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Abstract

Tropical cyclones (TCs) are among the deadliest and most destructive natural hazards
in the Philippines. With global warming and climate change, it is important to have a better
understanding of how TCs have changed and might change in the future, particularly the most
damaging events. This study has analyzed how the characteristics and potential impacts of the

most damaging TC events in the Philippines might change under different climate conditions.

First, the ability of the Weather Research and Forecasting (WRF) Model was evaluated
in simulating an observed TC case in the Philippines wherein a high level of sensitivity to cumulus
schemes. A trade-off between using Kain-Fritsch and Tiedtke schemes have been found. The TC
intensity is also sensitive to the surface flux options used. The simulated track is most sensitive to
cumulus scheme and spectral nudging. Our study also revealed low sensitivity to the initial and
boundary conditions, with the four-ensemble member simulations having less spread than the

simulations using different parameterization schemes.

Next, an idealised set of simulations were performed using the chosen WRF setup to
examine the response of three of the most damaging TC cases in the Philippines - Typhoons
Haiyan (2013), Bopha (2012), Mangkhut (2018) - to changes in sea surface temperature (SST) and
atmospheric temperature. Changes in SSTs resulted in changes in TC track, with the simulated
TCs’ track to shifting northwards, and an increase (decrease) in SSTs resulting in an increase
(decrease) in TC intensity, size, and rainfall. The increase in atmospheric temperature with the

increase in SST resulted in more intense TCs.

Finally, simulations were performed using the Pseudo-Global Warming (PGW)
Technique and the WRF model at 5km resolution with cumulus convection parameterization
(5kmCU) and at 8km without cumulus parameterization (3kmNoCU). The climate conditions for
the pre-industrial and future periods were derived from a selection of the latest CMIP6 models.
Simulations of the three TC cases under the pre-industrial climate, showed that global warming
has so far weakly influenced the intensity of the TC cases, but did not have much influence on the
TC cases’ track, size, and translation speed. We found that re-forecasting the three TCs under
future warming scenarios leads to more intense TCs in terms of peak winds and rainfall, further
increasing the wind-related cyclone damage potential (CDP) of Typhoons Haiyan, Bopha and
Mangkhut in the future. The increase in the CDP ranges from ~1% to up to 37% in the future
under the SSP5-8.5 scenario, primarily due to the increase in maximum winds. With the projected
increases in TC-associated rainfall, TC-related damages due to flooding and landslides are also
expected to increase in the future. There are relatively small changes in TC tracks, size, and
translation speed under the future climate. This will have great implications in terms of disaster

risk management and climate change adaptation in the future.
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Chapter 1

Introduction

1.1 Motivation and Objectives

The Philippines is consistently ranked among the countries most at risk to climate-
related natural hazards and disasters (Eckstien et al, 2021; Rreft et al; 2016, Verisk
Maplecroft, 2015). One of the greatest climate-related threats to the country are tropical
cyclones (TCs). TCs are low pressure systems that develop over warm waters of the tropical
oceans and have organized convection and an associated intense cyclonic surface wind
circulation (Gray, 1998). The Philippines is exposed to an average of 19-20 TCs a year (Cinco
et al., 2016; Cayanan et al., 2011) due to its location in the western Pacific Ocean, where it is
surrounded by naturally warm waters. While TCs contribute significantly to the country’s
total rainfall (Bagtasa, 2017), TCs can result in substantial damage in many parts of the
country. In the past TCs have contributed to thousands of lives lost, millions of people
affected, and billions of pesos” worth of damage to agriculture, property, and the economy
(Brucal et al., 2020; Cinco et al., 2016; Yumul ef al., 2011; Camargo et al. 2007; Bankoft, 2007).

Based on a study by Yonson ef al. (2016), the annual average death toll due to TCs
in the Philippines is 885 and the estimated accumulated total number of deaths is 30,000
between 1980 — 2013. Furthermore, they estimate that around 5 million people are affected
annually, with an average of 570,000 people affected per catastrophic storm. Economic losses
amount to on average USD355 million every year. The costliest years for damage were 2012
and 2013, owing to Typhoons Bopha and Haiyan, respectively. Each damaging event is
estimated to result in losses of USD41 million on average.

With climate change, most climate models project a decrease in the frequency of

TCs in the future but also an increase in the number of intense TCs as well as an increase in



the TC-associated rainfall both globally (Walsh et al,, 2019, Knutson et al., 2019, Knutson et
al.,, 2021) and in the Western North Pacific (WNP) Basin (Christensen ef al., 2013). There is
no consensus yet as to changes in TC translation speed (Knutson et al., 2020) whereby more
slowly moving TCs can translate into increases in accumulated rainfall. In the Philippines,
projections are generally consistent with the global studies of TCs and CC with a decrease in
TC frequency, but an increase in the frequency of intense TCs and increase in the TC-
associated rainfall are projected (Gallo et al., 2019). These changes may lead to increased
damage in the future (Done et al, 2018). It is therefore important to have a better
understanding of how TCs might change in the future (Villafuerte et al., 2021), particularly
the most damaging events (Emanuel 2020).

Simulating TCs is important to improve our knowledge of the physical processes
involved in TCs and to better understand their interplay with the climate system (Scoccimarro
2016). Also, a good representation of TC development within the climate system will improve
our ability to forecast and project their potential behaviour and characteristics, which is
particularly important when investigating future societal impacts. The characteristics of TCs
central to determining the societal impacts generated from such systems are TC frequency,
intensity, size, and rainfall amount. The associated hazards of wind (i.e., damaging winds,
storm surge) and rainfall (i.e., floods, landslides) are important at present, but societal impacts
of TCs in the country could increase under differing future climate conditions due to climate
change and other developmental changes.

A better understanding of TCs and their potential impacts has the potential to
contribute to efforts to manage disaster risk. A change in the tropical cyclone characteristics
due to CC is also a big cause for concern for the country. A scientific approach to studying
TCs in the context of CC specific to the Philippines is needed to provide guidance for climate
change adaptation strategies in the coming decades. It will also be useful in informing early

warning and preparedness systems.



This study aims to analyze how the characteristics and potential impacts of the most
damaging TC events in the Philippines might change under pre-industrial and future climate
conditions using a high-resolution limited area model. Specifically, it aims to:

e LEvaluate the ability of a limited area model in simulating TCs under current climate
conditions;

e Assess the changes in the characteristics of TCs by comparing the simulated TCs
under current climate conditions with simulations of the same TC cases under pre-

industrial and future climate conditions using pseudo-global warming technique; and

e Analyze the potential impacts due to the projected changes in TC characteristics.

1.2 Science Questions and Thesis Structure

In this study, three science questions were addressed (Figure 1). The first science
question (SQ1) addresses the sensitivity of TC cases to different choices of the
parameterizations and other settings in the Weather Research and Forecasting (WRI) model
(Skamarock et al., 2008) which has been widely used in investigating TCs (Parker et al,, 2018).
In particular, the cumulus, surface flux parameterizations and spectral nudging, resolution,
and domain settings for Typhoon Haiyan, and four other TC cases (with varying cumulus
schemes) are examined. This will help to select a combination of parameterizations that can
be used in the pre-industrial and future climate experiments i.e., the model that best
reproduces the track and intensity of the TC cases under current climate conditions. This will
also provide us with insights into the sensitivities and uncertainties associated with the use of
a regional model such as WRF.

The second general science question (SQ2) is how the TC cases’ tracks, intensity,
size, and rainfall might change for different climate perturbations (pre-industrial and future)?
The first sub-question is what happens if we “supercharge” TCs, and what happens if
conditions are changed to be less favourable to TCs? SST warming has been observed and is
expected to continue in the future, and as SSTs warm, TCs are expected to further intensify.

This will add fuel to TC development and intensification; thus, the term “supercharge”. So, in



this part of the study, a set of idealized experiments were performed to give us an idea of how
the TC cases might behave in a colder (past) and warmer (future) world. These experiments
are referred to as “idealized” since the SST warming (cooling) considered is spatially uniform
which is not what is expected. Changing the SST in the model simulation without changing
other atmospheric parameters can lead to large latent heat surface fluxes and results in surface
energy imbalances (Emanuel and Sobel, 2013). These imbalances can induce further changes
in the instability of the atmosphere and affect the characteristics of a simulated TC in an
unrealistic manner. The second sub-question is how the TC cases’ track, speed, intensity, size,
and rainfall might change with pre-industrial and future climate scenarios derived from the
latest Coupled Model Inter-comparison Project Phase 6 (CMIP6) Global Climate Models
(GCMs)? And how sensitive and robust are the simulations of TC characteristics across
different GCMs and TC cases? Simulations were performed with the WRF model and pre-
industrial and future climate forcings are obtained from selected CMIP6 GCMs using the
PGW technique, which adds a climate perturbation signal to the present-day conditions
during a period of interest (Sato et al, 2007; Kimura et al., 2008) so it makes it possible to
study the changes in TC characteristics under different climate conditions (Parker et al., 2018;
Patricola and Wehner, 2018; Chen et al., 2020).

The last question looked at how might these changes in TC characteristic under the
pre-industrial and future climate translate in potential damages and impacts in the future?
The manuscript is structured based on a collection of papers. The first chapter contains a
general introduction to TCs and climate change. A literature review is also provided on
observed and projected future TC activity at the global, regional, and national level. Literature
is also presented on the different approaches in simulating TCs and the influence of climate
change. Chapter 2 will introduce the TC cases, datasets, model, and TC tracking algorithm
that were used in this study as well as present the experimental setups designed to answer the
science questions presented above. This includes a discussion of past studies that looked at
different parameterizations and model settings in simulating TCs using WRI, particularly in

the WNP basin and those that have affected the Philippines. The different large-scale



environmental conditions found to influence TCs have been assessed to understand the
physical mechanisms behind the TC changes. Studies that used the pseudo-global warming
(PGW) Technique in simulating TCs under different climate conditions are also discussed.
The Cyclone Damage Potential (CDP), an index that can be used to estimate the potential

impacts of the TC cases is also introduced.



Figure 1.1 Main Objective, Science Questions (SQ) and Experiments
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1.8 Tropical Cyclones

A tropical cyclone (TC) is a warm-core, low-pressure system characterized by winds
spiraling inward in a counter-clockwise direction in the Northern Hemisphere, where the
Philippines is located. TCs have a wind speed range of 11 ms-! to about 83 ms-' and a diameter
ranging from 300 to 1,000 kilometers (WMO, 2022).

As initially described by Gray (1969) and later updated by Schultz et. al., (2014),
there are six necessary ingredients for TC formation. First, TCs require warm ocean waters
of at least 26.5°C to a minimum depth of 50 meters. Second, as vertical height increases, the
atmosphere above the warm sea surface must cool rapidly. Third, a moisture-laden layer in
the mid-troposphere, must exist inside the collecting cloud mass to enable thunderstorm
development. Fourth, a considerable Coriolis force must be present. Fifth, TC growth
and development necessitates a well-organized, rotating system with low-level inflow
(convergence) and spin (vorticity). Finally, in order for a system to survive, vertical shear
must be low.

Based on the global climatology, there are five tropical cyclone basins. The four in
the Northern Hemisphere are the WNP, North Indian, the North Atlantic and Caribbean, and
the Northeastern Pacific basins. The WNP is the most active ocean basin in the world in terms
of tropical cyclone activity (Walsh ef al. 2015). Studies made by Ramsay et al. (2017) indicate
that about 31% of the global number of TCs originate in this region of the Pacific Ocean. In
the WNP basin, initiation of TCs can arise from monsoon troughs (Ritchie and Holland,
1999). TCs in general form from initial disturbances such as but not limited to - an African
easterly wave (Rielh, 1948; Hopsch et al.,, 2009); broad scale vorticity convergence (Yanai,
1964); upper tropospheric troughs (Ramage, 1959) and the Inter Tropical Convergence Zone
(ITCZ; Tanabe, 1963). TCs can also form from ordinary cold fronts, which can penetrate the
tropics. The majority of TCs that enter the Philippine Area of Responsibility (PAR) originate
in the WNP (Cinco et al, 2016). Some TCs also form within the PAR, contributing to

approximately 25% of the global total (Huigen & Jens, 2006). Flores and Balagot (1969) also



reported that about 44% of the total number of TCs aftecting the Philippines developed within
the PAR.

Based on the analysis of 60-year climate data in the Philippines by Cinco et al. (2016),
an average of 19-20 TCs enter the PAR every year. The historical record suggests that, on
average, there is no perceptible increase in the duration and frequency of TCs. While the past
two decades (1980-2000) have shown a decrease in the number of TCs, there are no significant
trends in the annual number of TCs. The number of TCs that make landfall, however, has
decreased especially in the last two decades. However, there are uncertainties in the trends in
TC activity due to discrepancies between different datasets and the differences in analysis
practices and tools used (Lee et al 2012, Knutson et al 2022).

During the peak months of TC activity from June to December (Corporal-Lodangco
and Leslie, 2016), it has also been observed that incoming TCs can interact with the southwest
monsoon. Many coastal regions in the western parts of the country are battered by the strong
winds, high waves and heavy rainfall that leads to flooding and landslides. The air and ocean
interaction has also led to the formation of storm surges which inundate and pound coastal
communities of the country (Yumul et al., 2012).

In addition, the Philippines is also affected by the El Nifio Southern Oscillation
(ENSO) which affects annual TC activity (Camargo & Sobel, 2005) in terms of genesis
location, lifetime, and track (see Bagtasa 2017). According to Hilario et al. (2009), the
Philippines experiences less TCs during EI Nifio years due to a more northwesterly movement
of TCs. It is also within one of the hot spots for sea level rise wherein the levels of change are
more than the global average (Rietbroek et al., 2016; Cardenas et al., 2015).

The majority of the damage produced by TCs is due to the related meteorological
and hydrological hazards, which include powerful winds, storm surges, and severe and
persistent rainfall, which can result in landslides and floods. In the country, these associated
hazards inflict huge losses of property and economic damages ranging from millions to
billions of pesos. The number of mortalities can reach thousands of persons for a single TC

event.



1.4 Tropical cyclones and their impacts on society

TCs can be extremely destructive and cause major losses of life and damage to
properties. Most of the damages caused by TCs are due to meteorological and hydrological
hazards such as strong winds, storm surges and prolonged rainfall that led to landslides and
floods (Li and Li 2013). Many regions are battered by the strong winds and heavy rainfall that
may lead to flooding and rainfall-induced landslides (Peduzzi et al. 2012; Yumul et al., 2012).
TCs in the past also led to the formation of storm surges which inundate and pound coastal
communities of the country (Hoque et al. 2017).

According to a report by the World Meteorological Organization (WMO) in 2021,
riverine and general floods account for 44% of all natural disasters and hazards globally, 17%
of which are linked to TCs. From 1970 to 2019, there were 3,454 disasters in Asia, resulting
in 975,622 fatalities and USD 1.2 trillion in total economic losses. According to the WMO
2021 report, Asia is responsible for over a third (31%) of all weather-, climate-, and water-
related disasters that are recorded globally. This region also accounts for almost half (47%)
of all fatalities and a third (31%) of all associated economic losses. Most of these disasters were
linked to floods (45%) and TCs (86%). FFloods caused the most economic losses (57%), while
TCs had the biggest effects on life, claiming 72% of the lives lost. The top 10 natural disasters
in Asia are responsible for 70% (680,837) of all fatalities and 22% (USD 266.62 billion) of the
region's economic losses.

According to EM-DAT (2022), the Philippines ranks second in terms of total
affected, with over 194 million people (Figure 1.2) and fifth in terms of the total number of
deaths with almost 50,000 casualties (Figure 1.8) due to T'Cs from 1900 to 2022. It also ranks
seventh in the world in terms of the total estimated cost of damages due to TCs. Based on the
Global Climate Risk Index 2021 (Eckstein et al 2021), the Philippines ranks 4t in terms of
the overall Climate Risk Index globally, with 16 average fatalities per 100,000 inhabitants and

31% average losses per unit GDP from 2000-2019.
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Figure 1.2. Top ten countries in terms of the total number of affected people
due to TCs between1900 to 2022 (yellow bars < 75 million, light green bars
from 76 million to 100 million, blue green bars from 125 — 150 million, blue bars
from 151 — 200 million, dark blue bars > 200 million).

Source: EM-DAT, CRED / UCLouvain, Brussels, Belgium —www.emdat.be
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Figure 1.3. Top ten countries in terms of the total number of deaths due to TCs
between1900 to 2022 (yellow bars < 75 million, light green bars from 76 million
to 100 million, blue green bars from 125 — 150 million, blue bars from 151 — 200
million, dark blue bars > 200 million).

Source: EM-DAT, CRED / UCLouwvain, Brussels, Belgium —www.emdat.be
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Most of the studies on the impact of TCs in the Philippines largely focused on
specific aspects of the economy (Strobl 2019). For example, Cinco et al. (2016) looked at the
trend of the normalized cost of damage due to TCs and has found that the cost of damage is
increasing taking a considerable toll in the economic outlook of the country (Cinco et al,, 2016).
Based on data from Cinco et al. (2016), from 1971-2013, the largest normalized economic loss
is associated with 20138’s Typhoon Haiyan (Yolanda). In comparison to the 1970s, the cost of
direct damage from TCs in Asia climbed by more than five times in the 1980s, and by about
35 times in the early 1990s (Cruz et al., 2007). Based on a study by Yonson et al. (2016), the
annual average death toll due to TCs in the Philippines is 885 and the estimated accumulated
total number of deaths is 80,000 between 1980 — 2013. Furthermore, they estimate that
around 5 million people are affected annually, with an average of 570,000 people affected per
catastrophic storm. Economic losses amount to on average USD355 million every year. The
costliest years for damage were 2012 and 2013, owing to Typhoons Bopha and Haiyan,
respectively. Each damaging event is estimated to result in losses of USD41 million on
average.

Latest data (as of 2021) from EM-DAT as aggregated by Our World in Data (2021)
shows that storms (of which TCs are a prominent example) are consistently the biggest source
of economic damages from 1960-2020 (Figure 1.4) and deaths (Figure 1.5) from 1900 to 2020
from all natural disasters in the Philippines.

There are also studies that looked at impacts on specific sectors like health,
agriculture, local economy, and infrastructure. Anttila-Hughes and Hsiang (2013) found that
infant mortality rises by 13% after a TC. Another study looked at the health impacts brought
by Typhoon Haiyan which showed that hospital admissions in Leyte due to respiratory
diseases, which was mostly pneumonia, increased a week post-typhoon compared to a week
before the typhoon with an odds ratio of 1.8 (95% CI: 1.0-3.0) (Van Loenhout et al, 2018).
Using disaster disease surveillance data of the entire Eastern Visayas region, consultation
rates of acute respiratory infections and hypertension increased significantly within two

months after the typhoon compared with four months before the typhoon (Salazar et al., 2017).
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Figure 1.4 Decadal average of economic damages from disasters as a share of
GDP in the Philippines, color bars represent the type of disaster as shown in

legend
Source: Ritchie & Roser (2014, updated in Nov 2021) Calculated by Our World in Data based on
EM-DAT, CRED /  UCLouvain,  Brussels, — Belggum - (D.  Guha-Sapir)
https://ourworldindata.org/natural-disasters Reprinted with permission from Our World in Data
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Figure 1.5 Decadal average of economic damages from disasters in the
Philippines, color bars represent the type of disaster as shown in legend

Source: Ritchie & Roser (2014, updated in Nov 2021). Calculated by Our World in Data based on
EM-DAT, CRED /  UCLouvain, Brussels, — Belgium —  (D.  Guha-Sapir)
https://ourworldindata.org/natural-disasters Reprinted with permission from Our World in Data
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According to Strobl (2016), since 2001, TCs in the Philippines have reduced rice
production by 12.5 million tons. In a more recent study, Strobl (2019), using the intensity of
nightlight usage as a proxy, found that TCs are proven to have a significant detrimental, albeit
temporary, influence on local economic activity. According to this study's analysis of the
historical distribution of TCCs, the more frequent TCs are expected to result in losses of about
1%, whereas rarer TCs have the potential to have a detrimental impact on the local economy
of up to about 3%. Espada (2019) also analyzed the risks of information and communications
technology to TCs in the Philippines and found that 65% of the regions in the country are
classified with high to extremely high levels of risk to TCs.

According to the Sixth Assessment Report of the IPCC, the cost of damages from
TCs, floods, and other climate-related hazards will likely increase in the future (IPCC, 2021).
Additionally, independent of any increase in TC severity or frequency, the Philippines' fast
expanding population, especially near the coast, and continued environmental deterioration

are likely to make the effects of TCs worse in the future (Holden and Marshall, 2018).

1.5 Tropical cyclones, global warming, and climate change

The large-scale environment in which TCs emerge and evolve is changing as a result
of anthropogenic greenhouse gas emissions, according to overwhelming evidence. In its Sixth
Assessment Report (AR6), the Intergovernmental Panel on Climate Change (IPCC, 2021)
stated that it is clear that humans have caused the earth's climate to warm, with a likely
contribution of 0.8 to 1.3 degrees Celsius to global mean temperature since the late 1800s.
According to the IPCC study, “the global proportion of major (Category 3—5) TCs has likely
increased over the previous four decades, and the latitude at which TCs in the WNP achieve their peak
strength has migrated northward. Internal variability alone cannot account for these changes. Long-
term (multi-decadal to centennial) trends in the frequency of all-category TCs have a low level of
confidence. Human-induced climate change increases the heavy prectpitation associated with TCs (high
confidence), according to event attribution studies and physical understanding, although data

ltmitations prevent obvious detection of historical trends on a global scale” The AR6 report also
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notes that “i¢ is very likely that the average location where TCs reach their peak wind-intensity has
maigrated poleward in the WNP Ocean since the 1940s”, and “it is likely that TC translation speed has
slowed over the US since 1900".

For the WNP region, past variability and changes in TC activity and properties have
been extensively investigated (e.g., Cinco et al., 2016; Bagtasa 2017; Wu and Zhao 2012;
KRubota and Chan 2009). However, this research has come to conflicting conclusions about
whether TC behaviour has changed significantly in recent decades (Walsh et al, 2015). The
detection of trends is more difficult due to multi-decadal variability and the poor quality of
records prior to satellite observations (Murakami et al, 2011). Estimates on the
destructiveness of TCs suggest that more intense systems are correlated with rising SST
trends, because SST is a critical variable in TC development. According to Webster (2005)
and Kubota & Chan (2009), the number of intense TCs appear to have increased during the
past 30 years due to increasing sea surface temperatures.

Based on the IPCC report (IPCC, 2021), projections for how TCs will change as
warming continues suggest that “average peak TC wind speeds and the proportion of category
4-5 TCs will very likely increase globally with warming”. It is also very likely that “average
T'C rain rates will increase with warming, and likely that the peak rain rates will increase at greater
than the Clausius-Clapeyron scaling rate of 7% per 1°C of warming in some regions’. On tropical
cyclone frequency, the IPCC concluded that it is likely that “the global frequency of T'Cs over all
categories will decrease or remain unchanged.” The bulk of the reduction is “at the weaker end of
the intensity spectrum as the climate warms,” while “the frequency of category 4-5 TCs will
increase in limited regions over the WNF".

Most studies projected an increase in TC strength, the fraction of very severe TCs
is expected to increase, and the TC-related precipitation rate will increase in a warmer climate,
according to the UN ESCAP/WMO Typhoon Committee's Third Assessment Report (Cha
et al., 2020). Future sea level rise and expected increases in tropical cyclone strength will

heighten storm surge risk.
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In the Philippines, a decrease in TC frequency, but an increase in the frequency of

intense TCs, and increase in the TC-associated rainfall are also projected (Gallo ez al, 2019).

1.6 Modelling TCs and the influence of global warming

A range of techniques have been used to understand how TC behavior is affected by
natural climate variability or anthropogenic warming and change. The base approach is to
quantify changes in TC activity due to past climate change, based on historical climate and
TCs records, but this approach is limited by the short length of TC records and their poor
reliability in the pre-satellite period (Emanuel et al., 2008).

Climate models are critical tools for projecting future changes and trends in extreme
weather and climate events. A climate model consists of the discretization of a set of equations
that represent the energy balance and momentum and energy transfers between and within
all components of the climate system (atmosphere, oceans, land, biota, and cryosphere). These
climate models, despite their sophistication and complexity, are a simplification of the climate
system because they remove from explicit consideration many physical processes which are
known to be key aspects of the climate system, but which are too small or fast to be modelled.
[t is important to remember that temperature and precipitation estimates are numerical
findings from a specific climate model. To obtain these results, a time span and greenhouse
gas concentrations in the atmosphere must be defined; thus, the outcomes of a specific climate
model are dependent on the time frame and the greenhouse gas concentrations in the
atmosphere.

Global Climate Models (GCMs) are used to provide information about the climate.
Data from GCMs enable us to build on existing knowledge and improve our understanding
of how TCs might change in the future. Current GCMs are now able to simulate the frequency
and trajectory of TCs (Kim et al, 2018). Some studies have indicated that some models,
particularly high-resolution models can now give reasonable simulations of the average
numbers of TCs in TC basins (Zhao et al, 2009). State of the art GCMs with resolutions of

higher than 20km have begun to sufficiently resolve TCs so that they are realistically
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represented, even in terms of intensity (Murakami et al, 2013). CMIP6 GCMs are still unable
to do so. Such global dynamical models are already used by many research centers around the
world (UK Met Office, Geophysical IFluid Dynamics Laboratory) and in the region (including
PAGASA), but the limitation posed by the computational cost remains to be a major issue.
This is because, the higher the resolution, the more specific climate information a model can
produce for a particular region or area — but this comes at a cost of taking longer to run
because the model has more calculations to make.

However, GCMs model biases still exists even though some advances have been
made in the past few decades in the use of high-resolution GCMs i.e., around 25-km up to 10-
km resolution (Roberts et al, 2020) and global convection-permitting models in simulating
TCs (Gutmann et al, 2018, Judt et al, 2021, Kendon et al, 2021). Another approach to
understanding the changes in TC activity and characteristics, for the purpose of simulating
event-based, or seasonal to inter-annual variability and long-term climatological changes, is
the use of regional models through downscaling, which encompasses both dynamical
downscaling and statistical downscaling methods (Knutson et al,, 2013; Xu et al., 2019; Chen
et al, 2020; Emanuel et al, 2008, 2020). Dynamical downscaling models can realistically
capture the processes relevant to the formation and evolution of TCs (Seneviratne et al., 2021,
Gallo et al, 2019, Daron et al., 2018), particularly the most intense ones (e.g., Walsh et al,
2019). It is important to note, however, that the performance of dynamic downscaling using
regional models is strongly dependent on the quality of the forcing data from GCMs (Holland
et al., 2010) that provide the initial and boundary conditions.

Difterent downscaling techniques are available: dynamical, statistical, and hybrid
statistical-dynamical (Giorgi, 2010). Dynamical downscaling has been shown to be a very
useful tool for understanding climate projections of TC activity and can increase the spatial
resolution through regional climate models. The strength of dynamical downscaling is the
reliance on explicit representations of physical principals (e.g., the laws of thermodynamics
and fluid mechanics) that are expected to hold under climate change, but they can be sensitive

to large-scale biases and are computationally expensive (Trzaska and Schnarr, 2014). On the
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other hand, statistical downscaling is much cheaper in terms of computational power and is
based on historical relationships between TC-specific information and the behaviour of
historical TCs. However, reliance on statistical downscaling and bias correction techniques to
assess fine-scale climate change impacts requires the assumption that the statistical
relationships used to transform global climate model output hold for the novel environments
expected under climate change (Trzaska and Schnarr, 2014). A mixed approach is also a viable
tool to model TC activity. Some TC research method rely on driving a regional model with
global model boundary conditions or re-analysis (Knutson et al., 2015; 2008; Murakami et al.,
2013). Other approaches have considered an empirical genesis potential (e.g., Emanuel et al,
2013) or used a specialized high-resolution model driven by a larger scale global model to
relate the large-scale environment to the associated tropical cyclone hazard (e.g., Camargo et
al., 2007).

There are different approaches in understanding the climate change eftects on TC
characteristics at higher resolution using dynamic downscaling (e.g., Lackmann 2015). One
strategy is the use of Limited Area Models (LAMs) i.e., selecting TCs from long simulations
of different GCMs and re-simulating them in higher resolution regional climate models to
capture intensities better (Bender ez al., 2010; Knutson, 1998). Another strategy is to simulate
specific TC cases under simplified (e.g., numerical weather prediction model forced at their
boundaries by large scale environmental conditions from GCMs) or idealized large scale
environment (e.g., with fixed SSTs) using LAMs (Hill and Lackmann, 2011; Knutson and
Tuleya, 2004). The advantage of this strategy is that idealized simulations are cheaper
particularly when looking at only a small number of cases and more flexible in terms of
looking at sensitivity to various model parameterizations, environmental conditions, or the
use of fixed SST's (Camargo and Wing, 2016).

Another approach is the use of the Pseudo Global Warming (PGW) method, which
adds a climate perturbation signal to the present-day conditions during a period of interest
and is further discussed in Chapter 2. Nakamura e al. (2016) used the same technique for

Typhoon Haiyan, while Parker e al. (2018) looked at the response of landfalling TCs to
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climate change in Australia. Nakamura et. al (2016) used PGW and found that Typhoon
Haiyan becomes more intense if only the SST is changed and less intense if SST, atmospheric
temperature, and relative humidity are changed in the future conditions. Parker et al. (2018)
conducted PGW simulations for three TCs that made landfall in Australia and found that the
TC cases are more intense (reduced sea level pressure and increased wind speeds) and have
more rainfall. Patricola and Wehner (2018) also applied the same technique, but with higher
resolution convection-permitting regional climate simulations for several TC case studies
across the globe (including Typhoon Haiyan) and found that these TCs intensify in the future
simulations and have greater rainfall amounts. Chen et al. (2020) looked at the potential future
changes of three landfalling TCs in the Pearl River delta using the PGW technique and
simulated the potential changes in storm surge activity. They found increases in the peak
intensities of the TCs and a corresponding increase in storm surge. Mittal et al. (2019) and
Reddy et al. (2020) also conducted similar experiments on different TC cases in the Bay of
Bengal. The former simulated Phailin (2013) found a stronger and bigger storm in the future,
with no change in translation speed. The latter looked at three TC cases and resulted in
increased winds and rainfall, reduction in translation speeds, deepening of the TC core and
higher damage potentials. Gutmann et al. (2018), on the other hand, performed a 13-year
convection permitting simulation of 22 TC cases in the Atlantic Ocean and found faster
maximum winds, lower central pressure, slower translation speeds, and higher precipitation
rates, with varying degree / magnitude of responses across the 22 TC cases. Lynn et al. (2009)
performed current and future simulations of Hurricane Katrina (2005) using the PGW method
and found decreases in the minimum central pressure but also decreases in the mean and
maximum wind speeds, may be due to the shift in Katrina’s simulated track. Lackmann (2015)
used convection-permitting simulations to look at changes in Hurricane Sandy (2012) due to
the mean changes in temperature and humidity and found decreases in the minimum central
pressure.

There are three sources of uncertainty in numerical modelling — (1) initial condition,

(2) boundary condition and (8) model uncertainty. Initial conditions are the starting point or
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the initial state of variables like wind, temperature, moisture, pressure, sea surface
temperature. The uncertainty associated with initial conditions is due to the incomplete and
imprecise understanding of the current state of the climate system. Boundary conditions are
variable values that are prescribed to constrain the evolution of model’s solutions, e.g., at the
Earth’s surface. Some boundary conditions are natural, e.g., the major landscape
characteristics, such as coastlines or the elevation of mountains, and others are influenced by
human activities, such as changes in vegetation cover. Some (time variable) variable conditions
reflect forcings external to the climate system: natural boundary conditions include solar
radiation and volcanic aerosols, and human-influenced boundary conditions include changes
at the surface, e.g., due to agriculture and changes in the atmosphere, particularly atmospheric
composition, e.g., pollution due to industrial activities. There is uncertainty on how the
climate will change in response to changing external forcings. Lastly, model (or structural)
uncertainties come from model formulation (e.g., hydrostatic approximation versus non-
hydrostation), model resolution, use of physical parameterisations and their relative
parameters, that will be chosen to solve a particular problem.

Ensemble methods can be applied to account for the different sources of
uncertainties either by initial condition ensembles, multi-model ensembles or perturbed
physics ensembles. Our initial plan was to only drive the downscaling models using boundary
conditions produced by CESM under RCP8.5 but given these considerations, we ended up
expanding the overall methodological approach of the research. One of the considerations is
to run a number of different simulations with slightly different initial and boundary conditions
(i.e, ERA5 Ensemble members, other GCMs besides CESM, high resolution GCMs, and
different RCP scenarios). Although the ensemble method can account for uncertainties,
finding the balance between the required resolution that will be able to resolve TCs and the
ensemble size will be critical, considering computational resources. In designing the
experimental setup for this research, it will be important to consider the number of TC case
studies and ensemble members necessary to be able to have a more reliable estimate or range

of estimates of the possible future changes in TC characteristics.
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Chapter 2
Data and Methodology

This chapter introduces the main tools and methods used to answer the questions
that were posed in chapter 1. Firstly, an overview of the TC cases is presented in section 2.1,
then the datasets used are presented. Following this, a brief description of the tools used, with
both WRI and PGW discussed in sections 2.3.1 and 2.3.2 respectively. Section 2.4 provides
a brief overview of the set of experiments performed, followed by a discussion on the TC
characteristics and large-scale environmental conditions analyzed (Section 2.5). Finally, a
brief description on how the impacts is estimated is discussed in section 2.6.

Detailed descriptions of the tools and methods are provided in the relevant Chapters,
i.e.,, Chapters 3, 4, 5 & 6. These are referred to in this chapter. In each section, a summary

table on which Chapters the data, tools and cases were used is presented.

2.1 TC Case Studies

For this study, we have chosen three of the most damaging TCs to have affected the
Philippines between 1970 to 2020 (Lara 2020) — Typhoon Haiyan (2013), Typhoon Bopha
(2012) and Typhoon Mangkhut (2018). Typhoons Haiyan and Bopha are also in the top five
deadliest TCs in recorded history. These TC cases were also selected to represent the three
main regions of landfall (Figure 1)- Luzon (Mangkhut), Visayas (Haiyan) and Mindanao
(Bopha). Table 2.1 provides a summary of the three TC cases. The detailed description is
given in the Data and Methods section of Chapter 8 for Typhoon Haiyan and Chapter 4 for

all three cases.
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Figure 2.1. Observed tracks of the tropical cyclone case studies: (a) Haiyan
(November 2013), (b) Bopha (December 2012), and (c) Mangkhut (September
2018), Colored dots and lines shows the TC intensity category/grade. Source:
JMA, 2013, 2012, 2018

Table 2.1 Description of the three TC case studies

TC case Observed | Landfall Domain Cost of Chapters in
study minimum Region maximum SST | Damage*** | this thesis
International SLP (Latitude | from ERAS5 at where  TC
(local) name (hPa) of initialization case is used
and year formation) | (global mean
observed
monthly SST
anomaly* &
ENSO
conditions**)
Haiyan 895 hPa | Visayas (5.8 | 30.5 °C(0.58, | P95.5 B/ $2.2B | Chapters 3, 4,
(Yolanda) °N) Neutral) 5
2013
Bopha (Pablo) | 930hPa | Mindanao 28 "C(0.47, P43.2B/$1.06B | Chapters 4, 5
2012 (3.4 °N) mod LN)
Mangkhut 905 hPa Northern 30.6 "C (0.69, P33.9B/$627M | Chapters 4, 5
(Ompong) Luzon (11.8 weak EN)
2018 )

Sources: *NOAA, **CPC. **NDRRMC
Legend: N — North; ENSO — El Nifio Southern Oscillation; EN — EI Nifno; LN — La Nifia; B-

Billion, M-Million

2.2 Datasets

For the purposes of this study three different kinds of datasets are used; best-track

and rainfall data, reanalyzes, and GCM data, briefly presented in Table 2.2 below.
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Table 2.2 Chapters in this thesis where the datasets are used and how

Dataset Chapters where | Purpose Detailed
dataset is used Description
Best-track Chapter 8, 4, 5 Verification of TC track and | Chapter 3.3.5

intensity from simulations | Chapter 4.3.2
Chapter 5.3.1

Rainfall Chapter 3 Verification of TC rainfall | Chapter 3.3.5
(GPM/IMERG) from simulations
ERA5 Chapter 3, 4, 5 Initial  and  boundary | Chapter 3.3.3
conditions Chapter 4.3.2
Chapter 5.3.1
ERA5 EDA Chapter 3 Initial  and  boundary | Chapter 3.3.3
conditions
CMIP6 GCM Chapter 4, 5 PGW delta Chapter 4.3.5

Chapter 5.3.1

2.2.1 Best-track and rainfall datasets

The historical records of the target TCs are obtained from the International Best-
Track Archive for Climate Stewardship (IBTrACS) (Knapp et al., 2010). For the purpose of
this study, IBTrACS were used to obtain the track and intensity of the TC cases. IBTTACS is
a combination of the best track data taken from different agencies such as the Regional
Specialized Meteorological Centers (RSMCs), the Tropical Cyclone Warning Centers
(TCWCs) as well as other national agencies. Full details can be found in Knapp et al. (2010).
The agencies provide information about the best estimated position of each storm in terms of
longitude and latitude in addition to reporting wind speed and mean sea level pressure
(MSLP) values. The data used in this study is from RSMC-Tokyo and includes data on track,
intensity, radius of maximum winds and translation speed.

In addition, rainfall data from the Global Precipitation Measurement (GPM) were
used for comparing the spatial distribution of the simulated rainfall from WRF. The
Integrated Multi-satellitE Retrievals for GPM (IMERG) is a third-level precipitation product
of GPM, which covers the area -180°E, -90°N, 180°E, 90°N with resolutions of 0.1 degree and
30 minutes (Huftman et al. 2019). The rainfall data were accessed and downloaded from
NASA’s Goddard Earth Sciences Data and Information Services Center (GES DISC) at

https://disc.gsfc.nasa.gov/datasets/.
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2.2.2 Reanalysis dataset

The European Centre for Medium-Range Weather Forecasts (ECMWE) Re-
analysis 5th Generation (ERA5) is used for both the initial and boundary conditions of our
WRF simulations. The data is available from https://cds.climate.copernicus.eu/. It is the
latest generation of reanalysis products produced by ECMWT with horizontal resolution of
31 km, hourly temporal resolution and 137 atmospheric levels (Hersbach ez al., 2020). ERA5
utilizes the best available observational data from satellites and in-situ stations, which are
quality controlled and assimilated using a state-of-the-art 4-dimensional data assimilation
system (4D-VAR) (Isaksen et al, 2010) in and the ECMWTI’s Integrated Forecast System
(IFS) Cycle 41r2. To test the sensitivity to varying boundary conditions, simulations have
also been performed using four randomly selected representatives of the 10-member ERAS5
ensemble data assimilation (EDA) system. The selected ensemble members were used to test
the sensitivity to different perturbed observations, sea surface temperature fields and model
physics (Isaksen et al., 2010).

The fields used in WRF as initial and boundary conditions and for analysis are

presented in the Data and Methods section of Chapters 3, 4, and 5.

2.2.3 CMIP6 GCM dataset

We used data from the newest Coupled Model Inter-comparison Project Phase 6
(CMIP) models downloaded from https://esgt-index1.ceda.ac.uk/search/cmip6-ceda/, as
well as the worst-case/high-emission scenario from the suite of Shared Socio-economic
Pathways (SSP) 5-8.5. SSP 5 8.5 assumes that the world's economy continues to be energy-
intensive and based on fossil fuels. The high-growth, energy-intensive SSP5 has the highest
overall emissions of any SSP, ranging from 104 to 126 GtCO2 in 2100, resulting in 4.7 to
5.1°C warming. A set of four CMIP6 models (Figure 2.2) were selected based on a subset of
the CMIP6 GCMs Analyzed in Emanuel (2020) and that correspond to a range of Transient

Climate Response and Equilibrium Climate Sensitivity (Meehl et al., 2020) which are expected
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to provide a good range of potential storylines for the TC cases (Vecchi et al., 2019). The

model resolution and sources are indicated in Table 2.5.

The variables used in WRI as initial and boundary conditions and for analysis are

presented in the Data and Methods section of Chapters 4 and 5.
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Figure 2.2 Selected CMIP6 GCMs (in red text font) and their corresponding

ECS and TCR (°C) based on Meehl et al. 2020.

Source of ECS and TCR data: https:// advances.sciencemag.org/content/6/26/eaba1981/tab-Fig.s-data

Table 2.3 List of GCMs that were used in this study.

Model ECS | TCR | Model Source Reference
(°C) | (°C) | Resolution

HadGEM3-GC31- | 5.6 2.6 1.25° x 1.88° | United Kingdom Sellar et al.

LL Met Office Hadley | (2020)
Center

CESM2 5.2 2.0 1.25° x 0.93° | National Center for | Danabasoglu
Atmospheric et al. (2020)
Research

MIROCs 2.6 1.6 1.4° X 1.4° Center for Climate | Tatebe et al.
System Research, (2019)
University of
Tokyo, JAMEST,
NIES

MPI-ESM1-2-HR | 8.0 1.7 0.94° x 0.94° | Max Planck Mulller et al.
Institute (2018)
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2.3 Tools, Models & Indices

This study used WRF as the limited area model, the PGW Method, TRACK
algorithm and the Cyclone Damage Potential Index. A summary and links to detailed

descriptions are provided in Table 2.4.

