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Abstract

Barrier islands are especially vulnerable to hurricanes and other large storms, owing to their mobile composition, low elevations,

and detachment from the mainland. Conceptual models of barrier-island evolution emphasize ocean-side processes that drive

landward migration through overwash, inlet migration, and aeolian transport. In contrast, we found that the impact of Hurricane

Dorian (2019) on North Core Banks, a 36-km barrier island on the Outer Banks of North Carolina, was primarily driven by

inundation of the island from Pamlico Sound, as evidenced by storm-surge model results and observations of high-water marks

and wrack lines. Analysis of photogrammetry products from aerial imagery collected before and after the storm indicate the

loss of about 18% of the subaerial volume of the island through the formation of over 80 erosional washout channels extending

from the marsh and washover platform, through gaps in the foredunes, to the shoreline. The washout channels were largely

co-located with washover fans deposited by earlier events. Net seaward export of sediment resulted in the formation of deltaic

bars offshore of the channels, which became part of the post-storm berm recovery by onshore bar migration and partial filling

of the washouts with washover deposits within two months. The partially filled features have created new ponds and lowland

habitats that will likely persist for years. We conclude that this event represents a setback in the overwash/rollover behavior

required for barrier transgression.
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Key	Points:	19 

• Wind-driven surge from Pamlico Sound inundated the barrier island of North Core 20 Banks during Hurricane Dorian.  21 
• Seaward-directed flow (washout) through gaps in the dunes eroded about 18% of 22 the island volume, mostly from antecedent washover deposits. 23 
• This event represents a setback in the overwash/rollover behavior required for 24 barrier transgression. 25   26 
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Abstract	27 Barrier islands are especially vulnerable to hurricanes and other large storms, owing to 28 their mobile composition, low elevations, and detachment from the mainland. Conceptual 29 models of barrier-island evolution emphasize ocean-side processes that drive landward 30 migration through overwash, inlet migration, and aeolian transport. In contrast, we found 31 that the impact of Hurricane Dorian (2019) on North Core Banks, a 36-km barrier island on 32 the Outer Banks of North Carolina, was primarily driven by inundation of the island from 33 Pamlico Sound, as evidenced by storm-surge model results and observations of high-water 34 marks and wrack lines. Analysis of photogrammetry products from aerial imagery collected 35 before and after the storm indicate the loss of about 18% of the subaerial volume of the 36 island through the formation of over 80 erosional washout channels extending from the 37 marsh and washover platform, through gaps in the foredunes, to the shoreline. The 38 washout channels were largely co-located with washover fans deposited by earlier events. 39 Net seaward export of sediment resulted in the formation of deltaic bars offshore of the 40 channels, which became part of the post-storm berm recovery by onshore bar migration 41 and partial filling of the washouts with washover deposits within two months. The partially 42 filled features have created new ponds and lowland habitats that will likely persist for 43 years. We conclude that this event represents a setback in the overwash/rollover behavior 44 required for barrier transgression. 45 
Plain	Language	Summary	46 As sea level rises, barrier islands tend to migrate towards land, helped by storms that move 47 sand from the ocean to the back side. In rarer events, such as Hurricane Dorian (2019), 48 storms can transport sand from the back side to the ocean. Using overlapping photos 49 collected from a plane, we created 3-D elevation maps and stitched-together photo mosaics 50 of North Core Banks, North Carolina, immediately before and after Hurricane Dorian, and 51 then once a month for three months afterwards, to document the erosion and recovery of 52 the beach and barrier island. We found major changes. During the storm, abnormally high 53 water levels in Pamlico and Core Sounds flooded the island and created distinct channels as 54 water drained from the sound side into the Atlantic Ocean. This process, called outwash, 55 moved 18% of the island sand into the ocean over the course of a few hours. The maps also 56 
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showed the initial stages of a recovery process, as beach sand was moved by ocean waves 57 and plugged the channels, creating new, and semi-permanent, habitats within the barrier 58 island. Events such as Hurricane Dorian may slow the typical migration process of barrier 59 islands and change the landscape for years to come. 60 
1	Introduction	61 1.1 Motivation 62 Barrier islands are valued for their habitats and natural resources, recreational 63 opportunities, high property values (e.g., Conroy and Milosch, 2011; Jin et al., 2015) and 64 role in protecting the mainland from coastal storms (Stone and McBride, 1998; 65 Grzegorzewski et al., 2011). Scientific understanding of their response to storms in the 66 presence of changing climate and rising sea level is important for assessing their 67 vulnerability and making decisions on infrastructure protection and resource management. 68 The long-term survival of barrier islands depends on their ability to migrate upwards and 69 landwards apace with relative sea-level rise (Hoyt, 1967; Godfrey and Godfrey, 1976; 70 Wolinsky and Murray, 2009). That migration depends on transport of sand by three 71 processes: inlet formation and deposition of sand in flood-tidal deltas (Fisher, 1962; Pierce, 72 1970; Cowell et al., 2003; Leatherman, 1979; Nienhuis and Ashton, 2016; Nienhuis and 73 Lorenzo-Trueba, 2019), overwash (Leatherman, 1979; Leatherman, 1983; Donnelley et al., 74 2006), and aeolian transport (Hosier and Cleary, 1977; Short and Hesp, 1982; Durán Vinent 75 and Moore, 2014; Hovenga et al., 2019). Note: in this paper, overwash and outwash refer to 76 the processes, and washover (fans, deposits) and washout (channels, deposits) refer the 77 products, consistent with Neuendorf et al., (2011). Barrier island transgression – the 78 movement of these sand bodies across the underlying continental platform – occurs on 79 geologic time scales (millennia) through a succession of short-term (days) storm-driven 80 events and longer-term (months and years) landscape evolution driven by aeolian 81 transport and vegetation growth that culminate in net landward island migration.  82 In addition to driving changes in barrier island morphology and position, storms are 83 also important natural disturbances that create and maintain early successional habitats 84 used by threatened and endangered species, including shorebirds (e.g., piping plover; 85 
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Charadrius melodus; Cohen et al., 2009, Zeigler et al., 2019), plants (e.g., seabeach 86 amaranth; Amaranthus pumilus; Sellars and Jolls, 2007), and sea turtles (Cheloniidae sp.; 87 Garmestani et al. 2000). Low-energy foraging habitats with rich invertebrate assemblages 88 are also critical for waterbirds and shorebirds throughout the annual cycle, providing 89 nutrition during the nesting, migratory, and winter seasons (Perry & Uhler, 1988; NRCS, 90 2000; Perry et al., 2007; Cohen and Fraser, 2010) Furthermore, connectivity and long-91 distance interactions among barrier island ecosystems—often through storm-driven 92 movement of sediment, propagules, and nutrients—plays a vital role in maintaining coastal 93 ecosystem form and function (van de Koppel et al., 2015, Liebowitz et al., 2016). Thus, the 94 morphodynamics of barrier islands directly influence coastal ecosystems and the flora and 95 fauna that inhabit them. 96 Not all coastal processes make positive contributions toward landward migration of 97 barrier islands. For example, storm-driven beach and dune erosion with subsequent 98 offshore sand transport is common (e.g., Vellinga, 1982; Russell, 1993; Splinter and 99 Palmsten, 2012; Splinter et al., 2018). Dune erosion during collision, when waves reach the 100 toe of the dune, is the most common form of coastal erosion and is often accompanied by 101 offshore transport of sand as the beach profile adjusts (Sallenger, 2000; Morton and 102 Sallenger, 2003; Stockdon et al., 2007; Brodie et al., 2019; Itzkin et al., 2021). Although 103 erosion driven by ocean storms temporarily retards landward migration, it may be 104 ultimately offset by positive landward transport during overwash, beach rebuilding, and 105 the longer-term aeolian processes of dune building. In comparison, the offshore transport 106 of large volumes of sand a barrier island by erosive flows during sound-side inundation is a 107 uniquely different and poorly understood process that is also responsible for setbacks in 108 landward migration of barrier islands. Recent inventories suggest that sound-side 109 inundation and “outwash” events during hurricanes may be more common than previously 110 recognized (Over et al., 2021a). However, the impact of these outwash events on barrier 111 island morphology, morphodynamics, sediment budgets and habitats are unknown. To 112 place these outwash events in the context of barrier island survival, it is important to 113 quantify the magnitude and patterns of sediment movement and evaluate the prospects 114 and time scales for recovery. 115 



