
 
 
 
Modeling Report  
 

Bermuda and Climate Change: Impacts from Sea 
Level Rise and Changing Storm Activity 
 
 
 
 

 
Prepared for:  
 

Ministry of Home Affairs 
Department of Planning 
Dame Lois Brown-Evans Building, 5th Floor 
Court Street 
Hamilton, HM12 
Bermuda 

 
 
 
 

Submitted by: 

Smith Warner International Limited 
Unit 13, Seymour Park, 2 Seymour Avenue 

Kingston 10, JAMAICA 
 

 

15 March 2024



SMITH WARNER INTERNATIONAL LIMITED DECEMBER 2022 

Contents 

List of Abbreviations ..................................................................................................................i 

Executive Summary .................................................................................................................. ii 

Effects of Climate Change on Bermuda ................................................................................................... iii 

Modeling Approach ....................................................................................................................................... v 

Operational Wave Climate and Climate Change ...................................................................................... vi 

Impacts of Climate Change on the Hurricane Climate .......................................................................... vii 

Compound Flooding .................................................................................................................................. viii 

Predicted Shoreline Change with Sea Level Rise ..................................................................................... ix 

Climate Change Impact on Fresh Water Lenses ....................................................................................... x 

1 Introduction ................................................................................................................... 1 

1.1 Background and Objectives ................................................................................................................ 2 

1.2 Scope of Work ...................................................................................................................................... 2 

1.3 Approach and Methodology ............................................................................................................... 3 

2 Climate Change Modeling ............................................................................................. 4 

2.1 Description of Datasets Used ............................................................................................................ 4 

2.2 Climate Change Analysis ..................................................................................................................... 6 

2.3 Implications for Coastal Planning .................................................................................................... 10 

3 Wave Assessment and Transformation Modeling ....................................................... 13 

3.1 Summary of Offshore Conditions ................................................................................................... 13 

3.2 Summary of Measured Data ............................................................................................................. 15 

3.3 Model Set-Up ...................................................................................................................................... 26 

3.4 Model Calibration ............................................................................................................................... 29 

3.5 Day-to-Day Conditions ..................................................................................................................... 39 

4 Hurricane Risk Assessment ......................................................................................... 61 

4.1 Historical Hurricane Activity ............................................................................................................ 62 

4.2 Storm Tracks of Recent Hurricanes ................................................................................................ 64 

4.3 Deep Water Waves ............................................................................................................................. 66 

4.4 Storm Surge Components ................................................................................................................. 67 

5 Nearshore Hurricane Waves and Water Levels ........................................................... 76 

5.1 Present Day Conditions .................................................................................................................... 76 

5.2 Hurricane Conditions under the RCP 4.5 and RCP 8.5 Scenarios ............................................. 80 



SMITH WARNER INTERNATIONAL LIMITED MARCH 2024 

5.3 Hurricane Conditions under the RCP 4.5 and RCP 8.5 (Consideration for Mesoscale Eddies)
 ............................................................................................................................................................... 86 

5.4 Change in Wind Speeds and Storm Intensity ................................................................................. 92 

6 Compound Flooding Analysis – Combined Surge and Rainfall effects in Mill 
Creek/Pembroke Marsh .............................................................................................. 96 

6.1 Description of Model ........................................................................................................................ 97 

6.2 Rainfall Data........................................................................................................................................ 98 

6.3 Surge Conditions at Mill Creek ...................................................................................................... 102 

6.4 Results ................................................................................................................................................ 103 

6.5 Current Model Limitations ............................................................................................................. 106 

7 Beach Erosion Modeling ........................................................................................... 107 

7.1 Historical Erosion Trends ............................................................................................................... 107 

7.2 Shoreline Retreat Calculations ........................................................................................................ 108 

7.3 Erosion Under Swell Events .......................................................................................................... 112 

8 Cliff Erosion Assessment ............................................................................................ 116 

8.1 Cliff Setting ....................................................................................................................................... 116 

8.2 Cliff Erosion Processes ................................................................................................................... 117 

8.3 Historical Cliff Erosion Rates ........................................................................................................ 118 

8.4 Impacts of sea level rise ................................................................................................................... 119 

8.5 Evaluated Sites .................................................................................................................................. 120 

8.6 Qualitative Comparison................................................................................................................... 125 

8.7 Modified Scape Model ..................................................................................................................... 126 

8.8 Summary ............................................................................................................................................ 126 

9 Hydrogeologic Assessment ....................................................................................... 128 

10 Next Steps .................................................................................................................. 145 

11 Works Cited ................................................................................................................ 146 

Appendix A - Climate Profile and Projections for the Island of Bermuda 

Appendix B – Description of the Numerical Models 

Appendix C – Numerical Model Set Up & Validation 

Appendix D – Measured Data 

Appendix E – Additional Plots  

Appendix F – Hydrogeology Modeling Report 



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY  
MODELING REPORT  P A G E  | i 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

List of Abbreviations 
ADCP Acoustic Doppler Current Profiler 

ASTM American Society for Testing and Materials 

AWAC Acoustic Wave and Current Profiler 

BELCO Bermuda Electric Light Company 

BIOS Bermuda Institute of Ocean Sciences 

BOPP Benthic Ocean Prosperity Programme  

BWS Bermuda Weather Service 

CC Climate Change 

CREF Caribbean Renewable Energy Forum  

ECMWF European Centre for Medium-range Weather Forecast 

ERA5 ECMWF re-analysis (Fifth Generation) 

GIS Geographic Information System 

GPS Global Positioning System 

LIDAR Light Detection and Ranging 

MSL Mean Sea Level 

NAO North Atlantic Ocean 

NHC National Hurricane Centre 

NOAA National Oceanic and Atmospheric Administration 

SLR Sea Level Rise 

SIDS Small Island Developing States 

SWI Smith Warner International 

TDS Total Dissolved Solids  

UKHO UK Hydrographic Office 

 

 



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY  
MODELING REPORT  P A G E  | ii 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

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.  
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Effects of Climate Change on Bermuda 
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 
greenhouse gas emissions, several 
scenarios are 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.  

• SSP2-4.5 is the middle ground 
where challenges to adapting are of medium difficulty.  

• 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  Projection 

Temperature 

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.  

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

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℃ 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.  

Shared Socio-economic 
Pathways (SSPs) 

Description 

SSP1-2.6 
Sustainability 
Taking the Green 
Road 

Low challenges to 
mitigation and 
adaptation 

SSP2-4.5 
Middle of the 
Road 

Medium challenges to 
mitigation and 
adaptation 

SSP4-7.0 
Inequality 
A Road Divided  

Low challenges to 
mitigation, high 
challenges to adaptation 

SSP5-8.5 

Fossil-fuelled 
development 
Taking the 
Highway 

Major challenges to 
mitigation, high 
challenges to adaptation 
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Parameter Historical Trend  Projection 

Rainfall 

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

 

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).  

Sea Surface 
Temperature 

SST are highest during August to 
September and coolest during December 
to April. SSTs are increasing at a rate of 

0.26 ℃ per decade.  

SSTs are projected to increase at a rate of 

0.07℃ (0.4.3℃) per decade under RCP 2.6 
(8.5). In the medium term (2040-2060) 
monthly projected increase ranges from 0.6 to 

1.7℃ (1.0 – 2.3℃) for RCP 2.6 (8.5). In the 
long term (2070-2090) monthly projected 

increase ranges from 0.8 to 1.7℃ (2.5 – 

4.0℃) for RCP 2.6 (8.5).  

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

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 are 
considered, then by 2100 mean SLR for 
Bermuda is projected to be approximately 
1.46m for SSP5-8.5. 

Hurricanes 

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. 

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.  
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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.  

 

 

Summary of significant wave height calibration 
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Operational Wave Climate and Climate Change 
The results 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. 

Under future climate scenarios, 
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.  

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 
conclude: 

• 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.  

• 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.  

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

99th percentile significant wave heights (present day conditions) 

Increases in 99th percentile significant wave height between present 
day and SSC 8.5 100 year wave event  
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• 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 water.  

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.  

  

Hurricane wave height (top) and storm surge level (bottom) 
computed for the 1 in 150yr hurricane. 

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 

+10.7% +2.7% +5% +4.7% +8.4% 4.5 100yr 
+20.3% +5% +9.6% +10.8% +15.8% 8.5 100yr 

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. 

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

• 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; 

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

• 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: 

• Cliffs with fronting beaches are predominantly located on the south shore of Bermuda. 

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

• 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: 

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

• 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: 

• Cliffs 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. 

• 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 
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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 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. 

• 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/year, 
under the RCP 8.5 scenario over 
the next 100 years, this rate is 
projected to increase to 
55cm/year. This trend suggests 
that areas with higher historical 
retreat rates will face even more 
accelerated erosion in the future, 
especially under the more severe 
climate change scenarios. This 
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 Datum1 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, 

                                                 

1 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. 

Calculated Rate of Change for Cliff Retreat 

 Future Retreat Rate (cm/yr) for RCP 8.5 
Historical 

Retreat Rate 
(cm/yr) 

20 Year 
Horizon 

50 Year 
Horizon 

100 Year 
Horizon 

5 7 8 8 
10 13 17 17 
20 26 33 33 
33 44 55 55 
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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. 

 

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. 

 

 

Figure 1.1   Location of Bermuda 
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This project encompasses the entire island of Bermuda. With a land mass of only 54km2 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 
2004 study 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. 

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 
Casuarina sp. tree roots and boring marine 
invertebrates. 

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

• 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. 

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

• 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.). 

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

• 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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• Update coastal erosion and flood inundation projections for the offshore islands, bays, 
beaches, and dunes, especially during storms and hurricanes.  

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

• 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. 

• 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. 

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

• 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 (AR6) 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 

Variables Analysis Source Dataset 
Resolution 

Units 
Temporal Spatial 

Air Temperature 
Mean, Max & Min 

Climatology, 
Trends 
& 
Extremes 

Royal 
Netherlands 
Meteorological 
Institute (KNMI) 
 
Climate Explorer 

ERA5 & CRU Daily 0.50° 
℃ 

Precipitation mm/day 

Sea Surface 
Temperature 

Climatology 
& 
Trends 

NOAA 
Reynolds 
OI 

Monthly 1.0° ℃ 

Hurricane 

Trends 

NOAA 
HURDAT2 & 
IBTrACS    

Sea Level Rise 

Copernicus 
Marine 
Environment 
Monitoring 
Service (CMEMS) 

CMEMS 

 
 0.25°  

 

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 scenarios. 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 

Variables Analysis Source Dataset 
Resolution 

Units 
Temporal Spatial 

Air 
Temperature 
Mean, Max & 
Min 

Climatology, 
Trends & 
Extremes 

CSGM 

RegCM Downscaled 
GFDL-ESM2M, MPI-
ESM-MR and 
HadGEM2-ES 
(RCP 2.6 and RCP8.5) 

Daily 0.25° 
℃ 

Precipitation mm/day 

Sea Surface 
Temperature 

Climatology 
& 
Trends 

KNMI Climate 
Explorer 

HadGEM2-ES 
(RCP 2.6 and RCP8.5) 

Monthly 1.25° ℃ 

Hurricane 
Trends 

As reported in the literature. 

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).  

 

 

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, SSP1-2.6, 
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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Table 2-3  Summary of shared socio-economic pathways 

Shared Socio-
economic 
Pathways 
(SSPs) 

Description 

 

SSP1-2.6 
Sustainability 
Taking the 
Green Road 

Low challenges to 
mitigation and 
adaptation) 

SSP2-4.5 
Middle of the 
Road 

Medium challenges to 
mitigation and 
adaptation 

SSP4-7.0 
Inequality 
A Road Divided  

Low challenges to 
mitigation, high 
challenges to adaptation 

SSP5-8.5 

Fossil-fueled 
Development 
Taking the 
Highway 

High challenges to 
mitigation, high 
challenges to adaptation 

 

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.  

 

 

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. 

 

Figure 2.3 Visualization of GCM and RCM Scales 
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2.2.4 Summary of Climate Analysis 
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  Projection 

Temperature 

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.  

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

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℃ 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.  

Rainfall 

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

 

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).  

Sea Surface 
Temperature 

SST are highest during August to 
September and coolest during 
December to April. SSTs are increasing 

at a rate of 0.26℃ per decade.  

SSTs are projected to increase at a rate of 0.07℃ (0.4.3℃) 
per decade under RCP 2.6 (8.5). In the medium term (2040-

2060) monthly projected increase ranges from 0.6 to 1.7 ℃ 

(1.0 – 2.3℃) for RCP 2.6 (8.5). In the long term (2070-

2090) monthly projected increase ranges from 0.8 to 1.7℃ 

(2.5 – 4.0℃) for RCP 2.6 (8.5).  

Sea Level 
Rise 

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

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. 

Hurricanes 

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. 

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: 

• Temperature rises leading to increased number of heat waves, hot days and hot nights; 

• Increased uncertainties related to changes in rainfall and drought patterns; 

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

• Sea level rise; 

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

• 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 [20-46] 7-47 [11-61] 

2100  4.5  53  28-82  12-110  

8.5 65 [102] 34-102 [61-160] 14-136 [37-243] 

 



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY  
MODELING REPORT  P A G E  | 11 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

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 longer-term assessments (greater than 2060) 7.7mm/year 
and 10.5mm/year will be used. 

  

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

  SSP1-1.9 SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5 

Rate 

(2040-2060) 

Rate used for the 20-year 
horizons 

Mean (mm/yr.) 4.6 4.6 5.4 5.7 6.6 

Range (mm/yr.) 3.2 - 6.9 2.6 - 7.5 3.8 - 8.1 4.1 - 8.1 4.6 - 9.4 

Sea Level Rise 

Next 20 years 
Mean (mm) 92 92 108 114 132 

Rate  

(2080-2100) 

Rate used for the 50- and 100-
year horizons 

Mean (mm/yr.) 4.4 5.6 7.7 9.6 10.5  

Range (mm/yr.) 2.2 - 7.4 3.0 - 9.2 3.5 - 13.0 5.2- 15.2 5.2 - 17.7 

Sea Level Rise 

50 years 
Mean (mm) 220 280 385 480 525 

100 years Mean (mm) 440 560 770 960 1050 

 

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: 

• 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). 

• 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.  

• 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. 

• 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 hourly 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 64oW 33oN. 
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:  

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

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

• 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 0.0 0.0           0.0 
  Sum                   0.0 0.0 0.0           0.0 

4 - 6s Hs 0 - 2m 0.4 0.6 0.8 1.0 1.3 1.9 2.2 2.0 2.1 2.5 2.4 1.9 1.1 0.6 0.5 0.4 21.9 
    2 - 4m 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.2 0.1 0.1 0.0 0.0 0.0 0.0 0.9 
  Sum   0.5 0.7 0.8 1.0 1.3 2.0 2.3 2.1 2.3 2.7 2.6 2.0 1.1 0.6 0.5 0.4 22.8 

6 - 8s Hs 0 - 2m 3.2 3.6 4.0 4.1 3.9 3.6 1.7 1.0 0.9 1.1 1.6 2.1 2.2 2.3 2.8 3.0 41.1 
    2 - 4m 1.0 1.0 0.8 0.5 0.3 0.3 0.3 0.4 0.6 1.0 1.5 1.7 1.6 1.5 1.3 1.1 14.8 
    4 - 6m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 
  Sum   4.2 4.6 4.8 4.5 4.2 3.9 2.0 1.4 1.5 2.1 3.1 3.9 3.8 3.9 4.1 4.1 56.1 

8 - 10s Hs 0 - 2m 0.8 0.8 0.9 0.4 0.3 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.5 0.6 5.1 
    2 - 4m 1.2 0.8 0.5 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.5 1.2 2.0 2.7 2.0 11.4 
    4 - 6m 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 0.6 0.5 0.4 0.1 2.2 
    6 - 8m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 
    8 - 

10m 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

  Sum   2.1 1.7 1.4 0.6 0.3 0.3 0.1 0.1 0.1 0.1 0.3 0.9 1.8 2.7 3.6 2.8 18.8 

10 - 
12s 

Hs 0 - 2m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 

    2 - 4m 0.2 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.2 1.1 
    4 - 6m 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.1 0.8 
    6 - 8m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.4 
    8 - 

10m 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

  Sum   0.3 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.5 0.5 0.4 2.4 

12 - 
14s 

Hs 0 - 2m 0.0   0.0 0.0             0.0 0.0 0.0 0.0   0.0 0.0 

    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 - 

10m 
0.0   0.0 0.0             0.0 0.0 0.0 0.0   0.0 0.0 

  Sum   0.0   0.0 0.0             0.0 0.0 0.0 0.0   0.0 0.0 

14 - 
16s 

Hs 4 - 6m 0.0                     0.0         0.0 

    6 - 8m 0.0                     0.0         0.0 
  Sum   0.0                     0.0         0.0 

Total Hs 0 - 2m 4.5 5.0 5.8 5.5 5.4 5.8 4.0 3.0 3.1 3.6 4.0 4.0 3.4 3.1 3.7 4.1 68.1 
    2 - 4m 2.5 2.0 1.4 0.6 0.4 0.4 0.4 0.5 0.8 1.2 1.8 2.3 2.8 3.6 4.2 3.3 28.1 
    4 - 6m 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.4 0.7 0.8 0.7 0.3 3.3 
    6 - 8m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.1 0.0 0.4 
    8 - 

10m 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

  Sum   7.1 7.1 7.2 6.1 5.8 6.2 4.4 3.6 3.9 4.9 5.9 6.8 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). 

 

 

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 19.5oC - 
250C. Recordings from the East and South (closer to land) show slightly higher temperatures with an 
average difference of approximately 0.7oC -10C.  

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 

 

 

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:  

• 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).  

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

• 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 current 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.  

 

 

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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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 East 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.  
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Figure 3.8  U and V Velocities through the Bins for the east (left), the west (middle) and south (right) 
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Waves  
Wave measurements are plotted in Figure 3.9 to Figure 3.11 and indicate that: 

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

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

• 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. 

• 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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Figure 3.9  Wave roses for recorded wave data 
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 Figure 3.10  Wave heights and periods for East (left) and South (right) instruments 

 

Figure 3.11  Wave heights and periods for West instrument – Deployment 1 and 2 
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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 is 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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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 either 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 

 

 

 

Wave Forcing (ERA5 Model) 

Water Level Forcing (DTU Tide Model) 

 

Mesh over East Bermuda 

Mesh over Central Bermuda Mesh over West Bermuda 
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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: 

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

• 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 

 

 

Instrument Name 

Location WGS84 UTM - 
20N 

Deployment Period 

X Y Start Date End Date 

I1 ADCP West Bermuda -64.988427 32.2895553 1-April-22 1-May-22 

I2 ADCP East Bermuda -64.711317 32.3726829 1-April-22 1-May-22 
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3.4.1 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: 

• Waves – significant wave height, peak wave period, wave direction; 

• Currents – speeds, direction, U Velocities, V-Velocities; and 

• 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 α =1.0, γ1=0.8 (depth induced), γ2 =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 (ii) 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. 

(ii) 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 (R2) (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 Coefficient 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: 

• 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. 

• 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. 

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

• The validation compares the various measurements and model-predicted values. 
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• 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: 

• Water levels to within ±15% during spring tidal ranges and ±20% during neap tidal ranges; 

• Current speeds to within ±200mm/s or ±10-20% of the observed speed; and 

• 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 

Location 

Tide Height Comparison 

RMSE 
(mm) 

Guidelines Score 
NRMSE 

(%) 
Guidelines Score 

I1 West 54.1 

±150-200mm 

Pass 4.67% 

±15-20% 

Pass 

I2 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 

I1 (West) AWAC  

Easting and Northing Comparison (AWAC West) 

RMSE 
(m/s) 

Guidelines Score 
NRMSE 

(%) 
Guidelines Score 

Easting (U Vel) 0.07 
±0.2 m/s 

Pass 38 
±10-20% 

Fail 

Northing (V Vel) 0.12 Pass 36 Fail 

I2 (East) AWAC 

Easting and Northing Comparison (AWAC East) 

RMSE 
(m/s) 

Guidelines Score 
NRMSE 

(%) 
Guidelines Score 

Easting (U Vel) 0.08 
±0.2 m/s 

Pass 41 
±10-20% 

Fail 

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. 

 

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 

 

 

Figure 3.19 Percent Change in Significant Wave Heights for RCP 4.5  20yr Horizon 1 in 150yr Event – [(SPH73 
– SPH84) * 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.  It is 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. 99th Percentile Significant Wave Height Condition: The 99th 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 99th 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 99th 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) 99th 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.  

  

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 99th 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). 

 

 

 

 

  

Figure 3.24 Central Bermuda – (a) Mean and (b) 99th 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) 99th 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.  

 

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.  

 



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY  
MODELING REPORT  P A G E  | 47 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

Upon extraction and analysis of ERA5 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 LOESS2 fit was produced for a 5-year moving average, 
which did not reveal notable periodicity comparable to the North Atlantic oscillation discussed below. 

 

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'.  

 

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. 

 

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. 
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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 SLR 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/yr) 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 

100yr 7.7 0.770 10.5 1.05 
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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 scenarios.  

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: 

• 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.  

• 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.  

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

• 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 
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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 99th 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 99th 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:   

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

• The wave period should be more than 10s; 

• These conditions should not be as the result of a cyclone within 300km of Bermuda; and 

• 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: 

• 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.  

• 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. Current speeds are greater than 0.8m/s along the south and 
the northern reef.  

• This drift will create potential for significant sand movement. 

 



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY  
MODELING REPORT  P A G E  | 57 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

 

Figure 3.36  Offshore conditions March 2018 event 

 

 

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: August 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:  

• The south coast is more exposed to high wave energy events.  

• 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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Figure 3.39  Offshore Conditions – August 1995 event 

 

 

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 westerly 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. 

 

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 Max Wind Speed Max 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 

Ophelia 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 Max 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 

Ophelia 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 hurricane/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 
earlier 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. 

 

 

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 

North 

Hs (m) 5.67 6.55 7.36 7.81 

Tp (s) 9.84 10.78 11.61 12.05 

Vm (m/s) 14.93 17.13 19.15 20.26 

North-east 

Hs (m) 6.05 7 7.87 8.35 

Tp (s) 10.25 11.24 12.11 12.57 

Vm (m/s) 18.63 20.92 23.01 24.17 

East 

Hs (m) 8.44 9.36 10.22 10.68 

Tp (s) 12.65 13.51 14.27 14.68 

Vm (m/s) 21.86 24.4 26.73 28.02 

South-east 

Hs (m) 9.73 10.86 11.89 12.46 

Tp (s) 13.83 14.82 15.7 16.17 

Vm (m/s) 24.5 27.65 30.55 32.14 

South 

Hs (m) 10.16 11.34 12.43 13.03 

Tp (s) 14.21 15.24 16.15 16.63 

Vm (m/s) 23.85 26.64 29.21 30.62 

South-west 

Hs (m) 10.22 11.44 12.56 13.18 

Tp (s) 14.27 15.32 16.25 16.75 

Vm (m/s) 23.54 26.27 28.78 30.16 

West 

Hs (m) 9.21 10.25 11.21 11.74 

Tp (s) 13.36 14.3 15.13 15.58 

Vm (m/s) 22.45 25.06 27.44 28.76 

North-west 

Hs (m) 7.35 8.33 9.22 9.72 

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. 

 
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. 

 

 

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 NOAA3 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. 

 

 

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 
(days) 

Maximum Surge 
(m) 

Mean 
Surge(m) 

"2017 09 29 09:00" "2017 12 13 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 
(days) 

Maximum Surge 
(m) 

Mean 
Surge(m) 

"2017 09 29 09:00" "2017 12 13 14:00" 75.208 0.482 0.267 

"2011 11 11 12:00" "2011 11 27 09:00" 15.875 0.472 0.190 

"2015 01 15 16:00" "2015 01 27 16:00" 12 0.450 0.307 

"2012 09 27 11:00" "2012 10 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" "2015 02 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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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  AR6 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) 

20yr 5.7 0.114 6.6 0.132 

50yr 7.7 0.385 10.5 0.525 

100yr 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. 

 

 
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.  

. 

 
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 

25 50 100 150  

S
ta

ti
c 

S
u
rg

e 

C
o

m
p

o
n

en
ts

 

IBR (m) 0.35 0.42 0.49 0.53 
Determined through statistical hind-
casting analysis 

Highest Astronomical Tide (m) 0.84 
Determined through historical 
analysis 

Mean Rate of Sea Level Rise 
(mm/year) 

5.7 

RCP 4.5 Scenario value from IPCC 
AR6 research – see Table 4-5. 

By year 2042 (20-yr horizon) 0.114 

Mean Rate of Sea Level Rise 
(mm/year) 

7.7 

By year 2072 (50-year horizon) 0.385 

Mean Rate of Sea Level Rise 
(mm/year) 

7.7 

By year 2122 (100-year horizon) 0.77 

Total deep water surface level (m) 

1.30 1.37 1.44 1.48 Sum of IBR, Highest Astronomical 
Tide, and Sea Level for 25-, 50-, 100- 
and 150-year return period event.   

1.57 1.64 1.71 1.75 

1.96 2.03 2.10 2.14 

Mesoscale Eddies 0.48  

Total deep water surface level (m) 

1.78 1.85 1.92 1.96 Sum of IBR, Highest Astronomical 
Tide, Microscale Eddies, and Sea 
Level for 25-, 50-, 100- and 150-year 
return period event.   

