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4.1 Introduction
The small area occupied by the coastal zone belies its importance to human
affairs and the potential risks posed by climate change. Humans are concen-
trated in the coastal zone; three-quarters of the global population lives within
50 km of the sea and 50% of the US population lives within 50 miles (∼80 km)
of the sea. Climate change is expected to increase the rate of sea-level rise and
coastal inundation (Church and Clark, 2013), putting coastal communities in
jeopardy of significant property damage, sociocultural and economic disrup-
tion, and loss of life. The number of medium-to-large coastal municipalities in
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the United States affected by flooding is estimated to exceed 33 in 2050 and
90 in 2100 (Kulp and Strauss, 2017). Globally, 0.2%–4.6% of the population is
expected to be flooded annually in 2100 under 0.25–1.23 m of global mean sea
level rise, with expected annual losses of 0.3%–9.3% of global gross domestic
product (Hinkel et al, 2014). New elevation data triple estimates of global vul-
nerability to sea level rise and coastal flooding: about 340/630 million people
will live in land below annual flood level by 2050/2100 (Kulp and Strauss,
2019). Therefore, there is an urgency to quantify the flooding risks faced by
coastal communities, their resilience to rising sea levels, and what should be
done to reduce the coastal risks.

Maryland, with over 3000 miles (4828 km) of tidal shoreline along both the
Chesapeake Bay and the state’s Atlantic Ocean shoreline, is highly vulnerable
to sea level rise. Recurrent flooding is already a major problem in Chesapeake
Bay (Mitchell et al, 2013) and will likely become more frequent in the future
as sea level rises (Spanger-Siegfried et al, 2014). For example, “nuisance” tidal
flooding that occurred just a very few days per year in Annapolis in the 1950s
now occurs 40 or more days per year (Boesch et al, 2018).

Tide gauge records and satellite altimetry reveal that global-mean sea level
(GSML) rose at a rate of 1.2 ± 0.2 mm yr−1 between 1900 and 1990 and at
a much faster rate of 3.0 ± 0.7 mm yr−1 between 1993 and 2012 (Church and
White, 2011, Dangendorf et al, 2017, Hay et al, 2015). The rate of sea level
rise is accelerating in the 21st century. According to IPCC AR5 (Fifth Assess-
ment Report of the Intergovernmental Panel on Climate Change), GMSL
will rise 0.52–0.98 m by 2100 for the highest emission scenario considered—
Representative Concentration Pathway RCP 8.5 (Church and Clark, 2013).
Probabilistic sea level projections suggest a very likely (90% probability)
GMSL rise of 0.5–1.2 m under RCP 8.5 (Kopp et al, 2014). If the rapid col-
lapse of Antarctic ice sheet as projected in some climate models is taken into
consideration, the median projected GMSL for 2100 will increase from 0.79 to
1.46 m under RCP 8.5 (Kopp et al, 2017). (For an overview of climate models,
see Chapter 1.)

Tide-gauge records in Chesapeake Bay show that sea levels rose by 3–
4 mm per year over the 20th century (Zervas, 2001, 2009), twice that of the
global average. Land subsidence associated with glacial isostatic adjustment is
a major contributor to the high relative sea level rise in the Bay (Miller et al,
2013). Ocean dynamics, arising from changing ocean circulation, may also
contribute to higher sea levels at the coast. The weakening of the Gulf Stream
over the past decade may have contributed to the higher rates of sea level rise
along the Mid-Atlantic coast (Ezer et al, 2013, Kopp, 2013, Sallenger et al,
2012). However, recent analysis showed that sea level declined north of Cape
Hatteras between 2010 and 2015, and this decline was caused by an increase in
atmospheric pressure combined with shifting wind patterns (Domingues et al,
2018).

