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ABSTRACT

The typhoons affecting Taiwan during 1900-1945 are defined as those with a
low-pressure center making a landfall in Taiwan or moving near Taiwan and included
in disaster reports. The annual and monthly numbers of typhoons were lower during
1900-1945 than during 1970-2015, which might be attributed to the colder environ-
ment, a weakened western North Pacific subtropical high with the eastward retreat
and lack of satellite detection techniques during 1900-1945. However, the monthly
percentages of typhoons were comparable in the high-frequency months of July—Sep-
tember during the two periods. In contrast to the warm period, the cold period had
fewer total typhoon numbers but more concentrated occurrence during May—Octo-
ber. During 1900-1945, an interannual variability of the typhoon frequency affecting
Taiwan was observed. During the typhoon-more (typhoon-less) years, the significant
sea surface temperature patterns were dominated by warm (cold) anomalies elongat-
ing the tropical central-eastern Pacific with a maximum center in the central Pacific
and cold (warm) anomalies over the tropical western Pacific. The anticyclonic (cy-
clonic) circulation around Taiwan that responds to a divergent (convergent) center in
the Maritime Continents tended to provide a favorable (unfavorable) steering flow
to force typhoons over the east of the Philippines moving westward/northwestward
(eastward) toward (away from) Taiwan. The modulations of intraseasonal oscilla-
tions on typhoon movements under the westward/northwestward and northward
tracks of typhoons affecting Taiwan exerted a positive but different effect on steering
the typhoon toward or near Taiwan.

1. INTRODUCTION

Typhoons accompanied with strong winds and heavy
precipitation are one of the most dangerous types of natu-
ral hazards globally (Wang and Lin 2002; Chen and Chen
2011; Tu and Chen 2019). Typhoons tend to form at a warm
ocean temperature of minimum 26.5°C threshold and in fa-
vorable conditions such as during sufficient vorticity and
convergence, decreased atmospheric stability, sufficient
Coriolis force, high lower-tropospheric relative humidity,
and low vertical wind shear (Gray 1968, 1998; Lee et al.
1989; DeMaria et al. 2001; Emanuel 2008; McTaggart-
Cowan et al. 2015).
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Among global oceanic basins, tropical cyclone activ-
ity is the most active over the western North Pacific and
the surrounding South China Sea. In the western North Pa-
cific, tropical cyclone movements are divided into seven
major tracks: four recurve tracks moving northward toward
the western North Pacific, one northwestward track from
the tropical western North Pacific toward East Asia, one
westward track toward the South China Sea, and one track
with genesis and movements inside the South China Sea
(Camargo et al. 2007; Chu et al. 2010; Kim et al. 2012; Tan
et al. 2019).

From July to October, 50%—60% of total rainfall was
accounted for by typhoons in the regions of 18°N and 26°N
(Kubota and Wang 2009). In Taiwan, 47.5% of total rainfall
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from July to September (Chen et al. 2010) and 27% of total
rainfall in October could be attributed to typhoons (Chen et
al. 2013). In particular, in eastern Taiwan, more than 60%
of total rainfall from July to October was contributed by
typhoons (Kubota and Wang 2009). Therefore, typhoon-
induced rainfall is a crucial water source in Taiwan (Tsou
et al. 2016). The absence of or the occurrence of fewer ty-
phoons than normal through or around Taiwan may have
substantially affected economic, social, industrial, agricul-
tural, and household water usage.

Typhoon tracks are strongly determined by genesis lo-
cations and steering flows (Wu and Wang 2004). The west-
ern North Pacific subtropical high provides an important
source for steering flows of typhoon tracks across the west-
ern North Pacific region (Ho et al. 2004; Wu et al. 2005;
Tu et al. 2009; Chu et al. 2012; Wang and Chen 2018). El
Nifio—Southern Oscillation (ENSO) exerts a considerable
impact on the typhoon genesis locations in the western
North Pacific and subsequent moving tracks.

The monsoon trough tends to expand eastward and
have an eastward movement in the typhoon genesis location
during El Nifio years (Lander 1994; Chia and Ropelews-
ki 2002; Zhan et al. 2011; Bell et al. 2014). The genesis
frequency of tropical cyclones increases (decreases) in the
southeastern (northwestern) quadrant of the western North
Pacific due to cyclonic vorticity (upper-level convergence)
anomalies (Wang and Chan 2002; Kim et al. 2011). As the
genesis locations of tropical cyclones shift eastwards, tropi-
cal cyclones have more time over oceans before making a
landfall, and thus normally live longer and gain more en-
ergy to enhance their intensity (Camargo and Sobel 2005;
Kim et al. 2013). Due to the eastward expansion of mon-
soon trough, tropical easterlies weaken and exert a negative
impact on the westward movements of tropical cyclones,
therefore tropical cyclones have a longer period to experi-
ence beta effects and thus increase the chance of northward
recurring movements (Wang and Chan 2002; Zhao et al.
2011; Colbert et al. 2015). Typhoons making a landfall in
Japan and Korea along the northward recurring typhoon
tracks are shown to have a higher frequency in the early
summer of El Nifio years than in La Nifia years (Fudeyasu
et al. 2006).