manuscript submitted to Journal of Geophysics – Earth Surface 

5 

Here we provide the first ever morphodynamic and sediment budget observations 116 of a large outwash event across a barrier island and use these results to characterize both 117 storm and recovery changes. As detailed below, an outwash event flooded across North 118 Core Banks, North Carolina, during the passage of Hurricane Dorian in 2019, and 119 photogrammetry flights using a small airplane were used to characterize the subsequent 120 island evolution. These results are used to address fundamental questions about outwash 121 events, including: What are the patterns and rates of sediment transport during an outwash 122 event? What are the patterns and time scales of recovery following an outwash event? How 123 do these factors differ from more commonly observed ocean-side storm-based erosion 124 events? What are the long-term implications of outwash events to barrier island migration, 125 morphology, and habitats?  126 1.2 Study area – North Core Banks, Cape Lookout National Seashore 127 North Core Banks, located in Cape Lookout National Seashore, North Carolina, USA 128 is a narrow (200 – 3,200-m wide), low-lying (mean elevation <2 m NAVD88, highest 129 elevation ~8.5 m NADV88) barrier island on the Outer Banks of North Carolina (Riggs & 130 Ames, 2007). The island is part of a chain extending along Raleigh Bay from Cape Lookout 131 to Cape Hatteras, forming the Ocracoke littoral cell (Inman & Dolan, 1989; Figure 1a). The 132 central and northeastern parts of North Core Banks are wider and higher, with multiple 133 dune lines and hillocks revealing a history of barrier migration. There is minimal 134 infrastructure on the island, including several National Park Service cabins at Long Point, 135 one house near the middle of the island, two small docks on the sound side, and about a 136 dozen historical structures in the village of Portsmouth (abandoned in 1971) at the 137 northeast end. A sand road behind the dunes runs the length of the island with beach 138 access points. The southern end of North Core Banks is defined by shifting and ephemeral 139 inlets.  140 
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 141 
Figure	1.	Maps	of	North	Core	Banks.	a)	Track	of	Hurricane	Dorian	on	September	6,	142 
2019,	b)	NOAA	Emergency	Response	Imagery	taken	September	7,	2019	(NGS,	2022),	143 
c)	detail	of	washout	channels	on	the	southwest	end,	and	d)	washout	channels	on	the	144 
northeast	end	near	Portsmouth	with	blue	lines	indicating	flight	lines.	Note	the	145 
breaking	waves	directly	offshore	of	the	outwash	channels.	The	red	dashed	box	on	(b)	146 
is	the	extent	of	Figures	4	and	11	and	the	X-X’	lines	on	(c)	and	(d)	are	the	transect	147 
locations	of	Figure	10.	148 Our study focused on a 36-km stretch of North Core Banks where the effects of 149 Hurricane Dorian were most evident, bounded by New-Old Drum Inlet to the southwest 150 and by Ocracoke Inlet to the northeast (Figure 1a). New-Old Drum Inlet is located about 2.5 151 
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km southwest of the Long Point cabins and was formed during Hurricane Dennis in 152 September 1999 (Riggs & Ames, 2007). The northeastern portion of the study area includes 153 several islands separated by swash inlets (Riggs & Ames, 2007), which are remnants of 154 earlier inlets with shallow channels that, prior to Hurricane Dorian, did not extend below 155 mean sea level. The largest, highest, and northernmost of these islands is Portsmouth 156 Island, bounded on the north by Ocracoke Inlet. Ocracoke Inlet is the largest in the Core 157 Banks–Ocracoke chain and the oldest inlet on the Outer Banks (Riggs & Ames, 2007; 158 Mallinson et al., 2008). These undeveloped islands support critical nesting, stopover, 159 and/or wintering habitats used by several species listed under the U.S. Endangered Species 160 Act (16 U.S.C. 1531-1544; https://www.fws.gov/media/endangered-species-act), including 161 shorebirds (e.g., piping plovers; red knots, Calidris canutus rufa), sea turtles (superfamily 162 Chelonioidea), and seabeach amaranth (Amaranthus pumilus). 163 North Core Banks separates the Atlantic Ocean from Core Sound, a southern 164 extension of Pamlico Sound (Figure 1a). Pamlico Sound, Core Sound, and the Tar-Pamlico 165 and Neuse River estuaries form a broad, shallow estuarine lagoon system that has 166 negligible tides except near tidal inlets but is prone to wind-driven surges that have 167 historically caused sound-side flooding (e.g., Pietrafesa et al., 1997; Peng et al., 2004; 168 Leuttich et al., 2002; Mulligan et al., 2015; Clunies et al., 2017; Cassalho et al., 2021). The 169 ocean tides are microtidal, with a mean range of about 1 m (Hayes, 1979; NOAA Station 170 8656937) and a mean high-water elevation of ~0.4 m NAVD88 (VDatum; Hess et al., 2005). 171 The mean annual significant wave height on the ocean side is 1.3 m (Mulhern et al., 2017, 172 based on WaveWatch III model results), placing the barrier in the wave-dominated regime 173 (Hayes, 1979). Local relative sea level is rising. Previous estimates of relative sea level rise 174 (SLR) change in the Outer Banks during the late Holocene range from 0.8 to 1.1 ·10-3 m y-1 175 (Horton et al., 2009), but recent tide-gauge data from Duck (1978-2020), Oregon Inlet 176 (1977-2020), and Beaufort (1953-2020) indicate rates of 3 – 5 ·10-3 m y-1 177 (https://tidesandcurrents.noaa.gov/sltrends/mslUSTrendsTable.html). Estimates of rates 178 and spatial extent of SLR show strong decadal fluctuation (especially prior to 1988) and are 179 highly dependent on the period analyzed (Little et al., 2021). 180 
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Late 20th-century observations indicate that the shoreline position of North Core 181 Banks is receding. Spatially averaged shoreline-change rates on the ocean side of North 182 Core Banks, determined from repeat transect measurements between 1961 and 2001, 183 varied between -20 to +6 m y-1, depending on the period of observation. For the longest 184 period (1946-1998), the rate was -1.3 m y-1 (Table 5 in Riggs & Ames, 2007; negative 185 numbers indicate shoreline erosion). Higher rates, as much as -69 m y-1, were observed on 186 individual transects, notably those near transient inlets. Riggs & Ames (2007) report that 187 shoreline movements are accompanied by elevation increases with average rates of about 188 4 cm y-1 that are generally highest near the shore (3 – 6 cm y-1) but decrease to 2 – 5 cm y-1 189 60 m inland (Table 6 in Riggs & Ames, 2007). Rates vary depending on the location and 190 period of observation; recent observations on the beaches and dunes by Hovenga et al. 191 (2019) found interannual rates of 5 – 11 cm y-1, but multidecadal rates of 2 – 4 cm y-1. 192 Combined, the receding shoreline and increasing beach and dune elevations are consistent 193 with a general landward migration of this barrier island. 194 North Core Banks experienced extensive overwash during Hurricane Florence, 195 which made landfall at Wrightsville Beach, NC (~180 km southwest of North Core Banks) a 196 year earlier (18 September 2018). USGS aerial imagery (described below) taken eighteen 197 days later (6 November 2018) shows fresh-looking washover fans likely created during 198 Hurricane Florence (Ritchie et al., 2021). These are relevant because of their apparent co-199 location with the outwash features formed during Hurricane Dorian. 200 The primary dune line of North Core Banks had an elevation of 3 to 6 m before 201 Hurricane Dorian, with dozens of gaps ~2 - 2.5-m high that served as throats (Donnelly et 202 al., 2006) leading to the Florence washover fans (Lazarus, 2016; Lazarus et al., 2020). 203 Additional cuts through the dunes accommodated sand roads for vehicle access to the 204 beach. 205 1.3 Hurricane Dorian 206 Hurricane Dorian made landfall at Cape Hatteras, NC (Figure 1a) on September 6, 207 2019, as a category 1 storm on the Saffir-Simpson Hurricane Wind Scale after devastating 208 the Bahamas as the strongest storm in modern records (Avila et al., 2020). As the hurricane 209 
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traversed Raleigh Bay from Cape Lookout to Cape Hatteras, onshore winds from the 210 southeast pushed the waters of Pamlico Sound north and west, flooding the estuaries and 211 creeks with water levels greater than 1.5 m NAVD88 in the Neuse River 212 (https://stn.wim.usgs.gov/FEV/#2019HurricaneDorian, last accessed 8/17/2022). After 213 landfall at Cape Hatteras, the hurricane moved rapidly offshore. Winds shifted abruptly to 214 come from the northwest and waters surged southward back across Pamlico Sound, into 215 Core Sound, and onto the back barrier of North Core Banks and Ocracoke Island (Figure 2; 216 Figure 3), where water levels of more than 2 m were reported in the town of Ocracoke 217 (https://www.washingtonpost.com/weather/2019/09/06/water-rises-feet-hours-218 ocracoke-north-carolina-eye-hurricane-dorian-moved-past/, last accessed 8/17/2022). No 219 people or instruments were on the low-lying island of North Core Banks to record this 220 event, but images taken by NOAA during an emergency response flight the next day (Figure 221 1, Table 1) revealed that the island had been dissected by more than 80 channels cut 222 through the primary dune line as water rushed seaward. This process, termed outwash 223 (Over et al., 2021a), generated an array of both erosional features (washout channels) on 224 the subaerial island and depositional features (washout fans and deltas) in the subtidal 225 nearshore. Piles of wrack lay stranded high on the landward side of the dunes, and small 226 outwash deltas extended into the surf zone from the newly cut channels. These images 227 show that the island was inundated from the sound side, causing significant and potentially 228 long-lasting geomorphic changes (Figure 1b-d). 229 
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 230 
Figure	2.	Time	series	(universal	time	coordinate;	UTC)	of	meteorological	and	231 
oceanographic	conditions	during	the	passage	of	Dorian.	Wind	speed	(a),	wind	232 
direction	(b),	and	barometric	pressure	(c)	at	Cape	Hatteras.	Water	levels	from	the	233 
ADCIRC	model	forecast	(d)	near	N.	Core	Banks	in	Pamlico	Sound	(black)	and	the	234 
Atlantic	Ocean	(purple).	Significant	wave	height	at	NDBC	buoy	41025,	located	about	235 
70	km	east	of	North	Core	Banks	in	water	~60	m	deep.	Sources:	NOAA	station	236 
8654467	at	US	Coast	Guard	Station	Hatteras,	NC;	NDBC	buoy	41025	237 
(https://tidesandcurrents.noaa.gov/stationhome.html?id=8654467;	238 
https://www.ndbc.noaa.gov/station_page.php?station=41025)FIGURE	3	(ADCIRC	+	239 
measured	water	level	map)	240 1.4 Objective and Outline 241 The objective of this paper is to describe the changes wrought by Hurricane Dorian 242 on North Core Banks and put the event into context with better-known morphological 243 processes that shape barrier islands. In doing so, we gain insight into processes that might 244 punctuate the transgression of barriers during periods of sea-level rise. In Section 2 we 245 describe our data sources and analyses, and, in section 3, we present our results. Section 4 246 is a discussion of these results and the implications of sound-side inundation for longer-247 term barrier-island evolution and habitat, and Section 5 summarizes our conclusions.  248 
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 249 
Figure	3.	Map	of	maximum	water	levels	during	Hurricane	Dorian	from	measured	250 
observations	and	ADCIRC	model	forecasts,	relative	to	NAVD88.	Water-levels	251 
measured	with	sensors	(circles	and	triangles)	and	post-storm	high-water	marks	252 
(HWM;	diamonds)	in	Pamlico	Sound;	modeled	maxima	from	the	ADCIRC	simulations	253 
(shading).	Sources:	water	levels	and	high-water	mark	(HWM)	from	USGS	Flood	Event	254 
Viewer	(https://stn.wim.usgs.gov/FEV/#2019HurricaneDorian);	HWM	from	NPS	(H.	255 
Crawford,	NPS,	written	comm.,	August	2022).	ADCIRC	model	forecasts	from	DHS	256 
Coastal	Resilience	Center	at	the	University	of	North	Carolina,	Chapel	Hill	257 
(adcircprediction.org)	258 
2	Observations	and	Methods	259 Observations of the changes wrought by Hurricane Dorian on North Core Banks 260 were primarily derived from remote sensing. The island was evacuated prior to the storm, 261 and access in the year following the storm was curtailed by Covid-19 travel restrictions. As 262 a result, the data we present here are based on aerial imagery, lidar, and peripheral 263 observations, rather than in situ measurements. The remote-sensing data (Table 1) include 264 five sets of high-resolution red-green-blue (RGB) aerial imagery suitable for structure-265 from-motion (SfM) photogrammetry acquired by the U.S. Geological Survey (USGS), RGB 266 imagery acquired during a National Oceanic Administration National	Geodetic Survey 267 
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(NOAA NGS) Emergency Response Imagery (ERI) flight, and topographic and bathymetric 268 (topo/bathy) lidar data collected by the U.S. Army Corps of Engineers (USACE). Other 269 sources of data include forecasts from the ADvanced CIRCulation (ADCIRC) ocean model 270 and the Simulating WAves Nearshore (SWAN) wave model provided by the U.S. 271 Department of Homeland Security Coastal Resilience Center at the University of North 272 Carolina, Chapel Hill; wave data from the Diamond Shoals National Data Buoy Center 273 (NDBC 41025) buoy; meteorological measurements from the NOAA National Weather 274 Service at U.S. Coast Guard Station Hatteras (Station ID 8654467); water levels and high-275 water marks around Pamlico Sound from the USGS Flood Event Viewer 276 (https://stn.wim.usgs.gov/FEV/#2019HurricaneDorian); and high-water marks measured 277 in the historical village of Portsmouth by the National Park Service (NPS; H. Crawford, NPS, 278 written comm., August 2022). 279 2.1 Aerial image collection and photogrammetry products 280 Images were collected over North Core Banks by C.W. Wright Consulting for the 281 USGS during five missions: one in October 2018, and four in late summer and autumn of 282 2019 (Table 1). A Sony A7R 36.2-megapixel digital camera was used to capture RGB images 283 once per second from a light plane flying ~60 m s-1 at an altitude of ~300 m above ground 284 level. Four approximately shore-parallel flight lines were flown in each mission, from the 285 Virginia-North Carolina border to Cape Fear (October 2018) or to Cape Lookout (all other 286 missions; Figure 1d). Camera locations for the images were determined by recording 287 shutter events with an estimated accuracy of <5 cm (horizontal) and <10 cm (vertical) 288 using data from a dual-frequency (L1/L2) global navigation satellite system. Locations 289 were determined with post-processed kinematic methods using multiple continuously 290 operated reference stations from the North Carolina network. The images have a ground-291 sampling distance of ~6 cm per pixel and overlap by ~60% in both along-track and cross-292 track directions. Approximately 2,000-4,000 images of North Core Banks were obtained 293 during each mission. These were initially stored in raw (Sony .ARW) format, but were 294 converted to Joint Photographic Experts Group (.JPEG) format before photogrammetric 295 process using Adobe Camera Raw (version 12.2.1) with quality setting 12 (maximum), the 296 “Camera Neutral” color profile, and no other modifications. Imagery and positional data  297 
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Table	1.	Remote	sensing	data	sources	for	imagery,	topographic	and	bathymetric	298 
(topo/bathy)	lidar,	and	red-green-blue	(RGB)	imagery	suitable	for	structure-from-299 
motion	(SfM)	photogrammetry.	300 
Acquisition	Date(s)	 Data	type	 Location Reference	2-15 October 2018 (2-4 weeks post-Florence; ~11 months pre-Dorian) 

