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Abstract: For the Philippines, a country exposed to multiple natural hazards like severe wind, sus-
tainable development includes resiliency. Severe wind hazard is brought by tropical cyclones in the
Western Pacific, known as typhoons, that frequent the Philippines. Therefore, adequately evaluat-
ing the wind hazard and its impact is crucial for sustainable building design. Acknowledging the
impacts of climate change on said hazards would require adaptation to its consequences which ne-
cessitate a deeper understanding on the changing behavior of typhoons in recent years. For this
study, detailed wind information from the Japan Meteorological Agency from 1977-2021, the Hol-
land-B parameter, and the radius of maximum wind speed for each typhoon, are determined for
simulation of the regional cyclonic wind field. The analysis of the Holland-B parameters, which
represent the steepness of the pressure gradient and tropical cyclone convection, suggest that the
Holland-B parameters have been increasing since 2011. The regional wind fields caused by the ty-
phoons also suggest an increasing trend in severe wind hazard. Seasonality for the location of severe
wind hazard is also observed, with the Southern Philippines experiencing an increase (decrease)
during the Northeast (Southwest) Monsoon season, and the Northern Philippines experiencing an
increase (decrease) during the Southwest (Northeast) Monsoon season.
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1. Introduction

Severe wind is one of the hazards that pose a risk to the integrity and sustainability
of buildings in the Philippines. The Philippines, through its weather agency, the Philip-
pine Atmospheric, Geophysical, and Astronomical Services Administration or PAGASA,
has been monitoring the severe wind hazard primarily brought by typhoons which enter
what’s called the Philippine Area of Responsibility or PAR. An average of 20 typhoons
enter PAR on which an average of 10 typhoons make landfall [1].

PAGASA uses the meteorological standard of 10-minute sustained wind speeds in
identifying typhoons into five categories in 2022: tropical depressions which have 10-mi-
nute sustained winds between 55 kph and 61 kph, tropical storms which has 10-minute
sustained winds between 62 kph to 88 kph, severe tropical storms which have 10-minute
sustained winds between 89 kph and 117 kph, typhoons which have 10-minute sustained
winds between 118 kph and 184 kph, and super typhoons which have 10-minute sustained
winds of greater than 185 kph. Originally with three (3) warning systems in 1970, the PA-
GASA issues Public Storm Warning Signals which have been then revised, with the inclu-
sion of Public Storm Warning Signal No. 4 (>185 kph) in 1991 as a result of Typhoon Mike
in 1990 [2] and the inclusion of Public Storm Warning Signal No.5 (>220 kph) in 2015 as a
result of Typhoon Haiyan in 2013 [3]. With the 2022 reclassification of typhoons, the Public
Storm Warning Signals are adjusted based on the recent category [4].

The reclassification and the updates on the public storm warning signals are done to
meet the risk posed by typhoons as part of the disaster risk reduction management
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(DRRM). The Kyoto Protocol [5] and the Paris agreement [6] have acknowledged the need
to address climate change and have made necessary commitments to meet the targets to
mitigate the risk.

DRRM experts are asked whether climate change will affect typhoons as policy-mak-
ing requires adaptation particularly in sustainable development and building design. The
Intergovernmental Panel on Climate Change (IPCC) has reported back in 2001 that there
are some increases in tropical cyclone maximum intensities [7], although years prior, there
were no discernible trends in increase in typhoon numbers and intensities from historical
analysis [8]. Estimates in 2004 suggested an increase by 5% to 10% by 2050 [9]. Treading
upon this topic, however, requires caution. In 2017, a projection shows an increasing in-
tensity to tropical cyclones across different basins with the exception of the Western Pa-
cific typhoons [10]. However, it has been noted that wind speed measurements in the
1940s and the 1960s in the Western Pacific basin were too strong [11]. A subsequent anal-
ysis by the IPCC in 2020 shows that despite the lack of increase in the number of typhoons,
the typhoons increase in intensity, that intense typhoons increase in numbers, and that
the typhoon precipitation also increases [12].

