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ABSTRACT

In this paper, spatial and temporal variation in rain-
fall characteristics over Taiwan areAinvestigated in the
light of synoptic and general circulations, ocean-surface
temperatgres in the Pacific, the extent of the Arctic sea
ice, and éolar activity. Eleven synoptic flow types over
Taiwan are recognized, based on diily weather maps for the
eleven years from 1959 through 1969. Mean fainfall-annual,
monthly, and'daily-—and the probability of rainy days asso-
ciated with those synoptic flow types show distinct spatiél
variation. ‘The MOngoli;n aﬁd Mongolian cutoff anticyclones,
and the Taiwan low prevail ove? Taiwan in winter, fall, and
early spring, respectively. They contribute :ainfall mainly
t0o northern and eastern Taiwan. In late épring and early
summer, polar fronts dominate Taiwan and cause the "plum
rains" over the entire island. The onset of the 'plum rains"
is associated with the increase in the 500-mb geopotential
height and temperature, and with the weakening of the wester-
lieé over Taiwan. In summer, the North Pacific subtropical
anticycioné and the southwest monsoon dominate Taiwan, but
they are mostvfrequently associated with dry days. bTyphoons
tend to visit Taiwan during periods of intense negative

height anomalies over Siberijia and the east China seaboard at



iv

the 700-mb level.- Basgd on stepwise multiple regression
analysis, it is found that the center of action, such as
the North Pacific subtropical anticyclone, accounts for
most of the variation in annual rainfall over Taiwan.

In terms of the general circulation, low zopal-index
favors Taiwan with heavy rainfall due to more active Mongo-
lian anticyclone, Taiwan low, and typhoons. The low zonal-
index with the bglt of the strongest westerlies in low
latitudes favors only northern and eastern Taiwan with wet
periods, whereas the low zonal-index with distinct blocking
patterns favors the entire island with wet periods. The
secular rainfall variation over Taiwan follows the 80-year
solar-cliﬁatic cycle, and is related fo ocean-surface
temperatures and the extent of the Arctic sea ice.

The drought period of 1962 to 1965 over Téiwan was
associated with the warming of the eastern equatorial
Pacific and the central North Pacific. It is also associated
with thé decrease in the annual frequencies of the Mongolian
cutoff anticyclone and the North Pacific subtropical anti-
cyclone.

The dirunal rainfall variation over Taiwan showé dis-
tinct spatial and temporal variation, as a result of the

combined effect of the synoptic-scale prevailing winds, land



and sea breezes, and topography.

The daily raiﬁfall occurrence at vérious Taiwan sta-
tions follows either the Markov chain model or the logarifh-
mic series. The occurrence of synoptic flow types follows
the Markov chain model, but only that of sumﬁer types fol-
lows the logarithmic series.

The spatial distribution of water surplus and water
deficit over Taiwan resembles that'of rainfall regimes
resulting from various synoptic flow types. The significant
decreases in annual fice yields over Taiwan are associated

with large-scale droughts.
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CHAPTER I

INTRODUCTION

Background of the Study

Quick and accurate forecasting cannot be achieved
without criteria Whiéh provide objective means for the anal-
ysis of daily weather maps. It has ldng been recognized
that the classification of Weathe; into synoptic flow types
serves as an invaluable tool for forecasting with a moder-
ate degree of accuracy (Elliott, 1949). The classification
of synoptic flow types is essentially the cataloguing of
pasf weather. Strictl& speaking,Ait is not possibie to
find two identical synoptic flow patterns at different
times. Hdwever, on the Easis of similarity, synoptic flow
patterns can be classified into several types in terms of
selected‘criteriaf Once this is done, currént and future
weather can be objectively analyzed by referring to_the
classifiéd types.

Since climate can be_defined as tﬁe statistical
collective of individual conditions of weather (Landsberg,
1951), it is obvious that the dominance of a éiven synoptic
‘ flow type séfves to a large degree to explain the élimate

of a given area. Consequently, the classification of



synoptic flow typés provides a convenient tool for the
study of both synoptic and dynamic climatology over a
given area.

The technique of the classification of synoptic flow
patterns has beén used to analyze rainfali for the islands
of Puerto Rico,‘central Cuba, and Hawaii, and has produced
significant results. A study of this kind is particularly
importan% to Taiwan becéuse of the fluctuation; in time and
space of monsoons, trades, and typhoons, and of topographic
.characteristics‘of the island which favor recurrent floods
and droughts. Local daily rainfall amounts caused by ty-
phoons often reach several hundred millimeters. A noted
examplé of heavy rain‘occurfed on August 7, 1959, which re-
sulted in é great inundation in the middle and south parts
of Taiwan--covering 43% of total cultivéted lands (Cheng,
1959). On the other hand, Taiwan frequently-suffers from
droughts due to the absénce of the unpredictablé typhoons
in summer and the unusual persistence of the Mongolian
anticyclone in winter.

Although an adequate data bank is available, % reviéw
of the literature indicated that no extensive study of
synoptic flow types in relation to rainfall over Taiwan

has as yet been made. Therefore,-this'study will undertake



to clarify synoptic flow patterns and dynamic weather
activities, with the aim of establishing some basis for the
improvement of forecasting, as well as an understanding of

climatic variation over Taiwan.

Objectives and Expected Significances

A number of statistical studies of Taiwan regarding
distribution and variation in rainfall characteristics such
as mean rainfall amount, median, and mean rainy days and in-
tensity, persistence, and trend of rainf#ll, have been made
(Chiang, 1954; Chen, 1959; Kang, 1968). For the most part,
these studies'were descriptive, and little attempt was made
to explain the distribution and variation in rainfall char-
acteristics over Taiwan by means of objective synoptic anal-
ysis of flow types. Consequently, the main purpose of this
study is to determine the synoptic flow types‘and their
relationship to rainfall over Taiwan by using daily data
over an extended number of years. -

As early as 1931, Willett (1931) pointed out the im-
porténce of the classification of weather pattern as a tool
for weather forecasting and the study of ciimatic varia-
tion. It is hoped that the results of this investigation
will fill the critical need of understanding the various

synoptic flow types and their relation to rainfall which



affect Taiwan. The results themselves will constitute a
framework upon which future studies of climatic variation

of synoptic flow types may be built.

Literature Review

In the past, many efforts have been devoted to the
classification of synoptic flow patterns over regions rang-
ing in scale from the hemisphere to small islands. Since
the turn of this century, various methodologies have been
employed in such classifications.

Baur (1941) classified the weather for the suﬁmer
months ovér western Burope into thirty types. He used sur-
face pressure distribution as a criterion for his classifi-
cation. He £abulated the frequency and persistence of
weather types from 1885 to 1959. Other studies regarding
the classification of weather types for European areas have
been presented by'Hess and Brezowsky (1952) and Burger
(1952).

In North America, two of the earliest studies of
weather pattern dlassification were thoge made by Bowie and
Weightman (1914), who defihed storm types of the United-
States, and by Reed (1932), who classified weather t&pes of

the North Pacific in terms of prevailing wind directions.

During the 1ate thirties, a group of scholars in the



Department of Meteorology, California Institute of Technol-
ogy, made a number of studies of the six-day North American
weather typés. The results were presentéd in a series of
papers. The Weather.types they definéd were based on the
distribution of semi-permanent elements of circulation such
as the Pacific anticyclone, the Aleutian low, trajectories
.of polar outbreaks, and cyclonic paths. One of the later
papersbby Elliott (1949) is the moét extensive. He defined
sixteen weather types for North America in terms of merid-
ional and zonal flows at the upper level and the associated
surface distribution of cyclones and anticyclones. Rainfall
and temperature distributibns associated with individual
weather types were analyzed;

Various studies regarding synoptic weather patternsl
over China have been made by Chu (1926) and Cheng (1949),
These studies were based on daily surface pressure.distribu—
tion charts. Cheng (1949) defined synoptic weather types
by daily isobaric charts for the year 1948. He presented
the spatial distribution of rainfall over China associated
with individual weather types. Hsueh (1963a and b) classi-
fied flow patterns over China and East Asia into five types
based on the composition of jet streams at‘the 500-mb level

and the distribution of ridges and troughs at the 700-mb



level. Surface distribution and movement‘of antiéyclones
and cyclones were discussed for individual fypes. He found
that the periodicity of these types is around six days which
confirmed thé earlier findings of the California Institute
of Technology on weather types.

In South Africa, Vowinckel (1956)>defined seven weather
types based.on'the'surface pressure distribution.

The above-mentioned studies dealt with synoptic weather
: pafterns over large areas in middle lafitudes. Similar
techniques have been applied to tropical and subtropical
islands with varying degrees of succe;s in explaihing the
occurrence and quantity of rainfalllwhich is the most signif-
icant weathér>e1ement in lower latitudes.

Synoptic flow patterns in relation to rainfall have
beén made for the islands of Puerto Rico, central Cubé, and
Hawaii by Riehl and Schacht (1947), HoWell (1954), and Yeh,
et al. (1951a), respectively. Riehl and Schacht, using forty
yeafé of records, detérmined the total daily rainfall-
associated with various s&noptic flow types during'Januafy
and March. They found that days with 0.25 inch (6.35 mm) or
more of rainfall are usually the result of major synoptic
disturbances, while days with 0.2 inch (0.51 mm) or less

represent undisturbed atmospheric flow with frequent light



showers. Howell defined nine éypes of synoptic flow pat-
terns for central Cuba in terms of the surface distribution
and shape of anticyclones, polar fronts, and tropical dis-
turbances for the period 1946-1950. The occurrence and
quantity of rainfail in relation to the accompanying surface
synoptic flow types was examined. In addition, Howell
classified flow patterns at the 700-mb level int6 four sub-
types and discussed the wind speed and direction at three
levels, i.e., surface, 1000 feet, and 700 mb, and the lapse
rate in relation to the amount of rainfall. In terms of the
distribution of cyclones'and anticyclones for the period
1916-1940, Yeh, et al. classified the surface éynoptic flow
patterns near Hawaii into eight types. These workers
aﬁalyzed~the frequency and variability of these types and
their relationship to annual, monthly, and daily rainfall
over Oahu. In addition, they investigated rainfall anomély
patterns for various wind directions at 3 km with a given
surface flow pattern. 1In another study, Yeh, et al. (1951b)
attempted to explain the e%fect of the jet stream at the
700-mb level on the surface circulation and rainfall. iheir
surface synoptic flow types have been adopted by Samarakkody
(1969) in a study of the synoptic climatology of Hawaii

for the period 1937-1966. Based on Yeh, et al.'s study,



Worthley (1967)'Caléulated the mean number, and the maximuﬁ
and minimum number of frontal passages for the four major
islands of Héwaii by months andAby winter seasons. Lee
(1967 ) correlated the frequencies of fhunderstorms over four
major islands of Hawaii with Yeh, et al.'s synoptic flow
types and concluded that they are somehow related.
Dzerdzeevskii (1963) classified the Northern Hemisphere
weather into six types based on the relative strength of
2§na1‘and meridional flows. However, classifications of
hemispheric weather paftérns do n@t provide sufficient in-

formation for the study of local climate.

Methods

There are two general schemes for the classification of
’ synoptic flow patterhs. One is essentially based on the
distribution of cyclones, anticyclones, fronts, énd variocus
synoptic disturbances as shbwn on daily weather charts for
a given area. Hsueh (1963a) has given the tefm "static'" to
this approach. The studies by Riehl, éﬁ.é&f (1947), Howell
(1954), ana Yeh, et al. (1951a) adopted this classification
scheme. In contrast, synoptic flow types can also be de-
fined in terms of the movement of surface cyclones and anti—
cyclones, which are steered by upper air ciréulations suéh

as zonal, meridional flows, and the composition of jet



sfreams, within a givenvlarge region over a sequence of
dayé. Hsueh (1963a and b) has given the‘tefm "dynamic' to
this approach which was developed initiaily‘by‘a group of
scholars in the Department of Meteorology, California.In—
stitute of Technology. Elliott (1949) and Hsuch (1963a and
b) based their studies on this classification scheme. This
study of Taiwan Wili use the "Static" approach, since the
dynamic method is essentially useful for studies of exten-
sive areas and is therefore not applicable. The method that
will be used is essentially based on the technique developed
by Riehl and Schact (1947), Howell (1954), and Yeh, et.al.
(1951a and b)), with varibus additions and modifications.
In Taiwan, eleven synoptic flow types have been identi-
fied based on daily surface isobaric éharts for eleven
years from 1959 through 1969 (Figure 1):'
1. Thé Mongolian anticyclone (type 1)
A polar continental anticyélone is centered on
Mongolia or near Lake Baikal.
.2. The Mongolian cutoff anticyclone (type 2)
The. center of the Mongolian anticyclone moves to
the east of thé 120°E meridian, moét frequently

over the East China Sea or the Yellow Sea.
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The Taiwan low (type 3)

- An extratropical cyclone originates over the sea

surfaces off Taiwan.

‘The polar front over Taiwan (type 4)

A polar front, frequently associated With a cyclo-
nic family, extends from the Aleutian 1ow south-
westward across Taiwan, roughl& between 210—260N
along 120°E, to south China or Indochina, where a
distinct low is identifiable.

The polar front south of Taiwan (type 5)

A polar front is located south of 21°N along‘A
120°E.

The North Pacific subtropical anticyclone (type 6)
Taiwan.is situated under or south of the North
Pacific subtropical anticyclone.'

The southwest monsoon (type 7)

A polar front is located north of 26°N along 120°E.
Southwest winds prevail over the entire South‘
China Séa, the Philippines, and Taiwan.

The northern-type typhoon (type 8)

" A typhoon is over Taiwan or over the sea surface

within 300 miles off the Taiwan coast and is

centered north of Hwalien.
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9. .The southern;type typhoon (type 9)
A typhoon is over Taiwan or over the sea surface
within 300 miles off the Taiwan coast and is cen-
tered south of Hwalien.
10. The Kyushu-type typhoon (type 10)
An intense typhoon is centered near Kyushu, Japan.
11. Mbnsoon,trough (type 11)
Taiwan is situated south of the North Pacific sub-
tro?ical anticyclone with a family of tropical
cyclones near 20°N in the western North Pacific °
and the South China Sea. Winds éhift from southwest
- over the Philippines to southeast over Taiwan.
Synoptic flow types and daily rainfall at ten Taiwan
stations have been punched on IBM cards and é computer pro-
. gram has been used to calculate the following items:
1. Frequency of each synoptic flow type for the
period 1959-1969 and its monthly variation.
2. Mean annual rainfall, both amounts and percentages,
associated with éach synoptic flow tape.
3. 'MEan monthly rainfall, both amounts and percehtages,
~associated with each éynoptic flow type.
4, Mean, standard deviation, and maximum of daily

rainfall associated with each synoptic flow type.



MONGOLIAN ANTICYCLONE

Figure 1. Models of synoptic flow pat-
terns in the vicinity of Taiwan.
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Figure 1. Continued.
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" Figure 1. Continued.
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The probability of rainy days associated with

each synoptic flow type.

Where possible, the descriptive work of previoﬁs in-

vestigators has been examined and evaluated in the light of

this study.

Data

The following data have been used for this study:

1.

Daily surface-weather charts (i.e.; 0000z) for
eleven years from 1959 through 1969;'pub1ished by
Jépan Meteorological Agency.

Daily rainfall at ten sfatioﬁs: Keelung, Taipei,
Taichung, Tainan, Kaoshiung, Hengchun, Taitung,
Hﬁalien, Yilan, and Alishan.

Hourly rainfall at nine stations: Keelung; Taipei,
Taichung, Kaoshiung, Henéchun, Taitung, Hwalien,
Yilan, and.Alishan.

Annu#l and monthly rainfall for the period 1897-
1968 at seven stations: Keelung, Taipei, Taichung,
Tainan, Hengchun, Taituﬁg, ahdAHwalien.

IGC OBSERVATION DATA, Chinesg National Committee,

1960.

TIOSY OBSERVATION DATA, Chinese National Committee,

1964 and 1965.



7.

Annual Wolf's sun-spot numbers for 1897

through 1969, World Data Center, U.S.A.
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CHAPTER IXI

FREQUENCY OF SYNOPTIC FLOW TYPES

Mean Monthly Frequency

The rainfall regime in an aréa can be explained mainly
by the frequency of different synopfic weather systems,
which in turn are associated with change of the general cir-
culation, particularly the strength of the westerlies. The"
purpose of this chapter is to investigate the seasonal fre-
quency and inter-annual variation of different synoptic
flow types in Taiwan, based on daily weather maps for eleven
years from 1959 through 1969.

Ihé st;ength and battern of the atmospheric circulation
are related to solgr activity and ocean-surface tempera-
tures. An attempt is hence made to study the influence of
these factors on the variation in the frequency of synoptic
flowhtypes in Taiwan. |

Fiéure 2 shows the mean monthly frequency of different
synoptic flow types. In'&inter, the Mongolian anticyclone
dominates Taiwan, with a maximum mean moh£hly frequency in
December and in January of about 50% or 15 days. The

Mongolian anticyclone tends to invade Taiwan when the wes-

terlies over East Asia are weak. Chang (1959) has stated
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Figure 2. The mean monthly frequency of
various synoptic flow types.
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fhat,-in winter, periods of low zonal-index are associated
with the strengthening of the mdnsoon circulation ovef
China. In summer, June through August, the Mongolian anti-
cyclone retreats northward to high latitudes and no longer
threaten; Taiwan, In spriﬁg, the mean monthly frequency'of
the Mongolian antiéyclone drops sharply, from 40% in |
February to 18% in March and to less than 1% in May (Appen-
- dix A). | |

Similarly,vthe Mongolian cutoff anticyclone also. occurs
most frequentlyvin the cold season, with a maximum frequency
in fall of about 45% or 14 days in October. In contrast to
the Mbngolian anticyclone, over Taiwan the Mongolian cutoff
antiCycione is persisten£,throughout spring with ho signifi-
cant‘decrease in monthly frequency. The frequency of the
Mongolian cutoff anticyclone drops sharply in ea:ly sumher,
from 22% in Apfil to 12% in May, and to less than i% in
June.

In Taiwén, polar fronts have two frequency maxima, one
in May or June, and the other in September. The mean month-
1ly frequency of polar fronts reaches 53% in June and 23% in
September. Frequency is onl& 3% per month both in mid-

summer, July and August, and in mid-winter, December and

January.
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The Taiwan low occufs only in winter, between October
and May, with a maximum frequency in February when the
‘hemispheric circuiation is at a minimum (Namias, 1950).

In summer, both the southwest monsoon and typhoons dominate
the island. In'Taiwgn, the southwest monsoonlbegins in
April and ends in October, with a maximum frequency in July
of about 40% or 12 days.

Typhoons commence in April and reach a maximum fre-
‘quency in August, also of about 40%. In December, typhoons
may occasionally travel within 300 miles of the Taiwan
coasté, but did not come inland in the 11 years from 1959
through 1969. Typhoons can be grouped into four subtypes
accordiﬁg to geographic position. All these four sub-
types may.visit Taiwan in spring; April and May. The
northeﬁn—type typhoon visits Taiwan most frequently in July
on about 12% or 3 days, aﬁd may come clésely to Taiwan even
in December, whefeas the southern-type typhoon visits Taiwan
most frequently in August, with a frequency of about 9% or
3 days. Both the Kyushu—fype typhoon and the monsoén trough
occur only in summer, with maximum mean monthly frequencies
in August of about 8% and 12%,‘respectively.

The North Pacific subt:opicél anticyclone is the only

synoptic flow type with a significant mean monthly frequency
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during the'entirevfear. It has two frequency maxima
annually, one in Abril and the other in August, about 27%
and 28%, respectively.

 The éum of the me#n monthly frequencies of the
Mongolian and Mongolian cutoff anticyciones amounts to more
than 40% from late fall through early spring, October
through March, with a maximum mean monthly frequenc& in
December of about 80% or 24 days. This agrees with the
previous finding that in Taiwaﬁ winds from the no;theast
quadrant account for about 80% of the frequency in December

(Chi, 1969).

Mean Annual Frequency

Figure 3 showé the mean annual frequency of different
.synoptic'flow types in Taiwan. The Mongolian cutoff anti-
cyclone has the higheét frequency, followed by the Mbngolian
anticyclone; the two account for slightly greater than 40%..
Next are polar fronts (both.over and south of Taiwan) and
the North Pacific subtrop%éal anticyclone; each account for
about 18%. The southwest monsoon accouhts for less than 10%
of mean annual frequency. The northern—type‘and southern-
type typhoohs also account for less than 10% although they
are main rainfall sources in summer. Thé mean annual fre-

quency of the Kyushu-type typhoon is less than 1%. The
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monsoon trough has a mean annual frequency of about 3%.

It can be‘seen from Table 1 that in general the synoptic
flow type with a higher mean annual frequency alsc has a
higher standard deviation. >The North Pacific subtropical
anticyclone has the highest'standard déviation‘of.3.64
whereas the Kyushu-type typhoon has the>lowest standard de-
viation of 0.58. If annual frequencies of the polar fronts
both over and south of Taiwan are combined together, the
standard deviation is highest, feaching 4,17,

However, the coefficient of variation is a better
indicator of freﬁuency variability. The coefficient of
variafion is defined as the ratio between the standard:de—
viation and mean. It can be seen from Table 1 that the co-
efficient of variation is highest for>the Kyushu-type
- typhoon although its standérd deviatioﬁ is lowest. In ad-
dition, summer synoptic fiow types have higher values of
the coefficient of variation than winter synoptic flow types.
This suggests fhat winter synoptic flow typés are more
persistent and vary less iﬁ frequency from year to year

than summer synoptié flow types.

Solar Activity

Solar activity frequently is used to explain



TABLE 1

MEAN, STANDARD DEVIATION, AND COEFFICIENT OF VARIATION
OF FREQUENCIES OF SYNOPTIC FLOW TYPES

Standard ‘ ‘Coefficient

Types Mean Deviation of Variation
1 20.22 2.97 . 0.15
2 20.31 3.25 . 0.16
3 6.15 2.27 0.37
4 15.49 '3.00 0.19
5 2.15 1.59 0.74
4+5 17.64 4.17 0.24
6 17.38 3.64 0.21
7 8.55 1.73 0.20
8 3.68 2.06 0.56
9 2.17 1.11 0.51
8+9 5.85 2.82 0.48
10 - 0.73 0.58 0.80

11 3.09 ~ 1.70 "~ 0.55
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Ainter-annual or secular fluctuations in meteorological ele-
ménts such as'temperature, pressure, wind, aﬁd rainfall.
Some climatblogists assume that fluctuations in solar activ-
ity may affect the strength of the atmospheric‘circulation
through the change in ultraviolet emission (Willett; 1961).
Willett (1949) found that correlations, both simultaneous
and ﬁith lag, among various indices of the strength of éﬂe
atmospheric circulation had little or no statistical sig-
nificance. The subsequent state of the atmospheric circula-
tion is not determined simply by the preceding.state but
rather is induced by'externél influences. 'Julian‘(1966)
found no evidence for sequential variations and correlations
of the strength of the WesterliesAat various latitudes with
any pieferred range of period. Rather, significant rela-
tionships hold over a very broad range period. Willett (1949)
remarked that 1ong—period circulation changes ran parallel
in both hemispheres and re?ealed a pattern similar to that
of week-to-week fluctuatiéhs between high- and low-index
circulations. These facts suggest solar aétivity-as the most
probable primary cause of all climatic fluctuations. How-
ever, ¢orre1ation between solar phenomena and the strength
of the atmospheric -circulation is not stafistically high;

perhaps the zonal index chosen does not completely represent
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the strength of the atmospheric circulation. Forsdyke
(1958) has stated that it is only when zonal indices take
extreme wvalues that they give any indication of associated
circulations.

Of several established indices of solar phenomena,
sun-spot number is most common. Sun-spot number undergoes
cyclical variations of different time—iength, i.e., 1ll~year,
20-24 year (double sun-spot cycle), 32-35 year (Brucknerv
cycle), and 80-90 year (century cycle). In/a study of the
solar climatic relationship for the Northern Hemisphere,
Willett (1965) has confirmed thdt latitudinal variations in
pressure and virtual temperature during the period 1900-1959
appear to be in direct response to the 80-90 year cycle of
sun-spot activity. In terms of the double sun—spof solar-
climatic cycle, increases in solar activity tend to be:
associated Wiﬁh weaker cifﬁulations, while decreases are
accompanieg,by stronger circulations.

.The increase in sun-spot number from minimum to major
m;ximum usually is accomp&nied b§fa prédominance of polar
anticyclones in winter, an usual case in the first quarter
of the 80-90‘year cycle. _Increase from minimum to minor
maximum is associated with equatorward displacement of storm

tracks, a common case in the last quarfer of the 80-90 year
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cycle. On»the other hand, a decrease in sun-spot number
from maximum to minimum is associated with poleward displace-
ment of prevailing storm tracks and precipitation, a high
zonal;index atmospheric circulation pattern.

Figure 4 shows variations in the annualbfrequency of
synoptic flow types in Taiwan for the petiod 1959-1969, in-
cluding an active-sun year of 1959 and a quiet-sun period of
1963-1965. The frequency of the Mongolian anticyclone and
typhoons in Taiwan decreased from 1963 to 1965 when the sun--
spot number was at a minimum, and was accompanied by an in-
crease in the strengtﬁ of the westerlies (Figure 5). It
appears that both the Mbngolian anticyclone and‘typhooné
visit Taiwan more frequently during a period of weakening
atmospheric circulation. The frequencies of the southwest_'
monsoon and polar fronts also show a minimum in 1963. In
contrast, both the North Pacific subtropical anticyclone and
,the Mongolian cutoff anticyclone visted Taiwan most fre-
quently in 1963. The minimum sun-spot number in 1963 was
associated with the streng%hening of the westerlies. The
North Pacific subtropical anticyclone was well developed and

invaded Taiwan more frequently than usual.
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Figure 4. Variations in the annual frequency
of various synoptic flow types.
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Air-Sea Interaction

Many climatologists have noted that a narrow dry belt
extends from the coast of South America westward fo about
.'165°E,.approximately along the equator'in central east
Pacific. This dry zone is underlain by a cold-water tongue,
formed primarily by upwelling and the cold Peru ccean current.
The upwelling in this dry zone is caused by the Ekman drift
of the tropical easterliés in both hemispheres. To the west
of the dry zone, ocean water is warm and climate is normally
humid. This warm~wafef péol between 5°N and 10°N in the
western equatorial Pacific supplies thermal energy to drive
the Hadley circulation in both hemispheres.

Bjerknes_(1969) has demonstrated the presence of a
longitudinal atmospheric circulation overlying the cold-
water zone in the eastern equatorial Pacifiq as a pért of
"Walker's Southérn,Oséillation.” He named this isolated cir-
culation cell "Walker Circulation' and aécribed it to
longitudinal temperature gradient.

The narrow cold-water tongue in the eaétern equatorial
Pacific is subject to periods of abnormal warming in response
tb changé iﬁ the strength of prevailing winds. Prior to the

establishment of abnormal warming of the ocean water in the

eastern equatorial Pacific, trade winds weaken in both



33

hemispheres. As a result, ubwelling in the dry zone also
weakens or even disappears. This may résult in abnormal
warming of the ocean water which supplies energy to the over-
lying atmosphere by means of sensibleAheatttransfer and
e&époration.‘ The Hadley circulation is thus accelerated,
and it in turn intensifies the.Ferrel westerlies by trans-
porting absolute angular momentum poleward froﬁ the tropics.
Over South America, the Intertropical Convergence Zone
(ITCZ) may be displaced southward more than usual and
establishes é heavy rainy and warm period over the Peruvién
coast, a phenomenon knowﬁ as E1 Nino (Caviedes, 1973).

The years of 1958, 1963, and 1965 were characterized
by‘ocean temperature maxima in the eastern equatorial Pacific
(Figure 6). Coincidentally, high éonal-index circulations
were observed in those years, whereas low zénal—index circu-
lations were observed in 1962, 1964, 1966, and 1967 when the’
~ocean temperatures were at minima (Figure 5). Wyrtki's
(1973) index of transport of the equatorial countercurrent
also reached maxima in 1958, 1963; and 1965, in contrast to
minima in 1962, 1964, 1966, and 1967, indicating that_there
was a strong assoéiation betwéen the strength of the
countercurrent.énd sea temperatures in the eastern equato-

rial Pacific. Namias (1973) suggested that the weak trade
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winds associated with the strong subtropical upper wester-
.1lies increased the strength of the countercurrent bringing
warm Water about eight months later off Central America.
Thié may favor the occurrence of the El ﬁino.

Ramage (1968) has found that in January 1963 the zonal
circulation was weak and meridionai flow was pronounced over
the North Pacific. At mean sea 1éve1, both the Mongolian
anticyclone and Aleutian low were unusually intense. As a
result, the monsoon circulation intensified. In Iﬁdonesia,
rainfall was well above normal; Meanwhile, on Canfon Island,
in the eastern equatorial Pacific, a severe dry month oc-
curred (Bjefknes, 1969). A year later in January 1964, the
meridional circulation was weaker (Ramage, 1968). Rainfall
was far below normal in Indonesia but far above normal on
Canton Island. According to GWalker's circulation," there
is a negative correlétion in meteorological elements between
the eéstern tropical Pacific and Indonesia.

