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ABSTRACT

To assess the influence of climate change on the estimates of extreme wind speeds induced by typhoons, the present study employs a Monte
Carlo simulation approach to forecast the extreme wind speeds in the proximity of Hong Kong when the sea surface temperatures rise as
projected by various climate change models according to the Representative Concentration Pathway (RCP) 8.5. In addition, the present study
shows the first attempt to quantitatively assess the uncertainty buried in the prediction of the extreme wind speed in association with
typhoons taking the rise in sea surface temperatures, and therefore climate change, into consideration. It is found that climate change leads,
with high confidence, to the increase in extreme wind speeds brought about by typhoons. From the numerical simulation, it is found that the
mean wind speeds associated with typhoons impacting Hong Kong rise from 10.8 m/s (1961-1990) to 12.4 m/s (2051-2080), and the extreme
wind speed is 47.5 m/s during 2051-2080 under the RCP 8.5 climate scenario, which is 21.2% higher than that corresponding to the period of
1961-1990. As for the quantification of uncertainties in the extreme wind estimates, the inter-quartile ranges for the sea surface temperatures
projected by various climate models in July and October are 9.5% and 8.2% in 2050, respectively, and go up to 9.6% and 9.9% in 2080. The
extreme wind speeds with 50 years return period show inter-quartile ranges of 14.2% in 2050, and the value decreases to 12.8% in 2080.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0220590

I. INTRODUCTION
Typhoon is one of the most destructive extreme weather events

positive influence of global warming on typhoon sizes, intensities, and
. . . 9 10
occurrence rates has received growing attention.” ~ Emanuel,"” for
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that affect human societies and induce disasters in Northwest Pacific
Ocean coastal societies. From 1961 to 2010, the annual direct eco-
nomic losses caused by typhoons in China were approximately US$3.9
billion," and the annual average casualties were 4727 In addition to
China, the supertyphoon Parma that occurred in 2009 caused nearly
500 fatalities and an estimated economic loss of up to US$581 million
in the Philippines.‘; Typhoon Haiyan of 2013, in addition, caused 5982
deaths in the Leyte Gulf area, with additional infrastructure and agri-
culture damages reaching up to US$802 million." Furthermore, the
estimated direct economic loss in Hong Kong due to typhoon
Mangkhut in 2018 was about HK$4.60 billion.” In recent years, the

example, found an increasing destructive trend of tropical cyclones in
the western Pacific and Atlantic regions in the past thirty years. Since
climate change is considered a major reason for the increase in the
observed sea surface temperature (SST) and the sea is the ultimate
energy source for a typhoon to generate and to grow, climate change
certainly impacts the generation, intensification, and decay of a
typhoon. More specifically, climate change is considered to be the
reason for the increase in both the number and intensity of
typhoons.'''* These findings have raised great concern regarding the
safety of coastal structures in the future when climate change brings
more intensive typhoons to the coastline."”

Phys. Fluids 36, 087126 (2024); doi: 10.1063/5.0220590
Published under an exclusive license by AIP Publishing

36, 087126-1


https://doi.org/10.1063/5.0220590
https://doi.org/10.1063/5.0220590
https://doi.org/10.1063/5.0220590
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0220590
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0220590&domain=pdf&date_stamp=2024-08-13
https://orcid.org/0000-0003-2753-6000
https://orcid.org/0000-0002-9517-784X
https://orcid.org/0000-0001-5267-7396
https://orcid.org/0000-0002-9678-1037
mailto:li.sunwei@sz.tsinghua.edu.cn
https://doi.org/10.1063/5.0220590
pubs.aip.org/aip/phf

Physics of Fluids

Due to the random nature of extreme weather events, the assess-
ment of hazards associated with typhoons is commonly conducted in
a statistical sense. Therefore, either long-term measurements or ample
numerical simulation results are required to calculate the hazardous
indicators of typhoons for statistical assessments. Concerning the
long-term measurements, the anemometers installed in the remote sta-
tions are vulnerable under extreme conditions, and hence, insufficient
observational data associated with typhoons could lead to inaccurate
estimations of typhoon hazards.'*'” With regard to the numerical sim-
ulation results, the Monte Carlo simulation (MCS) is considered a
mainstream tool to obtain the required large amount of numerically
simulated wind speeds within the typhoon boundary layer and hence
is widely accepted by the community.'*'*'” In the MCS, selective key
parameters are randomly drawn based on known probability distribu-
tions and then input into a boundary layer wind field model to calcu-
late the wind speed time series at the site of interest. Given the MCS
produces a large quantity of wind speed data at a given location under
the attacks of typhoons, it has long been used as a supplement to the in
situ measurements in the assessment of typhoon hazards and to esti-
mate the wind loads for safety evaluation of structures in the typhoon-
prone area. Vickery and Twisdale,” for instance, obtained the typhoon
wind speeds from the MCS along the coastline of the United States
and concluded that the design wind speeds suggested by ASCE-7-88
and Batts ef al.”' are excessively conservative for the inland strip within
200km from the coastline. Similar outcomes were obtained by Huang
et al”* and Mudd et al.”> Within this trend, a number of previous
studies in fact employed the MCS to estimate wind speeds from virtual
typhoons and then to compute the extreme wind speed with various
desired return periods.'>”**” In summary, the MCS is frequently
employed as a supplement to the in situ measurements to estimate the
extreme wind speeds at the site of interest and then to numerically esti-
mate extremes from the fitted probability distributions, which are
commonly used in codifications of wind loads, as well as to provide
information for risk and loss assessments.

