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Abstract  Using statistically downscaled atmospheric forcing, we performed a numerical investigation to evaluate future climate’s 
impact on storm surges along the Gulf of Mexico and U.S. east coast. The focus is on the impact of climatic changes in wind pattern 
and surface pressure while neglecting sea level rise and other factors. We adapted the regional ocean model system (ROMS) to the 
study region with a mesh grid size of 7–10 km in horizontal and 18 vertical layers. The model was validated by a hindcast of the 
coastal sea levels in the winter of 2008. Model’s robustness was confirmed by the good agreement between model-simulated and 
observed sea levels at 37 tidal gages. Two 10-year forecasts, one for the IPCC Pre-Industry (PI) and the other for the A1FI scenario, 
were conducted. The differences in model-simulated surge heights under the two climate scenarios were analyzed. We identified 
three types of responses in extreme surge heights to future climate: a clear decrease in Middle Atlantic Bight, an increase in the west-
ern Gulf of Mexico, and non-significant response for the remaining area. Such spatial pattern is also consistent with previous projec-
tions of sea surface winds and ocean wave heights. 
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1 Introduction 
Under global warming condition, a rising sea level off 

U.S. east coast is expected to occur due to the thermal 
expansions effect, glacial melting (Stocker et al., 2013), 
and a dynamical adjustment of sea level to the possible 
slowdown of Atlantic Meridional Overturning Circulation 
(AMOC) (Yin et al., 2009; Ezer et al., 2013). The sea 
level rising trend makes the U.S. east coast vulnerable to 
storm-surge flooding (Tebaldi et al., 2012; Ezer and At-
kinson, 2014; Lin et al., 2012), especially in low-lying 
regions with dense population. The potential socioeco-
nomic consequences of extreme storm surge events could 
be significant. 

Associated with a warming climate, the frequency of 
strong storms, such as winter extratropical cyclones may 
increase toward the end of this century (Solomon et al., 
2007; Allen et al., 2014). A poleward shift of storm tracks  
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in the north hemisphere is also possible (Woollings et al., 
2012; Bengtsson et al., 2006, 2009; Stocker et al., 2013). 
Projected changes in the intensity, frequency, or tracks of 
winter cyclones can have a direct impact on storm surge 
and coastal flooding. The situation may become even 
worse when sea level rise (SLR) is considered (Ezer and 
Atkinson, 2014; Goddard et al., 2015; Little et al., 2015). 
Such an impact would be location-dependent due to local 
geomorphological factors, which further complicate the 
assessment of impact of climate change along the U.S. 
east coast (Wells, 1997). 

Previous studies of coastal flooding projections for the 
U.S. east coast were mainly based on statistical methods 
or numerical models with relative course horizontal reso-
lution (Nicholls, 2004; Kirshen et al., 2008a, 2008b). In 
this study we apply a high-resolution regional ocean cir-
culation model, driven by newly statistically-downscaled 
atmospheric forcing to assess variability of winter storm 
surges under different IPCC scenarios. Here we focus on 
the impact of wind forcing on coastal surges in the winter 
season while neglecting other factors. In particular, future 
sea level rise due to thermal expansions, glacial melting, 
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and a dynamical adjustment (e.g., Gulf stream slowdown 
(Ezer et al., 2013)) can significantly increase coastal dam-
age when it is added to the wind-driven storm surge (Ezer 
and Atkinson, 2014). Such effect is not included in this 
paper and will be investigated in our future study. 

2 Data and Methods 
2.1 Climate Data and Statistical Downscaling 

The atmospheric forcing data (surface wind and pres-
sure) were statistically downscaled from the daily output 
of GFDL (Geophysical Fluid Dynamic Laboratory) CM2.1 
global climate model (Delworth et al., 2006). We chose 
this dataset because ‘it realistically simulate many fea-
tures of the climate system and has been assessed system-
atically’ (Gleckler et al., 2008). Given that actual emis-
sions since 2000 have exceeded all SRES (Special Report 
on Emission Scenarios) emission scenarios, we here ex-
amined the worst-case emission scenario (i.e., A1FI SRES) 
(Schneider, 2009) by comparing with the Pre-Industrial 
scenario. The A1FI scenario is characterized by intensive 
fossil fuel usage, rapid economic growth and a global 
population that peaks in the mid-21 century and then de-
clines. The concentrations of atmospheric carbon dioxide 
in A1FI scenario could reach up to 940 parts per million 
(ppm) by 2100, more than the triple of the Pre-Industrial 
levels (IPCC, 2000).  

