


Sea-level Rise
Projections for Maryland
2023

SEA-LEVEL RISE EXPERT GROUP

Donald F. Boesch, University of Maryland Center for Environmental Science, Chair
Gregory B. Baecher, University of Maryland, College Park

William C. Boicourt, University of Maryland Center for Environmental Science
Richard I. Cullather, University of Maryland, College Park

Sonke Dangendorf, Tulane University

Gina R. Henderson, U.S. Naval Academy

H. Halimeda Kilbourne, University of Maryland Center for Environmental Science
Matthew L. Kirwan, Virginia Institute of Marine Science

Robert E. Kopp, Rutgers University

Sasha Land, Maryland Department of Natural Resources

Ming Li, University of Maryland Center for Environmental Science, Co-Chair

Kate J. McClure, Maryland Sea Grant Extension

William Nardin, University of Maryland Center for Environmental Science, Co-Chair

William V. Sweet, National Oceanic and Atmospheric Administration.

The members of the Expert Group are deeply saddened by the death of Dr. Christopher Summerfield on
December 29, 2019 at the age of only 55. Chris was a member of the Expert Group for Maryland’s sea-
level rise projections in 2013 and 2018. He was a pioneer in the use of scientifically based sea-level rise
projections in coastal planning in Delaware and was sorely missed in the Group’s 2023 deliberations.

CCE€

= ~—"~~== University of Maryland MARYLAND COMM'SS'ON
CENTER FOR ENVIRONMENTAL SCIENCE ON CLIMATE CHANGE



https://umces.edu
https://mde.maryland.gov/programs/air/ClimateChange/MCCC/Pages/index.aspx

Recommended citation

Boesch, D. E, Baecher, G. B, Boicourt, W. C., Cullather, R. I, Dangendorf, S., Henderson, G. R.,
Kilbourne, H. H., Kirwan, M. L., Kopp, R. E., Land, S., Li, M., McClure., K., Nardin, W., & Sweet, W. V.
2023. Sea-level Rise Projections for Maryland 2023. University of Maryland Center for Environmental
Science, Cambridge, MD.

This report can be found at umces.edu/sea-level-rise-projections.
Cover photo: High-tide flooding in Cambridge. Photo: Jane Thomas.

Funding provided by: University of Maryland Center for Environmental Science.


https://www.umces.edu/sea-level-rise-projections

CONTENTS

SUMIMATY ceiiiitieieiiee ettt sete e eite e s ssreesereeesenbaeessanaeesanee 1
INTrOAUCEION .ot 2
The Charge ittt eeens 2
NeW DeVelopPMENTS ....ccveciecieieeiecieeeesie et 4
Sea Level Continues to Rise Faster......c.cocevevieveneneneennene. 5
Producing this REPOIt ........ccvevevieerinierieenereeeeseeeeeeen 5
Sea-level Rise Projections for Maryland.........cccceevevvereveneennnne 6
Why Use Emissions-based Scenarios? .......ccceeveeveneenveennens 6
Projections for Mean Sea Level.......cccoevveviveneinenenieenienne. 8
Extrapolating from Recent Trends........cccecevevveenerienieennne 14
Faster than the Global Average........cccecvevecievienenereneeens 14
Comparison with the 2018 Projections .......ccccceceveeeennnnee. 15
Referencing the Interagency Sea-Level Rise Scenarios ....17
Variations within the Region..........cceceveveverenienenenenieennens 17
Sea Levelinthe Longer-Term.......ccceceeeeeevecienieneseneeeeans 18
Sea-level Rise and Flooding.......ccccecvevierenencrneenieieeeceeeene 20
Tidal RANEGE ..ottt 20
STOIM SUIEES .ottt 21
NUiSaNCe FLOOAING ....eoveiiiieeieieieiereeeeeeeeee s 21
Tidal Flood Risk Visualizations .........cccceceeveevenenencneenene. 23
Using Sea-level Projectionsin Planning..........ccceceevevverceneeneee 24

Endnotes

Guy W. Willey, Sr




LIST OF FIGURES

Figure 1. Variations and trends in monthly mean sea level from 1975 through 2021 measured at four Maryland
tide gauges, showing the rates of sea level rise (SLR) and its acceleration (ACC). ....ecvveerireriereninienirererieeseeenienes 5

Figure 2. Median pathways of global emissions of carbon dioxide under the five IPCC AR6 scenarios and the best
estimates and very likely (90% probable) ranges for increases in global mean temperature over pre-industrial
levels that would result from each scenario by 2080-2100......cc.ccuevueireririerierieieesesesiesieseeeeesresressesseseesessessessenes 7

Figure 3. Median projections for sea-level rise at Baltimore under emissions scenarios included in the IPCC AR6.....9

Figure 4. P-box probabilities for projected sea-level rise at Baltimore in 2100 under the IPCC AR6 emissions
SCENANOS. .ttt ettt ettt et st b bttt e b bbb et e b e e b e s b e b et et e ae s b e bbbt b e bbbt et Re b bbbt et ae b e 10

Figure 5. P-box probabilities for projected sea-level rise at Baltimore in 2100 under the three most plausible
EMISSIONS PALNWAYS. ..evieiiieiieierie ettt ee et e st e e te et e st e e e e s teeseesaesseesaesseeseessaeseeseasseeseassasseessessaeseensessesnsesansanns 11

Figure 6. Projected contributions to sea-level rise not attributable to vertical land motion for Baltimore in 2100,
compared to global mean sea-level rise for the IPCC SSP2-4.5 scenario (median estimates)........cccoeveveereenennn 14

Figure 7. Comparison of 2023 sea-level rise “medium confidence” projections for 2100 at Baltimore with those
included in 2018 Update from the 2005 (1995-2014 average) baseline. ......coccveereerieenineneneneneeneeeeeneeeeee 15

Figure 8. Comparison between the 2018 Update and 2023 Update of the contributions to relative sea-level
rise at Baltimore in 2100, under the SSP2-4.5 scenario from the 2005 (1995-2014 average) baseline (median

ESEIMATES). reeetteiii ettt ettt et ettt e et e e b e e be e beeeab e e be e beeeab e et b e e beeaabeeabe et e eabaeease ettt ebeeesbeeteeerbaessenteeeabeeneenreens 16
Figure 9. Relative sea-level rise at Baltimore from 2005 to 2100 based on the five Interagency Scenarios
compared t0 the IPCC ARG PrOJECTIONS. ....euiieieieetiet et ettt ettt ettt et ettt sb et et et et e b b e b s et eneeneebe e 17
Figure 10. Vertical land motion (mm/yr) estimated by NOAA from tide-gauge records in Chesapeake Bay and
AAJACENT ALLANTIC COASE. 1viiiiitieieierteiereet ettt ettt s et e st e st e s aesae e besbeestebesseesaesaesnsensesssensesseensessesssensensaens 18
Figure 11. Sea-level rise projections for Baltimore under very high and low emissions scenarios that incorporate
low confidence polar ice sheet losses; medians and likely range (17%-83 percentile) shown. ........ccccevueuenenene. 19
Figure 12. Long-term tidal ranges (in meters) at gauging StatioNs. .......cceevuerererieiirinireeeee e 20

LIST OF TABLES

Table 1. IPCC AR6 emission pathway scenarios with means and very likely ranges of projected global
temperature increase above the pre-industrial level in 2100........ccccvviriiinienieieieeneseseee e see e ees 7

Table 2. Relative sea-level rise projections for Baltimore for potential use in guidance for applications and
risks, based on Current Commitments scenario (SSP2-4.5) from the 2005 (1995-2014 average) baseline. .......... 13

Table 3. Changes in the frequency of minor, moderate, and major flooding under the Interagency
Intermediate sea-level rise scenario (0.39 m above 2005 level); Maryland state average, using National
Ocean Service mathematical flood hEIGNTS. ....c.cvvueirieirieiee ettt 23



SUMMARY

Sea level has been rising at an increasing rate as a
result of global warming. It will almost certainly
rise as much in the first half of this century as it did
during the entire last century. It could rise three or
more times as much by the end of the century. This
report provides updated projections of sea-level
rise in the State of Maryland, as required at least
every five years by the Maryland Commission on
Climate Change Act of 2015.

The sea-level rise for which Maryland should

plan later this century and beyond depends

on the degree to which global society limits

its greenhouse gas emissions. In its recently
completed Sixth Assessment Report (AR6), the
Intergovernmental Panel on Climate Change
(IPCC) provided projections of global mean sea-
level rise for five scenarios representing different
emissions pathways. The projections included here
focus on the three most plausible scenarios:

the rate of emissions doubles by the end of

I Increasing Emissions (SSP3-7.0), in which
the century.

only the present national commitments for

I Current Commitments (SSP2-4.5), in which
emission reductions are met.

reach net-zero during the second half of this

I Paris Agreement (SSP1-2.6), in which emissions
century and warming is kept below 2°C.

Use of sea-level rise projections under the Current
Commitments emissions scenario is recommended
as encompassing a realistic representation of the
what will be confronted over the 21 century.

