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Abstract

High tide flooding (HTF) is becoming more common in coastal regions of the United States,
although this phenomenon remains largely undocumented in published literature from other
parts of the world. No matter the emissions scenario over the next decades, sea level rise
(SLR) is projected to continue worldwide until at least the end of the 21 century, continually
pushing the frequency and severity of HTF.

Despite the expectation of continued SLR long-term and the resulting implications on future HTF,
there is a lack of continuous near future, high granularity projections of HTF useful to decision-
makers, urban planners, residents and travelers to cities with high coastal flooding risks.
Accordingly, this thesis presents a novel HTF projection framework and early warning system
specialized to model localized HTF frequency into the near future (over the next ~19-year nodal
cycle), designed with the specific and unique ability to identify years and months/seasons of the
greatest predicted HTF frequencies. The capabilities of the HTF projection framework presented
in this thesis were shown by conducting monthly granularity predictions of minor and moderate
HTF and presenting seasonal event patterns among the world’s top ten popular travel destinations
projected to be at the most risk from potential SLR. The data input was drawn exclusively from
higher frequency tide gauge records. Novel features of the projection framework included the
characterization of intra-annual sea level change (SLC) due to earlier melting periods of sea and
land ice, less multi-year ice, delayed freeze-up in the winter, and cascading effects on thermohaline
circulation. Another novel method implemented took into account the correlation of astronomical
tides with intra-annual sea level variability. Additionally, the methods implemented considered the
combined effects of seasonal SLC and modulations by precessions in the Moon’s orbital path
around the Earth affecting the heights of the highest astronomical tides, while a representation of
seasonal extremes in mean sea levels in a second projection of SLC was also included to quantify
the upper bounds of projected HTF frequencies. Deterministic seasonal predictions of surge, wave
setup, and swash were also implemented.

Large increases in the frequency of HTF were projected during the 2020’s in Bangkok and Manila.
The following decade, New York City and Jacksonville were projected to suffer increasing HTF
frequencies as well. Furthermore, HTF events were projected to be concentrated during particular
month(s) or season(s). In Bangkok, 89% of HTF days were projected to occur between October
and February. In Manila, HTF frequency was projected to be nearly four times higher between
June and August than during any other month. HTF in Jacksonville was projected to be clustered
between October and December, while HTF in New York City was projected to be most common
in October and December. In addition, surprising differences in intra-annual SLC trends were
found mainly in Europe, while effects of lunar precession on high tide levels and thus HTF
frequency were found to be widespread; especially noticeable in Bangkok, Cardiff, and Manila.
Results were discussed in the context of published existing and planned coastal flooding defense
adaptation and mitigation strategies and infrastructure. Results gave insight into years and months
of the greatest HTF frequencies in major metropolises over the near future: HTF days in Bangkok
were projected to exceed eighty every year between 2025 and 2028, and again in 2036, before
reaching one hundred in 2037. December through February were projected to be the most affected
months with the majority of days in December experiencing at least minor HTF. Bangkok was
found to be the most vulnerable city to HTF in the near future due to unprecedented increases in
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HTF frequency combined with unfinished flood barriers, drainage capacity already being
consistently overwhelmed by HTF, as well as exponential urban growth and unenforced planning
laws. Manila was also projected to suffer unprecedented increases in HTF frequencies during the
2020’s, peaking in 2027 and 2028. Summer months were projected to bring the highest frequency
in HTF, with up to 10 HTF days per month. Recent local initiatives such as the Manila Bay
Sustainable Development Masterplan and the North Manila Bay Flood Protection Strategy were
found to be positioned to relocate those living in flooding-prone areas while improving the city’s
resilience to HTF. In light of the results found here, this dissertation also includes a discussion of
further potential in diversifying methods related to the prediction of seasonal surge, wave setup,
and swash in the face of existing climatic shifts and changes in thermohaline circulation.

Keywords: Physical Geography and Ecosystem analysis, High tide flooding, Projections,
Adaptation and mitigation strategies, Lunar precession, Nodal cycle, Cycle of lunar perigee
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Introduction

In the summer of 2021, Thompson et al. predicted a sudden inflection point in mass and

unprecedented high-tide flooding (HTF) events in multiple coastal regions of the United States
during the mid 2030’s, while also describing the impact of the nodal cycle (a rhythmic fluctuation
in the Moon’s orbital path around the Earth) on the frequency of these events (Haigh et al. 2011,
Thompson et al. 2021).

HTF, or so-called “nuisance flooding’, results in lasting conditions that impede daily life by
flooding roads, driveways and basements, while straining stormwater and wastewater systems.
While the impacts of HTF may seem minor, they can create severe problems even outside of
hurricane or storm seasons, periodically rendering coastal infrastructure designed to operate within
past sea level ranges inoperable. Businesses are interrupted, property values decline while
insurance premiums increase, and social and economic activity is stifled (Hino et al. 2019; Collini,
2021).

HTF frequency and severity is very affected by sea level rise; even relatively small shifts in mean
sea level can translate to a much greater inland reach of high tides, increasing the severity of
individual storm surges and the likelihood of exceeding critical flooding thresholds (Miller et al.
2013; Taherkhani et al. 2020; Andreatta & Kirksey 2022). Global mean sea levels (GMSL) are
projected to rise a further 20 — 50 cm and at increasing rates throughout the century, even when
following the most stringent emission reduction plans (IPCC, 2019: Summary for Policymakers).
This is substantial in terms of impacting HTF frequency, as a sea level increase of less than 10 cm
is enough to double HTF frequencies at certain locations (Vitousek et al. 2017; Taherkhani et al.
2020). In addition, regional departures from projections in GMSL of up to 30% due to varying
regional thermal expansion, ocean dynamics, land and sea ice loss, and importantly subsidence of
land, will cause further increased risk of HTF in certain regions (Oppenheimer et al., 2019).
However, it is the combined effect of SLR and fluctuations in the Moon’s orbit around the Earth
affecting the gravitational force on the oceans that will cause more sudden increases in HTF events
and severity (Thompson et al. 2021). There are two precessions in the orbital path of the Moon
that specifically affect astronomical high tide heights in a cyclical manner. One is the ~18.61-year
nodal cycle (illustrated in Figure 6), and the other is the ~8.85-year cycle of lunar perigee
(illustrated in Figures 4 and 5), which affects tides on a ~4.425-year cycle (Haigh et al. 2011).
Both have periodical shifts between suppressing and amplifying high tides following a sinusoidal
signal. The timing of the amplifying and suppressing parts of these cycles, and indeed their
modulating strength on the highest tides vary according to the location on the face of the Earth
(Haigh et al. 2011; Ray and Merrifield 2019). Thompson et al.’s (2021) study projects that multiple
coastal regions of the U.S. will be hit by such a sudden rise in HTF in the mid 2030’s, due to the
tide-amplifying phase of the nodal cycle.

Several studies employing global coastal ocean models with characterizations of parameters such
as storm surge, wave setup, and bathymetry show that vulnerability to coastal flooding will
increase throughout the century as sea levels rise, citing large factors of increase (Tebaldi et al.
2012; Caldwell et al. 2015; Kirezci et al. 2020; Muis et al. 2020). However, past studies focus on



projecting reductions in the return periods of extreme sea level events, and the simulation of
extreme sea levels during future decades until the end of the 21% century (Vousdoukas et al. 2016;
Idier et al. 2017; Vitousek et al. 2017; Wahl et al. 2017; Kirezci et al. 2020; Muis et al. 2020;
Szewczyk et al. 2020; Vousdoukas et al. 2020), which does not communicate expected changes in
HTF frequencies critical to effectively planning for projected SLR impacts, or seasonal clustering
of HTF events (Thompson et al. 2021). Also, projections over time frames necessary to near-future
planning are typically left out, with projections being overwhelmingly focused on the middle and
end of the century (Taherkhani et al. 2020). In addition, these studies are based on mean sea level
(MSL) rise projections of either decadal or annual granularity, which are typically based on
emissions scenarios or extrapolations of long-term (40 — 50 year) trends in local sea levels.
Consequently, there is no characterization of intra-annual cycles in climate modulated mean, non-
tidal sea level variability. Also, as rates in GMSL rise have been shown to be accelerating
(Oppenheimer et al. 2019), the latest trends in sea level change (SLC) are likely to be different
from the extrapolations of 40—50-year trends. While some climate models do have the ability to
account for seasonal sea level anomalies in certain regions, the model biases in important factors
such as sea surface temperature, and timing of the months with the appropriate sea surface
temperatures remain widespread (Wang et al. 2022). Furthermore, although the highest resolution
models do characterize certain components relevant to sea level at horizontal grid resolutions of
up to 25 km (Held et al. 2019; Andrews et al. 2020; Semmler et al. 2020), Strandberg and Lind
(2021) have shown that higher horizontal grid resolution does not necessarily improve model
agreement with observations. Deriving seasonal and monthly climatic influences on MSL from
local tide gauges provides more information to make locally-informed decisions (Dusek et al.
2022). Intra-annual sea level change (SLC) is heavily forced by the annual warming/cooling cycle;
warming, expanding, and gaining water from melting sea and land ice in the summer and early
autumn, to contracting and losing water as sea and land ice refreezes in the winter and early spring.
The effect on MSL is especially strong in the Northern Hemisphere (Commonwealth Scientific
and Industrial Research Organisation). Also, an earlier start in the annual melting of sea ice as
global mean temperatures warm (at rates that are amplified in the Arctic (Gutiérrez et al. 2021;
Griffith and Kozick-Kingston 2022)), less multi-year ice (ice that remains solid for at least one
summer), delayed freeze-up in the winter (Zheng et al. 2021), as well as cascading effects on global
ocean circulation (thermohaline circulation) (Thibodeau et al. 2018) cause changes in seasonality
relating to intra-annual MSL.

To address the lack of existing near-future projections in HTF events, and the lack of extreme sea
level projections with yearly and monthly granularity, this thesis presents the first publicly
accessible and available projections of continuous, combined yearly and monthly granularity HTF
frequencies. In addition, this is also the first study to directly conduct projections for popular travel
destinations specifically at the most risk of potential SLR. The capability of the methods applied
in this dissertation is show-cased by conducting projections for the top ten major global
metropolises at the most risk of potential SLR across the period of the next nodal (19 year) cycle.
Also, projections of future frequencies in HTF events have previously not been made outside the
United States, nor do most simulations of extreme sea levels and return periods of extreme high-
tide flooding events take into account the combined effects of SLR and modulations by precessions
in the Moon’s orbital path around the Earth (Thompson et al. 2021). Furthermore, changing
seasonality in the melting and freezing of sea ice and the effect on intra-annual SLC is accounted
for here by a novel method involving the projection of trends in SLC by month, to capture the



effect at each respective location. This kind of look into future conditions, specifically with respect
to individual years and seasons of greatest risk, provides a valuable early warning indication for
coastal cities to plan for tide-driven flooding increasing in consistency and severity through
advances in flooding countermeasures and reorganization of water and waste-management
systems, among other mitigation and adaptation strategies to coastal flooding (Ward et al. 2015).

This thesis also utilizes a novel method considering the correlation of astronomical tides with sea
level variability (Devlin et al. 2017) by conducting dedicated harmonic analysis on tide gauge data
binned by month, as well as including a representation of seasonal extremes in MSL in a second
projection of SLC. In addition, seasonal predictions of sea level components attributable to surge,
wave setup, and wave swash are included at each location.

The analysis required extensive Matlab programming with more than four-thousand lines of
proprietary code and respective data science, applying numerous novel methodologies to realize
the following analysis of the chosen GESLA-3 tide gauge data sets. Unlike all other known
published approaches to projecting HTF frequencies, this code allows continuous monthly
granularity predictions and seasonal event patterns for the first time. HTF events can now be
predicted at monthly and yearly resolutions, thus enabling improved early warning capabilities
globally.

Aim

The aim of this thesis is to create a novel projection framework and early warning system able to
model localized HTF frequency into the near future (over the next nodal cycle), with the specific
and unique ability to identify years and seasons of the greatest predicted HTF frequencies, and
thus inform locals and travelers, while galvanizing decision makers to implement appropriate
mitigation and adaptation measures within appropriate time frames. The model is required to be
versatile; able to be adaptable to locations of different tidal cycles, seasonal weather, and

coastline/harbor geometry, while retaining the ability to update projections alongside new tide
gauge data. Therefore, this thesis seeks to answer the following research questions:

1. How will HTF frequency change in the near future for popular travel destinations at the greatest
risk from potential SLR?

2. During which seasons/months will HTF be the most frequent?

3. How large are differences in intra-annual SLC trends?

4. How strong is the modulation of the highest tides by lunar precession?

To answer research questions 1 & 2, HTF projections over the next nodal (~19-year) cycle are
made for the world’s popular travel destinations at the most risk from potential SLR according to
the 2050 Climate Change index. Further details on the calculation of the index are given in the
methods. To answer question 3, seasonality and trends in mean monthly sea level are assessed,
while the modulation of the highest tides by the nodal and perigean cycles is calculated at each
location analyzed to answer question 4.



Background

Sea level at a given coastal location is driven by interactions between astronomical tides, surge,
wave set-up, wave swash, and variability in MSL (fig. 1). These components themselves are
affected by local coastal geometry, seabed topography, and intra-annual cycles in climate and
ocean circulation (for example the El Nifio-Southern Oscillation), that bring about changes in sea
water temperature, salinity content, weather and wind (Vitousek et al. 2017; Idier et al. 2019).

Figure 1: Components of sea level. Adapted from Vitousek et al. (2017) and Idier et al. (2019).

Seasonal changes in MSL are due to cycles in climate; warming and expansion of oceans in the
summer, along with melting of sea ice and snow, cooling, and contraction in the winter, along with
freezing of sea water and snowfall. These seasonal shifts in climate drive ocean currents and
thermohaline circulation, which together with movements of weather events further affect changes
in seasonal MSL. Intra-annual to decadal fluctuations in MSL are driven by irregular oscillations
in ocean-atmosphere interaction phenomena, including for example El Nifio/La Nifia events, the
North Atlantic Oscillation, the Pacific Decadal Oscillation, and the Indian Ocean Dipole
(Commonwealth Scientific and Industrial Research Organisation). Melting sea ice, glaciers, and
ice sheets Greenland and Antarctica, as well as thermal expansion as sea surface temperature
increases are the main factors contributing to trends in SLR over longer time frames. The
interactions between oceans and the Greenland and Antarctica ice sheets represent the largest
potential driver affecting potential changes in sea level, although historically glaciers have
contributed more to SLR (Commonwealth Scientific and Industrial Research Organisation;
Oppenheimer et al. 2019).

Astronomical tides are driven by gravitational forces of the Sun and the Moon pulling on the
oceans, or rather the difference in attraction to the attracting bodies (Sun and Moon), across an
ocean’s surface. As the distance to an attracting body becomes farther away from a location on the



Earth’s surface, its gravitational force on the Earth decreases by inverse square (Souchay et al.
2012). Surge is created by storms causing the rise of water above the astronomical tides as strong
winds push an accumulating amount of water toward the shore, combining to form a storm tide
(Commonwealth Scientific and Industrial Research Organisation). When a storm tide occurs
during normal high tide, this is what has the potential to create the most dangerous coastal flooding
(Caldwell et al. 2009; Barnard et al. 2015; National Oceanic and Atmospheric Administration of
the United States (NOAA) (b)). Wave set-up refers to the temporary increase in water level brought
by breaking waves, as opposed to wave set-down, which refers to the temporary decrease in water
level during the shoaling process of the wave as water accumulates in the wave, but declines in
front of the wave (Bowen et al. 1968; Kireczi et al. 2020; Liu et al. 2020). Swash refers to the
motion of water up a beach after a wave breaks (Fairbridge, 1968). Its magnitude is sensitive to
geological characteristics, such as beach slope, and it can contribute to coastal flooding by
overtopping seawalls (Vitousek et al. 2017); especially during storms, when wave height and
frequency increase (Fairbridge, 1968). Harbors and rivers, however, are offered a certain degree
of protection, although not immunity, from wind, waves and currents. This means that surge and
wave setup components are typically dampened, while swash is not applicable unless the tide
gauge is directly on a beach (Thompson & Hadley 1995).

