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Abstract

The Western North Pacific Ocean is the most active and hazardous tropical
cyclones (TCs) region in the world. Each year, 20-30 TCs (also called typhoons) impose
severe threats to a billion population and mega volume (US $5 billion per year, Peduzzi
et al. 2012) of economical activities in Asia. It is thus of great importance to examine

the long-term variability of these TCs.

In this research, | examined 21 years (1993-2013) of TC records over the Western
North Pacific TC Main Development Region (MDR, 4-19°N, 122-170°E). It was found
that there is an ongoing increase in typhoon intensity and the averaged intensity has
increased by 26 %. Also, in November 2013, a record-breaking supertyphoon, Haiyan,
was observed. Haiyan’s peak intensity reached 170 kts, an astonishing high intensity
ever observed in the global TC records. Haiyan subsequently devastated the Philippines

with more than 6000 lives claimed and economic loss of $US 1.5 billion.

The possible environmental atmospheric and ocean factors which contribute to
such increase in intensity are examined. The three most important factors to TCs
intensification were examined, namely the atmospheric vertical wind shear, sea surface
temperature and subsurface warm layer thickness (depth of the 26°C isotherm). It was
found that the subsurface warm layer was the most important factor to favor the
intensification of super typhoon Haiyan and the averaged increase in typhoon intensity.
As the Western North Pacific MDR is undergoing significant warming (Pun et al. 2013),

there is an increase in energy supply for TC intensification.
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Figure 1| Map showing distribution of hazard frequency and mortality risk from TCs for the year 2010. Estimates are applied to all pixels on a geographic

grid. Mortality risk is categorized from low to extreme.
Peduzzi et al. Nat. C.C. 2012
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Introduction

The western North Pacific Ocean is the most active and hazardous tropical
cyclones (TCs) region in the world. Each year, 20-30 TCs may impose severe threats to

the densely populated Asia (Fig. 1).

The launch of meteorological satellites in 1993 endows us an unprecedented view
of the subsurface ocean. As record-breaking TCs (e.g. Megi 2010; Haiyan 2013) seem
to appear more frequently (Table 1), this research aims to examine change in WNP TC

intensity in the past 2 decades.

R v |(owew | Tropical Cyclones, 1945-2006 Kavins | [T

Year

Y6 | number | | 160kts )| 155 kes 150kts | | ™" | nunber
2008] & 200
2005 sanba |(* Melor wilma | [200
3006] 3 2012 || 2000 Kores o o 2005 | 2006
2007 1 155kts || 150kt 7 g § 1s0kes | (300
2008] 1 China ) % 2008
2009] 4 Haiyan et ; )
2010 2013 e | 2012 7010
2011 170 ks phg /: osks o171
2012 i rinet w12| o
2013 1 el 2013] 0
e | TC threats to East Asia: toal [ 6
3 )
| » Coastal population: ~ 1 billion VGl 06

| » Economic activities: US $ 5 billion per year
» 20-30 TCs/ year; 5-9 C4+CS TCs per year

Saffir-Simpson Hurricane Scale:

Tropical Depression  Tropical Storm. Typhoon Category 1 2 3 Y {
<3Ny <39mph  34.63kts; 3973 mph  64-82 kts; 74-95 mph  83.95 kts; 96-110 mph  96-113kts; 111-129 mph  114-135 kts; 130-156 mph >

Fig. 1 Tropical cyclones during 1945-2006 (From: Citynoise at en.wikipedia)

Table 1  Saffir-Simpson Hurricane Wind Scale

Wind speed knots I mph | m/s
Tropical Depression <34 <39 | <17
Tropical Storm 34-63 39-73 | 18-32
é‘“ ; Liolies 0482 | 7495 | 33-42
83-95 96-110 | 43-49
=l Sandy 2012) 5, _
§ 3 Vg 96-113 | 111129 | 50-58
= 4 114-135 | 130-156 | 59-69
= (Nargis 2008) | ..
2 5 >135 >157 | >70
E (Katrina 2005) Yaslies
‘; Cat6?
g Megi 2010 160 kts
= Cati
&1  Haiyan 2013 170 kis
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Scientific Questions

1. Is there an increase in TC intensity over the WNP main development region (MDR)?

2. If so, what is the cause which contributed to such intensity increase?

Data and Methodology

A. Collecting tropical cyclone samples

» Study domain: Main Development Region in the western North Pacific Ocean

(MDR, 122-170°E, 4-19°N)
» Study period: July-November, 1993-2013

» Tropical cyclone: tropical depression (TD)/ tropical storm (TS)/ typhoon (TY, also

called hurricane in the US) (Table 1)

