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ME M O R A N D U M 
To: George Junkin, Town of South Bethany Date: March 16, 2016 
From: Ram Mohan, Ph.D., Matthew Henderson, and 

Brandon Raymond, Anchor QEA, LLC 
Project: 151308-01.01 

Cc: Jack Whitney and Dick Oliver, South Bethany 
Sea Level Rise & Storm Surge Committee 
Danielle Swallow, DNREC 

  

Re: Town of South Bethany Sea Level Rise Vulnerability Assessment 
 

INTRODUCTION 
The changing climate, local geography, and elevation of the Town of South Bethany (Town) 
put it at increasing risk to coastal flooding resulting from sea level rise (SLR) and storm surge 
(Note that the storm surge is not addressed in this study).  Currently, the Town experiences 
periodic tidal flooding and occasional ocean over-wash flooding during the worst coastal 
storm events.  In order to determine and prioritize SLR risks faced by the Town, a GIS-based 
inundation analysis was used to simulate the effects of SLR over varying scenarios and 
evaluate the level of inundation to various types of critical infrastructure.  
 
The general methodology for the inundation analysis and supporting evaluations were as 
follows: 

1. A review of published guidance on SLR and historical SLR rates was performed to 
develop planning-level SLR scenarios for the Town. 

2. A qualitative evaluation of infrastructure types was performed to prioritize critical 
infrastructure for vulnerability assessment.   

3. Infrastructure survey data were used in conjunction with the projected SLR scenarios 
to specifically evaluate critical infrastructure that is most vulnerable to SLR.   

 
The details of the scenario selection, infrastructure prioritization, and inundation analysis are 
summarized in the following sections.  
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SEA LEVEL RISE SCENARIOS 
SLR is a combination of global trends, as well as local effects, as discussed in the following 
sections.  

 

Global Sea Level Rise 
Global SLR (GSLR) is the projection of estimated future SLR due to the effects of climate 
change, including increased sea water temperature and ice sheet melt.  A wide range of 
estimates have been developed by scientists throughout the world, including predictions by 
the Delaware Department of Natural Resources and Environmental Control (DNREC) and 
the Intergovernmental Panel on Climate Change (IPCC), as depicted in the figure below. 
 

 
Comparison of DNREC to IPCC SLR Predictions  

 
For this analysis, two comprehensive studies were reviewed to determine the most 
appropriate GSLR scenarios for the Town.  The first was a review summary document from 
the DNREC Sea Level Rise Technical Workgroup, written to support the DNREC 
Vulnerability Assessment report, Preparing for Tomorrow’s High Tide (DNREC 2012).  The 
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document, Recommended Sea Level Rise Scenarios for Delaware (DNREC 2009), provides a 
summary of various studies and guidance, in order to determine an appropriate range of SLR 
scenarios for Delaware.  The report summarizes the review and final recommendations. 
 
Based on the Technical Workgroup’s review, DNREC recommends the use of three planning 
scenarios for SLR by the year 2100: 0.5, 1.0, and 1.5 meters.  These scenarios correspond to 
the GSLR scenarios recommended by the U.S. Army Corps of Engineers (USACE; 2009).  For 
intermediate time horizons, the projection curves are described by the following equation: 
 

𝐸𝐸(𝑡𝑡2) − 𝐸𝐸(𝑡𝑡1) = 0.0017(𝑡𝑡2 − 𝑡𝑡1) + 𝑏𝑏(𝑡𝑡22 − 𝑡𝑡12) 
 

where: 
𝑡𝑡1 = time between the project’s construction date, or the current year, and 1986 
𝑡𝑡2 = time between a future date at which one wants an estimate for SLR and 1986 

(USACE 2009) 
𝑏𝑏 = 2.36E-05, 6.20E-05, and 1.01E-04 for the low, medium, and high projection 

curves, respectively   

 
For planning purposes for the Town, a 50-year time horizon is recommended because this is 
the practical design life for typical municipal civil works projects.  Thus, 2065 was selected as 
the target year for assessment of inundation due to SLR. 
 
The second study reviewed for this analysis was Climate Change 2013: The Physical Science 
Basis from the IPCC Fifth Assessment Report (AR5; IPCC 2013), which considers a range of 
emission scenarios and provides GSLR projections up to the year 2100.  A key difference 
between AR5 and the previous assessment report (IPCC 2007), which was reviewed in 
DNREC (2009), is the inclusion of land-ice contribution estimates.  For this reason, more 
weight is given to AR5 in this analysis.  The results of AR5 show a range of SLR projections 
between 0.6 and 0.9 meters by 2100. 
 