Table 2.4 Chapters in this thesis where the tools are used.

Tools/ | Chapters where | Purpose Detailed
Model | dataset is used Description
WRF Chapter 8, 4, 5 TC simulation Chapter 3.3.2

Chapter 4.3.3
Chapter 5.3.3

PGW Chapter 4, 5 Generating PGW climate | Chapter 4.3.5
conditions used for TC simulations | Chapter 5.3.4
TRACK | Chapter 3, 4, 5 TC Tracking Chapter 3.3.6

Chapter 4.3.4
Chapter 5.3.5
CDP Chapter 4, 5 Damage estimation Chapter 4.3.6
Chapter 5.8.6

2.3.1 Weather Research and Forecasting Model

The Weather Research and Forecasting (WRI) Model (Skamarock et al. 2008) is a
regional climate model developed by National Center for Atmospheric Research and is used
for atmospheric research and operational forecasting, and increasingly for regional climate
research (Powers et al., 2016). The Advanced Research WRF (ARW) solver uses the Arakawa-
C grid for grid staggering and the Runge-Kutta 3rd order time integration schemes (MMML-
NCAR, 2019). The staggered grids mean that the grid points for certain variables are offset
by some distance from grid points for other variables. In this grid configuration, the scalar
(e.g., pressure and temperature) variables are defined in the centre of each grid box, while the
velocity fields (wind vectors) are defined at the edges of the grid box. WRI offers a series of
physics options that can be combined into different configurations. The choice of
parameterizations will have an impact on the results of the simulations, adding to model
uncertainty.

The WRF configurations used are discussed in the Data and Methods sections of
Chapters 3, 4, and 5.
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2.3.2 Pseudo Global Warming (PGW) Method

This study used the PGW method introduced by Schar et al. (1996) as a surrogate
climate change method and later used in various studies (Kimura and Kitoh, 2007; Sato et al.
2007; Nayak and Takemi 2020). The PGW technique adds a climate perturbation signal to
the present-day conditions during a period of interest. The initial and boundary conditions
are generated by combining 6-hourly reanalysis data (e.g., ERA-5) and climatological monthly
mean perturbations that are extracted from the GCMs. The result is the forcing data for the
pre-industrial and future climate, called the PGW condition or climate change delta. It can
then be used as initial and boundary conditions for future climate simulations of the TC case
studies in a regional model such as WRF. The PGW technique is one method of evaluating
the impacts of global warming in the future climate on past TCs. In most studies, the
downscaled PGW condition is compared to the historical or present/current-day condition
developed from reanalysis data to determine the projected change in future climate. It is also
related to the storyline approach, which investigates the impact on an event intensity, as
compared from the risk-based approach which investigates the impact on an event frequency
(Shepherd et al. 2018).

A summary of previous studies that used this technique are presented in Table 2.5
and further discussed in Chapter 5. A detailed description of how the PGW method was

applied in this study is provided in the data and methods sections of Chapters 4 and 5.

2.3.3 TRACR Algorithm

TRACK has been used to study many types of weather systems, including the
detection and tracking of TCs (Bengtsson et al., 2007; Hodges et al., 2017; Roberts et al., 2020).
TRACK was used to track and validate the simulated TCs.

A detailed description of how the TRACK algorithm was implemented in this study

is provided in the data and methods sections of Chapters 3, 4 and 5.
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2.3.4 Cyclone Damage Potential

With the simulated projected changes in TC characteristics in the future, the TC
potential damage was estimated using a simple Cyclone Damage Potential Index, which can
help inform disaster risk management and future climate change adaptation options in the
country. The cyclone damage potential (CDP) index calculates the potential harm that a TC
can produce (Done et al. 2018; Holland et al. 2016). A detailed description of how the CDP
Index was calculated in this study is provided in the data and methods sections of Chapters 4

and 5.
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Table 2.5 Summary of past PGW studies on TCs and climate change.

and Phailin

Authors and Year 'TC Cases Basin CMIP Gen|Scenarios GCM ENS [Time Period
RCP 2.6/RCP 4.5

Lackmann 2015 Hurricane Sandy (2012) AO CMIP3

Nakamura et a/ 2016 [T'Y Haiyan WNP CMIP5

Parker et al 2018 'TC Yasi, [ta, Marcia AUS CMIPs5

Patricola and Wehner|{13 TCs including TYDifferent |[CMIP5

2018 Haiyan Basins

Gutmann et al 2018 |22 TCs (2001-2013) AO CMIPs5

Mittal et al 2019 'TC Phailin (2013) BoB CMIPs5

Chen et al 2020 TC Victor (1997), Utor(WNP/PR |CMIP5

(2001), Hagupit (2008) D
Reddy et al 2020 'TC Vardah, Madi, Hudhud|BoB CMIP5
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Table 2.5 (Continued) Summary of past PGW studies on TCs and climate change.

Authors and Year|[TC Cases Initial and | TC Ensemble Variables
Boundary Bogussi
Conditions ng /
Spectra
1
Nudgin
g
SST SH |GEOPT (SP MSLP U,V |[SLM |SLT
Lackmann 2015 Hurricane Sandy ERA-I 18 ensemble Calculated
(2012) members with
varying
resolution and
physics
Nakamura et a/ 2016  [TY Haiyan GFS TC Bogus None
Parker et al 2018 'TC Yasi, [ta, Marcia ERA-I DFI
Patricola and Wehner[13 TCs including| NCEP CFS SKEBS
2018 'TY Haiyan
Gutmann et al 2018 22 TCs (2001-2013) ERA-I SN
Mittal et al 2019 'TC Phailin (2013) ERA-I 12 ensemble
members with
varying initial
times and
physics (cu and
microphysics)
Chen et al 2020 'TC Victor (1997), ERA-I TC Bogus 4 ensemble
Utor (2001), members with
Hagupit (2008) different initial
times
Reddy et al 2020 TC Vardah, Madi, GFS additional
Hudhud and Phailin sensitivity run
(with cu and
microphysics)

Legend: SST-sea surface temperature; AAT-air temperature; SKT/SAT- skin/surface temperature; RH-relative humidity; SH-specific humidity; GEOPT-geopotential height; SP-surface pressure; MSLP-mean sea level pressure; U V-
u-wind and v-wind component; SLM-soil moisture; SL'T-soil temperature; Variables: green cells — variables included explicitly; orange cells — calculated from other variables.
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Table 2.5(Continued) Summary of past PGW studies on TCs and climate change.

Authors and Year | TC Cases Number Resolutio | Highes | Two- Convectio | Domain Length of
of n (km) t Way n (Outermost) Simulation
Domains Resolut | Nesting
ion
(km)
Lackmann 2015 Hurricane Sandy 3 54,18, 6 6 Yes, 1- RF&TK North Atlantic 6 days
(2012) way for2 (extends further
inner north)
domains
Nakamura ef a/ 2016 | TY Haiyan 3 Yes KF 114-126L; 1.2- ~5 days
19.2N
Parker et al 2018 TC Yasi, Ita, Marcia 2 36, 12 12 Yes KF 100E-165W; 96-120h
505-20N (TC (TC varying)
varying)
Patricola and | 18 TGCs including TY | 3and 1 4.5 (27, 9, 4.5 Not noCU Basin-scale (TC TC duration
Wehner 2018 Haiyan 3) specified varying) (days)
Gutmann et al 2018 | 22 TCs 1 4 4 n/a noCU 5440 km (E-W) x 13 years
4064 km (N-S) — (2001-20183)
CONUS and
portions of
Canada and
Mexico
(continental)
Mittal et al 2019 TC Phailin (2013) 2 30,10 10 Yes KF&TR 70-100E, 5-25N 72—84 h
(BoB) (TC varying)
Chen et al 2020 TC Victor (1997), Utor 1 5 5 n/a RF 100-135E; 9-31N 78-108 h
(2001), Hagupit (2008) (TC varying) (TC varying)
Reddy et al 2020 TC Vardah, Madi, 3 27,9, 3 3 Yes KF 44-187E; 10S- 84-108h
Hudhud and Phailin 46N (TC (TC varying)
varying)

Legend: KF- Kain-Fritsch; TK-Tiedtke; noCU-no cumulus scheme
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2.4 Experiments

To address the science questions, a set of stepwise experiments were conducted,
where each is designed to provide insights to the other experiments (Figure 2.3). First, the
sensitivity of selected TC events to different choices of parameterization in the WRI model
were examined, in particular the cumulus scheme, surface flux parameterizations and spectral
nudging, resolution and domain settings. This will help select a combination of
parameterizations and model settings that can be used in the future climate experiments i.e.,
the model that best reproduces the track and intensity of the TC cases under current climate
conditions. This will also provide insights into the sensitivities and uncertainties associated
with the use of a limited area model such as WRI in simulating TCs under different climate
conditions.

Next, the response of the TC events to sea surface temperature (SST) and
atmospheric temperature (ATM) warming were investigated. As the climate changes, SST's
are projected to increase, together with other changes of atmospheric and oceanic variables,
which will have an impact on TCs in the future. A set of simulations were performed with the
WRI model to investigate the response of the same damaging TC events to increased and
decreased SSTs. Different experiments per TC case were carried out using European Centre
tor Medium-Range Weather Forecasts Re-analysis 5th Generation (ERAS5) initial and
boundary conditions as a control experiment; then experiments were conducted with an
imposed uniform SST anomalies between -4 to +4 °C across the whole domain per TC case;
and an additional set of simulations were also conducted using the monthly mean SST delta
from one representative Coupled Model Inter-comparison Project Phase 6 (CMIP6) Global
Climate Model (GCM) — The Community Earth System Model Version 2 (CESM2), which
was found to have relatively good performance in simulating the spatial pattern of the
climatological mean SST in the WNP Basin. Further experiments were also performed to
mimic the maintenance of atmospheric vertical stability by imposing uniform ATM profile

temperature changes.
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Lastly, simulations were performed using the WRF model, with global warming
deltas derived from a selection of the latest CMIP6 GCMs using the PGW Technique which
adds a climate perturbation signal to the present-day conditions during a past (pre-industrial)

or future (far future or late-century) periods of interest.
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Figure 2.3. Science Questions (SQ) and Experiments

Science Question 1: How sensitive are the Science Question 2: How might TC cases’ characteristics Science Question 3: How might
Philippine TC cases to choices of model change under pre-industrial and future climate these changes in the characteristics
parameterizations and settings in WRF under conditions? of the TC cases translate to damage
current climate conditions?
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2.4.1 Sensitivity Experiments

To assess the model sensitivity to various physics parameterizations and other
model choices, the choice of cumulus schemes and surface flux options are systematically
altered. The use of spectral nudging will also be explored in a set of experiments. These
simulations were done for Typhon Haiyan. Table 2.6 shows the set of sensitivity experiments

that were performed.

Table 2.6 Summary of the sensitivity experiments with the parameterizations
that were used.

Cumulus | Nudging Surface flux option (isftcflx)
scheme isflefle =0 (sfo) | isfiefle = 1 (sf1) | isficfle = 2 (sf2)
Kain- Without spectral
Fritsch nudging (snOFF) | KFsnOFFsfo RFsnOFTsf1 RFsnOFT'sf2
(KF)
RF With spectral

nudging (snON) KFsnONsto KFsnONsf1 KFsnONsf2
Tiedtke Without spectral
(TK) nudging (snOFF) | TRsnOFFsfo TRsnOFFsf1 TRsnOFFst2
TK With spectral

nudging (snON) TKsnONsfo TKsnONsf1 TKsnONsf2

The details of the sensitivity experiments are provided in the Data and Methods
section of Chapter 3.

The other TC cases, Typhoon Bopha and Mangkhut, have also been tested for the
sensitivity to cumulus schemes. The simple mixed-ocean layer (one-dimensional, 1D) model
capability in WRF has also been explored to capture the TC induced SST cooling, wherein an
initial mixed-layer depth was set to 50m and the temperature lapse rate below the mixed layer

to 0.14 °C m-1.

2.4.2 Idealized SST experiments

For this study, there are a total of eight idealized SST experiments per TC case —

first is the control run (CTRL) that uses the ERA5 SSTs and the subsequent set of six
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experiments used the SSTs with an imposed anomaly of -4, -2, -1, +1, +2, +4 °C across the
whole domain per TC case. The experiments that were performed for this study used a similar
methodology to that of Lavender et al. (2018) and Radu et al. (2014) who used WRI with three
nested domains of 36,12 and 4km, and two-nested domains of 30 and 10 km grid resolution,
respectively, whereas here we use 25 and 5km for the outer and inner domains. Lavender ef
al. (2018) performed a set of eight simulations that imposed temperature anomalies across the
study domain of -4, -3, -2, -1, +1, +2, +3 and +4 °C. Typhoon Haiyan were simulated from
04 Nov 00UTC to 12 Nov 00UTC, Bopha from 02 Dec 00UTC — 10 Dec 00UTC, and
Mangkhut from 10 Sep 00UTC — 17 Sep 00UTC for each of the experiment. An additional set
of simulations were performed using the monthly mean SST delta from one representative
CMIP6 GCM — The Community Earth System Model Version 2 (CESM2) (Danabasoglu et
al., 2020) (denoted as +CESM2) which was evaluated to have relatively good performance in
simulating the spatial pattern of the climatological mean SST in the WNP Basin (Han et al,
2021).

Four more model simulations were run to assess the TCs' susceptibility to changes
in the SST and air temperature profile. The SST and atmospheric temperature profiles used
as initial conditions, as well as 6-hourly lateral boundary conditions, were altered as follows:
the SST and atmospheric temperature profile were both increased by 1°C (S1A1+) and
decreased by 2°C (S2A2+) in each experiment (S2A1-). The SST was raised by 2°C and the
air temperature by 1°C in the last sensitivity experiment (S2A1+).

A detailed description of these experiments is provided in the Data and Methods

section of Chapter 4.

2.4.3 Pseudo Global Warming Experiments

The model setup and configurations were based on previous sensitivity experiments
(section 2.4.1 and 2.4.2). ERA5 data is used for the initial and boundary conditions for the
control simulation and using the augmented initial and boundary conditions taken from the

PGW deltas. By comparing these future simulations with the control runs, we can therefore
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infer the responses of the TC cases to future climate conditions. Simulations under the current
and future climate (with full deltas) were performed with four varying initialization times
(with 6-hourly intervals), performed using a two-way nest of 25km and 5km outer and inner
domain (5kmCU). Simulations were also performed at a convection-permitting horizontal
resolution of 3km with the cumulus scheme turned off (8kmNoCU) to account for the
uncertainty in the use of cumulus parameterization. To construct ensemble members with
different initialization times, we also have four different initial times of simulation for each of
the TC cases with the full deltas’ experiments.

The summary of the PGW experiments is presented in Table 2.7. The detailed

description of these experiments is provided in the Data and Methods section of Chapter 5.
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Table 2.7 Summary of PGW experiments.

Simulati Variables GCMs Period Experime Case Study
on with PGW nt (Initial Times)
Group / Delta*
Code
CTRL none none Current 5kmCU Haiyan 04 Nov
Future 3kmNoCU o00UTC, o06UTC,
Pre- 12UTC, 18UTC
industrial Bopha 02 Dec
00UTC, 06UTC,
12UTC, 18UTC
Mangkhut 10
Sep 00UTC,
06UTC, 12UTC,
18UTC
SFC / Surface (land CESM2 Current 5kmCU Haiyan 04 Nov
SFConly  and sea) Future ooUTC
temperature HadGEM3 Current 5kmCU Bopha 02 Dec
ooUTC
Future Mangkhut 10
Sep o0UTC
SFC+PL  Surface (land CESM2 Current 5kmCU Haiyan 04 Nov
EV and sea) Future ooUTC
temperature, HadGEMS3 Current 5kmCU Bopha 02 Dec
air ooUTC
temperature Future Mangkhut 10
MPI Current 5kmCU Sep 00UTC
Future
MIROCs Current 5kmCU
Future
FULL Surface (land CESM2 Current 5kmCU Haiyan 04 Nov
and sea) Future skmNoCU 00UTC, o6UTC,
temperature, Pre- 12UTC, 18UTC
air industrial Bopha 02 Dec
temperature, ooUTC, o6UTC,
relative 12UTC, 18UTC
humidity Mangkhut 10
Sep 00UTC,
06UTC, 12UTC,
18UTC
HadGEM3 Current 5kmCU Haiyan 04 Nov
Future ooUTC
Bopha 02 Dec
MPI Current 5kmCU
Future ooUTC
Mangkhut 10
MIROCs Current 5kmCU Sep ooUTC
Future

* all experiments also include pressure (surface and sea level) and geopotential height PGW

deltas

37



2.5 TC characteristics and large-scale environmental
conditions

2.5.1 TC characteristics

The study investigated the following TC characteristics: track, intensity, size, speed,
rainfall, which are described in Table 2.8. The relative and percent changes in each of the TC

characteristics were assessed in the different sets of experiments.

Table 2.8 Tropical cyclone characteristics that were assessed.

TC Description

characteristics

Track/ Latitude and longitude of the center of TC circulation at 6-hourly
trajectory interval as identified by the TRACK algorithm

Intensity Simulated maximum instantaneous wind speed and minimum sea level

pressure along the simulated track

Size radius of maximum winds (RMW) and the radius of the extent of
different wind thresholds as used in Radu et al. (2014) ie., gale-force
winds (GFW, 84 knots or 17.5 m s—1), damaging-force winds (DFW, 50
knots or 257 m s—1), and hurricane- or typhoon-force winds
(HFW/TFW, 64 knots or 33 m s—1)

Translation Translation speed of the simulated TC before landfall and entire lifetime
Speed
Rainfall Maximum and total accumulated rainfall (entire simulation period) and

in the maximum and mean rainfall rate (at peak intensity) averaged over
a square box of 5° x 5° around the TC center, which is representative of
the area of T C-associated precipitation

These important TC characteristics dictate the impacts on society; which are all
important at present, but under differing climate conditions due to warming the societal
impacts of TC could increase. While storm surge is another important hazard associated with

TCs, it will not be covered by the scope of this study due to limited time and resources.

2.5.2 Large-scale environmental conditions

To improve the understanding of the potential physical mechanisms behind the

changes in TC characteristics, including the differences in responses among the different
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experiment groups, analysis of the TC environment in the different experiments will also be
conducted. TC activity and characteristics are controlled by environmental factors, such as
the large-scale circulation, vertical wind shear, atmospheric water content, and availability of
energy at the surface boundary (Walsh ef al. 2015). Significant changes in these environmental
tactors, associated with different climate conditions (i.e., past climate vs. present climate vs.
tuture climate) have been demonstrated to alter TC activity (Camargo 2013; Emanuel 2005;
Rnutson et al. 2010; Scoccimarro 2016). Listed below is a summary of the relationship between
large scale environmental factors and TC characteristics:

Track. The TC track can be altered due to the background winds in the
environment that steer the TCs. Radu et al (2014) suggested that warmer temperature could
lead to increased TC size and several other past studies indicate that TC size greatly impacts
the TC track (Lester and Elsberry, 1997, 2000; Hill and Lackmann, 2009; Lee et al., 2010).
These studies suggested that the TC size can affect TC motion over the Western North Pacific
(WNP) by influencing the extension/retraction of the Western North Pacific Sub-Tropical
High (WNPSH) (Sun et al., 2015), this is due to the advection of vorticity by the TC towards
the semi-permanent high. Moreover, this advection of vorticity modifies the background field
that enhances the northward beta drift (Hill and Lackmann, 2009). Because the TC got so
much larger, there would be a large effect on the beta drift i.e., that’s when you have a larger,
more intense system, it has a greater tendency to drift poleward. Sun et al. (2017) found that
the northward movement of TCs in warmer experiments can be attributed to the larger size
of the TC. As suggested in an earlier study (Sun et al., 2015), the increase in TC size can
eventually lead to the withdrawal of the WNPSH and thus the northward turning of the TC.
Sun et al. (2014) further illustrates that a simulated TC under warmer SSTs is usually
characterized by a larger inner core size and stronger winds outside the eyewall ie., the
simulated storm under warmer SST is accompanied by more active outer spiral rainbands, as
earlier suggested by Wang (2009), contributing to increases in the storm size. This study
tound that larger TCs have more capability to weaken the WNPSH and thus are more prone

to turn northward, which is also consistent with the results of observational analysis of Lee
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et al (2010). Katsube and Inatsu (2016) found that some of the TC cases that occurred in WNP
basin between 2002-2007 have the tendency to move northward and recurve when 2K is added
uniformly in SST across the domain of a regional atmospheric model. An earlier study by Ren
et al. (2014), which looked at the sensitivity of TC tracks and intensity to ocean surface
temperature of four different TC cases in four ocean basins including Typhoon Ketsana (2003)
in the WNP basin, found that due to warmer SST's, the WNP Subtropical High (WNSPH) is
turther weakened, thus causing Ketsana to move and recurve northward. For this study, we
will look at the WNPSH represented by 5800 gpm Geopotential Height at 500hPa and the
steering flow as winds averaged between 500hPa & 700hPa.

Intensity. In the future climate, rising sea surface temperatures, atmospheric
moisture, and air temperatures may induce increases in intensity. According to studies, high
sea surface temperatures cause cyclogenesis, hence an increase in SST could result in more
intense TCs. Due to greater latent heating from increasing precipitation and a large decrease
in vertical wind shear in the future climate, TCs may have a deeper TC core (Mittal et al.
2019). More latent heat flow from a warmer ocean in the future (Chen et al. 2020, Nakamura
et al. 2016) and a change in the SST gradient may be driving the intensification (Parker et al.
2018). TC development and intensification are also influenced by vertical wind shear. The
decrease in vertical wind shear may enhance the formation and development of TCs. By
limiting the negative influence on convection, the high mid-tropospheric relative humidity
aids TC development and intensification (Gray 1998). This study will look at the vertical
structure of winds, latent and sensible heat fluxes, vertical wind shear, and other possibly
important elements.

Size. The increase in atmospheric convective instability in the TC outer region
below the middle troposphere, which facilitates the local development of grid-scale ascending
motion, low-level convergence, and the acceleration of tangential winds, may be responsible
tor the TC size increase in response to ocean warming. A rise in environmental humidity and

temperature in the lower troposphere leads to an increase in environmental CAPE, resulting
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in larger TC size (Mittal e al. 2019). In addition to the factors mentioned above, the simulated
CAPE and relative humidity will also be compared in the different experiments.

Translation Speed. The observed and future changes in speed remains uncertain
(Zhang et al. 2020, Yamaguchi et al. 2020). Slower TCs could mean more time inland, therefore
more exposure; they could also dump more rain for a longer period inland (Bagtasa 2022).
Slower TCs over ocean could mean that the TC could stay longer over warm ocean waters,
enhancing the TC heat potential which could lead to further intensification. Faster moving
TCs on the other hand could translate to lesser time for people to prepare. We see slower
moving TCs in the future due to increases in SSTs. Kossin et al. (2018) suggested that there
is some evidence that TCs across the continental United States may be slower primarily due
to changes in general atmospheric circulation patterns brought about by a warmer climate
and Zhang et al. (2020) projects that the slowdown of TCs could likely be more robust in the
future, particularly in the mid-latitudes. The slowing of TC motion could translate to
increasing the damage potential due to greater flood risks (Lai et al. 2020).

Rainfall. A warmers atmosphere can hold more moisture: consequently, according
to theory, if radiative balance were not a limiting factor (Allen and Ingram 2002), rainfall in
tropical latitudes would increase by as much as 7% for every degree Celsius increase in
atmospheric temperature. This increase in rainfall follows the Clausius-Clapeyron equation,
which states that the atmosphere can contain 7% more moisture for every degree Celsius
increase (Patricola and Wehner, 2018; Parker et al. 2018; Liu et al, 2019). In this study, the
water vapour mixing ratio, CAPE, and relative humidity were explored to explain changes in
rainfall. The case of TC precipitation is crucially important, because, given their powerful
circulation, they are likely to reach the 7% per degree C increase of precipitation, or even

exceed it.
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Chapter 3

TCs under current climate: sensitivity
to model parameterizations and
settings

This chapter has been published in the Natural Hazards and Earth System Sciences

Journal with the following title and citation:

Delfino, R. J., Bagtasa, G., Hodges, K., and Vidale, P. L. (2022). Sensitivity of simulating
Typhoon Haiyan (2013) using WRI: the role of cumulus convection, surface flux
parameterizations, spectral nudging, and initial and boundary conditions, Nat. Hazards Earth

Syst. Sci., 22, 3285—-3307, https://doi.org/10.5194/nhess-22-3285-2022
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Abstract

Typhoon (TY) Haiyan was one of the most intense and highly destructive tropical
cyclones ('T'Cs) to aftModect the Philippines. As such, it is regarded as a baseline for extreme
TC hazards. Improving the simulation of such TCs will not only improve the forecasting of
intense TCs but will also be essential in understanding the potential sensitivity of future
intense TCs with climate change. In this study, we investigate the effects of model
configuration in simulating TY Haiyan using the Weather Research Forecasting (WRI)
Model. Sensitivity experiments were conducted by systematically altering the choice of
cumulus schemes, surface flux options, and spectral nudging. In addition to using the
European Centre for Medium-Range Weather FForecasts Re-analysis fifth-generation (ERAS5)
single high-resolution realization as initial and boundary conditions, we also used 4 of the 10
lower-resolution ERA5 data assimilation system (EDA) ensemble members as initial and
boundary conditions. Results indicate a high level of sensitivity to cumulus schemes, with a
trade-off between using Kain-Iritsch and Tiedtke schemes that have not been mentioned in
past studies of T'Cs in the Philippines. The Tiedtke scheme simulates the track better (with a
lower mean direct positional error (DPE) of 338 km), while the Kain-Fritsch scheme produces
stronger intensities (by 15 hPa minimum sea level pressure). Spectral nudging also resulted
in a reduction in the mean DPE by 20 km and varying the surface flux options resulted in the
improvement of the simulated maximum sustained winds by up to 10 ms-'. Simulations using
the EDA members initial and boundary conditions revealed low sensitivity to the initial and
boundary conditions, having less spread than the simulations using different parameterization
schemes. We highlight the advantage of using an ensemble of cumulus parameterizations to

take into account the uncertainty in the track and intensity of simulating intense TCs.
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3.1 Introduction

As a country of 109 million people over more than 7,000 islands, the Philippines is
considered one of the most natural-hazard-prone countries in the world (Brucal ez al., 2020)
and is ranked in the top five of all countries in terms of exposure to climate-related risks
(Eckstein et al., 2020). One of the most important hazards the Philippines is exposed to is
tropical cyclones (TCs). TCs bring intense winds, extreme precipitation, and storm surges
that affect a large portion of the Philippine population (Bagtasa, 2017; Lyon and Camargo,
2009). Due to its location in the western North Pacific Ocean, where TC formation is
conducive all year, the Philippines is exposed to an average 10 landfalling TCs annually (Cinco
et al., 2016). Since 1990, TCs in the Philippines have resulted in up to half of the total losses
from all natural disasters amounting to about USD 20 billion in damages (Brucal et al., 2020)
and an annual average death toll of 885 with estimated accumulated deaths due to TCs of
approximately 80,000 from 1980 to 2013 (Yonson et al. 2016). It is estimated that about 5
million people are affected annually or over 570,000 are affected on average per destructive
TC (Brucal et al., 2020).

One of the strongest typhoons that made landfall in the Philippines in recent history
is Typhoon (TY) Haiyan (locally named “Yolanda”), which is considered the second costliest
Philippine TC since 1990 (EM-DAT, 2020) and one of the deadliest since the 1970s (Cinco et
al., 2016; Lander et al., 20145 Lagmay et al., 2015). TY Haiyan was a category-5 super typhoon
that claimed the lives of at least 7,300 people, most of them from drowning due to the
devastating 5 to 7m high storm surge and coastal inundation (Soria et al., 2016). It also affected
more than 16 million people (NDRRMC, 2014) and caused an estimated USD 5—15 billion
worth of damage particularly in agriculture and critical infrastructure (Brucal e al, 2020).
Comiso et al. (2015) found that T'Y Haiyan coincided with the warmest sea surface temperature
(SST) observed over the Pacific warm-pool region which may have contributed to its intense
nature. This relation between intense T'Cs and warmer tropical SST's, has also been found in
the Atlantic (Emanuel 2005), and suggests that continuous warming may lead to more intense

TCs in the future. Consistently, an increasing trend in intense TC frequency affecting the
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Philippines since the 1970s has been observed (Cinco et al,, 2016; Comiso et al, 2015). TC
rainfall is also expected to increase in the future as TCs intensity (Intergovernmental Panel
on Climate Change, 2021; Patricola and Wehner 2018), potentially increasing the risk of
flooding and landslides. Given TY Haiyan's intensity and impacts, it is regarded as a
benchmark for an intense and destructive TC. Hence, it is important to test how well it can
be simulated in current models in the present climate and the TC sensitivities to model
tormulation.

While global climate models (GCMs) are very useful for looking at the changes in
TC activity under different climate change scenarios (e.g., frequency, intensity, genesis from
a climatological and global/regional perspective) (Gallo et al, 2019; Patricola and Wehner
2018) and some advances have been made in the past few decades in the use of global
convection-permitting models (Judt et al, 2021), previous studies still demonstrate the need
for (convection-resolving/convection-permitting) limited area models (LAM) to better
simulate the processes relevant to the TC formation and development as well as their
properties, particularly the most intense ones (e.g., Walsh et al,, 2015). In consideration of the
computational cost in resolving important TC processes, the use of LAMs is a valuable and
complementary approach to using GCMs in investigating the potential changes in TCs in the
future. One such LAM is the Weather Research and Forecasting (WRI) Model (Skamarock
et al. 2008), developed by the National Center for Atmospheric Research (NCAR), which is
used as both numerical weather prediction LAM and regional climate model (RCM). WREF is
currently used for operational forecasting in the Philippines by the country’s meteorological
office - Philippine Atmospheric, Geophysical and Astronomical Services Administration
(PAGASA) (Flores 2019; Aragon and Pura 2016) and also used in hindcast simulation and
sensitivity studies of TC track and intensity (Spencer et al., 2012; Islam et al., 2015; Lee and
Wu, 2018) and associated rainfall (Cruz and Narisma, 2016). It has also been used as an RCM
to simulate T'C activity in the WNP basin (Shen et al,, 2017) and several TCs in the North
Atlantic over a 13-year period in a convection-permitting model under current and future

climate conditions (Gutmann et al., 2018). It has also been used as LAM in simulating specific
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TC cases with future GCM forcings as initial and lateral boundary conditions in other TC
basins (Lackmann 2015; Parker et al,, 2018; Patricola and Wehner, 2018).

WREF has also gained considerable popularity in recent years and has been used for
TC simulations (Islam et al, 2015). Efforts are being made to identify the optimum
parameterization schemes and to customize the WRF-ARW model for TC hindcast
simulations. IFor instance, past numerical weather prediction (NWP) LAM studies of western
North Pacific TCs, including TY Haiyan, show the cumulus (CU) convection scheme as
having the most influence on its intensity over other model parameters such as the planetary
boundary layer (PBL) and/or microphysics schemes (Islam ez al. 2015; Di et al. 2019). In
particular, the Kain-Fritsch (KT') (Kain, 2004) cumulus convection scheme has been found to
produce the best TC tracks and wind intensity estimates (Zhang et al., 2011; Spencer et al,
2012; Prater and Evans, 2002; Mohandas and Ashrit, 2012). Furthermore, the often-selected
KT scheme was shown to be also sensitive to model resolution (Li et.al., 2018). However, the
use of the KI" scheme has also shown certain limitations. A study by Torn and Davis (2012)
found that the KI* scheme produces larger TC track biases than the Tiedtke (TK) cumulus
convection scheme.

Other than the said parameterization schemes, improvements in simulations of TC
intensity have also been found to be influenced by the surface flux options (Kueh e al., 2019).
Some other studies related to the sensitivity of WRIE model choices can be found, i.e., spectral
nudging (Moon et al,, 2018) and initial and boundary conditions (Islam et al, 2015). Previous
work has explored the sensitivity of TC simulations in WRF to initial condition datasets, i.e.,
from different reanalysis data (e.g., Mohanty et al, 2010) and initial condition time (e.g.,
Mohanty et al, 2010; Shepherd and Walsh, 2016). Shepherd and Walsh (2016) showed that
trajectories can be sensitive to initial condition time; however, they are more sensitive to the
CU parameterization. Mohanty et al. (2010) demonstrated that simulated intensity and
vorticity maxima are sensitive to the chosen initial and boundary condition dataset.
Alternatively, nudging could be applied to the model until TC genesis, which would constrain

the model to be more consistent with observations. Mori et al. (2014) applied spectral nudging
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in several runs in its hindcast WRF simulations for Typhoon Haiyan and found that when
applied, there is some bias in the simulated track primarily at landfall, but it simulated
reasonable intensities. Kueh et al. (2019) also performed several experiments with and without
nudging at 3km resolution and found that nudging produced smaller track errors than the
simulations without. They also found small differences in the TC intensity and structure in
the experiments with and without nudging. Cha et al (2011) suggested that continued
spectral nudging can suppress TC intensification. Shen et al. (2017), although using WRI as
an RCM in investigating the effect of spectral nudging in inter-annual and seasonal variability
of TC activity in East Asia, suggested that the nudging has an impact in reproducing TC
activity. However, there are issues concerning the impact of nudging strength on model
internal variability (Glisan et al,, 2013).

In this paper, we revisit the hindcast simulation of TY Haiyan using WRI" as NWP
LAM and assess its sensitivity to model formulation and the driving initial and boundary
conditions, in preparation for pseudo-global warming (PGW) and CMIP6 climate projection
experiment studies. This study builds on the work of Islam et al. (2015), who assessed the
effects of different combinations of planetary boundary layer, microphysics and cumulus
convection scheme using WRI but found substantial underestimation of TY Haiyan’s
intensity regardless of the sensitivity to physics parameterization; Li et al. (2018), who used
WREF to look at the eftects of the cumulus parameterization at difterent resolutions (9-2 km)
and found that the most effective resolution to simulate TY Haiyan with no cumulus
parameterization or a revised KI' scheme is at 2-km and 4-km resolution, respectively; and
that of Kueh et al. (2019), who looked at the influence of the different surface flux options in
simulating TY Haiyan’s intensity using one cumulus convection scheme and found that a
better representation of surface flux formulas improved the simulated intensity in WRF. Here,
we investigate the effects of the different combinations of model cumulus convection schemes,
spectral nudging, and surface flux options on the TY Haiyan track, intensity, and rainfall
hindcast simulations.

Improving the representation of intense TCs like Haiyan in LAMs such as WRI is
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also essential for simulations of such TCs in different future climate change scenarios to
provide credible impact assessments and useful for simulating TC cases under different
climate conditions e.g., pre-industrial or future (Parker et al, 2018; Patricola and Wehner,
2018; Chen et al,, 2020). From this study the best combination is determined which will then
be used for investigating the effects of future climate change on TY Haiyan and other TC
cases. The associated storm surge of TY Haiyan (Mori ef al.,2014;, Nakamura et al,, 2016; and
Takayabu et al., 2015) is not considered here. Model parameterization scheme sensitivity
studies that assess the simulation of TCs will also provide guidance to future TC modeling
studies (Villafuerte et al, 2021).

This study seeks to contribute to sensitivity studies with a particular focus on the
Philippines by assessing the skill and sensitivity of a TC case study using a mesoscale NWP
LAM model. In particular, it aims to study the influence of the combination of cumulus
convection scheme, the different surface flux options for the different T'C characteristics, and
the use of spectral nudging. This study adds on existing literature by looking at the effects of
cumulus convection schemes combined with different flux options and spectral nudging.
Specifically, it aims to address the following questions.

e How sensitive are the TY Haiyan hindcast simulations to convective schemes, surface
flux options, and spectral nudging?

¢ How sensitive are the simulated track and intensity of TY Haiyan to the uncertainty
in the initial and boundary conditions?

The results will provide valuable information for regional climate downscaling of
intense TCs, which can be used in evaluating the sensitivity of future TCs in climate change
simulations. Section 2 provides a description of the methodology. Then the paper continues
with the results of the sensitivity experiments followed by the discussion, and finally, Section

4 provides a summary of the findings and recommendations for future work.
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3.2 Method

3.2.1 Case study: Typhoon Haiyan brief description

Typhoon Haiyan originated from an area of low pressure near the Federated States
of Micronesia (5.8°N, 157.2°E) on November 2, 2013 and moved westward forming into a
tropical storm on November 2, 2013. Typhoon Haiyan formed in an environment with a
significantly high SSTs (peaking at 30.1°C in November 2013), which was considered the
highest observed during the period between 1981 and 2014 in the warm-pool region (Comiso
et al 2015). It then rapidly intensified into a TY on November 5 at 6.9°N, 142.9°E and was
classified as a category-5-equivalent super typhoon by the Joint Typhoon Warning Center
(JTWCQ), and was classified as a Typhoon by PAGASA, its highest classification at the time.
It further intensified before making landfall on November 7 at 2040 UTC. It traversed the
central section of the Philippines and started to slowly weaken to a tropical depression on
November 11 (JMA, 2013). Typhoon Haiyan claimed the lives of more than 7,300 people,
mostly due to the associated storm surge and coastal inundation. It is estimated to have caused
between USD 5-15 billion worth of direct damages in agriculture and infrastructure (Brucal

et al., 2020) and affected more than 16 million people (NDRRMC 2014).

3.2.2 Model description

Simulations were conducted using WRE version 3.8.1 (Skamarock et al. 2008), a
non-hydrostatic numerical weather prediction LAM developed by the National Center for
Atmospheric Research (NCAR). It is used for atmospheric research and operational
forecasting, and increasingly for regional climate research (Powers et al, 2017). The model
includes a variety of physical parameterization schemes, including cumulus convection,
microphysics, radiative transfer, planetary boundary layer, and land surface. The Advanced
Research WRF (WRF-ARW) solver uses the Arakawa C grid as the computational grid and
the Runge-Kutta third-order time integration schemes (MMML-NCAR, 2019). Skamarock et

al. (2008) provides a more detailed description of the model specifications. PAGASA uses
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WREF for its operational forecasting over the PAR (Flores 2019; Aragon and Pura 2016) and
it is also used in studies simulating event-based TC-associated rainfall over the Philippines
(Cruz and Narisma, 2016). PAGASA’s operational forecasting configuration uses the WRIF—
ARW model (version 3.2.1) with a 12-km outer and 3-km inner domain centered over the
Philippine Area of Responsibility (PAR) with one-way nesting and 28 vertical levels and has
the following physics configurations: New Thompson microphysics, Kain—Fritsch convective
schemes and the YSU scheme for the planetary boundary conditions scheme (Spencer and
Shaw 2012; Aragon and Pura 2016, Flores 2019). The land surface information comes from
the 80-arc s (1 km) resolution Moderate Resolution Imaging Spectroradiometer (MODIS)

satellite dataset with 20 global land use categories.

3.2.3 Initial and boundary conditions

The European Centre for Medium-Range Weather Forecasts (ECMWT) Reanalysis
fitth-generation (ERA5) data are used for both the initial and boundary conditions. It is the
latest generation of reanalysis products produced by ECMWTI" with a horizontal resolution of
31 km, hourly temporal resolution, and 137 vertical levels (Herbach et al, 2020). ERA5 uses
observations collected from satellites and in situ stations, which are quality controlled and
assimilated using 4D-Var, a model based on the ECMWTI”s Integrated Forecast System (II'S)
cycle 41r2.

Alongside the release of the ERA5 single-realization deterministic data from 1979
to the present, data from the Ensemble of Data Assimilations (EDA) system was also made
available. The EDA system is a 10-member ensemble at a lower resolution than the
deterministic data (60 km horizontal resolution and 3-hourly) (Hennermann, 2018). The EDA
system provides estimates of analysis and short-range forecasts through one control and nine
perturbed members, which provide background error estimates for the deterministic forecasts.
This system allows for estimating uncertainty since it provides estimates of the analysis and
short-range forecast. These are provided as an uncertainty measure, albeit with half the

resolution of the reanalysis. To test the sensitivity to varying boundary conditions,
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simulations were also performed using four randomly selected representatives of the 10-
member ERA5 EDA system. The selected ensemble members were used to test the sensitivity
to different perturbed observations, sea surface temperature fields and model physics (Isaksen

et al., 2010).

3.2.4 Design of sensitivity experiments and analysis

In this study, the WRF-ARW model has been configured with two nested domains
centered over the point of 18.3° latitude, 135° longitude. The outermost grid has 294 x 159
grid points with 25-km grid spacing, while the innermost domain has 745 x 550 grid points
with 5-km grid spacing, and 44 vertical eta levels and the model top pressure level was set to
50 hPa. A two-way nesting is allowed for the interaction between the outer and inner domain.
Specifically, for the outer domain, which is driven at the boundaries by ERA5, one-way nesting
was used. FFor the inner domain, which is driven by the coarser domain, two-way nesting was
used. The results shown in this paper are from the inner 5-km domain. This model resolution
was chosen in favor of using supercomputing resources for the systematic testing of different
parameterization schemes, as well as in consideration of additional simulations under future
climate conditions.

