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Abstract
A coupled atmosphere–ocean model was used to study the impact of future ocean warming, both at and below the water 
surface, on hurricane track and intensity and the associated coastal storm surge and inundation. A strong Saffir–Simpson 
Category-5 hurricane, Hurricane Matthew made landfall on the South Carolina (SC) coast of the United States (US) in Sep-
tember 2016 and was used as our study case. Future ocean warming was calculated based on the Inter-Governmental Panel 
on Climate Change (IPCC) RCP 2.6 and RCP 8.5 scenarios. Validated setup of the model was used to simulate the changes 
in track, intensity, storm surge, and inundation of Hurricane Matthew under future climate ocean warming scenarios. Results 
showed that the future ocean warming could make the hurricanes stronger in intensity, which, in turn, will greatly increase 
subsequent coastal storm surge and inundation. For example, under the RCP 8.5 scenario, Matthew’s maximum wind speed 
would increase by 18 knots (12.97%), its minimum sea-level pressure would deepen by 26 hPa (2.78%), and the coastal area 
inundated would increase by 70.20% from that of the present day. Moreover, the increases in coastal surge and inundation 
could likely lead to a downstream blocking of upstream water systems, thereby exacerbating upstream lateral flooding as 
the rivers go into storage modes; but that potential is beyond the scope of this study.
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Introduction

Tropical cyclones (TCs) are one of nature’s most devastat-
ing natural hazards that kill many people worldwide and 
incur huge economic losses every year (Emanuel 2003; 
Das et al. 2016). Coastal storm surge and the subsequent 
inundation generated by TCs affect around a billion people 
living in coastal areas. Global warming has the potential to 
increase both storm surge and inundation both due to the 
coupled effects of storm intensification and sea-level rise 
(SLR). A better understanding of how global warming will 
affect TCs, i.e., track, intensity, landfall locations, and storm 
surge and inundation, is necessary in the context of pro-
jected global warming scenarios. In addition, any climate 

change adaptation strategy demands proper analyses of how 
the future change in climate would affect human welfare in 
sectors such as ecosystems, agriculture, hydrology, health, 
energy, and industry.

In recent years, several studies have focused on the impact 
of climate change on TC frequency and intensity (Gualdi 
et al. 2008; Knutson et al. 2010; Zhao and Held 2010). While 
it is possible to simulate tropical cyclones in global models 
to analyze their statistics under different climate scenarios, 
it is difficult to generate TC events with realistic intensity, 
an important factor for society (Zhao et al. 2009), due to the 
low resolution of those global climate models. To reproduce 
climate change at regional scales, Kimura and Kitoh (2007) 
and Sato et al. (2007) introduced a dynamical downscal-
ing method, which uses both present re-analysis data and 
the monthly mean value difference between the state of the 
present climate and that of the projected future, for creating 
model forcing data. Emanuel (1987) first projected hurricane 
intensity changes in an environment of higher greenhouse 
gas concentrations. Knutson et al. (2010) summarized the 
literature regarding the relationship between hurricanes and 
monthly mean sea surface temperature (SST) and suggests 
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that by the end of the 21st century, the intensity of future 
hurricanes could increase by 2–11%.

The above-referenced studies employed relationships 
between SST and the intensity changes of hurricanes. 
Several studies show that the sub-surface sea temperature 
(SSST) is also important in the TC intensification process 
(Emanuel and Živković-Rothman 1999; Bender and Ginis 
2000; Shay et al. 2000; Lloyd and Vecchi 2011; Lin et al. 
2014; Price 1981). However, a few studies considered SSST 
in a global warming scenario (Knutson et al. 2010, 2013). 
During TC genesis and development, energy is supplied 
from the sea surface to the TC through air-sea sensible and 
latent heat flux. TC wind stress mixes cooler sub-surface 
ocean water with the surface water which in turn reduces 
the SST, also known as the TC-induced ocean cooling effect 
(OCE). OCE is a function of ocean vertical temperature pro-
file, size, and intensity of TC and its phase speed (Emanuel 
and Živković-Rothman 1999; Bender and Ginis 2000; Shay 
et al. 2000; Lloyd and Vecchi 2011; Lin et al. 2014, 2009; 
Price 1981; Cione and Uhlhorn 2003). A stronger OCE leads 
to a less supply of energy into the TC and thus suppresses 
the intensification process.