A comparison of the two studies shows that the entire range of the AR5 GSLR scenarios falls 
within the low and medium DNREC-recommended scenarios.  Therefore, the low and 
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medium projection scenarios from DNREC (2012), with a 50-year time horizon (2015-2065), 
are recommended for this analysis.  The resulting 50-year GSLR projections are provided in 
Table 1. 
 

Table 1 
Recommended 50-year Global Sea Level Rise Scenarios 

Scenario Global Sea Level Rise (feet) 

Lower Bound 0.7 

Upper Bound 1.4 

 

Local Sea Level Rise 
Local SLR (LSLR) can be determined based on local historical tide gage data.  This LSLR rate 
is estimated as a linear trend based on historical water level data and includes local/regional 
land subsidence or uplift, and regional oceanographic changes such as changes in circulation 
patterns.   
 
The National Oceanic and Atmospheric Administration (NOAA) tide gage station in Lewes, 
Delaware (NOAA Station ID 8557380; NOAA 2015), which contains data from 1919 to 2014, 
was selected for LSLR estimates for the Town due to its relatively long data record (96 years).  
According to Houston and Dean (2011), seasonal and decadal fluctuations can affect the 
accuracy of SLR trend analysis on gages with records less than 50 to 60 years.  Thus, in SLR 
analysis, it is customary to rely on established longer time frame data records for 
extrapolating trends.  The U.S. Geological Survey (USGS) water level gage in South Bethany 
(USGS Station ID 01484696; USGS 2016) and the NOAA tide gage in Ocean City, Maryland 
(NOAA Station ID 8570283; NOAA 2016) are closer to South Bethany than Lewes, but only 
contain data records of 16 years and 39 years, respectively.  Therefore, the Lewes tide gage 
provides the most reliable and documented timeline for historical LSLR rates in South 
Bethany. 
 
By comparing the GSLR historical rate of 1.7 millimeters per year (mm/yr) (IPCC 2013) and 
the LSLR historical rate in Lewes of 3.41 mm/yr (NOAA 2015), local/regional effects (such as 
land subsidence) were estimated to be approximately 1.7 mm/yr (3.41 – 1.7 = 1.7 mm/yr).  
This equates to an approximately 0.3 feet increase over the 50 year study timeline.  This 
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LSLR amount was added to the upper bound GSLR scenario discussed above in order to 
account for local/regional effects, such as land subsidence or any potential changes in 
regional circulation patterns.  The final recommended SLR scenarios are summriazed in 
Table 2. 
 

Table 2 
Recommended 50-year Sea Level Rise Scenarios 

Scenario Sea Level Rise (feet) 

Lower Bound 0.7 

Upper Bound 1.7 

Note: 
1 The upper bound GSLR scenario includes the effect of LSLR (+1.7 mm/yr) as 

computed from the Lewes tide gage, which corresponds to approximately 
0.3 feet, over the 50-year study timeline evaluated. 

 

CRITICAL INFRASTRUCTURE 
Following selection of the SLR scenarios, it was necessary to identify and prioritize critical 
infrastructure to be evaluated for vulnerability to SLR.  Nine separate infrastructure types 
were identified and prioritized according to five evaluation criteria.  The infrastructure 
types identified for initial screening were transportation (streets), electrical/power 
(ground-mounted transformers), drinking water systems, sanitary sewer systems, bulkheads, 
Town buildings, stormwater systems (catch basins and outfalls), dunes/beaches, and open 
space/wetlands.  The evaluation criteria considered for prioritization were public safety, 
influence on town operations, effects on property value, quality of life impacts, and cost 
effectiveness as it pertains to adaptation. 
 
Each infrastructure type was given a score between 1 and 4 as it relates to each of the 
evaluation criteria, with 4 being the most important. The individual scores for each 
infrastructure type were summed up to a total score and subsequently ranked.  The results of 
the prioritization evaluation are provided in Table 3. 
 