USACE topo/bathy lidar NC https://www.fisheries.noaa.gov/inport/item/57345 
6-10 October 2018 (~3 weeks post-Florence, ~11 months pre-Dorian) 

USGS RGB SfM imagery NC Images: https://doi.org/10.5066/P91KB9SFProducts: https://doi.org/10.5066/P9CA3D8P 30 August and 2 September 2019 (~4-6 days pre-Dorian) 
USGS RGB SfM imagery Outer Banks Images: https://doi.org/10.5066/P9WR0VB1 Products: https://doi.org/10.5066/P9K3TWY7 7 September 2019 (~1 day post-Dorian) NOAA/NGS/ERI RGB imagery East Coast https://storms.ngs.noaa.gov/storms/dorian/index.html 8, 12-13 September 2019 (~2-7 days post-Dorian) USGS RGB SfM imagery Outer Banks Images:https://doi.org/10.5066/P9TPKMBB Products: https://doi.org/10.5066/P9K3TWY7 11 October 2019 (35 days post-Dorian) USGS RGB SfM imagery Outer Banks Images:https://doi.org/10.5066/P9RRSMOJ Products: https://doi.org/10.5066/P9K3TWY7 11 October 2019 (35 days post-Dorian) USACE topo/bathy lidar NC https://www.fisheries.noaa.gov/inport/item/60197 26 November 2019 (81 days post-Dorian;  10 days post-Nor’Easter) 
USGS RGB SfM imagery Outer Banks Images:https://doi.org/10.5066/P99TL46N Products: https://doi.org/10.5066/P9K3TWY7 from each flight are available from Kranenburg et al. (2020, 2021a, 2021b, 2022a, and 301 2022b). 302 The imagery was processed to derive geolocated digital surface models (DSMs) and 303 orthomosaics using Agisoft Metashape Professional (v. 1.6.5) with a four-dimensional 304 
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structure-from-motion (4D SfM) workflow in which images from multiple missions were 305 aligned together (Warrick et al., 2017; Sherwood et al., 2018; Over et al., 2021b). A single 306 ground control point (GCP #34; Brown et al., 2021) was used to constrain the alignment in 307 two 4D SfM groups. One group contained images from the 2018 post-Florence survey, the 308 August 2019 pre-Dorian survey, and the September 2019 post-Dorian survey. The second 309 4D SfM group included the October and November 2019 surveys. Following the initial 310 alignment, weak tie points were removed, and the camera calibration and camera locations 311 were adjusted before the creation of dense point clouds and 1-m non-interpolated DSMs in 312 a process described in detail by Over et al. (2021b), based on the work of Breithaupt et al. 313 (2004), Thoeni et al. (2014), Matthews, Noble, and Breithaupt (2016), T. Noble, TN 314 Photogrammetry, oral communication (2016), and Warrick et al. (2017). The median 315 signed difference between 34 GCPs collected between Oregon Inlet and Hatteras Inlet 316 (Brown et al., 2021) and DSMs (GCP - DSM) across all flights for a given 4D reconstruction 317 was used to adjust each DSM in gdal_translate (Geospatial Data Abstraction Library; 318 https://gdal.org/). For the pre- and post-Dorian DSMs, this value was -0.029 m; for the 319 October and November DSMs, it was -0.034 m. The adjusted DSMs were masked using a 320 hand-edited shapefile that aimed to exclude data with a standard error greater than 0.013 321 (the elevation standard deviation divided by the square root of the sample size), usually 322 caused by water. Orthomosaics with 0.25-m resolution were constructed in Metashape 323 from interpolated DSMs by RGB-averaging overlapping images. Horizontal coordinates are 324 in NAD83(2011) Zone 18N meters, and vertical coordinates (and all elevations in this 325 paper) are in meters NAVD88 using geoid 12B. Examples of the 30 August 2019 (pre-326 Dorian) and 12-13 September (post-Dorian) orthomosaics are shown in Figure 4, along 327 with the post-Dorian DSM and a difference map (post- minus pre-). The photogrammetry 328 products are available from Ritchie et al. (2022 in review). 329 
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	330 
Figure	4.	Structure-from-motion	(SfM)	photogrammetry	products.	Orthomosaics	331 
from	a)	pre-Dorian	survey	and	b)	post-Dorian	survey,	c)	digital	surface	model	(DSM)	332 
from	the	post-Dorian	survey,	and	d)	difference	map	(post-Dorian	minus	pre-Dorian),	333 
where	blue	indicates	erosion.	Extensive	washover	from	Hurricane	Florence	(2018)	is	334 
visible	in	(a).	Washout	channels	(b,	c,	and	d)	eroded	up	to	2	m	and	occupy	much	of	335 
the	washover	fans.	336 2.2 Missing data and uncertainties in the DSMs 337 The SfM photogrammetry did not provide complete, continuous coverage. 338 Variations in coverage were caused by variations in the flight lines, changing water levels, 339 and shoreline change on the ocean side. Internal data gaps occurred where SfM 340 reconstruction failed, either because of water or restricted view angles near steep objects, 341 usually tall vegetation. In the vegetation cases, only scattered and mostly isolated pixels 342 were missing. These small regions (≤5 m square) of missing data were replaced by values 343 derived from smoothed, interpolated surfaces calculated by convolving a 5 m x 5 m 344 Gaussian kernel over the DSMs. 345 The larger regions of missing data posed a more consequential problem. Because 346 most of the flooded regions and thus most of the missing data occurred in eroded portions 347 
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of the post-Dorian DSMs, ignoring these regions in volume-difference calculations would 348 bias the results, generally underestimating erosion. The water levels in the eroded regions 349 varied among the four surveys, as indicated by the mean of the lowest elevations mapped 350 on the ocean beaches. Those elevations were 0.11 m, 0.11 m, 0.64 m, and -0.14 m for the 351 August, September, October, and November surveys, respectively, indicating that ocean-352 side water levels (driven by tides, surge, and wave runup) were comparable for the pre- 353 and immediate post-Dorian surveys, higher for the October survey, and lower for the final 354 November survey. Thus, many of the erosional areas in the post-Dorian September DSM 355 were flooded. Likewise, these areas and some of the areas where post-storm accretion 356 occurred between September and October were flooded in the October survey. Low water 357 levels during the November survey revealed both deeper portions of the eroded areas and 358 recently accreted sandbars, spits, berms, and washover deltas. 359 We used several methods for treating the missing data. The first, and simplest, 360 method was to ignore missing data in volume and volume-difference calculations; this is 361 equivalent to replacing missing data with zeros. Other methods were to replace missing 362 data with a constant value intended to reflect the average elevation of flooded regions. We 363 calculated volumes after replacing missing data with 0 m, -1 m, and -2 m. We also used two 364 interpolation schemes to replace missing values using nearby values, including 365 interpolation based on a 30 x 30 m Gaussian kernel, and interpolation based on empirical 366 Bayesian kriging (EBK). The first four methods provided a time series of four surfaces with 367 no gaps, and the interpolation methods resulted in surfaces with small regions of missing 368 data in some of the larger eroded areas. The analyses presented here was based on the EBK 369 surface, but the differences that arise in volume-change calculations using other methods 370 are discussed. 371 2.3 Uncertainty in digital surface models and volume-change calculations 372 Uncertainties in our calculations of volume change for a given set of DSMs (e.g., the 373 EBK surfaces) were estimated using the approach described in Anderson and Pitlick (2014) 374 and Gaeuman et al. (2017) and summarized by Anderson (2019). Three general types of 375 
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error can arise in elevation difference maps: uncorrelated random errors (imprecision), 376 spatially correlated random errors (regional biases), and systematic errors (global biases).  377 Uncorrelated random error in difference of DSM (DoD) maps mostly arise from 378 random vertical errors in each independent measurement or small-scale (order ~1 m) 379 variations in topography or vegetation that are aliased in the measurement process. 380 Horizontal errors are less important in low-slope environments like North Core Banks. The 381 uncorrelated random spatial uncertainty 𝜎  is represented by the standard error 382 𝜎  = 𝜎 √𝑛 ⁄ , where 𝜎  is the root mean square deviation in difference 383 measurements and 𝑛 is the number of cells in the DSMs (Lane et al., 2003; Anderson and 384 Pitlick, 2014). 𝜎  is the quadrature sum of 𝜎 , the root-mean square errors in each of 385 the two maps being differenced (Taylor, 1997; Lane et al., 2003). We cannot estimate 𝜎  386 in our North Core Banks maps because we have no ground-truth measurements to 387 compare with, but even if we stipulate a large uncertainty in individual measurements (for 388 example, 0.3 m), because 𝑛 is ~10 million, random errors largely cancel when averaged 389 over the mapped study area. Consequently, our volume calculations are almost completely 390 insensitive to this uncertainty, consistent with discussion by Anderson (2019). 391 Uncertainty 𝜎  that arises from spatially correlated errors is a greater source of 392 error than random errors in both DSMs and difference maps. In SfM-derived surfaces, these 393 errors appear as low-amplitude modulations over tens to hundreds of meters in the 394 reconstructed surface, or as apparent vertical offsets with spatial scales equal to the 395 footprint of one or several images. It is often hard to pinpoint the source of these errors, 396 but they likely are related to misalignment in the geometric reconstruction of camera 397 locations or errors in the lens models. The errors tend to track flight paths, suggesting they 398 are related to (or exacerbated by) the intersection of view angles. Quantifying the spatial 399 correlation associated with these errors is necessary for determining the effective number 400 of random samples in each map area. Following Rolstad et al. (2009), we used 401 semivariograms to estimate the spatially correlated errors 𝜎  (m) and their characteristic 402 length scales 𝑟 (m). The expected error variance 𝜎  is equivalent to the semivariance 𝛾  403 and acts as systematic error over an area proportional to 𝜋𝑟  (m2), where 𝑟 (m) is the 404 range of the semivariogram. We determined 𝜎  ≈ 0.03 m2 and 𝑟 ≈ 36 m from the mean of 405 
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sills and ranges fit to spherical semivariogram models of elevation differences in 22 406 subregions of our survey area where there was limited morphologic change (Rolstad et al., 407 2009). 408 Systematic errors (biases) are likely to contribute the greatest errors in difference 409 calculations. They can be determined empirically when parts of the mapped area are 410 known to be stable (e.g., Rolstad et al., 2009; Anderson, 2019) but there are few, if any, 411 truly stable features on North Core Banks and no large, unvegetated areas that are not 412 subject to reshaping by wind or water. To compare maps, we assumed that cabin roofs, the 413 ferry dock at Long Point, and high-elevation unvegetated patches were stable features for 414 calculating systematic uncertainties. We identified elevations z of 50 points distributed 415 around the island and calculated the four-survey mean elevation 𝑧̅ of each. We then 416 calculated the anomalies 𝑑𝑧 = 𝑧 − 𝑧̅ for each of the 50 points. The mean anomalies 𝑑𝑧 for 417 the four surveys ranged from -2.4 cm to +2.2 cm. These values were used to vertically shift 418 each DSM as described in the previous section so that, on average, there was no elevation 419 difference among the final DSMs for nominally stable points. That is, the measurable 420 systematic bias among the surveys was removed. However, we cannot be certain that no 421 systematic bias remained, because of the limited spatial extent of the data analyzed, so we 422 used the maximum of the standard deviations of the anomalies (0.07 m) as an estimate of 423 systematic uncertainty 𝜎  (Rolstad et al., 2009; Anderson, 2019). This value dominates 424 our estimates of uncertainty in volume calculations as noted below. 425 The total uncertainty surrounding the volume calculations is approximated as the 426 quadrature sum of the random, spatially correlated, and systematic errors (Anderson, 427 2019, his Eq. 22): 428 𝜎 = 𝑛𝐿 𝜎 + 𝜎 + 𝜎 = 𝑛𝐿 𝜎       (1) 429 where 𝑛 is number of grid points (>10 million for the entire island) and 𝐿  = 1 m2 is the grid 430 cell size. The terms in the brackets represent uncorrelated random errors, spatially 431 correlated errors, and systematic errors, respectively. Values for the three terms in the 432 brackets of Eq. 1 are 𝜎 = 6⋅10-5 m, 𝜎 = 0.035 m, and 𝜎 =0.07 m, which results in a 𝜎  433 
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value of 0.08 m. This suggests that the total uncertainty (0.08 m) is dominated by the 434 conservative estimate of systematic uncertainty (0.07 m).  435 2.4 Wrack deposits 436 Wrack deposits of marsh hay were clearly visible in the post-Dorian imagery, 437 scattered broadly across the marshy portions of the back barrier and concentrated in 438 clumps ~0.5 to 1 m thick on the back (landward) side of the primary dunes. Wrack 439 stranded against the dunes can indicate water elevations at the peak of the inundation (e.g., 440 Bush et al., 1996; Clinch et al., 2012). We identified wrack deposits in the post-Dorian 441 orthomosaic based on their color and shape and extracted the elevation of the wrack toe 442 (lower, landward edge) from the 1-m DSM at ~11,000 points spaced 1-m apart (Figure 5). 443 

