.2 Summary of Echo Patterns

The above observations, in respect to Tan Son Nhut show:

a. Positions of the most frequent echoes are not very different on n tertile
1 versus tertile 3 days.

b. Locations of new echoes on tertile i days tend to concentrate somewhat
(0 - 50 mi.) WSW. or upwind of locations found on tertile 3 days; thus,

placing more echoes in position to drift over th- 100 mile radar index
area as they develop. This conclusion is reasonable in view of the def-
initions of tertile 1 and 3 days.

c. Positions of the most frequent new echo areas show a diurnal shift from
the coastline over the 0000-0500 LT period to about 25 miles south of
the station or slightly inland, for the 0600-1700 LT period to about 50
50 miles north or northwest of the station for the 1800-2300 LT period.

d. Positiois of the most frequent echoes lag behind (item c) by concentrat-
ing near the station at 0000-0500 LT, moving toward the sea fur the next
12 hours, then shifting to the north and northwest for the ev.±nlng period
of 1800-2300 LT.
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6. APPLICATION To FORECASTING AND CONCLUSIONS
Much of this report has dealt with basic relationships between parameters

such as vertical motion and atten'ant weather, as indicated by cloudiness or the
radar index. These relationships have proved to be very poor, at least when the
parameters were computed as they might be in the field or with a small computer.
Therefore, techniques did not evolve that could be used by the forecaster, but at
least the forecaster will realize that tests have been tried and that models must
be far more sophisticated to be useful.

On the other hand, synoptic and cloud patterns have been found that char-
acterize activity or inactivity, and objective means of utilizing these relation-
ships for forecasting are presented.

6.1 General Synoptic Patterns During Active and Inactive Periods

Prior to activity over Indochina, the Pacific sub-tropical anticyclone ap-
pears to have pushed westward slightly; at least th* air column from 1000-200

.b, is 20 - 30 C. warmer as compared to inactive days, over an area centered at
450 N., 1230 E. or near North Korea. This difference shows as a 10 dkm. increase
in heights on active over inactive days at the 200-ma. level. Just when this
develops in time, preceding activity is not yet known but it deýfinitely is detect-
able one to two days in advance. This pattern during active periods is accompanied
by pressure rises over China at low levels which in turn accentuate the monsoonal
trough. Optimum position of the trough for activity at a particular station is
60 - 70 north or northeast of that station. Along with the presure trough, which
is discernible to about the 500-mb. level, the westerlies increase to the south
to create zonal shear. The significance of the higher shear lies in the generally
accepted fact that deep convection in this part of the world must have its roots
at low levels, usually between 900 mb., and ascent at low levels can be caused by
convergence which in turn develops from horizontal shear in the Ekman layer. Mean
cloud patterns show that on active days cloudiness concentrates in W. - E. bands
south of the trough, or over and south of the stations. From these cloud patterns,
a more positive manifestation of rising motion as compared to the kinematically
computed vertical motion come the quantitative relationships with subsequent activ-
ity expressed in the form of the radar :.ndex.

Conversely, during inactive periods ,he monsoonal trough is absent or dis-
placed far to the north and a broad flow of southwesterly wind is found in the
lower troposphere. Shear patterns at low levels are lacking and only over the
highlands or near coastlines is there sufficient low-level convergence and ascent
to set oýf important shower activity.

Superimposed on this :3ynoptic scale of events is the diurnal effect of the
Indochina Peninsula. Due to larger diurnal pressure falls inland than on the
coast, additional horirontal shear develops in some areas within the prevailing
westerly and southwesterly winds. Maximum effect should be on the southeast
coast. This, rather than the direct effect of destabilization due to solar heat-
ing of the ground, is proposed as a logical explanation for the very large diurnal
variation in RI at Tan Son Nhut. At that station the maximum RI occurs near 1900
LT while at the three inland stations the afternoon maximum is week or nonexistent.
The geographical distribution of radar echoes as seen by the Tan Son Nhut radar
also illustrate the diurnal change. In the early morning most of the activity
is near the station. During the day the greatest activity lies between the sta-
tion and the coastline and in the evening the activity shifts further inland to
the north arid northwest of the station.

Also oscillations of a global nature appear to be superimposed on the synoptic
scale of events. It is quite conceivable that these oscillations enhance or sup-
press the current synoptic patterns. However, their isolation in the observation-
al data has not yet been achieved.

6.2 Objective Aids to Forecasting the Radar Index

6.2.1 The Use of Cloudiness

The cloud - RI relationships were discussed in detail in Section 2. Key
cloud areas to be read and equations which use the coded cloud values to give RI
for specific times and stations are lipted in tables 10, 11 and 12. It is sug-
gested that graphs of the equationirs be nade for the periods of greatest interest.
thus facilitating the predictions.
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Rules to be followed are:

a. For daytime pictures read single degroe zquares then divide by 16 to
obtain an average. If more than two 1-degree squares are missing, do not
use the equation.

b. Daytime cloud readings are made according to the code specified in
section 2; thin cirrus should be ignored.

c. Dense high cloud, which corresponds to the "light tone" in the infra-
red photography, is defined as having a corresponding radiatative tem-
perature of 2450 K. or less. In the Nimbus III DRIR photography, the
third gray tone fror the left in the calibration wedge, on the right
hand side of each picture, correspond.; to a temperature of 2440 K.
Therefore, all photography as light as or lighter than the third step
from the left is to be counted as dense high clouds.

Table 10. Correlations, r, Niunber of Pairs, n, and Regression Equations
For Predicting Average Radar Index, Y, From Average Coded
rloudiness Over a 4" x 4" Sqtire, x, Read Near Local Noon.

RI Predict Cej.er 40x4O
Period (LT) r n pnsltion Regression Eq.

"ON oE

Tan Son Nhut (based on 1966, '67 + '68 data)

1230 - 1430 .45 136 11 106 Y = 11.9x - '.0
1530 - 1730 .39 148 10 104 Y = 12.9x - .5
1830 - i030 .51 147 9 113 Y - 20.2x - 7.7
2130 - 2330 .52 147 9 114 Y = 20.9x - 14.2
1230 - 2330 .55 151 9 114 Y = 14.8x - 4.5
0030 - 0230 Next day .49 146 8 112 Y - 13.9x - 11.5
0330 - 0530 " " .43 130 13 118 Y - 7.5x - 7.0
0630 - 0830 " " .34 133 13 114 Y m 3.2x - 2.6
0930 - 1130 " " .27 100 9 119 Y - 2.9x - 1.9
1230 - 1430 " " .29 138 9 114 Y = 6.Ox + 0.6
1530 - 1730 " " .33 130 11 116 Y - 9.Ox + 5.6
1830 - 2030 " " .31 136 11 116 Y = 10.lx + 4.6
2130 - 2330 " " .46 108 6 121 Y = 18.6x - 11.5
1230 - 2330 " " .34 144 12 116 Y = 7.4x + 4.8

Pleiku (based on 1967 + '68 d 4ta)

1230 - 1430 .53 103 13 .05 Y = 8.6x - 4.4
1530 - 1730 .51 107 15 109 Y = 9.6x - 3.7
1830 - 2030 .56 116 14 110 Y - 11.2x - 6.6
2130 - 2330 .51 122 13 107 Y - 12.Ox - 11.5

.62 118 15 109 Y - 9.7x - 5.5

.62 118 15 110 Y a 9.6x - 4.1
0030 - n230 Next day .56 118 13 107 Y - 14.5x - 14.8
0330 - n530 " " .58 ill 15 109 Y - 17.5x - 16.6
0630 - 0830 " " .53 95 10 115 Y - 13.9x - 9.9
0930 - 1130 " " .53 82 13 117 Y - 8.lx - 7.8
1230 - 1430 ." 48 100 11 107 Y = 8.4x - 4.2
1530 - 1730 " " .43 113 13 108 Y - 9.7x - 4.3
1830 - 2030 " " .47 104 12 115 Y - 9.3x - 4.2
2130 - 2330 " " .54 93 13 117 Y - 12.6x - 9.7
1230 - 2330 ." 535 104 1) 116 Y - 8.2x -2.8
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Table 10. Correlation, r, Numwber of Pairs, rn, and Regression Equations
For Predicting Average Radar Index, Y, From Average Coded
Cloudiness Over a 4* x 4* Square, x, Read Near Local Noon
(Continued).

RI Predict Center 4*x4*
Period (LT) r n position Regression Eq.

ON OE

Ubon (based on 1967 + '68 data)

J.230 - 1430 .41 10 13 102 Y - 8.1x - 4.5
1510 - 1730 .34 lib 16 104 Y - 5.5x - 0.8
1830 2030 .29 120 15 104 Y - 6.7x - 1.4
2130 - 2330 .44 113 13 107 Y 13.4x - 12.6
1230 - 2330 .40 118 13 109 Y - 8.6x - 4.2
0030 - 0230 Next day .37 113 15 107 Y - 12.lx - 11.4
0330 - 0530 " " .35 105 16 112 Y - 14.2x - 9.4
0630 - 0830 ." 34 109 14 112 Y - 10.8x - 7.8
0930 - 1130 .43 89 15 110 Y - 11.6x - 9.4
1230 - 1430 .a 37 96 13 114 Y o.- x - 2.0
1530 - 1730 a a .32 89 16 118 Y - 5.9x + 1.0
1830 - 2030 a a .45 90 17 118 Y - 12.1x - 6.8
2130 - .30 a a .45 99 13 115 Y - 15.Ox - 8.4
1230 - ;Q .43 108 13 114 Y 8.5x - 1.5

Udorn (based on 1967 + '68 data)

1230 - iA30 .42 104 15 105 Y 11.7x - 6.4
1530 - 173G .40 68 7 96 Y 14.1x - 3.0
1830 - 2030 .38 115 16 105 Y - 8.6x - 3.9
2130 - 2330 .43 112 17 104 Y - 11.2x - 7.9
1230 - 2330 .43 112 16 104 Y - 7.7x - 0.5
0030 - 0230 Next day .38 117 18 104 Y - 10.6x - 8.6
0330 - 0530 a .42 111. 19 107 Y - 14.8x - 11.1
0630 - 0830 .0 47 93 12 115 Y - 13.6x - 10.9
0930 - 1130 .a 35 88 18 108 Y - 10.Ox - 7.1
1230 - 1430 .0 32 81 12 115 Y - 9.6x - 0.1
1530 - 1730 " .25 107 23 104 Y - 5.2x + 4.2
1830 - 2030 .a ( 33 112 13 101 Y - 8.ix - 1.2

.33 112 13 102 Y - 8.5x - 8.5
2130 - 2330 .( 34 94 13 113 Y - ll.lx - 1.7

(.34 94 13 116 Y 10.3x - 1.3
1230 - 2330 .36 98 13 114 Y - 7.Ox + 3.0
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Table 11. Correlation, r, Number of Pairs, n, and Regression Equations
for Predicting Average Radar Index, Y, From Average Dense
High Cloud in Tenths Over a 40 x 40 Square, x, Read Just Be-
fore Local Midnight From the DRIR.

FR Predict Center 4* x 4*
Period (LT) r n Position Regression Eq.

ON OE

Tan Son Nhut (based on 1966)

0030 - 0"30 Next day +0.76 49 9.5 105.5 Y - 0.47x - 0.20
0330 - 0530 * * +0.57 46 9.5 106.5 Y - 0.25x + 0.19
063n - 0830 * +0.61 27 11.5 111.5 Y - 0.30x - 0.85
0930 - 1130 +0.64 28 14.5 115.5 Y - 0.45x + 1.4
1230 - 1430 p +0.51 37 16.5 113.5 Y - 0.83x + 6.8
1530 - 1730 " P +0.53 33 9.5 117.5 Y = 0.60x + 14.0
1830 - 2030 P P ( +0.60 34 10.5 116.5 Y - 0.74x + 11.3

+0.60 34 11.5 116.5 Y - 0.63x + 12.6
2130 - 2330 + .40 34 11.5 l18.5 Y - 0.25x + 5.6

1230 - 2330 * + .6C 35 11.5 116.5 Y - 0.42x + 10.0

Table 12. Correlations and Regression Equations for Predicting Average
Radar Index, y, From Sr.oothed Coded Cloudiness, x, Read Near
150C LT.

AT Predict Center 4* x 4' Regression
Period (LT) r n Position Equation

Tan Son Nhut

1230 - 2330 .43 8 1. 1161 E. y - 4.8x - 4.4
Next day

Ubon

1230 - 2330 .40 82 N. 1160 E. y - 3.lx + 2.1
Next day

Udorn

1230 - 2330 .44 66 70 N. 1130 E. y - 5.6x + 2.3
Next day

Pleiku

1230 - 2330 .40 79 12' N. 115' E. y - 3.7x + 4.8
Next day

d. Due to the small scale of the DRIR photographi on Muirhead recorders, a
single reading over a 4 x 4* square will be necessary.

e. An indication of the expected reliability of the forecast can be judged
by the relative values of r, the correlation coefficient, in the table.
Values below 0.4 are considered as little better than a crude approxima-
tion.

Some results of trial forecasts based on 1966 and 1967 or 1967 data alone tc
forecast 1968 1! , of the same day are given in table 13.
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Table 13. RMSE and Number of Forecasts, n, Made For 1968
RI Using Clouds, Persistence and Climatology.

Clouds Persistence Climatology

RMSE n RMSE n RMSE n

Tan Son Nhut 11.5 75 15.0 86 13.9 89

Pleiku 10.1 79 5.9 91 7.3 92

Ubon 10.5 80 11.6 91 11.2 92

Udorn ] 11.0 76 11.5 81 10.6 87

Success was scored only at Tan Son Nhut and Ubon while at Udorn the forecasts
b-at persistence but not climatology, and for Pleiku the method failed. Whether
the new equations, based on anothez year's data, prove more accurate in 1969 remains
to be seen.

6.2.2 The Use of a Sea-Level PreL:3ure Gradient

In section 3, a method of forecasting the RI 1230-2330 LT of the next day at
Tan Son Nhut was described. It employed the sea-level pressure gradient, station
48914 - station 48657 at OOOOZ as an indicator of low-level convergence, and cloud-
iness at a key location. When this was tested on 1968 data, the RMSE was 22.9
compared to 9.8 on the dependent data. The method was therefore abandoned in
favor of the original method which used the pressure gradient alone to give AT
for the full 24 hours of the next day.

The equation is:

Y = -4.4x + 6.4

where Y = RI 0030-2330 LT next day and

x = sea level pressure station 48914 minus station
48657 at OOOOZ.

The 1968 forecasts from 1967 data then had a RMSE of 8.6, persistence gave 9.0
and climatolcly 7.9. These errors are noticeably lower than those shown in table
13 because they pertain to a 24-hour period and include the normally inactive part
of the day. Since climatology gives the lowest errors, further details are not
given.

We are therefore left with the fact that the only worthwhile objective aid
to forecasting that has come from the study, up to this time, relies on cloudiness
as observed from satellites.
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DISCUSSION

HULL: Did you try screening and multiple linear regression techniques gn your
data? Did you use persistance and attempt to find additional predictors?

CONOVERZ I tried multiple regression, but I did not use persistence as one of the
variables. Many predictors were attempted.

ATKINSON: What kind of correlation was there between the Radar Indexes at the
individual stations?

CONOVER: Generally poor, i.e., 0.3 to 0.4 but it probably would have been higher
if the proper lag had been introduced. Until 10 Juna systems moved from the north.
After 15 June they moved from the south.

RAMAGE: In the friction layer, southwest flow along coast near Saigon is diverted
more toward low pressure over land than over sea, because of discontinuty in sur-
face friction. This might partly account for lack of correlation between vorticity
and RI over Saigon.

CONOVER: It is a possibility, but the observed afternoon average pressure gradient
Tan Son Nhut to Ubon would call for an additional 34 knot wouthwest wind so conver-
gence due to shear may still outweigh your suggestion, provided some of the in-
creased wind is over the water and I believe it would be.

KREITZBERG: The land-sea difference in frictional drag may be very small in the
afternoon over the delta with southwest flow because of the decrease stability
over the land with the daytime heating.

CONOVER: Agreed.

BELL: Two points: First, your correlations with thickness over Japan are a
measure of monsoon activity. The Tibetan high forms a downstream trough and a
ridge over the Sea of Okhotsk.1 Second, Yoshino 2 has shown that at 100 mb. the
westerlies over Japan are correlated with the easterlies over Bangkok and south-
east Asia generally. The correlation coefficient is -0.81. These two references
might help explain two of the correlations that you have found.

CONOVER: References are much appreciated.
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Figure 1. Summer Diurnal Variation of the Radar Index at Tan Son Nhut,
1966-1938.
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Figure 2. Swrwmer Diurn~1 Variations or the Redar Index at~ Pleiku, 1967-1968.
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Figure 3. Sumr Diurnal Variations of the Radar Index at Ubon, 1967-1968.
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NOONTIME CLOUDINESS, UNSMOOTHED
JUNE, JULY AND AUGUST 1966,67, 68
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Figure 10. Spatial Distribution of Correlation Coefficients, Noontime Cloudi-
ness vs. W1 I~I~I~ 1 fthe Sain Day at Tan Son Nhut, 1966-1968
Data. Area of PI hatched.
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ness for Tertile 1 and Tertile 3 Days at UThon, 1967. M~onsoonal
trough and cloud bands are marked by heavy lines. Area of RI
hatched. 
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Figure 19. Uinsmoothed Averaq Coded Clouds Tan Son Nhut Tertile 1 Minus
Tertile 3 Days, June, July, august 1966 and 1967, Niztbus II.
R~I area hatched.
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Figure 20. Uncmoathed Average Coded Clouds Pleiku Tertile 1 Minus Tertile
3 Days, June, Tuly, August 1967, Nimbus II. R1 area hatched.
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Figure 23. Average Relatively Vorticity (X 1iO5 sec.-') at the Gradient
Level, OOZ, Tertile 1 Days and Tertile 3 Days at Tan Son Nhut,
June, July and August 1966. Positive areas are shaded, RI
area hatched,
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Figure 25. Average Vertical Motion (cm. sec."') 600 rob. and 400 irob. All
Days, 00Z and 12Z, June, July and August 1966. Areas of
ascent shaded.
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Figure 26. Average Vertical Motion (cm. sec.-I) 200 mb. All Days, 00A
and 12Z, June, July and August 1966. Areas of ascent
shaded.
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F *gure 27. Average Vertica.~ Motion (cm. sec.* ) 12Z, Tertile 1 and 3 Days

900 mb. and 775 mb. June, July and August 1966. Areas of

ascent shaded.
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Figure 29. Average Vertical Motion (cm. sec.") 12Z Tertile 1 and 3 Days
200 nob., June, July and August 1966. Areas of ascent shaded.
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Figure 30. Average Vertical M.otion (cm. sec."I) Over 100 - ii° N., 106°
1070 E. at 12Z, June, July and August 1906 for Different
Tertile Days.
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Figure 31. Average Vertical motion (cm. sec.-,) OOZ, Tertile 1 and 3 Days
900 mb. and 775 mb., June, July and August 1966. Areas of
ascent shaded.
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Fiqure 32. Averagto Vertical Motion (cmi. sec.-') OOZ, Tertile 1 and 3 Days
600 mb. and 400 mb., June, July and August 1966. Areas of
ascent shaded.
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Figure 35. Average H{eights of the 850-mb. Surface. Tertile 1 days

upper, tertile 3 days lower. Heavy lines mark trough zones.
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Figure 36. Average Heights of the 700-mb. Surface. Tertile I days

upper, tertile 3 days lower. Heavy lines mark trough zones.

if i w i lr nTI I
N



- 198 -

4 /

• .p

S, 4

,$- .'.\JJ • :'b

Figure 37. Average Heights of the 500-mb. Surface. Tertile 1 days
upper, tertile 3 days lower.
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Figure 39. Average Heights of the 200-mb. Surface. Tertile 1 days
upper, tertile 3 days lower.
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Figure 41. Average Difference in Heights, Tertile 1 Days -Tertile 3
Days. 700 mb. upper, 500 mb. lower.
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Figure 42. Average Difference in Hleights, Tertile 1 Days -Tertile 3Days. 300 mb. upper, 200 mb. lower.
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Figure 43. Average Difference in Thickness 200 to 500 mb., Tertile 1
Days - Tertile 3 Days Upper. 500 to 1000 mb., Tertile 1
Days - Tertile 3 Days Lower.
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Figure 44. Average Ditterence in Thickness 200 to 5000 mb., Tertile
D - Tertile 3 Days.
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Figuire 45. Distribution of All Echoes on Tertile 1 and 3 Days. 00-05 LT
Tan Son Nhut. Hilly areas are hatched, radar is located at
the dot.
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Figure 46. Distrioution of New Echoes on 7artile 1 and 3 Dayz. uu-uý Li
Tan Son Nhut. Hilly areas are hatched, radar is located at
the dot.
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Figure 47. Distribution of All Echoes on Tertile i and 3 Days. 06-11 LT
Tan Son Nhut. Hilly areas are hatched, radar is located at
1he dot.
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Figure 48. Distribution of New Echoes on Tertile 1 and 3 Days. 06-11 LT
Tan Son Nhut. Hilly areas are hatched, radar is located at
the dot.
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Figure 49. Distribution of All Echoes on Tertile 1 and 3 Days. 12-17 LT
Tan Son Nhut. Hilly areas are hatched, radar is located at
the dot.
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Figure 50. Distribut~on of New Echovs on Tertile I and J3 Days. 12-17 LT
Tan Son Nhut. Hilly areas are hatched, radar is located at
the dot.
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FIFTEEN DAY CYCLES IN SOUTHEAST ASIA RADAR DA1A*

James T. Bunting
Air Force Cambridge Research Laboratoriej

ABSTRACT
Evidence is presented for an oscillation in Southeast Asia radar data with

a period of approximately 15 days. The relationship is found when radar data
are averaged in lunar time within the lunar synodic month, the period between New
Moon and the next New Moon. The semimonthly oscillation which is found, with
peaks shortly after both New and Full Moon, is equivalent to 14.8 solar days.
Quite siiilar relationships which have been found by other investigators for oth-
er weather elements are discussed.