The propagation of intraseasonal oscillations (ISOs)
modulates the tropical cyclone movement in the western
North Pacific (Liebmann et al. 1994; Ko and Hsu 2009; Li
and Zhou 2013; Chen et al. 2018) and South China Sea (Tan
et al. 2019; Chen et al. 2020). In the western North Pacific,
Ko and Hsu (2009) demonstrated that in the 30-80-day ISO
westerly phase, the 7-30-day submonthly wave pattern was
better organized and typhoons were clustered near the 7-30-
day cyclonic circulation during their genesis and propaga-
tion. On the other hand, the wave pattern and typhoons were
weak and poorly organized in the ISO easterly phase. These
results imply that both typhoon movement and propaga-

tions of submonthly anomalies are effectively modulated
by the 30-80-day ISO. Chen et al. (2018) demonstrated
that summer typhoons tend to cluster around the center of
a 10-24-day cyclonic anomaly and follow its northwest-
ward propagation from the tropical western North Pacific
toward the region near Taiwan. These typhoon movements
are subject to favorable background conditions provided by
a northwest—southeasterly extending 30-60-day cyclonic
anomaly. Chen et al. (2020) analyzes ISO modulation on
movements of typhoons formed over South China Sea.
For typhoons with either the northward, northwestward, or
northeastward tracks, they tend to follow the propagation of
the 10-24-day cyclonic anomaly and move along different
tracks. The above movement comes under the influence of
favorable environments in terms of moisture convergence
provided by 30-60-day cyclonic anomalies distributing
along typhoon tracks.

Entrance tropical cyclones are defined as initially form
in the western North Pacific and later move into the aimed
region. Tan et al. (2019) examined the modulation processes
of 30—60-day ISO on entrance tropical cyclones in the South
China Sea and found four types of asymmetric relationships
with ENSO: La Nifla-more, La Nina-less, El Nifio-more,
and EI Nifio-less. ENSO provided a favorable environment
for La Nifia-more types but not for the other three types;
however, 30-60-day ISO assisted La Nifia-more, El Nifio-
more, and El Nifio-less types but not the La Nifia-less type.

The aforementioned studies have mainly focused on
the satellite era after 1960. However, limited typhoon stud-
ies were conducted during 1900-1945, which refers to the
presatellite era and a colder period than the late 20" century.
A major concern is the uncertainty of typhoon data, such
as typhoon tracks, resulting from the lack of satellite data
during 1900-1945. Over the past few decades, the Taiwan
Central Weather Bureau (TCWB) has made considerable
efforts to reconstruct the best tracks of typhoons that af-
fected Taiwan during 1897-1948 by performing a compre-
hensive data analysis of weather maps and typhoon tracks
collected from Hong Kong Royal Observatory, Shanghai
Typhoon Research Institute, and Japan Meteorological
Agency and the hourly measurements of meteorological
stations in Taiwan and nearby islands under the Japanese
government (Chin 1958; Hsu 1973; Wang 1992; Shieh et
al. 1998). The best typhoon tracking data reconstructed by
the TCWB were used to examine the modulating effect of
ISOs on typhoon tracks affecting Taiwan. An interannual
variability of the frequency of typhoons affecting Taiwan
was observed during this period, and typhoon-more and
typhoon-less years could be identified. The state-of-the-
art 20™ Century Reanalysis V2 data (Compo et al. 2011),
validated by meteorological observations, were used in the
analysis of large-scale processes associated with the fre-
quency of typhoons affecting Taiwan.

In this study, we considered the cold period from 1900
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to 1945 which is a presatellite era, to investigate typhoon
statistics and climatology during 1900-1945 and 1970-
2015 (section 3.1), modulatory processes in typhoon-more
and typhoon-less years during 1900-1945 (section 3.2),
ISO modulations on typhoon movements during 1900-1945
(section 3.3), and the associated discussion. Conclusions are
drawn at the end of this paper.

2.DATA

2.1 Frequency of Typhoons Affecting Taiwan During
1900-1945

The annual number of typhoons affecting Taiwan dur-
ing 1900-1945 can be obtained from the book “Tropical
cyclone tracks over Taiwan from 1897 to 1996 and their
applications” published by the TCWB (Shieh et al. 1998).
The typhoon affecting Taiwan was defined as the one with a
low-pressure typhoon center that made a landfall over Tai-
wan or moved near Taiwan and was included in disaster
reports. The typhoon during this period was recorded in the
book to have the maximum sustained wind speed equal to or
greater than 34 knots.

2.2 Digitalized Typhoon Tracks

Because the period from 1900 to 1945 refers to a pre-
satellite era, no digital data regarding typhoon tracks are
available. To address this limitation, over the past few de-
cades, the TCWB has reconstructed the best tracks of ty-
phoons affecting Taiwan during 1897-1948 by perform-
ing a comprehensive data analysis of weather maps and
typhoon tracks collected from all nearby meteorological
institutions from Hong Kong, Shanghai, and Japan and the
hourly measurements of meteorological stations in Taiwan
and nearby islands under the Japanese rule (Chin 1958; Hsu
1973; Wang 1992; Shieh et al. 1998). Thus, the position
of the low-pressure typhoon center can be retrieved and
digitalized from hourly best typhoon tracking data recon-
structed by the TCWB for each typhoon event. Because the
typhoon track map covers only the region of 19°N-29°N
and 115°E-131°E, the best typhoon track could not be re-
trieved beyond this region.