 444 
Figure	5.	Example	of	wrack	stranded	on	the	landward	side	of	the	primary	dune	line.	445 
a)	Orthomosaic	showing	large	piles	of	brown	wrack	on	the	northwest	flank	of	the	446 
dunes.	b)	Outlines	of	wrack	deposits	overlain	on	DSM	adjacent	to	the	orthomosaic.	447 
Points	sampled	to	establish	the	toe	elevations	of	the	wrack	deposits	are	shown	on	448 
the	DSM.	449   450 
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2.5 Dune-crest elevations and island volumes 451 The elevations of the primary dune lines were extracted from the four 1-m SfM EBK 452 DSMs after a) manual clipping to remove ocean-side bars (isolated patches seaward of the 453 beach surrounded by missing data) and b) remapping them (nearest-neighbor 454 interpolation) into 1-m grids with axes oriented alongshore (42⁰ clockwise from UTM grid 455 north) and cross-shore (222⁰). Remapping into alongshore and cross-shore coordinates 456 allowed us to analyze the data as a series of two-dimensional cross-shore transects spaced 457 1 m apart, which facilitated automatic identification features such as the shoreline and 458 dune crest. Finally, c) the elevations of each DSM were adjusted vertically to account for 459 cm-scale mean vertical biases discussed above. Bias corrections were -0.022 m, 0.002 m, 460 0.005 m, and 0.015 m for August (pre-Dorian), September (post-Dorian), October, and 461 November DSMs, respectively. The dune crest was demarcated by the highest point on each 462 cross-shore transect within 30 m of an approximate dune line manually digitized on the 463 August DSM, guided by elevation, with straight-line connections across gaps. Elevations for 464 subsequent surveys were extracted from the locations of the pre-Dorian dune crests. 465 Alongshore profiles of dune-crest elevations after Hurricane Dorian were substantially- 466 lower in many places, as discussed below (Figure 6). 467 Volume calculations were performed for two portions of the island: the beach and a 468 region we call the island platform. The beach was defined as the area between the primary 469 dune crest line interpreted from pre-Dorian SfM DSM and the seaward-most location of the 470 mean high water (MHW; 0.4-m NAVD88) contour. The island platform was defined as the 471 region between the crest of the primary dune line and a back-barrier boundary defined by 472 the 1.25-m contour in the bare-earth post-Florence lidar DEM. We restricted the landward 473 extent of our analysis to this island platform region for consistent coverage and to avoid 474 poor-quality SfM reconstructions in wet and marshy regions. The 1.25-m contour 475 



