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Chapter 1. Introduction

Tropical cyclone (TC) is a dangerous weather phenomenon that accompanies
strong winds and torrential rain. According to Park et al. (2015), TC causes
extensive socio-economic damage in the coastal areas over the globe,
amounting to approximately 13,600 casualties and 22 billion US dollars in losses
every year. Hence, it is important to examine how the TC activity is changing

with climate change to prepare for a possible damage from the TC.

The United Nations’ Intergovernmental Panel on Climate Change (IPCC)
suggested that climate change caused by increased anthropogenic greenhouse
gas emissions can affect tropical sea surface temperature (SST) (Houghton et
al. 1996). As abnormal weather phenomena associated with global warming
have been remarkable during recent years, changing trend of the TC activity
has been studied actively (Walsh et al., 2016). There are many studies on the
changes of the TC activity in the western North Pacific (WNP) such as
frequency, intensity and track (Knutson et al., 2010; Sugi et al., 2002; Chan &
Liu, 2004; Wu et al.,, 2004). However, study on the change of the TC season
is insufficient until now. Climatologically, in the WNP, TCs form throughout
the year so the TC season was not so big issue. But TC season and its
change is also worth in the WNP. There is no official TC season in the WNP
but it may be termed the period from May to November because almost 90%

of TCs form within that period.

The variability of the start of the TC season is large in the WNP. For
example, in 2016, the first named TC developed on July 3. On the other

hand, TC can also develop in the wintertime (January or February) like 2015.
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The first named TC developed on January 13 in 2015. Even though only a
few TCs form in the boreal winter (from December to February), it could
cause great damage to the coastal areas. Therefore, it is necessary to

examine the start of the TC season in the WNP and its change.

In this study, variation of the TC season in the WNP was analyzed. And the
relationship between the TC season and the distribution of SST was examined

and was proved through the model experiments.

The data used, methodology for the analysis and design of experiments are
described in section 2. The variation of the TC season in the WNP for the
last 64 years, the relation to large-scale environments modulating the start of
the TC season and model experiments are examined in section 3. Lastly the

summary and discussion are given in section 4.
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Chapter 2. Data and Methods

2.1 Data

The observed TC data in the WNP is obtained from the best track data of
the Regional Specialized Meteorological Centre (RSMC)-Tokyo. This data
provide 6-hourly location and intensity information of TCs over the WNP from
1951 to the present. In this study, the TC formation date was defined as the
day that the TC was firstly labeled as = ‘tropical storm’ (@G.e. TC with a
maximum sustained wind speed of 17m/s) by the RSMC-Tokyo.

The large-scale environments modulating the start of the TC season were
analyzed with the National Centers for Environmental Prediction (NCEP)-
National Center for Atmospheric Research (NCAR) reanalysis dataset (kalnay
et al., 1996).

We used the Extended Reconstructed Sea Surface Temperature
(ERSST)-NOAA V3b (Smith et al., 2008) to analyze the SST distribution related
to the TC season. ERSST provide monthly data from 1854 with a spatial
resolution of 2° X2° . It has relatively low resolution but can include the
whole period of TC data we used. The high resolution SST data is available
only from the 1980s when the satellite observation was started. So we used
the Optimum Interpolation Sea Surface Temperature (OISST)-NOAA V2
(Reynolds et al.,, 2002), which has a high resolution for the model
experiments. OISST provide weekly and monthly data from 1981 with a spatial
resolution of 1° xX1° . For the model initialization, NCEP FNL (Final)

Operational Global Analysis data were used. FNL data are on 1° X1° grids
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prepared operationally every 6 hours from 1999.

2.2 Definition of the TC season in the WNP

In the WNP, the lowest number of TC occurs in February (Fig.1). The
number of TCs rapidly increases in May and June, and has its maximum value
in August. After August, it decreases gradually until February of the following
year. Thus, we newly defined ‘TC year’ which starts from February 1 when

analyzing the TC season in the WNP.