Higher-resolution nested model configuration is widely used in numerical weather
prediction and regional climate modeling. The main reason for this is because performing
high-resolution simulation over very large areas (e.g., an entire major oceanic basin) is
computationally too expensive (Kueh et al 2019). The communication between the nested
domains can be implemented using one-way or two-way nesting. One-way nesting means that
the nested domains are run separately and sequentially starting with the outer domain, i.e,,
the model is first run for the outer domain to create an output which is used to supply the
inner domain’s boundary file. In a two-way nesting configuration, both domains are run
simultaneously and interact with each other, so that the highest-possible-resolution
information produced by the innermost domain affects the solutions over the overlapping area

of the coarser domains. The input from the coarse outer domain is introduced through the
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boundary of the fine inner domain, while feedback to the coarse domain occurs all over the
inner domain interior, as its values are replaced by combination of fine inner domain values
(Alaka et al., 2022; Mure-Ravaud et al 2019; Harris and Duran 2009). We have used two-way
nesting in the sensitivity runs, rather than one-way nesting, following recommended practice
and previous studies that looked at sensitivities to physics parameterizations in WRF (Wu et
al., 2019, Biswas et al., 2014; Li and Pu, 2009; Parker et al, 2017; Spencer and Shaw 2012;
Bopape et al., 2021), studies that simulated Typhoon Haiyan in the Philippines (Li et al, 2018;
Nakamura ef al, 2016), and TC cases in other basins (Parker et al, 2018; Mittal et al., 2019;
Reddy et al 2020), among others. Studies of the differences in using one-way and two-way
nesting in regional modeling have been the topic of multiple previous papers (e.g., Spencer et
al., 2012; Matte ef al. 2016; Rafta et al, 2021; Lauwaet ef al. 2013; Harris and Duran, 2010,
Chen et al 2010; Gao et al, 2019). A comprehensive discussion on the differences and
uncertainties associated with one-way or two-way nesting can also be found in Harris (2010).
Studies such as those of Chen et al(2010) and Gao et al. (2019) have shown that the use of one-
way or two-way nesting showed little difference in the results, but some studies have shown
that two-way nesting improves the simulations of TCs, e.g., Typhoon Parma in the
Philippines (Spencer and Shaw et al., 2012) and Typhoon Rai-tak (Wu ez al, 2019). In addition,
previous TC case studies in the Philippines have also used the two-way nesting configuration,
e.g., Mori et al. (2014), Takayabu et al. (2015), Nakamura ef al (2016) and in simulating TCs in
other TC basins (Parker et al., 2018; Davis et al., 2008; Mittal et al, 2019; Reddy et al., 2020),
as well as looking at sensitivity to different physics parameterizations (Wu et al 2019, Biswas
et al 2014, Li and Pu 2009). Two-way nesting is also used in operational TC forecasting
(Mehra et al., 2018) and in the experimental Hurricane WRF system (Zhang ef al., 2016) as
well as in convection-permitting regional climate models (Lucas-Picher et al., 2021).
Different domain configurations were tested prior to selecting this particular
configuration, with the current domain configuration having the track and intensity closest
to that observed (Supplementary Figs. 1-5). The domain configuration used in this study is

used to have a common domain for different TC cases (other TC cases not included in this
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paper) to understand and have a more general set of conclusions on the response of TCs to
future warming and to properly simulate the subtropical ridge/ WNPSH.

In performing the experiments, WRF was run for a 180-hour period from 00:00
UTC on 4 November 2018 — 12:00 UTC on 11 November 2013 to cover the main part of the
lite cycle of TY Haiyan. Simulations with different start times were conducted (Supplementary
Figs. 6-7) to sample the different stages in TY Haiyan’s lifetime and different initializations.
Starting times tested include 4 November 2013 at 00:00 and 12:00 UTC, 5 November 2013 at
00:00 and 12:00 UTC, 6 November 2018 at 00:00 and 12:00 UTC, and 7 November 2013 at
00:00 UTC. The simulation that started on 4 November 00:00 UTC was found to be optimal
in terms of track and intensity; thus, the initialization time of all experiments was fixed at 4
November 2013 00:00 UTC. The longer lead time was also used to allow for the simulation
of the early stages of development of Typhoon Haiyan. We considered the period covering 4
November 2013 at 00:00 UTC to 5 November 2013 at 12:00 UTC as the spin-up period. For
the purposes of this paper, the analysis of the experiments covered only the 72-hour period
between 18:00 UTC on 5 November 2013 to 18:00 UTC on 8 November 2013 to cover TY
Haiyan’s mature stage.

Additional simulations using convection-permitting resolution (single domain,
4.5km) were also performed and showed no significant change in simulated intensity from the
configuration used here (not shown). The results shown in this paper are from the inner 5-km
domain, with results of the outer 25-km domain shown in Supplementary Figure 3.8. The

model domain setup is shown in Figure 3.1.
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Figure 3.1. Study domain set-up. The outer 25-km resolution (Ax) domain is
bounded by 100-170 degrees East and 0-35 degrees North while the inner 5-km

resolution (Ax) domain is bounded by 115-150 degrees East and 5-30 degrees
North.

Convection is mostly simulated in models with resolution coarser than 10-5 km
through the cumulus parameterization scheme. WRI’s cumulus parameterization scheme
simulates the effects of cumulus convection on heat, moisture, and precipitation at the sub-
grid scale (Skamarock et al. 2008). The choice of cumulus parameterization schemes has an
impact on WRF's ability to simulate the TC track, intensity, and structure (Zhang et al., 2011;
Shepherd and Walsh 2016; Parker et al., 2017). Only two schemes were investigated in this
study the KI' scheme and TK scheme the differences of which are summarized below in Table
3.1. The same physics parameterizations, including the cumulus scheme, were used in both
inner and outer domains. PAGASA uses KF for its operational forecasting configurations
(Flores 2019). It has also often been used for TC simulation studies in the Philippines and has
been found, in several studies, to be the best choice for simulating TC track and intensity (e.g.,
Sun et al., 2015; Li et al., 2018) and rainfall (e.g., Cruz and Narisma., 2016). The TK scheme,
on the other hand, has been suggested to be the more appropriate cumulus scheme in tropical
weather/climate applications of the WRF model (Parker et al., 2017). Torn and Davis (2012)
showed an improvement in TC track simulations when using the TK scheme compared to the
KF scheme. They stated that the TK scheme allows for more appropriate treatment of oceanic

shallow convection due to a more active shallow convection scheme than that of the KF
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scheme. There was a 1K temperature bias at 700 hPa in the KI' scheme does not present in
the TK simulations, attributed to a lack of shallow convection in KI. These generated
horizontal temperature gradients are associated with the wind biases affecting the TC tracks
simulated with the KF scheme (Parker et al 2018; Torn and Davis, 2012). In addition,
according to Sun ef al. (2015), deep convection in mass flux schemes, such as KF, produces
large amounts of anvil clouds that warm the upper troposphere and cause latent heating south
of the WNPSH that leads to the weakening of the WNPSH and the movement of the TCs
northward. Li et al. (2018) investigated the sensitivities of the simulated tracks, intensities and
structures of Typhoon Haiyan to the use of a the revised KI* scheme with varying resolutions
from 9 to 2 km and found that the resulting simulations with the application of revised KI
(rKF) scheme are different at various resolutions. Cruz and Narisma (2016) also used the KI*
scheme in conducting sensitivity tests of TC-associated rainfall with different PBL and
microphysics schemes in WRF.

Using a mass flux approach with downdraft removal and utilizing convective
available potential energy (CAPE), KF is a deep and shallow convection sub-grid scheme that
includes clouds, rain, ice, and snow detrainment and cloud persistence (Kain 2004). Although
KT can account for relatively small-scale processes that drive convection, it has inherent
limitations in simulating shallow convection over tropical oceans (Parker et al, 2017). On the
other hand, the TK scheme assumes that the moisture flux through the cloud base is
equivalent to the surface moisture flux, as well as momentum transport, cloud detrainment,
and ice detrainment (Tiedtke 1989; Zhang et al., 2011). According to Parker et al. (2017), the

TK scheme is more appropriate for simulating intense TCs in tropical oceans.
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Table 3.1. Description of the cumulus schemes used in this study.

Kain-Fritsch (KF) (Kain, | Tiedtke (TK) (Tiedtke 1989, Zhang et al.,
2004) 2011)

Type of scheme Mass flux Mass flux

Cloud detrainment Yes Yes

Closure CAPE removal CAPE / moisture convergence

Triggering Controlled by large-scale | Convection is triggered if the parcel is warmer

mechanism velocity in the vertical | than its surroundings by 0.5K if the parcel is
direction very close to the surface

Cloud radius Variable Fixed

Shallow convection Activates shallow | Assumes that the cloud base moisture flux is
convection when the criteria | equal to the surface moisture flux
for deep convection are
satistied

Sources: Adeniyi et al, (2019), Torn and Davis (2012), Shepherd and Walsh (2016)

Experiments were also conducted to examine the sensitivity to the available
parameterizations for surface flux options. For TC applications, WRIF-ARW provides three
different formulations of aerodynamic roughness lengths of the surface momentum and scalar
fields as surface flux options (isftcflx = 0,1, and 2) (see Kueh et al 2019 for a detailed
description of the differences between these options). It has been shown that surface fluxes
can influence the model's ability to simulate TC intensity and structure (Green and Zhang,
2013; Kueh et al,, 2019). For the default flux option (referred to here as sf0), the the momentum
roughness length is given as Charnock's (1955) expression plus a viscous term, following

Smith (1988) - Eq. (3.1):

u? 0.11v
Z, = (;) + ,

u

(3.1)

where a is the Charnock coefficient and v the kinematic viscosity of dry air, for which a
constant value of 1.5X10—5 m2 s—1 is used. A constant value of €=0.0185 is used for sf0.

Since the roughness length formulas in sf0 are demonstrably inconsistent with a substantial
amount of research (Kueh et al. 2019), two more options were developed (hereinafter referred
to as sf1 and sf2) (Kueh et al. 2019). Based on the findings that the drag coefficient (CD) seemed
to level off at hurricane force wind speed (e.g., Powell ef al, 2003; Donelan et al., 2004), the

surface flux option 1 (sf1) was developed and implemented in WRF as a blend of two
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roughness length formulas (Green and Zhang 20138). The sf1 option was first implemented in
version 3.0 of WRF (Kueh et al. 2019). The st1 and surface flux option 2 (sf2) have the same
momentum roughness length, but in sf2 the temperatures and moisture roughness lengths
are expressed in accordance with Brutsaert (1975) (MMML-NCAR, 2019). There are limited
studies on the sensitivity of TC intensity due to surface heat flux because of a lack of in situ
measurements (Montgomery ef al., 2010; Green and Zhang, 2013; Smith et al, 2014),
particularly under high-wind conditions (Liu et al, 2022). Emanuel (1986) put forward the
idea that TC intensity is proportional to the square root of the ratio of the surface exchange
coefficients of enthalpy, and momentum. According to Zhang et al. (2015), increasing surface
friction would also increase boundary layer inflow, which would subsequently boost angular
momentum convergence and intensify a T'C. However, as surface friction also increases the
momentum and heat dissipation to boundary layer winds, this might result in a negative
impact on TC intensity (Liu et al, 2022). Despite playing a significant role in surface heat
fluxes, Chen et al. (2010) hypothesized that the influence of on TC growth was minimal
because it caused moderate sea surface cooling. Further investigation of these aspects is
required in the future.

A set of experiments is conducted to explore the impacts of nudging on the ERA5
large-scale environment by applying spectral nudging (snON). It has been shown that spectral
nudging can improve TC track simulations (Guo 2017; Tang et al., 2017) by constraining the
model to large-scale environmental conditions (Gilsan et al, 2013). Present-day simulations
typically use nudging to reduce the mean biases in a relatively large domain (e.g., Xu and
Yang 2015; Liu et al,, 2012; Shen et al., 2017; Moon et al., 2018). Another set of experiments
were also conducted without applying this technique (snOFT’). Based on the methodology of
Moon et al. (2018), the spectral nudging for the horizontal and vertical wind components, the
potential temperature, and the geopotential height was applied. The nudging coefficients for
all variables were set at 0.0003 s7, applied at all levels above the PBL.

To assess the model sensitivity to various physics parameterizations and other

model choices, we have systematically altered the choice of cumulus schemes and surface flux
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options. The use of spectral nudging is also explored in a set of experiments. Table 3.2 shows

the set of different model configurations.

Table 3.2. Summary of the sensitivity experiments with the parameterizations
used.

Cumulus Nudging Surface flux option (isftcflx)

scheme tsficflx = 0 (st0) tsficfle = 1 (sf1) tsficfle = 2 (st2)

KF (KF) Without
spectral
nudging
(snOFF)

KFsnOFFsfo KFsnOFFsf1 KFsnOFFsf2

With spectral
nudging KTFsnONsfo KFsnONsf1 KFsnONsf2
(snON)

TK (TK) Without
spectral
nudging
(snOFF)

TKsnOFF'sfo TKsnOFFsf1 TKsnOFFsf2

With spectral
nudging TKsnONsfo TKsnONsf1 TKsnONsf2
(snON)

The control simulation is the experiment with KF as the cumulus scheme, with
spectral nudging turned oft and surface flux option of sfo (KF'snOFFst0). This configuration
was also used in the experiments using the different members of EDA to test the sensitivity
to different initializations.

Other parameterization schemes (adapted from Li ef al, 2018) in the model that
remained the same in all the experiments, as used in both inner and outer domains, include:
the Rapid Radiative Transfer Model (RRTM) scheme (Mlawer et al, 1997) and the Dudhia
scheme (Dudhia 1989) for the longwave and shortwave radiation, respectively; the MM5
Monin-Obukhov scheme (Monin and Obukhov 1954) for the surface layer; WRI single—
moment six—class scheme for the cloud microphysics (Hong and Lim 2006); and Yonsei
University (YSU) PBL scheme (Hong et al., 2006); and the unified Noah land surface Model
(Chen and Dudhia 2001; Tewari e al. 2004) for the land surface processes and structure, as

indicated in Table 3.3.
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Table 3.3. WRF Configuration for the control experiment (KFsnOFFsfo).

Number of Domain Two (outer coarse domain D01 & inner domain D02)
Nesting Two-way (between D01 & D02)

Grid resolutions 25 km (Do1); 5 km (D02)

Grid spacing 295 x 160 (Do1), 746 x 551 (D02)

Number of vertical eta 44 (D01), 44 (D02)

levels

Cloud microphysics WRF  Single-moment 6—class Scheme for the cloud

microphysics (Hong and Lim 2006) — D01&D02

Cumulus parameterization  Kain—-Fritsch scheme — D01&D02

Longwave radiation RRTM scheme (Rapid Radiative Transfer Model) (Mlawer et
al., 1997)

Shortwave radiation Dudhia scheme (Dudhia 1989) — D01&D02

Surface layer MM5 Monin- Obukhov scheme (Monin and Obukhov 1954
— D01&D02

Land surface scheme Unified Noah Land Surface Model (Chen and Dudhia 2001;

Tewari et al. 2004) — D01&D02

Planetary boundary layer Yonsei University (YSU) PBL scheme (Hong et al., 2006) —
scheme Do1&Do2

Surface flux option isfteflx = 0

Spectral nudging Off

3.2.5 Verification data

To determine the model's skill in simulating TY Haiyan, we used the International
Best Track Archive for Climate Stewardship (IBTrACS) which compiles best-track
information from various agencies worldwide (Knapp et al., 2010). We compared the simulated
and observed tracks by calculating the direct positional error (DPE). Heming (2017) defines
DPE as a measure of the great circle distance between observed and forecast positions at the
same simulation time. We calculated the model bias, root-mean-square error (RMSE), and
correlation coefficient between model-simulated and observed (IBTrACS) minimum sea level
pressure andmaximum 10m winds to evaluate simulated TC intensity. The best-track
information used here is taken from the World Meteorological Organization (WMO) subset
of the IBTrACS (IBTrACS-WMO, v03ro9) which was taken from the best-track data
provided by the Japan Meteorological Agency (JMA). In order to directly compare the

IBTrACS / JMA data with WRF's simulated winds, the 10-min averaged winds from the
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JMA dataset were converted to 1-min-averaged-wind speeds using Li et al's (2018) formula
Le., multiplying the 10-min values by 1.1364.

In addition, rainfall data from the Global Precipitation Measurement (GPM)
mission are also used for comparing the spatial distribution of the simulated rainfall. The
Integrated Multi-satellitE Retrievals for GPM (IMERG) is a third-level precipitation product
of GPM, which covers the area -180, -90, 180, and 90 with resolutions of 0.1 degree and 30
minutes (Huffman et al. (2019). The rainfall data were accessed and downloaded from NASA’s
Goddard Earth Sciences Data and Information Services Center (GES DISC) at

https://disc.gsfc.nasa.gov/datasets/ (last access: 09/02/2021).

3.2.6 TC tracking method

The simulated track and intensity values were obtained every 6 h using the TRACK
algorithm (Hodges et al., 2017) as used in Hodges and Klingaman (2019). TRACK determines
TCs as follows: first the vertical average of the relative vorticity at 850-, 700-, and 600-hPa
levels is obtained. The field is then spatially filtered using 2D discrete cosine transforms
equivalent to T63 spectral resolution and the large-scale background is removed. The
tracking is performed by first identifying the relative vorticity maxima > 5.0 X 1076 s~%. Using
a nearest-neighbour method, the tracks are then initialized and refined by minimizing a cost
function for track smoothness subject to adaptive constraints (Villafuerte et al., 2021). The
teature points are determined by first finding the grid point maxima which are then used as
starting points for a B-spline interpolation and steepest ascent maximization method, to
determine as the oft-grid feature points (Hodges 1995 as cited by Hodges and Klingaman,
2019). The tracking is done for the entire simulation period. Additional variables are added to
the track data after the tracking is complete, such as the maximum 10-m winds within a 6°
geodesic radius and the minimum sea level pressure (MSLP) within a 5° radius using the B

splines and minimization method (Hodges and Klingaman, 2019).
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3.3. Results and discussion

3.5.1 Simulated track

Figure 3.2 shows the tracks obtained from the simulations of TY Haiyan for all
experiments are in reasonably good correspondence with the best-track data. Simulations
using the TK scheme accurately reproduced the observed positions of TY Haiyan during the
first 36 h of the study period, with the observed and simulated tracks being less than 50 km
(mean of 18km) apart at 36 h. On the other hand, the simulated tracks based on the KIF
cumulus convective scheme tracked in the same direction as the observed track, but were
turther north and more than 50 km (mean of 61.5km) from the best track during the first 36

hours of simulation.
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Figure 3.2. Simulated tracks compared with IBTrACS and the sensitivity
experiments classified according to experiment groups: Kain-Fritsch (KF)
convection scheme; TiedtkeK (TK) convection scheme, with spectral nudging
(snON), without nudging (snOFF), surface flux option 0 (sf0), option 1(sf1), and
option 2 (sf2).

Figure 3.3 shows the sensitivity of the tracks to the cumulus parameterization
scheme, surface flux options, and to spectral nudging. Figure 3.3a shows the DPE throughout
the simulation and shows simulations with the KI scheme have tracks that are further north

of the observed track compared to simulations utilizing the TK scheme which are closer to
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the observed track. The minimum DPE obtained from the simulations using the TK scheme
is 8km after 18 hours of simulation for the simulation using TKsnOFTFsf2.

The results show that these three model settings individually lead to significant
reductions in DPE values. The differences between the mean DPE of simulations using the
KF and TK schemes (p-value: 0.010) were found to be statistically significant at 99%
confidence levels using a Student  test. The simulations using the TK scheme have a mean
DPE of 47 + 5 km, and those using the KI* scheme have mean DPE of 55 + 7 km (Figure
3.3a). Overall, we found the TK scheme to be best in simulating the track of TY Haiyan.

Our results show that the tracks are also slightly sensitive to the use of spectral
nudging, especially in the latter half of the simulation (Figure 3.8b). The evolution of DPE in
Figure 3.3 shows gradual increases in its value in the first half of the simulation, as the
typhoon approaches land (between 48 h-54 h); the DPE then starts to abruptly increase until
the end of the simulations. This suggests that the spectral nudging configuration does not
constrain the model strongly. Nevertheless, simulations run with spectral nudging
consistently show lower DPE in the second half of the simulation compared to the no-nudging
experiments. Moreover, the mean DPE of the TK simulations with nudging is 38 km while
the simulation without nudging is 57 km. This is consistent with previous studies where
spectral nudging improves TC tracks in the WNP (Guo 2017; Moon et al., 2018). Overall,

the surface flux options did not have a statistically significant effect (p-value: 0.8509 at 95%

confidence level) on the tracks of the simulated TY (Figure 3.3c).

i

DPE

250

200

150

100

50

® snON
W snOFF

f
::?*;*+L+

(b)

DPE (ki

i

()

-+ H“

N S
PSRRIt %{»AO

0
‘@b@\@{‘@g\

AV
& R ety S &

&
& & \o

0

&

2R DD
Fe¥ & T TS (T F S

O

2
N
"
Y LT

g s s & o g
FFE @ e

%Q'

"7 o N '\
R AR e

2
't'c’vo“"s'\‘\«

$ & &

I

S
gbgbw\

&

Figure 3.3. Mean and standard deviation of the DPE (km) per simulation group
— (a) for the cumulus schemes KF and TK; (b) for with (snON) and without
nudging (snOFF); and (c) for surface flux options sf0, sf1 and sf2. The x axis is
the analysis period between 18:00 UTC on 5 November 2013 to 18:00 UTC on
8 November 2013.
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3.8.2 Simulated intensity

Figure 3.4 shows that most of the simulations are not able to capture the observed
deepening of the minimum central pressure or the intensification of low-level winds of TY
Haiyan. The control simulation (denoted as KFsnOFI'sf0) has a MSLP value of only 939 hPa
and maximum wind speed of 48.21 meters per second (ms'). Compared to the minimum
central pressure of 895hPa in the observations, this is a difference of 44 hPa; and with the 73
ms'1-min observed sustained wind speed, there is a difference of 24.79ms-! with the observed.
The simulations that are closest to TY Haiyan’s intensity are those that use the KI* scheme
and surface flux option 1 (KIF'snONsf1), however, the simulations using the KI' scheme
simulate lower-than-observed MSLP value at the first 12 hours of simulation. The
KFsnON5sf1 run has a MSLP reaching to 912 hPa and winds of up to 72 ms-'. The TK scheme
simulations consistently have higher central pressure and lower maximum wind speeds. A
Student ¢ test indicates that the difference between the minimum sea level pressure
simulations using the KI* and TK schemes (p-value: 0.008) is significant at the 99% confidence
level. However, the simulations were not able to capture TY Haiyan’s rapid intensification

phase as in previous studies (Islam et al.,, 2015; Kueh et al., 2018).
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Figure 3.4. Time series of intensity (a) for minimum sea level pressure in hPa
and (b) maximum winds (m s-1 m s') for the sensitivity experiments classified
according to experiment groups: Kain-Fristch (KF) convection scheme; TK (TK)
convection scheme; with spectral nudging (snON); without spectral nudging
(snOFF); surface flux option 0 (sf0); option 1(sf1); and option 2 (sf2). X-axis is
the analysis period between 18 UTC 5 November 2013 to 18 UTC 8 November
2013.
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Figure 3.5 shows the mean and standard deviation of the biases of the simulated
intensities to the choice of the parameterization schemes. There is a statistically significant
difference at the 99% confidence level (p-value: 0.007941) among the simulations using the
KT and TK cumulus convection schemes (Figure 3.5, firstrow). In simulating the intensity,
nudging did not demonstrate a consistent improvement in the intensity of the simulations
(Figure 3.5, second row)., while the choice of surface flux option had a more demonstrable
effect on the resulting intensities (at 99% confidence levels) with sf1 having the most intense
simulation of the storm in terms of both MSLP and maximum winds and sf0 having least

intensity (Figure 3.5, third row).

8
=
o

60 0 &0
70 * + x ¥ ibtracs =
90 [] 2 [ & K
Py oo == &
5 950 T
& 0 E EY
£ »
o %0 *ox 20 i w 0
T @m0 x 2 H x E
£ B g
£ E
= i
=

8 2
s 5
*
g
a
x
x
x
x
—
Q
—
Lo
bk
8585 5
o
—
o
—
& &
i
Wk
3 5 o
=]
=

® KF
L x x @)
30 k3 30
2 KE ®
Q@‘P&N‘%@h & 8 q\é"«;y st sé a?‘ 8 KF ® %@f%b@é@ & @«@\@h« @Q@ %@0\@% &
&
& g N o oy o ® R e A
60 0 60
0 o X X % ¥ ibtracs -
960 65 & 0N
+ + 40 B sOFF ©n
T 950 £ 60
2 t e E £
a M0 x % 8
ES g @ ESS } g ®
€ 230 x a 8
H 10 ém T
o x 0 £ &
Sas
904 k ibtracs x -10 S =
# snON X K oK
%00 -20 40
#  sOFF 8 -20
T (o) = () ° (h) (k)
= T -30
b@“si“@h@ & & & ;;5 &t S?‘ba"a@z‘@é?‘ Sl SIDFE ‘@b“(‘ ,z;b & F Q\AQ@ ‘0% & mon TOFF
7 b o ey Cl 0 & o8 Ee R k! b &
FEE G G e ,g: ‘\u & \u \\u o G

70

ibtracs

¥
L]
[]
i

60
E I
= 50
51 0
52
EY
. 20, : ] )
x
930
10 " .
920 ] i [
¥ |btra(3 5
90{ o -10
L]
&

8

Bias
®
bias

wR
s 2
e
Cw ee—
e—
- ———
- ———
e —e—
e —e—
x B e
X~
8 &8 8 B

8

Minimum SLP (hPa)

Maximum Winds (m/s)
&
&

Sfl L
= i ) ™

-30 3

&8

#‘ & e)l‘\sf‘«é" w‘e‘\‘h @@G(‘ oy S o - F & §‘ G» Q’é é\ G‘" & ,ye Qg« s €1 <2
’\ 'ﬁ el
& o ‘\u“ \u R \u:g@ & o \;K@ & e R \u%\u

Figure 3.5. Time series of the mean intensities and standard deviations (a-c) for
MSLP and (g-i) for maximum winds, with mean biases for MSLP (d-f), hPa and
maximum winds, m s"m s-1) for each group (j-1) for cumulus schemes KF and
TK, spectral nudging and for surface flux options. X-axis is the analysis period
between 18 UTC 5 November 2013 to 18 UTC 8 November 2013.

Figure 3.6 shows that the simulations using the KI scheme have higher correlations

and smaller RMSE values than the simulations that used the TK scheme. Of all the
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simulations, the simulation with the combination of KIF and sf1 without nudging has the
lowest RMSE (22 hPa MSLP and 9.59 ms' maximum winds) and the highest correlation
coefficient of 0.78 and 0.82 for MSLP and maximum winds, respectively, while the simulation
with the poorest performance i.e., highest RMSE (87 hPa and 14.17 ms') and lowest
correlation coefficient (0.60 and 0.69 for MSLP and maximum winds, respectively), is the
simulation with the combination of TK, sf0, with spectral nudging turned on.

The KF and TK schemes represent shallow convection differently, resulting in
different simulated TC intensities (Torn and Davis, 2012). The TK scheme allows both
upward transport of moisture across the boundary layer and vertical advection of evaporation
from the ocean surface (Parker ef al,, 2018). Consequently, this reduces the mass flux in deep
convection, thereby lowering the rate of TC intensification and resulting in lower simulated
intensities. The KI* scheme, however, is less likely to reduce the deep convective mass flux
that allows for intensification rates to increase. These results are consistent with the
differences in the simulated intensities shown in Parker ez al. (2017) and Shepherd and Walsh
(2016). Parker et al. (2017) found that the KIF scheme produces more intense TC systems
(lower MSLP values) than the TK scheme for TY Yasi in Australia. Shepherd and Walsh
(2016) also found that the KI' scheme produces stronger storms (TY Yasi 2011 in the
southwest Pacific and TY Rita 2005 in the North Atlantic) but almost the same intensity for

simulations using TK and KF schemes for TY Megi in the western North Pacific basin.
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The choice of surface flux option (sfo, sf1, st2) also affects the ability to reproduce
both minimum sea level pressure and maximum winds, as shown by the lower RMSE of sf1
(Figure 38.6). Simulations with sf1 have generally been shown to have the highest correlation
coefficients. While both wind speed and MSLP intensity are strongly dependent on the surface
flux option, sf1 is shown to simulate the highest intensity for TY Haiyan. As in Kueh et al.
(2019), the default option (sf0), in which CD does not level off, the simulation of Haiyan which
used sf0 have the weakest wind speeds. The sf1 option is expected to have the highest intensity
since it has the largest enthalpy and momentum (Ck/CD) ratio at high wind speeds and lowest
CD. This gives less friction at high winds, thereby favoring higher intensity (Kueh et al. 2019).
The simulated intensity of the sf2 option, on the other hand, is expected to be between sfo and
st1 (Kueh et al. 2019).

Comparing the simulations with the KIF and TK schemes shows that the former
produces better simulated intensities with lower biases, lower RMSE and higher correlation
coefficients (Figure 3.6), consistent with Zhang et al. (2011) and Parker et al. (2017), and

minimum sea level pressure as with Spencer et al. (2012).
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Table 3.4. The resulting deviation from landfall location (km, rounded to
nearest whole number); translation speed (ms-1, rounded to two decimal place);
and deviation from observed translation speed (ms-1, rounded to two decimal
places); and deviation of the simulated MSLP at landfall (hPa, rounded to the

nearest whole number); compared to observations.

Deviation
from landfall Deviation from
point Translation observed | Deviation from
Simulation 10.83°N, speed before translation | observed MSLP
125.69°E (in | landfall (ms) speed before (895 hPa) at
km) (Obs. 9.48 ms™) landfall landfall
KFsnONsfo 56 9.62 0.14 40
KIF'snONsf1 76 8.78 -0.70 18
KI'snONsf2 55 8.76 -0.72 32
KFsnOFFsto 20 9.27 -0.22 46
RI'snOFFsfl 37 9.54 0.05 27
KFsnOFFst2 3 9.58 0.10 44
TKsnONsfo 6 9.80 0.32 56
TKsnONsf1 11 9.87 0.39 43
TKsnONsf2 3 9.85 0.37 52
TKsnOFFsfo 56 9.23 -0.25 49
TKsnOFFf1 68 9.54 0.06 38
TKsnOFFsf2 61 9.20 -0.29 48

We also considered the wind-pressure relationship of the simulated intensities of all
experiments, which according to Green and Zhang (2013) is affected by surface flux options.
The scatterplot in Figure 3.7 indicates the relationship between the MSLP and maximum
wind, based on the different simulations. The IBTrACS data (black square markers) are also
included in this plot. Almost all simulations show a decreasing trend of the MSLP and
maximum winds as the storm intensifies; however, the intensities are evidently
underestimated (MSLP and maximum wind speeds). Based on Manganello et al. (2012), the
maximum wind speed is usually underestimated in LAMs when the simulated MSLP is below
approximately 980 hPa. It is worth pointing out that of the different simulations, those
utilizing the surface flux option 1 (sf1, blue) give the most intense storm by wind speed (Figure
3.8). The simulated maximum wind speeds in the simulations using the default surface flux
option (sf0, red) only range between 85 and 55 ms! while the simulations using the other
options (sf1, blue and sf2, cyan) are well distributed from ~40 to 73 ms-!, consistent with the
result of Kueh et al. (2019). Most simulations have an underestimated maximum wind speed

tor MSLP below 910 hPa, which is consistent with a study using WRF that produced lower
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wind speed compared to IBTTACS for a given MSLP (Hashimoto ef al, 2015). However, the
simulations were able to generate considerable intensity for the maximum wind speed for TY
Haiyan compared to that of Islam et al. (2015) who used different model physics options i.e.,
WRF single-moment six-class (WSM6), WRI single-moment three-class (WSM3), new
Thompson (THOM), Milbrandt-Yau double-moment (MY2) seven-class scheme, and the
Goddard Cumulus Ensemble (GCE) schemes. Previous studies using lower resolution
generated insufficient wind speeds in the regime higher than 45 ms! (Jin et al, 2015) which
are primarily attributed to low model resolutions and deficiencies in surface drag

representations at high wind conditions (Jin et al, 2015; Shen et al,, 2017).
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Figure 3.7. Scatterplot of MSLP vs maximum wind from the various sensitivity
experiments compared with best track data. Solid lines of the corresponding
colors (red for sfo, blue for sf1, cyan for sf2) show the second-order polynomial
fit.

In simulating TCs, it is important to get the timing and intensity at landfall right
as it gives a good indication of the potential damage along coastal areas (Parker et al. 2017).
TY Haiyan made landfall in the eastern-central Philippines (Guiuan, Eastern Samar) on 7 Nov

2013 at 2040 UTC. Figure 3.11 shows that the simulation with the closest landfall time and
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location occurs for the KFsnoffsf2 simulation. The deviation from the observed landfall point,
the minimum deviation is 8 km for KfsnOFT'sf2 and TKsnONsf2 and the maximum deviation
is 76 km for KF'snON5sf1, is within the average forecast error for TCs at 24-hour lead time in
western North Pacific (Peng et al, 2017).

Figure 3.8 also shows that the simulated TY is slightly slower (farther from land on
7 Nov 2013 at 00UTC) than observed, with the timing of landfall delayed between
approximately 2 and 6 hours in the simulations. Based on data from IBTrACS, Haiyan’'s
translation speed before landfall is approximately 9.48 ms-!, while the mean translation speed
of all the simulations is 9.43 ms-' as shown in Table 3.4. Figure 3.8 also shows that the extent
of the wind field of the simulations using the KI scheme is wider than the ones using the TK
scheme. The KI" scheme simulations have a bigger radial extent, for winds speeds larger than
35 ms' or 80 miles per hour (mph), than the simulations using the TK scheme. The wind field
extent is also bigger in simulations with sf1 and sf2 than in the ones using the default surface
flux option (sf0), with sf1 having a wider and more symmetric radial extent of winds greater
than 50 ms-! or 110 mph. TY Haiyan’s radius of maximum wind was estimated to be between
25-29 km (Shimada et al, 2018). In addition, the radial extent of winds of approximately 15
ms~' (30 mph) is bigger in simulations using the KI' scheme than simulations using the TK
scheme, with radius of maximum wind extending up to ~52 km and ~42 km, respectively.
The TKsnONst0 and TKsnOFI'sfo both have radial extent of winds of 15 ms' (30 mph) that

are closer to what is estimated using the OSCA'T scatterometer data.

3.8.8 Simulated track and intensity from ERA5 EDA ensemble

members

The simulated tracks of TY Haiyan, using the four ERA5 EDA members as initial
and boundary conditions and configurations that are the same as used for the control
simulation, are found to be within the variability of the simulations using the different
parameterizations (Figure 3.9). The average DPE of the ensemble mean is 86 km compared
to the average DPE of the simulations using different parameterizations which is 78 km with
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arange from 7 km to 250 km throughout the whole simulation period. There is no significant

difference between the mean DPE of the simulations using the different ensemble members

and the simulations using the different parameterization schemes (p-value = 0.464).
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Figure 3.8. Surface winds (mph) (a) from the OSCAT radar scatterometer on the
Indian Space Research Organization's OceanSAT-2 satellite at 0130UTC 7
November 2013 and (b-e) for each of the experiments at 00 UTC 7 November

2013. Source of Figure 8a: https://www.jpl.nasa.gov/images/super-typhoon-haiyan last
access: 10/03/2021. Use is covered by https://www.jpl.nasa.gov/jpl-image-use-policy

last access: 12/12/2021.
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Figure 3.9. Simulated tracks of the four randomly selected EDA Ensemble
Members (green) compared with IBTRaCS and the sensitivity experiments
classified according to experiment groups: Kain-Fristch (KF) convection
scheme; TK (TK) convection scheme; with spectral nudging (snON); w nudging
(snOFF); surface flux option 0 (sf0); option 1(sf1); and option 2 (sf2).

The spread in the mean bias of the simulated intensities (MSLP and maximum
winds) using the ensemble members as boundary conditions is similar to or within the spread
of the correlation between the experiments with the different parameterization schemes and
spectral nudging option (Figure 3.10). Judging from the spread of the simulated intensities
found in the boundary condition experiments, the use of different ensemble members has
relatively less effect on the simulated intensities as compared to the sensitivity to cumulus and

surface flux parameterizations.
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Figure 3.10. Mean biases for (a) minimum sea level preesure in hPa and (b)
maximum winds in ms-1 for each group of simulations: cumulus schemes KF and
TK (blue bars), surface flux options (sfo, sf1, sf2) (light blue bars), spectral
nudging ON and OFF (gray bars), and mean of the different experiments using
four randomly selected EDA ensemble members (ENS) (red bars) as initial and
boundary conditions.

3.3.4 Simulated rainfall

The simulated rainfall in WRF is represented implicitly to demonstrate the effects
of sub-grid-scale processes through the cumulus scheme and explicitly through the
microphysics scheme. In this study, we used the combination of both implicit and explicit
precipitation as the total rainfall. The spatial distribution of rainfall (mm) from 00 UTC on 7
November 2013 to 18 UTC on 8 November 2013 from the different experiments without
spectral nudging is presented in Figure 3.11. These results show a discernible difference
between the spatial distribution and magnitude of the simulated rainfall, which indicates high
sensitivity to the cumulus schemes. The accumulated 6-hourly rainfall was generally larger
in magnitude and spatial extent for the simulations using the KI' scheme (Figure 3.11 b-d)
than those that used TK scheme (Figure 3.11 e-g). There is not much difference in the
magnitude and distribution of rain among the different surface flux options.

It is also important to note the delay in the rainfall at landfall, primarily due to the
relatively slower movement of the simulated TCs. The extent of the distribution of rainfall
outside of Haiyan’s inner rain bands was also not captured well by the simulations when
compared with the satellite-derived GPM rainfall (Figure 3.11a). In comparison with the

GPM rainfall, the distribution of the simulated high rainfall using the KI* scheme shows more
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similar patterns unlike with the TK scheme. The areas of high rainfall appear to be similar in
the simulations using different flux options but different in simulations using the KF and TK
scheme. The simulations using the KIF scheme also seem to capture the outer rainbands of TY
Haiyan but extending further southeast compared to the GPM rainfall. Previous studies have
also indicated the sensitivity of TC-associated rainfall to diftferent physics parameterizations
in WRF. Satya et al. (2019) and Duc et al. (2019) found that KI better predicts rainfall than
TR, but both generally perform poorly in simulating rainfall, and WRI" TC-associated rain is

underestimated (Bagtasa 2021).
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T

3-11-08 06:00:00 time = 2013-11-08 12:00:00 time = 2013-11-08 18:00:00
T sk

(b)

KFsnOFFSN0 8

(c)

Krsa0FFsr (8

(d)

KFsnOFFsr2 8

(e)

TKsnOFF st

(f)

THnOFFsf1

(9)

TReROFFSr2

Figure 3.11. Spatial patterns of rainfall (in mm) every 6-hours from 00 UTC 7
Nov 2013 to 18 UTC 8 Nov 2013 (a) GPM, and the different simulations without
nudging using (b,c,d) KF with sfo, s1,sf2 respectively, and (e,f,g) TK with sfo,
sf1, sf2 respectively.
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3.3.5 Environmental factors

This section discusses the environmental variables to explain the differences
between the simulations using the KIF and TK schemes. KFsnOFFst1 and TKsnOFFsf1 were
used in this section to represent the experiments with KI* and TK runs, primarily for improved
readability, but, more importantly, similar results were found in the average of the
experiments using the KIF and TK cumulus convection scheme. Based on previous similar
studies (Parker et al. 2017; Torn and Davis 2012) and as shown in Figure 3.12, the KIF scheme
results in a warm temperature bias (at 700hPa). In particular, the TK scheme produces cooler
temperatures, and the KF scheme simulates up to approximately 1.5 to 2°C warmer
temperatures relative to ERA5, while the ones using the TK scheme have a colder bias at
700hPa (Figure 3.12), which is consistent with previous studies (Parker et al 2017 and
Shepherd and Walsh 2016). On the other hand, the KI' scheme is likely to simulate the deep
convective mass flux, which allows for an increase in intensification rates (Zhu and Smith

2002, Emanuel 1989 as cited by Torn and Davis 2012).
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Figure 3.12. The difference of the simulated temperature (in degree Celsius) at
700hPa (shaded contours) and deep vertical wind shear (contour lines) averaged
over the entire period of the simulation with (a) KF (corresponding to
kfsnoffsf1) and (b) TK (corresponding to tksnoffsf1) temperature and winds
from ERA5. The 6-hourly WRF output was interpolated to the coarser 6-hourly
ERAS5 grid using First-order Conservative Remapping through CDO remapcon
function. CDO code available at https://code.mpimet.mpg.de/projects/cdo/
last access: 13/10/2021.
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Figure 3.12 also displays the simulated deep layer vertical wind shear (contour),

which is defined as:

Vertical Wind Shear = ,/(u200 — u850)2 + (v200 — v850)2, (3.2)

where u, v are the zonal and meridional wind components, respectively, at 200 and 850 hPa,
computed from time-averaged vertical wind shear calculated from u and v winds at 200 and
850 hPa at each grid point. The simulated vertical wind shear is weaker along the track of TY
Haiyan for both simulations using KI and TK, but the simulation using KI" has a bigger area
with weaker shear. It is likely that the more homogeneous temperature field in KF resulted in
less vertical wind shear, while the simulation using the TK scheme led to a more
heterogeneous temperature increasing the vertical shear. A previous study by Floors et al
(2011) showed that the temperature difterences through the atmospheric profile lead to
geostrophic wind shear in WRI simulations. With the weaker vertical shear, the intensity is
higher in the simulation using KI than the simulation using the TK scheme. Weaker vertical
shear has been found to be favorable in maintaining TC development and intensity (Shen et
al., 2019).