The known sources of uncertainty for future typhoon projections include sea surface
temperature uncertainty, vertical temperature gradient of upper ocean [13], typhoon cy-
clogenesis, and atmospheric circulation changes. The question on those uncertainties are
further pressed with the Typhoon Rai (PAGASA Name: Odette) in 2021 which became the
2nd costliest typhoon in Philippine history. Typhoon Rai underwent rapid intensification,
identified as the 95th percentile increase of maximum winds within a 24-hr period. Re-
gions of rapid intensification were identified to have been occurring east of the Philip-
pines, frequently before landfall, which has been attributed to the changes in the sea sur-
face temperatures, which the models cannot predict at that time [14].

Typhoon Rai is one of the December typhoons whose numbers have been on the rise
in the past 10 years. Mindanao Island, which it struck, experienced a 480% increase of
typhoon passage. The increase of these December typhoons and the increase of probability
of Southern Philippines experiencing typhoon passage are attributed to the favorable
large scale sea surface conditions due to the positive shift of the Pacific Decadal Oscillation
(PDO) [15]. The westward track of typhoons to the Philippines are also attributed to the
Western Pacific Subtropical High (WPSH). Both the positive PDO and the stronger and
more southern WPSH [16] resulted in large scale environments that are favorable to trop-
ical cyclones. The PDO is a decadal event while the WPSH has seasonal characteristics.
The variability of the WPSH is closely related to the onset of both the Southwest Monsoon
season — which happens in the months of June, July, August, and September — and the
Northeast Monsoon season — which happens in the months of October, November, and
December. Evaluating the cyclogenesis of typhoons between 1985-2010 reveal that ty-
phoons, which are wetter, form closer to the Philippines during the Southwest Monsoon
season while typhoons, which are drier, originate farther at sea during the Northeast Mon-
soon season [17]. Typhoons tend to move peripherally with respect to the southern and
western sections of WPSH. The increase of intensity and a westward shift of the WPSH
result in typhoons forming at lower latitudes and presuming a more westward track while
otherwise resulting in from a northwest to a northeast recurving pattern of typhoons [18]
[19].

With the change of characteristic and behavior of typhoons due to climate change
identified, what remains is the evaluation of the trend on severe wind hazard that ty-
phoons are causing in the Philippines. This study aims to identify the changes in the wind
hazard of typhoons in the Philippines by evaluating the changes in the regional cyclonic
wind fields [20] with the Philippine Area of Responsibility. The identification of these
changes in the wind hazard could prompt policy-makers and engineers to reconfigure
their building design and disaster risk reduction and management measures to ensure
sustainability that adapts to the changes of the climate.
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2. Materials and Methods

2.1. Tropical Cyclone Modeling

For this study, the detailed wind information data of typhoons by Japan Meteorolog-
ical Agency (JMA) was used. The data, spanning from 1977 to 2021, include maximum
sustained winds, minimum central pressures, radii of storm winds, radii of gale winds,
ar_1::1 storm trgglf_()lf_i&ure 1) of each recorded typhoon.
: T T
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Figure 1. Tracks of all typhoons passing through the Philippines from 1977-2021.

To model the horizontal wind profile, the estimation of the horizontal pressure pro-
file must be conducted first. The pressure profile of typhoons resembles a rectangular hy-
perbola represented by shape parameters A and B [21], with B being known as the Hol-
land-B parameter [22] [23]:

2
Vmax

T et o)
Where Vmax is the maximum gradient wind in m/s, ¢ is the density of air in kg/m3, pn is
the ambient pressure assumed to be 1013 hPa, and p0 is the minimum central pressure of
the typhoon in hPa.

Obtaining the pressure profile results in determining the pressure gradient which is
one of the three main forces, neglecting surface friction and apart from Coriolis force and
Centrifugal force due to the curvature of the motion of the parcel of air intending to move
parallel to the curving pressure isobars. This results to a horizontal wind profile equation:

vay = -L° j (ﬁ)z + Vo2 (R";“")B o-(Bmax)” )

)

2 2

Where V(r) is the gradient wind speed at distance r from the center of the typhoon, f is the
Coriolis parameter which is a function of the latitude, Rmax is the radius of maximum
winds which is also related to the shape function A [22].