With respect to coastal inundation, the height of the highest waters, the
sum of local mean sea level and tidal amplitude, is more relevant than the mean
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sea level alone. Müller et al (2011) showed that the response of the oceans to
tidal forces changed significantly during the last century. Flick et al (2003)
examined long-term records at US tide gauges and found significant changes
in the tidal range. Semi-enclosed bays such as the Bay of Fundy have natural
resonance periods that are close to those for semidiurnal or diurnal tides.
In these bays, tide at the head of the bay is greatly amplified as compared
to that at the mouth (Garrett, 1972). The resonant period in Chesapeake
Bay is about 48 hours. Raising sea level by 1 m shortens it to 36 hours, moves
diurnal tides inside the resonance band, and increases tidal ranges in the upper
Bay (Zhong et al, 2008). Similar results are found for Delaware Bay: tidal
ranges in the upper part increased 100% over the past 4000 years (Hall et al,
2013). However, such calculations ignore the fact that flooding of adjacent low-
lying areas introduces frictional, intertidal regions that may serve as energy
sinks for incoming tidal waves (Holleman and Stacey, 2014). While sea level
rise is accompanied by larger tidal ranges in the Bay of Fundy due to steep
rocky coastlines (Greenberg et al, 2012), net tidal amplification in most areas
of San Francisco is predicted to be lower in most sea level rise scenarios because
many low-lying areas around the northern branch of San Francisco Bay are
tidal marshlands (Holleman and Stacey, 2014). Similarly, Lee et al (2017)
found that tidal ranges in the upper reaches of Chesapeake and Delaware
Bays decrease with sea level rise if the low-lying land, consisting mostly of salt
marshes and agricultural fields, is allowed to flood. Therefore, it is important
to consider tidal response to sea level rise when projecting flooding in the
future climate. The peak tidal sea level is not simply a linear sum of sea level
rise and historical tidal height.

There are two approaches to generating sea level rise projections. One
develops scenarios spanning a range of possible future scenarios (Sweet and
Park, 2014). The other estimates the probability of future sea level changes,
either through a central projection with an associated range or through a prob-
ability distribution. Kopp et al (2014) synthesized several lines of evidence to
produce probability distributions for global and local sea level changes. The
probability distribution of relative sea level rise over 2000 is provided over time
and for three greenhouse gas emissions pathways or Representative Concen-
tration Pathways (RCP): Growing Emissions (RCP 8.5), Stabilized Emissions
(RCP 4.5), and meeting the Paris Agreement (RCP 2.6). This framework has
been adopted by California (Griggs et al, 2017), Oregon (Dalton et al, 2017),
Washington, and most recently Maryland (Boesch et al, 2018). The likely
range (66% chance) of sea level rise in Maryland between 2000 and 2050 is
0.24 to 0.48 m, with 5% chance exceeding 0.61 m and 1% chance exceeding
0.70 m (Boesch et al, 2018, Figure 4.1). Later this century, sea level rise rates
are highly sensitive to the emission pathway. Between 2000 and 2100, the
likely range for the relative sea level rise in Maryland is 0.36 to 0.91 m under
RCP 2.6, 0.49 to 1.04 m under RCP 4.5, and is 0.61 to 1.28 m under RCP 8.5
(Figures 4.1a and 4.1b).

The probabilistic sea level projection is the most appropriate approach
for use in planning and regulation, infrastructure siting, design, etc. However,
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FIGURE 4.1: Probabilistic projections of the relative sea level rise in Annapo-
lis under climate change scenario RCP 4.5 (a) and RCP 8.5 (b). Median pro-
jections of the relative sea level rise in Chesapeake Bay under RCP 4.5 (c)
and 8.5 (d).

these sea level rise predictions must be projected onto low-lying land areas in
order to assess the flooding risks faced by coastal communities. Projections
of sea level rise onto land areas were mostly based on static images (e.g.,
bathtub approach) and did not consider dynamical processes of tides in ris-
ing seas. These graphic products may have underestimated the inundation
risks faced by coastal community and infrastructure. Statistical approaches
were developed to characterize coastal flood risk by using long-term sea level
observations at tidal gauges and superimposing the time series with the sea
level rise projected for the future climate (Ghanbari et al, 2019, Moftakhari
et al, 2015). These analyses led to useful estimates of flood frequency at cer-
tain coastal locations but did not provide a direct estimate of the flooded
land areas. To account for the full dynamic effect of sea level rise on coastal
inundation, an ocean model capable of simulating tides and currents in rising
seas is required.