The IPCC ARG6 produced a database of
probabilistic projections of relative sea-level rise
for tide-gauge locations around the world that

reflect differences caused by thermal expansion,
glacier and polar ice sheet melting, winds and
currents, and vertical land motion. These are
available online for seven locations in Maryland
and the District of Columbia. Considered together
with extrapolations of tide gauge and satellite
observations, these projections indicate that sea
level rise will likely be between 0.3 m (1 ft) and
0.5 m (1.6 ft) by 2050 (from a 2005 starting point).
Beyond the middle of the century, the pathway of
greenhouse gas emissions increasingly matters.
Under the Current Commitments scenario, the
best estimate of sea-level rise in 2100 is 0.8 m

(2.7 ft) and sea level will likely rise between 0.6 m
(2.0 ft) and 1.1 m (3.5 ft), barring unexpected
processes driving rapid ice-sheet melt. Even with
exceptionally rapid ice loss, it is very unlikely that
it would exceed 1.5 m (4.9 ft). These projections
are for mean sea level and do not include the
effects of high tides and storm surges which must
be factored into flooding risk assessments.

Probability levels associated with this sea-level
rise projection should be used as reference

points in planning for both the natural and built
environment. Median estimates of future sea level
are more appropriate for nature-based adaptation
such as marsh restoration and living shorelines.
Levels at the upper end of the likely range are
better reference points for investments in built
infrastructure that can be adapted to unforeseen
conditions. For infrastructure investments
providing essential community services with
more than an estimated 50-year lifespan, sea-level
projections with a low probability of exceedance
with additional ice loss should be considered as a
reference point. Such high-end estimates should
also be used as exploratory scenarios in the context
of flexible adaptation pathways.

Sea-Level Rise Projections for Maryland 2023



INTRODUCTION

The Charge

With its 3,190 miles of shoreline, extensive low-
lying coastal land, and productive estuarine
habitats, Maryland is particularly vulnerable to
multiple consequences of sea-level rise. These
include shoreline erosion, inundation, increased
storm surge flooding, inhibited drainage, saline
intrusion into surface and groundwaters and
soils, reduced agricultural yields, wetland loss and
migration, ghost forests, and changes in estuarine
ecosystems. From 1984 to 2020, 25,600 acres of
forests and 3,500 acres of farmland converted

to tidal marsh in Maryland.! An additional
146,000 acres of land conversion could occur
with 0.5 m (1.6 ft) of sea-level rise and 216,000
acres with 1 m (3.3 ft) of sea-level rise.? More than
100 communities in Maryland may be at risk of
chronic inundation from sea-level rise and storm
surges by the end of the century.’> Almost one-
third of those communities are socioeconomically
disadvantaged and have fewer resources to
mitigate risk, recover from storm damage, or
relocate—further exacerbating existing social and
economic inequalities.

How will Maryland’s extensive shorelines
and tidal wetlands—seen here on

Mills Island in Worcester County—
respond to sea-level rise?

Photo: Jane Thomas.

Recognizing this vulnerability, the Comprehensive
Assessment of Climate Change Impacts in Maryland,*
produced in 2008 under the auspices of the then
newly created Maryland Commission on Climate
Change, included projections of sea-level rise for
the region over the 21* century for consideration
in adapting to the changing conditions. The
Commission continues to take an integrated
approach by developing strategies that reduce

both the state’s greenhouse gas emissions and

its vulnerability to climate change.” The 2008
assessment recognized that the amount of sea-level
rise that would be confronted would depend on
whether global emissions continue to grow or are
substantially reduced over the course of the century.
Thus, it produced projections for two emissions-
determined scenarios based on the Fourth
Assessment Report (AR4) of the IPCC, published
in 2007. Even then, it was noted that sea-level rise
would be greater than the IPCC projected if there
were more rapid losses from polar ice sheets.

As the number of scientific publications on climate
change grew rapidly, the Scientific and Technical
Working Group of the Commission on Climate




Change produced the report Updating Maryland's
Sea-Level Rise Projections in 2013.¢ That report relied
heavily on a recent assessment of sea-level rise along
the U.S. West Coast conducted by the National
Research Council.” The next year, the Maryland
General Assembly passed the Coast Smart Council
Act and it was signed into law. The Council was
charged with adopting specific siting and design
criteria to address impacts of coastal flooding and
sea-level rise on future state-funded capital projects.

During its 2015 session, the Maryland General
Assembly codified the Maryland Commission

on Climate Change, which had initially been
created under an Executive Order. The Act
officially charged the Commission with advising
the Governor and General Assembly “on ways

to mitigate the causes of, prepare for, and adapt
to the consequences of climate change” It also
required each state agency to review its planning,
regulatory, and fiscal programs to identify and
recommend actions to more fully integrate the
consideration of Maryland’s greenhouse gas
reduction goal and the impacts of climate change,
including the consideration of sea-level rise and
flooding from storm surges. Another section

of the Act specifically requires the University

of Maryland Center for Environmental Science
(UMCES) to “establish science-based sea-level
rise projections for Maryland’s coastal areas and
update them at least every five years” and make
them publicly available.

In response to this mandate, UMCES released
Sea-Level Rise Projections for Maryland in

2018, five years after the 2013 update.® The

2018 projections relied heavily on the IPCC’s
Fifth Assessment Report (AR5) that was fully
completed in December 2014. The AR5 projections
had been reconciled with expert elicitation
through a structured survey to better estimate
ice-sheet contributions. The resulting 2018
projections for Maryland have been widely used
in planning within Maryland, and Guidance for
Using Maryland’s 2018 Sea Level Projections was
published by Department of Natural Resources
(DNR) and Maryland Sea Grant Extension in
2022.° The present report provides the mandated
update of the 2018 science-based projections.

In 2018, the Maryland General Assembly also
passed legislation requiring that the Department
of Planning develop a plan to adapt to saltwater
intrusion into surface water, aquifers, and soils,"
and that certain local governments develop plans
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The current document is the fourth in a series of reports including sea-level rise projections for Maryland.
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to address nuisance (high-tide) flooding." Both
saltwater intrusion and nuisance flooding will be
greatly affected by future sea-level rise.

New Developments

Much has transpired since the completion of

the IPCC’s AR5, on which the 2018 Maryland
projections were fundamentally based. The legally
binding Paris Climate Agreement came into force
in November 2016, with the goal of limiting global
warming to well below 2°C, preferably to 1.5°C.
In response, in 2018 the IPCC released the Special
Report on Global Warming of 1.5°C, which described
the dangerous consequences of not meeting the
Paris Agreement goals, including acceleration of
sea-level rise. The Special Report concluded that
reducing greenhouse gas emissions to net-zero
shortly after 2050 would be required to meet the
1.5°C goal."? The next year, the IPCC published a
Special Report on the Ocean and Cryosphere that
more deeply examined the connections between
the loss of ice and sea-level rise, and updated

the AR5 sea-level rise projections by including
new information on the dynamic polar ice sheet
contributions." Finally, the concluding Synthesis
Report of the IPCC AR6 was published in March

2023, with the physical science component that
provides new sea-level rise projections released in
August 2021."* That 2021 report considers emerging
science concerning not only ice sheets but also the
importance of regional differences in sea-level rise
as influenced by ice melting, ocean processes and
vertical land motion along the coast.

On the policy front, the Maryland General Assembly
enacted the Climate Solutions Now Act in 2022 that
upped the ante on the state’s previous commitments
to reduce greenhouse gas emissions from our state.
This new commitment is for a 60% reduction from
2005 base by 2030 and net-zero emissions by 2045.
Maryland’s Governor Wes Moore has committed to
taking steps to achieving these emissions reductions
and to “take immediate action to mitigate the effects
of sea level rise””” He pledged to “work with climate
scientists, local government officials, and leading
organizations to support projects like constructing
and replacing sea walls, creating bufters with natural
infrastructure, and piloting programs to inject water
underground to prevent land subsidence” He also
promised to ensure that development is planned with
resilience at the forefront and that the state focus on
relocation planning as the necessary tool for certain
communities facing the greatest risks. With this

The Ocean and Cryosphere
in a Changing Climate
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Three of the key reports published by the IPCC in the past five years.
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report, scientists show their continued commitment
to provide scientific understanding that will affect
decision-making over the next five years and onward.

Sea Level Continues to Rise Faster

Sea level is continuing to rise at faster rates both
globally and in Maryland. Since 1993, satellites
have measured rising sea-surface heights across
the world’s ocean, revealing global mean sea

level rising at a rate of over 3.3 mm/yr since

then. That rate is accelerating—it increased from
2.3 mm/yr over 1993-2002 to 4.7 mm/yr over
2013-2022." One recent analysis estimated that
mean sea level has been increasing by an average
of 4.5 mm/yr or more since 1975 at tide gauge
locations in Maryland’s portion of the Chesapeake
Bay (Figure 1)."” These rates are also accelerating.
Greater acceleration over periods of around a
decade can result from regional variations in ocean
climate, but the longer-term trend in sea-level

rise is largely a result of global warming."® The
challenge for this report is to robustly project the
trends into the more distant future as the climate
continues to change and global society struggles to
limit warming.

Producing this Report

This report was produced through a process
similar to that used in 2013 and 2018, as it proved
to be very effective and efficient. An Expert

Group was formed, consisting of 13 members

with particular experience in the Mid-Atlantic
region, nine of whom had contributed to the

2018 report. New members were added because

of changes in positions and to bring in fresh,
relevant perspectives. The Expert Group was
provided a preliminary working draft of the report,
developed under the direction of its Chair and
Co-Chairs in advance of a one-day work session
held on April 24, 2023. The draft was discussed
and substantially modified during the work session
and refined through subsequent discussion and
correspondence.