Although GFDL CM2.1 projection provides valuable 
information on future large-scale atmospheric circulation, 
its horizontal resolution is 2.5˚ and thus is too coarse to 
resolve conditions in the costal ocean. To solve this prob-
lem, in a previous study we applied a multivariate statis-
tical model to downscale the daily CM2.1 data of the 
northwest Atlantic Ocean into a 0.25˚ horizontal resolu-
tion. The statistical relationship was built upon the linear 
regressions between the empirical orthogonal function 
(EOF) spaces of a high-resolution predictand and coarse 
resolution predictor (Goubanova et al., 2011). The per-
formance of the statistical downscaling has been validated 
by the good agreement between downscaled wind fields 
against in-situ observations at 16 National Data Buoy 
Center (NDBC) buoys for the period of 1992–1999. A 
total of 100 year (2001–2100) statistical downscaling was 
performed on wind and pressure fields. Detailed informa-
tion and the validation of the statistical downscaling 
method can be found in Yao et al. (2016). We noted that 
although the spatial resolution of climate projections can 
be improved through a statistical downscaling, the tem-
poral resolution set by the GFDL CM2.1 output (daily) 
remained the same. This imposes a limitation to use re-
gional downscaled product to resolve fast-moving storm 
systems through the study area. 

2.2 Storm Surge Model 
We adapted the Regional Ocean Modeling System 

(ROMS) (Shchepetkin and McWilliams, 2003, 2005; 
Haidvogel et al., 2008) to the northwest Atlantic Ocean. 
ROMS is a 3-dimensional, hydrostatic, free-surface model 

that has been widely used to study coastal circulation and 
storm surges (Wang et al., 2008; Li et al., 2006). The 
model domain encompasses the Caribbean Sea, Gulf of 
Mexico, and U.S. east coast (Fig.1). The model has a 
horizontal resolution of 7–10 km, and 18 terrain- follow-
ing vertical layers. Model bathymetry was extracted and 
smoothed from the 2-minute ETOPO2 topography dataset 
using the linear programming method by (Sikiric et al., 
2009). A long-term (10-year) average of global HYCOM/ 

NCODA (Chassignet et al., 2009) output was used to 
prescribe open boundary and initial conditions. Specifi-
cally, we used an Orlanski-type radiation condition in 
conjunction with relaxation (Marchesiello et al., 2001) for 
temperature, salinity and baroclinic velocity, and the meth-   
od of Flather (1976) for free surface and depth-averaged 
velocity. By such settings the remote influence from At-
lantic Ocean climate variations is excluded and not con-
sidered in this paper. 

Because extreme storm-surge often occurs coinciden-
tally with spring tides, we extracted tidal forcing (7 tide 
constituents M2, S2, N2, K2, O1, K1, Q1) from the 
ADCIRC database (Luettich Jr. et al., 1992) and interpo-
lated them along the lateral boundary. Two experiments 
were carried out: Experiment 1 included both downscaled 
wind and sea level pressure and tidal forcing, while Ex-
periment 2 only considered tidal forcing. Following the 
same approach used by Flather and Williams (2000), the 
coastal subtidal surge heights were defined as the differ-
ences in sea level between the two experiments.  

Before applying the ocean model to future climate sce-
narios, we evaluated the model’s performance via a hind-
cast of coastal sea level variations in the winter of 2008. 
The hindcast simulation covers the period of August 2008 
to April 2009 and was driven by wind and sea level pres-
sure from the 3 hourly North America Regional Reanaly-
sis with a 32-km horizontal resolution (NARR) (Mesinger 
et al., 2005). Observed water level data from 35 tidal 
gauges operated by the NOAA National Ocean Service 
(positions shown in Fig.1) were used to evaluate model’s 
performance. A 36-hour lowpass filter was applied to both 
observed and simulated time series to focus on the sub-
tidal sea level variations induced by winter storms.  

