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Abstract   The impact of sea level rise on increased tidal flooding and storm surges in the Hampton 2 

Roads region is demonstrated, using ~90 years of water level measurements in Norfolk, VA. Impacts 3 

from offshore storms and variations in the Gulf Stream (GS) are discussed as well, in view of recent 4 

studies that show that weakening in the flow of the GS (daily, interannually or decadal) is often related 5 

to elevated water levels along the U.S. east coast. Two types of impacts from hurricanes on flooding in 6 

Hampton Roads are demonstrated here. One type is when a hurricane like Isabel (2003) makes a landfall 7 

and passes near the Chesapeake Bay, causing a large, but short-term (hours to a day) storm surge. The 8 

second type is when an Atlantic hurricane like Joaquin (2015) does not make a landfall, but instead stays 9 

offshore for a relatively long time, disrupting the flow of the GS and leading to a longer period (several 10 

days or more) of higher water levels and tidal flooding. Analysis of the statistics of tropical storms and 11 

hurricanes since the 1970s shows an increase in the number of days when intense hurricanes (category 12 

3-5) are found near the South Atlantic Bight. The observed Florida Current transport since the 1980s 13 

often shows lower transports and elevated water levels when tropical storms and hurricanes pass near 14 

the GS. Better understanding of the remote influence of the GS and offshore storms will improve future 15 

prediction of flooding and help mitigation and adaptation efforts.        16 

  17 

1. Introduction 18 

 The National Water Level Observation Network (NWLON) operated by NOAA 19 

(https://tidesandcurrents.noaa.gov/nwlon.html) provides an essential source of data to study both, long-20 

term sea level rise (SLR) and short-term water level variations and storm surges. These tide gauges data 21 

show that the rate of local SLR along some stretches of the U.S. east coast (around the Chesapeake Bay 22 

and the Mid-Atlantic coast in particular) is much faster than the global sea level rise; this is mostly due 23 

to land subsidence (Boon, 2012; Mitchell et al., 2013; Ezer and Atkinson, 2015; Karegar et al., 2017), 24 

https://tidesandcurrents.noaa.gov/nwlon.html
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with a potential recent acceleration in sea level rise due to climatic slowdown of ocean circulation 25 

(Boon, 2012, Sallenger et al., 2012; Ezer and Corlett, 2012). Norfolk, VA, on the southern side of the 26 

Chesapeake Bay (see Fig. 1 for its location), is a city that is already battling an acceleration in flooding 27 

frequency and intensity (Ezer and Atkinson, 2014, 2015; Sweet and Park, 2014), so this study will focus 28 

on this city as an example that can apply to other coastal cities and communities in the Hampton Roads 29 

area. Local SLR in Norfolk from ~90 years of tide gauge records is about 4.5 mm/y, but the SLR over 30 

the last 30 years is about 6 mm/y (Ezer and Atkinson, 2015) and probably even faster now; the local 31 

SLR rate of the past 30 years is about twice as large as the global SLR obtained from satellite altimeter 32 

data (Ezer, 2013). SLR can also escalate the damage from hurricanes, tropical storm and nor’easters. 33 

When high sea level today is added to storm surges, weaker storms today would cause as much flooding 34 

as much stronger past storms that happened when sea level was lower; this effect will be demonstrated 35 

here. There are some indications that warmer ocean waters may be related to an increase in the potential 36 

destructiveness of Atlantic hurricanes and tropical storms over the past 30 years (Emanuel, 2005). 37 

However, with strong interannual and decadal variability, finding a persistent trend in storm activities 38 

over the past century or predicting future changes in hurricane activities over the next century are 39 

challenging (Knotson and Tuleya, 2004; Vecchi and Knutson, 2008; Vecchi et al., 2008; Bender et al., 40 

2010). Despite the difficulty of predicting the changes in the frequency and intensity of future storms, 41 

assessing the impact of SLR on storm surge is quite straight forward- if a storm with the same intensity 42 

and track that hit Norfolk 90 years ago would come today, water level of a storm surge is expected to be 43 

~40 cm higher and many more streets would be flooded. In addition to the impact of storm surges, 44 

Atlantic storms can also have an indirect impact on the coast by modifying ocean currents and stirring 45 

more mixing. If such storms affect the Gulf Stream, coastal sea level could be affected as well (Ezer and 46 