To represent the OCE process appropriately, a coupled 
atmosphere–ocean modeling approach is required. The stan-
dalone atmospheric simulations cannot address the effect 
of OCE, since the sub-surface ocean variations are artifi-
cially excluded. Some studied the impact of ocean warm-
ing, both at the surface and sub-surface, on TC intensities. 
Using the Coupled Model Inter-comparison Project Phase 
2 (CMIP2) to provide the initial conditions, Knutson et al. 
(2001) found a minor impact of sub-surface temperature 
change on TC intensity but recommended a reinvestigation 
when improved ocean condition estimates become available. 
Emanuel (2013) made coupled model projections, but he 
used fixed sub-surface conditions, and therefore, the impact 
associated with sub-surface temperature changes was not 
assessed. To overcome these above-mentioned limitations, 
a coupled ocean–atmosphere model was developed and uti-
lized in this research.

The oceanic component included the projections of future 
ocean warming at the surface and the sub-surface downward 
to the depth of 1000 m, based on IPCC’s fifth assessment 
report (AR5, Stocker 2014), which states that the ocean will 
continue warming during the 21st century and the increased 
heat will penetrate from the surface into the deeper water 
column and affect ocean circulations at those deeper depths. 
The IPCC report also predicts that in the future, TCs could 
increase in intensity, resulting in stronger peak wind speeds 
and heavier rainfall (Rahaman et al. 2016). In this study, 
we utilized the projections from IPCC’s RCP 2.6 and RCP 
8.5 scenarios as the oceanic initial conditions and used the 
coupled atmosphere–ocean model to simulate Hurricane 
Matthew. The objective is to assess how a TC similar to 

Hurricane Matthew, and its associated storm surge and inun-
dation, would behave under future climate conditions with 
warmer ocean water.

The structure of the paper is as follows: the development 
and architecture of a coupled atmosphere–ocean model and 
methods used to prognosticate future ocean water warming 
are described in Sect. “Methodology”. In Sect. “Results”, we 
utilize observations to validate Hurricane Matthew’s track, 
intensity and associated storm surge under the present-day 
conditions. In addition to that, sensitivity analysis due to 
the coupling of ocean model with the atmosphere is ana-
lyzed. This section also includes the results based on future 
projections. Using the validated setup of the models, we 
make future projections of track, intensity, storm surge, and 
inundation. Discussion on uncertainties associated with the 
results and oceanic response under future RCP scenarios are 
presented in Sect. “Discussion”. Concluding remarks are 
presented in Sect. “Conclusion”.

Methodology

Description of numerical model

The interactively coupled atmosphere–ocean model

An interactively coupled atmosphere–ocean model system 
was used to simulate the track and intensity of Hurricane 
Matthew under the present-day and future climate sce-
narios. This system was previously used in several studies 
(Jisan et al. 2016; Bao et al. 2017) to investigate the oceanic 
response to the passages of storms in differing locales.

This coupled modeling system features an air-sea coupler 
that connects the atmospheric and the oceanic modules. The 
coupler and the constituent modules are all coupled using 
the Earth System Modeling Framework (ESMF, Hill et al. 
2004). The Weather Research and Forecast (WRF; version 
3.7.1) model with the Advanced Research WRF (ARW) 
dynamical core (Skamarock et al. 2005) was used as the 
atmospheric module. WRF is non-hydrostatic, a quasi-
compressible model with multiple physics parameterization 
schemes as well as the capability of storm following and 
moving nest for hurricane modeling. For the oceanic compo-
nent, Regional Ocean Modeling System (ROMS) version 3.3 
was used. ROMS is a free surface, terrain-following numeri-
cal model that is capable of solving the three-dimensional 
Reynolds-averaged Navier–Stokes equations using hydro-
static and Boussinesq approximations (Temam 1984). Multi-
ple turbulence models, advection schemes, lateral boundary 
conditions, and surface and bottom boundary layer schemes 
are implemented in ROMS.

