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Abstract Regional atmosphere and ocean models are used to investigate how sea level rise, ocean
warming, and coastline management affect storm surge in the semienclosed Chesapeake Bay. Using
Hurricane Isabel (2003) as a case study, the storm is placed under the climatic conditions projected for
2050 and 2100. Higher sea surface temperature increases the latent heat release from the ocean, resulting
in large increases in storm intensity and maximum sustained wind speeds. The storm surge height,
defined as the difference between storm tide and astronomical tide, is amplified in the future climate and
amounts to ~30% of the relative sea level rise. Hardening shorelines further increases the storm surge
height in the middle and upper parts of the Bay by up to 0.5 m. Sea level rise has a modest impact on the
storm surge height: decreasing it by 0.1–0.2 m if the low‐lying areas are allowed to be flooded but
increases it by 0.1–0.3 m if hypothetic walls are placed at the current coastline. Ocean warming is the
main driver of storm surge amplification in the future climate. Energy budget analysis shows that
allowing flooding over low‐lying areas leads to a significant energy loss and reduces the storm surge
height in the estuary.

1. Introduction

U.S. coasts have a number of semienclosed bays and estuaries. Their enclosed reaches can increase their vul-
nerability to storm surge during tropical cyclones with tracks resulting in up‐estuary winds (Boicourt, 2005).
For instance, Hurricane Isabel (2003) moved on the west side of Chesapeake Bay after landfall, creating his-
torical flooding in Washington, DC, Baltimore, and rural areas on the eastern shore of Chesapeake Bay (Li
et al., 2006). Similarly, Hurricane Sandy's (2012) track crossed the New Jersey coastline at a nearly 90° angle
and generated record‐setting flooding in New York City (Lin et al., 2012). Climate change is expected to
increase the rate of sea level rise (Intergovernmental Panel on Climate Change [IPCC], 2013; Church
et al., 2013) and cause significant increases in extreme weather such as tropical storms (Eichler et al., 2013;
Emanuel et al., 2008; Knutson et al., 2013; Woollings et al., 2012). It will likely exacerbate storm surge and
coastal flooding in bays and estuaries, but its effects need to be better understood and quantified.

The global sea level rise rate was ~1.6 mm/year in the second half of 20th century (Domingues et al., 2008)
and is accelerating in the 21st century. Under the highest emission scenario of IPCC AR5 (Fifth Assessment
Report of the Intergovernmental Panel on Climate Change), the projected global mean sea level rise is 0.52–
0.98 m by the end of 21st century (Church et al., 2013). Some parts of the ocean rise faster than others. Tide‐
gauge records in Chesapeake Bay show that sea levels increased by 3–5 mm/year over the twentieth century,
twice that of the global average (Zervas, 2009). Land subsidence was a dominant contributor to the high rela-
tive sea level rise (Miller et al., 2013). Changing ocean circulation and accelerated regional warming may
also contribute to higher sea levels in coastal regions (Domingues et al., 2018; Ezer, 2013; Ezer et al., 2013;
Sallenger et al., 2012). According to recent probabilistic projections (Kopp et al., 2014, 2017), the likely range
(66% chance) of relative sea level rise in Chesapeake Bay over the 21st century is 0.6 to 1.3 m, up to 4 times of
the sea level rise experienced during the past century (Boesch et al., 2018).

How will climate change affect tropical cyclones in the future? Most studies based on coarse‐resolution gen-
eral circulation models (GCMs) have shown that warmer climate will increase the intensity and decrease the
frequency of tropical cyclones (Bengtsson et al., 2007). On the other hand, Vecchi and Soden (2007) found
that vertical wind shear will increase considerably with warming, leading to reduced tropical cyclone activ-
ity. Using an ensemble of GCMs and scenarios from Phases 3 and 5 of the Coupled Model Intercomparison
Project (CMIP3 and CMIP5), Knutson et al. (2013) conducted dynamic downscaling projections of the 21st
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century Atlantic hurricane activity. They found over 20% reductions in the overall tropical storm frequency
but 40–80% increases in the frequency of severe hurricanes across all models. On the other hand, Emanuel
(2013) found increases in both frequency and intensity of storms during the 21st century under the highest
emission scenario.

Several studies have investigated the impact of sea level rise and climate change on storm surge in coastal
regions. Smith et al. (2010) found that sea level rise may greatly amplify surge heights in shallow wetland
areas of southeast Louisiana. Yang et al. (2014) found that the response of storm surge to land subsidence
and sea level rise at the northern coasts of the Gulf of Mexico is highly nonlinear and varies spatially and
temporally. Using an empirical formula to link hurricane intensity change to ocean warming, Mousavi
et al. (2011) examined the combined effects of sea level rise and warming on storm surge in Corpus
Christi, Texas, and projected that the hurricane flood elevation will on average rise by 0.8 m by 2080s.
Lin et al. (2012) showed that changing storm climatology in concert with 1‐m sea level rise may increase
the probability of present New York City 100‐year surge flooding by over 5 times by the end of 21st cen-
tury. When changes in storm climate is considered, Lin et al. (2016) found that Hurricane Sandy's flooding
frequency at New York City significantly increases over 21st century compared to the scenario with sea
level rise alone.