Fig.2 shows time series comparisons together with Root- 

Mean-Square Error (RMSE) and correlation coefficients 
between observed and model-simulated surge heights at 
six stations: Charleston, Fort Pulaski, Naples, Clearwater 
Beach, Cedar Key and Panama City. The model repro-
duced temporal and spatial variations of coastal sea levels 
reasonably well. The RMS between the model and data 
are: 6.3 cm, 6.0 cm, 7.5 cm, 7.2 cm, 9.7 cm, and 6.9 cm, 
respectively. A similar comparison was performed at the 
rest 30 stations spanning over the study domain. RMSE 
statistics are provided in Table 1. We note that the model 
performed better during strong storm events (such as 
Hurricane Hanna and Ike in early September) than during 
relative calm weather conditions (e.g., at Charleston and 
Naples in September and October). While more accurate 
storm surge simulation requires a higher spatial resolution 
(Kerr et al., 2013; Chen et al., 2013), we found the ocean 
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model we used can reproduce shelf-wide sea level re-
sponse reasonably well, giving us the confidence to use 

this model to study the trend and spatial patterns of storm 
surges in future climate scenarios. 

 

Fig.1 Model domain and location of tidal gages (red circles). 

 

Fig.2 Comparison of the simulated (red) and observed surge (green) for (a) Charleston, (b) Fort Pulaski, (c) Naples, (d) 
Clearwater Beach, (e) Cedar Key, (f) Panama City. 
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Table 1 RMS error statistics of the surge elevation between 
model and observation 

Station name Longitude (˚E) Latitude (˚N) RMSE (cm)

Eastport −66.9817 44.9033 6.0 
Cutler Naval Base −67.2967 44.6417 6.1 
Bar Harbor −68.2050 44.3917 6.2 
Portland −70.2467 43.6567 6.6 
Boston −71.0533 42.3533 7.3 
Woods Hole −70.6717 41.5233 7.1 
Newport −71.3267 41.5050 6.8 
New London −72.0900 41.3600 7.2 
Montauk −71.9600 41.0483 7.8 
New Haven −72.9083 41.2833 7.8 
New York −74.1417 40.6367 8.2 
Atlantic City −74.4183 39.3550 10.0 
Lewes −75.1200 38.7817 10.7 
Ocean City −75.0917 38.3283 8.4 
Annapolis −76.4800 38.9833 10.5 
Duck −75.7467 36.1833 11.9 
Beaufort −76.6700 34.7200 6.8 
Wrightsville Beach −77.7867 34.2133 5.9 
Springmaid Pier −78.9183 33.6550 6.5 
Charleston −79.9250 32.7817 6.3 
Fort Pulaski −80.9017 32.0333 6.0 
Trident Pier −80.5917 28.4150 5.5 
Virginia Key −80.1617 25.7300 6.4 
Vaca Key −81.1050 24.7117 6.2 
Naples −81.8067 26.1317 7.5 
Clearwater Beach −82.8317 27.9783 7.2 
Cedar Key −83.0317 29.1350 9.7 
Panama City −85.6667 30.1517 6.9 
Galveston −94.7883 29.2850 13.1 
Corpus Christi −97.2167 27.5800 8.9 

3 Results 
Using the 0.25˚ downscaled wind and sea level pres-

sure data, we performed two climate scenario experi-
ments, one for the Pre-Industrial (PI) scenario as a control 
run and the other for the A1FI scenario as the sensitivity 
run. In each experiment, the model simulation lasts for 10 
years (from year 170 to 180 for the PI experiment and 
from 2069 to 2079 for the A1FI one, GFDL CM2.1 time-
scale). Sea level differences between the two experiments 
were examined at the 35 tidal gauge stations listed in 
Fig.1. The statistics of the difference in surge heights be-
tween the two experiments are summarized in Table 2.  