Given the profound impacts of climate change on various meteo-
rological phenomena, many scholars have suggested to take into con-
sideration the influence of climate change in the MCS of typhoon
attacks. For example, Mudd et al.”>** took the impacts of SSTs on the
central pressure of typhoons into consideration in devising the wind
field model based on the empirical model proposed by Vickery et al.”’
Chu et al.”” improved the Vickery empirical model and revealed the
relations between the SST varied in association with climate change
and the radius to the maximum wind (RMW), central pressure differ-
ence, and latitude of typhoon center. Wang et al.”’ demonstrated the
impacts of SSTs on the six key parameters defining the size and inten-
sity of the typhoon boundary layer, including the central pressure defi-
cit AP, the RMW, and occurrence rate A. Although the relationships
between SST and the key characteristics of typhoon wind field, which
emphasize the importance of taking into account climate change in
typhoon hazards assessment, are already presented by Wang et al.,”’
and a few other previous studies indicate the positive correlations
between SST and typhoon intensity and extreme wind speed,” " the
uncertainties of such assessments induced by the prediction of future
climates have not been investigated. Additionally, many existing stud-
ies on SST uncertainty rely solely on observational data®> " or are
based on scenarios from previous generations of climate models,”*"
and some previous studies focus only on a single or a limited selection

ARTICLE pubs.aip.org/aip/pof

of SST models.”* In contrast, this study utilized the Coupled Model
Intercomparison Project Phase 5 (CMIP5) scenarios and considered
all available models to comprehensively analyze the uncertainties.
Therefore, the inter-model uncertainties can be estimated. Since the
forecast of the future climate change pathway, and therefore the future
variation in SSTs, is highly uncertain due to the complex social-
economic influences and the random nature of the weather system, the
study on the uncertainty buried in the assessment of the typhoon haz-
ards in the future due to climate change is necessary.

To quantify the uncertainties buried in the assessment of typhoon
hazards in the proximity of Hong Kong under the influence of climate
change, the present study investigates both the prediction of extreme
wind speeds induced by typhoons and the associated uncertainties via
the MCS approach. In fact, the present study is an improvement on
the methodology and conclusion from the work of Wang et al.”" with
regard to the following:

* The severe climate change scenario with future Greenhouse Gas
emission impacts (RCP 8.5) was applied to predict the variations
in the typhoon wind field.

* The sensitivity analysis concerning the impact range employed in
the MCS is conducted to show the influence of a key component
on the prediction of extreme wind speed.

* The uncertainties in the prediction of extreme wind speeds asso-
ciated are quantified, which helps the evaluation of the typhoon
hazards assessments.

In detail, the present study utilizes the Representative
Concentration Pathways (RCPs) climate scenario, which excludes any
social and economic impact factors and only focuses on the green-
house gas concentration to quantify the degree of global warming. The
projected SSTs under the RCP 8.5 scenario (the most severe case),
which was briefed by the Intergovernmental Panel on Climate Change
(IPCC) in the fifth Assessment Report (ARS5), are regarded as the
future large-scale environment for the MCS of typhoons."' The present
study selects Hong Kong as a case study. On the one hand, Hong
Kong is densely populated with high economic values. On the other
hand, it is vulnerable to the hazards brought about by typhoons. Both
the value and the vulnerability make understanding the influence of
climate change on extreme wind conditions in association with
typhoons an urgent matter for Hong Kong society.”** In the MCS, the
RCP 8.5 scenario stipulates the rise in SST, which in turn leads to the
probability distributions for drawing the key parameters defining the
movement, sizes, and intensities of typhoons. Afterward, the wind
speeds at the site of interest are numerically estimated. In such a pro-
cess, the sensitivity of a key variable adopted in the MCS, ie., the
typhoon impact range, is numerically investigated. The current study
conducts a detailed sensitivity analysis to investigate three potential
impact ranges—250, 500, and 1000 km—to determine which provide
the most accurate and reliable forecasts for statistical and extreme
typhoon wind for Hong Kong. Given the random nature of the
weather system, the predictions on the future variations in the large-
scale environment are different from different models, even though
the general pathway is specified under the RCP 8.5 scenario. Such dif-
ferences are taken as an indicator showing the uncertainty in the pre-
diction of both the SST and the extreme wind speeds associated with
typhoons. Using the SST projected from different models to run the
MCS, the present study delivers, to the best of our knowledge, the first
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attempt to quantify the uncertainties in forecasting typhoon wind
speeds under the influence of climate change.

After the introduction, Sec. II articulates the methodology to sim-
ulate the typhoon wind fields under the influence of climate change,
including drawing the key parameters from the projected probability
distributions, the refined wind field model, and the process for con-
ducting the MCS. During the MCS, the sensitivity of the typhoon
impact range is investigated and reported. Section III validates the
models to forecast the SST and the refined typhoon wind field model
to calculate the boundary layer wind speeds from the known key
parameters. After the verification, the results concerning future varia-
tions in the typhoon wind speeds and uncertainties buried in the esti-
mates of extreme wind speed in Hong Kong are discussed in Sec. IV.
Finally, concluding remarks are given in Sec. V.