Similar questions must be addressed for Chesapeake Bay. Hurricane Isabel (2003) generated widespread
flooding over the Chesapeake Bay region (Li et al., 2006, 2007; Shen et al., 2006; Zhong et al., 2010) and is con-
sidered as a 100‐year flooding event for planning purposes by cities and towns around Chesapeake Bay. A
major open question is howmuchmore flooding such a stormmight generate in 2050 or 2100when themean
sea level and ocean temperature are higher. Another major question is how coastal communities might
respond to the flooding risk and whether coastline management affects storm surge response in the semien-
closed Bay. One coastline optionmight be to build seawalls, levees, and other gray infrastructure at the coast-
line to protect against flooding. Another coastline option might be to make use of salt marshes, sea grasses,
and other green infrastructure to mitigate flooding risk. In a recent modeling study of Chesapeake and
Delaware Bays, Lee et al. (2017) found that the response of tidal ranges to sea level rise depends critically
on the coastline management. Tidal range increases if hypothetic sea walls are built at the current coastline
to preventflooding but decreases if low‐lying land is allowed to beflooded. Similar results were found inmod-
eling studies of tidal response to sea level rise and coastlinemanagement on the European shelf (Pelling et al.,
2013; Pickering et al., 2012; Ward et al., 2012) and in San Francisco Bay (Holleman & Stacey, 2014; Wang
et al., 2017).

In this paper we investigate the impacts of sea level rise, ocean warming, and coastline management on
storm surge in Chesapeake Bay. Regional atmosphere and ocean models are used to simulate Hurricane
Isabel (2003) and Isabel‐like storms in the future climate as projected by the global climate models. The
regional atmosphere model can explicitly simulate the effects of warmer ocean temperature on storm inten-
sity while the regional ocean model will directly simulate the effects of sea level rise on water levels. To
investigate how coastline management might affect storm surge response inside Chesapeake Bay, we will
simulate two shoreline scenarios: (1) the hard shoreline scenario in which hypothetic walls are placed at
the current coastline to prevent flooding and (2) the soft shoreline scenario in which low‐lying land areas
are allowed to be flooded. The outline of this paper is as follows. Section 2 describes the modeling approach,
and section 3 presents the model projections for storm surge in 2050 and 2100. The relative effects of sea level
rise and ocean warming on storm surge are examined in section 4. An energy budget analysis is presented in
section 5 to explain different storm surge responses in the future climate, particularly how the storm surge
differs between the soft and hard shorelines.

2. Method

To investigate how climate change and coastline management affect storm surge in Chesapeake Bay, we
used regional atmosphere and ocean models. The regional atmosphere model, based on Weather
Research and Forecasting (WRF) model, simulates the impact of ocean warming on storm intensity. The
regional ocean model, based on Finite Volume Community Ocean Model (FVCOM), simulates the impact
of sea level rise, changing storm intensity and coastline management on storm surge.
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2.1. Regional Atmospheric Model

The Advanced Research WRF model is a nonhydrostatic, mesoscale atmospheric model (Version 3.6.1;
Skamarock et al., 2008) and has been widely used for hurricane simulations (e.g., Li & Pu, 2008; Nolan,
Zhang, et al., 2009,Nolan, Stern, et al., 2009; Seroka et al., 2016). In this study, triple‐nested model domains
were configured for WRF (Figure 1a). The outermost domain has a resolution of 12 km and covers the wes-
tern Atlantic. The middle domain covers the south and middle Atlantic regions at a resolution of 4 km. The
innermost domain uses a fine resolution of 1.33 km to resolve the Chesapeake Bay region. There are 40 ver-
tical sigma levels. At the lateral boundaries of the 12‐km domain, WRF is forced by the 1° Final (FNL) opera-
tional global analysis data (https://rda.ucar.edu/datasets/ds083.2/). At the ocean surface, WRF is forced by
daily outputs from 0.5° real‐time global sea surface temperature (RTG‐SST, http://polar.ncep.noaa.gov/sst/).
FNL is also used to initialize WRF at 2 days prior to the landfall of hurricane. We used commonly used para-
meterization schemes for the subgrid‐scale physics in the WRF model (Zhang et al., 2017). The Thompson
scheme is used for cloud microphysics (Thompson et al., 2008), the rapid radiative transfer model is used
for the shortwave and longwave radiations (Iacono et al., 2008), the Yonsei University scheme is used for pla-
netary boundary layer (Hong et al., 2006), the Kain‐Fritsch scheme is used for cumulus parameterization in
the 12‐km resolution domain (Kain, 2004), and the MM5 similarity is used for the surface layer (Fairall
et al., 2003).

2.2. Regional Ocean Model

The unstructured‐grid FVCOM (Chen et al., 2003, 2006) has been used for storm surge and inundation simu-
lations (e.g., Beardsley et al., 2013; Chen et al., 2013; Weisberg & Zheng, 2006). Our model domain covers
Chesapeake Bay and eastern U.S. continental shelf, as shown in Figure 1b (Zhang et al., 2017). The horizon-
tal grid sizes are ~10 km near the open ocean boundary, ~1 km on the inner shelf, and ~200 m inside
Chesapeake Bay. To simulate overland inundation, finer resolutions (10–200 m) are placed over the low‐
lying land areas surrounding Chesapeake Bay (up to 5‐m height above the current mean sea level;
Figure 1c). The bathymetry and land elevation data were from National Oceanic and Atmospheric
Administration and U.S. Geological Survey, respectively. A detailed description of bathymetry, digital eleva-
tion, and datum used in the FVCOM can be found in Lee et al. (2017).