Atkinson, 2014, 2017; Ezer et al., 2017), and this indirect impact will be further investigated here. 47 
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The connection between the flow of the Gulf Stream (GS) and sea level along the U.S. east coast 48 

has been recognized early on from observations (Blaha 1984) and models (Ezer, 2001). Somewhat 49 

surprisingly, however, is the fact that this connection may be detected on a wide range of scales. On 50 

long-term decadal variability scales for example, a potential climate-related slowdown of the Atlantic 51 

Meridional Overturning Circulation, AMOC, (Sallenger et al. 2012; McCarthy et al. 2012; Ezer et al. 52 

2013; Ezer, 2013, 2015; Smeed et al. 2013; Srokosz and Bryden 2015), may relate to accelerated sea 53 

level rise and increased risk of flooding along the U.S. East Coast (Boon 2012; Ezer and Corlett 2012; 54 

Sallenger et al. 2012; Mitchell et al., 2013; Yin and Goddard 2013; Goddard et al. 2015; Ezer and 55 

Atkinson 2014, 2015; Sweet and Park, 2014). On short-term scales, there is now more evidence from 56 

data and models that even daily variations in the Gulf Stream can cause variations in coastal sea level 57 

(Park and Sweet, 2015; Ezer, 2016; Ezer and Atkinson, 2017; Ezer et al., 2017; Wdowinski et al., 2016), 58 

including unexpected “clear-day” flooding (i.e., unusual tidal flooding with no apparent storm or local 59 

weather events). These variations in the GS can be due to natural variability and instability (Baringer 60 

and Larsen, 2001; Meinen et al., 2010) or variations in the wind pattern (Zhao and Johns, 2014), 61 

including impacts from tropical storms and hurricanes passing near the GS (Oey et al., 2007; Kourafalou 62 

et al., 2016; Ezer and Atkinson, 2017). Note that on short term scales an important mechanism 63 

transferring large-scale oceanic signals into the shelf may involve the generation of coastal-trapped 64 

waves (Huthnance, 2004; Ezer, 2016).  65 

The mechanism that connects the GS and coastal sea level is as follows. The GS separates 66 

between a lower sea level on its inshore side (blue in Fig. 1) and a higher sea level on its offshore side 67 

(red in Fig. 1). This sea level difference (~1 to 1.5 m) is proportional to the GS flow speed (i.e., the 68 

Geostrophic balance), so even a small and common daily change of say 10% in the GS flow may result 69 

in ~10 cm sea level change; in comparison, this amount of global SLR would occur over ~30 years. 70 
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Therefore, a weakening in the GS flow is expected to raise coastal sea level and lower offshore sea level 71 

(the offshore impact has less important implications, but can be detected from satellite altimeter data; 72 

Ezer et al., 2013).  73 

In this paper, the latest research on various mechanisms that can cause flooding are summarized, 74 

using several data sets including tide gauge data, observations of the Florida Current (the upstream 75 

portion of the Gulf Stream, see Fig. 1) and a data set of historical hurricanes and tropical storms. 76 

  77 

2. Data Sources 78 

Hourly sea level records from tide gauge stations are available from NOAA 79 

(https://tidesandcurrents.noaa.gov/); here the focus is on the Sewells Point station in Norfolk, VA (see 80 

star in Fig. 1), that has the longest record in Hampton Roads. As a reference water level, the Mean 81 

Higher High Water (MHHW) from the datum centered on 1992 is used. The definitions of minor (often 82 

called “nuisance”), moderate and major flood levels relative to MHHW are consistent with NOAA’s 83 

reports and recent studies of flooding (Ezer and Atkinson 2014; Sweet and Park 2014).  84 

 The daily Florida Current transport from cable measurements across the Florida Strait at 27N 85 

(Baringer and Larsen 2001; Meinen et al. 2010) is obtained from the NOAA/Atlantic Oceanographic 86 

and Meteorological Laboratory web site (www.aoml.noaa.gov/phod/floridacurrent/); see the location in 87 

Fig. 1. The data include the periods 1982-1998 and 2000-2016 with a gap of two years.   88 

 The Atlantic hurricane and tropical storm data set HURDAT2 (Landsea et al., 2004; Landsea and 89 

Franklin, 2013) is available from NOAA’s National Hurricane Center (http://www.nhc.noaa.gov/). It 90 

https://tidesandcurrents.noaa.gov/
http://www.aoml.noaa.gov/phod/floridacurrent/
http://www.nhc.noaa.gov/
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provides the track data every 6 hours for storms 1851-2016, but only data since the satellite age from the 91 

1970s are used here. 92 

 Surface currents during hurricanes are obtained from NOAA’s coupled operational Hurricane 93 