Il. METHODOLOGY

In the present study, the extreme wind speeds associated with
typhoons under the influence of climate change are estimated statisti-
cally from a series of MCS. Generally, the MCS procedures are divided
into four steps as follows: (1) obtain characteristic typhoon parameters
(i.e., translation speed, approach angle, central pressure deficit, the dis-
tance of closest approach, and occurrence rate) from the best-track
data maintained by the Hong Kong Observatory, which lays the foun-
dation for the formulation of their probability distributions. It should
be noted that the RMW is not directly provided by the best-track data
and is calculated according to the central pressure deficit in the present
study;"’ (2) set up the probabilistic models of each typhoon key param-
eter based on the observed SSTs; (3) estimate the impacts of the
increases in SSTs, due to climate change, on the probability distribu-
tion, which drives the refined typhoon wind field model to predict the
typhoon wind field in the future; and (4) the wind speeds at the site of
interest are accumulated in the process of the MCS, and the extreme
wind speeds are statistically estimated by using the peak-over-thresh-
old method, which is introduced in Sec. IT D.

Waglan Island (22°11'N, 114°18'E) is located on the southeast-
ern coast of Hong Kong and provides unimpeded exposure to the
South China Sea (in Fig. 1). The open surrounding terrain of Waglan
Island makes it an ideal site for the Hong Kong Observatory (HKO) to
gather typhoon wind field data for meteorological observations and
analysis. The long-standing operation of an anemometer, which was
installed at an elevation of 83 meters above the ground level and has
been continuously capturing wind speed data, ensures that the mea-
surements are representative of the overwater wind speeds that influ-
ence typhoon formation and progression and offer invaluable insights
for typhoon prediction models and climatological research. The cur-
rent study adopts the observation of typhoon wind field data at
Waglan Island from 1961 to 2020 (60 years) to estimate the relations
between SST and predicted typhoon wind field.

A. Climate change

The Assessment Reports are published regularly through the
Intergovernmental Panel on Climate Change (IPCC) to provide com-
prehensive evaluations of climate change.” *” The fifth Assessment
Report (AR5) presents the past, present, and future climate scenarios,
the responsive strategies, and their expected outcomes. AR5 was pub-
lished in 2014 within the framework of the Coupled Model
Intercomparison Project Phase 5."° According to AR5, climate change
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FIG. 1. The location of Waglan Island.

is “unequivocal,” and human activities are the majority cause of the
continuous Greenhouse gas emission leading to global warming. The
RCP is therefore adopted to quantify the trajectories of global CO,
concentrations and hence climate change pathway."' Four RCPs have
been suggested to capture the levels of Greenhouse gas emission and
global warming from RCP 2.6 (stringent mitigation scenario which
aims to keep global warming likely below 2 °C compared to the pre-
industrial era) to RCP 8.5 (high greenhouse gas emission scenario
without additional efforts to constrain the emissions). The global sur-
face temperature rise is expected to exceed 2 °C for the RCP 8.5 sce-
nario with high confidence, and it is a rising radiative forcing pathway
that goes up to 8.5W/m? by 2100.*"*’ In this study, the most severe
climate change scenario, i.e., the RCP 8.5 scenario, is adopted to pre-
dict climate change pathway.

Coastal areas are essential for both economic and social develop-
ment, and the cities located along the coastlines are prone to disasters
originating from the sea, such as typhoons.”’ For the scenario of RCP
8.5, a countable number of studies agreed that global warming would
increase the SST in the future,”"”" " and the global SST is expected to
rise 3.4°C over the 21st contrary in such a scenario.”* As a result, the
intensity and occurring frequency of typhoons affecting Hong Kong
could be changed, which deserves a thorough and systematic
investigation.””

B. Typhoon wind field model

The typhoon wind field model employed in the present study to
calculate the typhoon boundary layer wind field for the MCS is pre-
sented via governing equations shown in Eqs. (1) and (2).°%°7 These
equations are simplified from the full-set Navier-Stokes equation for
large-scale geophysical flows and are solved using the numerical
approach proposed by Meng et al.”® and Huang et al.,”””"

=3 =X+ B m
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In Egs. (1) and (2), ¥ is the wind velocity vector, which is calculated by
combing the gradient-level wind velocity and friction-induced wind
velocity in the boundary layer; p is the air density; p denotes the atmo-

spheric pressure; g is the gravitational acceleration; k is the unit vector;

Q is the earth’s angle speed; F is the frictional force; the subscript h
means the parameter in the horizontal plane; f is the Coriolis parame-
ter; po is the surface pressure; z is the height above the sea surface; 0 is
the potential temperature and is assumed to be constant in the present
study; c, is the specific heat capacity of air; R is the ideal gas constant;
Peo is the central pressure of a typhoon at the sea surface; Apy is the
central pressure deficit; RMW is the maximum radial distance from
the typhoon center to the maximum sustainable wind speed; r is the
radial distance from the typhoon center; and B is Holland’s radial pro-
file parameter. Two boundary conditions, namely, the upper condition
corresponding to the free atmosphere and the lower condition corre-
sponding to the underlying terrain, are applied to constrain the wind
field model. The governing equations and the boundary conditions
lead to a set of analytical solutions calculating the wind velocities
within the typhoon boundary layer shown in Egs. (3)-(6). In Egs. (3)
and (4), vy and v,, are the tangential and radial components of wind
speed at the gradient level; c means the translation velocity of the tropi-
cal cyclone; and 0, is the angle between the typhoon translation direc-
tion and the vector from the typhoon center to the site of interest. In
Egs. (5) and (6), vgr and vy are friction-induced wind velocity compo-
nents in the tangential and radial directions at the surface level, and
Dy, Dy, &, 4, and y are empirical parameters estimated as suggested by
Meng et al>®