» Total case (record) number: 325 (5147) (Table 2)

Table 2 Number of cases and records collected in MDR from 1993-2013

\ . . | - — - e 1D 15 1)
1993 | 1994 | 1995 | 1996 | 1997 | 1998 | 1999 | 2000 | 2001 | 2002 | 2003
Tropical Depression] 4 2 4 4 ] 1 1 3 0 1 1
Tropical Storm 7 ] f [ 0 2 ] 3 3 2 1
Typhoon 17_| 15 11 12 | 14 ] s 8 12 11 13
case number 28 13 | 22 16 11 12 14 15 14 15

|56 494 413 456 445 135 113 144 L6 209 249
| 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | Total
0 3 0

Tropical Depression 1 0 1] 4 1 3 [1] 35
Tropical Storm 1 2 3 2 4 4 1 2 4 7 72
Typhoon 12 8 11 T s 10 7 6 10 12_| 218

case number 14 10 14 17 9 17 9 11 14 19 325

|_recordnumber | 255 | 133 | jo0 | yer | o8 | 263 | jo2 | 132 | 160 | 283 | 5147

> Observational Data Sets

1. Typhoon: Best-track data from the US JTWC (Joint Typhoon Warning Center)

2. Ocean: Sea Surface temperature from the Satellite microwave observations and
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subsurface thermal condition derived from satellite altimetry (Pun et al. 2013).
Mooring observations from the US National Oceanic and Atmospheric

Administration (NOAA)’s Tropical Atmosphere Ocean (TAO) buoy.

3. Atmosphere: ECMWEF (European Centre for Medium-Range Weather Forecasts)

Interim reanalysis data
B. Observing the long-term trend of TC intensity

Intensity definition: 1-min. averaged maximum sustained wind speed at every 6 hrs

interval
C. Analyzing the environmental factors in TC intensification

The upper ocean thermal (SST & D26) and atmospheric (VWS) conditions along

TC track were analyzed in this research.

» Sea surface and subsurface conditions (Fig. 3) along TC track:

1. SST ("C): sea surface temperature

2. D26 (m): the depth of 26°C isotherm and represent the thickness of subsurface

warm layer

sea surface (55T) 4=---- -

Fig. 3 Two parts of upper ocean thermal structure
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Though SST is similar in the western North Pacific Ocean (WNP), D26 is much

deeper in the MDR (Fig. 4 & 5).

Temperature(*C)
°|.2022242!203032

SST are nearty
the same

D26 are different
| Megi

Malakas
Fanapi

snsesnunsiing

o »
WOE 110E 120E 130E WOE 19E IOE 1OE

Fig. 4 Distribution of (a) SST and (b) D26 in WNP (Lin et al. 2008) Fig.5 Pre-cyclone
ocean temperature
profiles in 3 different TC
cases (Lin et al. 2013)
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Fig. 6 (a) Steps that are involved in the calculation and (b) illustration of the method in retrieving upper

Mixed-Layer

ocean thermal profile (Pun et al. 2007)

h, is the mean climatological upper layer thickness (i.e., the climatological D20), p, and p, are the
density of the upper (sea surface to 20°C isotherm) and lower (20°C isotherm to ocean bottom) layers,

respectively and @ is a climatological ratio.
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» Atmospheric condition

VWS (m/s): vertical wind shear (m/s), the azimuthal average wind difference
between 200 hPa (higher layer) and 850 hPa (lower layer) in a 200-800 km annulus

around the tropical cyclone center (Fig. 7)

(a) (b) |
atonpy) MCTTEE | ETTH)

TCcenter {minus)

Lower g
(850hPa) IEE:D - ¢"T'="1
200 km -

s U ETE) | T

Fig. 7 Calculation of VWS (a)Area to calculate VWS is within the 200 - 800 km annulus. (b)VWS is

the azimuthal average wind difference between higher layer (200 hPa) and lower layer (850 hPa).