Weather Research and Forecasting (HWRF) model (Yablonsky et al., 2015; Tallapragada, 2016). The 94 

atmospheric model is coupled with the Princeton Ocean Model (POM), which has horizontal resolution 95 

of 7-9 km and 23 vertical terrain-following layers with higher resolution near the surface; the model 96 

domain covers the western North Atlantic Ocean (10N-47.5N, 30W-100W). A recent study (Ezer et 97 

al., 2017) used this model to evaluate the impact of hurricane Matthew (2015).   98 

 The mean sea surface height in Fig. 1 is obtained from the AVISO satellite altimetry data set that 99 

combines several available satellites; the data is now distributed by the Copernicus system 100 

(http://marine.copernicus.eu/). For comparisons between tide gauge and altimeter sea level data in the 101 

region, see Ezer (2013). 102 

 103 

3. Results 104 

3.1 The impact of Sea Level Rise on Flooding in Hampton Roads. 105 

 Fig. 2 shows the maximum water level (relative to MHHW) that has been reached in Sewells 106 

Point (Norfolk, VA) during the major storms that affected the region since recording started in 1927 (the 107 

highest recorded storm surge was during the hurricane of 1933). To illustrate how much sea level rise 108 

would affect storm surges over the years, an average rate of 4.5 mm/y is shown relative to 1930.  For 109 

example, if the 1933’s hurricane happened today, water level would reach ~2 m, with unprecedented 110 

level of flooding and damage. Note the cluster of storms of the past two decades compared with the 111 

http://marine.copernicus.eu/
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infrequent past storm surges, which may be partly due to decadal variations in storms, but most likely be 112 

the result of SLR, as smaller storms plus SLR have the same impact as larger past storms. The frequency 113 

of minor flooding is also greatly affected by SLR. For example, if a storm surge of say 0.6m caused 114 

some minor flooding in the 1930s, an equivalent flooding would occur today with just ~0.2m water level 115 

over MHHW, so that even a slightly higher than normal tide would be enough (without any storm). This 116 

is illustrated by the dramatic increase in the hours of minor flooding in Norfolk (Fig. 3). Other cities 117 

have similar acceleration in flooding hours (Ezer and Atkinson, 2014; Sweet and Park, 2014). Note that 118 

7 of the top 9 most flooded years happened since 1998. In addition to the clear impact of SLR and 119 

storms, there are interannual and decadal variations associated with more stormy years during El-Nino 120 

and years with low North Atlantic Oscillation (NAO) index or a weak AMOC (Ezer and Atkinson, 121 

2014; Goddard et al., 2015). The main reason for the large increase in flood hours is that past floods 122 

occurred mostly for short periods of a few hours to a day or so during the passage of strong storms, 123 

while today we often see longer flooding periods that occur for several tidal cycles, sometimes even 124 

without any storm in sight (but possibly due to a weakening GS or an offshore storm- see discussion 125 

later). 126 

  127 

3.2 Examples of the Impact of Hurricanes on Flooding in Hampton Roads. 128 

There are three ways in which storms (tropical storms, hurricanes, or winter nor’easters) can 129 

cause flooding in Norfolk (and in other coastal cities): 1. Storm surges due to the direct impact of the 130 

low atmospheric pressure, winds and waves; in this case, the storm piles up water against the coast or 131 

pushes water into the Chesapeake Bay and the Elizabeth River. 2. Indirect impacts from offshore storms 132 

that do not make landfall and do not pass near Norfolk; in this case, examples are storms that impact 133 
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ocean currents like the GS (see discussion later). 3. Street flooding due to intense precipitation 134 

associated with the storm. Note that in many cases several of these mechanisms can apply 135 

simultaneously.  136 

An example of case 1 was hurricane Isabel (2003), which resulted in the second higher water 137 

level ever recorded in Norfolk (Fig. 2). This hurricane made landfall near Cape Hatteras, NC, and 138 

moved northwest south of the Chesapeake Bay (Fig. 1), wind gusts of ~30 m/s near Norfolk (Fig. 4b) 139 

caused a large storm surge that lasted a few hours (Fig. 4a); fortunately, the storm passed during the 140 

Neap tide period, so the addition of the high tide was minimal. An example of case 2 is hurricane 141 

Joaquin (2015), which looped in the South Atlantic Bight and stayed offshore for a long time without 142 

ever making a landfall (Fig. 1). However, the storm winds disturbed the flow of the GS (winds west of 143 

the storm blowing southward against the GS flow), as seen in the low transport of the Florida Current 144 