For the last 64 years (1951-2014), on average, TC formation dates of the
51 and 95™ percentile TCs are May 18 and November 28, respectively (table
1. The first date of the TC formation is April 6, 10" percentile is June 13,
90" percentile is November 10 and the last date is December 23. The period
from the 5™ percentile to the 95" percentile TCs is the best period that
covers generally known active TC season in the WNP (.e. from May to
November). Thus, we define the TC season in the WNP as a period from the

date of the 5™ percentile TC to the 95" percentile TC in each TC vyear.

This definition based on the percentile considers only the effect of the
temporal distribution of the annual TC occurrence, not the frequency. Also, it
can remove the effects of extremely late or early TCs. Therefore, this
method based on the percentile is known as a good way to define the TC
season (Kossin 2008). The correlation coefficients between the TC count in
each TC year and the start, end and length of the TC season is -0.12, 0.08
and 0.16, respectively. Because they are not statistically significant and the
annual TC count does not affect the TC season in the WNP, we considered

this definition of the WNP TC season in this study is appropriate.
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Tropical Cyclones in the Western North Pacific

1 2 3 4 5 6 7 8 9 10 11 12
Month

Fig. 1 Monthly mean counts of the tropical cyclones in the western North Pacific for
the period from 1951 to 2014.
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Table 1 Statistics for the start, end and length of the TC season over the WNP.

Standard
Average de(éj/iati?n (dE;I;/rsenyciil) Correlation
ays
Season End  Length  Count
1% TC April 6 40.25 -0.87
Start 5" percentile TC  May 18 35.81 0.26 017 -0.86 -0.12
10" percentile TC June 13 29.07 -0.83
90" percentile TC  Nov 10 17.25 0.36
End 95" percentile TC  Nov 28 19.22 -0.14 0.35 0.08
last TC Dec 23 20.87 0.35
Length 194.67 37.72 -0.50 0.16
- 6 -
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2.3 model setup and experimental design

Weather Research and Forecasting (WRF) Advanced Research WRF (ARW)
V3.7.1 (Skamarock et al., 2008) was used for this study. As shown in Fig. 2,
we designed global WRF model with 110km horizontal resolution and nested
WRF RCM with 37km horizontal resolution over the WNP region
(10° S-50° N, 90° E-190° E).

The details of the model setup are given in table 2. Latitude-longitude
projection was used for map projection. There are 27 vertical layers from
surface to model top level (50hPa) and the time step of the model integration
is 480s in the global domain and is 160s in the regional domain. And the
physical parameterizations are as follows : WRF Single-moment 3-class simple
ice scheme Scheme (Hong et al., 2004) for micro physics scheme, the Yonsei
University scheme (Hong et al.,, 2006) for physics options, MM5 Similarity
Scheme (Zhang & Anthes, 1982) for surface layer scheme, 5-layer Thermal
Diffusion Scheme (Dudhia, 1996) for land surface scheme, the modified version
of the Kain-Fritsch scheme (Kain 2004) for cumulus convection, Dudhia (1989)
scheme for the short-wave radiation and Rapid Radiative Transfer Model
(RRTM) scheme (Malwer et al., 1997) for the long-wave radiation.

3 experiments are carried out to determine the role of the SST distribution,
affecting the TC season in the WNP (Table 3). Initialized dates are December
for all experiments to reduce the impact of the model initial value. At first,
50 months (about 4 years) simulations with climatological SST (1971-2000)
were carried out from December 25 as the control experiment (CNTL). And
the EXP_EN experiment with SST forcing over the Indian Ocean (IO) and the
Eastern Pacific (EP) was conducted 4 times with different initialized dates in
December (December 4, 11, 18 and 25). We got 14 months (about 1 year)