» TC-ocean coupled temperature (Tmix)

Modeling of Tmix based on input from the TAO mooring observations to the Price

2009 ocean model with input wind speed of 60 m/s.
> Air-sea enthalpy flux (W/m?): LHF + SHF

Use Tmix output by the Price 2009 model as new input to the bulk aero-dynamic

formulae to calculate air-sea sensible and latent heat flux for TC intensification.
latent heat flux (LHF) = CsW (qs — q4) PaLlva
sensible heat flux (SHF) = CyW (Thnix — Ta)PaCpa

Cy and Cp are the sensible and latent heat exchange coefficients, W is the wind speed, T,,;, and T,
are SST and near surface air temperature, g, and q, are surface and air specific humidity, p,, Cpq,

and L,, are air density, heat capacity of the air and latent heat of vaporization. (Lin et al. 2013)

» Use T-test to get statistical significance of the trend
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Results and Discussion

A. Long-term trend of TCs intensity in the MDR

Three criteria were used to analyze the long-term trend of tropical cyclone (TC)

intensity.

1. Average TC intensity over the ocean
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=
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Fig. 8 Average grid-point TC intensity in the WNP MDR from 1993-2013
(total grid records: 5147).

2. Landfall intensity: first point at landfall
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Fig. 9 5-year running mean of landfall intensity (a) the average of 5 countries (case number = 159) (b)
the average of the Philippines and Taiwan (case number =108) [criterion: > 50% of the case’s track was

in the MDR]

TC intensity and landfall intensity have increased by 26% (from 38 kts to 48 kts,
(first pentad vs. last pentad) and 34% (from 59 kts to 79 kts) respectively in the past 21

years (Fig. 8 & 9). This is an important alert to the Asia Pacific countries.
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3. Catetory-4 and 5 TC point percentage
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Fig. 10 Percentage of data points reaching (a)super typhoon and
(b)category-4&5 typhoon wind speed in MDR

Compared to the early 1990s, the percentage of category-4 and 5 data points (i.e.

top 2 categories, > 115 knots) has doubled (from 6% to 12%) (Fig. 9).

B. Main factor that contributed to the intensification of TC

The relationship between possible environmental oceanic, atmospheric factors

and TC intensity were examined.

1. Possible environmental effects: SST, D26 and VWS
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Fig. 11 Long-term trend of (a)SST, (b)D26 and (c)VWS (July-November, 1993-2013, MDR,
122-170°E ,4-19°N)

Table 3 Correlation between 5 years running mean of environmental parameters and TC intensity

(average maximum sustained winds)

5 years running mean correlation

Parameters between TC intensity
SST/TC -0.063
D26/TC 0.763, the highest!
VWS/TC -0.447
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In MDR, SST has nearly no change and the vertical wind shear has fluctuated in
the past 21 years while D26 has increased by 22% (from 98 to 120 m, first pentad vs.
last pentad, Fig. 11). Table 3 shows that the long-term increasing trend of D26 was
consistent with average maximum sustained winds. So | supposed that TC intensity had

been boosted by the warmer upper ocean thermal conditions.

2. Ocean subsurface warming, modeling, and air-sea flux analyses

» TAO: Tropical Atmosphere Ocean project, moorings array in the Tropical Pacific

Ocean
» Data from one of moored ocean buoys, location: 137°E, 8°N (Fig. 12)
» Calculation of TC-ocean coupled temperature (T,,;,): Price 2009 Model
» Ocean’s energy supply for TC intensification:

enthalpy flux (W/m?)= sensible heat flux + latent heat flux

Fig.12 Photo of TAO buoy (From: http://www.pmel.noaa.gov/tao/)
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Fig. 13 (a) TC-ocean coupled temperature (Price 2009), (b) enthalpy flux and (c) latent heat flux and
sensible heat flux, based on 60 m/s TC wind speed, averaged from July-November, 2002-2013
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Cooling of the upper ocean by TC-induced mixing is an important process that
impacts TC intensity. The mixing will stir up cool ocean water, decrease the temperature

of upper ocean and reduce the supply of heat.

Real-time data from one of moored ocean buoys were examined. Due to the
thickening of warm subsurface ocean layer, TC-ocean coupled temperature and energy
(enthalpy flux) supplied by the ocean to TC both have increased in the past 10 years

(Fig. 13).

3. Case study: super typhoon Haiyan (Nov. 2013) (Fig. 14)

> Lifetime: 2013/11/01/00Z-2013/11/11/00Z

» Peak wind speed: 170 kts (314 km/hr); Landfall intensity: 160 kts

» Main affected country: the Philippines

» Economic loss: $US 1.5 billion

» Death toll: > 6,000 ; Missing: > 1,800 ; Injured: > 27,000 (people)

2013431 Maan (SSA)

Fig. 14 Satellite view of typhoon Haiyan (From: Fig. 15 Path of Haiyan and SSHA map

http://www.washingtonpost.com/)
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Fig. 16 Comparison of (a) SST and (b)D26 along Haiyan’s track in 2013 with respect to the average
of 1993-2012.

