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Executive Summary

In 2004, the Government of Bermuda (GoB) assessed Bermuda's vulnerability to coastal erosion. The
2004 study, carried out by Smith Warner International Limited (SWI) identified specific shorelines
that were most vulnerable to erosion and storm inundation due to potential wave run-up. Around
Bermuda, two types of shorelines were observed: (i) sandy shores/beaches, and (ii) rocky shores,
which can be further split into three sub-types: flat rocky, low cliffs, and high cliffs.

A rapidly changing climate necessitated an updated assessment of the risks and vulnerabilities to
Bermuda’s coastlines, the overall purpose of this collective study. Coastal erosion, through either
sandy shores/beaches or coastal cliffs, remains a focal point of the assessment. In addition, the analysis
herein considers areas that are vulnerable to flooding from extreme storm events and saltwater
intrusion effects from rising sea (and groundwater) levels.

This report presents the data collection, modeling, and associated analysis of various hazards that pose
a threat to Bermuda’s coastlines. The subsequent (and final) report compiles the collective results of
the modeling presented herein into a “Coastal Vulnerability Index” to identify geographical areas that
are at present, or will be in the future, at risk from coastal forcing.

This report introduces broad changes expected to impact Bermuda’s future climate, based on the latest
literature and data at hand. The result of this assessment is then applied to determine the appropriate
forcing criteria for detailed modeling, such as sea level rise rates, increases to storm wave heights,
changes of hurricane intensity and frequency, and rainfall patterns.

Wave modeling is then introduced, including model setup, data collection, calibration/validation
exercise and model runs to compare present to future operational (daily) and yearly (non-hurricane)
swell events on Bermuda’s coastlines.

Hurricanes are the next focus. Statistics are derived from historical hurricane records and various
methodologies are employed to determine the appropriate future hurricane conditions. These
conditions are then modeling to identify both storm surge and wave conditions at Bermuda’s
coastlines.

The Mill Creek/Pembroke Marsh area had been identified for its propensity for flooding from rainfall
events. To accurately determine the vulnerability in this low-lying coastal area, a compound modeling
approach was employed to incorporate both a hurricane-induced storm surge (from the bay side) with
associated rainfall driven flow (from the land side).

The report follows with an assessment of expected erosion of both sandy beach areas and shoreline
cliffs based on limited data available.

Finally, a hydrogeological assessment discusses the threats posed by rising sea levels on the hydraulic
balance between aquifers and the ocean, which has the potential to threaten various freshwater
resources and aquatic ecosystems in Bermuda.

SMITH WARNER INTERNATIONAL LIMITED MARCH 2024
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Effects of Climate Change on Bermuda
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Climate projections are simulated based on future expectations (scenarios) of the earth’s environment.
Conditions will depend on how the global economic and social behaviours trend towards measures
for mitigation and adaption. Based on the globe’s ability to adapt and mitigate the amount of

emissions, several
proposed by the
Intergovernmental Panel on Climate
Change (IPCC). To refer to these
scenarios, representative concentration
pathways (RCP) and the shared socio-
economic pathways (SSPs) are used.
While RCPs consider the effect of the
concentration of greenhouse gases in the
atmosphere, the SSP combines the social
and economic effects on the amount of
emission. For this assessment we
focussed on SSP2-4.5 and SSP5-8.5.

greenhouse  gas
scenarios  are

e SSP2-45 is the middle ground

Shared Socio-economic Deserivtion
Pathnays (SSPs) eserip
Sustainability Low challenges to
SSP1-2.6 Taking the Green  mitigation and
Road adaptation
Middle of the ~ Yiedium challenges to
SSP2-4.5 mitigation and
Road .
adaptation
Inequality Low challenges to
SSP4-7.0 1 Road Divided  itigation, high .
challenges to adaptation

SSP5-8.5

Fossil-fuelled

Major challenges to
development ©

mitigation, high
challenges to adaptation

Taking the
Highway

where challenges to adapting are of medium difficulty.

e SSP5-8.5 is the worst case. In this scenario the globe accepts the business-as-usual model and
greenhouse gas (GHG) emissions are not curbed. Simultaneously, there is high friction to adapt
and mitigate the impacts of climate change.

The conditions under the SSP2 4.5 and 8.5 will be used to describe the conditions in the next 20, 50
and 100 years. The following table summarises the historical trends and projections.

Summary of climate change trends and projections for Bermuda

Parameter Historical Trend

Air temperature varies throughout the
year with the highest temperatures from
July to September and lowest in January
to March. Mean temperature has been
increasing between 0.22°C and 0.6°C per

Temperature
decade.

Hot days and nights have also been

increasing at a rate of 4% and 3% per

decade respectively.

SMITH WARNER INTERNATIONAL LIMITED

Projection

Temperature is expected to continuously
increase with global warming. In the medium
term (2040-2060) the projected annual
increase is between 0.6 and 1.7°C for the
RCPs. In the long term (2070-2090) the
projected annual increase is between 0.6 and
3.2°C for the RCPs.

Hot days and nights are increasing and will
account for nearly 100% of days by end of
century under RCP 8.5.

Heatwave durations are increasing and will
reach near 60 days by the end of century
under RCP 8.5.
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Parameter

Rainfall

Sea Surface
Temperature

Sea Level Rise

Hutrricanes

Historical Trend

The island’s climatology exhibits a
bimodal rainfall pattern with peaks in
January and September, with the
September peak receiving more rainfall.

SST are highest during August to
September and coolest during December
to April. SSTs are increasing at a rate of
0.26 °C per decade.

Bermuda lies in an area that has
experienced sea level rise of more than
3.84 mm/year.

Over the last 4 decades there were 21
storms passing within 50km of Bermuda.
Between 5 and 8 storms passed per
decade except for 1991 to 2000 when no
storms were recorded passing within
50km.

PAGE |iv

Projection

The RCPs suggest no real trend toward the
end of the century. In the medium term
(2040-2060) mean annual projected change is
4 to 11% over the two RCPs examined. In
the long term (2070-2090) mean annual
projected change is 3 to 48%.

Extreme events will be characterised by
significant interannual variability. However,
rainfall indices reflect no real overall trends
with projected change in consecutive dry days
(CDD) (between 0.1 and 0.2 days/decade)
and changes in consecutive wet days (CWD)
(0 and 0.2 days/decade).

SSTs are projected to increase at a rate of
0.07°C (0.4.3°C) per decade under RCP 2.6
(8.5). In the medium term (2040-2060)
monthly projected increase ranges from 0.6 to
1.7°C (1.0 — 2.3°C) for RCP 2.6 (8.5). In the
long term (2070-2090) monthly projected
increase ranges from 0.8 to 1.7°C (2.5 —
4.0°C) for RCP 2.6 (8.5).

By 2100, mean SLR is projected to be
approximately 0.47m for SSP1-2.6 and
between 0.69 and 0.82m for SSP5-8.5.

If expert judgement including revised
Antarctic ice-sheet contributions atre
considered, then by 2100 mean SLR for
Bermuda is projected to be approximately
1.46m for SSP5-8.5.

The future will likely be characterized by
more intense hurricanes with high winds and
greater rainfall. A likely increase in rainfall
rate of between 20% and 33% is projected
particularly near the hurricane core by the end
of the century.

All parameters will affect coastal hazards to varying degrees. However, the effects of sea level rise and
changing hurricane conditions will be more profound in coastal areas. In the medium term (up to
2060), a rate of 5.4mm/year and 6.6mm/year will be used for the SSP5 - 4.5 and 8.5 respectively. For
the longer-term assessments (beyond 2060), the 7.7mm/year and 10.5mm/year will be used for SSP5
- 4.5 and 8.5 respectively. Under the worst-case scenario (SSP5 — 8.5), in the next 100 years Bermuda
could see a total sea level rise of 1.05m. This is compounded by the likelihood of more intense
hurricanes affecting the coastal areas of the north Atlantic Ocean.

SMITH WARNER INTERNATIONAL LIMITED
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For sea level rise, the SSC and RCP predictions are similar, hence these terms are applied
interchangeably.

Modeling Approach

Baseline coastal zone modeling is needed to gain an understanding of the coastal processes acting
along the shorelines of Bermuda. The model's fundamental starting point is the construction of a
computational mesh from which spatial variances can be calculated at each simulation time step.
MIKE 21 computes the waves and hydrodynamics using a flexible computational mesh. The flexible
mesh is ideal for storm surge computations because it allows for the modeling of large complex areas
that may require detailed resolutions of smaller features at the same time. The model was set up and
calibrated using data collected east and west of the island. All indices used for the model validations
were considered acceptable to good for model performance. This statistical method validated the
spectral wave model, which was used with confidence to give a realistic representation of the long-
term database of day-to-day wave conditions in the nearshore areas. The physical conditions of
Bermuda made it difficult to get a good numerical calibration of currents. In general, currents varied

widely, which is not easily represented by numerical models.

WEST WEST

Simulation

>

EAST EAST

Observation Simulation

Significant Wave

Heights,

Hg (m)

M <=0.1
B >0.2-0.3

>0.3-0.4
- Observation
B >0.4-0.5
B >0.5-0.6
W >0.6-0.7

>0.7-0.8

>0.8-0.9
B >09-1

M>1-15 \

1.5

Summary of significant wave height calibration
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Operational Wave Climate and Climate Change

The rtesults show that under
present day conditions, wave
heights along the south shore
average 0.5-0.75m while on the
north shore wave heights vary
from 0.3-0.5m. The south
shoreline is less protected due to
substantially fewer outer reef
formations. Within  enclosed
embayments  (e.g.  Harrison
Sound), wave heights are further
reduced to less than 0.3m.

Sign. Wave Height [m]

Under future climate scenatios,
the lagoon in the lee of the reef
will see the most impact. This is
expected as the effectiveness of the
reef to reduce wave heights will be
significantly reduced as sea levels
rise. For the 100-year horizon,
significant wave heights within the
lagoon could increase by 0.08m to
0.15m for the RCP 4.5 and RCP
8.5 scenarios, respectively. These
values are significant and equate to
a 15-20% increase in the significant
wave height.

o0.250
~0.250
- 0.200

- 0150
- 0.100
-0.080
-o0.060
-0.040
-0.030
-0.020
- 0.015
- 0.010
0.005

The south coast has less increase in
wave energy, likely because the
south coast is not as dependent on
protection from the reef as is the
north coast.

From this assessment we can Lncreasesin 99th percentile significant wave height between present
day and SSC 8.5 100 year wave event

conclude:

e The western coast (near Dockyards) is at risk of greater wave energy. This has implications for

the maritime activities in this area, i.e., more disturbance to cruise ships, shipping, ferries and
general navigation in the area.

e Likewise, the north coast areas outside the protection of the sounds will see larger increases
in wave energy. Industries such as the power plant could be affected.

e Within the Sounds, wave heights could increase by up to 250%, however, this only reflects a
change in wave height of approximately 5mm.

SMITH WARNER INTERNATIONAL LIMITED m MARCH 2024
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e Under statistically significant events, significant wave heights will increase by more than 0.3m
and will have implications on sediment movement.

Impacts of Climate Change on the Hurricane Climate

Presently, the reef effectively protects the north shore from hurricane waves. The rim reef at the north

reduced wave heights from 10m (offshore)
to approximately 2m at the shoreline.

Despite this reduction, waves 1-2m high
affect the shoreline of the north coast under
the 25-year return period event. Under the
150-year event, wave heights on the north
shore are 2-3m with accompanying
inundation.

Unlike the north shore, the south shore has
significantly less protection from reefs. As a
result, wave heights immediately offshore
can be 8-10m during a hurricane.

Storm surge is expected to be greater than
1.2m on the north shore while along the
south shore, storm surge levels will exceed
1.6m. At these levels, large coastal areas will
be under watet.

Under future climate change projections,
the north shore is more severely impacted
as the reef’s protection from waves becomes
less effective with increased sea levels.
Increased storm wave conditions impact the
north shore and propagate into the Great
Sound area. For example, under the 150-
year return period in an RCP 8.5 scenario in
the next 100 years, areas previously
effectively protected by the reef (the north,
north-west and Great Sound) will see
increases in wave heights of 10.8% to
20.3%. A similar trend exists for storm
surge.

SMITH WARNER INTERNATIONAL LIMITED

Sign. Wave Height [m]
- Above 12.0
10.0-12.0
8.0-10.0
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3.0- 4.0
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0.0- 0.5
[ Below o.0

[ Undefined Valuel

|| HAEEN

%

o
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[ Undefined Value]

100 year conditions for 150-year storm event under RCP 8.5 scenario
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Comparison of points along the Bermudian shoreline (significant wave heights) under the 50-year conditions

South-west South North-east North Great Sound Scenario
2.90m 9.36m 5.21m 1.48m 0.95m Present
+2.1% +0.5% +1% +0.7% +2.1% 4.5 20yr
+4.1% +1.1% +1.9% +2% +3.2% 8.5 20yr
+5.2% +1.4% +2.5% +2.7% +4.2% 4.5 50yr
+10% +2.6% +4.8% +4.7% +8.4% 8.5 50yr

Compound Flooding

The compound flood analysis completed for the Mill Creek/Pembroke Marsh area considers the
interplay between storm surge and rainfall. The results highlight the catchment area's vulnerability to
rainfall-induced flooding due to its low-lying terrain, seaward drainage patterns, and susceptibility to
storm surge amplification.

The results offer significant insights into potential flood scenarios, including overflow from the banks
and pocket flooding in low-lying areas. Notable findings include water depths ranging from 1.3 to
1.7m along the Pembroke Canal, with areas of concern identified along St. Johns Road and Mill Creek
Road. Additionally, the study highlights pocket flooding across the catchment area, impacting
residential areas and critical infrastructure.

The analysis identified key flood-prone areas and underscores the importance of considering
compound flooding in flood risk assessment and management strategies. However, limitations in the
model, such as accounting for all drainage features and the absence of comprehensive data on land
use and soil maps, signal the need for future enhancements to improve the accuracy and reliability of
flood risk predictions.

legend
[ Basin

) Delincared Srreams

Buildings

Flood Deprh (m)

ood Modeclling
for Pembroke Catchment Area

. aryenezse < B 1617
Projected RCP 8.3 Storm Surge Tmpace for o

a 130-Year Storm in a 50-Year Hotizon B 171

Combined with a 30% Increase in 10-Year Bl 19-20

m 5 : Rainfall nt Dug o Chima hanoce |

i

50-year Flood depths along Mill Creek/Pembroke Matsh for a 150-year return period event considering the RCP 8.5 scenario

SMITH WARNER INTERNATIONAL LIMITED m MARCH 2024



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY
MODELING REPORT PAGE |ix

Predicted Shoreline Change with Sea Level Rise

Shoreline retreat related to an increase in local sea level is calculated through the Bruun rule. Within
the limitations of this model, the retreat of the sandy shorelines longer than 50m were assessed, with
the following key observations:

e Under the RCP 4.5 and 8.5 SLR scenarios, the southern beaches will recede between 10-25m
by 2050 and 30-65m by 2100;

e The rate of shoreline retreat for the RCP 4.5 and 8.5 scenatios in 2050 are similar but differ
substantially for the 2100 predictions;

e By 2100, Horseshoe Bay retreat is predicted to be up to 60m, and Warwick Long Bay could
also retreat by up to 40m. The maximum retreat calculated was 75-85m near the Dockyards
on the north-west of Bermuda.

The qualitative comparison of 20 coastal cliff sites around Bermuda was conducted to assess the
vulnerability of these cliffs to climate change and increased erosion rates. The assessment involved
categorizing the cliffs into two main types based on the presence or absence of a fronting beach. The
methodology included on-site visits to visually evaluate present conditions and collect data, such as
rock hardness measurements using a Schmidt hammer and observations of geological features like
paleosol layers.

Results of the assessment revealed several key findings:

Cliff Types and Beach Presence:
e Cliffs with fronting beaches are predominantly located on the south shore of Bermuda.

e Beaches of sufficient volume can provide natural protection against wave-driven erosion for
cliffs with fronting beaches.

e However, it was observed that cliffs fronted by beaches often have a weak rock layer (paleosol)
near the cliff base, making them more susceptible to erosion.

Vulnerability to Climate Change and Sea Level Rise:

e As sea levels rise, forecasted increasing wave heights and modeled beach retreat pose
significant risks to cliffs, especially those fronted by beaches.

e The presence of weak rock layers near the cliff base exacerbates the vulnerability of these cliffs
to erosion under rising sea levels.

Regional Variations in Vulnerability:

e C(liffs with small forecast changes in wave conditions, such as those on the north coast, and
headlands plunging directly into deep water, are expected to experience low to moderate
increases in future erosion rates.

e The west coast was identified as particularly vulnerable, with the highest modeled increase in
day-to-day wave conditions, suggesting a potential moderate acceleration of future cliff retreat
rates at those sites. If sea level rise causes waves to interact with a paleosol layer (or other weak
layer) that is not currently actively eroded by waves, erosion rates will likely accelerate. The

SMITH WARNER INTERNATIONAL LIMITED MARCH 2024
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elevation and locations of the paleosol layers varies along the coastline and are not currently
mapped in sufficient detail to allow geographic analysis of this factor but could be a useful
focus for future efforts. Additional observations such as high-resolution LiIDAR and/or
imagery are also needed to develop a detailed inventory of quantitative coastal cliff changes in
Bermuda, required to calibrate and develop robust models of coastal cliff evolution under
future climate scenarios.

e Modified SCAPE Model

Using the modified SCAPE model, which projects future cliff retreat rates based on historical and
projected sea level rise along with historical cliff retreat rates, a detailed picture emerges of how
coastal erosion might evolve. Specifically, for cliffs that historically retreated at a rate of 33cm/yeat,

under the RCP 8.5 scenario over Calcnlated Rate of Change for Cliff Retreat

the 'nexz 100 yEars, this rate is Future Retreat Rate (cm/yr) for RCP 8.5
projected  to - INCrease 0| pistorical 20 Year 50 Year 100 Year
55cm/year. Thls .trend suggests Retreat Rate Horizon Horizon Horizon
that areas with higher historical (em/yt)

retreat rates will face even more 5 7 3 3
accelerated erosion in the future, 10 13 17 17
especially under the more severe 20 26 33 33
climate change scenarios. This 33 44 55 55

model provides a crucial tool for
coastal management, offering insights into potential future changes and the need for adaptive
strategies in coastal planning.

Climate Change Impact on Fresh Water Lenses

Rising sea levels are expected to significantly impact both inland and coastal regions through saltwater
intrusion, threatening freshwater resources and ecosystems. This phenomenon occurs as the sea
encroaches further inland, mixing saltwater with freshwater aquifers. In Bermuda, the unique
geological formation allows freshwater lenses to float atop saline groundwater. These lenses are
expected to rise in tandem with sea levels, yet due to the island's steep coastal topography, significant
impacts at the surface are anticipated to remain confined near the shorelines for the foreseeable future.
The study projects that by 2122, under the RCP 8.5 scenario, sea levels could rise by approximately
1.1m above the current level, leading to increased salinity intrusion into the subsurface. Coastal areas
are particularly vulnerable, with estimates suggesting that saline water has already intruded 1.49m
above Bermuda Ordinance Datum' as of 2022, highlighting the immediacy of the issue.

Several limitations exist within this analysis, including the exclusion of capillary action effects on salt
migration in the vadose zone and the assumption of constant recharge and extraction rates, which
may not hold true under changing climatic conditions. Moreover, the potential acceleration of sea-
level rise and its consequent effects on groundwater systems were not accounted for, indicating that
actual impacts could be more severe than predicted. The implications of these findings are profound,

! Ordnance datum was set at a mean sea level (msl) of 0.000 m in 1963 from tide gauge records at the Bermuda Biological Station.
(Johnson, 1984 cited in Ellison, 1993). Glasspool 2008, gave msl as 0.21 m AOD. Plotting these values on a graph gives a 2022 msl of
0.26m AOD.
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suggesting a pressing need for adaptive management strategies to safeguard freshwater resources and
maintain ecosystem health. As such, understanding the dynamics of saltwater intrusion is crucial for
developing effective responses to mitigate the risks posed by rising sea levels, emphasizing the
importance of continued research and monitoring in this field.

BERMUDA - CLIMATE CHANGE STUDY

GREAT SOUND RCP 8.5
LEGEND
——— Present Groundwater Elevation 1.49 m Above OD Projected Groundw ater Rise 1.98 m Above OD mEmi 1 TKilGiaters
——— Projected Groundwater Rise 1.68 m Above OD ~ ——— Projected Groundwater Rise 2.42m Above OD  ( 02505 1 15 2
Predicted groundwater rise for the Great Sound area for RCP 8.5
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1 Introduction

Bermuda is a British Overseas Territory in the North Atlantic Ocean, with the nearest landmass
approximately 1,035km to the west-northwest (Figure 1.1). Because of its isolation, it is vulnerable to
severe storms — including both tropical and extratropical storms — from almost any direction. With
the general consensus of climate change pointing toward more frequent and higher intensity storms,
Bermuda is a target because of its position.

As the ice caps melt and the fetch (area of ocean surface over which the wind blows in an essentially
constant direction) increases, the North Atlantic will experience larger waves. This means that, as
hurricanes become stronger, the daily wave conditions on Bermuda's shores will be influenced by
climate change. Bermuda also faces unique climate change challenges because it’s an island: with more
than 70% of the people in Small Island Developing States (SIDS) living on the coast, sea level rise
(SLR) is an almost existential threat. Ultimately, innovative planning must be implemented to balance
the need for continued development in the face of climate change. Herein lies the challenge for
Bermuda's Department of Planning and the reason for this project.

Map of Bermuda

Sonrce: Depariment of Planning

(o]
BERMUDA

CARIBBEAN
STA

Figure 1.1 Location of Bermuda
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This project encompasses the entire island of Bermuda. With a land mass of only 54km* and a
population of about 65,000 Bermuda is one of the most densely populated countries on the planet. It
also has one of the highest per capita incomes in the world, thanks to an economy based on offshore
financial services and tourism. Unfortunately, Bermuda’s financial success combined with its limited
land space has resulted in significant development pressure, especially along its 291km of shoreline.

1.1 Background and Objectives

In 2004, the Government of Bermuda (GoB) hired
Smith Warner International (SWI) to assess

Bermuda's vulnerability to coastal erosion. The Bermuda Coastal Erosion
2004 study identified specific shorelines that were Vulnerabih’ty Assessment
most vulnerabile to erosion and storm inundation Final Report

due to potential wave run-up. Around Bermuda,

two types of shorelines were observed: (i) sandy

shores/beaches, and (ii) rocky shores, which can be ey

further split into three sub-types: flat rocky, low

cliffs, and high cliffs. Government of Bermuda,
= inistry-of-the Environment -

The 2004 report showed that most significant
erosion along the Bermuda coastline is caused by
physical forces, particularly wave action. The
effects of biological erosion were also visible from
Casnarina sp. tree roots and boring marine
invertebrates.

1.2 Scope of Work

This study is intended to update the 2004 study AP P00,
considering recent projections of sea level rise and
other anticipated climate change impacts, and includes the following:

e Current predictions of global warming in the context of sea level rise, combined with expected
more severe weather events. The predictions specifically for Bermuda will contain a projection
timeline for best- and worst-case climate change scenarios over short-, medium- and long-
term time frames.

e Effects of coastal erosion and sea level rise on the mean sea level (MSL) benchmark.

o Identification of Government and critical infrastructure and facilities located at or close to the
shoreline that are at risk from erosion or inundation. Undertaking of a vulnerability assessment
for major infrastructure i.e., airport, ports, public highways, power plant, subterranean utility
cabling, waste (i.e., Tyne’s Bay incinerator, sewage management systems, etc.).

e Identification of what effect sea level rise will have on waterways, inshore ponds, marshes,
from an ecological perspective.

e Identification of saltwater inundation of agriculture areas (soil salinization), within the context
of food security and continued ability to cultivate fields.
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e Update coastal erosion and flood inundation projections for the offshore islands, bays,
beaches, and dunes, especially during storms and hurricanes.

e Identification of coastal areas prone to hydraulic erosion and / or destabilization of cliff faces
or the island’s shoreline areas.

e Mapping of projections for inundation island wide, identifying:

a) low-lying coastal areas that will be periodically or permanently inundated by seawater,
and

b) low-lying freshwater resources that could be impacted, i.e., saltwater intrusion into
freshwater lens.

e Recommendations for products / construction methods that are effective in controlling or
reducing the effects of erosion. e.g., cliffs, beach dunes, including “green” or hybrid
approaches.

e Identification of ‘no go’ areas for future development based on predicted flood zones and
areas identified as being susceptible to high erosion.

e Identification of critical infrastructure components that will be at risk over the near-, medium-
and long-term time frames.

1.3 Approach and Methodology

The project can be divided into three stages.
Stage 1: Project Inception and Baseline Studies,
Stage 2: Numerical Modeling
Stage 3: Vulnerability Assessment to Climate Change.