In Taiwan, the frequency of the Mbngolian anticyclone
was élightl& aboﬁevnormalvin January 1963 when the wester-
lies over the North Pacific were weak. This confirms the
previous conclusion that>the Mongolian anticyclone is prone

to visit Taiwan when the westerlies weaken.
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On a ygarly Easis, oceén temperatures in the eastern
equatorial Pacific rose in 1963 and 1965,~accompanied by
strendgthening of the westerlies in the Northern Hemisphere
(Figures 5 and 6). In Taiwan, the Mbhgolian cutoff anti-
cyclone shows two frequency maxima in 1963 and in 1565. -In
addition, the North Pacific subtropical anticyclone also
shows an annual frequency maximum in 1963.v On the other
hand, both the Mbngoliaﬁ apticyclone and typhoons reached
their lowest frequencies in those two years.

‘Namias (1959, 1963, 1965, 1968, 1969a and b) has paid
much attention to air-sea interaction in the North Pacific
and associated teleconnections. in the Northern Hemisphere.’
Namias (1969b) noted that the period 1961-1967 was one of
a unique cllmatlc regime in the North Pacific, characterlzea
by a stronger than normal Pacific anticyclone overlying a
warm-water pool. Prior to the-r;pid wafming of ocean tem-
peratures in the fall of 1961, a cold-water pool developed
in the same position as it was in 1957. Tﬁis cold-water
"pool enhanced atmospheric stability which prevented the
leakage of air and thus favored the developmént of the anti-
cvclone. Once an_intense Pacific anticyclone was established
in the féll of 1961, ocean temperatures remained warm because

of the poleward advection of warm air and the decrease or
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absence of upwelling. The development of a‘positive pres-
sure anomaly in the central North Pacific during the period
of a pronounced water warming from 1962 through 1965 (Figure
7) implied the strengthening bf the Wésterliés. |

Coincidentally, the frequency ofbthe Mongolian cutoff
anticycloné-in Taiwan revealed a peak during the period of
the pronounced warming of the ocean surface at 359N and 170°W
in the central North Pacific (Figure 7). 1In contrast; Both:
%he Mongolian anticyclone and typhoons invaded Taiwan less
frequently.during the same period, prdbably in assbciatioﬁ
with the étrengthening of the North Pacific subtropical
anticyclone. Typhoons tend to visit Taiwan during periods
of weak circulation in the North Pacific, a subject which
‘will be evaluated in Chapter VI.

In summary, the frequency of certain.synoptic flow
types appears to be related to solar activity and ocean-
surféce temperatures in the central North Pacific and the
eastern equatorial Pacific. During yeérs of quiet-sun ac-
tivity, frequencies of'thé'Mbngolian anticylone and typhoons
decrease in contrast to an increase in frequencies of the

North Pacific and Mongolian cutoff anticyclone.
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As already discussed, the North Pacific'sﬁbtroPical
anticyclone is one of the major centers of aétion which sig-
nificantly affect weather in Taiwan. The strength of this
"anticyclone has been found ta be corrélated to oceaﬁ-surface
temperatures in both the easterﬁ equatorial Pacific and
central North Pacif;c. Bjerknes (1966, 1969) has proposed
© that fluctuations of ocean temperature in the eastern equa-
torial Pacific are respdnsible for major vériations-in
locations of upper troughs and ridges, the Aleutian low,
and the North Pacific subtropical anticyclone. His theory
has been confirmed both by Rowntree (1972) énd by Kruéger
and Gray (1969) in their studies of the influence of tropical
east Pacific temperatures on atmosphere; Namias (1968,
1969a and B) has found that fluctuations of‘ocean temperature
can be correlated wifh variations in tracks of cycloneé and
anticyclones in the North Pacific.

The current study indicates that ocean-surface tem-
peratures in both the eastérn equatorial Pacific and central
North Pacific influence the frequencies of synoptic flow
. types in Taiwan. The relationships hold best for years of
extreme change in fhe North Pacific ocean tempefatures. One
such period occurred from 1962'to 1965 when ocean-surface

temperatures in the central Norfh,Pacific were abnormally warm.
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Summary of Significant Results

The significant results of this chapter lie in several
aspects., Barry and Perry (1973) defined synoptic climatdlogy
as the study of the relationships betﬁeen the atmospheric
circulation and local climate. Rainfall is one of the'most‘
distinct climatic elements. Rainfali regimes over an area
are usually expressed by their monthly and inter-annual
variations. Although some climatologists have studied mean;
monthly and annual rainfall over Taiwan, no statistical
figures of synoptic flow -types have been presented. The
current study is the fi:st}attempt to cléssify the atmos-
pheric circulation into synoptic flow types and to tabulate
their monthly and annual frequencies. It appears that fre-
quencieé of the eleven synopfic flow types are useful in the
study of rainfall characteristicéi A comparison between
Figure 2 and Figure 8 indicates that monthly rainfall maxima
at various stations result from frequency maxima of different
synoptic flow types. The coéfficients of variation of dif-
ferent synoptic flow types are useful in explaining the
spatial variation in rainfall variability, a subject which
.Will be discussed.in Chapter IX. One of the major goals of

climatology is to find out variables or indiées in hopé that

they can be used for weather or climatic forecasting. It is
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found that the anﬁual frequencies of some major synoptic
flow types 6ve; Taiwan»are related to solar activity and
ocean-surface temperatures over the central North Pacific
and eastern equatorial Pacific. This suggests that the
inter-annual of‘secular rainfall variation over Taiwan is
'_not a local phenomenon but rather is the result of fhe
hemispheric circulation. Therefore, indices of the strength
of the Westerlies and sélar activity, and ocean-surface
temperatures can be used as aids for weather or climatic

forecasting.
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CHAPTER III
RAINFALL ASSOCIATED WITH THE MONGOLIAN ANTICYCLONE

AND THE MONGQLIAN CUTOFF ANTICYCLONE

The Mongolian Anticyclone

As pointed out in the preceding chapter, the Mongolian
anticyclone dominates faiwan in Wintef.‘ The formation and
intensification of this polar anticyclone is often.intro-'
duced by the passage of an upper-air trough or an occluded
cyclone from Siberia, the KaraVSea, the Barents Sea, or
Greenland (Chang, 1972). Dzerdzeevskii (1962) attributed
the polar anticyclone to the meridional édvection qf the
Arctic cold éir to lower 1atifudes in.one or several direc-
tions and called this type of circulation the violation of'.
zonality. A group of Chinese meteorologists (Staff Members,
1958).pointed out that the Mongolian polar outbreak may be
cau§ed by arctic intrqsion of cold air either from the
west of Novaya Zemlya by way of north Europe and west
Siberia to Mongolia, or, from the Arctic Sea north of the
Asiatic continent through west Siberia to China. In addi-
tion, the polar anticyclone may originate in Siberia or
Mongolia due to ;adiative cooling effect, usually.accom—

panied by a blocking high over the Urals, or it may develop
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from a high pfessure wedge behind a weak cold front over
Ukraine. 'Ramaéei(l97l) examined Petteréon‘s eqﬁation of the
advéction of vorticity‘and remarked that vigorous anti-
cyclogenesis may occur in the area of ‘intensive sﬁrface
divergence associated with upper tropospheric convergence.
He also pointed out that the mountains immediately to the
south and east of the basin of Lake Baikal redﬁ;ed the in-
hibiting effect of the subsidence in Petterson's equation,
by retarding outflow, and hence terrain favored the intensi-
fication of the polar anticyclone there. Mintz (1965), in

a simulated study of the global general cir;ulation, found
that the winter Siberian aqticyclone would be absent at sea
1evel_if the Himalaya-Tibetan mountains were to be removed.
This elevatea massif prevents the northward advection of
the convectively heated air out of India from reducing the
effect of the radiative cooling over Siberia.

The advance of cold air associated with the invasion
of the Mongolian anticyclone over China is usually called
polar outbreak, cold surgé; or cold wave. Polar outbreaks
follow one another rather irregulérly and ére sometimes
presenced by a cold front but on many occasions they may

be observed without any We11¥organized frontal systems

(Chin, 1969).
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A polar outbreak~usuall§ starts with the deepening of
a 500-mb trough approximately along 12005, frequently ac-
coﬁpanied by the intensification of An underlying surface
cyclone over Manchuria or the Yellow Sea. The polar out-
break dissipates when the 1§ng;wave trough moves eastward
into the North Pacific. A second weak polar outbreak may be
triggered in accqrdance With the westward retrogression of
the long-wave trough over north China.
. However, a severe ?ola; outbreak may also occur with-
out the presence of a coastal long-wave trough at the 500-mb
level. At sﬁch time it is associated with a breakdown of
the equilibrium field at the 850-mb level (Wang, 1958a and
b). |

During periods of polar outbreaks overiTaiwan, strong
- mid-tropospheric westerlies wifh speeds exceeding 100 knots
are frequéntly observed as a result of the presence.of a
jet stream which fluctuates between 20°N and 35°N (Hsu and
Wang, 1956, 1958). The development of this subtropical jet
- stream at 500 mb is'attrigﬁted to the southward displacement
of the northern branch of the westerlies over East‘Asié, a

circulation pattern similar to Namias and Clapp's (1949)

confluence theory of the jet stream formation.
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Double inversion layers over Taiwan are frequently
observed in connection with polar outbreaks, one near 900-
800 mb and the other near 700—500.mb (Figure 9). The lower
inversion layer is caused ;y a warm southerly air current
overlying the cpld monsoon layer; whereas the upper inver-
sion layer resulfs from the sgbsidence of the northwesterly
air current of the northern branéh of the westerlies over
China. This upper inversion layer associated with polar-
outbreaks in Winter is alsé frequently observed over south
China and is called the dynamic stable layer. Its frequency
over Taiwan reaches 20 days in January (Yu, 1965).

The Mongolian aﬁticyclone‘frequently contributes
rainy'days to Iaiwan, especially to_fhe»windward stations in
the northern part of the island due to the_orographic up-
lifting. Figure 10 shows the amounts of mean annual rain-
fall contributed by the,eleven synoptic flow types over
Taiwan. vaiously, tﬂe Mbngoiiaﬁ‘anticycloné contributes a
considerable amount of rainfall to,the northern and eastern
sectors of the island. ' About one-third of the mean énnual
rainfall at'Keelung and, one-fifth that at!Yilan are con-
tributed.by the Mongolian anticyclone (Tables 22a-and 23b in

Appendix B). In contrast, the Mongolian anticyclone con-

‘tributes an almost negligible amount of rainfall to the
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Figure 9. Vertical variations in temperatures and winds
associated with the Mongolian and Pacific anticyclones,
at Taoyuan. Arrows denote warm or cold air advection.
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southern and southwestern portions of the island, i.e.,
1éss than 50 mm or 2'inches in a year. The mean annual
rainfall at Taipei and Hengchun are almost equal. However,
the MOngolian.anticyclone annually contributes more than
eight times as much rainfalllto Taipei as to Hengchun. The
percentage of mean annual rainfall associated with the
Mongolian anticyclone reaches 13% at Taipei.buf is less than
2% at Hengchun.. At Keelung, in contrast to other stations,
the mean annual rainfall contributed by the Mongolian anti-
cyclone is much more than that contributed by any other
synoptic flow types.

Mean monthly rainfall contributed by the Mbngolian
anticyclone also shows a distinct regional pattern (Tables
23a and 23b in Appendix B). The percentage of mean monthly
» rainfall associated with the Mongolian anticyclone.reaches
more than 50% in winter, December through Februafy;-at
Keelung, Yilan, Taipei, and Hwalien, in the northern and
eastern sectors ofvthe island. It decreases to about 40%
at Taichung, in the central west sector, and to about 30% at
Hengchun and Taitung, in the southern sector. Although the
percentage.of.mean monthly rainfall associated with the
Mongolian anticyclone in winter may reach nearly 50% at

Kaoshiung.and Tainan, in the southwest sector, its
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coptributions in amounts are almost negligible. Its con-
tribution reaches about 200 mm (7.9 inches) at Keelung in
December through February and drops to less than 10 mm

(0.39 inches) at Kaoshiung; Tainan, and Hengchun. Both the.
amount and the percentage of mean monthly rainfall asso-
ciated with the Mongolian anticyclone show peaks in February
at most stations. The peaks are probably associated with a
primary zonal-index cycle, which is defined as a pronouncedl
transformation of the intensity of the Westeflies from low
to high during late February and early March, year after
year (Namias, 1950). The decrease in zonal-index in February
is associated with the intensification of the subtropical
jet stream and the occurrence‘of pol#r outbreaks. Conse-
quently, winter rainfall is directiy asséciated with the
strength of the westerlies.

Figﬁres 11 and 12 show pronounced spatial variations
in the mean and standard deviation of daily rainfall asso-
ciated.with different synoptic flow types over Taiwan. The
mean daily rainfall contriguted by the Mbngoiian anticyclone
is about 16 mm (0.63 inches) at Keelung but is only about
2 mm (0.08 inches) at Hengchun (Table 24 in Appendix B). It
appears that theré is a direct relation between mean daily

rainfall and the standard deviation of daily rainfall. Wwith
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.the exception of Tainan, the standard deviation shows higher
"values in northern and northeasternbsectors than in any other
sectors of the island. The maximum daily rainfall reaches
more than 100 mm (3;94 inches) at botﬁ Keelung and Yilan.
Although the Mongolian anticyclone produces rainfall mainly
in the northern and eastern sectors of the island, the maxi-
mum daily rainfall is over 50 mm (1.97 inches) at all
stations. |
As expected, the probaﬁility of rainy days associated

with the Mongolian anticyclone decreases from nearly 78% at
Keelung to about 11% at both Kaoshiung andiTainan (Figure 13
and Table 25 in Appendix B). The probability of rainy days
is defined as the ratio between the number of rainy days and
all days for a given synopfic flow type. The rainfall in-
tensity associated with the Mongolian anticyclone occurs
most frequently between O.1 mm (0.003 inches) and 12.6 mm
(0.5 inches) per day at all stations. The probability of
rainy.days with rainfall between 12.7 ﬁm (0.5 inches) and
25.3 mm (1 inch) is about 20% at Keelung but is less than 1% -
~at Kaoshiung, Tainan, and Hengchun. With the exception. of
Keelung where 16% of the Mbngolian anticyclone days produces
rainfall between 25.4 mm (1 inch) and 76.2 mm (3 inches) per

day, the chances of having such a rainfall intensity are
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the eleven synoptic flow types.



55

very small, about‘Z% or less, at other stations. Although
the Mongolian anticyclone is é main rainfall contributo? at
stations in‘the northern and eastern sectors of the island,
the chances of having daily rainfall over 76.2 mm (3 inches)
are very small. 1In an eleven-year period there was such an
intensity dn:§nly six days at Keelung and Yilan, on one day
at Taipei and Taichung, and on no days at other stations.

It is concluded that thé Mongolian anticyclpng seldom pro- -
duces heavy rainfall over Taiwan despite its high pron

ability of rainfall in winter in the northern and eastern

sectors of the island.

The Mbngolian Cutoff Anticyglone
'.Many.éffortsbhave been made to study the source and
: surgés of thé Mongolian anticyclone, but little attention
has been paid to.its behavior after a cold surge. Chang
and Sh (1957) have classified tracks of the anticyclone
into two groups: |
1. The first group traQels from Siberia to Mongolia
southeastward through north and central China to
the Yangtze River Valley and then swings pro-
gressively northeastward to Japan by way of the

East China Sea.
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2. .The second group proceeds from Siberia or Mongolia
eéstward’to Japan through the Sea of Japan. - The
speed of the anticyclones of both groups is ac-
gelerated after they migraté beyond the China
coast and recurve northward to Japan.

Wu (1971) has found that only 42% of the anticyclonés
migraté across 125°E. The Mongolian cutoff anticyclone is
normally associated with warm advection in the lower tropo-
sphere (Figure 14). Double inversion layers are frequently
observed. .

In contrast to the Mongolian anticyclone, the cutoff
anticyclone is more ffequently accompanied by improving
weather, although light drizzle or fpg may océasionally
occur over Taiwan. As a rule of thumb, clear weather can be
expected as soon as the center ofithe cutoff anticyclone
moves off the East China coast south of the Yangtze River
Valley. Chow and Chehg (1971} have observed that 53% of the
fbggy days at Taipei in winter are attributable to the
 proximity of the Mbngoliaﬁ cutoff anticyclone. Light sur-
face winds and strong nocturnal radiation accompanying it

favor the formation of fog in the early morning in Taiwan

(Lee, 1971).
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associated with the Mongolian and Mongolian cutoff
.anticyclones, at Taoyuan.

Vertical variations in temperature and winds
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Ramage (1954) has found that the Mongolian cutoff anti-
cyclone over the Yellow Sea and the East China coast favors
the development of ”craéhin" along the coasts of soﬁth China

"and north Indochina, approximately befween 17°N and 28°N.
"Crachin" is defined as a humid period of fog and light rains
in winter and spring in those regions.. Air originating
from the Mongolian cutoff anticyélone travels over the warm
Kurioéhio ocean current and then moves progressively south-
westward to'the southeast China coast where a cold coastal
current occurs. Fog and drizzle set in as a result of the
surface cooling of moist air. !'Crachins'" appear most fre-
quently in spring when the air-sea temperature difference
reaches a maximum in ﬁhe year.

It can be seen from Tables 22a and 22b in Appendix B

“that the Mbﬁéélianméutoff agggéycloné produces much‘lesgg
rainfall than the Mbngoiian anticyclone in northern Taiwan
but almost equal amounts of rainfall in eastern Taiwan.
ihe cutoff anticyclone contributes higher percentages and
amounts of mean annual rainfall to Yilan than to Keelung.
This indicates a decreasing topographic effect in the
northern sector in contrast to an increasing tbpographic

effect in the eastern sector when winds veer from northeast

to east and southeast with the advent of the cutoff
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anticyclone.

Both the MOngolian and Mongolian cutoff anticyclones
contribute very small amounts of rainfall to western and
southern Iaiwan due to the rain shadow effectf Hence,zthe
difference between rainfall amounts confributed by both
anticyclones is small at various stations in these areas.
The spatial variation in mean annual rainfall contributed
by the cutoff anticyclone'can be seen clearly in Figuré 10.

It is noteworthy that exéept for Keelung and Taitung,
other stations show that the peréentage-of mean monthly
rainfall associated with the Mongolian cutoff antic&clone
is highest in October (Tables 26a and 26b in Appendix B).
As shown in the preceding chapter, the frequency of the cut-
off anticyclone is at a maximum in October.

Mean daily rainfall aséoéiated with the cutoff anti-
'cyclone>is about half that associated with the Mbnéolian_
anticyclone at stations on the west coast. The two sources
contribute almost equal mean daily rainfall at stations on
the east coast and mountains (Figures 11 and 12, and Table
27 in Appendix B). The mean daily rainfall contributed b?
the cutoff-anticyclone is slightly greater than that con-
tributed by the anticyclone at Taifung, on the Windward side

with respect to east and southeast winds but on the leewaxrd
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side with respect to hortheasf wind. With the exception of
Tainan, the standard deviation of daily rainfall contributed
by the cutoff anticyclope is smaller than that contributed
by the anticyclone. This is because the frequency of ex-
tremely high daily rainfall is less for the forme? than for
the latter synoptic flow types.

The maximum daily rainfall associated with the cutoff
aﬁticyclone is smaller than that associated with the anti-
cvclone at most stations except for Yilan and Hwalien. In
these two cases east and southeast winds may contribute
significant amounts of rainfall despite the decrease in
pressure gradients and wind speeds accompanied by the cutoff
anticyclone.

As ekpected, the prdbability of rainy days associated
with the cutoff anticyclone is highest in the east and
lowest in the west and southwest of the island. The prob-
abilify of rainy days is about 47% at Yilan but is only 4%
at Tainan. At Keelung, the probability is about 39% for the
cutoff anticyclone as cont;asted with 78% for the anti-
cyclone (Figure 13 and Table 28 in Appendix B). This sug-
gests the importance of the topographic effect'oh rainfall,
The improved weather associated.with the cutoff anticyclone

is attributable not only to the decrease in pressure
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gradients and wind speeds but also tc the veering of winds
from northeast to'east and southeast. The daily rainfall
associated with the cutqff anticyclone seldom reaches‘over
50 mm (1.97 inches) at all stations; Daily rainfall totals
of 76.3 mm (3 inches) or higher occur only at Kéelung,
Yilan, and Hwalien, with a frequency of one to three days

‘during the eleven-year period.

Summary of Significant Results .

It can be concluded that the Mongolian cutoff anti-
cyclone contributes less rainfall than the Mbngolian anti-
cyclone over Taiwan. It contributes significant amounts of
fainfali only to the northern and eastern sectors of the
island. The probability of rainy days associated with the
cutoff anticyclone is much lower than that associated with
the anticyclone.

In this chapter, the distinct spatial variations in
mean rainfall characteristics associated with the Mbhgolian
and Mongolian cutoff anticyclones over Taiwan are recognized.
The statistical figures presented'in this chapter can be
used for the daily rainfall forecast over differenf parts of
the island. The important role of*topography on spatial’

distributions of rainfall characteristics is evidenced by

higher annual, monthly, and daily rainfall in the northern
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and eastern seéfofs than in the Westgrn and southern sectors
of Taiwan. With the exception ofbthe eastern sector, the
Mongolian anticyclone is a more important rainmaker than the
cutoff anticjclone, as seen by its higﬁer probabiiify of
rainy days and b§ its higﬁer mean, standard deviation, and
maximum of daily rainfall. Both anticyclones play almost
the same role in contributing rainfall to the eastern sector,
suggesting that the prevailing wind dire¢tion appears to be
more important than wind speed and pressure gradient in
triggering rainfall over Taiwan. Unique rainfall regimes
over northern ahd éastern Taiwan are observed as a result

of the persistence of the aﬁticyclone and the cutoff anti-
cyclone in winter. It is a well known fact that in monsoon
Asia winter is a dry season. However, northernmost Taiwan
is characterized by a wet winter and by a less wet summer,
whereas eastern Taiwan shows a rainfall maximum in fall.
Unlikelthe other ﬁérts of Taiwan; northern and eastern
Taiwan show water surplus even in wiﬁter (Chen, 1959). Al-
though the Mongolian antic&cloﬁe visits Taiwan most fre-‘
quently in December and January, it contributes thg greatest
amount of rainfall to Taiwan in February. in terms of the
hemispheric circulation, the strengthiof the westerlies

reaches a minimum in February. This shows that. the low
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zonal-index circulation favors Taiwan with a heavier rain-
fall than does the high zonal-index circulation. The
strength of the westerlies thus provides an important guide
for both weather and climatic forecastings over Taiwan.

Both the Mongolian and Mongolian cutoff anticyciones
contribute almost negligible amounts of rainfall to western
and southern Taiwan, but those synoptic flow types dominate
Taiwan in winter. As a result, long dry winters occur year
after year. During the eleven-year period from 1959 through
1969, the longeét dry spell reached 88 days at Taichung,

109 days ét Kaoshiung, and 37 days at Hengchun. Significant
water deficits in these areas are expected in almost every
year. Consequently, rice growth in these areas requires
irrigation} In wéstern and southern TaiWan, rice field
soils become dry in November and December. It is necessary‘
to soak soils befére the first rice crop seed beds are
planted in January.  The first rice crop is normally har-
vested in June. During the early growth cycle.of the first
rice crop, February throuéh May, water needs in rice fields
are most serious and the irrigation canals are characterized

by lowest water level (VanderMeer, 1968).
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CHAPTER 1V
RAINFALL ASSOCIATED WITH THE TAIWAN LOW

AND POLAR FRONTS

The Taiwan Low

The Taiwan low is an eﬁtratropical cyclone originating
_in the eastern and northern sea surface off Taiwan. It ap-
pears occasionally from late autumn toveérly spring, With a-
maximum mean frequency in February (Figure 2). Two condi-
tions near Taiwan provide a favorable cyclogenesis field for .
the Taiwan low. First, the Kuroshio warm ocean-current
travels northward over the sea surfaces east and north off
Taiwan, whereas a cold ocean-current flows southward along
the east Cﬁinavcoast. The boundary between these two cur-
rents is located over the East China Sea in the vicinity of
northern Taiwan. It is characterized by a sharp temperature
gradient and hénce is favorable for cyclogenesis. Second,
the establishment of a dynamic trough over central high
mountains in Taiwan frequently favors cyclogenesis (P. I.
Wang, 1971). |

Several attempts>have been made to studyhfhé‘deveiop-

ment of the Taiwan low. According to the First Weather Wing

(1966), the Taiwan low is usually accompanied by two
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surface synoptic flow types:
1. The normal type
The Taiwan low  is concurrent with a Mongolian
or a Mongolian cutoff anticyclone.
2. The double-eye type
The Taiwan low is located in a col between two;
anticyclones, i.e., a Mongolian antiéyclone and
a Pacific anticyclone.

The Taiwan low is usually accompanied by a 500-mb
trough along ilOOE~1200E over central China (First Weather
‘Wing, 1966). It is also associated with low-level warm
advection and upper-level qold advection éver Taiwan
(Figure 15).

Based on the analysis of 700-1000 mb thickness charts,
. Hsu (1969) has found that a Taiwan low frequently develops
in the area where the most concentrated isopycnic iines are
arcuate with the ends bending toward the southeast and
southwest, respectively.

Figure 16 shows daiiy variations in winds at different
1evels over Taoyuan during the period late February to early
March 1965 when there were nine days With the Taiwan(low.

It shows that the Taiwan low is usually accompanied by a

slight strengthening of the northeast monsoon at the surface.
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At the éSO—mb'level, an éést wind is frequently observed in
association with the Taiwan low. At the 700-mb and 500-mb
levéls, pronounced Wiﬁd shift from west to southwest is con-
current with the iaiwan low. This is im agreement with the
First Weather Wing's (1966) finding that the Taiwan ldw is
correlated with the northward displacement of the subtropical
jet stream and the southward displacement of the polar front
jet stream.

On the average, a Taiwan low persisté for 36-48 hours,
moving toward southern Japan at a speed of 25 knots. 1In
rare cases, the Taiwan low may travel eastward across
Okinawa into the Pacific or it may travel northward across
KoreaAinto the Sea of Japan.

bAs expected, the Taiwan low contributes a fairly large
proportion of the mean monthly rainfall to northern Taiwan
(Figure 10 and Tables 22a and 22b in Appendix B), about 11%
of the mean menthly rainfall at Keelﬁng, but only about 1%
of the mean annual réinfall at the more southerly stations
of Kaoshiung and Tainan.

The Taiwanhlow also contributed a greater amount of
mean monthly rainfall to north ‘than to south, but it con-
tributes a greéter proportion of mean monthly rainfall to
south than to north (Tables 2%a and 29b in Appendix B). In

the southwestern sector of the island where winter is dry,
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the Taiwan low contributes a high pefcentage of mean monthly
rainfall in winter, although the amount of mean monthly rain-
fall contributed is very small. At Hengchuh, the percentage
0of mean monthly rainfall contributed by the low is highest
among all surface synoptié flow types in Januéry. At
Taiéhung, more than 50% of mean monthly rainfall in December
is derived from the low. Except for Hengchun, the mean
monthly rainfall contributed by the low reaches a maximum in
February. However, the percentage of mean monthly rainfall:
contributed by the low reaches a peak in December or January
at various stations in the southern and western sectors of
the island.

As with the Mbngolian anticycione, the mean, standard
deviation, and maximum daily rainfall associated with the
’Taiwan low are higher in the northeastern sector than in the
southwestern sector of the island. However, the ﬁean daily
rainfall is slightly smaller than that contributed by the
Mbngolian'anticycléne at all stations (Figures 11 and 12 and
Table 30 in Appendix B). At Keelung and Yilan, the mean
daily rainfall is more than 10 mm and the maximum daily
rainfall is more than .100 mm.

The probability of rainyAdays associated with the

Taiwan low is more than 70% in the north and east but is
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only 15% in the southwest. At Keelung, the probability
of rainy days reaches 82% and the per;entage of rainy days‘
with rainfall exceéding 76.2 mm (3 inches) is 3.3%, the
highest value among all surface synoptic flow types in

winter (Figure 13 and Table 31 in Appendix B).

Polar Fronts

The polar front is one of the major synoptic flow
types contributing heavy rainfall over the entire island.
In winter; polar fronts usually precede polar outbreaks‘
Passages of polar fronts over Taiwan are normally‘acébm—
panied by cold advection in the lower troposphere (Figure
17).

Table 2 éhows the frequency of polar fronts which
persist for three days or more over Taiwan. The table
indicates that polar fronts become stationary in spring and
early summer. During the eleven-year period from 1959
thrdﬁgh 1969,'not a single polar front lasting more than two
days has ever been observed over Taiwan in mid-winter, |
December and January. . Stationary polar fronts lasting more
than four days over Taiwan occur most frequently in May
and‘June,'When the entire island enjoys a period of heavy
rainfall. Stationary polar fronts also occur frequently

in September when the summer monsoon gives way to the winter



HEIGHT

150 mb . . “

A
W]y W
Now]
W ~ "
\WE) H £
R W
-
L RN W
L\ N
- | S
A\ % &
\
2 o
< o]
=
N O _/
ST T3 T ®H T =i6 0 10 20 30 <
TEMPERATURE
Figure 17. Vertical variations in temperatures and

winds associated with the southwest monsoon and
polar front, at Taoyuan.