The results show an overall decreasing in the extremes 
(99% percentile) of surge heights in the study domain. 
The most striking feature is found in the Middle Atlantic 
Bight (MAB) region, especially from New Haven to 
Ocean City where the simulated changes in extreme surge 
heights can be up to 36%. Similar decreasing trend can 
also be found outside the MAB, except for some sites in 
the Gulf of Mexico. For the maximum surge height, the 
changes are very variable but those sites in the MAB still 
show a large decrease. To assess the significant level of 
any changes in extreme events, we performed a signifi-
cant test for the above results. As the extreme events in 
the PI and A1F1 experiments are generally not normally 
distributed, a Wilcoxon rank sum test was applied to the 

number of days with extreme values in a single year. The 
null hypothesis was that the extreme surge events for both 
experiments were extracted from the same population. 
Theoretically, one can rejects this null hypothesis if the 
P-value is smaller than or equal to the significance level 
(10% for our case) and conclude that the difference of 
extreme surge events in the two experiments were statis-
tically significant. The P-value in Table 2 indicates that 
difference in extreme surge events between the two ex-
periments is significant only in the MAB region and off 
the coast of western Gulf of Mexico. 

Table 2 Statistics analysis of the surge elevation difference 
between the future and control run 

Station name 
99 percentile
% change 

Maximum surge 
% change 

P-value of the 
Wilcoxon rank
sum test 

Eastport −1.32 19.83  0.47 
Cutler Naval Base 0.01 8.69  0.43 
Bar Harbor −0.27 3.72  0.31 
Portland −1.66 3.46  0.21 
Boston −8.29 −3.57  0.85 
Woods Hole −11.14 −28.68  0.38 
Newport −16.82 −38.75  0.08 
New London −20.92 −44.63  0.03 
Montauk −20.66 −42.86  0.12 
New Haven −25.63 −35.79  0.03 
New York −28.07 −57.80  0.03 
Sandy Hook −29.06 −58.07  0.03 
Atlantic City −34.10 −45.53  0.01 
Lewes −36.48 −30.91  0.03 
Ocean City −36.19 −27.94  0.02 
Annapolis −20.82 −36.73  0.05 
Duck −23.84 −14.05  0.14 
Oregon Inlet −17.96 −18.81  0.27 
Beaufort −6.43 −0.99  0.27 
Wrightsville Beach −7.26 33.37  0.31 
Springmaid Pier −7.94 31.75  0.38 
Charleston −12.08 29.41  0.21 
Fort Pulaski −16.95 20.39  0.16 
Trident Pier −5.73 −2.10  0.97 
Virginia Key −4.04 0.10  0.73 
Vaca Key −0.58 1.21  0.34 
Naples −0.10 −11.80  0.97 
Clearwater Beach 0.89 −10.16  0.97 
Cedar Key 3.14 −15.78  0.91 
Apalachicola 2.80 −11.17  0.91 
Panama City 3.03 −2.45  0.91 
Sabine Pass North 5.69 6.28  0.14 
Galveston 6.36 18.76  0.06 
Corpus Christi 5.18 2.17  0.19 
South Padre 3.38 2.39  0.21 

 
We plot the histogram of the surge heights at three sites: 

i.e., New York, Charleston, and Galveston as the repre-
sentatives of MAB, SAB and the western Gulf of Mexico, 
respectively in Fig.3(a–c), which generally confirm our 
findings in Table 2. The significant decrease in New York 
and slight increase in Galveston for extreme surge heights 
are also consistent with the analysis of surface winds in 
Yao et al. (2016). 

To further investigate the extreme events, the surge 
elevations are fitted using a Generalized Extreme Value 
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distribution GEV (l, r, j) (Lionello et al., 2012), where l is 
the location parameter, r is the scale parameter and j is the 
shape parameter. All these parameters are estimated by 
the maximum likelihood method. Long terms series are 
required for reliable estimates of these parameters. In this 
study, as the 10-year integration is still not long enough 
for the long-term return period estimation, we analyzed 
the 10 largest maxima per year following Wang et al. 
(2008). A 48-h time window (typical time for winter 
storm durations) was applied to make sure the independ-

ence of each data sample for the selection of the yearly 
maxima. The cumulative probability of the GEV distribu-
tion was calculated for the same three sites shown in 
Fig.3(a–c), and the results are shown in Fig.3(d–f). It is 
necessary to keep in mind that such probability is based 
on the annual maximum surge heights. A clear decrease in 
the extreme surge heights can be found for New York, 
while an increasing trend exists for Galveston and a weak 
difference for Charleston, which is also consistent with 
the finding of histogram plots.