To further investigate the difference in the track between KI' and TK simulation
runs, we analyzed the 500-mbar geopotential height. The 5800 m geopotential height contour
at 500 mbar is used to depict the Western North Pacific Subtropical High (WNPSH) (Xue
and Fan 2016). With the ridge location at 20°E, the WNPSH extends to the north of the
South China Sea (Shen et al., 2019). It has been found that the westward extent and location
of the subtropical high ridge directly affect TC tracks in the WNP basin that impact the
Philippines (Bagtasa 2020). In the simulation using the KI' scheme, the subtropical high is
weaker and is substantially in a more northward position compared to the simulation using
the TK scheme (Figure 3.13), which likely causes the tracks of the simulations using the KI*
scheme to drift northward, while the simulations using the TK scheme are much closer to the
observed. According to Sun et al. (2015), deep convection in mass flux schemes, such as KF,

produces large amounts of anvil clouds that warm the upper troposphere and cause latent
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heating south of the WNPSH that leads to the weakening of the WNPSH and the movement
of the TCs northward. Villafuerte et al. (2021) further added that the use of cumulus schemes
results in a weaker subtropical high resulting in shifts in the northward re-curvature of TC

tracks.

Geopotential@500hPa,m and winds@700hPa, m/s
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Figure 3.13. Geopotential height at 500hPa in geopotential meters shaded
contour lines and winds (streamlines) at 700hPa averaged over the entire period
of the simulation with (a) KF (corresponding to kfsnoffsf1) and (b) TK
(corresponding to tksnoffsf1). The 6-hourly WRF output was interpolated to
the coarser 6-hourly ERA5 grid using First-order Conservative Remapping
through  CDO  remapcon function. CDO  code  available at
https://code.mpimet.mpg.de/projects/cdo/ last access: 13/10/2021

The TK scheme also produced relatively drier storm environments along the TC
path compared to the simulation using the KI* scheme and as a result, less convection, which
translates into weaker intensity (lower wind speeds), whereas simulations using the KI
scheme are ~15% higher relative to the simulation using TK. The TK scheme has relatively
drier bias with respect to ERAS5 along the TC track (Figure 3.14). According to Villafuerte et
al. (2021), the TK scheme underestimates mid-tropospheric relative humidity, providing a
drier environment, thereby constraining deep convection and inhibiting TC development.
Furthermore, Shen et al. (2019) demonstrated that the drier lower troposphere enhances

downdrafts and inhibits convection, resulting in weaker intensities and less rain. When
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comparing the distribution of mid-tropospheric relative humidity as shown in Figure 3.14, KIF
shows a higher relative humidity along the track of Haiyan, which indicates that the KI
scheme produces more convection and generates significant rainfall associated with the
system, as compared to the weaker convective organization (hence less rainfall) of the

simulations using the TK scheme.
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Figure 3.14. The difference of the simulated Mid-tropospheric (700-500hPa)
Relative Humidity averaged over the entire period of the simulation with (a) KF
(corresponding to kfsnoffsf1) and (b) TK (corresponding to tksnoffsf1) from
ERA5. The 6-hourly WRF output was interpolated to the coarser 6-hourly
ERAS5 grid using First-order Conservative Remapping through CDO remapcon
function. CDO code available at https://code.mpimet.mpg.de/projects/cdo/
last access: 13/10/2021.

3.4. Conclusion

Typhoon Haiyan (2013) was one of the most intense and destructive TCs ever to hit
the Philippines. As climate models project more intense storms will occur more frequently in
the future due to climate change (e.g., Typhoon Haiyan), it is important to improve their
representation in high-resolution models. This will help improve understanding of TCs under
climate change and improve confidence in model projections, and, more importantly, for risk
and impact assessments. The intensity of TY Haiyan proved difficult to simulate using the
Weather Research and Forecasting Model at 5 km domain configuration as with other
previous studies. This study was able to assess the sensitivities to different parameterizations
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in WREF that can be useful in future simulations of T'C cases under future climate conditions.
Despite the failure to simulate Haiyan’s rapid intensification phase, the simulations were still
able to capture the tracks and intensity reasonably well. Based on the results, there seems to
be a trade-off between utilizing KI' and TK cumulus schemes that has not been previously
discussed in previous studies of TCs in the Philippines.

The simulated intensity of TY Haiyan is most sensitive to changes in the cumulus
scheme and surface flux options; on the other hand, simulated track is most sensitive to
cumulus scheme and spectral nudging. However, the TK cumulus scheme produces better
track and the KI® scheme produces better intensity. There is a statistically significant
difference in the simulated tracks and intensities between the use of the two cumulus schemes.
The TK scheme simulates the track better, while the KIF scheme produces higher intensities,
with the KF scheme simulating a mean bias of 16 hPa and 2 ms and the TK scheme with a
mean bias of 31 hPa and -6 ms!, respectively. The KI scheme has larger DPEs (mean DPE
of 55 £ 7 km compared to mean DPE of 47 £ 5 km for TK scheme) due to a more-northward-
steering flow. On the other hand, simulations using the TK scheme had weaker wind and
higher MSLP due to the suppression of deep convection by active shallow convection.
Simulated rainfall is also sensitive to the cumulus schemes, with simulations using TK having
less and smaller rainfall extent than simulations using the KI' cumulus convection scheme.

The results also show the simulated tracks are sensitive to spectral nudging, which
results in a reduction in the mean DPE by 20 km. The intensity varies as well with different
surface flux options. With surface flux option 1, the momentum roughness length is expressed
using a combination of two roughness length formulas (Green and Zhang, 2013), in which the
first is Charnock (1955) plus a constant viscous term and the second is the exponential
expression from Davis et al. (2008) with a viscous term (as cited by Kueh et al., 2019). Surface
flux option 1 simulates better intensities than the other two options (default surface flux
option and surface flux option 2). The use of boundary conditions from different ensemble
members also resulted in variations in the simulated tracks and intensities but still within the
range of variability of the different parameterization experiments. The use of the KI

convective scheme and a more reasonable surface flux option (sf1) can help improve the
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simulated intensity, while the use of the TK convective scheme and application of spectral
nudging can improve the track simulation.

This study is part of an ongoing effort to investigate the effect of future climate on
the intensity and track of selected destructive TC case studies in the Philippines such as
Haiyan using a regional climate model. The resulting sensitivities to the cumulus schemes
will be an important consideration in simulating the TC case studies with climate change
torcing. Our findings further stress the need for choosing the appropriate cumulus schemes
and surface flux parameterization given its impacts on different TC characteristics, e.g., the
KT scheme and surface flux option 1 for simulating better intensities of extreme TCs such as
Haiyan, besides higher grid resolutions as noted in previous studies (Kueh et al., 2019, Li et
al., 2018). The results presented here can also be used in further improving the value of
downscaling for simulating intense TCs like Haiyan. These and future results will be useful
in addressing the growing need to plan and prepare for, and reduce the impacts of future TCs
in the Philippines. As shown in this study, there are uncertainties associated with the use of
cumulus parameterizations schemes, spectral nudging and surface flux parameterizations. To
cover these uncertainties, the use of ensemble simulations can be applied. For PAGASA’s
operational applications, an ensemble of cumulus parameterizations can be used to take into
account the uncertainty in the track and intensity of simulated intense TCs. The use of
reasonable flux formulas i.e., surface flux option 1 could also help improve TC intensity
simulations. When possible, particularly in hindcast simulations, it is also recommended that
two reanalysis-driven evaluation simulations i.e., with and without spectral nudging be done.
This study can facilitate research on regional climate modeling to improve simulations of
intense TCs like Haiyan.

Furthermore, it is important to study LAMSs with a model resolution less than 5 km
that can be extremely useful in simulating T'Cs and associated rain. Li et al. (2018) suggested
that a 2-km convection-permitting resolution is needed to reproduce intense TCs such as
Haiyan. Other model parameterizations such as cloud microphysics and the planetary

boundary layer, and ocean coupling may help further improve the intensity simulations of
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extreme TC such as Haiyan but are beyond the scope of this paper. Simulations using a higher-
resolution convection-permitting model are needed. Additional simulations and further

investigations on these aspects, as well as for other similar TCs, will be useful.
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3.5 Supplementary Materials

The overall approach of this study is to have a common domain for multiple TC
cases in this region (other TC cases not included in this paper, but are the focus of a follow-
on paper, about to be submitted) to understand and have a more general set of conclusions on
the response of TCs to future warming. Initial simulations have been done to check model
performance using different domain configurations and horizontal resolution i.e., (a) single
domain (at 12km horizontal resolution); (b) two domains (at 12 and 4km horizontal
resolution); (c) same as (b) but with bigger inner domain; (d) three domains (12, 4 and 1.8km
horizontal resolution); and (e) two domains (25,5km) horizontal resolution. Domain
configuration (e) was used for the sensitivity experiments which simulated the lowest
minimum sea level pressure and maximum winds, and in consideration of computing resources

and other TC cases that were simulated in the project.

Supplementary Figure 3.1. Different domain set-up (a-e) for experiments
looking at different domain configurations for Typhoon Haiyan with the
corresponding simulated minimum sea level pressure (f) and maximum winds
(g) for each domain set-up.
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Supplementary Figure 3.2. corresponding simulated minimum sea level pressure
(f) and maximum winds (g) for the different domain set-ups as shown in
Supplementary Figure 1.

We also conducted several sensitivity experiments on different domain
configurations and specific experiments with adjusted southern boundaries were also
conducted (but for a different TC case that tracked further south) and it was found that the

current domain configuration was optimal in terms of simulated tracks and intensity.
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1085 1207 135 150 185 s 120

(a)Old domain (same domain used for Haiyan experiments)  (b) New Domain 1: D01 and DO2 adjusted 5deg south (¢) New Domain 2: D02 adjusted ~3deg south

Supplementary Figure 3.3. Different domain set-up (al, a2, a3), corresponding
simulated tracks (b1,b2,b3), simulated minimum sea level pressure (c) and
maximum winds (d) for experiments looking at the impacts of the southern
boundary for a TC case (Washi, December 2011) that tracked south of Haiyan.
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Supplementary Figure 3.4. Corresponding simulated tracks (b1,b2,b3) for
experiments looking at the impacts of the southern boundary for a TC case
(Washi, December 2011, as shown in Supplementary Figure 3) that tracked
south of Haiyan.
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Supplementary Figure 3.5. Simulated minimum sea level pressure (a) and
maximum winds (b) for experiments looking at the impacts of the southern
boundary for a TC case (Washi, December 2011, as shown in Supplementary
Figure 3) that tracked south of Haiyan
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Experiments with different lead times have been conducted prior to the selection of
04 Nov 00 UTC as the initial time (longer lead-time). Other experiments include 04 Nov 06,
12,18 UTC; 05 Nov 00, 12 UTC; 06 Nov 00, 12 UTGC; and results of these experiments showed
that this chosen initial time with longer lead-time is able to simulate the observed track and

intensity better than later times.
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Supplementary Figure 3.6. Time series of (a) minimum sea level pressure in hPa
and (b) maximum winds in ms-1 for the sensitivity experiments with different
initial times, including the simulated tracks (c) for the experiments initialized
at 04 Nov 00UTC, 05 Nov 00UTC, 06 Nov 00UTC, and 07 Nov 00UTC.
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Supplementary Figure 3.7. Time series of (a) minimum sea level pressure in hPa
and (b) maximum winds in ms-1 for the sensitivity experiments with different
initial times, including the simulated tracks (c) for the experiments initialized
at 04 Nov 00UTC, 05 Nov 00UTC, 06 Nov 00UTC, and 07 Nov 00UTC.
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There is no difference in the simulated intensity (MSLP = 1005hPa; max winds =
17 m s'm s-1) at t=0 (04 Nov 00 UTC) for both mother/outer domain (D01) and child/inner

domain (Do02) for all sensitivity experiments and small differences up to t=12.
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Supplementary Figure 3.8. Time series of simulated 6-hourly (a) minimum sea
level pressure in hPa and (b) maximum winds in ms-1 for the sensitivity
experiments from 04 Nov 00 UTC (t=0) to 11 Nov 18 UTC (t=186) from the
mother/outer domain (D01) and child/inner domain (D02) for all sensitivity
experiments.
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Supplementary Figure 3.9. Spatial patterns of rainfall (in mm) every 6-hours
from 00 UTC 7 Nov 2013 to 18 UTC 8 Nov 2013 (a) GPM, and the different
simulations WITH nudging using (b,c,d) KF with sfo, s1,sf2 respectively, and
(e,f,g) TK with sfo, sf1, sf2 respectively. The GPM data (a) were accessed and
downloaded from NASA’s Goddard Earth Sciences Data and Information
Services Center (GES DISC) at https://disc.gsfc.nasa.gov/datasets/.
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Supplementary Figure 3.10. The average difference of the simulated
temperature (in degree Celsius) at 700hPa (contour) and deep vertical wind
shear averaged over the entire period of the simulation with (a) KF and (b) TK
temperature and winds from ERA5. The 6-hourly WRF output was interpolated
to the coarser 6-hourly ERA5 grid using First-order Conservative Remapping
through  CDO  remapcon function. CDO  code  available at
https://code.mpimet.mpg.de/projects/cdo/
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Supplementary Figure 3.11. Average Geopotential height at 500hPa in
geopotential meters (shaded contour lines) and winds (streamlines) at 700hPa
averaged over the entire period of the simulation with (a) KF and (b) TK. The
6-hourly WRF output was interpolated to the coarser 6-hourly ERA5 grid using
First-order Conservative Remapping through CDO remapcon function. CDO
code available at https://code.mpimet.mpg.de/projects/cdo/
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Supplementary Figure 3.12. The average difference of the simulated Mid-
tropospheric (700-500hPa) Relative Humidity averaged over the entire period
of the simulation with (a) KF and (b) TK from ERA5. The 6-hourly WRF output
was interpolated to the coarser 6-hourly ERA5 grid using First-order
Conservative Remapping through CDO remapcon function. CDO code available
at https://code.mpimet.mpg.de/projects/cdo/

We also performed a few sensitivity tests on the different coupling options available in WRI
— (1) adding diurnal cycle to the sea surface temperature (SST) in response to surface winds
and changes in radiative fluxes (Zeng and Beljaars 2005); (2) one-dimensional ocean mixed
layer model by imposing a depth of mixing and lapse rate (based on Davis et al., 2008) wherein
an initial mixed-layer depth was set to 50m and the temperature lapse rate below the mixed
layer to -0.14 °C m-1; and (8) a three-dimensional ocean initialization which comprises the
Price-Weller— Pinkel (3SDPWP) model (as used in Greeshma et al., 2019) used to simulate the
upper ocean current and temperature to represent the ocean response to a moving TC. The
simulations for the third option were discontinued due to the very high computational cost.
There were no significant differences in the track and intensity (Supplementary Figure 13) of
the simulated TC among the first two options, but the simulations with OML1D reached a
higher peak intensity (maximum wind speed, Supplementary Figure 13.3c) than those of the

ones without.
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Supplementary Figure 3.13. The (a) simulated tracks, (b) minimum sea level
pressure, and (c) maximum wind speeds for the different experiments using no
SST update (SST0), with SST update (SST1) and the one-dimensional ocean
mixed layer (OML1D) for Typhoon Haiyan.
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Chapter 4

TCs under i1dealized sea surface and
atmospheric warming scenarios

This chapter is currently under review in the Quarterly Journal of the Royal

Meteorological Society with the following title and citation:
Delfino, R.J.P., Hodges, K, Vidale, P.L., and Bagtasa, G. (2022). Sensitivity of tropical

cyclone simulations to sea surface and atmospheric temperature forcing: cases from the

Philippines. Under review in Quarterly Journal of the Royal Meteorological Society.
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Abstract

Three of the most damaging tropical cyclones (T'Cs) in the Philippines: Typhoons
Haiyan (20138), Bopha (2012) and Mangkhut (2018) occurred at the same time as higher than
normal sea surface temperatures (SSTs) were observed in the region. As the climate warms,
SSTs are projected to increase, along with changes in atmospheric and oceanic variables,
which will have an impact on TCs. A set of simulations were performed with the Weather
Research and Forecasting model to investigate the response of TCs to increased and decreased
SSTs. Experiments were carried out using ERA5 reanalysis data as initial and boundary
conditions, with ERA5 SST's used in the control experiment as is then with imposed uniform
SST anomaly between +4, +2, +1 to -1, -2, -4 °C; and monthly mean SST delta from one
CMIP6 model. Further experiments for Haiyan (2013) were performed to mimic the
maintenance of atmospheric vertical stability by imposing uniform profile changes. Changes
in SSTs resulted in changes in TC track, and an increase (decrease) in SSTs resulted in an
increase (decrease) in TC intensity and rainfall. The positive SST simulations have a general
tendency for the TCs to move northwards, and also resulted in substantial increases in
maximum wind speeds reaching up to a diftference in the SST+4 experiment relative to the
control of 10, 13, 28 m s'm s-1for Typhoons Haiyan, Bopha and Mangkhut, respectively.
Atmospheric warming, on the other hand, offsets the intensification due to only increasing
SSTs and has a weakening influence on Typhoon Haiyan. Analysis of the accumulated rainfall
and rainfall rates also showed that as SST increases (decreases), the amount of rainfall also
increases (decreases). Warmer SSTs also resulted in slower moving TCs and increased TC
size. These changes in the TC characteristics also led to changes in the associated cyclone

damage potential of the three TC cases.
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4.1 Introduction

Tropical cyclones (TCs) are the most destructive among extreme weather events in
the Philippines. The country receives an average of nine landfalling and an annual total of 19-
20 TCs enter the Philippine Area of Responsibility (PAR) which is bounded by the
coordinates: 5°N 115°E, 15°N 115°E, 21°N 120°E, 25°N 120°E, 25°N 135°E and 5°N 135°E
(Cinco et al. 2016). These bring intense winds, extreme precipitation, and storm surges that
affect a large portion of the Philippine population (Bagtasa, 2017; Lyon and Camargo, 2009).
On average, the annual financial cost due to TCs amounts to about USD 20 billion in damages,
the estimated affected population is about 5 million people (Brucal et al., 2020) and an annual
average death toll of 885 (Yonson et al, 2016). In addition, the Philippines is one of the
countries that are most at risk from climate change where the TC associated impacts are
expected to increase with a warming climate (Scoccimarro et al. 2016). Recent research on the
effects of climate change on TCs at the global and basin level project an increase in the number
of intense TCs (Knutson et al., 2019, Walsh et al., 2019, Christensen et al., 2013, Ying et al.,
2012). The same changes are projected to occur in the Philippines region (Gallo et al., 2019).
Therefore, since the country is often frequented and affected by TCs, an improved
understanding of how TCs in the Philippines might change in the future is important
(Villafuerte et al., 2021).

Many past studies have highlighted the importance of Sea Surface Temperature
(SST) in the development and intensification of TCs (Emanuel 1986, Holland 1997).
According to Emanuel (1999), warm SSTs lead to an increase in atmospheric water vapour
content due to the increase in surface fluxes of sensible and latent heat from the oceans, which
are important in the formation and strengthening of TCs. The maximum intensity of a TC
generally increases as the SST increases, given that the other environmental conditions e.g.,
vertical wind shear that may be detrimental to TC intensification are held constant (Emanuel
1995, Holland 1997). Palmen (1948) was the first to document that TCs only occur over

oceans warmer than a critical temperature threshold between 26 °—27 ° C, and subsequently,
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Gray (1968) suggested the values of 26 ° and 26.5 °© C as a threshold SST value for TC
tormation. Dare and McBride (2011) later found that the majority of TCs occur at SST's with
values above 26.5 ° C based on observations from 1981 to 2008 and Deforge and Merlis (2017)
found that the SST threshold is dependent on the TC basin. Even though temperatures that
are associated with high SSTs enhance TC intensity (Emanuel 1986), concurrent thermal
diffusion in the mixed layer of the ocean and upwelling caused by the strong winds near the
surface contribute to lowering SST and suppressing TC intensification (Kanada et al. 2021).

Knutson and Tuleya (2004) further argued that warmer SSTs associated with
unstable atmospheric conditions in a high carbon dioxide (CO2) environment intensifies TCs
and enhances TC-associated rainfall. On the other hand, some studies have shown that warm
SSTs associated with strong wind shear and more stable atmospheric conditions have a
negative effect on TC intensification (Hill and Lackmann, 2011). Despite the significant role
SSTs play in the development and intensification of TCs, Emanuel (2007) suggested that
importance must be placed on surface fluxes and wind speed as the drivers of energy of the
TCs rather than just SSTs. This is particularly important in understanding how TCs might
change in a warmer world, particularly the influence of warmer SST's on tropical cyclone
characteristics.

Past and future changes in TC activity are often studied using General Circulation
Models (GCMs). But given the high computational cost required to run high resolution
GCMs to resolve important TC processes (Walsh et al., 2015), various strategies have been
used to investigate potential changes in TCs in the future. One such strategy is the use of
Limited Area Models (LAMs) by selecting TCs from long climate model simulations and re-
simulating them in higher resolution numerical weather prediction models to capture better
intensities (Bender et al., 2010; Knutson, 1998); or using LAMs with large domains forced at
their boundaries by large scale environmental conditions from GCMs or forced with idealized
large scale environment (e.g., with fixed SSTs) (Hill and Lackmann, 2011; Knutson and
Tuleya, 2004). Schir et al. (1996) used surrogate climate change scenarios for experiments

with a limited-area climate model. In their first experimental setup, a control simulation of
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the current climate is performed by driving the model at its lateral boundaries with the
observed weather patterns. In their second experimental setup, a sensitivity experiment is
carried out using the initial and boundary fields of the first setup that have been modified by
a 2K uniform temperature increase. The relative humidity boundary condition is left
unchanged, resulting in a domain-averaged 15% increase in atmospheric moisture content.
Idealized SST experiments for TC cases have been conducted before in other ocean
basins e.g., for Typhoon Yasi in Australia (Lavender et al., 2018); for Hurricane Catarina in
the South Atlantic (Radu et al,, 2014) and Hurricane Katrina in the US (Kilic and Raible, 2013);
tor Hurricanes Ivan and Katrina (Trenberth et al., 2017); and for Typhoon Man-yi in Japan
(Hegde et al., 2016). These idealized SST experiments were performed in order to gain a better
understanding of the influence of SSTs (all other variables held the same) on TC
characteristics. This will provide insights as to how we might expect TCs to behave in a
warmer climate. There is, however, an important caveat in this initial analysis that needs to
be pointed out. Changing the SST without changing the other surface and atmospheric
variables will result in imbalances in the surface energy and atmospheric dynamical balance
which will have an impact on the TC simulations (Nakamura et al., 2017; Lavender et al., 2018).
Lavender et al. (2018) found that warmer SST's, without changes in atmospheric temperature,
had little influence on the track of Typhoon Yasi but had significant influence on intensity,
rainfall, integrated kinetic energy, and TC-associated storm surge (i.e., increased (decreased)
SSTs led to enhanced (reduced) intensity). Increased SST's also resulted in increased rainfall,
and height and inundation of associated storm surge. Radu et a/. (2014) conducted simulations
of Hurricane Catarina and found a linear relationship between TC size and surface latent heat
flux as SST's (and atmospheric temperature) are increased. Kilic and Raible (20138) also found
a linear relationship between SST and TC intensity based on SST sensitivity experiments of
hurricane Katrina. Experiments with imposed uniform SST increase with fixed carbon
dioxide have also been conducted (Held and Zhao 2011, Yoshimura and Sugi, 2005, Roberts
et al., 2013, Villarini et al., 2014). In both Held and Zhao (2011) and in Yoshimura and Sugi

2005), the global TC frequency decreased by 6-10% due to warming. Held and Zhao (2011
g q y y g
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attribute these reductions to a reduction in deep convection diagnosed using the omega
(vertical velocity) value at 500 hPa. Yoshimura and Sugi (2005) also revealed a slight increase
in the intensity of the strongest storms.

As with previous TC sensitivity to SSTs mentioned above, this is a highly idealised
approach to examining the sensitivity to SST changes and there are several limitations.
According to Emanuel and Sobel (2013), changing the SST without changing the surface and
atmospheric variables will result in surface energy imbalances, particularly creating stronger
latent heat fluxes at the surface. The stability of the lower atmosphere, for example, will have
changed, affecting the development of convection and, ultimately, the intensification of the
TC and its associated rainfall. As a result, the observed changes in TC characteristics may not
be realistic (Lavender et al,, 2018).

Another aspect is that experiments of this type, and as used in the present study, is
that processes that are important on longer time scales (e.g., seasonal variabilities) (Gutmann
et al., 2018) and sensitivity to changing greenhouse gas concentrations (Mallard et al,, 2013)
are not considered. In this paper both SST only and SST with atmospheric temperature
(ATM) changes are considered. Another important process that is missing from most previous
studies is atmosphere—ocean coupling, which doesn't capture the induced cold wake of SST
during the passage of a TC and could provide negative feedback on the TC's intensity
(Lavender et al.,, 2018; Patricola and Wehner 2018).

As the climate changes and with the Philippines being highly exposed to TCs,
studies looking at the sensitivities of TCs to surface and atmospheric warming are important.
With the uncertainties in the accuracy of observed SSTs (Goddard et al., 2009) and SST biases
in GCMs (Mejia et al., 2018), it is possible that understanding the sensitivity of TCs to SST's
and ATM could assist in reducing uncertainty associated with changes in TC in a warming
world. The fact that Typhoons Haiyan, Mangkhut and Bopha occurred in above average SST's
makes it important to understand how these TCs might have been and will be affected by
warmer SSTs. This may also provide additional insights as to how the damage potential of

such TCs may change in a warmer climate. While Comiso et al. (2015) looked at the response
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of Typhoon Haiyan in the Philippines to above normal SSTs, no other studies of this type
have focused on the response of TCs to prescribed increasing or decreasing SST's in the
Philippines, as considered here. To also add a new dimension to the existing literature, the
study reported here focusses on different intensity categories, month of occurrence, and
landfall in the selection of TC cases.

This chapter attempts to answer the following questions:

*  What is the response of TCs to imposed uniform changes in SST's?

*  What are the factors controlling the TC track and intensity changes in SST

sensitivity experiments?
* Can we apply these insights to possible changes in TCs due to future climate

change?

These questions were addressed by performing simulations with Weather Research
and Forecasting (WRF) model for three of the most damaging TCs that affected the
Philippines. The chapter continues with a description of the methodology. Chapter 4.3
provides the results of the sensitivity experiments followed by the discussion on changes in
Cyclone Damage Potential in Chapter 4.4, and finally, Chapter 4.5 provides a summary of the

findings and recommendations for future work.

4.2 Methods and Data

4.2.1 Case Studies: Briet Description

The three most damaging (in terms of economic damage) TCs to have affected the
Philippines in the 1970-2020 period (Lara 2020) — were Typhoon Haiyan (2013), Typhoon
Bopha (2012) and Typhoon Mangkhut (2018), briefly described in Table 4.1. Typhoons
Haiyan and Bopha are also in the top five deadliest TCs in recorded history. The TC cases
were also selected to represent the three main regions of landfall (Figure 4.1) — Luzon

(Mangkhut), Visayas (Haiyan), and Mindanao (Bopha).
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Table 4.1 Brief Description of the TC Cases.

TC case Simulation | Minimu | Landfall | Domain maximum | Cost of
study Period m Region SST from ERA5 at | Damage*
Internation pressure | (Latitude | initialization *k
al (local) of (global mean obs
name and formation | monthly SST
year ) anomaly* & ENSO
conditions**)

Haiyan 04 Nov 895 hPa | Visayas 30.5 °C (0.58, P95.5 B/
(Yolanda) ooUTC -12 (5.8 deg Neutral) $2.2B
2013 Nov N)

ooUTC
Bopha 02 Dec 930 hPa | Mindanao | 28 °C (0.47, mod P43.2B/$
(Pablo) 2012 | 00UTC — (8.4 deg LN) 1.06B

10 Dec N)

ooUTC
Mangkhut 10 Sep 905 hPa | Northern 30.6 °C (0.69, weak P33.9B/$
(Ompong) ooUTC — Luzon EN) 627M
2018 17 Sep (11.8 deg

ooUTC N)

Legend: *global mean observed monthly SST anomaly (Source: NOAA); ** ENSO conditions
(LN: La Nina; EN: El Nino) (Source: CPC) and *** estimated cost of damage in agriculture
and infrastructure (Source: NDRRMC)

4.2.1.1 Typhoon Haiyan

Typhoon Haiyan originated from an area of low pressure near the Federated States
of Micronesia (157.2°E, 5.8°N) on November 2, 2013, and moved westward forming into a
tropical storm on November 2, 2013. It then rapidly intensified into a typhoon on November
5 at 142.9°E, 6.9°N and was classified as a category-5 equivalent super typhoon by the Joint
Typhoon Warning Center (JTWC) and was classified as a typhoon, the highest category in
the classification system at the time, by PAGASA. It further intensified and reached its peak
intensity of 87 m s' m s-1(1-min-averaged-wind from JTWC) or 85 m s' m s-1(10-min-
averaged-wind from Japan Meteorological Agency, JMA) before making landfall on
November 7. 2013 at 2040 UTC. It traversed the central section of the Philippines and started
to slowly weaken to a tropical depression on November 11, 2013 (JMA, 2013). Typhoon
Haiyan claimed the lives of more than 6,300 people, mostly due to the associated storm surge
and coastal inundation. It is estimated to have caused between USD 5-15 billion worth of
direct damage to agriculture and infrastructure (Brucal et al., 2020) and affected more than 16

million people (NDRRMC, 2014). Typhoon Haiyan formed in an environment with
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anomalously high SSTs (peaking at 30.1°C in November 2013), , 0.8°C higher than average
SST for November in the warm pool region), which was considered the highest observed

during the period between 1981 to 2014 in the Warm Pool Region (Comiso et al., 2015).
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Figure 4.1 Observed tracks of the tropical cyclone case studies: (a) Haiyan (November
2013), (b) Bopha (December 2012), and (c) Mangkhut (September 2018), Source: JMA,
2013, 2012, 2018

4.2.1.2 Typhoon Bopha

Bopha (locally known as Pablo in the Philippines) formed as a Tropical Depression
on November 24, 2012 1800 UTC southwest of Pohnpei Island and was upgraded to tropical
storm on the same day as it moved northwestward. It was then upgraded to typhoon intensity
on November 30, 2012 1200 UTC and reached its peak intensity on 8 December 1200 UTC
just east of Mindanao. It reached a minimum central pressure of 930 hPa and maximum
sustained winds of 51 m s-'m s-lat its peak intensity (JMA, 2012). It made landfall over
Baganga, Mindanao on December 3, 2012 at 2100 UTC (PAGASA, 2012). It traversed over
Mindanao, was downgraded to severe tropical storm intensity over the West Philippine Sea
on 6 December at 18 UTC. It re-intensified and was upgraded to typhoon intensity six hours
later before turning northeastward over the sea west of Luzon. Bopha rapidly weakened late
on December 8, 2012 and remained almost stationary over the same waters. It gradually
weakened and dissipated on December 9, 2012 (JMA, 2012). The heavy rainfall brought by
Typhoon Bopha caused destructive floods and landslides that killed 1,248 people in Mindanao
and caused an estimated USD 1.06 billion worth of damages in agriculture and infrastructure

(NDRRMC, 2012). The global monthly mean SST in December 2012 was 0.47°C higher than
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the normal December mean SST and Bopha formed in a region of higher-than-normal SST

(NOAA, 2012).

4.2.1.3 Typhoon Mangkhut

Typhoon Mangkhut (locally known in the Philippines as Ompong) formed around
the Marshall Islands on September 6, 2018. From a tropical depression, it was updated to
tropical storm on September 7, 2018 at 1200 UTC and then to typhoon intensity on
September 9, 2018 0000 UTC. Typhoon Mangkhut continued to move westward and reached
its maximum peak intensity on September 11, 2018 1200 UTC with a minimum central
pressure of 905 hPa at the center and maximum sustained winds of 56 m s' m s-1(JMA, 2018).
Mangkhut made landfall in the northern region of the Philippines, over Baggao, Cagayan at
1740 UTC on September 15, 2018 as a typhoon. Interaction with the rugged terrain of
Northern Luzon after landfall caused the typhoon to weaken significantly after traversing
Luzon. It left the Luzon landmass on September 15, 2018 and exited Philippines Area of
Responsibility (PAR) on the same day 0400 UTC with an estimated maximum sustained wind
of 40 m s'm s-1and gustiness of up to 46 m s-'m s-1. The typhoon continued northwestward
the next day towards southern China where it made landfall in China’s Guandong Province
in the area west of Macau and Hong Kong (PAGASA, 2018). The global monthly mean SST
in September 2018 was 0.69°C higher than the normal September mean SST and Mangkhut
tormed in a region of higher-than-normal SST (NOAA, 2019), associated with a weak El Nino
event (CPC, 2019). The typhoon caused widespread damage across Northern, Central and
parts of Southern Luzon due to its intense nature and large size (~ 900 km). It affected more
than 700,000 families (or close to 3 million people) with 138 injured and 68 dead. The
estimated direct damage to infrastructure and agriculture was around USD 623 million

(NDRRMC, 2018).
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4.2.2 Data

The European Centre for Medium-Range Weather Forecasts (ECMWE) Re-
analysis 5th Generation (ERA5) is used for both the initial and boundary conditions of our
WRF simulations. It is the latest generation of reanalysis products produced by ECMWI
with horizontal resolution of 81 km, hourly temporal resolution and 137 atmospheric levels
(Hersbach et al., 2020). ERAS5 utilizes the best available observational data from satellites and
in-situ stations, which are quality controlled and assimilated using a state-of-the-art 4-
dimensional data assimilation system (4D-VAR) (Isaksen et al, 2010) and the ECMWI’s
Integrated Forecast System (IF'S) Cycle 41r2. The best-track information used here is taken
from the World Meteorological Organization (WMO) subset of the IBTrACS (IBTrACS-
WMO, v03ro9) (Knapp et al,, 2010) which was taken from the best-track data provided by

the Japan Meteorological Agency (JMA).

4.2.3 Model configuration

Numerical simulations were conducted using the WRF version 3.8.1 (Skamarock ez
al.,, 2008). This is a regional non-hydrostatic atmospheric model developed by the National
Center for Atmospheric Research (NCAR), used for atmospheric research and operational
forecasting, and increasingly for regional climate research (Powers et al., 2017). A suite of
physical parameterization schemes is available in the model to represent un-resolved
processes, including cumulus convection, microphysics, radiative transfer, PBL, and land
surface each of which has a selection of different methods. The Advanced Research WRF
(ARW) solver uses the Arakawa-C grid as the computational grid and the Runge-Kutta 3rd
order time integration schemes (MMML-NCAR, 2019). The model features are described in
more detail in Skamarock et al. (2008).

In this study, the WRF-ARW model has been configured with two nested domains
centered over the point of 18.3° latitude, 135° longitude. The outermost grid has 294 x 159
grid points with 25-km grid spacing, while the innermost domain has 745 x 550 grid points
with 5-km grid spacing, with 44 vertical eta levels and the model top pressure level was set

100



to 50 hPa. A two-way nesting is allowed for the interaction between the outer and inner
domain. Specifically, for the outer domain which is driven at the boundaries by ERAS5, one-
way nesting is used. For the inner domain, which is driven by the coarser domain, two-way
nesting is used. The results shown in this paper are from the inner 5-km domain. This model
resolution was chosen based on previous sensitivity experiments which found that this
resolution can capture the track and intensity of the TC cases well (Delfino et al., 2022) and
in favour of using supercomputing resources for the systematic testing of different
parameterization schemes, and the additional simulations under future climate conditions. See
Delfino et al., (2022) for more details on model the configuration.

The parameterization schemes used in the model are the same as Delfino et al. (2022)
which include the Kain-Fritsch scheme for the cumulus parameterization, which was found to
simulate the TC track and intensity well. Other parameterizations were adopted from Li ez al.
(2018) i.e., the Rapid Radiative Transfer Model (RRTM) scheme (Mlawer et al., 1997) and the
Dudhia scheme (Dudhia, 1989) for the longwave and shortwave radiation, respectively; the
surface layer uses the MMJ5 Monin- Obukov scheme (Monin and Obukhov, 1954); the WRIF
Single-moment 6—class Scheme for the cloud microphysics (Hong and Lim, 2006); and the
Yonsei University (YSU) Planetary Boundary Layer scheme (Hong et al., 2006); and the land
surface processes and structure are defined by the Unified Noah Land Surface Model (Chen
and Dudhia, 2001; Tewari et al., 2004). The same parametrizations were used in both the outer
and inner domains.

The simple mixed-ocean layer (one-dimensional, 1D) model capability in WRI was
used to capture the TC induced SST cooling, wherein an initial mixed-layer depth was set to
50m and the temperature lapse rate below the mixed layer to 0.14 °C m-'. The surface flux
option 1 in WRI was used (as described in Kueh et al. 2021) which was found to simulate TC
intensities better (Delfino et al., 2022). We have opted to use the 1D ocean model since recent
studies suggest that this may be sufficient to capture most of the TC-induced SST cooling,
while retaining the anomalous forcing (as also illustrated in Supplementary Figure 4.1 based

on our simulations for the three TC cases) in the region providing heat energy to the TC
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(Yablonsky and Ginis, 2009). In addition, compared to coupled models that contain a fully
three-dimensional (3D) ocean component, WRI’s 1D model can save valuable computational
resources. The 1D model, however, does not capture upwelling which may lead to the

underestimation of sea surface cooling along the TC core (Yablonsky and Ginis, 2009).

4.2.4 'TC Tracking Method

The simulated track and intensity values were obtained every 6 hours using the
TRACK algorithm (Hodges et al., 2017) as used in Hodges and Klingaman (2019). TRACK
determines TCs as follows: first the vertical average of the relative vorticity at 850-, 700-, and
600-hPa levels is obtained and averaged. The field is then spatially filtered using 2D discrete
cosine transforms equivalent to T63 spectral resolution and the large-scale background is
removed. The feature points are determined by first finding the grid point relative vorticity
maxima which are then used as starting points for a B-spline interpolation and steepest ascent
maximization method, to determine as the off-grid feature points (Hodges 1995 as cited by
Hodges and Klingaman, 2019) that results in smoother tracks. The tracking is performed by
first identifying the vorticity maxima > 5.0 x 1076 s.. These are then initialized into tracks
using a nearest neighbour method and then refined by minimizing a cost function for track
smoothness subject to adaptive constraints (Villafuerte et al, 2021). The tracking is done for
the entire simulation period. After completing the tracking, other variables are added to the
tracks, including the maximum 10-m winds and minimum central pressure at full resolution.
This is done by searching for the maximum 10-m winds within a 6° geodesic radius, and for
the true minimum within a 5° radius using the B-splines and minimization method (Hodges

and Klingaman, 2019).
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4.2.5 Experimental set up

4.2.5.1 SST experiments

There are a total of eight SST experiments per TC case (Table 4.1), all of which used
the ERAS5 data for initial and boundary conditions. First is the control run (CTRL) that uses
the ERA5 SSTs and the subsequent set of six experiments used the SST's with an imposed
anomaly of -4, -2, -1, +1, +2, +4 °C across the whole outer domain per TC case. The
experiments performed for this study use a similar methodology to that of Lavender et al
(2018) and Radu et al. (2014) who used WRF with three nested domains of 36,12 and 4km,
and two-nested domains of 30 and 10 km grid resolution, respectively, whereas here we used
25 and 5km for the outer and inner domains, respectively. Lavender et al. (2018) performed a
set of eight simulations that imposed temperature anomalies across the study domain of -4, -
3,-2,-1, +1, +2, +3 and +4 °C. Typhoon Haiyan was simulated from 04 Nov 00UTC to 12
Nov 00UTC, Bopha from 02 Dec 00UTC — 10 Dec 00UTC, and Mangkhut from 10 Sep
00UTC — 17 Sep 00UTC for each of the experiment. An additional set of simulations were
performed using the monthly mean SST delta from one representative CMIP6 GCM — The
Community Earth System Model Version 2 (CESM2) (Danabasoglu et al., 2020) (denoted as
+CESM2) for the far-future period of 2070-2099 and the worst-case/high-emission scenario
tfrom the suite of Shared Socio-economic Pathways (SSP)5-8.5. CESM2 was evaluated to have
relatively good performance in simulating the spatial pattern of the climatological mean SST
in the WNP Basin (Han et al, 2021). The domain-averaged SST change in the CESM2
experiment were 3.22°C, 3.09°C, and 2.94°C under the SSP5-8.5 scenario in the far future for

Typhoons Haiyan, Bopha, and Mangkut, respectively (Figure 4.2).
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Table 4.2 List of the idealized SST experiments and the respective SST deltas.