Themodel is run in a three‐dimensional barotropicmode. Five evenly distributed sigma layers are used in the
vertical direction, but temperature and salinity are kept constant. At the open boundary, 10 tidal constituents
(M2, S2, N2, K2, K1, O1, P1, Q1, Mm, and Mf) are prescribed with global tidal model TOPEX/POSEIDON 7.1
(Egbert & Erofeeva, 2002). At the ocean surface, FVCOM is forced by hourly winds fromWRF. At the ocean
bottom, a quadratic stress is applied, assuming a logarithmic bottom boundary layer. The bottom roughness
height is set to be 1 cm in Chesapeake Bay and 2 cm on the adjacent shelf (Lee et al., 2017). The vertical eddy
viscosity and diffusivity are computed using the k‐ε turbulence closure scheme (Burchard, 2002; Warner
et al., 2005), and the background diffusivity and viscosity are set to be 10−5 and 5×10−6 m2/s, respectively.
FVCOMwas initialized at 6 days prior to the landfall in order to give sufficient time for the model to spin up.

2.3. Design of Numerical Experiments

To project the impact of climate change on storm surge and coastal inundation in 2050 and 2100, we made
use of the IPCC AR5 (Fifth Assessment Report). IPCC AR5 provides a set of four pathways of global green-
house gas emission scenarios called Representative Concentration Pathways (RCPs; Moss et al., 2010; Van
Vuuren et al., 2011). We selected two RCPs in our modeling analysis: stabilized emissions (RCP 4.5) and
growing emissions (RCP 8.5).

CMIP5 (Coupled Model Intercomparison Project Phase 5) used in the IPCC AR5 contains a large ensemble
of GCMs among which 15 widely used GCMs were used in this study (Table S1 in the supporting informa-
tion). We extracted SST in the tropical North Atlantic Ocean from these GCMs and calculated the averaged
SST difference between the future climate (2046–2065 for “2050” and 2081–2100 for “2100”) and the histor-
ical reference period 1986–2005. Then, the GCMs with minimum, median, and maximum SST changes were
selected for the downscaling simulations. The median projection is for SST to increase by 1.13/1.71 °C at
2050 and by 1.48/2.94 °C at 2100, corresponding to projections from RCP 4.5/RCP 8.5 (Table 1). The inter
model spread in SST is larger in 2100 than in 2050, reflecting larger uncertainty in the projection for the
end of 21st century.
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The GCMs were also used to project sea level rise. Church et al. (2013) analyzed individual contributions to
sea level rise and estimated the median values and likely ranges for projections of global mean sea level in
the 21st century relative to 1986–2005. The relative sea level rise rate in Chesapeake Bay is larger than the
global mean rate due to land subsidence (Zervas, 2001, 2009) and changing ocean dynamics in the northwest
Atlantic Ocean (Ezer, 2013; Ezer et al., 2013; Sallenger et al., 2012). The regional land subsidence due to gla-
cial isostatic adjustment was estimated following Miller et al. (2013). The regional sea level rise due to chan-
ging ocean dynamics was estimated according to Yin et al. (2009). Adding the three components together
yielded the relative sea level rise in 2050 and 2100 (Table 1). To account for the relative sea rise in
FVCOM, the projected increase in the mean sea level was uniformly superimposed onto the astronomical
tides along the open boundary of FVCOM. Forcing the sea level rise projections at the offshore boundary
produces essentially the same results as more elaborate modeling approaches in which land subsidence is
accounted for through bathymetry changes (Bilskie et al., 2016; Lee et al., 2017).

To examine how different coastline management options might affect storm surge in a changing climate, we
considered two shoreline options. In the soft shoreline approach, flooding to the low‐lying coastal plains is
allowed. A point treatment technique is adopted by FVCOM: a grid is treated as a wet/dry point when the

Figure 1. (a) Triple‐nested Weather Research and Forecasting model domains (thick black boxes) with resolution of 12, 4, and 1.33 km. (b) Finite Volume
Community Ocean Model grids (red). (c) Zoomed‐in view of Finite Volume Community Ocean Model grids over Chesapeake Bay and the surrounding coastal
plains.

Table 1
Projected Increases in SST in The tropical North Atlantic Ocean and Relative Sea Level Rise in Chesapeake Bay

RCP 4.5 RCP 8.5

2050 median minimum maximum median minimum maximum

SST increase in tropical North Atlantic (°C) 1.13 0.83 2.11 1.71 1.20 2.64
Global mean sea level rise 0.26 0.19 0.33 0.30 0.22 0.38
Regional ocean dynamics 0.09 0.07 0.10 0.09 0.07 0.10
Regional land subsidence 0.075 0.065 0.085 0.075 0.065 0.085
Relative sea level rise (m) 0.43 0.33 0.52 0.47 0.36 0.57
2100
SST increase in tropical North Atlantic (°C) 1.48 0.98 2.54 2.94 2.30 4.24
Global mean sea level rise 0.53 0.36 0.71 0.74 0.52 0.98
Regional ocean dynamics 0.17 0.13 0.19 0.17 0.13 0.19
Regional land subsidence 0.15 0.13 0.17 0.15 0.13 0.17
Relative sea level rise (m) 0.85 0.62 1.07 1.06 0.78 1.34

Note. The “median,” “minimum,” and “maximum” projections are based on the median value and likely lower and upper bounds of the projected global mean
sea level rise in the IPCC AR5 report. SST = sea surface temperature; IPCC AR5 = Fifth Assessment Report of the Intergovernmental Panel on Climate Change;
RCP = Representative Concentration Pathways.
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water depth is higher/lower than hc (5 cm in our model; Chen et al., 2011). In the hard shoreline approach,
hypothetical sea walls are built along the current coastline and no overland inundation was allowed, follow-
ing a similar approach by Pelling et al. (2013) and Lee et al. (2017).

