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Quantitative and climatological analysis on the tracks and cyclogenesis locations of all 77 typhoons that hit
Taiwan in the last 40 years (1977-2016) during typhoon season (May to November) is carried out. Ten pathways
of all typhoons that hit Taiwan are detected with almost 1.9 typhoons per year. 53% of typhoons hit Taiwan from
the East direction, typically (78%) only from the Philippine Sea. Typhoons from the West uniquely survive the
longest hours with the highest sinuous tracks, often (59%) only from the South China Sea. Typhoons striking
Taiwan from the East are the most intense whereas from the West the least intense. The Fisher’s Exact and Chi-
square (y2) tests also establish that the sinuous nature of the tracks of typhoons is more responsible for the longer
survival of typhoons (r = 0.67) than its strength. 26% more cyclogenesis is detected during the warm phase of El
Nino Southern Oscillation (ENSO) than in the cold phase, which is also gradually rising in the last 4 decades. A
35% crucial growth in the strength of typhoons that hit Taiwan is observed by 0.4-0.7 °C rise in the Sea Surface
Temperature (SST) in all four responsible oceans during the last 40 years (1977-2016). The role of the El-Nino
epochs is found very crucial for the major SSTA changes during the typhoon season. The climatological analysis
is fully consistent with statistical findings and leads to global warming as the major cause of the rising strength of

typhoons that hit Taiwan during the study period.

1. Introduction

Typhoons are one of the most destructive natural phenomena that
are responsible for the great loss of life and destruction of property
worldwide. Most of the damages arise from secondary typhoon-
associated events like heavy rain-triggered floods and/or landslides,
and storm surges than the primary typhoon-associated events like strong
wind and heavy rain (Peduzzi et al., 2012; Janapati et al., 2019; Nguyen
et al., 2019). Among all seven typhoon prone ocean basins in the world,
the North West Pacific (NWP) Ocean basin, which includes many major
marginal seas like the South China Sea, Eastern China Sea, Philippine
Sea, Sea of Japan, Coral Sea, Tasman Sea, and the Sea of Okhotsk, alone
accounts for one-third (30%) of all typhoons on the whole globe since
1970. Over a 40-yr (1977-2016) period, the NWP basin produced an
average of 24 typhoons per year, which is the maximum among all
typhoon-prone ocean basins of the world (Pandey and Liou, 2020a, b, c).
Taiwan ranks as number seventh country globally to be hit by typhoons
since 1970 along with setting a record of receiving the wettest known
typhoon (Typhoon Morakot, 2009) in the NWP basin (NOAA Hurricane

Research Division, 2010). Taiwan receives on average 1.8 typhoon
landfalls each year (Zhang et al., 2009).

Globally speaking, the strength of typhoons is rising (Emanuel, 2005;
Webster et al., 2005; Knutson et al., 2008). A 10% increase in the
strength of the typhoons of the NWP since 1970 is noticed due to
increased Sea Surface Temperature (SST) (Mei et al., 2015). Pandey and
Liou (2020a) recently showed that the frequency of typhoons crosses
double (391) by particularly adding intense typhoons in the eastern side
of the NWP basin, in the case of the warm phase of El Nino Southern
Oscillation (ENSO) in comparison to the cold phase (118). Recent
studies identify a crucial role of southwest air-flow and northwest cold
air mass in summer and winter seasons, respectively, in escalating the
typhoons of the NWP basin up to a level of converting them into more
intense Super-Typhoons (STY) (Lee et al., 2017; Liou et al., 2018; Pan-
dey et al., 2021). The recent years 2013-2016 recorded the maximum
average frequency of STYs with 7 STYs per year along with 5 months
with double-STY events, which is an alarming situation for the NWP
region (Pandey et al., 2021). These investigations by Pandey et al.
(2021) were found crucial for the NWP and thus reported by a recent
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publication of Eos, Transactions American Geophysical Union in the
sub-topic of “Rising Super Typhoons” and the main topic of “Typhoons
Getting Stronger, Making Landfall More Often”, highlighting the major
role of southwest airflows and northwest cold air masses in intensifying
the STYs in summer and winter seasons, respectively (Hornyak, 2020;
Pandey et al., 2021). Note here that a typhoon is called a STY if its
maximum (01-min mean) sustained wind reaches >113 knots. This
intensification of typhoons in the NWP region also supports the inter-
action between two typhoons. The interaction between typhoons is
typically known as the Fujiwhara effect. The Fujiwhara effect makes
prediction rather challenging for models. A recent study showed that
interaction between two typhoons (Parma and Melor, 2009) in the NWP
basin can cause very heavy unexpected damage due to less accurate
predictions (Liou and Pandey, 2020). Moreover, 7 out of 30 STYs during
2013-2017 were found involved in causing the Fujiwhara effect in a
recent analysis (Pandey et al., 2021). Recently Eos reported a unique
formula developed by Liou et al. (2016) to catch the probability of
significant interaction between hurricane Laura and tropical storm
Marco (August 2020) in the Gulf of Mexico. It was published in Eos as a
sub-topic of “A Rare Coexistence” under the main topic of “Storms
Interact but Rarely Merge into Bigger Tempests” (Kornei, 2020). In
addition, a recent study also showed that the swelling strength of ty-
phoons in the NWP basin is also increasing the curviness (sinuosity) of
their tracks, which further assists them to survive longer covering rather
longer distances and hence creating more damage (Pandey and Liou,
2020a). STY Haiyan (2013) with the maximum (10-min mean) sustained
wind of 230 km/h was the deadliest STY of the NWP region in recent
years. Whereas, typhoon Morakot (2009) was the heaviest
rain-producing typhoon ever in the NWP basin and the deadliest
typhoon to impact Taiwan in recorded history. Typhoon Morakot caused
many provinces of Taiwan flooded by record-breaking heavy rain,
costing 673 deaths and roughly US$3.3 billion loss (Morakot
Post-Disaster Reconstruction Council Report, 2010). Thus, the re-
searches focus on understanding the fluctuating Spatio-temporal pat-
terns of strength and nature of track of typhoons that reach any
individual country, which is very crucial for preparedness by disaster
mitigation-related agencies to reduce loss.

Due to Taiwan’s position on the map, the country is partially exposed
to all kinds of track following typhoons ranging from the most straight to
the most sinuous or recurvature tracks. For clarification, when curviness
or sinuosity in the tracks of typhoons increases, it also increases their
chance of taking recurvature due to the application of Coriolis force.
Moreover, Taiwan receives typhoons from three directions, East, West,
and South from four nearby marginal oceans of NWP namely the Phil-
ippine Sea, South China Sea, Eastern China Sea, and North Pacific
Ocean. Thus, the typhoons that strike Taiwan follow many pathways
with varying typhoon parameters to reach the country (Chang et al.,
2018). There are several recent studies on Taiwan correlating the
increasing strength and frequency of intense typhoons hitting Taiwan to
the rising SST anomalies (SSTA) over the equatorial western and central
Pacific (Tu et al., 2009, 2011; Mei and Xie, 2016). Hence, the detailed
long-term (last 40-years) quantitative analysis on the nature of tracks
and strength of typhoons along with the long-term climatological
analysis on cyclogenesis locations by measuring SSTA for all the ty-
phoons that hit Taiwan, can provide very vital information for disaster
management agencies of the country. In addition, distributing the
typhoon cases by typhoon pathways, the direction of hitting Taiwan, El
Nino Southern Oscillation (ENSO) phases at the time of cyclogenesis,
and oceans of cyclogenesis, can be crucial to enhance our understanding
further.

2. Aims
The current paper first aims to detect all typhoon pathways through

which typhoons reach Taiwan by the available 40-year data from 1977
to 2016. Then it aims to statistically investigate the fundamental
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typhoon parameters like frequency, strength, track length, survival time,
etc. along with a few new parameters like track sinuosity, the direction
of hitting Taiwan, ENSO phases at cyclogenesis, oceans of cyclogenesis,
the month of cyclogenesis, etc. Note that all the abovementioned pa-
rameters are also checked for their decadal variation. Moreover, the
paper aims to conduct a climatological investigation based on cyclo-
genesis positions of typhoons over four oceans, namely the Philippine
Sea, South China Sea, Eastern China Sea, and North Pacific Ocean by
measuring Decadal, 5-yearly, yearly, ENSO-phase-wise, and monthly-
wise Sea Surface Temperature Anomalies (SSTAs) over the 1977-2016
timeframe with a base year duration of 30 years (1941-1970). Note that
all SSTA was also measured for the whole global ocean for comparing
purposes. Maximum wind speed and minimum pressure map for rep-
resenting the strength of all typhoons during study years inside Taiwan
are made to aid in analysis. Finally, the results of both climatological
and statistical quantitative analysis are correlated for an overall un-
derstanding of the nature of tracks and cyclogenesis locations of all ty-
phoons that hit Taiwan in the last 40 years (1977-2016).

3. Study region

Typhoons that hit Taiwan have cyclogenesis in four nearby oceans,
which are marginal Seas of the NWP basin, namely the Eastern China
Sea, Philippine Sea, South China Sea, and North Pacific Ocean. Fig. 1
shows the respective boundaries of the study oceans.

For clarification, the North Pacific Ocean starts from the most west
boundary of the Philippine Sea. In some research, both the Philippine
Sea and North Pacific Ocean are considered as one NWP Ocean. Ac-
cording to the International Hydrographic Organization (IHO) (1953),
the Philippine Sea is the portion of the Northwest Pacific Ocean that is
off the coasts of the Philippine Islands. Besides the above shown four
oceans, the entire global ocean also has been used for comparing SSTA
with the other oceans. All the above-shown oceans’ boundaries are
adopted from the IHO (1953), provided by the online link https://www.
marineregions.org/gazetteer.php?p=details&id=4332.

4. Data and methods
4.1. Data extraction and sorting

This paper uses primarily two types of data for investigation, namely
typhoon data and SST data. The details about each kind of data are

shown below:

(1) The original data of typhoons with individual typhoon name,
minimum central pressure, maximum wind speed (10-min mean),
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Fig. 1. Study ocean regions, namely the Eastern China Sea, Philippine Sea,
South China Sea, and North Pacific Ocean.
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(2)

time stamps, latitudes, and longitudes are provided by Interna-
tional Best Track Archive for Climate Stewardship (IBTrACS)
database (https://www.ncdc.noaa.gov/ibtracs/index.php),
which is available freely in the public domain for research ac-
tivities by the US National Oceanic and Atmospheric Adminis-
tration (NOAA). For the NWP Ocean zone, the IBTrACS dataset
contains 1 695 typhoon data collected by the Regional Special-
ized Meteorological Center-Tokyo (RSMC-Tokyo) center of the
Japan Meteorological Agency (JMA) from 1951 to 2017. The
dataset sorting is needed to make it smooth for statistical analysis
and improve the quality of investigation. Pandey and Liou
(2020b, c) used some useful steps to increase the quality of
typhoon data for the NWP basin. The steps are shown below: (a)
Time frame correction for accuracy: Before 1977, the NWP basin
typhoon data did not solely depend on satellites, so its accuracy
was questionable (Song et al., 2010). Also, only since 1977, the
maximum wind speed was provided along with full utilization of
the Dvorak technique in data by RSMC-Tokyo (Dvorak, 1972,
1973; Song et al., 2010; Schreck et al., 2014). The dataset had
only two cases from 2017, which was not enough for the analysis
for that year. Hence, an overall of 714 such data was excluded
along with one individual case of only one datapoint; (b) tropical
cyclones: 22 such typhoon cases whose cyclogenesis locations
were beyond the range of 0°-30° N were also excluded as they are
not tropical cyclone cases; (c) Timestamp smoothness: Dataset had
mostly 6-hourly, along with few 3-hourly and 1-hourly data-
points. To smooth the whole dataset for statistical purposes all
3-hourly and 1-hourly datapoints were removed; (d) Immature
datapoint exclusion: Datapoints that belong from typhoon
depression immature stages during cyclogenesis and cyclolysis
processes when maximum wind speed <35 knots, create misun-
derstanding and are inappropriate for measuring the track of a
typhoon for statistical analysis. All such datapoints were removed
from the cases. Thus, a final dataset containing 959 sorted and
improved typhoon cases for the whole NWP basin during
1977-2016 is kept available for public use in form of
GIS-compatible files by the online Mendeley repository with data
identification number: https://doi.org/10.17632/3927f6gm72.1
and detailed data explanation is available in Pandey and Liou
(2020c¢). Note here that cyclogenesis is the beginning or forma-
tion process of a typhoon/cyclone before achieving 35 knots
maximum wind speed for the first time in its life journey.
Whereas, cyclolysis is the decay process of a typhoon/cyclone
after achieving 35 knots maximum wind speed for the last time in
its life journey. Similarly, cyclogenesis and cyclolysis locations
are those places on the map where a cyclone/typhoon achieves its
35 knots maximum wind speed for the first and last time during
its journey, respectively. This current paper further filters the
data for selecting the typhoons that hit Taiwan with a next step:
(e) typhoons that hit Taiwan: an overall of 77 typhoons of interest
are found with an average of 1.9 typhoon cases per year, which is
slightly more than previously found 1.8 typhoons per year (Zhang
et al., 2009).