A fluctuation in one of these components can have a range of effects on the others. For example,
although SLR tends to increase the frequency, duration, and severity of coastal flooding (Sweet et
al. 2014), an increase in water depth due to SLR can have varying effects on tidal range and surge,
depending upon multiple factors. The ratio of the local tidal forcing frequency to the period of the
respective ocean basin is one example; if this ratio is close to one, meaning the tidal forcing
frequency is similar to the period of the basin, then there is a resonance between the two, which
creates the largest tidal amplitudes. SLR can either push the ratio closer, or farther away from
resonance, resulting in either a greater, or lesser tidal range, respectively. The effectiveness of
wind forcing also declines on the larger volume of water, leading to a reduced wave set-up at a
similar order of magnitude (Guerreiro et al. 2015; Idier et al. 2019). Storm surges have been found
to affect the timing and magnitude of maximum tidal range (Lewis et al. 2017), while waves have
been shown to affect tidal energy by up to 20% for extreme wave conditions (Hashemi et al. 2015).
For a complete understanding of the mechanisms present in the interactions between sea level
components and their orders of magnitude, readers are encouraged to refer to Idier et al. (2019)
and Woodworth et al. (2019). The influence of each mechanism is once again affected by local
coastal geography and seabed topography.

The orders of magnitude that main sea level components contribute to the total water level at the
coast vary according to location. Vitousek et al. (2017) found tides to be the dominant single
contributor to total water level at the coasts on average globally, controlling more than half of the
variation in total water level, although when combining wave set-up and swash, this was found to
be even more influential. Resio & Westerink (2008) found surge to be the main modulator of
coastal flooding events (Muis et al. 2016), while Idier et al. (2019) and Woodworth et al. (2019)
found that tides and surge tend to dominate globally. Examples of the varying contribution of
astronomical tides to total sea level, and contributions attributable to surge, wave set-up and swash
at locations examined in this paper are shown below in Figure 2.
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Astronomical tides dominate sea levels in Bangkok, Thailand, while the orders of magnitude are
more even to surge, wave set-up, and wave swash in Amsterdam, the Netherlands.

Harmonic Analysis of Astronomical Tides

To determine the phases and amplitudes of astronomical tides from within a sea level record,
harmonic analysis is applied to the respective known frequencies of different tidal constituents.
Thus, harmonic analysis itself is a kind of signal processing, by which signals are reconstructed
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Figure 3: Simplified representation of the harmonics of main tidal constituents resolved over sea level data. The black
fluctuations around the superposition of resolved tidal constituents are attributable to surge, wave setup and swash.



by the superposition of waves. For example, the fundamental frequencies of astronomical tides are
driven by the “pull” of the gravitational forces of the Sun and the Moon on the oceans as the Earth
rotates on its axis. The fundamental frequencies are the lengths in time of the mean lunar day,
tropical month, tropical year, the cycle of lunar perigee and the lunar nodal cycle, as well as the
cycle of solar perigee, although with its period of 20900 years, the cycle of solar perigee can be
deemed to be negligible over the time span examined here (German Federal Waterways
Engineering and Research Institute). These frequencies in various combinations make up the main
constituents of tides. For a complete overview of the compositions of main tidal constituents,
readers are encouraged to refer to the German Federal Waterways Engineering and Research
Institute’s information on the harmonic analysis of water level. Figure 1 shows a simplified
representation of four main tidal constituents resolvable from a sea level record. Once the
amplitude and phase of a particular tidal constituent at a respective location is known, this can be
projected into the future. Additional frequencies driven by local bathymetric properties known as
shallow water constituents can also be resolved through harmonic analysis. Shallow water
constituents describe the effect of local coastal bathymetric properties on the motion of water as it
approaches the shore (German Federal Waterways Engineering and Research Institute). The
frequencies of shallow water constituents are in turn composed of various combinations of main
tidal constituents. Components of the sea level record that are unresolvable through harmonic
analysis (shown in Figure 1 as the fluctuation of the sea level record above and below the sum of
the resolved main tidal constituents), are attributable to the influence of day-to-day weather,
including storms (Tebaldi et al. 2012). The fundamental frequencies for gravitational tides are
given below in terms of mean solar days (MSD), the standard 24-hour time frame it takes for Earth
to perform one full rotation on its axis:

Table 1: The fundamental frequencies of gravitational tides. From the Bundesanstalt fiir Wasserbau (German Federal
Waterways Engineering and Research Institute).

Frequency Astronomical time constant
mean lunar day | 1.04 MSD
tropical month | 27.32 MSD
tropical year | 365.24 MSD
cycle of lunar perigee | period: 8.85 years
lunar nodal cycle | period: 18.61 years
cycle of solar perigee | period: 20900 years

The mean lunar day refers to the time it takes for a point on the Earth to rotate once fully on its
axis with respect to the Moon. The tropical month is the time it takes for the Moon to revolve once
fully around the Earth, while the tropical year is the time it takes for the Earth to revolve once fully
around the Sun. The cycle of lunar perigee refers to a precession of the slightly elliptical path of
the Moon’s orbit around the Earth; the major axis of which rotates once fully every 8.85 years,
affecting tides as a quasi-approximately 4.425-year cycle however, as the major axis of the Moon’s
slightly elliptical orbit around the Earth lines up with the Earth and the Sun twice during this cycle
(Figure 4, the alignment when tidal range is the greatest, and Figure 5, other possible alignments)
(Haigh et al. 2011).



Precession of
the Moon’s orbit
path throughout
the cycle of
lunar perigee

Figure 4: Schematic for the precession of the Moon's orbit described as the "cycle of lunar perigee"; the cycle of the
point in the Moon's orbit closest to the Earth. The cycle of lunar perigee thus is the term for the “horizontal”
precession of the Moon'’s orbital path; horizontal being with respect to the plane of the Moon’s orbit around the Earth.
It takes 8.85 years for the lunar perigee to perform one full revolution around the Earth. Earth is shown from the “top”,
from the North Pole, with the precession path rotating counterclockwise. The Moon’s orbit around the Earth is also
counterclockwise. The white ellipse represents the most recent orbital path, and the Moon is at its most recent point
of lunar perigee. The ellipsoids representing the lunar orbit are strongly exaggerated. Figure not to scale. Modified
from [Orbit of the Moon by Rfassbind]. Wikimedia Commons

(https://en.wikipedia.org/wiki/Orbit_of the Moon#/media/File:Moon_apsidal_precession.png). In the public domain.
Figure not to scale. The satellite image of the Earth is from Google Earth (Google Earth (a)).

The alignment of the Earth, Sun, and major axis of the Moon’s slightly elliptical orbital path occurs
approximately every 4.425 years, and is why the cycle of lunar perigee affects high tide levels at
this frequency, as opposed to the full 8.85 years it takes for the major axis of the Moon’s elliptical
orbit path to perform one full rotation (Haigh et al. 2011; Ray and Merrifield 2019). As the
frequencies of the cycle of lunar perigee, the tropical year, and the tropical month are out of phase;
meaning that the length of time between an alignment of Sun, Earth, and major axis of the Moon’s
elliptical orbit occurs at non-consistent time intervals; Ray and Merrifield (2019) have found the
mean time period between these alignment events creating the greatest tidal ranges to have been
4.42 years, with a standard deviation of 0.41 years.



Figure 5: Schematic showing the dynamics of the Sun, Earth, Moon system, and two possible alignments of the major
axis of the Moon’s elliptical orbit around the Earth with the Earth and the Sun. The Moon orbits in a counterclockwise
direction around the Earth, and the Moon’s elliptical orbit also rotates in a counterclockwise direction (Souchay et al.
2012). The Earth continues its orbit around the Sun, also in a counterclockwise direction. The dashed, blue lines show
the alignment of Earth, Sun, and Moon. Note: the ellipsoids representing the lunar orbit are strongly exaggerated.
Modified from [Ray and Merrifield, 2019]. Figure not to scale. The satellite image of the Earth is from Google Earth
(Google Earth (a)).

While the cycle of lunar perigee refers to an oscillation in the horizontal boundaries of the Moon’s
orbital plane around Earth, as shown in Figures 4 and 5, the nodal cycle refers to the vertical
“wobble” of the plane, and itself describes an 18.61-year period of precession in the lunar orbit
during which the “pitch” of the Moon’s orbital plane varies between an inclination and declination
of 5°9' respectively to the plane of Earth’s orbit around the sun, shown itself in Figure 6 below:



Precession of the Moon’s orbit path throughout the nodal cycle

Sun

s | Planes of maximum and minimum

orbital inclination/declination
Figure 6: Schematic for the precession of the Moon's orbit described as the "nodal cycle", or the cycle in the “pitch” of
the lunar orbital plane relative to the plan of Earth’s orbit around the Sun. The nodal cycle thus is the term for the
“vertical” precession of the Moon'’s orbital path; vertical being with respect to the plane of Earth’s orbit around the
Sun. It takes 18.61 years for the “pitch” in the Moon’s orbit relative to the plane of Earth’s orbit around the Sun to
complete a full cycle. Modified from [Lunar standstill by Another Matt]. Wikimedia Commons
(https://en.wikipedia.org/wiki/Lunar _standstill#/media/File:Lunar_standstill. GIF). CCO
(http://creativecommons.org/publicdomain/zero/1.0/). Figure not to scale. The satellite image of the Earth is from
Google Earth (Google Earth (b)).

The cycle of lunar perigee and the nodal cycle describe the precession, or “wobble” of the Moon’s
orbit around Earth, which creates a unique pattern of influence at every coastal location; each coast
has its own unique tidal signature related to local coastal geometry, seabed topography, latitude,
longitude, and other factors (German Federal Waterways Engineering and Research Institute).
These cycles in the lunar orbit periodically serve to dampen and amplify tidal range at a respective
location and modulate the magnitude of the highest tides (Haigh et al. 2011), which makes them
important when it comes to HTF predictions. Notably, modulation by the nodal cycle is projected
to outpace the rate of SLR in certain coastal regions of the United States by the 2040°s (Thompson
et al. 2021). Figure 7 shows the spatial distribution in the magnitude of modulation of the highest
tides by both lunar cycles separately.
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Figure 7: Global modulation range in the 99.9" percentile tidal level by (a), the nodal cycle, and (b), the cycle of lunar
perigee (Haigh et al. 2011). Dark areas thus represent the greatest modulation by a lunar cycle. Reprinted with
permission from Dr. Ivan D. Haigh.

The cycle of lunar perigee tends to dominate in regions with semidiurnal tidal cycles (meaning
two high tides and two low tides daily), while the nodal cycle tends to dominate in regions with
diurnal tidal cycles (one high tide and one low tide daily), although this is not always the case, and
regions may experience influences from both cycles (Haigh et al. 2011). The cycle of lunar perigee
tends to dominate high tide levels along most coasts, with the nodal cycle dominating a lesser sum
of coastline, notably in the Gulf of Mexico, the South China Sea and in the Gulf of Thailand (Haigh
etal. 2011). A global spatial distribution of the dominating lunar cycle modulating high tide levels
from Haigh et al. 2011 is shown below in Figure 8:
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Figure 8: Global distribution of the dominant lunar cycle modulating high tide levels (Haigh et al. 2011). Note: here the
the nodal cycle is referred to as the “18.61 year cycle”, and the cycle of lunar perigee is referred to as the “4.4 year
cycle. Reprinted with permission from Dr. Ivan D. Haigh.

Most coastal regions are influenced at least to a greater degree by the cycle of lunar perigee, while
notably the Gulf of Mexico, the Caribbean Sea, the South China Sea, the Gulf of Thailand, the Sea
of Japan, the Sea of Okhotsk, and large parts of the Pacific Ocean are modulated to a greater degree
by the nodal cycle.

Harmonic analysis nowadays follows the still relevant tidal potential theory first presented by
Doodson in 1921, which describes the frequency of each tidal constituent as a linear superposition
of the six fundamental frequencies of astronomical tides shown above in Table 1, from which the
positions of the Sun and Moon relative to a point on the Earth’s surface, tide generating force, and
thus tidal potential at that point, can be calculated for any specific time. For an in-depth derivation
of the tide generating potential, readers are encouraged to refer to Rahman et al. (2017). Tidal
records with data over a complete nodal cycle then allow for the calculation of the modulation
(phase and amplitude) at a specific location and allows for their projection into the future (Haigh
etal. 2011). For a comprehensive overview of harmonic analysis techniques and its application to
tides, readers are encouraged to refer to Foreman and Henry (1989).

Flooding Risks and Adaptation Strategies in Selected Cities

As coastal flood risks show an increasing trend in many regions due to socioeconomic growth,
land subsidence, and increasingly, SLR, it is becoming increasingly interesting for coastal cities
to conduct cost-benefit analyses of implementing flood defense systems (Dupuits et al. 2017,
Amadio et al. 2022). Flood defense systems can consist of multiple lines of defense, with a storm
surge barrier in the front, and a levee or dike behind it (Dupuit et al. 2017). However, their
construction is often costly, with the strengthening of dikes costing between an estimated 15.5 and
22.4 million Euros per kilometer of length and meter raised in urban areas in the Netherlands at
2009 price levels, although figures of a few million Euros are cited for different types of flood
defenses such as levees and concrete flood barriers, with labor costs dictating much of the cost
(Jonkman et al. 2013; Cioffi et al. 2022).
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Below are brief summaries of implemented and/or planned coastal flooding defense systems of the
cities examined in this thesis.

Bangkok, Thailand

Flooding during monsoon rain events is common, and HTF periodically overwhelms drainage
capacity, so the more than 30 agencies for water management set up in the wake of extreme
flooding in 2011 are required to employ stop-gap solutions to provide relief during flood events,
while construction of long-term defense systems is thus delayed. A flood prevention system in the
form of flood barriers installed along all waterways in Bangkok is planned, however remains a
work in progress. Flood gates and water pumping stations to drain water into the Chao Phraya
River are active, while another water pumping station is under construction, and several are
planned, as high tides often overwhelm current drainage capacity. In addition, exponential urban
growth and unenforced planning laws are cited as factors leading to increased risk in the future, as
wetlands offering natural water retention and flooding buffers continue to be lost to buildings and
infrastructure (Thai PBS World (a) 2022; Thai PBS World (b) 2022).

Amsterdam, the Netherlands

Holland is the gold-standard when it comes to flood management and coastal engineering. A
system of dams, dikes and storm barriers are the adaptive measures that have been taken to allow
the country to coexist with the sea, and with its tides. In addition, a nature-based solution of adding
a “ramp” of grass-covered clay to the seaward side of dikes has also been implemented, which
dampens wave impact during storms, and protects the dikes against erosion (Van Loon-Steensma
and Vellinga 2019).

Cardiff, United Kingdom

Flooding in Wales due to heavy rainfall, rapid snowmelt, and storm surge has become more
common. In response, the Welsh Government in collaboration with the Cardiff council is set to
approve a new flood defense system to protect properties in south-east Cardiff from SLR and one
in 200-year flooding events until the end of the century. The defense system will include rock
barriers and embankments along the coast as well as sheet piling in select locations, and is
scheduled to be completed in 2025 (Cardiff News Room 2022).