ESMF-based coupled geophysical model systems follow 
a standardized architecture, where the constituent modules, 
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such as WRF and ROMS, are assembled by the ESMF super-
structure (Balaji and Numrich 2005). The ESMF superstruc-
ture’s classes, including the import or export state, gridded-
component, and coupler-component, provide methods for 
data exchange between constituent geophysical modules.

The gridded components encapsulate the details in the 
constituent modules, so that they can perform the following 
three standardized functions: initialization (ESMF_Grid-
ComInitialize), integration (ESMF_GridCompRun), and 
finalization (ESMF_GridCompFinalize). The import or 
export state classes contains the information that will be 
exchanged between constituent modules. The import state 
contains the input data required for the component to run, 
and the export state contains the data that the component 
produces and sends to other components as their import 
state. When a gridded-component integrates, it communi-
cates with other gridded components through a standard-
ized interface: it reads in an import state class and writes 
an export state class. The coupler-component remaps the 
import and export state classes onto different model grids 
when the constituent modules are on different domains.

Specifically, Fig. 1 shows the flowchart of coupling WRF 
and ROMS, and what variables are exchanged between 
them. The coupler-component first creates two ESMF-
gridded components for the two constituent modules, one 
representing WRF, the other ROMS. As mentioned earlier, 
the WRF- and ROMS-gridded components are encapsu-
lated into the three top-level compartments, performing the 
model’s “initialization”, “integration”, and “finalization” 
functions. The coupler-component also creates the import 
and export state classes for each gridded component. Next, 
the WRF and ROMS execute their “initialization” methods 
respectively to assign the initial values to the atmosphere 
and ocean state variables.

After the WRF- and ROMS-gridded components are ini-
tialized, they start forward integration. After each timestep, 
the momentum and thermal exchange coefficients are calcu-
lated based on the stability functions of the similarity theory 
(Paulson 1970; Dyer and Hicks 1970; Webb 1970). Using 
these coefficients, the momentum and heat fluxes through 
the atmosphere–ocean interface are calculated in WRF, 
using the Noah LSM model (Chen and Dudhia 2001). The 
underlying sea surface temperature (SST) and current (SSC) 
is used in the calculations of the fluxes. The fluxes calculated 
in WRF are added to its export state, which is later received 
by the ROMS as its import state. In ROMS, the fluxes 
received from WRF are then used as its surface wind and 
heat forcing for its integration. During ROMS integration 
time step, it writes SST and SSC into its export state, which 
is later received by WRF as its import state and read into the 
WRF component. Thus, the WRF and the ROMS exchange 
surface wind and SST fields at each time step. The SST 
and SSC are then used by WRF in its calculation of surface 

fluxes. When the integration time limit is reached, the time 
iteration stops and the coupler proceeds to the “Finalize” 
stage, which starts the “wrf_finalize” and “ROMS_finalize” 
routines to finish the entire simulation.

Delft3D‑flow

Delft3D-FLOW (Delft WL | Delft Hydraulics, The Neth-
erlands) was used to simulate storm surge and inundation. 
The model is a hydrodynamic and transport simulation 
program that calculates non-steady flow and transport phe-
nomena resulting from astronomical tidal and meteorologi-
cal forcing. It solves the unsteady shallow water equations, 
including the horizontal equations of motion, the continu-
ity equation, and the transport equations for conservative 
constituents. The equations are formulated in orthogonal 
curvilinear coordinates or in spherical coordinates on the 
globe. Delft3D—FLOW can be applied for modeling tidal 
waves, storm surges, tsunamis, harbor oscillations (seiches), 

Fig. 1   Diagram of the WRF–ROMS coupling using the ESMF-based 
coupler
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and the transport of pollutants in vertically well-mixed flow 
regimes. The wind speed and sea-level pressure generated 
from the coupled atmosphere–ocean model were used as 
input in Delft3D to simulate the storm surge and inundation.