 

Fig.3 Upper panel: Histogram distribution of the surge events for (a) New York, (b) Charleston, (c) Galveston; Lower 
panel: Cumulative probability distribution of the annual extreme surge for (d) New York, (e) Charleston, (f) Galveston. 

4 Summary and Discussion 
Using statistically downscaled atmospheric forcing, we 

performed a numerical investigation to evaluate the im-
pact of future climate on storm surges along the Gulf of 
Mexico and U.S. east coast. The regional ocean model 
was adapted from ROMS with a mesh grid size of 7–10 km, 
and the model domain encompassed the Caribbean Sea, 
the Gulf of Mexico, and U.S. east coast. Before the cli-
mate application, the model was validated in a hindcast 
mode to reproduce coastal sea levels in the winter of 2008. 
The good agreement between model-simulated and ob-
served sea level variations gives us the confidence to use 
this model as a tool to evaluate surge heights under future 
climate conditions.  

Two climate scenario experiments, including the PI as 
a control run and the A1FI as a sensitivity one, were per-
formed for a period of 10 years, respectively. The simu-
lated changes (A1FI relative to PI case) in surge heights 

were analyzed, which identified three types of responses 
in extreme surge heights under the warming climate: a 
clear decrease in MAB, an increase in the western Gulf of 
Mexico and non-significant response for the remaining 
area. Sea surface winds should be responsible for the above 
changes in surge heights, which can be further confirmed 
by the spatially coherent pattern between simulated surge 
heights in this study and that of the sea surface winds in 
Yao et al. (2016). This result highlights the important role 
of sea surface winds in climate studies. Another indirect 
evidence to support our finding comes from Wang et al. 
(2014), who indicated that the ocean wave height is also 
largely modulated by sea surface winds. Based on multi- 

model CMIP5 simulation, the variation of wave height as 
well as its spatial distribution due to a changing climate 
shows a very similar pattern to our results in this study. 
Under a warming climate sea surface winds may experi-
ence some changes depending on their location, thereby 
causing adjustments via various dynamic processes. 
Similarity may be exhibited in responses for various 
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fields due to dynamic linkage, as shown in wave height 
(Wang et al., 2014) and storm surge in this study. How-
ever, as one of the most important factor, the impact of 
sea surface winds due to global warming still needs to be 
fully assessed combining both dynamic and thermal proc-
esses, especially considering the complexity over coastal 
regions. 

In this study we focus on sea surface winds in order to 
emphasize its role in storm surges. We understand that 
many other factors may also play important parts in regu-
lating the storm surge heights, such as sea level rise, 
changes in ocean circulation, North Atlantic Oscillation 
(NAO), Atlantic Meridional Overturning Circulation 
(AMOC), etc. For example, Ezer et al. (2013) reported an 
accelerated sea level rising due to the slowdown of Gulf 
Stream. Goddard et al. (2015) pointed out a significant 
SLR off the Northeast of North America due to the com-
bined effects of AMOC and NAO, with an extremely 128 

mm jump around the New York City. Ezer and Aktinson 
(2014) reported an accelerated flooding along the U.S. 
east coast induced jointly by SLR, Gulf Stream system, 
NAO, and others processes. In reality, intensity of storm 
surge is determined by all factors, and a comprehensive 
assessment cannot be obtained unless all associated 
physical processes are considered. Yet the complexity and 
nonlinearity would make such an assessment less credible 
especially considering the interactions between these fac-
tors. Thus it may be a practical solution to isolate one 
factor from the others in order to simplify the problem. As 
one of the most important variables in climate studies, sea 
surface winds exert both thermal and dynamic effects on 
ocean, and in this study the impact is isolated by ignoring 
other factors and then assessed using numerical experi-
ments under different climate scenarios. It should be em-
phasized that the real response may be different from the 
above solution when the roles of other factors are in-
cluded. For example, Little et al. (2015) showed a sig-
nificant increase in storm surge energy when SLR is in-
cluded. The need of a more comprehensive study is 
manifested for better understanding the impact of global 
warming on coastal surge heights. 