The conclusion of this evaluation showed that the top four infrastructure types were 
transportation (streets), electrical/power (ground-mounted transformers), drinking water 
systems, and sanitary sewer systems.  The drinking water and sanity sewer systems were 
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subsequently ruled out due to being closed systems, largely underground.  Instead, bulkheads 
and the stormwater system were added to the assessment due to their anticipated suitability 
to adaptation and direct impact on flooding.   
 

Table 3 
Prioritization Evaluation Results 

Infrastructure Type 
Public 
Safety 

Town 
Operations 

Property 
Value 

Quality of 
Life 

Cost 
Effectiveness 

Total 
Score 

Transportation (Streets) 4 4 4 4 4 20 
Electrical/Power (Ground-
mounted Transformers) 

4 3 3 3 3 16 

Drinking Water System 3 2 3 4 3 15 
Sanitary Sewer System 3 2 3 3 3 14 
Bulkheads 2 2 3 3 3 13 
Town Buildings 3 3 2 2 3 13 
Stormwater System 
(Catch Basins and Outfalls) 

2 2 2 3 3 12 

Dunes/Beaches 2 2 3 3 2 12 
Open Space/Wetlands 1 1 2 2 1 7 

Note: 
1 This table was developed by averaging inputs from five Sea Level Rise & Storm Surge Committee members at 

the November 16, 2015 meeting. 
 

INUNDATION ANALYSIS 

Methodology 
The inundation analysis was performed by adding the upper and lower bound SLR scenarios 
to the current estimated mean higher high water (MHHW) to obtain projected MHHW 
conditions for 2065.   
 
The closest continually operating water level gage to the Town is the USGS Jefferson Creek 
gage located at the end of West 1st Street.  As discussed, the data record of this gage is from 
1999 to 2015 (16 years).  To accurately compute tidal statistics, a tidal data record must cover 
at least one National Tidal Datum Epoch, which NOAA defines as 19 years.  Therefore, the 
Jefferson Creek water level gage does not contain sufficient data to accurately compute tidal 
statistics. 
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Following the methodology outlined in DNREC (2012), MHHW was estimated using the 
NOAA VDatum tool (http://vdatum.noaa.gov/), and the published latitude and longitude of 
the USGS Jefferson Creek gage.  The result of this exercise showed that MHHW is 
approximately 0.33 feet above North American Vertical Datum of 1988 (NAVD 88) at the 
Jefferson Creek gage.  This estimation of MHHW agrees with the computed MHHW for 
Assawoman Bay (0.0995 meters [0.33 feet] NAVD 88) provided in DNREC (2012). 
 
To evaluate the sensitivity of local MHHW estimates, the full data record at Jefferson Creek 
was analyzed to determine the average daily high water.  The result of this analysis showed 
an approximate MHHW of 0.65 feet NAVD 88.  This analysis shows that local water levels in 
the Town may be slightly higher than predicted by VDatum.  This could be considered as an 
uncertainty in the analysis, which could be verified as additional water level data are 
collected at this location, in the upcoming years.  However, due to potential uncertainty in 
computing tidal statistics on short data records, this analysis will use the MHHW of 0.33 feet 
as computed by VDatum and verified by DNREC (2012).  The final recommended projected 
MHHW scenarios are provided in Table 4. 
 

Table 4 
Recommended 50-year Sea Level Rise Scenarios 

Scenario 
Relative Sea Level Rise 

(feet) 
Current MHHW (2015) 

(feet, NAVD 88) 
Projected MHHW (2065) 

(feet, NAVD 88) 

Lower Bound 0.7 0.33 1.03 

Upper Bound 1.7 0.33 2.03 

 
Utilizing survey data obtained by URS in 2013, as well as as-built drawings for the 
stormwater system along Coastal Highway, the projected depth of inundation at MHHW was 
computed for the critical infrastructure as discussed above.  This was accomplished by 
subtracting the surveyed elevations for each infrastructure element from the projected 
MHHW scenarios.  Figures 1 through 12 show the inundation mapping results for bulkheads, 
outfall inverts, catch basin inverts, catch basin grates, street centerlines, and 
ground-mounted transformers. 
 

http://vdatum.noaa.gov/
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Results 
Through examination of Figures 1 through 12, several qualitative observations can be made.  
For example, bulkheads and street centerlines in the Southwest corner of the Town (off of 
York Road), along with areas around Layton Canal and New Castle Canal appear to show 
relatively high vulnerability to SLR.  Similarly, outfalls and catch basin inverts along 
Coastal Highway appear to be vulnerable.   
 