The application of this relationship to forecasting is limited at present
since it is much more pronounced in ý:ne year than in the following year for rea-
sons which are not understood. The hypothesis, that the relationship is linked
to the tropical semidiurnal pressure oscillation, is examined with negative re-
sults in one year and postive results in the following year.

1, INTRODUCTION
Recent investigations have found relationships between weather elements and

solar and lunar tidal periods. Oscillations have been revealed in at least two
different time scales, the solar semidiurnal (two cycles per solar day) and the
lunar semimonthly (two cycles per lunar mcnth). Thesý! relationships are general-
ly not considered in forecasting; however, they might htve ,ome application to
forecasts in the tropics, if anywhere, since the magnitude of tidal forces tends
to be greatest in the tropics and since tropical weather generally has fewer
well-defined systems which might obscure tidal effects. The remainder of this
paper considers whether these relationships are present in the southwest monsoon
over SEASIA. Evidence for a lunar semimonthly oscillation in radar data is pre-
sented and the possibility of its relation to the semidiurnal pressure oscillation
is discussed.

EviJence has been published for periodic variation of rainfall within the
lunar month, or lunar synodic period (the period between New Moon and the next
New Moon). Bradley, et al. [4], working with data for the continental U. S.,
found that heavy rains occur most frequently in the first and third weeks of the
lunar month. This was noted both for individual stations with lonq records and
for the average of all stations in the U. S. Adderley and Bowen [1] revealed a
remarkably similar tendency in the Southern Hemisphere, e3pecially for New
Zealand. Bradley [3] considered the dates on which trcpicdl depressions intensi-
fied to become hurricanes. When the dates were grouped according to time within
the lunar month, the distribution of dates peaked near both New and Full Moon,
with fewer ciates near First and Last Quarters. Brier and Bradley [7] reinvesti-
gated U. S. rainfall data and strengthened their statistical arguments for the
validity of the lunar semimonthly cycle with peaks a few days after both New and
Full Moon. When the data were broken down so that different times of the year
and different areas of the U. S. cculd be examined separately, variation in phase
and amplitude of the curves for the lunar month was evident, howeter. C(-starng
and Visvanathan [13ý e;'-v.rinod extensive rainfall records for th, island of
Barbjdos and found a qi-nieral increase in rainfall frequencies four times During
the synodic month: a fe- days before New and Full Moon, and a few days after New
and Full Moon. Berson and Deacon [2I found that heavy rainfall during the ronsoon
season for Mangalore, India, and Djakarta, Indonesia, was more frequent near New
and Full Moon than at other times of the lunar month.

on the other side (.f the oon, Lund [15] found evidence of a lunar semi-
monthly period in U. S. *,beervations of sunshin,'. The firs, anti third weeks of
the lunar month had less than average sunshine, while the second -" t fourth
weeks had Tmr- than average. This tendency is certainly consistetit with the
previously rvntioned o)bservations for t. S. rainfall.

%'h• ;:evit,usly .•ntioned observat ions we.re extracte(l from records of data
which were t- cessarily lengthy tc'r several reasons. First of all, events such
as heavy : ains or hurricane forrat ion are *''turallv !are and cannot te, treated
as ,iistrilut r.ns uleSS :ecrtds of r.any years are available. Secondly, ither
os- i I Iat i o!:i ! any c'ausr whtch ha'.-p riodz ci ose t<, th0: lunar s.r'Imunt hly

°•esej-Z ch si•,',:ns,:.- [ A:tz ','zcv F ii ;e ! ,-arc: Lai.rartor-
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cannot be distinguished in a short data sample. Finally, an excessively lengthy
record can be divided into parts which can be analyzed separately. The separate
results can be correlated to test the persistence of the lunar semimonthly cycle.

Instead of a long record of rainfall data, radar data from 2 years are used
in this study. A semimonthly oscillation might be easier to detect in radar
data because a radar samples an enormous space compared to the space sampled by
a rain gauge. For the averaginq' of small-rcale effects, the extra space sampled
by a radar, might be as useful as the extra time of a longer rain gauge record.
Unfortunately, the other advantages of a lorg record would not apply to our
shorter radar record. Oscillations with periods close to the lunar semimonthly
cannot be distinguished in our short data sample. With a short record of data,
it is possible that errors in observation will obscure the oscillation if it is
divided into parts for independent analysis.

2. THE RADAR INDEX AND THE SYNODIC DECIMAL
Conover [12] describes radar data processed for two summers (1967 and 1968)

for radars in SEASIA, at Tan Son Nhut and Pleiku in South Vietnam, and Ubon and
Udorn in Thailand. These data are reduced to the Radar Index (RI), which is de-
fined as the percentage of coverage by radar echoes within 50 n. mi. of the ra-
dar. The RI was computed from hourly coded RAREPS. These hourly values of RI
for June, July, and August of 1966 and 1967 are used in the following analysis.

Values of RI are recorded for conventional, i.e., solar time. These values
are placed in lunar time within the lunar month by means of the Synodic Decimal
(SD), which is defined as the angular differece between the apparent longitudes
of the moon and sun at Greenwich noon expressed as hundredths of the synodical
month of 29.53 days. As displayed in figure 1, the Synodic Decimal has the
value .00 at New Moon, .25 at First Quarter, .50 at Full Moon, and .75 at Last
Quarter. All data over the whole earth at any time during a particular calen-
dar day are assigned the same value for the Synodic Decimal. The SD for the
following day is greater by about .03 to .04, depending on whether the moon is
nearest to apogee or perigee.

LAST QUARTER
SD'.75

* EAR Q
NEW MOON FULL MOON
SD x .00,1.00 SD -. 50

FIRST QUARTER
SD' .25

rTHE SYNODIC DECIMAL

r'I ;urv Aft :1o f t 5c Cavinthr Syn~odl- :Jcimc 1a'urn ,.Icu
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3, RELATION BETWEEN RI AND SD
RI data were examined for oscillations within the lunar month as follows:

First, for every date and station the 12 observations from 1230 through 2330 LT
were averaged to determine the afternoon RI. Each date was assigned an SD ac-
cording to an ephemeris prepared by Carpenter [9]. Then for each from .01 to
1.00, all correspording values of afternoon RI were totaled. The sums were
smoothed to a .13 running mean of the SD (about 4 days) by dividing the tctal
value of afternoon RI for 13 adjacent SD by the number of nntries making up the
total value.

Results of the iiove computation for June, July, and August of 1967 and 1968
are given in figure 2. The decimal point is here omitted from the SD, so that
50 = .50, etc. Two peaks of RI near 15 and 65 are evident. Paak values are
about 20 to 30% higher than trough values. The phase of this curve is very near-
ly the same as for studies of rainfall cited previously, in which peaks were
described 3-5 days after New and Full Moon (SD = 10-17 and 60-67) or else ex-
cessive values were attached to the first and third weeks of the lunar month
(SD - 01-25 and 51-75).

'5-

1230-2330 LT JUNE, JULY, AUG. 1967 & 1968
5 . l 1 I 1 1 I 1 1

10 20 30 40 50 60 70 80 90 100

SYNODIC DECIMAL

Figure 2. The Afternoon Radar Index (RI) During the Lunar Month Based on
Data for 1967 and 1968.

This simple relationship of the afternoon RI during the lunar month suggests
an application to forecasting. Even though the amplitude of the relation is
small, extremely long-range forecasts could be made since values of the SD can be
accurately calculated for many years in advance. Before embarking on such a
schema, however, the relation can be examined for its year-to-year similarity.
The data for figure 2 where reworked irto separate relations for 1967 and 1968,
which are plotted in figure 3. Within the lunar month, the afteinoon RI in 1968

1
A 1230-2330 LT average of RI was chosen initially since Conover had been using

the same averages for verification of forecasts. See his paper for this confer-
ence.
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obviouLly behaved quite differently than in 1.67. For 1967 the two halves of
the cvrse, 01-50 and 51-100, are almopt identit. i. This and the similar day
cycles Ln SZASIA radar data since each half of the lunar month lasts 14.8 days.
The pea); values for 1967 are 100% greater than the trough values. For 1968 in
figure 3, the two halves of the curve are not similar. The RI varies greatly
from 01 to 50, but not from 51 to 100. The peaks occur at 31 and 67, and are
thus not 15 days apart. From 01 to 50, the )968 curve bears an inverse rela-
tion to the 1967 curve. On the other hand, from 51 to 100, the peak values
for both 1968 and 1967 occur over the same range, 58-67.

1230-2330 LT JUNE, JULY, 61JG.

15- A%

a i968 V"

1967

5 I I I I I 1 _ __

10 20 30 40 50 60 70 80 90 100
SYNODIC DECIMAL

Figure 3. The Afternocn Radar Index During the Lunar Month Done Individually
for 1967 and 1968.

The great change irn the lunar semimonthly cycle from 1967 to 1968, appears
to greatly reduce the value of applications to forecasting. However, arguments
are presented in the following section that the choice of different time inter-
vals than the 1'30-2330 afternoon hours, would yield different if not better
relations.

4. INTERACTION OF LUNAR SEMIMONTHLY AND SOLAR SEMIDIRUNAL CYCLES

Solar semidiurnal cycles hame received considerable attention in the liter-
ature of atmospheric tides. Much lesser attention has been paid to modulation of
semidiurnal cycles by lunar tidal periods. The geographical and seasonal vari-
ations of tne solar semidiurnal pressure oscillation, for example, have been
studied in great detail by Chapman and Westfold [101 and by Haurwit'z [14). In
the tropics, this pressure oscillation has maxima near 1000 and 2203 in solar
time, minima near 0400 and 1600, and accounts for most variatjon in surface
pressure. Brier 161 has evidence that the variation of the amplitude of this
semidiurnal pressure oscillation is related to the lunar calendar. Furthermore,
Brier and Simpson (I1 found relations between the amplitude of semineiurnal surface
pressure oscillation and L- .a tropical cloudiness and rainfall. They also dem-
onstrated how the small convergence - divergence field that should be associated
with this pressure oacillatiot. might be able to qenerote the observed cloLdiness
and rainfall variation. Semidiurnal variation of radar activity vvuld be ton-
sistent with their findings.

Conover (121 presents average daily prvfiles of the X1 for each of! the four
radar locations used in this study. Tan Son Nhut. near the coast, has predomi-
nantly diurnal vaiation. The inland statio• .j. Pleiku, ubon and Udurn, have
semidiurnal variation in some months, not necessarily in phase ,ith the semi-
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diurnal pressure variation. In fact, the observed semidiurnal variation of RI
inland may have more to do with the geography and local dynamics of the Indochina
Peninsula than with the &,emidiurnal pressure variation itself. However, in this
study, only the change in semidiurnal variation during the lunar month is impor-
tant. Since the semidiurnal pressure variation appears to change di-xing the
lunar month, a clue is provided as to how the afternoon RI data mi-y be reorgani-zed.

Separate 3-hour averages of RI were available centered at 1330, 1630, 1930,
and 2230 LT. The combination of 1630 and 1930, which includes 1530 to 2030 LT,
approximates a time of pressure rise in the tropics. The combination of 1330 and
2230, which is 1230-1430 and 2130-2330 LT, covers times of pressure fall. The
two combinations taken together cover the whole afternoon, which was considered
earlier. The two combinations taken separately can be used to test the hypothesis
that limar semimonthly oscillation is a function of timn in the solar day.

Figure 4 rhows this division of afternoon RI data for 1967. The two curves
are almost identical. Subjictivsly, the hypothesis appears to be false. Figure
5 shows the equivalent display of data for 1968. The two curves exhibit highly
suggestive differences. First of all, the average RI from 1530-2030 LT is great-
er for nearly all values of SD. Secondly, most of the two curves can be related
by a phase "hift of about 15, which supports the hypothesis that lunar semimonth-
ly variation is a function of time in the solar day. If the curves were out of
phase by 25 i.e., completely out of phase, the hypothesis that semimonthly oscil-
lation is linked to the semidiurnal pressure oscillation would be strengthened
since the behavior of RI during pressure rise time would be the inverse of the
behavior of RI during pressure fall time. The possibility remains that a slight-.
ly different choice of times might yield two curves more nearly out of phase.

,1530-2030LT

0 %

1230-1430 \ ,
ond

2 L0--2330 JUNEJULY. AUG 967
5 . .-. ..L 1 __L ._ t • • _._ .

'0 20 30 40 50 60 70 80 90 100
SYNOD/C DECIMAL

Figure 4. The Radar Index for Separate Periods of theAfternoon During the
Lunar Month for 1967 Alone. The Periods of the Afternoon Vaere
Determined From Lhe Semidiurnal Pressure Oscillation in the Tropics.
1530-2030 LT Approximates a Time of Pressure Rise While 1230-1430
and 2130-2330 are Usually Times of Pressure Fill.

15W 2= , .LT

* -I

230-:430 and 2130-2330

i0 k0 406 !0 60 T- 7t"eo 2ý 106
SYNODIC DOCrIML

Fi4ure S. The Radar Index for separate Periods of the- Afternoon During the
&lnar Month for 1968 Alone. The Periods of the Afterncon were
00ternin-1 From the Semidiurnal Pressure Ocil.Latiun I:. the Tropics.
1530-2030 rT Approximates a Time of Pressure Rise While 12i0-1410
and 2130-2:)0 4re t*u.aly Times of Ptessure riLi.
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5. CONCLUSIONS

Radar data for the southwest monsoon in 1967 and 1968 exhibit a semimonthly
oscillation in the lunar month, with peaks shortly after New and Full Moon,
which is consistent with stueies of other weather elements by other investiga-
tors. This oscillation is shown to be quite pronounced in 1967 but weak in 1968.
When the same data are broken down into different periods of the afternoon accord-
ing to the semidiurnal pressure oscillation, both afternoon periods for 1967 ex-
hibit the same oscillation during the lunar month; however, the separate after-
noon periods for 1968 do not exhibit the same oscillation and seem to be out of
phase.

There are a number of possible explanat!.ons to the above puzzling relations,
assuming that they are :eal and no. due to errors in the data or statistical
chance. It is possible, for example, that we have detected cycles of some other
cause. Charney [11] and Mak [16] discuss how oscillations of suitable periods
might arise in the tropics by dynamic arguments. Another possibility is that
not enough aspects of lunar tidal theor, have been considered. The anomalistic
and nodical cycles of the lunar orbit are fcund to be necessary in describing
the amplitudes of tides in the oceans. There is no apriori reason to exclude
them when considering oscillations of the atmosphere. Further data, however,
would be neceEsary to distinguish these other aspects of lunar tidal theory.

DISCUSSION
ADLER: Worxing with the 1967 Radar Index data there might be an alternative
explanation for the 15-day cycle. At least for the first part of the sumrrer,
there is an approximate 15-day variation in the strength of the monsoonal
trough.

BUNTING: I have not looked at the RI data in exactly this wey before. However,
I might point out that I have dealt strictly with RI data and not with other
weather elements, which might also vary in a similar manner in lunar time. Also,
my cycles are in pbase with those found in other investigations.

BELL; It is claimed that an advantage of radar cover dat . is that it refers to
a greater area than individual, conventional reporting stations. Would it not be
more profitable to look at satellite cloud cover data for such variations be-
cause they cover much greater areas than radar?

BUNTING: This work is in progress.

SOUTHERN:

(a) What is the monthly variation of the ocean tide around the coast of
Vietnam which might just conceivably set up small tidal wind currents
on the coast and if it were of sufficient magnitude...?

(b) I note that the author does not q1lote other published •uthorities who
have criticized the conclusions of the authors quoted in the paper on
statistical grounds, e.g., O'Mahoney of the Commonwealth Bureau of
Meteorology.

MILLS:

(a) 2' to 4' daily about 170 N. on east coast Vietnam; about 6' to 8'
(sometimes mcre) at 100 N.

BUNTING:

(a) I am not aware of any publications which discuss such a mechanism. In
any event, of the four stations I used, only one, Tan Son Nhut, is near
the coast.

(b) O'Mahoney studied data for neavy rainfall at four stations in Australia.
He found no evidence for a relation in lunar time throughout the lunar
month, except near Full Moon. He also presented noteworthy statistical
arguments as to how a smoothing process applied to separate curves
might cause them to appear more the same.
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ATKINSON: Perhaps we slould look further at the semi-diurnal tidal effects on
weather at Southeast Asia stations where we have good data, e.g., correlation
with Radar Index at Saigon.

RAMAGE: Do you think that this line of work should be pursued to the benefit of
Southeast Asia operations? It strikes me as an example of a failing research
project--starting out with promise and looking worse and worse as more data are
included.

BUNTING: This line of work was begun on the basis of the other investigations
which were discussed. It was continued on the basis of the remarkable relation
for 1967, which described the RI for that year as well as any other approach.
Applications to forecasting are restricted both by the dissimilar results for
1968 and by our lack of knowledge concerning the responsible mechanism and its
interaction with other sources of weather. I don't agree tnat these two years
establish a trend of worsening results. More data would be needed to confirm
or deny the relationship. In any event, these results can be utilized in a dif-
ferent manner. Even if the relation is small and not large enough to form the
basis of a forecast, its presence may be interpreted as a background trend which
helps to obscure other sources of weather. Tni!, or other periodic relations will
have to be removed from tropical data before we can relate weather systems to
weather elements with any facility.
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AN OBJECTIVE MFThUD OF FORECASTING

CHANGES IN CONVECTIVE ACTIVITY IN SEASIA*

Frank R. Valovcin
Air Force Cambridge Research Laboratories

ABSTRACT
The relationship between wind speed at 1.5 km. or 850 mb. and convective

activity in SEASIA is examined. Preliminary results indicated that when the
wind speed at or near 1.5 km. or 850 mb. is relatively strong, the convective
growth and activity within a 50 n. mi. radius of the station is limited. This
relationship indicates that a simple objective technique may be used to forecast
4 - 10 hours Ln advance the type of convective activity that will probably oc-
cur between !200-0000 LST at selected stations in SEASIA.

1. INTRODUCTION
The objective of the initial study was to forecast thunderstorm penetrations

of the tropopause in SEASIA. As the data were collated and the study progressed,
it was decided to investigate the relationship of various parameters with the
growth and extent of convective activity and not limit the study to tropopause
penetration.

The stations in SEASIA that were investigated were Udorn, Ubon, Pleiku and
Tan Son Nhut. Although the results apply to all of the stations, only Ubon and
Tan Son Nhut will be discussed in this report. The time schedule for this semi-
nar did not permit the tabulation and verification of tLe independent data at
Udorn and Pleiku.

The purpose of the study was to derive an objective I chnique to forecast
the type of convective activity at the selected stations in SEASIA. Initially
stated, the probleir was to forecast the occurrence of radar cloud tops 245,000
feet within a 50 n. mi. radius of the station between 1200-0000 LST from June -

August. If a radar cloud top was reported 45,000 feet at ary time during the
12-hour period, the convective activity was defirid as "Active." On the other
hand, if radar cloud tops were reported 45,000 feet during the entire period,
the convective activity was defired as "Inaictive." An unexpected consequence of
this definition is that during an "Inactive" period, that is, when radar cloud
tops were <45,000 feet, there were no iadar echoes reported within a 50 n. mi.
radius of the station for at least 5 hours at Ubon are 8 hours at Tan Son Nhut
on the average. Consequently, a forecast of an "Inactive" period will general-
ly have 4 - 12 hours of no radar echoes reported within 50 n. mi. of the sta-
tion.

2. PRESENT STUDY AND PESULTS
2.1 Data Utilized

Hourly radar weather observations and upper-air data taken during the
period June - August 1967 were used as the dependent sample. The independent
sample consisted of observations taken durinq the period June - August 1968.
WSR-57 and CPS-9 radars were useO respectivel' at Uhon mnd Tan Son Nhut.

The hourly radar observations were used to compute a weather radar index.
This radar index (I) is defined as the percent coverage of radar echo on the
PPI scope within a 50 n. mi. radius of the station. (Conover, unpublished re-
port to AWS, dated 24 Mxy 19C7). Echo areas reported as "scatto red" were con-
sidered 25t covered, as "brcken," 70% covered, nn "solid", 95t -covered and as
cells, 1001 ccvered. Pertinent data ,oncertLn4 .ch u tic, , tops and intensity
accomipany cach echo plot of PI. A tabulation was made uf RI and radar cloud
sops that were observed at Ubon and Ta- i-in :.hut dur .nq the hours of 11230-2330
LST. This tabulation was then compared to various parameters listeL. below.

".Resr4ch sponsored by Ait Forec Canbrddqr MRsra 'u Laboratory
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2.2 Parameters Investigated

The foillowing parameters were screened for possible predictors. Some were
thoroughly evaluated with little or no success. Others were partially investi-
gated and will be given further consideration as the study progress6•. The
radiosonde and wind data w,:z available for Ubon at 0000, 0600, 1200, and 1800Z,
but only at OOOOZ for the Tan Son Nhut (0000Z correspondp to 0700 LST at Ubon
and 0800 LST at Tan Son Nhut).

(1) Tropopause heights and temperatures.

(2) Level of the easterly-component of wind direction.

(3) Change in the level of the easterly component of wind direction.

(4) Level of the maximum winds in the lower and upper atmosphere.

(:) 1.5 kin. (Ubon) or 850 mb. (TSN) wind speed and direction.

(6) 12 kin. (Ubon) or 200 mb. (TSN) wind speea and direction.

(7) 24-hour change in wind speed and direction for both 1.5 and 12 km.
levels.

(8) Wind shear between 12 km. and 1.5 km.

(9) Wind shear between 1.5 km. and surface.

(10) Daily variation of the u and v component at 1.5 and 12 km. levels.