2.3 Large-Scale Circulation Data

To represent large-scale process associated with ty-
phoon-more and typhoon-less years, the daily and monthly
20" Century Reanalysis V2 data from National Oceanic and
Atmospheric Administration (NOAA)/Earth System Re-
search Laboratories (ESRL)/Physical Sciences Laboratory
(PSL) (Compo et al. 2011; https://psl.noaa.gov/data/grid-
ded/data.20thC_ReanV?2.html) were used. The 20" Century
Reanalysis V2 contains objectively analyzed 4-dimensional
weather maps and has a temporal resolution of 6-hourly,

daily, and monthly average data from January 1, 1871, to
December 31,2012, and a spatial resolution of 2.0° latitude
x 2.0° longitude. The analyzed variables include the 850
hPa velocity potential, streamfunction, relative vorticity,
700-hPa relative humidity, 500-hPa omega (vertical veloc-
ity), and wind, and vertical wind shear is defined as a zonal
wind of 200 hPa minus that of 850 hPa.

The monthly extended reconstruction SST (ERSST)
version 5 data were used to illustrate the interannual vari-
ability of SST over the Pacific. The monthly and globally
averaged ERSST version 5 anomaly comprises the extended
data from 1854 to 2016 compared with version 4.

2.4 30-60 Days of ISOs

ISOs are mainly composed of two components in the
frequency bands of 10-24 and 30-60 days (Hartmann et al.
1992; Chen and Chen 1995; Chen et al. 2000; Ding 2007).
The ISO-related studies discussed in the Introduction (Ko
and Hsu 2009; Chen et al. 2018, 2020) reveal two salient
features associated with ISO modulations on typhoon
movements: (1) typhoons tend to cluster around the 10-24-
day/submonthly cyclonic anomaly to exhibit a coherent
moving course along different typhoon tracks; (2) typhoon
movements and propagations of the 10-24-day/submonthly
cyclonic anomalies are both facilitated and thus modulated
by the longer-lasting favorable background environments
provided by the 30-60-day ISO. Thus, the analysis of 30—
60-day ISO should be sufficient to illustrate ISO’s steer-
ing effect on typhoon movement. In this study, 30-60-day
streamfunction at 850 hPa from daily 20™ century R2 data
was employed and the daily digital typhoon tracks were re-
constructed from the TCWB (Shieh et al. 1998).

3. RESULTS AND DISCUSSION

3.1 Typhoon Statistics and Climatology During
1900-1945 and 1970-2015

The periods of 1900-1945 and 1970-2015 were chosen
to compare typhoon statistics and climatology associated
with typhoons affecting Taiwan. Globally-averaged surface
air temperature anomalies (not shown) during 1946-1969
did not change uniformly positive or negative and the first
weather satellite TIROS-1 was not launched until 1960.
Thus, the period of 1946-1969 was not considered due to
the lack of a consistent sign of temperature change and also
a consistent method to observe typhoons.

The monthly average number of typhoons affecting
Taiwan from April to December was lower in 1900-1945
(red bars in Fig. 1a) than in 1970-2015 (blue bars in Fig. 1a).
No typhoon affecting Taiwan occur from January to March.
The total number of typhoons from April to December was
170 during 1900-1945 and 287 during 1970-2015.

A high typhoon frequency occurred during the three
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Fig. 1. The monthly average (a) number and (b) percentage (%) of typhoons affecting Taiwan from April to December during 1900-1945 (red color)

and 1970-2015 (blue color).

months of July, August, and September with frequencies of
50 (61), 57 (83), and 36 (60), respectively, in 1900—1945
(1970-2015). The typhoon numbers were 7-11 in May,
June, and October and 0 in April, November, and December
during 1900-1945. In contrast, the typhoon numbers during
1970-2015 were all higher in these months: 11-34 in May,
June, and October and 1-10 in April, November, and De-
cember. October and June had a 1-month difference, respec-
tively, with the high frequency months of September and
July. However, typhoons in both periods had a higher fre-
quency in October than in June, implying the lag effects of
ocean memory (Bruneau et al. 2020). No typhoon occurred
in April, November, and December during 1900-1945;
however, 13 typhoons occurred in April, November, and
December during 1970-2015, implying the more suitable
environment for typhoon development during 1970-2015
(warm period) than during 1900-1945 (cold period). The
typhoons in the western North Pacific during the less active
months (from December to February) of the warm period
are also called as Christmas typhoons, representing their ef-
fect on Christmas holidays (Basconcillo and Moon 2021).
Note that the typhoon numbers during 1900—1945 were ob-
tained from Shieh et al. (1998) developed by Taiwan Cen-
tral Weather Bureau, different from those after 1960 from
the digitalized satellite-supported best-track databases such
as JTWC, RSMC, and IBTRACS. Therefore, the typhoon
numbers during 1900-1945 and 1970-2015 are not suitable
to put together for the analysis of long-term trend or multi-
decadal variability.