Manila, the Philippines

The Manila Bay is already very affected by HTF, with the islands in the Bulacan Province being
inundated by every high tide. Land subsidence further exacerbates the problem, with groundwater
pumping resulting in a declining water table and compression of soils, effectively adding to rising
sea levels. The loss of protective mangrove forests due to both natural causes such as extreme
weather, as well as human-driven removal to make way for farming and aquaculture have further
increased vulnerability to flooding (Goldberg et al. 2020). Mangrove forests dissipate waves and
storm surges; reducing wave energy by two-thirds within the first one-hundred meters of forest
width, while protecting vulnerable coastal soils from erosion (Menéndez et al. 2020). This
combined with the on average twenty annual typhoons affecting the city, as well as expected urban
growth bringing the total population to nearly twenty million people by 2050 results in a real task
for planners and the Government of the Philippines (Delano 2022).
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The Philippines Department of Public Works and Highways built a seawall along the coastline of
the Manila Bay as a part of the Manila Bay Integrated Flood Control, Coastal Defense &
Expressway project, although there remain gaps and communities unprotected by the seawall
(Delano 2022). Furthermore, the National Economic and Development Authority (NEDA)
together with the Government of the Kingdom of Netherlands (through the Ministry of Foreign
Affairs) initiated the formulation of Manila Bay Sustainable Development Masterplan (MBSDM)
in 2018, and completed it in 2021, aiming to relocate residents, settlers and their businesses away
from areas that are prone to flooding. In addition, the North Manila Bay Flood Protection Strategy
has been outlined in 2022, including sustainable, nature-based flood protection measures, and the
recommendation of pilot locations for their implementation to reduce flooding exposure
particularly in the northern coastal area. A combination of geospatial data and stakeholder
interviews have led to a comprehensive plan to combat the risks from storm surges and fluvial
flooding while restoring natural habitat and transforming and adapting the livelihoods of locals
and especially those that are encouraged to move out of hazard-prone areas (Royal
HaskoningDHV, 2022). Tablazon et al. (2015) have also created probability-based storm surge
inundation maps of the capital region of the Philippines; Metro Manila, by employing frequency
distributions of different storm surge heights above maximum astronomical tidal heights in relation
to a digital terrain model.

London, United Kingdom

The water level in the Thames river flowing through London is tide-driven, with a tidal range of
up to seven meters; tidal flooding from the North Sea has been a growing risk (Lavery and
Donovan 2005; EnvironmentAgencyTV 2022). The construction of the Thames Barrier, eight
other flood barriers, hundreds of kilometers of flood walls and embankments as well as flood gates
and pumps provide a good standard of flood defense. The adaptive Thames Estuary 2100 Plan also
has provisions for securing land to improve and raise flood defenses from 2035 to 2050
(Environment Agency 2012).

Hamburg, Germany

Hamburg lies on the Elbe river, which is a tidal waterway with a mean tidal range of 3.66 meters
(Port of Hamburg, 2022). Storms can cause surges that cause flooding in parts of the city. Hamburg
is protected by linear flood defenses such as sea and estuarine dikes, coastal dunes and flood
defense walls, as well as more recent, innovative designs such as artificial sand terraces to loft new
structures high above the high-water line (Yeung 2021). This is important, as a study by Naulin et
al. (2015) investigated the reliability of flood defenses in Hamburg through breach modeling with
probability-based storm surge scenarios and sea states, finding that extreme conditions can cause
dikes to fail by wave overtopping and even overflow and overloading of dike slopes during such
events.

Philadelphia, United States

Although Philadelphia is not located directly on the coast, tidal modulation of water levels in the
Delaware and Schuylkill Rivers can create flood conditions around the city. Philadelphia is
projected to suffer more than two hundred HTF days by 2045; in response, the city plans to
introduce wetlands to buffer the city from the sea (Union of Concerned Scientists 2016). Higher
baseline river levels may permanently flood parts of the city, while increases in precipitation
coupled with coinciding storm surges and high tides can increase the frequencies and severities of
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flooding events, with extreme storm events having already become more common in the 21
century (Flood Risk Management Task Force, City of Philadelphia 2014). A report from NOAA
confirms that Philadelphia will see an increase of flood days by 2050 (Sweet et al. 2019).

To improve Philadelphia’s flood mitigation planning, a forum hosted by the American Society of
Civil Engineers called for the strengthening of existing flood defense systems and innovation in
reducing vulnerability to future flooding, while encouraging coordination between agencies
involved in flood risk management nationally (Flood Risk Management Task Force, City of
Philadelphia 2014).

New York City, United States

New York City has faced climate change and resulting extreme events; the impact of Hurricane
Sandy in October of 2012 claimed lives, caused billions of dollars in damage, damaged water and
sewer infrastructure, and affected economic activity. SLR is already causing a greater frequency
in HTF events in Atlantic and Gulf Coast cities in the United States, while SLR projections in New
York exceed the global average, with HTF expected to flood twenty percent of Lower Manhattan’s
streets and affect ten percent of its properties by the end of the century if adaptation is not adequate
(New York City Economic Development Corporation 2019).

The city has implemented a climate adaptation program encompassing policies to anticipate risk
from and improve resilience to SLR (Aerts and Wouter Botzen 2011), while the “Big U” project
designed to prevent flooding began in 2018; itself a sixteen-kilometer barrier wrapping around the
southern part of Manhattan. The barrier itself is not a traditional barrier, but is made up of
pavilions, museums, and public spaces, thus being a holistic strategy to flood protection (Hobson
2014; Howarth 2018).

Jacksonville, United States

The East Coast of the United States is experiencing record-breaking tides, with tides trending
higher and higher due to a combination of SLR, tropical storms and astronomical high tides, which
is expected to only get higher and more frequent. In Jacksonville, the National Weather Service of

the United States is issuing more coastal flood advisories than during past years (Voyles Pulver
2019).

Jacksonville city leaders in collaboration with local organizations and the Environmental Defense
Fund advocating climate resilience for all communities are implementing measures increasing
resilience to sea level rise and flooding in the form of natural barriers and buffers such as the
protection and planting of mangrove forests and the restoration of creeks and wetlands around the
urban core of the city (Environmental Defense Fund Florida 2023).

Hong Kong, SAR China

Flood risk in Hong Kong is increasing due to SLR, climate change induced frequency of tropical
cyclones and strong storm surges, and subsidence of land, while a continued influx of workers and
investment further increases the number of people vulnerable to such events (Bailey 2011; Seto
2011; Qiang et al. 2021). When storm events coincide with astronomical high tides, low-lying
areas are flooded (Lui 2018).
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In response, Hong Kong has incorporated Flood Risk Management practices with engineering-
based methods. The city has an underground stormwater drainage system, while alteration of
natural waterways to increase discharge capacity has also been pursued extensively (Qiang et al.
2021) This together with walls and breakwaters attains a protection standard of one-in-one-
hundred to one-in-two-hundred year flooding events. Furthermore, the Town Planning Board must
be approached with a Drainage Impact Assessment by representatives involved in development
plans in Hong Kong to ensure that flooding risk to the area does not increase under proposed
projects. Preparedness and awareness of communities in regard to flooding is also prioritized, with
tide and storm surge early warning provided to residents. Emergency response drills in areas prone
to flooding are also conducted once annually. Channel embankments have also been reinforced
through the planting of vegetation, while wetland introduction providing a flooding buffer has also
occurred, further complementing engineered drainage infrastructure (Chan et al. 2018).

Despite this, Hong Kong is not immune to flood events, which do still occur during heavy storms.
In addition, the Planning Department in Hong Kong does lack authority beyond the consideration
of drainage ordinance in new projects. For example, it is not authorized to restrict projects in flood
zones: spatial plans for Hong Kong in 2030 include proposed ambitious expansion into flood-
vulnerable areas on reclaimed land (Chan et al. 2018).
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Methods

Selection of Cities

The cities selected for analysis were initially chosen to be the top 10 popular travel destinations at
the greatest threat of flooding from projected SLR. Rankings come from the 2050 Climate Change
City index, which ranks the threat to popular major global metropolises by vulnerability to climatic
shifts likely to occur in the future. Flooding from projected SLR is one of three risk criteria, along
with climate shift, and water stress. Potential SLR impact scores are based on a calculation of how
much of each city (area) would be affected by rising sea levels and coastal flooding under a
“Business as usual” SLR scenario by Kopp et al. 2014, in relation to a digital elevation model of
a respective city.

All cities included in the analysis were required to have consistent, quality-controlled sea level
data in the GESLA-3 database over at least a full (~19 year) nodal cycle. Tide gauge data was
required to be recent enough to project at least ten years into the future. Of the top 10 major global
cities expected to suffer the most flooding due to SLR, several lacked the consistency and/or
recency in data needed to conduct a projection of future HTF. Shown below is an overview of
popular global metropolises ranked by their potential SLR impact score.

Table 2: Ranking of the world’s 85 most popular travel destinations by threat of potential SLR by 2050. Rankings come
from the 2050 Climate Change City Index. The data range represents the most recent available data covering a full
nodal cycle (19 years) at each location, and the projection period is the next full nodal cycle for which HTF events were
projected. An “x” denotes unsatisfactory data availability. The number in parentheses next to the ranking represents
the new ranking taking into account data accessibility.

Ranking  City Country Potential SLR Data range Projection
Impact Score period

1 Bangkok Thailand 100 2000 - 2018  2019-2037
2 Amsterdam Netherlands 89.56 1999 - 2017  2018-2036
3 Ho Chi Minh City  Vietnam 88.67 X X

4(3) Cardiff UK 45.88 2002 - 2020  2021-2039
5 New Orleans uUsS 37.37 X X

6(4) Manila Philippines 37.01 1996 - 2014  2015-2033
7(5) London UK 28.49 2002 - 2020  2021-2039
8 Shenzhen China 28.06 X X

9(6) Hamburg Germany 24.48 2001 -2019  2020-2038
10 Dubai United Arab Emirates  20.84 X X

11 Belfast UK 20.39 X X

12 (7) Philadelphia uUsS 18.34 2002 - 2020  2021-2039
13 Dublin Ireland 16.88 X X

14 (8) New York City uUsS 16.09 2000 - 2018  2019-2037
15 (9) Jacksonville uUsS 15.94 2002 - 2020  2021-2039
16 (10) | Hong Kong SAR China 15.27 2000 - 2018  2019-2037

Tide gauge records with denoted data ranges and projection periods met the data requirements,
while tide gauge records missing these specifications lacked sufficient recency, data quality, and/or
length. The first 10 popular cities at the most risk of SLR meeting the data requirement were chosen
for the analysis.
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Shown below are the locations of the cities included in this thesis by region, along with the tide
gauges chosen at each location. Tide gauges were chosen by (1) data quality, (2) proximity, and
(3), similarity in coastal geometry to at the location of the city. If no tide gauge within the sphere
of similar coastal geometry at a respective city fulfilled the data requirements, then HTF was not
projected for the city. A global map of cities examined in this thesis is shown below in figure 9.
The most at-risk cities in the US are shown in Figure 10 with the location of their corresponding

Base map sources: opendatasoft, Hijmans, Robert J, 2015 (a-e), US Census - -
Bureau, Department of Commerce, Humanitarian Data Exchange, Hijmans,
Robert J, 2015 (a-e),, Esri Cl]ina (HK)
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Figure 9: Map of chosen coastal cities for which HTF projections were conducted in this thesis. Cities are numbered
according to their ranking from Table 2.

available tide gauges. Philadelphia and New York City had tide gauges with sufficient data local
to the city, while for Jacksonville the closest tide gauge fulfilling data requirements was near the
mouth of the St. Johns River, which flows through Jacksonville, emptying into the Atlantic Ocean.
The most at-risk cities in Europe with acceptable data are shown alongside in Figure 10. Sea level
data for Amsterdam was represented by the [jmuiden-Buitenhaven tide gauge at the harbor entry.
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Figure 10: Map showing coastal cities examined in the US (left) and Europe (right), in red, along with respective
locations of tide gauges with sufficient data, in blue.
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For Cardiff, the nearest station meeting the data requirements was at Hinkley Point, roughly 25
kilometers across the Bristol Channel from Cardiff. For London, the nearest station meeting data
requirements was at Lowestoft, roughly 170 kilometers north-east of London. For Hamburg, no
riverine tide gauges were available on the Elbe River, so the tide gauge at Cuxhaven-Steubenhoft,
near the mouth of the Elbe, was chosen.

The most at-risk cities in Asia for which tide gauge data of acceptable quality was found are shown
in Figure 11. Tide gauges meeting the data requirements were available locally for Hong Kong
and Manila, while the nearest tide gauge meeting data requirements for Bangkok was available
from Ko Lak, 200 kilometers south south-west from Bangkok itself.
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Figure 11: Map showing coastal cities examined in Asia, in red, along with respective locations of tide gauges with
sufficient data, in blue.

Projection of Future HTF Days

The projection method was based upon a monthly dedicated reconstruction of tidal constituents
resolvable from the tide gauge record, and a deterministic, monthly prediction of surge, wave
setup, wave swash, and tidal constituents unresolvable from the tide gauge record, as well as
extrapolation of underlying monthly trends in SLC.

Tide gauge records stemmed from version 3.0 of the Global Extreme Sea Level Analysis project’s
(GESLA) dataset released in November of 2021, which features consolidated, quality-controlled
tide gauge data from around the world of at least hourly resolution (Caldwell et al. 2015;
Woodworth et al. 2017; Haigh et al. 2021). Coastal cities selected for analysis were popular travel
destinations designated to be at the most risk from potential future SLR by the 2050 Climate
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Change City Index, which ranks the top 85 global travel destinations by risk to different climate
change indicators. Sea level records over the last full nodal cycle available from respective tide
gauges were analyzed, which resolved each fundamental frequency of gravitational tides at least
once, (except for the cycle of solar perigee, assumed to be negligible over the period examined
here). Tide gauge locations were checked in Google Maps and on the Permanent Service for MSL
to verify their location (Woodworth and Player, 2003; Holgate et al. 2011), and all months included
in the analysis were required to have at least 40 percent quality-controlled data; months missing
more than this were excluded from the initial analysis.

The tide gauge records were first filtered to remove unreliable data, and then binned by month,
thus forming twelve separate datasets. Each dataset was then detrended by monthly mean sea level
(MMSL). From the MMSL values, linear trends were fitted to each dataset and extrapolated,
forming future mean sea level projections. An estimation of the extreme range of MMSL
anomalies was included by adding maximum historical residuals in MMSL to the linear
projections. From the detrended data, the dominating astronomical tidal constituents were
calculated separately by harmonic analysis for each dataset. From this, the dominating
astronomical tidal constituents were projected into the future by their detected phases and
amplitudes and superimposed upon each other. Furthermore, a percentile time series analysis of
annual 99" percentile astronomical tidal heights was conducted, to which the harmonics of both
lunar precessions described earlier were fitted. Then, terms describing the phases and amplitudes
of modulations of tidal heights by lunar precession were superimposed upon the main tidal
constituents, while historical values of sea level components surge, wave setup, and swash were
calculated by observing fluctuations in tide gauge records around the detected tidal constituents.
The projected detectable tidal constituents and their variation in amplitude across the twelve,
monthly datasets were then added to their respective historical values of surge, wave setup, and
swash, and separately to the two MMSL projections previously described to calculate monthly and
annual HTF counts (days with minor and/or moderate HTF threshold exceedances). This created,
for the first time, a detailed, continuous projection of HTF events on a monthly granularity, as well
as a seasonal description of which months can be expected to see the greatest number of these
events.

The projection method is described and motivated in detail below:

Detrending by MSL

Each dataset was binned by month to isolate the effects of seasonal cycles in climate and their
cascading influence on interactions between sea level components described in the background
under Figure 1, as well as resulting seasonal changes in the geometry of harbors and estuaries;
specifically changes in the depth and width of channels, which leads to altered tidal velocities and
resonance (described in the background on page 11), which affect tidal amplitudes (Friedrichs and
Aubrey 1994; Winterwerp & Wang 2013; Guerreiro et al. 2015; Talke et al. 2021). Then, each of
the twelve tide gauge records binned by month was detrended by subtracting the MMSL to separate
the astronomical tides from non-astronomical components influencing MSL, including SLR.
Tebaldi et al. (2012) employ detrending of raw data prior to their extreme value analysis of high-
water events, while Thompson et al. (2021) also detrend prior to estimating tidal constituents. This
created a less cluttered signal for harmonic analysis by allowing for a more accurate representation
of the sea level patterns of tidal components non-related to changes in MSL, and indeed the
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amplitude of each resolvable tidal constituent, as tidal amplitude is correlated with changes in MSL
due to factors such as altered frictional effects, and the local ocean basin’s resonance response
(Pelling and Green 2014; Devlin et al. 2017).