2.05 2.12 2.19 2.23 

2.44 2.51 2.58 2.62 

D
yn

am
ic

 S
u
rg

e 
 

C
o

m
p

o
n

en
ts

 Wind and Wave Setup 
Based on wind speed and 
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 
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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  

S
ta

ti
c 

S
u
rg

e 

C
o

m
p

o
n

en
ts

 

IBR (m) .35 0.42 0.49 0.53 
Determined through statistical hind-
casting analysis 

Highest Astronomical Tide (m) 0.84 
 

Mean Rate of Sea Level Rise 
(mm/year) 

6.6 
  

By year 2042 (20-yr horizon) 0.114 

Mean Rate of Sea Level Rise 
(mm/year) 

10.5 

By year 2072 (50-year horizon) 0.385 

Mean Rate of Sea Level Rise 
(mm/year) 

10.5 

By year 2122 (100-year horizon) 1.05 

Total deep water surface level (m) 

1.32 1.39 1.46 1.50 Sum of IBR, Highest Astronomical 
Tide, and Sea Level for 25-, 50-, 100- 
and 150-year return period event.   

1.72 1.79 1.86 1.90 

2.24 2.31 2.38 2.42 

Mesoscale Eddies 0.48  

Total deep water surface level (m) 

1.80 1.87 1.94 1.98 Sum of IBR, Highest Astronomical 
Tide, Microscale Eddies, and Sea 
Level for 25-, 50-, 100- and 150-year 
return period event.   

2.20 2.27 2.34 2.38 

2.72 2.79 2.86 2.90 

D
yn

am
ic

 S
u
rg

e 
 

C
o

m
p

o
n

en
ts

 Wave Setup 
Based on wind speed and 
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 
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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:  

• 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. 

• 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.  

• 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.  

• 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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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 Scenarios 
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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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) 

South West 
P2 

South 
P4 

North East 
P6 

North 
P8 

Great Sound 
P10 

Scenario  

2.86 7.96 4.94 1.40 0.96 Present 

2
5
yr

 R
et

u
rn

 

P
er

io
d
 

1.5% 0.3% 0.6% 1.0% 0.5% 4.5 20yr 
1.8% 0.4% 0.7% 1.2% 0.6% 8.5 20yr 
5.4% 1.1% 2.2% 3.6% 1.9% 4.5 50yr 
7.3% 1.5% 3.0% 5.0% 2.6% 8.5 50yr 
10.6% 2.2% 4.4% 7.4% 3.8% 4.5 100yr 
14.5% 2.9% 5.9% 10.4% 5.2% 8.5 100yr 

2.95 8.50 5.15 1.50 1.07 Present 

5
0
yr

 R
et

u
rn

 

P
er

io
d
 

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 
5.3% 1.3% 2.3% 3.2% 1.9% 4.5 50yr 
7.2% 1.7% 3.1% 4.3% 2.6% 8.5 50yr 
10.5% 2.4% 4.5% 6.5% 3.8% 4.5 100yr 
14.4% 3.3% 6.2% 9.1% 5.2% 8.5 100yr 

3.04 8.94 5.32 1.59 1.17 Present 

1
0
0
yr

 R
et

u
rn

 

P
er

io
d
 

1.5% 0.4% 0.7% 0.8% 0.5% 4.5 20yr 
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 
7.1% 1.8% 3.2% 3.9% 2.6% 8.5 50yr 
10.4% 2.6% 4.7% 5.8% 3.8% 4.5 100yr 
14.2% 3.5% 6.3% 8.1% 5.3% 8.5 100yr 

3.09 9.17 5.40 1.65 1.22 Present 

1
5
0
yr

 R
et

u
rn

 

P
er

io
d
 

1.5% 0.4% 0.7% 0.7% 0.5% 4.5 20yr 
1.7% 0.5% 0.8% 0.8% 0.6% 8.5 20yr 
5.2% 1.4% 2.4% 2.6% 1.9% 4.5 50yr 
7.1% 1.9% 3.2% 3.6% 2.6% 8.5 50yr 
10.3% 2.7% 4.7% 5.4% 3.8% 4.5 100yr 
14.1% 3.6% 6.4% 7.6% 5.3% 8.5 100yr 

 

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: 

• The town of St George’s; 

• The airport; 

• Dockyards; 

• Castle Harbour; and 

• 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 the effect of SLR and positive local 
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 CO2 concentrations (assuming no volcanic eruptions). 

• As noted earlier, 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 measure 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-1, 2.3ms-1 and 3.5ms-1 
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 

Due to the Expected Increase in Wind 
Speeds from to Climate Change 

Wave and Windspeeds 
due to the expected increase in Wind Speeds 

and Change in Storm Intensity 

 
PRESENT 

DAY 
2042 2072 2122 2042 2072 2122 

Return 
Period 

Vs 
(m/s) 

Hs 
(m) 

Vs 
(m/s) 

Hs 
(m) 

Vs 
(m/s) 

Hs 
(m) 

Vs 
(m/s) 

Hs 
(m) 

Vs 
(m/s) 

Hs 
(m) 

Vs 
(m/s) 

Hs 
(m) 

Vs 
(m/s) 

Hs 
(m) 

5 22.62 8.9 1.33 1.12 2.92 2.25 4.55 3.37 1.95 1.42 4.33 3.37 4.24 5.62 

10 27.74 10.5 1.15 1.90 2.60 2.86 4.15 4.76 1.66 1.54 3.79 3.81 4.22 6.67 

25 33.62 12.4 1.01 1.61 2.35 3.23 3.81 4.03 1.46 1.31 3.33 3.23 4.10 6.45 

50 37.59 13.7 0.96 1.46 2.23 2.92 3.67 4.38 1.38 1.26 3.14 2.92 4.07 6.57 

100 41.27 14.9 0.90 1.34 2.13 2.68 3.56 4.03 1.31 1.14 2.98 2.68 4.00 6.04 

150 43.31 15.6 0.88 1.28 2.08 2.56 3.49 3.85 1.27 1.18 2.91 2.56 3.95 5.77 

200 44.71 16 0.85 1.25 2.06 2.50 3.44 3.75 1.25 1.02 2.86 2.50 3.91 6.25 

               

 

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 

2022 2042 

2072 2122 
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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: 

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

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

• 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. 

• Critical 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 

• Geometric data, including 
cross-sectional profiles of 
the river channel. 

LIDAR Data from 2019 

• Elevation data for the 
riverbed and floodplain. 

LIDAR Data from 2019 
Streams 
Catchment Areas 

 

• Hydraulic properties of 
materials involved, such 
as Manning's roughness 
coefficients. 

Soil Maps – Bermuda Geological Maps 
Land Use Maps – EOMAP 
Literature Review 

 

• Boundary conditions, 
such as upstream flow 
rates or downstream 
water levels. 

Downstream water levels from MIKE21 

• Hydrological data, 
including flow rates, 
rainfall patterns, and 
infiltration rates. 

Bermuda Weather Service 
Soil Data 
Literature Review 

• Geospatial data, such as 
aerial imagery, 
topographic maps, and 
GIS data layers, to 
enhance accuracy and 
detail. 

Buildings layers, Road Layers, Soil Maps, etc. 
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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. 14, covering the period from 1891 to 1932, and Technical 
Note No. 85, 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): 

• Maximum intensity within one hour: 3.51 inches (89.15 mm) 

• Maximum intensity within three hours: 4.25 inches (107.95 mm) 

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

 

Technical Note No. 8 (1933-1942) 

• Maximum intensity over one hour: 2.09 inches (53.09 mm) 

• Maximum intensity over three hours: 2.43 inches (61.72 mm) 

• Based on 9 years of data, the average intensity is estimated to be 57.41mm over 2 hours. 

 

 

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 (mm) 

1 in 2yr  50% 79.9 103.9 

1 in 5yr 20% 108.8 141.5 

1 in 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. 



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY  
MODELING REPORT  P A G E  | 101 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

The modeling approach for the combined 
surge/rainfall forcing adopted the Florida 
Department of Transportation (FDOT) 
2024 guidelines6 for coastal areas, which 
pertain to creeks and small rivers flowing 
into tidal water bodies. The FDOT’s 
recommendation is to apply the peak flow 
from a 10-year storm with surge-driven 
tailwater. 

In analysing the precipitation data and its 
implications for hydrological modeling, 
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. 

 

6.2.3 Runoff Hydrographs 
In the absence of intensity data, hourly 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 

 

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

 

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: 

• 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. 

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

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

• 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. 

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

 



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY  
MODELING REPORT  P A G E  | 105 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

 

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: 

• 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. 

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

• Land adjacent to Kings, Curving Avenue, and Curving Court. 

• Old Rectory Lane. 

• Cedar Avenue. 

• 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 

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

Tidal fluctuation error  
The satellite images were obtained without regard to tidal cycles, which can 
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; 

Pixel error  
The pixel size in orthorectified images is 0.5m, which means anything within 
0.5m cannot be resolved; 

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

 

 
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 1cm 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. 

Scenario 
Expected Shoreline Retreat 

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:  

• straight and parallel nearshore bottom contours,  

• consistency in a sandy erodible beach throughout,  

• no longshore transport, 

• no cliff or hardened shoreline.  
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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 99th 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: 

Hin = 8.9 Hs 

Where  Hin is the “inner” (closer to shore) closure depth at the seaward limit of the littoral zone, and 
Hs 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 99th percentile wave conditions.  

Note: This diagram is not to scale and vertically 
exaggerated. 
The rule can be expressed mathematically as - R= SL 
(hd+f) 
where S is the amount of sea level rise 
L is the active length of the beach profile 
hd is the closure depth 
f is the freeboard 
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Results indicate that:  

• the zone of active sediment movement includes the rim reef. 

• within the lagoon there is little potential for sediment movement.  

• along the south coast shows a band of 100 – 120m of active sediment transport.  

• 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: 

• The rates of shoreline retreat for RCP 4.5 and 8.5 in 2050 are comparable; 

• In 2050, the shoreline along the south coast is expected to retreat 10-25m;  

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

• 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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• 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. 

 

 

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 1st 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 7.6). 

The results show: 

• 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. 

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

• 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.  

• 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. 

• 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.   

• 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 
ERA5. 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.  

 

 

Figure 7.5  Locations of sediment sampling 

 
 
 
Table 7-3  Results of sand sample analysis 

Sample 
Grain Size Diameters (mm) 
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  

 

BPS1 

BPS2 

BPS3 
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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 Cliff Erosion Assessment 

8.1 Cliff Setting 
Bermuda’s coastal cliffs outcrop at many locations and are composed primarily of Pleistocene dune 
calcarenites (aeolianites) 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).  

   

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/m2 (1 point per 17m2) 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/m2 (1 point per ~19m2) 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 m2 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 17-19m2), 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 LiDAR 
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 in situ measurements and observations. In 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 (r2 = 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

 

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 (Marley 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 at sites 1, 2 5, 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 99th 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 50th and 99th percentile of wave 
heights expected in both 2050 and 2100; RCP 4.5 (top)  and RCP 8.5 (bottom) future climate model scenarios 



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY  
MODELING REPORT  P A G E  | 124 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

 

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 return 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 

 

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 
mm/yr 

SLR 7.7 
mm/yr 

SLR 7.7 
mm/yr 

SLR 6.6 
mm/yr 

SLR 
10.5 
mm/yr 

SLR 
10.5 
mm/yr 

Historical 
Retreat 
Rate 
(cm/yr) 

20 Year 
Horizon 

50 Year 
Horizon 

100 
Year 
Horizon 

20 Year 
Horizon 

50 Year 
Horizon 

100 
Year 
Horizon 

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 observations 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 7  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 
Present 

Projected Sea Level Rise (m) 
extrapolated from Mona data 

Projected sea level above 
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 

Year 
Years from 
present  

Projected Sea Level Rise (m) 
Projected Sea Level above 
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 
From 
Present 
(2022) 

RCP 

Sea 
Level 
Rise 
Above 
OD m 

Maximum 
Tidal 
Height m 

Local 
Steric 
Anomaly 
m 

Meso 
Scale 
Effects 
m 

Barometric 
Pressure 
Effects m 

Bermuda 
subsidence  
below 2022 
level (m) 

Total 
projected 
groundwater 
rise above 
OD (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 1st and 3rd 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.org/-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 

https://oceanservice.noaa.gov/facts/eddy.html
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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 

Years 
From 
Present 
(2022) 

RCP 

Sea 
Level 
Rise 
Above 
OD m 

Maximum 
Tidal 
Height m 

Local 
Steric 
Anomaly 
m 

Meso 
Scale 
Effects 
m 

Barometric 
Pressure 
Effects m 

Bermuda 
Subsidence  
Below 2022 
Level m 

Total 
Projected 
Maximum 
Central 
Lens Rise 
in and 
Around 
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 



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY  
MODELING REPORT  P A G E  | 132 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

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 (DTM) 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 0m 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 F 
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Figure 9.1  Predicted groundwater rise for the Dockyard area for RCP 4.5 

DOCKYARD  RCP 4.5 
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Figure 9.2  Predicted groundwater rise for the Dockyard area for RCP 8.5 

 

 



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY  
MODELING REPORT  P A G E  | 135 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

 

 

Figure 9.3  Predicted groundwater rise for the Great Sound area for RCP 4.5 
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Figure 9.4  Predicted groundwater rise for the Great Sound area for RCP 8.5 
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Figure 9.5  Predicted groundwater rise for south coast beaches for RCP 4.5 
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Figure 9.6  Predicted groundwater rise for south coast beaches for RCP 8.5 
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Figure 9.7  Predicted groundwater rise for St George’s and Castle Harbour for RCP 4.5 
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Figure 9.8  Predicted groundwater rise for St George’s and Castle Harbour for RCP 8.5 

 



BERMUDA AND CLIMATE CHANGE: IMPACTS FROM SEA LEVEL RISE & CHANGING STORM ACTIVITY  
MODELING REPORT  P A G E  | 141 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

 

Figure 9.9  Predicted groundwater rise for Devonshire Marsh for RCP 4.5 
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Figure 9.10  Predicted groundwater rise for Devonshire Marsh for RCP 8.5 
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Figure 9.11  Predicted groundwater rise for Pembroke Marsh for RCP 4.5 
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Figure 9.12  Predicted groundwater rise for Pembroke Marsh for RCP 8.5 
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10 Next Steps 
The understanding presented in the coastal processes analysis, together with the results from the 
extreme sea level analysis, will be used to perform a coastal vulnerability assessment. This will include 
a review of the potential for flooding and erosion of coastal areas, and the potential for extreme events 
that would disrupt other coastal and marine activities.  

To analyse potential solutions that may be appropriate to mitigate the effects of coastal erosion, SWI 
will employ the concept of “geomorphic units”. The coastline will be divided into geomorphic units 
or “sediment cells” that define relatively self-contained units within which sediment circulates. The 
net balance between sediment inputs and losses from within each geomorphic unit determines, to a 
large extent, whether a coastline is retreating or advancing. 
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About This Document 

This document presents the characterization of the historical and future projected climate for the island of 

Bermuda from four data products: (i) station data, (ii) gridded data, (iii) reanalysis data and (iv) simulated 

outputs from three global climate models namely GFDL-ESM2M, MPI-ESM-MR and HadGEM2-ES. 

 

Future projections are based on outputs from a General Circulation Model (GCM) downscaled using a 

Regional Climate Model (RCM) running representative concentration pathway (RCP) experiments. 

Section 2 has a brief overview of models and RCPs. Parameters for which downscaled projection data are 

unavailable are presented based on findings from a review of the available literature. 

 

This document forms part of the larger Climate Vulnerability Assessment (CVA) being undertaken by 

Smith Warner International Limited. It is sectioned as follows: 

 

▪ Section 1 – Introduction: This section provides a brief introduction, specifically detailing the domain 

for the analysis.  

 

▪ Section 2 – Data and Methodology: This section gives a brief description of the datasets used for 

analysis and their sources. It also details the methodologies used in analyzing the data and provides a 

brief overview of global climate models (GCMs), regional climate models (RCMs) and the 

representative concentration pathways (RCPs) utilized by the Intergovernmental Panel on Climate 

Change (IPCC). 

 

▪ Section 3 – Results and Discussion: This section presents the results and analyses. It is sectionalized 

according to climate variable, including air temperature, precipitation, sea level rise, hurricanes, etc. 

Results are presented for climatology, annual trends, and extreme events.  

 

▪ Section 4 – Summary and Conclusions: This section summarizes the results presented in the previous 

sections and is followed by a list of references. 
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Executive Summary 

Summary of Trends and Projections at a Glance. 
Historical Trend Projection 

Temperature  

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.  

 

Hot days and nights have also been increasing at a rate 

of 4% and 3% per decade, respectively. 

 

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 ℃ 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.  

Rainfall 

The island’s climatology exhibits a bimodal rainfall 

pattern with peaks in January and September, with the 

September peak receiving more rainfall.  

 

Interannual variability dominates the rainfall record 

with no real linear trend. 

 

 

 

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).  

Sea Surface Temperature 

SST are highest during August to September and 

coolest during December to April. SSTs are 

increasing at a rate of 0.26 ℃ per decade. 

 

SSTs are projected to increase at a rate of 0.07 ℃ (0.4.3 ℃) per 

decade under RCP 2.6 (8.5). In the medium term (2040-2060) 

monthly projected increase ranges from 0.6 to 1.7 ℃ (1.0 – 2.3 ℃) 

for RCP 2.6 (8.5).  In the long term (2070-2090) monthly projected 

increase ranges from 0.8 to 1.7 ℃ (2.5 – 4.0 ℃) for RCP 2.6 (8.5).1 

Sea Level Rise  

Bermuda lies in an area of the Caribbean Basin that 

has experienced sea level rise of more than 3.84 

mm/year. 

 

 

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. 

Hurricanes 

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.   

 

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. 

 
1 For SLR, instead of RCPs, changes are presented for four future Shared Socio-economic Pathways (SSPs), namely, SSP1-2.6, SSP2-4.5, 

SSP3-7.0, SSP5-8.5. SSPs are a new method of assessing future scenarios which seeks to combine the knowledge of the physical sciences of 

climate change with the societal impacts brought on by the vulnerability caused by climate change. The SSPs and RCPs are not directly 

comparable however SSP1-2.6 is related to RCP2.6 as it corresponds to significant and immediate emissions cuts, leading to net zero and 

eventually negative annual emissions in the second half of the century while SSP5-8.5 represents the high end of the range of future pathways 

(corresponding to RCP8.5) and is the worst-case scenario pathway. 
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1.0 Introduction 

This document details the historical and projected climatology, extremes, and trends for the island of 

Bermuda for a range of climate parameters, based on station, gridded, reanalysis and simulated climate 

data. Historical and future climatologies, annual trends, and extremes are presented. Also included is 

information on sea level rise and hurricanes based on a review of literature.  

 

The analysis characterising the historical and future projected climate for the island of Bermuda are based 

on four data products: (i) station data, (ii) gridded data, (iii) reanalysis data and (iv) simulated outputs 

from three global climate models (GFDL-ESM2M, MPI-ESM-MR and HadGEM2-ES). The specific 

datasets utilised are presented in section 2. It is to be noted that station data was limited in scope for this 

analysis.  

 

Bermuda is a British island territory located in the North Atlantic Ocean. It is an archipelago of 7 main 

islands and about 170 additional islets and rocks. It is situated about 1,050 km east of Cape Hatteras, North 

Carolina, USA. The archipelago is about 40 km long and averages less than 1.6 km in width. The largest 

island is Main Island, 22.5 km long. Bermuda is geographically located at latitude 32.3051°N and 

longitude 64.7529°W. See Figure 1. 

 

 

 
 
Figure 1 – Geographical Location of Bermuda. 
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2.0 Data & Methodology 

This section details the datasets utilised in the production of this document and how they were processed 

and analysed. Specifically, it details the data sources, resolution, type, and the methodology utilised in the 

processing and analysis of the data. Also provided is an overview of climate models and a discussion on 

the process by which future projections are generated and the uncertainties associated with this type of 

data. 

 

The temperature and rainfall results are based on the analysis of four types of data: (i) station data, (ii) 

gridded data, (iii) reanalysis data and (iv) simulated outputs from three global climate models namely 

GFDL-ESM2M, MPI-ESM-MR and HadGEM2-ES, herein referred to as GFDL, MPI and Had 

respectively. Tables 1 and 2 give summaries of the datasets utilised, their type, source, and resolution.  

2.1 Data Sources - Historical 

 

The gridded dataset utilised is from the Climatic Research Unit (CRU) from the University of East Anglia 

(temperature and rainfall). CRU TS (Climatic Research Unit gridded Time Series) is a widely used climate 

dataset on a 0.5° latitude by 0.5° longitude grid over all land domains of the world except Antarctica. It is 

derived by the interpolation of monthly climate anomalies from extensive networks of weather station 

observations. Reanalysis data is from ERA 5, which is the latest climate reanalysis product produced by 

the Copernicus Climate Change Service (C3S) at the European Centre for Medium-Range Weather 

Forecasts (ECMWF). ERA5 provides hourly estimates of a large number of atmospheric, land and oceanic 

climate variables. The data cover the Earth on a 30km grid and resolve the atmosphere using 137 levels 

from the surface up to a height of 80km. ERA5 combines vast amounts of historical observations into 

global estimates using advanced modelling and data assimilation systems. Both datasets were accessed 

from the Climate Explorer database (see Table 1). 

 

Table 1 – List of Datasets for Historical Analysis. 

Variables Analysis Source Dataset 

Resolution Units 

Temporal Spatial  

Air 

Temperature 

Mean, Max & 

Min 

Climatology,  

Trends  

& 

Extremes 

Royal Netherlands Meteorological 

Institute (KNMI) 

 

Climate Explorer 

https://climexp.knmi.nl/ 

ERA5 

& 

CRU 

Daily 0.5°  

℃ 

Precipitation mm/day 

Sea Surface 

Temperature 

Climatology  

&  

Trends 

NOAA 

Reynolds 

OI 

Monthly 1.0° ℃ 

Hurricane 

Trends 

NOAA 

https://coast.noaa.gov/hurricanes/ 

HURDAT2  

& 

IBTrACS 

-- -- -- 

Sea Level Rise 

Literature -- -- -- -- 

Copernicus Marine Environment 

Monitoring Service (CMEMS) 

https://marine.copernicus.eu/ 
CMEMS -- 0.25° -- 
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Sea surface temperatures are from the Reynolds OI SST dataset, hurricane data from the NOAA National 

Hurricane Center HURDAT2 and NOAA National Centers for Environmental Information IBTrACS data 

sets, and sea level rise from the Copernicus Marine Environment Monitoring Service (CMEMS). 

2.2 Data Sources - Projections 

 

Precipitation and air temperature data for future projections are 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), configured to run utilising the representative concentration pathways (RCPs) described by the 

RCP 2.6 and RCP 8.5 scenarios. The downscaling was done by the Climate Studies group, Mona (CSGM). 

A brief overview of GCMs, RCMs and RCPs are provided below as a context for users when interpreting 

the results from simulated data.  

 

Future projections for sea surface temperatures are from the HadGEM2-ES model while information on 

future hurricanes and sea level rise data are extracted from the literature. 

 

Table 2 – List of Datasets for Future Analysis. 

Variables Analysis Source Dataset 

Resolution Units 

Temporal Spatial  

Air Temperature 

Mean, Max & 

Min 

Climatology,  

Trends  

& 

Extremes 

CSGM 

RegCM Downscaled  

GFDL-ESM2M, MPI-ESM-

MR and HadGEM2-ES  

(RCP 2.6 and RCP8.5)  

Daily 0.25° 

℃ 

Precipitation mm/day 

Sea Surface 

Temperature 

Climatology  

&  

Trends 

KNMI Climate 

Explorer 

HadGEM2-ES  

(RCP 2.6 and RCP8.5) 
Monthly 1.25° ℃ 

Hurricane 
Trends 

As reported in the literature. 

Sea Level Rise As reported in the literature. 

 

2.2.1 Representative Concentration Pathways: 

 

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 

Intergovernmental Panel on Climate Change (IPCC). In this report the scenarios employed are 

representative concentration pathways (RCPs). RCPs are factor amalgamated greenhouse gas emission 

(GHG) 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. See the IPCC climate 

change report (2014) for more details. 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. Table 3 summarizes the 4 RCP scenarios and their GHG emission 

ranges in parts per million (ppm). Downscaled data for RCP 4.5 and RCP 8.5 were available for use. 
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Table 3 – Description of the four Representative Concentration Pathway Scenarios (2014). The shaded 
rows indicate the RCPs used for this report. 

RCP Scenario/ 

Radiative 

Forcing  

Description 

Likely End of Century 

Global Mean Surface 

Temperature Increases  

2.6 
Low GHG Emissions or neutered impact through social and 

economic behavioural changes directed towards major mitigation. 

Denoted by a GHG range ≥ 430 ppm and ≤ 530 ppm. 
0.3°C to 1.7 °C 

4.5 
Intermediate mitigation. Denoted by a GHG range ≥ 530 ppm and ≤ 

720 ppm. 
1.1°C to 2.6°C 

6.0 
Low intermediate mitigation which falls closer to a business-as-

usual behaviour. Denoted by a GHG range ≥ 720 and ≤ 1000 ppm. 
1.4°C to 3.1°C 

8.5 
High GHG Emissions through a business-as-usual behaviour or low 

behavioural change towards GHG mitigation. Denoted by a GHG 

range > 1000 ppm. 
2.6°C to 4.8°C 

 

2.2.2 General Circulation Models: 

 

Future climates are simulated by global climate models (GCMs). These models are configured utilising 

GHG emissions from a specified RCP along with other parameters. GCMs utilise 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. The performance of each is normally determined through statistical 

validation against observed datasets, see for instance Liu, Xu, & Li (2017), Ahmed, Sachindra, Shahid, 

Demire, & Chung (2019) and Shi, Wang, Qi, & Chen, (2018).  

 

 

2.2.3 Regional Climate Models: 

 

Data outputted from GCMs are of a coarse resolution, usually greater than 125 km. At coarser/lower 

resolutions, small island states or even local country scales are generally not represented well or identified 

at all. See for example Cantet, Déqué, Palany, & Maridet (2014) and Gao, et al. (2008). 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). 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, see for instance Filippo (2019) and 

Wang, et al. (2004). 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.  
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Figure 2 – Visualization of GCM and RCM Scales (Hannah, 2015). 
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2.3 Methodology  

 

Data in the report are presented in tables, graphs and figures representing climatology, trends, and 

extremes. Climatologies are calculated as averages over a prolonged period (normally 30 years). Where 

not specified, the period utilised in this document is 1980 to 2005. This period was chosen to align with 

the data from all the available sources. For temperature and rainfall, the extremes examined are 

summarised in Table 4.  