The monthly average percentage of typhoons affect-
ing Taiwan from April to December during 1900-1945
(red bars in Fig. 1b) indicated that a high percentage of ty-

phoons occurred during the three months of July, August,
and September (29%, 34%, and 21%, respectively). The
typhoon percentage ranged from 4% to 6% for May, June,
and October and 0% for April, November, and December.
The monthly average percentage of typhoons affecting Tai-
wan during 1970-2015 (blue bars in Fig. 1b) indicated that
a high percentage of typhoons occurred during the three
months of July, August, and September with percentages
of 21%, 29%, and 21%, respectively. The typhoon percent-
age ranged from 4% to 12% in May, June, and October
and from 0% to 3% in April, November, and December. In
July—September, the total number of typhoons varied large-
ly, with 143 during 1900-1945 and 204 during 1970-2015;
however, the total percentage of typhoon frequency was
comparable, with 84% during 1900-1945 and 71% during
19702015, implying a more concentrated occurrence of ty-
phoons in July—September and less diversified distribution
among other months in the cold period than in the warm
period. Higher typhoon numbers affecting Taiwan during
1970-2015 than during 1900-1945 might be associated
with several mechanisms such as warmer ocean tempera-
ture, stronger western North Pacific subtropical high with
westward expansion, ISO modulations and better detection
techniques during 1970-2015 and these issues were further
examined as follows.

In the 1900—-1945 period, the climatological means of
sea surface temperature (SST), 850-hPa velocity potential
(X850), and 850-hPa streamfunction (S850) in July—Sep-
tember revealed the presence of a warm SST center over
tropical western Pacific (Fig. 2a), an elongated convergence
center from southeastern China to the east of Philippine Is-
lands (Fig. 2b), two anticyclonic centers in the subtropical
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suppressed.

North Pacific and the tropical Indian Ocean, and two cy-
clonic centers in the southern Eurasia and the subtropical
North Pacific (Fig. 2c), respectively. The climatological
means of SST (Fig. 3a), X850 (Fig. 3b), and S850 (Fig. 3¢)
in July—September in 1970-2015 revealed similar patterns
but with a stronger intensity than those in 1900-1945. The
location and strength of western North Pacific subtropi-
cal high is one of the important factors in determining the
frequency of typhoons affecting Taiwan. The intensified
western North Pacific subtropical high with a westward
expansion contributed the frequency of typhoons affecting
Taiwan (Ho et al. 2004; Wu et al. 2005) during 1970-2015
(Fig. 3c) than during 1900-1945 (Fig. 2c).

The differences of SST, X850, and S850 in July—Sep-
tember in 1900—1945 minus those in 1970-2015 are shown
in Fig. 4. Differences or composite anomalies with signifi-
cance at the 0.10 level obtained using Student’s ¢ test are
shaded. The significant SST patterns featured dominant
cold differences almost over all the Pacific Ocean and In-
dian Ocean with maximum cold differences of —0.8°C in
the subtropical central Pacific (Fig. 4a). Warmer SST dur-
ing 1970-2015 than during 1900-1945 with a maximum
difference of 0.4°C to the east of Philippines provided a
suitable environment for typhoon genesis and development
(Fig. 4a). The increase of total typhoon genesis numbers in
the western North Pacific might not guarantee the increase

of typhoon numbers affecting Taiwan; however, it could
provide help in increasing the possibility of the typhoon
numbers affecting Taiwan.

In response to SST differences, X850 differences ex-
hibited a divergent center (negative values) in the Bay of
Bengal and a convergence center (positive values) around
140°W in the tropical eastern Pacific (Fig. 4b). Through the
response of a Matsuno—Gill type (Matsuno 1966; Gill 1980)
to tropical forcing described by X850 differences, S850
differences (Fig. 4c) revealed a large cyclonic circulation
(negative values) with three minor divided cyclonic centers
around Maritime Continents to the north of 10°S and an an-
ticyclonic circulation (positive values) to the south of 10°S.
One of the divided cyclonic circulations close to Taiwan
tended to drive typhoons over the east of the Philippines
to have westward or northward movement toward Taiwan.
X850 differences (Fig. 4b) were dominated by a divergence
circulation over Eurasia, implying a weaker convergence
circulation during 1900-1945 than during 1970-2015. Sim-
ilarly, compared to the 2-meter air temperature field (not
shown) of 1970-2015, that of 1900-1945 exhibited a colder
land and slightly cold ocean in Asia which resulted in a
lower land-sea contrast and corresponding weaker monsoon
and convergence. Thus, the land-sea contrast should play a
role in shaping the complicated pattern of S850 differences
(Fig. 4c).
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This section presents the climatology fields for the pe-
riods of 1900-1945 and 1970-2015 and their differences.
Since the two periods reveal a large difference in total ty-
phoon numbers, the period of 1900-1945 will be the focus
for the following sections.

3.2 Modulatory Processes for Typhoon-More and
Typhoon-Less Years in 1900-1945

The annual number of typhoons affecting Taiwan dur-
ing 1900-1945 showed a clear signal of interannual vari-
ability (Fig. 5). The long-term mean and standard deviation
for the number of typhoons during this period were 3.11
and 1.54, respectively. Typhoon-more (typhoon-less) years
were defined as those with a yearly typhoon number one
standard deviation above (below) the average (Table 1).
Thus, typhoon-more years included 1903,1913,1914,1923,
1926, 1940, and 1942, with the number of typhoons ranging
from 5 to 6. The typhoon-less years were 1907, 1908, 1915,
1933, 1937, 1938, and 1941, with the number of typhoons
ranging from O to 1.