72

A

4 € 6 z T 0%
T T I
\ I €
I I
1 T I T 1
I T 3
e T T
z z
I 2
T T
T T I
v
1T oT 6 8 L 9

¥e

4

9

696T OL 6S6T ,
oI ¥ad HHI d0d YHAONOT dO SAVA € dOJ ISV HOIHM SINOMA AVIOd JO ADNHNUEAH

2 9719Vl

ST

Telor
6961
moOH
L961
9961
96T
$961
€961
296T
1961
0961
6561

I SY3UOW



73

monsoon.

Remarkably, the amount of mean annual rainfall asso-
ciated with polar fronts is more than 400 mm (15.75 inches)
at all stations (Figure 10 and Tables 22a and 22b in
Appendix B). It appears that except for mountain stations
polar fronts contribute more rainfall to the north than to
the south. With the exception of Keelung, where both polar
fronts and the Mongolian anticycloné producé almost equal
.amounts of rainfall, polar fronts contribute more mean annual
rainfall than does the Mongolian anticyclone to other sta-
tions. In contrast to the MOngolian antiéyclone, polax
fronts account for more than 20% of the mean annual rainfall
at all Taiwan stations, with values higher in the west and
southwest than in the north and east. fhe mean annual rain-
.fall contributed by polar fronts is 41% at Taichung, a value
even higher than that (26%) contributed by typhoons (Figure
10 and Tables 22a and 22b in Appendix B).

As expected, the amount and percentage of mean monthly
rainfall associatéd with ﬁblar fronts is highest in June and
is lowest in December at all stations (Tables 32a and 32b in
Appendix B). The mean monthly rainfall contributed by polar
fronts in June reacheé more than 100 mm (3.94 inches),

at all stations, with the highest value at,Alishah followed
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by Taichung,- in June, many stations received more than 80%
of their mean monthly rainfall from polar fronts.

- The mean, standard deviation, and maximum daily rain-
fall associated with polar fronts are much higher thaﬁ those
associated with the Mongolian anticyclqne or the Mongolian
cutoff anticyclone (Figures 11 and 12 and Table 33 in Appendix
" B). The mean daily rainfall associated with pplar fronts

is more:than 10 mm (0.39 inches) at all stations. The
highest values are in the Wést and southwest, and the lowest
in the south and east. The maximum daily rainfall reaches
more than 150 mm (5.91 iﬁches) at all sfations; it reaéhesA
about 296 mm (11.65 inches) per day at Yilan and nearly 350
mm (13.78 inches) per day at Alishan.

The probability of rainy days assoqiated with polar
fronts is highest among all winter synoptic flow types and
is second only to typhoons among all synoptic flow types
over theventire year (Figure 13). As with the Mbngolian
anticyclone, the probability of rainy days associated with
.polar fronts is much highér in the north thén in the south.
The chances of polar fronts producing heavy rainfall are
greater than any other winter synoptic flow type. At
Keelung, in the eleven-year period 1959-1969, there were

‘seventeen polar front days'cdntributing.daily rainfall of
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more than 76.2 mm (3 inches).  But there were only six
Mongolian anticyclone days with comparable rainfall inten-
sity. In western and southern Taiwan, where the Mongolian
anticyclone contributes less than 1% of rainy days with
rainfall of more than 50.8 mm (2 inches), the probability
of having such a rainfall intensity associated with polar
fronts is about 3% or higher. Hence, it can be concluded
that polar fronts. are associated with a greater frequency of
rainy days over the entire islénd and with a heavy rainfall
intensity in late spring and early summer (Table 34 in
Appendix B).

The foregoing discussion refers to polar fronts over
Taiﬁan (between 21°N and 26°N along 120°E). The rainfall
in Taiwanlcontributed by polar fronts south of Taiwan (south
of 21°N élong IZOOE) was also studied. It was found that the
spatial variation in annual, monthly, and daily rainfall in
Taiwan is essentially similar for both groups of fronts.
The only difference is that polar fronts south of T#iwan
show lower r;infall intenéitieé and less probabilities of

rainy days (Tables 35a through 37 in Appendix B).

The Plum Rains1

It has long been recognized that the rainy belt in

East Asia advances step by step from south to north during
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late spring ahd early summer (Dao, gz_gl,, 1958; Yoshino,
1965a andvb, 1966). In June and July, the fainy belt is
over the Yangtze ﬁiverfBasin and normally persists for five
to twenfy days. The plum rainAperiod over the Yangtze River
Basin'is concurrent with the setting-in of a stationary
polar front at the surface (Zou, et al., 1964; Chu, 1962).
The plum rains are large-scale atmospﬁeric phenomena and
pronounced climatic singularities, usually appearing
simultaneously with the onset of the southwest monsoon over
India (Suda and Asakura, 1955; Dao.and Chen, 1957). The
rains mark the transition from a winter to a summer circula-
tion pettern in the upper atmosphere (Yeh, et al., 1958,
1959). In Arizona (U.S.A.), Bryson and Lowry (1955) ob-
served the same abrupt change in the upper atmospheric cir-
culation and the associated increase in rainfall in late
June and early July.

A number of studies have been made to relate the plum
rains to the large-scale change in atmospheric circulation
patterns over Asia. Jet s%reams, blocking highs, mid-

latitude ridges and troughs, and subtropical ridgelines have

1The plum rains are also called Mai-yl#i or mold rains in
Chinese, with reference to the season when plums rlpen and
to the effects of continued dampness.
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constituted topics for explofation. Yin (1949) has dis-
'coveréd that the onset of the summer monsoén in India is
characterized by the foliowiné changes in the general circu-
lation:

1. The sudden absence of the subtropical jet

stream south of the Tibetan Plateau.

2. The %estward displacement of the subtropical

trough from 90°E to 80°E. |

3. The change in long-wave numbers from 3 to 4 in

the Nérthern Hemisphere.

4. The establishment of a monsoon trough near

23°N over India.

Some Chinese meteorblogists have conformed that the
onset of thé'plum rains over the Yangtze River Basin is
acéompanied by an abrupt dissipation of the subtropical jet
stream at-650E and the‘weakening of the subtropical jet
stream by half at 14OOE (Yeh, gi’gl., 1952;.Dao and Chen,
1957; Liu and Wu, 1956).

The plum rains have-bgen attributed to the develop-
ment of the Okhotsk blocking high. Zou, et al. (1964) have
studied the 500-mb circulation during the pium rain period
over the middle and lower YAngfze River Basin and haveA

concluded that stable blocking highs along SOON - 70°N over



78

Siberia favor the development of a short-wave trough between

35°N and 45°N over East Asia. Chen (1957) found that a

record heavy rainfall in éarly summer 1954 Waé associated
with the Okhotsk blocking high. ‘Over.Manchuria, a cufoff
low was triggered by this high. Aé g result, the polar
front jet stream over East Asia split into two branéhes, one
' being displaced southward to the Yangtze River Basin, about
10 degrees of latitude south of its gormal position. How-
 ever,>Liu and Wu (1956) have stated that the onset of the
plum rains is accompanied by the,ﬁresence of the Ural block-
ing high which establishes a stable stréng westerly Wind
belt along 30°N-40°N over China. The plum rains may start
without the presence of the Okhotsk high, which plays a more
important role in increasing the duration and intensity of
rainfail than in triggering the plum rains. The deveiopment
of the Okhotsk high during the plum rain period is probably
in response to the adjusting process of 1ong-w%ve number§
from 3 to 4 aé the season shifts from winter to summer (Yeh,
et al., 1958; Chu, 1962).m

Dao, et al. (1958) and Zou, et al. (1964) have dis-
covered that the plum rain period becomes establiéhed when
the North Pécific subtropical ridge appears between 20°N and

o
- 25.N. As a result, a polar front moves from the Nan Ling
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Mountains to the Yangtze River Basin and creates a long
rainy period. The '"jumping'" behavior of the Norfh Pacific
subtropical ridge is found to be related to the éetting-in
of a Warm blocking high from west Siberia to the East Asia
coast. In addition, when the plum fains'begin over China
and Japan, the upper-air winds shift from west to east at
subtropical étations and an easterly jet stream develops
over South Asia.

Cessation of the plum rain period is characterized
by northward displacement of the polar front jet stream
from 30-40°N to 40-50°N along 120°E and 140°E while the North
Pacific sﬁbtropical ridge advances no;thward to 30-4OON.
Meanwhile, the polar front zone retreats northward from the
Yangtze Riﬁer Basin to the Yellow River Valley (Liu and
Wu, 1956). Dao,'éllgi. (1958) have discovered thét the on-
set of the plum rains over.China‘can be correlatéd'with the |
diminutiqn of the subtropical jet stream south of the
Tibetan Plateau, accompanied by the presence of a polar front
jet stream in high latituées near 70°N over East Asia.
Yoshino (1965a and b) also has noted that two polar front
jet streams develop over Japan duringAthe plum rain period.
The plum rain period ends when the northerﬁ jet stream near

70°N disappears and the southern jet stream advénces to
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‘north of 40°N over Japan. Chen (1957) has ;onformed that
- the plum rain period over China ends when the North Pacific
subtropical ridge advances northward to 35°N and the Jjet
stream south of 4OON along 14OOE mbveé to 42—47ON. In‘ad—
dition, typhoons start to invade the east China éoast and

the Yellow Sea. The westerlies at 200 mb over southern Japan
are replaced by the easterlies. As a result of the northward
push of the North'Pacific subtropical ridge near 40°N after
the end of the plum rain period, the Okhotsk high also dis-~
sipates and is replaced by a troﬁgh (Chu, 1962; Chen, 1957).
Furthermore, a polar trough appears to the north of the
Tibetan Plateau and a firm summer circulation pattern is
established with four wave—humbers in the Northern Hemisphere
at.the 500-mb level. At the 200-mb level, the summer cir- °
culation pattern also differs greatly from the winter patterh.
Ih.winter, the westerlies extend over'the subtropics with
fhrée major highs, over.the northwestern bart of South
America, over central Africa, and around Borneo and indonesia
(Krishnamurti, Ei.él’ 1973a). These regions are characterized
by strong convective activity in winter. In summer, the
blocking effect of the thermal Tibetan high acts as a
barrier, providing the dynamic mechanism for the formation

of the Mexican high, the Africah'high, the mid-Pacific
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trough, and the mid-Atlantic trough. Many studies of the
numérical_simulation modelé also show the occurrencé of
these primary entities of the large-scale circulation over
the northern summer hemisphere (Krishnamurti,‘gi al. 1973b;
Manabe and Hahn, 1973; and Abbott, 1973). |

As already discussed, the plum rain period over the
Yangtze River Basin is concurrent with the abrupt change
in the atmospheric circulation in the Northern Hemisphere.
Many studies have been made to determine the’dates of the
onset and recess of the plum rains over China and Japan based
on the discontinuities of daily meteorological elements
such as rainfall,_pressure, temperature, wind, vapor flux,
and isobaric surface heights (Hsu and Kao, 1962; Neyama,
1963; Yoshino, 1965a and b; Mizukoshi, 1962; Gangopadhyaya,
.et al., 1963). An attempt is made in this study to determine
the dates of the onset and retreat of the plum raiﬁs over
Taiwaﬁ based on some of those criteria.

It has long been recognized that most Taiwan stations
show mean monthly rainfall~peaks in June when polar fronts
visit Taiwan most frequently. Chi (1964) has attributed the
heavy rainfall in June to the convepfion caused by solar
‘heating and orographic uplifting of the southwest monsoon.

This is intensified by the passage of a polar front and the
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convergehce between the southwest monsoon'and the southeast
trade. A careful study of the daily rainfall and weather
maps over Taiwan indicates that the persistence of a polar
front over Taiwan does, in fact, account for the heavy rain-
fall in June. For example, in'1963‘the heavy rainy periods
from June 1 to June 5 and from June 14 to June 20 wefe
" concurrent with polar fronts over Taiwan. |

The dates of the onset and cessation of the ﬁlum rains
iﬁ»Taiwan can be determined by plotting daily rainfall
cﬁrves from May through July at various stations. The onset
of the plum rains is evidenced by an abrﬁpt increase in
daily rainfall at almost all stations. A typical 1967 case
is presented in Figure 18. It shows that the plum rains
started on May 22 when a heavy daily rainfall was observed
_at all stations. The daily rainfall oﬁ May 23 reached
almost 350 mm (13.78 inches) at Kaoshiung.. The maximum
daily rainfall at.mény stations exceeded 100 mm (3.94
inches) during this plum rain period. In the northern and
eastern portions of the island and mountain areas where
winter is.Wet, rainfall occurred several days”ahead of‘fhe
onset of the plum rains.

The‘date of the cessation of thé plum rains in Taiwan

is much better defined than that of the onset of the plum
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rains. The plum rains in 1967 pefsisted for more than
twenty days.. An abrupt halt was clearly ob%erved oﬁ June
15 at most étatibns.' Although the rainy period at some
stafions ended one day earlier, i.e., June 14, a persistent.
polar front dominated Taiwan from May 22 to June 14. Conse-
quently; June 15 is considered as the date.of the cessation
of the plum rains.

Based on daily rainfall curves and stationary polar
fronts for the period 1959-1969, the dates of the onset and
cessation of the plum rains in faiwan have.been determined as
shown in Table 3. These dates vary greatly from.year.to‘
‘year, although the average duration is about twenty;five days.
The plum rains can arrive on Taiwan as early as May 17 or as
late as June 6. They can leave Taiwan anywhere between
June 5 and July 2.

The onset of the plum rains in Taiwan haé been found
to be associated with a persistent polar front that separates
a Mongolian cutoff anticyclone over the East China Sea from
a North Pacific subtfopicil anticyclone south of Taiwan.
According to Dao, et al. (1958), the first stage of the plum
rains in East Asia is characterized by tﬂe presence of a
persistent polar front over south China; the cﬁrrent study

agrees with their findings.



- TABLE 3

DATES OF THE ONSET AND THE END OF THE PLUM RAINS

1959 .
1960
1961
1962

1963

1964
1965
1966
1967
1968
1969M

Average

FOR THE PERIOD 1959 TO 1969

Onset

May
May
May
June

June
and June

May
June
May
May

May

27

19

17

28

22

19

20

25

End

June
June
June
July

June
June

June
June

June

~June

June
June

June

15

19

15

28

30

14

14

14

23

20

F‘Duration
(days)

20 .
32
30

27

12
40
30
18
23
35

27

87
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At the,SOOQﬁb level, the synoptic flow patterné
associated with the plum rains over Taiwan indicate that
an isolafed subtropical anticyclone is developed over the
South China Sea near ZOdN and the Nor{h Pacific subtropical
ridge extends from the central North Pacific to the south of
.Taiwan in a northeast-southwest érientation. A polar trough
over Taiwan separates these two subtropical anticyclones.
Figures 19 through 24 indiéate daily variations in

winds at different levels during the period May through July
of 1960, 1964, and 1965 at Taoyuan (25 N) and Tongkang
(220N). Some remarkable featuies are observed. The onset of
the plum rains over Taiwan is associated with an abrupt
downward intrusion of the easterlies from the stratosphere
to the ﬁppér and middle tropospherés. Winds in the tropo-
sphere beqome more variable and weaken during the plum rain
period. 'Prior to the onset of the plum rains, a peréistent
subtropical jet streém with wind speea exceeding SO‘knots is
observed at 200 mb. During the period, wind speeds'equal

to 5 knots are frequently-observed at that level. Although
the jet stream may reappear dufing the period, it lasts for
only a few days. On the other hand, the plum rains end
'whén the easterlies extend frdm the stratosphere all the.way

down to ground surface, as a result of the displacement of
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the North Pacific subtropical ridge to the north of faiwan.
Meanwhile,van easterly jet stieam with wind speeds‘exceediﬁg
50 knots is observed uponithe~cés§ation of the plum réins
over Taiwan. |

The relationship between‘the'onset_of the’plum rainsl
and-vafiations in geopotential.héight at the 500-mb level
over Taoyuan for 1960, 1964, and 1965 is shown in Figures 25
through 27. It.appearé that the onset of thése rainé is
correlated with a pronounced increase in the geopotential
height‘at the 500-mb leVel,Q Thé.raihs end‘élso in conneqtion
with an'abrupt incréaée in the 500-mb gebpétential height.
The 500-mb height‘difference betweenATadyuan and-Tongkang 5
also shows the same character. ‘Precédiﬁg the plumbrains,
the subtropical ridgeline is located far south of Taiwan
and the geopoténtiél height at the 500-mb level is‘greatér
at‘Tongkang than at Taoyuan as seen by pegative height dif -
ferences in Figures 25 through~27. During the plum rain
perioé} the subtropical ridgeline advances northward and
fluctuates over Taiwan. In most cases, thé SOQ—mb-geo—
potential height is gfeatér at Taéyuan than at Tongkang.
~After the plum.rain period, the 500-mb geopoténtial height
is persistently greatef at Taoyuan than at Tongkéng because

the North Pacific subtropical ridgeline advances to the
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north of faiwan.

It appears that there is a significant relationship
‘between the daily rainfall and the 500-mb geopotential
height over Taiwan. The increase in daily rainfall ié fre-
quently concurrent with.the significant drop in the 500-mb
geopotential height because of the passage of a troﬁgh over
Taiwan.

Temperature at the 500-mb level over Taoyuan in 1964
and 1965 increased during and after the plum rains (Figure
28). Howevér, in 1960 it decreased when the plum rains
ceased (Figuré 29).

Figure 30 shows‘the relationship between the mean daily
rainfall and the latitudinal position of polar fronts at the
various Taiwan stations. Strikingly, thé mean daily rainfall
reaches a peak At all stations when polar fronts are locatéd-
at 23ON along iZOoE. With the exception of Tainan, Kaoshiung,
and Hengchun, in the southwest and south of thé island, the-
mean daily rainfall is highest when polar fronts are one fo
two degrees of lAtitude south of stations. Bell (1969) has
found the same characteristic in Hong Kong. At'Tainan,_
Kaoshiung, and Hengchun, the mean daily rainfall is at a peak
when polar fronts are 1ocafed at 2$ON, probably due to the

strengthening of the southwest monsoon and southeast trade



100

*sutex unid 8yl yo pue pue
39SUO 3yj 930USp SMOIIV °*GO6T PUe $9GT JO potxad urtex unid ayj
pbutinp uendoe] 3e suorjerxen sinjeradwwl qu-0Qg ATTed °gg 2anbBTy

o1 ___xf o¢ (14 o1 ann(-0€ 0z

J.-..—.---_a_-~...-.._1.-...-—.dlﬂ.-n-\ﬂ.-—-qqq...-.

Ded 2=




101

*096T Fo potxad utex unid a2Yy3

puranp uenkoe] 3e SUOTjeTIeA oinjerddwudl qu~00§ ATTed

A10(0€ NNl 0€

‘62 2INb6TyY

AVIN




102

LATITUDE(*N)

10 20 30
20 30mm MEAN DAILY RAINFALL
MEAN DAILY RAINFALL -

g
@
LATITUDE(*N)

B

2 Sy =
=S
—

~

26
z
& 2 2y 10 26 30mm
E MEAN DALY RAINFALL
-4
-t

LATITUDE(N)
LY
£

10 20 30 mm
MEAN DAILY RAINFALL

Fic_jure. 30, Mean daily rainfall associated with the
latitudinal positions of polar fronts.
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when a polar front is to the north of Taiwan.
In summary, in Taiwan the onset'and cessation of the
plum rains are related to a persisfent polar front and.
changes in rainfall intensities, winds, 500-mb geopoteﬁtial
height, and temperature. The plum rains arrive in Taiwan .
in accordance with the folloWing conditions:
1. A persistent polar front is over Taiwan. As a
result, rainfall occurs over the entire island.
At many stations, the daily rainféll exceeds
100 mm (3.94 inches).

2. The easterlies penetrate downward from the
strétbsphere to the upper and middle tropospheres.
The subtropical jet stream weakens and is dis-
placed northwérd as seen by a sudden decrease in
upper-level wind speeds over Taiwan.

3. The 500-mb geopotential height over Taiwan in-

creases.. The 500-mb height difference between
Taoyuan and Tongkang changes from negative to
positive. )

4. Temperature at the 500-mb level decreases..

On the other hand, the end of the plum rains over Taiwan

is associated with the following conditions:
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1. The polar fr&nt retreats northward to the north
of Taiwan. |

2. The westerlies are replaced by the easterlies in.
the troposphere over Taiwan. This is accompanied
by an easterly jet stfeam with wind speeds of more
thén 50 knots.in the stratosphere.

3. The 500—ﬁb geopotential height increases signifi-
cantly over Taiwan due to warm air advection
below. In addition, the 500-mb level becomes con-

sistently higher over Taoyuan than over Tongkang.

Summary of Significant Results

The significant results of the study of this chapter
are evidenced by the following findiﬁgs, As with the case
of the Mongolian anticylone, the Taiwan lbw also occurs and
contributes greatest amounts of rainfall to Taiwan in
February, indicating that the climatic regime over Taiwan is
sigﬁificantly controlled by the strength of the Westerlies;
It is found that wind variations at ground surface, 850-mb,
700—ﬁb,'and'500-mb 1evels méy»piovide an aid for the
forecasting of the low.

The pélar front is one of the major rainfall sources
ovér Taiwan, as evidenced by its high contribution to mean

annual, monthly, and daily rainfall and by its high chance
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of producing heavy daily rainfall. Almost all stations
éhowvrainfall peaks in June when the polar front is most
active over Taiwan. AAccording to Chen's (1959) célculation,
the soil moisture changes from deficif to surplus in May
and June over western Taiwan. The plum rains are helpful in
crop production. They supply sufficient water for the
ripening of the first rice crop and provide moist soil for
the planting of the sécond rice crop. The absence of the
plum rains may result in severe drought. For example, the
1963 drought was mainly causgd by a short plum rain périod.
In this yeai, the plum rains started later than usual and
they lasted for only twelve days, much shorter than the nor-
mal duration of twenty-seven days. Almoét all crops showed
significant reduction of yiélds in this year (Republic of
China, 1970).

Although the plum rains over the Yangtze River Basin
have attracted climatologists' attention and many studies

have been made to find their physical causes, no particular

L e,

effort has béen made to focus étudy on the plum‘iéinskbyer
Taiwan. The current study finds that variations1in Wind

speeds and directions in the troposphere are significantly
related to the.onséf and‘cessafion of the plum rains. In

additibn, variations in the 500-mb geopotential height and
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temperature proviée helpful guides for the forecasting of
the plum rains."Daily rainfall appears to be correlated
well With the variation in the 500-mb geopotential height
during the plum rain period over Taiwén. Mean dail? rainfall
at various Taiwan stations ih relation to the latitudinal
position of the polar front, presented in this chapter, pro-
vides additional information for the forecasting of daily

rainfall during the plum rain period.
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CHAPTER V

RAINFALL ASSOCIATED WITH THE NORTH PACIFIC SUBTROPICALN

ANTICYCLONE AND THE SOUTHWEST MONSOON

"The North Pacific Subtropical Anticyclone

Unlike other synoptic flow types, the North Pacific
subtropical anticyclgne may invade Taiwan with a significant
frequency in every month. As with the Mongolian cutoff
éﬁticyclone, the North Pacific subtropical anticyclone is
usually accompanied by warm-air advection in the lower
troposphere. Lower tropospheric inversion layers are fre-
quently observed. At the surface and 850 mb, it is usually
calm-When the North Pacific subtropical anticyclone invades
Taiwan (Figure 9). Wind directions associatéd with this
- anticyclone vary from eést to southeast at the surface. 1In
summer, the thermodynamic properties of the North Pacific
subtropical anticyclone are similar to those of the south-
west monsoon. The trade and the éouthwest monsoon prevail
over Taiwan in June and Jély. At 850 mb, the mixing‘ratio
and pseudo-equivalent pbtential temperature of £hese tWo
synoptic flow types are equal (Saito, 1968).

The behavior of the North Pacific subtropical anti-

gycione has been found to be closely related to change in
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seasons. In summer, the North Pacific subtropical anti-
cyclone is not identifiable at 100 mb. In contrast, a well-
developed fhermal anticyclone is centered on the Tibetan
Plafeau and extends eastward with its eastern edge over the
western North Pacific (Mason and Andérson, 1963). The
intensification of this Tibetan anticyclone at about 80°E is
in Accordance with the onset of the southwest monsoon over
South Asia and the plum rains over the Yangtze River Basin.
Dao and Chu (1964) have found that the plum rains over the
Yangtze River Basin end when the Tibetan anticyclone splits
into two centers, of which oné is near 110°E and the other
near 5OOE, and a deep trough replaces the original position
of the Tibetan anticyclone. The North Pacific subtropical
ridge at 500 mb advances northward from 20°N to 30°N in
association with this ‘adjustment of the circulation at 100
mb. On the othér hand, when the split aﬁticyclone returns
to its original.position, the quth Pacific subtropical ridge
at 500 mb retreats southward to 20°N %nd the Yangtze River
Easin may énjoy a rainy period again.

In general, the North Pacific subtropical-anticyclone
favors Taiwan with clear days except for the southeast
sector where the easterly trade associated with this anti-

cyclone frequently causes a faifly large amount of rainfall
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due to topographié uplifting.

In contrast to winter synoptic flow types, the North
Pacific subtropical anticyclone contributes greater mean
annual rainfall to the south than to the north of the island.
At Taitung, about 8% of mean aﬁnual rainfall is derived from
the North Pacific Subtrdpical anticyclone; whereas at Keelung
it is only 0.6% (Figure 10 and Table 22b in Appendix B).

Although the North Pacific subtrppical anticyclone.

. may invade Taiwan in every month, it contributes only small
amounts of mean monthly rainfall to fhe east‘and almost
nothing to the west (Tables 38a and 38b in Appendi# B). At
Taitung and Hwalien, the contribution reaches a peak in
April. At other stations, it is rarely greater than 25.4
mm (1 inch).

‘Aside from the northeasterﬂ part of the island, the
mean and the'standérd deviation of daily rainfall.contributed
by the North Pacific subtropical anticyclone are slightly
greater thén for the contributions of the Mongolian and
Mbngolian cutoff anticyclones. However, the‘daily maximum
rainfall aésopiated with the North Pacific subtropical anti-
cyclone is smaller than that associated with either the
Mongolian ox Mbngolian_cutoff'ahticyc1one (Figures 11 and 12

and Table 39 in Aﬁpendix B).
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The North Pacific subtropical anticyclone is a dry
synoptic flow type. The probability of rainy days associated
with this anticyclone is only ébout 10% iﬁ the north and the
soutﬁwest of the island. At Taitung And Alishan, it is
higher, about 35% and 42%, respectively, due to topographic
effect. With the exceptidn of Keelung, the North Pacific
subtropical anticyclone has never contributed daily rainfall
gfeater than 76.2 mm (3 inches) at other stations (Figure 13

and Table 40 in Appendix B).

The Southwest Monsocon

There are.controversial theories regarding sources of
the southwest monsoon over Asia. The t;aditional concept
regards the southwest monsoon as originating in the south-
east trade in the Southern Hemisphere which is deflected by
the coriolis force when traveling across the equétor. It is
also believed that the monsoon is a large-scale land or sea
breeze caused 5y the differential heating between continent
and ocean. Those concepts have recenflyAbeen challenged
by some meteorologists. Flohn (1960a) noted the existence
of the westerlies in the equatorial area of the Southern
Hemisphere. The c¢oriolis force is too sméll near the

equator to deflect wind directions from southeast to
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southwest. 1In addition, pronounced monsoonal wind shifts
are absent over the eastern coast of North America, but are
frequently oﬁservea over the western equatorial Pacific.
In summer, the water vapor tranéport over East Asia is
directed from continent to ocean (Saito, 1966). Flohn (1960b)
hence attributed monsoons primarily to thermally controlled
seasonal migration gf the planetary pressure and wind belts
in the continental section of the globe.

Palmen (1951) has regarded the equatorial westerlies as
a statistical result of cyclonic vortices moving westward
near the equator. Fletcher (1945) has observed that the
westerlies exist between the two interfropical convergence
zones which migrate northward and southward seasonally.

Koteéwaram (1960) has regarded the summer monsoon over
Asia as a low-level return current of the upper—lével
easterlies in a'meridional‘circulation system caused by the
elevated heating effect of the Tibetan Plateau. Hoﬁevei,
Subbaramayya and Ramanadhem (1966) have insisted that the
southwest monsoon air coméé from the Southern Hemisphere.
This air, after ascending to the upper tropospherelin the
northern tropics, forms the easterlies and swings back
across the equator, finally_sﬁbsiding in the southern suE—

- tropical ridge. The amount of air subsiding north of the
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equator--as proposed by Koteéwaram (1960) ~-would be very
small compared to the total monsoon air.