This paper uses two monthly SST datasets as explained below: (a)
monthly Optimum Interpolation (OI) Sea Surface Temperature (SST)
version-2 dataset: This dataset is constructed by using in situ
(ships, buoys, and Argo floats) and satellite SST’s including SST’s
simulated by the sea-ice cover on a regular global one-degree (1°)
grid. The final analysis is completed by filling spatial gaps by
interpolation and bias adjustment of satellite and ship observa-
tions by using method of Reynolds to compensate for the platform
differences and sensor biases (Reynolds et al., 2002). The weekly
OI-SST V2 fields to daily fields are converted into monthly fields
by linear interpolation and averaging the daily values over a
month. The dataset contains monthly averaged SST for the whole
global ocean from December 1981 to May 2020; and (b) monthly
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Centennial in situ Observation-Based Estimates (COBE) SST
version-2 dataset: This dataset is constructed by using in situ SST
and sea-ice concentrations as a sum of daily changes, interannual
changes, and trend on a regular global one-degree (1°) grid. The
final step is completed by using theory-based analysis errors as a
measure of reliability, an ice-SST relationship equation to pro-
duce SST data from the observed sea ice concentrations, and
biases of individual SST measurement types for a homogenized
long-term time series of global mean SST. The daily COBE-SST V2
fields are converted into monthly fields by averaging. The dataset
contains monthly averaged SST for the whole global ocean from
January 1850 to December 2019. The COBE SST dataset origi-
nally belongs to the Japan Meteorological Agency (JMA). Both
OI-SST V2 and COBE SST V2 datasets are freely accessible by the
online website at https://psl.noaa.gov/, which is made available
by the Physical Sciences Laboratory (PSL) of NOAA. This paper
uses both SST datasets to cover the entire 40-year study period of
1977-2016 along with the 30-year base period of 1941-1970.

4.2. Typhoon track sinuosity index

Terry and Gienko (2011) showed that the curviness of tracks of ty-
phoons is directly associated with their survival time and distance
coverage during their life journey. A new index was introduced as a
measure of the level of curviness of the typhoon tracks for the detailed
comparison with typhoon fundamental parameters (Terry and Gienko,
2011). The index was known as the typhoon track Sinuosity Index (SI)
and was tested in various ocean basins (Terry and Gienko, 2011, 2018;
Terry et al., 2013; Terry and Kim, 2015). Recently, we investigated the
SI of all typhoons of the NWP basin in 4 decades and correlated it with
the other parameters. The simple formula to measure the sinuous nature
of tracks is found by dividing the total geodesic track length of each
typhoon from the direct geodesic distance between its cyclogenesis and
cyclolysis locations on the map. Note here that the geodesic distance is
the shortest route distance between two points on earth treating the
Earth as an oblate spheroid. The typhoon track SI was made using the
track sinuosity values as explained above. The normalization of typhoon
track sinuosity values by measuring the SI reduces the skewness in data
and makes it more appropriate for statistical analyses by increasing the
contrast between values (Terry and Gienko, 2011; Pandey and Liou,
2020a). The SI formula is as given below:

SI = VS—1x10 (€D
where,

SI = track SI value for each typhoon
S = measured track sinuosity value for each typhoon

By equation (1), a typhoon with a perfectly straight track will have a
SI value of zero (0)

The typhoon track SI values are utilized in this paper as a measure of
the level of curviness of typhoon tracks for all 77 typhoons individually
that hit Taiwan during 1977-2016. Geodesic track length, and direct
geodesic distance between cyclogenesis and cyclolysis locations on the
map for the case of each typhoon, are also used for statistical analysis in
the paper.

4.3. Statistical investigation technique

Statistical investigations on the fundamental typhoon parameters
like frequency, strength, track length, survival time, etc. along with a
few new parameters like track sinuosity, the direction of hitting Taiwan,
ENSO phases at cyclogenesis, oceans of cyclogenesis, the month of
cyclogenesis, etc. are executed. Decadal variations of all the above-
mentioned parameters are also checked for spotting patterns. The Chi-
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square (2) test for independence is used to determine if there is any
significant relationship between two categorical variables from a single
population. It was used in the previous studies for finding any longitu-
dinal and latitudinal significant differences in the typhoon-related pa-
rameters (Terry and Gienko, 2011; Terry and Kim, 2015; Pandey and
Liou, 2020a). However, when few of the expected values are small,
Fisher’s exact test is more accurate than the Chi-square (y2) test of in-
dependence because it does account for the zero value in a cell. As the
number of cases (77) of typhoons that struck Taiwan in the last 40 years
is small, it has a great possibility to have sometimes zero (0) value in a
typhoon parameter class cell. It is a well-established fact that, when any
parameter class cell value (i.e., sample size) is less than 5, the reliability
of the results of the Chi-square test drops. Hence, for the current paper,
both statistical tests are applied. The traditional Fisher’s exact test is
only computationally realistic for 2 x 2 tables, but the Freeman-Halton
test extends the Fisher’s Exact test to the m x n setting.

In the current paper, both Fisher’s Exact and Chi-square (}2) tests
were executed for checking if there is any statistically significant dif-
ference both longitude- and latitude-wise in each typhoon-related
parameter-class (sinuosity, strength, direction, and ENSO) based on its
cyclogenesis position.

4.4. ENSO-phase detection

The Multivariate ENSO Index (MEI) is widely used in typhoon-
related research for separating typhoons in warm and cold phases of
ENSO based on their respective months of cyclogenesis (Astier et al.,
2015; Jien et al., 2015; Pandey and Liou, 2020a). It was showed that the
frequency of typhoons as well as the chance of rather intense typhoons
increases during the warm phase of ENSO than the cold phase in the
NWP based on MEL A significant statistical correlation between the
ENSO and tropical cyclone activity was found in the western area of the
Pacific using MEL While a non-linear reduction of tropical cyclone ac-
tivity was seen over the Southwest Indian Ocean using MEI during
strong ENSO cases (Astier et al., 2015). In general, MEI is considered a
better representative of ENSO activities because it combines both
oceanic and atmospheric variables (Wolter and Timlin, 2011).

Following the above, MEI is the time series of the leading combined
Empirical Orthogonal Function (EOF) of five different variables. These
variables are both atmospheric and oceanic such as sea surface tem-
perature (SST), sea level pressure (SLP), meridional and zonal compo-
nents of the surface wind, and outgoing longwave radiation (OLR) over
the tropical Pacific basin (30°S-30°N and 100°E—70°W). The EOFs are
measured for 12 overlapping bi-months like Dec-Jan, Jan-Feb,
Feb-Mar, ..., Nov-Dec, so that it reduces the effects of higher frequency
intra-seasonal variability in order to create ENSO’s seasonality. Hence, it
can be considered the crucial technique for obtaining the real-time
status of ENSO, which makes it important for a host of climate
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services. Other ENSO indices, except MEI, typically provide years with
El Nino and La Nina, but are not suitable to provide intra-seasonal
variability within a year or typhoon season. The combined effect of
above mentioned five major environmental parameters, used to measure
ME]L is heavily responsible for deciding typhoons’ strength and fre-
quency at any particular time in any region. Suitable conditions of MEI
measuring parameters in any particular month can cause the amplified
frequency of cyclogenesis in that individual month, the same is also
noted by previous research in the NWP (Astier et al., 2015; Jien et al.,
2015; Pandey and Liou, 2020a). For this paper, MEI values are extracted
by the online site https://psl.noaa.gov/enso/mei/, which is kept to use
freely by NOAA. Fig. 2 shows all ENSO values during the study period
(1977-2016). Typhoons are separated in warm and cold phases of ENSO
if the MEI values are > +0.5 and < —0.5, respectively.

4.5. SST data analyses technique

The Optimum Interpolation (OI) Sea Surface Temperature (SST)
version-2 and COBE SST version-2 datasets are used to extract each
month data of typhoon season from May to November for two-time
durations, one from 1977 to 2016 (40-years) for the study period and
another from 1941 to 1970 (30-years) for the base period. The analysis
details are as given below:

(a) For month-wise climatological investigations: the raster average of
all data images from the same typhoon season month (among
May to November) is measured individually over the 1977-2016
study period with 1941-1970 as the base period, and separately
for each of 4 decades of the study period.

(b) For 10-yearly, and 5-yearly climatological investigations: typhoon
seasonal-averaged raster data are formed by averaging all
months’ data from May to November for the study period and
base period, and separately for each 10-yearly, and 5-yearly study
period.

(c) For year-wise climatological investigations: typhoon seasonally
(from May to November) averaged raster data of each study year
from 1977 to 2016 is measured separately. It is compared with
the raster average for all typhoon season months (from May to
November) of the entire base period (1941-1970).

(d) For ENSO phase-wise climatological investigation: at first, all cases of
typhoons are separated into warm and cold phases of ENSO based
on their month of cyclogenesis and Multivariate ENSO Index
(MEI) values as described in Section 4.4. Then, all cases are
averaged for all available typhoon season months and kept
decade-wise along with for the whole study period. Note here
that ENSO-phase based typhoons do not necessarily belong to all
months of typhoon season (May-November) as shown below: (i)
ENSO warm phase months: August, and September for DI:

ME! index

T T T T T T T T T T T T T T T T T T T
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480

Month (Jan 1977-Dec2016)

Fig. 2. Multivariate ENSO Index values over the study period from 1977 to 2016. The X-axis represents each month from January 1977 to December 2016; n = 480.
Red and green lines represent the separation baseline of ENSO phases which is > +0.5 and < —0.5 MEI values for separating typhoons in warm and cold phases of
ENSO, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2007-2016; July, August, September, October, and November for
D2: 1997-2006; July, August, and September for D3: 1987-1996;
June, July, August, and September for D4: 1977-1986; June to
November for the whole study period, and (ii) ENSO cold phase
months: July, August, September, and October for D1; July, August,
and September for D2; May, July, and September for D3; June, July
for D4; May to October for the whole study period. Hence, ENSO-
phase wise separated data is averaged for all available months
of each of four decades and also for the whole study period.

Finally, Sea Surface Temperature (SST) Anomalies (SSTA) are
measured based on variations of SST between study and base year raster
data for all the above cases. Note here that in the ENSO-phase based
climatological investigations, for all available month cases, the very
similar months of the entire base year period are used to measure SSTA
for consistency of investigation. A similar technique was adopted by
James et al. (2006) for detecting SST variation during the study period of
2001-2005 with a base period of 1951-1980 by measuring SSTA.

4.6. Typhoon strength inside Taiwan

Although the focus of the paper is to investigate typhoons’ track and
cyclogenesis locations of typhoons that hit Taiwan, yet for a complete
understanding of the strength of these typhoons inside Taiwan during
these 40 years study period and also to correlate it with the overall re-
sults, two typhoons maps: (1) maximum wind speed and (2) minimum
central pressure, are formed. Their methodologies are presented below:

The eye of a typhoon is nearby circular from the center at any
particular time. It is also the circular zone of minimum pressure sur-
rounded by an eyewall. An eyewall is the rounded ring shape made by
clouds around the eye possessing zone of maximum speed winds in the
typhoon (Smith, 1980). The distance from the center of the typhoon to
the eyewall is known as the Radius of Maximum Wind (RMW). The
average value of RMW is around 47 km using the observations based on
several hurricanes with their central pressure between 909 and 993 hPa
(Hsu and Yana, 1998). As the final refined IBTrACS dataset used in this
paper provides a 6-hourly maximum wind speed and the minimum
central pressure of typhoons that hit Taiwan during 1977-2016. The
frequency of datapoints is less, so at first, by linear interpolations,
assuming the homogeneous acceleration of both the above-mentioned
typhoon parameters between any two successive datapoints of a
typhoon, we have generated ten (10) more datapoints between all two
successive datapoints of each typhoon. Then, we formed the ring at
RMW and a circular area under RMW, both around the center of each
typhoon representing maximum wind speed and minimum central
pressure zones, respectively. This technique of confining typhoon
strength up to the radius of maximum wind speed of typhoons is fairly
suitable for a typhoon in motion following any particular track. Note
here that RMW is taken as 0.5° (around 55.5 km) in ESRI ArcGIS 10.5
software equally for all typhoon cases and the Inverse Distance
Weighting (IDW) interpolation technique is used at every created
typhoon datapoint. Finally, using all results, the spatial mean of all 77
typhoon cases is measured to draw the maximum wind speed and the
minimum central pressure map of Taiwan. These maps represent the
strength of typhoons during the entire study period inside Taiwan.