manuscript submitted to Journal of Geophysics – Earth Surface 

21 

 476 
Figure	6.	Changes	in	elevations	and	volumes.	Plots	of	alongshore	values	of	a)	pre-	477 
(gray)	and	post-Dorian	(blue)	dune-crest	and	wrack-line	(orange)	elevations,	b)	478 
dune-crest	elevation	changes,	and	c)	total	volume	changes.	All	curves	have	been	479 
smoothed	with	a	50-m	alongshore	running	mean.	Uncertainties	around	the	volume	480 
changes	are	indicated	in	light	blue.	Area	1	(beige)	highlights	a	segment	of	the	island	481 
with	high	dune	crests	and	relatively	few	washouts,	and	area	2	(pink)	highlights	a	482 
region	with	initial	low	dune	crests	and	large	volumes	of	erosion.	483 roughly tracked the change in vegetation from bushes and scrubby trees on the island 484 platform to grasses and reedy vegetation in the marsh and provided a landward limit for 485 our analysis that was consistent across surveys. The boundaries established by the pre-486 Dorian primary dune line and the back-barrier limit, and thus the platform areas, were 487 constant across surveys, but the seaward extent, and thus the beach areas, varied across 488 surveys. 489 
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Volumes were calculated by summing elevations along each cross-shore transect 490 and multiplying by the cross-shore spacing (1 m) and then summing those transect 491 volumes in the alongshore direction and multiplying by the alongshore spacing (1 m). 492 Volume changes were performed in a similar manner by differencing the volumes on each 493 transect between surveys. The advantage of this transect approach was that it provided 494 information on volume changes along the island (Figure 6). 495 2.6 Shorelines and shoreline change 496 Shoreline changes along North Core Banks before and after Hurricane Dorian were 497 determined from the pre- (August) and post-Dorian (September), October, and November 498 DSMs using the Digital Shoreline Analysis System (DSAS; v. 5.0; Himmelstoss et al., 2018). 499 First, an offshore baseline parallel to the barrier island was created and 500-m long cross-500 shore transects spaced 10-m apart with a smoothing distance of 500 m were cast across 501 the foreshore and dune. Shoreline positions were determined from the MHW (0.4-m 502 contour) on the beach from each DSM, which were naturally discontinuous. DSAS shoreline 503 positions were extracted where the contour line intersected each transect; connecting the 504 points at successive transects created a continuous shoreline. If a contour passed a transect 505 multiple times, the seaward-most point was used. The shorelines were hand edited to 506 remove intersects across outwash channels (e.g., Morton and Miller, 2005). Lastly, the 507 DSAS intersects were put into a pivot table to compare shorelines from the four surveys 508 (e.g. Shoreline Change Mapper available at 509 https://irma.nps.gov/DataStore/Reference/Profile/2254678). Examples of the resulting 510 shorelines are shown in Figure 7a, and shoreline changes at each transect that met the 511 conditions above are shown in Figure 7b-d.  512 2.7 Characterization of washout features 513 The drainage features generated by outwash during Hurricane Dorian were 514 individually identified and characterized to explore and compare the shapes and sizes of 515 these features along the island. The primary tool to identify these features was the 516 elevation difference between the pre- and post-Hurricane Dorian DSMs from the USGS 517 flights (August and September 2019; Table 1) calculated in ArcPro v2.8.1 (Esri, 2021). First, 518 
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a binary difference map (change vs. no change) was created using a difference threshold 519 of -0.25 m. This value represents about three times the error in the DSMs. Areas of change 520 >0.25 m were converted from binary rasters to polygons and visually compared with the 521 orthomosaics to confirm they were drainage features. The polygons were then cleaned for 522 noise artifacts in the DSMs, and shapes that were less than 5 m2 or in the marsh platform of 523 the island were removed using a combination of area thresholding and manual inspection. 524 Washout features were then clipped at the pre- Dorian dune toe to create standalone 525 polygons, but in some cases where washout features had individual throats and minimal 526 connectivity (i.e., shared a small portion of area in the head-cutting portion of the washout 527 feature) they were split into separate features by comparing with the post-Dorian 528 orthomosaics. A continuous stretch of washout channels present at the northern end of 529 North Core Banks was not included in this analysis because no dune line existed there 530 before Hurricane Dorian, and the difference threshold did not resolve individual features in 531 this area.  532 This analysis identified 86 individual washout channels on North Core Banks. The 533 planview shapes of the drainage features associated with the channels were classified 534 according to a system modified after Hudock et al. (2014) to describe washover feature 535 shapes. We renamed Hudock's "dissipative" class with the more morphologically 536 descriptive term "tapering" to prevent confusion with physical processes. Examples are 537 shown in Figure 8. Casual observation suggested that washout drainages tended to occupy 538 the same locations as earlier washover fans (Figure 4). Fresh-looking washover fans were 539 apparent in the November 2018 (post-Florence) orthomosaic (Ritchie et al., 2021) i.e., they 540 were unvegetated and sometimes showed flow features like current lineations, in contrast 541 to the surrounding washover platform, which was modestly vegetated and showed 542 evidence of aeolian reworking in the form of small dunes and blowouts. The 543 
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 544 
Figure	7.	Shoreline-change	analysis,	note	different	y-axes.	a)	Shoreline	positions	and	545 
locations	of	transects	for	an	exemplar	1.5-km	stretch	of	coast	post-Dorian,	b-d)	546 
Spatially	averaged	changes	in	shoreline	positions	between	survey	dates	for	the	547 
entire	North	Core	Banks.	Each	vertical	bar	is	the	shoreline	position	change	every	10	548 
meters	along	the	beach,	except	at	washout	channels,	between	two	dates	and	the	gray	549 
line	represents	a	running	average.	One	standard	deviation	(STD)	is	also	given	as	550 
dashed	black	lines.	The	beige	and	pink	bars	highlight	areas	that	deviate	from	the	551 
general	trend;	area	1	is	near	the	center	of	the	island	where	fewer	washout	channels	552 
formed	and	area	2	is	at	the	northeast	end	of	the	island,	where	the	most	severe	553 
erosion	occurred,	(see	Figures	4,	6)	and	where	it	was	difficult	to	identify	shorelines.	554 Florence washover fans sloped landward continuously from the beach through gaps in the 555 dune line and buried the shore-parallel sand road behind the foredune. At their distal ends, 556 tendrils of sand deposits covered pre-existing vegetation. They are still mostly visible in the 557 August 2019 (pre-Dorian) orthomosaic (Figure 4) but are somewhat more vegetated and 558 less distinct. The footprints of these fans were identified in the post-Florence orthomosaic 559 using a supervised classification in ArcPro v2.8.1 (Esri, 2021). A workflow like the one 560 
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described above for washout features was used to remove noise and the polygons were 561 clipped to the pre-Dorian dune toe. 562 Allometry metrics (Bull, 1975; Lazarus, 2016; Lazarus et al., 2020) were extracted 563 for each post-Dorian washout drainage and each post-Florence washover feature, including 564 minimum area envelope 𝐴, volume 𝑉 (Figure 8b), maximum intrusion length 𝐿, maximum 565 drainage width 𝑊, throat width 𝑇, average throat depth D (post-Dorian only), perimeter P, 566 and enclosing convex hull area Ac (e.g., Lazarus et al. 2020; their Table 2). We examined the 567 relationship between A and L by fitting log 𝐿 = ℎ log 𝐴, where ℎ defines the slope of the 568 relationship in a log-log transform space (Figure 8c; Lazarus, 2016; Lazarus et al., 2020). 569 We also examined the log-log relationship between A and V (Figure 8d) which Lazarus et al. 570 (in review) have used to relate washover areas and volumes. Finally, we calculated several 571 morphometric indices to evaluate the apparent similarities in the shapes of outwash and 572 overwash features. These included the circularity ratio Cr = 4πA/P2 (Jones et al., 2012; Das 573 et al., 2022, their eqn. 12), which is the ratio of feature area to the area of a circle with the 574 same perimeter; a second, somewhat related ratio R2 = A/Ac, where Ac is the area of the 575 convex hull enclosing the feature area; the distortion index DI = P/[(π+2)(2A/π)0.5 576 proposed by Lazarus et al. (2021; their eqn. 1 and 2), which is the ratio of the measured 577 perimeter of a feature to the perimeter of a semicircle with the same area; and the 578 indenture index I = 0.5PL/(A+L2) (Das et al., 2020, their eqn. 25), which relates the 579 measured perimeter to the perimeter of a rectangle with the same A and same L. All these 580 indices indicate the complexity of the boundary of a given area and displayed similar 581 abilities to discriminate among the various shapes, so we chose to use DI (Figure 8e) 582 because it relates to a common depositional fan shape (Lazarus et al., 2021 and citations 583 therein).  584 
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 585 
Figure	8. Allometry	of	erosion	features	visible	in	post-Hurricane	Dorian	DSM	and	586 
orthomosaics.	a)	Illustration	of	washout-feature	classification	by	shape	and	587 
examples	of	how	metrics	were	derived.	Areas	1	and	2	as	on	Figures	4,	6	and	7.	b)	588 
Volumes	of	washout	features	with	colors	indicating	shape	classes,	plotted	at	their	589 
alongshore	and	cross-shore	centroids.	c)	Scatter	plot	of	feature	length	L	versus	area	590 
A	in	log-log	coordinates,	with	symbols	indicating	the	data	source.	Depositional	591 
features	(overwash	fans,	lobes)	are	red,	and	erosional	features	(outwash,	throats)	592 
are	blue.	Linear	fits	to	the	North	Core	Banks	outwash	(black	dashed	line)	and	several	593 
overwash	datasets	(gray	dashed	line)	are	shown	for	the	real-world	features.	Fits	to	594 
the	Lazarus	(2016)	laboratory	data	for	throats	(black	solid	line)	and	lobes	(gray	595 
solid	line)	are	also	shown.	Panel	(d)	is	a	scatter	plot	of	feature	volume	V	change	596 
versus	A	in	log-log	coordinates	with	symbols	the	same	as	in	(c).	Panel	(e)	has	box	597 
plots	of	the	Distortion	Index	distributions.	In	these	plots	(matplotlib.pyplot.boxplot,	598 
v.3.5.3),	the	box	indicates	the	interquartile	range	(IQR),	the	whiskers	extend	to	1.5	x	599 
IQR,	beyond	which	outliers	are	denoted	with	circles.	The	notches	indicate	bootstrap	600 
estimates	of	the	confidence	intervals	about	the	median	values.  601 
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3	Results	602 3.1 Water levels and waves during Hurricane Dorian  603 Forecasts made with the ADCIRC hydrodynamic model during Hurricane Dorian 604 show the evolution of water levels across North Core Banks. During the early part of the 605 event before landfall, the model showed slight increases in ocean-side water elevations and 606 increasing set-down of water levels in the south side of Pamlico Sound, as easterly winds 607 pushed water to the northeast portion of Pamlico Sound (Figure 2). After landfall (approx. 608 1200 Coordinated Universal Time (UTC) on September 6, 2019; Figure 2), as winds veered 609 rapidly to blow from the north-northwest, simulations show the water was forced 610 southward across Pamlico Sound, possibly aided by seiching, and generated water levels >2 611 m on the sound side of North Core Banks. By about 1300 UTC on 6 September, offshore 612 winds gusting >60 m/s caused set-down on the ocean side, creating water-level differences 613 of >2.5 m between Pamlico Sound and the ocean. (We note that simulations by Cassalho et 614 al., 2021 using the same models but different wind forcing produced lower maximum water 615 levels). High-water marks were recorded at almost 2 m NAVD88 on Cedar Island on the far 616 side of Core Sound, about 15 km west of North Core Banks, and the highest modeled water 617 elevations, found along the sound side of the North Core Banks, were over 2.5 m (Figure 3), 618 in agreement with the ADCIRC forecasts. Several cows pastured on Cedar Island were later 619 found on North Core Banks 620 (https://www.washingtonpost.com/nation/2019/11/14/cedar-island-cows-hurricane-621 dorian-outer-banks/, last visited 5 April 2021). High water marks ranging from about 1.9 622 to 2.2 m NAVD88 were recorded by the NPS in the abandoned village of Portsmouth on the 623 north end of North Core Banks (H. Crawford, NPS, written comm., August 2022). These 624 water levels exceeded the average elevation (~1.5 m) of North Core Banks and the 625 elevations of low points and gaps in the island’s dune crest (~ 2.0 m), indicating that the 626 island was inundated from the sound and water-level differences across the island 627 approached 2.5 m. 628 Coincident with these water-level differences, the ocean waves measured at the 629 Diamond Shoals buoy (NDBC 41025) peaked with significant wave heights of ~8.1 m and 630 
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dominant periods 10.8 s at 1140 UTC (Figure 2), but their impact on North Core Banks was 631 likely mitigated by low ocean-side water levels. By the next high tide (~1800 UTC), wave 632 heights had decreased to about 4.3 m, with periods of 9 s. Wave direction was not 633 measured by the buoy. 634 3.2 Landcover and morphology changes 635 The pre-hurricane topographic and orthomosaic data from August 2019 portray the 636 low-lying barrier island with mean and maximum elevations of 1.5 m and ~8 m, 637 respectively (Figures 4 and 5). The ocean-side beach between the dune crest and MHW 638 (~0.4 m) was ~50 – 70 m wide with a discontinuous berm crest at ~2.1 – 2.3 m. Behind the 639 beach was a discontinuous primary dune rising from a toe elevation of ~1.5 – 2.2 m to 640 crests ranging from 3 to 8 m. Beach berms at an elevation of 2 – 2.5 m occupied gaps in the 641 dune lines. Behind the dunes was a plain of coalescing washover fans (e.g., Figure 4). Many 642 of these fans appear to be recently deposited: they had little or no vegetation and 643 examination of post-hurricane images suggests they were likely deposited during 644 Hurricane Florence (2018). The elevation of the island platform landward of the dunes 645 gradually decreased and the landcover shifted from sparse dune grass to patchy brushy 646 vegetation. The back side of the island was a marsh platform that formed an irregular 647 coastline in Pamlico Sound. Historical records show much of this marsh occupied 648 abandoned flood-tidal deltas associated with ephemeral inlets (Riggs and Ames, 2007). 649 The first images available after Hurricane Dorian were the NOAA/NGS Emergency 650 Response Imagery taken on 7 September 2019, the day after the storm. 651 (https://storms.ngs.noaa.gov/storms/dorian/index.html; Figure 1b-d). These images 652 revealed an island dissected by more than 80 washout channels cutting through the 653 primary dune line. Landward of these channels, embayments and outwash channels were 654 eroded into the washover plain. These features mostly occupied the same footprint as the 655 recent overwash fans. They originated near the distal edge of the recent washover fans, 656 with knickpoints that sometimes extended into the vegetated platform landward of the 657 fans. Many of the embayments were completely or partially flooded. Where they were 658 unflooded, there was abundant evidence of seaward-directed flow in the form of shallow 659 
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braided channels, sheet-flow deposits, streaks of dark-colored sediment, and lateral 660 channel scarps. Many of these washout features extended from behind the dunes, through 661 recently enlarged cuts in the dune line, and across the upper beach (Figure 1c-d; Figure 4, 662 Figure 5). Cuts in the dune line occupied locations of pre-storm overwash channels and 663 human-made access roads. A shore-parallel sand road behind the primary dune line was 664 cut by the channels and was widened and scoured by erosion. Standing water ponded in 665 low spots behind the dunes. A few channels extended entirely across the island to Pamlico 666 Sound; these were mostly in the northeast part of the island, at the locations of earlier 667 ephemeral inlets identified by Riggs and Ames (2007).  668 Offshore, irregular seas appeared in the images (Figure 1c, d). In some nearshore 669 regions, swells with wavelengths ranging from 40 to 60 m were present, approaching the 670 shore from ESE. Nearshore, the patterns of breaking waves indicated the presence of 671 shallow wave-dominated deltas where the eroded sand was deposited. Many of the largest 672 of these deltas induced wave breaking >250 m or more offshore, double, or triple the width 673 of the surf zone fronting beaches without channels. Plumes of dark brown suspended 674 sediment were visible, extending more than 500 m offshore. Despite the slight angle of the 675 wave approach to the shoreline, there was no evidence of alongshore flow in the foam or 676 suspended-sediment plumes. Small spits and swash bars had formed, partially closing 677 some of the smaller channels and providing the first evidence of recovery from the storm. 678 These also showed no preferential orientation or evidence of alongshore transport. Taken 679 collectively, the morphology revealed in these images clearly indicates that the island was 680 mostly inundated from the sound side, the floodwaters drained to the ocean through gaps 681 in the dune line, and the eroded material was deposited in the nearshore region to 682 distances of at least 250 m. 683 Orthomosaics, DSMs, and difference calculations derived from the USGS imagery 684 collected a few days later (12-13 September 2019) allowed us to quantify these changes 685 (Figures 4, 5, and 6). Elevation changes exceeded -2 m (Figures 4, 5) in the drainages. The 686 elevation changes along the dune crest (Figure 6) indicated that channels formed in gaps 687 where the pre-Dorian elevation was less than about 2 – 2.5 m; this is consistent with the 688 elevation of the wrack line. Wrack was stranded on the back side of the primary dune line 689 
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at elevations between 1.2 and 3.0 m, with a mean ± std. dev. of 2.3 ± 0.23 m (Figure 5). The 690 elevation of the strand line was a little higher near the center of the island (Figure 6). The 691 elevation distribution along the dune crest was bimodal before Dorian, reflecting a 692 combination of intact dunes, with a modal peak at about 5 m, and gaps in the dune line, 693 with a modal peak of about 2.7 m (Figure 9a). After Dorian, the elevation distribution 694 became tri-modal, with substantial reduction in the 2.7-m mode and a new mode at ~0.7 m. 695 This signifies erosion as channels incised vertically in the gaps and laterally into the 696 adjacent high dunes. 697 The channels had relatively narrow throats (median 52 m; see Table 3 for statistics 698 of all channel parameters) where they crossed the primary dune line but, landward of the 699 dunes, they expanded into dendritic drainage basins up to >300-m wide that mostly 700 occupied the recent washover fans (Figures 4, 5). These drainages typically extended ~170 701 m inland from the dune line and were incised up to 2.5-m deep into the previous ground 702 surface to elevations near 0 m (Figure 4d and 5b). Dark brown material, presumably mud 703 or peat, was exposed in the thalweg of several channels (not shown). Channel banks were 704 steep and, in many places, close to vertical. Channel bottoms often appeared to be flat, 705 suggesting either hydraulic control associated with a base level at the ocean water 706 elevation during the storm, or geologic control by a layer of less erodible material (e.g., 707 relict marsh muds). 708 Initial signs of geomorphic recovery were evident in the orthomosaic from a week 709 after Dorian, as spits and swash bars started to fill the channels (Figures 4, 5, 7). In 710 November imagery (Figures 10 and 11), continued recovery was apparent: beaches 711 widened, continuous berms closed many of the inlets to form ponds, and washover fans 712 partially filled the ponds. The sequence of erosion and initial recovery is illustrated in 713 cross-shore profiles along the channel thalweg (Figure 10a-c; transect A-A’ in Figure 1d) 714 and across an adjacent dune and beach (Figure 10d-f; transect B-B’ in Figure 1c). During 715 Dorian, a large volume of sand was removed from the beach, dunes, and barrier  716 
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 717 
Figure	9.	Joint	probability	plots	of	the	relationship	between	a)	pre-Dorian	dune-crest	718 
elevation	and	post-Dorian	dune-crest	elevation	and	b)	pre-Dorian	dune-crest	719 
elevation	and	platform	volume	change.	In	both	graphs,	histograms	of	the	initial	720 
elevation	distributions	appear	at	the	top,	and	histograms	of	(a)	post-Dorian	dune-721 
crest	elevation	and	(b)	the	volume-change	distributions	appear	on	the	right,	and	722 
fractional	joint	distributions	are	shaded	and	contoured	in	the	middle.	Darker	blue	723 
shading	indicates	more	occurrences.	Contours	levels	in	(a)	are	0.05,	0.1,	and	0.2	m;	in	724 
(b)	a	0.5-m	contour	is	added.	725 platform to form the washout channel (Figure 10a). The dune crest was removed by lateral 726 erosion as the channel widened. Meanwhile, on the cross-dune transect, erosion was 727 limited to the beach (Figure 10d). Between the post-Dorian survey and the October survey, 728 initial recovery took the form of berm building and overwash, partially filling the outwash 729 channel (Figure 10b) and building the beach (Figure 10e). Following a major nor’easter in 730 November, the last survey showed erosion and lowering of the beach and berm, but 731 extensive overwash that deposited sand more than 100 m into the channels and restored 732 some of the initial island volume. The November orthomosaic and DSM (Figure 11) show 733 this widespread overwash filling the channels and berms extending across the channels to 734 form ponds. 735 
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 736 
Figure	10.	Cross-shore	profiles	illustrating	erosion	during	Hurricane	Dorian	and	737 
subsequent	partial	recovery.	Panels	(a),	(b),	and	(c)	show	the	sequence	of	profiles	738 
along	an	outwash	channel	thalweg	(transect	A	–	A’	in	Figure	1)	before	Hurricane	739 
Dorian,	after	Hurricane	Dorian,	and	in	November	2019.	Panels	(d),	(e),	and	(f)	show	740 
the	sequence	of	profiles	across	a	dune	adjacent	to	an	outwash	channel	(transect	B	–	741 
B’	in	Figure	1.)	742 3.3 Volume changes 743 Substantial loss of island volume occurred during Hurricane Dorian that was not 744 regained within the three months of our post-storm observations, regardless of the method 745 and uncertainty. The subaerial volume of North Core Banks, defined by the elevation above 746 zero of the pre-storm (August) EBK DSM for the beach and island platform was found to be 747 16.6 ± 0.9 Mm3 (Figure 12). Volume estimates using other methods for filling missing data 748 were not significantly different (Figure 12; Table 2). Erosion during Hurricane Dorian 749 reduced this volume to 13.7 ± 0.9 Mm3, a reduction of about 18% of the initial volume. The 750 amount of erosion on individual cross-island transects varied greatly, ranging from losses 751 of -440 m3 m-1 to gains of 12 m3 m-1 (5th and 95th percentiles) with a mean ± std. deviation  752 
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 753 
Figure	11.	Post-Dorian	structure-from-motion	(SfM)	photogrammetry	products.	754 
Orthomosaics	from	a)	September	post-Dorian	survey	and	b)	November	survey	after	755 
a	powerful	nor’easter.	c)	Digital	surface	model	(DSM)	from	November	survey.	d)	756 
Difference	map	(November	minus	September	post-Dorian);	erosion	is	blue	and	757 
deposition	is	red.	758 of -117 ± 147 m3 m-1 (Figure 7c). The median uncertainty for these measurements is 74 759 m3/m. The high variance in erosion along transects was related to the non-uniform pattern 760 of erosion, which was highest in the outwash channel networks and moderate to negligible 761 elsewhere.  762 The volume measurements included the influence of vegetation canopy, because the 763 SfM-derived DSMs included vegetation. These DSMs positively biased the measurements of 764 subaerial island volumes, because of the canopy, which was generally highest in the shrubs 765 and small woodlands of the back barrier. However, volume change measurements included 766 lower biases because very little of the volume change occurred in vegetated regions (e.g., 767 Figure 4). The greatest differences in DSMs among surveys were within the drainage 768 features that mostly cut through unvegetated and sparsely vegetated areas of beach, 769 washover platforms, and dunes. 770 
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 771 
Figure	12. Summary	of	volumes	and	beach	areas.	a)	Total	volumes	of	the	combined	772 
beach	and	island	platform	calculated	using	five	different	methods	of	replacing	773 
missing	data,	for	each	of	the	four	surveys.	b)	Volumes	of	the	beach	using	the	same	774 
five	methods	for	replacing	missing	data,	for	each	of	the	four	surveys,	overlaid	with	775 
beach	areas,	also	calculated	using	the	five	methods.	Shaded	bands	around	the	776 
volumes	indicate	uncertainty	(see	text). 777 The distribution of volume losses as a function of initial dune-crest elevation were 778 not confined to places with low initial elevations (Figure 9b) because some high-elevation 779 dunes were eroded laterally, but the largest loss rates tended to be associated with initial 780 lower elevations. 781 Large-scale (kilometers) longshore variations in the dune crest elevation changes 782 and volume change are apparent in Figure 6. Wherever the dune crest was more than about 783 0.5 m above the wrack line, little or no erosion occurred (for example, the beige area 1 in  784 