In previous reports, length units were provided in
U.S. customary units (i.e., inches and feet). Because
of the greater ease moving through scales when
discussing rates and lengths, metric units are used

here (i.e., millimeters, centimeters, and meters).
Where helpful, equivalent feet are provided in the
text and appendices.
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Figure 1. Variations and trends in monthly mean
sea level from 1975 through 2021 measured at four
Maryland tide gauges, showing the rates of sea level
rise (SLR) and its acceleration (ACC).Y
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SEA-LEVEL RISE PROJECTIONS FOR MARYLAND

Why Use Emissions-based Scenarios?

This update continues to rely primarily on
projected sea-level rise based on the IPCC
scenarios that are derived from future pathways
of global emissions of greenhouse gases. The
2023 projections rely on the latest probabilistic
projections developed for the IPCC AR6 and
published in 2021."* The 2018 Update used the
“K-14” probabilistic projections' that were
based on the 2014 AR5 as reconciled with
expert elicitation to better determine ice-sheet
contributions, some of which have now been
incorporated in the ARG projections.

There are several reasons for relying on the

IPCC scenario-specific projections. First, these
projections carry the authority of global scientific
consensus based on the published literature and
the extensive modeling and statistical analyses
used in AR6. Second, these projections are driven
by the resulting concentrations of greenhouse
gases in the atmosphere that we now know with
great certainty affect atmospheric and ocean

temperatures. Warming temperatures in turn
affect the dominant processes affecting sea-level
change—the accumulation of heat in the oceans
and the melting of land-based ice masses. Third,
tying projected changes in climate and sea-level
directly to emission pathways allows policy-
makers, decision-makers, and the general public
to link efforts to limit climate change by reducing
emissions to actions needed to adapt to these
changes. Another way to put this is that using
emission scenarios assists society in avoiding the
unmanageable, while managing the unavoidable.?

This report responds to the mandate to “establish
science-based sea-level rise projections for Maryland’s
coastal areas.” Sea-level projections are quantitative
estimates of the likelihood of different amounts of

sea-level rise over time, typically conditional upon
assumptions about emissions. In contrast, sea-level
scenarios are quantitative values or trajectories of
sea level intended as reference points for decision-
making.*' The U.S. Sea Level Rise and Coastal Flood
Hazard Scenarios and Tools Interagency Task Force
recently updated its Interagency Scenarios that are
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now linked to the same models as the IPCC AR6
projections.” Fundamentally, these scenarios are
based on certain levels of global mean sea level in
2100 (i.e., 2.0 m, 1.5 m, 1.0 m, or 0.5 m) rather than
driven by warming determined from greenhouse
gas emission pathways. The AR6-based projections
for Maryland will be compared with the Interagency
Scenarios for interoperability.

Five emission-pathway scenarios were used in ARG,
as depicted in Figure 2. These scenarios are termed

Shared Socioeconomic Pathways (SSP), as opposed
to the Representative Concentration Pathways

(RCP) used in AR5. Like the RCPs, the SSPs include
a suffix that indicates the radiative forcing realized at
the end of the century, so SSP5-8.5 can be compared
with RCP8.5, although the assumptions and
projections are not exactly equivalent.”

The Paris Agreement’s defining goal is to limit the
increase of global mean temperature to well below
2°C above the pre-industrial level, preferably to
1.5°C. Emissions pathways needed to avoid those
thresholds are included as the SSP1-2.6 (low)

and SSP1-1.9 (very low) scenarios, respectively
(Table 1). Under the low scenario, emissions reach
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Figure 2. Median pathways of global emissions of carbon dioxide under the five IPCC AR6 scenarios and the best
estimates and very likely (90% probable) ranges for increases in global mean temperature over pre-industrial

levels that would result from each scenario by 2080-2100.

Table 1. IPCC AR6 emission pathway scenarios with means and very likely ranges of projected global temperature

increase above the pre-industrial level in 2100.

Emissions pathway

Global temperature

Emissions IPCC descriptor Descriptor used in this report
Scenario

SSP5-8.5 very high

SSP3-7.0 high Increasing Emissions
SSP2-4.5 intermediate Current Commitments
SPP1-2.6 low Paris Agreement (2°C)
SSP1-1.9 very low

increase by 2100
4.4°C (3.3-5.7°C)
3.6°C (2.8-4.6°C)
2.7°C (2.1-3.5°C)
1.8°C (1.3-2.4°C
1.4°C (1.0-1.8°C

double by 2050
double by 2100
decline after 2050
net zero about 2080
net zero about 2050

)
)
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net-zero abound 2080. In the very low scenario,
emissions reach net-zero shortly after 2050.

Both pathways also assume accelerated carbon
dioxide removal to then produce net-negative
emissions. ARG retained the very high emissions
scenario SSP5-8.5 for continuity with AR5 and

to encompass dramatic changes that might result
from intensifying feedbacks not included in the
climate models. This scenario assumes a rapid
growth in fossil fuel combustion through most of
the century, with emissions doubling by 2050. This
is not very plausible given the level of expansion of
fossil fuel resources that would be required, much
less the existing national commitments and pledges
to reduce emissions. Thus, the IPCC employed a
new high emissions scenario, SSP3-7.0, with global
society doubling its emissions by the end of this
century rather than by 2050.

Society and its governments are clearly struggling
to meet the Paris Agreement goals. Earth’s
temperature is on the verge of exceeding 1.5°C

of warming within a decade and substantial
reductions in greenhouse gas emissions must be
achieved in the next few decades to keep warming
below 2°C.** However, many forecasters of future
greenhouse gas emissions conclude that, while
current stated national polices and even pledges
to reduce emissions are insufficient to limit
warming to 2°C, they would result in emissions
pathways through 2050 generally similar to the
intermediate SSP2-4.5.” Under such a weak-action
pathway, emissions would cease to grow sometime
during the next two decades and would then
slowly decline but fail to reach net-zero during
this century (Figure 2). While policies are not
currently in place to achieve this post-2050 decline
tully, SSP2-4.5 represents a plausible projection

of outcomes of the level of ambition represented
in currently adopted policies. According to the
IPCC’s best estimate, this scenario would result

in 2.7°C of warming and there would be many
devastating consequences of exceeding the

2°C threshold. Based on this perspective, the
intermediate SSP2-4.5—termed in this report the
Current Commitments scenario—is a plausible yet
moderately cautious assumption on which to base
Maryland’s primary sea-level rise projections for
the 21* century (Table 1). That outlook should,

Sea-Level Rise Projections for Maryland 2023

of course, be revisited in subsequent updates of
projections for Maryland in light of both observed
global emissions trends and emerging science.

Sea-level projections based on the high SSP3-

7.0 emissions pathway should also be kept in
mind in case nations fail to meet their current
commitments to reduce greenhouse gas emissions.
In the same vein, projections under the low
SSP1-2.6 scenario depict the benefits of reducing
emissions enough to keep warming under 2°C.
For these reasons, this report also provides sea-
level rise projections under these two emissions
pathways, termed Increasing Emissions and Paris
Agreement scenarios, respectively (Table 1).

Projections for Mean Sea Level

The AR6 used a model synthesis approach that
produced probabilistic projections of sea-level
changes based on the warming projected under
each emissions scenario.' The synthesis involved
estimation of contributions from individual
components of sea-level change, including the
contributions of loss of ice mass in glaciers and
the Greenland and Antarctic ice sheets, changes
in surface and groundwater storage on land, and
expansion of ocean volume due to increased

heat content and dynamic processes, such as
ocean currents and winds that cause variations
in sea-surface height within the oceans. The

ARG produced projections for each of the five
emissions scenarios that were based on several
separate probability distributions of global mean
sea level using different ways of estimating losses
from Antarctic and Greenland ice sheets about
which there was at least medium confidence. These
distributions were combined in probability boxes,
or p-boxes, to produce the reported medians

and likely (at least 66% probability) ranges. In
addition, the AR6 produced projections that
considered processes of ice sheet instabilities that
are ambiguous in that researchers cannot agree
upon the rate and magnitude of their potential
contributions.” Limited by the availability of
published models, the IPCC authors developed
these low confidence or LC projections only for
the low SSP1-2.6 and very high SSP5-8.5 emissions
scenarios. They indicated that sea-level rise at the
upper end of the 66% probability range for the




very high emissions projection “cannot be ruled
out under higher emissions.” As described later, the
Expert Group used its judgement to estimate what
such a low probability of exceedance with additional
ice loss level would be for Maryland over a century
under the intermediate Current Commitments
scenario.

While the AR6 focused attention on changes in
global mean sea level, the ocean models estimated
the net effects of these various contributions

on regional sea levels throughout the world’s
oceans. The National Aeronautics and Space
Administration (NASA) provides an online Sea
Level Projection Tool* that includes site-specific
projections of relative sea-level change (including
the local effects of vertical land motion) based on
the AR6-derived database” for tide-gauge sites
around the world. The tool provides breakdowns
for sterodynamic sea level (expansion of ocean
volume due to heat and salinity changes plus

the effects of winds and ocean currents) and the

3.0

2.5

contributions of glaciers, the Greenland and
Antarctic ice sheets, changes in storage of water on
land, and vertical land motion (VLM).