Stage 1, which was documented in the September 2022 Baseline Conditions Report, described the
current conditions determined through site visits, meetings with stakeholders, and an extensive
literature review. This report presents the findings of Stage 2, which involved numerical modeling to
understand how climate change will affect the baseline conditions. In Stage 3, the modeling data is
used to assess the impacts of climate change on the island's vulnerability.
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2 Climate Change Modeling

Climate change is a major concern for many regions around the world, especially for small islands.
The term climate change describes changes in weather trends occurring at a global scale. Typically,
these changes occur over decades with no immediately noticeable effects in many parts of the world.
Additionally, the effects of climate change are not all experienced in the same way in different regions.
In recent years, there have been quicker changes observed in some weather patterns, impacting
particular geographic areas. Some examples of this include rising sea levels, changes in rainfall patterns
and even the life cycle of plants changing.

The main source of global climate statistics is the Intergovernmental Panel on Climate Change (IPCC).
IPCC was created by the United Nations Environment Programme (UNEP) and the World
Meteorological Organization (WMO) in 1988. The IPCC coordinates the activities of scientists and
other researchers around the world to prepare projections of future climate changes and associated
impacts. The panel’s mandate is to prepare assessments of climate change, with the intention of
informing realistic response strategies to human-induced climate change.

The IPCC releases assessment reports periodically that describe the current state of science regarding
projections of future climate and its impacts. The first four assessment reports were released in 1990,
1995, 2001, and 2007, respectively. The fifth assessment report (AR5) was released in stages between
September 2013 and November 2014. The sixth assessment report (ARO) is the most recent and was
released in April 2022.

Quantifying the possible impacts of climate change is not easy, and climate scientists around the world
rely heavily on climate models.

This climate change assessment for Bermuda was conducted using a combination of literature review,
analysis of observed historical climate data as well as climate model outputs. The variables investigated
and the associated time periods were subject to data availability and client approval. The final analysis
included key climate variables such as temperature, rainfall, wind, as well as sea level rise for mid and
end of century timelines. The full Climate Profile and Projections for the Island of Bermuda is attached as
Appendix A.

2.1 Description of Datasets Used

The analysis characterising the historical and projected climate for the island of Bermuda was based
on four data products: (i) station data, (ii) gridded data, (iii) reanalysis data and (iv) simulated outputs.

The projections were derived from simulated outputs from three global climate models namely
GFDL-ESM2M, MPI-ESM-MR and HadGEM2-ES,; referred to as GFDL, MPI and Had respectively.
Table 2-1 summarizes the datasets used, their type, source, and resolution.
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Table 2-1 List of datasets used for historical assessment for Bermuda

Resolution
Variables Analysis Source Dataset Units
Temporal | Spatial
Air Temperature Climatology, o
Mean, Max & Min | Trends Royal ERA5 & CRU . C
> & Nethetlands & Daily 0.50°
Precipitation Meteorological mm/day
Bxtremes |yt (IKNMI)
Sea Surface Climatology NOAA
Temperature & Climate Explorer Reynolds Monthly 1.0° °C
peratu Trends P Ol
HURDAT?2 &
Hurricane NOAA IBTrACS
Copernicus
Trends Marine CMEMS
Sea Level Rise Environment 0.25°
Monitoring
Service (CMEMS)

Precipitation and air temperature data for future projections were extracted from the outputs of
RegCM, a regional climate model (RCM) from the International Centre for Theoretical Physics (ICTP).
These outputs are downscaled values of outputs from the GFDL, MPI and Had General Circulation
Models (GCMs), which were configured to run using the representative concentration pathways
(RCPs) described by the RCP 2.6 and RCP 8.5 scenatios. The downscaling was done by the Climate
Studies Group, Mona (CSGM).

Future projections for sea surface temperatures are from the Had model while information on future
hurricanes was extracted from the literature. For sea level rise, published literature and satellite
altimetry data were used for historical trends, while for projection trends, results from three climate
data sites/tools were used. Table 2-2 presents the datasets used for the climate projection assessment.

Table 2-2 List of datasets used for climate projection assessment for Bermuda

Resolution
Variables Analysis Source Dataset Units
Temporal | Spatial
Air RegCM Downscaled
Temperature Climatology, GFDL-ESM2M, MPI- C
Mean, Max & | yends & CSGM ESM-MR and Daily 0.25°
Min Extremes HadGEM2-ES
Precipitation (RCP 2.6 and RCP8.5) mm/day
Sea Surface ihmml‘)gy KNMI Climate HadGEM2-ES Monthly | 125° | eC
Temperature Trends Explorer (RCP 2.6 and RCPS8.5)
Hurricane As reported in the literature.
Trends
Sea Level Rise As reported in the literature.
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2.2 Climate Change Analysis

2.2.1 Representative Concentration Pathways and Future Horizons

Climate projections are simulated based on future expectations (scenarios) of the earth’s environment.
In this regard, future simulations of the Earth’s climate employ one of several standard scenarios used
by the IPCC. In this report, the scenarios employed are representative concentration pathways (RCPs).
RCPs are factor amalgamated greenhouse gas (GHG) emission scenarios used by the IPCC, which
categorize possible future climates of the world. Factors weighed into the scenarios include energy
use, economic activity, and land use. There are four (4) defined scenarios, namely RCP 2.6, 4.5, 6 and
8.5, each representing a future subjected to a specific radiative forcing value because of the predicted
cumulative GHG emission quantities (Figure 2.1).

(a) C0; emissions (b) CH, emissions
200 . : 1000 : -

= Historical WGIII scenarios categorized by 2100

a emissions  CO,-eq concentration (ppm), 5 to 95%

_ m>1000
100 — RCP scenarios =
= =600 — Repg5 W 720-1000
= = 580-720
S ] = gl 530-580
S =3 — RCP4.5 -
2 2400} —Reae 480530
0 : 430-480

~
=]
(=]

I Full range of the WGIII ARS
scenario database in 2100

-100 . L 0
1950 2000 2050 2100 1950

1 1
2000 2050 2100

Figure 2.1 RCP projections for CO2 and methane. The coloured lines show concentrations associated with each

of the four RCP scenarios: 8.5, 6.0, 4.5 and 2.6. The shaded areas show the range of concentration projections
identified in a survey on which the RCP projections are based. [Source: IPCC, 2014]

Future projections are also presented as Shared Socio-economic Pathways (SSPs), namely, SSP1-2.0,
SSP2-4.5, SSP3-7.0, SSP5-8.5. SSPs are a new method of assessing future scenarios which seek to
combine the knowledge of the physical sciences of climate change with the societal impacts brought
on by the vulnerability caused by climate change. SSPs incorporate adaptation and mitigation research
to create more holistic approaches to future projections by combining them with future emission and
concentration scenarios with socio-economic development pathways.
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Shared Socio-
economic Description
Pathways eserp
(S5Ps)
Sustainability ~ Low challenges to
SSP1-2.6 Taking the mitigation and
Green Road adaptation)
Middle of the ~ Medium challenges to
SSP2-4.5 mitigation and
Road .
adaptation
Inequality Low challenges to
SSP4-7.0 1 Road Divided mitigation, high .
challenges to adaptation

wn

Projections for different scenarios
55P1-1

S§5P1-2.6 (shade representing very fikely

55P3-1.0
55P5-85

2000 2050

2100

Figure 2.2 describes the RCPs and the projected horizons to be considered in this assessment. The
conditions under the RCP 4.5 and 8.5 will be used to describe the conditions in 20, 50, and 100-year

horizons.

Future
Projections

LOW GREEN HOUSE GAS EMISSION
HIGH SOCIAL. AND ECONOMIC BEHAVIOURAL CHANGE

SUREACE TEMPERATURE: 0.3 - 1.7°C

RCP 2.6

T GHG: 430-530ppm

g |

RCP 4.5

INTERMEDIATE GREENHOUSE GAS EMISSION A
INTERMEDIATE SOCIAL AND ECONOMIC BEHAVIOUR
CHANGE

SURFACE TEMPERATURE: 1.1-2.6°C
GHG: 530 - 720ppm Y,

INTERMEDIATE GREEN HOUSE GAS EMISSION
BUSINESS-AS-USUAL BEHAVIOUR
SUREACE TEMPERATURE: 1.4 - 3.1°C
GHG: 720 - 1000pm

RCP 6.0

4 ‘

HIGH GREEN HOUSE GAS EMISSION
LOW SOCIAL AND ECONOMICAL BEHAVIOUR CHANGE

SURFACE TEMPERATURE: 2.6 - 4.8°C

GHG: =1000ppm

Figure 2.2 Description of the four Representative Concentration Pathway Scenarios
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2.2.2 Global Climate Models

Future climates are simulated by global climate models (GCMs). These models are configured using
GHG emissions from a specified RCP along with other parameters. GCMs use mathematical
equations governing the conservation laws and physical processes to mimic the behaviour of
atmospheric motion and their land and ocean interactions. There are numerous GCMs available and
are run by various organizations around the world. The skill of individual GCMs varies in performance
with some better suited for specific regions of the globe.

2.2.3 Regional Models

Data output from GCMs are of a coarse resolution, usually greater than 125km. At coarser/lower
resolutions, small island states or even local country scales are generally not represented well or
identified at all. To have a more accurate representation of smaller regions the output of a GCM can
be used as boundary conditions for a regional climate model (RCM), which downscales the GCM to
a higher resolution (see Figure 2.3). The higher resolution allows for the study of the influence on
dynamics posed by highly variable physical factors; for example, topography, land use and land—sea
differences.

The RCM model used in this report is the ICTP RegCM. The RCM domain chosen was centred over
the Caribbean Sea, with the domain adopting a horizontal resolution of 0.22 degrees (approximately
25km) with 63 vertical atmosphere levels.

b

Figure 2.3 Visualization of GCM and RCM Scales
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Table 2-4 summarises the parameters considered and changes observed based on historical data as
well as climate change models. For all five parameters assessed by the climate change analysis there is
evidence that the conditions in Bermuda are changing. The variations noted are driven by global

climatic phenomenon and by climate change.

Table 2-4 Summary of climate change trends and projections for Bermuda

Parameter Historical Trend

Air temperature varies throughout the
year with the highest temperatures from
July to September and lowest in January
to March. Mean temperature has been
increasing between 0.22°C and 0.6°C
per decade.

Temperature

Hot days and nights have also been
increasing at a rate of 4% and 3% per
decade respectively.

The island’s climatology exhibits a
bimodal rainfall pattern with peaks in
January and September, with the
September peak receiving more rainfall.

Rainfall

SST are highest during August to

Sea Surface  September and coolest during

Temperature December to April. SST's are increasing
at a rate of 0.26°C per decade.
Bermuda lies in an area that has

Sea Level . .

. experienced sea level rise of more than

Rise
3.84mm/year.
Over the last 4 decades there were 21
storms passing within 50km of

. Bermuda. Between 5 and 8 storms
Hurricanes

passed per decade except for 1991 to
2000 when no storms were recorded
passing within 50km.

SMITH WARNER INTERNATIONAL LIMITED

Projection

Temperature is expected to continuously increase with
global warming. In the medium term (2040-2060) the
projected annual increase is between 0.6 and 1.7 for the
RCPs. In the long term (2070-2090) the projected annual
increase is between 0.6 and 3.2°C for the RCPs.

Hot days and nights are increasing and will account for
nearly 100% of days by end of century under RCP 8.5.

Heatwave durations are increasing and will reach near 60
days by the end of century under RCP 8.5.

The RCPs suggest no real trend toward the end of the
century. In the medium term (2040-2060) mean annual
projected change is 4 to 11% over the two RCPs examined.
In the long term (2070-2090) mean annual projected change
is 3 to 48%.

Extreme events will be characterised by significant
interannual variability. However, rainfall indices reflect no
real overall trends with projected change in consecutive dry
days (CDD) (between 0.1 and 0.2 days/decade) and
changes in consecutive wet days (CWD) (0 and 0.2
days/decade).

SSTs are projected to increase at a rate of 0.07°C (0.4.3°C)
per decade under RCP 2.6 (8.5). In the medium term (2040-
2060) monthly projected increase ranges from 0.6 to 1.7 °C
(1.0 — 2.3°C) for RCP 2.6 (8.5). In the long term (2070-
2090) monthly projected increase ranges from 0.8 to 1.7°C
(2.5 -4.0°C) for RCP 2.6 (8.5).

By 2100, mean SLR is projected to be approximately 0.47 m
for SSP1—2.6 and between 0.69 and 0.82m for SSP5-8.5.

If expert judgement including revised Antarctic ice-sheet
contributions are considered then by 2100, mean SLR for
Bermuda is projected to be approximately 1.46m for SSP5-
8.5.

The future will likely be characterized by more intense
hurricanes with high winds and greater rainfall. A likely
increase in rainfall rate of between 20% and 33% is
projected particularly near the hurricane core by the end of
the century.
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2.3 Implications for Coastal Planning

The climate change projections for Bermuda have general implications for coastal planning. However,
coastal adaptations required to accommodate for the effects of climate change are site specific,
depending on the risks for different locations. The main future climate change related risks to be
considered in planning will be:

e Temperature rises leading to increased number of heat waves, hot days and hot nights;
e Increased uncertainties related to changes in rainfall and drought patterns;

e Significant increases in sea surface temperatures, which will likely affect marine life;

e Sea level rise;

e Increases in the frequency and/or intensity of extreme meteorological events leading to more
frequent flooding occurrences; and

e Increased storm surge and wave action will also lead to coastal erosion.

Going forward this assessment focusses on the climate change effects of sea level rise and changes in
hurricane intensity and frequency.

2.3.1 Sea Level Rise

For Bermuda, there is good consensus across the two mapping tools examined about sea level rise
(SLR). Though RCPs and SSPs are not directly comparable, by 2050, mean SLR is projected to be
0.23m for RCP4.5 and 0.21m for SSP2-4.5; while by 2100, mean SLR is projected to be 0.53m for
RCP4.5 and 0.56m for SSP5-8.5. AR6 (IPCC 2022) suggests that if expert judgement on high impact
ice-sheet processes and inputs from a model incorporating marine ice cliff instability are considered,
by 2100 SLR may reach up to 1.46m for Bermuda according to SSP5-8.5. These projections are more
than estimates of global mean sea level rise by 2100, which are 0.56m for SSP2-4.5 and 0.77m SSP5-
8.5.

In Table 2-5 below, the second column shows the multi-model median, column three shows the 66%
uncertainty range, and column four shows the 90% uncertainty range. Shown in brackets are sea-level

projections including expert judgement revised Antarctic ice-sheet contributions from Bamber et al.
(2019).

Table 2-5 Local sea-level projections at St. Georges, Bermuda for RCP4.5 and RCP8.5

Year Local Sea Level Rise (cm)

RCP Median Uncertainty Ranges

66% 90%

2030 4.5 12 6-19 1-24

8.5 12 [14] 5-20 [6-22] 0-26 [1-28]
2050 4.5 23 14-34 7-43

8.5 25 [32] 14-37 [20-406) 7-47 [11-61]
2100 4.5 53 28-82 12-110

8.5 65 [102] 34-102 [61-160] 14-1306 [37-243]
SMITH WARNER INTERNATIONAL LIMITED MARCH 2024
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The values specified in Table 2-6 below will be used for informing the conditions in 20 years, 50 years
and 100 years. In the medium term (up to 2060), a rate of 5.4mm/year and 6.6mm/year will be used
for the RCP 4.5 and 8.5 respectively. For the longet-term assessments (greater than 2060) 7.7mm/year
and 10.5mm/year will be used.

Table 2-6 Sea level projections for 5 SSP scenatios, relative to a baseline of 1995-2014, in meters at St. Georges/
Esso Pier (Bermuda)

S8P1-1.9 SSP1-2.6 SSP2-4.5 S§8P3-7.0
Rate
Mean (mm/yr) 4.6 4.6 5.4 5.7
(2040-2060)
Rate used for the 20-year
borizons Range (mm/yr)  3.2-6.9 26-75 3.8-8.1 4.1-8.1
Sea Level Rise
Mean (mm) 92 92 108 114
Next 20 years
Rate
Mean (mm/yr.) 4.4 5.6 7.7 9.6
(2080-2100)
Rate nsed for the 30-and 100~V R wis tumfyr)  22-74  3.0-92  35-130  5.2-15.2
_year horizons
Sea Level Rise
Mean (mm) 220 280 385 480
50 years
100 years Mean (mm) 440 560 770 960

2.3.2 Storm Surge and Hurricane Wave Impacts
From the available body of literature examined, the following changes related to future intensity and
frequency of hurricane occurrences should be noted:

e The number of hurricanes experienced in a given season is likely to decrease or remain
unchanged in the future. Zhang, et al. (2019) for instance found an inversely proportional
historical relationship between tropical cyclone frequencies and sea surface temperature (SST).
That is, tropical cyclone activity decreased with an increase in the warmth of pools in which
they form. This is with high confidence (tests of 90-99.9% for the respective pools). Storms
in moderate pools (65th-90th percentile) decreased by 0.79 storms/decade and in the warm
pools (>90th percentile) by 1.08 storms/decade. The suggestion is that with an increase in
future temperatures there may be reduced overall hurricane frequency. These results are
echoed in other reports such as the CSGM 2017 report (2017), the IPCC 2012 Special Report
on Extremes (IPCC 2012) and Knutson et al. (2013).

e The number of higher category hurricanes are likely to increase in the future. Studies (Bhatia
et al., 2018, Bender et al.,, 2018 and Knutson et al., 2013) have shown an increasing trend in
major Atlantic hurricanes. Bhatia et al. (2018) projected a 72.9 and 135.5% increase in category
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4 and 5 hurricanes respectively by end of century under RCP 4.5. Bender et al. (2010) and
Knutson et al. (2013) presented combined category 4 and 5 percentage increases of 100% and
40% respectively.

e Rainfall rates associated with hurricanes are likely to increase in the future. Warmer
temperatures are associated with greater convection and more moisture in the atmosphere.
Knutson et al. (2013) indicated a likely increase in rainfall rate of between 20% and 33%
particularly near the hurricane core for the late twenty-first century from an ensemble of
models run under the SRES A1B scenario and RCP 4.5.

e Maximum wind speeds associated hurricanes are likely to increase in the future as temperature
increases (Trepanier 2020). For Bermuda, the rate at which wind speed changes with
temperature is between 1 to 1.5 ms-1 per °C. This implies an increase from current wind speed
by as much as 1.1ms-1, 2.3ms-1 and 3.5ms-1 in the near-, medium- and long-term future
respectively under RCP 8.5.
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3 Wave Assessment and Transformation Modeling

To accurately describe Bermuda's wave climate, an assessment of both the operational and hurricane
wave climates was performed. This procedure necessitated an examination of the offshore wave
conditions. Once the area was understood, a numerical model of the area was created and calibrated
using measured data. The wave climate of Bermuda's nearshore was assessed using the knowledge
gained from the offshore conditions and the calibrated model. This section of the report presents the
findings of this assessment. The mean wave climate and other statistically significant events are
discussed as well as how waves will be impacted by climate change.

The operational wave climate at the project site is characterized by (a) day-to-day, relatively calm
conditions; and (b) seasonal winter swells (December to May). The day-to-day conditions are primarily
generated by the north-east Trade Winds. The swells, however, are generated by north Atlantic cold
fronts and these waves approach Bermuda from the north and north-west sectors.

3.1 Summary of Offshore Conditions

For this study, the data used to assess the operational wave climate of Bermuda was procured from
the ERA 5 global reanalysis model. Figure 3.1 shows a wave rose plot (wave heights and frequency of
occurrence) at each of one of four nodes that bracket the offshore area of Bermuda. The European
Centre for Medium-Range Weather Forecasts (ECMWF) produced the ERA5 reanalysis which, once
completed, will embody a detailed record of the global atmosphere, land surface and ocean waves
from 1950 onwards. Currently, data from 1979 to 2020 is available for use. ECMWF in 2016
implemented significant resolution upgrades and introduced methodology improvements to facilitate
high-resolution forecasts (HRES). HRES is now performed using a transform grid with a nominal
grid point spacing of 9km (0.08 degrees) and is carried out with IFS (Integrated Forecast System)
model cycle CY41r2. ERA5 thus benefits from a decade of developments in model physics, core
dynamics and data assimilation. In addition to a significantly enhanced horizontal resolution, ERA5
has houtly output throughout, which is an improvement on most publicly available wave data.

The wave rose shown in Figure 3.1 was developed from nodal information developed at 64°W 33°N.
The wave rose may therefore be compared with the ERA5 nodes shown in Figure 3.1. Such a
comparison confirms the presence of frequent, but less energetic, waves from the south-east, as well
as less frequent, but more energetic waves from the west to north-west sector.
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Figure 3.1 Distribution of wave heights from the ERA5 reanalysis (1979 to 2021)

The 43 years of ERA5 wave data were categorized using a frequency analysis of wave height, period,
and direction, as well as wind speed and direction. This technique is known as “binning”. This
frequency analysis resulted in 700+ different conditions or “events” representing a combination of
wave height, peak period, and direction as well as wind speed and direction, each with a specific
duration related to the number of occurrences in the 43-year period. Table 3-1 shows a cross tabulation
of the significant wave heights, periods and directions. The table shows that:

e Waves come from all directions as shown in the wave roses.

e The most frequent offshore wave height is 0-2m (68.1%), and the most frequent wave periods
are 6-8s (56.1%).

e Longer period waves (10-14s) come from the NW to NNE. This is indicative of the north
swells originating in the North Atlantic region.
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Table 3-1 Cross-tabulation of significant wave height, period and direction

NNE NE ENE _E ESE SE  SSE S SSW_ SW  WSW W WNW _ NW_ NNW N
2-4s Hs 0-2m 0.0 00 00 0.0
Sum 0.0 00 00 0.0

4-06s Hs 0-2m 04 0.6 08 1.0 13 19 22 20 21 25 24 19 11 0.6 05 04 219
2-4m 0.0 0.0 0.0 00 00 00 01 01 02 02 01 01 0.0 0.0 0.0 0.0 0.9
Sum 0.5 0.7 08 1.0 13 20 23 21 23 27 26 20 1.1 0.6 0.5 04 228
6-8s Hs 0-2m 3.2 3.6 40 41 39 36 17 10 09 11 106 21 22 23 28 3.0 411
2-4m 1.0 1.0 08 05 03 03 03 04 06 10 15 1.7 1.0 1.5 13 1.1 148
4-6m 0.0 0.0 0.0 00 00 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.2
Sum 4.2 46 48 45 42 39 20 14 15 21 31 39 38 39 41 41 561
8-10s  Hs 0-2m 0.8 08 09 04 03 02 01 00 00 00 0.0 0.0 0.1 02 05 0.6 5.1
2-4m 12 08 05 01 01 01 00 00 00 01 01 05 12 20 27 20 114
4-6m 0.1 0.0 0.0 00 00 00 00 00 00 00 01 03 0.6 05 04 01 22
6-8m 0.0 0.0 0.0 00 00 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.1

8- 0.0 0.0 0.0 00 00 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10m
Sum 2.1 1.7 14 06 03 03 01 01 01 0.1 03 09 1.8 2.7 3.6 2.8 18.8
10 - Hs 0-2m 0.0 0.0 0.0 00 00 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.1
12s
2-4m 0.2 02 01 00 00 00 00 00 00 00 0.0 0.0 0.0 0.1 02 02 1.1
4-6m 0.1 0.0 0.0 00 00 00 00 00 00 00 0.0 0.0 0.1 02 03 0.1 0.8
6-8m 0.0 0.0 0.0 00 00 00 00 00 00 00 0.0 0.0 0.1 0.1 01 00 04
8- 0.0 0.0 0.0 00 00 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10m
Sum 0.3 02 0.1 00 00 00 00 00 00 00 0.0 0.1 0.2 05 05 04 24
12 - Hs 0-2m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14s
2-4m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4-6m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6-8m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
8- 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10m
Sum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14 - Hs 4-6m 0.0 0.0 0.0
16s
6-8m 0.0 0.0 0.0
Sum 0.0 0.0 0.0

Total Hs 0-2m 45 50 58 55 54 58 40 30 31 36 40 40 34 31 37 4.1  68.1
2-4m 25 20 14 06 04 04 04 05 08 12 18 23 28 3.6 42 33 281
4-6m 0.1 0.1 0.0 00 00 00 00 00 00 01 01 04 0.7 08 0.7 03 33
6-8m 0.0 0.0 0.0 00 00 00 00 00 00 00 0.0 0.0 0.1 02 0.1 0.0 04
8- 0.0 0.0 0.0 00 00 00 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0 0.0

Sum 7.1 71 7.2 61 58 62 44 36 39 49 59 68 7.0 7.7 8.6 7.7 100.0

3.2 Summary of Measured Data

Currents were measured under this project using two Teledyne/RDI Acoustic Doppler Current
Profilers (ADCP’s). Instruments were deployed in varying water depths to get an overall
understanding of the wave-induced currents. A description of each deployment and the instruments
used is presented below.

An ADCP operates using acoustic signals and determines the current speed and direction by detecting
the Doppler shift of reflected acoustic signals, which bounce off tiny particles moving within the water.
Using multiple acoustic “pings”, it is possible to divide the water column into distinct layers and
simultaneously determine the speed and direction of the water movement within each layer.