manuscript submitted to Journal of Geophysics – Earth Surface 

35 

Table	2.	Summary	of	volume	measurements.	Volumes	for	the	island	platform,	785 
beaches,	and	total	(combined),	as	well	as	the	fraction	of	the	initial	(pre-Dorian;	30	786 
Sep)	volume,	are	tabulated	for	three	different	methods	for	replacing	missing	data	787 
(see	text).	Mean	elevation	(volume	/	area)	for	the	platforms	and	the	beaches	are	788 
tabulated	for	the	empirical	Bayesian	kriging	(EBK)	method	only.	Values	for	the	-1	789 
surface	fall	between	the	values	for	the	0	and	-2	surfaces,	and	the	Gauss	values	are	790 
similar	to	the	EBK	values. 791  Platform	Volume	

(Mm3)	

Beach	Volume	

(Mm3)	

Total	Volume	(Mm3) Fraction	of	Initial	

Total	Volume	(	)	

Plat.	

Elev.	

(m)	

Beach	

Elev.	

(m)	Method 0 -2 EBK 0 -2 EBK 0 -2 EBK 0 -2 EBK EBK EBK30 Aug 12.52 12.50 12.52 4.07 4.07 4.07 16.59 16.57 16.59 1.00 1.00 1.00 1.92 1.7812 Sep 10.92 10.78 11.09 2.51 2.50 2.56 13.43 13.33 13.67 0.81 0.80 0.82 1.70 1.8111 Oct 10.78 10.30 10.61 2.72 2.65 2.70 13.50 12.95 13.32 0.81 0.82 0.80 1.63 1.6526 Nov 11.22 11.07 11.18 2.73 2.72 2.71 13.95 13.78 13.89 0.84 0.84 0.84 1.72 1.47Figure 6). In contrast, where the initial elevations were lower or the primary dune line was 792 absent (pink area 2, Figure 6), erosion rates were greater.  793 During the initial post-storm interval (September to October), the subaerial volume 794 of North Core Banks continued to decrease slightly to 14.4 ± 0.9 Mm3 on October 10-11, 795 which is a 2% reduction. This was not significant considering the uncertainty in the DSMs 796 (Figure 12) and is likely an artifact of the higher water levels during the October survey. 797 Table 2shows that these small losses were related to a decrease in platform volume; beach 798 volumes actually increased slightly, and this gain was related to an increase in beach area 799 (Figure 12b; Table 2) despite the shoreline retreat evident in Figure 7b and discussed 800 below. This suggests that while the beaches in October were generally narrower, they were 801 more continuous across the eroded channels and slightly higher than in September.  802 The small losses during the first month post-storm were recovered during the 803 second month, as a subaerial volume of 13.9 ± 0.9 Mm3 was measured in November 2019, 804 which was a 4% increase from the previous survey (Figure 12a), associated with increases 805 in both island platform and beach volumes. Difference maps show washover wedges that 806 had prograded into the washout channels, raising elevations from subtidal to 1.5 – 2.5 m 807 (Figure 11). These deposits had berm crests as high as 2.7 m, usually located where the 808 channel incised the dune, and tapered landward, often with an abrupt termination at the 809 
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leading edge (Figure 10). Little evidence of net longshore transport, such as spits or offset 810 channels, was visible and we hypothesize that most of the sediment that contributed to the 811 subaerial volume increase was sourced from the adjacent nearshore. 812 3.4 Shoreline changes 813 The ocean-side shoreline, defined by the seaward-most location of the MHW (0.4-m) 814 contour, exhibited less change than might be expected during Hurricane Dorian, given the 815 large waves generated by this storm (Figure 2) and large loss of island volume documented 816 in Section 3.3. Most change occurred near the re-entrants associated with washout 817 channels. However, in area 1 – containing almost no washout channels (Figure 8) – the 818 shoreline position was nearly unchanged by Hurricane Dorian (Figure 7). The entire 819 shoreline change was landward, -4.57 m ± 6.66 m (alongshore mean ± std. dev.; negative 820 values indicate landward or erosional change) between August 30 to September 12-13. 821 Within area 1, the shoreline change was only -0.88 m ± 3.75 m, compared to an average 822 of -5.07 m ± 6.81 m elsewhere. In the weeks after Hurricane Dorian, a greater range of 823 shoreline retreat and progradation occurred, focused again near the washout channels, for 824 an average shoreline change of -5.07 m ± 15.08 m between the post-Dorian and October 825 surveys. The final survey interval between October and November 26 included a powerful 826 nor’easter with 8-m waves recorded at 0340 UTC on 17 November at the Diamond Shoals 827 buoy. Shoreline change in this time period varied along the island with a small net seaward 828 shift of 1.02 m ± 18.77 m, focused mainly on area 1 (Figure 7). A slight increase in beach 829 volume in this interval was associated with a substantial increase in beach area (Figure 12). 830 Examination of the orthomosaics shows the berms were more alongshore uniform, closing 831 most of the eroded channels to form ponds. The island-averaged shoreline location was at 832 its most eroded state one month following the passage of Hurricane Dorian, although the 833 spatial variability of the shoreline change was high (Figure 7). 834 3.5 Areal analyses of washout and washover features 835 Areal analysis indicated that incised outwash drainages occupied ~1.11 Mm2 in the 836 post-Dorian imagery. This is about 16% of the 8.79 Mm2 island platform + beach area 837 defined in Section 2.2. We identified 86 distinct features (Figure 8; Table 3) ranging  838 
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Table	3.	Distribution	of	morphometry	metrics	for	outwash	(Hurricane	Dorian)	and	839 
overwash	(Hurricane	Florence)	features.	840 