Tidal amplitude is also known to be correlated to changes in coastal geometry; notably changes in
harbor structure and river channel geometry, as well as seasonal differences in weather (Tebaldi
et al. 2012; Talke et al. 2021, Thompson et al 2021). Variability in coastal geometry and weather
have a direct influence on atmospheric storm surge, wave setup and swash where applicable (tide
gauges located in a harbor are offered a certain degree of protection, although not immunity, from
wind, waves and currents (Thompson & Hadley 1995)), along with tidal amplitude (Idier et al.
2017, Kirezci et al. 2020). While it is difficult to account for all uncertainty related to these factors
and their influence on high-tide levels in the future, detrending by monthly MSL and performing
harmonic analysis on monthly binned tide gauge records, as well as capturing seasonal differences
in surge, wave setup and swash, river discharge where applicable (Devlin et al. 2017), and the
resulting forcings on interactions between sea level components captured seasonal differences in
the above-mentioned factors that were also then implicit in the projected sea level.

Deriving Major Tidal Constituents

The phases and amplitudes of tidal constituents acting at a given location were derived by
harmonic analysis of the detrended, monthly-consolidated tide gauge record over the latest
complete nodal cycle (19 years) available from tide gauge data. Harmonic analysis was conducted
separately for each monthly-consolidated sea level record in order to account for seasonal cycles
in MSL and related effects on the amplitudes of tidal constituents. Harmonic analysis was
conducted in Matlab via an implementation of UTide, using the iteratively-reweighted least-
squares method to limit sensitivity to outliers in tide gauge data when estimating tidal constituents
(Codiga 2011). Only major constituents with signal-to-noise ratios (SNR) greater than two were
included in the analysis, which is standard practice in harmonic analysis (Codiga 2011, Thomspon
etal. 2021). The SNR is the squared ratio of the amplitude of a possible detected tidal constituent,
to the error in the amplitude (noise around the signal) (Pawlowicz et al. 2002). Tides are dominated
by only a few constituents at a respective location, while others are minute and difficult to detect.
Thus, there are typically a handful of constituents with a clear a signal, and many that are barely
detectable (Godin 1986).

Following harmonic analysis, the amplitudes and phases of the dominating tidal constituents and
their seasonal variability were known, and these were then superimposed on each other seasonally
to reconstruct the tidal record with the detectable tidal constituents. From this, the sea level
components attributable to weakly influential tidal constituents, as well as surge, wave setup and
swash were isolated. A deterministic prediction of sea level components mainly attributable to
seasonal cycles and weather was made by taking the difference between the superimposed
amplitudes and phases of tidal constituents detected through harmonic analysis, and the tide gauge
record. This part of tide gauge record historically driven by seasonal cycles in climate and weather
was estimated by month to capture seasonal differences, while the harmonic analysis; also done
by month, captured interactions between surge and waves typical of a certain season and tidal
energy.
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Secular Local Mean Sea Level Rise Projections

In projecting sea level rise into the future, twelve linear trends of localized mean monthly sea level
over the historical period were extrapolated into the future to serve as a baseline for the future
projection. As the harmonic analysis was carried out by month to account for seasonal cycles in
climate, so too were linear trends in MSL extrapolated for each month individually to account for
seasonal patterns modulating mean, non-tidal sea level variability. Changes in the patterns of sea
ice melting (earlier start in the melting of sea ice in the year due to rising temperatures as global
mean temperatures warm (at rates that are amplified in the arctic (Gutiérrez et al. 2021; Griffith
and Kozick-Kingston 2022)), less multi-year ice (ice that remains solid for at least one summer)
and delayed freeze-up in the winter (Zheng et al. 2021) cause cascading effects on global ocean
circulation (thermohaline circulation) (Thibodeau et al. 2018), which in turn cause feedback loops
in complex interactions occurring between different parts of the hydrological cycle, ocean-
atmosphere interactions, and ocean properties causing different patterns and trends during the
different seasons creating varying trends in the net effect on MSL (Commonwealth Scientific and
Industrial Research Organisation) that need to be accounted for. SLR models continue to be
plagued by gaps in observations, data-poor regions, as well as uncertainty in interactions of
relevant processes and high sensitivities to processes which are not yet fully understood
(Oppenheimer et al. 2019). Instead, interactions between the above-mentioned processes implicit
in the tide gauge data for the city in question and in trend analysis over different seasons and
months when projecting into the future were the chosen method here.

Extrapolating linear trends over time-series of tide gauge data spanning fifty years is a common
way to project rates of SLR into the future (Tebaldi et al. 2012). Here, a time-series over the latest
19 years of data covering the latest full nodal cycle was used in order to balance (1), observing
more recent trends in SLC than those observed over fifty years, (2) performing harmonic analysis
on a tide gauge dataset with each major frequency of gravitational tides being resolved at least
once (the cycle of solar perigee is deemed to be negligible), and (3), being able to conduct an
analysis for the cities expected to be most at risk from potential SLR, even if long-standing, tidal
records that go back many decades are not available. Using historical MMSL information allowed
for local interdecadal oscillations and the variation in winds, currents, sea surface temperatures,
and other dynamic factors that they drive to be resolved multiple times throughout the historical
period, effectively cancelling out biases present in shorter time-series.
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Figure 12: Annual cycles in the historical MMSL record between 2000 and 2018 used to represent Bangkok, Thailand.
Sea level is relative to the local mean higher high water (MHHW) index defined below in the section “Projecting counts
of HTF days”. The linear trend shown for MMSL during December is shown, highlighting the high MMSL during that
month when compared to the rest of the record.

Figure 12 shows an example of seasonal cycles present in MMSL, with the month of December
clearly showing consistently high mean sea levels.

In projecting tidal variability into the future, extrapolating linear trends of MSL per month under
a detrended tidal analysis also accounted for the general, local relationship between MSL and the
amplitude of tidal constituents, which is also related to water depth and stratification (Thompson
etal. 2021).
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Figure 13: Historical MMSL in Amsterdam, the Netherlands and extrapolated linear trends showing the seasonal
variation.
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Thermal expansion of water, vertical land movement along the coast due to glacial isostatic
adjustment, depletion of ground water, gravitational and rotational effects of melting glaciers and
ice sheets and other drivers contributing to variation and uncertainty in local projections of sea
level rise were also implicitly represented in the linear trend over 19 years of tide gauge data
(Tebaldi et al 2012; Thompson et al. 2021). The IPPC’s chapter on SLR and Implications for Low-
Lying Islands, Coasts and Communities states that numerical models simulating SLR continue to
be hampered by observational gaps and under-sampled regions, as well as uncertainty in factors
related to the measurement of thermal expansion, subsidence and high sensitivity to different
possible responses of the Antarctic Ice Sheet to future climate, while ice sheet models lack realistic
representations of certain physical processes (Oppenheimer et al. 2019). While local SLR
scenarios do exist for parts of the world, notably those from the NOAA for the coastal regions of
the United States (Sweet et al. 2017), SLR tends to be given by fixed amounts per decade, which
does not account for seasonal differences existing for example in Amsterdam, shown in Figure 13,
or periodic extremes in sea level variability shown below in Figure 14.
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Figure 14: Schematic of the SLR model made to represent maximum positive historical residuals in MMSL. Extreme
years in MMSL are missed by a linear trend; In the year 2011 the MMSL was much higher than it would otherwise be
projected to be in 2030.

To account for a portion of the variability in local mean monthly sea level and differences in rates
of seasonal SLR, the local linear rate of SLR over the historical period was calculated for each
month individually and extrapolated into the future at each location. In addition, another SLR
model including maximum historical residuals in MMSL to quantify the predicted MMSL
component with overshoots of linear trends of the same magnitude as recorded over the historical
period was implemented to represent future mean sea levels if an overshoot of the same magnitude
were to occur in future years.

This accounted for variability in MMSL, specifically representing the upper projection range of
possible mean sea levels.
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Projecting Counts of HTF Days

To construct the projection of future total sea level, the amplitudes and phases detected at the
frequencies of the dominating tidal constituents were translated across the next nodal cycle with
UTide’s nodal/satellite correction capability to account for modulation by the nodal and perigean
cycles in the orbit of the Moon (Codiga, 2011). Nodal/satellite corrections are done by accounting
for the instantaneous positions of the Moon and the Sun relative to a position on the Earth and the
resulting impact on potential tidal force. This is done by continuously calculating (1) mean lunar
time, (2) mean longitude of the Moon, (3) mean longitude of the Sun, (4) mean longitude of the
lunar perigee, (5) longitude of the Moon’s ascending node (related to the nodal cycle), and (6)
mean longitude of the solar perigee, occurring at the fundamental frequencies of gravitational tides
shown in table 1, to correctly project tidal constituents into the future.

The influence of both the lunar perigean and lunar nodal cycles on the highest tides at each location
was then checked through the fitting of the frequencies of both harmonics to the 99" percentiles
of annual astronomical tidal heights across the latest nodal cycle (example shown in Figure 15)
available from the tide gauge data. The phases and amplitudes of detected lunar precessions were
projected into the future to show the timing in years of increased modulation by these cycles on
high tides, and thus increased risk of HTF frequency.
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Figure 15: 18.61-year nodal cycle harmonic fitted to annual 99" percentile tidal heights in Bangkok, Thailand.

The projected detected tidal constituents were then combined with the deterministic, seasonal
prediction of surge, wave setup and swash. One projection was made with the extrapolated linear
trends in MMSL from the historical period added to the main tidal constituents and deterministic
prediction of the other components, and another with the historical maximum residual added to
the extrapolated linear projections, to duplicate the historical exception in MSL to the future, as a
representation of the highest scenario of future MMSL.

Coastal flood events are typically graded by exceedance of a flooding threshold, which itself is
typically linked to the local mean higher high water (MHHW) tidal datum height (Sweet et al.
2017; Thompson et al. 2021). The local MHHW tidal datum represents the average of the higher
high-water height (the highest tide recorded) over each tidal day during the last Tidal Datum
Epoch, which is normally calculated over twenty-year intervals, the latest being 2000 to 2020
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(Sweet et al. 2017). Here it was calculated over the last nodal cycle (19 year) period available from
respective tide gauge records.

Minor and moderate flooding thresholds were taken from the lower bounds of those used in
Thompson et al. (2021), which originate from the American National Oceanic and Atmospheric
Administration, and represent 0.5, and 0.8 meters above the local MHHW tidal datum respectively.
These are values tailored to coastal regions of the United States that were applied here to the rest
of the world, due to the lack of defined thresholds at other locations.

Total counts of days exceeding minor and moderate flooding thresholds were calculated per
month; the sea level was required to reach above a flooding threshold at least once during a day to
count as a flooding event.

HTF events were summed by month in order to give an understanding of which seasons historically
experience the greatest number of flooding events, and how this is expected to change over the
next nodal cycle. HTF events were also summed annually to further visualize projected future
coastal flooding frequencies to historical frequency.

As new tide gauge data becomes available, projections can easily be made over the updated period
of the nodal cycle.

Deriving Lunar Nodal and Perigean Modulations

Modulations in high tide levels by lunar precession were calculated by the percentile time series
analysis method common in sea level research (Woodworth and Blackman 2004; Haigh et al. 2011,
Thompson et al. 2021). The 99" percentile of gravitational tidal heights was calculated annually,
which equated to roughly the seven highest hourly tides every month. Haigh et al. (2011) measure
even higher at the annual 99.9™" percentile level, which equates to the highest eight hourly tides
annually. Here, a more conservative level was used to estimate the influence of the nodal and
perigean cycles on more consistent tidal levels as opposed to only the highest ones. Haigh et al.
(2011) specifically conduct a global assessment of the influence of the precessions in the lunar
orbit (nodal and perigean cycles) on the highest tides, while here the goal was to look at the
frequency in flooding, and so the focus was not on extreme events, but on the modulation of
consistent high tide levels and their frequency.

A sine curve was fitted to the time series of the historical 99'" percentile annual gravitational tidal
heights by non-liner least squares regression (Figure 15) to find the phases and amplitudes of the
nodal and perigean harmonics at a respective location. The detected phases and amplitudes of the
tide-modulating precessions in the lunar orbit path were then projected over the next nodal cycle
to visualize the years when the nodal and perigean cycles will amplify high tides. This was then
combined and compared with the magnitude of local rates of SLR described by linear models.
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Results

HTF Projection

HTF projections are presented in the order of cities expected to be most at risk from potential SLR
as ranked by the 2050 Climate Change Index. Bangkok is listed as the top city at risk from rising
sea levels.

Top 1: Bangkok, Thailand

A projection of future annual HTF counts affecting Bangkok (Figure 16) showed a clear, sudden
increase with HTF frequencies three to four times higher than during the 2000’s and 2010’s
becoming common in the 2020’s. In addition, projections in Figure 18A showed that the frequency
of HTF days per month will effectively double during the 2020°s when compared to the prior two
decades, surpassing twenty HTF days per month during the most affected months.
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Figure 16: Historic and projected annual counts of HTF in Bangkok, Thailand. Annual projections in HTF days were
based on the linear trend model for MMSL and did not take into account historic residuals in MMSLs.

Increases in the frequency of HTF events were also projected to be clustered during one season as
opposed to being evenly distributed throughout the year (Figure 17), with the vast majority of HTF
days expected to be during the northern hemisphere’s winter, with January and December
projected to be especially affected. An average December and January until 2037 was projected to
have triple the amount of HTF days as between 2000 and 2018.
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Figure 17: Average historical and average projected seasonal cycles in the frequency of HTF events in Bangkok,
Thailand. Average historical seasonal HTF frequency was calculated over the latest nodal cycle available from tide
gauge data, and the average future projected seasonal HTF was calculated over the next full nodal cycle.

A sea level rise scenario incorporating the magnitude of historical overshoots in the linear trends
in MMSL was projected to further add to clusters of both minor and moderate flooding events
(Figure 18B), with especially pronounced moderate flooding of ten days per month or more
between 2025 and 2030, and again from 2035.
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Figure 18: Time series of the historical and projected HTF event frequency in Bangkok, Thailand. Figure A assumes a
linear form in the trends of MMSL, while Figure B accounts for maximum residuals in MMSLSs.

Modulation of HTF by lunar precession was visible in annual (Figure 16) and monthly (Figures
18A and 18B) granularity projections, coinciding with the combined harmonic signals of lunar
precession shown in Figure 19A and 19B. The nodal cycle was projected to amplify high tide
levels in the 2020’s, and dampen high tides in the 2030’s, effectively canceling out much of the
projected SLR during the first half of the 2030’s. Figure 18 shows the clear uptake in HTF
frequency in the 2020°s amplified by lunar precession, and a stagnation in increasing projected
HTF in the first half of the 2030’s dampened by lunar precession, followed by another uptake
towards the end of the projection, when the nodal cycle will begin to move towards the half of its
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cycle amplifying high tides again. The nodal cycle was found to be the dominating precession in
the lunar orbit modulating high tide levels in Bangkok (figure 19). The amplitude in the modulation
of high tide levels by the nodal cycle was found to be 10.7 cm; high tide levels in Bangkok were
found to be amplified by a maximum of 10.7 cm by the nodal cycle. Maximum amplification of
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high tides by the perigean cycle by comparison was found to be negligible. Rates of SLR by month
were found to range from 8.0 (September) to 13.2 (February) cm per decade, by comparison.
Historical measures of MMSL and their extrapolated linear trends are illustrated below in Figure
20, showing overall SLR during all months at a rapid rate. Variability in MMSL was found to be
low, with only small fluctuations; average residuals in MMSL were found to be between three and

five centimeters.
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Figure 20: Historical MMSL in Bangkok, Thailand and extrapolated linear trends.
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Top 2: Amsterdam, the Netherlands

Amsterdam is number two on the list of cities most at risk from rising sea levels. A time-series of
historical and projected total annual HTF events showed, however, that annual frequency in both
minor and moderate flooding events will remain similar, and even decline until the mid 2030’s
(Figure 21).
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Figure 21: Historic and projected annual counts of HTF in Amsterdam, the Netherlands. Annual projections in HTF
days were based on the linear trend model for MMSL and did not take into account historic residuals in MMSLs.