5. Results and discussion
5.1. Typhoon pathways

Taiwan receives typhoons from many sides of the country following
various routes, based on the ocean of cyclogenesis, the season of
cyclogenesis, and the existing environmental conditions (Chang et al.,
2018). Pandey and Liou (2020a) showed that Taiwan’s position on the
map makes it exposed to all kinds of tracks following typhoons ranging
from the most straight to recurvature making most sinuous tracks of
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typhoons in the NWP basin. Chang et al. (2018) identified seven path-
ways of typhoons affecting Taiwan during 1981-2015 based on the data
from the Typhoon database of the Central Weather Bureau (CWB) of
Taiwan. However, the CWB of Taiwan classified typhoon events into
nine typhoon pathway categories based on data from 1979 to 2018.
Although, for clarification, all these previously created typhoon path-
ways were not necessarily for the typhoons that surely did landfall on
Taiwan or hit the country, but rather broadly represented typhoons that
affected Taiwan’s weather by their presence even if they just passed
nearby without contacting the land of the country. The current paper
tries to identify and analyze all typhoon pathways during the study
period (1977-2016) for the typhoons that hit Taiwan. Fig. 3 shows the
different sets of tracks of typhoons of interest during 1977-2016.

The typhoons that hit Taiwan are originated from four marginal
oceans of the NWP namely the Philippine Sea, the South China Sea, the
Eastern China Sea, and the North Pacific Ocean based on the data from
1977 to 2016 (Fig. 1). The details about the boundaries and respective
areas of these oceans are discussed in Section 3. Fig. 3 provides an
overall of ten (10) typhoon pathways of typhoons of interest during
1977-2016. Typhoon pathways 1 and 2 belong to the maximum fre-
quency of typhoons (around 18% each) and numbering in typhoon
pathways (1-10) is done according to their decreasing frequency of
typhoon cases that hit Taiwan during 1977-2016 (Fig. 3). Fig. 4 shows
the cyclogenesis and cyclolysis locations of all typhoon pathways as
detected in Fig. 3 above.

Table 1 provides the frequency, direction to enter Taiwan, average
minimum pressure, ocean and month of cyclogenesis, average survival
duration, track length, and average track Sinuosity Index (SI) values of
all typhoons that hit Taiwan over 40 years categorized in different
pathways.

Table 1 reveals that the top five (5) most frequent typhoon pathways
together account for literally three fourth (75%) of all typhoons crossing
over Taiwan in the past 40 years (1977-2016). Also, among these top
five most frequent typhoon pathways, most of these typhoons (around
66%) chose to enter from the east (East-south) direction into Taiwan.
The Philippine Sea dominates with around 76% of all typhoons in the
top chart of the five most frequent typhoon pathways to Taiwan. Ty-
phoons of pathway 1 with an average minimum pressure of 941.4 hPa
are the most intense among all 10 typhoon pathways of Taiwan. Fig. 5
symbolically represents the average position of all typhoon pathways
over Taiwan that hit the country during 1977-2016.

Chang et al. (2018) spotted six (6) out of seven (7) typhoons path-
ways that hit Taiwan directly during 1981-2015, whereas, CWB showed
four (4) such typhoon pathways where typhoons belonging from them
will definitely hit the land of Taiwan from the data over 1979-2018.
Note here that the current paper focuses only on the typhoons that hit
the land of Taiwan and does not account for those that just pass nearby
the land affecting weather in Taiwan. Although the distribution of ty-
phoons based on pathways alone reduces the frequency of typhoon cases
to be analyzed in each pathway, the other kinds of categories like the
direction of typhoons to hit Taiwan, etc., are also needed as vital in-
formation for a better analysis.

5.2. Direction-wise distribution

Taiwan obtains typhoons broadly from the three directions, East,
West, and South if we consider only the typhoons that hit Taiwan. Fig. 6
classifies pathways of typhoons in terms of their respective directions to
strike Taiwan during 1977-2016.

As it can be seen in Fig. 6 that the directions of pathways are having a
little tilt to other directions as well thus not literally belong to only East,
West, or South directions. Table 2 provides detailed statistical infor-
mation about all typhoons to Taiwan classified in terms of their
respective directions.

Fig. 6 and Table 2 reveal that more than half (53%) of all typhoons
hit Taiwan from the East direction, while the rest one-fourth (25%) from
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Fig. 4. Cyclogenesis and cyclolysis locations of all typhoons of different typhoon pathways that hit Taiwan during 1977-2016.

the South and around 22% from the West direction. Pathways 1, 2, 4, &
8 are associated with East directional typhoons striking Taiwan, whereas
typhoon pathways 3, 7, & 9, and 5, 6, & 10 belong to South and West,
respectively. The majority (93%, pathways 1, 2, and 4) of typhoons,
which strike Taiwan from the East direction, are also having a South-
wards tilt in their respective tracks. Following the above, the majority
(89%, pathways 3, 7) of typhoons striking Taiwan from the South di-
rection have an Eastwards tilt in their respective tracks. In comparison to
the above both, all typhoons striking Taiwan from the West also possess
a slight Southwards tilt in their tracks.

The Philippine Sea alone accounts for approximately 78% and 74%

of all typhoons striking Taiwan from the East and South directions,
respectively, while the South China Sea alone causes cyclogenesis to
more than half (around 59%) of all typhoons hitting Taiwan from the
West direction. There is a gradual but slight decadal decline in the fre-
quency of the typhoons coming from the East side into Taiwan, while
there is a zig-zag with alternate incline-decline patterns in the frequency
of typhoons striking from the South direction to Taiwan. There is a
decadal consistency in terms of the number of typhoons that hit Taiwan
from the West direction during the studied four decades (1977-2016).
Westerly striking typhoons are on average less intense but have the
highest curves in their tracks, which helps them survive long hours than
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Table 1
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All typhoon parameters with their decadal variations classified in different typhoon pathways to Taiwan during 1977-2016; n = 77. Note here, D1: 2007-2016, D2:

1997-2006, D3: 1987-1996, and D4: 1977-1986.

Typhoon Percentage Direction Average Ocean of Month of Average Average Average Geodesic ~ Average Average
Pathway (frequency) Minimum Cyclogenesis Cyclogenesis Survival Geodesic distance between  Sinuosity Sinuosity
over Pressure (in (hours) track length ~ Cyclogenesis and value Index value
Taiwan hPa) of typhoon Cyclolysis
(Kms) locations (Kms)
1 18% (14) East 941.4 (D1 Philippine Sea June (1), July  142.2 (D1 2503.4 (D1 2218.3(D1 ~D4: 1.12 (D1 ~ 4.29 (D1 ~
D1:2; D2: 2; (east- ~ D4: (12), North (3), Aug (7), ~ D4: 30, ~ D4: 577.7, 2781.8, D4: 1.03, D4: 2.88,
D3:3;D4: 7 south) 987.5, 925, Pacific Ocean Sept (3) 162, 164, 592.3, 2606.4, 2359.6) 1.03, 1.05, 3.17, 3.66,
935, 935.7) 2 9.4) 2887.8, 1.20) 5.27)
2736.2,
2839.9)
2 18% (14) East 952.1 (D1 Philippine Sea July (6), Aug 142.3 (D1 2641.1 (D1 2374.6 (D1 ~ D4: 1.11 (D1 ~ 4.25 (D1 ~
D1: 4, D2: 6; (east- ~ D4: 960, (11), North (6), Sept (1), ~ D4: ~ D4: 1317.5, 2925.7, D4: 1.05, D4: 3.42,
D3:1;D4: 3 south) 955.8, 970, Pacific Ocean Oct (1) 70.5, 166, 1378.3, 2640.2, 2593.5) 1.10, 1.02, 4.39, 2.91,
928.3) 3) 144, 190) 3216.6, 1.22) 5.51)
2705.0,
3152.3)
3 16% (12) South 954.2 (D1 Philippine Sea June (2), July 125 (D1 2268.5 (D1 1827.9 (D1 ~ D4: 1.23 (D1 ~ 5.53 (D1 ~
D1: 2; D2: 2; (south- ~ D4: (10), North (5), Aug (1), ~ D4:105, ~ D4: 1888.1, 2373.3, D4:1.12, D4: 4.53,
D3: 6; D4: 2 east) 952.5, Pacific Ocean Sept (4) 138, 131, 2151.6, 1719.1, 1548.7) 1.22,1.24, 5.86, 5.59,
977.5, (1), South 114) 2887.8, 1.30) 6.01)
952.5, China Sea (1) 2138.8,
937.5) 2154.9)
4 13% (10) East 954.1 (D1 Philippine Sea July (4), Aug 112.8 (D1 2202.2 (D1 2115.7 (D1 ~ D4: 1.04 (D1 ~ 3.20 (D1 ~
D1: 2; D2: 2; (east- ~ D4: 950, (7), North (5), Sept (1) ~D4:168, ~ D4: 3326.0, 1799.1, D4: 1.05, D4: 3.59,
D3: 4; D4: 2 south) 975, 966.5, Pacific Ocean 75, 81, 3480.7, 1583.1, 2287.5) 1.05, 1.02, 3.58, 2.44,
912.5) 3 159) 1885.1, 1.08) 3.95)
1616.7,
2411.5)
5 10% (8) West 961.9 (D1: South China Sea May (1), June 168.8 2610.8 (D1: 1707.5 (D1: 1.93 (D1: 7.39 (D1:
D1: 3; D2: 2; (west- 955, (4), Philippine (2), Aug (2), (D1: 122, 2003.0, D2: 1674.5, D2: 1.19, D2: 5.36, D2:
D3: 0; D4: 3 south) D2: 968.3, Sea (4) Sept (3) D2: 200, 2585.3, D4: 1236.4, D4: 2.97, D4: 10.14, D4:
D4: 970) D4: 168) 156.8) 2249.8) 1.41) 6.42)
6 9% (7) West 980.4 (D1 South ChinaSea  May (1), June  142.3 (D1 2274.7 (D1 1130.1 (D1 ~D4:  1.78 (D1 ~ 7.18 (D1 ~
D1:2; D2: 2; (west- ~ D4: 970, (5), Philippine (2), July (1), ~ D4: 306, ~ D4: 1513.0, 1302.8, D4: 3.25, D4: 12.66,
D3:2; D4: 1 south) 980.5, Sea (1), Eastern  Aug (3) 105, 48, 4974.4, 585.9, 1107.3) 1.32,1.11, 6.84, 3.53,
988.5, 985) China Sea (1) 78) 1716.4, 1.08) 4.23)
675.2,
1190.8)
7 6% (5) South 960.0 (D1 Philippine Sea June (2), Sept  129.6 (D1 2838.9 (D1 2128.1 (D1 ~D4: 1.29 (D1 ~ 6.07 (D1 ~
D1:2;D2:1; (south- ~ D4: 960, (3), North (2), Oct (1) ~ D4: 93, ~ D4: 1925.0, 2395.2, D4: 1.29, D4: 6.54,
D3:1;D4: 1 east) 950, 945, Pacific Ocean 186, 228, 2487.2, 3602.7, 792.7) 1.51, 1.33, 7.97, 6.94,
985) (1), Eastern 48) 3608.1, 1.01) 2.37)
China Sea (1) 4808.9,
803.3)
8 4% (3) East 956.7 (D3: Philippine Sea Aug (1), Sept 172.0 1856.2 (D3: 1076.7 (D3: 1.96 (D3: 7.56 (D3:
D1:0; D2: 0;  (east- 970, D4: (2), Eastern 2) (D3: 198, 1922.9, D4: 918.5, D4: 2.32, D4: 8.25, D4:
D3:2;D4: 1 north) 930) China Sea (1) D4: 120) 1722.7) 1393.1) 1.24) 6.19)
9 3% (2) South 974.0 (D1: South China Sea July (2) 60.0 (D1: 928.0 (D1: 750.8 (D1: 1.76 (D1: 8.26 (D1:
D1:1;D2:0;  (south- 950, (1), Philippine 96, D3: 1634.9, D3: 1407.8,D3:93.8)  1.16, D3: 5.44, D3:
D3:1;D4: 0  west) D3: 998) Sea (1) 24) 221.1) 2.36) 11.07)
10 3% (2) West 965.5 (D3: South China Sea Sept (1), Nov 84.0 (D3: 2354.0 (D3: 1954.5 (D3: 1.26 (D3: 6.29 (D3:
D1:0; D2: 0;  (west- 965.5) (1), North ( 84) 2354.0) 1954.5) 1.26) 6.29)
D3:2;D4: 0 south) Pacific Ocean
@

the other direction typhoons to hit Taiwan. Easterly striking typhoons
are on average the most intense relatively, but their intensity possesses a
decadal declining trend in the last 40 years along with decreasing sur-
vival hours and curviness in the tracks of the typhoons. Fig. 7 shows the
mapping of three typhoon parameters i.e., ocean of cyclogenesis,
strength, and direction to hit Taiwan based on the cyclogenesis locations
of all typhoons during 1977-2016. Fig. 7 tells that around 77% of
stronger typhoons (900-940 hPa) hit Taiwan from the East direction,
while only 9% of stronger typhoons can strike Taiwan from the West,
which is slightly less than 14% for typhoons hitting Taiwan from the
South direction.