Domain and model configuration

The WRF model has a fixed outer domain with a 6-km 
grid-spacing (430 × 512 grid points) and a vortex following 
moving nest domain with a 2-km grid-spacing (271 × 271 
grid points) (Fig. 2). The WRF domains have 36 vertical 
levels with a terrain-following sigma coordinates. The inner 
domain was updated every 15 min.

In the coupled atmosphere–ocean model, the WRF com-
ponent employs the WSM3 microphysics scheme (Hong and 
Lancaster 2004). For long-wave and short-wave radiation 
calculations, the Rapid Radiative Transfer Model (RRTM, 
Mlawer et al. 1997) and Dudhia schemes (Dudhia 1989) were 
used. The YSU Planetary Boundary Layer (Noh et al. 2003) 
scheme was used as the thermal diffusion scheme to represent 
surface physics. The initial and boundary conditions for the 
WRF model simulations were derived from the 1 × 1-degree 
NCEP global Final Analysis (FNL) which was processed 
using WRF post-processing (WPS).

The ROMS model domain is the same as the WRF’s outer 
domain. ROMS employed 36 stretched terrain-following 
vertical levels. The initial and boundary conditions were 
obtained from the 1/12°, global Hybrid Coordinate Ocean 
Model with Naval Research Lab Coupled Ocean Data 
Assimilation (HYCOM/NCODA) solutions. In the ROMS 
simulation, a 24 s time step was used.

For the storm surge and inundation component Delft3D-
FLOW, a separate grid and bathymetry were constructed 
over the coast of South Carolina (SC) and part of North 
Carolina (NC), up to Jacksonville (Fig. 3). National Geo-
physical Data Center’s Coastal Relief Model (Divins and 
Metzger 2008) was used as the topography and bathymetry 
source. The grid cell resolution of the Delft3D grid var-
ies from 156 to 1200 m with higher resolution applied over 
the land to simulate the storm surge and inundation accu-
rately. To simulate storm surge and inundation, Delft3D’s 
wind speed and pressure input were extracted from the cou-
pled atmosphere–ocean model. Other physical parameters 
considered in the storm surge simulation were Manning’s 

Fig. 2   Extent of the model domain used for the WRF and ROMS 
simulation. The white square box (d02) inside the outer domain is the 
initial location of the vortex, subsequently following the moving nest, 
which was updated at every 15 min following the movement of the 
storm throughout the simulation period

Fig. 3   Study area for storm surge and inundation. The black colored 
outline is representing the extent of a Delft3D grid. Red and blue tri-
angles are representing the tide station used for validating the storm 
surge level. The green line is representing the observed track of Hur-
ricane Matthew
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roughness coefficient, gravity, horizontal eddy viscosity and 
diffusivity, and the density of water and air.

Future ocean warming scenarios and experimental 
design

According to IPCC’s 5th assessment report, increases of 
0.6 °C (RCP 2.6) up to 2 °C (RCP 8.5) were projected for 
the top 100-m depth of the ocean. From that depth, down to 
the 1000-m depth, the projected change is 0.3 °C (RCP 2.6) 
to 0.6 °C (RCP 8.5). To represent the future ocean warm-
ing scenarios, the present-day oceanic initial temperature 
was increased both at the surface and the sub-surface lay-
ers based on the projections from the RCP 2.6 and RCP 
8.5 scenarios (Table 1). For the atmospheric components, 
the initial conditions were kept the same as the present-day 
conditions, but they were influenced by the change in ocean 

heat content, since both components are interactively cou-
pled with ESMF.