 

Indices utilized are those recommended by the World Meteorological Organization's Expert Team on 

Sector-Specific Climate Indices (ET-SCI) and are generated utilising the Climpact open-source package, 

see www.climpact-sci.org for more information.  

 

A decomposition of the annual rainfall and temperature data is also performed to identify the percentage 

of variance contributed by linear trend, decadal trend and interannual variability. This decomposition is 

done with the aid of the Map Room tool from the International Research Institute for Climate and Society 

(IRI). Decomposition is done on the Climatic Research Unit (CRU) dataset. 

 

Where gridded and reanalysis data are utilised the grid boundaries used for extraction encompass 32.24N 

to 32.40N degrees latitude and 64.90W to 64.63W degrees longitude unless otherwise specified. 

 

 

Table 4 – Summary of Climate Extremes 

Extreme Name Calculation Units 

Number of Heavy Rain Days (R20mm) Number of days when precipitation >= 20 mm # of days 

Total Precipitation (PRCPTOT) Annual total wet-day precipitation Millimetres 

Consecutive Dry Days (CDD) 
Maximum number of consecutive dry days (when 

precipitation is < 1.0 mm) 
# of days 

Consecutive Wet Days (CWD) 
Maximum number of consecutive wet days (when 

precipitation is ≥ 1.0 mm) 
# of days 

Percentage of Hot Days (TX90p) 
Percentage of days when maximum temperature > 90th 

percentile 
% 

Percentage of Warm Nights (TN90p) 
Percentage of days when minimum temperature > 90th 

percentile 
% 

Heatwave Duration (HWD) 

The length of the longest heatwave identified by heatwave 

number (HWN) when maximum temperature > 90th 

percentile 

Days 

Cooling Degree Days (CDDcoldn) The annual sum of mean temperature minus 18° Degree Days 
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3.0 Results and Discussion 

This section presents the results and analysis of the climate data for the island of Bermuda. The variables 

analysed are temperature and rainfall and their extremes, as well as hurricanes, and sea level rise. 

 

3.1 Surface Air Temperature  

 

3.1.1 Temperature Climatology 

 

Figure 3 presents the historical monthly climatologies of average maximum, mean and minimum air 

temperature for the island of Bermuda. The climatologies are calculated over the period 2006 to 2021.  

 

 
Figure 3– Historical Air Temperature Climatology.  Climatology is presented for Mean (green lines), 
Maximum (orange lines) and Minimum (blue line) Air Temperature. Data shown for station data 
(LFWade) and reanalysis (ERA5). Base period: 2006 - 2021. 
 

 

  

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

LF Wade (2006 - 2021) 18.3 18.1 17.9 19.5 21.7 24.7 27.0 27.6 26.7 24.5 21.7 19.8

ERA5 (2006 - 2021) 18.5 18.1 17.7 19.1 21.0 23.9 26.0 26.7 26.1 24.3 21.8 20.0

LF Wade (2006 - 2021) 15.8 15.7 15.6 17.4 19.7 22.7 24.9 25.3 24.5 22.4 19.5 17.5

ERA5 (2006 - 2021) 17.4 17.0 16.8 18.3 20.4 23.3 25.3 25.9 25.3 23.6 20.9 19.1

LF Wade (2006 - 2021) 20.4 20.2 20.2 21.7 23.9 26.9 29.2 29.8 28.8 26.6 23.7 21.8

ERA5 (2006 - 2021) 19.8 19.4 18.9 20.0 21.7 24.6 26.7 27.4 26.8 25.0 22.7 21.0
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The following are noted: 

 

• Annual recorded mean air temperature ranges between 17.9 to 27.6 ℃ (range 9.6 degrees) for LFWade 

and 18 and 26.7 ℃ (8.6 degrees) for ERA 5, with an approximately monthly range between 4.2 to 

4.6℃ for LFWade and 1.3 to 2.5℃ for ERA5. A similar pattern is observed for the monthly averages 

of maximum and minimum temperatures.  

 

• Peak temperature values occur between July and September, while the coolest temperatures are 

experienced from January to March.  

 

• Maximum temperature values may reach as high as 30 ℃ (28℃) in August for LFWade (ERA5), 

while minimum temperature values may drop to 20℃ (19℃) in March. 

 

Figure 4 presents the historical temperature anomaly time scales decomposition for the Bermuda region. 

These graphs were generated using the IRI Map Room tool utilising the CRU dataset. Decomposition of 

the data shows that the linear trend accounts for approximately 25% of the changes seen in the temperature 

record, with interannual variability accounting for 44% and decadal variability accounting for 

approximately 24% of the change seen. 

 

 
Figure 4 – Time scale decomposition for the historical temperature anomaly time series for the Bermuda 
region. Generated using IRI Map Room Tool. Data Source: CRU. 
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Figure 5 presents the historical monthly climatologies of average mean air temperature for ERA5, GFDL, 

Had and MPI2 and Table 5, the projected future changes with respect to the baseline (1980 to 2005). 

 

 
Figure 5 – Reanalysis and modelled historical climatological mean air temperature, baseline period 
(1980-2005). Data shown for reanalysis (ERA5) and modelled (GFDL, Had and MPI) data.  
 

Table 5 – Projected monthly change in mean air temperatures for the medium (2040 to 2060) and long 
(2070 to 2090) term for RCP 2.6 and 8.5 with respect to the model baseline (1980 to 2005). Units ℃. 

RCP Period Model Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2
.6

 M
ed

iu
m

 

GFDL 0.8 0.8 0.5 0.8 0.8 0.9 1.0 1.0 0.9 0.8 0.8 0.6 

Had 1.2 1.0 1.1 1.3 1.2 0.9 1.1 1.1 1.2 1.4 1.5 1.3 

MPI 0.5 0.4 0.3 0.5 0.6 0.8 0.7 0.9 0.9 0.8 0.7 0.6 

L
o

n
g
 GFDL 0.6 0.5 0.3 0.6 0.7 1.0 0.8 0.9 0.8 0.7 0.7 0.4 

Had 0.8 0.7 0.7 1.0 1.2 1.1 1.1 1.1 1.2 1.3 1.3 1.2 

MPI 0.6 0.6 0.5 0.7 0.9 0.8 0.8 0.8 0.9 0.9 1.0 0.9 

8
.5

 M
ed

iu
m

 

GFDL 1.2 1.0 0.9 0.9 1.3 1.5 1.4 1.7 1.5 1.4 1.4 1.1 

Had 1.5 1.4 1.5 1.6 1.7 1.7 1.8 1.8 1.9 2.0 2.1 1.9 

MPI 0.8 0.7 0.6 0.9 1.0 1.4 1.5 1.8 1.8 1.4 1.4 0.9 

L
o

n
g
 GFDL 2.0 1.7 1.8 1.9 2.0 2.6 2.6 2.7 2.4 2.3 2.3 2.0 

Had 2.9 2.5 2.5 2.7 3.1 3.2 3.4 3.4 3.4 3.8 3.9 3.6 

MPI 1.9 1.5 1.5 1.9 2.1 2.9 2.9 3.1 3.2 2.7 2.7 2.2 

 

 
2 GFDL, Had and MPI2 respectively refer to the GFDL-ESM2M, MPI-ESM-MR and HadGEM2-ES General Circulation 

Models mentioned in Section 2.2. 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

ERA5 (1980 - 2005) 18.1 17.6 17.7 18.7 20.9 23.7 25.7 26.2 25.5 23.7 21.3 19.3

GFDL_Hist(1980 - 2005) 17.2 16.6 16.7 17.4 19.1 21.6 24.1 25.0 24.5 22.8 20.5 18.7

Had_Hist (1980 - 2005) 17.9 17.4 17.5 18.3 20.3 22.9 24.6 25.3 24.8 23.1 20.8 18.9

MPI_Hist (1980 - 2005) 18.4 17.9 18.1 18.4 19.9 22.3 24.9 26.1 25.4 23.5 21.2 19.5
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The following are noted: 

• The models’ historical climatologies captures well the pattern and reasonably well the reanalysis 

values with a slight underestimation in most months. 

 

• The historical climatological pattern, not shown, is also maintained in the future, with the highest 

temperatures occurring from July and September and the coolest from January to March. 

 

• Temperature is expected to increase under both RCP 2.6 and 8.5 scenarios with higher temperature 

increases under RCP 8.5. 

 

• The average annual and seasonal increases over the two RCPs for the medium term (2040-2060) are: 

0.6-1.7 ℃ annual; 0.5-1.6 ℃ for December through February; 0.5-1.6 ℃ for March through May; 0.8-

1.7 ℃ for June through August; and 0.7-2.0 ℃ for September through November. 

 

• The average annual and seasonal increases over the two RCPs for the long term (2070-2090) are: 0.6-

3.2 ℃ annual; 0.5-3.0 ℃ for December through February; 0.5-2.8 ℃ for March through May; 0.8-3.3 

℃ for June through August; and 0.6-3.8 ℃ for September through November. 

 

Figure 6 presents the annual average air temperature for both the historical (reanalysis and modelled) and 

future projections under RCP 2.6 and 8.5 scenarios. Table 6 presents the slopes of the linear trend.  

 

Figure 6 – Annual mean air temperature for the period 1980 to 2100. Data over the historical period are 
from ERA5 (1980 – 2021) and LFWade (2006 – 2021), while projections (2006 to 2100) are from GFDL, 
Had and MPI under RCP 2.6 and RCP 8.5. The modelled historical baseline values are also plotted. Units: 
oC. 
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The following are noted: 

 

• Annual average temperature shows a linear increasing trend of between 0.17-0.6oC/decade for the 

historical period. The models’ baseline data underestimates the ERA5 reanalysis data, however, the 

increasing trend is evident across all datasets.  

 

• Under both future scenarios, air temperature increases with a larger trend for RCP 8.5 than for RCP 

2.6 (Table 6).  

 

 
Table 6 – Slopes of linear trend for Figure 6. Units: ℃ per decade 

Historical RCP 2.6 RCP 8.5 

LFWade ERA 5 GFDL Had MPI GFDL Had  MPI GFDL Had MPI 8.5 

0.6 0.22 0.17 0.32 0.28 0.01 0.03 0.04 0.32 0.38 0.3 

 

 

3.1.3 Temperature Extremes 

 

Figure 7 presents the historical and future trends in the annual percentage of days when maximum 

temperatures are above the 90th percentile (hot days). The base period is 2006 to 2021. The following are 

noted: 

 

• The RCP 8.5 scenario shows a continuous increase in the number of hot days through the end of the 

century. Under RCP 8.5, the percentage of days when maximum temperatures exceed the 90th 

percentile of the baseline period increases to near 100% by the end of the century, i.e., most days 

(>90%) are expected to be considered very hot by current standard of definition.  

 

• Under RCP 2.6 the percentage of days when maximum temperatures exceed the 90th percentile of the 

baseline period, levels off at current levels and remain through to the end of century. 

 

 

• See Table 7 for the projected increases for the medium and long term. 
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Figure 7 – Annual Percentage of Hot Days (TX90p). Days when Maximum Temperature exceeds the 90th 
Percentile. Data over the historical period up to 2021 are from ERA5 and LFWade. Projections (2006 to 
2100) are from GFDL, Had and MPI under RCP 2.6 and RCP 8.5. The models historical baseline values are 
also plotted. Units: % 
 

Figure 8 presents the historical and future trends in the annual percentage of days when minimum 

temperatures are above the 90th percentile (hot nights). The base period 2006 to 2021. The following are 

noted: 

 

• The RCP 8.5 scenario show a continuous increase in the number of hot nights through the end of the 

century. Under RCP 8.5 the percentage of days when minimum temperatures exceed the 90th percentile 

of the baseline period, reaches 100% by the end of century, i.e., by this time most nights (>90%) will 

be considered a warm night. 

 

• Under RCP 2.6 the percentage of days when minimum temperatures exceed the 90th percentile of the 

baseline period, levels off at current levels and remain through to the end of century. 

 

 

• See Table 7 for the projected increases for the medium and long term. 
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Figure 8 – Annual Percentage of Hot Nights (TN90p). Days when Minimum Temperature exceeds the 
90th Percentile. Data over the historical period up to 2021 are from ERA5 and LFWade. Projections (2006 
to 2100) are from GFDL, Had and MPI under RCP 2.6 and RCP 8.5. The models historical baseline values 
are also plotted. Units: % 
 

 
 

Table 7 – Historical and projected average annual percentage of hot days and hot nights. 

Parameter 

Historical (2006 to 2021) 2040 to 2060 2070 to 2090 

LFWade ERA5 GFDL Had MPI 

2.6 8.5 2.6 8.5 

GFDL Had MPI GFDL Had MPI GFDL Had MPI GFDL Had MPI 

TX90P 

(%) 
11 11 11 9 10 16 30 14 42 37 29 14 25 18 69 78 65 

TN90P 

(%) 
11 11 11 10 10 18 24 13 40 33 25 15 21 17 71 75 61 
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Figure 9 and Table 8 present the historical and future trends for the annual duration of heat waves for 

Bermuda. It is to be noted that there is a significant increase in heatwave duration under RCP 8.5, moving 

from an average of approximately 4 days historically to between 12 and 28 by the end of the century. That 

is, by the end of the century the longest duration of a heatwave, as defined by current standards, will last 

up to a month. See Table 8 for the projected durations for the medium and long term. There is no major 

change in heat wave duration under RCP 2.6. 

 

 

 

Figure 9 – Annual heatwave duration. That is the longest duration of a heatwave in days. Data over the 
historical period up to up to 2021 are from ERA5 and LFWade. Projections (2006 to 2100) are from GFDL, 
Had and MPI under RCP 2.6 and RCP 8.5. Units: Days 
 

Table 8 – Projected Average Annual Heatwave Duration. 

Parameter 

Historical (2006 to 2021) 2040 to 2060 2070 to 2090 

LFWade ERA5 GFDL Had MPI 

2.6 8.5 2.6 8.5 

GFDL Had MPI GFDL Had MPI GFDL Had MPI GFDL Had MPI 

HWD 4 4 4 5 4.5 4 5 5 7 8 5 4 4 5 12 28 12 
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Figure 10 presents historical and projected cooling degrees days trends for Bermuda. The following are 

noted: 

 

• The historical period suggests a linear trend, increasing at a rate of 173 (LFWade) and 69 (ERA) 

cooling degree days per decade. There were approximately 1591 (1298) cooling degree days annually 

in 2006 (1982) which increases to approximately 1713 (1602) cooling degree days in 2021 for 

LFWade and ERA respectively. 

 

• Future projections show linear trends of increases of approximately 19 to 35 cooling degree days per 

decade under RCP 2.6 and 87 to 124 cooling degree days per decade under RCP 8.5 annually. Table 

9 gives the historical and projected annual average for the medium and long term. Percentage changes 

are given in brackets.  

  

 

Figure 10 – Annual Sum of Cooling Degree Days. Cooling Degree Days are calculated using a base 
temperature of 18 degrees. Data over the historical period up to up to 2021 are from ERA5 and LFWade. 
Projections (2006 to 2100) are from GFDL, Had and MPI under RCP 2.6 and RCP 8.5. Units: Cooling degree 
days 
 

Table 9 – Projected Average Annual Cooling Degree Days. Percentage changes are given in brackets. 

Parameter 

Historical (2006 to 2021) 2040 to 2060 2070 to 2090 

LFWade ERA5 GFDL Had MPI 

2.6 8.5 2.6 8.5 

GFDL Had MPI GFDL Had MPI GFDL Had MPI GFDL Had MPI 

CDDCold 1650 1526 1114 1412 1465 
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3.1.4 Sea Surface Temperature 

 

Figure 11 and Table 10 present the historical and projected sea surface temperature (SST) for the Bermuda 

region. The following are noted: 

• SST varies throughout the year with the highest temperatures occurring during August to September 

and coolest during January to April. This pattern holds true for both historical and projected SSTs. 

 

• The modelled data follows reasonably well the reanalysis data. There is however a slight cold bias 

from October to April in the model compared to the reanalysis. 

 

• SST is project to increase under both RCPs with higher values expected under RCP 8.5. Table 10 gives 

the projected changes with respect to the modelled historical (1982 to 2005). 

 

 

 
 

Figure 11 –Historical and projected climatological mean sea surface temperature (SST) for the medium 
(2040 to 2060) and long (2070 to 2090) term for RCP 2.6 and 8.5. Data shown for NOAA and modelled 
(Had) data. Medium and long term are denoted by M and L respectively. The climatology over the 
historical baseline period (1982-2005) shown for comparison. 
 

Figure 12 presents the average annual SST for the period 1861 to 2100 of the Bermuda region. The 

following are noted: 

• NOAA data indicate that over the historical period analysed, SSTs have been increasing at a rate of 

approximately 0.26℃ per decade.  
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• SSTs are projected to continue increasing through the end of this current century. Under RCP 2.6 the 

rate of increase is projected to be 0.07℃ per decade. The rate is 0.43℃ per decade under RCP 8.5. 

See Table 11. 

 

Table 10  – Historical climatologies and projected change in mean sea surface temperature climatology. 
Historical baseline period (1982-2005). Change is with respect to the model baseline. 

Dataset Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

NOAA 20.3 19.5 19.3 19.7 21.4 24.1 26.6 27.6 27.0 25.4 23.3 21.5 

Had_Hist 19.3 18.8 18.7 19.1 21.0 23.9 26.1 27.2 26.7 24.7 22.1 20.3 

4.5M 0.9 0.6 0.6 0.9 1.2 1.3 1.5 1.4 1.7 1.5 1.4 1.2 

4.5L 1.2 0.9 0.8 1.1 1.6 1.5 1.6 1.6 1.7 1.6 1.7 1.4 

8.5M 1.6 1.3 1.0 1.4 1.7 1.8 2.1 2.2 2.3 2.3 2.3 2.1 

8.5L 3.3 2.6 2.5 2.9 3.5 3.8 3.8 3.7 4.0 4.0 4.0 3.7 

 

 

 
Figure 12 – Annual average sea surface temperature, NOAA and Had. Data over the historical period up 
to 2020 (2005) are from NOAA (Had). Projections (2006 to 2100) are from Had under RCP 2.6 and RCP 
8.5. The modelled (Had) historical baseline values are also plotted. Units: ℃. 
 

 Table 11 – Slope values of linear trends for observed and modelled annual average sea surface 
temperatures. 

NOAA Had_Hist RCP 2.6 RCP 8.5 

0.26 ℃ per decade 0.04 ℃ per decade 0.07 ℃ per decade 0.43 ℃ per decade 
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3.2 Rainfall 

  

Historical and projected analyses for climatology, trends and extremes in rainfall are presented in figures 

13 to 18 and tables 12 and 13. 

 

3.2.1 Rainfall Climatology 

 

Figure 13 presents the historical monthly climatologies of average precipitation for the island of Bermuda. 

The historical is for two periods 2006 to 2021 (LFWade and ERA5) and 1980 to 2005 ERA5. The 

historical climatologies for the models are also shown (1980 to 2005). Again, the simulated values are 

RegCM downscaled values of GFDL, Had and MPI (RCP 2.6 and 8.5). The two periods are chosen to 

allow for comparison of the datasets, 2006 to 2021 to compare the observed LFWade to the reanalysis 

ERA5 and 1980 to 2005 to compare ERA5 to the historical model datasets. The following are noted: 

 

• The ERA5 datasets do a good job of capturing the climatological pattern and values of the observed 

dataset (LFWade). The differences, mostly observed in July and August, could be attributed to 

LFWade being point data while ERA5, gridded data for the island as a whole. 

 

• A bimodal rainfall pattern is exhibited with peaks in January and September. The September peak 

receives approximately 25% more rainfall than the January peak.  

 

• The models’ historical climatologies underestimate the observed data more so in the cooler months, 

November to April. 

 

 
 
Table 12 gives the historical precipitation climatologies for the observed, reanalysis and model datasets. 

Also given are the projected changes in precipitation for the medium and long term compared to the 

modelled base line (1980 to 2005). The following are noted. 

 

• Projected changes are varied based on the specific model in both the medium and long term. 

 

• The average annual and seasonal changes over the two RCPs for the medium term (2040-2060) are: -

4 to 11% annual; 0 to 15% for December through February; 5 to 33% for March through May; -15 to 

18% for June through August; and 1 to 27% for September through November. 

  

• The average annual and seasonal changes over the two RCPs for the long term (2070-2090) are: 3 to 

48% annual; 0 to 13 % for December through February; 2 to 49% for March through May; -9 to 47 % 

for June through August; and -4 to 34% for September through November 
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Figure 13 – Historical Rainfall Climatology.  Data shown for station data (LFWade), reanalysis (ERA5) and 
modelled (downscaled GFDL, Had and MPI).  
 

Table 12 – Historical precipitation climatologies and projected change. 

Dataset Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Unit 

LF Wade (2006 - 2021) 4.3 4.2 3.8 2.5 3.0 3.6 4.0 4.8 5.0 4.4 3.9 2.9 

m
m

/d
ay

 

ERA5 (1980 - 2005) 4.2 4.1 4.0 3.7 3.1 3.6 4.3 4.3 4.2 5.3 3.3 4.0 

GFDL_Hist(1980 - 2005) 2.0 2.0 1.8 1.6 1.9 1.6 2.5 2.9 2.9 2.9 2.3 2.0 

Had_Hist (1980 - 2005) 1.7 1.5 1.7 1.8 2.5 2.3 2.0 3.1 4.2 3.7 2.4 2.0 

MPI_Hist (1980 - 2005) 1.7 1.3 2.0 1.8 2.7 2.5 3.0 4.4 3.3 3.3 1.8 2.0 

GFDL_2.6 (2040 - 2060) 4% 2% -2% 32% 40% 28% 9% 18% -3% 18% -11% -1% 

P
er

ce
n

t 
Had_2.6 (2040 - 2060) 51% 20% 23% 46% 30% -20% 8% -11% -4% -4% 13% -29% 

MPI_2.6 (2040 - 2060) 10% 27% -14% 42% -6% -29% -17% 0% 29% -6% 6% 4% 

GFDL_2.6(2070 - 2090) 11% 9% -1% 56% 10% 24% -32% -16% 1% -30% 17% 19% 

Had_2.6 (2070 - 2090) 30% 21% 0% 19% -12% -28% 6% -4% -7% -3% 9% 9% 

MPI_2.6 (2070 - 2090) 20% 32% 14% 43% -8% -8% 5% -6% 11% -16% 20% 4% 

GFDL_8.5 (2040 - 2060) 10% -1% 26% 39% 21% -6% -12% 28% 7% 5% -2% -1% 

Had_8.5 (2040 - 2060) 12% 25% 26% 6% 14% -9% 36% -28% -7% -6% 41% 5% 

MPI_8.5 (2040 - 2060) 0% 40% 3% 12% -2% -27% -9% -1% 30% -17% 68% 10% 

GFDL_8.5 (2070 - 2090) 5% 8% 28% 59% -10% 65% 21% -12% -9% 6% 5% -1% 

Had_8.5 (2070 - 2090) 83% 65% 58% 65% 23% 21% 112% 8% -18% 43% 47% 74% 

MPI_8.5 (2070 - 2090) 12% 33% 6% 49% -11% 8% 27% 20% 33% -3% 71% 18% 
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Figure 14 presents the historical and projected changes in annual average precipitation. The following are 

noted: 

 

• Over the period of analysis there seem to be no real linear trend for both the historical and projected 

data. The data, however, exhibits significant interannual variability throughout the period.  

 

• See Table 13 for the slope values. 

 

 

Table 13 – Slopes of linear trends for Figure 14. Units (mm/day)/decade.  
Historical 2.6 8.5 

LFWade ERA5 GFDL Had MPI GFDL Had MPI GFDL Had MPI 

0.00 -0.10 -0.07 0.06 -0.01 -0.01 -0.02 0.02 0.05 0.10 0.06 

 

 

 

 

  

Figure 14 – Annual Rainfall Trend. Data shown for Station data (LFWade), reanalysis (ERA5) and modelled 
(downscaled GFDL, Had and MPI). Measure data was unavailable. Units: mm/day. 
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3.2.3 Rainfall Extremes 

 

Figure 15 presents the annual number of heavy rainfall days (R20mm). This is shown for station, 

reanalysis, and the modelled data. The following are noted: 

 

 

• The station and reanalysis datasets exhibit significant interannual variability and show slight linear 

trends with slopes of 0.7 days/decade and -0.9 days/decade respectively. 

 

• The modelled data also exhibit considerable interannual variability with no real linear trends. This is 

true for both RCP 2.6 (moving from 10/12 days to 11 days and 8/12 days in the medium and long term 

respectively) and RCP 8.5 (moving from 8/12 days to 11 days and 10/17 days in the medium and long 

term respectively).  

Figure 15 – Annual Number of Heavy Rainfall (R20mm) Days. Number of days when precipitation >= 20 
mm. Data over the historical period up to up to 2021 are from ERA5 and LFWade. Projections (2006 to 
2100) are from GFDL, Had and MPI under RCP 2.6 and RCP 8.5. Units: days. 
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Figure 16 presents the annual number of consecutive dry days (CCD). This is shown for station, reanalysis, 

and the modelled data. The following are noted: 

 

 

• The station and reanalysis datasets exhibit significant interannual variability and show slight linear 

trends with slopes of 1.2 days/decade and 1.3 days/decade respectively. 

 

• The modelled data also exhibit considerable interannual variability with no real linear trends. This is 

true for both RCP 2.6 (moving from 21/24 days to 23/25 days and 19/23 days in the medium and long 

term respectively) and RCP 8.5 (moving from 20/23 days to 21/23 days and 20/21 days in the medium 

and long term respectively). 