These results are just contrary to the prior research findings, which
show that, with the increasing strength of typhoons, their track sinuosity
or curviness should also increase (Terry and Gienko, 2011; Terry et al.,
2013; Terry and Kim, 2015). Hence, these results are interesting as, for

the typhoons striking Taiwan, the relationship between typhoon
strength and track sinuosity is just reversed. The South China Sea is
considered to have a big role in the reversal of this relationship as most
of the Western typhoons come from there. As it is known that more
sinuous track typhoons can survive longer hours and, thus, are more
prone to create damage to the affected areas. Besides, the typhoons with
more sinuous tracks are most of the time challenging for forecasting the
prospective motion by the numerical weather prediction models. Thus,
for Taiwan, the typhoons whose cyclogenesis is in the South China Sea
need more attention for better forecasting. The South China Sea’s
environmental conditions are key factors behind creating more curvy
tracks of typhoons, which consequently assist them to survive longer.
Thus, there is a big need for investigation of the environmental condi-
tions of the South China Sea. In general, the above discussion enhances
the need for the ocean-wise investigation of typhoon cases that are
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hitting Taiwan for detailed analysis ahead.

5.3. Decadal variations in typhoon strength

Fig. 8 shows the decadal variations in the strength of typhoons that
hit Taiwan in the four decades based on their respective locations of
cyclogenesis into the study oceans.

Fig. 8 tells that half (50%) of the strongest (900-920 hPa) and 43% of
strong (921-940 hPa) typhoons belong from the current decade (F:
2007-2016), which can be potentially the impact of global warming.
80% of the current decade (2007-2016) typhoons are alone originated
in the Philippine Sea. This indicates the importance of the Philippine Sea
for Taiwan. It can be expected that, in the future, the cases of typhoons
that originate from the Philippine Sea and later hit Taiwan, can gradu-
ally surge. Typhoon cases in the Eastern China Sea are only observed in
the recent two decades (1997-2016). Half (50%) of the typhoons in the
fourth and last (FL: 1977-1986) decade belong from the weaker typhoon
categories (weak and weakest: 961-998 hPa). Also, 47% of typhoons
from the third decade (T: 1987-1996) also belong to the weaker cate-
gories. In contrast, only 30% of typhoons from the current decade
(2007-2016) belong to the weaker typhoon classes.

The average decadal strength of typhoons is 960. 8 hPa for
1977-1986, 960.1 hPa for 1987-1996, 961.2 hPa for 1997-2006, and
942.3 hPa for 2007-2016 with 18, 17, 22, and 20 typhoon cases,
respectively. Hence, there is a 35.3% increase in the decadal-averaged
strengths of typhoons from 1977 to 1986 to 2007-2016. Here, we
have assumed that the mean sea-level pressure is 1013.25 hPa, which is
adopted by the International Civil Aviation Organization (1993). Zhao
et al. (2014) showed that the decadal increasing strength of typhoons in
the NWP is due to a combined impact of variation in SST and vertical
wind shear. The above result is concurrent with the previous results
where the pattern of globally increasing strength of typhoons was
detected (Emanuel, 2005; Webster et al., 2005; Knutson et al., 2008).

5.4. Ocean-wise distribution

The typhoons that strike Taiwan can have cyclogenesis in the four
Seas namely the Philippine Sea, North Pacific Ocean, South China Sea,
and Eastern China Sea. Table 3 provides detailed statistical information
about all typhoons to Taiwan classified in terms of their ocean of
cyclogenesis.

A
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Fig. 6. Symbolic representation of pathways of typhoons classified in terms of their direction to hit Taiwan during 1977-2016.
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Table 2

Weather and Climate Extremes 36 (2022) 100446

All typhoon pathways and parameters with their decadal variations classified in different directions of typhoons to hit Taiwan during 1977-2016; n = 77. Note here,

D1: 2007-2016, D2: 1997-2006, D3: 1987-1996, and D4: 1977-1986.

Typhoon Frequency Typhoon Average Ocean of Month of Average Average Average Average Average
Direction  (percentage) Pathway Minimum Cyclogenesis Cyclogenesis Survival Geodesic Geodesic Sinuosity Sinuosity
over Pressure (in (hours) track length  distance value Index value
Taiwan hPa) of typhoon between
(Kms) Cyclogenesis and
Cyclolysis
locations (Kms)
East 41 (53%) 1(14),2 949.3 (D1 Philippine Sea June (1), July 137.3 (D1 2429.6 (D1 2163.1 (D1 ~ 1.16 (D1 ~ 4.25 (D1
(D1: 8; D2: (14), 4 ~ D4: (32), North (13), Aug (19), ~ D4: ~ D4: D4:1634.7, D4: 1.04, ~D4:3.33,
10; D3: 10; (10), 8 (3)  964.4, Pacific Ocean Sept (7), Oct 84.8, 147, 1707.4, 2671.6, 1862.9, 1.08, 1.29, 3.98, 4.01,
D4:13) 953.5, (8), Eastern @™ 135.6, 2884.5, 2328.1) 1.19) 5.19)
958.1, 930) China Sea (1) 163.4) 2122.6,
2760.2)
South 19 (25%) 3(12),7 957.8 (D1 Philippine Sea June (4), July 119.4 (D1 2277.5 (D1 1793.5 (D1 ~ 1.30 (D1 ~  5.96 (D1
(D1: 5; D2: 3; (5),9 () ~ D4: 955, (14), North (7), Aug (1), ~ D4: ~ D4: D4: 1806.8, D4: 1.19, ~D4:5.52,
D3: 8; D4: 3) 968.3, Pacific Ocean Sept (6), Oct 98.4, 154, 2182.5, 2380.6, 1751.4, 1.32,1.39, 6.56, 6.45,
957.3, (2), South China (1) 129.8,92)  3127.9, 1296.7) 1.21) 4.80)
953.3) Sea (2), Eastern 2232.9,
China Sea (1) 1704.3)
West 17 (22%) 5(8),6 969.9 (D1 South China Sea  May (2), June 147.9 (D1 2442.2 (D1 1498.8 (D1 ~ 1.79 (D1 ~ 7.18 (D1
(D1:5;D2:4; (7),10(2) ~ D4: 961, (10), Philippine (4, July (1), ~ D4: ~ D4: D4: 1609.9, D4: 2.02, ~D4: 8.28,
D3: 4; D4: 4) 970.3, 977, Sea (5), Eastern Aug (5), Sept 195.6, 3191.5, 1123.0, 1270.2 2.56, 1.18, 9.38, 4.91,
973.8) China Sea (1), (4, Nov (1) 172.5, 66, 2210.0, 1964.2) 1.33) 5.87)
North Pacific 145.5) 1514.6,
Ocean (1) 2665.3)
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Fig. 7. Classification and mapping of the ocean of
cyclogenesis, strength, and direction of typhoons to
hit Taiwan based on cyclogenesis locations on the
map for all typhoons during 1977-2016; n = 77. Note
here that the maximum strength of typhoons is rep-
resented by colored dots on cyclogenesis locations.
Colors red: strongest (900-920 hPa); orange: strong
(921-940 hPa); yellow: medium (941-960 hPa);
green: weak (961-980 hPa); and blue: weakest
(981-998 hPa) typhoon strength class. (For interpre-
tation of the references to color in this figure legend,
the reader is referred to the Web version of this
article.)
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Fig. 8. Decadal variation in the strength of typhoons
in various oceans for all typhoons that hit Taiwan
during 1977-2016. Note that the maximum strength
of typhoons is represented by colored dots on cyclo-
genesis locations. Colors red: strongest (900-920
hPa); orange: strong (921-940 hPa); yellow: medium
(941-960 hPa); green: low (961-980 hPa); and blue:
weakest (981-998 hPa) typhoon strength class. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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The majority of typhoons (66%) that strike Taiwan originate in the
Philippine Sea, which is a marginal sea situated in the East and the
Northeast of the Philippines. According to the International Hydro-
graphic Organization, the Philippine Sea is that portion of the North
West Pacific (NWP) Ocean, which is off the coasts of the Philippine

145°E 150° E 155° E

Islands although, for clarification, the current paper takes both the
North Pacific Ocean and the Philippine Sea as two separate identities as
shown in the figure below (Fig. 9). 59% of all oceans’ originated West
directional typhoons to hit Taiwan have cyclogenesis alone in the South
China Sea. Also, 83% of the South China Sea originated typhoons that hit
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Table 3
All typhoon pathways and parameters with their decadal variations classified in their respective oceans of cyclogenesis for typhoons that hit Taiwan during
1977-2016; n = 77. Note that D1: 2007-2016, D2: 1997-2006, D3: 1987-1996, and D4: 1977-1986.

Ocean of Frequency Direction Average Typhoon Month of Average Average Average Average Average
cyclogenesis (percentage) Minimum Pathway Cyclogenesis Survival Geodesic Geodesic Sinuosity Sinuosity
Pressure (in over Taiwan (hours) track length  distance between  value Index value
hPa) of typhoon Cyclogenesis and
(Kms) Cyclolysis
locations (Kms)
Philippine 51 (66%) East (32), 954.9 (D1 1(12),2 June (5), July 121.6 (D1 2192.9 (D1 1845.5 (D1 ~ 1.18 (D1 ~ 4.76 (D1
Sea (D1: 13; D2: South ~ D4: (11), 3 (10), (14), Aug (18), ~ D4: ~ D4: D4: 1425.1, D4: 1.18, ~ D4: 4.64,
9;D3:13;D4:  (14), West  960.7, 4(7), 5 (4), Sept (13), Oct 84.9, 1715.2, 2117.3, 1795.9, 1.16,1.11, 4.89, 3.80,
16) 5) 964.4, 6(1),7 (3), 1) 122.7, 2498.0, 2074.3) 1.24) 5.55)
958.2, 8(2),9(1) 117.2, 1980.5,
942.2) 154.5) 2582.1)

North 11 (14%) East (8), 932.7 (D1 1(2),2(3), July (4), Aug 187.6 (D1 3960.9 (D1 3504.2 (D1 ~ 1.13 (D1 ~ 4.61 (D1
Pacific (D1: 2; D2: 4,  South (2), ~ D4: 950, 3(1), 413, (5), Oct (1), ~ D4: 168, ~ D4: D4: 3326.0, D4: 1.05, ~ D4: 3.59,
Ocean D3: 3; D4: 2) West (1) 940, 933.3, 7(1),10(1) Nov (1) 207, 172, 3480.7, 3700.7, 3389.1, 1.06, 1.23, 3.86, 6.03,

900) 192) 3936.8, 3461.9) 1.20) 4.97)
4170.8,
4174.5)
South China 12 (16%) West (10), 975.8 (D1 3(1),54), May (2), June 145.5 (D1 2091.8 (D1 1140.7 (D1 ~ 2.03 (D1 ~ 8.24 (D1
Sea (D1: 3; D2: 4,  South (2) ~ D4: 6 (5),9 (1), (4), July (3), ~D4:236, ~ D4 D4: 1660.8, D4: 2.33, ~ D4:9.35,
D3: 4;D4: 1) 968.3, 10 (1) Aug (1), Sept 172.5, 3757.0, 1123.0, 776.6, 2.56, 1.51, 9.38, 7.26,
970.3, 2) 67.5, 78) 2210.0, 1107.3) 1.08) 4.23)
984.8, 985) 950.0,
1190.8)

Eastern 3 (4%) East (1), 979 (D3: 6(1),7 (), Aug (1), Sept 132 (D3: 1297.1 (D3: 630.9 (D3: 1.89 (D3: 5.75 (D3:

China Sea (D1: 0; D2: 0; South (1), 976, D4: 8 (1) 2) 174, D4: 1544.0, D4: 550.0, D4: 2.31, 7.44, D4:
D3:2; D4: 1) West (1) 985) 48) 803.3) 792.7) D4:1.01) 2.37)

Sinuous

. .| EasternChina Sea

Fig. 9. Classification and mapping of ocean of

7 North Pacific Ocea
South China S
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cyclogenesis, track Sinuosity Index (SI) value, and
direction of typhoons to hit Taiwan based on cyclo-
genesis locations on the map for all typhoons during
1977-2016; n = 77. Note here that typhoon track SI
values are represented by colored dots on cyclogen-
esis locations. Colors red: sinuous (SI value > 6.826);
yellow: quasi-sinuous (6.826 > SI value > 4.766);
green: quasi-straight (4.766 > SI value > 3.165); and
blue: straight (3.165 > SI value). (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Taiwan, attacked the country from the West direction. Hence, the South
China Sea is the main source of the West striking typhoons to Taiwan.
However, the Philippine Sea alone accounts for 78% of all oceans’ ty-
phoons and 63% of the only Philippine sea-created typhoons that hit
Taiwan from the East direction. Also, 73% of the North Pacific Ocean
created typhoons strike Taiwan from the East. The most intense ty-
phoons on average are found in the North Pacific Ocean as the typhoons
originated in them get maximum ocean space to gain strength before
striking Taiwan in comparison to the other oceans. The analysis of the
strength of typhoons based on their cyclogenesis location also supports
the above statement, as we see that the most far extended ocean from
Taiwan has the lowest average minimum pressure of typhoons and vice-
versa. The most intense typhoons are formed over the North Pacific
Ocean with an average minimum pressure of 932.7 hPa, which keeps on
increasing and reaches 954.9 hPa and 975.8 hPa for the Philippine Sea
and the South China Sea, respectively. The least intense typhoons are
formed over the Eastern China Sea whose extension is lowest from
Taiwan among the four oceans with an average minimum pressure of
979 hPa. Hence, it indicates that the typhoons whose locations of
cyclogenesis are close to Taiwan will create less intense typhoons for
Taiwan and the intensity of typhoons will keep on increasing as the

145°E 150°E 185°E

cyclogenesis location will go far from the land of Taiwan. This statement
is also supported by a previous study where the most intense typhoons’
cyclogenesis locations were found in most eastern parts of the NWP
Ocean with a gradual decrease in typhoons’ intensity as we move the
western side of the NWP Ocean (Pandey and Liou, 2020a).