We conducted a total of 25 numerical experiments: one hindcast simulation of Hurricane Isabel (2003)
which served as the baseline for the comparison and 12 simulations of future storms each for soft or hard
shoreline scenarios (Table S2). For the hindcast, WRF was forced by the FNL data at the lateral boundary
and by daily RTG‐SST at the ocean surface. For Isabel‐like storms in 2050 and 2100, WRF and FVCOM con-
sidered the effects of warming and sea level rise under the median, lower and upper range projections from
RCP 4.5 and 8.5. The projected SST increases in 2050 and 2100 were added to the historical RTG‐SST to set
the ocean surface boundary condition for WRF. Following the approach of Hill and Lackmann (2011) and
Mallard et al. (2013), the GCM‐projected changes in the atmosphere temperature between the historical per-
iod and future climate were averaged horizontally over the tropical Atlantic Ocean and then added to the
FNL outputs to set the initial and lateral boundary conditions for WRF (Figures S1 and S2). Tropic relative
humidity showed relatively little changes between the current and future climate in the GCMs andwere thus
not considered (see also Hill & Lackmann, 2011; Shen et al., 2000). Neither did we take into account of the
changes in wind fields because of the larger uncertainty in wind prediction in the GCMs. This study focuses
on the storm surge in the semienclosed Chesapeake Bay, and adding GCMs‐projected wind changes to FNL
led to storm tracks further away from the estuary. Our approach provides a cost‐effective alternative to run-
ning high‐resolution regional climatemodels (Knutson et al., 2013) and captures changes in the atmospheric
thermal conditions (temperature and moisture) associated with warmer SST. It focuses on the thermody-
namic component of climate change and its effects on tropic storms, and does not consider changes in the
vertical wind shear (Tuleya et al., 2016).

3. Changes in Storm Intensity and Storm Surge

In this section we present results from the WRF‐FVCOM simulations of Hurricane Isabel and Isabel‐like
storms in the future climate. Our analysis will focus on storm surge, but the total water level will also
be studied.

3.1. Storm Intensity

Hurricane Isabel traveled northwestward and made landfall at the Outer Bank of North Carolina on 18
September 2003. WRF captured the storm track well, with the root‐mean‐square error between the predicted
and observed tracks at 29.3 km (Figure 2a). WRF also accurately modeled the forward propagation speed,
with the observed and predicted time stamps nearly at the same locations. The observed minimum sea level
pressure (MSLP) reached a low of 953 mb on 17 September but increased to 1,000 mb on 19 September. The
predicted MSLP time series was in good agreement with the observations (Figure 2b). Isabel attained a max-
imum sustained wind (MSW) of 45 m/s prior to landfall, which was well simulated by WRF (Figure 2c).

When exposed to warmer SST, storm intensifies. By 2050 MSLP decreases to a minimum of 942–953 mb
under RCP 4.5 and 938–952 mb under RCP 8.5, with a larger range of the projected values under RCP 8.5
(Figure 2b). Maximum MSW increases to ~56–63 m/s under RCP 4.5 and ~56–61 m/s under RCP 8.5
(Figure 2c). By 2100 MSLP decreases to a minimum of ~941–952 mb under RCP 4.5 and ~930–943 mb under
RCP 8.5 (Figure 2e). MSW also becomes stronger in the future climate: increasing from a peak speed of 55
m/s during Isabel to ~56–60 m/s under RCP 4.5 and ~59–65 m/s under RCP 8.5 (Figure 2f). Overall, the
increase of storm intensity from 2050 to 2100 is modest under RCP 4.5 but significant under RCP 8.5.
Since the same large‐scale atmospheric flow fields were used to forceWRF at the lateral boundary, the storm
in the future climate follows essentially the same track as Hurricane Isabel (Figures 2a and 2d). However, it
moves at a slightly lower speed, with the forward propagation speed decreasing from 8.3 m/s during Isabel to
~7.8 m/s in 2050 and ~7.3 m/s in 2100 under the climate change scenario RCP 8.5.

The storm intensification is driven by larger heat release from the ocean surface (Figures 3a and 3b). The
maximum latent heat flux around the eyewall was ~640 W/m2 during Isabel but increases 12% to 715
W/m2 in 2100 under the median projection of RCP 8.5. This is associated with 2.94 °C increase in SST
(Table 1). In Figure 3c we plot the time series of the averaged latent heat flux over a 200‐km radius of the
storm center for Hurricane Isabel as well as its cousins in the future climate. The area‐averaged heat flux
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was around 450–550 W/m2 before Isabel's landfall. It increases to 480–600 W/m2 in 2050 and 500–680 W/m2

in 2100. To show the connection between the latent heat flux and ocean temperature more clearly, we
calculated the time average QL of the area‐averaged heat flux between 0000 LST 17 September and the
landfall, and plotted it against the SST increase (ΔSST) for all the storms simulated by WRF. QL increases
linearly with ΔSST, at a rate of 38 W·m−2·°C−1 (Figure 3d). On the other hand, the minimum value of
MSLP decreases almost linearly with ΔSST: 1 °C warming increases the central pressure deficit by ~9%
(Figure 3d). Knutson and Tuleya (2004, 2008) found a similar linear relationship between hurricane
intensity change and SST increase.