In this study we used a regional ocean model to examine flooding at high
tides around Chesapeake Bay, especially over low-lying land areas in the State
of Maryland. Three sites were selected as focus studies areas: the City of Balti-
more and City of Annapolis are the two largest cities in Maryland; the Dorch-
ester County on the Eastern Shore of Maryland is among the most vulnerable
rural areas to sea level rise. Our goal is to produce a probabilistic projection of
high tide flooding in 2050 and 2100, and develop dynamics-based inundation
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graphics that can prepare coastal communities for the rising inundation risks
in the 21st century.

4.2 Methods
To assess the impacts of sea level rise on tidal water levels and coastal inun-
dation in the 21st century, we used the Finite Volume Coastal Ocean Model
(FVCOM) and forced it with the probabilistic projections for the relative sea
level rise in Chesapeake Bay.

4.2.1 Regional ocean model
The unstructured-grid FVCOM was used to simulate tidal flows and inter-
tidal flooding over low-lying land (Chen et al, 2003, 2006). The model domain
covers Chesapeake Bay and the eastern US continental shelf (Figure 4.2a).
The horizontal resolution ranges from ∼1 km in the inner shelf to ∼10 km
near the open boundaries. The model resolves Chesapeake Bay and its sur-
rounding lands (up to 5 m height above the current mean sea level) at a
resolution of 0.2–1.0 km. Finer resolutions are placed over the City of Bal-
timore, City of Annapolis (5–10 m) and the Dorchester County on the rural
eastern shore of Maryland (100–200 m), three focus areas in this study. The
model is run in three-dimensional barotropic mode in which temperature and
salinity are kept constant. In the vertical direction, five sigma layers are used.
At the offshore open boundary, the tidal sea level is prescribed using ten
tidal constituents according to the Oregon State University global tidal model
TOPEX/POSEIDON 7.1 (Egbert and Erofeeva, 2002). A quadratic stress is
exerted at the bed, with the bottom roughness height set to be 2 mm in Chesa-
peake Bay and 2 cm on the adjacent shelf (Lee et al, 2017). As a simplification
the roughness heights are assumed to be the same between the sea beds and
the surrounding lands.

To simulate overland inundation, coastal lands up to 5 m above the mean
sea level are included in the model domain. High-resolution (10 m horizontal
resolution) digital elevation data in land areas surrounding Chesapeake Bay
are obtained from US Geological Survey National Elevation Data Set (Gesch,
2009). Fine-resolution LIDAR data,1 with a horizontal resolution of 1 foot
(∼0.3 m) and a vertical resolution of 1 cm, are used for the digital eleva-
tion over Maryland. Bathymetry data are acquired from the NOAA 1 arc-
second resolution Bathymetric Digital Elevation Model in the estuary, the
3 arc-second Coastal Relief Model on the continental shelf, and the 1 arc-
minute ETOPO1 Global Relief Model in the deep ocean (Amante and Eakins,

1https://imap.maryland.gov/Pages/lidar-dem-download-files.aspx
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FIGURE 4.2: (a) FVCOM model grids (red). (b) Zoomed-in view of FVCOM
grids over Chesapeake Bay and the surrounding coastal plains.

2009). Raw elevation and bathymetry data referenced to different vertical
datum are converted to the same vertical coordinate system (NAVD88) using
the V-Datum program (Lee et al, 2017, Yang et al, 2008). Wetting and drying
of grid cells is implemented to simulate overland inundation. FVCOM uses
a point treatment technique in which numerical grids consist of wet and dry
points with a boundary defined as an interface line between the water and
land, respectively (Chen et al, 2011). A grid is treated as a wet point when
the water depth exceeds the threshold hc (set to be 5 cm in our model).