It hés been recognized that over Asia the onset of the
southwest monsoon is accompanied by abrupt changes in the
general circulation. The onset of the southwest monsoon over
Taiwan .is usually associated with é heavy rainy period,

" caused by persistent polar fronts, in May and June, as dis-
cussedvin the previous chapter. In summer, the southwest
monsoon frequently invades Taiwan; But the monsoon layer is
shallow and is overlain by an easterly layer extending all
the way up to the stratosphere.

Although the southwest monsoon is moist and unstable,
it causes significant amounts of réinfall only in the south-
western sector of the island, because of its windward
poéition. However, the mean annual rainfall contributed by
the southwest monsoon is only 10% in this region. The mean
annual rainfall_contributed by the southwest monsoon is very
small in the north and east of the island (Figure 10 and
Tables 22a and 22b in Appehdix B).

The mean monthly rainfall contributed by the southwest
monsobn reaches maxima in July and August at most stations
(Tables 4la and 41b in Appendix B). Although the southwest

monsoon is moist, it causes rainfall only when the mechanisms
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of condensation exist, i.e., solér heating and topographic
uplifting. Except for Taipei and Alishan, the mean monthly
rainfall associated with the southwest monsoon is less than
50 mm at other stations.

The mean and the standard deviation of daily rainfall
associated with the southwest monsoon aré highest at Alishan
and Taipéi, probably because of stronger thunderstorm activ-
ity. The maximum daily rainfali exceeds IOOvmm (3.94 inches)
at most stations in the western part of the island (Figures
11 and 12 and Table 42 in Appendix B).

The probability of rainy days associated with the
southwest monsoon varies from slightly less than 30% in the
north fo about 40% in the south of the island. In contrast
to the trades asso;iated with the North Pacific subtropical
: anticyclone, the southwest monéoon has allowest‘probability
of rainy days in the eastern sector of thé island,‘slightly

less than 20% (Figure 13 and Table 43 in Appendix B).

Summary of Significant Results

In sﬁmmary, both the NorthAPacific subtropical anti-
cyclone and the southwest monsoon are poor rain-contributors
over Taiwan. The peréistence_of these two synoptic flow
types may cause severe drought. For example, the 1963

drought was associated with peak frequencies of these two
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synoptic flow types (Figure 4). In summer, thermal con-
vection is an important rainfall mechanism. Table 4 shows
mean annual frequencies of thunderstorms associated with
different synoptic flow types over Taiwan. It appears that
thunderstorms accompany polar fronts most frequently at all
stations. It is also found that over the southweste:n
Taiwén thunderstorms are more frequently associated with
typhoons or monsoon troughs than with either the North
Pacific subtropical aﬁticyclone or the southwest monsoon
deépite the fact that the latter two flow types dominate
Taiwan in summer. The traditional concept attributes the
heavy summer rainfall over Taiwan to the southwesf monsoon
and the southeast trade. The current study indicates that
this is not true, as evidenced by their low mean daily
rainfall and low rainfall probabilities. In northern Taiwan,
thunderstorms are more frequently associated with the
southwest monsoon than with either typhoons or monsoon
troughs (Table 4). This probably accounts f§r high mean
daily rainfall and standard deviation associated with the

southwest monsoon at Taipei.
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CHAPTER VI

RAINFALL ASSOCIATED WITH TYPHOONS

- Mean Annual and Monthly Frequencies

The frequency of typhoon days in Taiwan and its rela-
tionship to the westerlies, sea-surface temperatures in the
Pacific, and solar activity have beén discussed in Chapter
II. In this chapter, attention is paid to the monthly num-
ber of typhoons which éffect‘Taiwan and its relation to mean
monthly 700-mb circulations.

Figure 31 shows the annual number of typhoons tﬁat
-occurred in the western Nor%@ Pacific and those which visited.
Taiwan for the period 1897-i969. The.number of t&phoons
incluaes‘all fropical cyclones Withhwind speeds exceeding
34 knots. It appears that there has been ‘a substantial in-
crease in the annual number of typhoons in the western Norfh
Pacific since 1940. This is'pfobably due to fhe sparse air-
craft reconnaissances and ship observationé prior to World
War II and many typhoons may have develdped without being
detected. If also appears that there has been a reverse
relationship between the annual number of typhooné which
have occurred in thé western North Pacific and those which

have visited Taiwan during the past thirty years. Two
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hundred,énd seventy typhoons visited Taiwan during the
73-year period 1897 to 1969 (Table 5). Three to four ty-
phéons visifed Taiwan per year on about 53% of years. As
many as eight typhoons may visit Taiwan per year.

Table 6 illustrates the mean monthly number and per-
centage of typhoons which occurred in the western North
Pacific for the period 1940-1969. The mean annual number of
typhoons in the western North Pacific reacﬁes about twenty-
nine, the highest value among various éceanic regions of the
world. The western North Pacific is characterized by a
large warm ocean surface along with a more northerly mean
position of the subtropical ridge. Therefore, the tropigal
easterly layer is, on the average, deeper, and the vertical
wind shear is weaker than over other oceans; conditions
- favorable for typhoon development (Yeh, 1950; Ramage, 1959;
Gray, 1968). As a result of this éituation, typhoons have
been observed in every month in the western North Pacific,
with highest frequencies in August. In the western Nofth
Pacific, typhoons which férm fr§m*Ju1y through December ac-
count for more thaﬁ half éf the annual total. Likewisé,
typhoons visit Taiwan ﬁost frequently in August (Table 7).
According to the Taiwan Weather Bﬁreau, a typhoon is said to

be visiting when it invades the island or comes within 200



TABLE 5

FREQUENCY DISTRIBUTION OF TYPHOONS VISITING TAIWAN

Number of Typhoons
Per Year

(1897-1969)

Number of’
Years

20

19

Total Number of
Typhoons

18
60
76
45
36

21

119
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km of the Taiwan c¢oasts. . The numbér of typhoons which visit
Taiwan from July through September accounts for almost 80%
of the annual total. Typhoons have not visited Taiwan in
winter, December through March, during the past 73 years.

Mean Monthly 700-mb Circulation Associated with-
Typhoon Frequency

Typhoon tracks have been of great concern to Taiwanese
meteorologists because Taiwan is subject'to typhoon attack
on an average of four fimes a year.- From Jﬁly through
September, typhoons visit Taiwan, on the average, of once
a mohth.

Synoptic studies of individual typhoons have been
preSented in various publications. Traéks of all observed
typhoons,plotteq on a map usually show no recognizable pat-
tern. The classification of fyphoon tracks based on" synoptic
cifculation patterns often leadé to an extremely large num-
~ber of categories, yet the behavior of individual typhoons
may deviate greatly from the generalized copdition. However,'
Namias (1955a and b) and ﬁallenzweig (19595 héve remarked
that tropical storms tend to follow preferred courses during
a given month of a given year and that patterns of height
anomalies at the 700-mb level aré useful for storm-track -

studies. The frequency and track of tropical storms in the
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western Atlantic have beeﬁ found to be strongly influenced
by the position and intensity of great cenfers of action.
An attempt is made here to test both Namias (1955a and b) and
Ballenzweig's (1959) theory relating monthly frequenéy of
typhoons to changés in the general circulation over the
western North Pacific. éince August is the month with the
highest frequency of typhoons and sometimes three typhoons
may visit Taiwan, attention is paid to the typhoonvactivity'
in this month.

Three typhoons visited Taiwan in August of 1959 and
1960, respectively, but the mean monthly circulation patterns
of these two months were quite different. ‘In'general,
August 1959 was characterized by blocking situations in high
latitudes in the Northern Hemisphere. In the western North
Pacific, a distinct blocking high was centered over the Sea
of Okhotsk at the 700-mb level (Figure 32). The mia—Pacific
trough was located at its normal position betWeen 150°E and
180°E and slightly intensified, as seen by a deeper than
normal negative anomaly to the east of Hokkaido, Japan. The
Siberian trough also intensified and extended from east of
Lake Baikal southeastward to the east China seaboard. Thé
western portion of the North Pacific subtropical ridge was

located at its normal position, but slightly weakened. In
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Figure 32. Mean 700-mb contours and height anomalies
of the Northern Hemisphere for August of 1959, 1960,
1961, and 1962 (after Monthly Weather Review, 1959,
1960, 1961, and 1962). ’
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addition, the monsoon trough in the South China Sea slightly
intensifiéd and was displaced northward and eastward. The
slight intensificatién of the mid-Pacific trough and monsoon
trough was probably responsible for six typhoons? neér nor -
mal frequency, in the western North Pacific invthat month.
Orgill (1960, 1961) has pointed out that the intensification
of the hid—Pacific trough, frequently associated with block-
ing highs in high latitudes, tends to enhance the release of
the perturbation eneréy in the tropics and hence triggers
tropical cyclones. The monsoon trough also plays an im-
portant role in typhoon development.

There have been controversies regarding the origin of
tropical storms, especially since satellite ?ictures have
been used for weather analysis in the tropics. It is
géherally.belie§ed that most tropical storms in.the Atlantic
originate in easterly waves (Feft, 1966; Simpson, et al.,
1968, 1969), whereas thosé in the Pacific oriéinaté in the
intertropical convergence zone or monsoon trough (Sadler,
1964; Gray, 1970). Shieh; et al. (1963) have found that
most typhoons in the western Né?th Pacific develop from
vortices in the eastern end of a shearline séparating theA
equatorial westerlies and tropical trades. The expansion

of the equatorial westerlies associated with the extension
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»of the shearliné north and east is accompanied by more
‘typhoons oﬁer the western North Pacific.

The high frequency of typhoons visiting Taiwan in
"August 1959 was associated with the development of the
Siberian trough, the Okhotsk high, and monsoon trough. It
has been recognized that tropicél storms tend to recurve
northward into an approaching polar tfough from the west
(Riehl and Shafer, 1944; Fett, 1968). Based on the synoptic
study of typhoon tracks in the western North Pacific in
1962 and 1963, L. S. Chen (1965) has found that‘the develop-
ment of the Okhotsk high and Siberian trough are evidence
of strong meridional flow in the subtropical latitudes of
East Asia and typhoons tend‘to recuive northward to threaten
the east China seaboard.

In contrast to 1959, the circulation in August 1960
was stronger, about 2 td 5 m.p;s. above normal in the No;th
Pacific (Stark, 1960). This was reflected bylthe increase
in spacings between the mid-Pacific and Siberian troughs.
Thé mid—Paéific trough Wa; slightly displaced ea;t of its
normal position and its intens;ty was higher than normal,
as seen by a negative anomalous area cenfered over the
Bering Sea (Figure 32). The Siberian trough extended south-

ward along fhe east China seaboard into a well-developed
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monsoon trough which penetrated eastward to about 140°E
aléng éSON. This was accompanied by a proﬁounced northward
. displacement of the western North Pacific subtrobical ridge.
The positive anomaly east of Japén was well above norﬁal

and the negative anomaly near Taiﬁan was unusually deép.
This prominent high zonal index cirqulation in the western
North Pacific resulted in remarkable typhoon activity during
this month. A total of eight typhoons deveioped in the
western North Pacific ;nd three of them visited Taiwan. The
intrusion of the Siberian polar trough into the monsoon
trough near Taiwan was probably responsible for the three
typhoons visiting Taiwan.

August 1961 was an inactive typhoon month in the
western North Pacific. A total of only three typhoons was
observed, two of which visited Taiwan. The mean 700-mb
circulation for this month showed a markédiy meridional
character in the North Pacific (Figure 32{. The circumpolar
vortex was displaced southward with the development of the
mid-Pacific trough east of its normal position. A well-
developed ridge was over the Se; of the Okhotsk with a
polar trough to the south. The planetary wavelengths of
the middle latitude Westeglies shortened. The westerlies

in the western North Pacific and East Asia weakened and
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their positions shifted southward, primarily as a result
of the blocking situation in higher latitudes. Meanwhiie,
the North Pacific subtropical ridge was displaced southward
and weakened. In addition, the positiye anomaly south of
Japan was weaker than normal. There was no evidence of the
penetration of the monsoon trough from the South China Sea
into the western North.Pacifig. This low-zonal index circu-
lation probably acéounted for the diminished fyphoon activity
in the western Nortﬁ éacific. Namias (1969c) has stated
thét seasons rich in hurricane in the North Atlantic are
generally associated with the northward displacement of the
Atlantic centers'of action, while more southward displacement
is associated with a decrease in hurricanes. Simpson, et al.
(1969) have attributed the inactive hurricane year of 1968
: ip the North Atlantic to the southward displacement of the
westerlies, accompanied by the increasevin verticai wind
shear over the tropical Atlantic.

Although typhoén activity was weak in the western
North Pacific in August 1560, the intensification of the
Okhotsk high and Siberian‘trough was associated with two
typhoons visiting Taiwan.

In August 1962, the westerlies in the western North

Pacific were strong (Figure 32). The wavelengths along
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50°N to 60°N increased. The mid-Pacific trough was located
at its normal position and its intensity was much stronger
than normal. Meanwhile, the North Pécific subtropical ridge
was also well-developed, as seen by an intense positi&e
anomaly to the southeast of Japan. As expected, this high
zonal~index circulation favored typhoon development. There
were eight typhoons in the western North Pacific in this
month. On the other hand, the pénetration of the Siberian
trough southward into the east China seaboard was responsible
for two fyphoons visiting Taiwan.

In contrast to August of 1959 through 1962, when two
or three typhoons visited Taiwan in a single month, not a
single typhoon visited Taiwan in August of 1963, 1964, or
1968. An effort is hence made to study the mean monthly
700-mb circulations for thosé three months.

August 1963 was a unique moﬁth for typhoon activity
in the western North Pacific. Only three typhdons were ob-
served, and none of them visited Taiwan. The mean 700-mb
circulation in August 1965 showed that the western North
Pacific subtropical ridge‘was displaced southward by five
degrees of latitude from its normal position. This was
reflected By positive anomalies covering from 100°E to 1$O°E

along 25°N (Figures 33 and 34). The mid-Pacific trouch
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slightly intensified. The wavelengths of the middle
latitude'ﬁesterlies in the western North Pacific shortened
as‘a result of the.eastward displacement of the Siberian
trough to 13OOE. The westerlies in the North_Pacific weak -
éned and were displaced south of their normal position.
This low zonal-index circulafion prevented typhoon develop-
ment in the western North Pacific. An inténse positive
anoma}y over Taiwan apparently prevented typhoons from
visiting the island.

In August 1964, there were six typhoons in the westérn
North Pacific but none of them visited Taiwan. The mean
700-mb circulation showed that both the mid-Pacific trough
and the North Pacific subtropical ridge slightly intensified.
In addition, the monsoon trough penetrated eastward to about
- 1308 along 20°N and a tropical vortex developed east of the
Philippinesa The slight strengthening of the westerlies
and ﬁorthWard displacement of fhe Nofth Pacific subtropical
ridge, together with the penetration of the monsoén trough
from the South China Sea éo the western North Pacific, were
associated with normal tyﬁhoon frequency in this month; On
the other hand, the monsoon trough was limited south of 20°N
and the Siberian polar trough was displaced westward about

20 degrees of longitude from the east China seaboard. This
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circulation pattern probably prevented typhoons from
attacking Taiwan (Figures 33 and 34).

LAugust 1968 Waé another month without a typhoon
visiting Taiwan, although eight typhoons were observed in
the western North Pacific. The mean 700-mb circulation for
this month was marked by the stronger than normal westerlies
(Figures 33 and 34); The mid-Pacific troucdh was slightly
displaced east of its normal position. The subtropical |
ridge Weékened slightly. However, the monscon trough pene-
trated eastward approkimately to 125OE along 20°N. This
probably accounted foi the active typhoon month in the
western North Pacific. On the other hand, the Siberian
trough progressed toward the east and penetrated southward
to the east of Taiwan. As a result, typhoons.recurved
northward before reaching Taiwan.
| From the-foregoing discussion, it is obvious that, in
August, typhoon activity in the western North Pacific is
related téi£he mean 700-mb circulation. Normally, high
zonal-index circulations are associated with high typhoon
frequencies in the western North Pacific. During actiNe-
typhoon months, the éirculation is characterized by the
strengthening and northward displacement of the westerlies,

mid-Pacific trough, North Pacific subtropical ridge, and
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monsoon troﬁgh.

Active typhoon months in the western North Pacific are
not always concurrent with a high frequency of typhoons
visiting Taiwan. Mean 700-mb circulations associated Wiﬁh
- frequent typhoon months in Taiwan are listed below (Figure
35):

1. The Okhotsk blocking high is well-developed. An
intensive negative anomaly is centered on the Sea
of Okhotsk. |

2. The Siberian trough is also well-developed.

A large area of negative anomalies covers Siberia
and extends southward into tropical latitudes
approximately along 120°E or the east China
seaboard.

3. The monsobn trough intensifies and advances north-
ward to the Viciniﬁy of Taiwan. |

On the other hand, inactive typhoon months in Taiwan
are characterized by conditions the opposite of frequent-
typhoon months (Figure 36)}

1. The Okhotsk blocking high is absent.

‘2. The Siberian polar tfough weakens and is displaced

to the east of Taiwan. Pronounced positive

anomalies cover Siberia and the east China .seaboard.
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3. The mid-Pacific trough is well deVelopeda An
area of deep ﬁegative anomalies is centered on
the Bering Seé and extends westward over thé Sea
of Okhotsk.‘ The area of‘negative aﬁomalie§
penetrates southward into tropical latitudes
approximately along 130°E.

4. The monsoon troggh weakens as evidenced by
positive anomalies over the South China Sea.

5. The subtropical ridges over the Tibetan Plateau

and the North Pacific slightly intensify.

Rainfall Associated with the Typhoon Visiting Taiwan

Typhoons visiting Taiwan include two grbups, i.e.,
the northern‘and southern types, as defined in Chapter I.
The northern-type typhoons contribute greater amounts of
mean annual rainfall fo the north and northeast than to the
south and southwest of.tbe isléna, whereas the southern-
type contributes more mean annual rainfall to the south
than to the north. With the exception of the southwestern
and goutheasfern‘sectors of the island, the northern-type
contributes more mean annual rainfall than the southern-
type. Typhoons visiting Taiwan contribute greater rainfall

to the south and east than to .the north and west. The
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mean annual rainfall contributed by typhoons visiting
Taiwan ranges from about 815 mm (32.09 inches) at Hengchun
to about 411 mm (16.18 inches) at Taichung. At Hengchun,
about 46% of mean annual rainfall is derived from typhoons
visiting Taiwan, whereas at Keelung it is only 19% (Figufe
'lO and Tables 22a and 22b in Appendix B). The northern-
type con}ributes greatest amounts of rainfall to the south
and éouthwest in July and to the north and northeast in
September. At Taichung and Alishan, the nofthern—fype
contributes greatest amounts of rainfall in August (Tables
44a and 445 in Appendix B). The southern-type contributes
more rainfall to the south in August and to the north in
September (Tables 45a and 45b in Appendix B).

The northern-type has lowest rainfall intensity in the
- southwest, whereas the southern-type has highest rainfall
intensity in that area (Figures 1l and 12 and Tablés 46a and
46b in Appendix B). It appeérs that thg standard deviafion
of daily rainfall associated with the northern-type is
higher in general thap thét associated with the southern-
type (Figure 12). The maximum daily rainfall also shows a
similar trend. The maximum daily rainfall in the lowland
area reaches a highest value of 622 mm (24.49 inches) at

Kaoshiung. At the mountain station of Alishan, it is 874 mm
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(34.41 inches). Both valueé are contributed by the northern-
type typhoons.
| The'probability of rainy days associated with the
northern-type typhoons shows a pronouﬁced spatial variation,
with values higher in the north and lower in the southﬁest<
of thé island (Figure 13 and Tables 47a and 47b in Appendix
B). It reaches nearly 90% at Taiéei but only 56% at Tainan.
In contrast,'the probability of rainy days associated with
the éouthern—type shows less spatial variation. It varies
" from slightly more than 90% at Taifung, Kaoshiung, and
'Alishan, to about 73% at Tainan.

The probability of daily rainfall exceeding 76.2 mn
is higher in tﬁe north and east than in the west and south-
west for the northern-type typhoons. It varies from 16% at
Yilan and Hwalien to only about 3% at Kaoshiung. Thé
probability of daily rainfall exceeding 76.2 mm also shows
a similar spatial vari#tion pattern. It varies from 24%
at Taitung and 22% at Hwalien to only abouf‘s% at Taipei and
6% at Taichung (Figurg 13’and Tables 47a and 47b in Appendix

B).

Rainfall Associated with the Kyushu-type Typhoon
The Kyushu-type typhoon contributes rainfall mainly

to the south and southwest of thé island (Figure 10 and
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Tables 22a and 22b in Appendix B). The percentage of mean
annual réinfall contributed by it varies from about 7% at
Tainan and Kaoshiung to only 0.5% at Keelung.

N The Kyushu-type typhoon contributesvsigﬁificant
aﬁounts of rainfall to the southwest and south only in
August (Table 48a in Appendix B). The percentage of mean
Aﬁgust rainfall associated with it reaches aboﬁt 26% at
Taichung, Tainan, and Kaoshiung, but only 5% at Taipei
(Table 48b in Appendig B).

The mean and the standard deviation of daily rainfall
contributed by the Kyushu-type typhoon is highest in the
southwest of the island (Figures 11 and 12 and Table 49 in
Appendix B). ‘At Taichung, Tainan, and Kéoshiung, the mean
daily rainfall contributed by it is‘even higher than that
. contributed by the typhobn visiting Taiwan. It is notable
that the maximum daily rainfall in lowland aréas ié highest .
at Taichung, about 660 mm (25.98 inches). This was asso-
ciated with the Kyushu-type typhoon on August 8, 1959, a
record-flood day in Taiwan in this century.

The probabilit? of rainy days associafed-with the
Kyushu-type typhoon is highest in the southwest of the
island. It varies from about 83% at Kaoshiung to about 43%

at Keelung. At Alishan, it reaches nearly 97%. The



probability of rainfall exceeding 76.2 mm is 20% at

Kaoshiung (Figure 13 and Table 50 in Appendix B).

Rainfall Associated with the Monsoon Trough

The monsoon contributeé a fairly large amount of rain-
fall to socuthern Taiﬁan. At Hengchun and Taitung, about
150 mm (5.91 ihches) or 9% of mean annual rainfall is de-
rived from the monsoon trough (Figure 10 and Tables 22a and
22b in Appendix B). The mean annuai rainfall contributed
by it is lowest at Keelung, only about 41 mm (1.61 inches)
or 1%.

The monsoon trough contributes rainfall to Taiwan
mainly from June through September (Tables 5la and 51b in
Appendix B). .The percentage of mean monthly rainfall con-
tribufed'by it is highest in the northwest and east in July
and in the south and southwest in September. In summer,
June through September, the monsoon trough contributes about
10% or more of mean monthiy rainfall at most stations.

The mean and the standard deviation of daily rainfall
associated with the monsoon trough show distinct regional
pafterns with values higher in the southeast and lower in
the southwest (Figures 11 and 12 and Table 52 in Appendlx B).
The mean da;ly rainfall varies from 21 mm (0.83 inches) at

Taitung to about 8 mm (0.3l inches) at Tainan. 1In general,
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the southeast wind dominates the island in connection with
vthe proximity of a monsoon trough to the south of it. This
favors high rainfall in the southeast due to windward posi-
tion. Bxcept for Keelung and Taipéi,Athe maximum daily
rainfall reaches more than 100 mm.

The probability of rainy days associafed with the
monsoon tfough is higher in the south than in the north of
the island. It varies:from approximately 62% at Kaoshiung
to about 32% at Keelung. The probability of daily rainfall
exceeding 76.2 mm is smaller for the monsoon trough than
for the Kyushu;type typhoon and the typhoon‘visiting Téiwan.
Atheelung and Taipei, the monsoon trough has never con-
tributed rainfall of more than 76.2 mm (Figure 13 and Table

53 in Appendix B).

Summary of Significant Results

In summary, typhoons tend tb visit Taiwan during
periods of the weak westerlies in summer. The previous
chapters indicate that both the Mongolian anticyclone and
the Taiwan low also favor Taiwan with more rainféll in
February when the stréngth of the westerlies is at a mihimum.
It can be concluded that low zonal-index favors Taiwan with
-heévy rainfall in both winter and summer. Zonal-index thus

can be used as an important guide for the forecasting of
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daily weather and cliﬁatic variations over‘Taiwan.

The 700-mb height anomalous pattern is useful in the
forecasting of the typhoon activity over Taiwan. Intense
negative anomalies over Siberia and China, accompanying the
deepening of the Siberian trough, favor the typhoon visiting
Taiwan. The Siberian troﬁgh appears to be more important
than the ﬁid—Pacific trough in controlling the typhoon
activity over Taiwan.' | |

As with other synoptic flow types, rainfall #ssociated
with the typhoon visiting Taiwan, the Kyushu-type typhoon,
and the monsoon trough also shows distinct spatial varia-
tions. As expected, the northern-type typhoon contributes
more rainfall to the north than to.the south, whereas the
southern-type shows the reverse pattern. The Kyushu-type
typhoon frequently caused floods over ;outhwestern Taiwan,
as seen by.its high chance of daily rainfall exceeding 76.2
mm. It produces oniy a negligible amount of rainfall in
northern Taiwan. The monsoon trough contributes rainfall
mainly to southern Taiwan;

Typhoons are major rainfall sources at all Taiwan
stations in summer, as evidenced by their high cdntributions
of annual, monthlfj and daily rainfall, and by their high

chances of rainy days. 1In southern Taiwan, typhoons



143

contribﬁte nearly 50% of mean annual rainfall. They con-
tribute more than 60% of monthly rainfall to most stations.
in summer. Typhoon rains are highly variable as evidenced
by their high standard deviation and ﬁaximum daily rainfall.
in soufhern Taiwan, where almost all water needs are derived
from summer rains, crop types are more diversified because
of high risks of floods and droughts. In northern Taiwan,
rice fields dominate the agricultural landscape, whereas

in southern Taiwan, scattered rice, sugarcane, banana, and
sweet potato fields are found.

Althouéh typhoons frequently cause severe damages on
crops due to their.strong destructive forces and high rain-
fall intensities, they benefit Taiwan by supplying sufficient
water for agriculture. Without typhodns, severe droughfs
“would occur over Taiwan. Thé'severé drought period over
southern and western Taiwan from 1963 through 1965 resulted

from a decrease in typhoon activity.
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CHAPTER VII
STATISTICAL MODELS OF DAILY RAINFALL AND

SYNOPTIC FLOW TYPE OCCURRENCES

‘The Simple Markov Chain Probability Model

Thé synoptic aspects of the probability of daily :ain—
fall over Taiwan were discussed in preceding chapters.' It
has been found that statistical models of sequences of wet
and dry days provide aaditional tools for weather forecast-
ing. - Gabiiel and Neumann (1962) found that a simple Markév
" chain probability model fit Tel Aviv data of daily rainfall
occurrences. Topil (1963) and Caskey (1963) recognized.that
theoretical probabilities derived from a simple Markov chain
model agreed closely with the empirical values of prob-

. abilities of precipitation occﬁrrences in intervals of various
lengths at Denver. Weiss (1944) computed probabilities of
sequences of duration of storm period and intervals between
periods by the Markov chain probability model for four 10°
"squares'" centered near Eﬁgland, Newfoundland, the Great
Lakes, and the Aleutians. Weiss (1964) also pointed out that
a Markov chain probability model is shown to fit sequences

of wet and dry days in.records of various lengths for
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Kansas City and Fort Worth. Hershfieid (1970) presented
examples of the éimple Markov chain probabilities of dry
spells in Minnesota and the Washington, D.C. area. Green
(1965), after examining Weiss' data of rainfall occurrences
by. exponential prqbability.model, concluded that it gave
expécted frequencies similar to those by the simple Marko§
chain probability model.

The purpose of this section is to study sequences of
wet and dry days of vérious lengths at the eight Taiwan
stations by the simple Markov chain probability model so that
the resultsbcan be used as a supplemental tool for daily
rainfall forecasting.

The simple Markov chain probability model requires the
computation of two variables, i.e., Po and ?l. Po.refers
to the conditional probability of'wet'days, given a previoﬁs
dry day, and Pl is the conditional probability of alwet
day, giveﬁ a previous wet day. According tQ this prob-
ability model, a given day should fall in one of the follow-
ing four categories, i.e., (W/W), (D/wW), (W/D), (D/D); where
W and D denote wet and dry days, respectively. The numerator
represents today; the denominator, yesterday. A wet day is

defined as one with rainfall equal to or exceeding 0.1 mm.
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Thus .
: . : N(W/W)
Pl = Pr (W/W) =
’ N(W/W) + N(D/W)
- Po = Pr(W/D) N(W/D)

N(jﬂ_/D) + N(D/D)

where Pr refers to the conditional probability and N denotes
the total number of days. The probability of a wet spell
of length n is

n-1
(1 - PL)PL 5

and of a- dry spell of length n is
| n-1
Po(1 - Po) .
- The cumulative distribution through n is, for wet sequences
n
1 -pP1r ,
and for dry sequences
n
l el (1 - PO) -
The probability for wet sequences greater than n is

‘n
PL
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and for dry sequehces4

(1 - Po)n .
Annual and m§nthly probabilities of wet and dry days of
various lengths at eight Taiwan stations Were‘calculated
by these equations.