Initial testing showed a relationship between the wind obseivation at 1800Z
and OOOOZ with the occurrence of convective activity during the period 1200-0000
LST. The best relationship appeared at the 1.5 kin. or 850-mb. level. Therefore,
the effort was directed towards developing an objective technique using the 1800Z
or OOOOZ wind observations. The parameter selected as a predictor was the wind
speed at 1.5 km. for Ubon and 850 mb. for Tan Son Nhut. The reason for this
slight discrepancy is that the units used in reporting rawinsonde observations
are m./sec. and meters at Ubon and knots and millibars at Tan Son Nhut.

2.3 Initial Results

The lower portion of fig'1Le 1 shows the daily 1800Z 1.5 kin. wind speed at
Ubon for the period June - August 1967. Wind speeds 19 in./sec. are shown in
black. The "Active" (white) and "Inactive" (black) periods are shown for the
same period in the upper portion of figure 1. In order to contrast the "Active"
and "Inactive" periods, the number of oLservations when the RI = 0 was plotted
during the "Inactive" period.

Figure 2 shows the same information for Tan Son Nhut except that the OJOOZ
850-nb. wind speed was used anj wind speeds ?27 knots are delineated.

An examination of figures 1 and 2 shows that, at both stations, there ap-
pears a relaticnship between wind speeJ and convective activity as defined by
"Active" and "Inactive" periods. In addition, durinq "Inactive" periods there
will be rany observations reporting a RI - 01.

B•ased on the relationship shown in figure- . and 2, an objective forecast-
ing technique was deve.'oped for Ubon and Tan Son Nhut. In the case of Ud,)n,
the c:ritical value of wind s.eed is 9 m./sec. Consequently, if the 180OZ lof00
LST) 1.5 kin. wind spred is <9 m./sec. at Ubon, forecast an "Active" period for
the afternoon and evening (1200-0000 LST), i.e., Radar Cloud tops >ý5,000 feet.
I! the wind speed is 29 n./sec., forecast aLn "Inactive" period, i.e., Radar
Cloud TopIs <45,000 feet and at least 4 ht.;rs or more of a R1 - 0. At Tan ,orn
N!hut, the forecastinr/ rule is, if the 0000Z (0800 I.r) 850-:fi'. wind sperd Is
( 27 knots, fo)recast an "Active" peziod and if the wind spel is 27 knots,
Iurvcast ":.nactive" period betweert 1200-0000 LST.
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In order to evaluate this objective technique, the methods listed in AWS
TR 211, dated December 1968, were followed. The three methods used were as
follows:

a. Percent of forecasts correct: The percent correct score is the ratio
of the number of correct forecasts to the total number of forecasts.

b. Heidke Skill Score: The score may vary from -1.0 to +1.0. The Heidke
Skill Scor, compares the number of correct forecasts with the number of
correct forecasts expected by chance. From the following contingency
array:

Forecast
0
B Yes No Total
S
E Yes A B A + B
R -_
V No C D C + D
E
D Total A + C B D A + B + C + D

The Heidke Skill Score is given by the formula:

Heidke Skill Score = F - D*

where F - A + D - number of ccrrect forecasts

T - A + B + C + D - total number of forecasts

D* - (A+B) (A+C) + (C+D) (B+D) - Number of correct forecasts
A+ BE+ C+ D

that can be expected by chance based on the sample.

c. Appleman Skill Score: This score is similar to Heidke except that a
differeii-ntmEriioth-used to measure the number expected by change and
is given by the formula.

Appleman Skill Score = F - X

where F and T are the same as Heidke's but X is either (A+B) or (C+D)
whichever is larger. Depending on the sample, the Appleman Skill Score
may range from a negative value for no skill to +1.0 for perfect skill.
In addition, a sample having a predominantly larger occurrence of one
predictand may show a positive Heidke Skill Score and a negative
Appleman Skill Score.

The cont'ingency array and scores for the dependent sample for Ubon and Tan
Son Nhut is shown in table I.
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Table 1. Contingency Table for the Dependent Sample,
June - August 1967.

Station, J UBON TAN SON NHUT

Forecast Forecast

Yes No Total Yes No Total

Observed Yes 39 13 52 Yes 57 11 68
No 12 22 34 No 9 14 23

(Radar Cloud
Tops 45,000
Ft.): Total 51 35 86 Total 66 25 91

Percent of Correct Forecasts -- 711 - 78%
Heidke Skill Score : - 0.39 - U.44
Appleman Skill Score - 0.26 - 0.13

Table 2 shows the contingency array and scores for the independent sample
for both stations during the period June - August 1968.

Table 2. Contingency for the Independent Sample,

June - August 1968.

Station UBON TAN SON NHUT

Forecast Forecast

Yes No Total Yes No Total

Observed Yes 40 18 58 Yes 64 6 70
No 15 17 32 No 4 6 10

(Radar Cloud
Tops 45,000
Ft.): Total 55 35 90 Total 68 12 80

Percent of Correct Forecasts : - 63% = 88%
Heidke Skill Score : - 0.22 - 0.47
Appleman Skill Score : - -0.03 - 0.00

An examination of table 2 shows a positive lleidke Skill Score and a zero
for no skill for the Appleman Skill Score. The percent of forecasts correct
are presentable, 631 at Ubon and 88% at Tan Son Nhut. The reason for the
Appleman no skill score is due to the population sample of the independent da-
ta. However, it is felt that there remains some merit in this simple objective
technique. This technique verified over 50% of the "Inactive" periods, i.e.,
17 out of 32 at Ubon and 6 out of 10 at Tan Son Nhut. This in itself may have
some forecasting merit, since associated with *Inactive" periods are numerous
observations with a RI - 0%.
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2.4 Suggestion

Many parameters were screened for possible predictors and were listed in
section 2.2. Although this study limited itself with the 1.5 km. or 850-mb.
wind speed as the final predictor, it is not zmant to disclaim or discredit the
other parameter?:. Many of the parameters such as wind shear between 12 and 1.5
km., 24-hour ch,.' Lr .'ind speLd, change in the level of the easterly component
of wind direction showed good relationships but none was as good as the 850-mb.
or 1.5 km. wind speed.

As the result of this study and the experience gained, it appears that an
improv,-ment of the technique may be gained by considering vertical wind profiles,
vertical shear and a humidity parameter. On a few occasions an analypis was made
of the forecasts that did not verify. It was discovered that the cr. ical wind
speed was axceeded in a layer ±0.5 km. or ±50 mb. of the 1.5 km. or 850-mb. level.
Another aspect of the vertical wind profile that should be considered is the maxi-
mum shear between levels. The level at which the maximum winds in the lower and
upper atmosphere occur should be considered. Finally, a humidity parameter
either between the surface and 850-mb. level or between the 850- and 500-mb.
level should be incorporated into the objective forecasting technique.

3. SUMARY
An objective technique is derived to forecast "Active" or "Inactive" convec-

tive activity during the afternoon and evening hours between 1200-0000 LST at
Ubon, and Tan Son Nhut during the period of the southwest monsoon from June -
August. The problem is to forecast the occurrence of Radar Cloud Tops a45,000
feet (Active) or (45,000 feet (Inactive) within a 50 n. mi. radius of the
station, based on 1800Z or OOOOZ wind observations. The predictor used is the
1800Z 1.5 km. wind speed at Ubon and the OOOOZ 850-mb. wind speed at Tan Son
Nhut. The objective technique forecasts "Active" periods when wind speeds are
<9 m./sec. at Ubon and 27 knots at Tan Son Nhut. "Inactive" periods are fore-
cast when wind speeds are a9 m./sec. at Ubon anda 27 knots at Tan Son Nh.ut. AkL
addition, "Inactive" periods will generally have from 4 - 12 hours of no echoes
being reported at the station.

DISCUSSION
RENARD: Could you explain the difference between the large percent of "Active"days shown in the contingency tLoles and the "10% active cases" quoted in the
introduction to your technique?

Pid you t-y persistence as a comparator in the skill score relations shown,
i.e., use T - P where P - persistence?

VALOVCIN:

(1) Active days are designated whenever there is a report of a radar cloud
top 45,000 feet for at least 1 hour in a 12-hour period. However, in
the ' :bulation, each radar cloud top in a 50-mile radius is tabulated
for e4;.'% hour. As many as 65 to 70 radar cloud tops may be tabulated
for any 12-hour period. The 101 refers to all tabulated cloud tops and
not the number of hours reporting radar cloud tops a45,000 feet.

(2) Persistence was examined for the 1968 data of the independent sample
for both Ubon and Tan Son Nhut. It was not very successful. The num-
ber expected by persistence was less than that expected by chance or
climatology. Consequently, the skill score was much higher than when
persistence was used in the statistical equation. I interpret this as
a defeat of persistence as compared to my objective techtique.

ADLER:

(1) Is there a direct relation betwee-n your definition of active-inactive
days and Conover's RI (scope coverm;)? (2) -Did you investigate the
effect of tropical cyclone activity in the South China Sea on buildups
above 45,000 feet over the peninsula?
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VALOVCIN:

(1) Nol I define convective activity as a function of the heiqht of radar
cloud tops. Mr. Conover defines convective activity as a function of
areal coverage of radar activity in a 50 mile radius. On certain days
there may be some agreement. On other days, there is no agreement.
Correlations between the two is +0.45.

(2) Not directly, but I did examine some 850-mb. maps .nd found that in a
few cases, especially in August l•67, tropical cyclones were in the
area and may be directly or indirectly the cause of the high wind speeds
at the stations investigated, especially Tan Son Nhut.

KREITZBERG: It is important to distinguish between forecasting deep convection
or hea.y precipitation and forecasting scope coverage. They are different
problems and the same techniques need not solve both problems. The severe weath-
er cases need not occur when the most area coveraqe of echoes occur.

VALOVCIN: I agree wholeheartedly.

RAMAGE: I find trouble in reconciling your result that the higher the 850-mb.
wind, the lower the CB tops and earlier reports that strong southwesterlies aic
associated with high radar index.

VALOVCIN: The answer to this question may be found in the comments by ProfessxIr
Kreitzberg and Mr. Conover. I am in complete agreement with both gentlemen.

HAU: It seems to me that at Tan Son Nhut wind speeds ?27 knots is relatively
rare at 850 mb. Have you thought about adding some more criteria beside wind
speed at one level and lowering your 27 knots to a small value - say, 20 knots
for instance - to cover c=nditions with cloud top< 45,000 ft.?

VALOVC!N: In 1968 they may have been rare, 12 out of 80. In 1967, these were
25 out of 91 which I would not consider rare.

Yes, I would like to see some parameter of vertical wind profiles and
himidity included as an additional predictor. I plan to study and evaluate
other parameters that may be useful. Finally, by lowering the speed criterion,
I feel that in general the percent correct forecasts and the skill scores may
be lowered by 10 to 20%. The number of verified "yes" forecasts wil]. be lowered.
The number of verified "no" forecasts will be increased.

The total number of correct forecasts will be less than those 3btained in
the present study. The 27-knot wind speed used in the dependent sample maximized
the total number of correct forecasts and the skill scores. This is the reason
why the magic number of 27 knots was used for the independent data sample.

BELL: Can you please either explain the radar drill for determininq your 4S,000
feet tops or give a measure of the accuracy of these observations?

VALOVCTN: The 45,000 fee, radar cloud top was arbitrarily used as representing
the upper 10% level. it was determined after tabulating scme 3,000 hourly RAREPS
and computing the *,'iulative frequency of all the radar ci lud tops.

The measur-ment ci the radar cloud top was taken direc ly from the RAR?:PS.
My experience wit-i radar cloud tops and visual aircraft me.surements is that
there is good agreement.

CONOVER: In reference to Prof. Ramage's remna:-ks, my data do not really Luntradict
Valovcin's. I show map winds south or southwest of the station and the station
is in a regimen of horizontal shear. Furthermore, our classifications of activi-
ty are .iffereoti therefore, speeds need not be the same. It is conceivablv that
activity increaseo up to a critical speed and above this speed vertical shear
tears the cloud apart and activity diminishes.

VALOVCIN: I *-roe completely.

SOMERVXEI.t Would sc.one please relate radar tops, radar index and precipitation
amount or intensity (propose Mr. Valovein, Dr. Kreitzberg, Dr. Ho, or Mr. Cunover
-- all cumment).

VALOVCIN, It can't be done without quantitative radar d4ta--which we do not
presently have nor do we expect it in the future.
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HO: The radar index and rainfall amount are not related one-to-one. Radar index
and rainfall amounts reported within the 50 mile radius of Saigon (14 reporting
stations) for July 1967 show case3 of low radar index in conjunction with high
rainfall amounts and vice vsrsa. The number of stations reporting rainfall during
the same time indicated that cases of low radar index coincided with widespread
rainfall and high index wJith locally heavy rainfall.

SAl'•ER: We have found in a general sense that the stronger and deu,..r the westerly
monsoon current the greater the area cloud amount from satellite data and also the
greater the RI. However, the speed distribution is very important for at times the
maxi•um speed is over the South China Sea and, even though the speed over southeast
Asia is high, theze is still speed divergence in the area giving less cloudiness
and low RI over the area.
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Figure 1. Daily 1800Z 1.5 km. Wind Speed at UBON in Relation to "Active"
and "Inactive" Periods.
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INTEPPRETATION AND APPLICATiON OF NIMBUS

HIGH RESOLUTION INFRARED RADIOMETER DATA

R. S. Hawkins
Air Force Caiabridge Research Laboratories

1, INTRODUCTION

This paper has been prepared with the objective of provid ̀ ng both operational
and research meteorologists with guidance in the interpretation and application
of data from the NIMBUS satellite High Resolution Infrared Radiometer (HRIR) or
similar type data. It has been prepared on the basis of studies of NIMBUS I (Aug.
- Sept. 1964) and NIMBUS II (May - Nov. 1966) HRIR pictures over Southeast Asia
with supporting surface and radar observations. The results will be applicable
to a large degree to any satellite system operating in the 4 micron or 8-12 micron
atmospheric windows. However, the ability to interpret textures and dark tones
(clear or low cloud regions), considered only briefly here, is expected to vary
from one system to another. Spacial resolution and sensitivity (grey scale span)
are the most important factors contributing to this variation.

The importance of the HRIR data at this time is accentuated due to the sched-

uled launch of NIMBUS III in April 1969. Also, of operational importance is the
fact that near midnight pictures will become available via the Automatic Picture
Transmission system of the HRIR. This should prove valuable for planning morning
military missions in Southeast Asia.

In section 2 the principal features of the HRIR system are described along
with pertinent characteristics of the data. Since this information is availabie
in detail in the references, only the essentials are given. In section 3 compar-
isons are made with radar and rainfall indices. Section 4 discusses a number of
statistical summaries of the data over Southeast Asia.

2, CHARACTERISTICS OF THE NIMBUS HRIR SYSTEM AND

INTERPPETATION OF THE DATA

This section gives a brief summary of the HRIR system and the fundamentals
of interpretation of the data necessary for a clear understanding of the follow-
ing sections. There is one point that should be kept in mind at all times: the
infrared pictiares require a different interpretation framework from the daytime
video pictures. It should also be mentioned that the direct readout system
(Direct Read-out Infrared Radiometer or DRIR) is the same as the HRIR system.
The method of readout is the only difference. 14IMBUS III will have DRIR capabil-
ity.

2.1 The NIMBUS HRIR Instrument

The HRIR radiometer measures infrared energy in t1he 4 micron atmospheric
window. The instantaneous field of view is approximately 5 n. mi. directly be-
low the satellite and varies with the angle of view. Scans are made across the
earth perpendicular to the motion of the satellite from horizon to horizon. In
tropical latitudes, scan lines are oriented roughly east-west. As the satellite
advances along its orbit, successive scans are made and from these a "picture"
of the earth and its clouds as seen in the infrared is constructed. The HRIR
.,pictures" are in the form of strips showing an area over 2500 miles wide with
the sub-satellite track along its center. The horizons are along the edges of
the strips. Examples given here are small portions of these strips.

NIMBUS I and II were launched into sun-synchronous, quasi-polar orbits such
that passes occur over an area near local midday and near local midnight. Solar
reflection in the wavelength sensed by the 11RIR radiometers makes daytime data
very difficult: to interpret. This report considers only the nighttime data.
Subsequent satellite systems operating in the 8-12 micron atmospheric window
would remove the daylight problem. In this case, interpretation would be similar
to interpretation of the nighttime data.

*Research sponsored by Air Force Cambridge Research Laboratory
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2.2 Basic Interpretation of HRIR Type Data

The HRIR radiometer measures radiant energy from the earth, the clouds, and
the atmosphere. For all practical purposes, however, the atmosphere is trans-
parent in the HRIR band. The amount of energy emitted by the earth-cloud system
depends on temperature and emitting ability (emissivity) of the system. For all
practical purposes, the earth and relatively thick clouds emit energy equally
well for the wavelength interval of the HRIR oystem. The emission depends on
temperature. Warm surfaces emit more energy than cold ones. Since temperatures
normally decrease with altitude in the atmosphere, the earth emits more energy
than clouds and low clouds emit more energy than middle clouds and middle clouds
more energy than high clouds. An exception is thin high clouds; they allow en-
ergy to pass from below and therefore appear warmer and hence lower. The infra-
red "pictures" are made with black representing the warmest temperatures (land
and oceans) and white representing the coldest temperatures (thick high clouds).
The greys from black to white denote temperatures from warm to cold. Hence, the
HRIR data provide information with regard to cloud cover, cloud types, cloud pat-
terns, and cloud heights. However, it should be mentioned that interpretation is
far from clear-cut.

One of the greatest problems is that of spacial resolution. The radiometer
field of view looking straight down is about 5 n. mi. circle. With scattered to
broken clouds in the field of view, the energy reaching the sensors comes from
both warm earth and colder clouds and the resulting temperature corresponds to a
level somewhere between the surface and cloud-top temperatures. Thus, a middle-
cloud layer could give the appearance of a low-cloud layer. In addition to limi-
tations in determining cloud-top height, resolution restricts cloud type inter-
pretation as well.

The fact that the HRIR "pictures" represent emitted energy around 3.7
microns, while video pictures represent reflected solar energy in the visible
part of the spectrum, should always be kept in mind. The greatest difference in
the two systems is the appearance of low clouds. In the infrared, low clouds are
dark and often indistinguishable from land and ocean but in the video they are,
in general, represented by the light greys and whites. In some respects, the de-
emphasis of low clouds restricts interpretation particularly in regard to cloud
cover. Tn other cases, such as locating thunderstorm areas and detecting
middle- and high-level vortices associated with cyclones, de-emphasis of the low
cloud in the HRIR significantly aids interpretation.

Details of Nimbus HERIR system can be found in NIMBUS II User's Guide [1].
Widger, et al. [2], present a variety of information on the system, picture
rectification, data interpretation and data application along with numerous casestudies.

2.3 HRIR Interpretation in Southeast Asia

The HRIP data for NIMBUS II cover the period from 15 May - 20 November 1966
for SEASIA. This includes almost all of the southwest monsoon season. The data
from NIMBUS I cover the short period from 30 August - 20 September 1964. Thus,
the data, by and large, are for the southwest monsoon season and, to repeat, for
approximately local midnight. The results reported here should not be applied to
other times of day, particularly for land areas, without regard for diurnal
changes.

Comparisons of the video and infrared have been made. In general, advant-
ages of one system are disadvantages of the other and the 12-hour separation in
time adds to the problem of comparing the two. Large storm areas appear in both
systems but due to diurnal changes and system differences, it is usually impossi-
ble to determine what has happened in terms of growth or dissipation. The com-
bination of the two systems has been useful for tracking and determining the
presence of major areas of activity.

An example of the IIRIR data with several typical features of interest is
given in figure 1. Latitude-longitude ticks are given for even 2 deg. (approx.
120 n. mi.) intervals. The young convection complex, figure 1, is made up of
individual bright aruas of the order of 20 n. mi. diameter. High-level wind
shear is indicated by the gradual change in tone of anvils for the large storm
area to the southeast. Since the individual bright areas of the young complex
are not sheared off l.y the high-level winds, they either have not reached that
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level or have not been at the level very long. A thin cirrus layer spreads
over the entire complex. Here, "thin" is used as relative transpCrentcy in the
infrared. How thick, and how bright these clouds would appear in the video is
not known. It is probably safe to assume that semi-transparent cirruý: in the
infrared is thin, and also semi-transparent in the video wavelengths. I lery
large and presumably old anvil is located at bottom-center. This cirrus Jheet
is several hundred miles long and very thin.

Large thunderstorms frequently appear zo be made of smaller ones. This is
indicated by darker tones between storms or the separating of anvils near the
end. Black arrows, figure 1, indicate different thunderstorms inferred from the
separation of anvils near the end of the overall anvil. Differences in lengths
of the individual anvils probably reflect the relative ages of the individual
thunderstorms. In this case, however, the heaCs of the thunderstorms are not
apparent in the picture.

The sharp fall-off of tone from the storms is typical. The tendency for the
bright tones (cold clouds) to be elongated east-westerly is also typical. Some
of this, if not all, is due to cirrus blowoff by the upper-level easterli~s.

A non-cluttered print covering a larger area is given in figure 2. A tropi-
cal storm is located just off the picture, top center (1220 E., 270 N.). The
thunderstorms in the west, figure 2, are over Indochina. The thunderstorms in
the center of the picture are located over the South China Sea. Hainan, a good
geographical location for grid checking, can be seen faintly in figure 2 at 1100
E., 190 N. The Gulf of Tonkin is cloud-free with the possible exception of low
clouds. However, since the dark tone is solid without irregularities, it is
probable that low clouds are absent. Over land this reasoning will not apply
since land patterns are usually irregular.