To generate the future storm surge and inundation sce-
narios, the simulated track and intensity of Hurricane Mat-
thew under the RCP 2.6 and RCP 8.5 scenarios were used as 
input to Delft3D FLOW. The objective of this experiment is 
to evaluate how much additional area would get inundated 
due to the changed intensity of the storm under future ocean 
warming scenarios.

Results

Validation of the model result

Track and intensity

The simulated track of Hurricane Matthew agreed reason-
ably well with the actual track determined after the fact 
by the NOAA National Hurricane Center (NHC; Stewart 
2017) (Fig. 4a). Track errors were calculated at 6-h intervals 
(Fig. 4b), which showed that at the time of landfall, the track 
error was much less (~ 8 km) than at the other times. This 
accurately modeled landfall location was important for storm 
surge simulation.

From Fig. 5, we can see that the model simulated the 
peak intensity well enough, except that the initial strength 
was weaker than the observed, which was due to the weak 

Table 1   Ocean temperature conditions for simulating the future sce-
nario of Hurricane Matthew under present-day, RCP 2.6, and RCP 
8.5 scenarios

Climate scenarios Temperature increase (°C)

0–100 m 101–1000 m

Present-day 0.0 0.0
RCP 2.6 0.6 0.3
RCP 8.5 2 0.6

Fig. 4   a Comparison of the simulated track of Hurricane Matthew with respect to that observed (source is NHC). b Vortex location error (kilom-
eters) calculated at 6-h intervals with respect to the NHCs observed track
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vortex in the FNL input data and the lack of vortex initializa-
tion techniques. During the landfall on October 8, the model 
simulated the wind speed accurately, which is important for 
simulating the storm surge and inundation accurately. The 
simulated MSLP is consistent with the peak wind speed. The 
model simulated the MSLP appropriately on October 7, but 
following landfall on October 8, it began to show differences 
from the observed MSLP; likely caused by the difference 
between the simulated and observed tracks. Since this paper 
is focused on the impact of ocean warming on storm surge 
and inundation, the track and intensity at the landfall time 
were simulated well enough to be used in the subsequent 
experiments.

Storm surge

The simulated storm surge height was validated using the 
hourly tide data from NOAA’s National Oceanographic 
Services (NOS) at Fort Pulaski in Georgia (GA) and Oys-
ter Landing in SC, both sites along the path of Hurricane 
Matthew (Fig. 6). The model accurately simulated the peak 
water level (2.25 m) for Fort Pulaski. For Oyster Landing, 
it overestimated the peak water level by 0.53 m (3.12 m). 
A finer resolution of bathymetry could help to reduce the 
errors. Nevertheless, the calculated Root Mean Squares 
for Fort Pulaski and Oyster Landing are 0.08 and 0.13 m 
respectively, both deemed reasonably representative for the 
existing setup of the model to be used for simulating future 
changes in storm surge and inundation.

Sensitivity analysis due to atmosphere–ocean coupling

As we discussed in the Introduction concerning the inability of 
standalone atmospheric models in simulating the future hur-
ricane intensity change properly, we compared the intensities 
of Hurricane Matthew generated using the standalone WRF 
model and the coupled WRF-ROMS model under a present-
day scenario. It is to be noted that in the standalone WRF 
simulation, the SST remains fixed throughout the simulation 
period. As a result, the dynamic change of SST due to the 
movement of the storm does not get reflected properly.

Results from the comparison between the standalone WRF 
model and the coupled WRF-ROMS model were presented 
in Fig. 7. The figure shows that the standalone WRF model 
overestimated the peak wind speed by 16.42 knots (13.2%) 
and MSLP deepening by 4.96 hPa (0.53%), compared with the 
coupled atmosphere–ocean model simulation. This overesti-
mated intensity in the standalone WRF simulation was caused 
by the missing OCE, which was represented in the coupled 
simulation by introducing a separate ocean component in it. 
The better representation of the OCE thus allows us to inves-
tigate the underlying reasons behind the change in intensity 
of the storms. Hence, the system was applied to make future 
projections.