A= Rmaxl/B 3)
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Rmax and A can be computed by considering the radius of storm winds and radius of gale
winds identified by JMA in the detailed wind information. Knowing that gale winds con-
stitute to winds greater than 62 kph and storm winds constitute to winds greater than 89
kph [24], the gale winds and the storm winds can serve as the isotach to find the value for
Rmax and A, shown in Figure 2.
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Figure 2. Determining Rmax using the detailed wind information for the gale wind and storm wind.

2.2. Regional Wind Field Modeling

Since the forces involved don’t include friction in the resulting horizontal wind pro-
file, effects of turbulence are factored out, hence the winds are regional wind speeds which
are assumed to be 10-minute sustained winds. With the method of analysis being done
with respect to the center of the storm, for the stationary observer, the resulting regional
wind speed is computed:

Vlo—min (T') = Vgradient (T‘) + Vtranslation (4)
Where Viomin(r) is the 10-minute sustained wind at distance r from the center of the ty-
phoon, Vgradient (1) is a gradient wind computed using Equation (2), and Viranstation is trans-
lational velocity of the typhoon.
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Figure 3. Grid Setup for the Regional Cyclonic Wind Field Simulation
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A total of 1148 typhoons (tropical storms and stronger) from 1977 to 2021 are sub-
jected to the tropical cyclone modeling procedure, processing a total of 42744 detailed
wind information data, interpolating the 6-hourly and 3-hourly detailed wind infor-
mation data and storm track to 1-hour intervals resulting to what’s called the regional
cyclonic winds, since they’re free from surface friction and they’re cyclonic in nature. This
study will focus on the regional cyclonic wind field, as the surface wind is more depend-
ent on wind exposure which involves topography, vegetation, and human settlement and
wind exposure varies throughout the Philippines and is different at sea and on land. Re-
gional cyclonic wind fields are assumed to be independent of wind exposure [25] and are
assumed to coincide with the 10-minute sustained winds.

The regional cyclonic wind field is simulated over 961 stationary observation points
which are arranged in a 0.5-degree-by-0.5-degree grid from 5°N to 20°N and from 115°E
to 135°E, shown in Figure 3. Each observation point will contain a total of 131,704 hourly
simulated regional cyclonic wind field data with an example shown in Figure 4.
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Figure 4. Hourly Simulated Regional Cyclonic Wind Field Data
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Figure 5. Fitting of Generalized Extreme Value Function

With the annual and monthly maxima being obtained from each observation point,
an extreme value (GEV) analysis is being done to determine the return period winds. The
annual maxima at each observation point are fitted into a generalized extreme value
(GEV) function using Type I distribution [26] [27].
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1
V(R) = u+a(~In(~In (1 - E)) 5)

Where u and a are the generalized extreme value function coefficients and V(R) is the
return period wind speed at a return period of R years.

To determine how the recent data have resulted in the changes in the return period
winds, for each observation point the GEV analysis is done to the regional cyclonic winds
from 1977-2010 and the other GEV analysis is done to the regional winds from 1977-2021.
The 100-year winds for both GEV analysis are compared.

2.4. Historical Analysis

Apart from the return period winds, the historical maxima of the period of 1977-2010
and 2000-2010 are compared with the historical maxima of the period of 2011-2021 to de-
termine how the maxima have changed over different sectors of the Philippines described
in Figure 3. The maxima of the Southwest Monsoon months — which are composed of the
months of June, July, August, and September — and the Northeast Monsoon months —
which are composed of the months of October, November, and December — of the two
different periods are also compared to determine the changes in the seasonal variations of
the wind hazard brought by typhoons.

2.5. ENSO Analysis

The computed Holland-B parameters are then related to the sea-surface temperature
(SST) anomalies of the El Nifio-Southern Oscillation (ENSO) as studies have shown that a
necessary condition for development lies on the SST anomalies which coincide with the
observed sea level pressure difference between Tahiti and Darwin, Australia standardized
into the Southern Oscillation Index (SOI) [28] [29]. The Holland-B parameters of typhoons
are specifically related to the warm and cold phases of SOI which indicates the onset of El
Nino and La Nifa.