. 2 :
Vog :é(csin 0, —fr) + [(M) —0—1@} , (3)

2 por
- 1(" aV()g
Vig = — T’ L de 4
vy = ¢ ?|D, cos(Jz) + D, sin(iz)], (5)
Vi = —eH [D, cos(2z) — D sin(2z)]. (6)

C. Probability distributions

Based on the wind field model presented in Sec. IT B, the wind
speeds at a given location can be calculated using the known key
parameters as inputs, such as the translation velocity, the approach
angle, the central pressure deficit, the RMW, the minimum of closest
distance, and occurrence rate. The probability distributions, based on
which the pseudo-stochastic parameters are randomly drawn, are
determined following a five-step procedure: (1) procure the key
parameters from the best-track data maintained by the Hong Kong
Observatory and obtain the corresponding observed regional SST's
(i.e., from a radius of 500 km around Hong Kong, by using the linear-
interpolation method for horizontal spatial interpolation) from the
European Center for Medium-Range Weather Forecasts (ECMWF)
ERA5 database using the time stamp as the link. (2) Select a typhoon
impact range and estimate the probability distributions as functions of
observed SST for the key parameters using the best-track data as

pubs.aip.org/aip/pof

samples. (3) The projected SSTs from different climate change models
are substituted in the probability distribution models of key parameters
defining the wind fields of upcoming typhoons. (4) The key parame-
ters are then randomly drawn from the probability distributions
altered by the variational SST as the input to calculate the wind veloci-
ties. (5) Based on the predicted wind speeds and directions obtained
from the MCS, the statistics of typhoon wind velocities and the
extreme wind speeds in the future are estimated together with the
quantified uncertainty.

D. Extreme wind speed estimates

The extreme value distribution is adopted in the present study to
estimate the extreme wind speed with any given exceedance probability,
as shown in Egs. (7)-(9). In Eq. (7), F, denotes the probability for the
wind speed less than the value of v in one typhoon case; U means the
highest wind speed among # typhoon cases. According to the probabil-
ity theorem, the probability of that the highest wind speed is smaller
than value v in 7 years is calculated by Eq. (8), whereas the p(n, 7) is the
probability for # typhoons will occur in 7 years. In Eq. (9), T is the
return period and Py demonstrates the exceedance probability. In 1928,
Fisher and Tippett laid the ground for developing various extreme value
distribution models [function F in Egs. (7) and (8)], by proposing the
basic probability theory of extreme values.” Afterward, Gumbel formu-
lated the generalized extreme value probability density distribution and
defined type I, II, and III extreme value asymptotic metric formulas.”’
The peak-over-threshold method is then suggested, in which all data
exceeding a given threshold are taken as extreme data to cope with the
shortage of sample amount.”’ ’ The method of independent storms,”*
which identifies independent storms from continuous wind speed
records and takes the maximum values of independent storms to for-
mulate the extreme value samples, is also suggested to deal with the
sample shortage. In this study, the peak-over-threshold (POT) method,
with the threshold of 20 m/s, is adopted to generate the samples further
probability fitting.”**>°° More specifically, the simulated wind speeds,
from MCS of typhoon wind field, over the threshold are taken to for-
mulate the sample database. The samples are then binned to show the
probability distribution of the extreme wind speed in a discrete manner.
The generalized Pareto distribution is then fitted to the binned sample,
which vyields the parameters used to project the extreme wind speed
with any given exceedance probability. In the estimation, the return
period, equivalent to the conventional exceedance probability, for cal-
culating the extreme wind speed is specified as 50 years following the
wind code in Hong Kong. The details about the estimate of the extreme
wind value can be found in Refs. 65 and 66 and Eq. (10), where Uy is
the R-year return period wind speed; u is the pre-defined minimum
threshold wind speed; ¢ and k are the scale factor and the shape factor
from the fitted generalized Pareto distribution function; and 4 is the
rate of crossing (number per year),
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E. Sensitivity analysis of the impact range

In the MCS, the statistics, and hence the probability distribution
models, of the key parameters describing the typhoon wind field are
generally calculated from the observations of historical typhoons
moved within the influencing circle of the site of interest. In fact, a cir-
cular impact range is set up around the site of interest, and the typhoon
track segments intercepting the circular impact range are extracted and
analyzed. Three impact ranges of 250, 500, and 1000 km, defined by the
radius of the circle, are widely employed in previous studies to obtain
the statistics of the key parameters describing typhoons and hurricanes.
For example, Vickery et al,”’ Li and Hong,z'; Liu et al,”” and Wang
et al.”" adopted 250 km as the impact range to analyze the statistics of
typhoons. Soisuvarn and Oudomying,”® Fang et al.,”” and Nayak and
Takemi,” on the other hand, employed 500 km as the impact range for
their MCS. Xiao et al.,”* Wu et al.,”" and Duran and Molinari’” selected
1000 km. The value of the impact range certainly affects the number of
records extracted from the best-track database to formulate the proba-
bility distribution models. Therefore, a suitable impact range should
include enough number of best-track records and produces reliable and
realistic statistics for typhoons.”' To be comprehensive in terms of
delivering reliable MCS, a sensitivity analysis of the impact range has
been included in the present study.