Fig. 5   Comparisons of a model-simulated wind speed and minimum sea-level pressure of Hurricane Matthew versus observations. a Compari-
sons of maximum wind speeds (knots). b Comparisons for minimum sea-level pressure (hPa)
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Future changes of hurricane matthew 
under the global warming scenario

Track and intensity

Figure 8 shows the tracks of Hurricane Matthew under the 

RCP 2.6 and RCP 8.5 ocean warming scenarios and the pre-
sent-day track. The track generated under RCP 2.6 (where 
the temperature in the upper 100 m was increased by 0.6 °C 
and the sub-surface water column temperature below 100 m 
was increased by 0.3 °C) shows only a slight difference with 
the present-day, and the landfall location was close to the 

Fig. 6   Comparisons for model simulated storm surge of Hurricane Matthew with the observed water level from National Oceanographic Ser-
vices. a Fort Pulaski GA station. b Oyster Landing SC station

Fig. 7   Simulations of peak winds and lowest central pressures of Hurricane Matthew for the cases of WRF per se and for the coupled WRF-
ROMS models: a peak wind speeds and b minimum MSLP
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actual landfall location, McClellanville SC. Alternatively, 
the track generated under the RCP 8.5 scenario (where 
the temperature of the upper 100 m was increased by 2 °C 
and the water temperature below 100 m was increased by 
0.6 °C) follows the route of the present-day track until the 
TC reached the Florida Valley. After crossing Florida Valley, 
the TC took a slight North-Eastward turn and made landfall 
at the Charleston Harbor of South Carolina. These changes 
could be influenced by the warmer oceanic surface water and 
also due to the relatively higher temperatures in the cold-
water wake, which was interacting with the atmosphere, due 
to the coupling effect.

As shown in Fig. 9a, under RCP 8.5, the maximum wind 
speed of Matthew would increase due to the effects of ocean 
warming. The peak wind speed would be 18 knots stronger 
(12.97%) than the present-day. Under RCP 2.6, the change in 
peak intensity was 6 knots stronger (5.41%) than the present-
day, as shown in Fig. 9a. In Fig. 9b, we see that the MSLP 
reached a minimum value of 936 hPa (0.43% lower than 
present) and 912 hPa (2.78% lower than present-day) for 
RCP 2.6 and RCP 8.5 scenarios.

Storm surge and inundation under future climate 
scenarios

Future storm surge levels

Figure 10 shows the peak storm surge levels of the Oys-
ter Landing SC and Fort Pulaski GA stations simulated by 
the Delft-3D model using the simulated track and inten-
sity of Hurricane Matthew under the present-day, RCP 
2.6, and RCP 8.5 scenarios. Results show that storm surge 

Fig. 8   Simulated tracks of Hurricane Matthew for the cases of pre-
sent-day (green); under the RCP 2.6 scenario (red); and under the 
RCP 8.5 scenario (black)

Fig. 9   Simulated Hurricane Matthew peak wind speed (knots) (a) and MSLP (hPa) (b) under the present-day and future RCP scenarios. Blue 
lines are for the present-day, red for RCP 2.6, and black for RCP 8.5
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levels would increase under the influence of the increased 
intensity under the RCP scenarios. Peak water level for the 
Oyster Landing station, which was simulated 3.12 m in the 
present-day climate, would reach 4.67 m (49.6% more than 
present) and 5.05 m (61.8% more than present) for the RCP 
2.6 and 8.5 scenarios respectively. Similarly, for the Fort 
Pulaski station, peak water level would increase by 74.6% 
(3.93 m) and 108% (4.68 m) for the RCP 2.6 and 8.5 sce-
narios, respectively.