Table 8 shows the procedure for the calculation of the
conditional probability of wet days on an annual basis by
the simple Markov chain model at eight Taiwan stations.
Both Pl and Po show diétinct spétial variations with values
higher in northern and eastern Taiwan than in western and
southern Taiwan. Pl is very high at all stations; varying
from nearly 0.73 at Keelung to about 0.59 at Kaoshiung. At
alllsfations PQ is much lower than P1l; it varies from 0.33
at Keeluhg to only about 0.13 at Kaoshiung. It can be con-
concluded thét the conditional probability that a wet day
follows a wet day is much higher than that a wét day follows
a dry day.

Since the_conditional probability of dry days can be
calculated by subtracting Pl and Po from 1, it shows a
reverse spatial variation pattern to that of wet days with
values higher in the southwest than in the northeast of

the island.
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Both P1 and Po show distinct seasonal variations
(Table 9). Higher values are observed in winter than in
summer at Keelung, Yilan, and Hwalien. It is notable that
peak values of both Pl and Po reach maxima in February at
those stations. As discussed in preceding chapters, both
the Mongolian anticyclone and the Taiwan low contribute
‘greatest amounts of rainfall in February. In coﬁtrast,
valﬁesvof both Pl and Po are higher in summer than in winter
at Taipel, Taichung, Hengchpn, and Taitung. All stations
show peak values of Pl and Po in May and June, obviously
" associated with‘polar‘froﬂts.

Figure 37 shows the cuﬁulative conditional prob-
abilities derived from the simple Markov cﬁain model and the
unconditional probabilitie; of wet spells of various lengths’
at‘eight Taiwan stations for the period 1959 through 1969.
The unconditional pfoﬁability is defined as the ratio of the
number of wet spells of a given length to the total number
of wet spells.‘ It appears that uncbnditional probabilities
are hidgher for short spelis and lower for long spells than
conditional probabilities derived from the simple Markov
chain model. For example, at Keelung, the unconditional
probabilities of wet spells shorter than 6 days are higher

than the conditional probabilities derived from the simple
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.Figure 37. The cumulative conditional probabilities
(curves) derived from the simple Markov chain model and
the cumulative unconditional probabilities (dots) of
wet-spells of various length.
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Markov chain model, whereas the unconditional probabilities
of wet spells longer than 6 days are lower than the condi-
tional probabilities derived from the model. The same
characteristic holds well for dry speils (Figure 38). The -
conditional probabilities agree well with the unconditional
probabilities for wet spells at all stations. However,
they deviate greatly from each other for dry spells at
Taichung .and Kaoshiung.

Figure 39 shows the observed and expected frequencies
of wet spells of various lengths at eight Taiwan stations.
Chi-square is used to test the '"goodness'" of fit of daily
rainfall data to the simple Markov chain possibility model
(Table 54 in Appendix C). Spell; with expected frequeﬁcies
,of less fhan 5 are excluded from the computation of Chi-
square values because of their largeAsampling variation.
Consequent;y, degreeg of freedom Qary from station to
station. With the exé¢eption of Kaoshiung and Hengchun, Chi-
square indicates that the tﬁeoretical frequencies of wet
spells, derived from the simple Markov chain probability
model, agree with the observed frequencies aé the 5% level
for the other six stations. At Kaoshiung, the Chi-square
value is significant at the 0.1% level, reflecting that the

model is less successful in explaining daily rainfall
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Figure 38. The cumulative conditional probabilitiés
(curves) derived from the simple Markov chain model and
the cumulative unconditional probabilities (dots) of
dry-spells of various length.
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Figure 39. The frequency distribution of wet-spells
by the simple Markov chain model (curves) and by
observation (dots).
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occurrences. At Hengchun, the Chi-square value exceeds the
significant value, indicating that the model fails to explain
the occurrence of wet spells.

In terms of dry spells, the model fits daily rainfall
data at fhe 5% level at Taitunglénd at the 0.1% level at
Keelung, Hengchun, Hwalien, and Yilan; it fails to‘fit data
at Taipei,. Taichung, and Kaoshiung. At thoée stations, the
Chi-~-square values far exceed the significant values (Figure
40 and Table 55 in Appendix C).

The return period of sequenbes of daily rainfall is
defined as the ratio of the number of daysvorvyears of record
to the total number of sequences of more than n days in
length. Accoiding to the simple Markov chain model, the
return period, given in days, of sequences of greater than

'n days for wet days is

1-P1+Po
Tw = ,
n
Po(1-P1)P1
and for dry days ~
1-Pl+Po
Td = .

n
Po(1-P1)(1-Po)
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Figure 40. The frequency distribution of dry-spells
by the simple Markov chain model (curves) and by
observation (dots). ‘ '
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Tables 10 and 11 show return periods of wet and dry
sequencés of various lengths, respectively;. These tables
show that shorter spells tend t§ have shorter return periods
than do longer spells. For example, once in almost every
9 days Keelung experiences a wet spell of more than one day,
whereas only once in almost'eﬁery 2.5 years does it experi-
ence a wet spell of more than 15 days. Distinct spatial
variations in return periods of wet and dry spells‘are noted.
Return periods of wet spells of various lengths are con-
sistently lower in the northern and eastern sectors than in
the western and southern sectors of the island. For example,
at keelung, the return period of a wet spell of more than
one day ié almost 9 days, whereas at Kaoshiung it is almost
17 days. At Kaoshiung, the return period of a wet.spell
of more than 15 days is about 149 years as contrasted with
about 2.5 days at Keelung. This implies that éouthern and
western Taiwan hardly experienée long wet spells. In con-
trast, they tend to show shorter return periods of dry
spells of more than 2 days duration than do northern and
eastern Taiwan. For example, the retﬁrn period of a dry
spell of more than 15 days is about 11 yeérsiat Yilan aﬁd
about 6 years at Keelung, but at Taichung, Kaoshiung, and

Hengchun it is,less than a year. On the other hand,
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southern and western Taiwan experience a dry spell of more
than 15 days every year, whereas northern and eastern.

Taiwan hardly experience such a long dry spell.

Logarithmic Series

Williams.(1952) found that the frequency distribution
of sequences of fine days at Harpenden conforms ve¥y closely
to a logarithmic series. Céoke (1953) indicated thaf dry-
spell day data at Moncton, New Brunswick fit gebmetric
progression very .closely, while wet-spell'data fit the
logarithmic curve.

A wet- or dryéspell of length n by logarithmic series
can be written as |

X =
n
The two constants,-o(and_x, can be calculated once the tbtal
number of wet or dry dafs (N) and of spells of various

lengths (S) are known:

1l

'S = ok logg (1 + N/x)

N

o x/(1 - x)
However, the solution of these two simultaneous equations is

complicated and indirect. Fisher, et al. (1943) and

Williams (1947) presented simple graphic and mathematic
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methods to derive Values of 6% and x. Values of log N/e&
corresponding to those of Log N/S can be found from Table
56 in Appendix C. Both N and S can be estimated from data
samples. If the value of log N/S is smaller than 0.4 and

ol and x cannot be estimated from the log N/ex table,
Figure 58 in Appendix D can be used to estimate the value of

x. The value of 8 can then be derived from the equation
& =N (1 - x)/x

where x is consistently less than one.

Table 12 shows the four paramete;35 N, S, ¢, and x,
for both wet- and dry—séells. Evidently, northern Taiwan
has more wet days and more.Wet—spellsvthan'does southerﬁ
Taiwan. - Values of both & and x fail to show aﬁy distinct
regional pattern for wet-spells. 1In contrast, all four
parameters of drylsﬁeIIS‘show‘distinct spatial vgriation.
Soufhern Taiwan shows more dry days but fewer dry-spells
than does ﬁorthern Taiwan. Values of & are higher in
northern Taiwan than‘in séuthern,Taiwan, whereas those of x
are the reverse. Chi-square values afé calculated to test
the agreement between the observed and expected frequencies
of wet- and dry-spells of various lengths (Tables 57 and-

58 in Appendix C). It is found that the logarithmic series



TABLE 12

FOUR PARAMETERS FOR THE ESTIMATION OF WET-SPELLS AND
DRY-SPELLS ACCORDING TO THE LOGARITHMIC SERIES

Keeiuné
Taipei
Taichung
Kaoshiung
Hengchun
Taitung
‘Hwalien

Yilan

Keelung
Taipei

Taichung

Kaoshiung

Hengchun
Taitung
Hwalien

Yilan

2144

1869

1187

986

1184

1534

1958

2202

1874

2149

2831

3032

2103

2484

2060

1816

Wet-spells
s SOk
592 ~ 270.4
611 316.0
476 . 269.8
408 246.5
478 Y 277.6
642 407.7
652 1 342.0
628 .293.5A
Dry-spells
s o=
588 294.6 .
613 286 .4
479 165.4
408 - 129.6
- 478 193.1
646 283.6
653 | 329.7
626 338.1

X
0.8879
0.8553
0.8034
0.8000
0.8100
0.7900
0.8513

0.8824

X

0.8642
0.8824
0.9448
0.9598
0.9159
0.8975
0.8620

0.8430
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fail to fit data of wet-spells ét Keelung, Taibei, Taitung,
and Yilan, but they do fit data of Wet—speils at Taichung,
Kaoshiung, Hengchun, and Hwalien. In terms of dry-spells,
the expected frequencies, derived from the logarithmic
series, agree with the observed frequencies af the 0.1%

level at Keelung, Taichung, and Hengchun, and at the 5%

level at Kaoshiung, Hwalien, and Yilan. It can be.concluded
that the logarithmic series fit data of dry-spellé at the
latter three stations. The relationship between the expected
and observed frequencies of both wet- and dry-spells are

presented in Figures 41 and 42.

Synoptic Flow Types

As already discussed in the previous sections,‘the
theoretical frequencies of both.wet- and dry-spells, whether
derived from the Markov chain model or 1ogarithﬁic series,
agree well with the obse?ved frequencies at most Taiwan
stations. The ''goodness" of fit of these two statistical
models to daily rainfall shows distinct spatial variation.
ThisAmay result from different rainfall mechanisms. An
attempt is made to study whether surface synoptic flow types
over Taiwan occur simply by chance or by pattern and.hence

can be predicted by statistical models.
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Figure 41. The frequency distribution of wet-spells
by the logarithmic series (curves) and by observation
(dots). :
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Figure 42. The frequency distribution of dry-spells by .
the logarithmic series (curves) and by observation

(dots).
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Figure 43 shows the cumulative probabilities of
occurrenCeé of different synoptic flow types derived from
the simple Markov chain model. The Kyushu-type typhoon
is excluded from Figure 43 due to its‘small sample size; .
its frequency is less than 5 in all spells. With the ex-

ception of the polar front, both over and south of Taiwan,

and the northern-type typhoon, the conditional prob-

~abilites calculated by the model run close to the uncondi-

tional probabilities.

' Figure 44 shows the observed and the expected fre-
quencies of different_synoptic flow types over Taiwan.
Chi- square values are calculated to test the '"goodness'" of
fit of the simple Markov chain model to the ‘data sample of "
each synoptic flow type (Table 59 in Appendix C). It ap-
peafs that the theoretical frequency.distributiOn, derived
from the model, agrees with the observed frequency distribu-
tion of all'synoptic flow types.

Figure 45 shows the theorétical freqﬁency distribu~
tion, derived from logari;hmic series, énd the observed
frequency distribution of each synoptic flow type. Chi-
square indicates fhat the two frequeﬁcy distributions agree

with each other for the polar front over Taiwan, the North

Pacific subtropical anticyclone, the southwest monsoon, the
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Figure 43, The cumulative conditional probabilities
(curves) derived from the simple Markov chain model
and the cumulative unconditional probabilities (dots)

of occurrences of the eleven synoptic flow types.
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Figure 43. Continued.
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Figure 44. The frequency distribution of the
eleven synoptic flow types by the simple
Markov chain model (curves) and by observation
(dots).
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Figure 45. The frequency distribution of the
eleven synoptic flow types by the logarithmic
series (curves) and by observation (dots).
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southern-fype typhoon, and the monsoon trough (Table éO

in Appendix C). Those synoptic flow types dominate Taiwan
in summer and are major rainfall sources éf southern Taiwan.
Logarithmic series does not fit the‘ffequency distribution
of the winter synoptic flow types suﬁh_as the Mongolian
anticyclone, the Mongolian cutoff .anticyclone, and the
Taiwan low. It appears that there i; a connection between
the frequency distribution of wet- and dry-spells at various
Taiwan stations and that of synoptic flow types oveé Taiwan.
The Markov chain model‘explains well the frequency distribu-
tion of we?—spells and of synoptic fléw types ovér Taiwan,
but fails to explain the frequency distribution of dry-
spells over southwestern Taiwan.where rainfall concentration
in summer is prominent. Logarithmic seéries explains the
frequency distribution of both'wet-.and dry-spells over
southwestern Taiwan and of summer synoptic flow_types, but
fails to explain that of wet-spells over nofthern and

eastern Taiwan and of winter synoptic flow types.

Summary of Significant Results

The simple Markov chain probability model fits data of
wet—spélls at all stations except for Hengchun. It also

fits data of dry-spells at Keelung, Hengchun, Taitﬁng,
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Hwalien, and Yilan. Logarithmic series fits data of wet-
spélls at Taichung,'Kaoshiung, Hengchun, and Hwalien, and
data of dry-spells at Keelung, Taichung, Kaoshiung,
Hengchun, Hwalien, and Yilan. With the exception of Taipei,
both wet- and dry-spells at other stations can be explained
well by either or both étatistical models. Neither of the.
two can eXplaiﬁ the dry-spell data at Taipei. The Markov
model explains well the freéuency distribution of all -
synoptic flow types over Taiwan, whereas logarithmic series
explains the frequency distribution of the summer synoptic
 flow types, but fails to explain that of the winter synoptic
flow types. A summary of the '"goodness" of fit of the two
statistical models to occurrenées of daily rainfall and
synoptic flow types is presented'iﬁ Tables 13 and 14.

The significant result of this study is that occur-
rences of daily rainfall and surface synoptic flow types are
not random or by chance buf, rather, are determined by con-'
ditions of the preceding day. The cqnditional probability
Iderived ffom the simple Markov model.thus can be used for
the forecasting of daily rainfall occurrences. Persistence
of rainfall or lack of rainfall has significant effeéts on
agricui‘ture° Hershfield (1970) stated that an extended

period of little or no rain is one of the greatest natural
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TABLE 14

THE AGREEMENT BETWEEN THE FREQUENCY DISTRIBUTION OF
SYNOPTIC FLOW TYPES DERIVED FROM THE SIMPLE MARKOV
CHAIN PROBABILITY MODEL OR FROM THE LOGARITHMIC
SERIES AND THAT DERIVED FROM OBSERVATION

Flow.Types Markov Chain Logarithmic Series
1 ' Yes No
2 o Yes _ No
3 Yes , No
4 | Yes : Yes
-5 Yes . . No
6 A Yes Yes
7 | Yes Yes
8 . Yes | No

9 Yes : Yes

11 Yes Yes
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hazards to agriquiture. On the other hand, a protractea
rainy period can drastically reduce the final yield of
crops? The current study indicates that wet- and dry-spells
over Taiwan can be predicted either by.the simple Markov
chain modei or by the logarithmic series fof the estimation
of water needs. Green (1965) pointed out that the
statistical model may be helpfully suggestive regarding the
mechanism of rainfall occurrences at places where it seems
to apply. Gabriel and Neumann (1962) recognized thét the
fit of the Markov chain model to Tel Aviv rainfall, whiéh'is
in connection with the passage of depressions énd frontal
systems, stands in contrast to data from England where per-
sistence incréases for'the first few days of dry length.

In Taiwan; the fit of the Markov chain model to both-wet-
and dry-spells at stations deriving their rainfall mostly
from winter synoptic flow types, stands in contrast to data
from stations deriving their rainfall ﬁainly from summer
synoptic flow types, Where.the logarithmic series is a better

statistical model to fit wet- and dry-spell frequencies.
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CHAPTER VIII

DIURNAL RAINFALL VARIATIONS

Theories

During the past.thirty years, a number of studies have
been made to investigate diurnal rainfall variations over
various parts of the world. Distinct diurnal rainfall
~variations can be identified not only in the tropics where
weather is often dominated by diurnal process (Nieuwolt,
1968), but also in the subtropics such as Hawaii (Leopold,
1948, 1949), Florida (Byers and Rodebush, 1948), and the
eastern Mediterranean coast (Newmann, 1951). Even in the
central United States (Means, 1944; Bleeker_and Andre,

1951) and monsoon Asia (Ramage, 1952) where weather is com-
plicated by the high frequency of cyclones and fronts, rain-
fall shows pronounced diurnal patterns.

Diurnal rainfall Qariations have been classified into
continental and marine types, with rainfall maxima around
afternoon and atgﬁigbt, respectively. However, the diurnal
rainfall regime in a large continent is not so simple. -The
central United States has é pronounced nocturnal rainfall |

'maximum (Bleeker and Andre, 1951; Means, 1944).
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A popular theory regarding nocturnal rainfall is that
the radiation cooling from the tops of clouds at night in-
creases instabilify (Loveridge, 1924; Hewson, 1937). This
is further substantiated by Kraus (1963) in his study of
diurnal precipitation change over the sea. However, Dexter
(1944) has considered this of secondary importance to the
potential instability of warm air over land surface. The
lapse rate in a cloud will nof increase by more than O.SOC
per kilometer in 12 hours as a résult of greater absérption
of solar energybby the ﬁpper portion of ; cloud than by the
lower portion.

Séme meteoroloéists (Hewson, 1937; Dexter, 1944) think
that a warm front is usually aésociafed with the nocturnal
’rainfall.and thunderstorm activity as a result of the frontal
..uplifting of warm air in the night. This warm éir'becomes
potentially unstable in late afternoon. The time lag between

the development of the maximum potential instability of the

surface air and thunderstorm activity is 6 to 10 hours (Dexter,

1944). Topography is also important in accounting for night
rainfall over land surfaces. A downslope wind at night often

establishes a ¢onver§ent field in valleys and produces

nighttime rainfall. The central United States, between the
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Rocky Mountains and the Appalachians, is in a sense a

large valley. At night the air in contact with the mountain
‘slopes on both sides is coldér than the air at the same
level over the central plain. As a result, air from the
slopes sinks and converges over the central plain producing
strong vertical motion; This ié responsible for the night-
time rainfall and'thunderstorm activity (Bleeker and Andre,
1951). Advection of warm air over land at night is also
responsible for the nocturnal rainfall over the central
plains of the United States (Means, 1944) and East China
(Ramage, 1952).

Mountain areas normally show daytime rainfall maxima
due to valley winds and thermal convection caused by étrong
sol#r radiation.

Over coastal stations, the diurnal rainfall regime is
governed by various factors such as land and sea breezes,
synoptic-scale circulations, topography, and the curvature of
cﬁastlines. Clouds that form at night over the ocean or
aléng the coast may be biéwn inland of upslope by sea breezes
and cause the post-dawn rainfall along the coast (Palmer,
1949). The Kona sea breeze af Hawaii Island is of this
type (Leopold, 1949). 1In a study of tﬁe diurnal rainfall

regime over Monsoon East Asia, Ramage (1952) has found that
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“warm air advectién{at low levels between midnight and sun-
rise favors the formation of convective clouds; radiation:
from cloud tops increases the wvertical instability (Hewsbn,
1943). This often cauées rainfall ih'early morning or
post—dawnvat tropical and subtropical stations.

.A daytime rainfall maximum is attributed to strong
convection caused by solar heating of land surféce (Hewson,
1943; Dexter, 1944). Sea breezes also play an important
role in favoring many coastal stations with daytimé rainfall
maxima. Orographic uplifting of sea breezes often leads to
afternoon rainfall (Barry and'Chorléy, 1971). 1Interaction
between local sea breezes and synoptic-scale prevailing
winds, such as monsoon winds and trade winds, can create a
sea-breezé front over land and thus causes daytime rain-
fall at coastal stations in the lee of a mountain.

In summer, the daytime rainfall maximum at the leeward
stations of the islanas of Molokai, Lanai, and Hawaii is
attributable to the convergence between sea breezes and
bnértheast trade winds. 'At the exposed windward stations in
northern Hawaii Island, trade winds are strengthened by sea
breezes, resuiting in daytime rainfall maxima; Over sub-

- tropical peninsulas, such as Florida and Malaya, sea-breeze

convergence in summer causes afternoon thunderstorm activity
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(Byers and Rodebﬁsh, 1948; Ramage, '1964). Similar con-
vergent wind fields of daytime sea‘breezes are also‘found
over small islands such as‘Cyprus (Neumann, 1951) and
Lanai (Leopold,>1948). In an extensive study of the rela-
tion between coastline cprvature and thunderstorm activity
at many coastal stations in the eastern Mediterranean and
“the United é£ates, Neumann (1951) found a fairly consistent
relation between convex coastlines and daytime thundef-
storm activity,.because sea breeées constitute a cohvergent
wind field.

The charactéristics‘of.the sea breeze.have been in-
vestigated extensively either by field observations or by
'numerical simulations. Defant (1951) ﬁas presented a de-
tailed deécription of the life cycle of the sea breeze.
The sea breeze is caused orimarily by fhe diurnal differen-
tial heating between land and sea. - The sea breeze con-
side;ably surpaéses the land breeze in intensit&, frequéncy,
and extent. Usuéliy, the sea breeze starﬁs in the morning,
réaches'its maximum veloéify in the afternocon, and subsides
towards the evening, whence it is replaced by the land
breeze. The sea breeze which develops in opposition to the
'synoptic-scale wind may‘delay its advance towards‘éoasté

until late in the afternoon. It often sets in with
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'conéiderable'gustiness of a cold front like character. In
the tropical coasts, the sea breeze can penetrate about
150 kilometers inland with a depth of about two kilometers.

It occurs more frequently in clear days than in cloudy

days. -The wind directions staft>aﬁié ;ight éngle to the
coast and fhen.turnAto the right in‘thé northern hemisphere
due to the coriolis effect. According to Estoque's (1961)
two-dimensional numerical model of the sea Breeze along a
straight shoreline, a iow 1e§el/convergence zone 1is gener-
ated at the leéding edge of the 1aﬁdward current in the
-afternoon. This is the sea breeze front created by the con-
vergence between the synoptic-scale wind and the sea breeze.
~In nature, the linear‘pattern of cumﬁlus‘parallel to shore-
linés in fhe afternoon is a'manifest%tion of fhis feature.

A return flow is also generated at an elevation of 1.0 to 1;5
'kilometers. In additiqn, the model exhibits that at night
onshore wind velocity increases férther inland. Estoque has
éscribed this behavior to the force cohvectian associated
with thé,furbulent mixiné. In the area immediately adjacent
to‘the shoreline, the free convection ceases at night but the
sea breeze has not dissipated. Both advective and turbulent

cooling in this area is more effective than the area farther

inland, where the winds are much lighter and surface is still
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warm #o'that turbulent heat.flux to the ground is neglig-
ible; permitting less cooling above the boundary layer in-
version. This horizontal differential cooling produces the
accéleration of the air towaids the interior region in the
surface layer. Yu and Wagner (1970) have actually observed
such a wind regime on the Texas coast. McPherson (1970) has
presented a three-dimensional numericallmodelhof the sea
breeze on an irregular coastline with a square model bay. He
has demonstrated that in the early stage of the life cycle of
the sea breeze, the cohvergence zone caused by the'coastal
~configuration is distorted about the bay, with two centers 6f
strong ascendlng motlon on both sides of the bay and sub- -
hsidence directly inland from the bay. Neumann (1951) has
pointedvout that sea breezes will be convergent and land
bréezes divergent aloﬁg a coast that is convex towards the
sea, and that the reverse is true along.éfconcave coast. A
square bay exhibits concaﬁity‘in its upper.reaches, while the
Jjunctions of thé sides of the bay with the main water body
constitute convex coasts.— Ihe symmetric distribution of the
vertical motién'about the bay is caused by the coriolis force
which acts in opposition to the pressure gradient on the

west side and in concert on the east side. In the late stage

of the life cycle, only one center of the strongest ascending
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motion is generated farther inland in the.northeast; Winds
"rotate'010ckwise'with the time of_evoiution, a reflection
of the coriolis effect. The three-dimensional model also
shows the tendehcy of prolonged onshore flow at low levels
for several hours beyond the time when the surface tempera-
ture gradient is reversed. Based on field observations
along’fhe uﬁper Texas coast, Hsu (1970) has.found the dis—e
tortion of the motion and thermal fields due to Galveston
Bay and Sabine Lake. This confirms McPherson's numerical
model. Hsu (1973) has also studied the dynamlcs of the sea
_breeze in the atmospheric boundary layer on the Gulf coast
near Fort Walton Beach, Florida. He has cencluded that the
.sea breeze is in the atmospheric free-convection regime and
that its wind and temperature p?ofiles in the surface bognd—
ery layer can be represented by the equatlons used in
Estoque s two-dimensional and McPherson's. thfee dlmen31onal

models..

' Winter

Taiwan is an eloegated island in an area where monsoon
and trade winds interact. The circulation over the island
is furtherucomplicated by high mountain ranées extending

north-south and irregﬁlar coastline configuration. Distinct
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diurnal rainfall patterns can be identified at various
stations during differént seasoﬁs.-

Average hourly raiﬁfall for January and ngy during
11 years (1959-1969) was calculafed for nine stations;
Keelung, Taipei; Taichung, Kaoshiung, ﬂengchun, Taitung,
Hwalien, Yilan, and Aliéhan. These stations were selected
to represent different rainfall regimes and different ex-
posures with respect £o prévailiﬁé winds. The diurnal rain-
fall patterns at .those étatibns are shown in Figure 46.

In January, Keelung shows a nocturnal rainfall maximum.
_MEéh_hourly rainfail ipcreases abfuptly between 1900 and
2100 (local time) and then decreases to a minimum at 0800,
The nocturnal méximum at Keelung is a common'cﬁafacter-
isfic'of all winte; months, November to March (Figure 47).
Keelung has a wet winter because it isnlocated in the ex-
posed northern éo#st of the iéland (Figure 48). The con-
vergence betﬁeen land breezes and northeast monsoon winds
is probably the primary cause of the nocturnal rainfall
‘maximum in winter. In ad&itidn, the concave coastline at
Keelunglmay also favor the formation of a convergent wind
field by nighttime léna breezes and hence may increase a
rainfall amount. Radiation cooling from cloud tbps may en-

hance the nocturnal rainfall maximum. This factor is
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probably responsible for the iarge-scale hocturnal rain-
fall maxima over the entire northefﬁ half of Taiwan.

Taibei is located én a basin in porthern Taiwan; with
two river valleys facing northeast and west, respectively.
The convergent wind field over ﬁhe basin created by down-
slope winds from surrounding mountains at night accounts
for the nocturnal rainfall in January. Similarly, Taichung,
in a basin in the central west of the island,.is also
characterized by a nocturnal rainfall maximum in January.

Winter is a dry season at Kaoshiung due to its leeward
p&sition with respect fo the northeast monsoon (Figure 48).
Mean hourly rainfall is too slight to show any significant
diurnal patfern.

Hengchun, at the soufhérn end éf the iéland, is aiso
in a leeward position with respect to the northeast monsoon,
and its winters are dry. Although mean hourly rainfall is
very shall,.it shows a slight rainfall maximum in January
in late afternoon. This may be caused by solér heating, a -
common characteristic at tropical stétions.- In'addition,
convergencé between sea breezes and the northeast monsoon
winds is ﬁrobably also responsible for an afternoon rain-

"fall maximum.
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Figufe 48. The prevailing winds over Taiwan
in January. Each Barb represents 1 m/sec and
each triangle 5 m/sec. :
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Taitung, on the southeast coast of the island, appears
to have two peaks‘in the Jaﬁuary mean hourly rainfall curve,
perhaps caused by sea breezes in the morning and late after-
noon. The topographic rainfall which is usually causea by
the uplifting of monsoon or trade Winds.may’be increased by
the strengthening of daytime sea breezes. In addition, the
convex coaétline at Taitung also favors the development of
a convergent wind field by daytime sea breezes. Strong after-
noon solar heating is also responsible for late,afternoén
rainfall maxima.

.Hwalien, on the central east coast of the island, appears
to have a mean hourly rainfall maximuﬁ in late aftefnoon and
early'evening. The concave coastline at Hwalien favors land-
breeze convergence.

As the case at Keelung, at Yilan, on the northeast
coastal plain, mean hburly rainfall is higher.at night in .
Janﬁary. Landfbreezé convergence associated with the.concave
‘coastline probably accounts for a nocturnal rginfall maximum
in January. i

Alishan; on the central mountaiﬁ area of the island,
shows a morning rainfall maximum in January, probably caused

by valley winds and thermal convection.
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Spring
With the advent of spring, the ﬁortheast mdnéoon.weak—

ens and wind directions become more Variable. Hence, mean
hourly rainfall decreases in the north and increases in the
south. The diurnal rainfall pattern in April is not so
pronounced as thgt in January at Keelung and Taipei. How-
ever, it is still characterized by noctufnal—maxima at these’
two st;tions. In contrast to Keelung and Taipei, mean hourly
rainfall at Kaoshiung increases and reaches a maximum in late
morning and late afternoon, probably caused by an increase in
daytime convective activity in spring.