3.2. Storm Surge

Stronger storms drive higher storm surge in the future climate, but there are regional differences in the surge
response. To focus on the surge height, the mean sea level rise and tidal signals were removed from sea level
time series by subtracting sea levels from tide‐only runs with corresponding sea level increase and shoreline
configuration (Figure 4). We compared the storm surge at three locations: Norfolk, VA, Cambridge, MD, and
Baltimore, MD, representative of the lower, middle, and upper Bay regions. The soft shoreline scenario is
considered first but will be compared with the hard shoreline scenario in section 3.3. Storm surge at
Norfolk rose to a maximum of 1.88 m during Hurricane Isabel. By 2100, it is projected to rise to 1.97–2.03
m under RCP 4.5 and 2.00–2.22 m under RCP 8.5 (Figure 4a). Similar amplification of the storm surge is seen
at Baltimore: increasing from a peak height of 2.24 m during Isabel to 2.25–2.34/2.32–2.44 m under RCP 4.5/
8.5 (Figure 4c). These represent 10–20% increases in the surge heights, corresponding to similar increases in
the wind speed magnitude (Figure 2f). In contrast, the storm surge in all the model runs reaches a similar or
lower height at Cambridge, which is located next to low‐lying land areas in the middle Bay that are flooded
during the storm. It is noted that the peak storm surge arrives 2–3 hr later in 2100, since the storm forward
propagation speed decreases (see Figure 2d).

Figure 2. (a) Storm tracks, time series of (b) minimum sea level pressure, and (c) maximum sustained wind speed for Hurricane Isabel (black) and similar storms in
2050 (green and red). (d)–(f) The same as (a)–(c) but for Isabel‐like storms in 2100. The white circles in (a) and (d) indicate the observed track. The thick green and
red lines represent results from “median” projection for the SST increase and the shaded area are bounded by the minimum and maximum values from “min,”
median, and “max” projections. RCP = Representative Concentration Pathway.
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Next we compare storm surge across the entire estuary. In all the model runs, the surge height displays a
similar longitudinal distribution (Figures 5a and 5b). It is large in the lower Bay due to proximity to the storm
center as well as incoming surge wave generated on the shelf. As the stormmoves further away from the Bay,
however, the surge height decreases between the lower and middle Bay. It increases again in the upper Bay
because southwesterly winds on the right quadrants of the storm push water toward the head of the estuary.
The surge height is projected to increase in the future climate, with larger changes under RCP 8.5 than under
RCP 4.5. By the end of 21st century, the peak surge at the lower Bay stations can be 0.4–0.6 m higher, which
is ~50% of the projected relative sea level rise.

In terms of coastal inundation, the total water level is a more relevant metric. In Figures 6a–6e, we plot the
spatial distribution of the peak water level over Chesapeake Bay generated by Hurricane Isabel and its future
cousins. Part of the water level increase is associated with the relative sea level rise which is projected to be
0.43/0.47 m in 2050 and 0.85/1.06 m in 2100 under the median projection of RCP 4.5/8.5 (Table 1). However,
there are regional variations in the sea level response to climate change. Large peak water level increases are
seen in the lower Bay, western tributaries and upper Bay. For example, the peak water level at Baltimore was
2.24 m during Hurricane Isabel but reaches 3.38 m in 2100 under the median projection of RCP 8.5. In con-
trast, the total water level increases by about the same amount as the mean sea level rise in the middle Bay.
Low‐lying areas on the eastern shore of Chesapeake Bay (at latitudes between 38°N and 38.5°N) are flooded
by the storm, such that the storm water moves across the land rather than being confined by the coastline.

3.3. Impact of Coastline Management on Storm Surge

The storm surge generated inside the semienclosed Bay is also affected by the manner how the coastline is
managed. Here we present model results from the hard shoreline scenario in which sea walls are built at the
current coastline to prevent flooding over low‐lying coastal plains. The median projections of RCP 4.5 and
8.5 for 2100 are used for comparing the storm surge between the two shoreline scenarios. Norfolk is located
near the mouth of Chesapeake Bay, and the surge height there is thus least affected by the coastline manage-
ment inside the estuary (Figure 4d). At the middle Bay location (Cambridge), the storm surge is appreciably

Figure 3. Snapshots of upward surface latent heat flux at 0600 LST 18 September for (a) hindcast and (b) 2100 RCP 8.5 median scenario. (c) Time series of surface
latent heat flux for all scenarios. The latent heat flux is averaged over the area within 200 km of the storm center. (d) Relationship between time‐averaged
latent heat flux (red) /central pressure deficit (blue) and SST increase. Latent heat flux is averaged between 17 September and landfall. RCP = Representative
Concentration Pathway; SST = sea surface temperature.

10.1029/2019JC015445Journal of Geophysical Research: Oceans

ZHANG AND LI 6504



higher in the model run with the hard shoreline: the peak surge height reaches 1.96 m in the hard shoreline
versus 1.55 m in the soft shoreline under the median projection of RCP 8.5 (Figure 4e). At the upper Bay
location (Baltimore), the differences are even larger (Figure 4f): The surge height reaches 2.76 m in the
hard shoreline versus 2.32 m in the soft shoreline. Therefore, how the coastline is managed can result in
over 0.4‐m difference in the storm surge in an upper Bay location like Baltimore. This is even larger than
the surge amplification due to ocean warming or about 40% of the relative sea level rise projected for 2100.