Acknowledgements 
We thank Geophysical Fluid Dynamic Laboratory for 

providing GFDL CM2.1 data and National Ocean Service 
for providing in-situ sea level observations. Research sup-
port provided by the Fundamental Research Funds for the 
Central Universities (3101000-841413030), NOAA (Grant 
No. NA11NOS0120033), the National Natural Science 
Foundation of China (NSFC) (Grant Nos. 41506012, 9115 

21884 and 41506027), the Fund of Global Change and Air- 

Sea Interaction (Grant No. GAST-GEOGE-03). The au-
thor also acknowledges support by NASA through grant 
NNX13AD80G.  

References 
Allen, M. R., Barros, V. R., Broome, J., Cramer, W., Christ, R., 

Church, J. A., Clarke, L., Dahe, Q., Dasgupta, P., and Dubash, 
N. K., 2014. Climate Change 2014: Synthesis Report. Con-
tribution of Working Groups I, II and III to the Fifth Assess-
ment Report of the Intergovernmental Panel on Climate 
Change (IPCC), Geneva, Switzerland, 151pp. 

Bengtsson, L., Hodges, K. I., and Keenlyside, N., 2009. Will 
extratropical storms intensify in a warmer climate? Journal of 
Climate, 22 (9): 2276-2301. 

Bengtsson, L., Hodges, K. I., and Roeckner, E., 2006. Storm 
tracks and climate change. Journal of Climate, 19 (15): 3518- 

3543. 
Chassignet, E. P., Hurlburt, H. E., Metzger, E. J., Smedstad, O. 

M., Cummings, J. A., Halliwell, G. R., Bleck, R., Baraille, R., 
Wallcraft, A. J., Lozano, C., Tolman, H., Srinivasan, A., 
Hankin, S., Cornillon, P., Weisberg, R., Barth, A., He, R., 
Werner, F., and Wilkin, J., 2009. US GODAE: Global Ocean 
Prediction with the HYbrid Coordinate Ocean Model 
(HYCOM). 

Chen, C., Beardsley, R. C., Luettich, R. A., Westerink, J. J., 
Wang, H., Perrie, W., Xu, Q., Donahue, A. S., Qi, J., Lin, H., 
Zhao, L., Kerr, P. C., Meng, Y., and Toulany, B., 2013. Ex-
tratropical storm inundation testbed: Intermodel comparisons 
in Scituate, Massachusetts. Journal of Geophysical Research: 
Oceans, 118 (10): 5054-5073. 

Delworth, T. L., Rosati, A., Stouffer, R. J., Dixon, K. W., Dunne, 
J., Findell, K. L., Ginoux, P., Gnanadesikan, A., Gordon, C. T., 
and Griffies, S. M., 2006. GFDL’s CM2 global coupled cli-
mate models. Part I: Formulation and simulation characteris-
tics. Journal of Climate, 19 (5): 643-674. 

Ezer, T., and Atkinson, L. P., 2014. Accelerated flooding along 
the U.S. East Coast: On the impact of sea-level rise, tides, 
storms, the Gulf Stream, and the North Atlantic Oscillations. 
Earth’s Future, 2 (8): 362-382. 

Ezer, T., Atkinson, L. P., Corlett, W. B., and Blanco, J. L., 2013. 
Gulf Stream’s induced sea level rise and variability along the 
U.S. mid-Atlantic coast. Journal of Geophysical Research: 
Oceans, 118 (2): 685-697. 

Flather, R. A., 1976. A tidal model of the northwest European 
continental shelf. Memoires de la Societé Royale des Sciences 
de Liège, 10 (6): 141-164. 