© At Taitung, the daytime rainfall maximum in January is
'replaced by a nocturnal rainfall maximum in.April. The shift
in the synoptic-scale circulation is ﬁrobably responsible
for the significant change in the diurnal rainfall pattern
in April. ' In January, the northeast monsoon blows almost
parallel to‘the coastline along Taitung and a land-b;eeze
front is absent at night. In Aprii; the'southeast trades are
fre@uént in Téiwan, intersectipg the coastline near Taitung.
The land-b;éeze front which develops from convergence between
tradés andvland breezes at night is responsible for the

nocturnal rainfall maximum in April at Taitung.
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Summer

- In summer, Taiwan is altérnately dominated by the
southwest monsoon and the southeast trades. Thé start of
the southwest monsoon is frequently gccompanied by the
passage of a slow-moving front, which often produces heavy
rains over the entire island. Rainfall in southern Taiwan
increases abruptly in May and continges unfil September.

In contrast, the porthern end of the island, in the lee of
both the sbuthwest monsoon and the southeast trades, is

much drier'(Figure 49). Mean hourly rainfall increases

- significantly and diurnal réinfall patterns are more pro-
hounced in July than in January at most stations except for
Keelung, Yilan, and HWalien. Mean hourly rainfall occur-
ences at these three stations reach maxima in the late
afternoon and fhe early evening due to increasing thermal
convection and the effect‘of evening land breezeé éonverging
off the coﬁcave coastline.

The inland stations, such as Taipei, Taichung, apd
Alishan, appear - to Aave intense mean hourly rainfall in the
afternoon due to their basin or mountain location which
favors strqhg daytime convection in summer. Thé diurnal
rainfall variation on the southwest and southeast coasts,

such as Kaoshiung, Hengchun,vand Taitung, is characterized
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Figure 49. The prevailing winds over Taiwan in

July, Legend is the same as in Figure 48.
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by'early morning rainfall maxima,_apparéntly as a result

of convergence between lana breezes and monsooﬁs or

trades. In addition, shower cloudé which are formed over
the sea at night may be transported onshore by morning

sea breezes,A Hencé, they may contribute éarly morning rain-
fall maxima to those tropical coastal stations. A mean
houfly rainfall maximum at dawn is common at tropical and
sustrobical stations during the summer monsoon season,
maihly caused by warm air advection in the lower tropo-~

sphere between midnight and sunrise.

Fall

In October, the frequency of the northeast monsoon over
thé'islaﬁd increases, whereas that of the southwest monsoon
decreases.A However, surface temperatures remain warm and
thunderstorms are still.actiVe. The diurnal rainfall varia-
tion in October is similar to that in January and April at
most.stations except for Alishah, where the diurnal rainfall

shows a pronounced afternoon maximum, similar to that in July.

- Summary of Significant Results

The diurnal rainfall pattern shows pronounced regional
and seasonal variations over Taiwan. In winter, stations on
the northern and eastern coasts,; exposed to the northeast

.monsoon, show nocturnal rainfall maxima, as do stations
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.within a basin. -Mean hourly rainfall in winter in the
southwestern sector of the isiand is foo siight to re-
- veal any diurnal pattern.

In spring and fall, diurnal rainfall variation shows
a similar pattern to that in winter at most stations ex-
cept for Alishan, where mean hburly rainfall reacheS«al
maximum at midday throughout the year because'it is in thé
inland high-mountain area.

Several factors may account fdr_distinct regiona} and
seasonal variations in diurnai rainfall in Taiwan. The
iand-breeze frént,'concave coastlines, and warm-air advec-
tion at niéht, and radiation cooling from cloud tops, are
responsible for nocturnal rainfall ﬁaxima'observed at various
'coanal_stations in Taiwan. At basin‘stationé, the conver-
gent wind field esfabliéhed by downslope Winds and warm-air
advection at night are responsible for noctﬁ;nal rainfall
maxima. Mgrning onshére transport of.cohvective clouds,
fprmed_over the sea‘at night, by seé breezes accounts for
.the e#rly morning rainfall maxima éf coastal stations in
- southern Taiwan.

'The sea-breeze front and convex coastline are re-
sponsible for daytime rainfall maxima at many coastal sta-

tions. Valley winds and thermal convection contribute
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to daytime rainfall maxima at mountain stations. Strong
daytime convection in summer accountS'for.the pronounced
afternoon rainfall maxima at basin stations.

The seasonal shift in the.synoptic—scale circﬁiatioﬁ
is responsible for the seasonal change in diﬁrnal rain-
fall patterns. In Winteg, convergence between land breezes
and no?theast monsoon winds accounts fof nocturnal rain-
fall maxima at windward stations in ﬁorthern Taiwan. In
summer, convergence between land breezes and‘séuthwest
monsoon winds or southeast trade winds accounts for noc-
turnal rainfall maxima at windward stations in southern
Taiwan. In spring and fali;.winds are variable and weaker.
The magnitude of diurnal rainfall is reduced.

In this study, the diurnal rainfall variatibn over
Téiwan is in§estigated in the light of some theories pro-
posed by climatologists. It is found that land and sea
breezes explain well the diurnal rainfall pattern over
Taiwan. No statistical data are available to justify the
occurrence of such meso—écale’circulation systems over
. Taiwan. However, it is reasonable to'hypofhesize their
occurrence because they are common characters of coastal
‘areas, especially in the tropics and subtropics. Defant

(1951) has indicated that land and sea breezes occur in the
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‘tropical coasts with a high degree of regularity.

Houriy rainfall is imbortant in the study of the basin
'hydrological.cycle which aim§ af the estimation of river
runoff for flood forecasting. Rainfali characteristics over .
a basin must be understood before any ﬁydrological study
can be carried out. It is found tha£ diurﬁal rainfall pat-
terns over,varioué seqtors of the island are related to
the synoptié-soale circulation, land and sea breezes,
thermal convection, and‘tépography. This étﬁdy can be ex-
tendeé to investiggte diurnal rainfall variations at various
rainfall stations on a basin. The relationship Between
diurnél rainfall and runoff patterns can be studied by some
h&drological techniques such as water-budget‘equations,
unit hydrographs, and regfession-methods. The time lag be-
tween peak hourly rainfall and peak river runoff is of
particulaf importance in flood forecasting. The mean
fainfall-runoff relation should be understood so that it
prévides thé ﬁecessary information for the study of the

dispersion from the mean condition under individual storms.
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CHAPTER IX

ANNUAL RAINFALL

The Stability of Means and Medians

Mean and median are two values commonly used to repre-
sent rainfall normals. Questions have been raisedrregarding
the number of years required to obtain representative |
monthly and annual rainfall normals. .Landsbérg (1951) has
proposed that in many aréas of the worié, a‘ZO—year period
is.conside;ed satisfactory for establishing monthly rainfall
normals. Howevér, moﬁthly rainfall means in Hawaii reach
stability only when a period of 45 years or longer is taken.
into.account. For Djakarta, Indonesia, thé January normal
is reached only aftef a minimum‘of 30 yeérs (Sandy, 1960).
'Usﬁaully, 30 to 40 yegrs of records are recommended for
anhual rainfall means, and 60 to 70 years for monthly rain-
fall means (Biel, 1929).

In fruth, however, rainfall means vary from decade to
decade; the period of referehce should, therefore, be
specified to ailow for possible changes. The 30-year average,
1901-1930, is the first "standard climatological normal,"

and that of 1931-1960 is the second '"standard climatological

normal" for this century. Several studies of climatic
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changes adopted the 40-year average, 1900-1939, as the
standard nbrmal (Lamﬁ and Johhson, 1959).

Landsberg (1951) has suggested a method to determine
the number of years néeded to obtain a normal by calculating
successive means or medians by one-year increments. A
mean oOr medién is considered normal when the addition of
one successive'yeaf does not change the value substantially.
Figure 50 indicates the number of years needed to reach the
stability of means or-mediéns of annu;l raiﬁfall at the
seven-stations in Taiwan. The rainfall normal is obtained
when the absolute change in mean or median is 1e§s than
100 mm Ey adding rainfall of one succeséive_year, and the
situation continues for more than 30 yéars; i.e., the mean
or median of the 30-year increments loses one-way trend,

. either rising or declining. Except for Taipei where 18-year
records are needed to obtain both a stable mean and median,
a lesser number of years is satiéfacto:y at other stations
to obtain a stable median than to obtain the mean. For
example, at Tainan, 41—ye;r records are needed to obtain a
stable_mean, but only 2l-year records are needed for a
stablé median. More years are required fo'obtaip a‘stable

mean in the south than in the north, probably because rain-

fall is more variable in the south than in the north. But
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Figure 50. The stability of mean and median at
various Taiwan stations.
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the median does not behave similarly. No stable mean or
median could be obtained for the entire study period at
Keelung}and Hwalien. The mean is stable only for the period
1923-1947 at Keelung, and‘1918—1946 at Hwalien. Both‘the
mean and median have ihcreased substahtially since the iate
1940's at tgose two stations. At Taichung and Taitung,

the median is‘stable only in the period 1907-1941; it has
been fluctuating since the early-1940's. It appears that

in the 1960's both the mean and médian decreased over western

and southern Taiwan, but in the same period they increased

over northern and eastern Taiwan.

Skewness and Rainfall Probability Chart

In a normal distribution, mean and median #re equal,
but the sample median may be a better indicafion of the
centrality, because extreme values will not affebtnthe median
as much as the mean.- In Taiwan, both the monthly and annual
'rainfall meéns are greater than the monthly and annual medians
at all stations.(Table 15). The distribution of monthly
rainfall means or medians is more skewed thén that of annual
fainfall means oOr medians, so the difference between mean
and mediah is greater for monthly rainfall than for annual

rainfall.
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Skewness of raiqfall distribution is evident by
examining the cumulative frequency distribution of rainfall
at various Taiwan stations._ Figure 51 shows the cumulative
-frequency distribution of aﬂnual rainfall at six Taiwan
stations plotted on a normal probability paper.

| Skewness of rainfall frequency distribution can also
be expressed by a quantity, (loo/12) X jci - mil / Mi;
- where Ci is the median and Mi is the mean of individual
monthly rainfall. In a symmefriéal frequendy distribution,
Ci = Mi,iand skewness is zero (Landsberg, 1951).

Figure 52 shows the areal distribution of skewness
of énnual rainfall in Taiwan based on 51 stations with
records of 30 years or more. Skewness is‘greatést along the
éouthﬁest coastal plain, where more than 90% of mean annual
- rainfall occurs during the six éummer months, April through
September. - Winter rainfall is almost negligible in this
area and a few e#tieme values may raise the mean‘far above
the median.. On the other hand, skewness is least in
northerh Taiwan where maxiﬁum mean monthly rainfall occurs
in winter,‘although summer ié by novﬁeahs‘dry.”vThe.tofal
rainfalllof'six summer months accounts for about 40%, or

slightly more, of annual total. Low skewness is also found

in mountain areas where the seasonal concentration of
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Figure 52. Spatial variations
'in the skewness of rainfall.
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rainfall is not as distinct as in the southwest coastél
plaih; This conforms Sandy's (1960) findiﬁg that the mean
is a Better measure of the rainfail normal during the -
rainy season than during the dry,seasoh. The regionai con-
trast of rainfall skewness over Taiwan can be explained
by the variabilgty of the frequency of synoptic flow types
and by rainfall characteristics associated with theﬁ. As
discussed in previous chapters, the winter synoptic flow
types, Which are main rainfall sources in northern Taiwan,
show smaller frequency variabilities than do the summer
synopfic flow types, which contribufe almost all annual rain-
fall to southwestern Taiwan. In addition, rainfall
characteristics associated with summer synoptic flow types
are more Variable as evidenced by higher mean, staﬁdard
deViation, and maximum of daiiy rainfall associated with
them. |

Perhéps rainfall at the various Téiwan stations is
caused by non-uniform Weather»systéms, modified locally by
topography. .To investigate this hypothesis, a rainfall
probability chart was constructed by plottinglmedian Oor mean
annual rainfall against the probabiiity of individual annual
rainfall of less than a given quantity. Such proBability

curves for stations within a region should appear as
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stréight lines, if annual rainfall at all stations is
uniformly caused by the same weather systems, and variation
in émouhts is a function only of topography, exposure, and
other local peculiarities (Landsberg,11951).

Figure 53;showS the rainfall probability chart based
on annual rainfall at eight Taiwan stations. As seen,
annual rainfall at the va;ious Taiwan stations’appears to
be the result of differént'weather systems, and not a func;

tion only of topography.

Synoptic Aspects of Inter-annual Rainfall Variations

In order to understand the relationship between the

- inter-annual rainfall variations at vérious Taiwan stations
and the inter-annual frequency variations of synoptic flow
tybes, a stepwise multiple regression analysis is employed
to calculate the coefficients of determination. Tﬁe co-
efficient of determination is defined as the percentage
deviation frqm the mean ahnual rainfall explained by the
annu%i frequency of a certain synoptic flow typé. Annual
rainfall is a dependent variable and aﬁnual frequehcies of
synoptic flow types are independent variables. The results
ére presented in Table 16. Aithough thé Mongolian anti-

cyclone is the main rainfall source in winter, it accounts
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forhoply about 12% of the total interFannugl rainfall
vvariétion at Keelung,‘and‘about 6% at Hengchun. At the
other stations, it accounts for almost negligible bercent—
ages of’thé inter-annual rainfall variation. This is also
reflected by low correlations between its annual frequency
and'the.apnual rainfall at thoselstations (Table 17). The
Mongolian anticyclone is a rather dependable rainfall source
over Taiwan as also evidenced by its loﬁ freéuency vari-
ability (Chapter II). dn the othef hand, the Mbﬁgolian
cutoff antibyclone appears to be a more dominant variable
than the Méngolian anticyéione in explaining inter-annual
rainfall variations at most stations. It is the most impor -
taﬁt variéble accounting for fhe inter-annual rainfall at
Hengchun, Yilan, and Taitung. At.HengChun and Yilan ébout
50% of fhe total inter-annual rainfall variation is due to
the inter—annual‘fréquency variation of the Mongolian cutoff
anticyclone; This.is'also reflected by significantly high
correlétion coefficients between the anﬁual frequency of the
Mongolian cutoff anticyclone and the annual rainfall at those
two stations (Table 17). At Keelung and Taipei,- the
Mongolian cutoff anticyclohe is the,éecondvimportant variable

in explaining the total inter-annual rainfall variations.
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At Hwalien,.the Taiwan low is the most important
variable accounting for the total inter-annual rainfall
variation; i.e., about 37% of its total inter-annual rain-
fall variation is explained by the infer-énnual frequency
variation of the Taiwan low.

Althoﬁéh the polar front over Taiwan contributes large
amounts of annual rainfall to all stations, its annual fre-
quency accounts for aboﬁt 30% of the total inter-annual
rainfall variafion at Yilan and Hwalien, and about 23% at
Kaoshiung. At the other stations, the coeffiqients of
determination ére very low. The correlation coefficient.be-
tween the annual fainfall and the annual frequency of the
polar front over Taiwan is hiéhest at Keelung: 0.64. How-
ever, the.variable‘of the‘polar front over Taiwan is
excluded from the regression equation. This suggests that
the explanative power of the polar front over Taiwan is
masked by the North Pacific subtropical anticyclone due to
the hiéh'correlation>coéfficient between those two synoptic
flow types (Table 18). Tﬁe coefficients of determination
for the polar front south of Taiwan are veryrlow at all
stations. It is a poor variable for explaining the total
inter-annual rainfall variation over Taiwan.

The North Pacific'subtropical anticyclone is the most
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dominant variable accountiﬁg for the total inter-annual
réinfall variation at Keelung. About 55% of the total
variation is attributable to the inter-annual frequency
variation of the North Pacific subtropical anticycioné.
This is also reflected by the-high correlation coefficient
(-0.74) between the annual rainfall at Keelung and the
annual freqﬁency of the North Pacific subtropical anti-
cyclone.

The annual frequency of the southwest monsoon appears
to be a poor variable'in explainigg the total inter;annual
rainfall variation over Taiwan. It accounts for only about .
12% of the total inter-annual rainfall variation at |
Taichung and less than 10% at4the other stations. This is
also reflected in the low correlation coefficients between
" the annual frequency of the soﬁthweét monsoon and(the annual
~rainfall at all Taiwan stations.

Although typhooﬁs are main rainfall sources in summer
.at all stations, they are significant only at Kaoshiung and
;Hengchun in the éxplanafion of total inter-annual rainfall
variation. At Kaoshiung, nearly 40% of fhe total infer~
annual rainfall variation is attributable to the inter-annual
frequency vériation of the southern—t&pe typhoon. At

Hengchun, the inter-annual frequency variation of the
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northern-type typhoon accounts for about 28% of the total
inter-annual rainfall Qariation. At the other stafions,
less than 15% of the total inter-annual rainfall variation
is attributable to the inter-annual ffequency variation

of either the northeﬁn—type'or southern-type typhoon. The
explanative ability of typhoons may be masked by other
synoptic flow typeé which correlate highly with them.

The Kyushu-type typhoon is the second signific?nt
variable accounting for the total inter-annual rainfall
variation at Téichung; but it exﬁlains only 13% of the total
variation. | |

It is surprising to find that the monsoon trough is
the most significant variable in the explénation of the
total inter-annual rainfall variations at Taigei, Taichung,
and Alishan. The coefficient of determination is about 45%
at Taipei, and nearly 40% at Taichung and Alishan. The
correlatidn‘coefficients between the annual frequency of the
monsbon trqugﬂ and the annual rainfall at those three
stations are significantl§ high.

Regression equations which show the relationsﬁip be-
tween the annual rainfall at the nine'Téiwan staﬁioﬁs and
the annual frequencies of ﬁhe eleven synopfic flow types are

presented in Appendix E. Since the inter-annual frequency
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variations of synoptic floﬁ types explain almost all inter-
'annual rainfall variations at the nine stafions (Table 16),
the computed annual rainfall almost equals the observed.
annual rainfall for the period 1959-1969. This is also
evidenced by very small residuals between computed and
observed annual rainfall in'évery year at all stations
(Table 19). The residuals appear to be la?gest at Taitung
but they varied only from 5.2% in 1959 to -4.8% in 1960.

It can be concluded that annuallrainfall over Taiwan can be
predictea weil from the annual frequencies-of fhe eleven
synoptic flow types by stepwise multiple regression equa-

tions.

' Floods and Droughts

Floods and droughts have various definitions. Clima-
tologists may define floods and droughts by precipitation
anomalies. Hydrblogists‘uéually define floods and droughts
by stream flow anomalies. Agriéulturists would be more
concerned with soil moisture as a criterion to define floods
and aroughts. Since floods and droughts greatly affect
agriculture, their physical causes have attracted much at-
tention. The occurrence of floods and drouéhts over an areé
is frequently attributed to variations in the atmospheric

circulation and solar activity. . The purpose of this section
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is to investigate physical causes of floods and droughts
over Taiwan for the period 1897 through 1969. A flood year
is defined as one with annual fainfall two standard devia-
tions above normal, whereas a drought'year 1s defined as
one with annual rainfall two standard deviations below nor-
vmal. |

Table 20 shows frequencies of floods and droughts over
Taiwan, locations of centers of action, and the strength
of the westerlies. Data of locations of centers of action
and zonal index were obtained from Wang (1964). Zzonal index
is defined.as the peréentagé deviation of surface pressure
difference between 40°N and 70°N from the long-term mean.

It appears that Keelung has experienced fewest floods and
dréughts; whereas Téichung has suffered the most from floods
.ahd Taichung and Taiﬁei have e#periénced more droughts than
any of the other stations.

Table 20 shows that the éenter éf the Aleutian low is
located more southward and eastward during flood years than
during drought years. Sou%hern and‘eastern Taiwan tend to
suffer from droughts when the Aleutian low is close to.its
normal latitudinal position. The rel#tionship does not hold
S0 well for thé Siberian anticyclone‘and the equatorial

trough. The Sibe:ianlan€i§§¢10ne is located farther north
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when Taipei, Taiéhung, Tainah, and Hwalien experience floods,
than when those stations suffef droughts. ~The reverse pat-
tern occurs at Keelung, Hengchun, and Taitung. The Siberian
anticyclone is located farther east during flood yeafs than
during‘drought years at Taipei, Taichung, Taitung, and
Hwalién, whereas at Keelung, Tainan, and Hengchﬁn it is
located farther west dufing these periods respectively. At
the latter three stations, flood years are associated with
more northerly location of the equatorial trouéh than drought
years. At Keélung, Taipéi, énd Tainan, the equatorial trough
is farther east during.flood years than during drought years.
It is notable that zonal-index correlates well with
frequencies of flood and drought years. With the exception
of Hengchun, where both flood and droﬁght yeafs are associated
with almost equal strength of the westerlies, the other six
stations indicate that flood years are accompanied by high
zonal index, Whereas drought years are associated with low
zonal index. As discussed befofe, lqw zonal index favors
typhoons, the Taiwan low, and the Mongolian anticyclone
producing heavy‘réinf;ll over Taiwan. In contrast, the North
Pacific subtrbpical anticyclone and the Mongolian cutoff
anticyclone.iﬁvade Taiwan more fréquently during the high

zonal-index circulation pattern. The prominent drought
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period 1963 through 1967 over western and southern Taiwan
was associlated with decreased frequency of typhoons and
with increased frequency of the North Pacific subtropical
anticycloné.

Figures 54 and 55 show inter-annual variation in Wolf's
sun~spot number and flood and dfought years at seven sta-
tions for the period'l897—1969. The ll-year sun-spot cycle
is evident.. Solar activity also shows a ;ecular trend.

It increased from the turn of this century, reaching a maxi-
muﬁ in the 1950's ana has decreased since then. Eigures 54
and 55 also show that ét léast one st;tion_experienced flood
or drought almost every year. However, large-scale floods
and droughts rarely occurred. Floods covering four stations
or more occurred only in 1939, 1947, and 1953. The 1939 and
1947 floods were aSsociéted with sun-spot maxima, whereas
the 1953 flood was accompanied by a sun-spot minimum. On
the other hand, droughts covering four stations or more
occurred in 1923, 1933, 1963,‘1964, and 1965, all associated
with sun-spot minima. Hence it can be tentatively concluded
that large-scale floods and droughts over Taiwan tend to |
occur during periods of extreme solar activity.‘ Perh%ps the.
response of thélatmospheric circulation to solar activity is
most significant during periods of sun-spot maxima and

minima.
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Figure 54. The inter-annual variation in Wolf's
sunspot number and flood years at various Taiwan
stations.
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Figure 55. The jnter-annual variation in Wolf's
sunspot number and drought years at various Taiwan
stations. '
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, Frequenciesjof floods and droughts over Taiwan show
digtinct secular trends. Droughts dccurred more frequently
during the first three decades of this century and during
the 1960'5, whereas floods occurred mére frequently during

the 1940's and the 1950's.

Summary of Significant Results

The number of years required to obtain a stable mean
or median varies from station to station over Téiwan. It
required at least 18 years to obtain a étable mean oOr
ﬁedian. At Keelung and Hwalien, no stable mean or median
can be obtained for the 73-year period 1897—1969. Annual
rainfall is extremely skewed over soufhern Taiwan where rain-
fall éongeﬁtration in summer is proﬁounced. The rainfall
probability chart indicates that annual rainfall over Taiwan
results ffom different weather systems and is not a simple
function of topography. | ®

Stepwise multiple regression analysis suggests that
the total inter-annual rainfall.variation over Taiwan -is
attributable to the inter-annual frequency variation of
synoptic flow types, as reflected by very small~residu#ls
between the computéd and observed annual rainfall. The
most powerful variable accounting for the total inter-annual

rainfall variation is the North Pacific subtropical
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anticyclone at Keelung, the monsoon trough at Taipei,
Taichung, and Alishan, the southern-type typhoon at
Kaoshiung, the Mbpgolian cutoff anticyclone at Hengchun,
Taichung, and Yilan, and the Taiwan léw at Hwalien. It
appears that the center of action such as the North Pacific
subtropical anticyclone is the most important physiqal cause
of the qlimatic fluctuation over Taiwan. Both the Mongolian
cutoff anticyclone and the monsoﬁn trough are associated
with the extension of the North Pacific subtropical anti-
cyclone over or near Taiwan, a high zonal-index circulation.
The explanative ability of the polar front and the typhoon
may be masked by the North Pacific subtropical anticyclone,
the Mbngolién cutoff anticyclone, and the monsoon trough.
.Floods and droﬁghts over Taiwan are found to be
significantly related to the pbsition of the Aleutian low
and to zonal-index. Floods tend to occur over Taiwan when
the Aleutiaﬁ low is displaced southward and eastward of its
normal position. This conforms the previous finding that
the North Pacific subtropical anticyclone is the most impor-
tant variable accounting for climatic fluctuation over
Taiwan. Long-term annual positions of the Nﬁrth Pacific
subtropical anticyclone are not available and the direct

investigation of the relationship between its position and
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floods and'droughfs over Taiwan is not possible. However,
it is a well known fact that the position of the Aleutian
low is closely related toithat of the North Pacific sub-
tropical anticyclone. Droughts tend to occur over Taiwan
ﬁhen the Aleutian low is close to its normal latitudinal
position. No consistent relationship is found between the
meridional position of the Aleutian low and droughts over
Taiwan. Zonal-index correlates well with flood and drought
- frequencies over Taiwﬁn. High zonal-index favors Taiwan
with droughts, whereas low zonal—index favors Taiwan with
floods. There is at least one area suffering from flood
or drought almost evéry year. Large-scale floods and
droughts tend to occur during periodé of exfreme solar
activity. Large-scale floods may occur during periods Qf.
. either sun-spot maxima or minima, whereas large-scale
droughts occur consistently during periodé of sun-spot

minima.
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CHAPTER X

SECULAR RAINFALL VARIATIONS

Method

Secular rainfall variation comprises a topic of inter-
‘est to many scholars. Kraus (1955a and.b) found that an
abrupt rainfall decrease occurred at the end of thé 19th
century in the troﬁics and aléng east coasts of the sub-
tropics, e.g., east coasts of North Ameriqa and Auétralia.
This dry condition terminated during the 1930's and 40's
at different stations. 1In contrast, Arakawa (1956a and D)
pointed out that a wet period in higher latitudes, e.g.,
China, Korea, and Japan, began around 1900 and ended about
1930. Both Kraus' and Arakawa's findings havé been con-
firmed by Lamb and Johnson (1959, 1961) and Lamb (1966) in
their sequential studies reléting climatic variations to
the general circulation. Though neither Kraus nor Lamb
studied the rainfall vafigtiqn over Taiwan, located off
China's southeast coast, a trend similar to that of eastern
North America ana Australia can be expected. In a study of
the secularwvariation of precipitation over monsoon Asia,
Yoshimura (1971) places Taiwan in a single region in terms

of the amplitude of the secular rainfall variation for
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January, but in two regigns'for July. However, the secular
rainfall variation on Taiwan is more complicated than thét.
The complexity of combined eleﬁents of varied landforms,
transitional location betwéen a large confiﬁent and the ocean,
and uniqﬁe monsoon and trade systems create a distinct re-
gional pattern of secular rainfall variation. The purpose of
this chapter is to discuss the regionality of that variation
on Taiwan and to relate it to the general circulation.
Agreement will'be sought with the findings of others regaid—
ing the secular rainfall variation over other regions bf the
world.

In climatology,'the.word ”secﬁlar“ usually refers to
modern instrumental meteorological observations which cdver
a span of more than a decade to a few centuries (W.M.O.,
1966). iwo common methods-applied to ioﬁg—term rainfall records
to study these variétions over varioﬁs regions of the world
are (1) moving average, and (2) residual'masses.

Ten and thirtyiyeér m9ving—average curves of rainfallA
have been frequently‘used to smooth out short. variations so
that }onger variations can be reveaied more clearly. Thié
method is quite helpful in revealing the form of well-defined
long-period variations in a seriés (W.M.O., 1966). However,

the moving-average technique suffers certain serious
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disadvantages when 1§ng~term variations in a series are ill-
defined. Grant (1952) has pointed out that the moving-
average method when applied to a random series gives rise to
a series which is no longer random in charactér. It also
tends to shift the phase of some of the short fluctuations and
results in a reverse trend of the original series. Moreover,
each subsequent value is given the same weight. Thus a single
extreme value may considerably affect the long-term mean.

In contrast, a residual-mass curve tends to suppress
amplitudes of short variations and to show long-term trends
more clearly (W.M.O., 1966). The secular rainfall variation
over the island of Taiwan was studied by constructing annual
and seasonal rainfall residual-mass curves for seven stations
for which 72 years (1897-1968) of records are available.

An effort was made to first identify long-term dry and wet
peﬁiods for different sectors of the isl#nd thfough trends

of rainfall residual-mass curves at various stations. Sta-
tions dominated by the same climatic controls were assumed to
show similar changes in trends of.residual—méss curves, from
which groupings of stations could be achieved.