The three commonly adopted impact ranges (250, 500, and
1000 km) are used to MCS in the present study. A representative
observation point—Waglan Island (WGL) in Hong Kong
(22°11'N, 114°18'E)—is chosen as the site of interest due to its sur-
rounding terrain features and the quality/quantity of the available
wind records. The wind measurements gathered at the WGL weather
station are used to evaluate the accuracy and reliability of the MCS
results. In formulating the probability distributions for the key param-
eters, the best-track data and the observed SSTs extracted from the
ECMWF ERA5 database are gathered. Given different impact ranges,
different probability distributions of the key parameters defining the
typhoon boundary layer wind field are generated for the subsequent
MCS. Since the MCS produces a large amount of wind speed and
direction records, in theory, statistically agreeing with the observations,
the comparison of the wind statistics at WGL station calculated based
on numerical and observational data reveals both the sensitivity and
appropriateness for choosing a certain value as the impact range.

The comparison of wind statistics from MCS results with
observed typhoon data is shown in Fig. 2. The observed typhoon wind
speeds and directions from the WGL weather station at 90 m from
1993 to 2020 are adopted to calculate the wind statistics shown in
Fig. 2. According to Figs. 2(a)-2(e), the largest deviations of the cumu-
lative density function corresponding to the simulated wind speeds
from the observational counterparts are 0.07, 0.08, and 0.16 for the
radius of 250, 500, and 1000 km, respectively. Moreover, the largest
deviations shown in the figure of wind directions are 0.19, 0.09, and
0.08 for impact range 250, 500, and 1000 km, as indicated in Figs. 2(b),
2(d), and 2(f). It can be discerned from the figures that although the
MCS can give a statistical simulation of typhoon wind speeds in better
agreement with observations when the impact range is 250 km, the
accuracy of wind direction results from MCS corresponding to the
impact range of 250 km is not satisfactory. With regard to the impact
range of 1000 km, the wind direction statistics from the MCS are in
better agreement with the observation data, while the wind speed com-
parison presents a significant difference. Therefore, 500km is
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determined as the impact range in this study since it leads to acceptable
statistical estimates of both wind speeds and directions.

Ill. MODEL VALIDATION

The Coupled Model Intercomparison Project (CMIP) aims to
coordinate the comprehensive global climate models, which adopt dif-
ferent schemes in the simulation and hence yield a wide range of out-
puts to help researchers and policymakers to understand climate
variability.”” In the present study, the historical and projected SSTs are
extracted from Earth System Models of the CMIP, as shown in Table I.
The SSTs from different models are averaged to reduce possible model
errors. For the period from 1961 to 2005, the ensemble mean of all 18
models is utilized, as all models extend at least until 2005 (with the
exception of FGOALS-s2, which ends in 2004). For the period extend-
ing beyond 2005, the ensemble mean of only those models that are
available up to their respective end years is adopted. The monthly SST's
from the models during 1961-2020 under the RCP historical condition
are used to compare with the re-analysis SST obtained from the
ECMWF ERA5 database to validate the climate change models utilized
in the present study. Since the re-analysis data provided by the ERA5
database integrated the observations available from the weather sta-
tions worldwide, it is regarded as reliable and hence serves as the com-
parison criteria. The annual mean SSTs extracted from the re-analysis
data of the ERA5 database, averaged model outputs under the RCP
historical condition and within the RCP 8.5, are shown in Fig. 3. A
similar increase trend can be found for both re-analysis data from the
EAR 5 database and the averaged model output under the RCP histori-
cal condition. The mean values for the SSTs corresponding to the re-
analysis data and model estimates are 24.26 and 24.82 °C, respectively.
The model output SST in the RCP 8.5, on the other hand, indicates a
noticeable increase trend compared to the historical variation. The
mean SST goes up to 26.81°C, which increases by 2.55°C (10.51%)
compared to the mean ERA5 re-analysis SST and raises around 2°C
(8.02%) compared to the mean RCP historical SST.

IV. EXTREME WIND SPEEDS AND THE ASSOCIATED
UNCERTAINTY

Following the methodology articulated in Sec. 11, the MCS is con-
ducted to predict the extreme wind speeds at the WGL station in Hong
Kong when the world is developing in the pathway of RCP 8.5. More
specifically, the probability distributions of the key parameters describ-
ing the typhoon boundary layer wind field are projected according to
the SSTs projected by various global climate models. Afterward, the
wind velocity at the site of interest is calculated based on the typhoon
boundary layer wind field model using the input parameter randomly
drawn from the projected probability distributions. Repeating such a
process following the MCS philosophy, the wind speeds and direction
simulation results are accumulated to predict the extreme wind speed.
Given various global models shows different predictions on SSTs, the
uncertainty of the extreme wind predictions, induced by complexity of
the climate change forecasts, is quantitatively assessed in addition to the
uncertainty naturally induced by the MCS.