Simulation Group / | TC Cases Variables Changed Uniform delta / change
Code (°C)
Control (CTRL) Haiyan(Nov) n/a
SST- Bopha (Dec)  "gg 42,1
SST+ ?g:;:)gkhm SST +1, +2,14
+CESM2 Haiyan CESMz2 SST Delta +3.22
Bopha +3.09
Mangkhut +2.94
S1A1+ SST & Atmospheric | +1
SoAot Haiyan Temperature (ATM) P
S2A1- SST+2; ATM-1

Figure 4.2 shows the imposed monthly mean SST deltas. Based on the future climate

change signals calculated from the CESM2, the mean SST change is projected to be between

1.89°C to 3.65°C warmer with a mean monthly delta of 3.22°C, 1.09°C, and 2.94°C for

November, December, September in the far future under the Shared Socio-economic Pathways

(SSP) 5-8.5 scenario, respectively. The simulation period covers 04 Nov 00UTC-12 Nov

00UTC for Typhoon Haiyan, 02 Dec 00UTC- 10 Dec 00UTC for Typhoon Bopha, and 10

Sep 00UTC — 17 Sep 00UTC for Typhoon Mangkhut (based on results of sensitivity runs

with different initialization times) and ran for the same length of simulation to cover the TCs

lifetime per TC case (Table 4.1) using the same set of parameterizations. The only difference

among the simulations are the SSTs added or subtracted at the initial, lateral, and bottom

boundary conditions. The other variables in the initial and lateral boundary conditions,

including relative humidity, were kept the same in all experiments. This study also used

WRF’s one-dimensional ocean model to capture atmosphere-ocean feedback.
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Figure 4.2 The November (a), December (c), and September (c) monthly mean sea
surface temperature delta (°C) added to the boundary and initial conditions of the
CTRL runs for Typhoons Haiyan, Bopha, and Mangkhut, respectively, to create the
future climate scenario change in far future (2070-2099) from CMIP6 CESM2 model
according to the SSP5-8.5 scenario relative to the historical period (1970-1999)
[denoted as +CESM2 experiments]
4.2.5.2 Experiments with changes in atmospheric profile

Four additional model simulations were performed to test the sensitivity of the TCs
to perturbations of the SST and atmospheric temperature profile. In each experiment the SST
at the initial, lateral and bottom boundary conditions, and the atmospheric temperature
profiles used as initial conditions and 6-hourly lateral boundary conditions were perturbed as
follows: in the SST and the atmospheric temperature profile were both increased by 1°C
(S1A1+) and by 2°C (S2A2+); and decreased by1°C (S2A1-). In the last sensitivity experiment
(S2A1-), the SST was increased by 2°C and the air temperature by 1°C. The other variables
in the initial and boundary conditions, including relative humidity, were also kept the same in
all experiments. It is important to note since we increased the atmospheric temperature profile
at the boundaries, the atmospheric moisture is expected to increase (Schar et al, 1996,
Lenderink et al., 2019), because of increasing the water vapour saturation (Radu et al,, 2014).
When a uniform atmospheric profile warming is applied at the boundaries, the atmospheric
stability may remain the same. And if the warming is applied at model pressure levels, the
atmosphere slightly stabilizes in the inner domain (Schér et al. 1996). In contrast to Schér et

al. (1996), however, we have a considerably bigger domain which allows for the re-adjustment

of the atmospheric vertical structure in the inner domain leading to a slight stabilization.
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4.2.6 Cyclone Damage Potential

The potential damage that can be caused by the TC is calculated by the cyclone
damage potential (CDP) index given in Equation 1 (Done et al, 2018; Holland et al, 2019),
formulated using critical cyclone parameters that involve the maximum wind (or energy

dissipated at the surface), size (radial extent) and translation speed, is given by:

cpp - HEE)3+s(F5))
TS

(Equation 4.1)

where Vmax and TS are the maximum surface wind speed and translation speed, respectively,
both expressed in m s'm s-1. Vmax here is the maximum of 10m wind speed over the inner
domain. The translation speed of TC for the current time step is calculated as a centred
difference. The radius of the hurricane winds (HFWrad) is calculated by determining the
radial distance between the storm center and the outermost point from the storm center where
the wind speed is equal to 33 m s'm s-1. The CDP index is computed only if Vmax is greater
than 38 m s-1 If TS < 2.6 m s'm s-1, thenTS is set to be as 2.6 m s-'m s-1. The CDP index
value ranges from 0 to 10. A higher CDP indicates increased risk of TC-related damage costs,

particularly damage brought about by wind (Holland et al,, 2019).

4.3 Results and Discussion

4.3.1 Influence of SST on TC characteristics

4.8.1.1 Simulated track and translation speed

Figure 4.3 shows the track obtained from the observations (obs, IBTraCS), the
CTRL simulation, and the perturbed SST simulations (-4, -2, -1, +1, +2, +4, and +CESMZ2).
The change in SSTs results in differences in the simulated tracks, and landfall areas. The
positive change SST simulations have a general tendency for the TCs to move northwards
relative to the CTRL run, and for some, to recurve north and not to make any landfall over
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the Philippines, while the negative change SST simulations have a tendency for the TCs to
move southwards relative to the CTRL run. The simulations with SST+4 and CESM2+
experiments for Typhoon Haiyan (Figure 4.3a) and SST+1, SST+2 and SST+4 experiments
tor Typhoon Mangkhut (FFigure 4.3c) recurve and do not make landfall in the Philippines. On
the other hand, the SST+1 and SST+2 experiments for Typhoon Haiyan made landfall farther
north of the country. The simulated tracks for Typhoon Bopha (Figure 4.3b), on the other

hand, had similar landfall areas for the warm SST experiments except the + CESM2 run.
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Figure 4.3 Simulated tracks from the SST experiments and observed from IBTrACS
(obs, black dots) tracks for the different T'C case studies - (a) Haiyan (left), (b) Bopha
(center) and (c) Mangkhut (right).

Based on an analysis of the simulated TC track, the changes in the TCs are
consistent with changes in the large-scale environment (Figure 4.4). The most notable of these
is the shift in the location of the (western) edge of the Western North Pacific Sub-Tropical
High (WNPSH), here represented as the 5800gpm contour of the Geopotential Height at
500hPa. The WNPSH weakens and retreats eastward as SST's are increased (more retraction
in SST+4) which is seen in all three TC cases (Figure 4.4). Note, however, that the location
of the WNPSH is different among the cases due to the difference in months of occurrence. It
is also important to note that the locations of the WNPSH in the CTRL runs are similar to
the mean of observations in the months when the TCs occurred. In general, there are changes
of a few degrees in the extent of the WNPSH as the SST's are increased.

Radu et al (2014) suggested that warmer temperature could lead to increased TC
size, several other past studies indicate that TC size greatly impacts the TC track (Lester and

Elsberry, 1997, 2000; Hill and Lackmann, 2009; Lee et al., 2010). These studies suggested
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that the TC size can affect TC motion over the Western North Pacific (WNP) by influencing
the extension/retraction of the Western North Pacific Sub-Tropical High (WNPSH) (Sun et
al., 2015), this is due to the advection of potential vorticity by the TC (beta-gyres) towards
the semi-permanent high. Moreover, this advection of potential vorticity modifies the
background field that enhances the northward beta drift (Hill and Lackmann, 2009). Because
the TC got so much larger, there would be a large effect on the beta drift i.e., that's when you
have a larger, more intense system, it has a greater tendency to drift poleward. The drift is
caused by the advection of the background potential vorticity field by the TC circulation. In
the simplest case, the background potential vorticity gradient is simply the meridional
gradient of the Coriolis parameter, 3, hence the name. Beta drift generally causes TCs to move
poleward and westward relative to the motion they would have if the background potential
vorticity field were unperturbed by the TCs.

Sun et al. (2017) found that the northward movement of TCs in warmer experiments
can be attributed to the larger size of the TC. In particular, Sun et al (2017) showed that as
the underlying SST increases, the increase in air-sea moisture difference (ASMD) becomes
(relatively) larger particularly in the outer TC region than in the inner TC region. This leads
to a larger growth rate of the surface enthalpy flux (SEF, sum of the latent and sensible heat
fluxes) in the outer TC region. The diabatic heating in the outer TC region associated with
the increased SEF has two effects — (1) it causes an increase in the vorticity over the outer
region; and (2) it leads to increases in the pressure gradient around the TC and thus, increases
the outer radial winds. The increased tangential wind, in turn, leads to further increases in
SEF. The positive feedback between the SEI" and tangential winds results in the further
growth of the TC’s outer tangential winds, resulting in the increase in radius of maximum
wind (RMW). Together with the increase in the maximum wind speed caused by warmer
temperature, the increase in RMW and TC outer tangential wind all contribute to the change
in the tangential wind profile and result in the expansion of the TC size i.e. the radius of gale

force wind (17 m s-1).
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As suggested in an earlier study (Sun et al,, 2015), the increase in TC size can
eventually lead to the withdrawal of the WNPSH and thus the northward turning of the TC.
In particular, as the initial storm size increases, the inflow mass flux entering the TC region
increases. This increased mass flux contributes to a significant decrease in the 500 hPa
geopotential height in the TC outer region, especially in areas to the north of the TC. The
decrease in the 500 hPa geopotential height is still considerable even after 2—3 days of
integration. As a result, the simulated intensity of WNPSH over its fringe to the north of the
TC decreases notably as the TC approaches the WNPSH. This weakened WNPSH intensity
leads the simulated TCs to turn northward toward the break in the subtropical ridge. The
northward motion of the TC will further weaken the intensity of the WNPSH. This is positive
teedback between the weakening of WNPSH near the TC and the northward moving of the
TC, which contributes to the large difference in the WNPSH intensity and the T'C motion.

Sun et al. (2014) further illustrates that a simulated TC under warmer SSTs is
usually characterized by a larger inner core size and stronger winds outside the eyewall i.e,,
the simulated storm under warmer SST is accompanied by more active outer spiral rainbands,
as earlier suggested by Wang (2009), contributing to increases in the storm size. This study
tound that larger TCs have more capability to weaken the WNPSH and thus are more prone
to turn northward, which is also consistent with the results of observational analysis of Lee
et al (2010).

The results in this present study provide further evidence to support the conclusions
from previous studies on the impacts of SST warming on TC size, and thus the retraction of
WNPSH and TC track over the WNP e.g. that of Katsube and Inatsu (2016) where they found
that some of the TC cases that occurred in WNP basin between 2002-2007 have the tendency
to move northward and recurve when 2K is added uniformly in SST across the domain of a
regional atmospheric model. An earlier study by Ren et al. (2014), which looked at the
sensitivity of TC tracks and intensity to ocean surface temperature of four different TC cases

in four ocean basins including Typhoon Ketsana (2008) in the WNP basin, found that due to
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warmer SSTs, the WNPSH is further weakened, thus causing Ketsana to move and recurve

northward.

HAIVAN W BOPHA e
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Figure 4.4 The coloured dashed(dotted) contours representing the location of the
Western North Pacific Sub-tropical High (5800 gpm Geopotential Height at 500hPa)
for the positive (negative) SST anomalies; the black solid line contour shows its
location for the CTRL simulation while the black dashed line contour is for the CESM2
SST delta simulation

There is a growing body of literature discussing the different uncertainties in the
representation and projections of the WNPSH (e.g., Fu and Guo, 2020; Hung et al., 2020;
Chen et al., 2020). For example, Fu and Guo (2020) projects a weakening of the WNPSH due
to a strong temperature gradient on the northern flank of the Western North Pacific basin
that leads to the decrease in westerly winds which in turn favours the weakening and eastward
retreat of the WNPSH. Chen et al. (2020), on the other hand, showed that based on the latest
CMIP6 models, if biases are corrected, there is a strengthening of the WNPSH. The
projections in the WNPSH which in turn affect TC trajectories will have a large impact on
the TC risk in the Philippines since it affects the tracks, and landfall location.

We also looked at the changes in the translation speed of the TC cases since the
observed and future changes in speed remains uncertain (Zhang et al. 2020). Slower TCs could
mean more time inland, therefore more exposure; they could also rain for a longer period
inland (Bagtasa 2022). Slower TCs over ocean could mean that the TC could stay longer over
warm ocean waters, enhancing the potential for further intensification. Faster moving TCs
on the other hand could translate to lesser time for people to prepare. We see slower moving
TCs in the future due to increases in SSTs. Haiyan, Bopha and Mangkhut are 5%, 8% and 2%
slower in the SST+2 simulations compared to the CTRL run, respectively. And much slower

(24% for Haiyan, 47% for Bopha, and 5% for Mangkhut) for the SST+4 experiments, relative
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to CTRL. Kossin (2018) suggested that there is some evidence that TCs across the globe has
slowed down by 10% from 1946-2016 and Zhang et al. 2020 projects that the slowdown of
TCs could likely be more robust in the future, particularly in the mid-latitudes. In a more
recent study by Gong et al. (2022), there seem to be a decreasing trend in TC translation speed
from 1980-1997 and an increasing trend from 1998-2018 over the WNP, in relation to the
TC lifetime maximum intensity. The slowing of TC motion near landfall could translate to

increasing the damage potential due to greater flood risks (Lai et al., 2020).

4.8.1.2 Simulated intensity

The simulated intensity and the differences in the minimum central pressure and
maximum winds between the CTRL and SST experiments and observations are shown in
Figures 4.5 and 4.6, respectively. There is a substantial change in the intensities, with larger
differences occurring with larger SST differences, particularly for the positive anomalies.
Increasing the SST has a large influence on the minimum pressure resulting in storms deeper
than observed (Figure 4.5, a-c), with a maximum difference relative to the CTRL of up to
about 124 hPa in the SST+4 experiments (Figure 4.5, d-f) in the entire simulation period,
particularly for the stronger TCs —Haiyan and Mangkhut. Typhoon Haiyan’s minimum
central pressure (Figure 4.5a) drops to 909 hPa in the CTRL run (compared to observed
central pressure of 895 hPa) while the SST+1, SST+2 and SST+4 experiments drop to
907hPa, 886hPa, and 846hPA, respectively. For Typhoon Bopha (Figure 4.5b), the central
pressure reaches 943hPa, 944 hPa, 940 hPa, and 939 hPa in the CTRL, SST+1, SST+2 and
SST+4 experiments before landfall, respectively, compared to observed central pressure of
930 hPa. The minimum central pressure of Typhoon Mangkhut reached 916 hPa, 900hPa,
880 hPa and 830hPa for in the CTRL, SST+1, SST+2 and SST+4 experiments (Figure 4.5¢)
for the entire simulation period, respectively, compared to observed value of 905hPa.
Relatively higher minimum central pressures are simulated with the negative SST anomalies

for all three TC cases as compared to the CTRL run.
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Figure 4.5 Time series of the (a-c) simulated minimum central pressure (hPa) vs
observed from IBTrACS (black lines) and (d-f) the difference between the SST
experiments minus CTRL run for Typhoons Haiyan (left), Bopha (center) and
Mangkhut (right). X-axis shows the simulation time from start to end for each TC case.

At peak intensity the maximum instantaneous surface wind in the CTRL simulation
of Typhoons Haiyan, Bopha and Mangkut reached 68 m s, 60 m s-1 and 63 ™+, respectively
(Figure 4.6). The observed maximum winds from the best track data reached 64 m s, 51 m
s'and 57 m s 'for Typhoons Haiyan, Bopha and Mangkut, respectively. Higher maximum
wind speeds are simulated in the experiments with positive SST anomalies. The higher the
maximum wind speeds reach up to 78, 74 and 86 m s-'for Haiyan, Bopha and Mangkhut, for
the SST+4 runs, respectively. The opposite is true with the negative SST anomalies. The
difference in maximum wind speed at peak intensity also reaches up to 10, 13, 23 m sfor
Typhoon Haiyan (Figure4. 6d), Bopha (Figure 4.6e) and Mangkhut (Figure 4.6f) for the

SST+4 experiments compared to the CTRL, respectively.
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Figure 4.6 Same as Figure 4.5 but for maximum winds ( m s™)

Even higher intensities are simulated in the +CESM2 experiment, reaching 90 m s-
1,80 m s, 80 for Haiyan, Bopha and Mangkhut, respectively. The changes in the simulated
intensity are consistent with the results of previous SST sensitivity studies i.e., Lavender et
al. (2018), Radu et al. (2014) and Kilic and Raible, (2013). The potential mechanisms behind

these changes in intensity are discussed in Section 3.1.5.

4.3.1.8 Stmulated Size

Here we define the size in terms of the radius of maximum winds (RMW) and the
radius of the extent of different wind thresholds as used in Radu et al. (2014) i.e., gale-force
winds (GFW, 17.5 m s), damaging-force winds (DFW, 25.7 m s—1), and hurricane-force
winds (HFW, 38 m s-1). The increased SST experiments show a largest increase of up to 140%
in HFW for the CESM2 run, conversely in the decreased experiments, a maximum decrease
of 92% is seen for HFW for the SST-4 run, for Typhoon Haiyan, relative to the CTRL run
(Figure 4.7). The same patterns of change, an increase (decrease) in TC size with increased
(decreased) SST, can be seen in the other two cases (Figure 4.8 and 4.9). Figure 4.10 shows
the summary of the changes in size as defined by the different wind thresholds in the different

experiments. The area enclosed by the HF'W, DFW and GFW are larger, compared to the
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CTRL, in the SST+1, SST+2, SST+4 and +CESM2 experiments, and are relatively more
pronounced for the TC cases with more extreme winds i.e., Typhoon Haiyan and Typhoon
Mangkhut (Figure 4.10a and 4.10c, respectively). For Typhoon Haiyan, Bopha and
Mangkhut, the radius of HFW is 1.5° (2°), 0.25°(0.25°), and 0.5°(1°) larger in the
SST+2(SST+4) experiments, respectively. There is no distinct pattern of change in the RMW
across the different SST experiments, except for Typhoon Bopha which seems to have an
increase with cooler SSTs (Figure 4.10b). The changes in size are consistent with past SST
sensitivity experiments i.e., that of Radu et al. (2014) where the size of Hurricane Catarina

increased as SST's and atmospheric temperature were increased.
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Figure 4.7 Simulated size of Typhoon Haiyan at peak intensity for each simulation
based on different wind thresholds: area of gale-force wind (GFW, 17.5 m s') blue
dotted contours, damaging-force wind (DFW, 25.7 m s-') magenta dashed contours and
hurricane-force wind (HFW, 33 m s!) red solid lines for the CTRL experiment (a), SST
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4.8.1.4 Simulated Rainfall

In general, it is expected that in a warmer climate, the precipitation will increase
because of the increase in the atmospheric water vapour content (Emanuel et al. 2008). Schir
et al. (1996) discussed that if there is a uniform 2K increase in temperature and the boundary
conditions for relative humidity are left unchanged, this will result in a domain-averaged 15%
increase of the atmospheric moisture content. The percent change in maximum and mean
accumulated rainfall (entire simulation period) and in the maximum and mean rainfall rate (at
landfall) is shown in Figure 4.11a and4. 11d for Typhoon Haiyan; Figure 4.11b and 4.11e) for
Typhoon Bopha and Figure 4.11¢ and 4.11f) for Typhoon Mangkhut. The precipitation is
averaged over a square box of 5° x 5° around the TC center, which is representative of the
area of TC-associated precipitation. The SST+4 experiments achieve the highest percent
change in both the accumulated rainfall (reaching up to 87%, 11% and 26% for Haiyan, Bopha,
and Mangkhut, respectively), and rainfall rate (reaching up to 46%, 86% and 35% for Haiyan,
Bopha, and Mangkhut, respectively) among all the SST experiments considered in the study.
The +CESM2 experiments, too, shows, noticeably higher accumulated rainfall with percent
changes of 19%, 30%, and 14%; and rainfall rate with percent changes of 52%, 8%, and 31%
relative to the CTRL run for Typhoons Haiyan, Bopha and Mangkhut, respectively. Several
past studies e.g., Hill and Lackmann (2011) and Lavender et al. (2018) have also observed

increases in the TC-assoclated rainfall with increased SSTs.
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Figure 4.10 Percent changes in the total maximum and mean accumulated rainfall (a-
c) and rainfall rates (d-f) relative to the CTRL simulation in a 2.5° x 2.5° grid box
around the TC center of Typhoon Haiyan (top), Typhoon Bopha (center) and Typhoon
Mangkhut (bottom) for the SST and CESM2 SST delta experiments.

4.8.1.5 Changes in environmental fields

In the previous section, we found that the primary changes in the TC cases with
changes in SST's are a northward shift in tracks and a systematic increase in intensity and
rainfall when SST is increased.

Previous studies have highlighted the effect of warm SST's for the development and
intensification of T'Cs (Lavender ef al. 2018); in particular, surface fluxes of latent and sensible
heat from the oceans provide the potential energy for TCs (Emanuel 1986), thus the increased
SST experiments lead to more intense TCs by providing much more surface heat flux (as seen
in Figure 4.12b), while increases in atmospheric temperature offsets this intensification effect
by stabilizing the atmosphere (Figure 4.17). Figure 4.12a shows that relative humidity
increases as SST is increased and decreases as SST is decreased. In addition, Figure 4.12b and
4.12¢ shows the average surface latent heat flux (W m=2) and water vapor mixing ratio (g/kg),
respectively. The surface latent heat flux and water vapor mixing ratio also increases
(decreases) as SST's are increased (decreased) throughout the simulation period for all TC

cases, relative to the CTRL. The average latent heat fluxes are higher in the SST+1, SST+2,
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SST+4 and +CESM2 experiments compared to the CTRL run, while the flux is reduced in
the decreased SST experiments. Besides the increase in SSTs, the increase in wind speeds
associated with the increase in SST's also results in higher latent heat fluxes (Radu et al. 2014).
The water vapor mixing ratios are also higher in the SST+1, SST+2, SST+4 and +CESM2
experiments compared to the CTRL run starting after 12 hours of simulation up to the end of
the simulation period in all three TC cases. This is consistent with the results of Radu et al.
(2014). The presence of dry air in the vicinity of the TC is one factor that will hinder
intensification. At the same given temperature, dry air is less buoyant than moist air, which
limits ascending motion. Furthermore, dry air may also prevent ascending air parcels from
reaching saturation, which reduces both the amount of condensation and the amount of latent
heat released. In addition, Xu et al. (2016) also found that TC intensification rates are higher
when a TC is located in a region with higher SST and lower vertical wind shear (VWS).
Figure 4.12d shows that the VWS is relatively lower in warmer SST runs than the CTRL run
for all three cases.

We have also highlighted in the previous section that there are changes in rainfall
which can also be explained by the changes in relative humidity and water vapor mixing ratio.
In the increased SST experiments, there is a general tendency toward an overall increase in
water vapor mixing ratio (Figure 4.12) and in relative humidity (Figure 4.13, 4.14, & 4.15 for
Typhoons Haiyan, Bopha, and Mangkhut, respectively) in the entire domain, while there is a
reduction in the decreased SST experiments. A similar pattern with the increased SST

experiments is observed in the +CESM2 delta experiments.
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Figure 4.11 Changes in TC environment (domain- and time-averaged) in terms of (a)
Mid-tropospheric Relative Humidity in %; (b) Surface Latent Heat Flux (W/m2); (c)
Water Vapor Mixing Ratio at 500 hPa (g/kg); and (d) Vertical Wind Shear of Typhoon
Haiyan (red triangle), Typhoon Bopha (orange box) and Typhoon Mangkhut (blue
circle) for the SST and CESM2 SST delta experiments (colored stars); and the SST +
ATM temperature experiments (S1A1+, S2A2+, S2A1+, and S2A1-) for Typhoon

Haiyan.
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Figure 4.12 Difference of the mid-tropospheric (700-500hPa) Relative Humidity (in %)
averaged over the entire period of the simulation of the SST experiments (a-c: SST-1,
SST-2,SST-4; d-f: SST+1,SST+2,SST+45; g: +CESM2 delta) from the CTRL

experiment
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4.3.2 TC characteristics changes with atmospheric profile

In the experiments with additional changes in the atmospheric profile (S1A1+,
S2A2+, S2A1+ and S2A1-) which aims to maintain the atmospheric vertical stability in the
column, the TC characteristics (intensity, size and rainfall) also increased relative to the
CTRL run and the SST only runs of the same level of SST change (SST+1 and SST+2).
Figure 4.16 shows the percent changes of the TC characteristics of the SST+ATM
experiments relative to the CTRL. The percent change in minimum central pressure for the

S1A1+,S2A2+, and S2A 1+ were -2.5%, -4.8% and -5.2%, respectively. Conversely, the change
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in the maximum wind speed were 4.0% 10.0% and 9.4% for the same experiments, respectively.
The experiments with changes along the atmospheric profile are more intense (lower
minimum central pressure and higher maximum wind) relative to the experiments with SST
only changes e.g., the minimum central pressure in SST+2 reached only up to 886 hPa for
Haiyan, but in S2A2+, it reached up to 866 hPa; and maximum winds reached 74 m s'and 75
m s'in the SST+2 and S2A2+ experiments, respectively. Table 4.11 shows the percent

changes in TC characteristics per *C change in SST and ATM.

Percent Change in TC characteristics
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Figure 4.15 Percent change in TC characteristics relative to the CTRL run ( — minimum
sea level pressure; wind — maximum wind speed; rmw — radius of maximum wind; rhfw
—radius of Hurricane Force Wind; rainaccum — total accumulated rainfall; and rainrate
— mean rainfall rate) of the SST + ATM temperature experiments (S1Al1+, S2A2+,
S2A1+, and S2A1-) for Typhoon Haiyan, including the SST only experiments (SST+1
and SST+2)

The greatest change was for the TC size, which reached to up to 40%, 140% and
60% for the S1A1+, S2A2+, and S2A1+ experiments, respectively. The change in the
simulated TC size is larger in the SST only experiments than with the atmospheric profile
changes. The largest change in accumulated rainfall was from the S1A1+ run (46.9%) and
rainfall rate from the S2A2+ run (70.0%).

These results are consistent with the previous findings of Shen et al. (2000) who

conducted SST sensitivity experiments based on GCM deltas — wherein increases in the SST
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while maintaining a fixed vertical temperature profile led to more intense TCs, while the
changes in atmospheric temperature led to smaller increase in intensity compared to the SST
only changes. The changes in TC characteristics may be due to higher changes in the average
surface latent heat flux and water vapour mixing ratio when both SST and atmospheric

temperature were changed (Figure 4.17).
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Figure 4.16 Simulated (a) latent heat flux (W m-2) and (b) water vapour mixing ratio
(g/kg) of the SST + ATM temperature experiments (S1A1+, S2A2+, S2A1+)for
Typhoon Haiyan, including the SST only experiments (SST+1 and SST+2)
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Table 4.3 Percent change in intensity, size, and rainfall of Typhoon Haiyan,
Bopha and Mangkhut.

Intensity Size Rainfall
mslp wind rmw hfw dfw gfw rain_accumaxrainrate_mean

HAIYAN

SST+4 -2 4 7 20 32 6 22 15
SST+2 -1 4 39 30 50 13 21 12
SST+1 (0] 2 12 (0] 29 (0] 8 5
SST-1 -3 11 10 20 14 25 28 28
SST-2 -2 11 -17 20 18 22 20 28
SST-4 -1 12 25 28 21 20 14 21

BOPHA
SST+4 -1 5 29 6 0 4 3 18
SST+2 1 4 -20 13 0 (0] 0 -5
SST+1 1 4 11 (0] 0 (0] -8 1
SST-1 -1 44 -189 100 75 49 2 49
SST-2 -1 26 -23 50 44 36 22 42
SST-4 O 18 25 25 25 25 14 24
MANGKHUT
SST+4 -2 9 -4 13 38 25 7 19
SST+2 -2 10 -8 13 17 50 5 14
SST+1 -2 12 -7 10 17 42 -2 16
SST-1 -2 9 6 O (0) 8 16 16
SST-2 -1 9 -11 5 8 8 16 18
SST-4 -1 9 -8 28 10 9 16 18
HAIYAN

S2A2+ -2 5 -50 70 71 13 10 35
S2A1+ -3 5 -50 30 64 13 14 20
S1A1+ -2 4 -100 40 71 25 47 57
S2A1- O -2 50 50 50 50 50 50
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4.4 Cyclone Damage Potential

The changes in the different characteristics, relative to the CTRL, between the SST
experiments in terms of the different parameters of CDP lead to differences in the CDP index
(Figure 4.18). Values of CDP are shown in Figure 4.18a, along with the individual index
parameters (Figure 4.18 b-d). The CDP for the CTRL simulation of Typhoon Haiyan,
Typhoon Bopha and Typhoon Mangkhut are 4.8, 2.7 and 3.8, respectively. The CDP value
(4.8) of Typhon Haiyan for the CTRL run is lower than the estimated CDP value of 5.9
obtained by Holland ez al. (2016) based on observed data, primarily due to the lower maximum
wind speed and translation speed value obtained in the simulation as compared to the
observed. As expected, higher (lower) CDP values are estimated for the increased (decreased)
SST experiments. The increase in CDP values for the increased SST experiments is due
largely to the increase in the maximum sustained wind and size for all three TC cases, and a
corresponding decrease in translation speed, particularly for Typhoon Haiyan and Typhoon

Bopha.
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Figure 4.17. Estimated cyclone damage potential (a) and individual parameters:
maximum winds (b), radius of hurricane force wind (c) and translation speed (d) of
Typhoon Haiyan (red triangle), Typhoon Bopha (orange box) and Typhoon Mangkhut
(blue circle) for the SST and CESM2 SST delta experiments (colored stars); and the
SST + ATM temperature experiments (S1A1+, S2A2+, S2A1+, and S2A1-) for Typhoon
Haiyan.

Figure 4.19 shows the summary of the percent changes of the CDP values and the
different parameters (maximum wind speed, radius of HF'W and translation speed) for the
SST experiments compared to the CTRL experiment, indicating change in track / landfall
location in the Philippines. An increase of approximately 6%, 56%, 210% and 41% in the
damage potential index for TY Haiyan (Figure 4.19a) in the SST+1, SST+2, SST+4 and
+CESM2 was found compared to the CTRL experiments, respectively. The values of CDP
are increased by 204% and 74% in the SST+4 and +CESM2 experiments from the CTRL

experiments for Typhoon Bopha (Figure 4.19b), respectively. For the case of Typhoon

Mangkhut (Figure 4.19c), it is 10%, 22%, 37% and 24% for SST+1, SST+2, SST+4 and
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+CESM2 experiments, respectively. The CDP values of the SST plus atmospheric
temperature experiments for Typhoon Haiyan (Figure 4.19d) are also increased. The CDP
index values are increased by 40%, 72% and 142% in the S1A1+, S2A1+ and S2A2+
experiments, respectively. On the other hand, the experiments with decreased SST's resulted

in reduction in CDP values.
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Figure 4.18. Percent change in TC characteristics relative to the CTRL run of the
cyclone damage potential and individual parameters: maximum winds (Vmax), radius
of hurricane force wind (HFWrad) and translation speed (TS) of Typhoon Haiyan (a),
Typhoon Bopha (b) and Typhoon Mangkhut (c) for the SST and CESM2 SST delta
experiments (colored stars); and the SST + ATM temperature experiments (S1A1+,
S2A2+, S2A1+, and S2A1-) for Typhoon Haiyan (d). Indicated are the experiments
which made or did not make landfall in the Philippines (PH).

4.5 Summary and conclusion

This study uses sensitivity analysis to investigate the influence of imposed constant
SST anomalies on three of the most damaging TCs in the Philippines — Typhoon Haiyan
(2013), Typhoon Bopha (2012) and Typhoon Mangkhut (2018). A set of eight simulations
with uniform SST anomalies applied (+4, +2, +1, 0, -1, -2, -4°C) and a representative CMIP6
GCM (CESM2) delta to show the influence of SST on TC characteristics (track, size, intensity,
rainfall) and the corresponding damage potential. Additional experiments with uniform
atmospheric temperature (ATM) profile changes (-2, +1, +2 °C) were also performed. The

novelty of this study is that it focuses on TCs impacting the Philippines, the use a one-
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dimensional ocean mixed layer model to represent that atmosphere-ocean feedback and
imposes atmospheric warming/cooling in addition to SST warming/cooling.

The simulations support the results of previous studies that the intensified TCs in
the increased SST's are primarily associated with enhanced steering flow (Katsube and Inatsu,
2016) and weakening of the Western North Pacific Subtropical High (Ren et al., 2014), causing
the TCs to track northward. The TCs in the warmer SST experiments became larger (in terms
of the different wind thresholds) relative to the CTRL experiment. Radu et al (2014)
suggested that warmer temperature could lead to increased TC size, several other past studies
indicate that TC size greatly impacts the TC track (Lester and Elsberry, 1997, 2000; Hill and
Lackmann, 2009; Lee et al., 2010). These studies suggested that the TC size can aftect TC
motion over the Western North Pacific (WNP) by influencing the extension/retraction of the
Western North Pacific Sub-Tropical High (WNPSH) (Sun et al., 2015), this is due to the
advection of vorticity by the TC towards the semi-permanent high. Moreover, this advection
of vorticity modifies the background field that enhances the northward beta drift (Hill and
Lackmann, 2009). Because the TC got so much larger, there would be a large eftect on the
beta drift i.e., that's when you have a larger, more intense system, it has a greater tendency to
drift poleward. Sun et al. (2017) found that the northward movement of TCs in warmer
experiments can be attributed to the larger size of the TC. As suggested in an earlier study
(Sun et al., 2015), the increase in TC size can eventually lead to the withdrawal of the WNPSH
and thus the northward turning of the T'C. Sun et al. (2014) further illustrates that a simulated
TC under warmer SSTss is usually characterized by a larger inner core size and stronger winds
outside the eyewall i.e., the simulated storm under warmer SST is accompanied by more active
outer spiral rainbands, as earlier suggested by Wang (2009), contributing to increases in the
storm size. This study found that larger TCs have more capability to weaken the WNPSH
and thus are more prone to turn northward, which is also consistent with the results of
observational analysis of Lee et al (2010).

The increase (decrease) in SST's also results in an increase (decrease) in intensity
and TC-associated precipitation. The difference in the SST+4 experiment relative to the
CTRL for maximum wind speeds reached up to 47, 46, 39 m s-'for Haiyan, Bopha and
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Mangkhut, respectively. The SST+2 experiments’ minimum central pressure dropped to as
low as 846hPa for Haiyan, 903 hPa for Bopha and 830hPa for Mangkhut in the SST+4 runs.
Analysis of the accumulated rainfall and rainfall rates also showed that as SST increases
(decreases), the amount of rainfall also increases (decreases). The changes in the TC
characteristics also led to substantial changes in the cyclone damage potential ie., the
increased (decreased) SST experiments have higher (lower) CDP values relative to the CDP
values of the CTRL simulation of the three TC cases. The increase in atmospheric temperature
profile with the increase in SST resulted in more intense TCs and higher CDP values in all
three TC cases.

Since this is a highly idealized SST sensitivity study (as in Lavender et al, 2018;
Radu et al., 2014; Kilic and Raible, 2013), there are important caveats since changing the SST
without changing other variables such as atmospheric temperature may result in surface
energy imbalances (Emanuel and Sobel 2013) i.e., the imposition of SST without sufficient
time to adjust for radiative convective balance leads to strong enhancement of mid-level
moisture which can have dramatic effects on the TC intensity and size (Wang and Toumi,
2018). These relative humidity changes are probably not realistic and therefore the simulated
changes in TC characteristics may not be realistic (Lavender et al, 2018). Additionally, the
imposition of uniform atmospheric temperature change across the vertical profile is also not
realistic since a more realistic atmospheric temperature change in the future shows more
warming in the tropical upper troposphere, which will stabilize the lapse rate and will
therefore offset the intensification of the TCs due to surface warming. These limitations are
addressed in the subsequent chapter (6.1.3). Additionally, the statistical significance could not
be tested in this set of experiments due to the small sample size. Additional TC cases and

scenarios will provide for more statistically robust generalizations.
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4.6 Supplementary Material
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Supplementary Figure 4.1. Ocean Mixed-layer Temperature (K) of Typhoon Haiyan (a),
Typhoon Bopha (b) and Typhoon Mangkhut (c) averaged throughout the simulation
period for the control simulations.
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Supplementary Figure 4.2. Simulated track and steering flow (streamlines, calculated
as winds averaged between 500hPa & 700hPa) averaged over the entire period of the
simulation of the (a) control experiment; the SST experiments (b-d): SST-1, SST-2,
SST-4; (e): +CESM2; (f-h): SST+1, SST+2, SST+4) for Typhoon Haiyan.
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Chapter 5

TCs under past and future climate
conditions from selected CMIP6
GCMs

The majority of this chapter is currently under review in the Journal of Climate

Dynamics with the following title and citation:

Delfino, R.J.P., Vidale, P.L., Bagtasa, G., and Hodges, K. (2022). Response of damaging
tropical cyclone events in the Philippines to climate forcings from selected CMIP6 models

using the pseudo global warming technique. Under review in Journal of Climate Dynamics.
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Abstract

The potential changes in the characteristics and damage potential of three of the
most damaging tropical cyclone (TC) events (Haiyan, Bopha, Mangkhut) in the Philippines
have been simulated using the pseudo global warming (PGW) technique. Simulations were
performed using the Weather Research and Forecasting model at 5km resolution with
cumulus parameterization (5kmCU) and at 3km without cumulus parameterization
(3kmNoCU), with PGW deltas derived from a selection of the CMIP6 models. We found
that re-forecasting the three TCs under future warming causes small changes in the track,
except when only the surface variables are perturbed, which results in northward shifts in
the track, due to the weakening of the Western North Pacific Sub-Tropical High. Results
show that, relative to the current climate conditions, future warming leads to more intense
TCs, with changes in maximum wind of 4%, 8%, and 14% for the 5kmCU runs, and 14%, 4
%, and 12% for the SkmNoCU runs of Typhoon Haiyan, Bopha, and Mangkhut, respectively.
The changes in size and translation speeds are relatively small. The TC cases have higher
impact potential in the future, as expressed by the cyclone damage potential index, ranging
from ~1% to up to 37% under the SSP5-8.5 scenario. Based on the pre-industrial runs, climate
change has had, so far, only a weak influence on TC intensity and not much influence on size,
speed, and track. Simulations without convective parameterization shows similar changes in
the sign of the projected TC intensity response, but different signals of change in size and

speed.
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5.1 Introduction

The Philippines has a high exposure to tropical cyclones (TCs) which often result in
casualties and significant damage to property due to strong winds and flooding from storm
surge and associated rainfall. The effect of climate change on TC activity and their
characteristics is of major interest and practical importance in the Philippines, given the
socioeconomic consequences produced by TCs. Most studies predict a decrease in the
tfrequency of TCs in the future, but an increase in intensity (high confidence) and number of
intense TCs (low confidence) and TC-associated rainfall globally (Walsh et al. 2019; Knutson
et al. 2020; Knutson ef al. 2021) as well as in the Western North Pacific (WNP) Basin
(Christensen et al. 2018). There is still no consensus on TC translation speed projections
(Knutson et al. 2020), which could lead to damage from accumulated and prolonged rainfall,
as well as prolonged exposure to strong winds. In the Philippines, estimates are broadly
consistent with global research results on TC activity, which predict a decrease in TC
frequency in the future (Gallo et al. 2019), but an increase in the frequency of strong TCs
(Knutson et al. 2015 and Sugi et al. 2017) and an increase in TC-related rainfall (Daron et al.
2016).

Global climate models (GCMs) are critical tools for projecting future changes and
trends in extreme weather and climate events. However, owing to their typically coarse
resolutions and model biases, GCMs have problems to replicate observed TC properties.
This is despite considerable breakthroughs in the use of high-resolution GCMs (Roberts et al.
2020; Manganello et al. 20145 Murakami et al. 2012) and global convection-permitting models
in modeling TCs in recent decades (Gutmann ef al. 2018; Judt et al. 2021; Kendon et al. 2021;
Yamada et al. 2017). However, GCMs at high resolutions require very high to extensive
computing resources. A useful alternative approach to increase the understanding of the
changes in TC activity and their characteristics, for the purpose of simulating event-based, or
seasonal to inter-annual variability and long-term climatological changes, is the use of
downscaling. It encompasses both dynamical downscaling using limited area models and

statistical downscaling methods (Knutson et al. 2013; Xu et al. 2019; Chen et al. 2020; Emanuel



et al. 2008, 2020). Statistical downscaling methods have been found to be good over the
historical period since they are tuned with observations. However, the empirical relationships
between large-scale predictors (e.g., GCM derived atmospheric parameters) and local
predictands (e.g., winds, rainfall) are assumed to also hold in the future (Camargo and Wing,
2016) which may not be correct. Dynamical downscaling with Limited Area Models (LAMs),
used as regional climate models for long-term seasonal or climate simulations or as numerical
weather prediction for short-term weather forecasting, can realistically capture the processes
relevant to the formation and evolution of TCs but are still dependent on parameterisations
(Seneviratne et al. 2021; Gallo et al. 2019; Daron et al. 2018). However, it is important to note,
that the performance of dynamical downscaling using LAMs is strongly affected by the
quality of the boundary forcing data i.e., output from GCMs (Holland et al. 2010; Liu et al.
2019).