Flather, R. A., and Williams, J. A., 2000. Climate change effects 
on storm surges: Methodologies and results. Climate Scenar-
ios for Water-Related and Coastal Impacts. Beersma, J., et al., 
eds., ECLAT-2 Workshop Report No. 3, Climate Research 
Unit, University of East Anglia, Norwich, 66-72. 

Gleckler, P. J., Taylor, K. E., and Doutriaux, C., 2008. Per-
formance metrics for climate models. Journal of Geophysical 
Research, 113 (D6): D6104. 

Goddard, P. B., Yin, J., Griffies, S. M., and Zhang, S., 2015. An 
extreme event of sea-level rise along the Northeast coast of 
North America in 2009–2010. Nature Communications, 6: 
6346. 

Goubanova, K., Echevin, V., Dewitte, B., Codron, F., Takahashi, 
K., Terray, P., and Vrac, M., 2011. Statistical downscaling of 
sea-surface wind over the Peru-Chile upwelling region: Di-
agnosing the impact of climate change from the IPSL-CM4 
model. Climate Dynamics, 36 (7-8): 1365-1378. 

Haidvogel, D. B., Arango, H., Budgell, W. P., Cornuelle, B. D., 
Curchitser, E., Di Lorenzo, E., Fennel, K., Geyer, W. R., 
Hermann, A. J., and Lanerolle, L., 2008. Ocean forecasting in 
terrain-following coordinates: Formulation and skill assess-
ment of the Regional Ocean Modeling System. Journal of 
Computational Physics, 227 (7): 3595-3624. 

IPCC (Intergovernmental Panel on Climate Change), 2000. Spe-



YAO et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2017 16: 1-7 

 

7

cical Report on Emission Scenarios. Cambridge University 
Press, Cambridge, UK, 96, 98. 

Kerr, P. C., Martyr, R. C., Donahue, A. S., Hope, M. E., Wester-
ink, J. J., Luettich, R. A., Kennedy, A. B., Dietrich, J. C., 
Dawson, C., and Westerink, H. J., 2013. U.S. IOOS coastal 
and ocean modeling testbed: Evaluation of tide, wave, and 
hurricane surge response sensitivities to mesh resolution and 
friction in the Gulf of Mexico. Journal of Geophysical Re-
search: Oceans, 118 (9): 4633-4661. 

Kirshen, P., Knee, K., and Ruth, M., 2008. Climate change and 
coastal flooding in Metro Boston: Impacts and adaptation 
strategies. Climatic Change, 90 (4): 453-473. 

Kirshen, P., Watson, C., Douglas, E., Gontz, A., Lee, J., and 
Tian, Y., 2008. Coastal flooding in the Northeastern United 
States due to climate change. Mitigationand Adaption Strate-
gies for Global Change, 13 (5): 437-451. 

Li, M., Zhong, L., Boicourt, W. C., Zhang, S., and Zhang, D. L., 
2006. Hurricane-induced storm surges, currents and destrati-
fication in a semi-enclosed bay. Geophysical Research Let-
ters, 33 (2): L02604. 

Lin, N., Emanuel, K., Oppenheimer, M., and Vanmarcke, E., 
2012. Physically based assessment of hurricane surge threat 
under climate change. Nature Climate Change, 2 (6): 462-467. 

Lionello, P., Galati, M. B., and Elvini, E., 2012. Extreme storm 
surge and wind wave climate scenario simulations at the Ve-
netian littoral. Physics & Chemistry of the Earth Parts A/B/C, 
s40-41 (1): 86-92. 

Little, C. M., Horton, R. M., Kopp, R. E., Oppenheimer, M., 
Vecchi, G. A., and Villarini, G., 2015. Joint projections of US 
East Coast sea level and storm surge. Nature Climate Change, 
5 (12): 1114-1120. 

Luettich Jr., R. A., Westerink, J. J., and Scheffner, N. W., 1992. 
ADCIRC: An advanced three-dimensional circulation model 
for shelves, coasts, and estuaries. Report 1. Theory and meth-
odology of ADCIRC- 2DDI and ADCIRC-3DL. Technical 
Report. Coastal Engineering Research Center Vicksburg MS, 
143pp. 