A. Predicted extreme typhoon wind

The distributions of wind speeds and directions from the MCS
corresponding to the RCP 8.5 and the historical scenario are compared
in Fig. 4. More specifically, the mean SSTs calculated by averaging 17
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FIG. 2. Sensitivity analysis for three impact ranges. “MCS” means the wind speeds or directions generated by the MCS, and “observed” means the wind field extracted from the WGL
weather station during 1993-2020. (a), (c), and (e) The wind speeds at 250, 500, and 1000 km, respectively; (b), (d), and (f) The wind directions at 250, 500, and 1000 km, respectively.

distributions are fitted to the normal distribution model before the
comparison shown in the figure for better illustration.

It is observed from Fig. 4(a) that the predicted wind speed
increases steadily compared to the historical typhoon wind speed. The

climate model outputs during 2021-2050 and 2051-2080 are used to
formulate the probability distributions of the key parameters, which in
turn leads to the prediction of the probability distributions of wind
speeds and directions in Hong Kong. It is noted that the raw
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TABLE I. Monthly SST availability.

Model name RCP his RCP 8.5
ACCESS1-0 1961-2020 2021-2080
bec-csml-1 1961-2012 2021-2080
CanCM4 1961-2012 —
CanESM2 1961-2012 2021-2080
CCSM4 — 2021-2080
CESM1 1961-2005 2021-2080
CSIRO-Mk3-6-0 1961-2012 2021-2080
EC-EARTH 1961-2005 2021-2080
FGOALS-s2 1961-2004 2021-2080
FIO-ESM 1961-2005 2021-2080
GISS-E2-H 1961-2012 2021-2080
HadCM3 1961-2005 —
HadGEM2-ES 1961-2019 2021-2080
INM-CM4 1961-2005 2021-2080
IPSL-CM5A-LR 1961-2005 2021-2080
MIROC-ESM 1961-2005 2021-2080
MPI-ESM-LR 1961-2005 2021-2080
MRI-CGCM3 1961-2012 2021-2080
NorESM1-M 1961-2012 2021-2080
Total model number 18 17
Year
2020 2040 2060 2080
30
——ERAS
——RCP his
28 ° _RCP8S5 R2 rerzs = 0.98 gt

CLERS 1)

SST (°0)

26 |osonensn®zsu

24
R2 ears=0.20
22
1960 1980 2000 2020

Year

FIG. 3. Annual SSTs from ECMWF ERAS5, RCP historical, and RCP 8.5, respec-
tively, where “ERA 5" represents the data obtained from the ECMWF ERA5 and
“RCP his” means RCP historical condition.

wind speeds corresponding to the peaks of the distributions are 10.8,
10.9, 12.1, and 12.4 m/s, respectively, for the different periods, as indi-
cated in the figure. Furthermore, the extreme wind speeds with a 50-
year return period corresponding to historical periods of 1961-1990
and 1991-2020 are 39.2 and 41.5m/s, showing an increment of 5.9%.
The extreme wind speeds corresponding to the future periods of 2021-
2050 and 2051-2080 are 44.3 and 47.5 m/s (an increment of 7.3%). A
potential explanation for the observed positive correlation between
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climate change—indicated as a rise in SST—and the extreme wind
speeds induced by typhoons is the role of warmer SSTs in storm
dynamics. Higher SSTs provide additional energy and create more
favorable conditions for storm development and intensification.
Specifically, increased SSTs enhance the enthalpy transfer from the
ocean to the atmosphere. This is crucial as it supplies the latent heat
energy necessary for the development and intensification of typhoons,
thereby increasing their potential for higher wind speeds. Therefore,
the increases in SST indeed increase the hazards associated with
typhoons.””"”> As indicated in Fig. 4(b), the bi-normal distribution
could be adopted to describe the probability distributions of wind
directions. It is discerned from the figure that two peaks are shifted
with increasing SSTs. More specifically, the first peak shifts from 62.5°
to 50° for the first three periods. A slight increase in wind directions,
on the other hand, has been found during 2051-2080, and the peak
moves backward to 58°. For the second peak shown in Fig. 4(b), a
steady decrease trend is found, as the peak move from 275° to 258.3°
except for the period of 1991-2020. In summary, under the influence
of growing SSTs, the wind directions associated with typhoons gener-
ally shift counterclockwise. Such changes may induce severe potential
economic losses and even casualties in the densely populated metro-
politan areas of Hong Kong because the Kowloon and Hong Kong
Island areas are located at SW, W, and SE. Furthermore, the alteration
in wind directions may further induce threats to another populated
area, i.e., Guangdong Province, which is located along the Southeast
coastline of China and to the North of Hong Kong. Therefore, the cli-
mate change effects cannot be ignored when estimating extreme winds
induced by typhoons in the proximity of Hong Kong.

B. Quantification of uncertainties

The wind-resistant designs of both onshore and offshore struc-
tures should take into consideration the extreme wind speeds associ-
ated with typhoons in the typhoon-prone region. More specifically, the
extreme wind speed with a specific return period is commonly taken
as the necessary input to assess the safety of structures. Hence, the
strong winds brought about by typhoons play a key role in the struc-
tural design and also in the urban planning in the typhoon-prone
areas.”® The uncertainties in the estimates of extreme wind speeds are
therefore kin to the safety and development of the costal society. With
the help of various global climate models to forecast SST's, the uncer-
tainty associated with the extreme wind estimates is investigated in the
present study. In the present study, the uncertainty originated from
either the predictions of the SSTs, or the MCS itself. Therefore, the
uncertainty quantification is divided into the analysis concerning the
SST predictions and the ultimate uncertainty reflected in the estimate
of the extreme wind speed.