(blue line; days 270 and 280 in Fig. 5b). Because of the GS-coastal sea level relation discussed before 145 

(Ezer, 2016; Ezer and Atkinson, 2017; Ezer et al., 2017), sea level rose (red line in Fig. 5b) when GS 146 

transport dropped, causing a couple of weeks with flooding in Norfolk almost every high tide (Fig. 5a). 147 

An example of case 3 is the impact of hurricane Matthew (October 2016; see its track in Fig. 1) on 148 

flooding in the Virginia Beach area- when elevated water levels were combined with enormous amount 149 

of rain, streets could not drain and stayed flooded for a long period of time (in other regions along the 150 

South Carolina coast direct storm surge was a major factor in the flooding). The disturbance that 151 

Matthew caused to the flow of the GS can be seen in Fig. 6, from an operational atmosphere-ocean 152 

forecast model. When the eye of the storm was near the coast of south Florida, the storm broke the path 153 

of the flow, separating the Florida Current exiting the Gulf of Mexico from the downstream GS. For 154 

more details on the impact of hurricane Matthew see the recent study of Ezer et al. (2017). In the next 155 

section analysis of many other storms will be analyzed to detect those that may have affected the GS.  156 
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 157 

3.3 The impact of Tropical Storms and Hurricanes on the Florida Current. 158 

 Anecdotal examples of hurricanes affecting the GS (and its upstream portion, the Florida 159 

Current) have been discussed above, so here a more quantitative approach is taken by analyzing the 160 

HURDAT2 data set of Atlantic hurricanes and tropical storms. The data set starts from the middle 1800s 161 

using ship observations and later satellite and other data (Landsea et al., 2004), but here only data from 162 

the satellite era are considered. All the 6-hourly records of storms during 1970-2016 that are located 163 

inside the region 60W-85W and 20N-40N (i.e., near the South Atlantic Bight, SAB) were counted 164 

and summed (Fig. 7). This is the region that hurricane winds may be able to influence the GS. Instead of 165 

counting individual storms, the monthly sum can include multiple counts of the same storm, so that 166 

storms that last longer have more weight than short-lived storms. The results appear to show that there is 167 

an increase in the counts of the most intense hurricanes of category 3-5 in this region. For example, 168 

before 1993 no month had more than 10 counts of category 3-5 hurricanes, but after 1993 there were 11 169 

such cases (10 monthly counts of 6-hourly data mean that there were at least 60 hours during one month 170 

when hurricanes of category 3-5 were located in the region- this could be one storm or multiple storms). 171 

Further statistical analysis of Atlantic hurricanes as done before (Landsea et al., 2004; Vecchi and 172 

Knudson, 2008; Vecchi et al., 2008, and others) is beyond the scope of this study, which will focus on 173 

potential influence of the storms on the GS.  174 

 The daily transport of the Florida Current (FC) has been measured by a cable across the Florida 175 

Straits since 1982 (with a large gap October 1998-June 2000 and a few smaller gaps; see Meinen et al. 176 

2010). To evaluate if unusual transports are observed during the passage of storms, a subset of the cable 177 

data is created for only those days when storms are found in the region (as in Fig. 7). Two properties are 178 
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evaluated for these “stormy” days, the FC transport (Fig. 8a) and the FC transport change (Fig. 8b). 179 

Previous studies show that variations in coastal sea level are correlated with both, the GS/FC transport 180 

and with transport change (Ezer et al., 2013; Ezer and Atkinson, 2014, 2017). During “stormy” days the 181 

FC transport can change significantly, by as much as 5-8 Sv/day (see storms with significant impact in 182 

Fig. 8b). For example, when hurricane Matthew (2016) moved along the coast (Fig. 1) the FC transport 183 

declined from ~35Sv to ~20Sv (Ezer et al., 2017), as seen in Fig. 8a and the maximum daily decline was 184 

~5 Sv, as seen in Fig. 8b. 185 

 The track of a hurricane relative to the location of the GS/FC can make a significant difference in 186 

the impact. For example, hurricanes that caused a large daily transport decline (Fig. 8b) like Barry 187 

(1983), Karl (1998) and Wilma (2005) moved fast exactly over the FC not far from the Florida Strait 188 