There are different approaches to understanding the climate change eftects on TC
characteristics at higher resolution using dynamic downscaling (e.g., Lynn et al. 2009;
Lackmann 2015). Adachi and Tomita (2020) provide a summary of these different approaches
including the Pseudo Global Warming (PGW) approach. Lynn et al. (2009) performed
current and future simulations of Hurricane Katrina (2005) using the PGW method and found
decreases in the minimum central pressure but also decreases in the mean and maximum wind
speeds, maybe due to the shift in Katrina’s simulated track. The PGW technique allows to
examine the change of characteristics of historical TC cases under future and even past climate
conditions (Takayabu et al. 20145 Parker et al. 2018; Patricola and Wehner, 2018; Chen et al.
2020). Lackmann (2015) used convection-permitting simulations to look at changes in
Hurricane Sandy (2012) due to the mean changes in temperature and humidity in the future
and found decreases in the minimum central pressure. Nakamura et al. (2016) used the same
technique for Typhoon Haiyan and showed that Typhoon Haiyan became more intense if only
the SST is changed and less intense if SST, atmospheric temperature (ATM) and relative
humidity (RH) are changed in the future conditions. Parker et al. (2018) conducted PGW

simulations for three TCs that made landfall in Australia and found that the TC cases are



more intense (reduced sea level pressure and increased wind speeds) and have more rainfall.
Patricola and Wehner (2018) also applied the same technique, but with higher resolution
convection-permitting regional climate simulations for several TC case studies across the
globe (including Typhoon Haiyan) and found that these TCs intensify in the future
simulations and have greater rainfall amounts. Chen et al. (2020) looked at the potential future
changes of three landfalling TCs in the Pearl River delta using the PGW technique and
simulated the potential changes in storm surge activity. Their results showed increases in the
peak intensities of the TCs and a corresponding increase in storm surge. Mittal et al. (2019)
and Reddy et al. (2020) also conducted similar experiments on different TC cases in the Bay
of Bengal. The former simulated Phailin (2013) and found a stronger and bigger storm in the
future, with no change in translation speed. The latter looked at three TC cases and found
increased winds and rainfall, reduction in translation speeds, and deepening of the TC core
and higher damage potentials. Gutmann et al. (2018), on the other hand, performed a 13-year
convection permitting simulation of 22 TC cases in the Atlantic Ocean and found increased
maximum winds, lower central pressure, slower translation speeds, and higher precipitation
rates, with varying degree and magnitude of responses across the 22 TC cases. With the
differences in changes in TC characteristics shown in previous studies in different basins, it is
important to look at the potential response of TC characteristics to climate change in the
WNP basin, particularly in the Philippines.

In addition, the PGW technique has also been used to investigate whether present-
day climate change has already affected TCs in the Atlantic Basin (Patricola and Wehner,
2018) and in Japan (Kawase et al.2021). Using simulations from a 4.5km convection permitting
Weather Research and Forecasting (WRF) model, Patricola and Wehner (2018) found that
climate change has so far increased rainfall of Hurricanes Irma, Katrina, and Maria but did
not influence their intensities. On the other hand, Kawase et al. (2021) found that historical
warming has already increased the intensity of Typhoon Hagibis (2019), along with its
associated precipitation over Japan. So far, there is no consensus regarding whether climate

change has already influenced tropical cyclone frequency and intensity due to the large natural
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variability and long-term data heterogeneity. Studies such as that of Patricola and Wehner
(2018) and Kawase ef al. (2021) may help provide evidence as to whether climate change has
already influenced TC activity. We provide additional evidence towards understanding the
link between climate change and TCs, primarily looking at how climate change has so far
affected TCs in the Philippines.

Previous studies that used the PGW technique highlighted the importance of
looking at multiple TC cases (Nakamura et al. 2016; Parker ef al. 2018; Gutmann et al. 2018;
Mittal et al. 2019) with varying TC intensities (Nakamura e al. 2016) in different seasons to
identify outliers in TC response to future climate conditions (Parker et al. 2018). These past
studies did not investigate the uncertainties associated with the use of different GCMs (Parker
et al. 2018; Patricola and Wehner 2018; Mittal et al. 2019; Reddy et al. 2020) which is relevant
in accounting for the uncertainty due to the potential range of sensitivities brought about by
different models. The innovations in our study are: (1) investigating the different TC cases
with observed varying intensity, landfall area, and months of occurrence; (2) the simulations
were forced with initial and boundary conditions from several GCMs contributing to the
Coupled Model Inter-comparison Project Phase 6 (CMIP6) (Eyring et al. 2016) and looking
at different factors such as sea surface temperature, atmospheric temperature and relative
humidity; and (3) we tested the sensitivity to different cumulus schemes and initialization
times. We have also attempted to identify the physical mechanisms driving the simulated TC
responses and discuss relevant underlying uncertainties.

This study aims to analyze how the characteristics and potential impacts of the most
damaging TC events in the Philippines might change under future climate conditions using
dynamical downscaling with the high-resolution Weather Research and Forecasting Model
(WRF), configured for the Southeast Asia region centered on the Philippines, as in Delfino et
al. (2022a, b), and using the PGW technique. We aim to answer the following questions:

e How might the most damaging TC events in the Philippines i.e., Typhoons Haiyan
(2013), Mangkhut (2018), and Bopha’s respond to past (pre-industrial) and future

climate change perturbations derived from the latest CMIP6 GCMs?



e How do the added PGW deltas (warming signals i.e., surface vs. atmospheric

warming; with or without relative humidity) aftect TC characteristics?

e How much of the uncertainty in the TC responses is caused by the convective

parameterization?

The rest of this paper is organized as follows: Chapter 5.2 presents a brief
description of the TC cases, experimental design, and methodology; Chapter 5.3
describes the simulated changes in the large-scale atmospheric variables (Chapter 5.1),
and changes in the TC characteristics (5.2), discussion of the physical mechanisms
behind the changes in TC characteristics (8.8) and cyclone damage potential (3.3)
Section 8.2 is further separated in two sub-sections presenting the results of the
different forcings under future climate (3.2.1) and the changes due to the different
resolutions under past and future climate (3.2.2). The summary and conclusions are

presented in Chapter 5.4.

5.2 Data, experimental design, and methods

5.2.1 Data

The European Centre for Medium-Range Weather Forecasts (ECMWIE) Re-
analysis 5th Generation (ERAS5) is used for both the initial and boundary conditions for the
simulations under current climate. The data is available from
https://cds.climate.copernicus.eu/. It is the latest generation of reanalysis products produced
by ECMWT with horizontal resolution of 81 km, hourly temporal resolution and 187
atmospheric levels (Hersbach et al. 2020). ERA5 utilizes the best available observational data

from satellites and in-situ stations, which are quality controlled and assimilated using a state-
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of-the-art 4-dimensional data assimilation system (4D-VAR) (Isaksen ez al. 2010) in and the
ECMWTF’s Integrated Forecast System (IFS) Cycle 41r2.

The TC best-track information is used here for veritying the simulations is taken
from the World Meteorological Organization (WMO) subset of the IBTrACS (IBTrACS-
WMO, v03r09) which was taken from the best-track data provided by the Japan
Meteorological Agency (JMA). The CMIP6 GCM data were downloaded from https://esgf-
index 1.ceda.ac.uk/search/cmip6-ceda/.

We used data from CMIP6 models for the far-future period of 2070-2099 and the
worst-case/high-emission scenario from the suite of Shared Socio-economic Pathways
(SSP)5-8.5. The SSP 5-8.5 assumes the world will be driven by an energy-intensive, fossil
tuel-based economy, which shows the most overall emissions of any SSP ranging from 104
GtCO2 to 126 GtCO2 in 2100, resulting in warming of 4.7-5.1 “C (Riahi et al. 2017). While
there are more conservative SSP scenarios, the very high emissions (SSP5-8.5) scenario was
used to explore the TC characteristics’ response to the highest projected changes or
perturbations in climate as well as to look at the potential worst-case scenario that may be
more relevant to long-term decision-making (Parker et al. 2018; Daron et al. 2018). The pre-
industrial run covers the period between 1850-1899 and the current climate covers the period
between 1970-2000. Under the pre-industrial climate, with the PGW delta calculated by
adjusting the same variables from the historical 1970-2000 monthly mean minus pre-
industrial 1850-1899 monthly mean, then added to the current ERA5 initial and boundary
condition. Four CMIP6 models were selected based on a subset of the CMIP6 GCMs (see
Supplementary Figure 5.1) Analyzed in Emanuel (2020) and that correspond to a range of
Transient Climate Response and Equilibrium Climate Sensitivity (Meehl et al. 2020) which
are expected to provide a good range of potential storylines for the TC cases (Vecchi et al.
2019). The TCR and ECS were used as proxies, to make sure that our simulations would
experience a wide range of warming levels and of changes in environmental conditions. We
have used these proxies, therefore, to provide a representative and relevant set of storylines

considering the following: (a) small to large changes in magnitude of global warming; (b)
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magnitude of SST change in the region; and (c) patterns of SST change in the region. The

description of the selected models is presented in Table 5.1.

Table 5.9 CMIP6 model names, Equilibrium Climate Sensitivity (ECS),
Transient Climate Response (TCR), resolution, sources, institution, and
references of the GCMs used in this study.

CMIP6 Model | ECS TCR Horizontal | Institution Reference
Name (°C) (°C) Resolution
HadGEMSs- 5.6 2.6 1.25°%x United Sellar et al
Cs1-LL 1.88° Kingdom Met | (2020)
Office Hadley
Center
CESM2 5.2 2.0 1.25°x National Danabasoglu et
0.98° Center for al. (2020)
Atmospheric
Research
MIROCe6 2.6 1.6 1.4°x 1.4° | Center for Tatebe et al
Climate (2019)
System
Research,
University of
Tokyo,
JAMEST,
NIES
MPI-ESM1-2- 3.0 1.7 0.94° x Max  Planck Mulller et al
HR 0.94° Institute (2018)

Sources: https://www.science.org/doi/10.1126/sciadv.aba1981#T2 and https://wcrp-
cmip.github.io/ CMIP6_CVs/docs/ CMIP6_source_id.html

5.2.2 'TC case studies

For this study, we have chosen the top three of the most damaging TCs to have
affected the Philippines between 1970 to 2020 (Lara, 2020) — Typhoon Haiyan (2013),
Typhoon Bopha (2012), and Typhoon Mangkhut (2018). Typhoons Haiyan and Bopha are
also in the top five deadliest TCs in recorded history in the Philippines. These TC cases were
also selected to represent the three main regions of landfall- Luzon for Mangkhut, Visayas
tor Haiyan, and Mindanao for Bopha. Table 5.2 provides a brief description of the three TC
cases, arranged according to the estimated cost of damages. I'or more details of the TC Cases,

see Delfino et al. (2022a).
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Table 5.2. Description of the three TC case studies.

TC case study | Observed | Landfall Outer domain Cost of
International | minimum Region maximum SST from Damage***
(local) name central (Latitude ERAS5 at
and year pressure of initialization (global
(hPa) formation) mean observed
monthly SST
anomaly* & ENSO
conditions**)
Haiyan 895 hPa | Visayas (5.8 | 30.5 °C (0.58, Neutral) | P95.5 B/ $2.2B
(Yolanda) 2013 °N)
Bopha (Pablo) 930 hPa Mindanao 28 °C (0.47, mod LN) P43.2B/$1.06B
2012 (8.4 °N)
Mangkhut 905 hPa Northern 30.6 °C (0.69, weak P33.9B/$627TM
(Ompong) 2018 Luzon (11.8 EN)
ON)

Legend: *global mean observed monthly SST anomaly (Source: NOAA, 2021); ** ENSO El
Nino Southern Oscillation conditions (LN: La Nina; EN: El Nino) (Source: CPC, 2018;2021)
and *** estimated cost of damage in agriculture and infrastructure (Source: NDRRMC, 2012;
2014; 2018)

5.2.3 Experimental design and model setup

The three TCs were simulated using the Advanced Research Weather Research and
Forecasting (WRF-ARW) model version 3.8.1 (Skamarock et al. 2008). The WRI model has
been used extensively in simulating TCs in the Philippines (Flores 2019; Aragon and Pura
2016; Spencer and Shaw, 2012; Islam ef al. 2014; Lee and Wu, 2018; Cruz and Narisma, 2016).
The model setup and configurations, based on previous sensitivity experiments (see Delfino
et al. 2022 a,b and Bagtasa, 2021), are detailed in Table 5.3. Data from ERAS5 was used as
initial and boundary conditions for the control simulations and the augmented initial and
boundary conditions obtained from adding the PGW deltas were used for the future
simulations. By comparing these future simulations with the control runs, we can therefore
infer the responses of the TC cases to future climate conditions. Simulations under the current
and future climate (with surface and air temperature, and relative humidity deltas) were
performed with four different initialization times (with 6-hourly intervals) to construct
ensemble members, performed using a two-way nest of 25km and 5km outer and inner

domain, respectively, where the cumulus parameterization is turned on in both outer and inner
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domains. This experimental configuration is referred to as 5kmCU (Table 5.4a). Two-way
nesting configuration has been used in previous TC case studies in the Philippines (e.g., Mori
et al. (2014), Takayabu et al. (2015), Nakamura et al (2016) and other PGW studies in other
TC basins (Parker et al. 2018; Davis et al. 2008; Mittal et al. 2019; Reddy et al. 2020). We also
performed simulations at a convection-permitting horizontal resolution of 3km where the
cumulus parameterization is turned oft'in the 8km inner domain, referred to as 3kmNoCU, to
account for the uncertainty in the use of cumulus parameterization as studies have shown that
convection-permitting models improve the simulation of TCs (Li ef al. 2018; Gutmann et al.
2018). To evaluate the effect of climate change until the present time, we performed
experiments representing Typhoons Haiyan, Bopha, and Mangkhut as if they were to occur
in a pre-industrial climate with four different initial times for both 5kmCU and skmNoCU

experiments (Table 5.4b). The summary of the PGW experiments is presented in Table 5.4.
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Table 5.3 Model setup and physics parameterization.

Experiment 5kmCU 3kmNoCU

Number of Domain Two (outer coarse domain One (Do1)
D01 & inner domain D02)
Nesting Two-way (between D01 & None
Do02)
Grid resolutions 25 km (Do1); 5 km (D02) 8km (Do1)
Grid spacing 295 x 160 (DO1), 746 x 551 895 x 660 (D01)
(Do2)
Number of vertical eta 44 (Do1), 44 (D02) 44 (Do1)
levels
Cumulus KRain—Fritsch scheme — None - D01
parameterization Do01&D02
Cloud microphysics WRF Single-moment 6—class Scheme for the cloud
microphysics (Hong and Lim 2006) — D01&D02 (5kmCU); D01
(3kmNoCU)
Longwave radiation RRTM scheme (Rapid Radiative Transfer Model) (Mlawer et al.
1997)
Shortwave radiation Dudhia scheme (Dudhia 1989) — D01&Do02 (5kmCU); Do1
(3kmNoCU)
Surface layer MM5 Monin- Obukov scheme (Monin and Obukhov 1954) —
D01&Do2 (5kmCU); D01 (8kmNoCU)

Land surface scheme Unified Noah Land Surface Model (Chen and Dudhia 2001;

Tewari et al. 2004) — D01&D02 (5kmCU); D01 (3kmNoCU)

Planetary boundary Yonsei University (YSU) PBL scheme (Hong et al. 2006) —

layer scheme Do1&Do2 (5kmCU); D01 (8kmNoCU)
Surface flux option isfteflx = 1
Atmosphere-ocean 1D Ocean Mixed Layer
tfeedback Lapse rate: 0.14 °C m-1

Mixed Layer Depth: 50m

5.2.4 Pseudo-global Warming (PGW) Technique

This study used the PGW method introduced by Schir et al. (1996) as a surrogate
climate change method and later used in various studies (Kimura and Kitoh, 2007; Sato et al.
2007; Knutson et al. 2008; Nayak and Takemi 2018). The PGW technique adds a climate
perturbation signal to the present-day conditions for the period of interest. The initial and
boundary conditions are generated by combining 6-hourly reanalysis data (ERA-5) and
climatological monthly mean perturbations that are extracted from the GCMs. The result is
the forcing data for the alternative climate, called the PGW condition or climate change delta.
It can then be used as the WRF initial and boundary conditions for climate simulations of the

TC case studies. The PGW technique is one method of evaluating the impacts of different
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climate change scenarios such as global warming on past TCs. Other methods are presented
in Adachi and Tomita (2022), a summary of which is presented in Supplementary Table 1, and
a new approach is being proposed by Dali et al. (2020) to combine the transient weather signal
from one GCM simulation with the monthly mean climate states from multi-GCM ensemble
mean for the periods of interest. In most studies, the downscaled PGW condition is compared
to the historical or present/current-day condition developed from reanalysis data to
determine the projected change in the future climate for example. It is also well-suited for a
storyline approach, which investigates the impact on an event intensity, as compared from the
risk-based approach which investigates the impact on an event frequency (Shepherd et al.
2018).

The PGW delta was calculated by subtracting the monthly means (i.e., November
tor Haiyan, December for Bopha, and September for Mangkhut) of the current simulations
from the future climate projected by each of the GCMs. The calculated PGW deltas for each
variable were then added to the 6-hourly ERA-5 initial and boundary conditions for the three
TC cases to build the PGW conditions. The PGW delta was calculated in the initial and lateral
boundary conditions for the following variables: surface (land and sea) and air temperature,
pressure (surface and sea level), geopotential height and relative humidity, as used in previous
PGW studies (Patricola and Wehner 2018, Parker ef al. 2018). There is disagreement in the
literature regarding whether the relative humidity should be allowed to change in future
simulations. Some PGW studies (e.g., Parker et al. 2018; Mittal et al.2019; Chen et al. 2020;
Reddy et al. 2020; Lackmann et al. 2015) have applied a delta to the relative humidity, but there
are also examples where RH is not changed (e.g., Kawase et al. 2009; Patricola and Wehner
2018) where it is argued that: (1) an inconsistency is created when adding a broadly uniform,
GCM-derived specific humidity delta onto a specific synoptic pattern and (2) relative humidity
is generally expected to remain constant in the future. Based on the results of Parker e al.
(2018), the inclusion or exclusion of the relative humidity delta does not affect the overall
results. FFor this study, we have decided to experiment with changes in relative humidity, in

order to further understand its effects on TC response (FULL experiments).



Table 5.4a Summary of experiments with different forcings and GCMs.

Simulatio Variables GCMs Period Experimen Case Study (Initial
n Group with PGW t Times)
/ Code Delta*
Control None None Current 5kmCU Haiyan
(CTRL) (04 Nov 00UTC);
Bopha
(02 Dec 00UTC);
Mangkhut
(10 Sep 00UTC)
Surface Surface CESM2 Current 5kmCU Haiyan
(SFC) /  (land and Future (04 Nov 00UTC)
SFC only sea) Bopha
temperatur HadGEM3 Current  5kmCU (02 Dec 00UTC)
e Future Mangkhut
(10 Sep 00UTC)
SFC+ Surface CESM2 Current 5kmCU Haiyan
Pressure (land and Future (04 Nov 00UTC)
Level sea) Bopha
(PLEV) temperatur HadGEMS Current  5kmCU (02 Dec 00UTC)
e, air Future Mangkhut
temperatur MPI Current  5kmCU (10 Sep 00UTC)
¢ Future
MIROCe6 Current 5kmCU
Future
FULL Surface CESM2 Current 5kmCU Haiyan
(land and Future (04 Nov 00UTC);
sea) Pre- Bopha
temperatur industri (02 Dec 00UTC);
e, air al Mangkhut
temperatur (10 Sep 00UTC)
e, relative )
humidity HadGEM3 Current 5kmCU Haiyan
Future 04 Nov ooUTC
MPI Current 5kmCU Eg%ljc 00UTC
Future Mangkhut
MIROCe6 Current 5kmCU 10 Sep 00UTC
Future

* all experiments also include pressure (surface and sea level) and geopotential height PGW deltas



Table 5.4b. Summary of experiments on the different resolutions and different
periods (pre-industrial and future).

Simulation Variables with GCM Period Initial Times
Group / PGW Delta delta

Code forcing
5km CU Surface & air CESM2  Pre- Haiyan (04 Nov 00UTC,
temperature, industrial 06UTC, 12UTC, 18UTC);
geopotential Current Bopha (02 Dec 00UTC,
height, relative Future 06UTC, 12UTC, 18UTC);
humidity Mangkhut (10 Sep 00UTC,
06UTC, 12UTC, 18UTC)
skm NoCU Surface & air CESM2  Pre- Haiyan (04 Nov 00UTC,
temperature, industrial 06UTC, 12UTC, 18UTC);
geopotential Current Bopha (02 Dec 00UTC,
height, relative Future 06UTC, 12UTC, 18UTC);
humidity Mangkhut (10 Sep 00UTC,

06UTC, 12UTC, 18UTC)

5.2.5 TC Tracking Method

The simulated track and intensity values were obtained every 6 hours using the
TRACK algorithm (Hodges et al. 2017) as used in Hodges and Klingaman (2019). TRACK
determines TCs as follows: first the vertical average of the relative vorticity at 850-, 700-, and
600-hPa levels is obtained and averaged. The field is then spatially filtered using 2D discrete
cosine transforms equivalent to T63 spectral resolution and the large-scale background is
removed. The feature points are determined by first finding the grid point relative vorticity
maxima > 5.0 X 106 s7'  which are then used as starting points for a B-spline interpolation
and steepest ascent maximization method to determine the off-grid feature points (Hodges
1995 as cited by Hodges and Klingaman, 2019) that results in smoother tracks. The tracking
is performed by first initializing the feature points into tracks using a nearest neighbour
method and then refining them by minimizing a cost function for track smoothness subject to
adaptive constraints (Villafuerte et al. 2021). The tracking is done for the entire simulation

period. After completing the tracking, other variables are added to the tracks, including the
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maximum 10-m winds and minimum central pressure at full resolution. This is done by
searching for the maximum 10-m winds within a 6° geodesic radius, and for the true minimum
mean sea level pressure within a 5°-radius using the B-splines and minimization method
(Hodges and Klingaman, 2019). In addition, the TC vertical structure or profile were also
taken using the TRACK algorithm by calculating the tangential, and radial winds at peak
intensity at height levels between 0 and 18km on a radial grid with geodesic radius of 10°

(Bengtsson et al., 2007) for each simulation.

5.2.6 Cyclone Damage Potential

The potential damage that can be caused by the TCs is calculated using the cyclone
damage potential (CDP) index (Done et al. 2018; Holland et al. 2019), formulated using critical
cyclone parameters that involve the maximum wind (or energy dissipated at the surface), size

(radial extent) and translation speed, and is given by:

(Y5 (") |

TS

CDP =

Equation 5.2

where Vmax and TS are the maximum surface wind speed and translation speed, respectively,
both expressed in ms-!. Vmax here is the maximum of 10m wind speed over the inner domain.
The translation speed of the TC for the current time step is calculated as a centered difference.
The radius of the hurricane winds (HFWrad) is calculated by determining the radial distance
between the storm center and the outermost point from the storm center where the wind
speed is equal to 38 ms-. The CDP index is computed only if Vmax is greater than 33 ms If
TS < 2.6 ms?, then TS is set to be as 2.6 ms-. The CDP index value ranges from 0 to 10. A
higher CDP indicates increased risk of T'C-related damage costs, particularly damage brought

about by wind (Holland e al.2019).



5.3 Results and Discussion

5.3.1 Large-scale conditions under future and pre-industrial

climate

Based on the future climate change signals calculated from these four GCMs, the
mean SST change in the experiment domain for the far future is projected to be between
1.89°C to 3.65°C warmer, with SST increases ranging between 2.16°C to 3.27°C in November;
2.13°C to 8.12°C in December; and 1.89°C to 38.65°C in September under the SSP5-8.5
scenario (Figure 5.1). Fig. 5.1a, 5.1b and 5.11c¢ shows the increases in SST from the CESM2
model for November, December, and September with mean SST changes of 38.22°C, 3.09°C
and 2.94°C, respectively. The most substantial increases in SST are found from HadGEM3
(Fig. 2d-f and least increases are found from the MIROC (Fig. 1g-1) and MPI (Fig. j-1) models.
The vertical distribution of air temperature is also shown on Figure 5.2a, 5.2b and 5.2¢ for
November, December, and September, respectively, which shows that the air temperature will
be ~3-6 °C warmer on the average, with stronger warming in the upper level (near 250 hPa),
leading to the atmosphere being more stable in the future under SSP5-8.5 (FFigure 5.2). This
bulge of warming in the upper troposphere is consistent with previous studies (Hill and
Lackmann, 2011; Knutson and Tuleya, 2004). The relative humidity in the troposphere,
particularly in the mid-troposphere, shows minimal change in the future climate under the
SSP5-8.5 scenario (Figure 5.2d-f).

In the pre-industrial climate, the change in SST ranges between -0.03 to more than
-0.2°C (see Supplementary Figure 5.2), the changes in SST and the change in air temperature

and relative humidity are also shown in Supplementary Figure 5.3.
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5.3.2 Changes in TC Characteristics

5.8.2.1 Changes due to different forcings and GCMs

The simulated tracks, intensity (minimum central pressure and maximum winds),
size, and speed were obtained from the current, future, and past simulations of all the three
TC cases. The surface warming only (SIFC) experiments resulted in some differences in the
simulated tracks (not shown), with future climate simulations having a general tendency for
the TCs to track more northwards than in the current climate (Bopha) and to recurve north
and not make landfall in any part of the Philippines (Haiyan and Mangkhut). There is less
deviation in track for the simulations with atmospheric variable deltas (SFC+PLEV and
FULL), particularly for Bopha where the track in the future simulations remained close to
those in the current simulation. There is some deviation in the future simulations for
Mangkhut, albeit still within 100km of the current simulation at landfall. For Haiyan,
however, the future simulations have slightly deviating tracks. Some simulations with the
FULL delta have a northward deviation in the track but still within 3° away from the current
simulation, a threshold that was found acceptable for this kind of analysis by Patricola and
Wehner (2018). For the 3kmNoCU simulations, however, there are no significant deviations
in the track for both pre-industrial and future runs, except Bopha's 3kmNoCU run under the

future climate.
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Figure 5.1 The November (left panels), December (middle panels) and
September (right panels) monthly mean sea surface temperature delta (°C)
added to the boundary and initial conditions of the control runs for Typhoons
Haiyan, Bopha and Mangkhut, respectively, to create the future climate
scenario change in far future (2070-2099) from CMIP6 models (CESM2-a,b,c;
HadGEMS3-d,e,f; MIROC6-g,h,i; and MPI-j,k,]) according to the SSP5-8.5
scenario relative to the historical period (1970-1999). The domain-averaged
delta SST's are indicated in the lower right-hand corner.
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Figure 5.2 The November (left panels), December (middle panels) and
September (right panels) monthly mean air temperature delta (°C) (top panels)
and relative humidity delta (%) (bottom panels) added to the boundary and
initial conditions of the control runs for Typhoons Haiyan, Bopha and
Mangkhut, respectively, to create the future climate scenario change in far

future (2070-2099) from CMIP6 models (CESM2, HadGEM3, MIROC6 and
MPI) according to the SSP5-8.5 scenario relative to the historical period (1970-
1999).

Figures 5.3 and 5.4 show that there are minimal changes in steering flow (except
bopha’s 3kmNoCU future) and the extent of the Western North Pacific Sub-Tropical High
tor both 5kmCU and skmNoCU future simulations (Supplementary Figure 5.4). Bopha's
future simulation in the 8kmNoCU experiment, however, showed a noticeable change in the
WNPSH and steering flow, causing the future track to recurve after landfall (Figure 5.41).

There are no substantial changes in track and translation speed of all pre-industrial
runs in both 5kmCU and 3kmNoCU experiments, with percent changes in translation speed
ranging from £2%. In terms of future projected translation speed, however, there is a small
but opposing response between the 5kmCU and 3kmNoCU runs, with slower TCs in the
3kmNoCU (-4 to -24%) and faster TCs in the 5kmCU runs (+2 to 9%) under the future climate

compared to the current climate simulations.
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Figure 5.3 Simulated track (blue lines) and steering flow (streamlines,
calculated as winds averaged between 500hPa & 700hPa) averaged over the
entire period of the 5kmCU experiments for Typhoon Haiyan (a, b, c), Bopha (d,
e, f), and Mangkhut (g, h, i) under pre-industrial (left), current (middle) and
future (right) climate from the runs using deltas from CESM2. Minimal changes
in the streamlines were observed.
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Figure 5.4 same as Figure 5.3 but for the 3kmNoCU experiments
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In order to evaluate the response of the TC cases to climate change, the simulated
TC tracks under current climate were first verified with observed TC tracks from the
IbTRaCs (Knapp et al., 2010) dataset. Indeed, the simulated tracks do not deviate substantially
from the observed tracks (Supplementary Iig. 4) The surface warming only (SFC)
experiments resulted in some differences in the simulated tracks (Supplementary Fig. 4), with
the future climate simulations having a general tendency for the TCs to track more
northwards than in the current climate (Bopha) and to recurve north and not make landfall in
any part of the Philippines (Haiyan and Mangkhut). The same behaviour is observed in the
simulations with uniform increase in SST's (Delfino et al. 2022b). There is less deviation in
track for the simulations with atmospheric variable deltas (SFC+PLEV and FULL),
particularly for Bopha where the track in the future simulations remained close to those in the
current simulation. There is some deviation in the future simulations for Mangkhut, albeit
still within 100km of the current simulation at landfall. For Haiyan, however, the future
simulations have slightly deviating tracks. Some simulations with the FULL delta have a
northward deviation in the track but still within 3° away from the current simulation, a
threshold that was found acceptable for this kind of analysis by Patricola and Wehner (2018).
Nakamura et al. (2016) showed that atmospheric and surface temperature warming has
opposing influence on Haiyan’s intensity under future climate conditions.

The SFC only experiments show the greatest increase in intensity with reductions in
minimum central pressure (and maximum winds) of up to -73 hPa (16 ms') for Haiyan, -6.5
hPa (13 ms) for Bopha and -66 hPa (19 ms-!) for Mangkhut. The TCs become more intense
in the SFC+PLEV experiments with changes in atmospheric temperature, but not as intense
as the SFC only experiments, with mean changes in minimum central pressure (maximum
winds) of -3 hPa (4 ms) for Haiyan, -6.25hPa (8 ms) for Bopha and -16.75hPa (12 ms) for
Mangkhut. There is no significant difference when a humidity delta (FULL experiments) is
added in the SFC+PLEV experiments with p-values of 0.1777 for Haiyan, 0.6745 for Bopha
and 0.7671 for Mangkhut. The percent change in maximum wind per °C change in mean SST

from the different of the GCM delta forcings under the FULL experiments are 2% for Haiyan,



3% for Bopha, and 4% for Mangkhut. This is within the projected TC maximum wind speeds
increase of 5% (+1% to +10%) if the climate warms by 2°C based on Knutson et al., 2021.
Table 5.5 Summary of changes in minimum central pressure (in hPa) and

maximum 10-m wind speed (in ms’') between the future minus the current
climate simulations.

Simulati | GCMs Haiyan Bopha Mangkhut
on PGW FaM [dM | (% |dM [ dM | (% |dM [ dM | (%
Group / | delta | g1, | W | dMW/ | SL | W | dMW/ |SLP | W | dMW/
Code | forcing | p | (ms | °C P [(ms| °C | (P |(ms| °C
S (hP 1) (hP | ) a) | )
a) a)
SFC CESM2 | _4; 16 5 9 12 4 61 17 6
only  "HadGE - s 20
Ms -76 5 -22 5 -71 6
Mean -
=73 16 5 6.5 13 4 -66 19
SFC+PL | CESM2 | , | 4 ! a4 9 3 s | 11
EV " MadGE . o o
Ms -1 1 -1 3 -33 6
MPI -1 4 9 -6 8 4 -11 9
MIROC
6 -6 2 1 -11 8 4 -10 8 4
Mean - -
4 6.2 8 16 12
-3 1 5 3 75 5
FULL | CESM2 | 4| 7 9 5| 9 3 S13 | 10 3
HadGE
Ms -27 7 2 (0] 7 2 -9 10
MPI -13 8 4 4 8 4 -12 10 4
MIROC . 0 "
6 -6 2 -1 4 -22 7
Mean -
-15 6 2 2.5 8 3 -14 11 4

Legend: Difference in MSLP (dMSLP); Difterence in Max Wind (dAMW); Percent Change in

Max Wind per °C change in SST (% dMW/°C)

The boxplots in Figure 5.5 show that there is a systematic shift towards higher
intensities in the lifetime maximum intensity over the simulated lifecycle of the storms under
future climate conditions for all experiments, with a reduction in central pressure and increase
in the maximum winds, which are most apparent in the more intense Mangkhut and Haiyan,
and not so much for Bopha. The minimum central pressure (maximum surface winds) reached

890 hPa (73 ms') for Haiyan under the future climate (FFULL) compared to 918 hPa



(65 ms) in the current climate. Mangkhut reached upto more than 70ms! in the future
climate (FULL) runs compared to 917 hPa (61 ms-) in the control.

To investigate the uncertainty in the response of the TCs to climate forcings caused
by convective parameterization, which was found to be the source of uncertainty in the current
simulations of the TC cases (Delfino et al. 2022b), we performed additional simulations of the
three TC cases at a convection-permitting horizontal resolution of 8km (3kmNoCU). We have
tound that the simulations using the 3kmNoCU have the same response to that of the 5kmCU
simulations i.e., the TCs have relatively lower minimum pressure and higher maximum winds
in the future under the SSP5-8.5 scenario over the lifetime of the TCs (Figure 5.6), and all
throughout the simulation period (Figure 5.7 and Figure 5.8). The future response in
minimum central pressure ranges from -0.46%, -0.07% and -1.20% for the 5kmCU, and -
0.07%, -0.43%, and -1.11% for the 3kmNoCU for Typhoon Haiyan, Bopha and Mangkhut,

respectively.
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Figure 5.5 Boxplots of the minimum central pressure in hPa (upper panels, a-c)
and maximum 10-m wind speed in meters pers second (lower panels, d-f)
throughout the lifetime of the different TC cases from current climate
simulations (black) and the mean of the future climate simulations (SSP5-8.5
scenario) with the surface only experiments (magenta, sfc), surface and
atmospheric level delta (blue) and surface and atmospheric level with relative
humidity delta (red); of the different TC case studies - (a,d) Haiyan (left), (b,e)
Bopha (center) and (c,f) Mangkhut (right). Center white line denotes the
median, box limits denote lower and upper quantiles, whiskers denote maximum
and minimum, and the circles denote the outliers. Solid gray horizontal lines are
the observed minimum central pressure (maximum winds) 895 hPa (64 ms-1),
930 hPa (51 ms-1), and 905 hPA (56 ms-1) for Typhoon Haiyan, Bopha and
Mangkhut, respectively.

5.8.2.2 Changes due to different resolution in different periods

To investigate the uncertainty in the response of the TCs to climate forcings caused
by convective parameterization, which was found to be the source of uncertainty in the current
simulations of the TC cases (Delfino et al. 2022a), additional simulations of the three TC cases
at a convection-permitting hrizontal resolution of 3km (3kmNoCU) were performed. In
addition, the three TC cases were also simulated under the pre-industrial climate to provide

evidence as to whether CC has already influenced the TC characteristics.

The mean (spread) percent change in maximum wind ranges between 4.09% (0 to

7%), -2.68% (-7 to 2%), and 15.57% (13 to 20%) for the 5kmCU runs, and 13.75%, 4.28%, and



11.62% for the 3kmNoCU runs of Typhoon Haiyan, Bopha and Mangkhut, respectively. There
are also relatively bigger spreads in the lifetime intensity of the TCs in the 3kmNoCU
compared to the 5SkmCU runs. This might be due to relatively lower intensity at the start of
the simulations (first 24 hours) in the 3kmNoCU runs compared to the 5kmCU run. During
the TC's lifetime, the 8kmNoCu runs achieve a deeper and more intense state. Fig 6 shows
that the minimum of the SLP is relatively lower in the 3kmNoCu runs, and the maximum of
the wind speeds are higher than in the 5skmCU runs. The spread in the boxplots is largely due

to the lower intensities in the 3kmNoCu runs at the start and end of the simulations.
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Figure 5.6 Boxplots of the minimum central pressure in hPa (upper panels, a-c)
and maximum 10-m wind speed in meters per second (lower panels, d-f) with
the 5kmCU vs 3kmNoCU simulations throughout the lifetime of the different
TC cases from current climate simulations (black) and the mean of the future
climate simulations (SSP5-8.5 scenario) with the observed from IbTrACS (grey),
simulations under pre-industrial (black), current (blue) and future (red) climate
of the different TC case studies - (a,d) Haiyan (left), (b,e) Bopha (center) and
(c,f) Mangkhut (right). Center white line denotes the median, box limits denote
lower and upper quantiles, whiskers denote maximum and minimum, and the
circles denote the outliers. Solid gray horizontal lines are the observed
minimum central pressure (maximum winds) 895 hPa (64 ms-1), 930 hPa (51

ms-1), and 905 hPA (56 ms-1) for Typhoon Haiyan, Bopha and Mangkhut,
respectively.
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Figure 5.7 Time series of the minimum central pressure (hPa) simulated from
the 5kmCU (top panels) and 3kmNoCU (bottom panels) experiments under pre-
industrial (black), current (blue) and future (red) climate for the different TC
case studies - (a,d) Haiyan (left), (b,e) Bopha (center) and (c,f) Mangkhut (right).
Solid and dashed lines denote the mean and the spread denotes the simulated
intensity from the four ensemble members initialized at different times.
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Figure 5.8 Time series of the maximum winds simulated from the 5kmCU (top
panels) and 3kmNoCU (bottom panels) experiments under pre-industrial
(black), current (blue) and future (red) climate for the different TC case studies
- (a,d) Haiyan (left), (b,e) Bopha (center) and (c,f) Mangkhut (right). Solid and
dashed lines denotes the mean and the spread denotes the simulated intensity
from the four ensemble members initialized at different times.

Of all the simulations, the 3kmNoCU runs under future climate shows significant increases in

intensity (at 1% and 5% level) for all the three cases with p-value of 0.0003 and 3.712e-05 for
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Haiyan’s minimum SLP and maximum winds, p-value of 0.0317 and 0.0003 for Bopha’s
minimum SLP and maximum winds, and p-value of 0.0290 and 0.0738 for Mangkhut's
minimum SLP and maximum winds. Haiyan (at 10% level) and Mangkhut (at 1% level) also

showed significant intensity increases under the future climate in the 5kmCU runs (Table 6).

Table 5.6. Summary of ensemble mean changes (difference) in minimum central
pressure (in hPa) and maximum 10-m wind speed (in ms™') between the current
and preindustrial / future climate simulations. Ensemble mean changes denoted
by * are significant at the 10% level, by ** are significant at the 5% level and by
*%* are significant at 1% confidence level using a Student’s t test.

Simulation | Periods Haiyan Bopha Mangkhut
Group  /
Code
Min SLP | Max Min Max Min Max
(hPa) Wind SLP Wind SLP Wind
(ms) (hPa) (ms-!) (hPa) (ms')
5kmCU current - 10 -4 -Gk 4 0 0
preind
tfuture - -4 | * g% -1 2 -1 1HH* giHk*
current
8kmNoCu | current - -1 2 -1 g¥** 1O*** -g¥* 2%
preind
future _ [ _go¥** gkHk gk gHFk _1O¥** gk
current

For the three TC cases, the ensemble of the minimum central pressure and maximum
winds are almost identical (Figure 5.7 and Figure 5.8) under the current and pre-industrial
climate conditions in both 5kmCU and 83kmNoCU runs, particularly for Typhoon Haiyan and
Mangkhut, with some deviations after landfall for Bopha. However, in terms of peak intensity,
in the more intense TCs Haiyan and Mangkhut, climate change may have already had a weak
influence on intensity in terms of relatively weaker winds than in current climate (Figure 5.5).
In particular, the difference between the current and pre-industrial climate for minimum SLP
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(maximum wind) are 10hPa (-4 ms-') and -9hPa (4 ms-') for Haiyan and Bopha, while no mean
difference for Mangkhut. For the sSkmNoCU runs, Haiyan has a -1 hPa (2 ms'), Bopha has -
19 hPa (10 ms™) - significant at 1% level, and Mangkhut -3 hPa (2 ms') -significant at 5% and
10% respectively, current-pre-industrial difference (Table 6), which indicates that the TCs are

relatively weaker under the pre-industrial climate than under the current climate simulations.