simulations from each EXP_EN experiment. Fig. 3 shows the difference in the
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SST boundary conditions between the CNTL and the EXP_EN experiments. As
with CNTL experiment, climatological SST were used except for the IO
(20° S-20° N, 40° E-100° E) and the EP (20° S-20° N, 80° W-180° W)
regions in the EXP_EN experiment. Monthly mean SSTs of strong El Nifio
years (1982/1983, 1997/1998) were used for those regions. Lastly, for the
EXP_2016 experiment, observed 2015/2016 data were used for the model
initialization and the SST boundary condition to simulate real years with strong
El Nino event (2015/2016). 2015/2016 El Nifio is the strongest El Nifio in the
last 50 years (L'Heureux et al., 2016). The EXP_2016 experiment was
conducted 4 times with different initialized dates in December (2, 9, 16 and
23) like EXP_EN experiment. However, in case of 2016, there were not
enough data when we conducted EXP_2016 experiment so we got only 10
months simulations from December to September. Though it is relatively short
integration, late start of the TC season in the WNP simulated well enough.
The ensemble averages of each result of the EXP_EN and EXP_2016

experiments were used for analysis to minimize uncertainty.

Detection and tracking algorithm for simulated TCs used in this study is

same as those described in Zhao et al. (2009) :

® Storm center defined as local minimum of sea level pressure within 2° of

850hPa relative vorticity which must be higher than 3.5x10 °s™ !

® The local maximum of temperature averaged between 300 and 500hPa
within 2° of storm center is warm-core center and it must be at least 1K

warmer than the surrounding local mean.

® The initial point of storm trajectory must be located between 40° S and
40° N

® The distance between two consecutive storms in 6 hour intervals must be
less than 400km
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® The trajectory must last at least 3 days with the maximum surface wind

speed greater than 17m/s (not necessarily successive).
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Table 2 Model configuration and Parameterization schemes used in the WRF model

experiments

Model WRF-ARW

Map projection Latitude-longitude
Number of vertical levels 27

Time step 480s / 160s

Micro physics scheme

Physics Options

Surface layer scheme

Land surface scheme

Cumulus parameterization scheme
Short-wave radiation scheme
Long-wave radiation scheme

WRF Single-moment 3—class
Yonsei University Scheme (YSU)
MMS5 Similarity Scheme

5-layer Thermal Diffusion Scheme
Kain—Fritsch Scheme

Dudhia Shortwave Scheme

RRTM Longwave Scheme

Collection @ kmou
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(a) Global model domain

W - - HE

Fig. 2 (a) Global and (b) regional model domains.
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Table 3 Design of experiments. IO and EP denote the Indian Ocean (20° S-20° N,
40° E-100° E) and the East Pacific (20° S-20° N, 80° W-180° W), respectively.

Experiments Year SST boundary condition Ens’\elrc?ble Initialized date
CNTL 2002-2006 Climatological OISST (1971-2000) 1 25 Dec

Climatological OISST (1971-2000) +
EXP_EN 2002-2003  QISST of mean SST of strong El Nifio Years 4 04,11,18,25 Dec
(1982/1983, 1997/1998) in the IO and the EP

EXP_2016 2015-2016 OISST of simulating years (2015, 2016) 4 02,09,16,23 Dec

_12_
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SST forcing ( EXP_EN — CNTL)

0.5 1 N 2 25 3 L 4 5.5

Fig. 3 Difference in SST boundary conditions between EXP_EN and CNTL
experiments.

_13_
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Chapter 3. Results

3.1 Variation of the TC season in the WNP

Fig. 4 shows the box-whisker plots for annual TC formation dates during
the period from 1951 to 2014 based on the TC year. The boxes cover from
25" to 75M percentiles of annual TC formation dates and whiskers are
extended to the 5" and 95" percentiles of annual TC formation dates
representing the TC season. The first and last TC formation dates are also
marked with dots. Lower and upper red lines indicates that linear trend for
the last 64 vyears of the 5" and 95" percentile TC formation dates,
respectively. Both the start and the end dates have interannual and long-term
variation. In the long-term, As shown in Table 1, the start date of the TC
season has delayed (0.26 days yr—') while the end date has become earlier
(-0.14 days yr~'), representing that the length of the TC season is getting
shorter (-0.50 days yr~'). However, these long-term trends are not statistically
significant at the 90% confidence level.