Large-scale modulatory processes associated with ty-
phoons affecting Taiwan in July—September during 1900—
1945 were examined for typhoon-more and typhoon-less
years. The oceanic and atmospheric processes were explored
using SST anomalies and lower-tropospheric atmospheric
circulation anomalies in terms of X850 and S850 relative
to the climatological means during 1900-1945. Composite
anomalies of SST, X850, and S850 for the typhoon-more
years are shown in Fig. 6. The significant SST anomalies
(Fig. 6a) showed warm anomalies elongating the tropical
central-eastern Pacific with a maximum center in the central
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Fig. 5. The time series of the number of typhoons affecting Taiwan in
July—September of 1900-1945. The long-term mean is 3.11 and stan-
dard deviation is 1.54. The one standard deviation above and below the
average are indicated by red dashed lines, respectively.

Pacific and cold anomalies over the tropical western Pacif-
ic, similar to those of central Pacific El Nifio (Yu and Kao
2007). A pair of warm and cold anomalies occurred between
30°N and 50°N with the maximum warming in the western
Pacific and a cold center in the eastern Pacific, similar to
the positive phase of Pacific Decadal Oscillation (Mantua
etal. 1997). These findings suggest the possible modulation
of large-scale decadal climate modes on typhoons (Wang
and Liu 2016; Yang et al. 2018) and should be explored in
further studies.

In terms of SST anomalies, X850 anomalies (Fig. 6b)
responded with a divergent center in Maritime Conti-
nents and three convergence centers (positive values) over
130°W-160°W in the tropical eastern Pacific and over 40°N
in the northwestern Pacific (Fig. 6b). Through the response
of a Matsuno-Gill type (Matsuno 1966; Gill 1980) to tropi-
cal forcing illustrated by X850 anomalies, S850 anomalies
(Fig. 6¢) exhibited a pair of anticyclonic anomalies strad-
dling the Equator to the west of the anomalous convergent
center in the Maritime Continents and a pair of cyclonic
anomalies to the east. The anomalous anticyclonic circula-
tion around Taiwan tended to drive typhoons over the east of
the Philippines moving westward or northward to Taiwan.

For typhoon-more years, there were warm SST anom-
alies in the tropical eastern Pacific and cold SST anoma-
lies in the Maritime Continent (Fig. 6a). The above tropi-
cal forcing induced a northeast-southwesterly anomalous
anticyclone overlying Taiwan (Fig. 6¢). Typhoon genesis
over the 120°-130°E, 10°-20°N region, immediately to the
east of the northern Philippines, was facilitated by positive
850-hPa relative vorticity anomalies (Fig. 7a) and ascend-
ing (negative) 500-hPa omega anomalies (Fig. 7c) but was

Table 1. The number of typhoons affecting Taiwan during July—Sep-
tember of 1900-1945 for the typhoon-more and typhoon-less years.

Classification Year Typhoon number  Total (Average)
Typhoon-more 1903 5 39 (5.6)
1913 5
1914 6
1923 6
1926 6
1940 6
1942 5
Typhoon-less 1907 0 5(0.7)
1908 1
1915 1
1933 1
1937 1
1938 1

1941 0
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inhibited by 700-hPa relative humidity (Fig. 7b) and verti-
cal wind shear (Fig. 7d). After formation, typhoons were
then driven by anomalous easterly flows to the south of the
anomalous anticyclone overlying Taiwan to move toward
Taiwan (Fig. 7e), resulting in increased typhoons affecting
Taiwan during the typhoon-more years.

For the typhoon-less years,composite anomalies of SST,
X850, and S850 are shown in Fig. 8. Cold SST anomalies
(Fig. 8a) spread over the tropical central-eastern Pacific with
a maximum center in the central Pacific, and warm anoma-
lies over the tropical western Pacific near Maritime Conti-
nents, a reversed pattern to those of typhoon-more years. In
response to SST anomalies, X850 anomalies (Fig. 8b) ex-
hibited a convergent center to the northeast of the Maritime
Continents, and a divergent center over 140°W in the tropi-
cal eastern Pacific (Fig. 8b). Through the response of a Mat-
suno—Gill type (Matsuno 1966; Gill 1980) to tropical forc-
ing denoted by X850 anomalies, S850 anomalies (Fig. 8c)
demonstrate a pair of cyclonic anomalies straddling the
Equator to the west of the anomalous divergent center in the
Maritime Continents and a pair of anticyclonic anomalies to
the east. The anomalous cyclonic circulation close to Tai-
wan tended to force typhoons eastwards away from Taiwan.

For the typhoon-less cases, SST anomalies were cold
in the tropical eastern Pacific and warm in the Maritime
Continent (Fig. 8a). These anomalies forced an anomalous
cyclone to the east of Taiwan (Fig. 8c). Underneath this
anomalous cyclone, typhoon genesis in the 125°-140°E,
10°-20°N region, was facilitated by positive 850-hPa rela-
tive vorticity anomalies (Fig. 9a), positive 700-hPa relative
humidity anomalies (Fig. 9b), ascending (negative) 500-hPa
omega anomalies (Fig. 9¢), and reduced (negative) vertical
wind shear anomalies (Fig. 9d). After formation, typhoons
are moving northward toward Japan along the center of the
anomalous cyclone, resulting in a reduced chance to ap-
proach Taiwan. As such, typhoons affecting Taiwan de-
crease during the typhoon-less years.