Similar differences between the soft and hard shoreline scenarios are found in the comparison of the peak
surge height across the entire estuary (Figure 5). In all the model runs considered, whether for 2050 or
2100 and under RCP 4.5 or RCP 8.5, the surge height is consistently higher under the hard shoreline scenario
than under the soft shoreline scenario (cf. Figures 5a and 5b with Figures 5c and 5d). In the lower Bay loca-
tions, such as Norfolk and Yorktown, the difference is small. However, it becomes progressively larger as the
head of the estuary is approached. In the middle Bay locations south of 38.5°N (Windmill Pt. and Lewisetta),
the peak surge height in the hard shoreline exceeds that in the soft shoreline by about 0.10–0.15 m. A signif-
icant proportion of the low‐lying areas around Chesapeake Bay are located on the eastern shore between
38°N and 38.5°N. North of this region, storm surge responds more strongly to the coastline management.
In 2100, the surge height difference between the hard and soft shorelines reaches 0.39 m at Cambridge,
0.41 m at Annapolis, and 0.44 m in Baltimore. This difference is relatively insensitive to the climate change
scenario and is about the same under either RCP 4.5 or 8.5. These results have highlighted the potential role
of coastline management in altering the storm surge in a semienclosed bay. Hardening shorelines to protect
low‐lying areas may substantially amplify storm surge in up‐estuary locations. We also note that the storm
surge height difference between the soft and hard shorelines is larger in 2100 than in 2050, indicating that
the influence of shoreline management is magnified in warmer climate.

These differences in storm surge height translate to similarly large differences in the total sea level between
two shoreline scenarios (Figure 6). At Baltimore, the peak water level reached 2.24 m during Hurricane
Isabel. Under the median projection of RCP 8.5 for 2100, it will reach 3.38 m in the soft shoreline scenario
but 3.82 m in the hard shoreline scenario. Thus, the peak water level generated by an Isabel‐like storm will
be ~70% higher if the shoreline is hardened.

Figure 4. Time series of storm surge at Norfolk, Cambridge, and Baltimore under different scenarios in 2100. The solid green and red lines are from the median
projection of each climate change scenario, and the shaded area are bounded by the minimum and maximum values from “min,” “median,” and “max”
scenarios. RCP = Representative Concentration Pathway.
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4. Effects of Sea Level Rise and Ocean Warming on Storm Surge

To separate the effects of ocean warming and sea level rise on storm surge, we conducted additional model
runs for 2100 using the median projection of RCP 8.5: one with SST increase only and another with sea level
rise only. In Figure 7, we compare the storm surge time series (mean sea level rise and tidal signals removed)
from these twomodel runs against those fromHurricane Isabel and the full model simulation for 2100 under
RCP 8.5. In the model run with soft shoreline and sea level rise only, storm surge is slighted lower in the
future climate, with 0.12‐m decrease at Norfolk and Cambridge (lower and middle Bay) and 0.14‐m decrease
at Baltimore (Upper Bay). In the model run with hard shoreline and sea level rise only, storm surge is nearly
the same at Norfolk but significantly higher (0.19–0.28 m) at Cambridge and Baltimore. However, these
changes are smaller than those seen in the model runs with higher SST only. In the soft shoreline scenario,
the storm surge increases by 0.26 m at Norfolk, 0.03 m at Cambridge, and 0.23 m at Baltimore. In the hard
shoreline scenario, the storm surge experiences even larger increases: 0.37 m at Norfolk, 0.25 m at
Cambridge, and 0.46 m at Baltimore. These model comparisons show that ocean warming is the main driver
of storm surge amplification in the future climate. Sea level rise will raise the mean sea level, but its direct
effect on the storm surge is relatively small.

To illustrate these effects over the entire Bay, we plot the distribution of the peak surge height (Figure 8). In
the model runs forced with the sea level rise only, the surge height decreases by 0.1–0.2 m if the low‐lying
areas are allowed to be flooded (soft shoreline), but it increases by 0.1–0.3 m if hypothetic walls are placed
at the current coastline (hard shoreline; Figures 8a and 8b). These results are similar to what Lee et al.
(2017) found in their study of tidal response to sea level rise. The tidal range in Chesapeake and Delaware
Bays decreases in the model runs with the soft shoreline but increases in the model run with the
hard shoreline.

In the model runs forced with higher SST, storm surge in the estuary is higher in 2100 than 2003, regardless
of the coastline management scenario. Stronger winds generate higher storm surge. In the case of soft shore-
line, the largest increase occurs in the western tributaries of lower Bay due to its proximity to the storm cen-
ter, the second largest increase occurs in the upper Bay, whereas moderate to no increases are seen in the
middle Bay where low‐lying areas on the eastern shore is flooded (Figure 8c). The amplification of the

Figure 5. Peak surge heights at seven tidal gauge stations along the main channel of Chesapeake Bay (from left to right on the horizontal axis: from lower Bay to
upper Bay) under different scenarios of climate change (Representative Concentration Pathway, RCP 4.5 and 8.5) and coastline management (soft versus hard). The
red and green bars represent the median peak surge heights, and the error bars show the range of peak surge heights based on “min,” “median,” and “max” pro-
jections of each climate change scenario. The median peak surge heights in (a) and (b) are also plotted in (c) and (d), respectively, with darker green and red.
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storm surge is considerably larger in the case of hard shoreline, especially in the lower and upper Bay regions
(Figure 8d). Overall, it is the warming ocean that drives storm surge amplification in the future climate, and
hardening shoreline will further amplify the storm surge significantly.