4.2.2 Design of numerical experiments
To project the impact of sea level rise on high tide flooding in 2050 and 2100,
we make use of the IPCC AR5. The IPCC AR5 projections are based on a set
of greenhouse gas concentration scenarios called Representative Concentration
Pathways that reflect the updated greenhouse gas emission reduction possibili-
ties and climate change stabilization goals (Moss et al, 2010, Van Vuuren et al,
2011). Under RCP 2.6 (Paris Agreement), emissions begin to decline now and
become net zero later in the century, thus offering a reasonably good probabil-
ity of keeping the increase in global mean temperature to less than 2 °C above
pre-industrial levels in line with the Paris Climate Agreement. Under RCP 4.5
(Stabilized Emissions), emissions stabilize around their current levels slowly
and then begin to decline after 2050. Under RCP 8.5 (Growing Emissions),
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emissions continue to grow until the end of the century. We selected RCP 4.5
and 8.5, representative of medium (delayed action) and high (growing) emis-
sion scenarios, respectively.

At the offshore boundary, the FVCOM model was forced with the projected
increase in the mean sea level superimposed onto the astronomical tides. This
is a simplified representation of the sea level rise, which changes coastlines
gradually, but previous studies by Bilskie et al (2016) and Ross et al (2017)
suggested that forcing these sea level rise projections at the offshore bound-
ary of a regional ocean model produces essentially the same results as more
elaborate modeling approaches in which land subsidence and sea level rise are
accounted for through bathymetry changes. The sea level projections used at
the offshore boundary are based on the averages over the entire Chesapeake
Bay, as regional differences in the future sea level rise projections are much
smaller than the projected changes themselves (Kopp et al, 2014, Figures 4.1c
and 4.1d). About 25% of the Chesapeake Bay shoreline is hardened, but these
structures mostly use shoreline stabilization techniques such as riprap and
bulkheading and do not provide much protection against flooding (Palinkas
et al, 2018, Patrick et al, 2014). These small engineered structures are not
resolved in the FVCOM model.

For each RCP scenario (RCP 4.5 or RCP 8.5) and for both 2050 and 2100,
we considered the median (50%), the likely range (17%–83%) and very likely
range (5%–95%) of the relative sea level rise projections (Kopp et al, 2014).
A total of 20 numerical experiments were conducted.

4.2.3 Inundation impact analysis
Google Map and Google Earth are used to visualize inundations over the
land areas surrounding Chesapeake Bay, including Annapolis, Baltimore,
and Dorchester County in Maryland. Water level data from FVCOM were
imported and overlaid on Google Map and Google Earth. Google Earth allows
users to add and view 3D buildings, thus enabling 3D views of inundations
over buildings and structures. Inundation depths are obtained by subtract-
ing the LIDAR digital elevation data from the water level in each grid cell.
The result is a wet/dry profile of inundation. To improve the accuracy of the
profile, a layer representing buildings is used as a mask if one is available for
the local jurisdiction. The resulting grid is then converted into vector poly-
gons and stored in the geodatabase. The polygons in the geodatabase can be
converted into KML files.

The inundation analysis focused on three local regions. Dorchester County
was chosen as a representative rural site (Figure 4.3a). It is the largest county
in Maryland and has a total area of 983 square miles (2550 km2), including
land areas of 1400 km2 and water areas of 1140 km2. According to the census
in 2010, the county had a population of 32,618 and a population density of 55
people per square mile. There were 14,681 housing units at an average density
of 26 per square mile, with the average home value of $188,000. The City of
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FIGURE 4.3: Maps of Dorchester County (a), downtown Annapolis (b), and
Baltimore (c), Maryland.

Annapolis is the capital of the state of Maryland (Figure 4.3b). Its popula-
tion was estimated to be 38,394 by the 2010 census. The population density
was 5350 inhabitants per square mile. There were 17,850 housing units at an
average density of 2485 per square mile. Annapolis is home to the US Naval
Academy and many historical buildings such as the Maryland State House.
The City of Baltimore was chosen as a representative urban site (Figure 4.3c).
It is the largest city in Maryland, with a population of 2.81 million in the Bal-
timore metropolitan area. Baltimore is densely populated, with approximately
7671 people per square mile. Baltimore has about 50,800 firms where many of
these firms and businesses are located on or near the waterfront. A majority
of the properties in downtown Baltimore are commercial buildings.