3. Results

3.1. Timeline of Holland B Parameter of Typhoons

The timeline of the Holland-B parameter of typhoons are determined and shown in
Figure 6. It is important also to take note that there is a shift from the reconnaissance mis-
sion measurements to the satellite measurements after 1987.
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Figure 6. Time history of the Box Plots of the Holland-B Parameters of Typhoons from 1977-2021

3.2. SOI vs Holland-B Parameter
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The Holland-B parameters for the typhoon present at a certain month are correlated
to the Southern Oscillation Index determined during that month. Compilation of the cor-
relation results in the box plot shown in Figure 7.
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Figure 7. Box Plots of the Holland-B Parameters of Typhoons with respect to SOI

3.3. Changes in the Annual Maximum Winds
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Figure 8. Net Difference of Maximum Year-round Winds (a) 2011-2021 vs 2000-2010 (b) 2011-2021
vs 1977-2010

The maximum winds determined during the period of 2011-2021 are compared with
the maximum winds determined during the period of 2000-2010 to limit the time when
the JMA is in charge of the Western Pacific Basin. The comparison is done to year-round
maximum winds, Southwest Monsoon season maximum winds, and Northeast Monsoon
maximum winds. To also compare with the overall period to include when the Joint Ty-
phoon Warning Center was in charge of the Western Pacific Basin, the maximum winds
determined during the period of 2011-2021 are also compared with the maximum winds
determined during the period of 1977-2010. The percent change of maximum winds be-
tween the period of 2000-2010 and the period of 2011-2021 and between the period of 1977-
2010 and period of 2011-2021 over the identified sectors in Figure 3 are also tabulated in
Table 1 and Table 2 respectively. It is also important to note that prior to satellite meas-
urements starting in 1988, the measurements were done in reconnaissance missions.
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Table 1. Percent Difference - 2000-2010 vs 2011-2021

Region SW Monsoon NE Monsoon All-year
Months Months
Mean Median Mean Median Mean Median
Northern 8.86% 7.64% 021% 4.42% 6.00% 5.54%
Central -743%  -3.06% 21.92% 20.86% 18.27% 17.82%
Southern -9.85%  -7.84% 42.95% 32.88% 31.11% 22.10%
Table 2. Percent Difference - 1977-2010 vs 2011-2021
Region SW Monsoon NE Monsoon All-year
Months Months
Mean Median Mean Median Mean Median
Northern -1.58%  -2.33% -18.95% -20.74%  -3.66% -3.06%
Central -2041% -20.21% -10.23% -12.94%  -5.11% -7.45%
Southern -1529% -9.80% -5.17% -13.42%  -3.72% -9.40%
IS .. Change of maximum regional wind I~ o I . Change of maximum reglonal wind ]

@) (b)

Figure 9. Net Difference of Maximum Southwest Monsoon Season Winds (a) 2011-2021 vs 2000-2010
(b) 2011-2021 vs 1977-2010
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Figure 10. Net Difference of Maximum Northeast Monsoon Season Winds (a) 2011-2021 vs 2000-
2010 (b) 2011-2021 vs 1977-2010
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3.4. Changes in the Return Period Winds

" ' Change of maximum regional wind B
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Figure 11. Change in the 100-year winds

The changes in the 100-year winds from the observation period of 1977-2010 to the
observation period of 1977-2021 are also shown in Figure 11. The percent changes over
the identified sectors in Figure 3, on the other hand, are tabulated in Table 3.

Table 3. Percent Change in the 100-year winds from up to 2010 to up to 2021.

Change in 100-year

Region winds
Mean Median
Northern -0.30% -1.87%
Central -0.62% -0.67%
Southern 2.21% 1.94%

4. Discussion

It is important to subdivide the duration of observation into four periods: (1) the re-
connaissance era by the Joint Typhoon Warning Center from 1977-1987, (2) the satellite
era by the Joint Typhoon Warning Center from 1988-1999, (3) the first eleven years of Ja-
pan Meteorological Agency in the new millennium from 2000-2010, and (4) recent eleven
years of the Japan Meteorological Agency from 2011-2021. The reconnaissance era is noted
by the huge variations of the computed Holland-B parameters (Figure 6) showing possible
uncertainties especially when relating the maximum winds to the minimum central pres-
sure and its pressure gradient. The satellite era is noted by lesser variations in the com-
puted Holland-B parameters as accuracy up to the regional level (free from surface friction
and turbulent effects) is ensured due to the wider scope of measurement.