The seasonal distribution of HTF events will also remain similar, with the majority of HTF
projected to continue occurring in the winter, with low frequencies of minor flooding events in
spring and fall, and almost none in summer, as illustrated in Figure 22. A slight shift of HTF events
from January and February to November and December was projected.
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Figure 22: Average historical and average projected seasonal cycles in the frequency of HTF events in Amsterdam,
the Netherlands. Average historical seasonal HTF frequency was calculated over the latest nodal cycle available from
tide gauge data, and the average future projected seasonal HTF was calculated over the next full nodal cycle.
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A time series of past and projected HTF counts shown in Figure 23A showed a similar result.
Frequencies in monthly HTF were projected to remain similar over the next nodal cycle as to
between 1999 and 2017, following a linear projection of SLR in MMSL. When historical
maximum residuals, or extreme years in MMSL were taken into account (Figure 23B), winters
between 2022 and 2027/2028, as well as the winter of 2031/2032 were projected to see higher
frequencies in HTF days than during the previous nodal cycle.
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Figure 23: Time series of the historical and projected HTF event frequency in Amsterdam, the Netherlands. Figure A
assumes a linear form in the trends of MMSL, while Figure B accounts for maximum residuals in MMSLs.

Figure 24 shows that modulation of astronomical tides by lunar precession in Amsterdam was
found to be relatively weak. The nodal cycle was found to amplify local tides by only around 1.2
cm. The perigean cycle was found to modulate astronomical tides by less than a cm. Both cycles
were projected to combine to slightly dampen high tides until 2030, before slightly amplifying
high tides from 2034 to 2036.
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Figure 24: Strength in the modulation of 99" percentile level tides by lunar precession in Amsterdam, the Netherlands.
A) Separate and combined modulation in strength and signal for the nodal and perigean cycles. B) Combined effect of
lunar precession on the highest tides and seasonal SLR. SLR projections represent the linear extrapolation from
historical data.

The nodal cycle was found to be the dominant precession in the lunar orbit modulating local high
tide levels. Weak high tide modulation by lunar precession combined with minimal projected SLR
during November and December, similar seasonal cycles in HTF for much of the year, and
declining trends in MMSL during February and March, showed that HTF frequency will likely
remain similar, or decline slightly during the early 2030’s.
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Figure 25: Historical MMSL in Amsterdam, the Netherlands and extrapolated linear trends.

Figure 25 shows historical measures of MMSL with varying trends in SLC, with clear decreases
in MMSL projected during January, February and March, and slight positive trends in November
and December. The average residual in MMSL was found to be the highest between December
and February, around eight to nine centimeters, with three to six centimeters during other months.
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Top 3: Cardiff, UK

The third-highest ranked city at risk from potential impacts by SLR by the 2050 Climate Change
City Index was projected to see a temporary dip in minor HTF frequency during the 2020’s,
followed by an increase in minor HTF events in the early to mid-2030’s, as shown in Figure 26.
Moderate flooding events were projected to remain similar in frequency to recent historical events
temporarily during the 2020’s, and to increase during the early to mid 2030’s.
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Figure 26: Historic and projected annual counts of HTF in Cardiff, UK. Annual projections in HTF days were based on
the linear trend model for MMSL and did not take into account historic residuals in MMSLs.

Seasonal cycles in HTF frequency were projected to remain similar (Figure 27), with increases
being well spread out throughout the year, although spring and fall were projected to remain the
seasons with the highest frequencies in HTF. Both minor and moderate HTF events were projected
to experience slight increases on the order of one additional day during each month in the winter,
with very marginal increases in HTF frequency during other seasons.
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Figure 27: Average historical and average projected seasonal cycles in the frequency of HTF events in Cardiff, UK.
Average historical seasonal HTF frequency was calculated over the latest nodal cycle available from tide gauge data,
and the average future projected seasonal HTF was calculated over the next full nodal cycle.
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A projection of total monthly HTF frequency over the next nodal cycle showed similar event
frequency in both minor and moderate flooding until 2031, followed by more consistent
occurrences of higher counts in HTF as the tide-amplifying phase of the nodal cycle shown in
Figure 29 is reached (Figure 28A). When taking into account historical anomalies in MMSL,
specifically large positive residuals are projected to cause several more days of HTF events per
month, reaching twenty HTF days during the most affected months (Figure 28B).
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Figure 28: Time series of the historical and projected HTF event frequency in Cardiff, UK. Figure A assumes a linear
form in the trends of MMSL, while Figure B accounts for maximum residuals in MMSLs.
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Modulation in annual 99 percentile level tides by lunar cycles was found to be relatively strong,
with amplitudes of 10.8 cm by the nodal cycle, and 3.4 cm by the cycle of lunar perigee, shown in
Figure 29. The 2020’s were projected to see dampening of the highest tides, followed by a sudden
inflection from 2030 to 2032 as the nodal cycle reaches its tide-amplifying phase, combining with
projected sea level rise. Modulations of high tide levels by the nodal cycle were found to outpace
projected rates of SLR (figure 29B): between 2030 and 2034 the nodal cycle was projected to
create a sudden 10 cm increase in sea level between two and three times the rate of projected sea
level rise over the same period of time. The modulation by lunar precession on projected HTF
frequency is visible in Figure 26, with the early to mid 2030’s showing a jump coinciding with the
tide-amplifying phase of the nodal cycle.
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Figure 29: Strength in the modulation of 99" percentile level tides by lunar precession in Cardiff, UK. A) Separate and
combined modulation in strength and signal for the nodal and perigean cycles. B) Combined effect of lunar precession
on the highest tides and seasonal SLR. SLR projections represent the linear extrapolation from historical data.

Figure 30 shows local rates of mean monthly SLR, although there was a period of missing data
from January of 2011 to November of 2012, followed by a large spike during several months.
Rates of SLR were found to be the highest in February through April, June and December, with
rates exceeding 10 cm per decade. Average residuals in MMSL were found to be the greatest from
January to March; 10, 16, and 11 cm respectively. Average residuals were found to be between 4

and 9 cm during other months.
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Figure 30: Historical MMSL in Cardiff, UK and extrapolated linear trends.
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Top 4: Manila, the Philippines

Tide gauge data for Manila was only available until 2014, which resulted in a shorter projection
period until 2033, during which minor flooding events were projected to become far more
common, clustering mainly during summer months (Figure 32). Figure 31 shows an unprecedented
rise in annual minor HTF frequency that was projected to be in effect from the early 2020’s, and
continue until the mid 2020’s, which is followed by a plateau and a decline until the final year of
the projection 2033, when a higher annual total in HTF events was projected.
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Figure 31: Historic and projected annual counts of HTF in Manila, the Philippines. Annual projections in HTF days
were based on the linear trend model for MMSL and did not take into account historic residuals in MMSLs.

Minor HTF events were projected to cluster during the summer, with seven events per month
projected to occur on average until 2033. Minor HTF events in the fall and winter were projected
to occur at low counts (Figure 32).
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Figure 32: Average historical and average projected seasonal cycles in the frequency of HTF events in Manila, the
Philippines. Average historical seasonal HTF frequency was calculated over the latest nodal cycle available from tide
gauge data, and the average future projected seasonal HTF was calculated over the next full nodal cycle.
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A clear uptake in total annual minor HTF events was projected, with frequencies projected to peak
in the mid 2020’s, decline briefly thereafter, and increase again in 2032, and 2033 (Figure 33A).
When taking into account maximum historical residuals in MMSL, frequencies in minor HTF
events were projected to reach 15 counts during summer months, and to spread more into the fall
and early winter. Maximum frequencies in minor high-tide flooding, taking into account historical
extremes, were projected to remain at around 15 days per month from the mid 2020’s until 2033
(Figure 33B).
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Figure 33: Time series of the historical and projected HTF event frequency in Manila, the Philippines. Figure A assumes
a linear form in the trends of MMSL, while Figure B accounts for maximum residuals in MMSLs.

Modulations in high-tide levels by precessions in the lunar orbit were found to be dominated by
the nodal cycle, which was found to amplify local high tides by up to 6.7 centimeters (Figure 34).
Due to this modulation, high tides were projected to be the highest between 2022 and 2028. The
perigean cycle was found to have a negligible effect on high tide levels. The modulation in high
tides by the nodal cycle was found to currently be in its amplifying phase. After 2030, the nodal
cycle was projected to dampen high tides, although rates of SLR by MMSL were projected to push
high tides higher.
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Figure 34: Strength in the modulation of 99" percentile level tides by lunar precession in Manila, the Philippines. A)
Separate and combined modulation in strength and signal for the nodal and perigean cycles. B) Combined effect of
lunar precession on the highest tides and seasonal SLR. SLR projections represent the linear extrapolation from
historical data.
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Figure 35 shows the historical profile in MMSL and extrapolated linear trends thereof. All months
were projected to increase in MSL at similar rates. Historical variability in MMSL was found to
have fluctuated within an average residual of 3 to 6 cm.
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Figure 35: Historical MMSL in Manila, the Philippines and extrapolated linear trends.
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Top 5: London, UK

A comparison of historical and projected annual HTF frequency in Figure 36 showed that years
with frequencies of minor flooding events above 15 HTF events will increase in the future, with
the highest counts expected between 2024 and 2027, and again between 2034 and 2039. Moderate
HTF frequency was projected to remain similar, although a maximum of 9 moderate HTF days
were projected in 2024.
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Figure 36: Historic and projected annual counts of HTF in London, UK. Annual projections in HTF days were based
on the linear trend model for MMSL and did not take into account residuals in MMSLs.

Increases in HTF frequency were projected to cluster in fall and winter as shown in Figure 37,
with minor counts in HTF frequency projected to double in December from less than two to four
in an average year over the projected nodal cycle. Spring and summer were projected to remain
similar in HTF frequency, with few events projected to occur during these seasons.
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Figure 37: Average historical and average projected seasonal cycles in the frequency of HTF events in London, UK.
Average historical seasonal HTF frequency was calculated over the latest nodal cycle available from tide gauge data,
and the average future projected seasonal HTF was calculated over the next full nodal cycle.

Maximum frequencies in minor monthly HTF days over the projected nodal cycle were projected
to remain similar, as shown below in Figure 38. The frequency and consistency in moderate HTF
days was also projected to remain similar. When historical maximum residuals in historical MMSL
were included in the projections, months with higher frequencies in minor HTF were projected to
occur more consistently, while months with more than one day of moderate flooding were also
projected to occur more consistently.
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Figure 38: Time series of the historical and projected HTF event frequency in London, UK. Figure A assumes a linear
form in the trends of MMSL, while Figure B accounts for maximum residuals in MMSLs.

High tides in London were found to be weakly modulated by lunar precession, with maximum
amplifications of only 1.5 cm and 0.4 cm respectively by the nodal and perigean cycles. The
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amplifying phase of the nodal cycle was projected to begin in 2029, while the amplifying phases
of both cycles were projected to align from 2033 to 2034, as shown in Figure 39A.
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Figure 39: Strength in the modulation of 99" percentile level tides by lunar precession in London, UK. A) Separate and
combined modulation in strength and signal for the nodal and perigean cycles. B) Combined effect of lunar precession
on the highest tides and seasonal SLR. SLR projections represent the linear extrapolation from historical data.
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Historical measures in MMSL and extrapolated linear trends are shown in Figure 40. All months
except February showed increasing trends in MSL. Average residuals in MMSL were found to be
the highest between November and March, with values between 4 and 5 cm. Average residuals in
MMSL were between 2 and 4 cm during other months.
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Figure 40: Historical MMSL in London, UK and extrapolated linear trends.
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Top 6: Hamburg, Germany

HTF frequency by total events annually was projected to remain similar until 2038, with one
breakout year being 2027, when minor HTF events were projected to occur more often than during
all other years (Figure 41). Moderate flooding was projected to occur more often in 2024, and in
2026.
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Figure 41: Historic and projected annual counts of HTF in Hamburg, Germany. Annual projections in HTF days were
based on the linear trend model for MMSL and did not take into account historic residuals in MMSLs.

Seasonal cycles in HTF were projected to remain similar as shown in Figure 42, with nearly all
increases in HTF projected to occur in December, when minor and moderate HTF events were
projected to more than double in frequency on average over the projected nodal cycle as compared
to between 2000 to 2019.
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Figure 42: Average historical and average projected seasonal cycles in the frequency of HTF events in Hamburg,
Germany. Average historical seasonal HTF frequency was calculated over the latest nodal cycle available from tide
gauge data, and the average future projected seasonal HTF was calculated over the next full nodal cycle.

Signatures in total counts of monthly HTF events were projected to remain similar (Figure 43A),
although when taking into account historical extreme MMSLs, years with sudden jumps doubling
past minor flooding frequencies, and increases in the frequency in moderate flooding, were
projected as shown in Figure 43B.
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Figure 43: Time series of the historical and projected HTF event frequency in Hamburg, Germany. Figure A assumes
a linear form in the trends of monthly sea level, while Figure B accounts for maximum residuals in MMSLs.

Lunar modulations of the highest tides affecting Hamburg were found to be comparatively weak,
with a maximum potential amplification of only 1 cm when the amplifying phases of both cycles
coincide. The strongest tide-dampening of around 1 cm was projected for 2026/2027, while the
next tide-amplifying phase of the nodal cycle was projected to begin in 2032, as shown in Figure
44,
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Figure 44: Strength in the modulation of 99" percentile level tides by lunar precession in Hamburg, Germany. A)
Separate and combined modulation in strength and signal for the nodal and perigean cycles. B) Combined effect of
lunar precession on the highest tides and seasonal SLR. SLR projections represent the linear extrapolation from

historical data.

The month of December was found to have a much higher rate of SLR (13 cm per decade) than
the other months, shown in Figure 45. Trends in MMSL were found to be negative in November
and February, while the remaining months were found to follow slight positive trends. Average
residuals in MMSL were the greatest between November and March, with values from 9 to 13 cm,
while average residuals in remaining months were between 3 and 7 cm.
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Figure 45: Historical MMSL in Hamburg, Germany and extrapolated linear trends.
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Top 7: Philadelphia, Pennsylvania, USA

Philadelphia was projected to continue to have overarchingly low numbers of minor and moderate
HTF events during the 2020’s, as shown in Figure 46. During the 2030’s, minor flooding events
were projected to become more numerous, with 2037 projected to have 25 such minor flooding

events.
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Figure 46: Historic and projected annual counts of HTF in Philadelphia, Pennsylvania, USA. Annual projections in
HTF days were based on the linear trend model for MMSL and did not take into account historic residuals in MMSLs.