In the first deployment, an ADCP was placed west of the island and another placed east of the island,
at depths of 14m and 16m respectively. For the second deployment, the “West” recorder was kept in
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its original location, while the “East” recorder was moved to the South, in a water depth of 16.1m
(Figure 3.2).

Wave and Current Recorders Deployed
RDI Teledyne Instruments (ADCP)

Instrument Location Longitude (deg) Latitude (deg) Water Depth (m)

West: March 1o July  -64.98996 32.28966 157
East: March 1o June ~ -64.71137 3237287 16.6
South: June to Juby 64.81183 32.25053 16.2 @ East: March to June

A

‘ West: March to July

O South: June to July

0 5 10 15 20 km

Figure 3.2 Instrument deployment locations

3.2.1 Results of Deployment

Tides and Temperatures
All locations recorded tidal ranges of -0.4m to 0.6m for spring tides and -0.2m to 0.23m for neap tides
(Figure 3.3 and Figure 3.4). This is typical for the area and corresponds with data from literature for
the area. All locations show a steady increase of the mean sea temperature, with a range of 19.5°C -
25C. Recordings from the East and South (closer to land) show slightly higher temperatures with an
average difference of approximately 0.7°C -1°C.

Figure 3.5 shows temperature data for March 2023 to the end of July 2023 from the Bermuda Weather
Service. It confirms the sudden increase in sea surface temperature exhibited in Figure 3.3 and Figure
3.4, with both the sea surface temperature and mean air temperature increasing.
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Figure 3.3 Tidal variations and sea temperatures for the East and the West locations
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Figure 3.4 Tidal variations and sea temperatures for the South location
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Figure 3.5 Daily sea surface and mean air temperature for Bermuda (Source: Bermuda Weather Service)
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Currents
The current measurements indicate that:

e At the East location, currents were primarily shore-parallel along an ENE — WSW axis, with
speeds up to 0.2m/s (Figure 3.6 and Figure 3.7). The currents are influenced by tides and show
a reversal in direction, with the WSW directed currents somewhat slower (less than 0.15m/s).

o At the South location there is 2 dominant drift towards the north-east and south-west, with
stronger drift towards the north-east (0.18-0.2m/s).

e At the West location there was a broader range of current directions from south to north. The
currents have speeds ranging from 0.2 to 0.3m/s. The cutrent directions are also influenced
by the tides and reverse when the tides change. The current speed from the north is less than
0.2m/s.

EAST: Bin 2

EAST: Bin 1

Current Speeds (m/s)

<
\
&=
%

0.175 < v < 0.2

0.15 < v < 0175

0.125 < v < 0.15
EAST: Bin 4 EAST: Bin 5 EAST: Depth Average 0.1 <v <0125

0.075 <v<0.1

0.05 < v < 0.075

0.025 < v < 0.05

v < 0.025

HEET §EEn

<
IA

Figure 3.6 Measured current speeds and directions for East location; shown both in varying depth for each bin
(bins are 2m deep with Bin 1 just above the sensor) and the depth-averaged throughout the water column
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SOUTH: Bin 1 (June - August 2022) SOUTH: Bin 2 (June - August 2022) SOUTH: Bin 3 (June - August 2022)
N

SOUTH: Bin 4 (June - August 2022) SOUTH: Bin 5 (June - August 2022) SOUTH: Depth Average (June - August 2022)
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Figure 3.7 Measured current speeds and directions for South and West locations; shown both in varying depth
for each bin (bins are 2m deep with Bin 1 just above the sensor) and the depth-averaged throughout the water
column
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Figure 3.8 shows the three-dimensional distribution of the measured currents within each (vertical)
bin and through the water column through U (East-West) and V (North-South) components of
velocities. The plots show that for the Fast instrument there is a narrow band of UV point cluster,
which means that most of the currents are flowing in one direction from the NE to the SW.

The red colour in the figure indicates stronger currents coming from the north-east. This would have
implications for the flow of sediments or other suspended particles.

The results at the West instrument show a wider shape of the point cluster, which indicates the flow
of the current is more multidirectional. This may be due to the influence of the stronger waves that
affect this area and which are also multidirectional. Having said that, all figures (West, South and East)
have similar shapes for all the bins. This indicates that there is little variation in the currents as one
descends through the water column. Ultimately, in terms of numerical modeling requirements, there
will be no need to model the hydrodynamics in 3D because the measured data confirms there are no
major differences in current patterns with depth throughout the water columns.

SMITH WARNER INTERNATIONAL LIMITED MARCH 2024




BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY

MODELING REPORT

3B | 22

PAC

WEST: Scatter Plot

EAST: Scatter Plot

SOUTH : Scatter Plot (June - August 2022)
/

I
b
g
2z
g
2
2
=]
Laa: % v .
2 : .
E . 3
- T v :
o O v (
Tae b
3
% ; = 5 5 5
z z \z z z z 0\ -
) 9 @ a ) a / N
\ = &
\
c}
2
\ >
/ A\
¥ o 2 E. ¥ < < o

(w) pdo o m

U Velocity (m/s)

-0.3

-0.3

V Velocity (m/s)

© ~ o wn <

U Velocity (m/s)

-0.2

03

-0.3

~
»
S~
g
. 2
\ \ \ \ \ 1
e A e N e e e M 2
Z \ Z \ Z \ Z \ Z \ c
= . = = = = . ~ i

M \ M \ @ \ m \ @ \ !

=
>

= o o <+ N <

12

(w) pdaq sare )

Figure 3.8 U and V Velocities through the Bins for the east (left), the west (middle) and south (right)

DECEMBER 2022

SMITH WARNER INTERNATIONAL LIMITED



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY
MODELING REPORT PAGE |23

Waves
Wave measurements are plotted in Figure 3.9 to Figure 3.11 and indicate that:

e The West instrument shows higher waves, with values up to 2.4m and a mean of approximately
1.2m.

e Atthe East, the maximum recorded wave height was 1.5m with a mean of approximately 0.7m.

e At the South, the dominant wave direction is from the southeast. The maximum wave height
from the south was greater than 2.5m, during the passage of Hurricane Alex in August 2022.
The mean wave height for southerly waves was 1.4m.

e During the period of measurement, the dominant wave direction was from the west for both
East and West instruments, however for the East instrument, there was also a notable
occurrence of waves from the north-east.

It should be noted that the wide spectrum of wave conditions as a result of the influence of the
open ocean presented challenges for the calibration of numerical models.
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EAST: Wave Heights WEST: Wave Heights

N H, (m)
- 2

<) <2
¢ <H <18
[ t4<Hm<16
12 <Hm) <14

_ [t sHm<12

SOUTH: Wave Heights (June - August 2022)

08 <Hgm) <1
I 06 <Hm) <08
0+ <H @ <06
O <H. @ <04

O < H.) <02

Figure 3.9 Wave roses for recorded wave data
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3.3 Model Set-Up

Baseline coastal zone modeling is required to gain an understanding of the coastal processes acting
along the Bermuda shoreline. Waves, currents and sediments all interact to affect shoreline
morphology, manifested as erosion or accretion.

Coastal hazards include flooding from storm surge due to hurricanes, and shoreline erosion from daily
and swell waves. To understand the daily wave climate and storm surge potential of the area, detailed
numerical modeling was carried out.

3.3.1 Flexible Mesh Development

The model's fundamental starting point is the construction of a computational mesh from which
spatial variances can be calculated at each simulation time step. MIKE 21 computes the waves and
hydrodynamics using a flexible computational mesh. The flexible mesh is ideal for storm surge
computations because it allows for the modeling of large complex areas that may require detailed
resolutions of smaller features at the same time. The mesh, which is primarily governed by water depth,
describes the spatial relationship between all the computation points. A detailed description of MIKE
21 1s included as Appendix B.

Topography and Bathymetry
The 2019 LiDAR survey provided both bathymetric and topographic data for the model (Figure 3.12).
Grid spacing was approximately 12m and the data therefore required several filtering routines to
output useable information. The data used in the modeling had a grid spacing of about 3m. The
LiDAR data covers from 77m inland down to -46m offshore. The offshore reef platforms are clearly
defined and play an important role in dampening the waves.
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Combination of LIDAR Survey Data from 2019
Bathymetry and Topography
Vertical Datum: MSL

Elevation (m MSL)
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Figure 3.12 2019 LiDAR Data

Figure 3.13 shows the model mesh, with smaller mesh elements in the areas of greater concern —
namely shorelines prone to ecither flooding or erosion. Additionally, smaller elements were used
around the areas of significant contour change to adequately resolve wave movements and accurately
represent the bathymetry with higher resolution in this area.

Calculations are made at each point in the mesh by solving various mathematical equations.
Hydrodynamics are normally governed by two fundamental laws: Conservation of Mass and
Conservation of Momentum. Wave effects are computed in a similar way using the Conservation of
Wave Action. Wave action is equal to wave energy divided by its angular frequency. The main source
of wave energy is from the wind, and wave energy sinks include dissipation through wave breaking,
white-capping, and bottom friction. How the wave energy moves is highly dependent on the direction
of travel and the water depth contours it encounters on its path to the shoreline or out of the model
domain. These various fundament laws of conservation (mass, momentum, and wave action) can be
written as differential equations, which must then be solved using complex numerical methods over
the entire computation mesh.
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Figure 3.13 Flexible mesh for use in impact modeling
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3.3.2 Boundary Conditions

The input boundary values were derived from long-term global or regional databases. Specifically, the
offshore wave parameters were derived from the ER5 global wave model and the water level variations
were derived from the Denmark Technical University (DTU) global tide model. MIKE 21 uses these
input boundary values, which are valid for large areas, and determines the resulting conditions at a
specific site.

3.4 Model Calibration

Numerical models were used to develop a working representation of the wave and current
environment around Bermuda. An important step in establishing baseline conditions is to validate the
numerical model such that the model results match the observed measurements. In general, this
validation gives confidence to the comparative results that will subsequently be used to quantify the
coastal process at any given location.

The MIKE suite of computer models, created by the Danish Hydraulic Institute (MIKE by DHI,
2016) was used for the analysis. MIKE 21 is a professional engineering software package for the
simulation of flows, waves, sediments and ecology in rivers, lakes, estuaries, bays, coastal areas and
seas. The spectral wave (SW) module computes the transformation of wind waves as they grow,
propagate, and break in the nearshore zone. The hydrodynamic (HD) module computes the currents
and water level patterns. Linked together (HD+SW) the modules can be used for storm surge
calculations.

The main inputs to the model are:

e The computational grid, which is required to represent the nearshore features at the site under
investigation, described above and

e The input boundary values derived from long-term global or regional databases as described
above. MIKE 21 uses these input boundary values, which are valid for large areas, and
determines the resulting conditions at the specific site.

For the model calibration, the wave and hydrodynamic model were forced with the time series of
the ERA 5 deep water wave conditions (significant wave height, peak period, wave direction, wind
speed, wind direction) coinciding with the time of instrument measurements (April to May 2022)
as well as water level variations from the DTU tide model.

Table 3-2 Summary of instrument data available for calibration

Location WGS84 UTM - Deployment Period
Instrument Name 20N
X Y Start Date End Date
I1 ADCP West Bermuda -64.988427 32.2895553 1-April-22 1-May-22
12 ADCP East Bermuda -64.711317 32.3726829 1-April-22 1-May-22
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3.41 Model Parameters

The calibration consisted of adjusting various model parameters to minimize the error between the
instrument-measured and the model-predicted values until they match with a sufficient degree of
accuracy based on acceptable model performance guidelines. The comparison was done for the
following parameters:

e Waves — significant wave height, peak wave period, wave direction;

e Currents — speeds, direction, U Velocities, V-Velocities; and
e Tides.

A series of model simulations was carried out to test different model parameters such as directionally
decoupled and fully spectral formulation as well as wave dissipation parameters including wave
breaking, bottom friction and white capping. The selected model parameters are summarized in Table
3-3 and Table 3-4.

Table 3-3 Spectral wave model parameters

Model Parameters Selected Values

Wave Equations Directionally decoupled, quasi-stationary

Spectral Discretization 36 sectors (10° discretization)

Wave Breaking o =1.0, y1=0.8 (depth induced), y2 =1 (steepness-induced)
Bottom friction KN = 0.04m

Wind Wave Growth Equation SPM84

Table 3-4 Hydrodynamic model parameters

Model Parameters Selected Values

Hydrodynamic Equations In stationary

Wave Radiation From spectral wave model

Bed resistance Varying for various seabed types

Water Level Variations East and West boundaries varying in time and along line

3.4.2 Operational Wave Model Validation

The wave model validation has two purposes: (i) to assess the adequacy of the MIKE Spectral Wave
model as a reliable tool to accurately compute the nearshore wave processes, and (i) to evaluate the
reliability of the long-term wave database, which in turn is used to validate the long-term
hydrodynamics (wave-induced currents) at the coastline. The methods are described below.

The model was forced using the time series of ERA5 deep water wave conditions along the numerical
model grid boundary. Of note, optimized calibration was achieved with a reduction of the ERA5 input
by a factor of 0.6 and inclusion of offshore winds.
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The validation methodology includes the following steps:

(i) Extract the time series of the resulting significant wave heights, peak wave periods and mean

wave directions at the physical location of each of the four instruments and coinciding with
the same time period of the measurements.

(i) Compare the model results to the measured wave data.

(iii) Calculate the error between the measured and modeling values.

(iv) Calculate the various parameters listed below to assess whether the model falls within

acceptable range of numerical model performance/ standards.

(v) If not, develop a correlation factor between the model results and instrument measurements

and apply where necessary to the long-term offshore wave climate.

The effectiveness of the model was assessed by computing statistical error parameters such as:

Mean Error (ME) (Measure of general offset between measurements and simulations).

Mean Absolute Error (MAE) (overall measure of comparison similar to RMSE but puts less
emphasis on the largest errors as compared to RMSE where errors are squared).

Root Mean Square Error (RMSE) (gives a relatively high weightage to large errors).

Coefficient of Determination (R?) (statistical measure of how close the data are to the fitted
regression line).

Coefficient of Efficiency (used to assess the predictive power of hydrological models).

Index of Agreement (used to assess dispersion between model predictions and field recordings.
Values closer to 1 indicate a stronger agreement between the two data sets).

The time series comparisons of significant wave heights for the West instrument are presented in
Figure 3.14, which shows acceptable comparison between the model-predicted wave heights (red) and
instrument-measured values (blue) at the West instrument location.

The statistics indicate that the average of the measured waves at Instrument West is 0.87m and the
average modeling wave height is 0.75m, which is a difference of only 0.11m (Mean Error).

The Coefticient of Determination for the wave model is 0.79, which indicates that the model explains
about 79% of all the variability of the response data around its mean.

The Index of Agreement is 0.88. Generally, values meaningfully larger than 0.5 are considered to
represent good model performance (Willmott et al., 1985)

All indices used for the model validations are considered acceptable for model performance. This
statistical method validated the model.
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Figure 3.14 AWAC instrument measured wave heights vs modeling predicted wave heights comparison at
Instrument West

Figure 3.15 presents a summary graphic of the calibration exercise.
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Figure 3.15 Summary of calibration

3.4.3 Operational Hydrodynamic Model Validation

Similar to the nearshore wave processes, it is vital that a detailed model of the operational
hydrodynamic climate is established to understand how tidal or wave-induced currents will affect the
coastal environment.

As described above, DTU global tide model was used as water level inputs to the model boundaries.
The model has been validated at locations in the Caribbean and is generally accepted as sufficiently
accurate for investigations of this scope. The validation method is described herein:

e The water level forcing from the DTU model results are extracted at the boundary locations
of the hydrodynamic models. Other forcing to the model included wind and wave radiation
stress from the ERA5 global wave model, seabed roughness and eddy viscosity.

e The hydrodynamic model computes nearshore currents forced by water level variations from
the DTU model. The operational hydrodynamics are then developed and transformed to the
nearshore using the hydrodynamic module to produce real-time hydrodynamic variances in
current velocities, and surface elevation (HD) coinciding with the time of the measurement

period.
e Waves and currents are determined at each simulation time step over the computational mesh.

e The validation compares the various measurements and model-predicted values.
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e The error between instrument-measured and model-predicted are calculated and various
model parameters are adjusted to minimize model versus measured errors according to the
Foundation of Water Research Guidelines for assessing hydrodynamic model performance.

The Foundation for Water Research published A Framework for Marine and Estuarine Model Specifications
in the UK in 1993, which is one of the only documents providing standards for assessing hydrodynamic
model performance. These guidelines suggest accuracy levels as follows:

e Water levels to within +15% during spring tidal ranges and +20% during neap tidal ranges;
e Current speeds to within +200mm/s or £10-20% of the obsetved speed; and

e Current directions to within £20 degrees.

To quantify the capabilities of the numerical model, the modeling water levels and u and v velocities
were compared to the measured water levels and measured u and v velocities. The comparison was
evaluated using the root mean square error (RMSE) and the normalized root mean squared error
(NRMSE) for the water level.

Table 3-5 indicates the RMSE and NRMSE computed between model-predicted and instrument-
measured at the two instrument locations. Overall results indicate that the predicted tides match the
measured levels relatively well in terms of both height and phase, with the calculated error levels well
within £20% range indicated in the Guidelines from the Foundation for Water Research.

Table 3-5 Calculated errors between model predicted and instrument measured tide heights

Tide Height Comparison
Location
LIS Guidelines Score DL 8 Guidelines Score
(mm) %)
11 West 541 Pass 4.67% Pass
+150-200mm +15-20%
12 East 67.8 Pass 5.62% Pass

The results of the RMSE and the NRMSE computed between model predicted (depth averaged) and
instrument-measured easting and northing velocities are listed in Table 3-6. Results indicate that the
calculated errors are within range of model calibration guidance (within +0.2m/s or £10-20%). A
typical scatter and progressive vector plot of the measured versus modeling is presented in Figure 3.16
for instrument West and indicates the model reproduces the recorded data in both intensity and
direction.
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Figure 3.16 ADCP West D1 measured scatter vs modeling scatter u (east-west) and v (north-south)
components of the velocities and corresponding progressive vector plot
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Table 3-6 Calculated errors from northing and easting velocities between model-predicted and instrument
measured at the four locations

Easting and Northing Comparison (AWAC West)

I1 (West) AWAC
RMSE Guidelines  Score NRMSE Guidelines Score
0
(m/s) (%)
Easting (U Vel) 0.07 Pass 38 Fail
——— 10.2m/s +10-20%
Northing (V Vel) 0.12 Pass 36 Fail
Easting and Northing Comparison (AWAC East)
12 (East) AWAC
RMSE Guidelines Score NRMSE Guidelines Score
(m/s) %)
Easting (U Vel) 0.08 Pass 41 Fail
—— 10.2m/s +10-20%
Northing (V Vel) 0.04 Pass 24 Pass

Based on the guidelines presented above, the hydrodynamic model was found to meet the minimum
standards for model performance. Overall, the validation results were considered satisfactory, and the
model considered capable of calculating hydrodynamic parameters with an acceptable level of accuracy.

A detailed description of the model set-up and calibration process is attached as Appendix C and all
of the measured data is presented in Appendix D.

3.4.4 Wind Model for Extreme Wave Calculation

Calibration of models for extreme waves, especially those occurring during hurricanes, poses a
significant challenge due to the rarity and intensity of such events. The intricate interactions among
wind, waves, and coastal structures further complicate the task. Traditional methods rely on historical
data, which may not fully capture the spectrum of extreme events because of their infrequency.
Moreover, the dynamic nature of hurricanes introduces complexities like rapidly changing wind speeds
and directions, storm surges, and wave-breaking patterns. Achieving accurate calibration necessitates
sophisticated numerical simulations and high-resolution data assimilation techniques, while inherent
uncertainties in predicting extreme events call for a cautious approach emphasizing robustness and
resilience in coastal infrastructure design and planning.

Regarding wind models, the SPH73 and SPH84 models are numerical tools commonly used for
simulating wind fields, particularly in tropical cyclone contexts. While they share similarities, they have
distinct differences in their underlying assumptions. The SPH73 model is based on the Rankine vortex
theory, assuming a symmetric wind field, whereas the SPH84 model incorporates additional physics
to account for the asymmetric nature of tropical cyclones and environmental factors like ocean surface
temperature and terrain. Consequently, SPH84 is preferred for more detailed and accurate simulations,
especially in research and engineering applications.

In Bermuda, where the wave models are coupled with wind speeds, careful consideration is given to
modeling conditions accurately. Despite SPH84's additional physics, SPH73 has shown to be more
effective in certain sound areas within Bermuda, particularly Harrington Sound and Castle Harbour,
which are fetch-limited. The figures below illustrate that wave heights in these sounds can increase by
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up to 100-150% over SPH84, with Harrington Sound experiencing wave heights 200% higher under
SPH73. These findings indicate stronger wave conditions than those predicted by the SPH84 model.
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Figure 3.17 Significant Wave Heights in RCP 4.5 20yr Horizon 1 in 150yr Event — SPH84 Wind Model
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Figure 3.18 Significant Wave Heights in RCP 4.5 20yr Horizon1 in 150yr Event — SPH73 Wind Model
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Figure 3.19 Percent Change in Significant Wave Heights for RCP 4.5 20yr Horizon 1 in 150yr Event — [(SPH73
— SPHS84) * 100 / SPH84]
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While no measurements exist for the wave conditions in these Sounds, anecdotal advice and video
recording show substantial wave conditions during Hurricane Flora’s passing in Harrington Sound,
which is more in line with the SPH73 model results. As such the SPH73 model is adopted for hurricane
wave model predictions.

Figure 3.20 Wave conditions in Harrington Sound during Hurricane Flora when it was approximately 100 nm
NW of Bermuda on September 23, 2022. Waves are seen to overtop the concrete dock, with wave height
estimates of approximately 0.6m (2 ft). Image credit: Nick Strong/Mandy Shailer.

3.5 Day-to-Day Conditions

From an examination of the offshore wave database a seasonal variation in the wave conditions was
found. Itis clear that in general, there is relative calm during the summer months when wave heights
in deep water are typically less than 2.0m. By contrast, during the remainder of the year, and particularly
in the winter months, wave heights offshore are between 6-8m.

Based on this information, two seasons were derived that appear to characterize the seasonality in
wave conditions. The period May-September appears to be dominated by smaller waves from the
east-southeast, whereas larger waves from the north-west are more predominant during the winter
months (October to April).
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3.5.1 Mean Conditions and Statistically Significant Events
The operational wave climate at the project site was assessed using the 43 years of data as described
previously. To describe the operational wave climate, two conditions are considered:

1. Mean Significant Wave Height Condition: The mean wave condition is the weighted average of the
700+ conditions based on the percentage of time they occur in the record. This condition is
an indication of the mean annual wave climate and gives a good estimate of the day-to-day
wave conditions that affect the shoreline.

2. 99" Percentile Significant Wave Height Condition: The 99™ percentile wave condition represents the
wave condition exceeded only 1% (approximately 4 days per year) of the time within the wave
records. This condition is typical for winter storms that affect the north Atlantic Ocean.

The results (Figure 3.21) show that, on average, the mean significant wave heights along the south
shore are 0.5-0.75m, and the north shore are 0.3-0.5m. The southern shoreline is more exposed due
to limited protection from reef formations. The north shore sees more protection from the rim reef
and other reef formations. On average, a mean wave height of 1.25m impacts Bermuda’ northern
inner reef. As the rim reef and the lagoonal reef structures reduce the wave conditions, waves reaching
the shoreline average 0.5m. Within Harrison Sound, the wave conditions are further reduced due to
the sheltering provided by the island itself, such that wave heights do not exceed 0.3m on average.

The 99" percentile conditions show wave heights greater than 1.5m along the length of the south
shore. On the north shore, the waves are reduced to a similar height as under the mean conditions.
Along the north shore outside of the Sound, wave heights under the 99 percentile conditions are less
than 0.5m. The remarkable reduction in wave heights is an indication of the importance of the
reef structure offshore.
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Figure 3.21 (a) Mean and (b) 99t percentile significant wave heights (present day conditions)

Wave roses extracted from the modeling results along the shoreline confirm the gage data, with two
distinct seasonal wave climates: (i) relative calm during the summer months when wave heights in
deep water are typically less than 2.0m and (ii) during the remainder of the year and particularly in the
winter months, wave heights offshore are 6-8m.
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Wave conditions in May-September are typically smaller from an east-south-east direction, whereas
larger waves from the north-west appear to dominate during the remaining time (October to April).

Figure 3.22 shows wave roses along Bermuda’s shoreline for mean annual wave conditions. The south
shore (P3-5) shows two dominant wave directions, namely from the south-east and south-west. The
easternmost and westernmost nodes (P6 and P2) at the ends of the island show a wider spectrum of
wave directions. The northern points (P1, P7-P9) which are more protected by the reefs, show a more
unidirectional wave climate and lower wave energy.