The Holland-B parameters, when related to the SOI, revealed that typhoons with
high pressure gradients are often present during the ENSO neutral phase. El Nifo allows
typhoons to gather strength farther at sea but would be unable to reach the sea just east
of the Philippines where intensification and rapid intensification normally occurred. La
Nifa on the other hand brings typhoon cyclogenesis closer to the Philippines but as a
result, there will not be a longer distance to pick up strength. The neutral phase balances
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the two phenomena, resulting in the typhoon having enough distance to pick up strength
a little farther at sea while at the same time allowing itself for more intensification as it
approaches the Philippines.

The recent eleven (11) years (2011-2021) have been noted to have stronger maximum
winds compared to the eleven (11) years prior (2000-2010). Although when compared to
the 34 years prior instead (1977-2010), the changes aren’t that prominent especially for
Northern Philippines. It is important to take note that there may be slight changes in the
estimation technique within the said period, most notably with the measurements done
using reconnaissance missions prior to 1988.

Evaluating the seasonal maxima shows that during the Southwest Monsoon season,
there is an increase in the wind hazard in the Northern Sector of the Philippines with the
exposure to the wind hazard shifting northward. During the Northeast Monsoon season,
on the other hand, an increase in the wind hazard in the Southern Sector of the Philippines
is observed with the exposure to the wind hazard shifting southward. Overall, the
changes in the year-round maxima by comparing the maxima during the period of 2011-
2021 to the maxima during the period of 2000-2010, also indicates that there is an overall
increase in the wind hazard across the Philippines.

As to what to expect with the future wind hazard, the extreme values analyses deter-
mines that there will be an increase in the 100-year winds for the Southern sector of the
Philippines, while the time history of the Holland-B parameters show an increasing trend
since 2011, indicating that strong typhoons with higher pressure gradient and maximum
sustained winds are to be expected in the future.

5. Conclusions

There has been an overall increase of typhoon strength over the years. Climate
change results in typhoons having more violent winds with steeper pressure gradients
near the center especially during the ENSO neutral phase. The wind hazard has also
shifted spatially with the Southern sectors of the Philippines or the Southern Philippines
in general being more susceptible to typhoons in recent years. The Southern Philippines
experiences an increase (decrease) of wind hazard during the Northeast (Southwest) Mon-
soon season. The Northern Philippines experiences an increase (decrease) of wind hazard
during the Southwest (Northeast) Monsoon season. The overall increase in both the his-
torical maximum and the return period wind should prompt an update to the wind design
to meet the demand of these noted increases in order to ensure that the updated building
design will achieve sustainability.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Maximum Regional Cyclonic Winds — Southwest Monsoon Sea-
son (2000-2010); Figure S2: Maximum Regional Cyclonic Winds — Southwest Monsoon Season (2011-
2021); Figure S3: Maximum Regional Cyclonic Winds — Southwest Monsoon Season (1977-2010);
Figure S4: Maximum Regional Cyclonic Winds — Southwest Monsoon Season (1977-1987); Figure
S5: Maximum Regional Cyclonic Winds — Southwest Monsoon Season (1988-2010); Figure S6: Max-
imum Regional Cyclonic Winds — Northeast Monsoon Season (2000-2010); Figure S7: Maximum Re-
gional Cyclonic Winds — Northeast Monsoon Season (2011-2021); Figure S8: Maximum Regional
Cyclonic Winds — Northeast Monsoon Season (1977-2010); Figure S9: Maximum Regional Cyclonic
Winds — Northeast Monsoon Season (1977-1987); Figure S10: Maximum Regional Cyclonic Winds —
Northeast Monsoon Season (1988-2010); Figure S11: Maximum Regional Cyclonic Winds — Year-
round (2000-2010); Figure S12: Maximum Regional Cyclonic Winds — Year-round (2011-2021); Fig-
ure S13: Maximum Regional Cyclonic Winds — Year-round (1977-2010); Figure S14: Maximum Re-
gional Cyclonic Winds — Year-round (1977-1987); Figure S15: Maximum Regional Cyclonic Winds —
Year-round (1988-2010); Figure S16: 100-year winds (1977-2010); Figure S17: 100-year winds (1977-
2021);
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