Average HTF counts were projected to remain around one per month during even the highest-
incidence months until 2039 as shown in Figure 47, with HTF events projected to occur on average

between April and October.
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Figure 47: Average historical and average projected seasonal cycles in the frequency of HTF events in Philadelphia,
Pennsylvania, USA. Average historical seasonal HTF frequency was calculated over the latest nodal cycle available
from tide gauge data, and the average future projected seasonal HTF was calculated over the next full nodal cycle.
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Unless extreme MMSLs on the order of those that have occurred between 2001 and 2020 recur,
HTF events were projected to become more consistent, however remain low in frequency. During
years with MMSLs exceeding the linear trends by magnitudes seen for breakthrough data points
between 2001 and 2020, minor HTF events were projected to reach above ten during high-
incidence months, with flooding spreading to more parts of the year as well (shown in Figure 48B),
however. If sea levels follow the historical trend, HTF events will remain low in frequency.
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Figure 48: Time series of the historical and projected HTF event frequency in Philadelphia, Pennsylvania, USA. Figure
A assumes a linear form in the trends of MMSL, while Figure B accounts for maximum residuals in MMSLs.

Modulations of high tide levels by lunar precession were found to be less than 2 cm by the nodal
cycle, and less than 1 cm by the perigean cycle, with consistent, small fluctuations projected. The
next phase of tide-amplification driven by the nodal cycle was projected between 2032 and 2037
as shown in Figure 49.
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Figure 49: Strength in the modulation of 99" percentile level tides by lunar precession in Philadelphia, Pennsylvania,

USA. A) Separate and combined modulation in strength and signal for the nodal and perigean cycles. B) Combined

effect of lunar precession on the highest tides and seasonal SLR. SLR projections represent the linear extrapolation
from historical data.
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All months showed positive trends in MSL (Figure 50). Average residuals in MMSL ranged from
3to9 cm.
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Figure 50: Historical MMSL in Philadelphia, Pennsylvania, USA and extrapolated linear trends.
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Top 8: New York City, New York, USA

New York City was projected to begin to suffer higher frequencies in minor HTF days in the late
2020’s, with frequencies increasing into the 2030’s (Figure 51). Moderate flooding was projected
to occur more consistently during the 2030’s as well.
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Figure 51: Historic and projected annual counts of HTF in New York City, New York, USA. Annual projections in HTF
days were based on the linear trend model for MMSL and did not take into account historic residuals in MMSLs.

HTF frequency was projected to increase the most during fall on average, especially in October
(Figure 52). Modest increases were projected throughout other parts of the year.
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Figure 52: Average historical and average projected seasonal cycles in the frequency of HTF events in New York City,
New York, USA. Average historical seasonal HTF frequency was calculated over the latest nodal cycle available from
tide gauge data, and the average future projected seasonal HTF was calculated over the next full nodal cycle.
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A monthly aggregation of projected minor and moderate HTF showed increases in frequency
during the 2020’s and 2030’s, especially during the second half of the 2030’s (Figure 53).
Moderate flooding especially will become more common from 2030 onwards. During periods of
MMSLs with exceptionally high values on the order of magnitude seen since the year 2000, higher
frequencies in HTF were projected almost year-round (Figure 53B).
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Figure 53: Time series of the historical and projected HTF event frequency in New York City, New York, USA. Figure
A assumes a linear form in the trends of monthly sea level, while Figure B accounts for maximum residuals in MMSLs.
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The nodal cycle was found to be the dominating precession in the lunar orbit modulating high tide
levels in New York City, amplifying levels by a maximum of 1.4 cm, shown in Figure 54. The
perigean cycle was found to amplify high tide levels by a maximum of 0.8 cm. High tide
amplification was projected to occur from 2030 to 2034, when the nodal cycle will reach its
amplifying phase, shown in Figure 54. The tide-amplifying phases of the nodal and perigean cycles
were projected to coincide between 2032 and 2034.
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Figure 54: Strength in the modulation of 99" percentile level tides by lunar precession in New York City, New York,
USA. A) Separate and combined modulation in strength and signal for the nodal and perigean cycles. B) Combined
effect of lunar precession on the highest tides and seasonal SLR. SLR projections represent the linear extrapolation
from historical data.
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All months showed increasing trends in MMSL, with sea levels typically found to be highest in
the summer and early fall, and lowest in the winter (Figure 55). Average residuals in MMSL were
between 3 and 8 cm.
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Figure 55: Historical MMSL in New York City, New York, USA and extrapolated linear trends.
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Top 9: Jacksonville, Florida, USA

HTF in Jacksonville was projected to slowly build during the 2020’s, before increasing
dramatically during the 2030’s, although HTF events were projected to remain overarchingly
minor (Figure 56.)
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Figure 56: Historic and projected annual counts of HTF in Jacksonville, Florida, USA. Annual projections in HTF days
were based on the linear trend model for MMSL and did not take into account historic residuals in MMSLs.

HTF events were projected to increase and cluster mainly during autumn and December, with very
few events throughout the rest of the year (Figure 57).
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Figure 57: Average historical and average projected seasonal cycles in the frequency of HTF events in Jacksonville,
Florida, USA. Average historical seasonal HTF frequency was calculated over the latest nodal cycle available from
tide gauge data, and the average future projected seasonal HTF was calculated over the next full nodal cycle.
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Figure 58 again shows a slow building of minor HTF events during the 2020’s, followed by a more
stark increase during the 2030’s. Moderate HTF events were projected to remain rare. When taking
into account the highest historical residuals in MMSLs, HTF events were projected to occur during
more parts of the year, and at higher frequencies (Figure 58B).
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Figure 58: Time series of the historical and projected HTF event frequency in Jacksonville, Florida, USA. Figure A
assumes a linear form in the trends of monthly sea level, while Figure B accounts for maximum residuals in MMSLs.

5 | k
0 ALA A_A LA A ] A ‘ ‘ ‘ d
2005 2010 2015 2020 2025 2030 2035

% == Counts above minor flooding threshold

g 20 - B) |=—Counts above moderate flooding threshold

) 15 SLR Model: Monthly Linear Trend

A + Historic Max Residual

ge}

= 10

=

8 5

L

|_

T

The nodal cycle was found to modulate high tides in Jacksonville by 3.6 cm, while the perigean
cycle was found to hardly be influential, with a total modulation of less than 0.5 cm (Figure 59).
The nodal cycle was projected to go into its tide-amplifying phase in 2031, which was projected
to continue until the end of the projection in 2039. Tide amplification of just under 2 cm by
coinciding tide-amplifying phases of the nodal and perigean cycles was projected in 2033 and
2037.
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Figure 59: Strength in the modulation of 99" percentile level tides by lunar precession in Jacksonville, Florida, USA. A)
Separate and combined modulation in strength and signal for the nodal and perigean cycles. B) Combined effect of
lunar precession on the highest tides and seasonal SLR. SLR projections represent the linear extrapolation from

historical data.

All months showed a positive trend in sea level, with mean sea levels being the highest in summer,
and the lowest in winter (Figure 60). Average residuals in MMSL were found to be between 4 and

8 cm.
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Figure 60: Historical MMSL in Jacksonville, Florida, USA and extrapolated linear trends.
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Top 10: Hong Kong, SAR China

Higher frequencies in minor HTF in Hong Kong were projected to become more consistent from
the late 2020’s, with at least ten days annually projected every year until 2037, with thirty counts
of HTF projected in 2028, and in 2037 (Figure 61). Moderate HTF was projected to remain rare.
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Figure 61: Historic and projected annual counts of HTF in Hong Kong, SAR China. Annual projections in HTF days
were based on the linear trend model for MMSL and did not take into account historic residuals in MMSLs.

Increases in HTF were projected to cluster in fall and winter, nearly doubling in frequency during
October and in December, while HTF events in summer were projected to decline (Figure 62).
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Figure 62: Average historical and average projected seasonal cycles in the frequency of HTF events in Hong Kong,
SAR China. Average historical seasonal HTF frequency was calculated over the latest nodal cycle available from tide
gauge data, and the average future projected seasonal HTF was calculated over the next full nodal cycle.

Months with at least five HTF days were projected to remain similar in frequency during the 2020°’s
as between 2000 and 2018, before becoming more common during the 2030’s (Figure 63). When
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high positive residuals in historical MMSLs were accounted for, minor HTF frequencies between
October and January were projected to reach and even exceed ten HTF days (Figure 63B).
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Figure 63: Time series of the historical and projected HTF event frequency in Hong Kong, SAR China. Figure A
assumes a linear form in the trends of monthly sea level, while Figure B accounts for maximum residuals in MMSLs.
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The nodal cycle was found to be the dominating lunar precession modulating high tide levels
locally, with high tides projected to be amplified until 2028, before being dampened for several
years (Figure 64). The greatest amplification of high tides by lunar precession over the projected
nodal cycle was projected to be between 2022 and 2027. Astronomical high tides were found to
be amplified to a maximum of 4.1 cm by the nodal cycle, and only 0.6 cm by the perigean cycle,
as shown in Figure 64.
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lunar precession on the highest tides and seasonal SLR. SLR projections represent the linear extrapolation from

historical data.

Most months were found to have followed slight positive trends in SLR on the order of only a
handful of cm over a nodal cycle, with sea levels found to be the highest between September and
December, and the lowest in April, May, June, and July (Figure 65). Average residuals in MMSL

were found to be between 4 and 6 cm.
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Figure 65: Historical MMSL in Hong Kong, SAR China and extrapolated linear trends.
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Discussion

Overview of Results

In this thesis, near-future projections in HTF frequencies were made and presented in a novel way
for the top ten popular travel destinations globally at the greatest risk from potential SLR based on
the 2050 Climate Change City Index, including years and seasons with the greatest projected HTF
numbers. Novel methods included taking into account the correlation of astronomical tides with
sea level variability, the modeling of changing seasonality in intra-annual MMSL, and the
characterization of differences in intra-annual SLC trends to be included in projections of sea level
as the underlying basis for the projections of HTF events. The projection in high tide levels was
conducted through a combination of projected tidal constituents, deterministic, seasonal
predictions of surge, wave setup, and wave swash, and an array of underlying, extrapolated,
seasonal, linear SLR projections (also taking into account large positive residuals in MMSL
observed over the latest nodal cycle), over the next full nodal (~19 year) cycle relative to the end
of the available data at each location. Cities included in the analysis were in Europe, North
America, and Asia. It was found that certain locations will suffer very large increases in HTF
frequency in the near future, although the majority of these events were projected to bring minor
flooding, as opposed to moderate flooding or beyond. The results showed that Bangkok, Manila,
New York City, and Jacksonville are projected to be the sites of large increases in the frequency
of HTF events during the 2020’s, and/or the 2030’s. London, Cardiff, Hamburg, Philadelphia and
Hong Kong were projected to see less obvious increases in HTF, while HTF frequency in
Amsterdam, interestingly, was projected to remain similar, and even decline. The projected
increases in HTF in New York City and Jacksonville were especially pronounced over the 2030’s,
which corroborates the findings of Thompson et al. (2021), who predict an inflection point in
United States HTF events in the mid 2030’s.

Thus, regarding investigation into how HTF frequency will change in the near future outlined in
research question one, several prominent coastal cities were projected to suffer increases in HTF
frequency earlier than is typically expected, although several cities included in the analysis were
projected to see more subtle increases in HTF incidences in the near future. Bangkok and Manila
were the cities projected to suffer unprecedented increases in HTF throughout the 2020°s. Both
minor and moderate flooding was projected to become more common in Bangkok, while the vast
majority of HTF in Manila was projected to be minor. HTF frequencies in Bangkok and Manila
were projected to remain high throughout the 2030’s as well, increasing even further in Bangkok
at the end of the projection in 2037. The most recent tide gauge data from Manila available at the
time of this study only allowed projections until 2033. Increases in HTF frequency in New York
City and Jacksonville were projected to occur mainly in the 2030’s, becoming more common
across the decade. The first year surpassing ten HTF days in Jacksonville was projected to be 2025.
While HTF in New York City has already occurred during the 2000°s and 2010’s, HTF frequency
was projected to remain similar during the 2020’s, before doubling during the 2030’s. Marginal
increases in HTF frequency were projected in other cities, while HTF frequency in Amsterdam
was projected to remain similar and even decline marginally until 2036.

In addition, regarding research question two stipulating an investigation into which
seasons/months will be most affected by HTF, this thesis illustrated that increases in HTF events
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are most often projected to be concentrated during particular season(s) or month(s) as opposed to
being evenly spread out. Thompson et al. (2021) also project clustering in HTF events during
extreme seasons or months, which leads to critical frequencies in HTF events capable of causing
major disruptions within a city a decade or two earlier than would otherwise be expected
(Thompson et al. 2021). In this study, fall and winter months of the Northern Hemisphere were
generally projected to bring the most frequent HTF over all regions, although there are exceptions.
For example, in Bangkok and Hong Kong, HTF was projected to take place overwhelmingly in
the fall and winter months, while in Manila the danger was found to be greatest during summer
months. This showed that even within the Southeast Asian region, there will be differences in
which seasons coastal cities will be the most vulnerable to HTF. Furthermore, within the seasons
of greatest risk to HTF themselves, the seasonal cycles of HTF were found to differ widely in
shape between locations. For example, HTF in Bangkok was projected to peak during December
and January within the local fall-winter HTF season with almost no HTF projected during spring
and summer (Figure 17). By contrast, HTF in Manila was projected to be high during the whole
summer, with lower frequencies projected in the fall and winter (Figure 32). In Europe, HTF was
projected to be the most prevalent in the fall and winter as well, although the seasonal cycle of
HTF in Cardiff was projected to be more evenly spread throughout the year, with peaks between
January and April, and again between August and October. On the North American East Coast,
New York City and Jacksonville followed the typical fall and winter inflection of HTF, although
HTF in Philadelphia was projected to be the most frequent from April to October. The projected
seasonality of HTF at a location was related to both differences in local extrapolated monthly
trends in SLC, as well as seasonality of local weather phenomena driving storm surge and waves.

Regarding the magnitude of differences in local monthly trends in SLC outlined in research
question 3, surprising differences in intra-annual SLC trends were found at certain locations.
MMSL affecting HTF in Hamburg during December, for example, was projected to rise 24 cm
during the next nodal cycle, while MMSL was projected to rise much more slowly on the order of
a few cm during most other months, or even decline, which was projected for Hamburg in
November and February. Projected trends in MMSL affecting Amsterdam, Cardiff, and London
showed some similarities: MSL during December was also projected to rise at the fastest rates in
London (5 cm per decade) and Amsterdam (2.5 cm per decade), while the projected rate of SLR
during December was also among the fastest in Cardiff (11 cm per decade). Interestingly, projected
MSL in Amsterdam during February (-9 cm per decade), and March (-5 cm per decade) was
projected to decline sharply in the near future, while declines during February were also projected
in Hamburg (-3 cm per decade) and London (-1 cm per decade). In London, February was the only
month with a negative trend in MMSL. A similar phenomenon was observed in Jacksonville, USA,
where rates of SLR were highest in November and December (13 and 11 cm per decade,
respectively), and lower in the spring (Between 3 and 8 cm per decade). This may be an indication
of changing seasonality; i.e. changing seasonality in the ice sheet, sea and land ice, and shelves’
interface with the oceans (changes in the seasonal patterns of sea ice melting (earlier start in the
melting of sea ice in the year due to rising temperatures as global mean temperatures warm (at
rates that are amplified in the arctic (Gutiérrez et al. 2021; Griffith and Kozick-Kingston 2022),
less multi-year ice (ice that remains solid for at least one summer), delayed freeze-up in the winter
(Zheng et al. 2021), as well as cascading effects on global ocean circulation (thermohaline
circulation) (Thibodeau et al. 2018), which in turn causes feedback loops in complex interactions
occurring between different parts of the hydrological cycle, ocean-atmosphere interactions, and
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ocean properties causing different patterns and trends during the different seasons creating varying
trends in the net effect on MSL during different seasons (Commonwealth Scientific and Industrial
Research Organisation). The unprecedented upwards trend in MMSL observed during December
in the European cities sampled may be a result of the later freeze-up in the winter as temperatures
are warmer than usual, leading to less sea and land ice in the early winter, and consequently more
water in the oceans resulting in higher sea levels, although declining trends in MMSL during the
late winter across several European cities would indicate more freezing later in the winter.
However, there was no consistent pattern of trends in MMSL indicating earlier starts in the melting
of sea ice in the late spring or early summer.