As shown in Fig.4, the TC season in the WNP show apparent interannual
variability. The standard deviation and correlation coefficient for interannual
variation of the parameters for TC season are listed in Table 1. The standard
deviations of the start date, end date and the length of the TC season are
35.81, 19.22 and 37.72 days, respectively. The start date and the length of the
TC season in the WNP have large interannual variations more than a month
while the variation of the end date of the TC season is relatively small, and

it is also seen in Fig.4. The correlation coefficient between the length and

- ’]4 -
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the start date is -0.86, the length and the end date is 0.35, the start and the
end date is 0.17. These results indicate that the length of the TC season is
highly dependent on its start date rather than its end date. And the start and

the end of the TC season is not dependent on each other.

Due to the weak signal in the long-term trends, we paid attention to
interannual variation of the TC season in the WNP. Also, because the start
date of the TC season is a main factor modulating the variation of the TC

season, we focused on the start date of the TC season.

_15_
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Tropical Cyclone Formation Date (1951-2014)
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Fig. 4 Box-whisker plots for the WNP TC formation dates for 1951-2014. The boxes cover
from 25" to 75" percentiles of annual TC formation dates and whiskers are extended to
the 5" and 95" percentiles of annual TC formation dates. The first and last TC formation
dates are marked with dots. Red lines denote linear trends for the periods 1951-2014 of
the 5" and 95" percentiles. Gray lines denote 95% confidence interval. Red and Blue
circles indicate the 5™ percentile TC formation dates in the following year of the El Nifio
and La Nifia events, respectively.
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3.2 Large-scale environments modulating the start of the TC season
in the WNP

Fig. 5 shows the correlation between the start date of the TC season in the
WNP and large scale environments modulating the TC activity (SST, 850hPa
geopotential height, zonal stream function) during the period from 1951 to
2014. In Fig. 5, the positive (negative) correlation means that the start of the
TC season is relatively late (early) when environments anomalies are positive

(negative).

As shown in Fig. bab, relative distribution of SST is highly correlated with
the start of the TC season in the WNP. Sufficiently warm SST is one of
requirements for the TC formation. TC can form over tropical seas when SST
is over 26° C and SST on the TC track is the main factor that control TC
activity. There are high positive correlations which are close to 0.4 in the IO
and the EP and negative correlation in the east side of the western Pacific
(WP) in the preceding winter and the following spring. It means that the start
of the TC season is delayed when the IO and the EP are warm and the

eastern WP is cool in the preceding winter.

Not only SST over the WNP, but high SST over the equatorial eastern
Pacific increases the average TC activity in the WNP (Chan & Liu, 2004).
Actually, this SST pattern in Fig. 5ab associated with ENSO (Harrison &
Larkin, 1998). Many previous studies have suggested that ENSO-like SST
anomalies over tropics cause anomalous anticyclone over the WNP. The
anticyclonic flow develops in the Philippine Sea during the boreal winter of El
Nifio phase and is sustained until the following spring by a Rossby waves
response to El Nifio induced subsidence over the Maritime Continent and an
increase in westerly over the tropical WP which are forced by the SST

warming over the central-eastern Pacific (Wang et al., 2000; Wang & Zhang,

- ’]7 -
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2002; Wu et al., 2010b). As well as the process in the tropical Pacific sector,
the El Nifio-related warm SST anomalies over the IO also intensify and sustain
the anomalous Philippine Sea anticyclone by a Kelvin wave response that
forces surface divergence and descent over the WNP (Watanabe & Jin, 2002;
Lau & Nath, 2003; Annamalai et al., 2005, Yang et al.,, 2007, Yuan et al.,
2012; Wu et al., 2010a; Du & Yang, 2011). This macanism is shown in Fig.
5c-f. Anomalous anticyclone is located over the WNP in the winter (Fig. 5¢)
and lasts until the spring (Fig. 5d). Fig. 5ef show weakened Walker circulation

and resulting surface divergence and descent over the WNP.