Although catch basin grates along Coastal Highway are unaffected by the upper bound SLR 
scenario, the catch basin inverts at these locations remain impacted.  This suggests that, 
although no flooding would occur during dry conditions, the capacity of the stormwater 
system along Coastal Highway is substantially reduced at MHHW for the upper bound SLR 
scenario, and thus Coastal Highway could be prone to flooding in the event of a storm.   
 
Only 7 of 100 ground-mounted transformers are impacted by the upper bound SLR scenario.  
This suggests that only minimal adaptation is required to improve the resiliency of the 
electrical system to SLR. 
 
Table 5 provides a summary of the extent of impacts to the critical infrastructure for each 
SLR scenario. 
 

Table 5 
Summary of Percent of SLR-impacted Infrastructure at MHHW 

Infrastructure Type 
Lower Bound 

(1.03 feet NAVD 88) 
Upper Bound 

(2.03 feet NAVD 88) 

Outfall Inverts 96 100 

Catch Basin Inverts 61 89 

Catch Basin Grates 4 35 

Bulkhead Survey Points 1 28 

Ground-mounted Transformers 0 7 

Street Centerline Survey Points 0 8 

Note: 
1 An infrastructure element was considered “impacted” if the projected MHHW 

elevation minus the infrastructure elevation was greater than zero. 
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RECOMMENDATIONS 
The analysis presented in this memorandum should provide a good planning-level tool for 
the Town to begin considering prioritization of its resources for SLR adaptation.  It should be 
noted that the impact of storm surge, nuisance flooding, and trigger points for 
implementation is not included in these analyses.  From a review of the results (Figures 1 
through 12), it is evident that the following steps are prudent next steps:   

• Allow bulkheads to be raised by property owners in areas showing high vulnerability 
to SLR 

• Install backflow preventers on Town stormwater outfalls 
• Raise streets levels in areas showing high vulnerability to SLR 
• Raise ground-mounted transformers that are deemed vulnerable. 

 
In addition to these steps, the Town should also consider developing a specific SLR 
adaptation plan.  Such a plan would include an evaluation of the potential for combined SLR 
and storm surge impacts, even if conceptually done, using existing Federal Emergency 
Management Agency and USACE models.  Implementation trigger points and timing, as well 
as other options for potential coastal resiliency, could be evaluated as part of such a future 
study.  This could include specific resiliency measures such as perimeter flood control berms, 
where applicable, and wetlands enhancement (on the west side of the Town) to provide 
improved resiliency.  There are several grants from federal agencies that the Town could 
apply for, to implement such measures; however, the specific resiliency measures and a 
timeline for these remain to be developed.  We strongly recommend that the Town 
implement a plan to develop such an adaptation plan to advance the findings of this study, 
and put them into practice.  
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Figure 1
Bulkhead Projected 2065 Inundation Levels for
Lower Bound Mean Higher High Water Level

of 1.03 feet NAVD 88
Note:  Mean Higher Higher Water equal to

0.33 feet NAVD 88 in 2015.
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Figure 2
Bulkhead Projected 2065 Inundation Levels for
Upper Bound Mean Higher High Water Level

of 2.03 feet NAVD 88
Note:  Mean Higher Higher Water equal to

0.33 feet NAVD 88 in 2015.
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Figure 3
Outfall Invert Projected 2065 Inundation Levels for

Lower Bound Mean Higher High Water Level
of 1.03 feet NAVD 88

Note:  Mean Higher Higher Water equal to
0.33 feet NAVD 88 in 2015.
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Figure 4
Outfall Invert Projected 2065 Inundation Levels for

Upper Bound Mean Higher High Water Level
of 2.03 feet NAVD 88

Note:  Mean Higher Higher Water equal to
0.33 feet NAVD 88 in 2015.
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Figure 5
Catch Basin Invert Projected 2065 Inundation Levels for

Lower Bound Mean Higher High Water Level
of 1.03 feet NAVD 88

Note:  Mean Higher Higher Water equal to
0.33 feet NAVD 88 in 2015.
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Figure 6
Catch Basin Invert Projected 2065 Inundation Levels for

Upper Bound Mean Higher High Water Level
of 2.03 feet NAVD 88

Note:  Mean Higher Higher Water equal to
0.33 feet NAVD 88 in 2015.