 

Figure 16 – Annual Number of Consecutive Dry Days (CCD) Days. Maximum number of consecutive dry 
days (when precipitation is < 1.0 mm). Data over the historical period up to up to 2021 are from ERA5 
and LFWade. Projections (2006 to 2100) are from GFDL, Had and MPI under RCP 2.6 and RCP 8.5. Units: 
days. 
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Figure 17 presents the annual number of consecutive wet days (CWD). This is shown for station, 

reanalysis, and the modelled data. The following are noted: 

 

 

• The station and reanalysis datasets exhibit significant interannual variability and show no real linear 

trends with slopes of 0.1 days/decade and 0.2 days/decade respectively. 

 

• The modelled data also exhibit considerable interannual variability with no real linear trends. This is 

true for both RCP 2.6 (moving from 6/7 days to 5/6 days and 6 days in the medium and long term 

respectively) and RCP 8.5 (moving from 6/7 days to 6/7 days and 5/7 days in the medium and long 

term respectively). 

Figure 17 – Annual Number of Consecutive Wet Days (CWD) Days. Maximum number of consecutive wet 
days (when precipitation is ≥ 1.0 mm). Data over the historical period up to up to 2021 are from ERA5 
and LFWade. Projections (2006 to 2100) are from GFDL, Had and MPI under RCP 2.6 and RCP 8.5.  Units: 
days. 
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Figure 18 presents the annual total rainfall on wet days (prctot) for Bermuda. This is shown for station, 

reanalysis, and the modelled data. The following are noted: 

 

 

• The station and reanalysis datasets exhibit significant interannual variability and show linear trends 

with slopes of -35 mm/decade and 7 mm/decade respectively. 

 

• The modelled data also exhibit considerable interannual variability with no real (slight) linear trends 

for RCP 2.6 (8.5). With RCP 2.6 (moving from 816/915 mm/year to 865/900 mm/year and 796/931 

mm/year in the medium and long term respectively) and RCP 8.5 (moving from 804/944 mm/year to 

855/926 mm/year and 865/1187 days in the medium and long term respectively). 

 

Figure 18 – Annual Total Rainfall (prctot) for days when rainfall is >= 1mm. Data over the historical period 
up to up to 2021 are from ERA5 and LFWade. Projections (2006 to 2100) are from GFDL, Had and MPI 
under RCP 2.6 and RCP 8.5. Units: mm. 
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3.4 Sea Level Rise 

 

This section provides the trends in historical and projected mean sea level. Also presented are trends for 

the Globe and Caribbean as context for interpreting the data for the island. The general approach taken in 

presenting the results is outlined below. 

 

 

• Historical and Future Change: The report is divided into two sections. Section 3.4.1 examines 

historical changes in sea level. Section 3.4.2 examines projections of sea level rise up to 2100. Table 

13 provides a summary of datasets utilised. 

 

• The Global Context: In presenting each section, results for the globe, and where applicable and 

available, the region are presented first. The wider global context is useful for interpreting regional 

and sub regional results, especially for a particular Caribbean territory. 

 

• Multiple Data Sources: This report relies on multiple authoritative data sources. The use of multiple 

sources is to ensure that as complete as possible a picture is provided as well as for consistency and 

consensus purposes. For historical and future trends and projection at the global scale, the report relies 

on the IPCC’s Special Report on Oceans and Cryosphere in a Changing Climate (SROCC) (IPCC 

2019) and the recently released IPCC’s Sixth Assessment Report (AR6) (IPCC 2022). For historical 

trends Bermuda, published literature, tide gauge data and satellite altimetry data are used. For 

projection trends for Bermuda, results from two climate data sites/tools are used. Detailed explanations 

about the data sources are given at the beginning of each section. 

 

• Future Scenarios: Instead of RCPs, changes are presented for four future Shared Socio-economic 

Pathways (SSPs), namely, SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5 (Pörtner et al., 2022). SSPs are a 

new method of assessing future scenarios which seeks 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 approach to future 

projections by combining them with future emission and concentration scenarios with socio-economic 

development pathways.  SSP1-2.6 is described as the ‘sustainability’ development pathway, SSP2-4.5 

referred to as the ‘middle of the road’ development pathway, SSP3-7.0 referred to as ‘regional rivalry’ 

development pathway, SSP4-6.0 referred to as ‘inequality’ development pathway and SSP5-8.5 

described as a ‘fossil fuel intensive’ development pathway. (See Riahi et al., 2017 for more details on 

SSPs). The SSPs and RCPs are not directly comparable however SSP1-2.6 is related to the previous 

RCP2.6 from the fifth assessment report as it corresponds to significant and immediate emissions cuts, 

leading to net zero and eventually negative annual emissions in the second half of the century. Under 

SSP-2.6 global warming stays just below 2°C at the end of the century when compared to pre-industrial 

(pre-1900) levels. SSP2-4.5 corresponds to emissions reductions which are roughly in line with the 

upper bounds of the latest Nationally Determined Contributions and global warming of around 2.7°C 

at the end of the 21st century. SSP3-7.0 corresponds with a medium-high development pathway. Under 

this SSP no additional climate change policy is put in place and there are high non-CO2 related 

emissions which leads to a pathway which would be roughly in the middle of the previous RCP6.0 

and RCP8.5 SSP5-8.5 corresponds to very high emissions, no additional climate policy and intensive 

fossil fuel dependent development which is the worst-case scenario pathway. 
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Table 14 – Historical and Future Climate Change Data Sources. 

Region Source Note Reference 

Historical 

 

Globe 

Intergovernmental Panel 

on Climate Change Fifth 

Assessment Report 

(AR5) 

Synthesis reports of latest global studies 

at the time of publication. Long term and 

more recent trend estimates. 

 

IPCC (2013) 

Special Report on 

Oceans and Cryosphere 

in a Changing Climate 

(SROCC) 

Synthesis reports of latest global studies 

at the time of publication. Long term and 

more recent trend estimates. 

 

IPCC (2019) 

Copernicus Marine 

Service Ocean State 

Report, Issue 4 (2020) 

(OSR4) 

Synthesis reports of satellite altimetry 

estimates. Data since 1993 to present. 
https://doi.org/10.1080/1755876X.2020.1785097 

Caribbean 
Peer reviewed Literature 

 

Various studies providing information on 

sea level rise for the Caribbean from tide 

gauge measurements and merged tide 

gauge and satellite altimetry data. 

Torres and Tsimplis (2013) 

Palanisamy et al., (2012) 

Bermuda 

The Copernicus Climate 

Change Service (C3S) 

Satellite Altimetry Data 

1993-present. Data resolution: 0.25o x 

0.25o. 

https://cds.climate.copernicus.eu/ 

The National 

Aeronautics and Space 

Administration (NASA) 

Sea Level Evaluation and Assessment 

Tool (SEA Tool) 

https://sealevel.nasa.gov/sea-level-evaluation-tool 

University of Hawaii 

Sea Level Centre. 

Tide Gauge Data Retrieved from: http://uhslc.soest.hawaii.edu/data/ 

Future 

Globe 

Special Report on 

Oceans and Cryosphere 

in a Changing Climate 

(SROCC) 

Synthesis reports of latest global 

modelling studies at the time of 

publication. 

 

This report provides estimates based on 

literature largely published after the Fifth 

Assessment Report of the IPCC (AR5). 

 

IPCC (2019) 

Intergovernmental Panel 

on Climate Change Sixth 

Assessment Report 

(AR6): Climate Change 

2022 

Impacts, Adaptation and 

Vulnerability 

Synthesis reports of latest global studies 

climate change at the time of publication. 

Long term and more recent trend 

estimates of sea level change. 

 

The NASA Sea Level Projection Tool 

was developed by NASA and the IPCC 

to visual sea level rise projections from 

the recent IPCC (AR6) 

IPCC (2022) 

 

https://sealevel.nasa.gov/ipcc-ar6-sea-level-

projection-tool 

Bermuda 

Intergovernmental Panel 

on Climate Change Sixth 

Assessment Report 

(AR6): Climate Change 

2022 

Impacts, Adaptation and 

Vulnerability 

Synthesis reports of latest global studies 

climate change at the time of publication. 

Long term and more recent trend 

estimates of sea level change. 

 

The NASA Sea Level Projection Tool 

was developed by NASA and the IPCC 

IPCC (2022) 

https://sealevel.nasa.gov/ipcc-ar6-sea-level-

projection-tool 
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to visual sea level rise projections from 

the recent IPCC (AR6) 

Sea-Level Rise Threats 

in the Caribbean: Data, 

tools, and analysis for a 

more resilient future. 

See above 

IDB (2018) 

 

*See Footnote3 

Climate Analytics Local 

SLR Tool 

The Tool provides projected sea levels 

around the globe for different RCPs at 

different levels of warming. The 

projections are available at the local 

level. Data retrieved for Grid box 

centered on latitude 10N, longitude 60W. 

Projections as relative to 2006.  

http://localslr.climateanalytics.org/ 

*See Footnote  

 

  

 
The following things should be noted about the Climate Analytics Tool: 

 

• The projections are based on two different sea level models that build on top of the IPCC reports. 

• The first set of models are those used in Kopp et al. (2014) extended by data based on Rasmussen et al. (2018). 

• The second set of models are for Kopp et al. (2014) extended by data based on Rasmussen et al. (2018) and include revised Antarctic ice-sheet 

contribution based on expert judgement presented in Bamber et al. (2019). 

• The Bermuda projections are for a grid box which does not incorporate any tide gauge data from a station in St. George, Bermuda. 
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3.4.1 Historical Sea Level Rise  

 

Figures 19 to 22 and Table 15 present information related to historical mean sea level rise for the Globe 

and Bermuda. The following are noted:  

 

Globe: 

• There is an acceleration in global mean sea level rise (GMSL) which is projected to continue with 

increased global warming. Global mean sea level from tide gauges and altimetry increased from 1.4 

mm/year over the period 1901–1990 to 2.1 mm/year over the period 1970–2015 to 3.2 mm/year over 

the period 1993–2015 to 3.6 mm/year over the period 2006–2015. See Figure 20 and Table 14. 

 

• New calculations presented in the Fourth CMS Ocean State Report 2020 (OSR) premised on satellite 

altimetry corroborates that global mean sea level rise is accelerating, with this rate increasing by 0.12 

± 0.073 mm/year each year. See Table 15. 

 

 

Bermuda: 

• Bermuda is one of the few small islands with a long and reliable tide gauge record from which sea 

level analysis can be done. St. Georges record captures sea level data from 1985-2019 with small 

gaps. Figure 20 presents the climatology of the uninterrupted years of data spanning 2004 to 2008. 

The highest and lowest values are observed in October and April respectively. 

 

• Figure 21 gives the monthly sea level change in Bermuda for 2004-2008. A trend of increasing sea 

level is observed throughout this 5-year period. 

 

• Figure 22 gives the annual mean sea level plot for the nearest relevant grid box to Bermuda Station 

(Latitude 32.373N and Longitude 64.703W) from the C3S data for the period of 1993-2020.  The 

observed linear trend of sea level rise is approximately 3.84 ± 0.4 mm/year. This is not significantly 

different from trend of 3.47mm/year which obtained from the Sea Level Evaluation and Assessment 

Tool (Latitude 32.25N and Longitude 64.75W).  These values are close to the global mean sea level 

rise 3.7 ± 0.4 mm/year (Pörtner et al., 2022). 
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Table 15 – Average Rate of Global Mean Sea Level Rise. 

Source Period 
Rate 

(mm/year) 
Description 

GLOBAL 

IPCC (2019) 1901-1990 1.4 ± 0.6 Tide gauge 

 2006-2015 3.6 ± 0.4 Tide gauge + Satellite Altimetry 

IPCC (2022) 1901-2018 2.3 ± 0.6 Tide gauge + Satellite Altimetry 

 2006-2018 3.7 ± 0.4 Tide gauge + Satellite Altimetry 

OSR4 1993-2018 3.3 ± 0.4 Satellite Altimetry 

 
1993 - 2010 2.5 ± 1.3 Satellite Altimetry after correction for Global Isostatic 

Adjustment (GIA) 

 

 

 

 
 

Table 16 – Mean rate of sea level rise averaged over the Caribbean basin. 
Period Rate (mm/year) Description Reference 

1950 - 2009 1.8 ± 0.1  

Sea level reconstruction (tide 

gauge records + sea level grids 

from satellite altimetry and ocean 

circulation models) 

Palanisamy et al. (2012) 

1993 - 2010 1.7 ± 1.3 Satellite Altimetry  Torres and Tsimplis (2013) 

1993 - 2010 2.5± 1.3 

Satellite Altimetry after 

correction for Global Isostatic 

Adjustment (GIA) 

Torres and Tsimplis (2013),  

 

 

 

 

 

 

 

  

Figure 19 – Mean sea level daily evolution. Data since January 1993 (in cm) and from the satellite altimeter 
observations estimated in the global ocean, derived from the average of the gridded sea level maps 
weighted by the cosine of the latitude. During 1993-1998, the dashed line shows an estimate of the global 
mean sea level corrected for the TOPEX-A instrumental drift, based on comparisons between altimeter and 
tide gauges measurements. Source: Copernicus Marine Service (CMEMS). https://marine.copernicus.eu/  
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Figure 20 – Climatology of Sea level change in Bermuda from tide gauge data. 
 

 

 

 

Figure 21 – Time series of monthly sea level change in Bermuda 2004-2008 
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Figure 22 – Mean annual sea level rise for Bermuda from satellite altimetry. Data shown for nearest grid 
box to coordinates Lat: 32.373N and Lon: 64.703W. Solid line shows linear trend. Source: The Copernicus 
Climate Change Service (C3S):  https://cds.climate.copernicus.eu/ 
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3.4.2 Projected Sea Level Rise  

 

The following are noted about the projected future sea level rise: 

  

• For global mean SLR, generally, variations across RCPs are small up to 2050 but diverge in the second 

half of the century (IPCC 2019). IPCC (2019) notes: “Future rise in GMSL caused by thermal 

expansion, melting of glaciers and ice sheets and land water storage changes, is strongly dependent 

on which RCP emission scenario is followed. SLR at the end of the century is projected to be faster 

under all scenarios, including those compatible with achieving the long-term temperature goal set out 

in the Paris Agreement.” The SROCC (IPCC 2019) also notes that “Under RCP 8.5, estimates for 

2100 are higher and the uncertainty range larger than in AR5.” “Mean sea level rise projections are 

higher by 0.1 m compared to AR5 under RCP 8.5 in 2100, and the likely range extends beyond 1 m in 

2100 due to a larger projected ice loss from the Antarctic Ice Sheet (medium confidence). The 

uncertainty at the end of the century is mainly determined by the ice sheets, especially in Antarctica.”  

 

• The AR6 (IPCC 2022) projects that the sea rate of sea lever rise will continue to accelerate and thus 

sea levels will continue to rise throughout the 21st century with virtual certainty.  Table 18 shows the 

estimates for projections of mid-century SLR and end-of-century of the best-case scenario (SSP1-1.9) 

and the worst-case development pathway scenario (SSP5-8.5). These estimates are not significantly 

different from the estimates of the SROCC (IPCC 2019) report. 

 

• For Bermuda, there is good consensus across the two mapping tools examined about sea level rise. 

Though RCPs and SSPs are not directly comparable, by 2050, mean SLR is projected to 0.23m for 

RCP4.5 and 0.21m SSP2-4.5; while by 2100, mean SLR is projected to be 0.53m for RCP4.5 and 0.56 

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 then by 2100, SLR 

may reach up to 1.46m for Bermuda according to SSP5-8.5. These projections are less than estimates 

of global mean sea level rise by 2100 which are 0.56m for SSP2-4.5 and 0.77m SSP5-8.5. 

 

• Projections show significant land loss across the entire mainland Bermuda, with the Sandy’s and St. 

Georges seeing significant inundation. See Figure 25. 
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Table 17 – Projected mean global SLR. Relative to 1986-2005. Source: SROCC (IPCC 2019) 

RCP  SLR Rate (mm/year) 

RCP 2.6 

2050 
0.24 m  

(0.17–0.32 m, likely range)  
 

2100 
0.43 m  

(0.29 – 0.59 m likely range) 

~ 4 mm year-1  

(2–6 mm/yr, likely range) 

RCP 8.5 

2050 
0.32 m 

(0.23–0.40 m, likely range)  
 

2100 
0.84 m 

(0.61–1.10 m, likely range) 

~ 15 mm/year 

(10–20 mm/year, likely range)  

 

 

Table 18 – Projected mean global SLR. Source: AR6 (IPCC 2022) 

RCP  SLR 

SSP1-1.9 

2050 
0.18 m 

(0.15–0.23 m, likely range) 

2100 
0.38 m 

(0.28– 0.55 m, likely range) 

SSP5-8.5 

2050 
0.23 m 

(0.20–0.30 m, likely range) 

2100 
0.77 m 

(0.63–1.02 m, likely range) 

 

 

Table 19 – Local sea-level projections at St. Georges, Bermuda for RCP2.6 (blue), RCP4.5 (orange) and 
RCP8.5 (red). 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). Climate Analytics Local SLR Tool (CMIP5). 

Year 

Local Sea Level Rise (m) 

RCP Median 
Uncertainty Ranges 

66% 90% 

2030 
2.6 
4.5 
8.5 

13 [13] 

12 

12 [14] 

7-19 [8-18] 

6-19 

5-20 [6-22] 

2-24 [5-22] 

1-24 

0-26 [1-28] 

2050 
2.6 
4.5 
8.5 

23 [26] 

23 

25 [32] 

15-33 [17-37] 

14-34 

14-37 [20-46] 

9-41 [10-49] 

7-43 

7-47 [11-61] 

2100 
2.6 
4.5 
8.5 

48 [64] 

53 

65 [102] 

27-73 [42-92] 

28-82 

34-102 [61-160] 

14-100 [27-124] 

12-110 

14-136 [37-243] 



.   CLIMATE PROFILE AND PROJECTIONS FOR THE ISLAND OF BERMUDA                       45 

 

 

 

  

Figure 23 – Local sea-level projections at St. Georges, Bermuda RCPs 2.6 (blue), 4.5 (orange) and 8.5 
(red). The solid lines represent multi-model medians, the shaded areas capture the 66% uncertainty 
range. Dashed lines show median sea-level projections including expert judgement revised Antarctic 
ice-sheet contributions from Bamber et al. (2019). Climate Analytics Local SLR Tool (CMIP5). 
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Table 20 – Sea level projections for 5 SSP scenarios, relative to a baseline of 1995-2014, in meters at 
St. Georges/ Esso Pier (Bermuda). Individual contributions are shown for the year 2100. Median values 
(likely ranges) are shown. Average rates for total sea-level change are shown in mm yr-1. The SSP5-8.5 
low confidence column incorporates a representation of the potential effect of low-likelihood, high-
impact ice sheet processes that cannot be ruled out. This column shows the 17th-83rd percentile range 
factoring into account information from structured expert judgement and from a model incorporating 
Marine Ice Cliff Instability. NASA Sea Level Projection Tool. 

SLR (m) SSP1-1.9 SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5 
SSP5-8.5 

Low Confidence 

Total (2050) 
0.18 

(0.10, 0.28) 

0.19 

(0.14, 0.27) 

0.21 

(0.13, 0.30) 

0.22 

(0.14, 0.31) 

0.23 

(0.15, 0.33) 

0.24 

(0.15, 0.40) 

Total (2100) 
0.43 

(0.30, 0.63) 

0.47 

(0.30, 0.69) 

0.56 

(0.37, 0.83) 

0.65 

(0.44, 0.93) 

0.69 

(0.47, 1.03) 

0.82 

(0.47, 1.46) 

Rates (mmyr-1) SSP1-1.9 SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5 
SSP5-8.5 

Low Confidence 

Rate (2040-2060) 
4.6 

(3.2, 6.9) 

4.6 

(2.6, 7.5) 

5.4 

(3.8, 8.1) 

5.7 

(4.1, 8.1) 

6.6 

(4.6, 9.4) 

7.1 

(4.6, 14.9) 

Rate (2080-2100) 
4.4 

(2.2, 7.4) 

5.6 

(3.0, 9.2) 

7.7 

(3.5, 13.0) 

9.6 

(5.2, 15.2) 

10.5 

(5.2, 17.7) 

14.8 

(5.2, 31.4) 
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Figure 24 – Sea-level change for SSP scenarios for Bermuda resulting from processes in whose projection 
there is medium confidence and 83rd percentile range. Projections are relative to a 1995-2014 baseline. 
The plot below shows the projection and uncertainties for 'Total Sea Level Change'. NASA Sea Level 
Projection Tool. 
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Figure 25 – Showing local sea-level rise projections at 2100 for Bermuda Showing the current coast(A), 
SSP2-4.5: approximately 0.5m(B) and SSP5-8.5: Approximately 1m(C). Source: IDB (2018). 
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3.5 Hurricanes 

3.5.1 Historical Hurricanes 

 

 

The following points (adapted from the State of the Caribbean Climate (CSGM 2020)) are noted about 

historical trends:  

 

• The hurricane season in the North Atlantic spans June to November. This coincides with the period 

when the Gulf of Mexico, the Caribbean Sea, and the north Tropical Atlantic are most conducive to 

convective activity. During this time of the year, the region is characterised by weak easterly trade 

winds, decreased vertical wind shear, and SSTs in excess of 26oC. In tandem, these create ideal 

conditions for tropical cyclone (TC) activity.   

 

• This does not preclude storm or hurricane activity in May or December. The peak of the North Atlantic 

season is from mid-August to late October, with a primary peak around September 10th. A secondary 

peak occurs around the middle of October, which is mainly for the Caribbean Sea and the Gulf of 

Mexico region, after which the number of storms drops off quickly through the end of the season. 

 

• The mean areas of origin and prevailing tracks shift during the hurricane season. From June through 

August, the areas of origin shift from the western Caribbean Sea and Gulf of Mexico (June) into the 

Atlantic Ocean (August-September). This coincides with the eastward expansion of the Atlantic warm 

pool which results in water temperatures becoming warmer in the north tropical Atlantic thereby 

allowing easterly waves coming off the African coast to develop into storms and hurricanes. By 

October, the water temperatures in the north Tropical Atlantic east of the Caribbean basin start to cool 

and wind shear increases, and storm genesis and activity generally shifts back into the Caribbean Sea 

and Gulf of Mexico, where the water temperatures are still very warm. See Figure 26. 

 

• Most measures of Atlantic hurricane activity show a marked increase since the early 1980s when high-

quality satellite data became available (Bell et al. 2012; Bender et al. 2010; Emanuel 2007; Landsea 

and Franklin 2013). These include measures of intensity, frequency, and duration as well as the number 

of strongest (category 4 and 5) storms. 

 

• The El Niño-Southern Oscillation phenomenon plays a significant role in modifying hurricane activity 

in the North Atlantic from year to year. El Niño contributes to fewer Atlantic hurricanes while La Niña 

contributes to more Atlantic hurricanes.  

 

For each of the last 4 decades, Bermuda has had between 5 and 8 storms passing within 50 km of the 

island except for 1991 to 2000 which saw no storms passing within 50kM. Several of the storms can be 

considered as direct hits to the island. See Table 21 and figures 27 and 28. 
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Figure 26 – Zones of likely origin and track density of storms by month during the hurricane season from 
August-October. Source: NOAA. 
 

 
Figure 27 – Frequency and Category of Hurricanes Passing within 50km of Bermuda, Presented by 
Decades (1981 to 2020). Data from the NOAA HURDAT2 Dataset. 
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Table 21 – Summary of Hurricanes Passing within 50km of Bermuda (1981 to 2020). Data from the 
NOAA HURDAT2 Dataset. 

Year Name 
Area Life 

Range 
Category Min Pressure (mb) Category Max Wind Speed (kt) Min Pressure (mb) 

1981 Emily TS 990 H1 80 966 25 

1981 Floyd TS 1003 H3 100 975 25 

1984 Gustav TD 1009 TD 45 1006 25 

1984 Hortense TS 1006 H1 65 993 25 

1986 Unnamed TD NA TD 30 NA 25 

1987 Arlene TS 998 H1 65 987 50 

1987 Emily H1 974 H3 110 958 25 

1989 Dean H2 971 H2 90 968 25 

2001 Karen TS 991 H1 70 982 25 

2003 Fabian H3 950 H4 125 939 25 

2005 Harvey TS 995 TS 55 994 50 

2008 Bertha TS 995 H3 110 952 50 

2010 Igor H1 953 H4 135 924 50 

2012 Chris TS 1004 H1 75 974 50 

2013 Gabrielle TS 1004 TS 55 1003 25 

2014 Fay H1 984 H1 70 983 25 

2014 Gonzalo H2 952 H4 125 940 25 

2016 Nicole H3 959 H4 120 950 25 

2019 Jerry TD 1001 H2 90 976 25 

2020 Arthur ET 989 ET 55 989 50 

2020 Paulette H2 971 H2 90 965 25 
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Figure 28 – Tracks of Hurricanes Passing within 50km of Bermuda (1981 to 2021). Data from the NOAA 
HURDAT2 and IBTrACS Datasets. 
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3.5.2 Hurricane Projections 

 

From the available body of literature examined the following changes related to future intensity and 

frequency of hurricane occurrences are to be 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 increase 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 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 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. Figure 29 shows 

projected hurricane frequency increase as a percentage with respect to 1986 to 2005.  

 

• 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.  

 

• Maximum wind speeds associated hurricanes are likely to increase in the future as temperature 

increases (Trepanier 2020). Figure 30 from Trepanier (2020) shows the expected rate at which wind 

speed changes with temperature. For Bermuda, this rate 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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Figure 29 – Percentage Difference of Major Hurricane Days between 1986-2005 and 2081-2100 by the 
HiFLOR model. White crosses represent not statistically significant grid boxes (Bhatia,et. al, 2018, 
p.8298). 
 

 

 
Figure 30 – (a) Strength of the Local Relationship between the Observed per Event Maximum Wind 
Intensity and the average (“normal”) August–October SST in °C. (b) Significance of the 
Relationship.(Trepanier 2020). 
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4.0 Summary and Conclusions 

 
Table 22– Summary of Trends and Projections at a Glance. 