Figure 5.9 and Figure 5.10 shows the vertical profiles of the azimuthally averaged
tangential winds at peak intensity over a 10-degree for all the simulations for the 5kmCU and
3kmNoCU simulations, respectively. The profiling is done at peak intensity at height levels
between 0 and 18km and the radial grid extends to 10° for each simulation. The intensification
of the TC cases under the future climate scenarios is also shown by the vertical cross-section
of the composite of azimuthally averaged winds. Under the SSP5-8.5 scenario, Figure 5.9 and
Figure 5.10 show the maximum tangential wind speed increases from 55-65 ms™ to up to
more than 70 ms™'. This is similar to the result in Manganello ef al. (2014) which projects an
increase by around 5 ms™' in tangential wind speed on the average for TCs over the WNP.
The experiments under future climate scenario also projects stronger outward and upward
expansion of the region of stronger winds. The radial winds also tend to be stronger (inflow)
near the surface. Under the pre-industrial climate, the vertical distribution of tangential winds
is similar to that of the simulations under the current climate. It is also worthwhile to note
here that the vertical distribution of strong tangential winds (>50 ms') increases more in the
3kmNoCU (Figure 5.10) than in the 5kmCU runs (Figure 5.9), for all time periods and three
TC cases. This is consistent with the results of an earlier study by Kueh et al. (2019) that
showed an increase in the vertical extent of stronger tangential wind speeds, a decrease in the
outward slope of the maximum wind axis, and a contraction of the eyewall when model grid
resolution is increased. The radial wind profiles (FFigure 5.11) also show that the radial wind
distribution in the current climate run is more diffuse than the future runs. It displays the
much more evident inflow in the lower troposphere and outflow in the upper troposphere in

the future runs.



5.3.3 Discussion

In this section we investigated some of the thermodynamic and dynamic aspects
from the current, future, and past simulations associated with the changes in intensity, size,

and speed of the different TC cases.

5.8.8.1 Track and speed

Based on the results presented in Section 3.2.1 above, there are substantial changes
in the TC track under the SF'C only experiments for all the three TC cases (Supplementary
Fig. 4). We have also found that the SFFC only experiments, where the tracks recurved, had
an enhanced westerly steering flow as well as a retracted Western North Pacific Subtropical
High (WNSPH) This is consistent with previous studies, which showed that the TC track can
be altered due to the background winds in the future environment, which steer the TCs.
KRatsube and Inatsu (2016) found that some of the TC cases that occurred in WNP basin
between 2002-2007 have the tendency to move northward and recurve when 2K is added
uniformly in SST across the domain of a regional atmospheric model. They have found that
this re-curvature can be explained by an induced westerly steering flow and an enhanced beta
effect driven by the warmer SST environment. An earlier study by Ren et al. (2014), which
looked at the sensitivity of TC tracks and intensity to ocean surface temperature of four
different T'C cases in four ocean basins including Typhoon Ketsana (2003) in the WNP basin,
tound that due to warmer SST's, the WNP Subtropical High (WNSPH) is further weakened,
thus causing Ketsana to move and recurve northward. In this study, there are minimal
changes in the WNPSH in the FULL experiments, but there were simulated retraction of the
WNPSH in the surface only experiments.

On the other hand, the SFC+PLEV and FULL experiments did not show any
significant changes in track. In addition, based on the results presented in Section 3.2.2, there
are minimal changes in the TC track due to small changes in the steering flow (Supplementary

Fig. 5 and I'ig. 6). In particular, there are minimal changes in steering flow (except Bopha's



3kmNoCU future) and the extent of the Western North Pacific Sub-tropical High for both
5kmCU and skmNoCU future simulations (Supplementary Iig.7). Bopha’s future simulation
in the sSkmNoCU experiment, however, showed a noticeable change in the WNPSH and
steering flow, causing the future track to recurve after landfall, but still within 3° away from
the current simulation at landfall, a threshold that was found acceptable for this kind of

analysis by Patricola and Wehner (2018).
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Figure 5.9 Radius (in degrees) — height (in km) cross sections of tangential wind
for Typhoon Haiyan, Bopha and Mangkhut under pre-industrial (left), current
(middle) and future (right) climate conditions for the 5kmCU simulations. The
number in the right-hand corner indicates the maximum 10-m peak wind
intensity in ms-'.
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Figure 5.10 Radius (in degrees) — height (in km) cross sections of tangential
wind for Typhoon Haiyan, Bopha and Mangkhut under pre-industrial (left),
current (middle) and future (right) climate conditions for the 3kmNoCU
simulations. The number in the right-hand corner indicates the maximum 10-m
peak wind intensity in ms-'.
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Figure 5.11 Radius (in degrees) — height (in km) cross sections of radial wind for
Typhoon Haiyan, Bopha and Mangkhut under pre-industrial (left), current
(middle) and future (right) climate conditions for the 3kmNoCU simulations.
The radial winds are contoured every 5 ms-1 between -30 ms-1 to 25 ms-1.

The observed and future changes in TC translation speed remains uncertain (Zhang

et al. 2020; Yamaguchi ef al. 2020), primarily due to lack of studies and evidence (Kossin 2021).

In this study, we found minimal changes (+2 m s!) in translation speed with opposing signals

trom the 5kmCU (faster) and 3kmNoCU (slower). Slower TCs could mean more time inland,

therefore more exposure; they could also result in more accumulated rain for a longer period

inland (Bagtasa 2022). Slower TCs over ocean could mean that the TC could stay longer over

warm ocean waters, enhancing the TC heat potential which could lead to further

intensification. The slowing of T'C motion could translate to increasing the damage potential
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due to greater flood risks (Lai et al. 2020). On the other hand, faster moving TCs could

translate to lesser time for people to prepare.

5.8.8.2 Intensity

The projected increase in intensity is consistent with the Potential Intensity Theory
introduced by Emanuel (1987) based on the Carnot cycle heat engine. According to Emanuel
(1987), there are two primary factors that control how strong a TC’s winds can get — (1) ocean
surface temperature and heat content and (2) the temperature and moist state of the
atmosphere, thus a TC’s potential intensity depends on the moist thermodynamic state of the
atmosphere and ocean. Other factors can keep a TC from reaching its potential intensity such
as vertical wind shear, dry air entrainment and SST cooling from air-sea interaction. If climate
change increases TC potential intensity, and other factors counteract this, then it is expected
(in theory) that TCs should shift to stronger intensities. Studies like Patricola and Wehner
(2019), Bhatia et al. (2019) and Kim et al. (2014 are consistent with this theory.

Based on the results presented in Section 3.2.1, there are substantial changes in the
intensities in the SFC only experiments, and more modest increases in the SFC+PLEV and
FULL experiments. Such a large intensification is driven by more heat flux supplied from a
warmer sea surface in the future. This result agrees with previous studies that demonstrate
the important role of warm SST on TC intensification (Delfino ef al. 2022b, Chen et al. 2020,
Nakamura ef al. 2016). On the other hand, as can be seen in the SFC+PLEV and FULL
experiments, the atmospheric warming has a large negative impact on TC intensity, but the
TC cases still increased intensity under the future climate. Some previous studies have also
pointed out that atmospheric warming itself can weaken TCs, due to the associated increase
of atmospheric stability (Chen et al. 2020, Nakamura et al. 2016). Additionally, although the
relative humidity is slightly increased under the future climate, the FULL experiments (with
relative humidity changes) show no significant difference with the SFC+PLEV experiments,

consistent with Parker et al. (2018) and Chen et al. (2020).
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From the results presented in Section 3.2.2, we have seen increases in intensity under
the future simulations. Based on maximum potential intensity theory (Emanuel 1987) and
recent studies (Patricola and Wehner 2018, Nakamura et al. 2016, Chen at al 2020, Mittal et
al. 2019, Parker et al. 2018), TC intensity is expected to increase due to favorable conditions
such as warmer ocean temperature, unstable atmosphere with a moist mid-troposphere, and
weak vertical wind shear (Wu et al. 2022). SST warming has been observed and is expected
to continue, which would intensify TCs, as seen in Chapter 4. However, sub-surface ocean
structure changes are also important for TC intensity and may be a dampening effect in the
future (Huang et al, 2015). Considering atmospheric factors, anthropogenic warming is
expected to be greater in the upper compared to lower troposphere in response to increased
greenhouse gases, which could weaken TCs. However, the tropical tropopause is expected to
cool as its height increases, which would strengthen the maximum potential intensity of TCs,
as observed in the Atlantic (Emanuel et al 2013; Wing et al 2015). Since maximum potential
theory applies to mature TCs, this means the strength of intense TCs may increase. In
addition to thermodynamic influences on TCs, changes in atmospheric circulation are also
important. Projected increases in vertical wind shear could work to suppress TCs regionally
(Vecchi et al 2007). Fig. 9 and Fig. 10 shows increases in both the water vapor mixing ratio
and latent heat flux under the SSP5-8.5 scenario in the future climate. The water vapor mixing
ratio increase is 32% (66%), 27% (29%) and 26% (29%) under the future climate condition in
the 5kmCU (8kmNoCU) experiments. The increase in latent heat flux is 10% (30%), 16%
(80%), and 5% (1%) under the 5kmCU (8kmNoCU) for Typhoons Haiyan, Bopha and
Mangkhut, respectively. This is also similar to the results of Gutmann et al. (2018) which
showed that the increases in water vapor and thus latent heat feedbacks lead to increases in
TC intensity. In the future climate, TCs may have a deeper TC core due to enhanced latent
heating from increased precipitation and a significant decrease in the vertical wind shear
(Mittal et al. 2019). The intensification may be driven by more latent heat flux supplied from
a warmer ocean in the future (Chen et al. 2020, Nakamura et al. 2014) and due to the change

to the SST gradient (Parker et al. 2018).
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Figure 5.11 Simulated water vapour mixing ratio (g/kg) from the different
experiments initialized at different times (ensemble spread), averaged over the
domain, from the 5kmCU (top panels) and 3kmNoCU (bottom panels)
experiments under pre-industrial (black), current (blue) and future (red) climate
for the different TC case studies - (a,d) Haiyan (left), (b,e) Bopha (center) and
(c,f) Mangkhut (right). Solid and dashed lines denote the mean, and the spread
denotes the simulated intensity from the four ensemble members initialized at
different times.
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Figure 5.12 Simulated latent heat flux (W m™), from the different experiments
initialized at different times (ensemble spread) averaged over the domain, from
the 5kmCU (top panels) and 3kmNoCU (bottom panels) experiments under pre-
industrial (black), current (blue) and future (red) climate for the different TC
case studies - (a,d) Haiyan (left), (b,e) Bopha (center) and (c,f) Mangkhut (right).
Solid and dashed lines denote the mean, and the spread denotes the simulated
intensity from the four ensemble members initialized at different times
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The observed changes in the vertical profile of temperature in a moist environment
with enhanced SST will increase the convective available potential energy (CAPE) (Trenberth
2005). The CAPE values are also calculated, where a notable increase is seen in the far future
scenarios for all the TCs considered. There is a 41% (45%), 87% (51%), and 44% (36%) average
increase in CAPE in the far future SSP5-8.5 scenario for the 5kmCU (3kmNoCU) simulations
tor Typhoons Haiyan, Bopha and Mangkhut, respectively. This increase in CAPE values in
future climate is consistent with previous studies (Knutson and Tuleya 2004; Parker et al.
2018). The higher CAPE enhances the potential for more vigorous atmospheric convection
and further intensifies TCs (Knutson and Tuleya 2004; Reddy ez al. 2019). A warmer and moist
environment with high SST's is observed in the November (2.73) and September (2.75) climate
change signal than in December (2.63) under the SSP5-8.5 (see in Figure 5.2). Hence, TCs
Haiyan and Mangkhut are seen to intensify more with substantial relative changes in CAPE

compared to Bopha in the future climate (Figure 5.14).

(a) Typhoon Haiyan (b) Typhoon Bopha (c) Typhoon Mangkhut

i :
LT,

Figure 5.13 Vertical profile of air temperature (solid line) and dew point
temperature (dashed line) of Typhoons Haiyan (a), Bopha (b) and Mangkhut (c)
for the future (red line) SSP5-8.5 and pre-industrial (black line) scenarios
considered in this study along with comparisons with the control run (blue line).

Vertical wind shear is also a critical factor in both TC formation and intensification.
The reduction in vertical wind shear is favorable to the formation and development of TCs.
There is a reduction in the vertical wind shear (between 850 and 200 hPa) on average (IFig.
12) across the domain. The vertical wind shear across the domain is reduced under the future
climate of about -2%, -2%, and -4% for Haiyan, Bopha, and Mangkhut, respectively for the
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5kmCU experiments. For the 3kmNoCU experiments, the reduction in vertical wind shear is

-4%, -8%, and -6% for Haiyan, Bopha, and Mangkhut, respectively.

5.8.3.3 Size

Larger TC size is found to be due to an increase in environmental humidity and
temperature in the lower troposphere leading to an increase in environmental CAPE (Mittal
et al. 2019). Although the changes in mid-tropospheric RH are minimal (between 1 to 13%) in
all three cases, the RH are higher under future climate conditions relative to the current
climate. This might explain the relatively small changes in size. There is also relatively similar
response between 5kmCU and 8kmNoCU experiments. In addition, there is also an increase
in the mid-tropospheric RH in all three cases Haiyan, Bopha, and Mangkhut. The high mid-
tropospheric RH supports TC development and intensification by restricting the negative

influence on convection (Gray 1998).

5.3.3.4 Summary of Discussion

Figure 5.14 and Table 7 shows the summary of the percent changes in the TC
environment under the pre-industrial and future climate, relative to the current climate
simulations. The changes in latent heat flux for the 5kmCU (8kmNoCU) runs ranges between
5% (5%), -1% (-6%), and 1% (-1%) for TCs Haiyan, Bopha and Mangkhut under the pre-
industrial climate, while under SSP5-8.5 scenario in the future climate, the latent heat flux
changes range from 10% (30%), 16% (30%), and 5% (1%) for the 5kmCU (8kmNoCU) runs of
TCs Haiyan, Bopha, and Mangkhut, respectively. The water vapor mixing ratio also increased
in the future with changes ranging from 26% to 35% for the 5kmCU runs and 29% to 66% for
the 3kmNoCU runs. There is a general decrease in the vertical wind shear which ranges from
-2% (-4%), -2% (-8%) and -4% (-6%) for the 5kmCU (8kmNoCU) runs for TCs Haiyan, Bopha
and Mangkhut, respectively. These changes in the TC environment, particularly increase in

latent heat flux and water vapor mixing ratio; and reduction in vertical wind shear, appear to
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be the main contributors to the further intensification of the TC cases in the future climate

simulations.
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Figure 5.14 Percent change relative to the current climate in latent (LHF) and
sensible heat flux (SHF), water vapor mixing ratio (QVapor), relative humidity
(RH) and vertical wind shear (VWS) averaged across the domain over the
simulation period for the 5kmCU and 3kmNoCU experiments for Typhoon
Haiyan, Bopha, and Mangkhut under pre-industrial (left) and future (right)
climate.
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Table 5.7. Summary of mean percent changes (future minus current
climate/current and current minus pre-industrial/pre-industrial) in TC
Environment for the 5kmCU and 3kmNoCU experiments.

TC Periods HAIYAN BOPHA MANGEKHUT
Environme 5kmC | sSkmNoC | 5kmC | 3kimNoC | 5kmC | skmNoC
nt U U U U U U
- ~169 _QO _a10
I;‘rt:erst ~25% 16% -18% 9% ~27% 81%
Sensible Current -5% 7% 1%
heat flux _-pre- 49 5% 1%
industri
al
_ 0 0 0
IZS::erst 10% 30% 16% 30% 5% 1%
Latent heat | Current -6% 1% -5%
flux Prem o g 9% 6%
industri
al
_ 0 0 0
ELT::;:,[ 309% 66% 279% 29% 26% 29%
Water Current -23% -6% 2%
vapor _pre-
S ; %) _~0 [$)
mixing ratio industr 2% 7% 2%
al
N 0 0 0
Relative Current 3% 2% -1%
Humidity _-pre- 2% 2% 0%
industri
al
- ~49 _Q0 _RO
Vertical Current -3% 2% 4%
wind shear _-pre- 3% 0% 1%
industri
al

The increase in atmospheric convective instability in the TC outer region below the

middle troposphere, which facilitates the local development of grid-scale ascending motion,

low-level convergence, and the acceleration of tangential winds, may be responsible for the

TC size increase in response to ocean warming. A rise in environmental humidity and

temperature in the lower troposphere leads to an increase in environmental CAPE, resulting

in larger TC size (Mittal et al., 2019).

169



5.3.4 Cyclone Damage Potential

Overall, there is higher damage potential in the future for all three TC cases and in
both the 5kmCU and 3kmNoCU simulations (Figure 5.15). The increase in CDP ranges from
3.6, 2.4, and 5.5 for the 5kmCU runs; and 7.6, 3.0, and 7.2 for the sSkmNoCU runs under the
far future SSP5-8.5 scenario. Under the pre-industrial (current) climate, the TC cases’” CDP
ranges from 3.4 (3.5), 2.0 (2.4), and 4.2 (4.8) for the 5kmCU runs; and 4.7 (5.5), 1.8 (2.4) and
5.7 (5.5) for the sSkmNoCU runs for TC Haiyan, Bopha, and Mangkhut, respectively. The
increase in CDP is primarily due to the increase in maximum winds, with small change in
both size and speed. The changes in CDP are generally larger in the 3kmNoCU runs than in
the skmCU runs with changes ranging from +1%, +0.17% and +30% for the 5kmCU runs
and +37%, +25%, and +32% in the 3kmNoCU runs for Typhoons Haiyan, Bopha and
Mangkhut, respectively. Under the pre-industrial climate, however, there are minimal
changes in the CDP for Typhoons Haiyan and Mangkhut, ranging between -3 to -15% (pre-
industrial minus current), but for Typhoon Bopha the change in CDP is -19% (-30%) in the
5kmCU (8kmNoCU) runs showing that Typhoon Bopha had more damage potential under

the current climate as compared to if it happened in the past.
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Figure 5.15 Cyclone Damage Potential (CDP) of the 5kmCU and 3kmNoCU
experiments for Typhoon Haiyan, Typhoon Bopha and Typhoon Mangkhut
under the pre-industrial (gray), current (blue) and future (red) climate.

The percent changes in the damage potential of the different TC cases relative to
current are presented in Figure 5.16. Typhoon Haiyan, Bopha and Mangkhut’s maximum
winds increased under future climate conditions in both 5kmCU and 8kmNoCU simulations.
Changes in size are relatively small and have mixed signal of responses, with
increases/decreases for different TC case and in 5kmCU and 8kmNoCU simulations. The SFC
only experiments present an increase of up to 112% in RMW and 60% in TFW (not shown).
The 5kmCU experiments led to a change of +30%, -11%, and -2% for Haiyan, Bopha and
Mangkhut, respectively and the 3kmNoCU experiments led to 0%, 6.67%, and 0% change for
TC Haiyan, Bopha and Mangkhut. Under the pre-industrial climate, Haiyan did not show any
change in the TFW and DFW under the 8kmNoCU and 5kmCU simulations, Bopha showed
minimal changes, but Mangkhut showed up to -13% and -2% change in TFW under the

3kmNoCU and 5kmCU simulations.



We also computed the changes in the translation speed of the TC cases, since the
future changes in speed remains uncertain. For the translation speed, we find an opposite
signal of responses i.e., the TC cases move slower in 3kmNoCU with -24%, -10%, and -4%
and faster in the 5kmCU simulations with 6%, 10%, and 4% change in speed for TCs Haiyan,
Bopha and Mangkhut, respectively. Under the pre-industrial climate, the TCs response in
terms of speed have changes of 18% for Haiyan, -1% for Bopha and -2% for Mangkhut in the
8kmNoCU runs. Additional work is needed to achieve more generalized conclusions over the

TC response in terms of size and speed.
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Figure 5.16 Percent change in TC characteristics relative to the current climate
of the Cyclone Damage Potential (CDP) and individual parameters: maximum
winds (Vmax), radius of hurricane force wind (HFWrad) and translation speed
(TS) of the 5kmCU and 3kmNoCU experiments for Typhoon Haiyan, Typhoon
Bopha and Typhoon Mangkhut under the pre-industrial climate (left) and future
climate (right).

5.4 Summary and Conclusions

The Weather Research and Forecasting (WRF) Model was used to simulate the
potential impacts of large-scale environmental changes due to global warming on the
simulation of three of the most damaging TC events in the Philippines. A set of simulations
using 5km resolution inner domain with cumulus scheme (5kmCU), and 3km resolution
domain without cumulus parameterization (3kmNoCU), for four different initial times in each

TC case, were able to capture the observed track and intensity of Typhoons Haiyan, Bopha,
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and Mangkhut. The novelty here is in (1) investigating different TC cases from the
Philippines with varying observed intensity, landfall area, and months of occurrence; (2) the
simulations were forced with initial and boundary conditions from several GCMs contributing
to the Coupled Model Inter-comparison Project Phase 6 (CMIP6) (Eyring ef al. 2016) and
looking at different factors such as sea surface temperature, atmospheric temperature and
relative humidity; and (8) we tested the sensitivity to cumulus schemes and initialization
times. The PGW technique was used to explore the response of the TC cases to historical
and future warming climate. By using forcings from four difterent CMIP6 GCMs, the current
weather patterns during the period of the TC events were re-simulated under different future
(past) climates. The current, pre-industrial and future conditions were computed from the
monthly mean values obtained from the different GCMs, with the SSP5-8.5 scenario in the
tuture. Based on the future climate change signals calculated from these four GCMs, the mean
SST change is projected to be between 1.89°C to 3.65°C warmer and the air temperature will
be ~3-6 °C warmer on the average, with stronger warming in the upper level (near 250 hPa),
leading to the atmosphere being more stable in the future under SSP5-8.5 scenario. The
relative humidity in the troposphere, particularly in the mid-troposphere, shows minimal
change in the future climate under the SSP5-8.5 scenario.

Based on the results for the far future SSP5-8.5 scenarios, we have found that the
intense TC events like Haiyan and Mangkhut would be even more intense in the future, with
significant increase in maximum peak winds and reduction in minimum central pressure in
both 5kmCU and 8kmNoCU runs. Previous studies that have done similar kinds of work for
TCs from different basins (Patricola and Wehner, 2018), for three TC cases in the Pearl River
Delta (Chen at al 2020), Bay of Bengal (Mittal et al. 2019), and Australia (Parker et al. 2018)
has also reported mostly increases in peak intensity, particularly maximum winds. There are
also higher rates of intensity change if we consider surface warming only, while atmospheric
warming offsets the intensification caused by surface warming only, consistent with
Nakamura et al. (2016) and Chen et al. (2020). Our study further found that in the future, the

increase in intensity is mainly due to warmer temperatures, higher latent heat fluxes,



increased vapor content, and less vertical wind shear. In addition, under the future climate,
the more intense TC like Haiyan and Mangkhut would have a deeper TC core or greater
vertical extent of stronger winds primarily due to enhanced latent heating.

The results also show relatively small changes in track and translation speed in the
future simulations compared to the current simulations, due to small changes in the TC
steering flow. In fact, the TCs are slightly faster (slower) with an average of +6% (-24), +10%
(-10%), and +4% (-4%) for Typhoon Haiyan, Bopha, and Mangkhut compared to the current
runs. Our study also found small changes in size, ranging between -7 to 12% in all future runs
for all the TC cases, which might potentially add insights to the general lack of studies on the
response of TC size to future warming (Kossin, 2021).

By comparing with the current simulations, the simulations under the pre-industrial
climate showed that climate change has so far weakly influenced the intensity of the TC cases
but did not have much influence on the TC cases’ track, size, and translation speed. With the
increase in maximum winds, the damage potential of Haiyan and Mangkhut are slightly
increased in the current climate simulations than the pre-industrial climate simulations. More
importantly, the TC cases are expected to further intensify with continued warming in the
future under the SSP5-8.5 scenario simulations compared to the current climate. The
8kmNoCU (CPM) simulations have the same sign of projected changes in TC intensity with
the skmCU simulations, with different responses in size and speed among the simulations.
These results suggest that convective parameterization introduces minimal uncertainty in
terms of TC intensity, however, TC speed and size needs further investigation.

It is very important to note here that there is a range of responses i.e., signal and
magnitude of change from different TC cases and GCM forcings. This highlights the
uncertainties associated with the use of different GCMs and TC cases, which have been
lacking in similar studies that used the PGW technique to investigate the response of TCs to
climate change. These past studies did not investigate the uncertainties associated with the
use of different GCMs (Parker et al. 2018; Patricola and Wehner 2018; Mittal et al. 2019;

Reddy et al. 2020). Past studies have highlighted the need for and importance of studying



multiple TC cases (Nakamura et al. 2016; Parker et al. 2018; et al. Mittal et al. 2019) with
varying TC intensities (Nakamura e a/. 2016) and in different seasons, to identity outliers in
TC response to future climate conditions (Parker ef al. 2018), which we have attempted to
address in this study. In addition, this study also tries to address the lack of attention of past
studies to the physical mechanisms involved (Wu et al. 2022). We attempted to identify the
physical mechanisms driving the simulated TC responses and discuss relevant underlying
uncertainties.

However, there are still some aspects from the results of this study that needs to be
interpreted with caution due to (1) the limitations of the PGW technique i.e., it does not
address the uncertainties surrounding the different modes of climate variability that are
relevant in TC activity; (2) the small sample-size of the TC cases; and (8) it does not account
for the range of uncertainty associated with the use of different limited area models and
reanalysis datasets as initial and boundary conditions. The use of a single limited area model
(WRF) for three TC cases and different GCM forcings allowed us to assess the robustness of
the TC responses to future and past climate more directly among the TC cases and the
different GCM forcings. However, the uncertainty in relation to the use of difterent limited
area models is not within the scope of this study and can be an important aspect to look at in
tuture studies. Global and regional modeling initiatives such as Coordinated Regional Climate
Downscaling Experiment (CORDEX) could help address this uncertainty.

In conclusion, based on our simulations of the different TC cases using the PGW
approach, it is found that the most damaging TCs like Haiyan, Bopha, and Mangkhut will
have higher damage potential in the future. The increase in the CDP ranges from ~1% to up
to 87% in the future under the SSP5-8.5 scenario, primarily due to the increase in maximum
winds. TCs of such intensity and damage potential in the future will have serious implications

with the increasing exposure and vulnerability in the Philippines.



5.5 Supplementary Materials

Supplementary Table 5.1. Summary of different methods utilizing RCMs in
studying TCs and climate change

Method Brief description Referenc | Sample TC case
es studies
Direct Directly uses reanalysis data or | Dickinson | (add TC studies
dynamical simulation result from a GCM as | et al. | references here)
downscaling the constraints for an RCM (1989)
method (Direct
DDS)
Surrogate A simple method for evaluating | Schar et | Shen et al. 2000; Radu
climate change | the regional climate response to | al (1996) | et al. 20145 Lavender et
method (SCC) thermodynamic changes i, al. 2018 (will add more
temperature warming assoclated studies later)
with  increasing greenhouse
gases due to global warming.
Uses idealized or imposed SST
change delta.
Pseudo global | Evaluates regional climate | Kimura Lynn et al. 2009
warming responses to thermodynamic | and Kitoh | Lackman 2015;
method (PGW) | and dynamic changes in a large- | (2007) Nakamura et al. 2016;
scale atmospheric mean state | and Sato | Parker et al 2018;
(the climatology component) | et al. | Patricola and Wehner
due to global climate change. | (2007) 2018; Gutmann et al.
Uses GCM with reanalysis data. 2018; Mittal et al. 2019;
Chen et al. 2020; Reddy
et al. 2020
Mean bias | Generates regional climate with | Misra and | Bruyere et al. 2014
correction bias-corrected GCM outputs to | Kanamits | Holland et al. 2010;
method (MBC) | eliminate  biases in  the | u (2004); | Done et al. 2015
climatology component. Uses | Holland et
bias-corrected GCM data. al. (2010)

Adopted from Adachi and Tomaita (2020)
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Supplementary Figure 5.2 The November (a), December (b) and September (c)
monthly mean surface temperature delta (°C) added the boundary and initial
conditions of the control runs for Typhoons Mangkhut, Haiyan and Bopha,
respectively, to create the pre-industrial climate scenario change from the
CESM2 relative to the historical period (1970-1999).
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Supplementary Figure 5.3 The November (a,d), December (b,e) and September
(c,f) monthly mean air temperature (°C, top panel) and relative humidity (%,
bottom panel) delta added the boundary and initial conditions of the control
runs for Typhoons Mangkhut, Haiyan and Bopha, respectively, to create the
pre-industrial climate scenario change from the CESM2 relative to the
historical period (1970-1999).
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Supplementary Figure 5.4 The contours representing the location of the
Western North Pacific Sub-Tropical High (5800 gpm Geopotential Height at
500hPa) for the 5kmCU (top panels) and 3kmNoCU (bottom panel) experiments
under the pre-industrial (black dotted lines), current (blue lines), and future (red
dashed lines) climate for Typhoon Haiyan, Bopha, and Mangkhut



5.6 Changes in simulated TC rainfall and reflectivity

In Chapter 5, the results of the changes in TC characteristics i.e., track, intensity,
translation speed and size were discussed. In this section, the results on the changes in
simulated TC-associated rainfall and reflectivity are presented. The purpose of this additional
section is to advance our understanding and provide additional evidence on the influences of
climate change on TC associated rainfall by quantifying the impact of climate change so far,
and into the future, on the TC-associated rainfall of the three TC cases using the different

PGW simulations.

5.6.1 Simulated TC-associated rainfall

TCs make significant rainfall contributions in the Philippines (Bagtasa, 2017; 2022)
and contribute to fresh water (Ribera et al.,, 2005; Kubota & Chan, 2009; Yumul et al,, 2012).
A study by Kubota and Wang (2009) showed that T'C-induced rainfall (following an influential
radial distance of 1000km from the eye) in the Philippines ranges from four to more than 50
percent. Studies that investigate T'C precipitation rates in the WNP project increases between
5-30% in the future (Ying et al,, 2012). The projected changes in TC activity will have impacts
on fresh water reservoir replenishment and may increase the risk of disasters; however, this
risk needs to be better understood in the context of growing vulnerabilities and expanding
communities.

The TC-associated rainfall rate is projected to increase with global warming, and
this is expected to exacerbate TC-associated flood and landslide risk (Knutson et al, 2021;
Kossin, 2018; Liu et al., 2019). The IPCC AR6 concluded that it is very likely that “average
TC rain rates will increase with warming, and likely that the peak rain rates will increase at
greater than the Clausius-Clapeyron scaling rate of 7% per 1C of warming in some regions”.
In a multi-model assessment of TCs, under a +2°C warming scenario, TC-associated rainfall
rates are projected to increase globally by an average of +14% (+6 to +22%), with the TC-

associated rainfall rate in many individual basins projected to incur similar increases (Knutson
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et al., 2020). There is general consistency among models in the sign of this projection, globally
and at the basin scale (Knutson et al, 2021). In the western North Pacific, studies have
projected a +5 to +7% increase in rainfall rates of typhoons occurring in a warmer climate
(Wang et al., 2014; 2015). A more recent assessment report released by the UN ESCAP/WMP
Typhoon Committee (Cha et al 2020) showed that all projections on TC associated rainfall
rates are positive, indicating a tendency for an increase, with a median change of about + 17%,
and a 10th — 90th percentile range of +6 % to +24% activity in the western North Pacific in a
+2°C warming scenario.

In this study, we found that the most robust increase with continued climate change
along the SSP5-8.5 scenario is in the TC-associated rainfall, which is consistent with past
studies e.g., Patricola and Wehner (2018), Gutmann (2018), and Parker et al. (2018). The
future rainfall changes in the FULL experiments reached a maximum percent change in
rainfall rate of 18% (18%) for Haiyan, 11% (20%) for Bopha and 26% (7%) for Mangkhut under
future climate conditions in the 5kmCU(3kmNoCU) runs; and up to more than 18% (18%) in
total accumulated rainfall for Typhoon Haiyan, 12% (20%) for Bopha, and 25% (7%) for
Mangkhut in the s5kmCU(8kmNoCU) runs (Figure 5.7.1.1). For the 5kmCU runs, the changes
range from 6 to 31% for Haiyan, -2 to 43% for Bopha, and -6 to 37% for Mangkhut.

The simulations under the future climate also resulted in increases in total
accumulated rainfall with mean (spread) changes of 12% (3 to 29%) for Haiyan, 12% (8 to 32%)
tor Bopha, and 8% (-6 to 20%) for Mangkhut in the 5kmCU FULL experiments. For the
8kmNoCU runs, the mean changes in the total accumulated rainfall are 18%, 20%, and 7% for

Haiyan, Bopha and Mangkhut, respectively.
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Figure 5.6.1. Percent changes in total accumulated and mean rainfall rate relative to
current climate

Detection and attribution studies on TC associated rainfall suggests possible
anthropogenic contributions to observed increases in rainfall, particularly the most extreme
events (Knutson et al, 2021; Van Oldenborgh et al, 2017). Theoretical and model-based
research suggest a warming-induced increase in extreme TC-related rainfall rates (Knutson
et al. 2020; Liu et al. 2020). The IPCC AR6 conclude that “there is high confidence that
anthropogenic climate change contributed to extreme rainfall amounts during Hurricane
Harvey and other intense TCs”. Trenberth et al. (2018) emphasize that the intensity of rainfall
during Hurricane Harvey could not have occurred without human—caused climate change.
Event attribution studies estimated that climate change was responsible for approximately
+15% to +38% increased rainfall intensity and a +3 to +3.5—fold increase in the likelihood of
extreme multi-day precipitation events, such as the one associated with Hurricane Harvey
(van Oldenborgh et al., 2017; Risser and Wehner, 2017). It was also found that urbanization
exacerbated the rainfall and flooding in Houston from Hurricane Harvey (Zhang et al. 2018).
Patricola and Wehner (2018) also found that relative to pre-industrial conditions, climate
change so far has increased the average and extreme rainfall of Hurricanes Katrina, Irma and
Maria.

In this study, we found that under the pre-industrial climate relative to current
climate, the TC-associated rainfall is less than the current climate, with percent changes (pre-
industrial minus current / current climate) in total accumulated rainfall of -3%(-2%) for

Haiyan, -20%(0%) for Bopha, and -6%(-16%) for Mangkhut; and percent change in rainfall

181



rate of -3%(-2%) for Haiyan, -19%(0%) for Bopha, and -2%(-16%) for Mangkhut in the
5kmCU(8kmNoCU) runs (Figure 5.6.1).

To limit the topographic effects to TC-associated rainfall, we looked at the TC
rainfall rate at the time the simulated TCs reached peak intensity prior to landfall. The
increases in rainfall tend to occur over the inner core regions (Figures 5.6.2, 5.6.3 and 5.6.4
tor Typhoon Haiyan, Bopha and Mangkhut, respectively). The increase in rainfall rates in the
inner core regions are more apparent in the 5kmCU runs. In the 3kmNoCU simulations, there
is a coherent spatial pattern in the future rainfall response characterized by drying in the
outer-core, resulting in rainfall responses that are stronger over the inner core area, of all
three TC cases. This is also present in the 5kmCU future run for Mangkhut. Such outer-
tropical-cyclone drying has also been found by Patricola and Wehner (2018) particularly in

the weaker TCs.
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Figure 5.6.2. Simulated rainfall rate (mm/hr) at peak intensity for Haiyan
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Figure 5.6.8. Simulated rainfall rate (mm/hr) at peak intensity for Bopha
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Figure 5.6.4. Simulated rainfall rate (mm/hr) at peak intensity for Mangkhut

Looking at the time series of accumulated rainfall, along with the changes in relative
humidity, the rainfall under the future climate tends to be higher than the current, with the

current climate also higher than the pre-industrial in both variables (Figure 5.6.5).
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Figure 5.6.5. Total accumulated rainfall of the TC cases under pre-industrial, current,
and future climate throughout the simulation period of the three TC cases under the
skmCU simulations.

Based on theory, it is expected that the projected increases in TC rainfall rates
match, or slightly exceed, about 7% per degree Celsius of climate warming (Kodama et al,
2019; Rnutson ef al, 2015; 2020; Liu et al, 2019). This expectation is based on the
Clausius—Clapeyron relation, which implies that the atmospheric column will typically hold
about 7% more water vapour per degree Celsius increase of surface temperature. According
to Liu et al. (2019), the projected rainfall rate increases in excess of what is expected due to
Clausius-Clapeyron relation may be connected to the projected increase in TC intensity
associated with warming.

As shown in Table 5.6.1, the largest increases in rainfall tend to occur when only
the surface has been warmed (SFC only), but a bit lower increase with atmospheric warming
(SFC+PLEV) and relative humidity changes (FULL). The future rainfall changes reach more

than 10%, approaching 50% or higher in Haiyan, which exceeds what would be expected by
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the Clausius-Clapeyron relationship. The 3kmNoCU simulations under the future climate are
all within this thermodynamic expectation. In the 5kmCU simulations, however, some are
exceeding this expectation, which may be related to the increases in intensity as suggested by
Liu et al. (2019).

The change in rain rate relative to the pre-industrial climate is consistently within
the Clausius-Clapeyron scaling for Typhoon Haiyan but exceeding for Typhoon Bopha

(5kmCU) and Mangkhut (8kmNoCU) simulations.

Table 5.6.1. Percent change in Rain Rate per °C change in mean sea surface
temperature (SST) and mean atmospheric temperature (ATM) in the 5kmCU
experiments.

HAIYAN BOPHA MANGEKHUT
Experiments SST | ATM| SST | ATM | SST | ATM
FUTURE
5kmCU CESM2 49 - 25 - 19 -
SFConly |HadGEMS3 - 26 - 28 -
CESM2 15 9 37
5kmCU HadGEM3 22 12 12
SFC+PLEVIMIROC6 18 11 B
MPI-HR 27 15 5
CESM2 16 10 14
5kmCU HadGEM3 24 15
FULL MIROC6 8 5
MPI-HR 25
3kmNoCU |[CESM2
PRE-INDUSTRIAL
5kmCU  |CESM2
3kmNoCU |CESM2

Legend: green shaded cells are within the Clausius-Clapeyron scaling (7C per 1C of warming); in red
shaded cells are exceeding the Clausius-Clapeyron scaling
5.6.2 Simulated Reflectivity

To further understand the changes in rainfall, we have analyzed the simulated
reflectivity of the TCs under the different climate. Our analysis of simulated reflectivity rates
also shows both outward and upward increases in maximum reflectivity for the future climate
simulations, which may translate to higher and increased area and magnitude of rainfall rates
as show in Figures 5.6.6, 5.6.7, and 5.6.8 for Typhoons Haiyan, Bopha and Mangkhut,

respectively.

185



Pre-industrial Current

18

1N

g -

un

‘ v

5kmCU

BIE 127€ 2se 1298 230k 121e 17 1288 120 1306 131E

3kmNoCU

o an®
1286 12%€ 1306 R .3 €

0 5 10 15 20 25 30 35 40 45 350 55

Figure 5.6.6. Simulated reflectivity (dBZ) at 850hPa level at peak intensity for Haiyan
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Figure 5.6.7. Simulated reflectivity (dBZ) at 850hPa level at peak intensity for Bopha
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Figure 5.6.8. Simulated reflectivity (dBZ) at 850hPa level at peak intensity for
Mangkhut

Figure 5.6.9 and 5.6.10 shows the vertical profiles of the averaged composites of
reflectivity over a 10-degree radius in the forward direction of the storm (180 deg) for all the
simulations. The compositing is done at peak intensity at height levels between 0 and 18km
and the radial grid extends to 10 degrees. This shows that there are substantial increases in
reflectivity (which could translate to rainfall) at the vertical extent, particularly within the
TC’s primary circulation. Overall, an increase in precipitation led to an increase in latent
heating that resulted in a deeper core of the TC cases in the future as seen in the upward

extension of the eyewall / vertical expansion of the eyewall (Chapter 5.4).
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Figure 5.6.10. same as Figure 5.6.9 but for the 8kmNoCU experiments
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5.7 Summary of changes in TC characteristics and environment

This section provides a brief summary of the changes in TC characteristics and
environment based on the 5kmCU and 8kmNoCU experiment. There is no consensus on
whether climate change has yet affected TC statistics, and how continued warming may
influence many aspects of future TC activity and characteristics. Here, we tried to improve
our understanding of human influences on TC by quantifying how the TC characteristics of
three of the most damaging TC events could change if similar TC events occurred in cooler
and warmer climates, using four-member ensembles of 5kmCU and 3kmNoCU convection-
permitting hindcast simulations with boundary conditions adjusted to reflect the different
climate states in the pre-industrial and future period.

Under future climate, the key findings of this study are as follows and as shown in
Table 5.7.1:

* Intense TC events (like Haiyan and Mangkhut) would be even more intense in the
future lLe., stronger maximum peak winds and lower minimum sea level pressure in
both 5kmCU and 3kmNoCU runs.

*  There are relatively small changes in track and translation speed due to small changes
in the TC steering flow

* There are also relatively small changes in TC size

*  Damaging TCs might have greater wind damage potential, due mainly to the increase
in intensity

¢ There is a range of responses i.e,, signal and magnitude of change from different TC
cases and GCM forcings; which highlights the uncertainties associated with the use
of different GCMs and cases which will be relevant in accounting for the uncertainty
due to the potential range of sensitivities brought about by forcing from different

models.