5. Energy Budget Analysis

To better understand the underlying physics of how the storm surge responds to climate change and coast-
line management, we conducted a diagnostic analysis of the energy budget for storm surge currents.
Ignoring the baroclinic effects, the kinetic energy equation (Gill, 1982) can be written as follows:
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where the kinetic energy KE ¼ 1
2
ρ u!2

, ρ is density, ∇
! ¼ ∂

∂x
;
∂
∂y

;
∂
∂z

� �
, p’ is pressure perturbation,

u!¼ u; v;wð Þ is the velocity vector, and Kh and Kv are the horizontal and vertical eddy viscosity, respectively.
This equation states the time rate change of the kinetic energy is determined by the divergence of pressurework

(p′ u!) and kinetic energy advection (u!KE), wind stress/bottom stress work, and energy dissipation. The advec-
tive contribution to the energy flux is usually 2 orders of magnitude smaller than the barotropic flux and hence
will be neglected (Cummins&Oey, 1997; Zhong&Li, 2006). The horizontal dissipation term is alsomuch smal-
ler than the vertical dissipation term and can be neglected. Then equation (1) can be simplified to the following:

Figure 6. (a–i) Spatial distribution of peak water level from hindcast and future median projection of climate change scenario Representative Concentration
Pathway (RCP) 4.5 and 8.5.
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Integrating equation (2) over a control volume (V) yields
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The control volume is selected to be the entire Chesapeake Bay bounded by the cross section at the mouth of
the estuary (S1), the lateral boundary at the current coastline (S2), the mean sea level at the surface (S3), and

the bottom bathymetry (S4). In equation (3), n1
�! and n2

�! represent the normal vectors perpendicular to S1

and S2; τs! and τb! are surface and bottom stress, respectively. Since p′ · w0= ρgη· ∂η∂t ¼
∂12ρgη

2

∂t under the hydro-

static assumption, the third term on the right‐hand side can be interpreted as the rate of change in potential
energy (dPE/dt). Rearranging leads to

dE=dt ¼ Fin−F lat þ Pw−ε (4)

where dE/dt = dKE/dt+dPE/dt is the total energy. The storm surge energy has two source terms: the energy
flux across the mouth of the Bay due to incoming storm surge and the local wind energy input due to the
action of wind stress on the surface of the Bay. It has two sink terms: the energy flux across the lateral bound-
ary, which is 0 in the presence of hard shoreline but nonzero if water is allowed to flood into the adjacent
low‐lying land, and the dissipation of energy due to turbulence.

We investigate the energy budget for Hurricane Isabel first. Figure 9a shows the time series of three largest
terms in equation (4). Most of the storm surge energy is supplied by the local wind energy input through the
surface of the estuary, but the incoming storm surge adds a significant amount of energy input and peaks

Figure 7. Time series of storm surge at (a) Norfolk, (b) Cambridge, and (c) Baltimore under different soft shoreline scenar-
ios. (d)–(f) The same as (a)–(c) but for hard shoreline scenarios. RCP = Representative Concentration Pathway; SST = sea
surface temperature.
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earlier than the wind energy input as the storm makes landfall to the south of the Bay and then moves
northwestward. Figures 9b and 9c show the spatial distributions of the time‐averaged wind energy input
and energy dissipation. The energy dissipation approximately balances the wind energy input. In the
lower Bay, the dissipation exceeds the wind energy input since the incoming storm surge energy is
dissipated there. In the second‐order balance of equation (4), we compare the time series Fin, Flat, Pw‐ε,
and dE/dt (Figure 10a). Although Flat is relatively small, it is initially negative as the storm water floods
the low‐lying areas but becomes positive later as the storm water recedes back to the Bay. The growth of
the storm surge energy closely tracks Fin during the first half of the storm period since the local wind
energy input is only slightly larger the dissipation. In the second half of the storm period, the dissipation
exceeds the local wind input and determines the decay of storm surge energy. Figure 10b shows how the
total storm surge energy in the Bay varies over time. The integrated energy flux through the lateral
boundary is a small but not insignificant loss of the total energy.

Second, we investigate the energy budget for the storm in the median projection of RCP 8.5 in 2100 and with
the hard shoreline. The dominant balance is still among the wind energy input, incoming energy flux
through the mouth of the estuary, and energy dissipation (Figure 9d). When averaged over the storm period,
the horizontal distribution of the energy dissipation shows a broad match with that of wind energy input. In
the lower Bay, dissipation clearly exceeds wind energy input as the incoming storm surge energy is dissi-
pated. In the second‐order energy balance, dE/dt > 0 initially as the energy dissipation ramps up to oppose
the wind energy input and the incoming energy flux, and dE/dt < 0 later as the incoming energy flux is

Figure 8. (a, c, and e) Differences in peak surge height between the soft shoreline experiments and hindcast. (b, d, and f) The same as (a), (c), and (e) but for differ-
ences between the hard shoreline experiments and hindcast. RCP = Representative Concentration Pathway; SST = sea surface temperature.

10.1029/2019JC015445Journal of Geophysical Research: Oceans

ZHANG AND LI 6509



exhausted and the wind energy input decreases while the energy of the storm surge currents is dissipated
(Figure 10c). In the scenario of hard shoreline, no energy is leaked through the lateral boundary such that
Flat is exactly 0. The integrated storm surge energy reaches a higher magnitude (99 TJ) than during
Hurricane Isabel (83 TJ; cf. Figures 10b and 10d). This is consistent with the results that the storm surge
height is greatly amplified in the future climate and in the presence of hard shoreline, as shown in
Figures 4 and 5.