Historical Trend Projection 

Temperature  

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.  

 

Hot days and nights have also been increasing at a rate 

of 4% and 3% per decade respectively. 

 

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 ℃ 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.  

Rainfall 

The island’s climatology exhibits a bimodal rainfall 

pattern with peaks in January and September, with the 

September peak receiving more rainfall.  

 

Interannual variability dominates the rainfall record 

with no real linear trend. 

 

 

 

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).  

Sea Surface Temperature 

SST are highest during August to September and 

coolest during December to April. SSTs are 

increasing at a rate of 0.26 ℃ per decade. 

 

SSTs are projected to increase at a rate of 0.07 ℃ (0.4.3 ℃) per 

decade under RCP 2.6 (8.5). In the medium term (2040-2060) 

monthly projected increase ranges from 0.6 to 1.7 ℃ (1.0 – 2.3 ℃) 

for RCP 2.6 (8.5).  In the long term (2070-2090) monthly projected 

increase ranges from 0.8 to 1.7 ℃ (2.5 – 4.0 ℃) for RCP 2.6 (8.5). 

Sea Level Rise  

Bermuda lies in an area of the Caribbean Basin that 

has experienced sea level rise of more than 3.84 

mm/year. 

 

. 

 

 

 

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. 

Hurricanes 

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.   

 

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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Appendix B – Description of the Numerical Models 

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 modeling system is 
designed in an integrated modular framework with a variety of add-
on modules. This, in combination with the range of dedicated and 
easy to use tools and editors, allow you to customise your personal 
software package to suit your own specific needs, whether for simple 
or more complex 2D flow modeling needs. 

 

MIKE 21 provides 

• A complete and effective design environment  

• An advanced GUI combined with a series of highly efficient computational engines  

• GUI facilities for easy applications  

• GIS integration  

• Free tools, eg for processing of model data in MATLAB  

• Integration with urban and water resource models for flood modeling  

• Modules for virtually any kind of 2D water modeling needs 

• Open, flexible and easy ecology and water quality modeling 

• Sophisticated tools for data handling, analysis and visualization 

• Multiple computational grid options ensuring optimal model application  

• Well-proven technology with 30+ years of track record  

• Widely used by thousands of engineers and scientists worldwide 

  

 

Flow Model Versions 
MIKE 21 FM is based on an unstructured mesh and uses a cell-centred 
finite volume solution technique. The mesh is based on linear triangular 
elements. The FM version is particularly well suited for modeling large 
complex areas that, at the same time, require a detailed resolution of 
specific features. 
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Hydrodynamics 
The hydrodynamic modules provide the basis for computations performed 
in many other modules but can also be used alone. They simulate the water 
level variations and flows in response to a variety of forcing functions on 
flood plains, in lakes, estuaries and coastal areas.  

In MIKE 21 the HD modules solve the vertically integrated equations for 
the conservation of continuity and momentum, i.e., the Saint Venant 

equations on rectangular, flexible or curvilinear grids covering the area of interest, when provided with 
the bathymetry, bed resistance coefficients, wind field, hydrographic boundary conditions, etc. 

The effect of waves on the currents can be included in various ways, e.g., by apparent bed roughness. 
Including wave-induced flow in the model is done by specifying wave radiation stresses, which then 
will enter the momentum equations. These can also be imported directly from the wave models MIKE 
21 SW/NSW or PMS.  

The effects of sources and sinks like precipitation and evaporation, river discharge, intakes and outlets 
from power stations, etc are included in the hydrodynamic equations. The impact of hydraulic 
structures (bridge piers or piles, weirs, etc) on the flow conditions can also be included. A valuable 
facility in MIKE 21 is its capability to compute the flow in an area that sometimes dries out and 
sometimes is flooded, e.g., tidal flats and flood plains.  

MIKE 21 C, the flow model for the curvilinear version, includes helical three-dimensional flow that 
occurs in curved flows, especially in river bends. Helical flow is a principal secondary flow 
phenomenon in rivers that has a significant influence on the sediment transport direction and hence 
the morphological changes in the river channel.  

The US Federal Emergency Management Agency (FEMA) has officially approved MIKE 21 HD and 
NHD for use in national flood insurance program studies (NFIS) for applications in both coastal and 
riverine environments. 

SW Spectral Wave Module  

MIKE 21 SW is a new 3rd generation spectral wind-wave model that 
simulates the growth, decay and transformation of wind-generated waves and 
swell in offshore and coastal areas. MIKE 21 SW solves the spectral wave 
action balance equation formulated in either Cartesian or spherical co-
ordinates. At each element, the wave field is represented by a discrete two-
dimensional wave action density spectrum.  

The model includes the following physical phenomena; wave growth by action of wind, non-linear 
wave-wave interaction, dissipation by white-capping, dissipation by wave breaking, dissipation due to 
bottom friction, refraction due to depth variations, and wave-current interaction.  

The discretisation of the governing equations in geographical and spectral space is performed using 
the cell-centred finite volume method. In the geographical domain an unstructured mesh is used. The 
time integration is performed using a fractional step approach where a multi-sequence explicit method 
is applied for the propagation of wave action. MIKE 21 SW includes two different formulations:  

• fully spectral formulation  
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• directional decoupled parametric formulation  

MIKE 21 SW is used for the assessment of wave climates in offshore and coastal areas - in hindcast 
and forecast mode. A major application area is the design of offshore, coastal and port structures for 
which accurate assessment of wave loads is of utmost importance to the safe and economic design of 
these structures.  

MIKE 21 SW is particularly applicable for simultaneous wave prediction and analysis on regional scale 
and local scale. Coarse spatial and temporal resolution is used for the regional part of the mesh and a 
high-resolution boundary and depth-adaptive mesh is describing the shallow water environment at the 
coastline.  

MIKE 21 SW is also used for the calculation of the sediment transport, which, to a great extent, is 
determined by wave conditions and associated wave-induced currents. The wave-induced current is 
generated by the gradients in radiation stresses that occur in the surf zone. MIKE 21 SW can be used 
to calculate the wave conditions and associated radiation stresses. The long-shore currents and 
sediment transport are then calculated using the flow and sediment transport models available in the 
MIKE 21 package. 

Coupled Model FM  
MIKE 21/3 Coupled Model FM is a truly dynamic modeling system for 
application within coastal and estuarine environments. It is composed of 
following modules:  

• Hydrodynamic Module  

• Spectral Wave Module  

• Transport Module  

• ECO Lab Module  

• Mud Transport Module  

• Sand Transport Module (only 2D simulations)  

The Hydrodynamic Module and the Spectral Wave Module are the basic computational components 
of the MIKE 21/3 Flow Model FM. Using MIKE 21/3 Coupled Model FM it is possible to simulate 
the mutual interaction between waves and currents using a dynamic coupling between the 
Hydrodynamic Module and the Spectral Wave Module. The MIKE 21/3 Coupled Model FM also 
includes a dynamic coupling between the Mud Transport and the Sand Transport models and the 
Hydrodynamic Module and the Spectral Wave Module. Hence, a full feedback of the bed level changes 
on the waves and flow calculations can be included.  

Application Areas  
The application areas are generally problems where flow and transport phenomena are important, 
with an emphasis on coastal and marine applications, where the flexibility inherited in the unstructured 
meshes can be utilized.  

MIKE 21/3 Coupled Model FM can be used for investigating the morphological evolution of the 
nearshore bathymetry due to the impact of engineering works (coastal structures, dredging works etc.). 
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The engineering works may include breakwaters (surface-piercing and submerged), groins, shoreface 
nourishment, harbours etc. MIKE 21/3 Coupled Model FM can also be used to study the 
morphological evolution of tidal inlets.  

It is most suitable for medium-term morphological investigations (several weeks to months) over a 
limited coastal area. The typical dimensions are about 10km in the alongshore direction and 2km in 
the offshore direction. The computational effort can become quite large for long-term simulations, or 
for larger areas.  

The main features of the MIKE 21 Coupled Model FM are as follows  

• Dynamic coupling of flow and wave calculations  

• Fully feedback of bed level changes on flow and wave calculations  

• Easy switch between 2D and 3D calculations (hydrodynamic module and process modules)  

• Optimal degree of flexibility in describing bathymetry and ambient flow and wave conditions 

using depth-adaptive and boundary-fitted unstructured mesh. 

HurWave  
A package of Hurricane Parametric Wave Models 
and Extremal Statistical Analyses by Jamel D. 
Banton.  

HURWave combines the database of the National 
Oceanic and Atmospheric Administration (NOAA), 
of hurricane tracks, with wind and wave distribution 
algorithms to statistically determine deep-water 
design wave conditions at any location within the 
Caribbean and the Gulf of Mexico.  

The program consists of 6 main modules, namely: 
The Single Grid Module; The Single Storm Module; 
The Wave Module; The Extremal Statistical Module; 
The Monte Carlo Module; and The Multiple Grid 
Module. These are shown in the flow chart 
following. 
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Program Capabilities: 

The NOAA database consists of Atlantic 
hurricane track positions along with wind 
and pressure conditions at 6-hour intervals, 
since the late 19th century. For any 
specified location within the North Atlantic 
Basin, HURWave searches this database 
for Tropical storms and hurricanes that 
have passed within a specified distance 
from the point of interest. The program 
produces a number of statistical 
descriptions for this result.  

 

 

The Monte Carlo Approach 

An alternative method to using just the NOAA database of storms is to generate a much larger 
synthetic database of storms from the statistical properties of those that actually occurred. This Monte 
Carlo approach is capable of generating hundreds of probable storms for a particular location, thereby 
simulating tracks that may occur in the future. This approach was developed from research 
observations of multi-decadal trends in hurricane frequency and intensity. The research and method 
are presented in the paper “Long term variability of hurricane trends and a Monte Carlo approach to 
design” by Smith, Warner and Banton, presented at The International Conference for Coastal 
Engineering (ICCE 2002).  

 

Parametric Wave Modeling 

A number of widely used wind and wave models are 
applied to produce a hindcast dataset of hurricane 
wave conditions at the point in question. These 
models include Cooper (1988) and Young (1995).  

The Cooper model was developed by statistically 
analyzing the output from numerical wind and wave 
models for 6 Gulf of Mexico hurricanes. The storms 
used covered a wide cross-section of hurricane 
conditions.  
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In the case of Young, he first developed an extensive synthetic database by running a numerical wave 
prediction model for a wide range of hurricane parameters. The data from these numerical 
experiments were then used to clarify the wave generation process within hurricanes and further to 
develop the parametric model suitable for wave prediction in deep water. This model was further 
calibrated with over 100 measurements made by the 
GEOSAT satellite.  

With the results of these models, a range of extremal statistical 
analyses may be carried out in HURWave. The extremal 
methods applied are based on work published by Yoshima 
Goda in 1988 for statistically analyzing extreme events such 
as hurricane waves. Distribution functions such as Weibull 
and Fischer Tippet (Type I) are fitted to the model results and 
the best fit chosen. The results include the values for wind, 
wave and water level conditions for various return periods.  
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Appendix C – Numerical Model Set Up & Validation 

An important step in implementing a sustainable coastal defence scheme is to determine the prevailing 
conditions that dictate coastal change at the site of interest. This section describes the numerical model 
validation that was used to describe the existing coastal processes at the project site, including the 
prevailing operational wave climate, the extreme (hurricane) wave climate and the resulting sediment 
transport and beach morphology. 

The operational wave climate refers to the day-to-day distribution of wave heights, periods and 
directions. These wave conditions contribute to sediment movement within the beach system and are 
responsible for long-term morphological changes. For coastal engineering design, operational wave 
conditions are typically used to determine the most appropriate design solution in terms of types and 
layout of the structures. 

The extreme wave climate refers to waves associated with tropical storms and hurricanes, to which 
the Atlantic Ocean is vulnerable each year from June to November. Dramatic and abrupt changes to 
the coastline can occur as a result of these storms. In general, coastal protection structures are designed 
to withstand wave attack from these extreme storm events.  For example, in the selection of an armour 
stone size that would be required for a coastal structure, or in determination of design wave forces 
that may occur, extreme waves are used. These conditions occur only very infrequently, and decades 
or centuries of data must be explored to adequately describe the statistics.  

Numerical models were therefore used to develop a working representation of the wave and current 
environment throughout the project site, and to understand how shoreline stabilization measures will 
affect the coastal environment on a day-to-day basis.  

The MIKE suite of computer models, created by the Danish Hydraulic Institute 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 MIKE 21 model uses various modules to simulate hydrodynamic variances in surface elevation 
and currents (HD) as well as spectral waves (SW). Coupling of the two modes means that the mutual 
interaction between waves and currents is simulated and results from one module are passed back and 
forth to the other module in order to improve the efficiency and accuracy of the simulations.  

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 compute wave-induced currents and can 
also be used for storm surge calculations. Ultimately both modules can be used for sediment transport 
computations using the sediment transport (ST).  

Wave Model Validation 
Two steps were taken for the wave model validation. (1) to evaluate the MIKE Spectral Wave model's 
suitability as a credible tool for precisely computing nearshore wave processes, and (2) to analyze the 
dependability of the long-term wave database, which is needed to validate the long-term 
hydrodynamics (wave-induced currents) at the project site. The procedures are explained below. 
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Accuracy of Long Term Wave Data Base 
The model was forced with the time series of the ERA 5 deep water wave conditions.  

For both methods the validation was as follow 

1. Extract the time series of the resulting significant wave heights, peak wave period and mean 
wave directions at the physical location of each of the four instruments and coinciding with 
the same time period of the measurements. 

2. Compare the model results to the measured wave data. 

3. Calculate the error between the measured and modeling values. 

4. Calculate the various parameters listed below to assess whether the model falls within 
acceptable range of numerical model performance/ standards. 

5. If not develop a correlation factor between the model results and instrument measurements 
and apply where necessary to the long-term offshore wave climate. 

Error Parameters 
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 (R2) (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 1 indicate a stronger the agreement between the two data sets). While it’s difficult 
to find guidelines for what values might represent a good agreement, values meaningfully 
larger than 0.5 are considered to represent good model performance based on Willmott, et al 
(1985). 

The Root Mean Square Error (RMSE) and Normalized RMSE (NRMSE) calculations can be used to 
quantitatively assess model calibration. RMSE is a useful indicator as it sums the difference between 
the computed and measured values. The values that can be assessed include wave heights, tide height, 
current speed and direction (or Easting and Northing current components). Because these differences 
may be positive or negative, the value is squared before being averaged so that the absolute error is 
preserved, according to the following formula: 

 

where Xobs is observed values and Xmodel is modeling values at time/place i. 

The RMSE has the same units as the input parameters, in this case wave height (m). When comparing 
model performance at different locations it can be helpful to use the normalized RMSE, as this 

n

XX
RMSE

n

i
idelmoiobs =

−
= 1

2
,, )(
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provides an indication of the amount of error relative to the range of observed wave heights. NRMSE 
is calculated as follows: 

min,max, obsobs XX

RMSE
NRMSE

−
=

 

 

The Coefficient of Efficiency NSE (Nash and Sutcliffe, 1970) indicates how well the plot of observed 
versus simulated fits the 1:1 line in the scatter plot. NSE ranges between −∞ and 1.0 (1 inclusive), 
with NSE = 1 being the optimal value. Values between 0.0 and 1.0 are generally viewed as acceptable 
levels of performance, whereas values below zero are considered less acceptable 

For the Index of Agreement values closer 1 indicate a stronger agreement between the two data sets. 
While it’s difficult to find guidelines for what values might represent a good agreement, values 
meaningfully larger than 0.5 are considered to represent good model performance based on Willmott, 
et al (1985).  

 

Wave Height Comparisons 
The time series comparison are presented in the following figures for each instruments forcing with 
offshore ERA5 wave model parameters. 

The error calculations are presented in the following tables also with both methods. 

For instrument I1 West: 

• The coefficient of determination was 0.79 which indicates that the model explains 79% of all 

the variability of the response data around its mean.  

• The Coefficient of Efficiency NSE (Nash and Sutcliffe, 1970) was 0.65 which is considered a 

good level for model performance.  

• The Index of Agreement is 0.88. While it’s difficult to find guidelines for what values might 

represent a good agreement, values meaningfully larger than 0.5 are considered to represent 

good model performance based on Willmott, et al (1985). Values between 0 and 0.5 are 

considered to represent acceptable level of model performance. 

• The RMS error is 0.19m which corresponds to an absolute error of 16%. 

• The average measured wave heights was 0.87m while the modeling was 0.76m creating an 

average difference of 0.11m. 

 

This provided reasonably accurate comparisons of the instrument-measured values (blue) and model-
predicted wave heights (red), with depiction of wave height variations between peaks and lows. The 
comparisons showed that the simulated variations in wave height between daytime (peak) and night-
time (lows) are being shown with a respectable level of accuracy. 
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All the indices utilized for model validations are regarded as having adequate model performance. This 
statistical technique verified the model, allowing for the quantification of any effects across a long-
term database of daily wave conditions on the project site's nearshore. 

 

For instrument I2 East: 

• The coefficient of determination was 0.74 which indicates that the model explains 74% of all 

the variability of the response data around its mean.  

• The Coefficient of Efficiency NSE (Nash and Sutcliffe, 1970) was 0.69 which is considered a 

good level for model performance.  

• The Index of Agreement is 0.92. While it’s difficult to find guidelines for what values might 

represent a good agreement, values meaningfully larger than 0.5 are considered to represent 

good model performance based on Willmott, et al (1985). Values between 0 and 0.5 are 

considered to represent acceptable level of model performance. 

• The RMS error is 0.13m which corresponds to an absolute error of 11%. 

• The average measured wave heights was 0.6m while the modeling was 0.58m creating an 

average difference of 0.02m. 

 

 

Error Parameters 

 

Williams, J. J., & Esteves, L. S. (2017). Guidance on Setup, Calibration, and Validation of Hydrodynamic, Wave, and 
Sediment Models for Shelf Seas and Estuaries. In Advances in Civil Engineering (Vol. 2017, pp. 1–25). Hindawi Limited. 

 

I1 West 
ADCP 

Index of 
Agreement 

Guidelines Score NSE Guidelines Score 
RMSE 

(%) 
Guidelines 

±% 
Score 

0.88 >0.5 Pass 0.65 −∞ - 1 Pass 19.5 10 Marginal 

I2 East 
ADCP 

Index of 
Agreement 

Guidelines Score NSE Guidelines Score 
RMSE 

(%) 
Guidelines 

±% 
Score 

0.92 >0.5 Pass 0.69 −∞ - 1 Pass 13.4 10 Marginal 
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Instrument I1 West - ADCP instrument measured wave heights vs modeling predicted wave heights comparison   

 

 

Instrument I2 East - ADCP instrument measured wave heights vs modeling predicted wave heights comparison   



 

   

SMITH WARNER INTERNATIONAL LIMITED 

 

MARCH 2024 

 

Directions 
For instrument I1 West: 

• The measured waves had a lesser variance in direction, ranging from 130° to 358° while the 

modeling directions ranged from 150° to 359°. The average measured mean wave direction 

was 268.8° while the modeling was 292.3°, creating an average difference of 23.4°. 

• The RMS error is 46.5° corresponding to a relative error of 20%. 

 

For instrument I2 East: 

• The measured waves had a lesser variance in direction, ranging from 0° to 360° while the 

modeling directions ranged from 1.5° to 359°. The average measured mean wave direction 

was 191.4° while the modeling was 270.8°, creating an average difference of 79.4°. 

• The RMS error is 152.2° corresponding to a relative error of 42%. 

 

 

West ADCP RMSE  
Obs Mean Guidelines 

± (%) obs 
mean 

Score 

Peak Wave Period   20 Marginal 

Mean Wave Direction 46.56 268.79° 30 Pass 

East ADCP RMSE 
Obs Mean Guidelines 

± (%) obs 
mean 

Score 

Peak Wave Period   20 Marginal 

Mean Wave Direction 152.2 191.4° 30 Fail 

 
Calculated errors from Peak Period and Wave Direction between model-predicted and instrument measured 
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Instrument West D1 – ADCP instrument measured wave directions vs modeling predicted wave directions  

 

Instrument East D1 – ADCP instrument measured wave directions vs modeling predicted wave directions  
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Hydrodynamic Model Validation 
To comprehend how tidal currents or wave-induced currents will affect the coastal environment on a 
daily basis, it is crucial to establish a complete understanding of the operational hydrodynamic climate, 
similar to how nearshore wave dynamics must be understood. Therefore, numerical models were 
employed to comprehend the site's hydrodynamic climate. 

The global tide model from DTU (Denmark Technical University) was used to calculate water level 
inputs to the model borders in addition to the water depths, which are specified over the whole model 
domain using the flexible mesh. The model has received widespread approval as being sufficiently 
accurate for studies of this scale after being tested at various Caribbean locations. The validation 
process is explained here: 

• The water level forcing from the DTU model results were extracted at the boundary locations 
of the hydrodynamic models.  

• Other forcing to the model included wind and wave radiation stress from the ERA 5 global 
wave model, seabed roughness and eddy viscosity. 

• The hydrodynamic model computes nearshore currents forced by water level variations, form 
the DTU model. The operational hydrodynamics were 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. 

• Wave and currents were determined at each simulation time step over the computational mesh. 

• The validation involved comparing the various measurements and model-predicted values. 

• The last step was calculating the error between instrument-measured and model-predicted and 
adjusting various model parameters 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: 

• Water levels to within ±15% during spring tidal ranges and ±20% during neap tidal ranges. 

• Current speeds to within ±200mm/s or ±10-20% of the observed speed; and 

• 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.  

RMSE is a useful indicator of model calibration as it sums the difference between the computed and 
measured values. The values that can be assessed include tide height and current speed and direction 
(or Easting and Northing current components). Because these differences may be positive or negative, 
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the value is squared before being averaged so that the absolute error is preserved, according to the 
following formula: 

 

where Xobs is observed values and Xmodel is modeling values at time/place i. 

The NRMSE has the same units as the input parameters, in the case of tide height (m).  When 
comparing model performance at different locations it can be helpful to use the normalized RMSE, 
as this provides an indication of the amount of error relative to the range of observed tide heights. 
NRMSE is calculated as follows: 

min,max, obsobs XX

RMSE
NRMSE

−
=

 

The table below indicates the RMSE and NRMSE computed between model-predicted and 
instrument-measured at the four 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. 

 

 

Calculated errors between model predicted and instrument measured tide heights 

Location 

Tide Height Comparison 

RMSE 
(mm) 

Guidelines Score 
NRMSE 

(%) 
Guidelines Score 

West – D1 54.1 

±150-200mm 

Pass 4.67% 

±15-20% 

Pass 

East – D1 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 the following tables. 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 
below for all instruments and indicate the model reproduces the recorded in both intensity and 
direction.  
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Calculated errors from northing and easting velocities between model-predicted and instrument measured at Caye Caulker 

I1 (West) ADCP  

Easting and Northing Comparison (ADCP West) 

RMSE 
(m/s) 

Guidelines Score 
NRMSE 

(%) 
Guidelines Score 

Easting (U Vel) 0.07 
±0.2 m/s 

Pass 38 
±10-20% 

Fail 

Northing (V Vel) 0.12 Pass 36 Fail 

I2 (East) ADCP 

Easting and Northing Comparison (ADCP East) 

RMSE 
(m/s) 

Guidelines Score 
NRMSE 

(%) 
Guidelines Score 

Easting (U Vel) 0.08 
±0.2 m/s 

Pass 41 
±10-20% 

Fail 

Northing (V Vel) 0.04 Pass 24 Pass 

 

 

 

 

ADCP instrument measured tides vs modeling predicted tides comparison at location West D1 
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ADCP instrument measured tides vs modeling predicted tides comparison at location East D1 
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ADCP West D1 measured scatter vs modeling scatter u (east-west) and v (north-south) components of the 
velocities and corresponding progressive vector plot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Deployment Details: 

Currents measured using ADCP April 1 to May 1, 2022  

Recordings at 30-minute intervals  

Depth below water surface = m 

I2 bins used across depth  

Number of Samples = 1441 

ADCP – Depth Average Currents 
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ADCP East D1 measured scatter vs modeling scatter u (east-west) and v (north-south) components of the 
velocities and corresponding progressive vector plot. 

 

The hydrodynamic model was determined to fulfill the minimum requirements for model 
performance based on the guidelines provided in the section above. Overall, it was determined that 
the validation findings were adequate and that the model could calculate hydrodynamic parameters 
with a respectable degree of accuracy. 

 

 

 

 

 

Deployment Details: 

Currents measured using ADCP April 1 to May 1, 2022  

Recordings at 30-minute intervals  

Depth below water surface = m 

I2 bins used across depth  

Number of Samples = 1441 

ADCP – Depth Average Currents 
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Summary of Validated Model 
The numerical model was calibrated for correlation with waves and tides at several points offshore 
Bermuda. 

The calibration exercises undertaken can be summarized as follows:  

• The wave model performed well:  
o The Index of Agreement between modeling wave heights and measured wave heights 

were acceptable for both instruments. Comparison of the actual values revealed an 
average difference of 0.11m and 0.02m respectively i.e. the model tended to 
overestimate the wave heights by roughly 0.06m.  

o The model predicted the peak wave periods well, comparison of the actual values 
revealed an average difference of 0.02s for West D1 and 4.3s for East D1 i.e. the model 
tended to underestimate the wave periods more to the south. 

o The dominant wave direction of the model approached from the NW for West D1and 
East D1, which were relatively close to the same direction measured.  

• The tide model also performed well, with all tides in sync with the measured tides and just 
minor underestimations of the measured highs and lows. The calculated RMSE percentages 
ranged from 4.67% to 5.62%. These errors were close to the acceptable maximum allowed by 
the guidelines of ±15-20%. 