A final purpose was to seek those physical factors such
as the strength and pattern of‘the general circulation and

solar ac¢tivity, which are responsible for any significant
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change in rainfall series of the island and/or regional
pattern in secular rainfall trends. Kraus (1955a and b)
has pointed out that the confirmation of various hypotheses
regarding causes of climatic changes and of~confusing‘fea—
tures of rainfall records.over many areas can be solved
successfully from a systematic investigation of a long
series of synoptic weather charts. No attempt was made to
analyze series of synoptié weather charts for the 72-year
study period due to the lack of accprate weather maps. How-
ever, surface synoptic flow types were studied in detail to
seek their relation to rainfall from 1959 through 1969. It
was found that low zonal-index favors Taiwan with heavy
rainfall. |

Residual-mass curves are uéed in hydrology to calcu-
late the storage or deficit of stream flow and reservoirs
over a long period. As earl? as 1919, this teéhnique was used
by Barnes (1919) to detérminé the true long-period average
rainfall in England. Later, Kraus (1955a and b) used it to
stﬁdy.seéular faiﬁfall variations in the tropics. Some
Japanese climatologists (Sekiguti, 1964; Kukuchi, 1970) used
residual-mass curves to study the spatial variation iﬁ the

secular rainfall pattern over Japan.

v
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One advantage of using the‘residual-mass curve is that
the fixed mean used for calculation need not be a true long-
term average. Attention is paid.to the shape of the cufves.

A perioa with an average rainfall above the chosen mean is
reflected>in rising or .concave curve, whereas a period with
an averagé rainfall below the chosen mean is reflected in a
descending or convex curve (Barnes, 1919).

A residual mass can be‘expressed either by the cumula-
tive amount of rainfall deviation from a choéen mean or by
the cumulative percentﬁal deviation. The advantage of the
latter is that a single extreme Value wili not affect the whole
series significantly. 1In the present study, the cumulative
percentual’deviation from a chosen mean réinfall is calculated

by the following formula (Kraus, 1955a and b):

: . ¥
n Y 1
: L(=-1)
=1po L (= -1) - 100 7
where
Yh : cumulative percentual deviation from mean for the nth
year. ‘ -

Yi: rainfall for the nth year.

(X}

mean rainfall for the standard 60-year period, 1909-
1968.

'1: represents the year 1908.
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Annual and éeasonal rainfall residual-mass curves at
seven stations are shown in Figﬁres 56 and 57, respectively.
The sum of monthly rainfall from October to April was used
to calculate winter residual masses and that from May to

September was used to calculate summer residual masses.

Regionalization

Figure 56 shows residualfmass curves of annual rain-
fall at seven‘statibns in different climatic regimes of the
island. Except for Taipei and Taitung, the curves show a
pronounced dry period around the start of the 20th centufy,
continuing until the 1930's at'Taiéhung, Tainan,.and
Hengchun,vand until the 1940's at Keelung and Hwalien.

A wet peribd has.been observed since then but terminated
around 1960 at Taichung, Tainan, and Hengchun. On the other
hand, a wef period extended from 1946 to 1968 at Keelung.
The trend of‘the annual residual—mass curve at Hwalien 1is
similar to that at Keelung except that the curve flattens
out between l937 and 1946.

The contrast in secular variations of annual rainfall
between stations in the‘south and those in the north reflects
their different rainfall sources. Keelung and Hwalien, on
the northern and eastern coasts, windward location with

respect to the northeast monsoon, have maximum mean monthly
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ngure 57. ‘The rainfall residual-mass curves in
summer (full lines) and in winter (dotted lines).
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rainfall in winter and late fall, respectively. On the
other hand, Taichung, Tainan, and Héngchun, respectively
in the middle west, southwest, and south of the island,
suffer dry winters due to their leeward location with respect
to the northeast monsoon. Summér is a wet season at those
stations when the northeast ﬁonsoon gives way to the south-
west monsoon or the southeast trade. It is interesting to
note that the annual residual-mass curvés indicate fhat both
dry and wet ﬁeriods commenced and‘stopped ten years earlier
in the south and southwest, a summer rainfall regime, than
in £he north and norfheaét, a wintgr rainfall regime. The
long-term rainfall fluctuation on iaiwan seems to follow the
so-called Bruckner cycle with a periodicity of 30-35 yearé.
For examplé, the dry périod at Keelung occurred from 1909
to 1945, and at Tainan from 1897 to 1930.

The secular fainfall variation on Taiwan apﬁears to be
a part of worldwide patterns. Kraus (1955a and b) has pointed
out that fhe tropical rainfall regime is characterized by a
pronounced wet period during the late half of the 19th
ceﬁtury, followed by an abrupt decrease in rainfall in the
late 1890's. This dry period ended approximately in the
1930's ana a wet period has prevailed since then. Kraus at-

tributed this dry period in the tropics to the shrinking of
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the equatorial rainyvzone and the shortening of the wet
season. Unfortunately, pre-1897 rainfall records at the
seven stations are not availéble and direct comparison with
Kraus study is not possible. However, rainfall records
around 1900 at various stations were much higher than the
1909-1968_mean. This can be seen both from the residual-
mass curves (Figures 56 and 57) and from fhe curves of in-
crements of annual rainfall means (Figure 50). 1In terms of
shorter rainfall vatiations, the "hump'" in the curves of

the annual iesidﬁal mass in 1918'at Hengchun, Tainan, and
Hwalien, and in 1922 at Taitung and.Tainan, and the tendency
~of a wet period from 1913 to 1918.ét Taipei, Tainan, Hengchun,
Taituﬁg, and Hwalien, were all concurfgnt with those at other
tfopiéal stations, such as anolulu, Georgefown, and Bogota
 (Kraus, 1955a and b).

As wifh annual residual-mass curves, seasonal
residualfmass curvés at the seven stations also show distinct
regional pétterns. The trend of the annual residual-mass
curve is similar to that of the winter residual-mass curve
at Kéeluﬁg and Hwalign because mean monthly rainfall is higher
there in wintervthan in summer. In contrast, the trend of
the annual residual-mass curve is similar to that of the

summer residual-mass curve at Taichung, Tainan, and Hengchun
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due to the higher concentration of rainfall_at those loca~
tions in summer .

At all the stations, the secular rainfall variations
in summer are similar to each other. The change‘from a dry.
to a wet period came in 1926 or.1927 at all the statiomns.

No corresponding patfern is found in the secular rainfail
variation in winter, perhaps because summer weather systems
influence rainfall ovef the entire island to a greater degrée
than do the winter ones. Typhoons contribute a significant
amount of rainfall to the entire island, whereas the ﬁorth-'
east monsoon contributés a siénificant amount of rainfall
only to a'limited areé in the north of the island.

At Taipei and Taitung, the secular rainfall variation
shows a:transitional type.between that at Keelung and
Hwélien and that at Taichung, Tainan, and Hengchun. At
Taipei, both summer and winter contribﬁte a significant
amount of rainfall to the annual total. Although mean month-
ly rainfall reaches a maximum in summer, winter is by no means
dry. - The annual residual;ﬁass curve shows no significant dry
or wet period, becaﬁse seasonal rainfall variation is not
always in phase. A wet season may be éompensated by a dry
season in the same year. However, the annual residual-mass

curve resembles the summer curve more than the winter curve.
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The annual residual-mass curve at Taitung shows a dry
period from 1906 to 1944, a trend similar to that at Keelung
and Hwalien. But the dry period was inferrupted by a short
wet-period around 1918. Sekiguti (1964) found the similar
characteristic for the Pacific side of Japan. The annuai
residual-mass curve at Taitung rose from 1943 fo 1960, in
contrast to its trend at Keelung and Hwalien,bbut similar
"to its trend at Taichung, Tainan, and Hengchun. At Taitung,
mean monthly rainfall reaches a maximum in September when
the southeast trade dominateé the island. The winter secu-
lar rainfall variation at Taitung is similar to that at
Hwalien, but the summer secular rainfall variation reveals
no significant dry and wet periods as it does at Hwalien.
The previous‘discussion shows that the islana of Taiwan
'displaysbfour different types of the.secular rainfall varia-
tion:
1. The winter-monsoon type shows a dry period from
the starf of this century to the 1940's, and a
wet period since then:.'Keelung, Hwalien.

2. The summer-monsoon type shows a dry period from
the late 1890'5 into the 1930's, a wet pefiod
between the 1930's and about 1960, and a dry

period since then: Taichung, Tainan, and Hengchun.
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3. The traée—wind type shows rainfall peaks in
1918 and 1950, a trend similar to the Pacific-
side of Japan (Sekiguti, 1964): Taitung.

4. The intermediate-type shows‘no significant dry

or wet period: Taipei.

A

Physical Causes

The regional diversity of the:seculér rainfall variation
on Taiwgn is attributable to the combined effeét of the large-
scale circulation and topography.

In a study of the secular change in‘rainfall of‘south—
east Australia, Kraﬁs (1954) has concluded that the change in
rainfall is associated with the intensity of the upper wester-
lies. The strength of the westerlies is pormally expressed
by zonal index, defined by Rossby (1939) as the surface-
pressure difference between the 35° and 559 of latitude. The
variation in zonal index is associated with the intensity and
position of the centers of action.at ground surface. During
periods of low zonal-index, the Aleutian low usually has two
centers, one of which shifts toward the west and is 1oéated
close‘to Kamachatka. The North Pacific subtropical anti -
cyclone weakens and shifts toWard the east with its axis
oriented north-south. Meanwhile, the Mongolian anticyclone

is well developed with an increase in polar outbreaks over
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China. Therefore, a considerable mass is transferred across
the subtropical area (Willett, 1939).
Taiwan is.located in a subtropical area where rainfall
increases'during périods of low zonal;index; Liu (1966)
has stated that heavy rainfall over Taiwan is always asso-
ciated with an increase in speeds of westerly winds at upper
leVels, This confirms Namias' (1950) study that low zonal-
index is characterized by the displacément of the belt of the
strongest westerlies towards the subtropical latitudes. The
variation in zonal-index reflects a shift in the latitudinal
" distribution of momentum rather than a decrease or increase
in absolute values because of the conservative nature of the
total momentum of the mid-tropospheric westerlies for a given
time. Wei (1968) has also found that over Taipei the average
wind-speed at 200 mb during the wet January of 1957-1958 ex-
ceeded that of the dry January of 1963-1965 by 18.2 m/sec. |
The dry periods from the start of this century to the
1930's at stations in the west and south, and to.the 1940's
at those in the north ana east of the‘island, as well as the
subsequent wet periods with a peak during the 1950's at all
the Stations, are found to be related to the strength of
the westerlies. Lamb and Johnson (1959, 1961) and Lamb (1966)

have recognized that indices of zonal circulation in most
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parts of the Worla incregsed since 1895 to a iaximum.
around 1925. Apparenfly, a pefiod of abnormal strength of
the'weeterlies‘was centered about 1925 -+ 20 years; As a
result, an abrupt deciine in rainfall.in the tropics and
subtropics occurred during the first three or four decades
of this centufy when the westerlies Were moet strengthened.
On the other haﬁd, the wet periods from the 1930's to the
1950's-at the stations in the west and south, and from the
.1940's to the 1950's at those in the north and east, were
associated with the decline_in the strength of the wester-
lies. |
vThe wet period terminated in 1960 at stations in the
south and west, but appears to have contlnued further into
the 1960's ‘at stations in the north and east (Figures 56 and
"57). The 1ncreaseAiﬁ ralnfal% durlng the_l960's in northern
and eastern Taiwen can be attributed fo the continued drop
in zonal index accompahied by an increase in frequency of
blecking situations in high 1a£itudes (Lamb, 1966). Since
1960, the meridional flow has become more prevalent (Wahl,
1972; Figure 5). Wang (1964) has found that the centef of
the Siberian anticyclone has been displaced towards low
latitudes since 1944. On the other'hand, the moesoon trough

was displaced northward from 1931.to 1960 (Wang, 1964) in
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connection with an increase in rainfall over Taiwan. Sipce
1960, the monsoon trough has probably been displaced:south—
ward in accordance with the weakening and southward dis-
plaeement of the North Pac1f1c subtroplcal antlcyclone (Lamb
1966). This is reflected by a decline in the frequency of
typhoons in the western North Pacific and Taiwan accompanied
by the decreased trend in rainfall in southern and western
Taiwan during the 1§60's.

The secular rainfall variation over Taiwan appears to
fpllow the 80¥year-solar-climatic_cycle postulated by Wiliett

(1961). During the firét'quarter of the minimum solar

~activity, approximately from the 1880's to the 1890's, the

zonal circulation prevailed over lowllatitudes. This low
zonal-index circulation was respohsibie for a wet period at

most tropical and subtropieal stations. ADuring-the second and
thlrd quarters of the 1rregular1y increased solar act1v1ty.
(Figure 54), approx1mate1y from the - 1900'5 to the 1930's, the
zonal c1rculat10n shifted poleward to middle latitudes, a

high zonal-index pattern..TThe low latitudes suffered a dry
period due to the weakening of the westerlies, whereas the

high latitudes experienced a Wet»period due to the strengthening
of the westerlies. During the fourth quarter of the peak solar

activity, approximately from the 1940's to the 1950's, the




244

%

atmospﬁeric circulation was characterized by low zonal-index
pattern with pronounced cellular blocking-highs. The sub-
tropical latitudes experienced a wet period. This is re;
flected by a pronouncéd incre#sé in rainfall over the entire
.island of Téiwan. During the 1960's, the beginning of the
fi?st Quarte£ of the current 80-year cycle, solar activity
declined (Figure 54). The westerlies became zonal and
strengthened over the low latitudes. As a‘result, rainfall

in the subtropics increased. Keelung and Hwalien show in-

‘creased secular rainfall trends during the 1960's. In con-

trast, at Taipei, Taichung, Téinan, Hengchun, and Taitung,
rainfall decreased during.the 1960's, perhaps associated
with the shrinking of the monsoon trough, and thé southward
displécement of the Norfh Pacific subtropical antigyglone,
accompanied by the decrease in typhoon activity.

Climatic changes in the geological time were evidenced

by the great glacial épochs. Climatologists have devoted

their attention to seek for possible physical mechanisms of
such changes. Milankovich (1930) indicated that the great
glacial periods gorresponded to the time of radiation reduc-
fion during‘wérm-season in middle aﬁd high latitudes. He
attributed such a radiation decrease to the change in the

positioﬁvof the earth's surface in relation to the sun.
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' Budyke (1972) has agreed with Milankovich's theory and has
demonstratea, by a numerical heat-balance model, that the
extent of the polar ice depends on the insolation on the
outer boundafy of the atmosphere. His'model has showed that
the present climetic regime is highly sensitive to a very
small chenge of incoming radiation. - The polar ice would
cpver the Whole'globe with a decrease in solar radiation by
2%, wﬁereas it would completely melt with an increase by
several tenths of 1%. A slight change in the ea;th's surface

. . ’ L .
temperature, not more than 1°c, Weuld lead to a noticeable
displacement of the ice cover limit.

The variation in the polar ice extent has been found
to be related to the variation in the atmospheric concentra-
tion of carbon d10x1de; aerosols, and water‘vapor. Budyko
'(1972) has indicated that the small change in carbon ledee
 .concentrat1on would con51stent1y affect the mean earth's
surface tempereture which in turn would lead to the shift in
the.polar ice cover over long .distances. Cemplete_ice;
melting may occur When’the—carbon»dioxide concentration in-
CIeases by 50% of its present value. The role of carboh
dioxide,.aerosols, and water vapor in climatic changes has

been a matter of debate and a subject of numerical experi-

ments. It has been found that the earth's mean annual surface
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temperature increased by about 6.6°C from 1880 to 1940.

Since 1940, it has been decreasing and is now about 0.3°C

~lower than in 1940 (Hobbs, et al., 1974). The carbon

dioxide concentration has been increasing significantly
since 1880, but without any interruption in 1940. Bryson
and Petterson (1968) has attributed the recent global cool-
ing to the man-generated turEidity. 'Mitchéll (1970) has
proposed that the Umbrelia:of fine dusts cast into the
stratosphefe by ?ecent volcanism must have accounted for
the global cooling trend since i940. Frisken (1971) has

indicated that increasing backscattering from high—layer

- aerosols results in the cooling of the near surface environ-

ment. ~MSller (1963) has recognized that 1% increasé of
general cloudiness would complete mask the wafming trend
caused by the increase in carbon dioxide concentration.

The increase in carbon dioxide concéntration would lead to
an increase in the earth's surfaée températuré which in turn
would increase evaﬁoration_from the sea. As a result; the
increasgd watef vapor would reinforce the warming trend.
However, the mean cloudiness would also increase, buffering
the warming trend due to the increase in albedo. Accordiné
to Manabe and Wetheraldfs (1967) numer%cal model, doubling

of carbon dioxide concentration would only increase the’
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earth'svsurface temperature by 2.40C, which could be masked
by a 3% increase in low cloud. Frisken (1971) concluded
that the earth's surface temperature may increase and then
decrease as a result of the inereasing atmospheric concen-
tration of carbon dioxide, aerosels, and water vapor.

It has been_founa that the polar ice boundary shows
year-to-year and secula; variations and is significantly
- related to climatic fluctuations. The polar ice extent af-
fects the surface albedo and hence the amount of solar energy
absorbed. It covers part of the sea surface available for
air-sea intefact%on, Iee cover is not only the ebnsequence
of cold climatic-conditions, but also, to some extent, the
cause of’them (Budyko, 1972). There is a possibility of a
sharp'increase in small climatic fluctuations due to a change
in the polar iee area. Because of its high‘albedo, more
than 80%, a large extent of ice cover tends to maintain cold
conditions Whicﬁ may lead te self-amplifying process (Brooks,
1949). Fletcher (1969) has found that the extent of the
Antarctlc sea ice may have caused change in the strength of
the general circulation_on a short-time scale{ Kukla (1974)
recognized tﬁat in 1972 the anomalous circulation pattern
'end,the-low'global surface temperature were asseciated with

a large increase in the extent of the Arctic sea ice, which
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can be detected by satellite photographs. He haé concluded
that the role of snow and ice in year—to—year weather varia-
‘tions seems to be substantiated. Lamb (1972) has notedvthét
the Arctic sea ice shrunk during the first half of this
century. The total area of the Arctic sea ice is estimated
to have shrunk by more thah:lO% between‘1920 and 1938. Sinée
the late 1950's and the early 1960's, the Arctic sea ice
lhas been noticeably increasing, perhaps in response to a de-
ciine in radiation budget in high latitudes accompanied by
the iﬁtensification of the polar anticyclone or the northerly
wind, bringing cold Arctic currehts towards low latitudes.

It appears that there is a étrong association befweeh
the secular rainfall variation in Taiwan and the variation
in the extent of the Arctic-sea_ice. The entiré'island of
Taiwan suffered a distinct dry period from about 1920 to 1940;
the years in which the Arctic sea ice melted at a most rapid
rate. The strength of‘thé westerlies and air and ocean
temberatﬁres in the nqrthe{n hemisphere reached ma#ima in
this period. On the other hand, the entire island of Taiwan
experiénced.distinct wet periods in tﬁe 1940's and tﬁe |
. 1950's, concurrent with the time the wésterlies_weakéned with
~active blocking situations. The limit of the Arctic sea ice

had withdrawn far to the north, but must have a lower melting
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rate than in tﬁe preceding period. The time of the late
1950's and the éarly 1960's marked a significant climatic
change in this century. This is evidenced by a sharp decline
in rainfall at most Taiwan stations, by a significant weak ~
ening of the westerlies With the mainstream shifting towards
the subtropics, andjby the cooling of ocean surface‘tem-
peratures. Climatologists have also' noted a considerable
decline in tree-ring widtﬁ in ﬁestern America (LaMarche,
1974). The Arctic sea ice has increased since the late 1950'5.
By 1964-1968, it advanced to the position similar to what
they had been in the 19th century before the decades of its

shrinking (Lamb, 1972).

Summary of Significant Results

'SOmé climatologists have recognized that climatic changes
may be only part of a random fluctuation in the\time series‘

- of meteoroiogical elements. fé&jevich (1968) stated that.in
the analysis of the longest series of annual values of pre-
cipitation.and runoff, no étatistically significant climatic.
changes could be detected. In contrast; Beaﬁ (1564) has in-
sisted that weather data are not random but governed by a high
degree of law and order. Numerous efforts have been devoted

to investigate the hidden periodicity and physical causes of
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fluctuations in the time series of meteoroiogical elements in
hope that théy can be used for forecasting. Seculér climatic
changes -are hemispheric phenomena and thus show pronounced
telecqnnections. Moving average and residual-mass curves are
.frequently used to study climatic changes. Climatic changes
were oftenﬁlinked to the variatiéns in the strength and pat-
tern of the atmoépheric Circulation, in the‘ocean-surface
temperatures, in the extent of the polar ice, and in solar
activity.. The current study emplo&ed the residual-mass
curves to identify fhe regional pattern in the secular rain-
fall variation over Taiwan. It appears that the secular
rainfall variatioﬁ over Taiwan is closely related to the
strenéth and pattern of the westerlies and is part of a
Worldwidé phenomenon. . The low zonal-index circulation pat-
terns favor Taiwan with wet pefiods, Wheféas the high zongl—
index patterns favor Taiwan With.dry periods. The secular
rainfall variation over.Taiwan was found.to folldw the 80-
yéar solar-climatic cycle.A During the first four decades

of this century, e.g., the second and third quarters of the
last 80-year cycle, the strength of the weste;lies increased
in aésociatiﬁn with the irregular increases in the sun-spot
numbers. As a result, dry periods prevailed at all the

Taiwan stations. The sun-spot numbers in the 1940's and
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'1950's are associated with the sharp decreases in the strength
of the westerlies which were characterized by pfonOunced
blocking situations. Therefore, wet periods occurred over
Taiwan. In the 1960'3, the fitst-quarfer of the current 80-

- year cycle, the sun-spot numbers decreased ACcompanied by

the continuing decrease in the strength of the westerlies.
But the westerlies were not characterized by blockipg

highs as they were in the 1940's and 1950's. 1Instead, they
were goﬁerned by the zona% circulation with the belt of the’
strongest westerlies shifting from middie to lOW 1atitudes.
Rainfall increased in northern and eastern Taiwan but de-
creased in western and southern Taiwan. Lamb (1972) has
indicated thatvthe circulation pattern in the 1960's is the»
recurrence of the period of the weak circulation righf be-
fore 1900. There is no doubt that climatic changes muét be
iinked to fluctuations in the oceén-surface_témperatureé.-
Rasool and Hogan (1969) have indicated that the mass and heat
capac1ty of the oceans 1s so 1arge that small changes in mean
ocean temperature over large areas of the globe would sig-
pificantly affeé£ the heat budget of the overlying atm§Sphere
and hence may be capable of initiating climatic changes. |
They héve suggésted that the ocean temperatures in the equa-

torial Pacific influences the dynamics of the Intertropical
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Convergence Zone which could influence the circulation pat-.
_terns’of‘the both.hemispheres. The process of the air%sea
interaction is complicated. Rossby‘(1§59) has suggested
that heat éan be temporarily stored in the deep sea and ﬁay
influence heat and water-vapor eﬁchange after periods of
the order of a few decades to a few centuries. Due to the
lack of long—térm ocean-surface temperature data in the
North Pacific, the.effect of the ocean-surface temperatures
on the secular rainfall variatioﬁ'over Taiwan cannot be
investigated. Howe&er, the pronounced drop in rainfall
over southern and western Taiwan from the 1950's to.the
1960*8 was apparently associated with below normal sea-surface
fempératures over the entire North Pacific.

The secular rainfall variation in Taiwan is related to
the variation in the extent of the Arctic sea ice. Taiwan
suffered a ary periéd from 1920 to 1940, the years in which
the Arctic sea ice melted at a most ;apid rate. Since 1940,
the Arctic sea ice had shran at a lower rate. Correspond-
ingly, the westerlies weakened and Taiwan experiénced a wet
period. The‘Arctic sea ice has expanded since the early .
1960's. Except for the northernmost section, Taiwan rain-

fall showed a significant decline.
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In this chapter, fhe cumulative deviation from the
annual fainfall mean has beeﬁ used to examine the climatic
changes in Taiwan during this century. It aims at the
finding of physical mechanisms which have aécounted for such
changes. The use of cumulative process has been a subject
of arguments. If has been found thaf long-term geophysical
data tend tovfollow the Hurst phenomenon, which states ;hat
the rescaled range, Rn/Sn, depends on period of record n.
Mathematicélly it can be exp:eésed by Rn/Snv5n,h'where
1.0>2h> 0,5, and Rn}and Sn are, respectivély, the sample
range of cumulative departure from the mean and the standard
deviation.§f a time series of iength n (Mandelbrpt and Wallis,
19695; Klemes, 1974). Many attempts have been made to apply
statistical.processes to fit the historical data eXhibiting.
‘the Hurst phenomenon so that numerical models can be es-
tablished to simulate time series. The Gauss-Markov procéss
canﬁot account for a time series which show extréme values,
the Noah effect, and long durations of values either above
or below mean, the Joseph effect (Mandelbrot and Wallis, 1968).
It has been‘found that the fracfioﬁal Brownian ndise, thé
autogressive‘integrated moving average, and broken line
process are capable of modellng the phenomenon obeylng the

Hurst law (Mandelbrot and Wallls, 1969a; O Connell, 1971;
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Rodriguez~Iturbe, et al., 1972). These models desc?ibe well
the statistical characteristics of long-run geophysical
records, but disregard the physical mechanisms that prdduce
processes exhibiting the Hurst‘phenémenon. The main proper-
‘ties of the fractional Brownian noise are (1) infinite
memory, (2) self-similarity, and (3) stationarity in the
mean. Klemes (1974) has demonstrated that the Hurst phenomenon
is not necessarily an infinite memory process. It can also
be caused bf‘nonstationarity in(thé mean and by specific
storage systems. He has further commented that the fractional
Brownian noise is an operational not a physically founded
model, and all the inferences about the physical propertiés
of the modeled processes that are based on it caﬁ be mis-
41eadihg. Scheidegger (1970) has also commented that to
extrapolate the correlated behavior from a finite time épan_
to an asymptotically infinite one by ﬁsing‘self—similarit?

is physically completely unjustified.
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CHAPTER XI

SUMMARY

A review of literature and personal communication with

climatologists in the Taiwan Weather Bureau indicate that the

following analyées regarding Taiwan rainfall have not been

carried out:

1.

A systematic classification of synoptic flow bat—
terns over Taiwan into types based on long-term
records; the tabulatioﬁ of frequencies of those
types and the interpretation.of their reiationships
with the spatial and temporal variatién in rainfall
over Taiwan.

The studonf temporal variation in frequencies of
synopticlflow types in terms of ocean—surféce
temperatures in the North Pacific, the extent of
tﬂe Arctic sea ice; and solar activity.

The forecasting Qﬁ the "plum rains”!over Taiwan by
the latitudinal position of polar fronts, the
500-mb geopotential heights and temperatures, and
wi%d variations in the lower stratosphere and

the troposphere.
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4, The fofecasting of the typhoon aqtivity'over'Taiwan
Ey the 700-mb énomalous circulation patferns with
a focus on the strength of the Siberian trough.

5. étatistical models of daily rainfall and synoptic
flow fype ﬁccurrences over Taiwan. |

6. The diurnal rainfall variation over Taiwan in rela-
tion to the synoptic-scale prevailing winds, land
and sea breezes, and topography.

7. The numerical prediction of annual rainfall from
frequencies of synoptic flow types by a-stepwise
multiple‘reéression analysis, |

8. Flood and drought frequencies in relation to cen-
ters of action and the strength of the westerlies.

9. The stability of annual réinfall mean and median,
fhe skewnéss, and rainfall probability curves.

10. The secular rainfall variation over Taiwan from
1897 through 1968; its trends, its regional pat-
terns, and its physical causes.

Berry and Perry (19;3) have stated that éynoptic cli-

.mafology is the study ofIIOCal or regional climate in rela-
tion to the atmospheric circulation. Its aim is to interpret

the spatial and temporal climatic patterns in terms of

large—séale weather processes and events. Two stages towards
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a synoptic‘climatolégy study are (1) thé determination of
cateéories of atmospheric circulation pattérns; (2) the
assessment of weather elements in relation to these cate-
gories. In this étudy, eleven synoptic fiow tYpes oﬁer
Taiwan were recqgﬁized, based on the daily weather maps for
the period 1959 té 1969. The spatial variation in rainfall
characteristics, such as mean annual, monthly, and daily
‘rainfall, the standard deviation and the maximum of daily
rainfall, and thg probability of rainy days, associated With
each synoptic flow type were presented in Chapters III
through VI. The forecasting of the 'plum rains" and the ty-
phoon activity 'over Taiwan was also discussed. In Chapter
'ViI, effort was devoted to the investigation of statistical
'models of daily rainfall and synoptic flow type occurrences
which are supplemental t§ols forlweatherrforecasting and are
particulafly importaht in‘agriculture and water resources
management. In Chapter II, atteﬁtion was paid'to the in§es-
tigation of teméorai patterns of fréquencies of synéptic
flow types in térms of the general circulation, the ocean-
surface températures,»and solar acti?ity. The temporal
patterns of rainfall ranging in scalé from diurnal to seéular

variations were presented in Chapters VIII through X.
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Rainfall characteristics associated with synoptic flow
types over Taiwan show distinct‘regional patterns because of
topographieAeffects. The Mongolian anticyclone, the cutoff
anticyclone, and the Taiwan low contribute significant amounts
of rainfall to northern and eastern Taiwan but negligible
amounté to western and southern Taiwan. Polar fronts become
stationary in Maf and June and cause the "plum rains'" over
the entire island. Their occurrence is associated with an
abrupt chahge in the atmospheric circulation, the downward
penetration of thé easteriy winds and ;n increase in tempera-
ture and geépotential height at théNSOO—mb level. The north
Pacific subtropical antiqyclone,‘the southwest monsobn; tyQ
phoon, and monsooﬁ trough dominate Taiwan in summer. - They
contribute rainfall to thé ehtire island with a higher inten-
sity to the south than to the north. Typhoons.tend to'visitv
Taiwan when a large negative anomaly area occurs over Siberia
and the east China seaboard.