Note that Figs. 7a - d and 9a - d were much more re-
lated with the typhoon genesis rather than the typhoon track.
Typhoon-more years tended to have two favorable condi-
tions of increased low-level relative vorticity and midlevel
vertical velocity anomalies but two unfavorable conditions
of decreased low-level relative humidity and increased
vertical wind shear anomalies for typhoon genesis (Figs.
7a - d). However, the steering flow (Fig. 7e) played an im-
portant role in the movement of typhoons directed toward
Taiwan. Typhoon-less years tended to have four favorable
conditions of increased low-level relative vorticity, relative
humidity, midlevel vertical velocity, and decreased verti-
cal wind shear anomalies for typhoon genesis (Figs. 9a
- d). However, the steering flow (Fig. 9e) tended to push
typhoons away from Taiwan. For both typhoon-more and
typhoon-less years, the steering flow played a critical role in
modulating the typhoon numbers affecting Taiwan.

3.3 ISO Modulations on Typhoon Movements During
1900-1945

There were six major tracks of typhoons affecting Tai-
wan during 1900—1945 in the typhoon-more years (Fig. 10).
Typhoon tracks 1-5 indicated the westward/northwestward
(W/NW) typhoon movement from the east or southeast of
Taiwan, and all of them showed a similar movement direc-
tion. However, tracks 2—4 had higher quality because they
indicated landfall over Taiwan and had more observation
data compared with tracks 1 and 5. Typhoon track 6 ex-
hibited the northward typhoon movement close to Taiwan
from the south or southeast of Taiwan, which is a totally
different direction from that of tracks 1-5. Thus, tracks
2—-4 and 6 were examined for ISO modulations on typhoon
movements for the typhoon-more years. The total sample
numbers were 39 and 5 for typhoon-more and typhoon-less
years, respectively (Table 1). As a result, the typhoon-more
years could be performed for further analysis in different
tracks but the sample number for typhoon-less years was
too low for the composite analysis of ISO modulation on
typhoon tracks.

According to the TCWB report on typhoons affect-
ing Taiwan (Shieh et al. 1998), Day O was defined as the
first day of the typhoon affecting Taiwan, which refers to
the compendium of typhoons affecting Taiwan provided

by the TCWB in the website (https://web.archive.org/

web/20170108044417/http://photino.cwb.gov.tw/rdcweb/
lib/clm/tyname.htm). A list of typhoons used for the exami-

nation of ISO modulations on movement of typhoons and
Day 0 for each typhoon event for tracks 2, 3, 4, and 6 are
shown in Table 2.

The composite anomalies of 30-60-day S850 associ-
ated with 15 typhoons (Table 2) under tracks 2—4 evolving
from 6 days before (Day —6) to 4 days after (Day 4) are
shown in Fig. 11. The positions of typhoons in each evolu-
tion phase are indicated by solid circles. Composite anoma-
lies significant at the 0.10 level in Student’s ¢ test are shad-
ed. Note that typhoon center positions could be traced back
at most 4 days before Day 0 due to the limited region of the
typhoon track map. In tropical regions, ISO anomalies were
quite closely related to tropical convection and could be
well illustrated by low-level tropospheric (850-hPa) circu-
lation anomalies rather than mid-level 500-hPa circulation
anomalies. For typhoon tracks 2—4, the major features from
Day —6 (Fig. 11a) to Day 4 (Fig. 11f) were dominated by a
zonally elongated cyclonic anomaly with the strongest cen-
ter near Taiwan. The locations of the cyclonic center shift
from the South China Sea on Day —6 (Fig. 11a), Day —4
(Fig. 11b), and Day -2 (Fig. 11c¢) to the middle of Taiwan
on Day 0 (Fig. 11d), Day 2 (Fig. 11e), and Day 4 (Fig. 11f).
This elongated cyclonic anomaly slowly moves northward
on Day —4 (Fig. 11b) and Day -2 (Fig. 11c) and continues
to move northward with a strengthened intensity on Day 0


https://web.archive.org/web/20170108044417/http:/photino.cwb.gov.tw/rdcweb/lib/clm/tyname.htm
https://web.archive.org/web/20170108044417/http:/photino.cwb.gov.tw/rdcweb/lib/clm/tyname.htm
https://web.archive.org/web/20170108044417/http:/photino.cwb.gov.tw/rdcweb/lib/clm/tyname.htm
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(Fig. 11d) and Day 2 (Fig. 11e), followed by a weakened
intensity on Day 4 (Fig. 11f). The typhoon affecting Taiwan
tends to form within the 30—60-day cyclonic anomaly to
the east/southeast of Taiwan between 120°E and 130°E on
Day —4 (Fig. 11b) and Day -2 (Fig. 11c), then move W/NW
inside the anomalous cyclonic center in Taiwan on Day 0
(Fig. 11d), and finally move W/NW to southeastern China.
The typhoon affecting Taiwan under tracks 2—4 move along
the favorable environment contributed by slowly northward
moving and extended 30-60-day anomalous cyclonic cir-
culations around Taiwan. The modulation effects of ISOs
on tracks 2—4 during July—September in 1900-1945 were
similar to those of La Nifia-more-type entrance typhoons in
the South China Sea during fall (September—November) in
1960-2010, except the different positions of anomalous cy-
clonic centers (Tan et al. 2019).