 
Overall, the MIKE 21 model performed within the guidelines for both spectral waves and tides.  The 
model can therefore be expected to be capable of representing the average conditions that occur 
within the bay and should be able to both represent the existing coastal processes and, in the future, 
evaluate the impacts of any proposed design on ambient surroundings. 
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Appendix D – Measured Data 
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Appendix E – Additional Plots 

 
Changes in the Mean Wave Conditions under the RCP 4.5 for 20-year (top), 50-year (middle) and 100-year 

(bottom) horizons 
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Changes in the Mean Wave Conditions under the RCP 8.5 for (a) 20-year, (b) 50-year and (c) 100- year horizons 
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Changes in the 99th percentile under the RCP 4.5 for (a) 20-year, (b) 50-year and (c) 100- year horizons 
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Changes in the 99th percentile under the RCP 8.5 for (a) 20-year, (b) 50-year and (c) 100- year Horizons 
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Present Day Conditions – Bermuda including reefs 
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Bermuda Modelling Report - Hydrogeology   

Nov 30, 2022 

Introduction 

Impacts of rising sea level on the hydraulic balance between aquifers and the ocean will 

likely threaten fresh water 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 salt water 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. 

Groundwater systems underlying land masses which are characterized by dry conditions 

(evapotranspiration exceeding rainfall) and/or low topography are vulnerable to changes 

caused by sea-level rise.  Those oceanic islands and continental coastlines characterized 

by low topography are particularly vulnerable to salinization of fresh water aquifers.  

Studies (Werner and Simmons, 2009), (Michael et al, 2013),(Haitjema and Mitchell-

Bruker, 2005) have determined that the response of recharge-limited systems (specified 

flux systems) to sea level rise is largely minimal, whereas topography-limited systems 

(specified heads systems) are vulnerable to sea level rise for various combinations of 

permeability, vertical anisotropy in permeability, and recharge.  A recharge-limited system 



BERMUDA MODELLING REPORT-HYDROGEOLOGY   pg. 2 

 

 NOV 2022 

is a system where the main controlling factor is the amount of infiltration from precipitation 

and induced recharge from rainfall harvesting.  A topography-limited system is 

characterized by low relief with a substantial percentage of the topography slightly above 

sea level.  Bermuda is predominantly a recharge-limited system as explained below.  

These studies also found that hydrogeologic properties (differences in permeability, 

distance to a hydraulic divide, and recharge) and the characteristics of the settings are 

more important factors to consider than uncertainties in projections of sea level rise and 

inland to coast hydrologic shifts. (Werner and Simmons, 2009), (Michael et al, 

2013),(Haitjema and Mitchell-Bruker, 2005)  The results of these studies have implications 

for the management of coastal aquifers subject to sea-level rise. The resulting sea water 

intrusion may be somewhat mitigated if water resource managers are able to allow ground 

water levels to rise commensurate with sea-level rise. 

In the Werner and Simmons study, two conceptual models were tested and were 

considered to provide realistic endmembers on the likely range of behavior that could be 

expected in the field: (1) flux-controlled systems, in which ground water discharge to the 

sea is maintained assuming similar hydraulic conductivities despite changes in sea level. 

Groundwater level rise is the same as sea-level rise and horizontal hydraulic gradients 

are maintained, and (2) head-controlled systems, whereby hydrogeologic controls such 

as ground surface, surface water bodies or pumping wells or infiltration galleries maintain 

the inland head in the aquifer despite sea-level changes.  The sea water-fresh water 

interface migration due to sea-level rise is a function of hydrogeologic variables including 

aquifer thickness, recharge rate, hydraulic conductivity, and the rate of ground water 

discharge to the sea. 

Werner and Simmons (2009) concluded that flux-controlled systems are associated with 

minimum sea water intrusion as a result of sea-level rise and that head-controlled 

systems are associated with maximum sea water intrusion as a result of sea-level rise. 

For constant flux conditions, the upper limit for sea water intrusion due to sea-level rise 

(up to1.5 m) is no greater than 50 m for typical values of recharge, hydraulic conductivity, 

and aquifer depth.  
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For the constant head case, the magnitude of salt water toe migration is on the order of 

hundreds of meters to in excess of a kilometre for the same sea-level rise. 

Physically, a specified flux boundary condition represents a system that has sufficient 

thickness of unsaturated zone (difference between ground elevation and water table 

elevation) to accommodate any water-table rise. The elevation of the water table is limited 

only by the flux of water to the system, or its recharge: a flux-controlled system [Werner 

and Simmons, 2009] or a recharge-limited system. The piezometric rise in recharge-

limited systems caused by an increase in sea level has been called a “lifting”effect [Chang 

et al., 2011]. Recharge-limited systems are less vulnerable to sea-level rise because the 

horizontal hydraulic gradient between land and sea can be maintained and thus 

groundwater flux to the sea remains the same.  

Conversely, in topography-limited systems (specified head systems) the water table is 

near to land surface such that an increase in sea level causing the freshwater lens to rise 

results in intersection of the water table with the land surface and increased overland 

discharge from newly created springs or seeps. Topography-limited systems are more 

vulnerable to sea-level rise because the hydraulic head on the freshwater, landward side 

cannot rise in response to a rise on the seaward side. 

Bermuda, characterized by topography that generally rises relatively steeply from the 

coast, could be characterized as a recharge-limited system as opposed to a topography-

limited system, and, its freshwater lenses are not as vulnerable as those lenses 

characterized as topographic-limited systems.  

The fresh groundwater lenses do discharge to the sea in a dynamic system that is more 

or less in equilibrium.  However, there are two areas in Bermuda where substantial 

drainage of the Central Lens may be occurring and the groundwater flux to the sea may 

increase because the horizontal hydraulic gradient will increase with sea level rise: one 

by drainage into a reentrant bay (Foot of the Lane) and the other into Mill Creek which 

drains into the human-made Pembroke Canal. 
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Groundwater flux is determined by the equation Q=KiA 

Where:  Q is flux m3/day 

             K is hydraulic conductivity m/day 

             i is horizontal hydraulic gradient m/m 

            A is the cross-sectional area through which flow occurs 

For a given hydraulic conductivity and cross-sectional area flux will depend on the 

magnitude of the horizontal hydraulic gradient.  With sea level and accompanying 

freshwater lens rise, in most instances the horizontal hydraulic gradient will remain the 

same.  In some areas with groundwater rise, a seepage face may develop in topography 

that rises slowly from sea level which will increase the horizontal hydraulic gradient and 

therefore groundwater flux.  The areas noted may exhibit this phenomenon because 

groundwater flow lines converge strongly around these features.  There may be other 

places where this occurs which are not as obvious; observers should monitor the gradual 

appearance of new springs and seeps along the coastlines. 

Vacher (1974) indicates that there is a natural westerly component of flow in the Brighton 

Aquifer due to the reentrant shoreline at Foot of the Lane at Crow Lane Park. 

(approximate UTM coordinates E 547900 N 132800).  The Town Hill Formation rocks are 

an effective drain in this area.  In addition, he asserts that the Pembroke Canal drains the 

Central Lens into the eastern Hamilton Harbour.  However, Thomson (1989) says that 

this latter outflow is unlikely to take place as the Canal runs over a reclaimed peat marsh 

and is not connected to the aquifer.  Further work in this area is warranted to determine 

the degree of hydraulic connection between the Central Lens and the Mill 

Creek/Pembroke Canal.  Lavis (2022) has carried out some preliminary work in the area 

of Mill Creek and the east-west line of marshes in the Central Lens area investigating 

whether the marshes and Mill Creek are hydraulically connected to the Central Lens.  

Preliminary work indicates the possibility of a perched groundwater body in the Mills 
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Creek Area possibly above the peat layer. There was no indication of a tidal signature 

and it is suspected that the peat acts as a leaky confining layer/aquitard. 

Evidence supporting the existence of the drain to Mill Creek and the Pembroke Canal is 

the steep horizontal hydraulic gradient in the Central Lens between the Salisbury Yard 

well and the St. John’s West well which does indicate a component of westward 

groundwater flow towards the area of the upper reaches of Mill Creek and the downstream 

Pembroke Canal.   

If both of these locations do act as drains to the Central Lens, then, as sea levels rise and 

the Central Lens rises in concert with sea levels, the horizontal hydraulic gradients 

between the lens centres and the drainage locations discussed may increase resulting in 

more flow to these ‘drains’ and depletion of the freshwater resource in the lens.  This 

should be confirmed by a field study. 

Bermuda does have some anthropogenic features which place parts of the Central Lens 

into the category of a head-controlled system.  In this case hydrogeologic controls such 

pumping wells and infiltration galleries will maintain the inland hydraulic head in the 

aquifer despite sea-level changes.  Maintaining pumping rates and levels in wells can be 

controlled but infiltration galleries, such as those employed by the Bermuda Water Works 

Limited (BWW) are at a fixed elevation.  Sea level rise lifting the Central Lens will result 

in a decrease of the horizontal hydraulic gradient between the water level in the galleries 

and the sea level.  This will alter the shape and extent of the cone of influence induced 

from pumping this water but it is difficult to ascertain whether pumping and sea level rise 

over the years has decreased the flow of fresh water to the ocean especially when the 

pumping rates are not constant.  A decrease in flow of fresh water to the ocean implies 

inland movement of the salt water interface-sea water intrusion.  An analysis of the 

changes in the water table in relation to sea level over the years and into the future is 

required. 
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Vacher (1974) does show the inferred water table depression around the BWW as a result 

of pumping 571,000 Igpd (2,596 m3/d) in 1974.  The 0.1 ft. (0.03 m) drawdown contour 

does intercept the north coast.  The total drawdown of the pumping at BWW is more than 

0.3 ft (0.09 m).  While this may not seem very significant, with the sea level rise between 

1974 and 2022 of 0.26 m, and assuming drawdown is the same (ie assuming pumping is 

the same) this drawdown must have increased substantially on a percent difference basis.  

Because the cone of depression around a groundwater withdrawal system represents the 

surface expression of the area where groundwater flows toward the extraction facilities, 

salt water intrusion in the aquifer where the cone of depression intersects the north shore 

would likely have increased if this pumping rate was maintained.   

However, BWW reduced its abstraction substantially after 1974.  According to the data, 

in 1974 about 571,000 IGPD (2,596 m3/d) was abstracted by BWW and about 133,000 

IGPD (605 m3/d) by the government’s Prospect wells. BWW’s abstraction rate decreased 

after 1978 to <300,000 IGPD (1,363 m3/d) by 1989, after which it stabilized at around 

350,000 IGPD (1,591 m3/d).  Given the reduction in pumping rate, the cone of depression 

has likely been reduced in extent since 1974 and may not intercept the coast to the north 

of the infiltration galleries and wells thus reducing the possibility of sea water intrusion 

caused by pumping in this area.  Continued monitoring and analysis of the changes in the 

water table in relation to sea level over the years is required. 

Current field work (Lavis, 2022) shows that there is a clear reduction of the thickness of 

the lens between the water table and the 3% salinity point in the vicinity of the cone of 

depression (i.e. around the Devonshire Marsh area) shown in Vacher (1974). It is likely 

that this thinning has been there since the mid 1970’s.  However, after reduction in the 

pumping rate after 1974, it is likely that a reduction in the extent of the cone of depression 

occurred and with a concurrent increase in the depth from the water table to the 3% 

salinity location predominantly on the outer reaches of the cone of depression. (S. Lavis, 

Aug. 16, 2022 personal communication) This increase in the thickness of the fresh water 

lens occurs because any rise in the elevation of the water table will increase the depth of 

the salt water interface by an average of 40 times, the Ghyben-Herzburg ratio.  
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Thomson (1989) discusses a groundwater steady-state model of the Central Lens which 

was run with and without existing wells in order to see the effect of rates of abstraction. 

The average abstraction (the 1980-84 average) was 4500 m3/d. Without it, the water table 

was predicted to be up to 10 cm higher, implying that abstraction has thinned the lens by 

up to 4 m, using the 40:1 ratio. This corresponds with field observations: in the early 

1970's, before abstraction became widespread, the maximum lens thickness was 14 m, 

whereas it is now 10 m. (Thomson 1989) 

Bermuda currently experiences on average more or less equal rainfall distributed 

throughout the year and a surplus of rainfall over evapotranspiration. (Clarke, L., Taylor, 

M., and Maitland, D., May 31, 2022). One of the possibilities of climate change is 

interruption of rainfall patterns with increasing drought periods and droughts of longer 

duration.  This will result in changes to the recharge-evapotranspiration balance and 

possibly deplete the volumes of the fresh water lenses.  Increases of the intensity of 

precipitation are likely to occur in Bermuda, thus increasing recharge and runoff and 

flooding of low-lying areas.  Maximum recharge is equal to vertical hydraulic conductivity 

which depends on the characteristics of the subsurface so increased intensity of 

precipitation does not necessarily mean increased recharge.   

Bermuda differs in hydrogeological conditions from other small islands in two ways: (1) 

internal marshes, major discharge areas elsewhere, may act as barriers to ground-water 

flow; and (2) development of a high density of housing (typical of only a few small oceanic 

islands) has significantly increased Bermuda's recharge, because of domestic waste 

water and road drainage contributions. 

Geology 

The approximately 139 islands of Bermuda sit atop a long-extinct, mid-ocean volcanic 

seamount about 1,000km east of the Carolinas in the North Atlantic Ocean. The oceanic 

crust is estimated to have formed about 124 million years ago from sea floor spreading 

at the Mid-Atlantic Ridge.  The history of the Bermuda Rise and the Bermuda Pedestal is 
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known from seismic-reflection studies and deep drilling of the Bermuda Rise (Tucholke, 

Vogt et al., 1979; Tucholke and Mountain, 1986). The occurrence on the western 

Bermuda Rise of an abrupt change from deposition of turbidites from the continental 

margin to deposition of pelagic sediments dates the initial uplift of the rise as middle to 

late-middle Eocene (45-50 Ma). The occurrence of volcaniclastic turbidites 140 km 

southeast of Bermuda indicates that the Bermuda volcanoes built up to sea level and 

were being actively eroded during the late-middle Eocene to early Oligocene (43-35 Ma). 

The end of deposition of the volcaniclastics and, by inference, the end of subaerial erosion 

and the time that the Bermuda volcanic rocks subsided below sea level, was in the late 

Oligocene (25 Ma). (Vacher and Rowe, 1997) 

Rising from the ocean bottom are four northeast-to-southwest trending volcanic peaks, 

including the Bermuda Pedestal (the only emergent peak), and the submerged 

Challenger, Argus, and Bowditch seamounts. Ocean waves eroded the exposed 

Bermuda Pedestal so that by 20-25 million years ago the former volcano was a relatively 

flat surface, the Bermuda Platform. The product of this erosion would have been beaches 

and seabed sediments made up of black volcanic sand. The platform, with its surrounding 

reefs, became a sheltered refuge in the middle of the Atlantic for shallow-water marine 

life including corals, molluscs, foraminifera, and algae. Over time, their skeletons broke 

down and accumulated, burying the whole platform in carbonate sand.  (Vacher and 

Rowe, 1997) 

During the Pleistocene Epoch (2.5 million years to 12,000 years BP) sea levels fluctuated 

by more than 100m during periods of glacial advance and retreat. These rising and falling 

sea levels were key in the generation and distribution of carbonate sediments on the 

Bermuda Platform.  Over the last million years (approximately) the cycles increased in 

amplitude, and it’s believed that the limestone islands of Bermuda formed during this 

period. Proof of seven of such cycles exists in five limestone formations and at least six 

well-developed fossil soils (paleosols) throughout the islands. These paleosols are thin 

(0.3-1.0 m thick), undulating layers of regosols interbedded with the limestones, 

separating the geological formations in some cases. 
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Waves and currents on the Platform moved the sand around and created shoals and 

eventually low-lying islands. Where wind-blown sand became trapped among vegetation 

above the high tide level, dunes formed and grew. Despite occasional storm damage, the 

islands continued to grow, assisted by the ongoing breakdown of the skeletons of shallow 

water marine creatures, which continued to create carbonate sand. During the 

Pleistocene, the Bermuda Islands repeatedly underwent partial inundation and re-

emergence. The land areas were continuously attacked and reduced by rain and ground 

water but repeatedly renewed, during times of submergence, by deposition of marine 

limestone and by contemporaneous additions of shore-born and wind-transported 

carbonate sand, now eolianite. Paleosols formed under subaerial conditions and were 

buried beneath later deposits and constitute important stratigraphic markers. The igneous 

rock appears to have been exposed during some low marine stands, and the former 

shorelines seem to be recorded by submerged terraces. The major karst features are 

largely below sea level, and they date from times of continental glaciations. (Bretz, J. H., 

1960. Vacher and Rowe, 1997) 

The present-day Bermuda Platform consists of four geomorphological-ecological 

provinces: a reef-front terrace at 20m depth; a main reef composed of 4m deep coral algal 

reefs; a 16m deep lagoon in the north and the islands themselves forming a northeast 

trending chain along the southern edge of the platform.  

The limestones of Bermuda consist mostly of cemented dunes, or eolianites. The five 

limestone formations in order of decreasing age are: the Walsingham, the Town Hill 

(lower and upper members), the Belmont, the Rocky Bay and the Southampton. They 

represent successive major episodes of dune building on Bermuda. Variations in the 

physical character, or lithology, of these formations are primarily age-related. There is a 

gradation of physical and chemical alteration, (diagenesis), increasing from the youngest 

to the oldest limestones.  Figure 1 shows the geology of Bermuda. 

The principal agent of diagenetic change that has acted on Bermuda’s limestones is 

rainwater. As it penetrates, or percolates, through the surface-soil this water becomes 
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weakly acidic. Carbonate sand grains comprising the skeletal remains of marine 

organisms composed of unstable high-magnesium calcite and aragonite are altered or 

dissolved. The calcium carbonate is then re-deposited, or precipitated, in the pores of the 

limestone as stable low-magnesium calcite cement. 

In Bermuda, the youngest and therefore least altered and least cemented limestones 

belong to the Southampton Formation. Older limestones of the Rocky Bay and Belmont 

Formations are better cemented but still retain a primary granular texture, like beach 

sand. Increasingly, in the Upper and Lower Members of the Town Hill Formation and the 

Walsingham Formation, the grains become corroded and more tightly cemented. (Vacher 

and Rowe, 1997). Figure 1 shows the geology of Bermuda. 

Hydrogeology 

In the Southampton and Rocky Bay Formation. rocks water can occur and is constrained 

to move only between the sand grains that comprise the rock.  In Belmont Formation 

rocks, as the grains themselves are partly corroded in the process of conversion to more 

stable carbonate mineral species, and as the rock is partially dissolved, thus containing 

pencil size solution channels and small caves, water flows through a larger and more 

connected pore space.  In the Walsingham Formation.rocks, the solutional openings are 

coalesced into room-sized caves and the intervening rock is tightly cemented, so that 

water flows largely though underground channels.  The characteristics of the Town Hill 

Formation in terms of cementing and primary and secondary porosity lie between those 

of the Belmont and Walsingham Formations. The permeability (hydraulic conductivity) of 

Bermudian rocks ranges upward from that of well-sorted sand (youngest rocks) of the 

Southampton and Rocky Bay Formations to that of a rock with an anastomosed network 

of well-defined open channels (oldest carbonate rocks) of the Walsingham Formation. 

There is a stratigraphic partitioning of the upper saturated zone. According to current 

nomenclature (Rowe, 1991; Vacher et al., 1995), the partitioning involves two 

hydrostratigraphic units: the Langton Aquifer and the Brighton Aquifer. The Langton 
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Aquifer consists of the Southampton, Rocky Bay and Belmont Formations. The Brighton 

Aquifer consists of the upper and lower members of the Town Hill Formation. 

There is an extensive literature on the geology and hydrogeology of Bermuda (e.g., 

Vacher et al., 1974, 1978a,b; Plummer et al., 1976; Rowe, 1984; Thomson 1989; Morse 

and Mackenzie, 1990) that uses an earlier hydrostratigraphic nomenclature that may lead 

to confusion if used in conjunction with the more recent geologic map and the stratigraphic 

column (Vacher et al., 1989, 1995). Earlier, the stratigraphic control was described in 

terms of two units: the Paget Formation and the Belmont Formation. The Paget Formation 

of those papers corresponds to the Langton Aquifer of the current nomenclature, and the 

Belmont Formation of those papers parallels the Brighton Aquifer now. Confusing the 

synonymy is the fact that "Belmont" during the early stages of the geologic mapping 

(1970s) was used for the vast body of rocks between the Walsingham Formation and 

what is now known as the Rocky Bay Formation. Now, the Belmont is restricted to the 

definition of Land et al. (1967), and nearly all of the volume of rock between Walsingham 

and Rocky Bay is identified as Town Hill Formation. It is this volume that, in the saturated 

zone, constitutes the Brighton Aquifer. 

The underlying Walsingham Formation is characterized, in terms of groundwater, as a 

salt water aquifer.  The Langton Aquifer comprises the youngest limestone and is where 

the important fresh water lenses are centred.  The Brighton Aquifer does contain 

significant fresh water but not as extensively as the Langton. 

The hydraulic conductivity of the Langton Aquifer is some 30-120 m/day. The hydraulic 

conductivity of the Brighton Aquifer is on the order of 1,000 m/day, which clearly reflects 

increased secondary porosity (fractures and solutional channels). In addition to these two 

aquifers, there is a hydrostratigraphic unit corresponding to the Walsingham Formation. 

This formation does not usually figure largely in discussions of Bermuda hydrogeology 

because it is highly cavernous and generally occupied by salty where it is below sea level. 
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The freshwater lenses are localized in the Langton Aquifer.  Groundwater in the Brighton 

Aquifer is generally brackish at the water table. Where fresh groundwater does occur in 

the Brighton Aquifer, it is usually an extension of a lens centered in the Langton Aquifer 

such as in the Central Lens.  The distribution of rock types affect the flow of groundwater.  

Several marshes occur in an approximately east-west direction along the contact of the 

Rocky Bay Formation rocks and the Belmont Formation rocks. North of the marshes the 

Central Lens is in the Southampton and Rocky Bay Formation rocks, and south of the 

marshes the lens is in the Belmont rocks. 

The value of Bermuda limestone as a ground water aquifer is dependent on the inter-

granular porosity (porosity between the grains) and permeability (referred to as hydraulic 

conductivity where groundwater flow is considered). To be capable of storing rain water, 

porosity must be high and the permeability must be low, as in the youngest formations. 

Due to diagenesis, the pore spaces of older limestones become cemented and secondary 

channels are opened up by ground water flow, a process called karstification which 

causes a large increase in permeability, and ultimately creates caves.  The oldest 

limestones, with their high permeability, are therefore susceptible to sea water intrusion 

and are for the most part occupied by saline ground water. It is the youngest formations, 

particularly the volumetrically dominant Rocky Bay Formation, within which the nuclei of 

significant “fresh” ground water bodies, known as “lenses”, have formed. The four main 

lenses which have accumulated in this way and have been exploited for public water 

supply are the Somerset Lens (most of Somerset Island west of Beacon Hill Road, area 

1.2 km2), the Port Royal Lens (previously called the Southampton Lens, West of Middle 

Road, in the vicinity of Port Royal Golf Course, in western Southampton and southern 

Sandys Parishes, area 1.1 km2), the Central Lens of Pembroke and Devonshire 

(previously called the Warwick and Devonshire Lenses, an elongate body just north of 

South Road in eastern Southampton Parish, around Horseshoe Bay, and in Devonshire, 

Western Smith’s and northern Pembroke Parishes, area 7.2 km2) and the St. George’s 

Lens (area 0.38 km2) in the St. George area. At its peak, sustainable abstraction of low 

salinity ground water for public water supply exceeded 4.55x106 L/day. (Vacher 1974). 
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The groundwater lenses are shown on Figure 2 and 3.  Figure 2 shows the location of the 

lenses underlying different areas of the island and the salinity gradations between fresh 

and salt groundwater and Figure 3 shows the names and configurations of the lenses.  

Information provided for this report was predominately about the Central Lens which 

spans the Langton and Brighton Aquifers in an elongated shape in the central area of the 

island.   

The ideal Ghyben-Herzberg fresh groundwater lens (named after the hydrogeologists 

who first explained the dynamics) is the basic model for a fresh water lens.  Its upper 

surface is the water table that separates the aerated zone from the underlying saturated 

zone.  Its lower surface is the interface separating fresh groundwater from underlying sea 

water.   

In the simplest case, the lens is in hydrostatic equilibrium, so that the elevation of the 

water table above sea level, and the depth of the interface below sea level are mutually 

related.  The relationship is the Ghyben-Herzberg Principle (G-H) and involves the depth 

of the interface below sea level, the elevation of the water table, the densities of sea water 

and fresh water.  The densities of fresh water and sea water are such that the Ghyben-

Herzberg balance equals approximately 40 (since density depends on the temperature of 

the water, the GH balance can vary somewhat from this quantity).  This means that at 

any point the interface below sea level is 40 times the difference between the elevation 

of the water table at that location and sea level and the thickness of the lens at that point 

is 41 times the elevation of the water table at that location.  The portion that is below sea 

level is 41 times the difference between the elevation of the water table at that location 

and sea level.  The volume of fresh water that is below sea level is 40/41 (97.6%) of the 

volume of the lens. 

As an example suppose the top of the ideal lens is 1 m above sea level (asl).  The bottom 

of the salt water/fresh water interface is therefore 40 m below sea level (bsl).  The volume 

of fresh water below sea level is 40/41 of the volume of the lens. Saline ocean water can 
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permeate through the limestones relatively easily, especially the oldest Walsingham 

Formation.  Fresh water from precipitation infiltrates from the surface and forms lenses 

‘floating’ on the saline water.  The interface between the fresh and saline water is not 

sharp and tends to migrate up and down depending on precipitation, storm events, tides 

etc.  The location of the midpoint of the interface can be calculated by the G- H equation 

for steady-state conditions.   

The G-H relationship does not describe the elevation of the water table, only the position 

of the interface relative to the position of the water table.  The position of the water table 

depends on the amount of fresh groundwater circulation through the lens and the time for 

water to migrate to the shoreline where it is discharged to the ocean. 