4.3 Results
The probabilistic projections for high tidal flooding in 2050 and 2100 are
presented for RCP 4.5 and 8.5. The Bay-wide response is presented first,
followed by detailed analyses on Dorchester County, Annapolis, and Baltimore.
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4.3.1 Bay-wide response
Figure 4.4 shows the projected inundated areas at high tide over the entire
region of Chesapeake Bay in 2050. The Eastern Shore of Maryland and Vir-
ginia as well as the Atlantic coast of Delmarva Peninsula are the two regions
most vulnerable to inundation. However, the extent of the flooding depends
on the climate change scenario and projected relative sea level rise within each
scenario. The median projection corresponds to the 50% probability that high
tide will flood the areas (the middle column). The projected flooded areas for
the 17% and 83% probability represent the likely range where the actual water
boundary will lie between the contours of the two projections. The flooded
areas for the 5% and 95% probability represent the very likely range for the
high tide flooding. For example, land areas outside the flooded areas marked
in the rightmost column will have less than a 5% chance of getting flooded in
2050. On the other hand, there is less than a 5% chance that the flooded areas
will be smaller than those marked in the leftmost column in 2050. When the
flooded areas are summed up over the entire Chesapeake Bay region, there
is a 50% probability that the total inundated areas exceed 1285 km2 under
RCP 4.5 and 1303 km2 under RCP 8.5 (Figures 4.6a and 4.6b). The difference
between the two climate change scenarios is modest at the mid-21st century,
as reflected in the small differences in the projected relative sea level rise
between RCP 4.5 and 8.5 (Figures 4.1a and 4.1b). The likely range for the
flooded areas, as defined by the 17% and 83% probability, lies between and
1,168/1,190 and 1,397/1,463 km2 under RCP 4.5/8.5. The difference in the
total inundated area between the upper and lower limit of the likely range is

FIGURE 4.4: Probabilistic projections of inundated areas over Chesapeake
Bay at 2050 under climate change scenarios RCP 4.5 and RCP 8.5.
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FIGURE 4.5: Probabilistic projections of inundated areas over Chesapeake
Bay at 2100 under climate change scenarios RCP 4.5 and RCP 8.5.

about 20%, even though the difference in the relative sea level rise reaches
100% (0.32 m versus 0.68 m). The inundation depends not only on the sea
level rise but also on how land topography varies in low-lying areas, such that
100% increase in the relative sea level rise only translates to a 20% increase
in the inundated areas around the Chesapeake Bay. The very likely range for
the flooded areas, as defined by the 5% and 95% probability, lies between and
1085/1099 and 1540/1594 km2 under RCP 4.5/8.5. The total surface area of
Chesapeake Bay is currently estimated to be 11,600 km2. Therefore, the addi-
tional flooded areas in 2050 represent 9%–14% expansion in the surface water
of the estuary, with the median projection at 11%.

The inundated areas in 2100 show large spreads between the two climate
change scenarios and among different probabilistic projections of the relative
sea level rise, although the most vulnerable areas still lie on the Eastern Shore
of Maryland and Virginia and the Atlantic Coast of Delmarva Peninsula (Fig-
ure 4.5). Under the median projection (50% probability) of RCP 4.5/8.5, a
total of 1757/1912 km2 are projected to be flooded by high tide in 2100 (Fig-
ures 4.6c and 4.6d). Compared with the median projections for 2050, this
presents 37%/46% expansion of the inundated area around Chesapeake Bay
under RCP 4.5/8.5. There is a much larger spread in the likely range: it lies
between and 1489/1642 and 2012/2241 km2 under RCP 4.5/8.5, amounting
to 35%–36% difference in the total inundated area under each climate change
scenario. Moreover, the total inundated area is 153–229 km2 larger under
RCP 8.5 than under RCP 4.5. The very likely range (5% to 95%) covers an
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FIGURE 4.6: Total projected inundated areas over Chesapeake Bay at
2050 (a)/(b) and 2100 (c)/(d) under climate change scenarios RCP 4.5 and
RCP 8.5.

even larger spread: ranging from 1261 to 2233 km2 under RCP 4.5 and 1360
to 2587 km2 under RCP 8.5.