(see their track in Fig. 1). However, their influence on water level in Norfolk was minimal compared 189 

with hurricanes like Sandy (2012) or Matthew (2016), which moved slowly along the GS path (Fig. 1) 190 

with enough time to influence the GS and coastal sea level.  191 

 To look at the total impact of storms on the FC transport in a more quantitative way, the 192 

histogram of the FC transport for all the days without storms (Fig. 9a) is compared with the histogram 193 

during storms (Fig. 9b). While the daily transport distribution looks Gaussian and symmetric around the 194 

mean during days with no storms, it is clearly asymmetrical with a lower mean flow and skewed 195 

probability toward low transports during storms. Note that Fig. 9a (“without storms”) means without 196 

tropical storms and hurricanes, but may include other extra-tropical or winter storms that are absent from 197 

the HURDAT data set. This result confirms anecdotal observations (Ezer and Atkinson, 2014, 2017; 198 

Ezer et al., 2017) that storms can disturb the flow of the GS and thus in most cases increase the 199 

likelihood of weaker than normal GS- this weakening further contributes to higher than normal coastal 200 

sea level (in addition to the wind-driven storm surge). Ezer at al. (2017) showed, using various different 201 
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data, including satellite altimeter and high-frequency radar data, that after an intense mixing of the GS 202 

water by a nearby storm it may take a few days for the current to recover, and during those days 203 

anomalously high water can be observed along the U.S. east coast.    204 

  205 

4. Summary and conclusions 206 

The impact of the fast rate of local sea level rise in the mid-Atlantic region (Boon 2012; 207 

Sallenger et al. 2012; Ezer and Corlett 2012; Ezer 2013) has already been felt in the acceleration of 208 

flooding in low-lying cities like Norfolk, VA, and other coastal communities along the U.S. East Coast 209 

(Mitchell et al. 2013; Ezer and Atkinson 2014, 2015, 2017; Sweet and Park 2014). Both, minor tidal 210 

flooding and major storm surge flooding has significantly increased in recent decades, as demonstrated 211 

here for Norfolk.  212 

This report discusses the different mechanisms that contribute to the increased flooding. Some 213 

mechanisms are quite straightforward, for example, it is easy to understand how sea level rise or 214 

increases in storms frequency or intensity would result in more flooding and a greater risk of damages to 215 

flooded properties. However, other mechanisms are more complicated, for example, floods associated 216 

with non-local factors such as offshore variations in the Gulf Stream (other remote influences such as 217 

westward-propagating planetary waves and climatic variations in the North Atlantic Ocean were 218 

discussed in other studies). This study follows on the footsteps of recent studies that showed a 219 

connection between short-term weakening in the Florida Current/Gulf Stream transport and elevated 220 

coastal sea level (Ezer, 2016; Ezer and Atkinson, 2014, 2015, 2017; Ezer et al., 2017; Wdowinski et al., 221 

2016), but here the analysis includes for the first time an attempt to evaluate the impact on the GS from 222 

all the hurricanes and tropical storms that passed the region over the past few decades. There is some 223 
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indication that the most intense hurricanes (category 3-5) can be found more often near the South 224 

Atlantic Bight region, which is consistent with some other studies that suggest that warmer waters would 225 

cause an increase in the destructiveness of Atlantic hurricanes (Emanuel, 2005; Holland and Bruyère, 226 

2014). The consequence is that due to warmer Atlantic waters, hurricanes may be able to sustain their 227 

intensity longer if they stay offshore (e.g., hurricanes Joaquin, Matthew and other recent storms), and 228 

thus may have larger impact on the GS. It was found that hurricanes that moved across the GS path or 229 

stayed in its vicinity long enough are indeed those that have the largest impact on the GS. This indirect 230 

impact of offshore storms, that sometimes do not even make landfall, can result in several days of 231 

elevated water levels and tidal flooding, until the GS recovers and returns to its normal variability (Ezer 232 

et al., 2017). When combined with storm-induced rain, these elevated water levels prevent proper 233 

draining of flooded streets and lengthening the impact, as was the case of hurricane Matthew (2016). 234 

This remote impact from storms and hurricanes is more long-lasting than cases of storm surges near the 235 

landfall area that can result in higher water levels but shorter-term impact of only a few hours, as was 236 

the case of hurricane Isabel (2003).  237 

Analysis of the Florida Current transport since the 1980s suggests that the impact of tropical 238 

storms and hurricanes on the GS is not only detectable in a few isolated cases, but it has a significant 239 

signature in the long-term statistics of the flow variability. Since remote/indirect forcing of coastal sea 240 

level variability is not easily accounted for in storm surge models, studies of this type can help to better 241 

understand the mechanisms involved and improve water level prediction. 242 

 243 

Acknowledgments Old Dominion University’s Climate Change and Sea Level Rise Initiative 244 

(CCSLRI) and the Resilience Colaborative (RC) provided partial support for this study. The Center for 245 