As per the literature, it is supposed that the relatively stronger ty-
phoons originated oceans’ area will consequently result in more curvy
tracks of the typhoons (Terry and Gienko, 2011; Terry et al., 2013; Terry
and Kim, 2015). Pandey and Liou (2020a) showed that the most eastern
falling cyclogenesis location carrying typhoons have maximum track
sinuosity in their paths along with maximum strength in the NWP Ocean
basin. This trend keeps on decreasing with the final existence of the
minimum track sinuosity typhoons’ cyclogenesis location along with the
minimum strength at the most western parts of the NWP Ocean basin. If
we consider merely the typhoons that hit Taiwan in their life journey, we
found that the South China Sea has 79% more track sinuosity than the
North Pacific Ocean, even when the South China Sea originated ty-
phoons are 36% on average weaker than those of the North Pacific
Ocean originated typhoons. Fig. 9 shows the mapping of three typhoon
parameters i.e., ocean of cyclogenesis, typhoon track Sinuosity Index
(SI) value, and direction to hit Taiwan based on the cyclogenesis
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locations of all typhoons.

The classes of typhoon track SI values are based on dividing all SI
values into quartiles by putting an almost equal number of typhoon
cases in each quartile. Similar techniques were used in the previous
studies to create quartile-based SI classes named, sinuous, quasi-sinuous,
quasi-straight, and straight for analyzing typhoon cases in the Atlantic
Ocean, the Indian Ocean, the North West Pacific Ocean, and the South
Pacific Ocean (Terry and Gienko, 2011; Terry et al., 2013; Terry and
Kim, 2015; Pandey and Liou, 2020a). From Fig. 8, it can be perceived
very clearly that three-fourths (75%) of all typhoons of the South China
Sea belong to the weaker typhoon (961-998 hPa) categories. In contrast,
92% of all typhoons of the South China Sea possess high sinuosity in
their tracks belonging to the sinuous track (sinuous and quasi-sinuous: SI
value > 4.766) categories. The majority of (90%) typhoons with the
sinuous tracks (sinuous and quasi-sinuous: SI value > 4.766) in the
South China Sea hit Taiwan from the West direction, while only 11% of
the rest of all oceans’ typhoons take a Westerly path to attack Taiwan.
74% of the straighter (straight and quasi-straight: SI value < 4.766) path
following typhoons strike Taiwan from the East direction only. No
sinuous track following typhoon reaches Taiwan from the East. Around
44% of the stronger typhoons only take the Easterly path to enter
Taiwan excluding the South China Sea typhoon cases.

These are very crucial findings for the typhoon-prone damages
caused to Taiwan. As the sinuosity has a direct association with the
damages caused due to the potential failure of accurate movement
prediction by the models. The results are alone consistent with the
analysis of sub-section 5.2, which reveals that Westerly striking ty-
phoons will on average survive longer with more twists and turns during
their path. The South China Sea has a majority of the West striking ty-
phoons. It aids the South China Sea to secure the position of carrying on
average the second-longest survival typhoons’ (145.5 h) for Taiwan
during the study period. This becomes very crucial information for
Taiwan’s typhoon risk assessment or disaster assessment teams. This
information can help them take proper actions by keeping special
attention on the typhoons moving from the West of the country, spe-
cifically from the South China Sea, due to more errors expected in their

Table 4
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predictions.

5.5. ENSO phase-wise distribution

The previous studies widely used the Multivariate ENSO Index (MEI)
for classifying typhoon events in warm and cold phases by collecting the
information about respective months of cyclogenesis of typhoons (Astier
et al., 2015; Jien et al., 2015). A recent study utilized the MEI to detect
phases of ENSO for typhoons of the NWP Ocean basin and revealed that
in the warm ENSO phase the frequency and strength of typhoons rise
significantly in the NWP (Pandey and Liou, 2020a). The details about
data and methods used for classifying typhoons in ENSO phases using
the MEI index are provided in sub-section 4.4. Table 4 provides detailed
statistical information about all typhoons classified in terms of their
ENSO phases.

Table 4 reveals that the warm phase of ENSO caused around 26%
more cyclogenesis than the cold phase of ENSO for all those typhoons of
interest in the last 4 decades. There is a distinct and gradual decadal
incline in the frequency of typhoons that hit Taiwan in the warm phase
of ENSO based on the last 40 years of data. The above pattern indicates
that in the future the warm phase of ENSO potentially can produce even
more typhoons than the current decade. This is an alarming situation for
all typhoon damage handling agencies of Taiwan for prior preparation.
In contrast, there is a distinct and gradual decadal decline in the fre-
quency of typhoons that originate during the cold phase of ENSO and hit
Taiwan based on the last 4 decades of data. This information is also very
crucial to researchers and Taiwan’s agencies responsible for disaster
management. Fig. 10 shows the comparison of other typhoon parame-
ters with the ENSO phases at the time of cyclogenesis based on mapping
on their respective location of cyclogenesis.

Table 4 and Fig. 10 reveal that the cold phase of ENSO creates
slightly stronger typhoons on average for Taiwan, but the warm phase of
ENSO creates typhoons with slightly more sinuosity in their tracks for
Taiwan. Hence, they survive more hours before striking Taiwan. The
main reason behind increased track sinuosity of typhoons in the warm
phase of ENSO potentially can be (400%) four times more typhoon cases

All typhoon pathways and parameters with their decadal variations classified in their respective phases of the El Nino Southern Oscillation for typhoons that hit Taiwan
during 1977-2016; n = 77. Note here that, D1: 2007-2016, D2: 1997-2006, D3: 1987-1996, and D4: 1977-1986.

ENSO Frequency Typhoon Typhoon Average Ocean of Month of Average Average Average Average Average
phase (percentage) Direction Pathway Minimum Cyclogenesis Cyclogenesis Survival Geodesic Geodesic Sinuosity Sinuosity
over Pressure (hours) track distance value Index
Taiwan (in hPa) length of between value
typhoon Cyclogenesis
(Kms) and Cyclolysis
locations
(Kms)

Warm 29 (38%) East (17), 1(6),2 956.1 (D1 Philippine Sea June (2), July 157.4 2843.8 2200.5 (D1 ~ 1.47 (D1 5.76 (D1

(D1: 9; D2: South (6), 3(2), ~ D4: (16), North (8), Aug (12), (D1 ~ (D1 ~D4:  D4: 2069.6, ~ D4: ~ D4:
9; D3: 8; D4: (5), West 44,5 955.6, Pacific Ocean Sept (5), Oct D4: 3066.9, 2287.6, 1.621.67, 6.75,
3) (@) (2), 6 (3), 959.4, (8), South (1), Nov (1) 166.7, 2828.6, 2110.5, 1.15, 5.49,

7(2),8 965.1, China Sea (5) 162.7, 2420.9, 2571.7) 1.30) 4.78,
1), 9 (1), 923.3) 127.5, 3347.8) 6.16)
10 (2) 194)

Cold 23 (30%) East (12), 1(4),2 948.5 (D1 Philippine Sea May (1), June 122.9 2198.0 1864.0 (D1 ~ 1.22 (D1 5.12 (D1
(D1: 3; D2: South (5), 3 (4), ~ D4: (16), South (2), July (8), (D1 ~ (D1 ~D4:  D4:1525.2, ~ D4: ~ D4:
3;D3:5;D4:  (7), West 4(2),5 971.7, China Sea (4),  Aug (5), Sept ~ D4: 98, 1928.8, 2474.3, 1.23, 5.76,
12) “4) (3), 6 (1), 948.3, North Pacific (6), Oct (1) 164, 72, 3130.0, 1194.5, 1.29, 6.38,

7(2),8 970, Ocean (2), 140) 1287.5, 2075.2) 1.31, 4.67,
0,9 () 933.8) Eastern China 2411.7) 1.16) 4.84)
Sea (1)

Neutral 25 (32%) East (12), 1(4),2 962.7 (D1 Philippine Sea May (1), June 120.7 2055.1 1662.3 (D1 ~ 1.27 (D1 4.98 (D1
(D1: 6; D2: South (3), 3 (6), ~ D4: (19), South (5), July (5), (D1 ~ (D1 ~D4:  D4:1159.8, ~ D4: ~ D4:
5;D3:9; D4:  (7), West 4(4),5 963.3, China Sea (3), Aug (8), Sept ~ D4: 59, 1190.1, 2067.8, 1.03, 2.93,

5) (6) (3), 6 (3), 968.2, Eastern China (6) 133.2, 2444.3, 1651.6, 1.21, 5.69,
7(1),8(1) 952.9, Sea (2), North 142,144)  2149.2, 1879.1) 1.44, 5.53,
974) Pacific Ocean 2534.6) 1.30) 5.77)

@

11



R.S. Pandey and Y.-A. Liou

25°N

20°N

15°N

10°N

Weakest [ . . | EasternChina Sea
[* ] North Pacific Ocean

Weak
Medium ] South China Sea
% || Philippine Sea
Stronge st

25°N

20°N

15°N

10°N

Eastem China Sea ()

North Paciic Ocean é

) ENSO Neutral

25°N

20°N

15°N

10°N

Quasi-straight |-
Straight

EasternChina Sea

135°E

140°E

145°E

Weather and Climate Extremes 36 (2022) 100446

Fig. 10. Comparison between phases of the El Nino
Southern Oscillation to ocean of cyclogenesis,
strength, and direction of typhoons to hit Taiwan
based on the cyclogenesis locations on the map for all
typhoons that hit Taiwan during the last four decades
(1977-2016); n = 77. Note here that for Figure (a);
the maximum strength of typhoons is represented by
colored dots on cyclogenesis locations. Colors red:
strongest (900-920 hPa); orange: strong (921-940
hPa); yellow: medium (941-960 hPa); green: low
(961-980 hPa); and blue: weakest (981-998 hPa)
typhoon strength class, for the Figure (b); the ty-
phoon’s cyclogenesis locations with the warm, cold
and neutral phases are represented by red, green and
white dots, respectively, and for the Figure (c); the
typhoon track SI values are represented by colored
dots on cyclogenesis locations. Colors red: sinuous (SI
value > 6.826); yellow: quasi-sinuous (6.826 > SI
value > 4.766); green: quasi-straight (4.766 > SI
value > 3.165); and blue: straight (3.165 > SI value).
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)

105°E 110°E 15°E 120°E 125°E 130°E 150° E 155°E
Table 5
Frequency of all typhoon’s parameters (sinuosity, strength, direction, and ENSO) of typhoons that hit Taiwan during 1977-2016 based on their cyclogenesis locations;
m=77)"
Categories Cyclogenesis location latitude Cyclogenesis location longitude
25-30°N 20-25°N 15-20°N 10-15°N 05-10°N 150-160°E 140-150°E 130-140°E 120-130°E 110-120°E
Sinuosity Sinuous 1 5 8 5 0 2 2 4 9 2
Quasi-sinuous 0 4 11 3 1 1 4 4 4 6
Quasi-straight 1 5 6 7 1 1 4 6 8 1
Straight 2 3 10 3 1 1 3 8 7 0
Strength Strongest, 0 1 2 4 1 1 3 4 0 0
Strong 1 1 9 2 1 1 6 3 4 0
Medium 1 6 10 5 0 3 3 7 7 2
Weak 0 2 7 5 1 0 1 7 4 3
Weakest 2 7 7 2 0 0 0 1 13 4
Direction West 1 3 9 3 1 0 1 6 7
South 1 3 11 3 1 1 4 9 2
East 2 11 15 12 1 4 8 16 13 0
ENSO Warm 1 10 7 10 1 4 6 7 9 3
Cold 1 5 15 1 1 1 4 7 7 4
Neutral 3 12 1 0 4 7 12 2

@ Sinuosity: sinuous (SI value > 6.826), quasi-sinuous (6.826 > SI value > 4.766), quasi-straight (4.766 > SI value > 3.165), and straight (3.165 > SI value).
Strength: strongest (900-920 hPa), strong (921-940 hPa), medium (941-960 hPa), low (961-980 hPa), and weakest (981-998 hPa). Direction: according to enter in

Taiwan. ENSO: based on month of cyclogenesis of typhoons.
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present in the most far North Pacific Ocean in the warm phase than in
the cold phase of ENSO. Fig. 10b shows that there is no such significant
difference in typhoons’ directional patterns between both phases of
ENSO.