 Outwash	n	=	86 Overwash	n=111	

Mean Median Min. Max. Mean Median Min. Max.Area (m2) 12,857 ± 16,234 7,390 46 89,088 12,67 ±26,028 4,651 146 220,349 Length (m) 169 ± 107 148 11 474 242 ± 476 140 33 4,267 Width (m) 115 ± 83 106 7 366 97 ± 61 83 14 344 Throat (m) 62 ± 57 52 5 360 99 ± 157 42 4 1,000 Perimeter (m) 1,739 ± 1,561 1,340 36 5,991 1,566 ± 3,000 872 158 30,259 Distortion Index* 3.84 3.78 1.31 6.74 0.09 0.07 0.00 0.32Area outside of co-located overwash (%) 36 34 0 81  
broadly in area from 4 m2 to 89,000 m2 (mean ± std. dev. was 12,857 ± 16,234 m2). Only 841 four drainage features connected across the island to the sound, and these occupied pre-842 existing marsh channels. Lengths ranged from 11 to 474 m and the mean (median) length 843 was 169 m (148 m) and widths ranged from 7 to 366 m and the mean (median) width was 844 115 m (83 m). The mean (± std. dev.) width/length ratio was 0.6 (±0.26). The width of the 845 throats, defined here as the width of the outwash channel throats through the gaps in the 846 primary dune line, ranged from 5 to 360 m, with mean (median) widths of 62 m (52 m). 847 The distribution of most of these statistics was approximately log-normal, so the statistics 848 are skewed by a few very large features. 849 The apparent co-location of the washout drainages and the antecedent washover 850 fans motivated us to compile analogous metrics for the post-Florence washover fans, 851 mapped as described in Section 2.7. The 111 fans we identified occupied 1.19 Mm2, 7% 852 more area than the drainage features. Fan areas ranged from 146 to 125,550 m2 (area 853 mean: 10,786 m2, median: 4,642 m2). Lengths ranged from 33 m to 4,267 m (length mean: 854 242 m, median: 140 m. Widths ranged from 14 m to 344 m (width mean: 97 m, median 83 855 
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m). Comparison of the distribution of areas for drainages and fans (not shown) indicates 856 that, while the washover fans had an approximately log-normal distribution, the washout 857 drainage area was bimodal, with peaks at ~5,000 m2 and ~10,000 m2. However, a Mann-858 Whitney U test indicates we cannot reject the null hypothesis that the two distributions are 859 equal (p=0.64). 860 All washout drainages were associated with washover fans. But not all the washover 861 fans contained washout features. Almost all (95%) washout drainages extended beyond the 862 antecedent washover fans. On average, only 64% of each drainage area occupied an 863 overwash fan; the remaining 36% of the drainage area eroded beyond the limits of the 864 associated fan. In these cases, knickpoints had eroded beyond the sparsely vegetated fans 865 into regions with denser and taller vegetation. This tendency for erosion to transgress the 866 boundaries of washover fans indicates that the better-established vegetation does not 867 entirely prevent incision by outwash, but it is unknown whether vegetation acts to slow 868 that process. 869 The relationship between A and L was well described by linear fits in log-log space 870 for both post-Dorian washout drainages (r2=0.939) and washover fans (r2=0.797) from 871 several studies (Hudock, 2014; Lazarus et al., 2016; 2020) with similar slopes ± std. error 872 of 0.582 ± 0.012 and 0.576 ± 0.014, respectively (Figure 8c). This relationship was also 873 similar to that found by Lazarus (2016) for laboratory washover lobes and associated 874 drainage features (which he called “throats”, differing from our use of the term). These data 875 are also plotted on Figure 8c. Thus, our data contribute additional support for the results of 876 Lazarus (2016) and Lazarus et al. (2020): there is an allometric symmetry found among the 877 washover and drainage features over scales ranging from cm to km. Taken together, these 878 results suggest that the general shape and scaling laws apply for both source (washout 879 drainages) and sink (washover deposits) features, and these features mirror each other. 880 Lazarus et al. (in review) also found consistency in the relationship between the 881 area and volume (i.e., the average thickness) of washover fans. We find the same linear 882 relationship in log-log space between the area and eroded volume (i.e., average depth) of 883 the washout drainages (Figure 8d). The excellent fit (r2 = 0.990), with a slope of 1.003 ± 884 
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0.013 indicates the average depth of the drainage features is about 1 m, with a slight 885 tendency for larger features to be shallower. 886 The distributions of outwash and overwash distortion index DI (Figure 8e) show 887 that the three main outwash shapes (tapering, lobate and apron) have distinctly different 888 complexities that increase in that order. When all the outwash shapes are taken together, 889 the mean (median) 3.84 (3.78) DI values were higher than those of washover fans, which 890 had a mean (median) value of 3.60 (3.17), and a Mann-Whitney U test indicates the 891 distributions were significantly different (p=0.011). Therefore, we can conclude that the 892 washout drainages were generally more dendritic while washover fans were more lobate. 893 
4	Discussion	894 4.1 Magnitude of erosion 895 The erosion of North Core Banks by sound-side flooding is remarkable for its 896 magnitude. The outwash removed an average of 117 m3/m from the 36-km barrier, with 897 much higher losses on some transects. Except for erosion during Hurricane Sandy, this is a 898 factor of five to ten time larger than most reported volume losses from beaches and dunes 899 during ocean-side storms (Table 4). The island-wide average is smaller than the maximum 900 erosion rates for 10-m stretches, with loss rates of >200 m3/m, observed during Hurricane 901 Sandy in 2012 (Sopkin et al., 2014). Hurricane Dorian losses, which occurred over a few 902 hours, are comparable to cumulative erosion measured over longer stormy periods, like the 903 losses from Southern California beaches during the 2015–2016 El Niño (Young et al., 2018). 904 Furthermore, the erosion was not mitigated by washover deposits, as often happens during 905 ocean-side erosion events. For example, Hapke et al. (2013) estimated that deposition in 906 washover deposits represented 14% of the sand lost from the beach and dunes during 907 Hurricane Sandy. 908 4.2 Colocation and symmetry of washout drainages and antecedent washover fans 909 Much of the area occupied by washout drainages formed during Hurricane Dorian 910 coincided with washover fans formed during Hurricane Florence. Specifically, all washout 911 features overlapped to some extent with earlier washover features. A small portion of  912 
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Table	4.	Reported	erosion	rates	from	various	storms.	913 
Location	 Storm(s) Volume	loss	(m3/m) Reference	Latvia (Gulf of Riga)	 Unnamed hurricane(2005)	 5 – 15 Eberhards et al., 2006