Future inundation areas

As shown in the previous section, due to the increased inten-
sity of Hurricane Matthew under RCP warming scenarios, 
the peak storm surge level will increase significantly, which 
will also lead to increased inundation areas; and likely 
increased upstream, inland lateral flooding. In this section, 
we evaluate how the changed intensity will also influence 
the coastal zone inundated areas.

Due to the increased intensity, the inundated area under 
the RCP ocean warming scenarios would also become higher 
than that under the present-day condition. Figure 11 shows 
the comparisons of the inundated area under present-day 
and RCP scenarios. The model simulated inundated areas 
are 95.60, 125.16 km2 (30.92% more than present-day), and 
162.72 km2 (70.20% more than present-day) for the present-
day, RCP 2.6 and RCP 8.5 scenarios, respectively. In the 
RCP 8.5 scenario, the inundated area extended towards the 
northeast, because the simulated Hurricane Matthew made 
landfall slightly towards that direction (Fig. 11c) compared 
with the simulated tracks under the present-day and RCP 2.6 
scenarios (Fig. 11a, b).

Discussion

We showed that under future ocean warming scenarios, the 
intensity and the associated storm surge and inundation 

Fig. 10   Comparisons of peak water levels at Oyster Landing SC and 
Fort Pulaski GA stations based on the simulated track and intensity of 
Hurricane Matthew at cases of the present-day and under future RCP 
scenarios

Fig. 11   Simulated inundated areas under a the present-day and the 
RCP 2.6 scenarios; b the present-day and RCP 8.5 scenarios; and c 
RCP 2.6 and RCP 8.5 scenarios. Dark blue-colored areas are the non-
flooded areas. White areas are inundated under RCP scenarios but not 
in the present-day. Red shows the areas inundated under both the RCP 
and present-day scenarios. The yellow areas are inundated using the 
present-day case but under the two RCP scenarios
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for a storm similar to Hurricane Matthew would become 
higher than the present-day.

To understand the impact of ocean warming on sim-
ulated hurricane intensity, we analyzed the areas of the 
cold-water wake upon the ocean surface. Figure 12 shows 
the simulated change in SST caused by Hurricane Matthew 
under the present-day and RCP 2.6 and RCP 8.5 scenarios. 
A decreasing trend in the cold-water wake can be noticed 
for the future RCP scenarios comparing it with the actual 
present-day scenario. The red-colored area, which was 
cold water with a cooling of ≥ 2.0 °C, was smaller in the 
RCP 2.6 scenario than in the case of present-day condi-
tions (Fig. 12a, b) as well as in the RCP 8.5 scenarios than 
in the RCP 2.6 scenario (Fig. 12b, c). Since upwelling of 
cold deep ocean water helps to suppress the Hurricane 
intensity, this reduction in cold water zone associated with 
a warming ocean water was the main reason behind the 
increased simulated intensity of Hurricane Matthew under 

a warmer ocean condition before it made landfall on the 
SC coast.

The ocean warming’s impact on the OCE process can also 
be seen from the vertical temperature profile under the pre-
sent-day and RCP scenarios (Fig. 13). The point is located 
at 27.62°N and 77.57°W, and it was shown as the black dot 
in Fig. 12 a–c. From Fig. 13, we can see that for scenarios 
RCP 2.6 and RCP 8.5, the water that was brought up from 
the deep ocean, as a result of upwelling, was warmer than 
the present-day. For example, under the RCP 2.6 scenario, 
for which we increased the water temperature by 0.6 °C 
up to the depth of 100 m at the initial time, the upwelled 
water was 0.25 °C warmer (28.25 °C) than the present-day 
case (Fig. 13a, b). Similarly, water that was brought up 
under RCP 8.5 was 28.5 °C, which is 0.5 °C warmer than 
the present-day (Fig. 13a, c). This increase in temperature 
associated with hurricane-induced upwelling under the RCP 
scenarios was responsible for the reduction in the area of 