The probabilistic projections presented in this
report were obtained directly from the NASA tool
and users may directly access it for information for
specific tidal-gauge locations.” Figure 3 provides
median projections of relative sea-level rise at
Baltimore for each of the five emissions scenarios,
including the two LC projections that incorporate
the potential for additional, but more ambiguous,
contributions from polar ice-sheet losses. These
projections demonstrate the effect on sea level
over the next roughly 125 years of the warming
associated with these greenhouse gas emissions
pathways.

The projected changes are relative to a baseline of
the 1995-2014 average (i.e., circa 2005) used in
ARG, as opposed to the 2000 baseline previously
used in the 2018 Update. There is a 0.02 m (0.8 in)
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Figure 3. Median projections for sea-level rise at Baltimore under emissions scenarios included in the IPCC ARG6.
Projections labeled “LC” also include estimates of additional polar ice sheet losses that AR6 regarded with low

confidence. Source: NASA Sea Level Projection Tool.
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difference using the earlier baseline. The projected
median sea-level rise from 2005 to 2020 is 0.10 m
(0.33 ft) for all of the emissions scenarios if one
wishes to consider rise above present sea levels.®

As also noted for both the 2018 Maryland
projections and the 2022 Interagency Scenarios,
there are relatively minor differences in median
sea-level projections among the various scenarios
of only about 0.05 m (2 in) by 2050, after which
the projections diverge markedly because of faster
ocean warming and ice mass loss under higher
emissions. By 2150, the median sea-level rise
under the very high emissions scenario is nearly
twice that for the very low emissions scenario. Not
surprisingly, the intermediate SSP2.4.5 scenario
falls about mid-way between the two scenarios
with unabated growth in emissions and the

two scenarios in which emissions are reduced

to achieve Paris Agreement goals. While global
temperature would stabilize and then begin to
slowly decline before the end of the 21* century
under the two Agreement-compliant scenarios,

sea level would continue to rise into the future for
centuries to millennia, even if the temperature
increase is kept to 1.5°C. This is because of the
excess heat that will have been stored deep into
the oceans and the continued melting of glaciers
and ice sheets underway that respond slowly

to atmospheric and oceanic changes. Society

must take a long view as we adapt to sea-level

rise over many decades into the future while

also implementing aggressive steps now to limit
warming. The degree to which global society
eliminates net greenhouse gas emissions over the
next few decades will be the major determinant of
the sea levels it will confront toward the end of this
century and for centuries into the future.

The AR6-based sea-level change projections
provided in the NASA Sea Level Projection Tool
include the 5%, 17, 50™, 83, and 95™ percentile
estimates from the p-box distributions for each
of the emissions scenario projections. Quantiles
for projected relative sea-level rise at Baltimore in
2100 are depicted in Figure 4 for each of the five
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Figure 4. P-box probabilities for projected sea-level rise at Baltimore in 2100 under the IPCC AR6 emissions
scenarios. Bars represent likely (17""-83" percentile) ranges, vertical lines the 5"-95% percentile ranges, and
white crossbars the medians. Sea-level rise is from a 1995-2015 baseline.
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emissions scenarios. Similar estimates can be made  skewed, with its tail extending to higher rates of

for other time intervals up to 2150 using the NASA  sea-level rise. This only has a substantial effect after

Sea Level Projection Tool. about 2070 under the very high emissions scenario,
with little influence on the projections under the

In their evaluation of global mean sea-level rise, low emissions scenario (Figure 2)

the ARG sea-level chapter authors judged the

1783 percentile range to represent the likely Selecting SSP2-4.5 as the most plausible emissions
range of contributions from processes whose pathway through this century if only the Current
projections they viewed to be characterized by Commitments to reduce greenhouse gas emission
at least medium confidence. Considering only were achieved, the best estimate (median) of

these processes, they assessed that sea-level rise relative sea-level rise projected for Baltimore by
has at least a 66% chance to be within this range 2100 is 0.82 m, with a medium-confidence likely
under the given emissions scenario. The authors range of 0.62-1.08 m (Figure 5). By comparing
had less confidence in assessing likelihood of projections among these three scenarios, one can
potential contributions outside this range because see the consequences for sea level of achieving the
of the potential for ambiguous rapid ice-sheet Paris Agreement < 2°C warming goal or Increasing
losses.” Considering the potential additional Emissions, in which the emission rate is doubled
contribution of these more ambiguous processesin  during the present century. As will be explored
the LC projections for the SSP5-8.5 and SSP2-4.5 later, those differences increase dramatically into

scenarios, the p-box distribution is more positively ~ the 22" century. The quantiles for sea-level rise at
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with additional ice loss ~1.5m
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5% chance based on medium N
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Figure 5. P-box probabilities for projected sea-level rise at Baltimore in 2100 under the three most plausible
emissions pathways. Bars represent likely (17""-83" percentile) ranges, vertical lines the 5"-95% percentile
ranges, and white crossbars the medians.
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Baltimore under all three emissions scenarios are
provided in tabular form in Appendix 1 and for
the Current Commitments emissions scenario at all
Maryland tide-gauge sites in Appendix 2.

Quantile estimates have been used in numerous
regional assessments as reference points to inform
decisions involving varying degrees of risk-
tolerance.” Where there is higher risk tolerance
(e.g., planning for investments that can be adapted
to unforeseen conditions), users may prefer to

use the likely range. For example, if one were
managing or restoring an aggrading marsh or
creating a living shoreline, one might prefer to
plan for sea-level rise encompassing the median
projection. On the other hand, where there is lower
risk tolerance, levels above the likely range using
methods characterized by lower confidence would
be more appropriate.” The sea-level projections for
Maryland published in 2018° referred to the 95™
quantile as a possible reference point for planning

critical investments with little risk tolerance.
This was included in the subsequent guidance
document.’

The challenge in using the 95" percentile for
relatively risk-intolerant decisions is that the
IPCC ARG authors did not regard it as delimiting
the extent of the very likely range because the
projections do not take into account polar ice
sheet processes that are poorly quantified or for
which there is low agreement among experts
concerning their timing. AR6 notes that “higher
amounts of GMSL [global mean sea level] rise
before 2100 could be caused by earlier-than-
projected disintegration of marine ice shelves,

the abrupt, widespread onset of marine ice sheet
instability (MISI) and marine ice cliff instability
(MICI) around Antarctica, and faster-than-
projected changes in the surface mass balance and
dynamical ice loss from Greenland.”** Inclusion
of these low confidence processes have very minor

Increased marine ice sheet instability in Antarctica could result in
faster sea-level rise. Photo: © foto4440 - stock.adobe.com.




effects on projections for the low emissions
scenario into the next century, but substantially
skew the p-box distributions under the very

high SSP5-8.5 emissions scenario (Figure 4). To
manage this dilemma, AR6 authors recommended
a communication approach that presents the
ambiguity of sea-level projections without
overwhelming the projections of those process on
which there is a reasonable agreement." This is the
approach taken here.

Because comparable LC outputs could not be
provided in ARG for the more plausible RCP2-4.5
and SSP3-7.0 scenarios, the Expert Group used
an interpolation approach to estimate plausible
projections for these intermediary scenarios. The
practice of interpolating between end-member
scenarios has been previously used for sea-level

rise projections for New Jersey and should be taken
as indicative rather than precise.” For purposes

of interpolation, it is assumed the LC projections
scale similarly to the projections based on
processes with at least medium confidence that do
exist for all scenarios. The Expert Group estimated
low probability of exceedance with additional ice loss
levels, falling between the 83 and 95" percentile
for the interpolated LC projections. In the group’s
expert judgement, sea-level rise is very unlikely to
exceed these levels, even considering the potential
contribution from rapid ice-sheet loss processes.
These levels do not begin to appreciably exceed the
95 percentile for the Current Commitments (SSP2-
4.5) scenario until after 2070. Table 2 summarizes
this estimate and other quantiles that could be
used as reference points in applications involving
various levels of risk tolerance under this scenario.

Table 2. Relative sea-level rise projections for Baltimore for potential use in guidance for applications and risks,
based on Current Commitments scenario (SSP2-4.5) from the 2005 (1995-2014 average) baseline. Ranges of
extrapolations of observation medians are based on four different sources (see text).

Sea-levelrise

2040 2050 2060

2070 2080 2090

probability
Likely to exceed 0.19 0.27 0.35 0.43 0.51 0.57 0.62 0.65 0.72
(17" percentile)
Best estimate 0.27 0.36 0.45 0.55 0.64 0.72 0.82 0.90 1.00
»n | (median)
[a 4
w | Unlikely to exceed 0.36 0.46 0.57 0.69 0.81 0.93 1.08 1.23 1.65
| (83" percentile)
= | Low probability of 0.4 0.5 0.7 0.9 1.1 1.3 1.5 1.8 2.1
exceedance with
additional ice loss
Extrapolations 0.25-0.30 0.34-0.45 — — — — — — —
Likely to exceed 0.6 0.9 1.1 1.5 1.7 1.9 2.0 2.1 2.4
(17 percentile)
Best estimate 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0 3.3
(median)
: Unlikely to exceed 1.2 1.5 1.9 2.3 2.7 3.1 3.5 4.0 4.5
'] (83" percentile)
Low probability of 1.3 1.6 2.3 3.0 3.6 4.3 4.9 5.9 6.9
exceedance with
additional ice loss
Extrapolations 0.8-1.0 1.1-15 — — — — — — —
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Extrapolating from Recent Trends

In recent decades, the U.S. Atlantic coast has
been experiencing anomalously high rates of
sea-level rise as evidenced both in tide-gauge
records and in satellite measurements of sea-
surface height.’® This has apparently been
caused by climatic variations in the ocean
environment in addition to regional patterns of
ocean warming.'® The sea-level rise projections
presented by the IPCC represent smooth
trajectories into the future upon which episodes
of seasonal to decadal variability can occur.
Thus, it is particularly pertinent to consider
extrapolations from the observational record as
well as projections based on emissions-based
warming for decisions on shorter time scales,
i.e., through 2050. Beyond then, the effects of
emissions pathways and associated warming are
expected to become more important.