13 
 

Coastal Physical Oceanography (CCPO) provided computational support. L. Atkinson and R. Tuleya are 246 

thanked for providing useful suggestions. 247 

 248 

References 249 

Baringer, M.O. & Larsen, J.C. 2001. Sixteen Years of Florida Current Transport at 27N. Geophys. Res. 250 

Lett. 28(16):3,179-3,182. 251 

Bender, M.A., Knutson, T.R., Tuleya, R.E., Sirutis, J.J., Vecchi, G.A., Garner, S.T. & Isaac H. 2010. 252 

Modeled impact of anthropogenic warming on the frequency of intense Atlantic hurricanes. Science 253 

327(5964):454-458. 254 

Blaha. J.P. 1984. Fluctuations of monthly sea level as related to the intensity of the Gulf Stream from 255 

Key West to Norfolk. J. Geophys. Res., 89(C5):8033-8042. 256 

Boon, J.D. 2012. Evidence of sea level acceleration at U.S. and Canadian tide stations, Atlantic coast, 257 

North America. J Coast Res 28(6):1437–1445. doi:10.2112/JCOASTRES-D-12-00102.1 258 

Emanuel, K.A. 2005. Increasing destructiveness of tropical cyclones over the past 30 years. Nature, 259 

436:686–688, doi:10.1038/nature03906. 260 

Ezer, T. 2001. Can long-term variability in the Gulf Stream transport be inferred from sea level?, 261 

Geophys. Res. Lett. 28(6):1031-1034. doi:10.1029/2000GL011640  262 

Ezer, T. 2013. Sea level rise, spatially uneven and temporally unsteady: Why the U.S. East Coast, the 263 

global tide gauge record, and the global altimeter data show different trends. Geophys. Res. Lett. 264 

40:5439–5444. doi:10.1002/2013GL057952 265 



14 
 

Ezer, T. 2015. Detecting changes in the transport of the Gulf Stream and the Atlantic overturning 266 

circulation from coastal sea level data: The extreme decline in 2009-2010 and estimated variations 267 

for 1935-2012. Glob. Planet. Change 129:23-36. doi:10.1016/j.gloplacha.2015.03.002 268 

Ezer, T. 2016. Can the Gulf Stream induce coherent short-term fluctuations in sea level along the U.S. 269 

East Coast?: A modeling study, Ocean Dyn. 66(2):207-220. doi:10.1007/s10236-016-0928-0  270 

Ezer, T. & Corlett W.B. 2012. Is sea level rise accelerating in the Chesapeake Bay? A demonstration of 271 

a novel new approach for analyzing sea level data. Geophys. Res. Lett. 39(L19605). 272 

doi:10.1029/2012GL053435 273 

Ezer, T. & Atkinson, L.P. 2014. Accelerated flooding along the U.S. East Coast: On the impact of sea-274 

level rise, tides, storms, the Gulf Stream, and the North Atlantic Oscillations. Earth's Future 2(8):362-275 

382. doi: 10.1002/2014EF000252  276 

Ezer, T. & Atkinson, L.P., 2015. Sea level rise in Virginia- causes, effects and response. Virginia J. of 277 

Sci. 66(3):355-359, Publication of the Virginia Academy of Science. 278 

Ezer, T. & Atkinson, L.P. 2017. On the predictability of high water level along the U.S. East Coast:  can 279 

the Florida Current measurement be an indicator for flooding caused by remote forcing?, Ocean Dyn.  280 

67(6):751-766. doi:10.1007/s10236-017-1057-0.  281 

Ezer, T., Atkinson, L.P., Corlett, W.B. & Blanco, J.L. 2013 Gulf Stream's induced sea level rise and 282 

variability along the U.S. mid-Atlantic coast. J. Geophys. Res. 118:685–697. doi:10.1002/jgrc.20091 283 

Ezer, T., Atkinson, L.P. & Tuleya, R. 2017. Observations and operational model simulations reveal the 284 

impact of Hurricane Matthew (2016) on the Gulf Stream and coastal sea level, Dyn. Atm. & Oceans, 285 

80, 124-138. doi:10.1016/j.dynatmoce.2017.10.006.  286 



15 
 

Goddard, P.B., Yin, J., Griffies, S.M. & Zhang, S. 2015. An extreme event of sea-level rise along the 287 

Northeast coast of North America in 2009–2010. Nature Comm. 6. doi:10.1038/ncomms7346. 288 

Holland, G. & Bruyère, C.L. 2014. Recent intense hurricane response to global climate change, Clim. 289 