Before quantitative measurements were made, some general conclusions were
reached frcm comparisons of HRIR pictures and radar echo areas. About a dozen
orbits in July, August, and September 1966 were compared with radar echo areas
for Ubon and Udorn, Thailand and Saigon (Tan Son Nhut), South Vietnam. It was
found that the reported echo areas almost invariably fall within bright areas.
The echo areas that do not fall within bright areas are usually those with
scattered echoes. An example is given in figure 3; a non-cluttered copy of the
picture is given in figure 4. The grid points are located about 1.5 deg. to
the east and 1 deg. to the south of the true location. The radar station loca-
tions are marked (Udorn and Saigon). Use grid tick spacings, 120 n. mi., for
judging distance from the stations. A WSR-57 with a 200 n. mi. (apprcx.) range
is located at Udorn and a CPS-9 with a range of about 150 n. mi. at Saigon. The
bright clouds about 60 mi. southeast of Udorn gave scattered echoes at 1430 GMT.
The non-cluttered print, figure 4, is a typical picture for the summer monsoon
season showing a large amount of low stratiform cloud over China, thunderstorms
over Indochina, and a band of storms from the Taiwan-Philippine region across
the South China and lower Indochina.

In view of comparisons of bright areas with radar echo areas and surface
reports and the definite tone contrast with other tones, bright areas are given
the name "Dense High Cloud" (DHC) to differentiate it from high cloud in general.

Dense High Cloud tends to occur in discrete areas, which are subdivisions of
larger cloud areas common3y referred to as "blobs" or "clusters." A tally of
these areas 4as made for 24 orbits in the area bounded by 100' - 110' E., 10'
20' N., the 10 degree block which encompasses most of Indochina. D1IC area
categories were selected in a manner that would permit easy estimation from the
2 degree grid ticks on the pictures. Thus, areas equivalent to squares with
sides having lengths of 1/4, 1/2, 1, 2, 3, and 4 degrees latitudes were chosen.
The respective areas are, of course, 1/16, 1/4, 1, 4, 9, and 16 deg. In count-
ing merged storms, those attached laterally by more than half the length of the
smaller storm were considered one storm, otherwise they were considered two
storms. The storm in the center of figure 2 falls into the 3-deg. category.
The storm about 50 n. mi. ESE of Udorn in figure 3 falls in the 1-deg, category.
Th2 cyverage frequency per day of the storm count derived from 24 orbits is given
in figare 5. Also shown are the corresponding frequencies of the niean storm areas
per day. The total area of the I and 2 deg. size storm (6.7 den. 2 ) is about twice
as large as the areas of all the other sizes combined (3.5 deq• ).
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Figure 6 shows a frequency distribution of the daily amount of DHC (in
tenths) over the portion of SEASIA bounded by l00* - 1100 E., 100 - 200 N.
Cases where this 100 box included 0.40 coverage or more of DHC only occurred
6% of the time. The mean coverage is about 0.15. This figure reiterates the
statement made earlier concerning the special nature of DHC; namely, consider-
ably restricted in coverage as compared to cloud coverage in general. Compari-
sons with radar and rainfall data presented in the next section will emphasize
this further.

3, DENSE HIGH CLOUD VS. RADAR AND RAIN INDICES
Comparisons of radar echo areas with DHC indicated that rain areas are re-

lated to DHC areas. This and the fact that DHC coverage makes up about one-
fourth of the clouds over Indochina prompted a quantitative ýysis. Saigon
radar data were used to obtain radar indices for a 50 n. mi. .i,cle (see fig. 7).
Echo areas were weighted (0.25 - scattered, 0.70 - broken, 0.95 solid, and
1.00 - "cell") to obtain an estimate of the radar rain area. The Paear Index is
the radar rain areA divided by the total area in the 50 n. mi. circle. DAC (to
nearest tenth of 10% of coverage) readings were made for 2 deg. lat. by 2 deg.
long. boxes, one centered at Saigon and four overlapping as indicated in figure
7. The mean percent coverage of DHC for 53 cases in June, July, and August 1966
for the five boxes are:

27 24

23

18 16

For geographical locations refer to figure 7. The averages for land, ex-
cept for the Delta box (lower left), are almost 10% of coverage more (40% more
DHC) than the ocean box (lower right). The Saigon box is closer to the inland
averages than the ocean value. A correlation coefficient of 0.70 was obtained
between D11C in the central box and Radar Indices. An independent reading of
DHC, to reduce randam reading errors, was made; alone it gave the same coeffici-
ent and the average of the two readings gave a correlation coefficient of 0.79.
The d&ta are given in figure 8 along with the least squares line of best fit.

Some estimates of the probability of rain occurring at a point in DHC can
be made. The regression equation gives a Radar Index of 50.4 when Dense High
Cloud is 100%. Although it may be representative of large areas of thunder-
storms, it is, however, too high for DIIC as a whole. If rain occurred only in
DIIC, the mear, percent area would be 47.4 which is the mean Radar Index divided
by the mean DI1C. As can be seen from figure 8 sore rain occurs for cases 0O
DHC The 14 cases with 0% DHC give an average RI of 1.6. Assu.ing that this
value is representative of the entire area without DHC,

1.6 (1 - DUC) + F (&_C) -RI (I)

where D-W - mean DHC cover, F - percent of rain area in RTC, and F'I - nean
Radar Index. Solving for F,

F-RI - 1.6 ti -P!IC
DHC

F 10.9 - 1.6 (1 - 0.2j)
0.23

F - 42.0%
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Assuming that rain is equally likely at all points in the 50 n. mi. circle
around Saigon, the Radar Index is the probability of rain occurring at a point in
the area. For the cases under discussion the value of the mean RI is 10.9%, about
one-fourth as large as F, which points out the value of knowing whether or not
DHC is present.

Another interesting comparison can be made with F. The total cloud coverage,
as reported by meteorological stations, is not known for the area and cases under
discussion; however, the climatological mean is about 80%1 for June, July and
August at Saigon. In the following discussion, values for 75% and 85% appear in
parentheses after the value for 80% coverage. Similar to equation (1), we can
write,

0 (1 - C) + G (C) -

where, C = cloud coverage and G = percent of rain area in cloud. Solving for G,

RI - 0 10.9

C 0.80 (.75, .85)

G = 13.6% (14.5%, 12.8%),

which is about one-third as large as F.

The HRIR observations were made almost in the center of a 12-hour accumulated
precipitation observation. Since precipitation is widely variable in time and
space, an arbitrary rainfall index based on the 6 stations shown in figure 7 was
devised. The 12-hour rain index which has z scale froir 0 to 9 is defined by fig-
ure 9, A correlation coefficient of 0.65 was obtained for DHC and the Rain Index.
The data points and regression line are given in figure 10. More frequent satel-
lite measurements would undoubtedly improve the relationship.

These results indicate that bright areas (Dense High Cloud) in HRIR picture;.
are areas of deep cumulus convection. This is an important difference between
the video and HRIR systems. Video pictures do not accentuate the difference be-
tween bright low stratiform clouds and bright deep cumulus convection as do the
HRIR pictures.

4. SOME DENSE HIGH CLOUD SUMMARiES
To get some idea of the rnall scale geographic;al distribution and large

scale day-to-day variations of DHC, analyses were performed as detailid below.

4.1 Small Scale Monthly Means

In view of the relationships between DHC and the precipitation indices
presented in the previous section, one-degree readings of DHC percentage were
made for Jane, July, and August 1966. There were 24 days in June, 14 in July,
and 19 in August. Monthly means are presented in figure 11.

In June 1966 the South China Sea wa3 very inactive. In fact, ocean areas,
in general, tend to be inactive and land areas active in June. An exception is
in the top left corner. The Burma area is low and north Bay of Bengal is high
in DhC coverage. The same tends to hold true for July except :(verage over the
South China Sea has gone up with an active center located at ,.~out 11i N.,
114" E. This active area is also present in August at 13" N , 116" E. Activity
over Indochina is high in August as compared to June and July.

4.2 Large Scale Day-to-Day Variations

Largo scale day-to-day variations were investigated by examining the per-
cent cove:rage of Dense High Cloud over SEASIA between latitudes 10* and 20" N.
and longil:ude 100* and 110" E. as shown in figure 12. These readings indicate
a tenden.y, for "pulses" with lengths of a week to ten days.

For a 34-year record Climate of Republic of Vietnam, 20th Weather Squadron, Ist
Wea. Wg. (MATS), pg. "b, gives mean cloudiness of 79% for June, 821 for July,
and 791 fý 1 Auqust.
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There is some suggestion that on a night-to-night basis, activity is followed
by activity and vice versa. A sumunary of statistics of 24-hour change in DHC
cloud-cover from 15 May to 1 November 1966 for the SEASIA area, 1000 - 1100 E.,
100 - 200 N., is given in figure 13. Figure 13(a) gives the number of cases of
various amounts of DHC 24 hours following a given amount of DHC. For instance,
two-tenths of DHC was followed by one-tenth 14 times and by zero-tenths 0 times.
Three-tenths was followed by three-tenths 5 times. Figure 13(b) shows how the dis-
tribution would look if there were no connnection (random) between adjacent nights
derived from the frequency distribution of DHC, figure 6. Figure 13(c) shows the
excess (or deficit) of cases observed over what would be expected if the amounts
of DHC occurred at random. For example, there is a tendency for two-tenths to
decrease to one-tenth but not to zero-tenths. Zero-tenths is very persistent.

The best forecast based on the observations given in figure 13(a) and for a
minimized root-mean-square error is given in figure 14 along with the persistence
forecast. The abcissa and ordinate are in tenths of coverage. The greatest dif-
ference is on the hig;h end and is about one-tenth at four-tenths coverage. Fig-
ure 15 gives the error (percent DIIC) with time for the seasonal mean forecast,
persistence (subscript one) for readings with random errors and persistence (sub-
script two) without random reading errors. Notice that the 24-hour RMS error for
persistence (subscript one) is about equal to the error for climatology. The
point M is for the minimized RMS prediction without reading error. The reading
error is based on results of three readings of 200 10 deg. by 10 deg. boxes.
These results are, of course, for midnight to midnight. Diurnal changes should
be considered to uses at other times.

These results indicate that there are large scale slow moving or varying
systems producing areas of activity. we also get this impression from video and
infrared pictures of "blobs" and long broad bands of activity. However, studies
of synoptic maps in conjunction with satellite pictures have not vevealed any
definitive relationships.
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COMPLIEX•

CUM4
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Figure 1. Examples of Several Types of Clouds Including Cumulonimbi, Anvils,
and Cirrus. A non-cluttered .opy is given in figure 2. Nimbus I1,
Orbit 1522, 6 September 1966.
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Figure 3. An Example cf Radar Echo Areas Superimposed on the i[RIP for Stations
Udon and Saigon. Nimbus II, Orbit 777, 12 July 1966, 1650 GMT.
Time of radar is 1530 GMT (2330 local time).
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DERIVATION OF CONVECTIVE FORECASTING MODELS FOR
NORTHERN AUSTRALIA FROM A CLIMATOLOGY OF LIGHTNING DISCHARGES*

R. L. Southern, W. R. Kininmonth and N. R. Pescod
Commonwealth Bureau of Meteorology, Darwin, N. T.

ABSTRACT
The occurrence of ground lightning strikes and of total flashes in the Darwin

area has been systematically recorded at five minute intervals over a period of
three years.

These measurements are associated with simultaneous daily recorders of pre-
cipitation at 20 local rainfall stations during the 1967/68 summer monsoon period
to provide a quantitative measure of convection occurring around Darwin. This
information provides the basis for nomination of four categories of convecti.ve
activity ranging from suppressed to very active.

Mean temperature, moisture and wind profiles are then prepared for each cat-
egory. Significant atmospheric variations between the four categories at Darwin
are described. Similar profiles are prepared at Alice Springs for the same Darwin
categories to ascertain the extent, if any, of higher latitude interaction. A
noticeable relationship between the occurrence of a deep relatively moist layer
of low level easterlies and absence of strong upper level westerlies at Alice
Springs is noted in the case of "organized" activity at Darwin.

Finally, a sequence of synoptic models incorporating the above relationships
is presented as the basis for prediction of convective activity in northern
Australia.

1, INTRODUCTION
Continuous objective observations of as many facets of convective activity

as possible are essential to enable the successful derivation of descriptive
atmospheric models to serve as a basis for prediction. In the past lightning
discharge registrations have been inadequately used for this purpose, probably
due to the unreliability of operation of registering equipment.

As part of a long term programme in lightning research in relation to the
electricity supply industry in Australia a series of studies has been made in the
Darwin area. The design, specification and effective operation of lightning meas-
uring equipment and counting registers have been reported on by Prentice and
Robson [4]. Professor Prentice and his associates in the Department of Electri-
cal Engineering, University of Queensland, have led such investigations in
Australia.

Counts of total flash (cloud to cloud and to ground) within a range of 60
miles and estimates of ground strikes only within a range of 20 miles have been
recorded at five minute intervals at Darwin Airport (12" S., 131" E.) over a
three year period and are continuing. The effective ranges, although not critical
to this study, have been calibrated against a reliable surface network.

This paper utilizes the occurrence of lightning and rainfall over 24-hour
periods to break down the wet season months November 1967 through March 1968 into
four categories of convective activity; namely, thundery rain days, lightning
days with little rain, days of organized cr general rain, and "fine" days of much
reduced rainfall.

Mean wind, -emperature and moisture profiles are then deduced for each of
the four categories, and tests are applied to determine the significance of rela-
tionships. Finally, mean profiles at Alice Springs (24" S., 134" E.) are examined
for each of the D3rwin categories to ascertain the extent, if any, of higher lati-
tude interaction, and a series of surface charts is producee of the macroscale
features controlling convection in the tro'uical Northern Territory.

As a prelude to the study a brief discussion of the climatology of convection
at Darwin is presented.

*Research sponsored by dureau of Meteorology, Auttralia
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2. CLIMATOLOGY OF CONVECTION AT DARWIN
The convection cycle at Darwin has been discussed by Hyson, Leigh and South-

ern (2]. Briefly, the climate is monsoonal with distinct wet (January through
March) and dry (May through September) seasons, the remaining months being transi-
tional. Only two percent of Darwin's annual rainfall of 60 inches occurs in the
dry season when large cumuliform cloud is rare. The pre-wet transitional months,
October through December, are increasingly thundery resulting in 25 percent of the
annual rainfall. Agricultural growth is sustained from about mid-November. The
wet season inevitably concludes more abruptly than it commences as the atmosphere
rapidly stabilizes and dries with the onset of anticyclogenesis ovcr the continent.
The remaining post-wet transition month of April produces about five percent of
the annual total.

More than two-thirds of the annual rainfall falls in the central wet season
months January through March. Of these days, based on a limited synoptic study
by Southern [5] for the Darwin-Katherine region for two seasons, about one-third
are monsoonal or cyclonic in character, about twenty percent comprise other orga-
nized rain days, about one-third comprise days of unorganized rainfall, and the
remaining days are quite dry. This variation provides fair scope for forecasting
skill.

3. CLIMATOLOGY OF LIGHTNING DISCHARGES
Mean daily registrations of total flashes for each month for the years 1966-

1968 and mean monthly rainfall for Darwin are shown in figure 1(a). The main fea-
tures are the increase in total flash activity in the pre-wet transition and the
subsequent suppression in February-March in the rather more stable atmosphere with
its sometimes stratified monsoonal cloud layers and subdued surface heating.

Figure l(b) depicts the diurnal variation of total flash for November through
March 1967-1968 plotted against the diurnal rainfall distribution for a twelve-
year period for reference. A primary maximum of lightning activity in late after-
noon in November and December loses ground to a secondary maximum in the early
hours of the morning in January through March. A similar shift also occurs in the
diurnal rainfall distribution as the monsoor.:.. period develops and the rainfall
loses its more noticeable diurnal character.

4, CLASSIFICATION OF CONVECTIVE RAINFALL CATEGORIES
As the basis for relating thb occurrence of lightning and rainfall in the

greater Darwin area during the 1967-1968 wet season, 20 daily rainfall re-
cording stations were selected providing the best spatial distribution permitted
by the network. These are shown in locality map, figure 2. Stations probably
beyond the effective range of the counters were also included in order to ensure
that days of organized or general rain in the area were properly assessed.

Table 1 sets out the mean daily rainfall and lightning registrations for
each month considered. The distribution is quite similar to the longer term pic-
ture shown previously in figure l(a). This table serves as the basis for the
necessarily sotw~what arbitary nomination of categories of convectional activity
shown in teble 2 The mid-valups of the monthly means were used as the boundaries
of each of the four classes.

It should be made clear that lightning flash counters respond to both cloud
and ground flashes and that a large correction factor must be applied to derive
the actual proportion of the counter readings due to ground strikes. For this
reason the mean daily ground strikes shown in table I should not be considered
absolute. To derive ground-flash density, the ratio of effective range for cloud
flashes to effective range for ground flashes, and the ratio of cloud flashes to
ground flashes are required, as well as the effective range for ground flashes.
These ratios, and estimates of grcund-flash density are discussed by Prentice and
Mackerras [31.

The classification scheme provides that cach day must be divided into either
of two major conditions (total flashes greater or less than 5000; and at least
two of the minor categories shown. If two categories seem equally valid, the
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Table 1. Means of the Parameters Used in Determining the
Classification of Convective Categories.

Mean Daily No. Stations Mean Daily Mean Daily
Month Rainfall per Receiving Total Flash Ground

Station (inches) Rain Count Strikes

November 1967 .12 7 5240 158

December 1967 .20 7 7930 257

January 1968 .52 13 5072 135

February 1968 .82 17 2672 25

March 1968 .24 10 2787 110

Complete Period .38 11 4959 142

Mid-Value of
Monthly Means .24 10 5072 135

Table 2. Classification of the Convective Categories
Used in the Analysis.

Major Condition Minor Conditions
No. Categoty (Total Flash) [ Ground Rain Stations Receiving

Strikes (inches) Rain

1 Thunder ?5000 ?140 Ž.25 ?10

2 Lightning Ž5000 <140 <.25 <10

3 Organized <5000 <140 >.25 >10

4 Fine <5000 <140 <.25 <10

numerically lower is chosen. The categories are de3ignated as thunder, lightning,
organized and fine days respectively for simplicity, but with the following gen-
eral meanings:

Thunder: Generally well-distributed rain accompanying consider-
able lightning and nearby thunder (ground strikes).
Common in December.

Lightning: Considerable lightning between high base cumulonimbus
clouds and generally light or well scattered rainfall.

Organized: Well distributed general rain with below average
lightning activity.

Fine: A day of few lightning counts and little or no rain
at most places.

Figure 3 illustrates the number cf days allocated to each cateqory and, in
accord with expectation, these do, in fact, show the gradual transiti'n from fine
to lightning and thunder days and organized rain days as the season progresses.

It is now necessary to relate various atmospheric variables to each of the
four categories to ascertain whether interesting or significant relationships
exist.
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5, IEMPERATURE AND FLOW CHARACTERISTICS
AT DARWIN AND ALICE SPRINGS

Observations at Alice Springs as well as at Darwin were considered in order
to gain an idea of the metridional cross-section. Temperature and flow character-
istics for each day were assessed as the mean of the observations at 0900 that
day and at 0900 the following day. This period then coincided precisely with the
period of the rainfall and lightning registrations used in the classification
system.

Temperature and Moisture Profiles. Figures 4(a) and 4(b) provide the mean
profiles of temperature and mixing ratio at Darwin and Alice Springs for each
category. Median values of mixing ratio were used at levels above 700 mb. in
instances where the humidity was too low to be recorded. Where differences be-
tween categories appear, marked significance tests were conducted and are included
in the figures. A contribution for immeasurable mixing ratios was allowed as-
suming a normal distribution. At Darwin the principal differences occur in the
mixing ratios above 850 mb. and in the more stable temperature sounding on orga-
nized rain days. At Alice Springs, where no particular variations had been ex-
pected, there is a marked difference in low-level moisture beti'een category 3 and
the remainder, and also very noticeable warming above 600 mb. in category 3.

Wind Profiles. The wind profiles at Darwin (figs. 5(a) and 5(b)) provide
the mean east-west and north-south components for each category from the surface
to above 20 mb. In the zonal flow there is a marked difference in the case of
category 3 where a deep layer of westerlies is present in the low levels and a
much stronger easterly component exists above 400 mb. In the other categories
the low-level flow is generally easterly, then reversing up to 200 r . before
strengthening again from the east at greater heights.

Differences are not as marked in the meridional flow altaough calegory 3
again shows distinguishing characteristics from the other categories. Here a
light northerly component is evident up to 300 mb. changing to southerly below
the tropopause.

Corresponding diagrams are shown in figures 6(a) and 6(b) for Alice Springs.
Again, category 3 differs strongly from the remainder. The organized rain cate-
gory at Darwin is accompanied by a much deeper layer of easterlies to 300 mb. and
the absence of the strong westerly component associated with the other categories
above this height.

The meridional profile also indicates some difference between category 3 and
the remainder, the southerly component being weaker through the troposphere while
in the stratosphere an interesting, if not significant, stronger northerly com-
ponent exists.

It is particularly interesting to note the difference in the profiles for
categories 1 and 3 in each of the above cases at both Darwin and Alice Springs,
both being associated with widespread rain at Darwin but with major differences
in the incidence of lightning.

Attempts are now made to relate the above features to synoptic models.

6. A SYNOPTIC MODEL FOP ORGANIZED RAINFALL ACTIVITY
A model of the low-level streamline flow for organized rainfall activity at

Darwin is shown 'n figure 7. A deep easterly airflow from the Coral Sea accounts
for the relative increase in low level moisture at Alice Springs. When an equa-
torial trough is located over northern Australia the converging rvonsoonal air and
the relatively moist air of Pacific origin produces general rain in the north.
Advection of drier easterly air of a more sourtherly origin will reduce the
buoyancy of the northern air mass inhibiting rainfall.

A deep layer of moist easterlies at Alice Springs is associated with a gen-
eral weakening and southerly movement of the suitropical westerly jet stream to
the vicinity of the Great Australian Bight. This is consistent with the absence
of a westerly maximum in figure 6(a) for category 3. Such an effect hts been
discussed by Troup [6) and corresponds to a similar effect in the Northern Hemi-
sphere rioted by Yin (8) and Hutchings [1).
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As noted above the only criterion used in s-parating categories I and 3 at
this stage is the observed lightning count at Darwin. It can therefore be con-
cluded that the assumption already made that organizeJ monsoonal weather is asso-
ciated with low lightning counts is well justified. Although no attempt is made
to take into account the effect of persistence when conducting signifiacnce tests
there is close correspondence between the commencement of organized rainfall in
mid-January 1968 and the slackening of westeily winds aloft at Alice Springs; in
fact, a tropical cyclone developed near Darwin at this time. The correspondence
at the end of the wet season is not as marked.