The G-H relationship is based on the supposition that fresh and salty water are not 

miscible and are separated by a surface of zero thickness.  In real world situations, the 

water table and the interface are continually fluctuating, so that in the neighbourhood of 

the interface the two bodies alternately and repeatedly invade each other, and the waters 

do mix.  Thus, a transition zone of mixed, brackish water is present between the overlying 

unmixed fresh groundwater and the underlying undiluted salty groundwater.  In the 

transition zone, the chemical composition of the groundwater changes progressively with 

depth, from the composition of the overlying fresh water to that of the underlying salty 

groundwater which is essentially equivalent in chemical composition to sea water. 

The midpoint of the transition zone (50% relative salinity) is the interface of the idealized 

no-mixing lens.  The real-world lenses have three volumes of groundwater that are 

distinct: 1) the interface-bounded lens with the water table as the upper surface and the 

lower surface is the position of the 1:1 mixture of fresh and salt water. 2) The transition 

zone with gradational upper and lower boundaries which are placed (conveniently and 

arbitrarily) at the position of the 1% (99 parts fresh groundwater and 1 part seawater) and 

99% blends respectively.  3) The fresh water nucleus of which the upper surface is the 

water table and the lower surface is arbitrarily placed at the 1% blend. 
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The first two volumes of groundwater described above can be considered fundamental 

and independent bodies in that their size and geometry depend on different fundamental 

hydrologic phenomena which include the circulation through the island of rain-derived 

fresh water, and the efficiency of the blending caused by the up and down motion of the 

interface.  The geometry of the third volume is dependent on the other two above it i.e. 

the fresh water nucleus is the interface bounded lens minus the upper half of the transition 

zone. 

Relative salinity is indicative of the amount of mixing in the transition zone and is 

expressed as the percentage of one of the end members in the mixing blend, either fresh 

water or seawater.  This can be measured using electrical conductivity probes which are 

linearly dependent on the total concentration of dissolved solids.  Thus the RO plant 

operated by Bermuda Water Works can operate with a salinity of 5000ppm but the 

preferred salinity is 3000 ppm. (Allan Rance, Managing Director, Bermuda Water Works, 

March 23, 2022 pers. comm.) 

The groundwater monitoring program carried out by the government hydrogeologists 

included over a hundred drilled boreholes in 1991.  Most of the boreholes penetrate into 

the seawater beneath the freshwater lenses and underlying transition zone.  Salinity 

profiles have been measured with an electrical conductivity probe.   

Relative salinity ranges from zero in the fresh water nucleus to 100% in undiluted 

seawater.  The salinity profiles give information on the structure of the transition zone and 

the quantity of recharge-derived water in the lens. The salinity data generally produce 

straight lines when relative salinity is plotted on a probability scale vs. depth on an 

arithmetic scale. These probability-paper plots indicate a simple error-function variation 

of relative salinity vs. depth, which is consistent with one-dimensional dispersion models. 

The error-function variation also means that the depth of particular percentiles of relative 

salinity can be read easily from the graphs. One of these, where the relative salinity is 

50%, is taken as the position of the "interface", that is, where the base of the freshwater 

lens would be if there were no mixing. The thickness between the water table and this 
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50% datum provides a measure of the "meteoric water inventory"; the (smaller) thickness 

of freshwater from a water-resources standpoint, of course, is given by the break in slope 

of the relative salinity curve at the top of the transition zone. 

Across the island, the depth of the interface (50% relative salinity), the thickness of the 

transition zone (1% to 99%), and the thickness of the freshwater lens (depth to 1% relative 

salinity) all vary with the hydrostratigraphy and illustrate the geologic control on the 

distribution of fresh and brackish groundwater. Compared to the Brighton Aquifer, the 

lower-permeability Langton Aquifer impedes the escape of recharge-derived fresh 

groundwater. Also, tides and other sea-level variations are less effective in mixing the 

freshwater and saltwater in the Langton Aquifer than in the Brighton Aquifer. The 

transition zone decreases in thickness inland in both units but more rapidly per unit 

distance in the Langton Aquifer than in the Brighton Aquifer. 

Recharge (infiltration from precipitation) has been evaluated in a variety of ways and, over 

the years, has been repeatedly revised upwards. In the early study, Vacher (1974; 

Plummer et al., 1976) used a water-budget accounting method to estimate recharge and 

actual evapotranspiration from monthly averages of rainfall and potential 

evapotranspiration and ignored the unnatural contributions; the result was about 18 cm/yr 

(12% of the annual rainfall of 150 cm/yr). Rowe (1981) applied a conceptually similar 

scheme but coupled it to a land zonation based on percentage coverage by housing, 

roads and marshlands; by including such processes as road runoff and recharge through 

cesspits, the recharge result increased to about 30 cm/yr. Vacher and Ayers (1980) 

obtained values of 35-45 cm/yr from three independent methods: evaluation of outflows 

and change in storage (hence inflows, by difference) in an area of diversion around a 

major development area; fitting of the lens geometry by G-H equations with independently 

inferred values of hydraulic conductivity; and the ratio of the Cl- concentration in rainfall 

to that in the freshest part of the lenses. In his summary paper on the Central Lens, Rowe 

(1984) indicated that the earlier values from the water-budget accounting for natural 

surfaces were too low, because they were derived from monthly rather than daily values. 



BERMUDA MODELLING REPORT-HYDROGEOLOGY   pg. 17 

 

 NOV 2022 

Rowe (1984) suggested that the actual value for recharge including the unnatural 

contributions, may range up to 55-65 cm/yr in some places. 

The most recent estimate of recharge is in connection with a steady-state model of the 

Central Lens (Thomson, 1989) developed as part of a U.N. study. In that model, the 

recharge is a distributed parameter which varies according to percentage of rooftop 

coverage. In Bermuda, most households capture water from their roofs and then dispose 

of it in soakaways after use. Thomson (1989) calculated cell-by-cell recharge as a 

weighted average of 90% of the rainfall that falls on impervious surfaces (roofs and roads) 

and the somewhat high figure of 25% of the annual rainfall that falls on natural surfaces. 

With these assumptions, combined with the percentage coverage by paved surfaces (5-

40%), Thompson obtained recharge rates of 40-75 cm/yr. (Thomson, 1989). The same 

assumptions, of course, imply that in areas where the percentage coverage by pavement 

exceeds 22%, more than half of the recharge is obtained by recycling from these paved 

surfaces (with the total recharge being about 39% of the rainfall). This includes a 

significant fraction of the area of the Central Lens (Thomson, 1989). 

Transient Behaviour 

Effects of sea level: With the exception of dug wells in some of the marshes, all the dug 

wells and boreholes in Bermuda are tidal (that is their water level fluctuations are 

influenced by rising and ebbing tides), and most are strongly tidal. For a given distance 

inland of the shoreline, the tidal fluctuation is markedly larger in the Brighton Aquifer than 

in the Langton aquifer, indicating greater dampening in the latter unit.  The water table 

fluctuation is not a simple scaled down version of ocean tides:  The semidiurnal inequality 

is significantly enhanced in the water table fluctuation, indicating that the diurnal 

component passes through more easily than the semidiurnal component. 

Hydrographs taken from the marshes show a non-tidal water level variation related to 

changes in freshwater storage.  The marsh levels rise rapidly in response to rainfall, decay 
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exponentially after the rainfall, and fluctuate with a diurnal periodicity in response to 

evapotranspiration-driven withdrawal.   

In contrast, recharge events due to rainfall are not at all evident in hydrographs from 

boreholes in the limestone. As already noted, the dominant water table fluctuations 

correlate with changes in sea level, not with volumetric changes in the lens. Attempts to 

subtract out the sea-level variation in order to look at volume-related residuals have been 

frustrated by the uniqueness of the sea-level influence at each borehole (Rowe, 1984). 

Comparison of yearly averages do reveal variations due to recharge (Rowe, 1984). Maps 

of the annual average water table in the Central Lens are now available for several 

decades (although not available for this study).  During wet years, the reduced water 

levels can be 50% higher than those of dry years. The interface (50% relative salinity), 

however, is not in G-H equilibrium with this interannual variation. In a single borehole, the 

ratio of water table elevation to the depth of the interface can vary from 1:25 in wet years 

to 1:58 in dry years. Thus the interface lags in its response to these water-table changes 

(Rowe, 1984). These results argue against the use of G-H models to simulate transient 

variation of the meteoric water inventory stored in the lens. 

The long-term averages of eight years of data indicate that under steady-state conditions 

the Central Lens configuration supports the G-H theory. On a yearly average basis, 

however, the degree of disequilibrium is substantial. The water table is shown to be far 

more responsive to variations in recharge than is the interface and possible causes for 

this are discussed below. On less than a yearly average basis the water table levels are 

dominated by the influence of sea level (tides and barometric fluctuations). Demonstration 

of a relatively stable lens thickness, below sea level, allows a less cautious approach to 

management of pumping rates than previously taken. A maximum permissible thinning of 

the lens is considered as 45% in fresh areas and 60% in brackish areas. Under these 

conditions it is calculated from Henry's equation (Henry, 1964) that ~ 75% of recharge 

could be abstracted. 
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Consistent with the G-H principle, the Bermuda groundwater lenses float in the sea water 

almost entirely below sea level. Their maximum thicknesses range from 3m to 10m. The 

lenses have been developed for water supply purposes, through wellfields operated by 

the Bermuda Government and by private water companies using wells, horizontal tunnels 

and infiltration galleries. Following treatment by reverse osmosis, this ground water is 

delivered to the public via a limited network of “mains” pipelines and by “water truckers”. 

All the groundwater lenses correlate with occurrences of the Southampton, Rocky Bay 

and Belmont Formation rocks.  The interface bounded lens tends to swell in the 

Southampton and Rocky Bay Formation rocks and thin in the Belmont Formation rocks 

because of the hydraulic conductivity contrast.  In the Central Lens, as it crosses the 

Rocky Bay/Belmont Formation contact, the midline of the transition zone rises abruptly 

and levels off at a lesser depth in the Belmont.  The Southampton and Rocky Bay 

Formations act as a dam, and the Belmont Formation as a drain due to changes in 

hydraulic conductivity.  The transition zone thins in the inland direction and does so at a 

greater rate per unit distance from the shoreline in the Southampton and Rocky Bay 

Formation rocks than in the Belmont Formation.  The result is that at a given distance 

inland from the shoreline, the transition zone is considerably thicker in Belmont rocks than 

in Southampton and Rocky Bay rocks.  In the Prospect section, the transition zone attains 

its least thickness in the Southampton and Rocky Bay Formation rocks.  Southward, as 

the transition zone crosses the Rocky Bay/Belmont contact the relative salinity surfaces 

diverge abruptly.  This thickening and thinning of the transition zone is related to the 

considerably greater damping of tidal and other oscillations of the water table in 

Southampton and Rocky Bay rocks as opposed to Belmont rocks.  Thus the geographic 

distribution of fresh and brackish groundwater in Bermuda reflects the hydraulic 

characteristics of the rocks on the thickness of the interface-bounded lens and the 

thickness of the transition zone.  These two effects, though mutually independent, are 

each dependent on hydraulic conductivity and oppose each other.  As the lens crosses 

from relatively low hydraulic conductivity Southampton and Rocky Bay rocks that occur 

on the north side of the island into relatively high hydraulic conductivity Belmont rocks 
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that occur on the south side of the island, the interface-bounded lens thins abruptly and 

the transition zone thickens abruptly.  As the thickness of the fresh water nucleus is the 

thickness of the interface-bounded lens minus the thickness of the upper half of the 

transition zone, the effect of the distribution of rock types of contrasting permeability on 

the thickness of fresh groundwater is pronounced. (Vacher, 1974)  

The result of this pronounced geologic control is that the interface-bounded lenses and 

the fresh-water nuclei are not symmetric, as they would be if the island were composed 

of a single, homogeneous rock type.  Instead, there is a pronounced asymmetry such that 

the axis of any particular lens or fresh water nucleus is displaced from the centreline of 

the island toward the shoreline composed of younger formations.  This phenomenon 

could be important in the prediction of future climate changes on the groundwater regime. 

Central Lens 

In the area of the Central Lens, 866 ha. of the land surface are underlain by unmixed 

fresh water, and of that 340 ha. have 6 m or more thickness of fresh water, and 73 ha. 

have in excess of 10.7 m thickness of fresh water.  The volume of rock that is saturated 

with fresh groundwater is 5.0x107 m3.  Assuming a conservative porosity of 20%, the 

volume of fresh water in the Central Lens is estimated at 1.0x107 m3.  In 72% of the area 

where a freshwater layer occurs, it is greater than 3 m thick, in 28% of the area of naturally 

occurring fresh groundwater, the nucleus is 3-6 m thick, in 56% of the area in which there 

is fresh groundwater the thickness is less than 6 m.  More than 10.7 m of fresh 

groundwater occurs in the Prospect area over an area of 80 ha., or less than 10% of the 

area of naturally occurring fresh groundwater. (Vacher, 1974) 

There is a zone of brackish water bounded by the surfaces of the 1% and 10% relative 

salinity.  This zone represents the appropriate composition for desalination by some RO 

plants and electrodialysis plants that utilize brackish water.  The volume of this brackish 

zone in the central lens is about 4.6x106 m3. (Vacher, 1974). 
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Summary of the occurrence of groundwater in Bermuda 

The occurrence of fresh and brackish groundwater can be summarised as follows: 

a) Fresh groundwater is presently being extracted from five separate areas 

comprising approximately 1,012 ha. or 20% of the area of Bermuda 

b) The largest area is that underlain by the Central Lens.  

 i) It contains about 9.1x105 m3 of fresh water (Vacher, 1974). 

 ii) it attains its maximum thickness, about 15 m, in the Prospect area.  

iii) it covers an area of some 870 ha. about 75% of which is presently 

yielding fresh water to household wells 

c) Slightly brackish groundwater laterally surrounds and lies beneath the fresh water 

nuclei.  This slightly brackish water is a mixture of fresh groundwater and seawater, 

the percentage of the latter component ranging from 1% to 10% with a TDS range 

of 600-3300 ppm.   

i) the aureole of slightly brackish water associated with the Central Lens 

contains about 4.6x106 m3 water. 

ii) the area from which water of this quality is presently (1974) being produced 

by household wells in the Main Island is more than 1,200 ha. 

The distribution of fresh and brackish groundwater is orderly both geographically and 

in three dimensions and it bears a systematic relation to the occurrence of geologic 

units. The two key variables that together determine the nature of the groundwater at 

a given locality are: 

i) The thickness of the interface-bounded lens i.e. the depth below the 

water table of the midline of the transition zone and 



BERMUDA MODELLING REPORT-HYDROGEOLOGY   pg. 22 

 

 NOV 2022 

ii) The thickness of the upper half of the transition zone i.e. the depth range 

between groundwater of 1% and 50% salinity 

Where the thickness of the interface-bounded lens exceeds the thickness of the upper 

half of the transition zone, there is a layer of unmixed fresh groundwater, and its thickness 

is given by the difference of the two.  Where the thickness of the interface-bounded lens 

is less than the thickness of the reconstructed upper half of the transition zone, the 

groundwater at the water table is brackish, and its composition can be determined 

approximately by the difference.  Further, the increase in relative salinity with depth, that 

is, the composition of the groundwater at a particular position above the midline of the 

transition zone depends on the overall thickness of the zone. (Vacher 1974). 

The geometry of the interface-bounded lens and the transition zone, and hence the 

geographic distribution of fresh and brackish water, reflects the fact that relatively low 

permeability limestone of the Southampton and Rocky Bay Formations occurs on the 

north side of the island and relatively high permeability limestone of the Town Hill and 

Belmont Formations occurs on the south side of the island. 

i) The interface-bounded lens swells in the Southampton and Rocky Bay 

Formation rocks and thins in the Town Hill and Belmont Formations. 

ii) The transition zone, which, in general, thins in the inland direction, does 

so at a greater rate in the Southampton and Rocky Bay rocks than in the 

Town Hill and Belmont rocks. 

iii) The net results is that the various freshwater nuclei are mostly or entirely 

in the Southampton and Rocky Bay Formation rocks. 

The continuity equation for hydrologic elements is called the Hydrologic Equation and 

gives a water budget for the reservoir.  The equation states that if the amount of water 

entering the component at a given instant in time exceeds the amount of water leaving 

that component (ie the groundwater regime), at that time, then the amount of water stored 

there is increasing.   
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The concept of safe yield used to mean that extraction at the rate of recharge would 

maintain the groundwater reservoir.  Extraction greater than recharge begins depletion of 

the reservoir.  However, in the case of fresh water lenses the upper and lower boundaries 

of the lenses are movable surfaces; their position in space is dictated by the volume of 

flow and its route within and through the lens.   

The following analysis illustrates the water budget elements before and after human 

caused development: 

Before development: total inflow (recharge) =total outflows + change in volume 

Total outflow=shoreline discharge + total pumping 

Therefore, before development recharge = shoreline discharge 

In the final adjusted state: 

Shoreline discharge = recharge-pumping 

 

During the transitional state between the commencement of increased extraction and the 

final adjusted state, shoreline discharge steadily decreases to reach its final lower rate.  

At that time total outflows exceed recharge so the volume of the lens steadily decreases.  

The volume of the lens that is adjusted to the imposed extraction is less than the volume 

prior to the extraction.  The result of the extraction (in this case assuming the use is 

consumptive and is not returned to the ground) is that the lens decreases to a lesser 

volume.  Therefore planning for decreases of fresh groundwater in storage and how much 

decrease can be tolerated is essential.  The framework for these kinds of considerations 

involves the relationship of the volume of the lens to the internal routing of water within it.  

Assessing this cycle is made more complicated with sea level rise and salt water intrusion. 
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This assessment requires a periodically updated quantitative hydrologic budget for each 

groundwater lens.  The exercise must include an evaluation of the amount of rainfall and 

evapotranspiration as well as the assessment of the quantities of water that flow through 

the soil zone into the underlying rock and through the subsystem that includes household 

tanks and cesspits.  The recharge to the groundwater table is a key variable affecting the 

distribution of fresh and salty groundwater, the chemistry of the fresh groundwater, the 

vertical fluctuations of the water table, and the drawdown of the water table in response 

to pumping.   

The paths through which water passes from atmosphere to the groundwater in Bermuda 

are as follows: 

1) Rainfall lands on vegetated soils.  A portion of rainfall is absorbed by vegetation 

and transmitted back to the aquifer by evapotranspiration.  Some runs off to 

natural depressions where it either evaporates from the soil, is transpired by 

plants or infiltrates into the underlying limestones entering the aerated or 

vadose zone.  The water moves downward under the influence of gravity but is 

resisted by capillary forces within the pore spaces.  The water that the pore 

spaces do not hold percolates downward through the vadose zone and enters 

the water table as groundwater recharge. 

2) Rainfall lands on the marshes.  The marshes likely represent outcroppings of 

the groundwater reservoir, due to the presence of thick peat deposits 

underlying the marshes, there is a muted hydraulic connection between the 

groundwater in the marshes and groundwater in the limestones.  Water is 

continuously available to plants in the marsh.  Some of the rain that falls on the 

marshes is directly transmitted back to the atmosphere by evaporation from the 

water surface and evapotranspiration from vegetation.  During the period in 

which water levels in the marsh are higher than in the surrounding limestone, 

the remaining water (that is the amount of rainfall that exceeds 

evapotranspiration) flows from the marsh into the limestone reservoir.  During 
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periods when the rainfall cannot satisfy the needs of the plants in the marsh, 

the marsh acts as an evapotranspiration-driven pump.  During these periods 

groundwater flows back into the marsh from the limestone reservoir and the 

water surface in the marsh is lower than the water table in the surrounding 

limestone.  On an annual or longer term basis there is probably recharge of the 

groundwater reservoir from the marshes.   

3) Pembroke Marsh East was Pembroke’s waste disposal site and now serves as 

a composting site.  According to Vacher (1974) calculations indicate some 

2.55x104 m3 per year infiltrate the waste and enter the reservoir.  This water 

then flows both north and south becoming progressively diluted by clean 

groundwater in the lens as it discharges into the ocean.  Thomson (1989) 

disputes this recharge of the groundwater lenses from the waste disposal site.  

It is likely that the actual situation lies in between the scenarios of Vacher and 

Thomson.  This is because the base of this marsh is a thick layer of peat 

deposits up to 15 m thick (Vacher, 1974) which is not likely to be impermeable.  

Although peat has a low hydraulic conductivity, this layer could constitute a 

leaky confining layer between shallow and deep groundwater allowing some 

leachate seepage into the Central Lens.  Leachate flow through the peat would 

result in significant adsorption of organic pollutants which may be present in 

the leachate due to its high adsorptive capacity.  Peat has significant quantities 

of labile organic carbon which is essential to the retardation process. 

4) Anthropogenic sources of water (rainfall that short-circuits the natural elements 

of the infiltration process) include buildings that have a constructed catchment 

area on the roof where the water is routed to individual storage tanks for 

domestic use.  Nearly all households use cesspits for human waste disposal.  

In some areas (Hamilton and Prospect) the waste water is carried in a sewer 

system to be discharged in the ocean, in some cases after a septic system 

stage.   
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5) Constructed waterproof surfaces are drained (in some cases) by wells drilled 

to the water table.  In other areas water runs off from roads and infiltrates into 

the soil, is then evapotranspired by plants or is evaporated from the road 

surface.  In most cases the new routes water takes are short cuts in the 

hydrologic cycle.  These short cuts represent significant alteration of both the 

quantity and quality of the infiltrating water.  Under natural conditions in 

Bermuda nearly 90% of the water that infiltrates the soil is transmitted back to 

the atmosphere by evapotranspiration before reaching the water table. 

(Vacher, 1974) In contrast to this, it has been estimated that 80% of rainfall that 

lands on roof catchments goes through a cesspit and enters the groundwater 

reservoir.  For water that falls on roof catchments and is discharged to a 

sewage system which discharges into the ocean, the rainwater bypasses all 

natural storage functions.  It is estimated that 10% of rainfall is lost from storage 

in built-up areas with roof catchments where the sewage is discharged into the 

ocean. (Vacher, 1974) 

6) Water that is extracted from the groundwater reservoir by wells, tunnels and 

infiltration galleries:  The characteristics of the various routes and their effect 

on the overall water budget depend on the use and subsequent fate of the 

pumped water.  Water that is extracted for gardening use or crop irrigation goes 

back into the soil and a significant portion of it is evapotranspired back to the 

atmosphere.  This is net outflow from the reservoir.  Water that is extracted for 

human use in sewered areas goes into the ocean and is consumptive use, an 

outflow from the reservoir.  Some water is extracted from the reservoir and 

transported by pipeline or truck and represents an outflow from the reservoir.   

 

As noted earlier, the first calculation of recharge over the 688 ha. Central Lens was 

approximately 16% of the rainfall that falls on the area (18 cm/year average) Vacher 

(1974).  Vacher and Ayers (1980) obtained values of 35-45 cm/yr using three independent 
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methods. Rowe (1981) calculated 30 cm/yr but included road runoff and infiltration 

through cesspits.  Rowe (1984) calculated 55-65 cm/yr recharge including unnatural 

contributions such as infiltration through cesspits.  Thomson obtained recharge rates of 

40-75 cm/yr using a steady-state model. (Thomson, 1989). 

From the water budget calculations, it was estimated that the average water use by 

Bermudans is 136 L/day. 

For the Central Lens:  About one quarter of the water that passes through the saturated 

zone of the Central Lens has passed through a cesspit.  This practice of capturing rooftop 

rain has increased the flow into the reservoir by 4.41x105 m3/yr. (Vacher, 1974) The use 

of sewers and discharge to the ocean reduces the water entering the reservoir.  This flow 

has been estimated to be 10% of annual rainfall. 

Approximately 2.55x104 m3/yr of recharge from precipitation flows through the Pembroke 

Dump waste and into the reservoir.  No information on the extent of the leachate plume 

from the Pembroke dump appears to be available.  It is not known what the concentrations 

of leachate related parameters are or whether there are any organic contaminants of 

consequence in the plume and whether the leachate is attenuated naturally by dilution, 

dispersion and diffusion and retardation or emerges on the shoreline to discharge into the 

ocean.  Given that the base of the marsh upon which the landfill was built, it is possible 

that much of the leachate generated over the years has been attenuated by the highly 

adsorptive nature of the peat and that the facility may be characterized as a natural 

attenuation site. 

The Central Lens appears to be shrinking according to Vacher (1974) because of the 

large amount of water exported from the area.  This is, however, being offset by the 

significant volume of water that is directly recharged through the cesspits.  Bermuda 

Water Works reduced its extraction from 2,596 m3/d to 1,591 m3/d between 1978 and 

1989 (S. Lavis, personal communication) which would have likely reduced or reversed 

the shrinkage of the lens.  
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The Water Table 

The water table is the air-water interface in the subsurface where the water pressure is 

equal to atmospheric pressure and is the top of the saturated zone of the aquifer.  Below 

the water table surface the pores and fractures of the porous medium are saturated.  

Above the water table surface is the capillary fringe which includes both the tension-

saturated and unsaturated portions of the vadose zone.  The water table is variable in 

elevation geographically. The elevation of the water table at any location represents the 

hydraulic head at that location.  Hydraulic head is the potential energy per unit mass of 

the flowing groundwater.  Groundwater flows from areas of high hydraulic head (high 

elevation of the water table) to areas of lower hydraulic head, ultimately sea level (in 

Bermuda’s case).  The shape of the water table surface is not constant and varies with 

topography as well as with recharge from precipitation and atmospheric pressure 

changes, and, in the case of small oceanic islands such as Bermuda, oscillates up and 

down with oceanic tides, the local steric anomaly and meso scale effects. Long term sea 

level rise from climate change also affects the elevation of the water table at any point. 

The configuration of the water table, specifically the elevation of the water table at multiple 

points across the landscape as measured by wells and springs, indicates the hydraulic 

head and thus the nature of the groundwater flow system and the hydraulic properties of 

the porous medium through which the water flows.  A contour map of the water table 

surface, measured in terms of elevation above sea level, shows lines of equal potential.  