Statistical curvilinear (quadratic) extrapolations
from the observed tide-gauge record have been
computed for the the National Oceanic and
Atmospheric Administration (NOAA) gauges at
Baltimore, Annapolis, Solomons, and Cambridge
based on data from 1970 to 2022;3! at Baltimore,
Annapolis and Solomons based on 1975 to
2021; and at Baltimore from 1969 to 2022.%
Similar extrapolations have been made from
satellite altimetry observations along the north-
east coast from 1993 to 2020.° The median
tide-gauge extrapolations for Baltimore were
somewhat lower than the extrapolated regional
sea-level rise (from 2005 to 2050) derived from
altimetry. This could be due to heterogeneity
within the north-east region or to the longer
period over which gauge-based trends were
computed. In any case, the medians for all four
extrapolations fall within the likely range of the
emissions-driven projections for 2040 and 2050
(Table 2). It should be kept in mind that there
may be periods of a decade or more during
which sea level will rise near the upper or lower
end of the likely range of the scenario-based
projections due to natural variability."® This
variability can substantially affect the frequency
of flooding.

Sea-Level Rise Projections for Maryland 2023

Faster than the Global Average

The world’s oceans are not exactly level —sea-
surface height varies around the world because of
gravitational influences, ocean temperature and
salinity differences, and currents and winds. As a
result of these factors, sea-level rise in Maryland
has been and will continue to be greater than the
global average. Beyond the effects of negative
vertical land motion (VLM) due to regional
geological processes, sea-level rise at Baltimore
is projected to be about 17% greater than for
global mean sea-level rise in 2100 under the
Current Commitments emissions pathway
(Figure 6). This difference is largely due to ocean
dynamic processes associated with circulation in
the North Atlantic Ocean and the Gulf Stream
off the Mid-Atlantic coast. Also, the loss of

mass from the Antarctic ice sheet weakens its
gravitational attraction on adjacent ocean waters
and affects Earth’s rotation and shape, meaning
it contributes more to sea-level rise in far-away
Maryland than for the oceans as a whole. On

the other hand, an equivalent loss from the
Greenland ice sheet has disproportionately less of
an effect, because it is closer.
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Figure 6. Projected contributions to sea-level rise not
attributable to vertical land motion for Baltimore in
2100, compared to global mean sea-level rise for the
IPCC SSP2-4.5 scenario (median estimates).




Comparison with the 2018 Projections

The projections provided in 2018 relied on the
“K-14” probability distributions under three IPCC
ARS5 emissions scenarios: RCP8.5, RCP4.5, and
RCP2.6. The SSP scenarios used in ARG differ
somewhat in their assumptions and drivers but

it is still instructive to compare the sea-level rise
projections made in 2018 with those provided
here under the equivalent radiative forcing
suffixes (i.e., 8.5, 4.5, and 2.6). Recall that the

2018 projections are from a year-2000 baseline
and those for 2023 are from 2005, creating about
2 0.02 m (1 in) difference. Figure 7 compares the
sea-level rise probability distributions in 2100 for
the comparable AR6 SSP emissions scenarios with
the medians and likely (17"-83™ percentile) and
5%h-95% percentile ranges provided in 2018. The
medians and likely ranges for the 2023 projections
are higher. However, the high-end, 95"-percentile
estimates are more comparable. The low-end,
5%-percentile estimates in the 2023 projections are
considerably higher than in the 2018 projections.
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Tide gauge in Cambridge. Photo: NOAA.
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Figure 7. Comparison of 2023 sea-level rise “medium confidence” projections for 2100 at Baltimore with those
included in 2018 Update from the 2005 (1995-2014 average) baseline. Bars represent likely (17"-83™ percentile)
ranges, vertical lines the 5"-95%" percentile ranges, and white crossbars the medians.
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A small part of the differences in the projections

is attributable to slightly higher VLM assumed in
the projections for 2023, consistent in both AR6
projections and Interagency scenarios. However, the
primary difference is due to higher contributions
from melting of Antarctic ice sheets included in

the 2023 projection (Figure 8). Improved scientific
understanding altered the IPCC’s projections and
such adjustments—up or down—will certainly

be made in future assessments. Going forward, it
will be particularly important to take into account
assessments informed by emerging science on the
loss of ice from polar ice sheets, particularly in
Antarctica. New understanding is also emerging

on the sterodynamic processes (expansion of ocean
volume and the effects of winds and currents)
affecting regional patterns of sea-level rise along the
coasts. These patterns may be influenced by climatic
cycles affecting ocean dynamics and winds, as well
as by trends in global warming.
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Figure 8. Comparison between the 2018 Update and
2023 Update of the contributions to relative sea-level
rise at Baltimore in 2100, under the SSP2-4.5 scenario
from the 2005 (1995-2014 average) baseline (median
estimates).
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Referencing the Interagency Sea-
Level Rise Scenarios

For the reasons discussed earlier, the projections
are provided in the context of emissions
pathways, consistent with the IPCC ARG6. For
users who employ the federal Interagency Task
Force’s sea-level rise scenarios, comparisons
between the two approaches for Maryland’s

coasts are summarized in Figure 9. Using 2100

as a snapshot, sea-level rise at Baltimore as

low as under the Interagency Low scenario

is only within the likely range under an

emissions pathway that would achieve the Paris
Agreement’s 1.5°C goal. Sea-level rise assuming
the Intermediate-Low scenario is less than the
median for the Current Commitments pathway of
emissions (SSP2-4.5) and above the median under
the Paris Agreement pathway (SSP1-2.6). Sea-level
rise as high as assumed under the Interagency
Intermediate scenario is higher than that likely
under the Current Commitments projection, but

less than its 95" quantile. It is within the likely
range of projections under Increasing Emissions
(SSP3-7.0). It approximates the median of the
projections including additional rapid ice sheet
losses under the very high emissions scenario
(SSP5-8.5LC). The sea-level rise under the
Intermediate-High scenario is substantially less
than 5% likely under any of the most plausible,
middle three IPCC emissions scenarios, but is
comparable to the low probability of exceedance
with additional ice loss level of 1.5 m (4.9 ft)
estimated in Table 2 for the Current Commitments
emissions scenario.

Variations within the Region

To this point, all projections presented are for
Baltimore, the site of the state’s longest tide-

gauge record and the point of reference used

in the 2018 projections. Sea-level rise relative

to the adjacent land varies within Maryland, as
reflected in the projections at the seven tide-gauge
locations included in NASA's IPCC-ARG6 Sea Level
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Figure 9. Relative sea-level rise at Baltimore from 2005 to 2100 based on the five Interagency Scenarios

compared to the IPCC ARG6 projections.
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Projection Tool as presented in Appendix 2 for
the Current Commitments scenario. At least in
these projections, the differences between sea-
level rise at these locations and Baltimore are due
entirely to differences in the rate at which the

land is subsiding, resulting in negative VLM. The
sterodynamic and ice loss contributions to sea-
level rise are estimated by the tool to be essentially
the same for all locations within this small part of
the world ocean.

Baltimore, Washington, D.C., and Tolchester
Beach are undergoing very similar VLM as
estimated by NOAA from tide-gauge records
(Figure 10).* Lower down the Bay, VLM is more
negative, with Annapolis (Naval Academy) and
Cambridge subsiding faster than Baltimore.
Solomons Island (Chesapeake Biological
Laboratory) and Ocean City experience slightly
more VLM. VLM throughout the Chesapeake
Bay region is predominantly the result of glacial
isostatic adjustment caused by rebounding
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Figure 10. Vertical land motion (mm/yr) estimated by
NOAA from tide-gauge records in Chesapeake Bay and
adjacent Atlantic coast.
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of the land mass to the north that was once
burdened by massive ice-age glaciers. Maryland
is well south of the glaciated area, so the land

is moving downward in compensation for the
rebound in the north.** More negative VLM
could be caused by groundwater withdrawals
in Southern Maryland and the Eastern Shore,
where aquifer levels have been declining.”
VLM at Norfolk (Sewells Point) is nearly 70%
faster that at Baltimore, largely because of
substantial groundwater abstraction in south-
eastern Virginia.’* Over the course of a century,
this would result in almost 0.12 m (nearly 5 in)
greater relative sea-level rise in Norfolk than in
Baltimore.

VLM rates can vary over relatively small scales
as a result of groundwater withdrawals and

local geotechnical processes. For example,

VLM varied from about -1 mm/yr to -5 mm/
yr in the Chesapeake Bay region as measured
using satellite-borne synthetic aperture radar.”
Locally higher rates are found in the Hampton
Roads area near the mouth of the Bay.*®
Subsidence rates can vary over time, introducing
additional uncertainty in projections of VLM
over decadal timescales. Where subsidence has
been increased as a result of large withdrawals,
potential remediation includes reducing the

rate of groundwater abstractions or, as is being
done in Hampton Roads, the injection of treated
wastewater into the underlying aquifer.