Regarding the investigation of modulating strength by lunar precession on the highest astronomical
tides outlined in research question 4, modulation of 99" percentile level tides by lunar precession
was detected at every location, typically on the order of several centimeters of modulation by either
cycle. The strongest modulation was detected in Cardiff and Bangkok, with total modulations by
the nodal cycle of 21.6 and 21.4 cm, respectively. Modulation by the nodal cycle was clearly
visible in annual projections of HTF counts in Bangkok, Cardiff, and Manila, showing the
importance of understanding the local strength and timing of lunar modulation by the nodal and
perigean cycles on HTF frequency. Furthermore, the nodal cycle was found to dominate over the
perigean cycle in terms of high tide modulation. By contrast to the 20+ cm of modulation in Cardiff
and Bangkok, the strongest modulation by the perigean cycle was found to be 6.8 cm, also in
Cardiff, while much smaller modulating strengths were found at all other locations.

Below, results are discussed for each city with regard to existing and planned flooding adaptation
and mitigation measures.

1. Bangkok, Thailand

HTF frequency was projected to increase and remain at such a level and consistency over the
2020’s in Bangkok that local decision-makers are urgently recommended to prioritize long-term
measures such as the flood barriers, which are designed to stop flooding events from occurring,
while the pumping stations are designed to mitigate the effects of floods after they have occurred.
Emphasis is placed on making sure existing water pumping stations are functioning at peak
efficiency. In addition, still existing wetlands are recommended to be protected, and planning laws
enforced to stop continued urbanization in flooding-prone areas. Risks should be communicated
to inform residents and future residents of the projected increase in HTF frequency and severity.

Between sixty and one-hundred annual minor HTF events were projected consistently over the
2020’s and 2030’s with moderate HTF events on the order of ten annually also projected. HTF
events were also projected to cluster between October and February, with the absolute highest
frequencies in December and January, which should be communicated to prioritize construction
of adaptation measures in the spring and summer, and to warn locals and incoming travelers of
these elevated flood risk conditions. The majority of days in December were projected to be HTF
days on average over the 2020’s and 2030’s. In the case of years with higher MMSL than projected
linearly, the counts of minor and moderate HTF events were found to be further amplified, with
the majority of days in December and January projected to be flooded. The tide-amplifying phase
of the nodal cycle was found to amplify high tides and thus supplement rates of SLR until 2028,
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after which high tides will be effectively dampened by lunar precession, counteracting SLR until
the mid 2030’s. Peak high tide amplification will occur in 2024/2025.

Storm events during the monsoon season are also expected to bring worse flooding as sea levels
increase. When storm surges, astronomical high tides, and strong rain events coincide over rising
sea levels, more severe events are expected.

2. Amsterdam, the Netherlands

Although the Netherlands would likely be prepared for increasing HTF frequencies due to the
array of existing flood defenses, projections showed similar frequencies of minor and moderate
HTF in the near future as seen between 1999 and 2017. Furthermore, only limited modulation of
high tide levels by lunar precession was found, with a maximum amplification of 1.6 cm projected
in 2034 and 2035. Despite this, months/years of extreme MMSL on the order of those observed
over the last nodal cycle covered by tide-gauge data were found to have the potential to cause
increased HTF counts, especially in November and December. HTF counts in January, February,
and March were projected to decline, and were instead projected to occur more often in November
and December, which may be linked to changing seasonality in snowfall and sea ice freezing and
melt (Rdisdnen 2014).

3. Cardiff, UK

Projections of total annual HTF counts showed that the frequency of HTF will remain similar
during the 2020’s as experienced during the 2010’s, before both the frequency of minor and
moderate flooding will increase again in the 2030’s. As the city has planned for a new coastal
flood defense system scheduled to be completed in 2025, this timeframe is adequate to protecting
residents, businesses and infrastructure from intensifying flooding. Seasonality in HTF was
projected to remain similar over the next nodal cycle, with January through April, and August
through October projected to be the most affected by HTF. However, trends in SLC were found to
be the greatest in February through April, June and December with over ten centimeters of SLR
projected per decade during these months; HTF will thus likely become more common during
these months. It was found that months and years with large residuals in mean sea level above the
projected linear trends would cause a further two to four days of minor and moderate HTF monthly.

With a very high tidal range and large positive trends in SLR, Cardiff and locations towards the
interior of the Bristol Channel will see a difference in the ratio of the local tidal forcing frequency
to the period of the channel. If this ratio becomes closer to one by the tidal forcing frequency
becoming more similar to the period of the channel, then a resonance between the two will result
in amplification of astronomical tides. This would result in an even greater tidal range, and stronger
combinations with storm surges resulting in heightened HTF frequency and intensity. The opposite
is also possible if SLR causes the tidal forcing frequency to move away from resonance with the
channel (Guerreiro et al. 2015). Pelling and Green (2014) and Idier et al. (2017) conduct modeling
to ascertain the effect SLR will have on this phenomenon in the Bristol Channel. Pelling and Green
(2014) find that the amplitude of the dominating local tidal constituent would decline by up to 10
cm under 1 meter of SLR, with barely noticeable changes at 50 cm of SLR. On the other hand,
Idier et al. 2017 find differing effects of SLR on maximum tidal water level in the Bristol Channel
depending on the point in the channel. At the model grid cells closest to the location of Cardiff
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within the Bristol Channel, 1 meter of SLR is found to increase maximum tidal water levels by
only a few cm. As SLR over the next nodal cycle was projected to increase by a maximum of only
~20 cm, the effect on local tidal range would thus be negligeable based on results from this study.

Modulation of astronomical tides by lunar precession, however, was found to be strong, with the
nodal cycle projected to first dampen high tide levels during the 2020’s, before reaching its tide-
amplifying phase during the 2030’s (Figure 29A and 29B). 10+ cm of amplification was projected
between 2032 and 2037 due to combined forcing by the nodal and perigean cycles.

There was also an indication of outside disturbances in the tide gauge record at Hinkley Point, with
unrealistically high readings that suggested either malfunctions in the tide gauge reading, or
outside disturbances such as seismic/strong vibrational activity from nearby nuclear power plants
at the Hinkley Point tide gauge location, as well as construction of the new Hinkley Point C nuclear
power station (Bolton et al. 1979; Tromans et al. 2019). The uncharacteristically high mean sea
level values following the period of missing data (Figure 30) is likely due to such a disturbance of
the gauge. In months affected by this spike, the linear extrapolation of SLC may have been
somewhat affected.

4. Manila, the Philippines

Manila was found to have some of the greatest projected increases in HTF flooding; during the
2020’s an unprecedented increase was projected, although the overwhelming majority of these
events were projected to be minor, as opposed to moderate or beyond. These events were projected
to cluster mainly in the summer months, with lesser frequencies in the fall and winter. Frequencies
of over ten minor flooding events during the summer months beginning in the mid 2020’s were
projected, with extreme mean sea levels on the order of magnitude of those seen during the
observational period projected to result in fifteen counts during summer months.

The modulation of HTF by lunar precession was heavily evident, with the tide-amplifying phase
of the nodal cycle found to supplement projected rates of SLR to produce the sudden increase in
HTF events in the 2020’s, before the tide-dampening phase of the nodal cycle counteracts some of
the SLR in the early 2030’s, projected to cause a dip in HTF frequency during that period compared
to during the 2020’s, although this will be temporary.

The fact that local news reports state that HTF is already very evident in parts of the city, while
monthly HTF frequencies during the observational period showed maximums of five monthly HTF
days means that flooding thresholds in Manila may be lower than those utilized in this paper, which
stem from flooding thresholds in American coastal cities, or that the tide-gauge providing data for
this study is located in a part of the city that is less prone to HTF. Either way, the discrepancy
between HTF frequencies reported by local news reports which state that certain parts of the city
become inundated with every high tide, and those presented in this study during the observational
and projection periods means that HTF may increase even more strongly in frequency and severity
than projected here, especially in vulnerable parts of the city. Thus, the recent formation of the
MBSDM and related partnering with Royal HaskoningDHV to produce and implement flood
protection plans is not a moment too soon in improving Manila’s flood defenses and resilience to
HTF, while also communicating the risk to residents living in hazard-prone areas. Those involved
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in this initiative are urgently encouraged to continue their progress in light of HTF projections
made here.

5. London, UK

London was projected to experience a marginal increase in minor flooding events, first in the mid-
to-late 2020’s, and then again in the mid-to-late 2030’s. Increases were projected to be clustered
in the fall and early winter, with December especially affected. One moderate HTF event was
projected to occur every December on average until 2039. Although modulation of high tide height
by lunar precession was found to be relatively weak compared to other locations, it was visible on
projected HTF counts, with the marginal increase in HTF events projected during the mid-to-late
2030’s coinciding with the tide-amplifying phase of the nodal cycle. In the case of higher-than-
normal mean sea levels on the order of magnitude of those observed between 2002 and 2020, HTF
frequency was projected to marginally increase by one to two extra days per month in the fall and
early winter.

The effectiveness of existing and planned improvements (between 2035 and 2050) of flood defense
systems in London in dealing with the marginal increases in HTF projected here may be based on
their recent performance; it is uncertain that existing flood defense infrastructure will need to be
updated to effectively handle marginal increases in minor HTF frequency before the anticipated
2035 to 2050 timeframe.

6. Hamburg, Germany

The same projected increase in December HTF projected in London was also projected in
Hamburg, with minor HTF frequency projected to more than double on average until 2038, and
moderate HTF frequency also projected to increase slightly. HTF frequency during all other
months was projected to remain very similar to those observed between 2001 and 2019. Despite
this, extreme mean sea levels on the order of magnitude of those observed between 2001 and 2019
were found to still be able to cause a projected doubling in minor and moderate HTF frequencies
if they occur.

Modulation of astronomical tide heights by lunar precession was found to be weak, however,
meaning that future frequencies of HTF will be mainly governed by sea level change and
atmospheric conditions creating storm surge and waves.

During times of higher-than-normal mean sea levels, areas protected solely by linear flooding
defenses may be at risk, thus it is recommended to strengthen and raise existing dikes and flood
defense walls, and to add more sand to coastal dunes protecting the Elbe waterway.

7. Philadelphia, USA

Subtle increases in minor HTF were projected during the 2030’s, although only around one HTF
day during any given month was projected on average until 2039. In the case of exceptional mean
sea levels above projected trends on the order of magnitude observed between 2002 and 2020
however, minor HTF frequencies were projected to exceed ten days during the most affected
months, with the HTF season projected to be mainly between April and October. Modulation of
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the highest astronomical tides by lunar precession was found to be weak compared to other
locations, with combined nodal and perigean cycles amplifying high tides to a maximum of around
one centimeter.

Due to the possibility of increasing frequencies of minor HTF in the 2030’s during months/years
of exceptional mean sea levels above local trends in SLR, findings in this thesis support the
American Society of Civil Engineers’ initiatives to innovate in the areas of flood prevention and
resilience, as well as the strengthening of existing flood defenses prior to 2030. Thus, in the case
of mean sea levels exceeding monthly trends in SLR by similar orders of magnitudes as seen
between 2002 and 2020, an increase in flood days was projected even prior to the 2050 mark set
by the NOAA.

8. New York City, USA

HTF frequency was projected to increase throughout the 2030’s, with over thirty annual HTF days
projected in the middle of the decade, although most of these were found to bring minor flooding,
with fewer moderate high tide-induced flooding events. Seasonally, HTF was projected to increase
almost year-round on average, although the strongest increases were projected for October and
December. In the case of exceptionally high mean sea levels exceeding monthly trends in SLR by
the orders of magnitude observed between 2000 and 2018, minor HTF days were projected to
occur ten days per month during the most flooding prone months by the mid-2030’s. Modulation
by the nodal cycle was found to be in its tide-amplifying phase during this time, although
coinciding amplification with the perigean cycle was projected to only amplify high tide levels by
around 2 cm.

While the expensive and ambitious “Big U” project to construct a protective sixteen-kilometer
barrier disguised as museums and various public spaces around the southern part of Manhattan to
preserve the cultural tie to the waterfront is expected to provide flood protection to the borough of
Manbhattan, existing or planned flood defense infrastructure and strategies for the remaining
boroughs of New York City are not included in the literature, and so may be neglected in terms of
flood protection infrastructure. Thus, if such adaptive measures are not present or planned at
waterfronts throughout the city, local planners and decision-makers are encouraged to support
endeavors to improve HTF resilience throughout all boroughs to projected increases in HTF by
2030.

9. Jacksonville, USA

HTF projections showed an increase in the frequency of minor HTF events, building slowly during
the 2020’s before increasing further during the 2030’s. Increases in HTF days were projected to
be clustered in the fall and early winter, with November projected to be the most affected with an
average of five minor HTF events projected until 2039. In the 2030’s, months with up to ten days
of HTF were projected, which was projected to rise to over twenty during the late 2030’s in the
case of exceptional mean sea levels on the order of magnitude of those observed between 2002
and 2020. The highest astronomical tides were found to be modulated relatively weakly by lunar
precession, with roughly 2 cm of amplification projected in 2033 and 2037.
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As the overwhelming majority of projected HTF events were identified as minor as opposed to
moderate or beyond, the current flood resilience strategy in Jacksonville of restoring wetlands and
expanding mangrove forests to provide a buffer to urban areas may be sufficient to avoid
inundation of residential and commercial areas, although projected clustering of events in October
and November may require additional, less attractive hard flood prevention mechanisms such as
barriers and/or flood gates, as well as alteration of rivers to increase their capacity, and ideally
pumping stations to mitigate the disruptive effects of HTF events that do breach the wetlands and
natural areas surrounding the city.

10. Hong Kong, SAR China

Subtle increases in minor HTF frequency were projected from the second half of the 2020’s to the
mid-2030’s, with HTF days projected to cluster mainly between October and January. In the case
of exceptional mean sea levels on the order of magnitude observed between 2000 and 2018, HTF
days were projected to exceed ten per month, while moderate HTF days were projected to become
more frequent.

The nodal cycle was found to be the dominating local lunar precession modulating high tide levels,
with high tides projected to be amplified until 2028, before being dampened for several years
(Figure 64). The greatest amplification of high tides by lunar precession over the projected nodal
cycle was projected to be between 2022 and 2027.

Hong Kong’s well developed Flood Risk Management practices are expected to be able to
effectively protect the city from projected HTF frequencies until the mid-2030’s, although it is
recommended for local leaders to expand the authority of the Hong Kong Planning Department in
restricting building projects in flooding-vulnerable zones to avoid exposure of workers and new
buildings to unnecessary flood-risk.

Underlying Projections in MMSL

The array of trends in MMSL over the latest full nodal cycle covered in existing sea level data
used in this thesis to project SLR into the future taking into account seasonal cycles in weather
were fitted over a shorter timeframe (19 years) than is typically customary (Tebaldi et al. 2012)).
However, nineteen years resolved major cyclical climatic phenomena such as the El Nifio Southern
Oscillation (which tends to occur every three to five years) multiple times (NOAA(a)). Other
circulation patterns such as the North Atlantic Oscillation, occur at much higher frequencies, and
as such were resolved more often. Moreover, the shorter timeframe was designed to capture more
recent trends in mean sea level fluctuation, as there is evidence that GMSL rise is accelerating
(Oppenheimer et al. 2019).