The horizontal hydraulic gradient, indicated by the space between the contours, is the 

slope of the water table.  The relation connecting groundwater flux in m3/day to hydraulic 

gradient (metres decline over distance in metres) is Darcy’s Law: 

𝑞𝑞 = −𝐾𝐾𝐾𝐾
𝑑𝑑ℎ
𝑑𝑑𝑑𝑑

 

Where: q is the flux of groundwater m3/day 

K is the hydraulic conductivity m/day 
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𝑑𝑑ℎ
𝑑𝑑𝑑𝑑

 is the hydraulic gradient m/m 

A is the cross sectional area perpendicular to the direction of flow m2 

Typical units are shown but any consistent set of units can be used. 

The natural, vertical fluctuations of the water table are of two fundamental kinds: 

1) The fluctuations resulting from intermittent recharge (infiltration from precipitation).  

This affects the volume of fresh water stored in the interface bounded lens over 

time. 

2) Fluctuations from changes in the level of the surrounding ocean which are not 

related to changes in volume of the interface-bounded lens.  They reflect the 

vertical motion of the entire lens as seawater moves in and out of the island 

beneath the lens in response to the changing ocean levels.   

 

Recharge Related Fluctuations 

A recharge event will cause the water table to rise once the infiltrating precipitation 

reaches the water table.  This would also increase the thickness of the fresh-water column 

thus disturbing the hydrostatic equilibrium and the interface between fresh and saline 

water underlying the lens lowers in elevation. After the recharge event ends, the water 

table subsides in an exponential decay curve declining to the elevation where hydrostatic 

balance is restored.  The dynamics depend on the densities of fresh and saline water 

which vary with dissolved solids content and temperature.  Since the temperature of both 

sea water and precipitation vary between summer and winter, the thickness of the fresh 

water lens and the location of the mixing zone between fresh and salt water will vary 

seasonally all other factors being equal. 
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Fluctuations Related to Changes in Sea Level. 

Changes in ocean levels around Bermuda are easily translated into the island’s interior 

because of the very permeable nature of the Walsingham Formation.  As the sea level 

oscillates from tidal and barometric forcing, these oscillations are transmitted inland and 

affect the position of the water table.  The entire fresh water lens moves up and down in 

concert with the water table.  This rise and fall effect decreases in magnitude away from 

the shoreline.  The controlling factors of the magnitude of the oscillations are the 

permeability of the rocks and the amplitude and period of the sea level oscillation.  The 

response to ocean oscillations can be explained with a mathematical model where the 

amplitude of the fluctuation drops to zero following an exponential decay function with 

increasing distance from the shoreline; the lag time increases linearly inland from the 

shoreline, and the damping varies inversely with the period of fluctuation. (Vacher, 1974).  

Observing the response of the water table in terms of daily elevation and seasonal 

changes over the long term is important in assessing the performance of the fresh water 

lenses in response to the influences outlined above.   

Data recorded for the 1974 Vacher study showed tidal oscillations at numerous well 

locations which reflect the passage of a train of inland moving, progressively dampened 

waves generated from the shoreline.  Longer period fluctuations are a dominant feature 

of wells that penetrate the limestone reservoir and are related to the response of sea level 

changes to atmospheric pressure.  These are similar waves to those produced by tidal 

oscillations.  In the ocean the pressure related sea level fluctuations are obscured by the 

larger amplitude tidal oscillations.  For the water table this pattern in reversed.  The 

amplitude of fluctuations due to changes in atmospheric pressure is greater than that of 

the tidal oscillations.  Longer period, pressure related fluctuations of sea level are less 

attenuated within the porous media than generated by tidal oscillations. 
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As the fresh water lens rises the groundwater flow from the centre of the lens toward the 

shoreline increases and subsequently decreases once the elevation of the water table 

decreases.  There is a lag time between periods of high tide and the maximum rise of the 

water table depending on how far from the shoreline the maximum rise occurs. 

Vacher (1974) observed that hydrographs of wells that penetrate the limestone reservoir 

seems to be composed of three superimposed fluctuations of different period: 

a) A seasonal oscillation with a period measured in months and a range of up to 

25 cm, the local steric anomaly; 

b) An irregular fluctuation reflecting changes in atmospheric pressure, and with a 

variable period measurable in days 

c) A regular oscillation due to astronomical tides and composed largely of semi-

diurnal and diurnal components. 

 

Vacher concludes that the fluctuations in the water table are related to changes in the 

level of the surrounding ocean with no obvious effect due to unsteady recharge. 

Tide generated waves of the water table experience different rates of damping in the 

lower permeability Southampton and Rocky Bay Formations of the Langton Aquifer than 

in the higher permeability Town Hill and Brighton Formations in the Brighton Aquifer due 

to the differences in hydraulic conductivity of the formations (Southampton and Rocky 

Bay Formations (Langton Aquifer) less permeable than the Town Hill and Brighton 

Formation rocks (Brighton Aquifer)).  The tide generated wave is dampened at a greater 

rate per unit distance from the shoreline in Southampton and Rocky Bay rocks when 

compared to Town Hill and Brighton rocks. 

For the Central Lens, where the Southampton and Rocky Bay Formation rocks of the 

Langton Aquifer are between the more or less east-west line of inland ponds and the 
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north coast, the damping is greater than in the Town Hill and Brighton Formation rocks 

(Brighton Aquifer) which are located between the inland ponds and the south coast. 

For tidal fluctuations the amplitude of the pressure related water table fluctuations is less 

than that of the barometric fluctuations and the occurrence of the extremes is somewhat 

later than those of the barometric fluctuations.  In addition, there appears to be a 

mechanism of selected removal of shorter period fluctuations reducing the ‘noise’ in the 

long term fluctuations thus making the signal of the fluctuations more obvious.  It was 

apparent that the reduction in amplitude of the barometric fluctuations was considerably 

less than the reduction in amplitude of the shorter period oceanic tides (Vacher, 1974). 

Vacher (1974) states that a water table map drawn from monthly average groundwater 

level elevations would give a statistically meaningful representation of a flow system for 

that particular month.  This is because the longer period fluctuations are geographically 

concordant and their period is less than a month. 

The configuration of the water table in the Central Lens has the following features: 

a) A general axial mound with flow both south and north to the shorelines 

on each side of the island.  This axial divide is roughly parallel to the 

midline of the island but is closer to the north shore than the south shore. 

b) A steep sided valley on the water table surface in the vicinity of Foot of 

the Lane which likely indicates concentrated flow to the sea in this area 

c) A steep sided valley east of Mills Creek which indicates drainage into 

Mill Creek and the Pembroke Drainage Canal.  However, Thomson, 

(1989) disputes these flows to the sea in c).   Thomson states that, “It is 

unlikely that such outflows take place. The Canal, a shallow ditch dug in 

the 1800's to drain low-lying areas, runs over a now-reclaimed peat 

marsh and is not connected to the aquifer.” 

d) A large saddle on the water table surface in the vicinity of the Devonshire 

Marsh West in the area of the Bermuda Waterworks flow galleries.  The 
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saddle indicates convergent flow into the Devonshire Marsh area 

caused by the abstraction. 

The overall maximum elevation of the water table (March, 1974) in the Central Lens is on 

the order of 0.30 m(1.0 ft.) to 0.37 m (1.2 ft.) on the east-west divide (Vacher, 1974).  It is 

probable that the elevation is in reference to ordnance datum. 

Marshes and Groundwater Dynamics 

The fluctuation of the water level in the Devonshire Marsh (Vacher, 1974) which applies 

to all marshes, ponds and lakes in Bermuda is that there are two separate components 

affecting water levels: the precipitation component which causes an abrupt surface water 

level rise (which is the surface expression of the water table) followed by an exponential 

decline.  The decline of the water level occurs because the water flows into the limestone 

reservoir along with a decline in the fresh water lens.  The evapotranspiration component 

causes the water level to drop during the day with plants taking up the water and 

transpiring it in addition to direct evaporation from the water surface followed by the water 

level rising at night caused by influx from the limestone reservoir and/or rise of the fresh 

water lens.  

Thomson (1989) disagrees with Vacher’s point of view on the marshes.  He maintains 

they are largely separated from the groundwater body because: 

1) they are underlain by low permeability peat deposits to 15 m below 

Ordnance Datum (bOD) which act as a barrier to flow between the 

groundwater in the peat and groundwater in the fresh water lens 

2) marsh and groundwater hydrographs behave differently even when a few 

metres apart.  Groundwater in the lenses show semi-diurnal tidal effects 

while marsh water responds to daily marsh vegetation transpiration cycles 

3) there is negligible recharge in the marshes except Pembroke Marsh East 

which is the landfill site and is unvegetated.  Thomson says this is drained 

by the Pembroke Canal. 
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4) Geochemical studies (Simmons, 1985, 1987) indicate no migration of 

leachate from the landfill into the aquifer.  He does, however, qualify this 

conclusion by saying that groundwater density may play an important role 

in this assessment and that the density of landfill leachate may result in a 

leachate plume which occurs deeper in the aquifer than the depth of the 

observations wells available for sampling (Simmons, 1987). 

Detailed monitoring of the water level response in marshes and lakes along with 

monitoring water level response in the adjacent limestone aquifer would help in the 

understanding and clarifying the hydraulic behaviour of the marshes in relation to the 

freshwater lenses.  The understanding of the following components of the water balance 

would be very useful: 

a) The quantity of water exchanged back and forth between the marsh (or 

pond or lake) and the surrounding limestone aquifer 

b) The time taken to restore hydrostatic balance after a sudden change in the 

elevation of the water table 

c) The evapotranspiration rate in areas where water is nearly always available 

to plants (potential evapotranspiration PE) 

d) Deeper monitoring of the aquifer underlying the landfill.  Leachate plumes 

can be detected by geophysical methods and by installation of deep 

piezometers in boreholes. 

Mangroves in Relation to Sea Level Rise and Salt Water Intrusion 

Low island mangroves keep up with slow sea-level rise by peat accumulation. Holocene 

stratigraphic records show that they maintain the same pace of peat accumulation as sea-

level rise at rates up to 9 cm/100 years. Tide gauge records from Bermuda since 1932 

show sea-level rise at a rate of 28 cm/100 years. The largest mangrove area (6·26 acres) 

at Hungry Bay has for the last 2000 years been building peat at a rate of 8·5 to 10·6 

cm/100 years. Retreat of the seaward edge has caused loss of 2·24 acres of mangroves, 
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commencing in the last few hundred years, with a second dieback between 1900 and 

1947, and a third dieback in the last decade. The substrate elevation of the seaward 

margin of mangroves is below mean sea-level, the normal lower limit for mangroves. 

Present dieback shows problems of erosion indicating that the Bruun Rule of beach 

erosion with sea-level rise is also appropriate for mangrove swamps. Stratigraphy shows 

that before 4000 BP sea-level rose at a rate of 25 cm/100 years, from 4000 to 1000 years 

BP the rate of sea-level rise declined to 6 cm/100 years during which time mangroves 

established, and in the last 1000 years there was an increase to 14·3 cm/100 years, 

during which time the mangroves died back. This study indicates that low island 

mangroves will experience problems with the rates of sea-level rise predicted for the 

forseeable future.(Glasspool, 2008) 

Sea Level Rise and the Effect on the Fresh Water Lenses 

Sea levels are rarely if ever static on the geological time scale.  Stratigraphy in Bermuda 

shows that before 4000 years before present (BP) sea-level rose at a rate of 25 cm/100 

years, from 4000 to 1000 years BP the rate of sea-level rise declined to 6 cm/100 years, 

and in the last 1000 years there was an increase to 14.3 cm/100 years. (Ellison, 1993) 

(Saintilan et al, unpublished) 

Sea Level Rise (SLR) in Relation to Bermuda Ordnance Datum (OD) 

The information on SLR was synthesized from literature sources, and specifically from 

the UWI study commissioned as part of this overall study – the MONA study (Clarke, L., 

Taylor, M., and Maitland, D, 2022).  The purpose of this section is to correlate the local sea 

level around Bermuda with the elevation of the water table in the Central Lens. 

Sea levels are rising relatively rapidly mainly due to human induced climate change 

caused by increasing rates of greenhouse gas generation and accumulation in the 

atmosphere since the beginning of the industrial revolution.  The sum of the contributions 

to sea-level change from thermal expansion of the ocean, ice-mass loss and changes in 

terrestrial water storage is consistent with the trends and multidecadal variability in 
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observed sea level on both global and basin scales, which were reconstructed from tide-

gauge records. 

Ice-mass loss, predominantly from glaciers, has caused twice as much sea-level rise 

(SLR) since 1900 as has thermal expansion. Mass loss from glaciers and the Greenland 

Ice Sheet explains the high rates of global SLR during the 1940s, while a sharp increase 

in water impoundment by artificial reservoirs is the main cause of the lower-than-average 

rates of SLR during the 1970s. The acceleration in SLR since the 1970s is caused by the 

combination of thermal expansion of the ocean and increased ice-mass loss from 

Greenland. (Frederikse et al, 2020). 

Between1860 and 2010, a rise in global mean sea level (gmsl) of 245 mm has occurred.  

This is an average global SLR of 1.63 mm/yr.  (Church and White, 2011).  NASA gives 

the rate of sea level rise from 1900-2018 as 1.56 mm/yr which translates to a total rise in 

that period of 184 mm with an uncertainty of plus or minus 0.3 mm/yr.  The rise since 

1993 was 3.35 mm/yr which translates to 84 mm (1993-2018) with an uncertainty of plus 

or minus 0.47 mm/yr.  (Frederikse et al, 2020, NASA Climate Change Portal).   

Between 1860 and 1900, the sea level rose 50 mm, so in a comparable time to Church 

and White estimates (1860-2010), sea level rose 184 mm plus 50 mm=234 mm.  

Assuming the SLR of 3.35 mm/yr between 1993 -2018 is the same rate as between 2010 

and 2018, the SLR estimate based on the Church and White calculation between 1860 

and 2018 is 234 mm plus 26.8 mm=261 mm.   The two estimates of SLR over the period 

1860-2018 are within 11 mm.  This SLR is consistent with the graph of msl vs OD. 

Sea levels and the rate of sea level rise is variable across the globe.  The NOAA website 

(https://oceanservice.noaa.gov/) shows that the SLR on the eastern margins of North 

America extending past Bermuda is higher than the global average. 

Ellison (1993) quotes studies by Barnett (1984) and Pirazzoli (1986) with sea level rises 

computed from the tide gauge in Bermuda since 1932 as 24.0 cm/100 yr. and 28.0 cm/100 

yr. respectively.  This is 2.4 mm/yr-2.8 mm/yr.  According to NOAA, SLR began rising at 

https://oceanservice.noaa.gov/
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a higher rate than previously in 1993 as discussed above.  It is assumed that local sea 

level in Bermuda also saw an acceleration of local SLR.  The MONA study calculated the 

annual mean sea level plot for the nearest relevant grid box to Bermuda Station (Latitude 

32.373N and Longitude 64.703W) from the C3S data for the period of 1993-2020. The 

observed linear trend of sea level rise is approximately 3.84 ± 0.4 mm/year (Clarke, L., 

Taylor, M., and Maitland, D, 2022)  The MONA study concluded: For Bermuda, there is 

good consensus across the two mapping tools examined about sea level rise. Though 

RCPs and SSPs are not directly comparable, by 2050, mean SLR is projected to 0.23m 

for RCP4.5 and 0.21m SSP2-4.5; while by 2100, mean SLR is projected to be 0.53m for 

RCP4.5 and 0.56 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 then by 2100, SLR may reach up to 1.46m for Bermuda 

according to SSP5-8.5. These projections are less than estimates of global mean sea 

level rise by 2100 which are 0.56m for SSP2-4.5 and 0.77m SSP5-8.5. 

Table 19 from the MONA Study Showing Local Sea Level Projections at St. Georges, Bermuda 

Year 

Local Sea Level Rise (cm) 

RCP Median 
Uncertainty Ranges 

66% 90% 

2030 
2.6 
4.5 
8.5 

13 [13] 
12 
12 [14] 

7-19 [8-18] 
6-19 
5-20 [6-22] 

2-24 [5-22] 
1-24 
0-26 [1-28] 

2050 
2.6 
4.5 
8.5 

23 [26] 
23 
25 [32] 

15-33 [17-37] 
14-34 
14-37 [20-46] 

9-41 [10-49] 
7-43 
7-47 [11-61] 

2100 
2.6 
4.5 
8.5 

48 [64] 
53 
65 [102] 

27-73 [42-92] 
28-82 
34-102 [61-160] 

14-100 [27-124] 
12-110 
14-136 [37-243] 

 

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). 
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Glasspool 2008, gave msl as 0.21 m AOD.  Plotting these values on a graph gives a 2022 

msl of 0.26m AOD.  The local sea level around Bermuda is rising approximately 4 mm/yr 

from 1993-2022. 

The Central Lens Water Table and Sea Level Rise 

As indicated above, 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 fresh water 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. 

Data available for the analysis of the water table made available for this report included 

water table measurements in wells and the map of the March, 1974 water table in the 

Central Lens (Vacher 1974), the 1978 manuscript made available by Shaun Lavis from 

an unknown author, plus several spreadsheets that showed yearly average Central Lens 

water table elevations for the period 1975 – 1976 and monthly water table data for the 

Central Lens from 1988 to 1995.  Average annual thickness of the freshwater lenses from 

the water table to the 3% mixing zone were also available for the period 1999-2020. 

The water table data were used as a basis for judging the change in elevation of the water 

table between 1974 and 1994.  The water table was plotted for the average water table 

elevations measured in March, 1994.  The maximum water table elevation in the Central 

Lens in March 1994 was the Prospect Gym (PG or PRG) well with an elevation of 1.48 ft 

(0.45 m).  This well in March 1974 had an average elevation of the water table as 1.15 ft 

(0.35 m).  The difference is 0.1 m.  Plots of the water table in the Central Lens in March 

1974 and 1994 show approximately the same relative rise for water in wells in comparable 

areas. 



BERMUDA MODELLING REPORT-HYDROGEOLOGY   pg. 39 

 

 NOV 2022 

The local rise in sea level between 1974 and 1994 is approximately 0.1 m which is the 

rise in the water table in that period.    The mean average sea level rise from the Bermuda 

tide gauge is quite variable between the early 1970s and early 1990s. (see Ellison, (1993) 

Figure 2) It is recognized that comparing two water table configuration measurements of 

the Central Lens over 20 years does not prove water table rise is in concert with local 

SLR.  Multiple months in 1974-1976 require analysis and then should be compared to 

multiple months in several years in the present (2022) and in the future.  It is important to 

map the configuration of the water tables in the lenses as they rise under the influence of 

sea level rise to determine if and where the water tables intersect the ground surface and 

thus, increase the flow of fresh groundwater to the sea. 

It is clear that a longer interval between water table representations is required to assess 

the effects of rising sea levels on the water table in the Central Lens.  According to Vacher 

(1974), Section 4.3 and 4.5, the longer period fluctuations of the water table in the Central 

Lens are substantially less than a month.  He concludes that the water table map drawn 

from monthly averages of elevations in wells gives a statistically meaningful 

representation of the flow system for that particular month.  Therefore, comparing months 

that are 40 years or more apart should give a realistic indication of the amount of sea 

level and comparable groundwater level rise that has occurred over that period.  It is 

suggested that this should be verified by additional calculations of the average monthly 

water table from 1995 to 2022 if monthly data for the wells can be located. 

As detailed previously, fresh groundwater in the lenses underlying Bermuda constantly 

oscillate up and down in response to tidal effects, the local steric anomaly (rise due to 

expansion of water with temperature and salinity changes) and meso scale effects caused 

by the proximity of the Gulf Stream. To determine the maximum projected future SLR in 

coastal areas of Bermuda in relation to the topography in a given year, a common datum 

must be used.  In addition, the effect of maximum spring tide, the local steric anomaly 

plus meso-scale effect must be added.   
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This steric anomaly occurs seasonally such that, in the early summer, an upper "mixed 

layer" of warm water develops in the ocean around Bermuda, with temperatures often 

exceeding 25°C by late summer and extending down to 100 m depth or more. Therefore 

from April to November the surface ocean waters around Bermuda undergo thermal 

expansion with a related sea level rise of about 0.125 m (Glasspool, 2008). This steric 

anomaly, combined with monthly spring tides, causes very high sea water levels typically 

observed as peaking in October(GlobalSecurity.org July, 2022,  

https://www.globalsecurity.org/military/world/caribbean/bm-climate.htm) A comparable 

drop in sea levels occurs around March each year for a total vertical range in the steric 

anomaly of 0.25 m. 

The rise and fall of the sea level at the coast of Bermuda is translated inland and causes 

the fresh water lenses to rise and fall as well.  Since the topography of Bermuda rises 

relatively steeply from the shoreline, the rise of the fresh water 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 explained above 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 1.49 m above OD intruding into the subsurface or 1.23 m 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 
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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 oscillation in the Central Lens is reduced to 10 cm at 100-120 m 

from the north shore and reduced to 2 cm within 200 m from the north shore.  The 

maximum tidal range at the coasts during spring tides is 1.2 m.  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 10 cm contour of tidal oscillation at approximately 500-600 m from the south 

shore, and the 2 cm contour at approximately 800 m 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 1 cm.  Since barometric pressure does vary every few days it 

would be prudent to include a component of sea level rise due to varying atmospheric 

pressure.  A value of 25 cm has 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. 

Table 1 give the MONA projected sea level rises and ranges to be expected in the 21st 

century for RCP 4.5 and 8.5 around Bermuda(Clarke, L., Taylor, M., and Maitland, D, 2022)  
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Table 1 MONA Projected Sea Level Rises with RCPs 

Year RCP Median Projected Sea Level 

Rise m 

66% Uncertainty Range m 

2030 4.5 0.12 0.06-0.19 

2050 4.5 0.23 0.14-0.34 

 2100  4.5 0.53 0.28-0.82 

2030 8.5 0.12 0.05-0.20 

2050 8.5 0.25 0.14-0.37 

2100 8.5 0.65 0.34-102.0 

Notes: RCP Representative Concentration Pathway 

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 2. 

Table 2 Projected Sea Level Rise and Elevation above Bermuda Ordnance Datum, RCP 4.5 

Year Years from 
Present 

Projected Sea Level Rise 
(m) Extrapolated From 
Mona Data 

Projected Sea Level above 
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 

Notes: OD Bermuda Ordnance Datum 



BERMUDA MODELLING REPORT-HYDROGEOLOGY   pg. 43 

 

 NOV 2022 

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 which may occur.  

Table 3 shows projected sea level rise under RCP 8.5 in relation to the Bermuda 

Ordnance Datum. 

Table 3 Projected Sea Level Rise and Elevation above Bermuda Ordnance Datum, RCP 8.5 

Year Years from 
Present  

Projected Sea Level Rise 
(m) 

Projected Sea Level above 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 

 

Table 4 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. 
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Table 4 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 

From 

Present 

(2022) 

RCP Sea 

Level 

Rise 

Above 

OD m 

Maximum 

Tidal 

Height m 

Local 

Steric 

Anomaly 

m 

Meso 

Scale 

Effects 

m 

Barometric 

Pressure 

Effects m 

Bermuda 

Subsidence  

Below 2022 

Level m 

Total 

Projected 

Groundwater 

Rise above 

OD 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 1st and 3rd 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 12.5 cm and six months later it is at -12.5 cm.  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 
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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 9.9 cm 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.org/-JPL14-.html) 

This subsidence has been added to the total sea level rise in Table 4. 

Table 5 give 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 rise due to tidal effects is approximately 2 cm.  The exception 

to this is the area around and east of the Pembroke Canal where the maximum tidal effect 

will be 10 cm (Vacher, 1974). 

  

https://oceanservice.noaa.gov/facts/eddy.html
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Table 5 Maximum Central Lens Rise at Inland Ponds. 

Years 

From 

Present 

(2022) 

RCP Sea 

Level 

Rise 

Above 

OD m 

Maximum 

Tidal 

Height m 

Local 

Steric 

Anomaly 

m 

Meso 

Scale 

Effects 

m 

Barometric 

Pressure 

Effects m 

Bermuda 

Subsidence  

Below 2022 

Level m 

Total 

Projected 

Max 

Central 

Lens Rise 

in & around 

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 
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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 will be strongest in the canal and rapidly diminish inland to about 

2 cm 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 fresh water 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 4. 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 
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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. 

 

Sea Level Rise and Associated Salt Water Intrusion and impacts on Land Use  

The Government of Bermuda Digital Terrain Model (DTM) 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 0 m elevation.  Current mean sea 

level without oscillations detailed above was calculated in this study as 0.26 m above OD 

(2022). 

Figure 1-12 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.   
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Figure 1  Predicted groundwater rise for the Dockyard area for RCP 4.5 

DOCKYARD  RCP 4.5 
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Figure 2  Predicted groundwater rise for the Dockyard area for RCP 8.5 

DOCKYARD  RCP 8.5 
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Figure 3  Predicted groundwater rise for the Great Sound area for RCP 4.5 
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Figure 4  Predicted groundwater rise for the Great Sound area for RCP 8.5 
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Figure 5  Predicted groundwater rise for south coast beaches for RCP 4.5 
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Figure 6  Predicted groundwater rise for south coast beaches for RCP 8.5 
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Figure 7  Predicted groundwater rise for St George’s and Castle Harbour for RCP 4.5 
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Figure 8 Predicted groundwater rise for St George’s and Castle Harbour for RCP 8.5 
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Figure 9  Predicted groundwater rise for Devonshire Marsh for RCP 4.5 
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Figure 10  Predicted groundwater rise for Devonshire Marsh for RCP 8.5 
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Figure 11  Predicted groundwater rise for Pembroke Marsh for RCP 4.5 
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Figure 12  Predicted groundwater rise for Pembroke Marsh for RCP 8.5 
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