Super typhoon Haiyan, which devastated the Philippines on 8 November, was
probably the strongest typhoon to make landfall and caused great damage to Southeast

Asia.

Fig. 16 showed that the subsurface ocean thermal condition along Haiyan’s track
(Fig. 15) was unusually warmer than the past. The sufficient energy supply could be the

main factor to favor the intensification of it.
C. Cause of ocean subsurface warming

In this chapter, | want to find the possible factors that caused the ocean subsurface
warming. Three natural variability were compared in the research, namely the global
observed air temperature, EI Nifio/ Southern Oscillation (ENSO) and Pacific Decadal

Oscillation (PDO).

1. Global observed air temperature

We are in global-

warming hiatus! \ M|
23 A
2 JHY

Fig. 17 Relation between warming scenario (simulation included oceanic effect, in red), just

radiative changes (in purple) and observed air temperature (in black) (Kosaka and Xei, Nature, 2013)
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Recent study (Fig. 17, Kosaka and Xei, Nature, 2013) found that the increase in
global observed air temperature has slowed down in the past 10 years. The result of
simulation that included radiative forcing and tropical Pacific SST is better than the one
that considered radiative forcing alone at reproducing the observed global-mean

temperature.

2. El Nifio/Southern Oscillation (ENSO): A natural phenomenon that involves
fluctuating ocean temperatures in the equatorial Pacific.
» Period: 6-18 months
» Index used in this research: Oceanic Nifio Index (ONI), 3 month running mean of SST
anomalies in the Nifio 3.4 region (5°N-5°S, 120°-170°W)
SST is warmer than normal central and eastern equatorial Pacific in the warm
phase of ENSO (ONI > 0.5) and will cause the eastward extension of subsurface warm

layer in the western Pacific Ocean.

Fig. 18 Ocean conditions of ENSO (From: http://science.nasa.gov/)

3. Pacific Decadal Oscillation (PDO): a long-lived El Nifio-like pattern of Pacific

climate variability
> Period: 20-30 years

> Index used in this research: PDO index, monthly sea surface temperature anomalies over the

North Pacific
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monthly values for the PDO index: 1900-2013

4r
Warm phase 1993-2013

Cool phase :

1900 1920 1940 1960 1980 2000

Fig.19 Monthly SST anomalies (PDO index) in the North Pacific Ocean
from1900-2013 (From: http://jisao.washington.edu/pdo/)

SSTs are anomalously cool along the North American coast (PDO index < 0)

and the western Pacific Ocean is warm in the cool phase of PDO.
(Source: http://www.ncdc.noaa.gov/teleconnections/pdo.php)

4. Correlation between the three natural variability and D26
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Fig. 20 Correlation between D26 and (a) PDO, (b) ONI and (c) global observed temperature

From comparing these three indexes (PDO, ENSO and global observed air
temperature), the increase in warm ocean layer thickness is more likely associated with
the variability in PDO. Change in the global observed air temperature (including global
warming signal and the recent hiatus, Kosaka and Xie 2013) or ENSO index appear to

play a secondary role.
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Conclusions

In the most important TC basin on earth, the WNP MDR:

1. Over ocean: TC intensity has increased by 26% (from 38 kts to 48 kts, first pentad vs.
last pentad) as compared to 1990s. Increase in the category-4&5 TC point percentage

is also found. [This is based on a total of 5147 TC grid point analyses over 21 years]

2. At land: TC-landfall intensity in major Asia Pacific countries is observed to undergo
a long-term increase. After removal of 5-year running mean, the landfall intensity has
been found to increase from 59 kts to 79 kts (a 34% increase). This finding should be

useful to alert governmental agencies.

3. Among the 3 critical environmental factors (SST, D26, VWS), thickening of
subsurface warm ocean layer ( showing 22% increase, from 98 to 120 m in the past
21 years) is the most likely factor favoring the increase in TC intensity. SST and
VWS finds no trend in the past 21 years but an evident warming trend in the
subsurface ocean thermal condition is observed. Further analysis shows that
thickening of subsurface warm layer can increase TC-ocean coupling temperature
and hence air-sea flux supply for TC intensification, as quantified from the modeling

and flux analysis in section 2-2.

4. Ocean subsurface warming is more likely to associate with variability in PDO (r=
-0.722), while change in global observed air temperature (including global warming
and hiatus from 1990 to 2013, Kosaka and Xie, 2013) and ENSO index may play a

secondary role (r=-0.476 and 0.449).
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