Mean Annual
Significant Wave
Heights

Wave climate from 1979-2021

Significant Wave
Heights,
H (m)
e <=0.1 m>05-06 WE>09-1
m>0.2-03 W>0.6-07 WE>1-15
m>03-04 >0.7-0.8 WE>15
"m>0.4-0.5 >0.8-0.9

Figure 3.22 Wave roses

Northeast Bermuda
The LF Wade International Airport, the solar farm, and St George’s are located in the northeast part
of the island. The modeling of mean wave conditions (Figure 3.23) shows wave heights along this
shoreline to the north and south are both between 0.5 and 0.75m. A distinct difference in wave heights
is shown for the 99th percentile wave conditions, where the south side of the island is more vulnerable
to high-energy waves. The wave energy is seen to propagate through gaps between the smaller islands,
causing some disturbance within Castle Harbour.
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Figure 3.23 North-eastern Bermuda - Mean (top) and 99 percentile (bottom) significant wave heights
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Central Bermuda

Within the central part of
Bermuda, wave heights are
less than 0.4m in exposed
locations to the north, and
further reduced on entry
into Great Sound. The
average wave height within
the Great Sound is only
0.3m, which makes this
waterbody ~ great  for
marine  craft  docking.
Even in the most extreme
conditions, the eastern
side of Great Sound
experiences little increase
in wave energy. Waves
from the northeast
occasionally —affect the
western areas of Little
Sound. Wave heights can
be more than 0.4m under
these conditions (Figure
3.24).
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Figure 3.24 Central Bermuda — (a) Mean and (b) 99 percentile significant
wave heights
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Southwestern Bermuda

The southwest part of Bermuda is characterized by various sandy beaches fronting residential homes.
The notable marine infrastructure is located within the Dockyards. The average wave height is less
than 0.3m, but wave heights sometimes surpass 0.4m in exposed areas (Figure 3.25). More robust
wave conditions and rising sea levels may contribute to higher wave energy within Great Sound in the
future.

Figure 3.25 Southwestern Bermuda— (a) Mean and (b) 99t percentile significant wave heights
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3.5.2 Trends in Significant Wave Heights

Historical Trends in Wave Heights and Storminess

To assess the historical effects of climate change on waves impacting the site, SWI considered the
wave heights and periods over the long term ERA5 model records from 1979 to 2021. In general,
several research have pointed to an increase in global wave heights due to climate change. From this
assessment, the rate of the change of yearly mean, minimum and maximum wave conditions were
calculated by linear regression over time. The 43 years of data from the long-term wave reanalysis at
four points offshore Bermuda shows decreasing mean wave heights between 1977 and 2021 (Figure
3.26). Lemos et al., 2021 confirms this reduction in wave heights in the North Atlantic Ocean. In fact,
the paper presents that historically, the wave heights in the North Atlantic Ocean have declined by
between 3-11%, which is likely due a corresponding decrease in wind speeds. This dip in wave activity
could now be a function of the North Atlantic Oscillation, discussed below.
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Figure 3.26 Time series showing the change in wave heights offshore Bermuda at four points

The subsequent analysis of historical data aimed to assess changes in storminess over time. Storminess,
within this analysis, refers to periods characterized by elevated wave activity, specifically when wave
heights surpass the average significant wave heights by a significant margin, typically exceeding two
standard deviations. These prolonged periods of intense wave activity are identified through an
assessment of wave data, focusing on instances where wave heights remain elevated for durations
exceeding six hours. This definition facilitates the identification and analysis of intense wave events,
offering insights into the variability and trends in storm events over time.
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Upon extraction and analysis of ERAS5 data, a declining trendline was observed, accompanied by an
oscillating pattern in wave heights recurring approximately every five years. Notably, the results
highlighted two years of heightened wave energy (1980/1981 and 2010), during which 8 — 11% of the
year exhibited stormy conditions (Figure 3.27). However, in terms of assessing trends, no clear pattern
emerged from the data. Overall, this assessment suggests a decrease in storminess over time. In further
exploration of any potential oscillation trend, a LOESS? fit was produced for a 5-year moving average,
which did not reveal notable periodicity comparable to the North Atlantic oscillation discussed below.
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Figure 3.27 Percentage of "Storminess'" between 1979 and 2021 based on the extracted ERA5 wave heights

Multi-year and decadal trends in Wave Energy Regional Weather Phenomenon
North Atlantic Oscillation (NAO)

The North Atlantic Oscillation (NAO) is a weather phenomenon over the North Atlantic Ocean with
fluctuations in the difference of atmospheric pressure at sea level (SLP) between the Icelandic Low
and the Azores High. Through fluctuations in the strength of these adjacent High- and Low-pressure

systems, it controls the strength and direction of westerly winds and location of storm tracks across
the North Atlantic (Hurrel, 2003).

A 60-year hindcast analysis of the influence of decadal climate variability on long-term trends of North
Atlantic wave power (PW), spanning the period 1948-2008, showed PW variations over much of the
eastern North Atlantic are strongly influenced by the fluctuating North Atlantic Oscillation (NAO)
atmospheric circulation pattern, consistent with previous studies of significant wave height (Bromirski
& Cayan, 2015). Increases in wave intensity in the northeast Atlantic were found when both NAO
(and an associated Atlantic Oscillation (AO)) were positive. Averaged over the North Atlantic (north
of 158N), mean winter wave power, compared with mean pre-1975 levels, increased by about 15%
during the NAO positive phase from about 1985-1995, with peak winter wave levels about 30%

2 Locally estimated scatterplot smoothing
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greater. A positive NAO index also affects sea level rise as regional reduction in atmospheric pressure
results in a sea level rise contribution due to the 'inverse barometer effect'.
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Figure 3.28 Historical annual North Atlantic Oscillation (NAO) index displayed from 1865 to 2020 as computed
by Hurrell et al. (2003) and presented in Pereira et al (2020); highlighted is the most negative (2010 in blue) and
most positive (2015 in red) phases of NAO index reported in recent decades.

Atlantic Multidecadal Oscillation (AMO)

The Atlantic Multidecadal Oscillation (AMO) also occurs (and affects) North Atlantic waters. The
AMO alternates between phases of warm and cool ocean waters in the northern Atlantic, with positive
phases having warmer than average sea surface temperatures in the North Atlantic.

AMO has a periodicity of approximately 40-60 years; there are 20-30 years in between an “elevated”
and a “depressed” AMO, with the last positive AMO phase commencing around 2000.

AMO Index (Smooth)
Timeline 1861-2015

04
02

42

04

Temperature Anomaly (°C)

Figure 3.29 Atlantic Multidecadal Oscillation Index 1861-2015 (SVS, 2021)

The AMO appears to affect tropical storm events. Although the limited length of the Atlantic sea
surface temperature record prevents scientists from making more definitive statements about the
precise nature of the Atlantic Multidecadal Oscillation (AMO), the visual comparison shows a
correlation between the various phases of the AMO and average number of tropical storm events, in
that the positive phase produces more tropical storms than the negative phase.

SMITH WARNER INTERNATIONAL LIMITED MARCH 2024




BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY
MODELING REPORT PAGE |49

positive (warm) phase of AMO
negative (cool) phase of AMO

=== Five-year average annual

tropical cyclone count

Five-year average
annual tropical cyclone count

1880 1900 1920 1940 1960 1980 2000

Atlantic Multi-decadal Oscillation Index (°C)

Year

Figure 3.30 The Atlantic Multidecadal Oscillation Index and five-year average counts of tropical cyclones
(Graph by LuAnn Dahlman based on data from NOAA and (Landsea, Vecchi, Bengtsson, & Knutson, 2010).

3.5.3 Changes to Significant Wave Heights due to Climate Change

Based on the analyses above, there is no clear increase in wave heights due to changes in the wave
energy within the North Atlantic Ocean. Despite multi-year trends in AMO and NOA, the ERA5
database did not show any historical trend of increase that warranted an assessment on how the wave
energy in the nearshore of Bermuda will be affected.

This does not change the fact the sea level rise will affect the wave climate in the nearshore regions.
SLR will increase the nearshore wave heights by reducing the effectiveness of any bottom features like
reefs. As the sea level increases, the water depth increases. Offshore, in deeper waters, the effects of
this increase in water depth are not important. However, as you get close to shore, waves begin to feel
the friction from the bottom, which causes them to lose energy, slow down, and break. SLR effectively
causes the conditions that promote wave breaking to move closer to the shoreline and therefore
increase the height of waves that can exist in these areas. Additionally, the more submerged a reef, the
less effective it is in wave breaking. SLR will cause more wave energy to be transmitted over the reefs
and onto the shoreline.

To quantify this impact in the nearshore, waves were re-modeling to account for the expected increase
in mean sea level. The primary impact of an increase in mean sea level is a corresponding increase in
wave energy that propagates over the outer reef.

The offshore water levels were increased to account for SLLR as shown in Table 3-7.

Table 3-7 Rate of change (mm/yr) and Sea Level Rise (m) used for modeling

Horizon RCP 4.5 RCP 8.5
Rate (mm/yt) SLR (m) Rate (mm/yr) SLR (m)
20yr 5.7 0.114 6.6 0.132
50yr 7.7 0.385 10.5 0.525
100yt 7.7 0.770 10.5 1.05
SMITH WARNER INTERNATIONAL LIMITED ; ' ‘ MARCH 2024
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Figure 3.31 presents mean annual wave heights for select nearshore nodes from various sea level rise
projections. Figure 3.32 to Figure 3.35 further document the changes in significant wave heights for
various time horizons for both RCP 4.5 and 8.5 scenatrios.

The modeling projections show that the lagoon in the lee of the reef will see the most increase in wave
heights. This is expected as the effectiveness of the reef will be significantly reduced. The 20-year
horizon shows the least increase in the wave heights for both RCP scenarios where, within the lagoon,
the wave heights increased 5-10mm. While these are not significant, for the 100-year horizon the
significant wave heights increase by 0.08m to 0.15m for the RCP4.5 and RCP8.5 respectively. These
values, which account for a 15-20% increase in the significant wave heights, are relatively large.

Waves on the south coast had smaller increases in wave heights. The south coast is more exposed and
thus not as dependent on protection from the reef as the north coast.

From this assessment the following can be concluded:

e The western coast (near Dockyards) is at risk of greater wave energy. The water depth in these
areas will increase due to the SLR and the reefs would be less effective at reducing the wave
conditions. This has implications for the maritime activities in this area: disturbances to cruise
ships, shipping, ferries, and general navigation in the area.

e Likewise, the north coast areas outside of the protection of the sounds will see larger increases
in wave energy. Here, industries such as the electric generation plant could be affected.

e Within the sounds, wave heights could increase by up to 250%, however, this only reflects a
change of approximately 5mm.

e Under statistically significant events, significant wave heights will increase by more than 0.3m.
This is a significant amount and will have implications for sediment movement.
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Figure 3.31 Predicted changes in wave heights at five points around Bermuda
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Figure 3.32 Predicted changes in mean wave conditions under the RCP 4.5 for 20-year (top), 50-year (middle)
and 100-year (bottom) horizons

SMITH WARNER INTERNATIONAL LIMITED LAZalh]=, MARCH 2024

—



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY
MODELING REPORT PAGE |53

Difference in Significant
Wave Heights [m]
B sbove 0.250
B c.z00- 0.250
0.150 - 0.200
[ o.100- c.as0
0.080- 0.100
- 0.060 - 0.080
©0.040 - 0.060
[ c.030-0.040
0.020 - 0.030
P oc.015-0.020
0.010 - 0.015
[ o.005- 0.010
Below o.005

Figure 3.33 Predicted changes in mean wave conditions under the RCP 8.5 for 20-year (top), 50-year (middle)
and 100-year (bottom) horizons
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Figure 3.34 Predicted changes in the 99" percentile under the RCP 4.5 for 20-year (top), 50-year (middle), and
100-year (bottom) horizons
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Figure 3.35 Predicted changes in the 99" percentile under the RCP 8.5 for 20-year (top), 50-year (middle) and
100-year (bottom) horizons
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3.5.4 Swell Events

The computed annual wave climate revealed that swell waves — characterized by high energy, long
period waves — impact Bermuda’s shorelines on rare occasions. Nevertheless, these swell waves were
evaluated in detail because they have the potential to erode the coastlines and transport large amounts
of sediment. Swell waves can damage shorelines with their inherent energy from a combination of
high wave heights and long periods. To assess the vulnerability of this shoreline the time series of
wave conditions representative of two winter swell events was extracted from the deep-water ERA5
database.

The two swell events were selected to represent the effect of swells originating from the north versus
the south of Bermuda. The selection of these swell events from the 43-year database of wave data
considered the following criteria:

e The significant wave heights should exceed the mean plus two standard deviations of data
record;

e The wave period should be more than 10s;
e These conditions should not be as the result of a cyclone within 300km of Bermuda; and

e The conditions should be sustained for more than 5 days.

From this assessment, over 600 events were found with most coming from the north-northeast,
attributable to winter storms in the north Atlantic Ocean. For events with dominant waves coming
from the south, they were attributable to cyclones tracking south of Bermuda.

Swell Event 1: March 2018
The MIKE 21 model was used to investigate the shoreline response to the winter swell event (Figure
3.36). Time-varying wave heights, periods and directions characterising the swell events were input
along the deep-water boundary of the numerical model. Figure 3.37 to Figure 3.38 shows the wave
and current conditions at the peak of the swell event. A few critical observations include:

e When a swell event approaches from the north, the reef still reduces the wave heights by more
than 150%. The offshore waves approach the reef at 2.5m in height and are effectively reduced
to just under 1m along the north shore.

e A storm current is generated from the passage of a swell in this area. The wave energy creates
a drift from the west to the east. Cutrent speeds are greater than 0.8m/s along the south and
the northern reef.

e This drift will create potential for significant sand movement.
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Swell Event: February 27 - March 10 2018
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Figure 3.36 Offshore conditions March 2018 event
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Figure 3.37 Significant wave heights at the peak of the swell March 2018 event
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Figure 3.38 Current speeds at the peak of the swell March 2018 event

Swell Event 2: Augnst 1995
The time-varying wave heights, periods and directions characterising a second swell was included to
give an understanding of what happens as a result of southerly swell events. During this event, the
wave heights were 5.5-6m along the south coast during the event (Figure 3.39 to Figure 3.41). The
bimodal nature of Bermuda’s wave regime is evidenced by the generation of a north-easterly drift
during the south swell event, which is the opposite of the event assessed above.

The implications garnered from this assessment suggests that:
e The south coast is more exposed to high wave energy events.

e There is potential for sediments to move both east and west along the south coast. However,
a changing climate could cause an imbalance in this flow. As stated earlier, the southerly
approaching swells resulted from hurricanes tracking south of the island. With predictions for
stronger storms in the north Atlantic Ocean, this could mean swell events creating stronger
currents towards the east and beaches may not be able to recover.
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Swell Event: August 11 - August 18 1995
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Figure 3.39 Offshore Conditions — August 1995 event
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Figure 3.40 Significant wave heights at the peak of the swell — August 1995 event
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Figure 3.41 Current speeds at the peak of the swell — August 1995 event
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4 Hurricane Risk Assessment

Tropical storms and hurricanes form frequently in the Atlantic Ocean each year from June to
November. The storms generate high-energy waves, impacting shorelines in dramatic and abrupt ways.

Bermuda lies directly in ‘Hurricane Alley’, an area of water in the Atlantic Ocean within which
hurricanes typically form because of the warmer sea surface temperatures there. Figure 4.1 shows the
typical path of hurricanes in the north Atlantic basin, which tend to form between latitudes 5°N and
25°N off the west coast of Africa and then track across the Atlantic Ocean. Those formed at the lower
latitudes are usually pushed on a westetly track by the north-east Trade Winds, whereas those of the
higher latitudes track more to the north and north-west.

Figure 4.1 Atlantic hurricane tracks since 1851; approximate location of Bermuda is highlighted (red circle)

With respect to coastal risk and vulnerability in Bermuda, hurricanes have two immediate coastal
hazards: (1) stronger waves and (2) higher water levels. These extreme conditions can be calculated
using the MIKE 21 Spectral Wave (SW)/Hydrodynamic (HD) models. The models are forced with
the highest deep-water wave and water level conditions to simulate the transformation of waves from
deep-water to shallow water locations. For climate change analysis, it is important that the most
realistic wave and water level conditions are applied in the simulation of these shallow water conditions.
For these wave conditions, the values are selected through the process of hindcasting where conditions
are calculated for a past event at a given time and location. Water levels are obtained by assessing the
possible extreme tides and sea level rise conditions under hurricane conditions. The process is
described briefly in the following paragraphs.
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4.1 Historical Hurricane Activity

For the Atlantic Ocean, detailed information on tropical cyclones, including all hurricanes, has been
collected by the US National Oceanic and Atmospheric Administration (NOAA), specifically at the
National Hurricane Centre (NHC). This database historical hurricane information, dating from 1851
to 2019, contains storm tracks, wind speeds and several other parameters to accurately describe and
simulate individual storms.

All hurricanes passing within a 300 km radius of Bermuda were extracted from the database and
analysed using HurWave (SWI’s in-house computer program). The results show that since 1851 (over
the past 171 years), 149 hurricanes and tropical storms passed within this distance. The total number
of storms can be broken down according to the categories described by the Saffir Simpson scale.
Figure 4.2 shows that Bermuda was more frequently hit by tropical storms (76), than major hurricanes
(Category 3 and higher) (23).

Figure 4.3 shows the temporal distribution of storms. The graph shows that on occasion, several years
pass without tropical storm or hurricane impact, but also on many occasions more than one storm
can impact the area in any given year. Table 4-1 and Table 4-2 provide more detail about specific
storms.

Distribution of Storm Categories
380 76

70
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40

No. Events

30
20
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1 2 3 4

Tropical Storm

Category According to Saffir Simpson

Figure 4.2 Distribution of storm events according to the Saffir Simpson Scale over the past 169 years
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Figure 4.3 Temporal distribution of storms passing near the project site (300 km radius) from 1851

Table 4-1 Data for the five most recent Hurricanes category 3 and above

Storm Name Date Range Masc Wind Speed Masc Category
Humberto 2019 Sep 12, 2019 to Sep 20, 2019 110 3

Nicole 2016 Oct 04, 2016 to Oct 19, 2016 120 4

Joaquin 2015 Sep 26, 2015 to Oct 15, 2015 135 4

Gonzalo 2014 Oct 11, 2014 to Oct 20, 2014 125 4

Opbhelia 2011 Sep 20, 2011 to Oct 04, 2011 120 4

Table 4-2 Data for all category four hurricanes close by Bermuda

Storm Name Date Range Masc Wind Speed Max: Category
Nicole 2016 Oct 04, 2016 To Oct 19, 2016 120 4

Gonzalo 2014 Oct 11, 2014 To Oct 20, 2014 125 4

Opbhelia 2011 Sep 20, 2011 To Oct 04, 2011 120 4

Frances 1961 Sep 30, 1961 To Oct 10, 1961 115 4

Unnamed 1948 Sep 04, 1948 To Sep 17, 1948 115 4

Unnamed 1943 Aug 19, 1943 To Aug 27, 1943 120 4

Unnamed 1939 Oct 11, 1939 To Oct 18, 1939 120 4

Unnamed 1933 Aug 13,1933 To Aug 28, 1933 120 4

Unnamed 1880 Sep 27, 1880 To Oct 04, 1880 120 4
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4.2 Storm Tracks of Recent Hurricanes

Two hurricanes [Fiona (2022) and Nicole (2016)], representative of the more recent storms impacting
Bermuda, were chosen for further modeling and analysis. Specifics from the hurricane tracks were
extracted from the NOAA and Wunderground database for model input:

Time (hour);

Latitude (deg);

Longitude (deg);

Maximum wind speed (m/s);

Radius to maximum wind speed (km);
Central pressure (KPa); and

Ambient pressure (KPa).

The numerical model that computes storm surge requires that hurricane track information be
converted into time-varying wind speed and atmospheric pressure maps. There are several different
tools to make this conversion, most of which assume the hurricane can be represented as a moving
vortex. For this work, the method of Young and Sobey (1980) was used to define the spatial and time-
varying wind speeds. This method is based on an exponential decrease in the wind speed away from
the point of maximum wind. To create the maps, a relatively short time step of 1 hour was used to
diminish the errors associated with interpolating a concentric radial phenomenon onto a rectangular
and triangular grid.

Wave and water level conditions were computed using MIKE 21 at hourly intervals along the overall
hurricane tracks. The result of this analysis indicates:

At the centre of hurricanes like Hurricane Nicole and Fiona, offshore wave heights exceed
12m. Stronger cyclones like Nicole show that wave heights greater than 12m span a wider area.

At the centre of the hurricanes, water levels are greater than 0.35m for Hurricane Fiona and
0.9m for of Hurricane Nicole. A water level increase is observed more than 200km from the
centre.

A passing hutricane/cyclone affects an area as large as 300km radius. For stronger hurricanes
like Nicole (2016), the severe conditions can be greater than 300km away from its centre.

Due to Bermuda's small size, using a static modeling approach for hurricane simulations is
practical. This involves assigning a single value to the boundaries of the mesh mentioned
eatlier as opposed to running individual hurricanes. The underlying assumption is that
conditions in Bermuda's offshore waters are consistent during a given hurricane. For example,
the water level and wave height caused by hurricanes is anticipated to be uniform offshore
Bermuda (across deeper waters). However, it's important to note that the subsequent
nearshore modeling (to transform the offshore conditions to the nearshore) incorporates
intricate dynamics related to energy propagation in shallower waters, such as wave refraction,
wave growth and wind setup. Consequently, wave and surge conditions along Bermuda's
various shorelines will be replicated accurately.
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Figure 4.4 and Figure 4.5 show significant wave heights during Hurricanes Fiona and Nicole.
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Figure 4.4 Significant wave height during Hurricane Fiona 2022 (from Sept 23 3AM to 5PM)
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Figure 4.5 Significant wave height during Hurricane Nicole 2016 (from Oct 13 3AM to 9PM)

4.3 Deep Water Waves

Deep water wave parameters were calculated for each selected tropical cyclone using parametric
hurricane models (Cooper, 1988; Young and Burchell, 1996). The resulting wave conditions were
divided into directional sectors and each set was fit to a statistical function describing their exceedance
probability. The wave parameter values for 25, 50, 100 and 150-year return periods were determined
from the best-fit statistical distribution. The deep-water wave parameters corresponding to the 25, 50,
100 and 150-year return periods were computed for five directional sectors of incidence.
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Table 4-2 shows the resulting wave heights, wind speeds, and periods for the directional sectors
investigated. These wave parameters are subsequently applied in MIKE 21 SW with the inclusion of
the static storm surge levels to obtain design wave heights in the nearshore of the selected areas for
the different return periods.

Table 4-2 Deep water hurricane wave parameters (significant wave height (Hs), peak period (Tp) and wind
speed (Vm) resulting from the 25, 50, 100 and 150-year return periods

Directional Sector Parameters Return Period

25 50 100 150

Hs (m) 5.67 6.55 7.36 7.81

North Tp (s) 9.84 10.78 11.61 12.05
Vm (m/s) 14.93 17.13 19.15 20.26

Hs (m) 6.05 7 7.87 8.35

North-east Tp (s) 10.25 11.24 12.11 12.57
Vm (m/s) 18.63 20.92 23.01 2417

Hs (m) 8.44 9.36 10.22 10.68

East Tp (s) 12.65 13.51 14.27 14.68
Vm (m/s) 21.86 24.4 26.73 28.02

Hs (m) 9.73 10.86 11.89 12.46

South-east Tp (s) 13.83 14.82 15.7 16.17
Vm (m/s) 24.5 27.65 30.55 32.14

Hs (m) 10.16 11.34 12.43 13.03

South Tp (s) 14.21 15.24 16.15 16.63
Vm (m/s) 23.85 26.64 29.21 30.62

Hs (m) 10.22 11.44 12.56 13.18

South-west Tp (s) 14.27 15.32 16.25 16.75
Vm (m/s) 23.54 26.27 28.78 30.16
Hs (m) 9.21 10.25 11.21 11.74

West Tp (s) 13.36 14.3 15.13 15.58
Vm (m/s) 22.45 25.06 27.44 28.76

Hs (m) 7.35 8.33 9.22 9.72

North-west Tp (s) 11.6 12.54 13.38 13.83
Vm (m/s) 16.85 19.27 21.5 22,73

4.4 Storm Surge Components

4.4.1 Definition of Storm Surge Components

The elevated water level that accompanies hurricanes and creates flooding and causes damage to
coastal infrastructure is known as storm surge. Put another way, storm surge is simply the increase in
water level at the shoreline resulting from the passage of a storm.

Storm surge encompasses static and dynamic elements. The static aspects consist of inverse
barometric pressure rise and wind set-up, while the dynamic components arise from wave set-up and
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wave action on the shore. Unlike the relatively constant water levels associated with static surge
elements, water levels in areas affected by wave action, termed the wave run-up zone, fluctuate as
waves interact with the beach profile and move onto the land. Refer to Figure 4.6 for an illustration
of storm surge components.