Third, we investigate the energy budget for the storm in the median projection of RCP 8.5 in 2100 but with
the soft shoreline. Similar to the other two scenarios, the first‐order balance is still among wind energy input,
incoming energy flux, and energy dissipation (Figure 9g). It is worth noting that the incoming energy flux for
both storms in 2100 is larger than that during Isabel. This is expected because stronger winds in the future
climate generate stronger storm surge on the shelf which subsequently propagates into the estuary. Once
again, the time‐averaged dissipation is greater than the local wind input in the lower Bay due to the

Figure 9. (a) Time series of wind energy input (Pw), energy dissipation (ε), and incoming flux (Fin) for hindcast of Hurricane Isabel. Spatial distribution of time‐
averaged (b) Pw and (c) ε over the period between 17 and 21 September for hindcast. (d and e and g–i) The same as (a)–(c) but for 2100 RCP 8.5 hard and
2100 RCP 8.5 soft scenarios, respectively. The control volume (V) is bounded by the current coastline (thin black line) and baymouth cross section (thick black line).
RCP = Representative Concentration Pathway.
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incoming storm surge (Figures 9h and 9i). Compared with the hard shoreline, both the wind energy input
and dissipation extend over to the newly flooded land areas but are nearly balanced there, suggesting that
the storm surge energy is quickly dissipated in those shallow areas. In the second‐order energy balance,
the lateral energy flux is a significantly larger term as compared to that for Hurricane Isabel (Figure 10e).
During the first half of the storm period, storm surge energy leaks out of the lateral boundary as the surge
water floods the low‐lying land areas. Later the water retreats back to the Bay, resulting in an energy
influx to the control volume. Only ~65% of Flat returns to the Bay, suggesting that ~35% is lost in the
flooded area. Therefore, the flooded area is not only a temporary reservoir for storing storm surge energy
but also dissipates energy due to bottom friction. The time series of the total energy increases to a
maximum of 96 TJ, which is larger than that during Hurricane Isabel but is smaller than that for the
storm with the hard shoreline (Figure 10f). This result is consistent with the differences in the storm
surge heights among the three runs, as shown in Figures 4 and 5. Most interestingly, the integrated lateral
energy loss reached a peak magnitude of 31 TJ, which is about 1/3 of the peak storm surge energy. This
demonstrates that the lateral energy loss through flooding the low‐lying areas can serve as a sizeable sink
for the storm surge energy, thereby reducing storm surge height at locations further upstream. In
contrast, storm surge energy is forced to propagate upstream in the presence of the hard shoreline,
resulting in larger storm surge height.

6. Conclusion

Using the climate model projections to drive regional atmosphere‐ocean models, we have investigated how
oceanwarming, sea level rise, and coastlinemanagement affect storm surge in the semienclosed Chesapeake
Bay. Warming ocean produces more intense storms and stronger winds, resulting in higher storm surge. The
storm surge at Norfolk rose to a maximum of 1.88 m during Hurricane Isabel. By 2100, it is projected to rise
to 1.97–2.03 m under RCP 4.5 and 2.02–2.22 m under RCP 8.5, in addition to the increase in the mean sea
level. Similar amplification of the storm surge is seen at Baltimore: increasing from a peak height of 2.24
m during Isabel to 2.25–2.34/2.32–2.44 m under RCP 4.5/8.5. Hardening shorelines will further raise the
peak surge height in Baltimore to 2.59–2.81/2.76–3.04 m under RCP 4.5/8.5.

Figure 10. (a) Time series of each term in the energy budget equation and (b) accumulated dE/dt (blue) and Flat (red) for the hindcast of Hurricane Isabel. (c and d
and e and (f) The same as (a) and (b) but for 2100 RCP 8.5 hard and 2100 RCP 8.5 soft scenarios, respectively. 1MW= 106W and 1 TJ = 1012 J. RCP=Representative
Concentration Pathway
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While sea level rise will add to the total water level, it only has a moderate effect on the storm surge height
itself. Ocean warming is the main driver of stronger storm surge in the future climate. The amplification of
the storm surge can reach up to 0.3 m by 2100, nearly one third of the projected sea level rise. We also found
major differences in the storm surge response between the soft and hard shorelines. Hardening shorelines
can further amplify the storm surge by over 0.4 m in the middle and upper parts of Chesapeake Bay.
Energy budget analysis shows that allowing flooding to low‐lying land leads to a significant energy loss
and reduces storm surge height in the upper parts of the estuary.

It is challenging to manage coastal inundation risk in Chesapeake Bay due to its long and convoluted coast-
lines. Significant amount of low‐lying coastal plains is located on the rural part of Eastern Shore Maryland,
which is covered by extensive forests and wetlands. On the other hand, most densely populated cities (e.g.,
Baltimore, Washington, DC, and Annapolis), where storm surge can affect much larger population and
cause more significant economic loss, are located in the upper portion of the Bay. Given the large difference
in the storm surge height between the soft and hard shorelines, coastal communities around Chesapeake
Bay need to explore different mitigation and adaptation strategies to deal with coastal inundation. For exam-
ple, allowing for low‐lying areas to be flooded and assisting the affected coastal communities in elevating
their houses and/or migrating to higher grounds could significantly reduce the storm surge at the metropo-
litan cities located further upstream.

There are caveats worth considerations when applying these model results to coastal planning. Studies based
on coarse‐resolution GCMs have generally agreed on a tendency toward decreasing frequency and increas-
ing intensity of tropical cyclones as the climate warms (Bengtsson et al., 1996). On the other hand, a consen-
sus of GCMs predicts increasing wind shear over the North Atlantic with warming (Vecchi & Soden, 2007),
which would tend to inhibit overall tropical cyclone activity. Our modeling study only considered the effect
of thermodynamic component of climate change and did not consider changes in the upper wind shear.
Neither did we consider the effects of surface wake cooling which could be important for a slow moving
storm. Another caveat is that this paper only considered one storm (Hurricane Isabel) and its variants in
the future climate. A comprehensive assessment of coastal inundation risks would require simulations of
storms with different tracks and intensities.
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