In most cases of organized rainfall activity there is an upper tropospheric
easterly regime even though the equatorial trough is not always south of Darwin.
This is in agreement with Troup 16, 7]. The absence of the sub-tropical jet
stream over central Australia is associated with a reduced meridional temperature
gradient in accord with the thermal wind equation. This is consistent with higher
temperatures in the upper troposphere at Alice Springs for category 3.

Before discussing rainfall mechanisms in the transition period some thought
is given to the thermodynamics of convection at Darwin.

7, THERMODYNAMIC CONSIDERATIONS
Figure 4(a) indicates little apparent difference in the temperature soundings

for the four categories except for the more stable situation on organized rain
days. Experience has shown that the unmodified temperature sounding at 0900 LST
is practically useless as a forecasting aid. Modification of the sounding as a
means to estimating the buoyancy can be done in two ways, firstly by considering
the forecast maximum surface temperature, and secondly by allowing for entrain-
ment.

Earlier results from an unpublished analysis by Kininmonth of January 1967
data indicated that on fine days a shallow layer of westerlies exist..d in the
first five thousand feet of the atmosphere contrasting with the general easterlies
of the thunder situation. Kininmonth showed the existence of weak buoyancy on
organized rain days, negative buoyancy on fine days and strongly positive buoy-
ancy on thundery days by modifying the sounding in accord with the estimated sur-
face heating. At this stage the sample of data for the month of January is con-
sidered too small for significance tests.

In the case of surface westerlies the temperature is prevented from rising
unduly by maritime air. However,in the event of surface southeasterly winds pre-
vailing higher inland maximum temperatures will result in greater buoyancy, and
convergence with the seA breeze will produce a line of afternoon thunderstorms.
These subsequently move northwest in the prevailing flow aloft. This situation
eventuates provided the atmospheric moisture content is sufficiently high.

The effect of allowing for entrainment in estimating cloud heights is studied
by Hyson, Leight and Southern [2] who show evidence of higher clouds with in-
creasing moisture and more effective buoyancy.

Consideration of the complete five month period of this study shows that
there are no longer d&stinct surface westerlies in the mean for "fine" days.
This can be explained by the existence of a second type of "fine" situation in
which dry southeasterlies prevail throughout the whole of northern Australia.
This, of course, constitutes the normal situation in the dry season when, although
there is significant surface heating, lack of atmospheric moisture inhibits thun-
derstorm activity.

It may therefore be concluded that the major thermodynamic factor necessary
for large scale thunderstorm and other rain-producing mechanisms is the presence
of adequate moisture in the middle levels. This is illustrated in figure 4ta)
which shows tat the difference between the moisture traces for categories 3 and
4 is highly significant above 850 mb.

The foregoing comments now lead to transition season models.

S. SYNOPTIC MODELS FOR RAINFALL MECHANISMS IN THE TPANSITION PERIOD
The sequence of charts shown in figures 8(a)-(c) combine the ideas presented

with concepts reached through forecasting experience in the transition periods.

L,
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Figure 8(a) illustrates a situation for suppressed convective activity. The
equatorial trough extends across New Guinea and northern Indonesia. A shallow
heat low is present over northwest Australia and a weak anticyclone between
these two areas of low pressure. Shallow westerlies exist near Darwin. A middle-
latitude trough is moving across the Bight resulting in negative isallobars in
central Australia thus inducing the region of strong moisture gradient and the
associated heat trough to move south.

As the southern trough moves eastward a second anticyclone migrates tcwards
the Bight. By this time the mid-latitude front and associated trough have moved
to southeastern Australia as shown in figure 8(b). The continuation of the front
into low latitudes can be represented as a surge line or trough which moves
northwards with positive isallobars in the south. This movement is associated
with strong convergence in the moist tropical air to the north. A trough often
extends from northwest Australia to West Irian and this is an i.eal situation fc'
thunderstorm activity.

The situation in figure 8(c) occurs irregularly but more frequently in the
post-wet transition period. It follows strong anticyclogenesis in the Bight which
directs dry southeasterly air over northern Australia where generally fine weather
prevails. However in a few cases a rain-producing trough can be traced from the
Gulf of Carpentaria westward and sometimes beyond Christmas Island which experi-
ences a renewed rainfall peak at this time of the year.

Frequently the situation in figure 8(b) reverts to that of figure 8(a) as
values of the isallobars begin to fall again with the approach of another middle
latitude crough and the heat low moves southward again.

The situation in figure 8(b) is favorable for thunderstorm activity for a
number of reasons. The first results from local convergence associated with sub-
stantial surface heating mentioned above. The second results frorm formation of
a low-level easterly jet stream over land due to differential nocturnal adia-
tional cooling along the shores of the Gulf of Carpentaria. This is mainly a
winter phenomenon, but is evident to a lesser extent in the transition seasons.
The jet reaches a maximum about 0300 LST. Speed convergence occurs as the flow
reaches the northern coastline at about the time of the diurnal pressure minimum
and this can explain the secondary nocturnal maximum in rainfall and lightning
activity.

9, SUMMARY
Remembering the limitation of a short period of observations, this investiga-

tion shows how counts of lightning can be incorporated into synoptic studies.
When a longer series of registrations becomes available, then more rigid models
and thermodynamic reasoning relating flow characteristics to convective activity
for individual months or lesser periods can be applied.

As far as northern Australia is concerned this study has pointed out signif-
icant differences in local and macroscale atmospheric characteristics between
days of varying convective activity and postulated the type of synoptic pattern
associated with each. The distinguish'ng features differentiating organized from
other activity are especially noticeable. N climatology of radar observations of
clouds within a 100 mile radius of Darwin is now being built up to supplement
further studies.

In general it might be said that installation of continuously recording
lightning counters at other points in the tropics should lead to improved defini-
tion of the synoptic processes influencin. c.nvection on both macro and mesc-
scales. Such counters, of course, constitut#o a very usefrl alerting system in
cases of unsuspected convective activity in t1- vicinity of aerodromes, especially
in the temporary or permanent absence of a radar weather watch.
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DISCUSSION
CONOVER: Examination of the Tan Son Nhut soundings showed slight differences in
dew point between active and inactive days. However, they failed to indicate
activity 4 hours later. The difference in the averages was because active and
inactive days come in groups. My conclusion was that soundings merely show cur-
rent conditions and have no predictive value to indicate a coming change. Did
you analyse in this respect?

SOUTHERN: We attempt to modify our 0900 LST soundings to account for expected
surface heating for mid-afternoon. The 0900 low-level wind profile is used for
this purpose. There is a limit to the success of this method and so far it has
been attempted for a short period only. '.Ti prefer to associate convection with
certain typical wind profiles irrespective of the current sounding.

RAMAGE: Mid-tropospheric warming over Alice Springs when organized rain is fall-
ing in the Darwin area, corresponds very well to similar events over northwest
and west India when presumably air coming up in the rain area spirals north and
warms by subsidence.

BELL: Do you get counts on your instrument from fair weather cumulus? We found
in Hong Kong that fair weather cumulus with quite low tops would give counts. If
the threshold were raised, then it would not count thunderstorms.

SOUTHERN: The minimum threshold of total flash counts on a completely dry day is
about 500, but the minimum threshold for ground strikes is virtually zero and so
the latter counter provides the best alerting device for convection near the
aerodrome. Total flashes go up to 20,000 or so on days of much lightning activity
and ground strikes up to 1,000 or 1,250 on days of intense local thunderstorm
activity.

SOMERVELL: A comment concerning a similarity between the type of precipitation
over Darwin and that over southeast Asia. The heavy thunderstorm activiLy in
both locations occurs just before passage of the so-called monsoonal trough, with
the widespread organized precipitation occurring after its passage. It may be
equally interesting to note that in point of time, Darwin follows quite nicely
in the progression of the organized precipitation maximum southward across south-
east Asia and the Philippines, Indonesia and into Darwin. The point of this is
that the summer monsoon in both hemispheres does not set in simultaneously
throughout the area but follows an orderly progression and extension of the on-
set of the winter monsoon in the other hemisphere. A further comment with respect
to the pronounced January 1967 organized precipitation maximum at Darwin. During
January 1967 there was a marked surge in the northeast monsoon over southeast
Asia and the South China Sea. This surge was examined by the Working Panel on
the southeast Asia northeast monsoon conducted at Norfolk in August 1968, and
more recently at the University of Hawaii by Danielsen and Ho. It should prove
interesting during the workshop, to investigate any relationship between the
Northern Hemisphere surge, and the position and intensity of Southern Hemi-
sphere precipitation characteristics as well as the monsoonal trough.

MILLS: Your example (fig. 8(b)) of a thunderstorm day indicated a cold front
trailing from southeast towards Darwin -- is this common (or) normal?

I believe the energy from polar fronts invades the tropics and through the
equatorial region. Example: June 1967, southeast Asia.

SOUTHERN: It is common experierce that outbreaks of thunderstorms along the
northern tropical coast follow anticyclogenesis over central Australia which
follows movements of major troughs into southeast Australia. The cold front
does not often reach into the tropics but a surge line in the southeasterlies
does occur fairly regularly which triggers off convective activity.

FENTON: Since one type of sounding is correlated with organized activity and a
different type of sounding with fine weather, in the transitional period between
two types the soundings may be similar going from good weather to organized
activity and going from organized activity to good weather. It is possible to
forecast the trend by preparing a prognostic sounding fro* the prognostic flow
charts for Australia or sc';theast Asia.

SOUTHERN: The answer should be a qualified affirmative but as long as the
prognostic flow pattern is recognized as typical of a certain degree of activity
this should be all that is necessary. The -bject of this study is to build up
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a series of synoptic patterns progressing through cycles of suppressed to
organized activity and so on. The movements of the surface heat lows, higher
latitude troughs and anticyclones and disposition of the subtropical jet stream
seem to be the key features.

VALOVCIN: Do you know the relationship between the tropopause heights and the
moderately strong echoes that have cloud tops exceeding 50,000 feet.

SOUTHERN: Not offhand, but we can look into this easily enough. The mean height
of the tropopause over Darwin is about 54,000 feet, close to 100 mb. and from
memory there is not a great deal of variation.
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THE INFLUENCE OF THE SYNOPT!C SCALE ON CONVFCTION

OVER SOUTHEAST ASIA DURING THE SUMMER MONSOON*

Barry E. Harris

First Weather Wing

and

Gordon Ing and V. R. Neralla
University of Hawaii

ABSTRACT
Synoptic and climatological evidence indicates the atmosphere over Southeast

Asia is routinely convectively unstable and that horizontal advection processes
are small compared to vertical advective processes. Coupled with the periodic
nature and areal extent of periods of suppressed and increased convection, the
evidence indicates variations in convective activity are associated with vari-
ations in the monsoon regime. In general, suppressed periods of convection oc-
cur during a weak, shallow monsoon regime whereas increased convection occurs
with a deep, strong monsoon regime. Tlis evidence suggests that a synoptic-
dynamic approach to forecasting convection is desirable.

1, INTRODUCTION
One of the more difficult problems confronting operational meteorologists

in Southeast Asia during the summer monsoon season is that of forecasting con-
vective activity. To date efforts toward solving this problem, not only for
Southeast Asia, but also for the tropics in general, have been based primarily on
the use of stability index concepts. Such concepts were devised for and have been
used successfully in mid-latitudes, notably over the central United States; how-
ever, their use has been less fruitful in tropical regions.

Although mean aerological data for tropical regions have been available for
some time [1, 6, 8], the approach used by operational meteorologists to forecast
convective activity over tropical regions, implies a lack of understanding of the
structure of the tropical atmosphere. Riehl (9], Garstang, et al. [3], and
Harris and Ho 14] have pointed out differences between the thermodynamic structure
of the atmosphere over tiopical and temperate latitudes. The temperate latitude
atmosphere, in the mean, possesses at worst neutral or weak convective instabil-
ity. In contrast, mean aerological date for all tropical regions reveal an at-
mosphere possessing strong, convective instability. Further, the mean summer
atmosphere over Southeast Asia is more convectively unstable than over the tropi-
cal maritime regions of the Bay of Bengal, the western Pacific, and the western
Atlantic (4].

Prtsent stability index concepts used in forecasting convection are based
on the premise that day-to-day variations in the thermodynamic structure of the
atmosý,nero primarily result from the horizontal advection of moisture and sensi-
ble heat. These horizontal advective processes are necessary to increase the
convective instability toward some imaginary critical limit beyond which con-
vection is initiated. Within the summer monsoon season, horizontal advection
processes over Snitheast Asia are immeasurably small on the synoptic scale.
Krishnamurti 17] found that, in a large scale sense, in the lower levels con-
vergence of moisture flux is important in furnishing a supply of moisture for
convection. Other evidence points to the importance of vertical advection
piocesses through convection in causing the observeo variations in the thermo-
dynamic structure of the atmosphere over Southeast Asia.

Mean aerolo:iical data for Southeast Asia suygest that the use of convention-
al stability index concepts for forecasting convection is not applicable to that
area. The atmosphere possesses strong convective instahility daily and the re-
sults obtained from using such indices should and do routizcly indicate that day-
to-day variations of index values are small and that convection in probable.

eRexcarch sponsored by Air Force Cambridge Research Laboratory
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Despite the evidence of negligible horizontal advection processes and per-
sistent, strong convective instability over Southeast Asia during the summer
monsoon, significant day.-to-day variations in convective activity do occur.
Harris, et. al. [5), and Sadler, et al. (11] have shown periods of clearing over
Southeast Asia, which were associated with large synoptic scale changes in the
monsoonal regime.

Garstang, et al. [3], Uiehl and Malkus [10], and Zipser and LaSeur (12]
have investigated the intorrelationships between the synoptic and convective
scales in the tropical atn:osphere. These investigators k.;oncluded that the syn-
optic scale largely controls the convective scale in that significant convection
is confined to disturbed portionam of the synoptic scale patterns. They also
found the equivalent potential temperature to be a most useful parameter for
portraying differences bptween the thermodynamic structure of the tropical at-
mosphere during periods of increased and suppressed convection as well as
serving as a measure of synoptic and convective scales in that atmosphere. Fur-
ther, they found the vertical distribution of equivalent potential temperature
varied characteristically with suppressed and increased convective activity.

These findings coupled with evidence of periodic variations in convective
activity, failure of stability index concepts, and the basic strong convective
instability of the tropical atmosphere suggest that success in forecasting con-
vective activity over Southeast Asia requires a synoptic-dynamic approach
rather than a thermodynamic approach.

2. THE STRUCTURE OF THE AtMOSPHERE OVER SOUTHEAST ASIA DURING JULY
The mean circulation and cloudiness for the atmosphere over Southeast

Asia during July have been presented in these proceedings by Sadler. Suffice it
here to emphasize uiat the basic monsoonal current is convergent and that the
maximum of cloudiness is associated with the monsoonal westerlies while a min-
imum of cloudiness is associated with the easterly flow. The summer atmosphere
over Southeast Asia is moist and both conditionally and convectively unstable.
Mean virtual equivalent potential temperature (6 )data taken at Saigon (fig.
1) for July i966 and 1967 (fig. 2) reiect strong convective instability on
both the early morning and evening profiles. Such intense convective instability
is routinely observed over Southeast Asia on a daily basis during the summer
monsoon season. The 1200Z profile of '*O shows higher values level for level
than the OOOOZ profile. The higher values at 1200Z in the lower levels are
probably due to radiative heating whereas the higher values at 1200Z in the
middle ani upper levels are due to a diurnal irrease in moisture probably as
a result of convection. This implies that convectior, occurs daily. Convective
activity is observed as a routine event oxer Southeast Asia during the summer
monsoon. On any given day one expects to see cumulonimbus, if not overhead,
certainly within visual range. This does not mean that there is not a signifi-
cant variation in convective activity. There are periods, of up to several days
duration when convective activity is obviously suppressed below normal and simi-
lar periods when convective activity is uncomfortably increased above normal.

3. DAY-TO-DAY VARIATIONS IN CONVECTIVE ACTIVITY
Garstang, et al. [3] for the Caribbean and Harris and Ho [4] for Southeast

Asia found that the vertical distribution of e,, varied characteristically dur-
ing periods of suppressed and increased convective activity. During periods of
supFressed convection the atmosphere exhibits very strong convective instabil-
ity while during periods of increased convection the atmosphere possesses weak
convective instability (fig. 3). During suppreosed periods, synoptic scale
subsidence acts to prevent the release of convection. Since no triggering
mechanism is activated, moisture is not transported upward from the surface lay-
er. In the absence of cloudiness, radiatiun received at the surface is in-
creased. Thus, 0,, values increase diurnally in the lower layers and remain
constant or decrease slightly in the layer of o- minimum, thereby, increasing
the vertical gradient of 0. from the surface to the middle tropospheric minimum.
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During periods of increased convection, energy, primarily in the form of
moisture, is transported from the lower levels into the layer of a,• ninimum,
thus increasing the 0. values in that layer. The increased cloudiness reduces
the amount of radiant energy reaching the lower levels, thereby serving to reduce
the diurnal increase of 06 values in that layer. Consequently, the vertical
gradient of 0. is decreased from the surface to the middle tropospheric minimum.

Garstang, et al. [3] found that periods of suppressed convection were cor-
related with synoptically suppressed conditions while periods of increased con-
vection were associated with synoptically disturbed conditions. The synoptic
disturbance served as a framework within which convection was activated and sub-
sequently grew to become the dominant scale. Harris, et al. [5] for Southeast
Asia, found that variations in the basic convective activity were associated with
large synoptic scale variations in the monsoonal current. Suppressed convective
activity was associated with a weak, shallow monsoon whereas increased convective
activity was found with a strong, deep monsoonal current.

Day-to-day variations in the structure of the atmosphere are well illustrated
by time cross-section analyses of 0,, , wind, and moisture (fig. 4) for Udorn
during 12-26 July 1967. The Korat Plateau area experienced particularly sup-
pressed convective conditions during 17-21 July 1967 and increased convection
during 24-26 July 1967. The daily averaged radar index [2] profile for Udorn
during July 1967 (fig. 5) shows definite periodic variations in the convective
activity during the entire month of July. The several day duration of the
periods of increased and suppressed convection suggest large synoptical scale
variations.

The distribution of 06, (fig. 4) exhibits characteristic variations during
the suppressed period, 17-21 July 1967. The isopleths in the region below the
layer of 0,, minimum tend to approach the horizontal, thus resulting in large
vertical gradients of 0 and strong convective instability. In striking con-
trast, the near verticaI inclination of the 0. isopleths on 24-26 July 1967
resulting in small vertical gradient of 0,, and weak convective instability
during that period of intense convection. One might conclude that the hori-
zontal orientation of 0, isopleths imply that the large synoptic scale is
dominant while vertical orientation of 6, isopleths indicate that the convec-
tive scale is dominant and masks larger scales.

The wind analysis (fig. 4) shows that convection over the Udorn area was
related to the depth and strength of the southwest monsoonal regime. During the
particularly suppressed period, 17-21 July 1967, the monsoonal westerlies were
shallow and weak, while during the increased convection period, 24-26 July 1967,
the monsoonal westerlies were deep and strong.

The moisture analysis (fig. 4) reveals that moisture was not transported
vertically upward into the layer of 6,, minimum during 17-21 July 1967. The
dryness in that layer coupled with the strong convective instability suggest
synoptic scale subsidence. During 24-26 July 1967 the atmosphere was moist from
the surface through 200 mb.

Viewed as a composite, figures 4 and 5 imply that 'he degree of convective
activity, the degree of convective instability, and the depth of the mo±st lay-
er are related to the strength and depth of the monsoonal current. Suppressed
convection--but strong convective instability--and a shallow moist layer are
associated with a weak, shallow monsoon. Increased convection--but weak con-
vective instability--and a deep moist layer are associated with a strong, deep
monsoonal current.

As noted by Harris, et al. [5] and Sadler (these proceedings) variations
in the intensity and depth of the summer monsoonal flow over Southeast Asia may
be viewed as expansions or contractions of the mean large scale, monsoonal
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circulation. Since the upper boundary of this circulation intersects the 500-mb.
surface over Southeast Asia, periodic expansions and contractions of the circula-
tion show well at that level. When the basic circulation weakens and contracts,
easterly winds are observed at and below the 500-mb. level over Southeast Asia.
Conversely, when the basic circulation strengthens and expands, the westerly
current extends above the 500-mb. level over Southeast Asia. Consequently, a
weakened or disrupted monsoonal regime will be reflected synoptically at 500 mb.
as a ridge intrusion over Southeast Asia, whereas a strengthened monsoonal regime
will appear synoptically as an organized westerly current at ani above the 500-
mb. level. When the monsoonal regime is completely disrupted, the westerly winds
may be confined to the lower several thousand feet and pronoimced ridging with
easterly flow will be observed at and above 850 mb.

4, CASE STUDIES OF PERIODS OF SUPPRESSED AND INCREASED

CONVECTION DURING JULY 1967
Using daily averaged radar index profiles and satellite photographs, periods

of suppressed and increased convection over Southeast Asia during July 1967 were
isolated. Most of these periods have been discussed by Harris, et al. [5]; how-
ever, the suppressed period of 3-6 July and the increased convection period of
24-26 July are discussed here.

4.1 The Suppressed Convection Periods of 3-6 July 1967

On 2 July 1967 a tropical depression intensified over the western Pacific
Ocean. As is often the case, the subtropical ridge north of the developing cy-
clone simultaneously intensified and advanced westward over Southeast Asia. By
3 July the 530-mb. flow over Southeast Asia had responded to the ridge intrusion
and was southerly with a weak easterly component. By 4 July the flow at 500 mb.
was easterly as the ridge became better organized. Ridging effects were apparent
at lower levels. On 5 and 6 July pronounced ridging at 500 mb. was apparent as
far west as India. The satellite photographs for 3-6 July (figs. 6, 7, 8, and
9, respectively) clearly show the suppressed cloud conditions beneath the ridge
and the easterly flow south of the ridge. The photographs also show the west-
ward advance of the suppressed cloudiness across Southeast Asia and through the
Bay of Bengal.