Wave swash
Dynamic
Surge
Wave setup
Wind Setup
Water level
Static anomalies
Surge

Tide

Low water lin

Sea level rise

Figure 4.6 Components of storm surge

4.4.2 Tidal Input (HAT)

The initial water level estimated by hurricane wave climate modeling was determined from historical
data obtained from tidal prediction software. For conservative reasons, SWI assumed the highest
astronomical tide (HAT) for the surge modeling. The HAT was obtained from the ADMIRALTY
Total Tide (ATT) program and is 0.85m above MSL.

4.4.3 Inverse Barometer Effect

The atmosphere constantly exerts pressure on the Earth and ocean. When low pressure systems move
over a region, the sea level rises by a relative amount, while high pressure systems push down on the
ocean, creating a drop in sea level. This is called the inverse barometer effect, as the higher the
pressure, the lower the sea level, and vice versa.

Extremely low central pressures are normally associated with smaller and more intense hurricanes,
which can have high sustained wind speeds. This is usually highest when the eye of the hurricane is
closest to the site. This component was estimated from HurWave, which derived the values statistically
using historical storm data.

4.4.4 Mesoscale Eddies

Mesoscale eddies are common features of the world’s oceans, with a typical scale of about 100km and
a lifespan between tens and hundreds of days (Shcherbina, 2010). These eddies can rotate anti-
clockwise or clockwise and the gradients associated with their density fields drive ocean currents in
much the same way that high- and low-pressure systems in the atmosphere force the wind field.
Bermuda is affected by mesoscale eddies that result in both increased and lowered water levels. As
shown in Figure 4.7 these eddies result in water level conditions that can cause worse flooding than
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some tropical storms. Conversely, these eddies can also cause unusually low tides, as occurred in
Bermuda over several months in 2010.
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Figure 4.7 Extreme water level recorded at the St George's Station — Source: BWS

Tides are created by the gravitational forces from celestial bodies like the moon and sun acting on the
waters of Earth. Those gravitational forces change as the relative positions of the Earth, sun, and
moon change. Each of these changes is cyclical, repeating over time; and each change also has a
measurable effect on the tides experienced at a shoreline. The effect of the myriad of motions of the
earth and other celestial bodies have been studied and it was found there are approximately 37
constituents that affect the tides in an area. In general, the tides at a location are very predictable and
several tidal models have been developed to predict the tides of an area.

Nonetheless, the water levels recorded at a local level can sometimes be different. In the case of
Bermuda there were times when the calculated water level was very different from the measured water
level. This is due to local influences. These local effects include the effect of wave and wind setup,
frictional effects, as well as the mesoscale eddies.

Tide data obtained from NOAA® for the St George’s Station (ID: 2695540) from 1989 to 2018 were
analysed. Every instance where the water level measured at St. George's Station exceeded the tidal
level determined by tidal harmonics was extracted. These instances, for the purpose of this analysis,
were referred to as positive surges. The difference between measured and calculated tides accounts
for increases in water level that are not directly attributed to the tidal action. The filtering resulted in
over 3800 events. Some of these events represent times when the maximum surge level was not more
than 0.1m. To further filter out the positive significant surge events the following criteria had to be
met:

3 https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=2695540
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1. During the time of the positive surge, no hurricanes should be within 300km of the island.

2. When wave energy in an area increases it causes wave set-up and wave run-up as described in
Figure 4.6. This increases the ambient water levels and would be erroneous in the water level
record and measurements. The analysis accounts for this by removing instances where the
wave height is greater than the definition of a storm condition. That is, the wave height should
be less than mean plus two standard deviations of the wave record from 1979. To do this,
SWI looked at the ERA5 data record from 1979 for a point offshore Bermuda. This means
that the significant wave heights should be less than is 3.7m.

3. For this analysis, only storm events where the maximum surge level was greater than 0.1m was
considered.

4. The water surface elevation anomaly should last longer than 5 days.

Figure 4.9 shows the distribution of sustained positive surge events where the surge is greater than
0.1m, as well as where the event was longer than 5 days. These filtering routines shows 636 events
with sustained positive surges. Table 4-3 to Table 4-4 show the ten longest events and the ten events
with the largest surge. The data shows that these events can be more than 60 days long with a
maximum surge greater than 0.4m.

Distribution of Positive Surge greater than 0.1m Distribution of Durations greater than 5 days
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Figure 4.8 Distribution of positive surge events
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Table 4-3 Positive surge events — ranked by duration
Start Date End Date Duration Maximum Surge Mean

(days) (m) Surge(m)

"2017 09 29 09:00"  "2017 1213 14:00"  75.20 0.482 0.267
"2009 06 18 05:00"  "2009 08 21 21:00"  64.66 0.279 0.092
"1995 09 20 09:00"  "1995 11 21 04:00"  61.79 0.435 0.177
"2016 06 07 08:00"  "2016 08 01 09:00"  55.04 0.252 0.119
"2007 09 10 12:00"  "2007 11 03 10:00"  53.91 0.344 0.127
"2005 07 10 16:00"  "2005 09 01 09:00"  52.70 0.237 0.091
"2017 08 11 02:00"  "2017 09 29 07:00"  49.20 0.292 0.134
"2016 08 22 12:00"  "2016 10 10 13:00"  49.04 0.413 0.113
"2012 05 14 11:00"  "2012 07 02 03:00"  48.66 0.289 0.096
"1997 05 07 04:00"  "1997 06 17 22:00"  41.75 0.215 0.078

Table 4-4 Positive surge events — ranked by maximum surge
Start Date End Date Duration Maximum Surge Mean

(days) (m) Surge(m)

"2017 09 29 09:00"  "2017 1213 14:00"  75.208 0.482 0.267
"2011 11 11 12:00"  "2011 11 27 09:00"  15.875 0.472 0.190
"201501 1516:00"  "201501 27 16:00" 12 0.450 0.307
"2012 09 27 11:00"  "201210 28 17:00"  31.250 0.449 0.137
"2003 10 01 05:00"  "2003 11 10 01:00"  39.833 0.445 0.183
"2015 02 07 04:00"  "201502 11 23:00"  4.7916 0.439 0.195
"1998 09 02 18:00"  "1998 10 10 00:00"  37.250 0.438 0.191
"1995 09 20 09:00"  "1995 11 21 04:00"  61.791 0.435 0.177
"2009 01 18 22:00"  "2009 01 21 05:00"  2.2916 0.427 0.197
"2017 04 29 20:00"  "2017 05 31 15:00"  31.791 0.417 0.109

Figure 4.9 shows the predicted tide level, the verified water level, and the total positive surge for an
October 2017 event. The positive surge in this event approaches a maximum of 0.482m.
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i St George Station: Water Levels
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Figure 4.9 Positive surge event October 2017

4.4.5 Sea Level Rise

Within climate change modeling, RCPs (Representative Concentration Pathways) try to predict human
behaviour and its associated impact on the climate. In assessing these future trends, experts make
predictions of how concentrations of greenhouse gases in the atmosphere will change in the future
because of human activities and estimates sea level rise based on those changes. Table 4-5 shows the
rates of sea level rise we used in the numerical modeling (refer to Section 2.3.1).

Table 4-5 ARG Report IPCC (2022) guidelines showing SLR used for numerical modeling

Horizon RCP 4.5 RCP 8.5
Rate (mm/yr) SLR (m) Rate (mm/yr) SLR (m)
20yt 5.7 0.114 0.6 0.132
50yr 7.7 0.385 10.5 0.525
100yt 7.7 0.770 10.5 1.05

4.4.6 Dynamic Surge
Wind Setup

As the wind blows over the water surface, it pushes water that piles up against the shoreline. The
stronger the wind, the more energy is available to transfer, and the longer the wind blows the more
time that is available for energy transfer. Wind set-up is minimal over shorter fetches; however, the
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Bermudian coast is open to very long fetches. The wind speed and duration are critical factors affecting
the storm surge value. This wind set-up component is shown in Figure 4.10.

< 20-50 km

v

Seabed

Figure 4.10 Sketch of the wind set-up component of storm surge

Wave Set-up and Wave Run-up

As waves approach the shoreline, they break and surge up a sloping surface, a phenomenon known
as wave run-up, temporarily elevating water levels, particularly on inclining terrain. While vertical
barriers like seawalls may deter run-up, they can also result in wave overtopping. This process occurs
over a span of seconds and is typically calculated following the estimation of static storm surge values,
as discussed in subsequent sections. It is important to note that numerical models often fail to fully
account for wave run-up, potentially underestimating the total surge presented. The discrepancy
between anecdotal reports of inundation levels and scientifically measured water levels during a storm
can often be attributed to this difference between dynamic and static surge. People tend to report the
highest water level reached, which may be consistently higher than the static water levels observed
over longer periods. Therefore, vertical setback limits should consider dynamic surge factors.

The wind's force during a storm generates waves, with wave height in deep water being a crucial factor
in predicting storm surge magnitude. Wave height not only influences wave breaking (wave set-up)
but also determines the amount of wave energy available for surging onto land (wave run-up). Graphic
illustrations of these components are depicted in Figures 4 11 and 4 12 below.

Wave set-up,

< 100-500 m

\ 4

Figure 4.11 Sketch of the wave set-up component of storm surge
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Figure 4.12 Sketch of the wave run-up component of storm surge

Table 4-6 and Table 4-7 provide calculated water levels for hurricane events of varying recurrence
intervals under RCP 4.5 and RCP 8.5 scenarios, respectively.

Table 4-6 Calculation of water levels for 25, 50, 100 and 150-year hurricane returns periods for RCP 4.5

Parameter Return Period (years) Notes
aramete
25 50 100 150
IBR (m) 035 0.42 0.49 053 Detqmmed through statistical hind-
casting analysis
Highest Astronomical Tide (m) 0.84 Deterr.mned through historical
analysis
Mean Rate of Sea Level Rise
5.7
(mm/year)
By year 2042 (20-yr horizon) 0.114
. ?ﬁfrir;}izt; of Sea Level Rise 7.7 RCP 4.5 Scenario value from IPCC
[P}
£ §| By year 2072 (50-year horizon) 0.385 ARG research — see Table 4-5.
% 2| Mean Rate of Sea Level Rise 7
g g (mm/year) '
¢ O By year 2122 (100-year horizon) 0.77

1.30 137 144 1.48 Sum of IBR, Highest Astronomical
Total deep water surface level (m) 1.57 1.64 1.71 1.75 'Tide, and Sea Level for 25-, 50-, 100-
1.96 2.03 210 2.14 and 150-year return period event.

Mesoscale Eddies 0.48

1.78 1.85 1.92 196  Sum of IBR, Highest Astronomical

2.05 2.12 219 223 Tide, Microscale Eddies, and Sea
Level for 25-, 50-, 100- and 150-year

2.44 2.51 2.58 2.62  return period event.

Total deep water surface level (m)

Based on wind speed and
Wind and Wave Setup wave height, typically greater
than 0.3m

To be computed using MIKE 21 HD
and SW modules.

Wave Run-up Wave run-up was not computed for this assessment

Dynamic Sutge
Components
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Table 4-7 Calculation of water levels for 25, 50, 100 and 150-year hurricane returns periods for RCP 8.5

Parameter Return Period (years) Notes
25 50 100 150
IBR (m) 35 042 049 0.53 Det§rm1ned through statistical hind-
casting analysis
Highest Astronomical Tide (m) 0.84
Mean Rate of Sea Level Rise 6.6
(mm/year) )
By year 2042 (20-yr horizon) 0.114
Mean Rate of Sea Level Rise
10.5
| (mm/year)
&0 [ By year 2072 (50-year hotizon) 0.385
a &| Mean Rate of Sea Level Rise
o &l 10.5
2 g (mm/year)
& G| By year 2122 (100-year horizon) 1.05

1.32 1.39 146 1.50  Sum of IBR, Highest Astronomical
Total deep water surface level (m) 1.72 1.79 1.86 1.90 Tide, and Sea Level for 25-, 50-, 100-
2.24 231 238 2.42 and 150-year return period event.
Mesoscale Eddies 0.48
1.80 1.87 1.94 198  Sum of IBR, Highest Astronomical
2.20 2.27 2.34 238 Tide, Microscale Eddies, and Sea
Level for 25-, 50-, 100- and 150-year
2.72 2.79 2.86 290 return period event.

Total deep water surface level (m)

Based on wind speed and
Wave Setup wave height, typically greater
than 0.3m

To be computed using MIKE 21 HD
and SW modules.

Wave Run-up Wave run-up was not computed for this assessment

Dynamic Surge
Components
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5 Nearshore Hurricane Waves and Water Levels

The MIKE 21 software, using both its SW (Surface Wave) and HD (Hydrodynamic) modules,
conducted simulations of nearshore hurricane wave and water level conditions along Bermuda's coast
through a coupled mode, allowing for the simulation of the interplay between waves and currents.
This coupling between hydrodynamics and wave action is crucial for accurate storm surge predictions,
especially in areas where wave setup significantly contributes to the overall storm surge. As substantial
waves break in shallow waters or against a reef, they elevate the water level and generate localized
currents. These currents, along with the altered water levels, enable waves to reach further inland.

For the analysis of Bermuda's coastline, eight directional sector scenarios were examined: east,
northeast, north, northwest, west, southeast, south, and southwest. These scenarios were integrated
with conditions derived from deep-water wave models for return periods of 25, 50, 100, and 150 years.
The outcomes from the wave transformation modeling under various hurricane conditions are detailed
in the following sections.

5.1 Present Day Conditions

In the present-day conditions, the influence of sea level rise was not considered. The results are shown
in Figure 5.1 and Figure 5.2 following. Without the effects of climate change, the following was
observed:

e The reef effectively protected the north shore from hurricane waves. The rim reef at the north
reduced wave heights from 10m to approximately 2m at the north shore.

e Despite this reduction, significant wave heights between 1-2m affect the shoreline on the north
coast under the 25-year return period event. Under the 150-year event, the wave heights on
the north shore are 2-3m. These wave conditions will have significant wave run-up potential.

e Unlike the north shore, the south shore does not have protection from the reefs. As a result,
the wave heights immediately offshore are 8-10m in height during a hurricane.

e The storm surge levels are less than 1.2m on the north shore, while along the south shore, the
surge levels are greater than 1.6m.
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Sign. Wave Height [m]
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0.0- 0.5
Below o.0

Figure 5.1 Hurricane wave heights computed for the 25-yr, 50-yr, 100-yr and 150-yr return period without the effect of SLR
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Figure 5.2 Storm surge computed for the 25-yr, 50-yr, 100-yr and 150-yr return period without the effect of SLR
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Figure 5.3 Computed hurricane wave height for Castle Harbour and the Town of St George’s for the 150-Year Return Period
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5.2 Hurricane Conditions under the RCP 4.5 and RCP 8.5 Scenatrios

Based on the historical storm analysis, hurricane conditions (combination of a significant wave height,
wave period, wind speed, and the inverse barometer rise) were computed for return periods (RP) of 1
in 25, 50, 100, and 150 years. The effects of sea level rise due to climate change on these conditions
were examined using the mild (RCP 4.5) and extreme (RCP 8.5) scenarios in three-time horizons: 20
years (~2042), 50 years (~2072) and 100 years (~2122). This resulted in a total of 24 scenarios
summarized in Table 5-1.

Figure 5.4 to Figure 5.7 present the 100-year time horizon conditions for the RCP 4.5 and 8.5 scenarios
for the return periods 25-year, 50-year, 100-year and 150-year. Appendix E contains the other
simulation results.
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Sign. Wave Height [m]
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Figure 5.4 RCP 4.5 100-year horizon hurricane wave heights computed for the 25-yr, 50-yr, 100-yr and 150-yr return period with the effect of SLR
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Figure 5.5 RCP 8.5 100-year horizon hurricane wave heights computed for the 25-yr, 50-yr, 100-yr and 150-yr return period with the effect of SLR
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Figure 5.6 RCP 4.5 100-year horizon storm surge computed for the 25-yr, 50-yr, 100-yr and 150-yr return period with the effect of SLR
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Figure 5.7 RCP 8.5 100-year horizon storm surge computed for the 25-yr, 50-yr, 100-yr and 150-yr return period with the effect of SLR
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The differences between storm scenarios and the effects these various scenarios have on the wave and
surge conditions is best described through tabulation of five comparison points around Bermuda
(Figure 5.8).

Figure 5.8 Comparison points for hurricane scenarios

Table 5-1 shows the “present day” wave heights for various return period storm events, along with
the percentage increase in wave heights for the 25-; 50-, 100-, and 150-year return period storms for
the locations shown in Figure 5.8.

The results show that the north shore is comparatively more vulnerable to sea level rise as the reef
becomes less effective with greater water depths. This causes storm waves to get to the north shore
and by extension the Great Sound area. For example, under the 100-year return period in an RCP 8.5
scenario, areas previously protected by the reef (P2, P8 and P10) will see increases in wave heights of
5.3% to 14.1%.
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Table 5-1 Comparison of points along the Bermudian shoreline (significant wave heights)
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South West South North East North Great Sound Soenario
P2 P4 P6 P8 P10
2.86 7.96 4.94 1.40 0.96 Present
1.5% 0.3% 0.6% 1.0% 0.5% 4.5 20yr g
1.8% 0.4% 0.7% 1.2% 0.6% 8.5 20yr g "8
5.4% 1.1% 2.2% 3.6% 1.9% 4.5 50yr M~ E
7.3% 1.5% 3.0% 5.0% 2.6% 8.5 50yr I_E\ A
IS

2.95 8.50 5.15 1.50 1.07 Present
1.5% 0.4% 0.7% 0.9% 0.5% 4.5 20yr =
1.8% 0.4% 0.8% 1.0% 0.6% 8.5 20yr ;3: 2
5.3% 1.3% 2.3% 3.2% 1.9% 4.5 50yr M~
2% 1.7% 3.1% 4.3% 2.6% 8.5 50yr g A
L

.\]

3.04 8.94 5.32 1.59 1.17 Present
1.5% 0.4% 0.7% 0.8% 0.5% 4.5 20yr g
1.8% 0.5% 0.8% 0.9% 0.6% 8.5 20yr £
5.3% 1.3% 2.4% 2.8% 1.9% 4.5 50yr 2
8.5 50yr S

3.09 9.17 5.40 1.65 1.22 Present

1.5% 0.4% 0.7% 0.7% 0.5% 4.5 20yr g
1.7% 0.5% 0.8% 0.8% 0.6% 8.5 20yr % 2
5.2% 1.4% 2.4% 2.6% 1.9% 4.5 50yr f £
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5.3 Hurricane Conditions under the RCP 4.5 and RCP 8.5
(Consideration for Mesoscale Eddies)

The third wave/surge modeling assessment included the effect of a cyclone affecting Bermuda while
there are mesoscale eddies concurrently affecting the local area (presented in Section 4). The
maximum mesoscale eddy obtained from the earlier analysis resulted in the addition of 0.48m to the
input water level. This would cause significantly more flooding when combined with hurricanes.

The results of this assessment are shown below (Figure 5.9 to Figure 5.13) for the RCP 4.5 and 8.5 in
the next 100 years. The key vulnerable areas previously identified are more evident, namely:

e The town of St George’s;
e The airport;

e Dockyards;

e (Castle Harbour; and

o The islands of the Great Sound

As expected, more areas are flooded, and the highest flood levels increased to 3.0-3.6m for the 100-
year horizon. These values are seen along the south shore.
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Figure 5.9 RCP 4.5 100-year horizon hurricane wave heights computed for the 25-yr, 50-yr, 100-yr and 150-yr return period with the effect of SLR and

positive local effects like mesoscale eddies
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Figure 5.10 RCP 8.5 100-year horizon hurricane wave heights computed for the 25-yr, 50-yr, 100-yr and 150-yr return period with the effect of SLR and

positive local effects like mesoscale eddies
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Figure 5.11 Computed hurricane wave heights for Castle Harbour and the Town of St George’s for the 150-year
return period considering the RCP 8.5 100yr horizon.
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Figure 5.12 RCP 4.5 100-year horizon water levels computed for the 25-yr, 50-yr, 100-yr and 150-yr return period with th

effects like mesoscale eddies
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Figure 5.13 RCP 8.5 100-year horizon water levels computed for the 25-yr, 50-yr, 100-yr and 150-yr return period with the effect of SLR and positive local
effects like mesoscale eddies
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Figure 5.14 Computed storm surge for Castle Harbour and the Town of St Georges for the 150-year return

period considering the RCP 8.5 100yr horizon

5.4 Change in Wind Speeds and Storm Intensity

From the available body of literature, the following changes related to future intensity and frequency
of hurricane occurrences are noted:

The number of hurricanes experienced in a given season is likely to decrease or remain
unchanged in the future. Zhang, et al. (2019) for instance found an inversely proportional
historical relationship between tropical cyclone frequencies and sea surface temperature (SST).
That is, tropical cyclone activity decreased with an increase in the warmth of pools in which
they form. This is with high confidence (tests of 90-99.9% for the respective pools). Storms
in moderate pools (65th-90th percentile) decreased by 0.79 storms/decade and in the warm
pools (>90th percentile) by 1.08 storms/decade. The suggestion is that with increases in future
temperatures there may be reduced overall hurricane frequency in the future. These results are
echoed in other reports such as the CSGM 2017 report (2017), the IPCC 2012 Special Report
on Extremes (IPCC 2012) and Knutson et al. (2013).

The effects of climate change from external forcing (e.g. greenhouse gases, aerosols, and
volcanic eruptions) on tropical storm activity (over 1980 to 2018) is more evident in changes
in spatial occurrence, rather than overall frequency of occurrence [Murakami et al (2020)].
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Through observations and statistical analysis, the authors have determined that an increase in
frequency in the North Atlantic, central Pacific and Arabian Sea is somewhat balanced by a
corresponding decrease in the southern Indian Ocean, tropical western North Pacific, and
South Pacific such that there is little net change in global frequency. The climate models
employed do indicate a decreasing trend in the number of tropical storms in the North Atlantic
resulting from increases in CO; concentrations (assuming no volcanic eruptions).

As noted eatlier, the Atlantic Multidecadal Oscillation (AMO), which is evidenced by periodic
warming of the waters of the North Atlantic, appears to affect tropical storm events, in that
positive phases of the AMO produces more tropical storms than the negative phase (Landsea,
Vecchi, Bengtsson, & Knutson, 2010). A positive phase of the AMO commenced circa 2000.

Hallam et al (2021) correlated an increase in tropical storm activity and intensity in Bermuda
waters (between 1955 to 2019) to an increase in the sea surface and average ocean
temperatures. The tropical storms analysed showed a more easterly genesis of tracks for 2000-
2019 (positive AMO) as compared to 1980-1999 (negative AMO) and suggest this is related
to increase in measured sea temperatures. These hurricanes that are spawned further east in
the North Atlantic eventually hit Bermuda with marked ferocity. The authors compute that
the maximum wind speeds for hurricanes in Bermuda have increased 30 knots from 1955 to
2019, and measute an average increase of 7.7 knots/decade from 1980 to 2009.

The number of higher category hurricanes are likely to increase in the future. Studies (Bhatia
et al., 2018, Bender et al., 2018 and Knutson et al., 2013) have shown an increasing trend in
major Atlantic hurricanes. Bhatia et al. (2018) projected a 72.9 and 135.5 % increase in category
4 and 5 hurricanes respectively by end of the century under RCP 4.5. Bender et al. (2010) and
Knutson et al. (2013) presented combined category 4 and 5 percentage increases of 100% and
40% respectively.

Maximum wind speeds associated with hurricanes are likely to increase in the future as
temperature increases (Trepanier 2020). For Bermuda, this rate is from 1 to 1.5 ms-1 per °C.
This implies an increase from current wind speeds by as much as 1.1ms™, 2.3ms™" and 3.5ms™
in the near-, medium- and long-term future respectively under RCP 8.5.

The aim of this assessment is to provide some context on how the values for waves heights under
different return periods could change. For this assessment, we took the following steps.

Step 1 - All hurricanes passing within 300km of the site were extracted and the track
information edited. All the tracks in the database were increased in magnitude based on the
projected increase from the literature, that is 1.1ms-1, 2.3ms-1 and 3.5ms-1 for the 20-year,
50-year and 100-year horizons.

Step 2 - All hurricanes passing with 300km were reassessed. The Climate Profile and Projections for
the Island of Bermuda (Appendix A) proposes that the number of the number of storms Category
0 — 3 will decrease by 0.79 storms per decade while the stronger will increase by 1.08 storms
per decade. Using this information, the hurricane track dataset was edited at random, to
remove and include storms to select storms to create a new hurricane database (Figure 5.15).