Rates of projected SLC found at site-specific tide gauges in this thesis were unique from regional
SLR projections by the Coupled Model Intercomparison Project Phase 6 (CMIP6) forced by
Shared Socioeconomic Pathways SSP1 & 5 as they are presented by the advanced regional
information IPCC WGI Interactive Atlas (Eyring et al. 2016; Gutiérrez et al. 2021). The SSP1,
sustainable socioeconomic development scenario is similar to the Representative Concentration
Pathway RCP2.6, while the SSP5 fossil-fueled development scenario is similar to RCP 8.5,
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representing the socioeconomic development scenario generating the most emissions,
environmental damage, and highest rates of SLR globally (Abram et al. 2019). Although the most
aggressive scenarios continue to be the best match over near to mid-term time frames when taking
into account current and planned climate policies (Schwalm et al. 2020), projections made here
showed that several cities were projected to have lower rates of SLR over the near term than is
expected by even the most optimistic scenario forcing respective regional models. For example, in
the European cities analyzed, Amsterdam, London and Hamburg were all projected to have lower
rates of SLR than is suggested by the range of model outputs within CMIP6 following SSP1 (figure
A.1), although rates of SLR in Cardiff were projected to be twice as high as projections within
CMIP6. In Amsterdam especially, trends in MMSL between 1999-2017 used in the projection of
near-term future sea levels were much lower than CMIP6 projections made with reference data
only a few years older, and projected to a timeframe only a few years farther into the future. In
North America, SLR was also projected to be less in Philadelphia and New York City than is
projected by CMIP6 models for Eastern North America, although SLR projections for Philadelphia
made here were very similar to the CMIP6 SSP1 projection (figure A.2). MMSL projections in
Bangkok and Manila were higher than both CMIP6 SSP1 and SSP5 projections for the South East
Asia Region (figure A.3), while the opposite was the case for MMSL projections made here for
Bangkok, and the CMIP6 East Asia Region (figure A.4).

Modulation of HTF by Lunar Precession

Every city appeared to be affected to some degree by either the nodal cycle, perigean cycle, or
both precessions in the Moon’s orbital path. In cities that exhibited strong tidal modulations by
cycles in the Moon’s orbit, the influence of these cycles was visible in time-series of historical and
projected monthly HTF frequency. Haigh et al. (2011) examine the influences of these cycles
globally and also find variability in the strength in modulation of high tides globally ranging
between an influence of only a few centimeters for the majority of locations up to thirty to forty
centimeters of modulation by the nodal cycle in the strongest affected regions, such as in the South
China Sea. Peng et al. (2019) find similar modulating strengths by these cycles, with maximum
nodal cycle modulations of up to thirty centimeters in the Gulf of Tonkin, the English Channel,
and the Bristol Channel. The strength in these modulations largely correspond to the strengths
found in this thesis, although the modulation of over 40 cm that is detected by Haigh et al. (2011)
in Beihei, China, and up to 30 cm that is detected by Peng et al. (2019) in the same region are
much larger than those detected here at similar geographic locations in Hong Kong (8.1 cm) and
Manila (13.4 cm). This is likely due to Beihei being located in the Gulf of Tonkin, which is
macrotidal (tidal range of above 4 meters), while Hong Kong is mesotidal (tidal range between 2
and 4 meters), and Manila is microtidal (tidal range less than 2 meters), which is likely the reason
for a greater lunar modulation of the highest tidal heights in Beihei (VanGraafeiland 2020).
Furthermore, the high modulating strengths that Haigh et al. (2011) find in Beihei may also be
related to local coastal geometry; nodal modulation of high tides affecting Bangkok in this study
were found to be stronger (21.4 cm) than in Hong Kong (8.1 cm) and Manila (13.4 cm). Bangkok
itself is also located in a gulf (the Gulf of Thailand), the resonance of which is known to be linked
to the resonance of the South China Sea (Cui et al. 2019). As the highest tidal ranges typically
occur in bays, channels, and narrow inlets due to resonance effects and the funneling of water into
a narrow region (McLaughlin et al. 2022), coastal geometry and bathymetry are likely important
factors linked to strong lunar modulations of high tide heights. The dominating lunar precession
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in Bangkok, Manila and Hong Kong was found to be the nodal cycle as well; located within the
hotspot of nodal (18.61-year) modulations that Haigh et al. (2011) also identify (Figures 7a and
8). The ranges in modulations by the nodal cycle detected at these locations also correspond well
to those that Haigh et al. (2011) present for the South China Sea and the Gulf of Thailand. The
strong modulation of the highest tides by mainly the nodal cycle found in Cardiff also matches the
findings of Haigh et al. (2011) and Peng et al. (2019) in that nodal modulations in the Bristol
Channel local to Cardiff are some of the strongest in the world. However, Haigh et al. (2011) also
find a large perigean (4.425-year) modulation local to Cardiff and the Bristol Channel, while
modulation of the highest tides by the perigean cycle in Cardiff was found to be around 7 cm in
this study, with the nodal cycle found to be the dominant lunar precession modulating tidal heights.

Thompson et al. (2021) find modulation in the astronomical tides of American coastal cities, citing
an influence of 4.7 cm in the modulation of the highest astronomical tides by the nodal cycle in St.
Petersburg, Florida, USA. A HTF projection for Jacksonville, also a city in Florida, USA, was
produced in this dissertation. The nodal cycle was found to be the dominant lunar precession
modulating the highest tides, with an influence of 3.6 cm, a similar result. A lower modulating
strength found here may again be due to factors related to differences in coastal geometry and
bathymetry between St. Petersburg and Jacksonville.

Assumptions and Future Work

In the methods of this thesis, there was an assumption made in that predictions in elements of the
tidal record attributable to surge, wave setup, and swash will not be altered by interactions with
trends in MMSL, or changes in climate. As discussed in the background, changes in MSL can alter
the ratio of the local tidal forcing frequency to the period of the respective ocean basin, which
pushes the system either closer or farther away from achieving a resonance, which is when the
highest tidal ranges occur (Guerreiro et al. 2015; Idier et al. 2017; Idier et al. 2019). This
phenomenon was not explicitly included in the analysis and would require extensive modeling of
ocean basins and coastal topography, and application of hydro-physics. In addition, while the
deterministic prediction of surge, wave setup, and swash did implicitly account for forcings by
differences in seasonal weather, and seasonal differences in MMSL’s between months of the year,
it did not explicitly account for forcings by phases in major tidal constituents, which Idier et al.
2019 investigate and find to be on the order of a meter for tidal modulation of surge, and on the
order of ten centimeters for the tidal modulation of wave setup, depending on location.
Furthermore, modeling of changes in elements of global thermohaline circulation such as the slow
down of the Gulf Stream that Dong et al. (2019) find over past decades together with its effect on
seasonal cycles in MMSL, other elements of sea level, and HTF as a whole remains of interest.
Further investigation into these interactions for individual locations is recommended in future
projections of HTF.

Thus, in a future study it would also be interesting to explicitly present the strength of seasonal
modulations in MSL on the amplitudes of tidal constituents as well as on other sea level
components such as wave-setup at each location. Theoretically, depending on coastal geometry, a
rise in MSL would allow waves to break and astronomical tides to build with less frictional
dampening by the sea floor (if seafloor topography is assumed to remain unchanged), creating

66



higher water levels (Idier et al, 2019). This would also give an indication of how potential SLR
would affect the amplitudes of tidal constituents locally.

The next step would be to compare the deterministic, seasonal model of non-astronomical and
non-MSL related tidal components to combined localized models of storm surge, wave setup and
swash, and to include forcings by localized climate simulations in future projections of HTF
frequency, specifically in the modeling of surge in response to projected atmospheric changes. The
Global Tide and Surge Model Version 3.0 (GTSM3) is one such model; being a depth-averaged
hydrodynamic model which estimates wind stress to model surge, which has a high coastal
resolution of 2.5 km globally (1.25 km in Europe) and shows good performance when compared
to observed sea levels (Muis et al. 2020). The Global Tide and Surge Reanalysis (GTSR) dataset
(Muis et al. 2016) could also be applied to determine historical values of surge by month, as well
as reanalysis wave model datasets such as ERA-interim (Dee et al. 2011), or GOW?2 (Perez et al.
2017). However, Woodworth et al. (2021) have shown that sensitivity of coastal locations to rising
sea levels tends to be overestimated by around thirty percent when modeling tide and surge derived
from the GTSR dataset. Numerical models used in other studies have also produced overestimates
of future coastal flooding risks (Hunter et al. 2017; Muis et al. 2017). The new and improved
GTSM3 has not yet been evaluated in the same way, although Muis et al. (2020) cite a mean bias
in the maximum annual sea levels half as large as in the earlier GTSR dataset.

Overlaying harmonic analysis of major tidal constituents with deterministic and reanalyzed
datasets of surge and wave setup combined with local weather/climate could uncover valuable
insights on interactions between major tidal constituents, surge, and wave setup to continue to
develop projections in HTF.

The present analysis also assumed no existing or planned flood defenses to be in place. Thus, in
cities with existing flood defenses, flooding thresholds are likely to be higher than those used
here. Also, minor and moderate flooding thresholds of 0.5 and 0.8 meters above MHHW are
values specifically for US coastal cities; these may be different in other parts of the world.

Lastly, there was another assumption made, which was that the detected phases and amplitudes of
modeled tidal constituents were accurate, and that all relevant constituents at a respective location
were accounted for. In regard to this assumption, tidal predictions from UTide are robust when
compared to predictions by the NOAA (Thompson et al. 2021), and using lower signal to noise
ratios (than the standard ratio of 2) in an attempt to detect smaller influences of other tidal
constituents would run the risk of misidentifying influential tidal constituents and including them
in the analysis.

Overall, to reiterate the discussion of HTF projections in the context of existing and planned
flooding defenses discussed above, decision makers in most major coastal metropolises examined
here are strongly encouraged to plan with increases in HTF events in the near future: the cities
examined in this thesis are critical economic and cultural centers, and as such the impacts of HTF
transcend far beyond the city itself. Movement of sewage and waste management systems to higher
elevations where their integrity will not be compromised is a must to avoid the threat of disease
and overall untidiness resulting from parts of a city being submerged. Sites of economic
importance are encouraged to consider moving, and new housing and construction projects should
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be wary of increases in incidences of HTF in the near future, and their development blocked by
local government in flood-prone regions, near future meaning during the coming years as well as
over the next decades. Mitigation and adaptation strategies to projected increases in consistent
HTF are suggested to be updated in cities with large projected near-future increases in HTF, and
policy makers are asked to act considering the years and seasons of greatest projected HTF
frequencies presented for their respective locations.

Furthermore, the methods and results of this thesis are also relevant to insurance companies

providing flood insurance to private and commercial properties in coastal areas, especially as the
projection timeframe can be extended consistently as newer tide-gauge data becomes available.

68



Conclusion

The aim of this thesis was to create a novel HTF projection framework and early warning system
specialized to model localized HTF frequency into the near future (over the next ~19-year nodal
cycle) with the specific and unique ability to identify years and months/seasons of the greatest
predicted HTF frequencies, the main motivation being to warn local residents, businesses and
travelers, while galvanizing decision makers to implement appropriate mitigation and adaptation
measures within appropriate time frames. Further motivations included addressing the lack of high
granularity, near-future projections of coastal flooding, and the lack of attention to the projection
of HTF frequencies. The novel features within the projection framework included the
diversification of underlying SLC projections to characterize changing seasonality in the melting
and freezing of sea ice and the effect on intra-annual SLC and climatic cycles modulating mean,
non-tidal, sea level variability. Another novel method encompassed the consideration of the
correlation of astronomical tides with sea level variability by conducting dedicated harmonic
analysis on tide gauge data binned by month. Additionally, the methods implemented took into
account the combined effects of SLC and modulations by precessions in the Moon’s orbital path
around the Earth on the heights of the highest astronomical tides, while a representation of seasonal
extremes in MSL in a second projection of SLC was also included to quantify the upper bounds of
projected HTF frequencies. The capabilities of the HTF projection framework presented in this
thesis were shown by conducting monthly granularity predictions of minor and moderate HTF and
presenting seasonal event patterns for the world’s top ten popular travel destinations at the most
risk from potential SLR according to the 2050 Climate Change City index.

Furthermore, this thesis was designed to answer the following research questions:

1. How will HTF frequency change in the near future for popular travel destinations at the
greatest risk from potential SLR?

2. During which seasons/months will HTF be the most frequent?

3. How large are differences in intra-annual SLC trends?

4. How strong is the modulation of the highest tides by lunar precession?

(1) Bangkok, Thailand and Manila, the Philippines were projected to be the sites of large increases
in the frequency of HTF events even during the 2020’s, while Jacksonville and New York City,
USA were projected to follow with increases in HTF frequency during the 2030°s. London and
Cardiff, UK, Hamburg, Germany, Philadelphia, USA and Hong Kong, SAR China were projected
to see less obvious increases in HTF until 2040, while HTF frequency in Amsterdam, interestingly,
was projected to remain similar, and even decline over the same time frame. These results showed
that several popular coastal cities will experience flooding prior to time frames typically discussed
in existing literature.

(2) Furthermore, increases in HTF events were most often projected to be concentrated during
particular season(s) or month(s) as opposed to being projected to be evenly spread out. Especially
in cities with the highest projected increases in HTF frequency, this phenomenon was found to be
most pronounced, which may lead to the exceedance of critical frequencies in HTF able to cause
major disruptions in coastal economic and cultural hubs decades earlier than expected.
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(3) Surprising differences in intra-annual SLC trends were found in several locations, although
mostly in Europe. In Hamburg, MMSLs in December showed an increasing trend much greater
than during all other months. Interestingly, a pattern among discrepancies in MMSL trends became
evident across several locations, with the highest rates of SLR in December, and lower rates of
SLR and even declines in MSL found in the late winter and early spring. This may be an indication
of changing seasonality in the ice sheet, sea ice, and shelves’ interface with the oceans, specifically
the delay in the freeze-up of sea and land ice. The recent slow down of the Gulf Stream is also
known to be involved in rates of SLR regionally (Dong et al. 2019), and remains an area of
potential research in regard to the regional effect on rates of SLR. Intra-annual differences in rates
of SLC, especially considering months with declining rates in sea level coexisting with months of
clear SLR at a given location is something that should be considered in future SLC predictions and
projections of HTF.

(4) The heights of gravitational tides in every city appeared to be affected to some degree by either
the nodal cycle, the perigean cycle, or by both precessions in the Moon’s orbit. In cities that
exhibited the strongest modulations by cycles in the Moon’s orbit, the influence of lunar precession
was visible in time-series of historical and projected annual and monthly HTF frequency. Typically
on the order of several centimeters of modulation by either cycle, the strongest modulation was
detected in Bangkok and Cardiff, with total modulations by the nodal cycle of 21.4 and 21.6 cm at
the 99t percentile level of astronomical tides, respectively.

The HTF projection framework presented here was set up to run with tide gauge data in TXT file
format from version 3.0 of the GESLA Global Extreme Sea Level Analysis project, which features
higher-frequency (hourly or more frequent) tide gauge data from over five-thousand records
worldwide. HTF projections over updated timeframes are supported by the framework as new data
becomes available.
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Appendix: SLC Projections vs CMIP6

Projected local monthly SLC vs CMIP6: Northern Europe
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Figure A.1: Statistics of MMSL projections compared to ensemble CMIP6 projections for Northern Europe. CMIP6
projections are for the near term (2021 — 2040), based on baseline sea level data
from 1995-2014.

Projected local monthly SLC vs CMIP6: Eastern North America
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Figure A.2: Statistics of MMSL projections compared to ensemble CMIP6 projections for Eastern North America.
CMIPE6 projections are for the near term (2021 — 2040), based on baseline sea level data
from 1995-2014.
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Projected local monthly SLC vs CMIP6: South East Asia
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Figure A.3: Statistics of MMSL projections compared to ensemble CMIP6 projections for South East Asia. CMIP6
projections are for the near term (2021 — 2040), based on baseline sea level data
from 1995-2014.

Projected local monthly SLC vs CMIP6: East Asia
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Figure A.4: Statistics of MMSL projections compared to ensemble CMIP6 projections for East Asia. CMIP6
projections are for the near term (2021 — 2040), based on baseline sea level data
from 1995-2014.
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