5.6. Statistical analysis

5.6.1. Statistical tests

The divisions of all typhoon-related parameters in various classes as
formed in Figs. 7-10, are very essential for better analysis of the cases as
well as detection of various hidden patterns. This kind of division of
typhoons’ various parameters can assist analysis in two ways: (a) by
adopting a simplistic mapping approach for understanding through
visualization, and (b) by using statistical tests to find out if there is any
longitudinal or latitudinal pattern available in various parameters.
Moreover, statistical tests can assist for validating the results found in
terms of the relationship among all four parameters (sinuosity, strength,
direction, and ENSO) under study. In general, creating classes of
typhoon parameters facilitates spatial analyses of all parameters under
study based on their respective cyclogenesis locations. The current paper
uses the Fisher’s Exact test of countable data and Two-sided Chi-square
(x2) tests to check if any statistically significant difference exists both
longitude- and latitude-wise in each typhoon-related parameter-class
(sinuosity, strength, direction, and ENSO) based on their cyclogenesis
position. Detailed comparison and methods of both statistical tests are
given in sub-section 4.3. Table 5 shows the frequency of all the above-
described typhoon parameters in 5°-latitudinal and 10°-longitudinal
zones of all typhoons of interest during 1977-2016.

Pandey and Liou (2020a) used similar 5°-latitudinal and 10°-longi-
tudinal zones to implement the Chi-square ()2) test for checking vari-
ation between sinuosity index values for the typhoons of the NWP basin.
Several previous studies also employed the Chi-square (x2) test with
5°-latitudinal and 10°-longitudinal zones to check the variability of ty-
phoon’s parameters (Terry and Gienko, 2011; Terry et al., 2013; Terry
and Kim, 2015). To apply the statistical tests to Table 5 data, null hy-
potheses (Hp) were created so that no highly significant difference exists
in terms of each typhoon-related parameter-classes for cyclogenesis lo-
cations between each 10°-longitudinal or 5°-latitudinal zone. Table 6
shows the results of the statistical tests as shown below:

Many combinations of rows have been created for each typhoon-
related parameter class to check if any statistically significant varia-
tion exists every 5°-latitudinal or 10°-longitudinal zone (Table 6).
There is no statistically significant difference existing for the cyclogen-
esis locations between each 5°-latitudinal zone in the typhoons track
sinuosity, intensity, the direction of entering Taiwan, and ENSO phases
the typhoons belonging to. Null hypotheses are rejected at > 99.93%
confidence level (p < 0.001) for the typhoon strength-wise classes in all
three-row combinations (with all 5-rows \ 3-rows; strongest + strong,
medium, weak + weakest \ 4-rows; strongest + strong, medium, weak,
and weakest) by the Fisher’s Exact Test for the countable data for
cyclogenesis locations between each 10°-longitudinal zone. Although,
for the Two-sided chi-square (x2) test, the null hypothesis is only
rejected once at 99.97% confidence level (p < 0.001) for 4-row com-
bination of typhoon strength-wise class for cyclogenesis locations be-
tween each 10°-longitudinal zone, several cell values are <5 (less than
5) and 0 (zero) even in some cases. Thus, Two-sided chi-square (y2) test-
based results are not so reliable over Fisher’s Exact Test for countable
data. Consequently, a statistically significant difference exists between
each 10°-longitudinal zone in typhoons’ strength based on the place of
cyclogenesis.

The above result is entirely in a sink with the preceding analysis in
this paper (sub-section 5.4) on the variation of typhoons’ strength based
on the ocean of cyclogenesis. It was shown that the distribution of most
intense typhoons based on the cyclogenesis location is over the most far
extended oceans from the land of Taiwan and vice-versa. Hence, the
North Pacific Ocean possesses on average the maximum intense
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Table 6

Results of Fisher’s Exact and Two-sided chi-square (}2) tests for all parameters
(sinuosity, strength, direction, and ENSO phases) of typhoons of interest during
1977-2016 based on their cyclogenesis locations; (n = 77).

Categories  Results latitude- Null (Hp) Results longitude-  Null (Hyp)

wise hypothesis wise hypothesis

Sinuosity (1) Fisher’'sExact  selected (1) Fisher’'sExact  selected
Test: p = selected Test: p = selected
0.801 0.320

(2) Two-sided (2) Two-sided
chi-square chi-square
(x2):p = (2):p =
0.807 0.254

Strength (1) Fisher’'sExact  selected (1) Fisher’sExact rejected
Test: p = selected Test: p = rejected
0.272 (with 5 - 2.2E-04 and -

TOWS) selected p < 0.001 rejected

(2) Fisher’sExact - (with 5 rows) -
Test: p = selected (2) Fisher’sExact selected
0.762 (with 3 selected Test: p = selected
rows; - 6.5E-04 and -
strongest + selected p < 0.001 rejected
strong, (with 3 rows;
medium, strongest +
weak + strong,
weakest) medium,

(3) Fisher’s Exact weak +
Test: p = weakest)

0.414 (with 4 (3) Fisher’s Exact
TOWS; Test: p =
strongest + 1.7E-04 and
strong, p < 0.001
medium, (with 4 rows;
weak, strongest +
weakest) strong,

(4) Two-sided medium,
chi-square weak,
2):p= weakest)

0.333 (with 5 (4) Two-sided
TOWS) chi-square

(5) Two-sided ¥2):p=
chi-square 0.0015 (with
(2):p= 5 rows)

0.729 (with 3 (5) Two-sided
Tows; stron- chi-square
gest + strong, x2):p=
medium, 0.0014 (with
weak + 3 rows;
weakest) strongest +

(6) Two-sided strong, me-
chi-square dium, weak
2):p= + weakest)

0.414, (with (6) Two-sided

4 rows; chi-square

strongest + 2):p=

strong, me- 0.0004 and p

dium, weak, < 0.001

weakest) (with 4 rows;
strongest +
strong, me-
dium, weak,
weakest)

Direction (1) Fisher’s Exact selected (1) Fisher’s Exact selected
Test: p = selected Test: p = rejected
0.763 (with 3 selected 0.002 (with3 -

TOWS) selected TOWs) selected

(2) Fisher’s Exact (2) Fisher’s Exact rejected
Test: p = Test: p =
0.625 (with 2 2.8E-04 and
TOWS; east, p < 0.001
west) (with 2 rows;

(3) Two-sided east, west)
chi-square (3) Two-sided
2):p= chi-square
0.829 (with 3 x2):p=
TOWS)

(continued on next page)
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Table 6 (continued)

Categories  Results latitude- Null (Hp) Results longitude-  Null (Hp)
wise hypothesis wise hypothesis
(4) Two-sided 0.0015 (with

chi-square 3 rows)
2):p= (4) Two-sided
0.688 (with 2 chi-square
TOoWS; east, (2):p=
west) 0.0002 and p
< 0.001
(with 2 rows;
east, west)

ENSO (1) Fisher’'sExact  selected (1) Fisher’'sExact  selected
Test: p = selected Test: p = selected
0.026 (with 3 selected 0.644 (with 3  selected
rows) selected TOWs) selected

(2) Fisher’s Exact (2) Fisher’s Exact
Test: p = Test: p =
0.007 (with 2 0.781 (with 2
rows; warm, rows; warm,
cold) cold)

(3) Two-sided (3) Two-sided
chi-square chi-square
2):p= x2):p=
0.085 (with 3 0.549 (with 3
rows) TOWS)

(4) Two-sided (4) Two-sided
chi-square chi-square
2):p= 2):p=
0.022 (with 2 0.735 (with 2
rows; warm, rows; warm,
cold) cold)

typhoons with an average minimum pressure of 932.7 hPa, which in-
creases as we move close to Taiwan with an average minimum pressure
of 954.9 hPa, 975.8 hPa, and 979 hPa for the Philippine Sea, the South
China sea, and the Eastern China Sea, respectively. Thus, the statistical
Fisher’s Exact test for countable data verifies the preceding results in this
case. Null hypotheses are rejected by both Fisher’s Exact test for
countable data and the Two-sided chi-square ()2) test for cyclogenesis
locations between each 10°-longitudinal zone at 99.97% confidence
level (p < 0.001) for the typhoon direction-wise class with two-row
combinations of the East and the West striking direction of typhoons
to Taiwan. Hence, there is a statistically significant longitudinal varia-
tion in the cyclogenesis locations of typhoons that hit Taiwan from the
East or the West direction. The results are similar to the previous anal-
ysis in this paper (sub-section 5.2) where the majority of cyclogenesis
locations of the West striking typhoons to Taiwan lie in the most West
ocean like the South China Sea with around 59% of such typhoons.
Nevertheless, 78% of all typhoons that strike Taiwan from the East alone
have cyclogenesis in the Philippine Sea. Also, around 73% of typhoons
whose cyclogenesis is in the North Pacific Ocean hit Taiwan from the
East direction. Hence, the statistical tests verify the earlier results in this
case.

Although both statistical tests select the null hypothesis showing that
there is no significant variation in typhoons’ track sinuous nature
longitude-wise based on the place of cyclogenesis, which is just opposite
of the earlier studies that found typhoons’ track sinuosity directly pro-
portional to typhoons’ intensity (Terry and Gienko, 2011; Terry et al.,
2013; Terry and Kim, 2015; Pandey and Liou, 2020a). However, the
above statistical tests’ results are fully verifying the results observed in
this paper earlier in sub-section 5.2, showing that 75% of all typhoons of
the South China Sea are weaker typhoons (961-998 hPa) though 92% of
all typhoons of the South China Sea possess the high sinuous nature of
tracks of typhoons (SI value > 4.766). In contrast, typhoons of the North
Pacific Ocean have the highest average typhoons’ intensity (932.7 hPa),
but almost half track Sinuosity Index values (SI = 4.61) in comparison to
the South China Sea (SI = 8.24). Thus, the statistical tests are wholly in
the sink with the analysis done in this case in this paper. There are no
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significant longitudinal variations in cyclogenesis places based on the
ENSO phases, which are again consistent with the ENSO analysis results
in this paper, despite the fact that 26% of more typhoons originate
during the warm ENSO phase than in the cold ENSO phase. Note that the
previous study also has shown more than a double-increase in the
number of typhoons in the warm ENSO phase than the cold ENSO phase
considering the cases for the whole North West Pacific (Pandey and Liou,
2020a). Despite the similarity, the previous study had shown more
accumulation of typhoons in the Eastern part of the NWP during the
warm phase of ENSO, which is not the case if we consider only typhoons
that strike Taiwan in their life journey.

In summary, statistical tests are very crucial to verify the results
along with aiding for better analysis. Results of the statistical tests from
Table 6 are solely consistent with all the results in this paper and hence
validate them.

5.6.2. Relationship between typhoon parameters

Fig. 11 shows the relationship among various typhoon parameters
under study in the current paper.

Table 7 shows various statistical correlations between parameters of
all typhoons of interest in the last 40 (1977-2016) years.

Fig. 11f tells the obvious fact if a typhoon stays longer, it has great
potential to cover longer distances as well (r = 0.83). We calculated the
correlation between typhoon track SI and typhoon duration and found
that the correlation is 0.67, which is greater than the previously
measured correlation between the same parameters over the NWP basin
during the same period (r = 0.55) (Table 7, Fig. 11a), while the corre-
lation between typhoon track SI and duration for the typhoons of in-
terest during 1977-2016 is 0.42, which is similar (r = 0.48) to the earlier
calculated correlation between same parameters over the NWP basin
during the same 40 years (Table 7, Fig. 11b). In contrast, the correlation
between typhoon track SI and the minimum pressure of all 77 typhoons
that strike Taiwan during 1977-2016 is —0.02, whereas the previous
study shows the correlation between the same parameters under the
same time frame for all 959 typhoons of the NWP basin is —0.35
(Table 7, Fig. 11¢) (Pandey and Liou, 2020a).

It is a very significant finding if the typhoons of interest possess more
twists and turns, they can survive longer, but not necessarily to be strong
in their nature. The above finding is supported by many previous section
results showing that the South China Sea has the maximum average SI
values (8.24), but on average with the weakest typhoons (975.8 hPa).
The correlations between typhoons’ minimum pressure and duration or
distance covered are negative (r = —0.45 and —0.51, respectively) and
not very strong like the correlation between typhoon track SI and
duration (Fig, 11a, 11d, 11e). It tells that the strong typhoons of interest
have moderate potential to cover longer distances and survive longer
hours. Although, on average, most strong typhoons (932.7 hPa) come to
Taiwan from the North Pacific Ocean covering the maximum distance
(3960.9 km) and surviving the longest hours (187.6 h), but less in fre-
quency than the typhoons coming from the Philippine and the South
China Seas. Also, the South China Sea originated typhoons cover on
average less distance (1140.7 km), although on average they survive
(145.5 h) longer than those of the Philippine Sea due to the highest track
sinuosity of this ocean. Hence, it is found that typhoons’ track sinuosity
plays a more crucial role in the longer survival of typhoons than its
strength for the case of typhoons that strike Taiwan.