Vertical profiles of 6., for Southeast Asia (fig. 10) during the period of
suppressed convection, show strong convective instability both in the morning
and evening soundings. It is interesting to note that all stations, although at
widely diverse locations over Southeast Asia (see fig. 1), show such strong
convective instability. This suggests a large scale suppressing mecharism.

Analyses for 850 mb. (fig. 11) and 500 mb. (fig. 12) for 4 July show a
disrupted monsoonal regime. At 850 mb. an anticyclone is shown over tLŽ Andaman
Sea, and weak southwesterly flow dominates Southeast Asia. At 500 mb. the sub-
tropical ridge iz well pronounced near 200 N.,and easterly flow dominates South-
east Asia. The minimum of cloudiness occurs beneath the ridge and easterly flow
south of the ridge at 500 mb. The strong convective instability in the region
of suppressed clouds strongly implies subsidence beneath the ridge and easterly
flow at 500 mb.

4.2 The Increased Convection Period of 24-26 July 1967

During the period 17-21 July pronounced ridging again effected suppressed
cloud conditions over Southeast Asia. In this instance the ridge intrude-1 west-
ward and moved northward to southern China. In the wake of the rid,,e the shear
and buffer zones and the monsoonal westerlies were reestablished.

By 23 July 1907 the ridge had collapsed, the shear zone had moved north Df
20' N., a weak cyclonic vortex had formed in the shear zone and drifted north-
westward onto the China coast near Hainan, and a tropical storm hid moved
northwestward approachin Okinawa. In response to these synoptic scale changes
the monsoonal current had strengthened conriderably over Southeast Asia. As
the increased monsoonal current flowed into the iyclonic systems cliudinesn
began increasing over Southeast Asia.
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By 24 July cloudiness had become intense over Southeast Asia (fig. 3).
Photographs for the following two days (figs. 14 and 15) indicate continued in-
tense convection. The photographs show that anvil cirrus had spread as a blanket
over the subcontinent by the upper easterly flow.

Vertical profiles of 0 for six widely scattered stations over Southeast
Asia (fig. 16) all show weak or nearly neutral convective instability. Again,
the areal extent of such instability implies a large scale triggering mechanism.

Analyses for both 850 mb. (fig. 17) and 500 mb. (fig. 18) for 24 July show
the strong monsoonal current flowing across Southeast Asia and the South China
Sea. Both analyses reflect speed convergence on a synoptic scale over Southeast
Asia. Comparison of fiqure 13 with these analyses shows the more intense cloudi-
ness is confined to t1- westerly monsoon current.

5. CONCLUSIONS
Thermodynamically, the atmosphere over Southeast Asia routinely experiences

strong convective instability. The degree of convective instability varies
characLeristically with periods of suppressed and increased convecticn. Sound-
ings taken during suppressed periods exhibit strongest convective instability
while soundings for periods of increased convection exhibit weakest convective
instability. The very strong instability observed with suppressed convection
implies the atmosphere is dominated by large synoptic scale subsidence. The
weak instability observed during periods of increased convection implies the
atmosphere is dominated by convective scale processes which form and grow within
the large synoptic scale. These conclusions are substantiated by daily averaged
profiles of the radar index which show that variations in convective activity
are periodic, with the periods having several days duration, and by the large
areal extent of similar convective stability conditions during periods of zup-
pressed and increased convection.

Synoptic analyses reveal that variations in convective activity are as-
sociated with variations in the basic monsoonal wind regime. Periods of sup-
pressed convection generally occur in association with a shallow, weak or dis-
rupted monsoonal :egime. Increased convection generally occurs in association
with a strong deep, monsconal regime. Since the upper boundary of the ba-ic or
mean monsoonal current intersects the 500-mb. surface over Southeast Asia,
variations in the intensity and depth of the current are best detec.ed and
viewed at some mid-tropospheric level. Synoptically, over Southeao;t Asia a
weak, disrupted monsoonal regine is reflected as a ridge intrusion with con-
vergent, monsoonal westerlies being replaced by a subsiding, easterly current.
The strong monsoon condition shows as an organized westerly monsoon current over
Southeast Asia extending from the surface into the upper troposphere.

Synoptic evidence indicates that the role of h-rizontal advective processes
is secondary to that of convergence of moisture flux and vertical advection
processes in convection over Southeast Asia. When couplvd with the strong con-
vectively unstable structure of the atmosphere over Southeast Asia, the evidence
implies that a thermodynamic approach to forecasting convection is invalid. The
periodic nature of suppressed and increased convection, the characteristic
structure of the atmosphere during periods of suppressed and increased convection,
the areal extent of the suppressed or increased convection, and the association
of areas of suppre-ssed and increased convection with synoptic patterns, strongly
sugqest a synoptic dynamic-approach to forecasting convection is desirable.

DISC USSION
CON(VER: I iqrvr 100! with your conclusions reqlrdio.n stabilitie.. Fuz those
who r-i.ght !, intvrest.-¶ in rtsults of the Penn State cumulus model, Mr. bunting
of CR. tvL!trd the 8 driest a.:1. H wrtte5 days. 4eJults showed no sential dif-
ferences in -loud top hrxqhtn !or dIit trvnt :loud radii. Determination of the
aloud lase j%. is L'r~it ial t., tý, point that tvmpetzatures wtuld havr *,o 1e
read very accurately-, i.e., from an aircraft, to indicate a particular area,
within a dvelop•io; 'l•oud arr:-, that would vxp.rirnce tk4e most active clouds.
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VEDERMAN: It seems we have to progress from our study of individual raobs to
study of synoptic situations and satellite cloud pictures in the tropics. Then
we have to begin to develop physical-dynamic models of the tropical atmosphere.
If that is done, we may be able to compute vertical motion, amount of clouds
precipitation, and motion of trough and ridges.

KREITZBERT: What was the "dynamic" part of the synoptic-dynamic mouJel you favor?

HARRIS: No synoptic or dynamic model was proposed. I suggested that success in
forecasting convection over Southeast Asia would probably come through an
understanding of the processes of convergence of mass and moisture flux and
vertical advection rather than through stability index conccpts.
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Figure 9. ESSA V Satellite Photographs for Southeast Asia Region on 6 July
1967.
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Figure 11. Strearnline-Isotach Analysis of the 8500-mb. Surface for 4 July 1967.
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Figure 15. ESSA V Satellite Photographs for Southeast Asia Region on 26 July
1967.
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Figure 17. Streamline-Isotach Analysis of the 8SO-nm,. SurfAce for 24 July 1967.

Figure 18. Strearnline-Isotach Analysis of the 5OO-nmb. Surface for 24 July 1967.
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ABSTRACT
This paper includes the results of two studies that utilized data from the

eight Army artillery rawinsonde sites within 60 n. mi. of Saigon.

Large amplitude diurnal changes in specific humidity are observed throughout
the middle troposphere over the Indochina Peninsula. Minimum specific humi-
dities are found near noon, and maximum values occur near midnight. Between mid-
night and noon, observationally significant diying occurs on about 75 percent of
the June days as compared with about 12 percent that show significant increase in
moisture. The most plausible explanation for the diurnal moisture behavio2 is
widespread subsidence of up to 4 cm. sec.-! during the morning hours and ascent
during the latter half day. This diurnal circulation appears to be induced by
the diurnal change in the surface-pressure gradient due to the thermal low in the
interior of the peninsula in the afternoon and the cold high in the early morning.

A case study was made relating mesoscale wind-speed maxima to convective
activity in the Saigon area. The convection was located in the region of cy-
clonic shear on the northern side of a large mesoscale streak of strong westerly
winds. It also appeared that small mesoscale-wind maxima moved through the
larger scale streak, triggering individual groups of convective cells. Indica-
tions were found that strong vertical wind shears at low levels above the south-
westerly current are not conducive to heavy showers and thunderstorms.

1. INTRODUCTION
About 20 Army rawinsonde sites in South Vietnam take soundings for artil-

lery ballistic calculations. The original recorder records for the summer of
1967 were reprocessed by computer at the Air Force Cambridge Research Laborato-
ries. About eight of these sites lie within 60 n. mi. of Saigon and take up to
four soundings a day. This paper includes the results of some studies made
using the June 1967 upper-air data in conjunction with surface, radar and satel-
lite data in the Saigon area.

The most disturbing conclusion of these and previous studies is that dis-
turbed and undisturbed days have essentially identical lapse rates. Dry air in
the middle troposphere is effective in limiting convection by entrainmet-nt into
budding con~vection. Therefore, the humidity sounding is more important than the
temperature sounding in restricting convection. The air within deep convection
must originate at levels below 1 or 2 km. to rise to the heights observed by
radar. Therefore, one must steK znechanisms inducing low-level convergence be-
neath a reasonably moist inidd~e troposphere to explain convective storms in
South Vietnam.

Examination of the behavior of the moisture field shows that synoptic scale
periods of reduced convective activity correspond with similar scale periods of
reduction in middle tropospheric ,,oisture. More remarkably, there is a large
amplitude diurnal variation in the moisture content and relative humidity in the
middle troposphere [3). For example, the June mean precipitable water in the
layer from 3 km. to 8 km. varies from 1.4 cm. at 2300 LT to 1.0 cm. at 1100 IT.
This drying can be expected to inhibit convection during the late morning hours
unless substantial low-level convergence occurs, permitting convection to pro-
gressively moisten the air. The drying during the morning hours occurs in

*Research sponsored by ALr Force Camtridge Research Laboratory
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spite of synoptic conditions on more than 75 percent of the June days. The dry-
ing occurs throughout layers of southwesterly, nearly calm, and northeasterly
flow alike. Thus horizontal advection is unlikely to be the cause, and vertical
advection, that is subsidence, appears to be the only feasible mechanism for
producing this drying.

Temperature in the riddle troposphere also rises during the morning hours
much more than would be expected from diabatic effects. The magnitudes of the
subsidence required to explain the drying and warming are computed and found to
be about 4 cm. sec.-'. This phenomenon is observed throughout South Vietnam and
Thailand with the largest magnitude and frequency in the center of the Indochina
Peninsula.

The cause of this vertical motion is attributed to the diurnal change in the
surface pressure gradient force. The monthly mean surface pressures are lower in
the afternoon in the interior of the peninsula than along the coast. The opposite
pressure differences are found in the morning. Preliminary calculations indicate
that the magnitude of the pressure gradients are large enough to produce the low-
level divergence and convergence iields required to explain the vertical motions
that, in turn, are used to explain the observed diurnal variation in moisture and
temperature aloft.

The soundings in the southwest monsoon are systematically potentially un-
stable such that low-level convergence will produce convection. Consideration
of middle level moisture revealed synoptic periods of moist conditions favorable
to convection as well as dry periods which hamper convection. The diurna± mois-
ture variation indicates that late morning hours are less favorable for convec-
tion than late evening hours. The case study examines a specific disturbed
period to determine conditions favorable for production of the low-level conver-
gence and, hence, suhtitantial amounts of convective activity.

In the case examined, a narrow wind streak or isotach maximum in the lower-
level southwesterly flow lay on the southern side of the disturbed band. That
is, the disturbed region had large cyclonic shear in the low levels which would
be conducive to frictional convergence in the Ekman layer [4]. While the entire
disturbed band tha.. paral'eled the low-level flow drifted southward, cells of
convective activity moved through the band. There appear to have been cores of
particularly strong win3 that noved through the mesoscale-wind streak on the
right rear of the cells of showers. Thus the wind-speed field in the boundary
layer through the action of friction appears to have been responsible for in-
ducing this band of disturbed weather.

2, DIURNAL MOISTURE VARIATIONS
The sites used in this study are shown in figure 1. Included are two 3ites

in Thailand, one on the coast in northern South Vietnam and several in the vi-
cinity of Saigon. It will be shown that drying during morning hours systemat-
ically occurs thro.ughout the middle troposphere et all these sites and that the
magritude of the drying is greatest in the interior (Ubon) and at least on the
coast.

The consistency of these variations from time to time and layer to layer
can be seen in figure 2. The data used were obtained from sites 13 and 15 which
are only 24 kin. apart. The precipitable water in each I km. layer was calculated
and averaged at each time of day over all days in June 1967. The percentaje
variations of the hourly means from the monthly means are graphed in tiqure 2,
top with the height of the middle of the kilometer layer indicated at the lett
end of the curves.

The noontime m1inirnum in precipitable water is very pronouuiced and occurs
almost simultaneously at all levels. The increase in moisture in the 4ftt.rnoon
builds up by 1700 LT at 2.5 km. but it taies until 2300 LT for rtaximum r-!(,isture
vzlues to occur at 8.5 km. In figure 2, upper portion, each observed point is
shown with with imooth lines drawn conneictiny the points. III this way onev can
se.- h(w consist-nt the observations are from tir* to time and layer tE, layer.

"'hte lower portion of figure -2 shows that he mnininum prvcijl itahi wairr
per kilometer or cinimur specific humidity occurs when temperatutres 3rv the
hiiett -:uch that the noontir.-'t relative humidity is very low in the -.Anrthly
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mean. The diurnal variation of temperature is clearly defined, but it is not
quite as systematic as that found with moisture. The simultaneous occurrence of
warming and a decrease in specific humidity suggests that subsidence may be the
cause. Before pursuing the cause of the variations, however, let us examine the
frequency of days within the month on which observationally significant drying
and warming occurred during the morning hours.

Table 1 shows the frequency of significant departures of noon or near noon
observations from a linear interpolation between observations 6 hours earlier
and later. The departure is deemed "signficant" if it exceeds an estimate of
the standard error in observation, namely 0.5* E. and 5 percent RH, and corre-
sponding changes in precipitable water or specific humidity. One sees that the
frequency of low humidities and precipitable water is very large when compared
with the frequency of days ,n which the opposite condition occurs.

+, ,,,m f , 4••

, ., I47 1. 10 4

Table i. Percentage Frequencies of Significant Differences Near Noon and the
Percentage Variation of Precipitable Water. All Values Are Means
From 1-Km. Layers Centered at 4.5, 5.5 and 6.9 Km.

Table 1 also shows the percentage variation of precipitable water at the vari-
ous sites located in figure 1. The percentage variation is determined from the
monthly mean values at each of the four observing timrs by taking the ratio of
tho range to the mean. Both 'he magnitude and the frequency of drying increase
with increasing distance from the coast. The exception is that Udorn does not
show the strong frequent drying shown further down the peninsula at Uibon, pre-
sumably because Udorn is at the northern end of the peninsula.

This observational evidence indicates that morning drying and warninq and
afternoon moistening and cooling is a recurring cycle throughout the month of
this study. That the phenomenon occurred in regions of southwesterly, very
light, and northeasterly flow alike suggests that hozizontal advection is not
an important cause of these changes. Subsidence appears to be the most important
cause of the morning drying and warming. The vertical displacements required tr-
produce the observed diurnal 6-hour moisture and temperature changes have been
calculated and appear in tables 2 and 3. The asc-nding eguivaleht ,A'splact:rens
must be interpreted rather loosely as ascent in the tropics will produce convec-
tion with alternating regions of strong ascent and weak descent.

Trale 2. Equivalent 6-11ourly Vertical Displacements
in Meters Computed From Moisture Changes.

Sie 15 13 0L 131 5 1
0500-- 1000 0230-HT. k Ui. I [00LT 1301. 1700., 2{030 LI , 27L 0 A 50OLT
110 -30 -91 169 167 5 102 I 127 1-141

1.5 230 145 1277 51 - 15 -. -1 is -14~
5 -245 - 23 263 80 - 69 2] 26 - 90

3. -159 j 5 315 179 - 70 - 58 - 86 - 71
4.5 303 55 458 6C9 128 -13) -370 -180
5.5 -62 -95 15 980 143 -430 -391 -520
•. -5~5 38! 1040 880 , 33 -202 -420 -785
7.5 -'8 2.2 8H0 552 1260 0 -41k -880

-;60 410 6 t0 595 .176 -80 -34I8 --840
., -4", 25,o 48,, 140 22 -136 -208 -560
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Table 3. Equivalent 6-Hourly Vertical Displacements
Computed From Temperature Changes.

Site 15 13 15 13 15 13 15 13
0500- 0830- 1100- 1430- 1700- 2030- 2300- 0230-

HiT. (km.) i10OLT 1430LT 1700LT 2030LT 2300LT 0230LT 0500LT 0830LT

1.5 - 68 - 54 - 56 4120 65 -103 44 38
2.5 - 43 + 4 - 17 105 11 -147 54 32
3.5 - 56 + 84 12' 89 37 -125 - 2 - 33
4.5 -235 + 59 148 170 123 -162 -52 - 81
5.5 -265 - 7 247 306 67 -118 -42 -167
6.5 -277 - 21 165 279 139 - 66 -36 -206
7.5 -397 - 31 111 262 314 + 15 -30 -238
8.5 -465 -1.33 78 310 39) + 96 -14 -325
9.5 -649 -185 198 346 ÷38 +294 +88 1 -490

The equivalent displacements computed from moisture changes used the rela-
t ion:

\ - ---

where \N is the observed 6-hour change in specific humidity, and (\q Q) is the
mean vertical change of specific hunidity during that period. This equivalent
displacement would explain the observed changes by vertical advection in the
absence of horizontal advection, condensation, evaporation or eddy fluxes.

The computation of equivalent vertical displacments from observed tempera-
ture changes is more complex because the diabatic changes of temperature, (\T)
must be removed from the observed local time changes, \TI(K , to obtain the adia-"
batic, (\T).,%,) , changes from which the equivalent vertical displacements can be
determined. That is:

\C - • (\ .(\T) - (\T)
AIX I (W X IVA

where -Y is the dry adiabatic lapse rate minus the actual lapse rate.

The diabatic changes, (\1),,,, were obtained by considering the solar inso-
lation using values extrapolated from Katayama [7]. The infrared cooling was
determined from Elsasser diagrams using monthly mean soundings. The monthly mean
latent and sensible heating were determined by assuming that they exactly balance
the net radiational cooling. The distribution of this latent and sensible heat-
ing with time of day was made proportional to the monthly mean convective activi-
ty as measured from the percentage -cope coverage within 50 miles of Saigon [21.

The displacements shown in tables 2 and 3 are reasonably consistent from
time to tire, layer to layer, and between moisture and temperature. The dis-
placements required to explain the :rvisture changes are about twice as large as
those required tc explain the temperature changes. This relationship is brought
out mt)re clcsrly in figure 3.

Figure 3 shows the equivalent vertical velocities In cm. sec.-I, corresopond-
ing t:ý toe displ7cenents in tables 2 and 3. A vertical veloci'ty of I c•. sec.-'
will produce a vertical displace:,ent of -216 m. in 6 hours. The larger ma,.ni-
tude vertical motions deduced from moisture changes are probably correct. The
lower values of vvrtical motion deduced from the temperature changes are prob-
ably woderestirated because the monthly mean tra.osport of s.nsible heat from
.hv tropics is neglected. Net senoiblle heatinm; m)st prof,ably occurred princi-
!,ally in the afternoon, meaning that 'iore adiabatic cooling and a-!cent occurred
durtnt; the afternoon than was -ol,'ulated. tn the murnin,- n iours the cxpert )f
sensille heat fion. the region m:ust have- br.- offset by rxre subs idence anid(c
adlabatI_. heatIn; thanl was estimated.
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To sumn up, the observed diurnal moisture and temperature changes imply ! ub-
sidence of about 2 cm. sec.-'from late evening until noon and afternoon and
evening ascent equivalent to about 4 cm. sec. of large~ scale vertical mot-'.on.
This vertical circulation appears to be more intense inland than on the c',ast
as judged by the magnitude and frequency of the moisture changes.

The cause of the vertical motions deduced from the diurnal moistu:e and
temperature changes over the Indochina Peninsula appears to be the af-ernoon
thermal low and the nighttime high observed over the peninsula. The mean sea-
level pressures for each month ind each time of day have been prepa'ed by Ing
[6] fo.: sites in Indochina. Analyses of these mean sea-level presrures in
June at 0500 and 1700 LST are shown in figure 4. The pressure gredients may
be larger along the coast. than~ can be determined fromr the standari surface net-
work.

The diurnal change in the pressure patterns is most probalbly caused by the
large.: amnplitude diurnal heating and cooling cycle over the le'nd mass as com-
pared with the surrounding oceans. The 0500 LT high cell will drive the low-
level air offshore leading ti- subsidence, drying, and warmin4 over the peninsula
during tht: morning hours. The 1700 LT thermal low will fort-e the low-level air
to converge over the peninsula and thence to ascent and in' rease in moisture at
a fixed level. These vertical circulations, suggested by the surface pressure
gradient variations, would explain the vertical motions implied by the observedI
changes in moisture and temperature in the middle troposdheree.

Preliminary hand calculations and a simplified pal-ticle dynamics type of nu-
merical model provide assurance that the magnitude of the observed changes in
pressure-gradient force is adequate to produce the m;.gnitude of the vertical mo-
tions dedulced from moisture changes. Numnerical simviation of the entire process
trom diabatic heating and cooling to vertical motion remains to '.e done. Such a
study would test the proposed mechanism and p' rmit evaluation of the behavior
of the diabatically ;Induced vertical motions for ,;arious size land masses, at
varying distances from the coast and under diffe-ent synoptic flcw conditions.