Once two datasets were created, the statistical analysis was performed to obtain the parameters
for the return periods as shown in Table 5-2 below.
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Figure 5.15 Distribution of storm categories

Table 5-2 Change in significant wave heights and wind speeds

Wave and Windspeeds Wave and Windspeeds
Due to the Expected Increase in Wind | due to the expected increase in Wind Speeds
Speeds from to Climate Change and Change in Storm Intensity
PREDi];:{NT 2042 2072 2122 2042 2072 2122

Return] Vs Hs | Vs Hs Vs Hs Vs Hs Vs Hs Vs Hs Vs Hs
Period|(m/s) (m) [(m/s) (m) | (m/s) (m) | (m/s) (m) | (m/s) (m)| (m/s) (m) | (m/s) (m)
5 122062 89 | 133 112 292 225| 455 337 1.95 142 433 337 | 424 3.62
10 (2774 105 1.5 190 | 260 286 415 476 | 166 154 379 381 | 422 [6.67
25 133.62 124 | 1.01 1.671 | 235 323 3681 403 146 131 | 333 323| 410 @ 645
50 [37.59 137 | 096 146 | 223 292 367 438 138 126 314 292| 4.07 | 657
100 |41.27 149 | 090 134 | 213 268 | 356 403 | 131 1.14| 298 268| 4.00 @ 6.04
150 (4331 156 088 1.28| 208 256 | 349 38| 127 118 291 256 | 395  5.77
200 (4471 16 | 085 1.25| 206 250 | 344 3.75| 1.25 1.02| 28 250 391 | 625

With stronger storms, the offshore wave heights for shorter return periods have increased. Therefore,
in the future, it can be expected that the 1 in 25-year and 50-year events will be stronger. This has
implications for the design of coastal protection measures. In the Caribbean, for example, developers
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typically choose the 1 in 50-year event to protect their assets. Under these changing conditions, within
the next 20 years, the 1 in 50-year design wave height could be increased by up to 1.46%. The design
values would have to be increased accordingly. Additionally, this may have implications for the design
guidance set by Bermuda’s Department of Planning.

The impact of an increase in wave conditions at the boundaries of the mesh, will mean more higher
waves at the shorelines. That is to say, the 1.26-1.46% increase in the wave heights offshore will result
in an approximately 5% increase in wave heights at the shoreline. This is an argument for
recommending design parameters for more intense events, for example the 1 in 150-year storm.
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6 Compound Flooding Analysis — Combined Surge
and Rainfall effects in Mill Creek/Pembroke Marsh

In the context of coastal flooding, compound flooding analysis focuses on the interacting effects of
multiple flood drivers, particularly storm surge and rainfall. This analysis is crucial because the
combined impact of these factors can be significantly greater than the sum of their individual effects.
By understanding how storm surge and rainfall interact, we can improve flood risk assessment,
planning, and mitigation strategies, leading to increased preparedness and resilience.

This section outlines the approach to assess compound flooding risks in the Mill Creek/Pembroke
Marsh vicinity, through application of the storm surge results obtained from the MIKE21 model
(previously discussed) with integration of rainfall data within a separate modeling platform.

The Mill Creek and Pembroke Marsh catchment is recognized as one of the most vulnerable areas in
Bermuda to rainfall-induced flooding due to several key factors:

e Low-lying terrain: The catchment area sits at a low elevation, making it susceptible to
inundation during heavy rainfall events.

e Seaward drainage: Runoff from the marsh area naturally flows towards the sea, eventually
discharging into the open ocean.

e Storm surge amplification: Previous storm surge modeling (MIKE21 results) have already
demonstrated the amplifying effect of surge events traveling upstream along Mill Creek.
Combining this data with rainfall predictions will likely extend the projected flood inundation
zones.

e C(ritical infrastructure at risk: The catchment is unfortunately home to critical industries
located along the stream, further highlighting the potential consequences of severe flooding
events.

For these compelling reasons, the Mill Creek catchment will serve as a case study to demonstrate the
potential impacts of compound flooding (combined storm surge and rainfall) in Bermuda. By
analyzing this specific location, valuable insights can be gained and applied to broader flood risk
management strategies across the island.

A comprehensive flood risk assessment methodology that considers the combined effects of rainfall
and storm surge is recommended for other major watercourses in Bermuda. This methodology should
involve further analysis of historical rainfall data for trends, application of the HEC-RAS flood
simulation model with specific data such as topography and channel geometry, and major outflows,
and finally presenting the results including flood inundation maps and flood depth and velocity data
for various scenarios.
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6.1 Description of Model

HEC-RAS (Hydrologic Engineering Center's River Analysis System) is a powerful software tool
developed by the U.S. Army Corps of Engineers for hydraulic modeling of river and stream systems.
It offers a wide range of functions to support floodplain management, river engineering, and hydraulic
design projects. HEC-RAS allows users to simulate steady and unsteady flow conditions. In general,
the inputs listed in the table below were included.

Table 6-1 Model inputs
Input Source
e  Geometric data, including LIDAR Data from 2019

cross-sectional profiles of
the river channel.

e FElevation data for the LIDAR Data from 2019

riverbed and floodplain. Streams
Catchment Areas

e Hydraulic properties of Soil Maps — Bermuda Geological Maps
materials involved, such Land Use Maps — EOMAP
as Manning's roughness Literature Review
coefficients.

¢ Boundary conditions, Downstream water levels from MIKE21

such as upstream flow
rates or downstream
water levels.

e Hydrological data, Bermuda Weather Service
including flow rates, Soil Data
rainfall patterns, and Literature Review

infiltration rates.

e Geospatial data, such as Buildings layers, Road Layers, Soil Maps, etc.
aerial imagery,
topographic maps, and
GIS data layers, to
enhance accuracy and
detail.
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6.2 Rainfall Data

In Bermuda, localized flooding events are a recurrent challenge, primarily triggered by heavy rainfall
exceeding a threshold of 39.3mm in a 24-hour period (Johnston et al., 2018). These events have been
particularly prevalent in low-lying areas of Pembroke Parish, including parts of Hamilton, where
vulnerabilities to flooding are heightened due to the area's proximity to sea level. Despite efforts to
address these issues, flooding remains a significant concern, often resulting in disruptions to traffic
flow, property damage, and infrastructure disturbances. Concerns from the public and decision-
makers have escalated in recent years, necessitating a deeper understanding of rainfall dynamics and
their impact on flooding.

Historical rainfall data spanning from 1949 to 2016 reveal an increasing trend in rainfall accumulations
and rain days, although with notable variability and no statistical significance. The recurrence interval
analysis suggests that heavy rain days, meeting or exceeding the defined threshold, occur
approximately once every 2.09 months (based on observations) or 1.70 months (using a fitted model).
Despite these insights, predicting specific flood events remains challenging due to the stochastic nature
of rainfall in Bermuda and the limitations associated with anecdotal flood reports.

6.2.1 Historical Data

The assessment included a thorough analysis of daily rainfall accumulation data spanning from 1949
to 2020 from the Bermuda Weather Service (BWS). This extensive dataset provided valuable insights
into precipitation patterns over more than seven decades in the study area. Upon examining the data,
it was found that the maximum daily rainfall accumulation recorded during this period was 197mm.
This peak value serves as a significant reference point, illustrating the potential intensity of
precipitation events experienced within the region.

The study also identified a notable rainfall event associated with Hurricane Nicole, during which the
highest recorded rainfall accumulation reached 171mm for the day. This observation underscores the
substantial impact that tropical cyclones can have on local weather conditions, including intense
rainfall and subsequent flooding. Figure 6.1 shows the maximum rainfall per year across the 72 years
of data. Consistent with the findings of the Climate Profile and Projections for the Island of Bermuda
(Appendix A), no definitive trend of increase or decrease in annual rainfall is observed.

It is important to clarify that the rainfall measurements discussed here pertain to daily accumulations,
encompassing rainfall occurring throughout the entire day. This means that even brief instances of
rainfall, lasting only an hour, are recorded as 24-hour accumulations. For the purposes of rainfall
modeling, understanding the intensity of these rainfall events is crucial. To gauge the intensity of
rainfall affecting Bermuda, historical data provided by the Bermuda Weather Service was examined.
The data sources encompassed two reports authored by W. A. Macky from the Bermuda
Meteorological Office: Technical Note No. 1%, covering the period from 1891 to 1932, and Technical
Note No. 8’, covering the period from 1933 to 1942.

4http:/ /www.weather.bm/climateArchiveDocuments/1943_to_1958_Macky_Reports/1943_01_01_No1_The_Rainfall And_Water_
Supply_Of_Bermuda.pdf

5 http:/ /www.weather.bm/climateArchiveDocuments/1943_to_1958_Macky_Reports/1957_10_01_No8_The_Rainfall_Of_Bermud
a.pdf
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Technical Note No. 1 (1891-1932):
e Maximum intensity within one hour: 3.51 inches (89.15 mm)
e Maximum intensity within three hours: 4.25 inches (107.95 mm)

e Based on 41 years of data, the average intensity is estimated to be 98.55mm over 2 hours.

Technical Note No. 8 (1933-1942)
e Maximum intensity over one hour: 2.09 inches (53.09 mm)
e Maximum intensity over three hours: 2.43 inches (61.72 mm)

e Based on 9 years of data, the average intensity is estimated to be 57.41mm over 2 hours.
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Figure 6.1 Maximum daily rainfall per year

6.2.2 Selection of Return Period and the Impact of Climate Change
The daily rainfall data was statistically analysed to derive the extreme return periods. The data was fit
to a Weibull plot, a widely employed method in hydrological assessments for analysing the probability

distribution of extreme events (Figure 6.2). The results of this analysis yielded return periods for
various precipitation thresholds (Table 6-2).
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Figure 6.2 Probability of Exceedance for 24-hour rainfall
Table 6-2 Extracted return periods for 24hr rainfall amounts (using 1949 — 2021)
Return Period | Probability of Exceedance (%) Normal Rainfall (mm) Increased Rainfall due to
Climate Change (1mm)
11in 2yr 50% 79.9 103.9
1 in 5yr 20% 108.8 141.5
1in 10yr 10% 130.7 170.0
1 in 25yr 4% 159.7 207.6
1 in 50yr 2% 181.6 236.0
1 in 100yr 1% 203.5 264.5

Climate change modeling projections indicate varying trends in mean annual rainfall changes over the
medium and long term. Specifically, the RCPs suggest a range of mean annual projected changes, with
potential increases of 3% to 48% by the end of the century. Additionally, projections indicate an
increase in the intensity of hurricanes, leading to higher winds and greater rainfall (between 20% and
33%). To account for these changes, the current rainfall data was adjusted by 30% to simulate the
potential increase in rainfall under extreme climate scenarios.
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The modeling approach for the combined

. . . 1.0
surge/rainfall forcing adopted the Florida 0o
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2024 guidelines® for coastal areas, which 07
pertain to creeks and small rivers flowing 0'6
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fr.cirn a 10-year storm with surge-driven 03 Type 1A
tailwater. 02
In analysing the precipitation data and its o I T Type lll
implications for hydrological modeling, 0.0 ———— T
0 2 4 6 & 10 12 14 16 18 20 22 24

the adjustment of the 1 in 10-year
historical normal rainfall from 131mm to
170mm to account for climate change
effects is insightful. This revision is
particularly cogent when juxtaposed with the 171mm rainfall observed during Hurricane Nicole,
supporting the updated modeling parameters. The FDOT's guidance on employing a 10-year storm
flowrate in tandem with storm surge considerations is aptly applied here. Moreover, the maximum
BWS rainfall record from 1949 to 2020 at 197mm further substantiates the decision to adjust rainfall
values in the context of increased precipitation trends associated with climate change. These analyses
underscore the necessity of integrating historical data with contemporary climate projections to
enhance the resilience and accuracy of hydrological models.

t (hr)

Figure 6.3 SCS (NRCS) Rainfall types (Source Nicklow et al.,
2006)

6.2.3 Runoff Hydrographs

In the absence of intensity data, houtly rainfall information was estimated using the NRCS (Natural
Resources Conservation Service) curves. For Bermuda, the Type 3 curve was assumed, which provides
a framework for estimating rainfall depths for various durations. The Type 3 curve accounts for the
temporal distribution of rainfall and is widely used in hydrological analyses. The NRCS Type 3 curve
incorporates the antecedent moisture condition (AMC) of the soil, which refers to the soil's wetness
level before a rainfall event. This is crucial because drier soil can absorb more water before runoff
occurs compared to saturated soil. Types 1, 1A, and 2 are simpler and do not consider AMC,
potentially leading to inaccurate runoff estimates, especially during wet periods when the soil is already
saturated and generates more runoff.

The NRCS Type 3 curve has three distinct segments representing different runoff rates based on the
rainfall intensity:

Initial segment: Low runoff rate for low rainfall intensity, reflecting initial infiltration and
surface storage.

6 FDOT Drainage Manual, Topic No. 625-040-002, Effective: January 2024 Drainage Manual
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Middle segment: Increased runoff rate with increasing rainfall intensity as infiltration
capacity is exceeded.

Final segment: Constant high runoff rate for very high rainfall intensity, indicating saturated
soil conditions and limited infiltration.

Based on the 1-in-10-year event calculated earlier, a daily rainfall of 130.74mm was replicated using
the NRCS Type 3 Curve, illustrated in the figure below. The curve begins with minimal rainfall and
peaks in intensity for approximately 2 hours around the 12-hour mark. Under normal rainfall
conditions, the maximum intensity is 32.69mm per hour, resulting in a cumulative intensity of around
65.38 mm over 2 hours. This closely aligns with recorded intensities from 1933-1942, suggesting that
the NRCS Type 3 Curve adequately represents extreme rainfall in Bermuda. However, to
accommodate climate change effects, this value was increased by 30%, resulting in an average intensity
of 42.49mm per hour over 1 hour. The resulting stage hydrograph was then inputted into the
HECRAS model to generate flows across the Pembroke catchment.

24-Hour Rainfall Hydrograph for Bermuda
. 2 = % T : ; ;

infall (30%)
(42.49 mmvhe)

Rainfall (mm)

Figure 6.4 Recreated hydrograph for rainfall modeling

6.3 Surge Conditions at Mill Creek

Downstream conditions were configured based on the MIKE21 results outlined earlier. At Mill Creek,
wave conditions are relatively subdued compared to Bermuda's ambient shoreline due to its location
within the creek. While significant wave run-up is not anticipated, the static surge at the creek's mouth
is expected to propagate inland significantly. Specifically, the influence of the static surge will extend
along the Pembroke Canal up to Woodlands Road. The table below provides static surge values at the
mouth of the Pembroke Canal that were used to drive the HEC RAS model.
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Table 6-3 Surge levels in Mill Creek

Return Period Horizon RCP 4.5 RCP 8.5
25 year 20 year 1.39 1.54
50 year 1.63 1.98
100 year 2.11 2.46
50 year 20 year 1.48 1.63
50 year 1.72 2.07
100 year 2.20 2.55
100 year 20 year 1.56 1.67
50 year 1.80 2.15
100 year 2.28 2.63
150 year 20 year 1.61 1.74
50 year 1.85 2.20
100 year 2.33 2.67

6.4 Results

Figure 6.5 shows the rainfall modeling outcomes under the RCP 8.5 scenario for a 100-year projection
into the future, focusing on a 1 in 50-year event. The top image illustrates the surge's impact on the
Pembroke Canal, while the second image illustrates the repercussions of a 1 in 10-year rainfall event.
Lastly, the third image demonstrates the effects of a 30% increase in rainfall intensity during the 1 in
10-year event. The findings reveal two primary types of flooding: overflow from the banks and pocket
flooding in low-lying areas.

The analysis indicates water depths ranging from approximately 1.3 to 1.7m along the channel,
extending from the shoreline of Mill Creek to the Pembroke Marsh. The water flows from the
catchment via the streamlines (Figure 6.6) and eventually reaches the main channel. Notable areas of
concern include:

e Properties along St. Johns Road, Mill Creek Road, and Pitts Bays Road, which filter to Baker
Lane. In this area, the channel overflows, flooding the area with 0.5-1.5m of water, exacerbated
by a combination of rainfall, surge, and channel overflow.

e Western Stars Sports Club (Dandy Town) along the bank of the channel.

e Bermuda Athletic Association (Goose Gosling Field), which acts as a detention area but is still
lower than ambient areas.

e At the point where the channel changes direction at Laffan Street/Saltus Grammar School,
significant overflow causes flooding ranging from 0.4-1.2m.

¢ Dellwood Middle School also experiences flooding due to bank overtopping and lower terrain.

e Pembroke Marsh Playground and North Street are notable flood plains, with flooding reaching
up to 1.5-1.7m under this event.

SMITH WARNER INTERNATIONAL LIMITED MARCH 2024



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY

MODELING REPORT

Compoun Flood Modelling
for Pembroke Catchment Area

Projected RCP 8.5 Storm Surge Tmpac for
2 150-Year Storm in a 100-Year Horizon

Compound Flood Modelling

for Pembroke Catchment Area

Projected RCP 8.5 Storm Surge Impact for
a 150-Year Storm in a 100-Year Horizon
Combined with a 10-Year Rainfall Event

Compound Flood Modelling
for Pembroke Catchment Area
Projected RCP 8.5 Storm Surge Impact for
a 150-Year Storm in a 100-Year Horizon
Combined with a 30% Increasc in 10-Year
Rainfall Event Due to Climate Change

PAGE | 104

Legend
8 [ Basin
, Delincated Streams
Buildings
Flood Depth (m)
B <=02

C14-16
B 16-17
-1

Legend
[ Basin
] Delineated Strcams
Buildings
Flood Depth (m)
M <=02
€ o203

| BEASK
Hl19-20
M -20

Legend
[ Basin
| Delincated Streams
Buildings
Flood Depth (m)
M <=02
E Il 02-03

Bl 19-20
| X

Figure 6.5 Flood depth induced by storm surge (top), rainfall and storm surge combined (middle), rainfall and
storm surge considering climate change impact (bottom)
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Figure 6.6 Flood induced by rainfall and storm surge combined under the RCP 8.5 climate change scenario
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The results confirm previous studies highlighting pocket flooding across the 756-acre catchment area.
Notable areas with pocket flooding include:

e To the northeast of the catchment along Palmetto/Roberts Avenue, where flooding reaches
up to 3m, affecting several residences both north and south of the roadway. The model's
limitations exclude manmade interventions, focusing on terrain and natural stream flows.

e Bermuda Arboretum is a natural detention pond area, relieving surrounding areas without
impacting critical assets.

e Land adjacent to Kings, Curving Avenue, and Curving Coutt.
e Old Rectory Lane.
e (Cedar Avenue.

e Along Palmetto Road, water depths measure 2.6-2.8m, with flooding exceeding 2.6m due to
depressions in the terrain.

Despite the model's limitations in identifying existing drainage features, these findings provide a
conservative estimate of potential flood scenarios. Channel overtopping (from 0.1 to 1.3m) is
observed at the Bermuda Athletic Association, Ghost Gosling Field, and Woodlands Road, surpassing
the United Nations Office of Disaster Risk Reduction’s (UNDRR) threshold for flood risk mapping.

These observations were compared to newspaper reports and offer valuable insights into the model's
accuracy, particularly when compared to natural stream flow within the catchment. Although some
discrepancies are noted, the data reflects maximum flood levels within the catchment area.

6.5 Current Model Limitations

The model results offer valuable insights into potential flood-prone areas, providing a foundational
understanding of the impact of rainfall during major hurricane surge events. Using a detailed LiDAR
elevation file with a 0.5m grid spacing, the model accurately predicts natural stream locations and the
topographical layout of the area. This precision enhances the model's ability to identify areas where
land slopes towards the sea, aiding in the assessment of flood risks.

However, several limitations within the model must be acknowledged. One significant constraint is
the inability to consider all drainage features present in the area. While the model effectively captures
natural stream flow patterns, it fails to account for man-made interventions such as roadways, which
can obstruct natural drainage paths. The absence of a drainage path file impedes the model's ability to
accurately simulate water flow dynamics, particularly in areas where human modifications alter natural
terrain. Moreover, the model lacks critical data from land use and soil maps, limiting its comprehensive
understanding of the terrain. The terrain file, although meticulously generated from LiDAR data,
required editing to remove elevations that may not correspond to actual land features. These
limitations, particularly stemming from the terrain file, impose constraints on the model's accuracy
and reliability in predicting flood scenarios.

While the model results offer valuable insights, they should be interpreted with caution, recognizing
the inherent limitations. The model serves as a useful tool for preliminary flood risk assessment but
may not provide exhaustive or precise predictions due to its constraints. Future iterations of the model
would benefit from addressing these limitations to enhance its effectiveness in assessing flood hazards
accurately.
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7 Beach Erosion Modeling

The previous sections identified the wave climate responsible for erosion and the areas susceptible to
erosion. The objective of this section is to quantify the extent and rate of erosion due to sea level rise.
The erosion risk mapping can then be used to establish setback limits and planning for future
development needs. The mapping of the shoreline retreat and the subsequent erosion risk mapping
take into consideration the latest computed sea level rise values calculated using the Bruun rule.

7.1 Historical Erosion Trends

The shoreline shape is impacted, and largely formed, by the nearshore wave climate it is exposed to.
For example, a sandy beach may accrete when the sediment volumes being transported to the beach
are larger than those leaving the beach. Conversely, an erodible shoreline may also erode when
sediment volumes being transported to the beach are less than those leaving the beach.

The historical movement of a shoreline is a valuable tool in obtaining an initial understanding of the
long-term changes of the shoreline. Shoreline morphology can be extracted from historical maps,
surveys, aerial photos and satellite imagery. The methodology used in this assessment included:

1. Procure available Google Earth satellite images of the shoreline,
2. Georeferenced satellite images using ArcGIS,

3. Trace the shoreline in each of the images,

4. Compare the traced shorelines using fixed reference points.

There are limitations to this method and uncertainties that mostly centre on the nature of the shoreline
position at the time a satellite image is captured. Possible errors that could limit the accuracy of the
analysis are summarized in the Table 7-1 below.

Table 7-1 Possible errors to limit accuracy of shoreline trend analysis

Error Description

Many beaches have seasonal cycles of erosion and accretion. Because high
Seasonal error resolution satellite images are limited for small islands, images cannot be
selected on seasonal time frames;

The satellite images were obtained without regard to tidal cycles, which can
Tidal fluctuation error result in inaccuracies on the digitized shoreline (though it should be noted
the tide range in Bermuda is quite small);

Digitizing error The error associated with digitizing the shoreline;

The pixel size in orthorectified images is 0.5m, which means anything within

Pixel error
0.5m cannot be resolved;

Satellite images are corrected, or rectified, to reduce displacements caused by

Rectification error lens distortions, Earth curvature, refraction, camera tilt, and terrain relief
using remote sensing software.
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The results indicate that for the period analyzed (2003 — 2018), along the south-western coast the
shoreline has the potential to have variations in width between 29 and 42m. Along the south-eastern
coast the shoreline change is between 16-18m. The sandy beaches at the north see less change with
only 9-12m of beach width movement.

There is no clear trend of erosion or accretion when looking at the beaches on a large scale. As Figure
7.1 shows, there is erosion and accretion at any given beach, both on the south and north shores.
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Figure 7.1 Summary for shoreline change assessment

7.2 Shoreline Retreat Calculations

7.2.1 Uniform Shoreline Retreat

The IPCC report states that a lcm rise in sea level erodes beaches about 1m horizontally. This
becomes a large issue for developed beaches that with infrastructure less than 5m from the ocean
(IPCC, 1998). By this definition, the expected shoreline retreat would be uniform across the areas.
Table 7-2 below shows the result of this uniform calculation. The table shows that in the next 100
years, the shoreline can retreat by 77-105m from the existing shoreline. This level of erosion/shoreline
retreat would compromise several beaches and other critical infrastructure along the shores of
Bermuda. There are clear limitations with this approach. This approach does not consider:

1. Site conditions like slope of the nearshore areas
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2. Wave conditions that affect the movement of sediments along the shoreline.

A more applicable assessment tool, the Brunn Rule, is presented below and considers a few more
environmental parameters that affect the shoreline retreat.

Table 7-2 Expected retreat based on the simple retreat rule.

Expected Shoreline Retreat
Scenario
20 years 50 years = 100 years

RCP 4.5 10.8m 38.5m 77.0m
RCP 8.5 15.4m 52.5m 105.0m

7.2.2 Results of Brunn Rule Calculations

The first and best-known model relating shoreline retreat to an increase in local sea level was that
proposed by Per Bruun (1962). The Bruun Rule states that a typical concave-upward beach profile
erodes sand from the beach face and deposits it offshore to maintain constant water depth. The rule
can be applied to correlate sea-level rise with eroding beaches, as it estimates the response of the
shoreline profile to sea-level rise.

This simple model states that the beach profile is a parabolic function whose parameters are entirely
determined by the mean water level and the sand grain size. Figure 7.2 below gives a representation
of the Bruun Rule. The analysis by Bruun assumes that with a rise in sea level, the equilibrium profile
of the beach and shallow offshore area moves upward and landward. The Bruun Rule was used to
form the basis for the estimation of surface of land loss due to erosion.

The Bruun rule is applied to correlate SLR with beach erosion, as it estimates the response of the
shoreline profile to SLR using the mean annual wave climate (IPPC 1998) including both daily and
swell waves. The methodology used to map erosion risk is described in the following sections.

Unfortunately, the Bruun Rule also has severe limitations, especially in complex systems such Bermuda.
Some of these limitations are noted in the assumptions inherent in its formulation, such as:

e straight and parallel nearshore bottom contours,
e consistency in a sandy erodible beach throughout,
e no longshore transport,

e no cliff or hardened shoreline.