In Taiwan, the annual frequencies of different synop-
tic flow types have been %ound to be rélated\to the strength
of the Wésferlies, solartactivity, ocean-surface temperatures
in the easte:n equat§rial Pacific and the central North
Pacific. The Mongolian anticyéloné and typhoons tend to visit

Taiwan most frequently during years of the_Weakéningvof the
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westerlies in fhe Nofthern.Hemisphere, associated with low
sun-spot number And warming of ocean-surface temperatures

- in the central North Pacifié. In contrast, the frequencies
of the Mongolian cutoff anticyclone and the North Pacific
subtropical anticyclone increase dﬁring the séme periods.
.In addition, the Mongolian anticyclone tends to visit Taiwan
mést frequently when ocean-surface temperatures in the
eastefn equatorial Pacific increase, whereas the Mongolian
cutoff anticyclone behaves in the reverse manner. The
wintér synoptic flow types are more dependable than the
éummer synoptic flow types, as evidenced byAtheir smaller
coefficients of variation in annual freqﬁéncies.

With the exception of southern Taiwan, the frequency
distribution of wet spells agrees well with that of the sim-
ple Mﬁrkov probability model. Therefore, daily rainfall
probabilities in different months calculated by fhe simple
Markov chain méael can be used for forecaéting. In southern
Taiwan, logarithmic series appears to‘fit‘data of daily rain-
fall occurrences. Except"for Taipei, the freqﬁency dis-
tribution of dry spells'aérees well With that of either the
simple Markov chain model or thevlogarithmic series. The
freqﬁency distribution of all synoptic flow types follows

the simple Markov chain probability model; but only that of
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summer synoptic fiow types, such as the pélar front over
Taiwan, the North Pacific subtropical anticyclone, the
soufhwest ménsoon, the southern-type typhoon, and the_mon—
soon trough, follows the logarithmic series.

In Taiwan;tdiurnal rainfall variations show distinct
regional patterns and correlafe well with the synoptic-
scale prevailing‘winds, land and sea breezes, coastgl con-
figurations, and other elements of topography. At lowland
aﬁd coastal stations, there are reverse diurnal fainfall
patterns between winter and summer. This can be attributed
to the shift in the syﬁoptic—scale prevailing winds causeq
by the change of different syndptic flow types from one
season to,another. |

Stafistical analysis indicates that in Taiwan rainfall
skewness is higher in southern coastal plaiﬁs where rainfall
is mainly contributed by summer synoptip flqw types, whereés
it is lower in ndrthefn.Taiwan and mouﬁtain areas where both
summer and winter synoptic flow types contribute significant
amounts of rainfall., It ;equires at lgast eighteen years to
obtain a stable mean or median, and at some stations no
stable mean or median can be obtained‘fér the entire study

period 1897 to 1968.



Annual rainfall at various Taiwan stations can be
satisfactorily estimated from énnual_frequencies of synobtic
flow types By stepwise mﬁltiple regression equdtions. The
most significant variable accounting for the year-to;year
rainfall variétions over the entire study period\at Keelung,
is the Nérth Pacific subtropical anficyclone?‘at‘Taipei,
Taichung, and Alishan, the monsdon trough, at' Kaoshiung, the
southern~type typhoon, at Hengchun, Taitung, ahd Yilan,
the Mongolian cutoff anticyclone, and at Hwalien; the Taiwan
~low. It is found that flocods and droughts over Taiwan are
closely rélated to the position of the Aleutian low and to
zonal -index. Floods‘tend to occur over Taiwan when the
Aleutian low is displaced eastward and southward of its nor-
mal position, whereas droughts tend to occur when the‘
Aléufian low is close to its normal position. Low zonal-
index brings Taiwan floods, whereas high‘zonal-inaex brings
Taiwan droughts.

The secular rainfall variation over Taiwan iskpart of
a worldwide phenomenon ana fesembleé that at various sub-
tropical and tropical stationé. It shows distinct regional
pattérns aﬁd appears to be related to the strength of the
westerlies, ocean temperatures, the extent of the Arctic sea

ice, and solar activity. In general, high zonal-index or
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' strong westerlies favor Taiwan with low rainfall. In con-
trast, low zonal-index with pronounced cellular blocking-
highs in the westerlies favors the entire island ﬁith heavy
rainfall. ‘Low zonal-index with the strengthening of the
zonal circulation ever low latitudes favors only northern
and eastern Taiwan with heavy rainfall while it brings the
other sectors of the island-low rainfall. The secular rain-
fall variation over Taiwan appears to follow the 80-year
solar—climatic cycle. The first four decades ef this century
coincide with the second and third quarters of the last
80-year cycle{ Sun—spet number showed an irregular increased
trend, accompanied byva pronounced increase in the strength
of ?he Westerlies. <Ae a result, the entire is%endvof Taiwan
suffered dry periods. The 1940's and 1950's coincided with
the fourth quarter of the last cycle, with an increase in
sun-~-spot number; but the strength of thevwesterlies Weakeﬁed
sharplylwith prohounced blocking-highs. The entire island
thus experienced wet periods. In the 1960's, the beginning
of the first quarter of the current cyele, sun-spot number
’decreased.in assqciation with tﬁe continuing decrease in the
strength of the Westerlies. The belt of the maximum strength
of the westerlies was displaced from middle to low latitudes.

Northern and eastern Taiwan enjoyed wet periods, but western
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and southern Taiwan suffered dry periods. The Arctic sea
ice shrunk poleward most rapidly from about 1920 tb 1940,
and has advanced equatorward since 1960, These two periods
coincide, respeétively,‘with the high; and low-zonal index
in the northernAhemisphere.

The application of synoptic climatoiogy lies in several
fields. Agriculture ié of most concern to geographers. The
classical stuéy usually'correiates climatic zoneé with agri-
culfural land-use patterns. Tempeféture, rainfall, and
moisture-index are/frequently used to show climatic and crop
distribution relatibns; Recently, numerical approaches have
been used to estimate crop yiélds from meteorological éle-
ments. Watson (1963) has stated that climate determines what
types of éropé can be grown in a certain area and that
weather detérminés the annual yield. It is commonly believed
that solar radiation determines the potential crop pro-
ductivity and that water-use affects the actual yield. Many'
studies link‘fluctuations in annual crop yields to varia-
tions in annual rainfall.m In Australia, there is a strong
association between fluctuations in some aspects‘of total
Australian agricultural production and the variatiéns'in the
prbportion of Australia experiencing above-average rainfall

(Maunder, 1970). Shaw and Thompson (1964) have found that
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there is a close associatibn.between crop and rainfall varia-
tionsvin the midwest of the United States.' Thompson (1964)
used the multiple regression technique to estimate the corn
yield trend in Iowa by weather variables, and claimed that
improved weather aécounfed for almést é third of tﬁe increése
in yield from 1930 to 1962. Mather (1968) has.found a
significantly high correlation cqefficient between corn yield
and moisture defi;it in Cumberlaﬁd County, New Jersey.

In Tai&an, crop:distribution shoﬁs pronounced regional
patterns and is closely related to climatic copditions.
Ricé fields dominate the cﬁltivated land in northern Taiwan
where winter synoptic flow types produce significant amounts
of rainfall. In contrast, southern Taiwan is characterized
by more diverse croplands. Due to long dry Winiers in that
region,‘cash crops; such as sggaréane, pinéapple, and
bananas, also accoﬁnt for large propprtions of cultivated
lands. The boundary separating these two 1and—use‘types cd-
incides approximately with the zero water-deficit line de-
rived‘from Thornthwaite's>method’(Chen, 1959). In Taiwan,
the variation in annual rice yield appears to be affected by
1arge~scalé droughts (Figure 59 in.AppendiX C). The rice
yield Ha§ ipcreased since the early years of this century,

largely due to improved technology and an increase in
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cultivated lands. The secular #ice—yield trend showed a
significant decline from 1938 to l945‘because of World War
II. Moreover, the pronounced decreases in rice yields in
1923, 1933, and 1963 were associated with the occurrenées of
large~scale d:oﬁghts over Taiwan. .The'1963 drought caused

a pronounced reduction not only in rice yield but'also in
many other crop yields. Synoptic studies indidated that the
pronounced drought‘in 1963 was attributable to fhe signif-
ica?t increase in the frequency of the North Pacifié sub-
tropical anticylone in contrast to the decrease in the fre-
quency of the Mongolian anticyclone, polar frénts, and
typhoons. The stepwise multiple regression analysis indicates
that the annual frequency of the northern-type .typhoon
accounts for about 57% of the total variation in the annual
rice yield over the study period. The Mongolian cutoff
anticyélone is the second important variable; its annual
freqﬁency accounts for about 14% of’the total variation in
the annual rice yield. The coéfficiént of determination be-
tween annual rice yields_#nd frequencies of synoptic flow
types almost reaches 100%, reflecting the fact that the

former can be successfully estimated from the latter (Table

61 in Appendix F),
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Synoptic_climatology is also important in fhe study of
water balance over a certain:aréé; vWater.balance varies iﬁ
scale r#nging from the whole globe to individual stations.
In any case, rainfall is one of the pajor variables in water-
balance equations. - The spatial and temporal pafterns of
rainfali provide basic data for the study of ﬁater balance.
In Taiwan, water deficit and surplus calculated from
Thornthwaite's method (Chen, '1959) indicate pronounced re-
gional and seasonal patterns which are closely related to
different rainfall regime§ resulting from different synoptic
flow types.v Northérn Taiwan shows prbnouncgd Water deficit
in SUmmer and water surplus in winter, because winter synop-
tic flow types contribute abundant rainfall to that region.
In contrast, southern and southwestern Taiwan show pro-
nounced water deficits in Winter and water surbluses in
summer, because rainfall in those regions is conceﬁtrated in
sﬁmmer. Northwestern Taiwan shows significant water deficit
in fall, probably due to its leeward position with respect
to the east and southeast-winds associated with the Mbngolian
cutoff anticyclone which dominatés Taiwan in that season.

The primary‘concern of.synoptic climatslogy is.weather
and climate forecastihg. Although the construction of

weather maps is the daily routine work :‘n the Taiwan Weather
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,Bureau, rainfall forecasts issued to tﬁe public are still
restricted to qualitative description due to the lack of
stafistical guidee. jRainfall forecasfing is mainly based
on the‘weathermen's intuitive experiehces; it would be more
objective if forecast from the prebability, mean, standard.
deviation; and maximum of daily rainfall under each syn-
optic flow type. The Markov ehain model was proven useful
for objective“ferecasting of‘the_probability of daily
raihfall occurrences. Such statisticai methods are par-
ticularly helpful for the hydrologists ih forecasting river
runoff.. The study of fhe rainfall -runoff relation by
hydrographs and multi-varient models requires information‘
of the daily and hourly rainfall. The diurnal rainfall
pattern méy~be helpful in forecasting the fime and aﬁount
of peak runoff. The author; during his service for the
 Taiwan Weather Bureau in 1966, recognized that the forecast
reinfall data provided to hydrologiets by weathermen may

change several times in a day due to a lack of statistical

&alueé such as those presented in this study. ~This draw-
back.can be avoided by forecasting mean, standard deviation,
and maximum daily rainfall.

In coﬁclusion, this study enhances the‘understanding

of spatial and temporal characteristics of rainfall over



Taiwan in terms of synoptic and géneral circulation,
air-sea interaction, And solar activity. It postulatés
various means for the forecasting of rainfall varying
in temporal scale from diurnal to secular patterns over
different sectors of the island. These are important in
estimatihg the water resource potential for agricultural

and hydrological applications.

268
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" APPENDIX B

TABLE 24
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MEAN, STANDARD DEVIATION, AND MAXIMUM OF DAILY

Keeluné
Taipei
Taichung
Tainan
Kaoshiung
Hengchun
Taitung
Hwaliéh
Yilén

Alishan

RAINFALL ASSOCIATED WITH THE MONGOLIAN

ANTICYCLONE (UNIT: MM)

Mean -

16.5

Standard Deviation

16.9

14.0

11.0

~Maximum

80.4
61.9
58.5
52.9
53.7
88.7
66.3
110.2

63.5
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MEAN, STANDARD DEVIATION, AND MAXIMUM OF DAILY
RAINFALL ASSOCIATED WITH THE MONGOLIAN

Keelung
Taipei
Taichung
Tainan
Kaoshiung
Hengchun
Taitung
Hwalien
Yilan

Alishan

APPENDIX B

TABLE 27

CUTOFF ANTICYCLONE (UNIT: MM)

Mean

Standard Deviation

13.5

14.5
13.2

10.1

Maximum
124.3
30.0
22.0

16.6

201.4
145.3

47 .0
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MEAN, STANDARD DEVIATION, AND MAXIMUM OF DAILY
RAINFALL ASSOCIATED WITH THE TAIWAN LOW

Keelung
Taipei
Téichung
Tainan.
Kaoshiung
Hengchun
Taitung
Hwalien
Yilan

Alishan

Mean

21.0

APPENDIX B

TABLE 30

. (UNIT: MM)

Standard Deviation
23.9

12.5

17.3

11.5

282

Maximum

116.1
61.3
57.0
31.5
44.8
32.9
53.5
36.6

107.7

57.5
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MEAN, STANDARD DEVIATION, AND MAXIMUM OF DAILY

APPENDIX B

TABLE 33

286

RAINFALL ASSOCIATED WITH POLAR FRONTS OVER TAIWAN

J

Keelung
Taipei
Taichung
Tainan
Kaoshiung
Hengchun
Taitung

- Hwalien
Yilan

Alishan

Mean
19.7
15.3
20.8
17.9
20.6
16.1
13.6
13.4
13.6

31.8

(UNIT: MM)

Standard Deviation
24.2
24.3.
30.7
.28.9
29.7
21.6
22.7
22.7
23.9

47 .0

Maximum
199.3

243.3 -

235.3
237 .7
150.8
198.3
207.0

295.9

. 347.9
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MEAN, STANDARD DEVIATION, AND MAXIMUM OF DAILY
RAINFALL ASSOCIATED WITH POLAR FRONTS SOUTH

Keelung '
Taipei |
Taichung
Tainan
Kaoshiung
Hengchun
Taitung
Hwalien
‘Yilan

Alishan

APPENDIX B

TABLE 36

OF TAIWAN (UNIT: MM)

Mean

13.8

9.2

11.4

11.4

18.4

Standard Deviation
20.7
14.9

13.1

18.3

18.5

290

Maximum
118.3
85.0
53.3
41.5
39.7
52.0
34.4
34.3
109.1

71.0
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MEAN, STANDARD DEVIATION, AND MAXIMUM OF DAILY
RAINFALL ASSOCIATED WITH THE NORTH PACIFIC
SUBTROPICAL ANTICYCLONE (UNIT: MM)

’

Keelung
Taipei
Taichung
Tainan
Kaoshiung
Hengchun
Taitung
Hwalien
Yilan

Alishan

Mean

APPENDIX B

TABLE 39

Standard Deviation
4.9
11.6

'14.5

294

Maximum
31.7
66.8
68.0
54.2
84.0
65.7
72.6
60.6
67.0

92.6



295

70T

LTI

Teior

OIAIOVd HIYON HHI ¥

0°0

1931ed16 pue ¢rgy €°9L-6'09

(
od

°0

0°0

% :IINN) mzoqoonHZ<,q<UHmOMHmDm

8°09 - ¥ qg €°9C - L2T 9°2T~-T'0

¥°0

c'T1

Ueys Ty

UeTTA

Ud TTemy
Bbuniteg
zsaomzmm
Buntysoey
ueuTrey
punyoter
Todrey
Bbunytasy

urur

SHILISNHINI INHIHAIIA HLIM SAVQA ANIVY 40 ALITIEVHONd

OF d19VI

d XIANdaddv



296

(A

c1 IT OT 6

‘uw T*Q ueyz SsSaT Hﬁmycﬂmn ATYlUOU UEdW SD3EOTPUT4

NOOSNOW ISEMHINOS HHI HLIIM JIIVIDOSSY TIVANIVH A THINOW

" E€°0% 6°9¢
6°0C 6°L
6°9T I°S TI°0
0°9 TI°¢g
L*8T O°'%I m.o
0'zZ 0°'8
9°'FE 6°6
€*'9T 8°2CT
6°LT 2°'9 *
8*0¢ uno *
o) S 4
(WK :IINN)

BTy d14dvVL

g XIAN"ddV

I°0

UeySTTV
UerTTx

Uud T TemMy
Bbunjytey
cwsomswm
puntysoey
ueurey
Punyotey
. Todtey
punraay

' SYIUON

NVEN 40 INNOWY



297

cT

1T

9°0

o1

"%1°0 Uey3l SsaT TTejurex ATYyjuow uesuw Jo sbejueoiad sa3eoTputy

O.HN c'g
79 _m.m
o'v | 2
I°6 LT
O°'€ET 6°9
0°9T ¢€°9
V'PYT €°1T
8°61T <C'¥%
$*Sse 9°9
m.hw 9°9

L 9

¥*0
€% TI°0
g'¢ 1°0
1°2

(% :IINN)

CMSWWH<
uelTA

us TTemy
punjtey
unyobuay
puntysoey
ueutel
mﬂdsonH
Todrel

~ BbunTtoay

SYuoy

NOOSNOW ISHEMHINOS HHI HIIM QAIVIDOSSY TIVANIVM FAGHZOZ NVAEW 40 dOVINIDIAL

qly F1avr

9 XIAN"ddV



MEAN, STANDARD DEVIATION, AND MAXIMUM OF DAILY
RAINFALL ASSOCIATED WITH THE SOUTHWEST MONSOON

Keelung
Taipei |
‘Taichung
Tainan
Kaoshiung
Hengchun
Taitung
Hwalien
Yilan

Alishan

Mean

APPENDIX B

TABLE 42

(UNIT: MM)

Standard Dewiation
12.1
21.0
13.7
17.5
- 16.2
14.8
16.6
12.1
12.0

21.5

298

Maximﬁm
64.8
145.9
114.2
109.6
. 86.1
120.1
94.1
64.1
70.9

166.3
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MEAN, STANDARD DEVIATION, AND MAXIMUM OF DAILY

- APPENDIX B

TABLE 46a

304,

RAINFALL ASSOCIATED WITH NORTHERN-TYPE TYPHOONS

Keelung
Taipeil
Taichungh
Tainan
Kaoshiung
Hengchun
Taitung
Hwalien
Yilan

Alishan

Mean

39.4

36.1

36.0

24.5

26.0

38.3

35.5

51.5
44.0

79,7

(UNIT: MM)

Standard Deviation
54.2
49.8
69.2
48.2
75.5
54.2.
53.5
72.4
61.7

161.1

Maximum

2904.1

332.1

431,1

292.6



MEAN, STANDARD DEVIATION, AND MAXIMUM OF DAILY
RAINFALL ASSOCIATED WITH SOUTHERN-TYPE TYPHOONS

Keelung
Taipei |
Taichung
Tainan

Kaoshiung

Hengchun . .

Taitung
Hwalien
Yilan

Alishan

Mean

- 26.8
21.3

21.1

33.4

30.9

46.0
53.5
44.6
42.2

56.6

APPENDIX B

TABLE 46b

(UNIT: MM)

Standard Deviation
56.0
39.7
38.0
42.7
39.4
57 .2
60.8
57.7
86.7

93.4

305

Maximum
323.5
230.3 -
243.3
200.4
232.6
256.6
289.4
284.3
460.5

508.0
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MEAN, STANDARD DEVIATION, AND MAXIMUM OF DAILY
RAINFALL ASSOCIATED WITH THE KYUSHU-TYPE TYPHOON

Keelung
Taipei
Taichung
Tainan
Kaoshiung
.Hengchun
Taitung
Hwalien
Yilan

Alishan

Mean
15.1
14.3
46.2

35.7

-48.0

28.1

19.5

'12.0

17.3

35,7

APPENDIX B

TABLE 49

(UNIT: MM)

Standard Deviation
23.1

17 .7

33.7
16.7
21.0
‘34.8'

57.1 .

310

Maximum
69.6
68.2
660.2
234.6
240.3
126.9

48.6

69.4
137.8

234.6
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MEAN, STANDARD DEVIATION, AND MAXIMUM OF DAILY
RAINFALL ASSOCIATED WITH MONSOON TROUGHS

‘Keelung

Taipei
Taichung
Tainan
Kaoshiung
Hengchun
Taitung
Hﬁalien
Yilan

Alishan

Mean

11.2

13.0

13.6

11.6

17.3

20.8

15.8

13.4

17.6

APPENDIX B

TABLE 52

(UNIT: MM)

.Standard‘Deviation
16.9
l6.1
‘ 19.6
17.9
24.0
20.7
29.4
25.3
19.3

17.6

314

Maximum
74.2
67 .2

84.0

138.9
102.5
149.7
106.2
99.6

101.9
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APPENDIX C
TABLE 54
FREQUENCY DISTRIBUTION OF WET-SPELLS BY THE SIMPLE

MARKOV CHAIN PROBABILITY MODEL (Fe)
AND BY OBSERVATION (Fo) -

Spells Keelung | Taipei Taichung Kaoshiung

Fe Fo Fe Fo Fe Fo Fe Fo
1 163 180 201 224 192 204 168 203
2 118 126 134 126 114 127 | 99 85 .
3 86 73 91 72 68 47 58 40
4 62 61 61 61 41 30 34 21
5 45 39 41 39 24 25 | 20 22
6 33 33 27 - 33 15 16 12 15
7 24 18 18 18 ) 8 7 9
8 17 17 "' 12 17 5 7 4 5
9 12 10 8 10 3 5 2 3
10 9 /5 5 5 2 - 1 1 0
11 7. 7 4 7 1 1 1 o)
12 5 5 2 5 1 2 o 0
13 ‘ 4 © 3 2 - 4. o 1 0 1
14 3 2. 1 3 0 0 o o)
15 3 2 1 3 0 1 o 1
15« o 5 2 °o o 1 . 0 3
Chi-

square 7.94 : 9.98 12,69 ' '21.35
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APPENDIX C

TABLE 54
CONTINUED

Spells Hengchun Taitung | ‘Hwalien Yilan »
Fe Fo Fe Fo Fe Fo . Fe Fo
1 1193 230 270 278 217 252 179 206
'2 115 = 97 156 146 ° ‘145 130 128 105

3 68 56 91 103 97 86 01 104
4 41 33 53 42 64 55 65 54
5 24 24 - 30 .27 43 38 47 | 34
6 14 4 18 12 29 29 33 36
7 9 6 10 16 19 15 24 27
8 5 10 6 7 13 12 17 15
9 3 7 3 4 8 8 12 9
10 2 6 2 4 6 6 9 11
11 1 0 1 1 4 7 6 4
12 1 1 1 1 3 5 4 8
13 0 '1 0 1 2 2 3 6
14 o) o 0o O 1 3 2 4
15 o) 0 | o o0 1 1 2 3
15+ 0 2 o) o 2 3 4 3

Chi- .
square - 26.73 10.81 11.20 18.27



FREQUENCY DISTRIBUTION OF DRY-SPELLS BY THE SIMPLE
MARKOV CHAIN PROBABILITY. MODEL (Fe)

Spells

10
11
12
13
14
15
15+

Chi-
square

Keelung

Fe Fo
186 219
127 119

87 72

59 62

41 37
28 24

19 11

13 13

9 6
6 1
4 3
3 4
2 1
1 0
1 4
2 12
18.59"

APPENDIX C

TABLE 55

AND BY OBSERVATION (Fo)

Taipei

. Fe Fo
175 217
125_ 102
89 84
64 55
46 34
33 31
23 26
17 9
12 17
8 15

6 5

4 3
3 3

2 3

2 2

4 7

31.64

~Ta

Fe
81

67

56

46

39

32

27

22

18

15

13

11

30

ichung

Fo
129

73
47
49
41
19
20

12

10

40

60.38

318

Kaoshiung
Fe Fo
55 106 -
47 66
41 42
35 26
31 26
27 25
23 12
20 11
17 9
>15 5
13 9
11 5
10 4
8 4
7 4
47 54
87.68



Spells

10
11
12
13
14
15
15+

Chi-
square

Hengchun
Fe Fo
109 142
84 92>
65 44
50 43
39 31
30 33 -
23 20
18 13
14 8
11 12
8 9
6 2>
5 2
4 8
3 1
10 vl 18
29.4

APPENDIX C

TABLE 55
CONTINUED
Taitung
Fe Fo‘
167 184
124 125
92 87
68 59
50 | 53
37 44
28 16
20 17
15 17
11 10
8 4
6 6
5 1
3" 2
3 4
7 17

15.85

Hwalien

Fe ‘Fo
207 255
141 123

97 . 91

66 50

45 39

31 23
21 20

14 9

10 11

7 9
5

3 4
2 4
2 2
1 2
2 '8

23.25

Y
Fe
216

141

92

61

40

26

17

11

319

ilan
Fo

259

139

76

48

28

25

23.64
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APPENDIX C
TABLE 59
FREQUENCY DISTRIBUTION OF SYNOPTIC FLOW TYPES -

BY THE SIMPLE MARKOV CHAIN PROBABILITY
MODEL (Fe) AND BY OBSERVATION (Fo)

Spells 1 | 2 3 4 5
Fe Fo Fe Fo Fe Fo Fe Fo Fe Fo
1 132 129 170 170 108 96 io3 83 15 22
2. 79 .97 93 100 33 46 55 s 10 16
3 47 34 51 . 42 10 9 20 27 7 5
4 28 29 28 30 3 6 15 14 4 1
5 17 17 15 10 1 1 8 9 3 1
6 9 8 8 15 0 0 4 7 2 0
7 6 6 4 5 0 0 2 5 1 0
8 4 3 2 0 0 0 1 5 1 0
9 2 2 1 0 0 o 1 3 1 0
10 1. 2 1 'o o) o) 0 2 0 o)
Chi -

square 7.91 ~ 10.06 6.55 4.52 7 .44




Spells

9
10

Chi-
square

Fe
108
66
40
24

14

Fo

117

69

36

13

15

6.71

Fe
42
28

18

12

'~ APPENDIX C
TABLE 59
CONTINUED

7 8

'Fo Fe Fo
52 27 22
27 16 26

10 9 10
8 5 3
8 3 1
5 2 0
2 1 0
2 1 )
3 0 1
2 o) 0

7.31 8;08

Fe

24

11

Fo

23

11

Fe

32

16

328

11
Fo
32

18



Spells

9

10

Chi-

square

APPENDIX C
TABLE 60
FREQUENCY DISTRIBUTION OF SYNOPTIC FLOW TYPES

- BY THE LOGARITHMIC SERIES (Fe) AND BY
OBSERVATION (Fo)

Fe Fo Fe Fo Fe Fo Fe Fo
162 129 196 170 122 96 106 83
65 97 74 100 30 46 - 44 59

35 34 38 42 10 ° 9 24 27

21 290 22 30 4 6 15 14
13 17 13 10 2 1 10 9
9 8 8 15 1 0 7 7
6 6 5 5 0 0 5 5
4 3 4 0 0 o) 4 5
3 2 2 0 0 0 3 3
2 2 2 2 0 0 2 2

26.98 22.74 14.00 10.31

Fe

26

329

20.60



Spells
Fe
1 139
> s6
3 30
4 . 18
5 11
6 8
7 5
8 4
9 3
10 é
Chi-

square

Fo
117
69
36
13

15

10.73

Fe

55

24

13

APPENDIX C

TABLE 60

CONTINUED

7. 8
| Fo Fe Fo
52 31 22
27 12 26
10 6 10
8 4 3
8 2 1
5 2 0
2 1 0.

2 0

3 0 1
2 0 0
1.90 21.60

Fe

27

Fo

23

11

Fe

38

13

330

11

Fo

32

18
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APPENDIX D
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Figure 58. The relation between N/S and x for all values
of the former from 1 to 70,000 (after Williams, 1947).
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APPENDIX F

TABLE 61

COEFFICIENTS OF DETERMINATION (R2) BETWEEN ANNUAL

Steps

RICE YIELDS AND ANNUAL FREQUENCIES

OF SYNOPTIC FLOW TYPES

Flow Types
8

5

8+9

2
R

.0.5716

0.1345
0.0826
0.0916
0.0577
0.0264
0.0209
0.0044

0.0101

s r®

0.5716
0.7061
0.7887
0.8802
0.9380
0.9644
0.9853
0.9897

0.9998

333
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