5.7. Climatological analysis

A climatological analysis is very crucial to understand the physical
reasons behind the various patterns observed in the nature of tracks of
typhoons that hit Taiwan in the last 40 years (1977-2016) (James et al.,
2006). 10-yearly (Decadal), 5-yearly, yearly, ENSO phase-wise, and
month-wise climatological analyses for the whole typhoon season
(May-November) over the entire global ocean, the North Pacific Ocean,
the Philippine Sea, the South China sea, and the Eastern China Sea are
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Fig. 11. Relationship between (a) sinuosity index and duration (hr), (b) sinuosity index and distance covered (km), (c) sinuosity index and minimum pressure (hPa),
(d) minimum pressure (hPa), and duration (hr), (¢) minimum pressure (hPa) and distance covered (km), and (f) duration (hr) and distance covered (km) of all

typhoons that hit Taiwan during 1977-2016.

Table 7

Pearson’s correlation between all typhoons’ (a) track SI and duration, (b) track
SI and distance covered, and (c) track SI and minimum pressure, (d) minimum
pressure and duration, (e) minimum pressure and distance covered, and (f)
duration and distance covered (n = 77) over 1977-2016.

Correlation
coefficient (r)

Parameters for Correlation Level of significance (by t-test) (p)

SI and Duration (hr) 0.67 <0.001
SI and Distance covered (km) 0.42 <0.001
SI and Minimum pressure (hPa) —0.02 <0.001
Minimum pressure (hPa) and —0.45 <0.001
Duration (hr) —-0.51 <0.001
Minimum pressure (hPa) and 0.83 <0.001

Distance covered (km)
Duration (hr) and Distance
covered (km)

done throughout 1977-2016 by quantifying the Sea Surface Tempera-
ture Anomaly (SSTA) (°C) using the base years 1941-1970. Please refer
to sub-sections 4.1 and 4.5 for details about the data used and the
methods involved.

5.7.1. 5-yearly SSTA analysis

Fig. 12 shows the Sea Surface Temperature Anomaly (SSTA) (°C)
averaged 5-yearly over typhoon season for each preceding 5-year period
from 1977 to 2016 as well as for the whole study period. The base years
are 1941-1970 (30-years). Please refer to sub-section 4.5 for details
about the methodology for the 5-yearly SSTA calculations.

Based on the above maps of Fig. 12, Table 8 shows the values of SSTA
clearly distributed for all study oceans along with the entire ocean
portion of the earth i.e., the global ocean. Fig. 12 and Table 8 effectively
indicate the gradual increase of 5-yearly averaged Sea Surface Tem-
perature globally and over the study oceans during the study period
(1977-2016) for the whole typhoon season (May-November). From
1977 to 1981 to 2012-2016, the positive anomaly has increased to
250.8% (1.20-4.21 °C), while the negative anomaly has decreased to
44.4% (—0.99 ~ —1.43).

More recent 5-years 2012-2016 have shown an increase of 0.4 °C
SSTA globally in comparison to 1977-1981, while in the same period
SSTA has increased maximum in the North Pacific Ocean among all
study oceans with 0.69 °C, and 0.65 °C, 0.63 °C, and 0.53 °C,
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respectively, in the Eastern China Sea, the South China Sea, and the
Philippine Sea. In comparison to base years (1941-1970), the most
recent 5-year (2012-2016) SSTA has increased to 0.44 °C globally, while
in the same period SSTA has increased maximum in the Eastern China
Sea among all study oceans with 0.72 °C, and 0.71 °C, 0.64 °C, and
0.58 °C, respectively, in the South China Sea, the Philippine Sea, and the
North Pacific Ocean. A similar recent study using the 6-yearly
(2001-2005) SSTA analysis over the Western Pacific with the paleo-
climate data showed that the oceans are getting warmer than the base
years of 1951-1980 (James et al., 2006). However, another recent study
showed that this increasing SST in the NWP is associated with the
increasing strength of typhoons in the region (Mei et al., 2015).

Hence, it is clear that the SSTA has a range of change between 0.4
and 0.7 °C, whether it is compared between the last 4 decades or from
30-years of the base period based on 5-yearly, averaged SSTA data for
the typhoon season (May-November). The global ocean has consistently
shown the lowest change of SSTA in comparison to all four oceans under
study.

5.7.2. Decadal SSTA analysis

Fig. 13 shows the decadal Sea Surface Temperature Anomaly (SSTA)
(°C) averaged over the typhoon season for each preceding 10-year
period from 1977 to 2016. The base years are from 1941 to 1970 (30-
years). Please refer to sub-section 4.5 for details about the methodology
for decadal SSTA calculations.

Based on the above maps of Fig. 13, Table 9 shows the values of SSTA
clearly distributed for all study oceans along with the global ocean. Note
that Fig. 12i belongs to SSTA values for all study oceans, but is given in
Table 8 to reduce space for Table 7.

Fig. 13 and Table 9 effectively indicate the gradual increase of
decadal averaged Sea Surface Temperature globally and over the study
area during the study period (1977-2016) for the whole typhoon season
(May-November). From 1977 to 1986 to 2007-2016, the positive
anomaly has increased to 266.9% (1.12-4.11 °C), while the negative
anomaly has decreased to 8.7% (—1.38 ~ —1.50). The most recent
decade 2007-2016 has shown an increase of 0.3 °C SSTA globally in
comparison to 1977-1986, while, in the same period, the SSTA has
increased maximum in the Eastern China Sea among all study oceans by
0.51 °C, and 0.44 °C, 0.44 °C, and 0.41 °C, respectively, in the Philippine
Sea, the South China Sea, and the North Pacific Ocean. In comparison to
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Fig. 12. Sea Surface Temperature Anomaly (SSTA) (°C) for the typhoon season (May-November) over the entire global ocean using the base years 1941-1970 and
averaged 5-yearly over periods (a) 2012-2016, (b) 2007-2011, (c) 2002-2006, (d) 1997-20 012, (e) 1992-1996, (f) 1987-1991, (g) 1982-1988, and (h) 1977-1981,
and averaged 40-yearly over the entire study period of (i) 1977-2016. The maximum (4.21 °C) and minimum (—2.56 °C) SSTA values on colorbar are adopted from
the biggest maximum and lowest minimum SSTA values recorded among all, which belong from (a) 2012-2016 (maximum SSTA) and (g) 1982-1986 (minimum

SSTA), respectively.

the 30 years base period (1941-1970), the most recent decade
2007-2016 has shown an increase of 0.37 °C SSTA globally, i.e., for the
global ocean, while, in the same time period, the SSTA has increased
maximum in the Eastern China Sea among all study seas with 0.65 °C,
and 0.58 °C, 0.57 °C, and 0.36 °C, respectively, in the Philippine Sea, the
South China Sea, and the North Pacific Ocean. Hence, it is clear that the
SSTA decadal change has a range of around 0.3-0.5 °C when it is
compared between the last 4 decades and around 0.4-0.7 °C compared
to the 30-year base period for the typhoon season (May-November). The
global ocean has consistently shown a lower change of SSTA in com-
parison to all oceans under study. The Pacific Ocean alone accounts for
almost 80% of typhoons that reach Taiwan, which can be linked to the
fact that the Philippine Sea has the second biggest positive change in
SSTA in the recent decade during the typhoon season months from May
to November. Nevertheless, the maximum variation in SSTA in the
recent decade in the Eastern China Sea is potentially due to its closeness
to lands, resulting from the first time recorded typhoons in this ocean
starting from the last two decades.

Overall, the decadal gradual increase in SST is the potential cause of
the decadal-wise increasing strength of typhoons in the region, espe-
cially in Taiwan. This is resulting in almost half (50%) of the strongest
(900-920 hPa) and 43% of strong (921-940 hPa) typhoons that hit
Taiwan from the current decade (F: 2007-2016). In contrast, half (50%)
of the typhoons in the fourth decade (FL: 1977-1986) and 47% of ty-
phoons from the third decade (T: 1987-1996) have weak intensity
(961-998 hPa), in comparison to only 30% of typhoons with weak in-
tensity from the current decade (2007-2016). As more than half (53%)
of the total typhoons to Taiwan hit the country from the East only so that
the overall impact on these typhoons’ strength is more than the other
direction typhoons to Taiwan in the region. Hence, the decadal clima-
tological investigations totally support the decadal intensifications in
the strength of typhoons in the study region. A recent study also tells that
the decadally growing strength of typhoons in the NWP is a combined
effect of changes in SST and vertical wind shear (Zhao et al., 2014).
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5.7.3. Yearly SSTA analysis

Fig. 14 shows the yearly-wise SSTA averaged over the whole typhoon
season (May-November) from 1977 to 2016 for all study oceans. The
base years are 1941-1970 (30 years). Please refer to sub-section 4.5 for
details about the methodology for yearly SSTA measurements.

The yearly climatological investigation is done by measuring SSTA
for typhoon season over study oceans and the global ocean using Fig. 14,
which shows an overall gradually increasing trend of SSTA in all oceans
during the study years (1977-2016). These results are completely in the
sink with the previous decadal and 5-yearly SSTA investigations, indi-
cating that the Eastern China Sea has topped with maximum SSTA
values, while the lowest SSTA values are in the North Pacific Ocean and
almost equal for the Philippine Sea and the South China Sea. In case of a
continuous linear trend, we can expect the SSTA change may reach
around 1 °C in the next decade for the Eastern China Sea, while 0.5 °C for
the North Pacific Ocean and global ocean (Fig. 14a). Similarly, the SSTA
change may reach 0.9 °C for the Philippine and South China Seas in the
next 10 years (up to 2026).

The major El-Nino epochs during the study years were 1982-83,
1997-98, and 2015-16, which are reflected by the peak positive SSTA
values in the Eastern China Sea (1st in 1998, 2nd in 2016), the Philip-
pine Sea (1st in 1998, 2nd in 2016), the South China Sea (1st in 1998,
2nd in 2016), the North Pacific Ocean (1st in 2015, 2nd in 2016), and
global ocean (1st in 2016, 2nd in 2015). However, the major La-Nina
epochs during the study years were 1988-89, 1998-2000, 2007-08,
2010-11, which are not reflected by the lowest SSTA values in the
Eastern China Sea (1st in 1979, 2nd in 1992), the Philippine Sea (1979),
the South China Sea (1st in 1984, 2nd in 1985), the North Pacific Ocean
(1987), and global ocean (1978). Here, the major El Nino and La Nina
epochs are based on the Oceanic Nino Index (ONI) and adopted from the
online site of NOAA (https://ggweather.com/enso/oni.htm). A recent
study shows that the El Nino cycles influence tropical cyclone activities
and rainfall across the Korean Peninsula (Kim et al., 2015). Hence, the
role of El-Nino epochs is found very crucial for the SSTA changes during
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Table 8

5-year Sea Surface Temperature Anomalies of all study oceans over 1977-2016. Mx, Mn, and MN: maximum, minimum, and mean SSTA (°C).

5-yearly Averaged Sea Surface Temperature (°C) Anomaly during whole typhoon Season (May-November); Base period: 1941-1970

2007-2011 2002-2006 2001-1997 1992-1996 1987-1991 1982-1986 1977-1981

2012-2016

Time Period

MN Mx Mn MN Mx Mn MN Mx Mn MN Mx Mn MN Mx Mn MN Mx Mn MN Mx Mn MN

Mn

Ocean of Cyclogenesis
Eastern China Sea
Philippine Sea

0.07
0.11
0.08

—0.30
—0.13
-0.10
—0.99
—0.99

0.25
0.31
0.23
0.56
1.20

0.20
0.17
0.18
0.01
0.09

—0.21
—0.42
-0.21
-1.26
—2.56

0.70
0.55
0.71
2.02
2.21

0.23
0.34
0.43
0.13
0.19

—0.38
—0.23
0.01

0.86
0.75
1.02
1.91
3.49

0.33
0.30
0.33
0.16
0.16

-0.17
—0.44
—0.09
-1.20
—2.03

0.94
0.71
1.10
2.25
3.52

0.83
0.68
0.69
0.17
0.27

0.19
0.37
0.35

1.68
1.10
1.21
2.19
3.85

0.68
0.49
0.52
0.34
0.33

0.04
0.03
0.20

1.51
0.91
1.21
2.02
3.74

0.57
0.52
0.44
0.14
0.29

—0.29
—0.04
—0.05
—0.94
-1.57

1.34
0.86
0.98
1.73
4.05

0.72
0.64
0.71
0.58
0.44

0.09

1.44
0.93
1.28
2.77
4.21

—0.12
0.38

South China Sea

-0.11
0.04

—1.02
—2.40

—0.58 -0.72
-1.27

-1.77

—0.37
-1.43

North Pacific Ocean
Glonal Ocean
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typhoon season as it influences the SST resulting in more cyclogenesis.

Interestingly, it is found that in all decadal, 5-yearly, and yearly SSTA
measurements during the last 40 years, the North Pacific Ocean’s SSTA
values are closer to the global ocean than any other ocean under study.
The cause behind this is obvious, as geographically speaking the North
Pacific Ocean is the second biggest ocean after the global ocean among
all oceans under study. In fact, it is several times bigger in area than the
Philippine Sea, the South China Sea, and the Eastern China Sea (Fig. 1).
It is extended roughly between 130° E and 180° E longitude and between
the equator and 55° N latitude. Thus, due to the huge size of the North
Pacific Ocean, the sea surface temperature over the area is averaged and
reaches closer to the global ocean than other oceans under study.
Moreover, small oceans can potentially save their peculiarity than
bigger oceans.