Sea Level in the Longer-Term

Sea-level rise into the 22" century and beyond
will greatly depend on the nature, rates, and
timing of polar ice losses, particularly those in
Antarctica. Through its periodic assessments,
the IPCC has been able to incorporate more
of the processes involved in its sea-level rise
projections and, in ARG, also estimated the
ramifications of faster loss of polar ice than
scientists are presently able to model with
confidence.’”” Nonetheless, there will always
remain uncertainties and ambiguities that
should not be ignored.

The two ARG sea-level rise projections that
incorporate low confidence ice sheet losses help




one envision the range of sea-level rise that
Maryland may have to confront by the middle of
the next century (Figure 11). They represent the
very high emissions scenario that would likely
produce more than 4°C of warming by 2100, and
the low scenario that would achieve the < 2°C
warming goal of the Paris Climate Agreement.
Under the very high scenario median sea-level
rise would grow to 2.4 m (7.9 ft) by 2050 because
of the substantially greater contributions from
Antarctica, with the 83 percentile reaching

5.6 m (18.4 ft) because of the considerable
uncertainties in the rate of ice loss. Under the
Paris Agreement scenario, there are only small
differences between this projection and the

one that considered only medium confidence
processes, mainly due to modestly greater
contributions from Greenland. The projection
median would barely reach 1 m (3.3 ft) and the
83" percentile 1.5 m (4.9 ft) by 2050.

Relative sea-level rise (m)
w

The dramatic divergence under the two scenarios
underscores the importance of reducing global
greenhouse gas emissions over the next 30-40
years in order to avoid greatly accelerating,
potentially multi-meter sea-level rise by the
middle of the next century. Scientists are
learning more all the time as the climate warms
and processes in the cryosphere are observed.
However, there is presently a consensus that

if the global temperature warms by over 3°C,
sea-level rise of multiple meters would result

in the coming centuries. Uncertainties and
disagreements concern only the timing of this
onset and its rate of acceleration. It is more a
matter of “when” rather than “if” On the other
hand, if the increase in global temperature can be
stabilized closer to the < 2°C Paris goal, Antarctic
ice loss could continue at a pace similar to today
into the next century.*

———
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Figure 11. Sea-level rise projections for Baltimore under very high and low emissions scenarios that incorporate
low confidence polar ice sheet losses; medians and likely range (17"-83' percentile) shown.
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SEA-LEVEL RISE AND FLOODING

While the primary objective of this report is to
provide projections of relative sea-level rise in
Maryland decades into the future, tidal waters
fluctuate substantially around the mean level over
hours to weeks as a result of semi-diurnal tides,
lunar cycles that accentuate or minimize the tidal
range, freshwater discharges, and winds that drive
water into or out of bays and estuaries. Major
storms, including hurricanes, tropical storms, and
noreasters, can result in even more substantial
storm surges. It is the resulting extreme water
levels that define the risks to humans and the built
environment rather than the increase in mean
sea-level itself. To some extent this also pertains to
agricultural and natural systems such as marshes
and forests.

Sea-level rise resulting from global warming will
affect both high and low tide levels and storm
surges by not only increasing the mean sea level
but also by altering the characteristics of tidal
waves and storm surges. Projections of the extent
and frequency of flooding are beyond the scope of
this report, but this is a subject of active research
and modelling. The general effects of longer-

term sea-level rise on flooding are discussed in
this section.

Tidal Range

Maryland’s coasts experience semi-diurnal tides,
with high tides and low tides approximately twice
a day. The range of the two tides is unequal and
changes with the lunar cycle. The tidal range at

a specific place is considered to be the difference
between the mean lower low water (MLLW) and
mean higher high water (MHHW), averaged over
many years. The tidal range varies considerably
within Maryland and Chesapeake Bay (Figure 12).
It exceeds 1 m (3.3 ft) along the Mid-Atlantic coast
(1.2 m [3.9 ft] at Ocean City) but is attenuated

as tidal waves propagate into Chesapeake Bay.
However, the range again increases as tidal

waves become constricted by diminishing cross-
sectional area and are reflected back from the
upper terminus of the estuary. This is evident from
Baltimore into the upper Bay and in the upper

Sea-Level Rise Projections for Maryland 2023
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Figure 12. Long-term tidal ranges (in meters) at
gauging stations.

Potomac River estuary. Consequently, the tidal
range at Washington D.C. (1.0 m [3.3 ft]) is nearly
twice that at Baltimore (0.5 m [1.6 ft]). The tidal
range is also somewhat greater on the eastern side
of the Bay as water piles up due to the rotation of
the earth.

Tides in estuaries are changing worldwide due
to sea-level rise, navigation channel dredging,
shoreline hardening, and other anthropogenic
actions.” The mean tidal range has decreased

at Norfolk and Washington, D.C., but increased
at upper Bay locations such as Annapolis and
Baltimore,* as the amplitude of the major semi-
diurnal tide has been decreasing in the lower
portion of the Bay but increasingly slightly

in the upper portion.* This is consistent with
expectations as water levels and volumes increase
within a progressively narrowing estuary.




The responses of tidal amplitude to future sea-
level rise will also depend on the degree to which
shorelines are protected by bulkheads, rip-rap,
and other shoreline armoring. If sea level were

to rise by 0.3-0.5 m, between 1,200 and 1,400
km? of land could become inundated at high
tide, increasing the effective surface area of
Chesapeake Bay by over 10%.* In that case, the
tidal range would actually decline.* If, on the
other hand, shorelines were extensively armored
or flood defenses put in place, the higher tides
would be prevented from flooding low-lying areas
and the tidal amplitude would increase. This is
an additional impact to consider in designing
and permitting shoreline management and flood
mitigation actions as Maryland adapts to sea-
level rise.

Storm Surges

Maryland is vulnerable to storm surges generated
by tropical storms and hurricanes. For storms
moving north-east just off the coast, such as
Hurricanes Irene (2011) and Floyd (1999), north-
east to northerly winds can cause dangerous storm
surges along the state’s ocean coast, while sea
level may actually drop in the upper Chesapeake
Bay,* creating a different kind of hazard for boats
docking in harbors. For storms making landfall
and moving inland, such as Hurricanes Isabel
(2003) and Sandy (2012), however, south-easterly
to easterly winds drive water into Chesapeake
Bay. Isabel created more than 2 m of flooding in
Washington, D.C., Baltimore, and Annapolis.*’
Sandy drove water against the Bay’s eastern
shore, resulting in more than 1.5 m of flooding at
Crisfield. Extratropical cyclones (noreasters) can
also cause storm surge flooding approaching that
of hurricanes.*®

How will storm surges be affected by climate
change and sea-level rise? There is scientific
consensus that global warming has increased

the severity of tropical storms and the amount

of associated rainfall.* There is also medium-to-
high consensus that both of these will increase
with 2°C of warming.*” One recent analysis found
that the frequency of Atlantic hurricanes has also
increased over time, due mainly to regional rather
than global climate change.”' Aside from the issues

of increased storm intensity and severity, sea-

level rise will multiply the damages and threats

to human life from storm surges that ride above
the higher waters. For example, the storm surge
from Hurricane Isabel inundated about 2.2 km?

of Baltimore, causing $29 million in damages.
Assuming sea level rose roughly similar to the
Current Commitments (SSP2-4.5) projections,
surge from a storm with a similar track would
inundate 5.1 km? in 2050 and 9.2 km? in 2100,
causing damages of $100 million and $150 million,
respectively (in 2003 dollars).”> The combined
effects of climate change on sea-level rise and
tropical storm intensity will greatly increase
flooding frequency along the U.S. Atlantic and
Gulf coasts, with a once in 100-year flood level
experienced at least once in a decade by the end of
this century.”

Nuisance Flooding

Long-term tide-gauge records—and, more
recently, satellite altimeter measurements—

show unequivocally that sea-level is rising at an
unprecedented rate. However, daily or weekly
variations in tidal water levels make it difficult for
the casual observer to perceive this. One change
that is apparent to people who live in or frequent
low-lying areas is the increased frequency of
nuisance flooding sufficient to cause a public
inconvenience, such as the closure of roads or
water in buildings. In Maryland, these flooding
events typically occur when southerly winds drive
water up the Chesapeake Bay or when north-east
winds raise water levels along the Atlantic coast,
particularly if this coincides with high tides. Such
nuisance flooding events, sometimes called “high
tide” flooding, are increasing in frequency around
the United States as sea level rises. As mentioned
earlier, Maryland state law requires local
governments in its coastal zone to develop plans to
address tidal nuisance flooding risks.