For typhoon track 6, five typhoons (Table 2) were
applied, and the major features from Day —6 (Fig. 12a) to
Day 4 (Fig. 12f) exhibited an east—west circulation pair of
an anomalous cyclone centered to the east of Taiwan and
anomalous anticyclonic circulations on its east. This cyclon-
ic anomaly slowly moved northward on Day —4 (Fig. 12b),
reached its maximum strength on Day -2 (Fig. 12¢), and
then decreased from Day O (Fig. 12d) to Day 2 (Fig. 12e).
The strongest cyclonic center moved to the east of Taiwan
from Day —6 (Fig. 12a) to Day 0 (Fig. 12d) and to the mid-
dle of Taiwan on Day 2 (Fig. 12¢e). The typhoons affecting
Taiwan under track 6 moved along the favorable environ-
ment contributed by slowly northward moving 30-60-day
anomalous cyclonic circulations with the strongest center
to the east of Taiwan. The modulation effects of ISOs on
track 6 during July—September in 1900-1945 were similar
to those of recurving migratory typhoons in the South China
Sea during July—August and September—October in 1979—
2015 (Chen et al. 2019).

The anomalous ISO cyclone is considered to provide
a favorable large-scale environment for typhoons to move
in and forward. This process also acts to guide typhoon
movement simply via the appearance of an anomalous ISO
cyclone. As demonstrated by Chen et al. (2019), there are
two major mechanisms for ISO modulations on typhoon
movement. One is via strong anomalous flows to drive ty-
phoon movement. In this case, typhoons have to locate in
the boundary regions of the circulation anomalies to experi-
ence strong steering flows. This case can be found in the ty-
phoons cases with a northward movement shown in Fig. 12
of this study. For the other type, typhoons are located in the
middle region of an ISO cyclonic anomaly where steering
flows are relatively weak. In this case, typhoons move along
with the 30-60-day anomalous cyclone from its southeast-
ern/eastern sections toward its central region. This case can
be found in the typhoons cases with a W/NW track shown
in Fig. 11 of this study.

4. CONCLUSIONS

The typhoon affecting Taiwan was defined as the one
with a low-pressure typhoon center that made a landfall in
Taiwan or moved near Taiwan and was included in disas-
ter reports during 1900-1945 (Shieh et al. 1998). During
this period in Taiwan, the typhoon was recorded to have
the maximum sustained wind speed equal to or greater than
34 knots. The annual and monthly typhoon numbers were
lower during 1900—-1945 than during 1970-2015; however,
the monthly percentage of typhoons was comparable be-
tween the two periods during the high frequency months of
July—September (Fig. 1). Higher typhoon numbers affecting
Taiwan during 1970-2015 than during 1900-1945 might be
associated with several mechanisms such as warmer ocean
temperature (Fig. 3a), intensified western North Pacific
subtropical high with westward expansion (Fig. 3c), and
better detection techniques during 1970-2015. ISO activity
favored typhoons affecting Taiwan both during 1970-2015
(Chen et al. 2018) and 1900-1945 (Figs. 11 - 12).

The typhoon numbers affecting Taiwan during 1900—
1945 (Fig. 5) were obtained from Shieh et al. (1998) de-
veloped by Taiwan Central Weather Bureau, different from
those after 1960 from the digitalized satellite-supported
best-track databases such as JTWC, RSMC, and IBTRACS.
Therefore, the typhoon numbers during 1900-1945 and
1970-2015 are not suitable to put together for the analy-
sis of long-term trend or multidecadal variability although
the two periods had the distinct difference in temperature
change. It is interesting to find more typhoons affecting Tai-
wan in the warm period of 1970-2015 than the cold period
of 1900-1945. However, cautions related to uncertainty
about typhoon observations in the pre-satellite 1900—1945
period need to be taken when diagnosing changes of ty-
phoon numbers between these two periods.

The climatological means of SST, X850, and S850 dur-
ing July—September in 1900-1945 (Fig. 2) exhibited similar
patterns but had weaker intensities than those in 1970-2015
(Fig. 3). The intensified western North Pacific subtropical
high with a westward expansion contributed the frequency
of typhoons affecting Taiwan (Ho et al. 2004; Wu et al.
2005) during 1970-2015 (Fig. 3c) than during 1900-1945
(Fig. 2c). The differences of SST, X850, and S850 during
July—September in 1900—1945 minus those in 1970-2015
(Fig. 4) revealed significantly cold SST differences over
almost all the entire Pacific Ocean and Indian Ocean, a
divergent center in the Bay of Bengal and a convergence
center around 140°W in the tropical eastern Pacific, a large
cyclonic circulation with three minor divided cyclonic cen-
ters around Maritime Continents to the north of 10°S, and
an anticyclonic circulation to the south of 10°S. One of the
three divided cyclonic circulations close to Taiwan tended
to drive typhoons over the east of the Philippines moving
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Fig. 10. Typhoon track numbers 1-6 denote the six major typhoon tracks affecting Taiwan.