3. MiESOSCALE-WItJD §[ NEAKS
The Army artillery sites used standard r.Mnp-lA rawinsonde equipmont to obtain

density and wind soundings for use in ballif~tics calculations. In addition to
..culating ha2sitparame ters, the Army tears transcribed the siqnificart lev-

el radiosonde d~ata andl the rawinsonde data to a meteorological ly compatible form~
for transmission to the Air Weiather Service for real time use [51. The Army
rawinsonde data used in thi3 study, however, were recalculated by computer at
the Air Force Camb~ridge Rlesearch Lab~oratories by reevaluating the original re-
corder records. Significant level data were recomputed and key punched, and
azimuth-elevation data were tabulated anid key punched at 30-second intervals.
While very detailed data were output, the most uFful data and the data used in
this report were complutc~-averaged 1-kmi. rwdnr -.:ues of all p~rameters centered
at 0.5, 1.5, 2.5 --- kilorieters, MLst

Vie locat ion uf the Army rawinsonde sites In the vicjnitv Of Saigo0n in June
1967 Are shown ift figure S. It can U)e se#en that nine rAwinsonde sites are located
within about a ;,, nn~. radius but are not necessarily close t,) zurf~acv observation
Sites. ý.ntartl;n.,tely, surface observations are riot ::adr at the Army site% anid
zak'ut onec-h.alf o)f the surlface iiteu operate durinq !aylx,-,ht hrsonly. -, ,
for--. *he dctailed unparxsorns if weather to u~p;otr-aiL winds reported be-luw Arc
restrictedt to d~liJthour~s. !)uzinq the so .hwrsit mi'nso(n, the low- ].'el I low
ajproaches th is reg~ion !rom ovvr the very !14at Mrkon-j !,elta.2

TIII: case :itudy d-114 with the Jperiod 4 - 6 .?utc 1967, with, particular
emnphas is jtvvn to the rv~rninq )f* ' .=ve [9l . The synopticý 31 tuat tcn InI early
June inc-ludedl strong4 WW rlow at low- !.ývls across ~dh~awith rather dL-v
Ai r In the -id t r-cpoisperý a:nd .,eniraliy ~s tn-in aver a.l -onvrkctiv e actIv I-
ty. the sa!elite dýat A Oshow-! ':i,,I . r.! tv: Intd Ands oIt:u~ r tt
Souu..W .'d dcwn th!;isua n Uci- ban(

1 
re-iched! t!!V ý,'al n Area on, ",

AndclI :n,!t,~ ati~t lrrke out west Sa,.fn !!NEt~. A~s
the ::in wre<, *e Ii track-- were l~calrtd rheton su jsualys
the larger :ica;ic o-lztud 'hand !rfte,!~Nr
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The large mesoscale 850-mb. flow pattern on the morning of 5 June is shown
in figures 6 and 7 (note: 0000Z = 0700 LST = 0800 LDT). The isotach pattern in
figure 6 shows a "large mesoscale" wind streak or speed maximum over Saigon (site
900). Strong cyclonic shear is seen on the northern side of this wind streak.
The wind data used in the analysis of figure 6 is shown in figure 7 along with
regions of strong convergence and divergence. Using the fact that 1 degree of
latitude equals 60 ram., the density of the upper air data between 2100Z, 4 June
and 02001, 5 June and the degree of agreement or variability can be judged in
figure 7.

Figure 8 contains a composite vertical time section of the zontal flow in
the northern portion of the mesoscale network. There are three periods of strong
flow centered about 2200Z, 4 June; 1800Z, 5 June; 140OZ, 6 June. The strength,
depth and duration of these strong winds decreased from day to day. The long
period of strong winds near 2200Z, 4 June appears on the 1.5-km. or 850-mb. chart
at 0000Z, 5 June as the large mesoscale wind streak, figure 6. The shorter period
peaks of wind speed, e.g., those at 1600Z, and 2200Z, 4 June and 0300Z, 5 June,
will be referred to as small mesoscale-wind maxima, and their relation to indi-
vidual groups of showers will be discussed later.

The large mesoscale periods of strong wind in figure 8 are sometimes capped
by strong shear such as at 2200Z, 4 June and 0300Z, 6 June. It may be difficult
for convection to penetrete these layers with strong vertical shear [1]. Strong
shear can tear apart a convective column thereby oirectly preventing deep con-
vection or it can prevent the successive moistening cf the middle troposphere
by elements from a growing cloud so that each rising bubble will encounter dry
air and lose buoyancy by evaporation into entrained air.

Figure 9 shows the percentage occurrence of rain showers and thunderstorms
as observed from surface sites in the Saigon are&. See figure 5. From 2100Z, 4
June to 1l00Z, 5 June the strong shear was located at high levels (around 6 km.)
and both showers and thunderstorms were relatively Irequent. From OOOOZ, to
1200Z, 6 Juie, the strong shear was located at lower levels (around 3 ki,ý.) and
showers were common but thunderstorms were ra . These observations suggest that
strong winds may be related to low-level convezience but that strong vertical
shears in the lower troposphere may prevent deep convection and thunderstorms.

The role of wind shear in driving giant thunderstorms and severe squall
lines by providing a dry current that is chilled by evaporation and that sinks in
a mesoscale high to scoop up the low-levil moist current [8] is another natter and
does not apply to everyday tropical thunderstorms.

Having discussed the role of large mesoscale low-level wind maxima and the
level of strong shear above them, let us return to tne embedded small mesoscale-
wind maxima. While the larger wind streak was drifting southward at 10 to 15
knots, smaller maxima appeared to propagate ENE. within the larger streak.
Groups of showers also moved ENE. apparently in conjunction with individual wind
maxima.

Figure 10 shows a small wind maxima at 850 mb. enclosed by the 45-knot iso-
tach over and south of Saigon (VS). The group of thunderstorms and the area of
ceilings lower than 4,000 feet lies just to the north ol the peak 850-ni. speed.
Actually the rawinsonde data can resolve the large mescscale-wind streaks, but
they can only suggest the nature of the small mesoscale-wind maxima and the indi-
cated relation to the group of thunderstorms.

Doppler equipped aircraft woula be required to adequately describe the
smaller wind maxima in figures 8 and 10 and their relation to the group of
showers that move with the flow on the northern side cf the large mesoscale-
wind struak shown in figure 6. This :ase study serves to indicate the nature
of the low-level wind field associated with a band of disturbed weather. how
frequently this type of mesoscale pattern occurs remains to be seen; c-ertainly
other types of mesoscale disturbances also occur in tne Saigon area.

DISCUSSION
HARRIS: In your opinion does the difference in the divergence patterns when
the coriolis force is included or omitted in the P.!'. model indicate a diverg-
ence contribution on the very large scale?

KREITZBiERG: Not the very large scale but rather the scale of the Indochina
Peninsula.
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ALBERS: Were times of calm winds other than 1200 LST tried in P.E. model equa-
tions? Use of 0600 LST is suggested to conform with local observations.

KREITZBERG: Yes. 0400 and 1000 LST. Further investigation is in progress -
0600 LST will be tried.

SOMERVELL: The Naval Support Activity Danang reported a low-level wind problem
just south of the DMZ on some summer situations during the early forenoon. It
appeared that a low-level nocturnal westerly jet was located at about "gradient" -
wind level which worked its way down to the ground shortly after sunrise, produc-
ing gale-force offshore winds at the surface, and then dimini3hed during the fore-
noon as the seabreeze set in.

KREITZBERG: We will watch for this phenomenon in the numerical model experiments.

VALOVCIN: The period 4 - 6 June 1967 was one of the driest at Tan Son Nhut ac-
cording to the radar index. The period also shows the difficulty of trying to
relate wind speed with various definitions of convective activity such as radar
index, precipitation and radar cloud tops.

MILLS: Did you study 8 through 15 June? You'll possibly find, your 4 through 6
June maximum preceded a cold frontal passage. Note: Follow the history of the
1018 mb. high at 350 N., 105' E. on 6 June 1967 and its associated cold front.

KREITZBERG: We will study 20 - 24 June 1967, and anyone is welcome to work on the
8 - 15 June period.

HAU: Since you are dealing with .e-soscale analyses, I would like to ask you
about the degree nf confidence regarding the input data. Wind measurements, for
example, could be g.eatly different at just one of your sites depending upon
where you take them and the type of equipment in use. I don't think that even
professional weather observers would reach such a desirable and confident de-
gree of accuracy.

K3..'ITZBERG: These data are from standard GMD-lA equipment and the evaluation
angles are high, permittii.9, high accuracy. The originial records are converted
in detail to punched cards and the winds calculated by computer. The wind ac-
curacy is about 1 to 2 knots, and there are many mesoscale features with much
larger amplitudes.
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VARIATIONS IN CONVECTIVE ACTIVITY OVER SEASIA
DURING THE SUMMER OF 1967

R. F. Adler
Navy Weather Research Facility

ABSTRACT

Convective activity over the Indochina Peninsula during the summer of 1967
is examined with the aid of radaracope-cov-rage data, in an attempt to determine
the major factors influencing its synoptic variations. Variations it, ccnvective
act.vity, ar expressed by a radarscope-coverage index (RI), are related to the
strength of the tropical trough, measures of stability and low-level moisture,
and the presence and location of tropical cyclone activity in the South China
Sea.

1, INTRODUCTION
The objective of this study is to determine the major factors influencing

synoptic variations of convective activity over the Indochina Peninsula during
the summer of 1967. The approach is basically a diagnostic one, although the
forecasting implications are obvious.

A radarscope-coverage index (RI), giving the average percentage of scope
. ,,erage within 50 miles of the station for the twelve-hour period from local

noon to midnight, is used as an objective measure of the amount of the convective
activity at a station on a particular day. The radar-index data were supplied by
Mr. John Conover of AFCPL. The radar indices of three stations, Saigon (48900),
Ubon (48407) and Udorn (48354), are used. The locations of these stations are
shown in figure 1.

Ubon and Udorn are located on relatively flat terrain in the Korat Plateau
of Thailand. Pronounced nearby terrain features include a north-south oriented
range of hills (up to around 4000 feet) about one hundred miles to the west, and
the Annam Mountains of Laos some 75 miles to the north of Udorn. The east-west
oriented Phnom Dangrek Chain (up to around 2500 feet) is located about 50 miles
south of Ubon. Saigon is, o. course, located in the flatlands southwest of the
southern end of the Annam Mountains.

The values of the radar index for each of the stations are shown in the
time series of figure 2. The first ten days of June werel disregarded because of
a frontal passage and a distinctly non-summer type of flow pattern. Breaks in
the time series denote missing data.

Although highly oscillatory, as shown by Conover [1] the radar index dis-
plays synod)tic variability and frequent correspondence among the stations. After
10 July this correspondence is rather good, with peaks and minimums fitting quite
well.

To have available an index of the convective ictivity over the main part of
the peninsula west of the Annam Mountains, the three RI's are averaged to obtain
a daily Iff (fig. 3). Here, the synoptic variability is clearly evident. Rela-
tive maxima are present between approximately 23 and 23 June, 10 and 15 July, 22
and 26 July, and a number of peaks in August of lesser duration. Of interest
also are the minimums present between 14 and 22 June, 30 June and 4 July, 17 and
21 July, 1 and 3 Auqust, 5 and 6 August, 10 and 15 August, lh ano 19 August, 22
and 23 August.

The usual parameters pertinent to 4ny convection study were considered;
i.e., stability, low-level roisture, low-level convergence, and vertical w~nd
shear. In addition, tropical cyclone activity in the South China Sea was studied
fur its relation to the convection over the peninsula.

The NAVW'VAk:CWAC convection mode 1 [3I wets used to evaluate the combL'Ied
effects of stability and roiS'.urv. The ftdel is baa call'y a sothisticas0d ap-
proach to pa'cel mechanics. :hange of phase, bLuancy, drag and entrainment are

treated thrr,-;qh a stepwise lifting process. The rucrophysics of the cloud is

(v¢arc~h • - by Navy ? keathcr 'es~'ar ?aci Ii.y
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treated through. a set of parameters which specify droplet growth r~tes. Con-
vective intensity is measured by computing the combi.ned hydrostatic and dynamic
pressure chance beneath the developed cloud. This pressure change ( P) will be
used in this itudy as a measure of the effect of the thermal-moisture structure
on the strengthi of the convection. Soundings from each of the three stations ýor
each day of the three-month period were processed, with the output consisting af
",arious parameters (including A P) related mainly to the size of cloud predicted
by the model under the conditions prescribed by the sounding data.

Because the low-level convergence field is difficult to compute accurately,
arother indicator of the convergence field wcz souUht. Since largi-scale, low-
level convergence has been shown to be associated with the Ekman layer process
and regions of positive relative vorticity in the low-level flow 12], a horizon-
tal, zonal sheaz was selected as an indirect n. asura of the low-level convergence.
The shear was calculated using the 850-mb. wina at Saigon and the average 850-mb.
wind in the block formed by 200 N. to 25' N. and 105' E. to Ill* E.

Vertical wind shsar, which in this stidy wais taken as the magnitude of the
shear between 850 mb. and 700 mb., is thought tc play a role in the following
way. Under relatively low stability conditions, high shear would blow off the
tops of the penetrating clouds. This would hav( the effect of decreasing the
convective penetration, and correspondingly reduce the height of the clouds.

2. SUMMEP OF 1967
As nay be seen in figure 3, the suzmmer of 1967 can easily be divided into

two periods on the basis of a change in the zonal wind shear. For the first part
of the summer, up to 20-25 July, relatively small shears predomii'ate, with west to
southwest winds over Saigon and southwest to south winds over Soulh China. The
last part of the summer is dominated by large zonal shears, when whnds having a
significant easterly component are present over South China.

It would be expected that larger shears wouid be coincident with larg? RI's,
and small and negative shears to be associated with low RI's. However, as can
easily be seen in figure 3, this correlation is not evident during the last part
of the summer. Rather, the increase in shear is associated with increased
tropical cyclone activity in the South China Sea.

During the first part of the summer only one discurbance, TypýLoon ANITA,
came close to the South China Sea as it pass'e through Bashi Strait and entered
the China mainland east of 115° E. From lat HI!V 1,L-Lil the end of August, on
the other hand, there were two tropical depr= :ions, two storms and one typhoon
in the South China Sea, no two on the same day. This tropical cyclorse d~tivity
had a pronounced effect on the RI over the peninsula. Only short-period oscilla-
tions are evident !uring August, versus longer period oscillations ea-r] er in the
sunwner. In addition, the AT for the last part of the summer did not increase
correspondingly to the increase in shear. Whether these two are connected will
be discussed later when we will focus on the tropical cyclone problem.

Because of the complications which arose from the tropical cyclone activity
beyond 25 July, we decided to confine the major part of cur efforts to the period
11 June to 25 July. The first ten days of June were disregarded because of a
frontal passage and attendant non-summer type weather.

The relationship of the zonal shear (850 mb.) and the Al (RI averaged over
the three stations) for the period 11 June - 25 June is shown i:z figure 4. Al-
through there is a large scatter, the general trend is obvious. With negative
zonal shear, Al is less than 51 in six out of the nire cases. For shears b=itweea
0 and 10 knots, nine out of twelve F's are between 51 and 10t; and for shears
greater than 10 knots eleven out of the seventeen cases have RI's qteater than
10t. The correlation between K? and the zonal shear is 0.S6. Eliminating the
one point where the zonal shear equals approximately -21 knots and the Al - 14.4t
the correlation increases to 0.68. Reqardless of the exact magnitude of the co-
relation, a relation between t',e shear and the radar index exists. This is not
extremely surprising, but emphasizes the importance of the low-level convexgencr
field on the average cor'vection over the peninsula.

Let us now examine the fluctuations of RI at individual stations. only
Saigon and Mbon will be discussed, because Udnrn XI data were often missing for
the period. For S.&igon, figure 5, the .k1-ronal shear scatter diagram, sh-ws a
distribution noi. uwlike that of figure 4, uut uith a larger scatter -- especially
in the range of :e.o to ten knots in the zonal shear.
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The role of stability and low-level moisture as denoted by, the factor AP is
shown in figure 6. Large values of AP express relative instability, while low
values represent the stable end of the spectrum. Two things must be kept in mind
when examining the results displayed in figure 6. First, although the left side
of the distribution is termed the stable side, almost all the soundings repre-
sented were conditionally unstable. Second, cases when the convection model pre-
dicted convection "improbable" were plotted with A P = 0.

By the distribution in figure 6, the stability-moisture structure seemed to
have an effect on the Saigon RI during the period studies. For the cases where
A P<.I0 mb., the media.% RI was 8%; while for cases where A P>.I0 mb., the median
value of RI was greater than 17%.

The RI (Saigon) vs. vertical shear (850 mb. - 700 mb.) distribution is given
in figure 7. There is a slight preference for higher shears to be associated with
high RI's. Fo3r vertical shears less than or equal to 10 knots the median RI is

8%; for shears greater than 10 knots the median RI is approximately 13%. However,
because there is a positive correlation between the horizontal and vertical shear
among these 40 odd points, the physical relationship between vertical shear and
convection is clouded. Actually, to determine precisely the relationship between
the radar index and any of the parameters studied it would first be necessary to
eliminate the effects of the other variables. With the limited number of data in
this study this was difficult, and those stratifications carried out did not pro-
duce significant results.

To look at the combined effect of the zonal shear and AP on RI, both the
zonal shear and AP distributions were each divided into three claises, each with
approximately the 3ame numbar of data. For each combination of classes (9 in all)
the median Ri was noted. This distribution of RI is shown in figure 8. Although
some of the boxes have only a few points (the number of points in each box is
given by the number in parentheses), there is evidence to show that when either
the stability is low or the zonal shear (and presumably then the low-level con-
vergence) is large, large RI's are present. A further representation is given by
the number of low, medium, and high RI days in each box. The three classes of RI
were set up so that approximately the same number of data points are in each
category.

A similar procedure was carried out with the Ubon data. The Ubon RI-zonal
shear distribution is given in figure 9. It is noteworthy that though there is
a general increase in the RI with increasing shear, there is a large scatter with
RI's of 1% present with shears of 20 knots. Unfortunately, the AP output of the
convection model was not applicable at Ubon. The main reason for this is the
present lack of a term in the model dealing with the mixing of the lower layers
during the daytime. Ubon, with its extremely high afternoon temperatures and
often relatively dry lower layers, is unsuited to the model as it stands. As
a crude replacement for A P the dew-point depression at 850 nb. was chosen. The
relation of horizontal shear and moisture to the Ubon RI can be seen in figure
10. Of interest here, first of all, is the apparent need for both substantial
shear and moisture before incidents of RI's in the high category occur. The
effect of the moisture is obvious by looking at each wind-shear category. For
zonal shears below 5.5 knots the moisture seems to have little effect. But for
the other two classes of shear there is a definite trend towar6 higher XI as the
relative humidity increases.

3. SUMMER OF 1968
The radar index data for the summer of 1968 were recently received. Al-

though the corresponding radiosonde data were not available in a form suitable
for use with the convection model, in the limited time available a comparison
was made between RI and zonal shear (fig. 11). The shear time series in the
lower part of the diagram is strikingly similar to the 1967 time series (fig.
3). During early summer the shear varies between about - 15 knots and 20 knots.
Throughout this period there is general agreement between the zonal shear and
RI. During the last part of summer, especially that period between 19 July and
20 August, the shears again become la:*ge and only occasionally drop below 20
knots. However, unlike 1967, the RI di-tribution in 19681increased to values
averaging over 20% for much of the period. Of interest also are the sudden
drops of RI after 25 July and 19 August. These will be related in the next
section to tropical cyclone activity in the South China Sea.
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4. TROPICAL CYCLONE ACTIVITY IN THE SOUTH CHINA SEA
AND ITS EFFECT ON THE RADAR INDEX

The possible effect of tropical .cyclone activity in the South China Sea on
the RI ove.: the peninsula has been mentioned previously in this report. Figure
12 shows three-day running means of F for the period 20 July - 31 August for
both 1967 and 1968. The shaded areas denote periods of tropical cyclone activity
in the South China Sea within a radius of 900 nm. of Ubon. The name and classi-
fication of the storms are given above the shaded area. Immediately evident is
the correspondence of the occurrence of the storms and decreases in the radar
index. Only one incident of an increase was noted, that being Tropical Storm
IRIS (15 - 16 August 1967).

The cause of these decreases is thought to be twofold. First, outflow from
the storm induces subsidence which results in an area of clearing ahead of the
storm [4]. This effect is readily observed on satellite photographs. However,
the distinct clearing in front of the storm did not always extend to the west of
the Annam Mountains and into the area covered by the radar index. In addition,
the minimum RI sometimes occurred after the storm had penetrated inland and dis-
sipated. The second part of the cause was found in the movement of the tropical
trough at 850 mb. The Storms that were associated with the most significant do-
creases in RI (T.S. FRAN, T.D. #1i, Typhoon KATE, T.S. OLIVE and Typhoon NADINE,
and Typhoon SHIRLEY) were all coincident with a northward movement of the trough
and the appearance of westerly winds over South China. Except for the OLIVE-
NADINE combination, all of these storms penetrated the China mainland between
1110 E. and 1140 E. and continued northward into China. Tropical Storm IRIS also
penetrated China at the same geographic location (1110 E.), but veered westward
along the coast as the trough maintained itself along the coast and did not move
north. Thus, it appears that the storms and whatever role they play in the move-
ment north of the trough are significant in the explanation of changes in RI in
the presence of tropical cyclone activity in the South China Sea.

5, CONCLUSIONS
1. In the absence of tropical cyclone activity in the South China Sea, the

low-level convergence field (as represented by the zonal shear at 850 mb.),
stability and low-level moisture combined are related to much of the synoptic
variability in convective activity over the Indoch na Peninsula during the
Summer of 1967.

2. Preliminary analysis shows that low-level convergence (represented by
the zonal shear at 850 mb.) was again a major factor in the variability of con-
vective activity during the Sumner of 1968.

3. Tropical cyclone activity in the South China Sea had a very pronounced
effect on convective activity over the peninsula in the summers of joth 1967 and
1968. Expecially important is the coincident movement northward of storms cross-
ing the South China coast and the movement northward of the tropical trough.
This situation is a~,sociated with the most distinct reductions in convective
activity noted.
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DISCUSSION
FENTON: Concerning the 850-mb. shear correlated with the radar index. Is there
a time lag, that is, is there a correlation between the 850-mb. shear and the
radar index at a later time? It is possible to prepare a prognostic 850-mb. shear
for use in forecasting the radar index.