4.3.2 Dorchester County
Figure 4.7 shows the inundated areas in Dorchester County at high tide in
2050. A large swath of land areas in southern Dorchester County will be
flooded under most projections of the relative sea level rise. The inundated
areas expand eastward and northward at higher water level projections. The
median (50% probability) projection for the total inundated area in Dorch-
ester County is nearly identical between RCP 4.5 and 8.5, at 581/589 km2

(Figures 4.9a and 4.9b). This is equivalent to about 42% of the total land
areas. In other words, over 40% of Dorchester County will be subjected to
high tide flooding in 2050. The likely range of the flooded areas, as defined
by the 17% and 83% probability, is between 540/547 and 619/632 km2 under
RCP 4.5/8.5. The very likely range of the flooded areas, as defined by the 5%
and 95% probability, is between 508/513 to 654/671 km2 under RCP 4.5/8.5.
It is interesting to note the minor differences between RCP 4.5 and 8.5 and
the narrow range of the projected areas as bracketed by different probabilistic
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FIGURE 4.7: Probabilistic projections of inundated areas over Dorchester
county at 2050 under climate change scenarios RCP 4.5 and RCP 8.5.

projections. This is a result of land topography over Dorchester County. The
southern part of the county has low elevations but land elevation rises steeply
further north and east. In contrast to the relative sensitivity of the inundated
areas to climate change scenarios, the average inundation depth displays a
wide range, reaching 0.45 m for the median projection and spanning 0.37 to
0.53 m for the likely range and 0.32 to 0.60 m for the very likely range (Fig-
ures 4.10a and 4.10b). Once again, the differences between RCP 4.5 and 8.5
are small at 2050.

By 2100, the flooded areas expand towards higher grounds in the north-
ward direction (Figure 4.8). In particular, the northwest corner of Dorchester
County, including the town of Cambridge, will be exposed to extensive tidal
flooding. More flooding is projected under the higher end projections of the
relative sea level rise, especially the 83% and 95% probabilistic projections.
Moreover, there are significantly more flooded areas under RCP 8.5 than
RCP 4.5. The median (50% probability) projection for the total inundated
area in Dorchester County is 711/746 km2 under RCP 4.5/8.5 (Figures 4.9c
and 4.9d). This is 23%–27% larger than the corresponding projections in 2050.
The likely range of the flooded areas is between 637/682 and 761/806 km2

under RCP 4.5/8.5. The very likely range of the flooded areas is between
573/607 to 804/843 km2 under RCP 4.5/8.5. Unlike 2050, there are signifi-
cant differences in the total inundated areas between RCP 4.5 and 8.5. This
reflects a wider range in the projected relative sea level rise rates in 2100
(Figures 4.1a and 4.1b), as well as the fact that higher water levels are now
reaching new areas in the northwest corner of Dorchester County. There is
5% probability that over 60% of Dorchester County will be lost to tidal flood-
ing and sea level rise in 2100 under the RCP 8.5 (business as usual) climate
change scenario, with huge implications for the coastal communities.



Results 77

FIGURE 4.8: Probabilistic projections of inundated areas over Dorchester
county at 2100 under climate change scenarios RCP 4.5 and RCP 8.5.

FIGURE 4.9: Total projected inundated areas over Dorchester County at
2050 (a)/(b) and 2100 (c)/(d) under climate change scenarios RCP 4.5 and
RCP 8.5.



78 Probabilistic Projections of High-Tide Flooding

FIGURE 4.10: Probabilistic projections for average inundation depth over
Dorchester County at 2050 (a)/(b) and 2100 (c)/(d) under climate change
scenarios RCP 4.5 and RCP 8.5.

Such dire projections are compounded by the fact that the inundated areas
will not simply be subject to minor nuisance flooding that is usually associ-
ated with tidal flooding, as shown in Figures 4.10c and 4.10d. The average
inundation depth in Dorchester County is 0.78/0.95 m under the median pro-
jection of RCP 4.5/8.5. Unlike the total inundated areas which are relatively
insensitive to different climate change scenarios and different probabilistic sea
level rise projections, the average inundation depth spans a wide range. Its
likely range spans 0.57–1.04 m and very likely range spans 0.43–1.25 m under
RCP 4.5. Similarly, its likely ranges span 0.68–1.25 m and very likely range
spans 0.50–1.52 m under RCP 8.5. At water depths 0.8–1.5 m, it would be
impossible for residents to live in those areas. Even at the lower end projec-
tions, a water depth of 0.4–0.5 m would pose tremendous challenges for the
livelihood of coastal communities.