Thus, the correlation patterns shown in Fig. 5 can be interpreted as a
results from a similar physical process as the aforementioned ENSO-related
variations and is linked to the late start of the TC season. So we examined
this relationship between ENSO and the start of the TC season using Nifi03.4
index (Table 4). We define El Nifio (La Nifia) if the Nino3.4 index is over 1
standard deviation greater (less) than preceding winter from December to
February. The mean start date of the TC season following strong El Nifio
event is June 21 while one following strong La Nifia is May 5. The mean start
date of the TC season following El Nifio is delayed more than one and a half
month from the mean start date of the TC season after La Nina, and that is
statistically significant at the 99% confidence level. In Fig. 4, red (blue) circles
indicate the start date of the TC season in the following year of the strong
El Nifio (La Nifia) events. When the El Nifio (La Nifia) was strong in the
winter, the start of the following TC season was obviously late (early). This
result confirms that the TC season in the WNP is significantly modulated by

El Nifio-related SST variations.

- ’]8 -
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(a) Correlation : SST (DJF) & Start Date of the TC Season
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Fig. 5 The correlation coefficients between the start date
height and (e,f) zonal stream function (averaged from 0°

(b) Correlation : SST (MAM) & Start Date of the TC Season
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to 20° N). The left panels show correlation coefficients in

the preceding winter (December-February) and the right panels show them in the following spring (March-May). The
Solid lines and dashed lines denote positive and negative values, respectively, and green lines denote zero. The
shading and thick vectors indicate the significance more than 95% confidence level.
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Tabel 4. The start dates of the TC season following the strong ENSO events in the preceding winter. The ordinal date is the

count of days from February 1.

TC Year 1958 1964 1966 1973 1983 1987 1992 1998 2010 Mean
Ordinal
El Nifio Date 118 139 110 156 160 139 145 178 124 141
Calendar
Date May 29 June 9 May 21  July 6 July 10 June 19 June 25 July 28 June 4 June 21
TC Year 1971 1974 1976 1989 1999 2000 2008 2011 Mean
Ordinal
La Nifa Date 79 90 66 108 89 113 97 110 94
Calendar . , . . .
Date April 20 May 1 April 7= April 19 April 30 — April 24 May 8 May 21 May 5

Collection @ kmou
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3.3 Results of model experiments

WRF model experiments are conducted to examine how the SST distribution
affect the start of the TC season. Fig. 6 shows distributions of monthly TC
occurrences for observations, CNTL and EXP_EN experiments. Distributions of
simulated TCs for observation and CNTL experiment are very similar to each
other that have their maximum (minimum) number in August (February). Table
5 shows statistics of the TC season in the WNP for observation and
simulations. The mean start date, end date, Length and number of the TC
season for the CNTL experiment are May 23, December 1, 192 days and
26.75 respectively. It is also similar to observation (May 18, November 28, 195
days and 26.11) so results of WRF experiments in this study are considered

reliable.

On the other hand, in case of EXP_EN experiment, the start date of the
TC season is June 27 and it is more than a month later than CNTL
experiment. The number of annual TC is 24.67 which is less than CNTL
experiment. As shown in Fig. 6, Some TCs developed before May and the
number of TCs increases since April and May for the CNTL experiment.
However, there are hardly any TCs before May and the TC occurrence
rapidly increases after May and June for the EXP_EN experiment. The TCs
simulated in the EXP_2016 experiment also show similar distribution with
EXP_EN (Fig. 7). 2015/2016 El Nifio was the strongest El Nifio and the start
of the TC season in the WNP was extremely late in 2016. There are no TCs
before May and the first TC is developed in June. It was not possible to
calculate the start date of the TC season for the EXP_2016 experiment
because integration period was only until September. But the first TC
simulated in the EXP_2016 was developed on June 6 and as shown in Table

1, it is two months later than the date of the average first TC for the last

- 21 -
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64 years (April 6). It is also about a month later than the first TC simulated
in the CNTL experiment (April 24). Thus, model experiments proved that
ENSO-like SST anomalies (i.e. anomalous warm SST over the IO and the EP)
in the preceding winter cause the start of the TC season in the WNP to be

delayed.