0 400 800
Feet

Town of South Bethany
Invert Inundation (feet)
") Dry
") < 0.5
") 0.5 - 1
") 1 - 1.5
") 1.5 - 2
") 2 - 2.5
") > 2.5

B:\
Pr

oje
cts

\To
wn

_o
f_S

ou
th_

Be
tha

ny
\So

uth
_B

eth
an

y_
SL

R_
Stu

dy
_(1

51
30

8-0
1-0

1)\
An

aly
sis

\G
IS\

Inu
nd

ati
on

_1
51

01
4.m

xd
  b

ray
mo

nd
  3

/8/
20

16
  2

:27
:28

 PM

[



")

")

")

")

")")

")
")")

")")
")

")")

")")

")")

")")

")
")")

")

")
")

")")")")

")

")
") ")") ")")") ")") ")")")") ")")") ") ")") ")") ")")

")")
")

")")")

")")
")") ")

")")
") ")")

")")") ")
") ")")

")
")")")")")")")") ")

")") ")
")") ") ")")")

")
")")

") ")")")") ")")

")
") ")")")

")

")") ")")
")")

")")") ")")

") ")") ")")

")

")

") ")")")

")
")

")

JJ ee ff ff ee
rr ss oo

nn CC rr ee
ee kk

Jefferson Creek
Jefferson Creek

2ND CANAL2ND CANAL

MAY CANALMAY CANAL

4TH CANAL4TH CANAL

5TH CANAL5TH CANAL

3RD CANAL3RD CANAL

6TH CANAL6TH CANAL

7TH CANAL7TH CANAL

BOONE CANALBOONE CANAL
BRISTOL CANALBRISTOL CANAL

KIMBERLY CANALKIMBERLY CANAL

REBECCA CANALREBECCA CANAL

VICTORIA CANALVICTORIA CANAL

PETERSON CANAL
PETERSON CANAL

RUSSEL CANALRUSSEL CANAL

WEST CANALWEST CANAL

PETHERTON CANAL
PETHERTON CANAL

BRANDYWINE CANAL
BRANDYWINE CANAL

NEW CASTLE CANAL
NEW CASTLE CANAL

HENLOPEN CANAL
HENLOPEN CANAL

ANCHORAGE CANAL
ANCHORAGE CANAL

LAYTON CANALLAYTON CANAL

BAY SHORE CANAL
BAY SHORE CANAL HIGHWAY CANAL

HIGHWAY CANALYORK CANAL
YORK CANAL

CARLISLE CANAL
CARLISLE CANAL

JE
FF

ER
SO

N 
CR

EE
K 

CA
NA

L
JE

FF
ER

SO
N 

CR
EE

K 
CA

NA
L

USGS, Jefferson Creek GageUSGS, Jefferson Creek Gage

Figure 7
Catch Basin Grate Projected 2065 Inundation Levels for

Lower Bound Mean Higher High Water Level
of 1.03 feet NAVD 88

Note:  Mean Higher Higher Water equal to
0.33 feet NAVD 88 in 2015.
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Figure 8
Catch Basin Grate Projected 2065 Inundation Levels for

Upper Bound Mean Higher High Water Level
of 2.03 feet NAVD 88

Note:  Mean Higher Higher Water equal to
0.33 feet NAVD 88 in 2015.
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Figure 9
Street Centerline Projected 2065 Inundation Levels for

Lower Bound Mean Higher High Water Level
of 1.03 feet NAVD 88

Note:  Mean Higher Higher Water equal to
0.33 feet NAVD 88 in 2015.
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Figure 10
Street Centerline Projected 2065 Inundation Levels for

Upper Bound Mean Higher High Water Level
of 2.03 feet NAVD 88

Note:  Mean Higher Higher Water equal to
0.33 feet NAVD 88 in 2015.
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Figure 11
Ground Transformer Projected 2065 Inundation Levels for

Lower Bound Mean Higher High Water Level
of 1.03 feet NAVD 88

Note:  Mean Higher Higher Water equal to
0.33 feet NAVD 88 in 2015.
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Figure 12
Ground Transformer Projected 2065 Inundation Levels for

Upper Bound Mean Higher High Water Level
of 2.03 feet NAVD 88

Note:  Mean Higher Higher Water equal to
0.33 feet NAVD 88 in 2015.
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