Tidal flooding events can be characterized

as minor (which are more disruptive than
damaging), moderate (damaging), or major
(destructive). Threshold elevations for these
three categories have been set by the National
Weather Service (NWS) for specific coastal
locations based on assessments of impacts and
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by NOAA’s National Ocean Service (NOS) based are used by the Federal Emergency Management
on nationally consistent analysis of tide gauge Agency (FEMA) National Risk Index for
observations.* Many local communities are coastal flooding.

more familiar with the location-specific NWS
thresholds. Communities not near a NOAA tide
gauge can establish their own thresholds based
on observations of flood impacts. For Maryland, e -
the NOAA NOS thresholds equate to 0.52 m assessments an.d planning.” These probabilities
(1.7 ft), 0.82 m (2.7 ft), and 1.19 m (3.9 ft) above are computed from tide gauge records and then
current MHHW), respectively. These thresholds, can be coupled with sea-.level rise projections
along with NOS’s regional frequency analysis, to assess future changes in the frequency of

In 2022, the Interagency Task Force introduced
a new set of extreme water-level probabilities
to support sea-level rise and flood-exposure

¢ ¥

ngh-tlde floodmg in Cambrldge (top) and after the water
had receded (bottom) Photos Jane Thomas




minor, moderate, and major flooding events

under each of the Interagency scenarios. Table 3
illustrates the increased frequency of flooding
events in Maryland in 2050 under the Interagency
Intermediate scenario, with relative sea-level rise of
0.39 m from 2005.

Table 3. Changes in the frequency of minor,
moderate, and major flooding under the Interagency
Intermediate sea-level rise scenario (0.39 m above
2005 level); Maryland state average, using National
Ocean Service mathematical flood heights.

Flooding Elevation 2020 2050

threshold above MHHW

Minor 0.52m 2-5events 50 events per
per year year

Moderate 0.82m 20-30% 5 events per
annual year
chance

Major 1.19m 2-5% annual  20-30%
chance annual

chance

Taking this a step further, NASA and NOAA
investigators incorporated the effects of nodal
cycle modulations (an 18.6-year lunar cycle that
influences tidal amplitude, sometimes called

the “moon wobble”) into refined estimations of
exceedance of flooding event thresholds for the
Interagency sea-level rise scenarios.”>*® These
flooding frequency estimates do not fully take
into account the extreme water-level probabilities
included in the Interagency Task Force report.”
While flooding probabilities projected by both
tools are useful in planning, it should be kept in
mind that in Maryland, flooding is predominantly
driven by meteorological events that cannot

be predicted far in advance. NOAA maintains

an online Coastal Inundation Dashboard that
provides real-time water levels with forecasts out to
48 hours.” MyCoast Maryland, maintained by the

Department of Natural Resources, allows citizens
to communicate flooding and storm damage in
their communities.®

Tidal Flood Risk Visualizations

The Maryland Commission on Climate Change
Act specifies that these science-based sea-level
rise projections include maps that indicate the
areas of the State that may be most affected by
storm surges, flooding, and extreme weather
events. As these probabilistic projections do

not rely on one single sea-level rise estimate

for one specific date in the future and do not
include an analysis on storm surges and other
extreme weather events, mapping becomes nearly
infinitely complicated and one static map is
misleading. There are online mapping tools, such
as NOAA’s Coastal Flood Exposure Mapper>

and Climate Central’s Coastal Risk Screening
Tool,* that are useful for geographic plotting

of sea-level rise and storm surge on inundation
and coastal vulnerability. Both tools are based on
reliable elevation data. The NOAA tool allows the
selection of sea-level rise above MHHW, storm
surge, and high-tide flooding; however, it does
not display the combined effects of storm surge
or high-tide flooding with sea-level projections
or scenarios. It can also display various metrics of
societal, infrastructure, and ecosystem exposure.
The Climate Central tool allows the selection of
water level, which can include projected sea level,
combined with specified heights of storm surge
superimposed. It also plots particular risks to
affordable housing.

The Maryland Department of Natural Resources
is starting the process of developing a flood
visualization tool for Maryland for use in various
planning and management activities. The sea-level
rise projections presented in this report will be
used in developing that tool. These visualizations
should be complete by the end of 2024.
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USING SEA-LEVEL PROJECTIONS IN PLANNING

Sea-level rise has already resulted in adverse
impacts for Maryland’s people and environments,
including flooding, erosion, forest and wetland
losses, salinization of freshwater supplies and
agricultural lands, and impaired drainage.
Predominantly as a result of long-term regional
land subsidence, relative sea level was rising even
during the 19" century, contributing to the loss
of historic island settlements in Chesapeake Bay.
The rate of rise more than doubled, resulting in
about one foot of rise during the 20" century as
the world’s oceans began to swell in volume with
the warming planet.'® Relative sea level has already
risen by more than one-third of a foot during the
first 20 years of the present century and appears
on a trajectory to rise by as much it did in the

last century by the middle of this century, and as
much as three times as much by the end of the
century as it did during the entire last century.
Whether the rise is that much or greater will
largely be determined by how much and how soon
global society is able to reduce its greenhouse

gas emissions. Some scientific uncertainties and
ambiguities about the future rate of sea-level rise
remain, but the most consequential action that
Maryland can take now to address century-scale
impacts is to continue to show leadership in an
ambitious reduction of greenhouse gas emissions.

The following are important considerations that
should be taken into account when utilizing the
Maryland sea-level rise projections presented here
as reference points.

The last house on Holland Island in Chesapeake Bay as it stood

in October 2009. This house fell into the bay in October 2010.
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The Current Commitments sea-level rise projections, based on the intermediate (SSP2-4.5)
emissions scenario of the IPCC ARG, represent the most plausible basis for anticipating the

relative sea-level rise Maryland will experience over the next century. More than other scenarios,
the Current Commitments scenario encompasses the emissions pathways the world will
probably be on as it strives to limit global warming consistent with the goals of the Paris Climate
Agreement. The IPCC sea-level rise projections are derived from evidence, rigorous models,
and scientific consensus based on the warming that would result. For comparative reference,
sea-level rise projections are also provided for the Paris Agreement (SSP2-2.6) scenario,
assuming that global society succeeds in its quest, and the Increasing Emissions (SSP3-7.0)
scenario, should emissions instead double by the end of the century. Of course, the scenario and
projections used should be re-evaluated in subsequent updates based on developing outlooks
on greenhouse gas emissions and concentrations, as well as emerging scientific understanding
of the contributions to sea-level rise.

The statistical probability estimates for sea-level rise projections (Figure 5, Table 2) are

useful reference points in planning and managing risks. Tolerance for flood risk, or the
willingness of decision-makers and stakeholders to accept possible consequences of flooding,
can help determine which quantile level should be used when selecting a relative sea-level
rise estimate. In general, projects with low tolerance for flood risk should consider sea-level
rise estimates that have a low likelihood to be exceeded during the project’s lifespan, whereas
projects with medium or high tolerance for flood risk may consider lower sea-level rise
estimates. Guidance on applications with different levels of risk tolerance and timeframes was
provided for using the probabilistic estimates from Maryland’s 2018 sea-level rise projections
and will be updated based on these 2023 projections.®

« Best estimates (medians, 50" percentile) are recommended as the sea-level rise estimate
for managing or restoring natural infrastructure unless the project scoping determines
otherwise.®* Examples include tidal wetland management and restoration, creating living
shorelines, estimation of saltwater intrusion and coastal landscape migration, or protecting
estuarine water quality. Particularly when an action has the capacity to be adapted in the
future, it is often more important to know how much sea level is most likely to rise rather
than how high it could rise.

Sea-level rise estimates that are unlikely to be exceeded (83" percentile) are recommended
for built infrastructure and community-wide planning with medium tolerance for flood risk.

Sea-level rise with a low probability of exceedance with additional ice loss is recommended as
a reference point for projects that have both long expected lifespans (greater than 50 years)
and very little tolerance for flood risk because they provide essential services that cannot be
disrupted.

The projections and probabilistic estimates are for mean sea-level averaged over several
years. Additional considerations are required to assess flood risks exacerbated by nuisance
and storm surge flooding.
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Flexible adaptation pathways can be a less costly approach to long-term planning for sea-

level rise where subsequent adjustments in adaptation are possible.®?> Extreme risk avoidance
by using very low-probability levels and scenarios with implausibly high emissions (e.g., SSP5-
8.5) or sea-level rise assumptions (e.g., Interagency High) just to be safe comes with costs to
society. While sea-level rise cannot be reversed, its rate would be substantially lower later this
century and beyond if greenhouse gas emissions are substantially reduced over the next few
decades (Figure 11). A flexible adaptation pathway prioritizes low-regret options that make
sense under the likely range of sea-level rise, while preparing contingency plans for higher levels
of sea-level rise should emission reductions not be realized or polar ice losses more rapid than
expected. This requires regular monitoring of emissions reductions, sea-level rise rates, and
emerging understanding of ice-sheet contributions to sea-level rise.

Maryland Sea Grant Extension and the Department of Natural Resources have developed
guidance for incorporating Maryland’s sea-level rise estimates into projects.’ The guidance
provides a step-by step approach for selecting relative sea-level rise estimates based on project
type, goal, timeframe, and location and on decision-makers’ tolerance for flood risks. Updated
guidance will be developed during 2023, incorporating the new sea-level rise projections
developed in this report, with consideration of flexible adaptation pathways.

Guidance for Using Sea-level r.ise projections
Maryland's 2018 should be incorporated
Sf_.’,?o'].g‘éfi'oiisse broadly into plan.ning,
regulatory, and site-
specific projects, and into
community planning. This
should consider a wide
range of impacts on the
communities and seek to
incorporate diverse and
representative stakeholder
perspectives when
Maryland Sea Grant Extension and Department of p[anning for these impacts.