In order to investigate the mechanism of this relationship, we analyzed
differences in the simulated atmospheric circulation between EXP_EN and
CNTL experiments. Fig. 8 illustrates differences in 850hPa geopotential height,
relative vorticity and horizontal winds between EXP_EN and CNTL
experiments. Anomalous anticyclone developed during the winter is illustrated
in Fig. 8a. It is diminished in spring but is still sustained over the WNP and
plays a role in suppressing TC genesis (Fig. 8b). 850hPa relative vorticity and
horizontal winds show negative relative vorticity and anticyclonic circulation
over the WNP in the winter and the following spring (Fig. 8c-f). As shown in
Fig. 5, these signals in Fig. 8 have positive correlation with the start of the
TC season in the WNP. It implies that when the SST forcing is given over
the IO and the EP in the winter, anomalous anticyclone is developed over the
WNP in the winter and the following spring and it causes the start of the TC

season to be late.

_22_
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Table 5 Statistics of the TC season for observations (1951-2014) and simulations.

TC season 8355e1r—v2a(§i104r; CNTL muetion EXP_EN
Start date May 18 May 23 Jun 27
End date Nov 28 Dec 1 Nov 14
Length 195 days 192 days 140 days
Number 26.11 26.75 24.67
- 23 -
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Monthly Occurrences of TC
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Fig. 6 Distribution of monthly mean TCs in
the WNP for (a) observations (1951-2014)
and (b,c) experiments. Grey lines denote
that each model experiment and black lines
indicate ensemble mean of them.
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Fig. 8 Differences in (a, b) 850hPa geopotential height, (c, d) relative vorticity, (e,
f) horizontal winds from EXP_EN and CNTL. (EXP_EN minus CNTL). The left
panels show the differences in the environments from December to February and
the right panels show them in March to May. The shading and thick vectors
indicate the significance at the 90% confidence level.
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Chapter 4. Summary and Discussion

In the WNP, the TC season depend heavily on its start date which have
large interannual variation and the start date controlled by SST over the 10
and the EP. ENSO-like SST anomalies (i.e. anomalous warm SST over the 10
and the EP) weaken Walker circulation and induce surface divergence and
descent over the WNP which is the TC formation region. It causes anomalous
anticyclone over the WNP in the winter and this anomaly lasts until the
spring. This mechanism plays a role in inhibiting the TC formation by
suppressing convection. As a result, the start of the TC season in the WNP is
delayed and the length of the season which is rely on its start becomes
shorter. It implies that not only local SST warming, but also tropical SST

distribution is important factor to predict TC activity in the WNP.

In terms of long-term variation, as mentioned in section 3.1, the TC season
in the WNP getting shorter for the last 64 years with the delay of its start.
But actually, though global SST is rising due to the global warming, TC season
in the WNP have been delayed less than expected. The start date of the TC
season is delayed about 0.26 days a year (Table 1) and this trend is not
statistically significant. Although the long-term trends are insignificant and
weak, it is notable because it contrasts with the trend of the hurricane
season (Kossin, 2008). Kossin (2008) suggested that the hurricane season is
getting longer, as the dates of occurrence of the first and last hurricanes
have decreasing and increasing trend, respectively. Local SST warming in the
hurricane developing region is interpreted as the reason. However, in case of
TC in the WNP, local SST does not affect the length of the TC season. TC
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activity in the WNP is associated to the remote SST variations and related
atmospheric conditions over the WNP. But due to the large uncertainty in the
insignificant long-term variation of the TC season in the WNP, unfortunately,
the environmental factors that affect the long-term variation of the TC

season in the WNP remain unknown.
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