ADLER: There was noted an occasional lag between the changes in zonal shear and
RI. However, no systematic lag could be found.

KREITZBERG: Isn't middle level moisture also very important in determininq AP in
the convection model as well as low-level moisture and stability?

ADLER: Yes, and the model will take the moisture throughout the cloud layer into
account when computing the entrainment effect.



-285.

Fuw.cI-

S £ L

__T~

£ 4r

- ,* A

Figur 1,' 'Lcto fttos

RA INE "

*+ +

00 so w n 1I s
an

Iw/

JFigr AUGcalnofSatcs

RADAR few:;:!...
...... ...

Fipare 2. 196? RI Tinle Series for Udorin. Ubot. and sai. on.



- 289 -

1967

3o -(AVERAGE LDDORN.USON.SAIGO)

1' o i 100 20 . 3D 1 O1 2 0 31
JUN JLAUG

60Of

ZONAL SHEAR (850mb)
(SIETWEEN SAIGON-S.CeNNA)

40

30.
Knots

20 A

101

-20'

10 20 30 10 20 31 10 20 3
JUN JUL AUG

Figure 3. 1967 YI and Zonal Shear- (850 mb.) Time Series.

(AVERAGE) 4

-2T -" 00 q 0 1 ~ 10 1

ZOUAL $MEAP (eOOMb

F'igure~ 4. Aon~a1 Shea-r ($S~O rub. ) VA. Id! Ill June 25~ July 1967).



-290-

i Ti "I

3

-0 -10 0 10 20 30 10 50

ZONAL SHEAR (650mb)
KNOTS

Figure .5. Zonal Shear (850 nib.) vs. RI (Saigon).

4

RI tLuilu
SAIGON 3 0 ---

''T' 77 . 7

10

0 .10 .20 .30 .40 .50

m-(Stable) 6P (mb) (Unlstable)-E
I I JUNE - 25 JULY

IL~'Vfvs.. A I' v~. 'I .



-291-

RI 40 -- --
SAIGON 7 ::;

K ,. .. .... ..-

510 IS 20 25

KNOTS
VERTICAL SHEAR (850- 700mb)

Figure 7. Vertical "'hear vs. RI (Saigon).

-40stable A P (mb.) unstable ww

z Improbable 0 4P< .15 A Pý.l15
0

SHEA R 5. 8 (4) 4.0 (8) 18.0 (1)

.4 >5.5
14 SHEAR 11.4 (4) 1() 10.2 (4) 18.2 (3)

L(O MWH(0 L(2) MM1 HM1 L(0) MMi H1(2)

HER13. 5 (3) 48.2 (1) 1. 7
>1. L(O) M(2) 11(1 L(0) M(0) HM(1 L(l) M(3) H1(3)

Saigon
I1I June - 25 July

RI Categories
LOW 0< Rl!ý7. 2%

MED 7. 2<Rl!ý16. 3%
HIGH RI >16. 3%

Fiure 8. k'~. Mti (Si kgoul) as l'unt-tjoi t~f Both .11' anid Zonal Shear.



-292-

1f' fi'f`

kNOTS

HORIZOWTAL SHEAR (a50mb)

I IJUtE - 25 JULY

Figure 9. Zonal Shear (850 mb. ) vs. RI (Ubon).

UBON

Temperature- epoint (A5O mb. )-
T -Td T - T T - Td

z 4. ' 2 . 8'>01

~ SER 5. (2) 1.8 (4) 3.5 (4)
5 L(9) M(2) H1(0) L(3) Mt(l) H(O) L(2) MMl HM(1

.4 5 . (5) 6.3 (2) 8.6 (5)
z SHEAR L(3) M(2) H1(0) L(O) M(m) H1(O) L(2) M(0) H1(3)

< 15. 5

S SHEAR 3. 4 (5) 11.7 (5) 11.5 (4)
> 15. 5 L(1) M(3) 11(1) L(1) MM1 H1(3) L(O) MO1) HO()

RI Categories

LOW C<RI<2.5
MED 2.5eR1<6.5
HIGH 8.S. < K

Figure 10. ''Able~ of RI (tbon) as Function of Bloth (T - T)5 b n

zonual She~ar.



- 293 -

4C _____ 1968-

30

10 -3

10 20 30 10 90 31 10 20 31
JUN JUL AUG

50'0

Knots.



- 295 - preceding page blank
A NOTE ON APPLICATION OF A CUMULUS MODEL TO SEASIA SOUNDING DATA

James T. Bunting
Satellite Meteorology Branch

Air Force Cambridge Research Laboratories

The following is a brief note describing work with the Penn State Cumuius
Model and application to SEASIA sounding data. No attempt is madc to elaborate
the findings since they are generally inconclusive. It was originally thought
that a cumulus model might be a good tool to examine stability in the tropics.
As a much more complete model of convection it might succeed wheae conventional
indices of stability failed.

As programmed for the Air Force Cambridge Research Laboratories, the Penn
State Cumulus Model uses, as input, cloud base data plus a sounding and computes,
as output, radar reflectivities, liquid water contents, incloud temperatures,
vertical velocities, cloud top heights, etc., for 10 entrainment rates x 2 dif-
ferent freezing assumptions - 20 different model clouds. The entrainment rate is
determined by the cloud radius according to the familiar relation, )A- .2/R.
This model has been uced operationally with some success to forecast the radius
of cloud that would experience the greatest potentia] modification by seeding.
This technique requires a cloud base selected by persistence or morning observa-
tions. Further, T (cloud base) is assumed equal to T (Wounding) and saturated.
This approach was used initially anc' only the cloud top heights were considered
as output, since the model seems to predict these well for observed cloud radii
and proximity soundings at least in Arizona, Florida, and the Caribbean.

Using the model, nine extremely active days were compared with eight ex-
tremely inactive days. The nine active days had a high Radar Index as defined
by Conover (1] and are a subset of his tertile 1 days. Henceforth they will be
designated "tertile 1" days. Similarly, the eicht inactive days had a loI Radar
Index and come from Conover's tertile 3 days.

Cloud base heights were selected from WBAN's at or shortly before the time of
maximum surface temperature. Daily 0000Z soundingn were used as input for the cloud
environment. All of the above were for Summer 1966 at Tan Son Nhut. Results in
terms of a profile of cloud top heights are given in the attached figure for
averages of tert~le 1 days and of tertile 3 days. The abscissa is cloud radius
in kilometers; the ordinate is cloud top in kilometers. Dots are averages for
tertila 1 days, crosses are averages for tertile 3 days. Where there are pairs
of dots or crosses at the same radius, the results of the different freezing as-
sumptions are evident. The higher dot (cross) is the average cloud top for the"seeded" case, i.e., freezing from -40 to -80 C., while the lower dot (cross) is
that for the "unseeded" case, i.e., freezing from -15* to -30" C.

Average cloud top heights for tertile 3 are lower than for tertile 1. Almost
all of this difference is due to two tertile 3 days %hich are suppressed for all
radii at low levels. The other six tertile 3 days are rather similar in profile
to the tertile I days. Further, the suppression of two days can be explained
through the assumed cloud bases and the next 150 nm. or the soundings.

The importance of the assumptions at cloud base can be visualized by imagin-
ing Lhe process on a thermodynamic diagram. -he choice of two different cloud
bases usually implies that the model clouds be~in their development en different
wet adiabats. As the two clouds grow, they receive supplies of buoyant energy
which liffer ty a factor proportion.l to the area between the wet adiabats, a
factor which can be large. In other words, the height and inferred temperature
at cloud base are critical parameters for the cumulus model.

There is another reason to be suspicious of the temperature assumption at
cloud base. As stated previously, it is usual!y assumed that T (cloud base) - T
(OOOOZ sounding at cloud base height). However, in computinq the LCL or CCL for
Tan Son Nhut, T (base) usually is less than T (sounding) at cloud base level.
When this is true, an area of "negative" energy is present, for which work must
be supplied to lift a parcel to the LTC. The larger the areA of negative enerqy,
the less likely is penetrative convectior. If the Penn State Model were used
with T (base) less than T (sounding) by say O.S* C., ther suppression would bc
almost juaranteed since a I m. sec. ` updraft is assumed, which would quickly be
snuffed out; hcws- this possibility ist generally not considernd since the

"lese~rch tpý Air Forc. C'&briqe lk*-arch Labo•ztory
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temperature difference is generally not known. In short, not only the tempera-
ture of cloud base but also any temperature difference between cloud base and
environment is highly critical in the model.

Finally, the limitations of the sounding itself must be considered. The
original sounding data necessarily undergo some smoothing when coded for trans-
mission. Also, at least in SEASIA, it may sometimes be risky to extrapolate a
sounding over time or space. Kreitzberg (personal communication) has pointed out
significant mesoscale variability in temperatures at lower levels using a network
of Army rawinsonde sites.

Use of the model has the advantage over simple stability indices stice it
includes the development of a cloud, instead of just the potential for a cloud.
However, like the simple stability indices, it fails to predict convective ac-
tivity in SEASIA on a day-to-day basis. The failures are attributed to the
following reasons. First, dynamic and large-scale factors are not considered.
These should be important, particularly in determining the number and radii of
incipient convective elements. Secondly, there was confusion as to how to select
a cloud base height, particularly when more than one was observed in a WBAN.
Finally, the temperature of the cloud base and the temperature distribution of
the environment near cloud base are highly sensitive input. The model may still
be useful for examining stability in the tropics; however, temperature data sub-
stantially more accurate than conventionally reported sounding data would have
to be obtained and tested.
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GENERAL DISCUSSION

SOI'FRVELL: There are a few things which I've fornd disquieting during this con-
ference, and this seems to be my last opportuni.y to sound off if they're to be
considered by this distinguished assembly. However, I'd first like to extend the
thanks of the Navy Weather Research Facility: to the invited experts, whose. con-
tributions have shed substantial light upon previously ill-defined aspectr )f the
SEASIA Sumner Monsoonj to Air Force C=%bridge Research Laboratories, without whose
wholehearted support and cooperation this conference would not have been possible;
to our hosts, Dr. Ruuage and the Department of raosciences of the University oi
Hawaii, for their excelent arrangements for this conference and their marvellou.
hospitality; and last but not least, to the Naval and Air Weather Service partici-
pants for interjecting liberal doses of real-world meteorc, gy at appropriaite
points in the discussion k'y us ivory-tower types.

I've -aen a rather passive participant thus far, for the reason that. I can't
pretend to have personally conducted exhaustive and systematic research on the
SEASIA area. On the other hand, I did have a 2-year Pportunity to acquaint my-
self with many of the weather features peculiar to the South China Sea and the
Tndochina Peninsula. I believe this is called loarning through experience, a
process which can sometimes be inimical to the career prospects of the forecaster
involved. Therefore, in attending this conference it was my hope to hear ex-
planations for some of the circumstances which even in retrospect had not always
been understood, to play devil's advocate where some suggested solution did not
appear to have had the advantage of personal experience, and to propose as fields
for fruitful endeavor those features which had seemed troublesome to me at the
time but weren't discussed here. Since my impression at the moment is that the
last of these has o mu'ch larger weighting factor th&n the other two, it may be
that as operational fore-astern s~ime of us have been remiss in not providing the
research community with timnkly anid well-documented notification of situations
which did not seem to be cover-!d by existing meteorological knowledge. Thua,
since I was evidently reluctant then to expose myself to risk of ridicule as one
uninformled, I now have no one to blame other than myself if the experts here
haven't provided solutions to problems of which they're as yet unaware.

This was advertised a., a Summer Monsoon Conference, but in the presentation
by a n:mber of the speakers vievs have been expressed concerning the winter mon-
soon with which I'm not in complete accord. For instance, it has been implied
that polar air does not cross the Annams during the Northeast Monsoon. Perhaps
the trouble lies in our definition of polar air, but definitions is a subject
I'll return to later. At this point I'll merely mention a couple reasons why I
find the suggestion intolerable that a piddling little range like the Annams
should be insurmountable. During the course of U.S. operations in support of
Vietnam, photographic missions have been laid on to document the fact and magni-
tude of infiltration from North Vietnam intc the Pepublic of Vietnam via th.+ Ho
Chi Minh trail. At one time these flights were seietrly restricted, and our
biggest forecasti .ng job was to ensure that on those few instanes wien aircraft
were sent out thcy didn't return only with pictures of cloud tops. New, not
knowing that -oli fronts couldn't cross the AnmpAms, some of us were able to pre-
dict that systems leaving China on one d.-y would cause a southwestward ".', Ing
band of middle clouds to croqs Laos into rhailand the next day, and while so
doing produce conditions unfavurable for aerial photography. Cenerally thin and
broken, we've sirnce learned that these bards don't show up too well in weather
satellite pictures; but there're quite a few aerial photos of ther that forecast-
ers who believed what it said in that book may still be trying to explain. Some
of thosei bands, traced all the way from China, even produced rain west of the
knn&ms ouring fall. Another feature is the sudden and pronounced increas.-s in
the lower tropospheric northeasterlies accompanying those bands. During early
fall, these wind increases and the attendant cloud bands could top 700 mb; but
as the winter progressed they tended to become shallower, and by spring didn't
often top IS0 mb. A related feature is the pronounced change so evident in
satellite photos along the crest of the Annam ran'Te, from overcast to the east
to clear to the west within an overall northeasterly flow regime. I contend that
this clearing is primarily due to subsidence in air of polar origin streminq
over the Annams from northeast to southwest. Stem 2 years ago we began ..-oll-'t-
ing SEASIA pilot weather reports; and should there be any who seriously *.kubt
the contlnuitN- and southwestward movement of these cloud bands throughout mw=Z _f
the winter Across the Annams and into Thailand, I would urge them to visit u= in
Norfolk.
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An analogous situation is the manner in which the cloud and precipitation
typically associated with the winter monsoon spreads suuthward across SEASIA dur-
ing fall and the Indonesian Archipellago du.'-ing early winter, and then later re-
treats northward. Additionally, there are those difficult-to-accept eenials in
the literature of any appreciable ex4hange of air between the hemisphere3. It
was suggested during this conference .hat there can be no feature comparable to
the mrean polar front of middle ltituc'es, which moves southward across SEASIA
with the onset of winter. Apparently we have another definition problem, and by
definition I mean description and explanation for the pronounced southward march
of the leading edge of the winter Nor.heast Monsoon at the surface. A march which
is accompanied by a singularly marked southward progress in the seasonal precipi-
tation and cloud maximum, as described in an August 1967 Navy Weather Reseai h
Ftcility report by Dr. Riehl and myself.

In this regard, I found the paper by Mr. Southern extremely interesting,
wherein he related Darwin atmospheric electricity data to atmospheric stability
and the type of precipitation. It seems more than ccincidence, that during the
Australian summer with the onset at Darwin of the S ithern Hemisphere northwest-
monsoon extension of our Northeast Monsoon, there occurred a rather pronounced
change from convective showers and generally lesser precipitation amoul.ts to
heavier precipitation from predominantly stratiform clouds. I, for one, will be
interested to hear whether this is also characteristic of later years.

We're indebted to Dr. Fujita for indisputable proof that pronounced cloud
systems move across the equator from one hemisphere into the other; and I believe
it was also he who suggested that convective friction over the tropical ocean
would slow a lower tropospheric air stream sufficiently, that after having crossed
the equator it needn't return tc its parent hemisphere via the "duty" inertial
circle. Some of us who have contended that the Northeast Mor:soon is a polar phe-
nomenon have found the thought attractive that not only air but even weather sys-
tems could cross from one hemisphere into the other. We'll now be encouraged to
increase the concentration of that with which we fill our pipes. Perhaps in
following the succession from "cold front", to "polar air" to "modified j3olar
air", to "air of polar origin", to "non-tropical low-latitude air," etc., we may
even find ourselves proposing that some of the weather features observed over
SEASIA during the Summer Monsoon originated from Southern Hemisphere middle-ltt-
itude influences.

However, there's fortunately no need to hypothesize whether polar air can
penetrate into SEASIA during the Summer Monsoon seasun, unless it's a queftion
as to how one defines summer. It was mentioned earlier, and I'll reiterate now
so that there'll be no doubt, :hat polar surges not only can but dc penetrate
quite deeply into Vietnam and the South China Sc3 at least as late As the middle
of June and as early as Labor Day, from my personal recollection and that of LT
MILLS. We know for a fact tha* these surges came out of China and got at least
as far south as 15" N. Here's another fact -- weak cold fronts with weak east-
ward moving waves on them are frequent visitors to the northecn part of the South
China Sea during the fiest hal, of June. Those of you now enroute there had bet-
ter believe it. It was one of these polar surges that produced the clearing
which permitted the first Hanoi-Haiphony POL strike in June 19,36. i'm hopeful
I'll have an opportunity to go back into the files and dig out cases where col.
fronts slipped down the eastern slopes of the Himalayas and dipped into northern
Tonkin Gulf during late August.

We ran into all kinds of defiiition problems in our stuaies of the North,.st
Monsoon, and we ieem to have even more during the sunumr season. It's become
Apparent during this Lonference: that thete's no consensus as to wriat eonstitut•e
the Southwest Monsoon; when it may be considered to have set in; what it an cqua-
torna' trough and a monsuon trough -- whether t.,cy'rc the same feature or rot:
what is the telationship between these troughs, and the ,-ften-mentior•ed here a.nd
a% often disputed inter-tropical convercgence -one, we've a, new feature called the
buffer zone, which 4as not completely accepted as to name .nd nature; smthiig
well known along the east -,ast of Vietnam, the Winds ou Laos, was discussedA hire
but tnt ep4lanird to anybody's satisfaction; the once popu)4,: v accepted the,,ry
that suim-er pccLpttatiun and cloudiness in SEASIA is lar ;ely •onvective wa1
•eniou..y, and in my opiniuon conclusively, chal}onued: VeC. I crfta4irly hu;. that

these anti! uther l.ke qucetions will be exhaustiv-ly ,xam.ntcd by the parti,%i.ant%
in tUi wurk shop to Il lluow and t,.at as a result we achievw 4cceptahle Ic:int-

tii -- with obir.ct ive desr~cipt ions And physical cxj '.Aitatloios -- 1"I I!c do
I..t *~sdrthis an 4.:adcMic matte:. At the moment wc'rc bustinq toor-j lue

cat vhere in we have n') )!estadi; what hApi~cned. pcsear ch onl t~zedepr'
1ý%iz hand±.apped LyAn in4Lil~tt to ctiewunticate with terms whioh are _~iiL-er-

7h 'o. thrc'ý a _t~ n uch, ,I the 'that cloud 1,1 . thee a; ra

we heaz a h )!f In satellI-,te."iat tv% t(. ot~ freearch i ti, i ara
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WANN: Maybe due to the fact that southeast Asia is a maximum solar energy input
area as compared to the rest of the world, the transition (onset) of the south-
west monsoon is blurred in this area. This energy input I feel should be con-
sidered iii the forecasting of the onset of the southwest monsoon.

THORMEYER: The Fleet Numerical Weather Central is currently developing an analog
selection technique, which has applicability in forecasting the onset of the
southwest monsoon in the South China Sea. Since we don't understand completely
the synoptic and dynamic interactions that affect the monsoon, we can take a
philosophical approach. If we can find a date in the past that is analogous to
the current date, we make the assumption that the same dynamic aiid synoptic in-
fluence that occurred then, even though we didn't understand that influence, will
occur again this year with similar weather sequences.

On 24 March 1969 FLENUMWEACEN forecast onset of the southwest monsoon over
the South China Sea to commence within a few days of 1 May 1969. "Onset" is de-
fined as the time the predominant wind flow throughout the entire South China Sea
ceases to be from the NE-SE quadrant and starts predominating from the SE-SW
quadrant.

BUCKM7.STEP: Too much emphasis being placed upon "Monsoon," "Monsoon Onset"
(Dates). If we can't define it in an agreed upon way, then we should de-
emphasize the terms.

ATKINSON; The Air Weather Ser'vice is preparing a set of monthly mean resultant
gradient level (3,000 ft.) streamline-isotach charts for the entire tropical belt
from 350 N. tc 350 S. The data sources include all climatological winds avail-
able at ETAC, wind data from national climatological publications, and mean re-
sultant surface winds summarized from ship reports. These charts will be printed
on a 1:20,000,000 mercator projection with two charts (600 E. - 1200 W., 1200 W. -
600 E.) used to cover the tropical belt. Overlapping analyses will be used at
the east and west boundaries so the maps can be put together to cover any part
or all of the tropics. Analysis will be completed in June 1969 and the charts will
be published sometime this Fall.

SOUTHERN: On a somewhat philosophical note as the Conference is concluding, and
bearing in mind the advent of World Weather Watch that will bring to us global
analyses in real time, it seems desirable thit the major global influences con-
trolling weather be defined. The summer monsoon of southeast Asia has been de-
scribed as the most significant natural phenomenon on earth recurring annually.
It appeazs reasonable to postulate that its seasonal variations will be deter-
mined by other major global features. Maybe we should look for anomelies oc-
curring two or three months prior to its establishment in such systems as the
Siberian High, the upwellirg off the west coast of South America which leads to
stability of the South Pacific anticyclone, radiaticn or insolation over the
polar icecaps, variations in the subtropical jet streams and so on. These may
well influence the immense Hladley-type meridional circulations which convey
energy to and from the equ~torial regions. we must be careful not to obscure
global wood by the local trees.

CONOVER: Question to operations people: flow badly do you need the detailed type
forecasts that it appears may be possible by expansion of the Penn State studies?
Are you willing to pay the price for aircraft doppler winds at 850 mb.?

FENTON: Concerning the onset of the monsoon. Since the onset and movement of
the monsoon is affected by the continual supply of air from the southern hemi-
sphere, the work being done in the Department of Geosciences of the University
of Pawaii concerning trajectories of flow from the southern to northern hemi-
sphere may be useful in estimating the amount of flow from the southern to the
northern hemisphere.