Table 2. A list of typhoons used for the examination of ISO modulations on move-
ment of typhoons for tracks 2, 3,4, and 6.

Year Typhoon name Date of day 0 Year Typhoon name Date of day 0

Track 2+3+4 Track 6
1903 BO19 8/6 1903 BO18 7/31
1903 B021 8/18 1923 B101 8/10
1903 B022 8/30 1926 B117 9/15
1913 B058 7/19 1940 Bl161 7/21
1913 B062 9/10 1942 B168 7/22
1914 B065 717
1914 B066 7/13
1914 B069 9/6
1926 B113 7/31
1940 B160 717
1940 B164 8/30
1940 B165 9/30
1942 B166 7/11
1942 B169 8/9

1942 B170 9/12
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westward or northward toward Taiwan. The lower land-sea
contrast in Asia during 1900-1945 than during 1970-2015
should play a role in shaping the complicated pattern of
S850 differences.

Typhoon-more (typhoon-less) years during 1900—1945
are defined as the number of typhoons one standard devia-
tion above (below) the average. Schematics of large-scale
modulating processes in the typhoon-more and typhoon-
less years are presented in Fig. 13. For the typhoon-more
years, the significant SST patterns were dominated by warm
anomalies (red shaded area in Fig. 13a) elongating the trop-
ical central-eastern Pacific with a maximum center in the
central Pacific and cold anomalies (blue shaded area in Fig.
13a) over the tropical western Pacific, similar to those of
central Pacific El Nifio (Yu and Kao 2007). An anticyclonic
circulation (red solid lines in Fig. 13a) around Taiwan that
responds to a divergent center (blue solid lines in Fig. 13a)
in the Maritime Continents tended to drive typhoons over
the east of the Philippines moving westward/northwestward
to Taiwan. For the typhoon-less years, SST patterns were
dominated by cold anomalies (blue shaded area in Fig. 13b)
in the tropical central-eastern Pacific with the maximum
center in the central Pacific and warm anomalies (red shad-
ed area in Fig. 13b) over the tropical western Pacific near
Maritime Continents, a pattern opposite to that observed in
the typhoon-more years. A cyclonic circulation (red dashed
lines in Fig. 13b) to the east Taiwan that responds to a con-
vergent center (blue dashed lines in Fig. 13b) in the Mari-

(a) TC—more
T 1

time Continents tended to force typhoons eastward away
from Taiwan.

Typhoon-more years tended to have two favorable
conditions of increased low-level relative vorticity and mid-
level vertical velocity anomalies but two unfavorable condi-
tions of decreased low-level relative humidity and increased
vertical wind shear anomalies for typhoon genesis. How-
ever, the eastern/southern steering flow (black arrow in Fig.
13a) played an important role in the movement of typhoons
directed toward Taiwan. Typhoon-less years tended to have
four favorable conditions of increased low-level relative
vorticity, relative humidity, midlevel vertical velocity, and
decreased vertical wind shear anomalies for typhoon gen-
esis. However, the western/northern steering flow (black ar-
row in Fig. 13b) tended to push typhoons away from Taiwan
and directed toward Japan.

The anomalous ISO cyclone is considered to provide
a favorable large-scale environment for typhoons to move
in and forward. This process also acts to guide typhoon
movement simply via the appearance of an anomalous ISO
cyclone. As demonstrated by Chen et al. (2019), there are
two major mechanisms for ISO modulations on typhoon
movement. One is via strong anomalous flows to drive ty-
phoon movement. In this case, typhoons have to locate in
the boundary regions of the circulation anomalies to experi-
ence strong steering flows. This case can be found in the ty-
phoons cases with a northward movement shown in Fig. 12
of this study. For the other type, typhoons are located in the
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Fig. 13. Schematic diagrams for large-scale modulating processes in the (a) typhoon-more, and (b) typhoon-less years. Positive/negative SST
anomalies are marked by “Warm”/’cold” and red/blue shaded areas. Anticyclonic/cyclonic anomalies are represented by “AC”/”C” and red thin
solid/dashed lines. Divergence/convergence anomalies are marked by “Div”/”’Conv” and blue thin solid/dashed lines. Anomalous steering flows are

indicated by black solid arrows.
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middle region of an ISO cyclonic anomaly where steering
flows are relatively weak. In this case, typhoons move along
with the 30—-60-day anomalous cyclone from its southeast-
ern/eastern sections toward its central region. This case can
be found in the typhoons cases with a W/NW track shown
in Fig. 11 of this study.

Note that the anticyclone/cyclone circulations revealed
in the S850 patterns for typhoon-more and typhoon-less
years were not statistically significant under p < 0.10 (Figs.
6¢ and 8c) but statistically significant under p < 0.20 (not
shown). The warm/cold SST patterns derived from Figs. 6a
and 8a also showed a similar behavior (not shown). Since all
the associated patterns were statistically significant under p
< 0.20 which is an acceptable threshold of significance, it is
evident that the signals of SSTs and large-scale circulation
presented in Fig. 13 are real and meaningful, not random
noises. The difference of statistical results of significance
might be attributed to less data during 1900—1945 than dur-
ing 1970-2015 and it is a limitation of our study.
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