Dyn. 42(3-4):617, doi:10.1007/s00382-013-1713-0. 290 

Karegar, M.A., Dixon T.H., Malservisi R., Kusche J. & Engelhart S.E. 2017. Nuisance flooding and 291 

relative sea-level rise: the importance of present-day land motion. Scientific Reports, 7:11197. 292 

doi:10.1038/s41598-017-11544-y. 293 

Knutson, T.R. & Tuleya, R.E. 2004. Impact of CO2-induced warming on simulated hurricane intensity 294 

and precipitation: sensitivity to the choice of climate model and convective parameterization. J. Clim. 295 

17(18):3477-3495. 296 

Kourafalou, V.H., Androulidakis, Y.S., Halliwell, G.R., Kang, H.S., Mehari, M.M., Le Hénaff, M., 297 

Atlas, R. & Lumpkin, R., 2016. North Atlantic Ocean OSSE system development: Nature Run 298 

evaluation and application to hurricane interaction with the Gulf Stream. Prog. Oceanogr. 148:1–25. 299 

Landsea, C.W. & Franklin, J.L. 2013. Atlantic hurricane database uncertainty and presentation of a new 300 

database format. Mon. Wea. Rev. 141:3576-3592. 301 

Landsea, C.W., Anderson, C., Charles, N., Clark, G., Dunion, J., Fernandez-Partagas, J., Hungerford, P., 302 

Neumann, C. & Zimmer, M. 2004. The Atlantic hurricane database re-analysis project: 303 

Documentation for the 1851-1910 alterations and additions to the HURDAT database. Hurricanes 304 

and Typhoons: Past, Present and Future, Murname, R.J. & Liu, K.-B. Eds., Columbia University 305 

Press, 177-221. 306 



16 
 

McCarthy, G., Frejka-Williams, E., Johns, W.E., Baringer, M.O., Meinen, C.S., Bryden, H.L., Rayner, 307 

D., Duchez, A., Roberts, C. & Cunningham, S.A. 2012. Observed interannual variability of the 308 

Atlantic meridional overturning circulation at 26.5oN. Geophys. Res. Lett. 39(19). 309 

doi:10.1029/2012GL052933 310 

Meinen, C.S., Baringer, M.O. & Garcia, R.F. 2010. Florida Current transport variability: An analysis of 311 

annual and longer-period signals. Deep Sea Res. 57(7):835–846. doi: 10.1016/j.dsr.2010.04.001 312 

Mitchell, M., Hershner, C., Herman, J., Schatt, D., Eggington, E. & Stiles, S. 2013. Recurrent flooding 313 

study for Tidewater Virginia, Rep. SJR 76, 2012, 141 pp., Va. Inst. of Marine Sci., Gloucester Point, 314 

Va. 315 

Oey, L.Y., Ezer, T., Wang, D.P., Yin, X.Q. & Fan, S.J. 2007. Hurricane-induced motions and interaction 316 

with ocean currents, Cont. Shelf Res. 27:1249-1263, doi:10.1016/j.csr.2007.01.008. 317 

Park, J. & Sweet, W. 2015. Accelerated sea level rise and Florida Current transport, Ocean Sci. 11:607-318 

615. doi:10.5194/os-11-607-2015 319 

Sallenger, A.H., Doran, K.S. & Howd, P. 2012. Hotspot of accelerated sea-level rise on the Atlantic 320 

coast of North America. Nature Clim. Change 2:884-888. doi:10.1038/NCILMATE1597 321 

Srokosz, M.A. & Bryden, H.L. 2015. Observing the Atlantic Meridional Overturning Circulation yields 322 

a decade of inevitable surprises. Science 348(6241). doi:10.1126/science.1255575 323 

Sweet, W. & Park, J. 2014. From the extreme to the mean: Acceleration and tipping points of coastal 324 

inundation from sea level rise. Earth's Future 2(12):579-600. 325 

Tallapragada, V. 2016. Overview of the NOAA/NCEP operational Hurricane Weather Research and 326 

Forecast (HWRF) Modeling System. In: Advanced numerical modeling and data assimilation 327 



17 
 

techniques for tropical cyclone prediction, Mohanty, U.C. & and Gopalakrishnan, S.G. Eds., 328 

Springer-Netherlands, 51-106. doi:10.5822/978-94-024-0896-6_3. 329 

Vecchi, G.A. & Knutson, T.R. 2008. On estimates of historical North Atlantic tropical cyclone activity. 330 