4.3.3 Annapolis and Baltimore
Unlike the flat coastal plains on the eastern shore, the City of Annapolis
has relatively steep topographic changes. Most of the tidal flooding areas
are limited to the downtown waterfront areas and US Naval Academy (Fig-
ures 4.11 and 4.3b). At the upper end (83% and 95% probability) projec-
tions for 2100 under either RCP 4.5 or RCP 8.5, a large part of those areas
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FIGURE 4.11: Probabilistic projections of inundated areas over City of
Annapolis at 2100 under climate change scenarios RCP 4.5 and RCP 8.5.

will be under water. Many low-lying coastlines along the two creeks off the
Sevens River will also subject to tidal flooding. In comparison, little areas
will be flooded at high tide at the lower-end projections of the relative sea
level rise. Only the downtown dock and a small part of the Naval Academy
will be flooded in 2100 under the median projection of RCP 4.5 and 8.5. In
terms of the total inundated areas for Annapolis, it only adds up to about
9000 m2 in the median RCP 4.5 projection for 2050 and ranges from 5500
to 15,300 m2 for the likely range (Figure 4.12a). The total flooded areas are
only marginally higher under RCP 8.5 (Figure 4.12b). However, the aver-
age water depth in the flooded areas is about 0.45 m in all scenarios (Fig-
ures 4.13a and 4.13b), thus posing serious challenges for access and usage.
Overall, these are relatively small flooding damages. In 2100, the total inun-
dated area expands by 10–30 times (Figures 4.12c and 4.12d). The median pro-
jection reaches 90,000/16,500 m2 under RCP4.5/8.5. There are wide spreads
in the probabilistic projections for the inundated areas: the likely range spans
from 19,600/42,500 to 256,000/506,500 m2 under RCP 4.5/8.5. On the other
hand, the average inundated depth for all scenarios falls into a narrow range
of 0.44 to 0.51 m, with the exception of 0.70 m under the high-end projection
(95%) of RCP 8.5 (Figures 4.13c and 4.13d). This offers an interesting contrast
with the rural eastern shore where the inundated areas do not change much
among the climate change scenarios, but the inundation depths are highly
sensitive.

Tidal flooding in downtown Baltimore in 2100 is limited to the Inner Har-
bor, which is connected to Patapsco River, a tributary of Chesapeake Bay
(Figure 4.3c). Hundreds of businesses are found in the downtown financial
district, including skyscrapers like the Bank of America building and the Bal-
timore World Trade Center. Both Charles Street and Pratt Street are signifi-
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FIGURE 4.12: Total projected inundated areas over City of Annapolis at
2050 (a)/(b) and 2100 (c)/(d) under climate change scenarios RCP 4.5 and
RCP 8.5.

cant avenues of commercial and cultural activity. To the northeast of the Inner
Harbor lies in Fells Point and Little Italy featuring residential buildings and
restaurants, with many low-lying areas. Figure 4.14 shows that a significant
part of the downtown Inner Harbor and Little Italy districts will be flooded
at high tide in 2100 under the higher end (the 83% and 95%) projections of
RCP 4.5 and 8.5. No significant flooding is projected beyond the immediate
boundary of the Inner Harbor under other scenarios.

4.4 Conclusions
Using the climate model projections to drive a regional ocean model, we have
investigated how sea level rise affects high-tide flooding and coastal inundation
in Chesapeake Bay. In 2050, there is a 50% probability that the total inundated
areas will exceed ∼1300 km2, equivalent to 11% of the current surface area of
Chesapeake Bay. The likely range for the flooded areas, as defined by the 17%
and 83% probability, lies between ∼1180 and 1420 km2. In 2100, the projected
inundated areas depend critically on the climate change scenario. Under the
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FIGURE 4.13: Probabilistic projections for average inundation depth over
City of Annapolis at 2050 (a)/(b) and 2100 (c)/(d) under climate change
scenarios RCP 4.5 and RCP 8.5.