1. Uncertainties in the predictions of future SSTs

As shown in Table I, 17 different global climate models are
adopted in this study to predict the SST' for further use by the MCS. It
is noted that different global climate models employed various
schemes for the predictions of future variations in not only SSTs but
also other meteorology variables. Hence, the collections of the SST pre-
dictions generated by different global climate models show, to a certain
degree, the uncertainty contained in the forecasts concerning the
future variations in meteorological variables. Specifically, the typhoon
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FIG. 4. Comparing the wind statistics corresponding to the previous periods from 1961 to 2020 (total 60 years) with predicted wind speed and direction from 2021 to 2080 (total
60 years) at the WGL station, where the “1961-1990” and “1991-2020" represent the RCP historical condition, while “2021-2050" and “2051-2080" means the predicted value

at severe climate change scenario (RCP 8.5). (a) Wind speed and (b) wind direction.

season typically lasts from July to October in Hong Kong.'
Therefore, the future variations in SSTs projected by 17 different cli-
mate models during the summer (July) and autumn (October) seasons
in 2050 and 2080 are employed to quantify the uncertainties.

The box plots showing the SSTs projected by the 17 different cli-
mate models as samples within the pathway of RCP 8.5 in July and
October of 2050 and 2080 are given in Fig. 5. From the figure, the aver-
age SST in July corresponding to 2050 is 29.2°C, which is around
1.4°C lower than the average SST corresponding to 2080. The average
SSTs in October in 2050 and 2080 are 28.4 and 29.2 °C, respectively.
The inter-quartile ranges (difference between the lower quartile and
the upper quartile) of SSTs among climate model predictions corre-
sponding to 2050 are 9.5% (A = 2.6°C) and 8.2% (A = 2.2°C) for
July and October. However, the differences between the minimum and
the maximum predictions of SST are up to 31.3% (A = 7.8°C) and
33.2% (A = 7.9°C). Similar patterns can be found for 2080, where the
inter-quartile ranges are 9.6% (A =2.8°C) and 9.9% (A = 2.8°C).
The maximum-minimum difference goes up to 30.8% (A =7.9°C)
and 31.4% (A = 7.7°C).
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2. Uncertainties in the predictions of extreme wind
speeds

In the MCS, the uncertainty could be introduced, in addition to
the uncertainty in the SST predictions, by the random draw of the key
parameters describing the typhoon boundary layer wind field. The pre-
sent study analyzes the uncertainty for the ultimate estimate of extreme
wind speeds in addition to the SST prediction. In detail, the different
predictions on the future variations in SSTs from different climate
models are used to provide the key parameters necessary for the MCS.
Figure 6 shows the statistics of the extreme wind speeds estimated
according to different predictions on the future variations in SSTs. The
figure shows normal distributions fitted to the samples of 17 different
estimates of the extreme wind speeds, and the box plots indicate the
variations in the estimates. From Fig. 6(a), it is observed that the mean,
calculated according to the fitted normal distribution model, of esti-
mated extreme wind speeds in 2050 and 2080 is 50.0 and 52.7 m/s,
respectively. Figure 6(b) illustrates, on the other hand, the inter-
quartile range of extreme wind speeds in 2050 is 14.2% (A = 6.6 m/s),
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FIG. 5. Box plots of SST obtained from 17 models within the RCP 8.5 scenario in (a) 2050 and (b) 2080, respectively.
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FIG. 6. Extreme wind speeds from 17 SST models within RCP 8.5 scenario at Hong Kong in 2050 and 2080. (a) Extreme winds among 17 SST models and (b) extreme winds

among 17 SST models.

and the maximum-minimum difference goes up to 42.1%
(A =17.2m/s). Similar results are observed for the box plot corre-
sponding to 2080, where the inter-quartile range is 12.8% (A =6.5m/
s), and the maximum-minimum difference goes up to 41.7%
(A =17.7m/s). Compared to the discrepancies among the SSTs pro-
jected by different global climate models, it is found that the MCS,
which includes randomness in nature, increases the uncertainty
brought about by the SST forecasts. Specifically, the inter-quartile
ranges in 2050 and 2080 of extreme winds (14.2% and 12.8%) are
increased from the values corresponding to the SST predictions (9.5%
and 8.2% in July and October for 2050 and 9.6% and 9.9% in July and
October for 2080). As for the maximum-minimum difference, a clear
increment is found for both periods (42.1% compared to 31.3% and
33.2% in 2050 and 41.7% compared to 30.8% and 31.4% in 2080).

3. Discussion on the uncertainties

It is found from the Figs. 5 and 6 that the uncertainties in the pre-
dictions of SSTs and the extreme wind speeds are similar for the years
of 2050 and 2080. In fact, the inter-quartile ranges corresponding to
the predictions at 2050 and 2080 are close to 9% and 13% for SSTs and
extreme wind speeds, respectively. Such a finding implies that the
uncertainty for the estimates of extreme winds is not increasing with
time as one naturally expected. In other words, different climate
change models present a consistent and steady prediction on the future
variations in SSTs, which in turn leads to steady estimates of extreme
wind speeds. Such a finding is also revealed from the maximum-mini-
mum differences corresponding to the predictions for 2050 and 2080,
which indicates that almost all the climate change models employed in
the present study show steady predictions for the period until 2080. It
should be acknowledged that such a feature could be a drawback for
the uncertainty analysis as the climate model itself does not take full
consideration of the randomness in the meteorological system.