Marchesiello, P., McWilliams, J. C., and Shchepetkin, A., 2001. 
Open boundary conditions for long-term integration of re-
gional oceanic models. Ocean Modelling, 3 (1): 1-20. 

Mesinger, F., Dimego, G., Kalnay, E., Shafran, P., Ebisuzaki, W., 
Jovic, D., Mitchell, K., Berbery, H., Fan, Y., and Higgins, W., 
2005. North American regional reanalysis: Evaluation high-
lights and early usage. Bulletin of the American Meteoro-
logical Society, 87 (3): 561-608. 

Nicholls, R. J., 2004. Coastal flooding and wetland loss in the 
21st century: Changes under the SRES climate and socio- 
economic scenarios. Global Environmental Change, 14 (1): 
69-86. 

Schneider, S., 2009. The worst-case scenario. Nature, 458 (7242):  

1104-1105. 
Shchepetkin, A. F., and McWilliams, J. C., 2003. A method for 

computing horizontal pressure-gradient force in an oceanic 
model with a nonaligned vertical coordinate. Journal Geo-
physical Research, 108 (C3): 3090. 

Shchepetkin, A. F., and McWilliams, J. C., 2005. The regional 
oceanic modeling system (ROMS): A split-explicit, free- sur-
face, topography-following-coordinate oceanic model. Ocean 
Modelling, 9 (4): 347-404. 

Sikiric, M. D., Janekovic, I., and Kuzmic, M., 2009. A new 
approach to bathymetry smoothing in sigma-coordinate ocean 
models. Ocean Modelling, 29 (2): 128-136. 

Solomon, S., Qin, Manning, M., Chen, Z., Marquis, M., Averyt, 
K. B., Tignor, M., and Miller, H. L., 2007. Climate Change 
2007: The Physical Science Basis. Contribution of Working 
Group I to the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change (IPCC). Cambridge Univer-
sity Press, Cambridge, United Kingdom and New York, 996pp. 

Stocker, T. F., Dahe, Q., and Plattner, G., 2013. Climate Change 
2013: The Physical Science Basis. Contribution of Working 
Group I to the Fifth Assessment Report of the Intergovern- 

mental Panel on Climate Change (IPCC). Cambridge Univer-
sity Press, Cambridge, United Kingdom and New York, 
1535pp. 

Tebaldi, C., Strauss, B. H., and Zervas, C. E., 2012. Modelling 
sea level rise impacts on storm surges along US coasts. Envi-
ronmental Research Letters, 7 (1): 14032. 

Wang, S., McGrath, R., Hanafin, J., Lynch, P., Semmler, T., and 
Nolan, P., 2008. The impact of climate change on storm 
surges over Irish waters. Ocean Modelling, 25 (1-2): 83-94. 

Wang, X. L., Feng, Y., and Swail, V. R., 2014. Changes in 
global ocean wave heights as projected using multimodel 
CMIP5 simulations. Geophysical Research Letters, 41 (3): 
1026-1034. 

Wells, N., 1997. The Atmosphere and Ocean: A Physical Intro-
duction. John Wiley & Sons Inc., Hoboken, New Jersey, 
424pp. 

Woollings, T., Gregory, J. M., Pinto, J. G., Reyers, M., and 
Brayshaw, D. J., 2012. Response of the North Atlantic storm 
track to climate change shaped by ocean-atmosphere coupling. 
Nature Geoscience, 5 (5): 313-317. 

Yao, Z., Xue, Z., He, R., Bao, X., and Song, J., 2016. Statistical 
downscaling of IPCC sea surface wind and wind energy pre-
dictions for the U.S. east coast ocean, the Gulf of Mexico and 
Caribbean Sea. Journal of Ocean University of China, 15 (4), 
577-582. 

Yin, J., Schlesinger, M. E., and Stouffer, R. J., 2009. Model 
projections of rapid sea-level rise on the northeast coast of the 
United States. Nature Geoscience, 2: 262-266. 

(Edited by Xie Jun) 
 