FIGURE 4.14: Projections of inundated areas over City of Baltimore at 2100
due to sea level rise under climate change scenarios RCP 4.5 and RCP 8.5.
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median projection (50% probability) of RCP 4.5/8.5, a total of 1757/1912 km2

are projected to be flooded. The likely range lies between and 1489/1642 and
2012/2241 km2 under RCP 4.5/8.5, amounting to 35%–36% difference in the
total inundated area under each climate change scenario. Moreover, the total
inundated area is 153–229 km2 larger under RCP 8.5 than under RCP 4.5.

The rural and urban areas show different responses to climate change, due
to differences in land topography. Over the rural Dorchester County, the inun-
dated areas show minor differences between different climate change scenarios
and only moderate gains in 2100 than in 2050. However, the average inun-
dation depth is ∼70%–100% higher in 2100 than in 2050. In comparison, the
inundated areas in the City of Annapolis is projected to expand 10–30 times
from 2050 to 2100: the median projection increases from 9800 m2 in 2050
to 165,000 m2 under RCP 8.5. On the other hand, the average inundated
depth for all scenarios falls into a narrow range of 0.44 to 0.51 m, with the
exception of 0.70 m under the high-end projection (95%) of RCP 8.5. In down-
town Baltimore, no extensive tidal flooding is projected beyond the immediate
neighborhood of the Inner Harbor except under the higher end projections of
the relative sea level rise for 2100.

Although a number of inundation maps are available, none of them have
adequately addressed the effects of climate change on coastal flooding. Pro-
jections of sea level rise onto low-lying land areas are mostly based on static
images (e.g., bathtub approach) and do not consider dynamical processes of
tides in rising seas. This study applies the latest research findings on sea level
rise and develops dynamics-based inundation graphics that may better pre-
pare coastal communities for the rising inundation risks in the 21st century.
The State of Maryland has taken the threats of sea level rise seriously. In
2018, the Maryland General Assembly passed HB 1350/ SB 1006—Sea Level
Rise Inundation and Coastal Flooding—Construction, Adaptation, and Mit-
igation, which was signed into law by the governor. Maryland expanded its
“Coast Smart” siting and design criteria in order to better manage sea level
rise and improve coastal adaptation efforts. The legislation also requires the
state to establish a plan to adapt to saltwater intrusion, and to build criteria
for hazard mitigation funding for sea level rise and coastal flooding. Coastal
inundation projections described in this chapter may be useful to the state
and local agencies tasked to execute the latest legislation on coastal flooding
in Maryland.

Although this study focused on Chesapeake Bay and the State of Mary-
land, the same approach could be used to make probabilistic projections of
overland inundation in other coastal regions. Kopp et al (2014) provided prob-
abilistic sea level rise projections at locations around the world, and their pro-
jections could be used to drive models of other estuaries and coastal regions.
Future model working could also consider a scenario of accelerating sea level
rise in late 21st century that might be caused by rapid melt of the Antarctic
ice (DeConto and Pollard, 2016, Kopp et al, 2017).
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Future inundation studies will also need to consider the impact of climate
change on storm surge flooding. Knutson et al (2013) conducted dynamic
downscaling projections of the 21st-century Atlantic hurricane activity and
found a significant increase in the frequency of intense storms. The combi-
nation of stronger storms and sea level rise will likely result in higher water
levels and more extensive inundation in the future climate. Lin et al (2016)
found that Hurricane-Sandy levels of flooding are becoming significantly more
frequent in New York City compared to the scenario with sea level rise alone.
Similarly, Zhang and Li (2019) found that a Category 2 storm like Hurricane
Isabel (2013) will generate much higher sea levels in 2050 and 2100 due to the
combined effect of sea level rise and warming ocean. To make a probabilistic
prediction of storm-induced flooding, one would need to combine probabilistic
sea level rise projections with model simulations of storms of different inten-
sity, track, and size.
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