Fig. 12   Change in SST associated with Hurricane Matthew under conditions of a present-day conditions; b a future RCP 2.6 scenario; and c a 
future RCP 8.5 scenario. The black dot is the point where the vertical temperature profile was analyzed in Fig. 13

Fig. 13   Time series of the vertical temperature profile at 27.62°N and 77.57°W under a present-day conditions; b the RCP 2.6 scenario; and c 
the RCP 8.5 scenario
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surface cooling shown in Fig. 12, which, in turn, led to the 
increased intensity of Hurricane Matthew before the hur-
ricane made landfall.

To simulate the future change in track and intensity of 
Hurricane Matthew, we only considered ocean warming. 
However, studies suggest that, in addition to SST, air tem-
perature and humidity also can have a significant influence 
on TC intensification (Knutson and Tuleya 2004). Shen et al. 
(2000) studied the factors affecting hurricane intensity under 
the conditions of global warming and conclude that air tem-
perature and SST have contrasting influences on hurricane 
intensity. In addition, Vecchi et al. (2013), Emanuel et al. 
(2013), and Wang et al. (2014) find that changes in the verti-
cal profile of air temperature near the tropopause affect TCs.

There are some limitations in this study. For storm surge 
and inundation under future RCP scenarios, we have only 
considered the increased intensity of Hurricane Matthew, 
but we did not include the effect of sea-level rise (SLR). 
The effect of SLR could make the surge height higher 
and the inundated areas larger (Williams et al. 2015). For 
example, under RCP 2.6, the simulated inundated area was 
198.16 km2, but if we would also consider the projected 
0.26 m SLR for a mid-21st century under that RCP 2.6, 
the inundated area would be 406.25 km2, an increase that 
would make the inundation greater. In addition, in making 
future projections of storm surge and inundation, an ensem-
ble of simulations, each with different tracks, intensities, 
and times, would reduce the uncertainties associated with 
landfall location, strength, and tide conditions, as shown 
by Jisan (2017) and Jisan et al. (2017; under review). For 
instance, the impact of Hurricane Matthew would be less if it 
had made landfall in low tide or zero tides, and worse during 
high tides. Since Hurricane Matthew was a Category 5 and 
made landfall at high tide, this study presented a worst-case 
scenario. Furthermore, according to the U.S. Forest Service, 
in the RCP 2.6 scenario, a total of 23 million acres of forest 
land loss are projected for the Southeast U.S. For heavily 
forested SC, the loss in forests is predicted to be ~ 11 million 
acres (Wear and Greis 2012) in and of itself. In addition, 
Yospin et al. 2015 showed that under future climate change 
scenarios vegetation will decrease significantly. This poten-
tial future land-use change would increase the risk of storm 
surge threat, since forests work as a buffer against storm 
surge and inundation (Sakib et al. 2015; Jisan et al. 2017).

Conclusion

A coupled atmosphere–ocean model was developed and 
applied to simulate the future track and intensity of Hur-
ricane Matthew, and the associated storm surge and inun-
dation, under warmer ocean condition based on the IPCC 
RCP 2.6 and RCP 8.5 scenarios. The results showed that, 

with warmer ocean waters, both surface and sub-surface, 
the peak wind speed would increase within the range of 
6–11 knots and the MSLP would deepen within the range of 
2–26 hPa. These intensity changes influenced the simulated 
hurricane-induced storm surge and inundation. Storm surge 
level would change by 49.60–108% and the inundated area 
would change by 30.92–70.20%. Thus, TC-induced storm 
surges and inundation along the SC coast could be higher in 
the future under different global warming scenarios, particu-
larly for the RCP 8.5 scenario. These results could provide 
an effective tool for policymakers, emergency managers, and 
other local government agencies to make proper arrange-
ments regarding disaster preparedness plans.
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