In addition, it is found from the MCS enlarges the uncertainty
induced by the SST prediction by a factor of 1.3-1.5. Therefore, the
MCS and the extreme value estimation only marginally increases the
uncertainty of the prediction, and the uncertainty in the prediction of
the extreme wind speeds is majorly induced by the uncertainty for the

SST prediction. Since the statistical behavior of the typhoon boundary
layer wind field model has been verified, it suggests that the prediction
of the extreme wind speed can be improved once the prediction on the
SST is more reliable.

Last but not least, the uncertainty for the prediction on the
extreme wind speeds at 2080 reduced compared to the prediction at
2050 even though the uncertainty for the SST prediction increases for
the same period. This odd discovery implies that the increases in SSTs
could reduce the uncertainty in the modeling the typhoon boundary
layer wind field and in the extreme value analysis. In other words,
there is a limit for the extreme wind speeds estimated from the MCS
when the SST is input to stipulate the probability distributions of the
key parameters defining the typhoon boundary layer wind field, and
the increase in SST's brings the prediction of the extreme wind speed
up to such a limit. Consequently, along with the global warming exac-
erbate, different models could generally agree on the resulting extreme
wind condition.

V. CONCLUDING REMARKS

Since typhoons bring the most severe threats to both the safety
and development of society in the Southeast coastline of China and
other coastal areas, the hazards associated with typhoons have been a
topic for academic research for a relatively long time. In investigating
typhoon hazards, the MCS plays a significant role as long-term obser-
vations, which are acquired from costly measurement campaigns, are
too rare to estimate the extreme wind brought about by typhoons. As
for the MCS currently employed to estimate the extreme wind speed
in association with typhoons, (a) the widely acknowledged climate
change effect is yet considered in the simulation and (b) the uncertain-
ties buried in the estimates are not quantified to show the reliability for
the results. The present study targets the above-mentioned two short-
comings and includes the predictions of future SST variations from
different global climate models within the climate change pathway of
RCP 8.5 in the MCS to assess the uncertainty in the estimates of the
extreme wind speeds in Hong Kong.

From the MCS results, it is found that the mean wind speeds
associated with typhoons impacting Hong Kong rise from 10.8 m/s
(1961-1990) to 12.4m/s (2051-2080), and the extreme wind speed is
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47.5 m/s during 2051-2080 under the RCP 8.5 climate scenario, which
is 21.21% higher than that corresponding to the period of 1961-1990.
Furthermore, the wind directions from the MCS illustrate a general
shift in the counterclockwise direction compared to historical wind
data. In conclusion, the constant increase in typhoon wind speeds and
changes in the wind directions demonstrate that climate change may
lead to more severe damages and losses due to typhoons in Hong
Kong or even impact the Southeast of China (ie, Guangdong
Province).

Furthermore, the differences in SST's from various climate models
are used to assess the uncertainties in the estimates of extreme wind
speeds based on the MCS results. The inter-quartile ranges (difference
between lower quartile and upper quartile) of SSTs from various cli-
mate models are 9.5% and 8.2% in July and October of 2050, and the
maximum-minimum differences go up to 31.3% and 33.2%. In 2080,
the inter-quartile ranges of projected SSTs in July and October are
9.6% and 9.9%, while the maximum-minimum differences are 30.8%
and 31.4%. As the MCS introduces additional uncertainties as pseudo-
stochastic parameters are input, the ultimate uncertainty in the
extreme wind speed estimates is investigated. In 2050, the inter-
quartile range of extreme wind speeds estimated using different SST
predictions is 14.2%, and the maximum-minimum difference for
extreme winds is 42.1%. Similar results are shown for extreme wind
speed estimates in 2080, where the inter-quartile range is 12.8%, and
the maximum-minimum difference goes up to 41.7%.

It should be noted that the uncertainty considered in the present
study originated either from the global climate model in predicting the
future variation in SSTs, or from the randomness naturally contained
in the MCS. It is noted that the mechanism for various factors to influ-
ence the uncertainty in the rising SST is not discussed in the present
study, and therefore preclude the development of any theoretical/ana-
Iytical models to explain the uncertainty in the projected SST.
However, it is crucial to understand various social, economic, and nat-
ural factors leading to the rising SST. More importantly, the mecha-
nisms for various factors to contribute the uncertainty in the project
SST should be the discerned, and therefore is the topic for our future
study. While this study provides a comprehensive analysis of climate
model uncertainties under a specific emission scenario, it does not
extend to exploring scenario uncertainty across different RCPs such as
RCP 2.6, 4.5, and 6.0. The uncertainty connected with the wind field
modeling is another, and maybe more important, the source of the
uncertainty in the ultimate estimate of the extreme wind speeds.
However, an investigation on the uncertainty of the wind field model-
ing requires a large number of measurements spread out in the
typhoon wind field, to which the modeled wind speed could be com-
pared and the uncertainty could be assessed. Future studies employing
the aircraft and dropsonde measurements in the typhoon wind field
provided by the Hong Kong Observatory are undertaken to address
this shortage.
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