In the future climate, rising sea surface temperatures, atmospheric moisture, and air

temperatures may induce increases in intensity. According to studies, high sea surface
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temperatures cause cyclogenesis, hence an increase in SST could result in more intense TCs.
Due to greater latent heating from increasing precipitation and a large decrease in vertical
wind shear in the future climate, TCs may have a deeper TC core (Mittal et al. 2019). More
latent heat flow from a warmer ocean in the future (Chen ef al. 2020, Nakamura et al. 2016)
and a change in the SST gradient may be driving the intensification (Parker ef al. 2018). TC
development and intensification are also influenced by vertical wind shear. The decrease in
vertical wind shear may enhance the formation and development of TCs. By limiting the
negative influence on convection, the high mid-tropospheric relative humidity aids TC
development and intensification (Gray 1998). This study will look at the vertical structure of
winds, latent and sensible heat fluxes, vertical wind shear, and other possibly important
elements. The increase in intensity mainly due to warmer temperatures, higher latent heat
fluxes, increased water vapor content, & less vertical wind shear, providing for more
tavourable TC intensification (wind and rainfall) in the future (Table 5.7.2).

We found that climate change so far has weakly and insignificantly influenced the
wind speed and central pressure-based intensities for Typhoon Bopha (Table 5.7.3). However,
climate change at the time of these TCs significantly enhanced rainfall by up to 19% and
increased hourly rainfall rates (up to 23%), suggesting that climate change to date has already
begun to increase TC-associated rainfall, which may be explained by increases in relative

humidity and water vapour mixing ratio (Table 5.7.4).
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Table 5.7.1. Summary of percent changes (future minus current
climate/current) in TC Characteristics for the 5kmCU and 3kmNoCU
experiments

TC HAIYAN BOPHA MANGKHUT
Characteristics | ™515nCU* | 3kmNoCU | 5kmCU* | skmNoCU | 5kmCU* | skmNoCU
Stronger peak YES YES MAYBE YES YES YES
winds? 4% (0 to 14% -2% (-7 to 4% 15% (18 to 12%
7%) 2%) 20%)
Bigger size NO YES NO - NO -
(TFW)? -1% (-11 to 7% -7% (0 - 0% -4% (-8 to - 0%
0%) 12%) 10%)
Slower NO YES NO YES NO YES
(lifetime)? 6% (5 to -24% 10% (9 -10% 4% (1 to -4%
6%) to12%) 8%)
More rain? YES YES YES YES YES YES
12% (3 to 18% 12% (8 to 20% 8% (-6 to 7%
29%) 32%) 20%)
Higher rain YES YES YES YES YES YES
rate? 20% (6 to 18% 21% (-2 to 20% 15% (-6 to 7%
31%) 43%) 37%)

*Ensemble mean and range from four different GCM forcing; Legend: 0-NO; 1-NO; 2-MAYBE; 3-
YES; 4-YES | GCM Ensemble Mean % Change (Range)

Table 5.7.2. Summary of percent changes (future minus current
climate/current) in TC Environment for the 5kmCU and 3kmNoCU
experiments

TC HAIYAN BOPHA MANGKHUT

Environment 3kmCU* | 3kmNoCU | 5kmCU* | 8kmNoCU | 5kmCU* | 3kmNoCU

Higher NO NO NO NO NO NO

sensible heat -25% (-20 -16% -18% (-26 -9% -27% (-33 -31%

flux? to -31%) to -9%) to -22%)

Higher latent YES YES YES YES YES YES
| ) 10% (5 to 30% 7% (8 to 13% 3% (-8 to 1%
1eat flux: S . o

16%) 10%) 7%)
Higher water YES YES YES YES YES YES
vapor mixing 28% (5 to 66% 27% (5 to 29% 25% (5 to 29%
ratio? 16%) 16%) 16%)
NO YES YES YES NO YES
Higher RH? -4% (-7 to - 4% 1% (-3 to 1% 5% (-7 to 2%
2%) 4%) 24%)
More vertical NO NO NO NO NO NO
wind shear? -21% (-30 -3% -3% (-4 to -4% -4% (-14 to -6%
) to -13%) -1%) -2%)

*Ensemble mean and range from four different GCM forcing; Legend: 0-NO; 1-NO; 2-MAYBE; 3-
YES; 4-YES | GCM Ensemble Mean % Change (Range)
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Table 5.7.3. Summary of percent changes (current minus pre-industrial/pre-
industrial) in TC Characteristics for the 5kmCU and 8kmNoCU experiments

TC HAIYAN BOPHA MANGKHUT
Characteristics | 5kmCU* | 3kmNoCU | 5kmCU | skmNoCU 5kmCU 3kmNoCU
Stronger peak YES - YES YES NO NO
winds? 1% 0% 7% 18% -1% -3%
Lower central NO - YES YES — —
pressures? 1% 0% -1% -2% 0% 0%
Bigger size - - - NO YES YES
(TFW)? 0% 0% 0% -1% 2% 14%
Slower YES NO YES NO YES NO
(lifetime)? -1% 26% -16% 1% -1% 2%
More rain? YES YES YES - YES YES
3% 2% 25% 0% 18% 19%
Higher rain YES YES YES - YES YES
rate? 3% 2% 258% 0% 2% 6%

Table 5.7.4. Summary of percent changes (current minus pre-industrial/pre-
industrial) in TC Environment for the 5kmCU and 3kmNoCU experiments

TC HAIYAN BOPHA MANGKHUT
Environment 5kmCU* 3kmNoCU 5kmCU 3kmNoCU 5kmCU 3kmNoCU
ngher NO NS) YES Y](E)IS NO Y](E)IS
sensible heat 49, -5% 59% 7% 19 1%
flux? :
Higher latent NO NO YES YES YES NO
heat flux? -7% -6% 9% 1% 6% -5%
7 N - () 0 -070 o (]
ratio? 2% 7% 2%
. YES YES YES YES - NO
Higher RH? 29 3% 29 2% 0% 1%
More vertical YES NO - YES YES YES
wind shear? 3% -8% 0% 2% 1% 4%
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Chapter 6

Conclusions and Future Work

Tropical cyclones (TCs) are among the deadliest and most destructive natural
hazards in the Philippines, primarily due to their extreme winds, rainfall, and associated storm
surge. With global warming and climate change, most climate models project a decrease in
the frequency of TCs in the future but also an increase in the number of intense TCs as well
as including an increase in the TC-associated rainfall both globally and in the Western North
Pacific (WNP) Basin. Climate change projections for the Philippines are generally consistent
with the global studies of TCs and climate change that is a decrease in TC frequency, an
increase in the frequency of intense TCs, and an increase in the TC-associated rainfall are
projected (Gallo et al., 2019). These changes may lead to increase in TC-associated impacts in
the future. It is therefore important to have a better understanding of how TCs might change
in the future, particularly the most damaging events. This study aimed to analyze how the
characteristics and potential impacts of the most damaging TC events in the Philippines might
change under different climate conditions using a high-resolution limited area model and the
pseudo-global warming technique. Specifically, it aimed to:

e [Evaluate the ability of a limited area model in simulating TCs in the Philippines
under current climate conditions;

e Assess the changes in the characteristics of TCs by comparing the simulated TCs
under current climate conditions with simulations of the same TC cases under
pre-industrial and future climate conditions using pseudo-global warming
technique; and

e Analyze the potential impacts due to the projected changes in TC characteristics.
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The main outcomes of the thesis and how they answer the three key questions
outlined above and discussed in Chapter 1 are summarized in the following section. The
implications and limitations of the findings are discussed alongside potential avenues of

further work.

6.1 Summary

6.1.1 TCs wunder current climate: sensitivity to model
parameterizations and settings

For the first science question, discussed in Chapter 3, the ability of the Weather
Research and Forecasting (WRF) Model to simulate TCs was evaluated in simulating
observed TC cases in the Philippines to choose the best setup for the simulations using
European Centre for Medium-Range Weather Forecasts Re-analysis 5th Generation (ERA5)
initial and boundary conditions. This entailed performing simulations of selected past TC
events with different choices of parameterization and settings in the WRI model, for the
cumulus scheme, surface flux parameterizations and spectral nudging, initial conditions,
resolution, and domain settings. Typhoon Haiyan (2013) was one of the most intense and
destructive TCs ever to hit the Philippines. As climate models project more intense storms
will occur more frequently in the future due to climate change (e.g., Typhoon Haiyan), it is
important to improve their representation in high-resolution models. Despite the failure to
simulate Haiyan’s rapid intensification phase, the simulations were still able to capture the
tracks and intensity reasonably well. Based on the results, there seems to be a trade-off
between utilizing Kain-Fritsch (KF) and Tiedtke (TK) cumulus schemes that has not been
previously discussed in previous studies of TCs in the Philippines.

For an easier reading, the objectives of Chapter 3 are replicated below as specific
science questions, together with the main implications. For the sake of conciseness,

conclusions are given as answers to those questions in bullet form.
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Specific Science Questions:
e How sensitive are the TY Haiyan hindcast simulations to convective schemes,
surface flux options and spectral nudging?
e How sensitive are the simulated track and intensity of TY Haiyan to the uncertainty
in the initial and boundary conditions?

Conclusions:

e The simulated intensity of TY Haiyan is most sensitive to changes in the cumulus
scheme and surface flux options; on the other hand, simulated track is most sensitive
to cumulus scheme and spectral nudging. However, the TK cumulus scheme
produces better track and the KI scheme produces better intensity. There is a
statistically significant difference in the simulated tracks and intensities between the
use of the two cumulus schemes. The TK scheme simulates the track better, while
the KI scheme produces higher intensities.

e The results also show the simulated tracks are sensitive to spectral nudging which
results in a reduction in the mean direct positional error by 20 km. The intensity
varies as well with different surface flux options. Surface flux option 1 simulates
better intensities than the other two options (default surface flux option 0 and
surface flux option 2).

e The use of boundary conditions from different ensemble members also resulted in
variations in the simulated tracks and intensities, but still within the range of
variability of the different parameterization experiments.

e The use of the KI' convective scheme and a more reasonable surface flux option (sf1)
can help improve the simulated intensity. While the use of the TK convective scheme

and application of spectral nudging can improve the track simulation.

Main Implications: The resulting sensitivities to the cumulus schemes will be an
important consideration in simulating the TC case studies with climate change forcing. Our

findings further stress the need for choosing the appropriate cumulus schemes and surface
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flux parameterization given its impacts on different TC characteristics, e.g., the KI' scheme
and surface flux option 1 for simulating better intensities of extreme TCs such as Haiyan,
besides higher grid resolutions as noted in previous studies (Kueh et al, 2019, Li et al., 2018).
The results presented here can also be used in further improving the value of downscaling for
simulating intense TCs like Haiyan. These and future results will be useful in addressing the
growing need to plan and prepare for, as well as reduce the impacts of future TCs in the
Philippines. This study can also help facilitate research on regional climate modeling to

improve simulations of intense TCs like Haiyan.

6.1.2 TCs under idealized sea surface and atmospheric warming
scenarios

To first answer the first part of the second science question, Chapter 4 discusses the
sensitivity analysis conducted to investigate the influence of imposed constant sea surface
temperature (SST) anomalies on three of the most damaging TCs in the Philippines —
Typhoon Haiyan (2013), Typhoon Bopha (2012) and Typhoon Mangkhut (2018). A set of
eight simulations with uniform SST anomalies applied (+4, +2, +1, 0, -1, -2, -4°C) and a
representative CMIP6 GCM (CESM2) delta to show the influence of SST on TC
characteristics (track, size, intensity, rainfall) and the corresponding damage potential.
Additional experiments with uniform atmospheric temperature (ATM) profile changes (-2,
+1, +2 °C) were also performed. In these experiments, we also used the simple mixed-ocean
layer model capability in WRT to represent the ocean-atmosphere feedback, wherein an initial
mixed-layer depth was set to 50m and the temperature lapse rate below the mixed layer to -
0.14 °C m-1. A set of sensitivity experiments were conducted and showed that there were no
significant differences in the track and intensity of the simulated TC among the first two
options, but the simulations with one-dimensional ocean mixed layer reached a lower peak
intensity (maximum wind speed) than those of the ones without.

For an easier reading, the objectives of Chapter 4 are replicated below as specific
science questions, together with the main implications of each study. For the sake of
conciseness, conclusions are given as answers to those questions in bullet form.
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Specific Science Questions:

e What is the response of TCs to imposed uniform changes in SST's?

e What are the factors controlling the TC track and intensity changes in SST sensitivity

experiments?

Conclusions:

The increase in SSTs results in an increase in intensity and TC-associated
precipitation. The difference in the SST+4 experiment relative to the CTRL for
maximum wind speeds reached up to 47, 46, 39 m s for Haiyan, Bopha and
Mangkhut, respectively. The SST+2 experiments’ minimum central pressure dropped
to as low as 846hPa for Haiyan, 903 hPa for Bopha and 830hPa for Mangkhut in the
SST+4 runs.

Analysis of the accumulated rainfall and rainfall rates also showed that as SST
increases, the amount of rainfall also increases. The SST+4 experiments achieve the
highest percent change in both the accumulated rainfall (reaching up to 87%, 11% and
26% for Haiyan, Bopha, and Mangkhut, respectively), and rainfall rate (reaching up
to 46%, 86% and 35% for Haiyan, Bopha, and Mangkhut, respectively) among all the
SST experiments considered in the study.

Overall, the percent change in intensity per °C in the SST+2 experiments are 6.5%
tor Typhoon Haiyan, 4% for Bopha, and 9.7 for Mangkhut.

The changes in the TC characteristics also led to significant changes in the cyclone
damage potential i.e., the increased SST experiments have higher CDP values relative
to the CDP values of the CTRL simulation of the three TC cases. The increase in
atmospheric temperature profile with the increase in SST resulted in more intense
TCs and higher CDP values in all three TC cases. An increase of approximately 6%,
56%, 210% and 41% in the damage potential index for TY Haiyan in the SST+1,
SST+2, SST+4 and +CESM2 was found compared to the CTRL experiments,

respectively. The values of CDP are increased by 204% and 74% in the SST+4 and
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+CESM2 experiments from the CTRL experiments for Typhoon Bopha, respectively.
For the case of Typhoon Mangkhut, it is 10%, 22%, 37% and 24% for SST+1, SST+2,
SST+4 and + CESM2 experiments, respectively.

e The simulations support the results of previous studies that the intensified TCs in the
increased SSTs are primarily associated with enhanced steering flow (Katsube and
Inatsu, 2016) and weakening of the Western North Pacific Subtropical High (Ren et

al., 2014), causing the TCs to track northward.

e The TCs in the warmer SST experiments became larger (in terms of the different
wind thresholds) relative to the CTRL experiment. For Typhoon Haiyan, Bopha and
Mangkhut, the radius of HFW is 1.5° (2°), 0.25° (0.25°), and 0.5° (1°) larger in the
SST+2(SST+4) experiments, respectively. Because the TCs get so much larger, there
is a stronger beta effect i.e., when TCs are larger and more intense, TC have a greater
tendency to drift poleward (Emanuel 2015, Parker et al, 2018). The shifts in tracks
can also be explained by the eastward retraction / weakening of the WNPSH in the

increased SST experiments for all TC cases.

Main Implications: As the climate changes and with the Philippines being highly
exposed to TCs, studies looking at the sensitivities of TCs to surface and atmospheric
warming are important. With the uncertainties in the accuracy of observed SSTs (Goddard et
al., 2009) and SST biases in GCMs (Mejia et al., 2018), it is possible that understanding the
sensitivity of TCs to SSTs and ATM could assist in reducing uncertainty associated with
changes in TC in a warming world. The fact that Typhoons Haiyan, Mangkhut and Bopha
occurred in above average SST's makes it important to understand how these TCs might have
been and will be affected by warmer SSTs. This may also provide additional insights as to
how the damage potential of such TCs may change in a warmer climate.

Since this is a highly idealized SST sensitivity study (as in Lavender et al, 2018;
Radu et al., 2014; Kilic and Raible, 2013), there are important caveats since changing the SST

without changing other variables such as atmospheric temperature may result in surface
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energy imbalances (Emanuel and Sobel 2013) i.e., the imposition of SST without sufficient
time to adjust for radiative convective balance leads to strong enhancement of mid-level
moisture which can have dramatic effects on the TC intensity and size (Wang and Toumi,
2018). These relative humidity changes are probably not realistic and therefore the simulated
changes in TC characteristics may not be realistic (Lavender et al, 2018). Additionally, the
imposition of uniform atmospheric temperature change across the vertical profile is also not
realistic since a more realistic atmospheric temperature change in the future shows more
warming in the tropical upper troposphere, which will stabilize the lapse rate and will
therefore offset the intensification of the TCs due to surface warming. These limitations are
addressed in the subsequent chapter (6.1.3). Additionally, the statistical significance could not
be tested in this set of experiments due to the small sample size. Additional TC cases and

scenarios will provide for more statistically robust generalizations.

6.1.3 TCs under pre-industrial and future climate conditions

from selected CMIP6 GCMs

Chapter 5 was dedicated to answering the second part of the second research
question and discussed the changes due to global warming on the simulation of three of the
most damaging T'C events in the Philippines. A set of simulations using 5km resolution inner
domain with cumulus scheme (5kmCU), and skm resolution domain without cumulus
parameterization (8kmNoCU), for four different initial times in each TC case, were able to
capture the observed track and intensity of Typhoons Haiyan, Bopha, and Mangkhut.

The PGW technique was used to explore the response of the TC cases to historical
and future warming climate. By using forcings from four difterent CMIP6 GCMs, the current
weather patterns during the period of the TC events were simulated under different future
(past) climates. The current, pre-industrial and future conditions were computed from the
monthly mean values obtained from the different GCMs, with the SSP5-8.5 scenario in the
tuture. Based on the future climate change signals calculated from these four GCMs, the mean

SST change is projected to be between 1.89°C to 3.65°C warmer and the air temperature will
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be ~3-6 °C warmer on the average, with stronger warming in the upper level (near 250 hPa),

leading to the atmosphere being more stable in the future under SSP5-8.5 scenario. The

relative humidity in the troposphere, particularly in the mid-troposphere, shows minimal

change in the future climate under the SSP5-8.5 scenario.

For an easier reading, the objectives of Chapter 5 are replicated below as specific

science questions, together with the main implications of each study. For the sake of

conciseness, conclusions are given as answers to those questions in bullet form.

Specific Science Questions:

How might the most damaging TC events in the Philippines i.e., Typhoons Haiyan
(2013), Mangkhut (2018), and Bopha’s respond to past (pre-industrial) and future
climate change perturbations derived from the latest CMIP6 GCMs?

How do the added PGW deltas (warming signals i.e., surface vs. atmospheric
warming; with or without relative humidity) affect TC characteristics?

How much of the uncertainty in the TC responses is caused by the convective

parameterization?

Conclusions:

Based on the results for the far future SSP5-8.5 scenarios, we have found that the
intense TC events like Haiyan and Mangkhut would be even more intense in the
tuture, with stronger maximum peak winds and lower minimum central pressure in
both 5kmCU and skmNoCU runs. Results show that, relative to the current climate
conditions, future warming leads to more intense TCs, with changes in maximum
wind of 4%, 8%, and 14% for the 5kmCU runs, and 14%, 4 %, and 12% for the
8kmNoCU runs of Typhoon Haiyan, Bopha, and Mangkhut, respectively.

Of all the simulations, the 8kmNoCU runs under future climate show significant
increases in intensity (at 1% and 5% confidence level) for all the three cases. Haiyan
(at 10% confidence level) and Mangkhut (at 1% confidence level) also showed

significant intensity increases under the future climate in the 5SkmCU runs.
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The simulations under the pre-industrial climate, showed that climate change has
so far weakly influenced the intensity of the TC cases, but did not have much
influence on the TC cases’ track, size, and translation speed.

There are also higher rates of intensity change if we consider surface warming only,
but atmospheric warming offsets the intensification caused by surface warming,

consistent with Nakamura ef al. (2016) and Chen et al. (2020).

In this study, we found that the most robust increase with continued climate change
for the SSP5-8.5 scenario is in the T'C-associated rainfall, which is consistent with
past studies e.g., Patricola and Wehner (2018), Gutmann (2018), and Parker et al.
(2018). We also found that under the pre-industrial climate relative to current
climate, the TC-associated rainfall is less than the current climate, in terms of total
accumulated rainfall and in rainfall rates.

Our study also found small changes in size, ranging between -7 to 12% in all future
runs for all the TC cases, which might potentially add insights to the general lack
of studies on the response of TC size to future warming (Kossin, 2021).

The 3kmNoCU (CPM) simulations have the same sign of projected changes in TC
intensity with the skmCU simulations, with different responses in size and speed
among the simulations.

These results suggest that convective parameterization introduces minimal
uncertainty in terms of TC intensity, however, TC speed and size needs further

investigation.

Previous studies that have done similar work for TCs from different basins

(Patricola and Wehner, 2018), for three TC cases in the Pearl River Delta (Chen at al.,, 2020),

Bay of Bengal (Mittal et al., 2019), and Australia (Parker et al., 2018) has also reported mostly

increases in peak intensity, particularly maximum winds. There are also higher rates of

intensity change if we consider surface warming only but atmospheric warming offsets the

intensification caused by surface warming only, consistent with Nakamura et al. (2016) and
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Chen et al. (2020). Our study further found that, in the future, the increase in intensity is
mainly due to warmer temperatures, higher latent heat fluxes, increased vapor content, and
less vertical wind shear. In addition, under the future climate, the more intense TCs like
Haiyan and Mangkhut would have a deeper TC core or greater vertical extent of stronger
winds primarily due to enhanced latent heating.

It is very important to note that there is a range of responses ie., signal and
magnitude of change from different TC cases and GCM forcings. This highlights the
uncertainties associated with the use of different GCMs and TC cases, which have not been
addressed in similar studies that used the PGW technique to investigate the response of TCs
to climate change.

Main Implications: TCs such as Haiyan, Mangkhut and Bopha in the future will
have serious implications with the increasing exposure and vulnerability in the Philippines.
The results warrant investigation of a larger number of TCs, as well as the response of TC
size, speed, and rapid intensification. These will have implications for early warning and

disaster response in the future.

6.1.4'T'C Potential Risks and Impacts

Chapter 6, and parts of Chapters 4 and 5, discussed aspects of the last science
question which is: how might these changes in the characteristics of the TC cases translate to
damage potential?

A better understanding of TCs and their social impacts has the potential to
contribute to efforts to reduce vulnerability to TC events that threaten society (Climate
Adaptation Platform, 2022). A change in tropical cyclone activity due to anthropogenic
climate change is a cause for concern for the agriculture and infrastructure sectors when
assessing future climate risk (Gualdi ez al., 2009) as well as for society in general. A scientific
approach to studying TCs in the context of climate variability and change is needed to provide

guidance for adaptation and mitigation strategies over the coming decades. It is also needed
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in planning the support and funding of public programs for disaster management, including
preparedness and recovery, and climate change adaptation (Thomas et al,, 2013).

The climatic risk that a TC brings is made up of not only winds but also storm surge,
flooding, and landslides caused by TCs-associated rain. The quantification of impacts posed
by TCs, and climate change must go beyond the meteorological event itself. The various ways
or channels by which climate change might affect the risks posed by TCs are shown in

this schematic figure (Figure 6.1) created by Thomas ef al. in 2021.

Flooding

Figure 6.1. Schematic representation of linkages between climate change and
tropical cyclone impacts (Adopted from Thomas et al., 2021)

Reprinted with permission from ClimateSignals.org.

The section below discusses how climate change will influence hazards associated
with TCs and its potential effects, drawing from the results presented in Chapter 5 as well as

based on insights from literature.
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6.1.4.1 Severe winds

TCs in the Philippines can reach with maximum winds of more than 51 m s'near
the center, which could damage houses and buildings and topple down power lines over a wide
area.

As presented in Chapter 5, we have found that the intense TC events like Haiyan
and Mangkhut would be even more intense in the future, with stronger maximum peak winds
and lower minimum central pressure in both 5kmCU and 8kmNoCU runs under the SSP5-
8.5 scenarios. This increase in maximum peak winds of the extreme TCs will increase the
severe wind risks associated with TCs in the future.

Information on future changes in TC winds will help in identifying potential areas
likely to suffer significant TC wind damage and in understanding the behaviour and
characteristics of severe TC winds. In addition, it will also provide insights in developing or

building wind-proof infrastructure and minimize the damaging effects of TC wind.

6.1.4.2 Extreme precipitation

Projections of future rainfall increases in TCs are also notable. The link between
increases in extreme precipitation and climate change is robustly established as discussed in
Chapter 5.6. Knutson (2015) found a global rain rate increase of 14% by the end of the 21st
century. Cha et al. (2020) showed that projections of TC precipitation rates in the WNP basin
are expected to increase in the future, with a median change of about + 17%, and a 10th — 90th
percentile range of +6 % to +24% in a 2°C warming scenario. According to Emmanuel (2017),
Texas's 500-mm rainfall from Hurricane Harvey will shift from being a once-every-100-year
occurrence at the end of the 20th century to a once-every-5.5-year occurrence by the year
2100. Given that TCs damages like Hurricanes Harvey come from rainfall, the impacts are
expected to be greater in the future. With the projected slowing down of hurricanes in the
Atlantic Basin, the damages due to rainfall are also expected to increase since the time of

exposure to heavy rainfall is expected to increase.
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The devastations caused by flooding due to torrential rain brought by recent TCs
in the Philippines (e.g., Typhoon Rai in 2021 and Typhoon Vamco in 2020) have been a
torceful reminder of the destructive potential of heavy rainfall associated with TCs.
Historically, heavy rainfall due to TCs also brought devastation to the country e.g., typhoons
Xangsane (2004) in Metro Manila, Parma (2004) in Northern Luzon (2004), Durian in Albay
and Camarines Sur, Utor (2004) in Leyte, and Tropical Storm Ketsana (2009) in Metro
Manila.

Typhoon Bopha’s rainfall and associated flooding and landslides killed 1,248 people
in Mindanao in 2012. Typhoon Mangkhut also caused TC rainfall-induced flooding and
landslides in Luzon affecting more than 2 million people and killing 82 in 2018. In this study,
we found that the most robust increase with continued climate change along the SSP5-8.5
scenario is in the TC-associated rainfall, which is consistent with past studies e.g., Patricola
and Wehner (2018), Gutmann (2018), and Parker ez al. (2018).

The future rainfall changes in the FULL experiments reached a maximum percent
change in rainfall rate of 18% (18%) for Typhoon Haiyan, 11% (20%) for Bopha and 26% (7%)
tor Mangkhut under future climate conditions in the 5kmCU(8kmNoCU) runs; and up to more
than 18% (18%) in total accumulated rainfall for Typhoon Haiyan, 12% (20%) for Bopha, and
25% (7%) for Mangkhut in the 5kmCU (8kmNoCU) runs. For the 5kmCU runs, the changes
range from 6 to 31% for Haiyan, -2 to 43% for Bopha, and -6 to 37% for Mangkhut. These
projected future changes in TC-associated rainfall could trigger devastating floods and
landslides, therefore, it needs to be considered in disaster risk management and climate change

adaptation planning in the country.

6.1.4.3 Track, translation speed and size

Another very important question is whether TC tracks will be affected by climate
change. Track shifts can have also had profound eftects on TC exposure patterns (Kossin,

2021) and TC size can also have impact on the area and extent that will be affected. Changes
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in the speed of forward motion along the tracks can have profound effects on local rainfall
amounts, as well as wind damage due to changes in wind-event duration.

Based on the results also presented in Chapter 5, there are relatively small changes
in track and translation speed in the future simulations compared to the current climate
simulations, due to small changes in the TC steering flow. In fact, the TCs are slightly faster
with an average of +6%, +10%, and +4% for Typhoons Haiyan, Bopha and Mangkhut
compared to the current climate runs. Our study also found small changes in size, ranging
between -7 to 12% in all future runs for all the TC cases, which might potentially add insights

to the general lack of studies on the response of TC size to future warming (Kossin, 2021).

6.1.4.4 Storm surge and sea-level rise

Sea level rise resulting from climate change will also worsen the effects of TCs
(Climate Adaptation Platform, 2022). Based on the IPCC AR6 (2021), the projected global
sea level rise is about 15 to 30 centimeters by 2050. A 2°C warmer world is to most likely
bring about half a meter (about 1.6 feet) by 2100. The Philippines is among the countries to
experience the highest magnitude of increase in ocean temperature and sea level rise. The
Philippines' projected sea level rise in the future will be somewhat more than the globally
averaged increase primarily due to natural variability in regional winds and ocean currents,
which would exacerbate the threat presented by storm surges (Kahana et al., 2016).

Local sea level rise scenarios projected from the local tide gauge data are considered
as the best input for assessing future sea level rise impacts on TCs (Li and Li 2013). Geospatial
techniques are considered potentially effective tools to integrate local sea level rise scenarios
in the risk-modelling process at the local scale (IFang, Yin, and Wu 2016). However, there is
still no study in the Philippines which mainly focused on TC risk modeling under different
sea level rise and storm surge scenarios.

Storm surge risk will likely be exacerbated by future sea level rise and projected

increase in TC intensity (Cha et al, 2020). In order to better evaluate the potential effects of
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climate change on storm surges, it is crucial to incorporate sea level rise scenarios in TC risk
modeling or assessments.

Typhoon-induced storm surges have hit the nation in the past. For instance,
according to historical records, a storm surge that struck Leyte and Tacloban City in 1897
may have killed as many as 7,000 people (Soria et al, 2016). On November 8, 2013, when
Typhoon Haiyan made landfall, Tacloban City and many other parts of the Visayas were
ravaged by a storm surge with heights reported to be between 2.3 and 5 meters. Takayabu ez
al. (2015) simulated Typhoon Haiyan’s storm surge under current and the past 150 years and
found that the storm surge simulated under the current climate was 20% worse than when
the historical warming in the past 150 years is not considered. Nakamura ez al. (2016) showed
that the simulated storm surge of Haiyan will be higher.

In addition, Camelo et al. (2020) simulated the storm surges of 21 historical storms
that affected the Gulf of Mexico and Atlantic Coasts of the continental U.S. from 2000 to 20183,
considering the current climate and climate projections for the end of the century. They found
that the volume of inundation of 14 storms increased by +36% on the average, and +25% on
the average extent of inundation of 13 storms.

With the projected changes in TC intensity in the future, as well as compounding
risk brought about by sea level rise, and increasing population in coastal areas in the
Philippines, storm surge risk will be important to consider in disaster risk management and

climate change adaptation planning in the Philippines.

6.1.4.5 Vulnerability and Adaptive Capacity

The Philippines' overall development may have an impact on TC-related risk.
Despite the continued high economic development rate in the years before Typhoons Haiyan
and Bopha, reducing poverty has proven difficult. The prevalence of poverty is significant,
and according to 2013 research, at least half of impoverished households are classed as
chronically poor (Bayudan-Dacuycuy & Lim, 2013). Natural disasters like TCs, according to

empirical research, have a significant impact on both the ability of individuals to escape
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poverty and the ability of those who have already done so to fall back into it. Therefore,
disaster risk reduction is a crucial aspect of poverty reduction, especially in the setting of
tfrequent shocks (Skoufias ef al 2020).

In terms of urbanization, the rapid influx of people in hazard-prone areas,
particularly along the coasts, has led to high levels of urban poverty, which translate to
increasing vulnerability and hazard exposure as impoverished populations grew in these areas
(ADB, 2016; Gaillard et al., 2007; Ginnetti ef al., 2013). One of the recurrent land-use issues
in the Philippines' provinces is the expansion of built-up regions in hazard-prone areas
(Corpuz, 2013). Unplanned urbanization, together with inefficient enforcement of zoning
rules, land-use plans, building codes, and other relevant policies and laws, all work to increase

disaster vulnerability, especially in coastal areas (Gaillard, 2011; Porio, 2011).
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6.2 Limitations and Future Work

6.2.1 Modelling tropical cyclones

As shown in Chapter 3 of this thesis, there are uncertainties associated with the use
of cumulus parameterizations schemes, spectral nudging and surface flux parameterizations.
To address these uncertainties, the use of ensemble simulations can be applied. For operational
applications, an ensemble of cumulus parameterizations can be used to consider the
uncertainty in the track and intensity of simulation intense TCs. Furthermore, it is important
to study LAMs with a model resolution higher than 5 km that can be extremely useful in
simulating TCs and associated rain. Other model parameterizations such as cloud
microphysics and planetary boundary layer, and ocean coupling may help further improve the
intensity simulations of extreme and damaging TCs such as Haiyan. Combinatorial
optimization studies for simulating TCs in PAR can also be useful such as those done by Di
et al (2019) for three-day simulations of TCs in Northwest Pacific Ocean and Shenoy et al
(2021) for cyclones in the Bay of Bengal.

Simulations using a higher resolution convection-permitting model are needed.
Additional simulations and further investigations on these aspects, as well as for other similar
TCs will be useful. Li ef al. (2018) suggested that a 2-km convection-permitting resolution is
needed to reproduce intense TCs such as Haiyan. Studies that use convection-permitting
models and high-resolution global models in simulating TCs will also be highly relevant in
providing higher-resolution information towards understanding and forecasting TCs and its
impacts.

It is also important to consider the impact of and sensitivity to atmosphere-ocean
interaction in the simulations of TCs. The results of this study can be used as reference for
PAGASA’s operational forecasting of TCs in the Philippines taking into consideration the
sensitivity to the different cumulus parameterization, spectral nudging and surface flux

options.
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6.2.2 Tropical cyclones and climate change

There are some aspects from the results of this study that need to be interpreted
with caution due to (1) the limitations of the PGW technique i.e., that it will not be able to
capture the probability of the same TC cases happening in the future, the different modes of
climate variability that are relevant in TC activity, although this can be partly addressed in
the GCM selection, and full atmosphere-ocean coupling; (2) the small sample-size of the TC
cases; and (38) it does not account for the range of uncertainty associated with the use of
different limited area models and reanalysis datasets as initial and boundary conditions. The
use of a single limited area model (WRF) for three TC cases and different GCM forcings
allowed us to assess the robustness of the TC responses to future and past climate more
directly among the TC cases and the different GCM forcings. However, the uncertainty in
relation to the use of different limited area models is not within the scope of this study and
can be an important aspect to look at in future studies. Global and regional modeling
initiatives such as Coordinated Regional Climate Downscaling Experiment (CORDEX) could
help address this uncertainty.

In this study, only three TC cases at typhoon category with high damage costs were
considered. The results are thus only suggestive but are found to be consistent with previous
studies that looked at other TC cases in other TC basins. Whether the results i.e., the response
to different climate conditions will hold for other TC cases under different intensity categories
(e.g., tropical depressions and tropical storms) as well as in different months or seasons (non
— peak TC activity season) needs to be investigated and verified in future studies.

Delfino et al. 2022d discusses the results on simulated changes in rainfall and the
potential impacts is also underway. Further analysis on the changes in rainfall will be done,
particularly if this follows the Super Clausius-Clapeyron scaling, exceeding the expectations
of the Clausius-Clapeyron relation (changes of more than 7% per °C increase), i.e., that TC
intensity is crucial in increasing rainfall rates (Liu et al., 2019).

One of the interesting results obtained in Chapter 5 is the different response of TC

size and speed, which will require further investigation. For example, Kossin (2018) and
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Kossin (2019) studies showed a reduction in TC translation speed 10% over the period 1949—
2016 and by 14% over continental United States since 1900, respectively. With the results of
this study, it is worth noting that with the different methods used and the TC cases examined,
the TC translation speed response might be different.

Another aspect that was not explored here but also requires attention is how climate
change will affect the rapid intensification of individual TCs in the Philippines. A project
proposal on TC rapid intensification as influenced by climate change has been developed and
submitted for funding.

The response of TCs to different SST patterns of change, globally or regionally (e.g.,
if more La Nifia or El Nino like; or if with climate change deltas with natural variabilities
associated with El Nifio Southern Oscillation) could also add to the understanding of potential

changes in TC characteristics and activity in the Philippines and other TC basins.

6.2.3 Potential Impacts

Lastly, TCs do cause severe damage and destruction in the Philippines. Providing
decision makers and planning officers impact-related information based on understanding
how TCs have changed in the past and will change in the future is incredibly important. A
simple damage potential index was used and analyzed as part of the present study. Despite
the CDP’s simplicity and limitations, the index may be useful in providing insights on wind-
related damages. However, it is necessary to develop a damage index that considers not just
wind-related impacts but rainfall and storm surge-related. Future work on understanding the
risks and impacts associated with changes in TC characteristics due to climate change will be
pursued using the storyline approach developed by Shepherd (2018). A risk analysis
tramework will also be explored to quantify the potential changes in risks associated with TCs
in the future.

Managing TC-related disasters and climate change begins by thoroughly

understanding the associated risks (Uy and Perez, 2019). As part of TC risk management, TC



risk modeling is crucial for minimizing damage and increasing preparedness. It also offers
many risk scenarios for the future (Joyce et al. 2009; Fang, Yin, and Wu 2016). It could contain
details on the degree of risk in connection to physical location, important infrastructure,
vulnerable individuals and groups, and risk factors (Birkmann 2013; Li and Li 2013).
Identitying suitable future TC risk management and mitigation measures requires this
information.

TC forecasting and warning system is also an important aspect of TC risk
management; however, operational TC forecasting remains to be a challenge in the
Philippines (Leroux et al, 2018, Li et al, 2021). Improving the capability of PAGASA to
tforecast TCs like Haiyan should be a priority. PAGASA has recently invested on impact-based
torecasting for TCs (Moron, 2021). Impact-based forecasting (IBF) is one of the mechanisms
used for triggering early warning systems (EWS). IBIF means turning forecasts and warnings
from descriptions of what the TCs will look like into assessments of what the TCs will do in
terms of impacts on individuals and sectors (Aid UK, 2020). The projected increase in the
intensity of and the changes in different characteristics of TCs highlights the need for better
early warning systems (EWS), taking into consideration the cascading effects of multiple
hazards associated with TCs such as severe winds, floods, landslides, and storm surges.
Institutions working on disaster risk reduction and management, local governments units,
and the general public will have a better grasp of the risk by considering the impacts of
different hazards associated with TCs (DOST-PAGASA, 2019).

Local disaster risk managers are essential in providing disaster preparedness and
relief, according to Brucal et al. (2020), and previous experiences with TC-related disasters in
the Philippines show that governance can significantly change the outcomes. However, they
found in their study that these managers in charge of disaster risk in the Philippines'
particularly impoverished provinces do not feel sufficiently prepared for TCs and their
impacts. According to the report, more effort is required to strengthen local governments'
capacities to address TC-associated impacts in a way that is suited to their needs, experiences,

and unique vulnerabilities.
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Therefore, it is crucial to emphasize how climate change and TCs will affect the
country's capacity to adapt to the changing climate, both in terms of disaster risk management

and mitigation as well as climate change adaptation plans and action.

6.3 Concluding Remarks

Figure 6.1 presents the key findings of this thesis. This study demonstrated the
sensitivity of TC cases to difterent choices of parameterization in the Weather Research and
Forecasting (WRF) model (Skamarock et al, 2008) which has been widely used in
investigating TCs (Parker et al, 2018). In particular, the cumulus, surface flux
parameterizations and spectral nudging, resolution, and domain settings for Typhoon Haiyan.
This provided for a set of combination of parameterizations that can be used in future climate
experiments i.e., the model that best reproduces the track and intensity of the TC cases under
current climate conditions. This also provided insights into the sensitivities and uncertainties
associated with the use of a regional model such as WRF.

Secondly, through idealized simulations, changes in SST resulted in changes in
track, and an increase (decrease) in SST's resulted in an increase (decrease) in intensity, size,
and rainfall. These changes in the TC characteristics also led to changes in the associated
cyclone damage potential of the three TC cases. The positive SST simulations have a general
tendency for the TCs to move northwards, and for some, to recurve north and not to make
landfall over the Philippines, while the negative SST simulations have a tendency for the TCs
to move southwards relative to the control run. SST warming resulted in substantial increases
in intensity (higher maximum wind speeds and lower minimum sea level pressure) and size.
Atmospheric warming, on the other hand, offsets intensification and has a weakening
influence on the TCs.

Most importantly, we found that re-forecasting the three TCs under future
warming scenarios causes small changes in the track, except when using only surface variable

perturbations, which results in northward shifts in the track due to the weakening of the



Western North Pacific Sub-Tropical High. Results show that relative to the current climate
conditions, future warming leads to more intense TCs with changes in maximum wind of
Typhoon Haiyan, Bopha, and Mangkhut, respectively. The changes in size and translation
speeds are relatively small. The results also suggest that the more intense TC cases — Haiyan
and Mangkhut - would have higher cyclone damage potential (CDP) index in the future,
ranging from ~1% to up to 37% under the SSP5-8.5 scenario. Based on the pre-industrial
runs, climate change has so far had only a weak influence on TC intensity and not much
influence on size, speed, and track. Simulations without convective parameterization show
similar changes in the sign of the projected TC intensity response, but different signals of
change in terms of size and speed. TCs of such intensity and damage potential in the future
will have serious implications with the increasing exposure and vulnerability in the
Philippines.

With the projected increase in intensity (peak winds), rainfall rates and accumulated
rainfall, as well as changes in other TC characteristics, it is important to further investigate
the potential increase in risk associated with TCs impacts that will be brought about by
extreme winds, flooding, landslides, and storm surges in the future.

As the climate changes, the impacts of TCs in the Philippines may become worse
than what has been experience in the past. It is therefore important to build the country’s

capacity to manage the changing risks associated with TCs and adapt to these changes.



Figure 6.1. Key Findings
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