Following the above, it is also found that in all decadal, 5-yearly, and
yearly SSTA measurements during the last 40 years, the Eastern China
Sea has shown the maximum SST change. It is potentially due to a
combination of several factors as (a) it is surrounded by lands and
islands of China and Japan, where SST values close to coasts have been
rapidly recorded increasing in the recent few decades due to the effect of
global warming (Figs. 12-14, and (b) its overall size is small in com-
parison to the other study oceans (Fig. 1). Despite discussing the above,
a further investigation in the future can be crucial to clarify the cause.

The need of measuring all decadal, 5-yearly, and yearly SSTA pat-
terns together in the study oceans was provided in this paper because of
two major reasons addressed as follows: (a) it provides a very clear idea
when SST variations were smaller for a longer period of time, for which
decadal SST measurements were enough, and when SST variations are
so quick in a quite small period of time, especially in the recent decades
due to global warming, that we even need yearly SST measurements for
analysis properly, and (b) the yearly changing factors like El Nino and
La-Nina years need yearly SSTA whereas directional, strength and
curviness based factors are easier to compare with half-decadal or
decadal SSTA.

5.7.4. ENSO phase-wise SSTA analysis

Fig. 15 shows the ENSO phase-wise SSTA variations in all study
oceans. Details of ENSO phase-wise SSTA analysis methodology are
explained in sub-section 4.5.

Fig. 15 shows that the SSTA gradually increasing in both ENSO
phases in the last 4 decades in most of the study oceans with an
exception of maximum SSTA of the Eastern China Sea and the South
China Sea during 1997-2006 in ENSO warm and cold phases, respec-
tively. In the majority, the SSTA changes in every decade in all oceans
are more during ENSO cold phase. The SSTA values have reached up to
1.01°C, 0.79 °C, 0.69 °C, 0.32°C, 0.40 °C, and 0.21 °C, 0.56 °C, 0.81 °C,
0.85 °C, 0.52 °C for the ENSO cold and warm phases in the Eastern China
Sea, the Philippine Sea, the South China Sea, the North Pacific Ocean,
and global ocean, respectively. Decade-wise gradually increasing SSTA
during ENSO phases is consistent with the overall increase of the
strength of typhoons that hit Taiwan and also with the previous studies
showing the increasing intensity of typhoons in the whole NWP region
(Pandey et al., 2021).

5.7.5. Monthly SSTA analysis

Fig. 16 shows monthly (from May to November) variations in SSTA
for the study oceans during 1977-2016. Details of the methodology are
provided in sub-section 4.5.

It is clear that maximum SSTA change has occurred in the month of
May in the Eastern China Ocean. The SSTA has decade-wise gradually
increased for continuous three decades (199-2007) in all months of
typhoons in all oceans except the Eastern China Sea. The Eastern China
Sea has an alternating decadal variation pattern of SSTA in the month of
May, making forth (1977-1986) and second decade (1997-2006) SSTA
more than the first (2007-2016) and third decade (1987-1996). It is a
very interesting outcome and needs further detailed investigations. Both
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Fig. 13. Sea Surface Temperature Anomaly (SSTA)

SST (°C) for the typhoons season (May-November) over
Anomaly he entire global ocean using the base years
(°C) 1941-1970 and averaged 10-yearly over periods (a)

4.11 2007-2016, (b) 1997-2006, (c) 1987-1996, and (d)

1977-1986. The maximum (4.11 °C) and minimum
(—2.10 °C) SSTA values on colorbar are adopted from
= the biggest maximum and lowest minimum SSTA
values recorded among all decades, which belong
from (a) 2007-2016 (maximum SSTA) and (g)
1987-1996 (minimum SSTA), respectively.

-2.10

Decadal and whole study period (1977-2016) averaged Sea Surface Temperature Anomalies of all study oceans. Mx, Mn, and MN: maximum, minimum, and mean

SSTA (°C), respectively.

Decadal Averaged Sea Surface Temperature (°C) Anomaly during whole typhoon Season (May-November); Base period: 1941-1970

Time Period 2007-2016 1997-2006 1987-1996 1977-1986 1977-2016

Ocean of Cyclogenesis Mx Mn MN Mx Mn MN Mx Mn MN Mx Mn MN Mx Mn MN
Eastern China Sea 1.39 —-0.10 0.65 1.59 0.12 0.77 0.81 —0.22 0.28 0.40 —-0.16 0.14 0.96 —0.05 0.46
Philippine Sea 0.84 —0.08 0.58 1.00 0.22 0.58 0.64 —-0.29 0.32 0.36 —-0.26 0.14 0.66 —0.03 0.41
South China Sea 1.13 0.22 0.57 1.19 0.28 0.60 1.06 —0.04 0.38 0.42 —-0.07 0.13 0.95 0.11 0.42
North Pacific Ocean 2.25 —0.30 0.36 2.10 —0.53 0.29 2.08 —0.94 0.15 1.07 —0.95 —0.05 1.87 —0.61 0.18
Global Ocean 4.11 —-1.50 0.37 3.80 —-1.30 0.30 3.51 -2.10 0.18 1.12 —-1.38 0.07 3.05 —-1.38 0.23

1.5 - —=@— Eastem China Sea
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Fig. 14. Sea Surface Temperature Anomaly (SSTA) (°C) for the whole typhoon season (May—November) for each year over the entire global ocean, Eastern China Sea,
Philippine Sea, South China Sea, and North Pacific Ocean during 1977-2016 using the base years 1941-1970.

the North Pacific Ocean and the global ocean have possessed a contin-
uous decadal increase in SSTA in all months, which is linked to the
increasing intensity of typhoons from the ocean. A similar pattern of
continuous decadal increase in SSTA in all months is followed by the
South China Sea and the Philippine Sea except for the months of May,
October, and November in the Philippine Sea and May, July October,
and November in the South China Sea where the current decade
(2007-2016) SSTA changes were less than the previous decade
(1997-2006).

In summary, an increase in the temperature of the sea surface is one
of the crucial reasons for increasing the strength of typhoons in the
ocean regions that create typhoons for Taiwan. It is shown by month-
wise, ENSO phase-wise, year-wise, decade-wise, and 5-year-wise

climatological analyses (Tu et al., 2009, 2011; Mei and Xie, 2016).

5.8. Typhoon strength inside Taiwan

The current paper does not focus on assessing all typhoon parameters
inside Taiwan as mentioned in this paper earlier as well. Yet to enhance
the understanding of the typhoon scenario for Taiwan, two fundamental
typhoon parameters (the maximum wind speed and the minimum
pressure) are used to make maps as shown below (Fig. 17). Details of the
method used are given in sub-section 4.6.

Fig. 17a and b reveal that no portion of Taiwan is free from the in-
fluence of typhoons although large contrast in the strength of typhoons
is seen within different potions of the country. Fig. 17a and b shows that
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Fig. 15. The decadal variation in ENSO phases based on averaged SSTA in various oceans. Note here that for each ENSO phase and each decade, the same base years

averaged months data is used for consistency.
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the strength of typhoons is maximum (red color) at the Eastern middle
side of the country. Three components are contributing to this effect.
First, the majority of typhoons enter Taiwan from the East side (around
53%) so as they carry more intensity (on average 949.3 hPa) in com-
parison to typhoons entering from the West or South; (2) The two major
typhoon pathways (typhoon pathways 1 and 3) literally pass through
mid-portion of the Eastern side of Taiwan accounting for almost 34% of
all typhoons to Taiwan during the study period; and (3) The high
mountain ranges extending from the north to the south as shown in
Fig. 17c, works as a barrier for the typhoons to reduce their strength
further in the Western parts of the country. Elevation plays a key role in
setting the level of impact of typhoons in any area (Chi et al., 2015). In
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Fig. 16. Month-wise decadal averaged SST Anomaly (°C) in study oceans including global ocean during 1977-2016.

Sep (e) Aug

contrast, typhoons coming from the West (West-south) to Taiwan, with
pathways 5, 6, and 10 (Fig. 5), are the weakest with an average strength
of 969.9 hPa during the whole study period. The influenced areas by
them are shown by the blue color in Fig. 17a and b. Also, this area is
mostly having plain land and lacks any major mountain (Fig. 17c).
Hence, it is observed that the results provided by this paper are
completely in the sink with the typhoons’ strength inside Taiwan.
Fig. 17 is naturally suitable to validate the results found in this paper in
terms of the frequency and strength of typhoons that hit Taiwan
following various pathways. This kind of investigation is very crucial for
a country that has been influenced by typhoons for long with increasing
strength in recent years already putting further challenges for the
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Fig. 17. (a) Average central pressure, and (b) average maximum wind speed maps based on all 77 typhoons from 1977 to 2016, while, (c) shows the elevation within
entire Taiwan.

disaster management agencies of the country to mitigate the impacts of
typhoons within the country (Pandey et al., 2021).

6. Conclusions

The current paper analyzed the tracks and cyclogenesis locations in

different oceans quantitatively and also climatologically for all typhoons
that hit Taiwan and appeared during the typhoon season of May to
November from 1977 to 2016. The key conclusions are summarized

below:

(1) Typhoons that cross Taiwan from around the center, after their

first crossing the Eastern mountain range (extended in the North-
South direction) from almost mid (typhoon pathway 1), are
maximum in frequency (tie with typhoon pathway 2) and
strength among all other typhoons reach to Taiwan. These ty-
phoons enter Taiwan from the East (literally the East-south) di-
rection. The majority of typhoons (>half, 53%) strike Taiwan
from the East. They are on average stronger than the typhoons
coming from the other different directions. The least (22%)
number of typhoons come from the West to Taiwan, but sur-
prisingly they survive on average the longest hours with
maximum curves in their tracks than the typhoons coming from
other different directions.

(2) The Philippine Sea dominates in the frequency of typhoons to

Taiwan, whereas the North Pacific Ocean dominates in maximum
strength and survival hours of typhoons. In comparison, the
South China Sea dominates in maximum track sinuosity and has
the highest number of weak typhoons. Besides, the South China
Sea also has the second-longest survival rate of typhoons after the
North Pacific Ocean. The Eastern China Sea has the lowest
number of typhoons reaching Taiwan and has only been active in
the recent two decades (1997-2016).

(3) The North Pacific Ocean is the outermost of Taiwan among all

four Seas. Hence, typhoons coming to Taiwan from the North
Pacific Ocean are supposed to survive the longest hours with
maximum sinuosity in their tracks and strength as per previous
studies (Pandey and Liou, 2020a). The above statement is found
true in terms of survival hours and strength only. Surprisingly,
the South China Sea despite being one of the borderings to
Taiwan possesses maximum sinuous tracks with the
second-longest surviving typhoons, although the majority of
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typhoons are weak. This surprising phenomenon of the South
China Sea is contributed by the existence of the maximum num-
ber of the West directional typhoons, where the West directional
typhoons on average survive the longest than any other direc-
tional typhoons to Taiwan.
The warm phase of ENSO caused around 26% more cyclogenesis
than the cold phase. The cyclogenesis during the warm phase of
ENSO is also detected gradually rising over the last 4 decades.
Statistical investigation on the relationships between various
typhoon related parameters (SI, duration, distance covered, and
minimum pressure) using Fisher’s Exact and Two-sided chi-
square (y2) tests reveals vital information that the sinuous nature
of tracks of typhoons is more responsible for the longer survival of
typhoons (r = 0.67) than its strength.

(6) The 10-yearly (Decadal), 5-yearly, yearly, ENSO phase-wise, and
month-wise climatological analyses by measuring the SSTA for
the whole typhoon season (May-November) over the entire
global ocean, the North Pacific Ocean, the Philippine Sea, the
South China sea, and the Eastern China Sea reveal that there is a
0.4-0.7 °C rise in SST in all above oceans in the last 4 decades
(1977-2016) in comparison to base years (1941-1970). The re-
sults are consistent with global warming leading to the increasing
strength of typhoons that reach Taiwan. The Eastern China Sea
has shown the maximum SST change during the last 4 decades,
potentially due to its more closeness to the land areas of China
and Japan along with its small overall size, which needs further
investigation for surety. The role of El-Nino epochs is found very
crucial for the large SSTA variations during typhoon season.

(7) There is an approximately 35% crucial increase in the decadal-
averaged strengths of typhoons from 1977 to 1986 to
2007-2016 caused by 0.4-0.7 °C rise in Sea Surface Temperature
(SST) in all oceans that originate typhoons of interest. An average
of 1.9 typhoons per year hit Taiwan in the last 40 years of the
study period (1977-2016).

4

—

5

s

This paper emphasizes the importance of studying the nature of
tracks and cyclogenesis locations of typhoons for a particular country to
understand the long-term and recent quick varying patterns in the
typhoon parameters due to global warming to enhance appropriate
planning to mitigate the impact of typhoons on the country.
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