SMITH WARNER INTERNATIONAL LIMITED MARCH 2024



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY
MODELING REPORT PAGE |110

Note: This diagram is not to scale and vertically
exaggerated.
The rule can be expressed mathematically as - R= SL
(hd+f)
R where S is the amount of sea level rise

}‘—q L is the active length of the beach profile
A hd is the closure depth

new sea level

(e s STV, 2. SR, AL ® A R L S —— o

new profile

hd

deposition

| L ]
) |

Figure 7.2 Definition sketch of the Bruun Rule applied to determine coastal retreat on sandy shoreline

As such, the erosion profiles calculated below should be considered with caution.

The Brunn Rule needs the active slope of sand transport as one of the parameters. The active slope
starts from the depth of closure to the shoreline. The depth of closure requires a long-term record of
data to calculate where there is no movement of sediment offshore. In lieu of this, the depth of closure
can be estimated by calculating where the waves can no long affect the movement of sand.

7.2.3 Depth of Closure

The Depth of Closure, or zone of active sediment movement, can be calculated from Hallermeier
(1981) based on the 99™ percentile wave heights. The formula was subsequently simplified by Houston
(1995) to express the depth of closure as a function of the mean annual wave height according to the
following equation:

Hi, = 8.9 H,

Where Hi, is the “inner” (closer to shore) closure depth at the seaward limit of the littoral zone, and
H; the mean annual significant wave height.

Figure 7.3 shows the resulting zone of active sediment transport from the shoreline out to the depth
of closure calculated using the 99" percentile wave conditions.
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Results indicate that:

e the zone of active sediment movement includes the rim reef.
e within the lagoon there is little potential for sediment movement.
e along the south coast shows a band of 100 — 120m of active sediment transport.

e along the north shore it shows that a narrower band of less than 60m.

The formulation of the Brunn Rule shows that gentler slopes result in more shoreline retreat under
SLR. Therefore, the coastal shoreline which have a wider zone of active transport will have higher
shoreline retreat values.

Figure 7.3 Zone of active sediment movement

Sandy shorelines longer than 50m were assessed. Figure 7.4 shows that under the RCP 4.5 and 8.5
SLR scenarios, in the year 2100 the southern beaches will recede between 30m and 65m using the
Brunn Rule. The results further show that:

e The rates of shoreline retreat for RCP 4.5 and 8.5 in 2050 are comparable;
e In 2050, the shoreline along the south coast is expected to retreat 10-25m;

e In 2100, the differences in shoreline retreats are more pronounced between the two RCP
scenarios;

e Along the south shore, at beaches like Horseshoe Bay, the shoreline retreat can be up to 60m
in 2100. Warwick Long Bay could also retreat by up to 40m in 2100; and
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e The maximum retreat calculated is 75-85m. This was close to the Dockyards, in an area with
a wider zone of active transport as is visible on the active zone of transport plot above.

Shoreline Retreat Under
Climate Change Scenarios

Shoreline

e . Retreat
m— () - 10m
7/ 7 m— 10 - 15m
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Sea Level Rise: 0.23m Sea Lervel Rise: 0.69m

Figure 7.4 Horizontal shoreline retreat considering the average SLR rise projections (RCP 4.5) and the worst
case SLR rise projections (RCP 8.5) for the 20- and 50-year horizons

The Brunn Rule has some limitations so caution must be taken when interpreting the results. Each
sandy location would have site specific conditions that affect the shoreline retreat. For example, the
nearshore wave conditions could be affected by the presence of reefs and rock formations. The retreat
would also be limited by hard substrates such as a cliff face. Erosion of a cliff face would in turn act
as a supply of sediment to the beach. Anthropogenic influences could limit the shoreline retreat in the
future via coastal protection.

7.3 Erosion Under Swell Events

Another way of assessing the retreat of the shoreline is to look at how the shoreline would be affected
by events that cause erosion. For example, long period swell events (as described in Section 3.5.4) will
likely cause notable erosion. In the future, it is probable these events will be more common. As noted
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previously, Bermuda can also expect stronger hurricanes, which can also severely alter beach
conditions.

For this assessment, sediment movement under the effect of two swell events was assessed using the
MIKE ST module. The morphological model (ST) takes results from the SW and HD modules and
computes the sediment transport at each point in the computational mesh. Pre-calculated sediment
transport tables are used to improve the model’s efficiency. These transport tables are calculated using
the Stokes 1% order wave theory, which was found to be the best method to accurately reproduce the
wave-induced near-bed velocities, both in the shoaling and the surf zones. In the shoaling region,
wave asymmetry results in onshore-directed net sediment transport, which is typically small. In the
surf zone, wave breaking, and the associated undertow are the dominant mechanisms, which in most
cases results in offshore-directed cross-shore sediment transport.

A mean grain size diameter of 0.42mm and a grading coefficient of 1.1 were taken as constants for
the sediment properties. These are average conditions of the sand samples collected and results are
shown in Figure 7.5 and Table 7-3. The layer thicknesses in the nearshore locations assumed to
contribute to the sediment transport were assigned a constant value of 2m (Figure 7.0).

The results show:

e When a swell event originates north of Bermuda the reef provides protection for the north of
island. As described previously, wave heights will increase with rising sea levels that reduce the
efficiency of the reef to attenuate wave energy.

e When a swell event originates south of Bermuda, the southern shoreline is directly affected by
erosion.

e On the north shore, the sandy areas within the lagoon are protected from erosion. Despite
relatively large waves affecting offshore areas, there was no notable erosion predicted along
the north shore for swell events.

e Most of the sediment movement occurs on the rim reef. Sediment in the vicinity of the rim
reef shows erosion of up to 0.95m.

e On the south shore, the sandy areas are generally eroded by up to 0.5m, with a notable 0.8m
of erosion closer to Horseshoe Bay.

e The zone of erosion along the south shore is wider than that along the north shore. This
implies that sediment movement occurs over a wider area. This observation leads to questions
of whether sediment could be lost to the deeper areas offshore the south coast.

The level of erosion on the south coast will be affected by more frequent, high intensity hurricanes.
The ability for the beaches to recover after these events will affect the stability of the beaches in the
future. A total of 14 swell events were found on average per year in the 43-year wave record from
ERAS5. As discussed in Section 3.5.4, a swell event is considered when the significant wave heights
exceed the mean Hs plus two standard deviations of data record. The events can originate from the
north (more likely) and from the south. These swell events cause current flow and sediment flow in
opposing directions. That is, when the swell event is from the north, the current flows toward the east;
when the swell event is from the south the current flows to the west. If there is no equilibrium, there
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could be net erosion of the beaches in the south. This is a phenomenon that should be assessed in
further detail.

® LOCATION OF SEDIMENT SAMPLES

Figure 7.5 Locations of sediment sampling

Table 7-3 Results of sand sample analysis

Grain Size Diameters (mm)

Sample D10 D16 D30 D50 D60 D90

BPS 1 0.260 0.280 0.316 0.368 0.399 0.593

BPS 2 0.514 0.618 0.848 1.239 1.449 2.610

BPS 3 0.296 0.321 0.376 0.483 0.561 0.887

%Gravel %Sand %Silt/ Clay Cc Cu

BPS 1 0.0 99.8 0.0 0.963 1.535

BPS 2 13.9 86.0 0.0 0.966 2.819

BPS 3 0.3 99.6 0.0 0.851 1.895
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Figure 7.6 Bed level change at the end of swell events - March 2018 (top) and August 1995 (bottom)
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8 CIliff Erosion Assessment

8.1 CIiff Setting

Bermuda’s coastal cliffs outcrop at many locations and are composed primarily of Pleistocene dune
calcarenites (acolianites) and associated beach calcarenites (Vacher, et al., 1997). Minor outcrops of
marine deposited limestones and fossil soils (paleosols) also exist (Rowe, 2021). The aeolianite deposits
include five main formations with the older and harder rocks lower in the rock column (Vacher et al.
1997). Taller cliffs are primarily located on the eastern and south-eastern areas of the island. The
present cliffs formed as the Pleistocene rocks were cut back during the Holocene transgression and
subsequent sea level still stand. The cliffs are fronted by a shore platform and sometimes calcareous
beaches composed of sand, gravel, and coral fragments. In some areas beaches are absent and the
cliffs are in continuous contact with the ocean. The cliffs exhibit karstic weathering and complex
morphology (Bird, 2010) including caves, notches (Neumann, 1966; Moses, 2013), and arches. In some
locations, seawalls, revetements, notch fills, and other engineering measures have been installed to
prevent erosion and improve slope stability.

Coastal cliffs in Bermuda can be broadly categorized into two general types. The first type are coastal
cliffs that plunge directly into the ocean and are in continuous contact with the ocean waves (Figure

8.1).

Figure 8.1 Example of coastal cliffs in Bermuda without beaches: Spittal Pond area (left), north of Building
Bay Beach (center), and Great Head (right)

The second main type of coastal cliffs are those fronted by sand and gravel beaches, and waves are
not in continuous contact with the cliffs (Figure 8.2).

o
Figure 8.2 Example of coastal cliffs in Bermuda with fronting beaches: Surf Side Beach (left), Pink Beach West
(center), and Marley Beach (right)
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8.2 Cliff Erosion Processes

The coastal cliffs of Bermuda are exposed to a range of physical, chemical, and biological weathering
processes, which can weaken the cliff material to varying degrees and lead to cliff erosion. In Bermuda,
some weathering factors that are visually apparent and/or have been documented in the literature
include: (1) root wedging, particularly from Casuarina trees, (2) bioerosion from marine life (i.e. boring
sponges, mollusks, etc.; Neumann 1966), and (3) dissolution of limestone rock, in some locations
forming caves (karst; Mylroie et al. 1995).

Coastal cliff erosion can be broadly attributed to marine and subaerial (including subsurface) erosion
mechanisms (Trenhaile, 1987; Sunamura, 1992). Marine erosional processes (e.g. wave-driven impact
pressures and abrasion) act directly at the cliff base, but only when tides and other water level
fluctuations allow waves to reach the cliff (Young et al., 2016). Impacts to coastal cliffs from waves
may increase as sea levels rise; this is an important concern for Bermuda and the focus of the current
report. However, impacts to coastal cliff erosion from sea level rise will vary around the island based
on several factors.

One factor that influences wave-driven cliff erosion is basic exposure to wave energy. A protective
shelf and shallow reefs help limit wave exposure on the northern coast cliffs of Bermuda, while the
southern coastal cliffs are exposed to relatively higher wave energy. The Smith Warner International
(SWI) 2004 Coastal Erosion Vulnerability Assessment found that wave action during storm events was the
primary driver of erosion, compared to day-to-day wave action. SWI (2004) documented numerous
coastal cliff failures related to 2003 Hurricane Fabian and noted observations of several wave-driven
processes related to these failures including cliff overstepping from basal erosion, surface stripping
that exposed softer and more erodible cliff material, and high-pressure water jets extending to high
cliff elevations helping to trigger upper cliff failures. SWI (2004) also found that offshore bathymetry
(which influences wave conditions at the coastline), rock dip (which can affect the type of failure), and
the degree of rock fracturing also influence erosion rates in Bermuda.

The evolution of coastal cliffs can be generally conceptualized as a three-stage cycle. In Stage 1, waves
erode the cliff base, causing notch development or cliff steepening, and reducing cliff stability.
Eventually, in Stage 2, a slope or block failure occurs, depositing talus material at the cliff base. The
talus temporarily protects the cliff from direct wave action until the talus is removed during Stage 3,
restoring direct wave attack, and completing the cycle (Young et al., 2009). The time span of the cycle
and persistence of the talus material is variable.

This general erosion cycle is observed in Bermuda. Large blocks of limestone (cemented paleo dunes)
occur on beaches in many locations around the island of Bermuda, reflecting that seacliff failures in
Bermuda can occur in large blocks, resulting in many meters of inland retreat at once. However, the
blocks of material do not immediately erode, and can temporarily act to protect cliffs from additional
wave attack. As the blocks erode, sand-size material in the rock can be retained on the beach, while
finer grained material is more swiftly carried offshore.

Beaches are another important factor to consider for wave-driven cliff erosion. Cliff fronting beaches
can also provide natural erosion protection to the seacliffs by preventing waves from impacting the
cliff when the combined wave and tide conditions do not generate wave runup levels that exceed the
beach conditions.
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For cliffs with fronting beaches, the rate of cliff retreat, and resulting hazards associated with cliff
retreat, in response to ocean-driven erosion related to sea level rise will depend upon several factors,
including future wave conditions, the frequency and length of time that runup exceeds the beach level
and waves can impact cliffs, and the physical cliff properties such as hardness of the cliff material. For
cliffs without fronting beaches that are already in continuous contact with the ocean, change to cliff
erosion rates will mostly depend on possible changes in nearshore wave conditions. An additional
factor to consider for all cliffs is the presence of weak layers in the cliffs that may experience new or
increased wave attack as sea level rises.

8.3 Historical Cliff Erosion Rates

Detailed quantitative assessments of cliff retreat rates in Bermuda are not available. However, several
significant cliff failure events have been documented. For example, in 2003 the eye of Hurricane
Fabian passed about 80 km to west of Bermuda and generated sustained wind speeds of 190 km/h
over the land. The hurricane caused extensive damage including seawall failures, structural damage,
and coastal erosion including cliff failures (SWI, 2004). Jones (2012) also reported two major cliff
collapses just east of the Grand Atlantic development (now the Bermudian Resort) and at Southlands
Beach prior to the arrival of Tropical Storm Leslie in 2012.

Airborne LiDAR surveys conducted in 2004 and 2019 potentially provide an opportunity to
quantitatively analyze coastal change, including cliff retreat, over the time period between the surveys.
The 2004 LiDAR dataset is sparse, with a density of about 0.058 points/m” (1 point per 17m? and
spans about 24 km along the southern side of Bermuda and about 2.7 km in the cross-shore direction.
The dataset includes the offshore bathymetry to depths of about 60m. The 2019 dataset is also
relatively sparse, with a similar point density of about 0.053 points/m” (1 point per ~19m? but
includes full coverage of Bermuda and the surrounding areas to depths of about 60m. Both LIDAR
datasets were converted to digital elevation models with 4m resolution (16 m* grid cells) and used for
preliminary topographic change analysis. Initial inspection revealed significant noise levels at many
coastal cliff locations and other similar features with rapid elevation changes. The noise was generated
by the low data resolution, data gaps in cliff areas, edge effects, vegetation, and interpolation.
Unfortunately, the topographic cliff changes are typically relatively small compared to the available
data resolution (1 point per 17-19m?), preventing confidence in quantitative change analysis of the
coastal cliffs.

Quantifying historical coastal cliff retreat rates might be possible in Bermuda if historical high
resolution topographic surveys or orthorectified aerial images could be obtained for this purpose.
Current and future cliff retreat rates could be quantified with new, subsequent high-resolution LiIDAR
surveys.

Although the existing LIDAR datasets could not be used to conduct extensive quantitative cliff retreat
analysis, the two LIDAR datasets were compared for the area east of Bermudian Resort where a large
failure occurred in 2012 (Jones, 2012). The LIDAR comparison suggests about 30m alongshore of the
cliff top retreated about 5m in some areas, corresponding to a retreat rate of 33cm/yr between the
2004 and 2019 LiDAR datasets. Note, this case represents an episodic event and probably represents
the high range of historic cliff retreat rates. Long term historical average retreat rates are likely lower.
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8.4 Impacts of sea level rise

In many cliff settings around the world, the rate of cliff retreat is expected to increase as sea levels rise.
Most models that estimate future cliff retreat rates considering sea level rise require known historical
cliff retreat rates as a model input and calibration, which are generally not available for Bermuda. The
vulnerability of Bermuda’s coastal cliffs was therefore qualitatively assessed for 20-, 50-, and 100-year
time horizons for sea level rise scenarios RCP 4.5 and 8.5. Future cliff vulnerability was evaluated
using available data sources including present and future wave conditions, geologic conditions and
lithology, and site settings. The assessment included an on-site visit to visually evaluate present
conditions and to collect data including rock hardness (obtained with a Schmidt hammer) and photos
of representative erosional processes. The 20-, 50-, and 100-year time horizons were compared to
baseline conditions to evaluate future changes. Overall, qualitative vulnerability was assessed primarily
between sites using relative wave exposure, rock hardness, site conditions, and modeled beach retreat.
Parameters that were qualitatively evaluated fall into three categories: (1) beach, (2) geologic, and (3)
wave conditions.

8.4.1 Beach conditions

When cliffs become sufficiently undercut or weakened from wave action or other weathering
processes, cliff failures occur. Beaches can provide a natural buffer to wave exposure of the cliffs. If
combined conditions of wave action and sea level exceeds the beach conditions, waves can directly
attack the cliffs. Wider and higher elevation beaches provide relatively more protection compared to
narrow, low elevation beaches.

For the cliffs currently continuously in contact with the waves, such as rocky headlands and cliffs
without fronting beaches, future vulnerability can be primarily related to changes in nearshore wave
height (assuming no geologic changes of the cliff face in contact with the ocean as sea levels rise). In
areas with deep water presently at the cliff base, there may be relatively little change in cliff base wave
conditions as sea levels rise.

Sites were assessed using beach condition factors including beach presence, beach elevation, beach
slope, historical beach width, and modeled Bruun rule shoreline retreat estimates. Beach elevation and
slope were estimated from the 2004 and 2019 lidar data. Historical beach widths were estimated from
historical shoreline analysis (Section 7.1) and Bruun rule beach retreat estimates (Section 7.2). Note,
the basic Bruun rule model does not consider the presence of coastal cliffs behind the beach. Beaches
without backing cliffs will likely retreat faster in response to sea level rise compared to beaches backed
by cliffs, which will provide more resistance to wave erosion. Beaches backed by cliffs will also likely
have a lagged response to sea level rise. Note that beaches are inherently dynamic and change with
time, so these estimates of observed beach conditions are interpreted as representative snapshots in
time and should not be considered absolute.

8.4.2 Geologic conditions

Geologic conditions were evaluated using 7z sitn measurements and observations. Ir situ cliff rock
strength measurements were obtained with a Proceq Schmidt hammer at the cliff base using the ASTM
method (mean value of ten measurements with outliers removed; ASTM, 2013). Schmidt hammer
rebound values are strongly correlated (r* = 0.96) with uniaxial compressive strength (Katz et al., 2000).
At many of the beaches visited for this project, a paleosol layer was observed in the cliffs just above
the back beach elevation. The Schmidt Hammer typically could not measure rock hardness in the
paleosol layers, because the material was too weak and the hammer action did not register. Indeed,
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the material in these layers could easily be scraped away by hand. In contrast, the limestone material
surrounding paleosol layers was much harder, although it varied in hardness and in the degree of
weathering/pitting of the material, which would result in variability in overall rock resistance to
erosion.

The site visit observations suggest that beaches often form in Bermuda at locations where a paleosol
layer is located near the cliff base at an elevation potentially exposed to wave action. In some locations,
such as below the Bermudian Resort development, seawalls were observed that appear to have been
placed to protect a paleosol layer near the base of the cliff, just above the back beach.

8.5 Evaluated Sites

Twenty representative sites were selected for evaluation based on available data sources (Figure 8.3,
Table 8-1).

Figure 8.3 Locations of the twenty representative coastal cliff sites
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Table 8-1 General site settings and parameters of beach and geologic conditions, and existing wave climate

Back
Beach Historical | Cliff Hardness Cliff Lower Cliff Waves | Waves
Site Beach Elevation| Beach Beach (Schmidt Elevation | Paleosol | Foreshore |Hs (m)*|Hs (m)*
Site Name Number |Present| Cliff (m) slope (°) |Width [m) Hammer) (m) Observed Setting mean | 99th
Sediment
Surf Side Beach 1 Yes Yes 1-3 36,46 0-40 19.5, 21, 0, 16.5 22 Yes Dominated 0.5 1.0
0, 10, 0, 11, 45, Sediment
Elbow Beach 2 Yes | Partial 2-4 31,39 10-100 14.5 10-20 Yes Dominated 0.5 11
Sediment
John Smith 3 Yes | Partial 34 38 4.1 30-70 19.5, 33 5-10 Yes Dominated 0.4 11
Sediment
Rosewood Club 4 Yes | Partial 3-5 2.7,3.5 40-80 42.5, 41, 45 20-25 No Dominated 0.5 1.3
Sediment
Church Bay 5 Yes Yes 2-4 7.3 — 27,12.5 15-20 Yes Dominated 0.5 0.9
Sediment
The Reefs Resort 6 Yes Yes 2-4 6.2,5.1 - 25 20-25 Yes Dominated 0.5 1.0
15, 9.5, 115, 12, Rock /
Marley Beach 7 Yes Yes 2-3 25,26 - 11.5, 32, 13.5, 20 Yes Sediment 0.3 0.7
Rock
Spittal Pond 8 No Yes -— - - 34.5, 21.5, 19.5 3-20 No Dominated 0.5 1.4
Rock
Great Head 9 No Yes — - — 41 20-30 No Dominated 0.7 1.8
Rock
Barry Road 10 No Yes -— - - 29.5 3-5 No Dominated 0.6 1.2
Railway Trail near Callen Rock
Glen Dr. 11 No Yes — - — 44,20, 12.5 5-10 No Dominated 0.4 0.8
Railway Trail near Rock
Lynwood Dr. 12 No Yes -— - - 29, 24.5, 15.5 3-5 No Dominated 0.4 0.8
Coral
Robinson Bay Park 13 No Yes -— - - 10.5 5-8 No Dominated 0.2 0.3
Rock
Ducking Stool Park 14 No Yes -— - - 27.5 5-10 No Dominated 0.4 0.7
Rock
Clarence Cove 15 No Yes — — — 13.5 10-20 No Dominated 0.4 0.7
Rock
Dockyard - Pulpit Rock 16 No Yes - - - 15.5, 13, 26.5 5 Yes Dominated 0.4 Q0.7
Sediment
Theo's Cove 17 Partial | Partial — — — 15 3 No Dominated 0.2 0.3
Sediment
Daniels Head 18 Partial | Partial — — — 29.5 5-10 No Dominated 0.3 0.4
Sediment
Hog Bay Park 19 No Yes -— - - 36, 22.5 2-5 No Dominated 0.2 0.3
SEanment
West Whale Bay Park 20 Partial | Yes —_ —_ - 24.5,17 5.15 No Dominated 0.4 0.5

* Median of study site

Sites 1-8 were primarily located on the southern side of Bermuda and had a beach fronting the cliffs
except site 8 (Spittal Pond) where there is no protective beach. Site 2 (Elbow Beach), 3 (John Smith),
and 4 (Rosewood Club) are only partially backed by coastal cliffs. Sites 3 (John Smith), site 4
(Rosewood), and 6 (Reefs Resort) are pocket beaches. Sites 9 (Great Head) and 10 (along Barry Road)
are located on the northeast portion of Bermuda and do not have any protective beaches. Site 9 (Great
Head) is characterized by high cliffs that plunge into relatively deep water. Sites 11-15 are located on
the northern facing part of Bermuda, sheltered from wave energy by an extensive shelf, and generally
lack protective beaches. Sites 16-20 are on the western side of Bermuda and include variable amounts
of beach and cliff extent.
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8.5.1 Beach Conditions

Back beach elevation conditions at sites 1-7 generally ranged from about 1-5 m (Table 8-1). The lowest
elevation beaches were at sites 1 (Surf Side) and 7 (Matley Beach), while site 4 (Rosewood) was the
most elevated. Generalized historical beach widths (available for sites 1-4) ranged from about 0-100
m, with site 1 (Surf Side) the narrowest. Site 2 (Elbow Beach) exhibited the largest range (combined
temporal and alongshore) of 10-100 m in width. Sites 2-4 all had maximum historical beach widths of
at least 70 m.

Future Bruun rule beach retreat estimates for a 100-year horizon ranged 15-36m for RCP 4.5, and 19-
44m for RCP 8.5. The lowest beach retreat for RCP 8.5, 100-year horizon was at site 6 (Reefs Resort,
19m), while sites 1 (Surf Side), 4 (Rosewood), and 7 (Marley Beach) had estimated retreats of 42-44
m. 50-year horizon beach retreat ranged up to 13m and 15m, for RCP 4.5 and 8.5, respectively.

8.5.2 Geologic Conditions

Weak paleosol layers near the cliff base were observed near the cliff base at sites 1-7 and 16, and
generally correspond to sites with extensive beaches. The exception was at site 8 (Rosewood Beach)
where a paleosol layer was not observed, but possibly concealed by shore protection and vegetation.
Rock hardness observations ranged from 0-45 around the island. Relatively weak cliff layers (rebound
values <15) were observed atsites 1,25, 7,11, 13, and 15-17, while relatively hard cliff layers (rebound
values >35) were observed at sites 2, 4, 9, and 11. A relatively large range of rock hardness was
observed at site 2 (Elbow Beach, 0-45) and site 11 (Railway Trail, 12.5-44).

8.5.3 Wave Conditions

Future wave conditions at each site were evaluated for both the standard day to day wave climate
(Figure 8.4) as well as changes related to hurricanes (Figure 8.5). Day to day wave exposure generally
increased with rising sea levels with 99" percentile wave heights increasing up to 25% and 59% by
2100, over present conditions for RCP 4.5 and 8.5, respectively. Relative wave height increases were
largest at sites 17, 19, and 20, all located on the west side of Bermuda. The smallest change in relative
wave heights was site 9 (Great Head) where the cliff plunges into relatively deep water.