Natural Resources will develop updated guidance
during 2023.
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https://dnr.maryland.gov/ccs/Documents/MD_SLRGuidance_June2022.pdf

Appendix 1. Sea-level rise projections with quantile probabilities for Baltimore under the three most plausible emissions scenarios.

NET Quantile 2020
5 004 009 014 020 025 031 035 039 043 044 047 049 052 054
. 17 007 013 019 026 032 038 043 047 052 054 058 061 065 068
i;'esement SSP1-26 | 50 010 019 027 035 042 050 056 062 068 074 080 086 091 097
83 014 025 036 046 055 064 073 081 090 1.00 109 118 127 136
95 017 030 042 054 065 076 087 098 108 121 132 144 155 166
5 004 008 014 022 030 037 043 049 051 052 058 063 068 0.73
" 17 007 013 019 027 035 043 051 057 062 065 072 079 085 092
E ;“nzr:]?ttments SSP245 | 50 010 019 027 036 045 055 064 072 08 090 100 110 1.19 129
" 83 014 025 036 046 057 069 081 093 108 123 137 150 164 178
= 95 018 030 042 054 067 08l 096 111 130 148 165 1.8 199 216
5 004 007 014 022 031 040 048 056 065 066 073 08l 089 096
. 17 006 012 019 028 036 046 056 065 075 078 087 097 106 114
L”nilrs:;'gsg SSP3-7.0 | 50 0.0 018 027 036 046 057 068 081 094 1.03 116 129 141 154
83 015 025 035 047 058 071 086 103 121 136 154 172 189 2.07
95 018 030 042 055 067 084 102 123 144 164 186 207 229 251
5 013 030 046 065 083 102 115 127 141 143 153 161 170 178
, 17 022 042 063 085 104 125 140 154 170 177 189 200 212 222
XZ::‘ement SSP1-2.6 | 50 034 061 088 115 138 163 183 203 223 242 262 281 300 3.18
83 047 082 116 151 179 211 240 267 295 329 359 388 418 447
95 057 097 138 178 212 250 2.86 320 355 395 433 471 508 545
5 013 027 046 072 097 120 142 160 168 172 190 207 224 240
17 022 041 063 090 116 142 166 1.88 204 215 237 259 280 3.01
E Eg:::‘iiments SSP245| 50 034 061 089 118 147 179 209 237 269 297 329 3.60 391 422
w 83 047 082 116 152 186 227 265 3.06 354 402 448 493 539 584
95 057 098 137 178 218 266 3.15 363 425 484 541 597 652 7.08
5 011 024 044 071 101 130 157 183 213 215 241 266 291 3.5
. 17 021 039 062 090 119 151 1.8 213 247 256 2.86 3.17 346 3.75
lenn:E:ZI:f SSP3-7.0 | 50 034 060 0.88 119 150 186 224 265 3.08 339 3.81 423 464 504
83 048 082 116 153 189 233 283 339 396 448 506 564 621 6.78
95 058 098 138 180 221 274 334 404 474 5338 609 680 751 823
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Appendix 2. Sea-level rise projections with quantile probabilities for sites in Maryland and Washington, DC,
under the SSP2-4.5 emissions scenario.

Quantile 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150
BALTIMORE

5 0.04 008 014 022 030 037 043 049 051 052 058 063 068 0.73

2 17 0.07 0.13 019 027 035 043 051 057 062 065 072 079 085 092
L|I_J 50 0.10 0.19 027 036 045 055 064 072 082 09 100 110 119 129
; 83 0.14 025 036 046 057 069 081 093 108 123 137 150 164 1.78
95 0.18 030 042 054 067 081 09 111 130 148 165 182 199 216

5 0.13 027 046 072 097 120 142 160 168 172 190 207 224 240

- 17 022 041 063 0950 116 142 166 188 204 215 237 259 280 3.01
o 50 034 061 089 118 147 179 209 237 269 297 329 360 391 422
- 83 047 082 116 152 186 227 265 3.06 354 402 448 493 539 584
95 0.57 098 137 178 218 266 3.15 3.63 425 484 541 597 652 7.08

TOLCHESTER BEACH

5 0.04 008 014 022 030 037 044 050 052 054 059 065 070 0.75

ZZ 17 0.07 0.13 020 028 036 044 052 058 063 067 074 080 087 093
i 50 0.11 019 027 037 046 055 064 073 083 092 102 111 121 130
; 83 0.15 025 036 047 058 070 0.82 094 109 124 138 152 166 1.80
95 0.18 030 043 055 067 082 097 112 131 149 166 184 201 218

5 0.13 028 047 073 098 122 144 163 172 176 194 212 229 246

— 17 022 042 065 092 118 145 169 191 208 219 241 263 285 3.06
o 50 035 062 05 120 150 181 211 240 273 3.01 333 365 396 428
= 83 048 083 118 154 189 229 269 3.09 358 407 453 499 545 590
95 0.58 1.00 139 180 221 269 318 368 430 489 546 6.02 659 7.15

ANNAPOLIS

5 0.04 009 015 023 031 039 045 051 054 056 061 067 072 0.78

2 17 0.07 0.13 020 029 037 045 053 060 065 069 076 083 089 096
ﬁ 50 0.11 019 028 037 046 056 066 075 085 093 104 113 123 133
; 83 0.15 026 037 048 058 071 083 09 111 126 140 154 168 1.82
95 0.18 031 043 056 068 083 098 113 132 151 168 186 203 220

5 014 029 050 076 1.02 126 149 168 178 182 200 219 238 255

- 17 023 043 067 094 121 149 173 19 213 225 248 271 293 315
o 50 036 0.63 092 123 152 185 216 245 278 3.06 340 372 4.04 436
- 83 049 085 120 156 192 233 273 314 363 412 459 506 552 597
95 0.59 1.01 141 182 223 272 322 371 434 494 552 6.09 6.66 7.22

CAMBRIDGE

5 0.04 009 015 023 031 039 046 051 054 056 061 067 073 0.78

2 17 0.07 0.13 020 029 037 045 053 060 065 069 076 083 090 0.96
L|I_J 50 0.11 019 028 038 047 057 066 075 085 094 104 114 124 133
UEJ 83 0.15 0.26 037 048 059 071 083 09 111 126 140 155 169 1.83
95 0.18 031 043 056 068 083 098 114 133 151 169 186 203 221

5 0.13 029 050 076 1.02 126 149 168 178 182 201 220 238 256

- 17 023 043 067 094 121 149 174 196 214 225 249 271 294 3.16
o 50 036 0.64 092 123 153 185 216 245 279 3.07 341 373 4.06 437
- 83 0.50 085 120 157 192 233 274 315 365 413 460 507 554 599
95 0.60 1.02 141 183 224 273 323 373 436 49 553 611 667 7.25
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Quantile 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150

SOLOMONS

5 0.04 010 016 024 032 040 047 053 056 058 064 070 0.76 0.81

2 17 0.07 0.14 021 030 038 047 055 062 067 071 078 085 093 0.99
ﬁ 50 0.11 020 029 039 048 058 067 077 087 09 106 116 126 1.36
; 83 0.16 026 037 049 060 073 085 098 113 128 143 157 171 1.85
95 019 031 044 057 069 085 100 115 135 153 171 189 206 224

5 0.14 031 053 080 106 131 155 174 18 190 210 229 248 266

- 17 023 045 070 098 125 153 179 202 220 233 257 280 3.03 3.26
o 50 037 0.65 094 126 157 190 221 251 285 314 348 381 414 447
- 83 051 087 122 159 19 238 279 320 370 420 468 515 562 6.08
95 0.61 1.03 143 186 228 278 327 3.78 441 502 560 6.18 676 7.34

WASHINGTON, D.C.

5 0.04 008 014 022 030 037 044 049 052 053 058 064 069 074

2 17 0.07 0.13 020 028 036 044 051 058 063 066 073 079 086 092
L|I_J 50 0.11 019 027 036 045 055 064 072 082 091 101 110 120 1.29
UEJ 83 0.15 025 036 046 057 069 081 093 108 123 137 151 165 1.78
95 0.18 030 042 054 067 081 09 111 130 148 165 182 199 216

5 0.12 027 047 072 097 121 143 161 169 173 192 209 226 243

- 17 022 041 064 091 116 143 167 189 205 216 238 260 282 3.03
o 50 034 061 08 119 148 180 209 238 270 297 330 361 392 424
- 83 048 082 117 152 187 227 266 3.06 355 403 449 495 540 585
95 0.58 098 137 178 219 266 315 364 426 484 541 597 654 7.09

OCEAN CITY

5 005 010 017 026 034 042 050 056 059 061 067 074 080 0.86

2 17 0.08 0.15 022 031 040 049 057 065 071 074 082 089 097 1.04
i 50 0.12 021 030 040 050 060 070 0.80 0.90 100 110 121 131 142
; 83 0.16 0.27 039 050 062 075 088 1.01 117 132 147 162 177 191
95 019 033 045 058 072 087 103 119 139 157 176 194 212 230

5 0.16 033 056 084 111 137 162 183 19 201 221 241 261 281

- 17 025 048 073 102 131 160 187 212 231 244 269 293 318 342
o 50 039 068 098 131 163 197 230 261 297 327 362 39 430 4.64
= 83 0.52 090 126 165 202 246 283 331 383 434 483 532 580 6.28
95 0.63 107 148 191 235 286 338 390 455 516 577 637 696 7.55
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