J. Clim. 21:3580-3600. 331 

Vecchi, G.A., Swanson, K.L. & Soden, B.J. 2008. Whither hurricane activity. Science. 322:687-689. 332 

Wdowinski, S., Bray, R., Kirtman, B.P., and Wu, Z., 2016. Increasing flooding hazard in coastal 333 

communities due to rising sea level: Case study of Miami Beach, Florida. Ocean & Coast. Man., 334 

126:1–8. 335 

Yablonsky, R.M., Ginis, I., Thomas, B., Tallapragada, V., Sheinin, D. & Bernardet, L., 2015. 336 

Description and analysis of the ocean component of NOAA's operational Hurricane Weather 337 

Research and Forecasting (HWRF) Model. J. Atmos. Oceanic Technol., 32:144-163. 338 

Yin, J. & Goddard, P.B. 2013. Oceanic control of sea level rise patterns along the East Coast of the 339 

United States. Geophys. Res. Lett. 40:5514–5520. doi:10.1002/2013GL057992 340 

341 



18 
 

 342 

 343 

Fig. 1. Mean Sea Surface Height (SSH) from AVISO satellite altimeters are shown in color (in meters) 344 

and the location of the Gulf Stream is indicated by white arrows. The location of the Florida Current 345 

measurement across the Florida Strait is indicated by a red line and the location of Norfolk, VA, is 346 

indicated by a black star. The tracks of several storms, discussed in the paper, are shown with markers 347 

representing the location of the eye of the storm every 6 hours.  348 

 349 

 350 
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 351 

Fig. 2. The maximum water level at Sewells Point (Norfolk, VA) relative to the Mean Higher High 352 

Water (MHHW; 1992 datum) for the major storms passing the region. The impact of sea level rise 353 

(SLR) relative to 1930 is demonstrated using the average rate of that period. Also shown in horizontal 354 

dash lines are the estimated levels of minor (0.53m), moderate (0.835m) and major (1.14m) flood levels 355 

in Norfolk.  356 
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 357 

Fig. 3. The number of hours per year that water level in Norfolk is at least 0.53 m above MHHW; this 358 

level corresponds to minor street flooding (also known as nuisance flooding). Major storms in the most 359 

flooded years are listed, as well as indication (red triangles) of years with El-Nino.  360 

361 
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 362 

Fig. 4. Example of (a) water level and (b) wind in Sewells Point (Norfolk, VA) during hurricane Isabel 363 

in September, 2003 (see Fig. 1 for the track). Blue and green lines in (a) are for tidal prediction and 364 

observed water level (in meter relative to MHHW), respectively; blue and red lines in (b) are for mean 365 

wind and gusts (in m/s), respectively.  366 

367 
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 368 

Fig. 5. (a) Hourly observed water level (red) tidal prediction (blue) and residual anomaly (green) in 369 

Norfolk from late August to late October 2015, when hurricane Joaquin was offshore the Atlantic coast 370 

(see Fig. 1 for the track). (b) Daily Florida Current transport (blue in Sv, 1Sv=106 m3/s) and water level 371 

anomaly (red in meter).  372 

 373 
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 374 

Fig. 6. Example of surface currents on October 7, 2016, when hurricane Matthew was near the south 375 

Florida coast (the eye of the storm is indicated by a circle). The simulations are from NOAA’s HWRF 376 

operational coupled ocean-atmosphere forecast system. See Fig. 1 for the complete track of the storm.  377 

378 
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 379 

Fig. 7. Statistics of tropical storms and hurricanes near the SAB during 1970-2016. For each of three 380 

categories and for each month, all 6-hourly records of storms found in the region 60W-85W and 20N-381 

40N were counted. The categories are: tropical storms (maximum wind Wmax < 33 m/s), hurricanes 382 

category 1-2 (33 m/s < Wmax < 50) and hurricanes category 3-5 (50 m/s < Wmax). 383 

384 
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 385 

Fig. 8.  (a) Florida Current (FC) transport (blue in Sverdrup) and (b) transport change (red in Sv/day) 386 

during the time that a tropical storm or hurricane was recorded in the same region as in Fig. 7. Each 387 

marker represents a day in which a storm was found in the region; some of the storms that caused the 388 

most decline in the FC transport are indicated in (b) and discussed in the text. 389 

  390 
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 392 

Fig. 9.  Histogram of FC transport 1982-2016 for (a) all the days without hurricanes or storms and (b) 393 

days with recorded hurricanes or storms in the same region as in Fig. 7. Red and blue vertical lines 394 

represent the mean and the standard deviation, respectively. 395 
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