Of the sites evaluated for this work, site 8 (Spittal Pond) and site 9 (Great Head) are most exposed to
present and future hurricane waves. Modeled hurricane wave height estimates ranged up to an increase
of 0.5m for a 100 year event under RCP 8.5 and a 50 year forecast horizon (Figure 8.5). However,
many of the expected changes in hurricane wave heights remain <0.3m across all sites and future
climate scenarios. The largest and smallest increases are expected at sites 1-8 (maximum modeled
increase 0.4-0.5m), and sites 11-19 (modeled increase of <=0.3m), respectively.
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Figure 8.4 Modeled changes in standard wave condition at each site for the 50" and 99 percentile of wave
heights expected in both 2050 and 2100; RCP 4.5 (top) and RCP 8.5 (bottom) future climate model scenarios
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Figure 8.5 Modeled future hurricane wave conditions for climate scenario RCP 4.5 and 8.5 compared to no
climate change (NCC) for 20- and 50-year forecast time horizons; 50-year return period wave height (top) and 100-
year teturn period wave height (bottom)
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8.6 Qualitative Comparison

A qualitative summary of present and future beach, geologic, and wave conditions show variable
factors to consider for different parts of Bermuda (Table 8-2). Paleosol layers and beaches exist at
many south shore sites evaluated. The south shore has relatively large present-day waves compared to
the west and north shores. Standard day to day wave conditions on the south shore are expected to
increase moderately, while the largest increase is forecast to occur on the west shore. Standard day to
day wave condition changes on the north and east shore are expected to be relatively small. Expected
changes in hurricane wave conditions are highest and lowest, on the south and west shore, respectively.

The combined factors of weak cliff materials, small volume beaches, forecasted beach retreat, and
increasing day to day and hurricane wave conditions at many south shore sites, suggest that these sites
will be relatively more susceptible to increased erosion as sea levels rise compared to other areas. In
particular, site 1 (Surf Side) and 7 (Marley Beach) are likely to experience increased cliff erosion. The
west shore is relatively vulnerable to increased standard day to day wave conditions, while the north
and east shore appear relatively sheltered to future wave changes compared to other areas. Future
conditions and changes at sites 8 (Spittal Pond) and 9 (Great Head) are primarily related to potential
increases in hurricane wave conditions.

Table 8-2 Color coded qualitative relative comparison between sites for various beach, geologic, and wave
conditions and forecasts

Waves Standard Conditions, % Brunn Rule Shoreline
‘Waves Hs (m) * Change * aves Hurricane Conditions (m) * Change (m)
Present RCP 4.5 RCP 8.5 NCC RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5
20year | 50year | 20 year | 50year H g
mean | 99th % | 50th % [ 99th % | 50% | 99th % horizon [ horizon | horizon | horizon g g
Historical Beach| Cliff Hardness | Lower Cliff ; 3 ; 5 d
i ~ i ini i [ N e N e S Y Y Y R A R
Site | Beach | ~ Back Beach Width Minimum (Schmidt | Paleosol glglglslgleglglel sl sl s1sls18ls18l=18l21gd 2l
Site Name Number |Present | Elevation (m) | Minimum (m) Hammer) Observed SINIRIS|IRINR|IRIS]IRIS[RIS[R][2]|23|2]3|S]R|=58 7 |= 7
Surf Side Beach 1 Yes 2|3|unf12|s5|s |22fa7)24f26|25|27[26|28)26]27|28]30] 13
Elbow Beach 2 Yes 212|9]9[3]|4([19]22]25|27)|26)|28|27[29(26]|28]|29]|31] 9 24| 10 | 29
John Smith 3 Yes 1)1]9]9[2]2]18
Rosewood Club 4 Yes 1(2)7]8[3]|3]13
Church Bay 5 Yes 8|8 ]13]14)10]|10]|26
The Reefs Resort 6 Yes 3|13|10|10[6 |7 |21
Marley Beach 7 Yes 0jJo]|7]|8|8&8[6]19
Spittal Pond 8 No ofo]lala)1]1]8
Great Head 9 No 1]1)1)]1]2]2(2
Barry Road 10 No - - 0.6 12 4 (417|187 ([8]13]115021(22(21(22)|22)23]|22|23|24|25] —| —| — -
Raiway Trail near
Callen Glen Dr. 11 No — — 04 0.8 313|557 |8(11]14]13|14)|13)14]14[15[14]|14]|15])16) — | —| — —
Rarway Trall near
Lynwood Dr. 12 No — — 0.4 0.8 4(4)16|6|8[10|13]16)14[15[(15(16|15)16]|15|16|16|17) —| —| — —
Robinson Bay Park 13 No - - 0.2 0.3 3|13|6|6[7]9(13]16/13|10]|10]11(11(12[11]11]12]13}) — - - -
Ducking Stool Park 14 No — — 0.4 07 |3|4]|5]|5]|8[10]13f16]13(13[13[13]13]14)13]|13]|14]|14]) —| —| — | —
Clarence Cove 15 No - - 04 07 |4|4])6]|7]9]11]13]16J13[13(13|14]14)14)13]|14]14|15) —| —| — | —
Dockyard - Pulpit Rock 16 No - - 0.4 0.7 4[5]16|7]10(12])15]19}13[12(12(13]|13)13]12|13|14|14] —| —| — -
Theo's Cove 17 | partial = = 0.2 03 |11]12]19/20(36)38 13|o09fo09]|10|10[11]|10)10]11f12}) —] —] —] —
Daniels Head 18 Partial — — 29.5 No 03 04 18[9 ]11]12)18|21 E 13)11)1a)11f11f12f11)11)12)13) — [ —|] —| —
Hog Bay Park 19 No - - 22.50 No 0.2 03 ]16(18]|24]25)|29|33 13)11)11)12(12[13|12)12]14f14}) —| —| — -
West Whale Bay Park 20 Partial — — 17 No 0.4 0.5 9 (9]17]19]17(20|38 15|15)16]16[{17[(17|16]17]19f19}) —| —| — —

* Median of study site

Colors are relative within each factor, with darker blues representing increasing factors that are expected to result in increased
cliff erosion rates.
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8.7 Modified Scape Model

In addition to the qualitative assessment above, a simple model was used to estimate future conditions
based on the rate of historical sea level rise (3.84 £ 0.4 mm/year; Climate Studies Group Mona, 2022),
estimated future rates of sea level rise (5.4 - 9.6 mm/yr for RCP 4.5, and 7.1-14.8 mm/yr for RCP 8.5;
Climate Studies Group Mona, 2022 ), and a range of estimated historical cliff retreat rates spanning 5-
33 cm/yr. The upper range represents the observed rate of about 33 cm/yr estimated from the lidar
data east of the Bermudian Resort.

Future retreat was estimated using the modified SCAPE model (Walkden and Dickson, 2008; Ashton
et al.,, 2011; Table 8-3), which assumes cliff erosion is primarily driven by wave action. The modified
SCAPE model assumes future cliff retreat depends on historical cliff retreat, and historical and future
sea level rise. The modified SCAPE model is expressed as a relatively simple relationship but was
derived from detailed process-based modeling of soft cliff coasts using the full SCAPE model version
(Soft Cliff and Platform Erosion, Walkden and Dickson, 2008). Therefore, the modified SCAPE model is
considered more physics-based compared to the other simplified coastal erosion models.

Table 8-3 Modeled future cliff retreat rates for RCP 4.5 and 8.5 based on the Modified SCAPE model for a
range of potential historical retreat rates

Future Retreat Rate (cm/yr)

RCP 4.5 RCP 8.5
SLR 5.7 SLR 7.7 SLR 7.7 SLR 6.6 ?515{ ?31;\
mm/yt mm/yt mm/yt mm/yr mm/yr mm /yr
Historical
Retreat 20 Year 50 Year 100 20 Year 50 Year 100
. . Year ) . Year
Rate Hortizon Hortizon . Hortizon Hotizon .
Horizon Horizon
(cm/yr)
5 6 7 7 7 8 8
10 12 14 14 13 17 17
20 24 28 28 26 33 33
33 41 47 47 44 55 55
8.8 Summary

A qualitative comparison of 20 coastal cliff sites spread throughout Bermuda was conducted. The
coastal cliffs can be divided into two main categories: those with and without a fronting beach. Cliffs
with fronting beaches mostly occur on the south shore. Beaches of sufficient volume can provide
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protection to wave-driven cliff erosion. However, the cliffs fronted by beaches were often observed
to have a weak rock layer (paleosol) near the cliff base that is relatively susceptible to erosion. As sea
levels rise, forecasted increasing wave heights and modeled beach retreat make these cliffs particularly
vulnerable to climate change and increased erosion rates. Alternatively, relatively low or moderate
increases in future erosion rates are expected at sites with relatively small forecast changes in wave
conditions, such as on the north coast, and where cliffs plunge directly into deep water (e.g., headlands).
The modeled increase in day-to-day wave conditions was highest on the west coast, suggesting a
potential moderate acceleration of future cliff retreat rates at those sites.

If sea level rise causes waves to interact with a paleosol layer (or other weak layer) that is not currently
actively eroded by waves, erosion rates would likely accelerate. The elevation and locations of the
paleosol layers varied along the coastline and are not currently mapped in sufficient detail to allow
geographic analysis of this factor. This could be useful as an area of focus for future studies.
Additional obsetvations such as high resolution lidar and/or imagery are also needed to develop a
detailed inventory of quantitative coastal cliff changes in Bermuda, required to calibrate and develop
robust models of coastal cliff evolution under future climate scenarios.
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9 Hydrogeologic Assessment

Impacts of rising sea level on the hydraulic balance between aquifers and the ocean will likely threaten
freshwater resources and aquatic ecosystems along many coastline areas around the world, and in
many cases, for some distance inland in small oceanic islands. It is vital to understand the vulnerability
of groundwater systems to these rising sea levels and saltwater intrusion and to assess and understand
the factors that determine the magnitude of system response. Sea water (or salt water) intrusion is
defined as the lateral landward migration of the sea water-fresh water interface in the subsurface.
Vulnerability in this context is defined by the rate and magnitude of salinization (or salinification) of
coastal aquifers and changes in groundwater flow to the sea. This understanding is critical to
developing effective management and adaptation plans in coastal zones. Salinization can occur from
lateral saltwater intrusion at depth and infiltration from surface due to coastline transgression and
storm surge inundation. Changes in groundwater flux to the ocean can affect groundwater discharge
and circulation of saltwater through the offshore subsurface. This can alter both ocean aquatic
ecosystems and ocean chemical composition.

Bermuda’s fresh-water lenses float on the underlying saline groundwater due to the density differences
between fresh and salt water. Sea water rise is translated throughout the subsurface of Bermuda
through the highly permeable Walsingham Formation rocks with the result that a rise in sea levels is
translated into a comparable rise of the freshwater lenses. The interface zone of mixing of fresh and
saline water at the base of the lenses and the water table will rise at the same rate on average.

The rise and fall of the sea level at the coast of Bermuda is translated inland and causes the freshwater
lenses to rise and fall as well. Since the topography of Bermuda rises relatively steeply from the
shoreline, the rise of the freshwater lenses are not likely to intercept the ground surface except for a
limited area near the coast in the foreseeable future. Therefore, the shape of the groundwater lenses
in cross-section are predicted to stay the same assuming extraction and recharge remain constant. This
is a recharge limited system as rather than a topography limited system and the horizontal hydraulic
gradient (and thus the groundwater flow to the sea) will remain the same in the future assuming the
hydraulic conductivity of the aquifer is more or less the same above the existing water table as it is
below the existing water table and the recharge remains the same.

In the coastal areas the sea level rise combined with the maximum tidal effect plus half the steric
anomaly plus meso scale effects is currently (2022) calculated to have resulted in saline water some
1.49m above OD’ intruding into the subsurface or 1.23m above existing calculated sea level.
Glasspool (2008) estimated sea level rise without including meso scale anomalies. In this study half
the stearic anomaly is used plus the meso scale effect since the rise in sea level will deposit salt within
the pores of the rock or soil which will stay in situ for a period even after the sea levels decline in the
annual cycle. This saline water will slowly drain by gravity or be slowly displaced by recharging
infiltration but at a much slower rate than the daily and seasonal effects controlling sea level rise and
intrusion into the rock and soil matrix.

The effects of tidal damping diminish the range of oscillations of the water table moving inland from
the coasts. Vacher (1974) shows that on the north shore of Bermuda and moving inland, the tidal

7 Ordnance datum was set at a mean sea level (msl) of 0.000m in 1963 from tide gauge records at the Bermuda Biological Station.
(Johnson, 1984 cited in Ellison, 1993). Glasspool 2008, gave msl as 0.21 m AOD. Plotting these values on a graph gives a 2022 msl of
0.26m AOD.
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oscillation in the Central Lens is reduced to 10cm at 100-120m from the north shore and reduced to
2cm within 200 m from the north shore. The maximum tidal range at the coasts during spring tides
is 1.2m. This Central Lens north of the line of east-west trending inland pons is underlain by the
Langton Aquifer with its relatively low permeability rocks. The higher permeability Brighton Aquifer
to the south has the 10cm contour of tidal oscillation at approximately 500-600m from the south
shore, and the 2cm contour at approximately 800m from the south shore. Therefore, the effects of
rising sea levels will be greater inland from the south shore in the Brighton Aquifer than on the north
shore in the Langton Aquifer inland from the ocean.

Barometric effects on sea level occur every few days. For a drop in air pressure of 1 mb (0.1 Kpa) sea
level rises 1cm. Since barometric pressure varies every few days it would be prudent to include a
component of sea level rise due to varying atmospheric pressure and a value of 25cm has therefore
been used.

Capillary effects of migrating salt into the vadose zone have not been included in the estimates of
salinization. Further studies are required in different environments and soil types to determine the
scope and extent of capillary effects.

With the projected sea level rise from the calculated 2022 sea level in relation to Bermuda Ordnance

Datum, future projected sea level rises under RCP 4.5 are given with reference to this datum are given
in Table 9-1.

Table 9-1 Projected sea level rise and elevation above Bermuda Ordnance Datum, RCP 4.5

Year Years from Projected Sea Level Rise (m) Projected sea level above
Present extrapolated from Mona data present level (m) above OD

2022 0 0.26

2042 20 0.18 0.44

2072 50 0.36 0.62

2122 100 0.66 0.92

The sea level rise for 2122 for both RCP 4.5 and 8.5 was calculated from graphing the Mona data plus
OD and extrapolating to 2122. There is no allowance for the acceleration of sea level rise that may
occur. Table 9-2 shows projected sea level rise under RCP 8.5 in relation to the Bermuda Ordnance
Datum.

Table 9-2 Projected sea level rise and elevation above Bermuda Ordnance Datum, RCP 8.5

Years from

Projected Sea Level above

Year present Projected Sea Level Rise (m) Present Level m above OD
2022 0 0.26
2042 20 0.18 0.44
2072 50 0.45 0.71
2122 100 0. 85 1.1
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Table 9-3 shows the expected sea level rise around Bermuda which includes tidal effects, the local
steric anomaly and meso scale effects for RCP 4.5 and 8.5. This will also be the projected maximum
rise of the groundwater lenses including the water table at the coasts. The tidal effect on groundwater
lens rise will diminish fairly rapidly and progressively inland from the coasts.

Table 9-3 Projected sea level rise around Bermuda plus tidal, steric and meso Scale Effects, RCP 4.5 and 8.5
equals total groundwater lens rise at the coasts

Years Sea . Local Meso . Bermuda Tot.al
Level Maximum . Barometric . projected
From . . Stetic Scale subsidence
RCP Rise Tidal Pressure groundwater

Present . Anomaly  Effects below 2022 f

2022 Above Height m m m Effects m level (m rise above
(2022) ODm evel (M) 5D (m)
0 4.5 0.26 0.6 0.125 0.25 0.25 0 1.49
20 4.5 0.44 0.6 0.125 0.25 0.25 0.018 1.68
50 4.5 0.62 0.6 0.125 0.25 0.25 0.045 1.89
100 4.5 0.92 0.6 0.125 0.25 0.25 0.09 2.24
0 8.5 0.26 0.6 0.125 0.25 0.25 0 1.49
20 8.5 0.44 0.6 0.125 0.25 0.25 0.018 1.68
50 8.5 0.71 0.6 0.125 0.25 0.25 0.045 1.98
100 8.5 1.10 0.6 0.125 0.25 0.25 0.09 2.42

The cumulative maximum sea level rise (therefore groundwater rise at the coasts) at any given time as
a result of these effects will occur relatively infrequently. Spring tides occur twice each lunar month at
new or full moons. Neap tides occur twice a month and occur when the sun and moon are 90 degrees
from each other, at 17 and 3™ quarter. Barometric pressure effects vary daily or every few days and
can be dramatic during relatively rare hurricanes which hit Bermuda. The local steric anomaly peaks
in October each year at its maximum level of 12.5cm and six months later it is at -12.5cm. Meso scale
effects can occur at any time around Bermuda and they emerge from instabilities of the strongly
horizontally sheared motions of the Gulf Stream. These eddies often take the form of well-defined
rings extending to great depth and can last for weeks to over a year. (NOAA
https://oceanservice.noaa.gov/facts/eddy.html).

In addition, the entire landmass of Bermuda is sinking at a rate of 0.9 mm/yr. which will add to
apparent sea level rise of 9.9cm after 100 years. Satellite GPS vertical motion velocity data published
by the Jet Propulsion Laboratory in the US indicates that the island has been subsiding at the rate of
0.9 mm/year since 1993. These data have been derived from the vertical motion sensor positioned at
the Bermuda Institute of Ocean Sciences. This subsidence will add to apparent sea level rise of 9.9 cm
after 100 years. (Glasspool, 2008, JPL website https://www.sonel.otg/-JPL14-.html)

This subsidence has been added to the total sea level rise in Table 9-3.

Table 9-4 gives the total projected maximum groundwater lens rise at the inland ponds in the Central
Lens area. Maximum tidal effects in these areas are diminished because of damping and the maximum
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rise due to tidal effects is approximately 2cm. The exception to this is the area around and east of the
Pembroke Canal where the maximum tidal effect will be 10cm (Vacher, 1974).

Table 9-4 Maximum central lens rise at inland ponds

Total
Projected
Maximum
Years Sea . Local Meso . Bermuda Central.
Level Maximum . Barometric . Lens Rise
From . R Steric Scale Subsidence .
RCP  Rise Tidal Pressure in and
Present . Anomaly Effects Below 2022
2022 Above Height m Effects m Level Around
( ) OD m m m cvelm Inland
Ponds,
Above OD
m
0 4.5 0.26 0.02 0.125 0.25 0.25 0 0.91
20 4.5 0.44 0.02 0.125 0.25 0.25 0.018 1.10
50 4.5 0.62 0.02 0.125 0.25 0.25 0.045 1.31
100 4.5 0.92 0.02 0.125 0.25 0.25 0.09 1.66
0 8.5 0.26 0.02 0.125 0.25 0.25 0 0.91
20 8.5 0.44 0.02 0.125 0.25 0.25 0.018 1.10
50 8.5 0.71 0.02 0.125 0.25 0.25 0.045 1.40
100 8.5 1.10 0.02 0.125 0.25 0.25 0.09 1.84

It is questionable whether the inland ponds (with the possible exception of Pembroke Marsh West)
will become more saline as sea level rises. From the literature, it appears that the Central Lens
underlies the NE-SW line of ponds and the lens will rise with rising sea levels. With the two
interpretations of the degree of hydraulic connection between the ponds and the Central Lens
groundwater, it is likely that the ponds will rise over the years and least as much as average sea level
around Bermuda rises. If the hydraulic connection is stronger, then some oceanic oscillations will be
transmitted inland resulting in a higher water level in the ponds at various times than from sea level
rise alone. The conclusion of this analysis is that the ponds in the Central Lens and the immediate
surrounding area will not suffer from an increase in salinity in the foreseeable future. Monitoring of
the ponds’ water levels would be useful to ascertain the degree of hydraulic connection between the
ponds and the Central Lens.

The saltwater ponds generally lie close to the south coasts. These are generally brackish as they lie in
more permeable bedrock formations. Tidal effects are transmitted inland with less damping than along
the north shore in the less permeable rocks.

The area at the west end of Pembroke Marsh West and towards the west coast from the marsh area
to the Pembroke Canal will likely see an increase in salinization. Tidal effects of groundwater level rise
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will be strongest in the canal and rapidly diminish inland to about 2cm in the Pembroke Marsh West.
The other components of sea level rise will affect salinity levels in the groundwater around the
Pembroke Canal and east possibly to the marsh.

As explained above saline groundwater rising with oscillations of the ocean in areas just at the coast
of Bermuda and for some distance inland will introduce saline conditions in rocks containing
freshwater aquifers progressively higher in elevation as sea levels rise. Saline water will displace fresh
or brackish water in the pores of the rocks of the Langton Aquifer and the pores and fractures and
solution channels of the Brighton Aquifer with the greatest impact being at and near the coast. Even
with the relatively infrequent occurrence of a spring tide with the passage of a low-pressure area, with
the October high steric anomaly and under the influence of a meso scale eddy, saline water will fill
soil and rock pores to an elevation indicated on Table 9-3. With a decline in ocean levels (low tide,
negative stearic anomaly, high atmospheric pressure) some of this water will drain by gravity and the
influence of recharging precipitation but the process is much slower than the water level rise.
Chemical changes will occur relatively slowly and will involve cation exchange involving sodium,
calcium and magnesium. This process is complicated by the migration of the interface zone inland as
sea levels rise and by the presence of the vadose zone above the oscillating water table where saline
water could migrate as a result of chemical diffusion and dispersion processes. In addition,
evapotranspiration could act as a pump to induce upward flow of saline or brackish water. Soil in
agricultural areas near the coast may see a decline of production over the years depending on their
elevation in relation to sea level.

The Government of Bermuda Digital Terrain Model (IDTM) was used as the basis to produce maps
showing land areas in Bermuda below the future maximum projected sea level (plus transient effects)
elevation changes for two scenarios and three future points in time. The DTM works from the

ordnance datum of Om elevation. Current mean sea level without oscillations detailed above was
calculated in this study as 0.26m above OD (2022).

Figure 9.1 to Figure 9.12 show maximum projected groundwater rises (sea level plus transient effect
rises) for present day, 20, 50 and 100 years under RCP 4.5 and 8.5.

The complete hydrogeologic report is attached as Appendix I
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BERMUDA - CLIMATE CHANGE STUDY
DOCKYARD RCP 4.5

N
LEGEND
- Present Groundwater Elevation 1.49 m Above 0D A
——— Projected Groundwater Rise 1.68 m Above OD
- Projected Groundwvater Rise 1.89 m Above OD .
——— Pmjected Groundwater Rise 2.24 m Above OD [ERE | E— IKilometers

0 0204 08 12 16
Figure 9.1 Predicted groundwater rise for the Dockyard area for RCP 4.5
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Figure 9.2 Predicted groundwater rise for the Dockyard area for RCP 8.5
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BERMUDA - CLIMATE CHANGE STUDY
GREAT SOUND RCP 4.5

LEGEND
—— Present Groundwater Elevation 1.49 mAbove OD  Projected Groundw ater Rise 1.89 m Above OD ;
—— Projected Groundwater Rise 1.68 m Above OD  ——— Projected Groundwater Rise 2.24 m Above OD o 0"'2 5|—|0 5 1I—|1 & ZIK"omete's

Figure 9.3 Predicted groundwater rise for the Great Sound area for RCP 4.5
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BERMUDA - CLIMATE CHANGE STUDY

GREAT SOUND RCP 85
LEGEND
——— Present Groundwater Elevation 1.49 m Above OD ~ Projected Groundw ater Rise 1.98 m Above OD 1 IKilbihatars
——— Projected Groundwater Rise 1.68 m Above OD ~ ——— Projected Groundwater Rise 2.42m Above OD  ( 02505 1 15 2

Figure 9.4 Predicted groundwater rise for the Great Sound area for RCP 8.5
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BERMUDA - CLIMATE CHANGE STUDY
SOUTH COAST BEACHES RCP4.5

LEGEND

—— Present Groundw ater Elevation 1.49 mAbove OD ~ Projected Groundwater Rise 1.89 m Above OD

—— Projected Groundw ater Rise 1.68 m Above OD ~— Projected Groundwater Rise 2.24 m Above OD

Figure 9.5 Predicted groundwater rise for south coast beaches for RCP 4.5
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BERMUDA - CLIMATE CHANGE STUDY
SOUTH COAST BEACHES RCP8.5

LEGEND

—— Present Groundwater Elevation 1.49 mAbove OD ~ Projected Groundwater Rise 1.98 m Above OD

—— Projected Groundwater Rise 1.68 m Above OD  ——— Projected Groundwater Rise 2.42 m Above OD

Figure 9.6 Predicted groundwater rise for south coast beaches for RCP 8.5
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