Topsail Beach, NC Hurricane Hugo (1989) 18 Wells and McNinch, 1991 U.S. East Coast Hurricane Sandy (2012) >200 Sopkin et al., 2014Central Florida Atlantic Coast Hurricane Floyd (1999) 18 Zhang et al., 2005
Florida Panhandle Hurricane Dennis (2005) 18 – 25 Priestas and Fagherazzi, 2010 Florida Panhandle, SE Florida Four hurricanes in 2004 11 – 66 Sallenger et al., 2006
Northern France Storms in 2012 and 2014 14 – 24 Héquette et al., 2019
Narrabeen-Collaroy beaches, NSW East Coast Low (2011) 24 Splinter et al., 2018
West-central Florida Tropical Storm Eta (2020) 10 -13 Cheng et al., 2021
Fire Island, NY Hurricane Sandy (2012) 35 – 59 Hapke et al., 2013North Core Banks, NC Hurricane Dorian (2019) 117 (mean)0 – 440 This study 
  washover features showed no evidence of subsequent incision by outwash. The washout 914 drainages covered approximately the same area and had similar, but slightly more 915 convoluted shapes. Most extended landward slightly beyond the borders of washover 916 deposits. There are several possible explanations for the colocation and symmetry. One is 917 that fresh washover fans were more easily eroded, but this explanation is weakened by the 918 observation that the fan characteristics had changed in the 11 months since Hurricane 919 Florence. Pre-Dorian orthomosaics and DSMs show that Hurricane Florence fans became 920 moderately vegetated, and that incipient dunes and blowouts had formed on their surfaces, 921 which were no longer topographically smooth. The fans no longer exhibited the fresh 922 appearance seen in the post-Florence images and were sometimes hard to distinguish from 923 the broader washover platform. Furthermore, many of the erosional channels cut by 924 
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outwash during Hurricane Dorian extended into denser back-barrier vegetation, beyond 925 the bounds of the recent washover fans, suggesting that vegetation did not substantially 926 hinder outwash erosion during Hurricane Dorian. Another explanation for feature 927 colocation is control by gaps in the primary dune line. A unifying characteristic of both the 928 depositional washover fans and the erosional washout channels was connection to the 929 beach via dune breaches with elevations lower than ~2.5 m. We suggest that the colocation 930 of the depositional and erosional features was controlled by the gaps in the foredunes that 931 conveyed overwash onto the barrier platform during Hurricane Florence and acted as 932 initial conduits for floodwaters from the inundated barrier platform to the sea during 933 Hurricane Dorian. 934 Although gaps in the dune line can explain the colocation of washover and washout 935 features, they do not explain the similarity in metrics for shapes and allometry. Although 936 Lazarus (2016) notes that the symmetrical, scale-invariant empirical relationships do not 937 demonstrate mechanisms, they might suggest that the mechanisms are similar. The 938 hydrodynamics of overwash through gaps in the dune line with elevation dc varies with 939 relative total water levels determined by the surge height S and the runup height R 940 (Donnelly et al. 2006). During the runup overwash regimes, when S < dc but combined R+S 941 ≥ dc, incident waves and infragravity motions deliver individual pulses of water over the 942 beach crest or gap in the dunes. In the inundation regime, where S > dc, a relatively constant 943 flow of water is supplied over the dune crests. In both cases, however, flow down the fans 944 that form on the landward side tends to resemble open-channel flow pulsating at 945 infragravity-wave frequencies modulated by very low-frequency fluctuations (Anarde et al., 946 2020) and can be represented by the Chezy formula (Sánchez-Arcilla and Jimenez, 1994). 947 Outwash is also characterized by open-channel flow dynamics. Thus, we propose that the 948 similarity in shapes of washout drainages and washover deposits arises because both 949 processes are governed by gradients in the free water surfaces that connect the dune gaps 950 with a region of drainage influence. 951 
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4.3 Discharge and sediment flux 952 We made approximate quantitative estimates of outwash flow velocity and sand 953 transport using the measured channel geometries and estimated water-surface slope. We 954 reasoned that the water-surface slope 𝜂 was approximately 1/300, based on the elevation 955 at the head of the drainages and the distance to the ocean. We used the open-channel flow 956 equation (e.g., Dyer, 1986) with a Manning’s 𝑛 of 0.025 s m-1/3 (Chow, 1959; Soulsby, 1997) 957 to estimate instantaneous depth-averaged flow velocity  𝑈 = 𝑅 ⁄ 𝜂 ⁄  m s-1 where Rh = 958 
Ac/(2hc+b) (m) is the hydraulic radius for a rectangular channel, Ac (m2) is the cross-959 sectional channel area, hc (m) is the average channel depth, and 𝑏 (m) is the channel width. 960 Channel geometry parameters Ac, hc, and b were calculated for all gaps in the primary dune 961 line with elevations less than 2.5 m, deeper than 0.5 m, and with Ac > 5 m2. There were 86 962 of these channels with hc ranging from 0.5 m to 3 m with mean (median) of 1.6 (1.6) 963 (Figure 13) and Ac ranging from 5.6 to 572 m2, with a mean (median) cross-sectional area 964 of 112 (85) m2. Estimated instantaneous flow velocities for individual channels ranged 965 from 1.3 to 4.6 m s-1, with a mean (median) of 2.9 (3.0) m s-1 (Figure 13). These flows were 966 close to supercritical (i.e., approaching the speed of shallow-water waves), with Froude 967 numbers 𝐹 = 𝑈 𝑔ℎ⁄  (dimensionless) ranging from 0.6 to 0.9. Water discharge rates 968 (UAc) through the individual channels ranged from 8 to 1,790 m3 s-1 and the total 969 instantaneous discharge rate summed over all channels was 32,160 m3 s-1, or about twice 970 the average discharge rate of the Mississippi River. 971 

Bed stress 𝜏  (Pa) was estimated as 𝜏 = 𝐶 𝜌 𝑈  where 𝐶 = 𝑔𝑛 ℎ⁄  (Soulsby, 972 1997, eqn 31) and 𝜌  = 1,027 kg m-3 is water density. 𝐶  ranged from 0.004 to 0.008, with a 973 median value of 0.005. Bed stresses ranged from 14 to 94 Pa, with a median of 49 Pa. 974 Bedload and suspended-load volumetric transport rates 𝑞  and 𝑞  (m3 m-1 s-1) were 975 calculated using the van Rijn (1984) formulae described in Soulsby (1997; his equation 976 133) using a median grain size 𝐷 = 0.43 mm and 𝐷  = 1 mm, corresponding to a sample 977 from South Core Banks (Hovenga et al., 2019). Spatially smoothed instantaneous bedload 978 transport rates ranged from 0 to 0.023 m3 m-1 s-1 with median of 0.006 m3 m-1 s-1, and  979  980 
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 981 
Figure	13.	Estimates	of	outwash	flow	velocities	and	sediment-transport	rates	in	982 
channels	cut	through	the	primary	dune	line	at	the	peak	of	the	flood	event	during	983 
Hurricane	Dorian.	a)	estimated	depth-mean	current	speeds	U.	b)	estimated	bedload	984 
(Qb)	and	suspended	(Qs)	volumetric	sediment	fluxes.	In	both	panels,	dots	indicate	985 
values	for	individual	channels	and	vertical	bars	indicate	uncertainties	based	on	a	986 
range	of	assumed	water-surface	slope	and	bed	roughness.	Lines	and	shaded	regions	987 
indicate	mean	and	standard	deviation	of	values	bin-averaged	over	1,000	m.	c)	Mean	988 
depths	hc	and	hydraulic	radii	Rh	of	channels	incised	across	the	primary	dune	line	989 
during	Hurricane	Dorian.	Bars	are	scaled	by	channel	widths;	hc	and	Rh	are	bin-990 
averaged	over	1000-m	intervals.	Areas	1	and	2	as	in	previous	figures. 991 suspended transport rates ranged from 0.001 to 0.088 m3 m-1 s-1 with a median of 0.019 m3 992 m-1 s-1. (Figure 13). We multiplied transport rates for each channel by the channel widths 993 and summed over all channels to estimate a total, island-wide instantaneous transport rate 994 of 0.69 million m3 h-1. At that rate, assuming in situ porosity of 0.35, it would take about 2.7 995 h to remove the ~2.9 Mm3 of sand lost during Dorian. These numbers are sensitive to our 996 many assumptions, but they illustrate the magnitude of this event.  997 4.4 Prospects for geomorphic recovery 998 From a morphological perspective that accounts only for sand volume, full recovery 999 of North Core Banks will occur when the ponds and depressions have been filled, the 1000 
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washover platform is restored to pre-hurricane elevations, and the subaerial island volume 1001 approximates the pre-Hurricane Dorian volume. The initial recovery processes included 1002 bar migration and spit growth (Figures 4, 5, 10, and 11) but, once a continuous berm has 1003 been established, sediment can only be delivered to the ponds in a few ways: overwash, 1004 aeolian transport, transport by sound-side flooding, transport during pluvial runoff events, 1005 and in situ generation of biogenic material. Significant (but still small) gains in island 1006 volume occurred between the October and November surveys. The November survey 1007 followed a strong nor’easter when significant wave heights of ~8 m with dominant periods 1008 of ~15 s were measured at the Diamond Shoals buoy. That survey revealed a nearly 1009 continuous berm that closed off the washout channels with berm elevations ranging from 1010 1.2 to 2.4 m (Figures 10 and 11). Landward of the berm, the washout features were 1011 partially filled with washover sand. But to continue to fill these ponds with washover sand, 1012 additional overwash events must overtop the berm, which will require either a) total water 1013 levels (tide + surge + setup + swash) to reach or exceed those elevations or b) lowering of 1014 the berm, followed by more moderate overwash events. 1015 Conditions that could generate runup sufficient to overtop the higher berms are 1016 relatively infrequent. Assuming all runup events occur at high tide (mean higher high water 1017 = ~0.5 m) and are accompanied by a 0.5-m storm surge (which, combined, account for 1 m 1018 of the total water level), the probability of the run-up reaching the crest can be computed 1019 using the Stockdon et al. (2006) formula and hourly wave data from Diamond Shoals. Based 1020 on the November DSM, the likelihood of runup reaching the berm crest is higher for the 1021 wider channels, which have lower berm crests. For the lowest berms, conditions conducive 1022 to overwash occur in 47% of the hourly wave records. By contrast, conditions that will 1023 overtop the highest berms occur in less than 6% of the records. The actual occurrence is 1024 likely to be much lower because these calculations assume high tide and constant surge of 1025 0.5 m and ignore wave direction. The conclusion is that the recovery is likely to continue 1026 more frequently in the wider and more voluminous drainage features and less frequently in 1027 the smaller features with generally higher berms. The more complicated process of berm 1028 lowering and subsequent overwash, and the other mechanisms for filling the ponds, can be 1029 evaluated with continued monitoring using aerial photogrammetry and satellite imagery. 1030 
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4.5 Sediment budget and island migration 1031 Barrier islands survive in times of rising sea level by migrating landward and 1032 upward over centuries and millennia through processes of overwash, inlet migration, and 1033 aeolian transport (e.g., Leatherman, 1979; McBride et al., 2013). If a barrier island 1034 maintains a constant volume as it transgresses, its volume centroid must move up at the 1035 rate of relative sea-level rise 𝑣  = SLR. If the island is migrating across a sloped surface, 1036 such as a linear shelf/back-barrier surface with slope 𝛼 (e.g., Lorenzo-Trueba & Ashton, 1037 2014), the rate 𝑣  of landward translation required to achieve the required elevation gain 1038 is given by 𝑣 = −𝑣 / tan 𝛼 in a coordinate system where seaward migration is positive. 1039 We used elevation profiles extending across from Pamlico Sound, North Core Banks, 1040 and the inner continental shelf to estimate tan 𝛼, and found that it ranges from 1041 approximately 𝛼 = 8·10-4 m/m on the shelf to 𝛼 = 2·10-4 m/m across Pamlico Sound. 1042 Assuming SLR ~ 2·10-3 my-1, the island must migrate landward at a rate 𝑣  ranging from -2 1043 to -10 my-1. Actual rates of North Core Banks migration can be estimated from spatially 1044 averaged shoreline change rates on the ocean side, which have been determined from 1045 repeat transect measurements between 1961 and 2001 and varied from -20 to +6 my-1, 1046 depending on the period of observation (Riggs and Ames, 2007). For the longest 1047 observation period (1946-1998), the overall average rate of North Core Banks was -1.3 1048 my-1 (Riggs and Ames, 2007). Much higher rates (as much as -69 my-1) were observed on 1049 individual transects, notably those near ephemeral inlets. The shoreline movements are 1050 accompanied by elevation increases with average rates of about 0.04 my-1 that are 1051 generally highest near the shore (0.03 – 0.06 my-1) and decrease to 0.02 – 0.05 my-1 at a 1052 distance approximately 60 m inland from the shoreline (Riggs and Ames, 2007). These 1053 numbers suggest that North Core Banks has been accreting vertically at rates that exceed 1054 sea-level rise but, during their short observation interval, was on the slow end of the 1055 necessary landward migration rate. 1056 The sand washed out of the island and deposited on the shoreface during Hurricane 1057 Dorian would have caused a seaward and downward shift in the volume of the island, 1058 exactly the opposite of the movement needed to maintain subaerial integrity. We cannot 1059 
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estimate the magnitude of this shift precisely because we do not know exactly where the 1060 sand was deposited, but we can argue that the seaward shift is likely to be more than would 1061 occur during a typical ocean-side erosion event, for three reasons. First, the sand was 1062 sourced from farther inland, largely landward of the primary dune line. In contrast, typical 1063 ocean-side erosion events will remove sand primarily from the beach and dune toe (e.g., 1064 Brenner et al., 2018). Second, ocean water levels during Hurricane Dorian were set down 1065 by offshore winds. During most ocean-side erosion events, water levels are elevated by 1066 storm surge. Thus, if the locus of deposition of sand is primarily governed by water depth, 1067 the deposits during Hurricane Dorian would have occurred farther offshore. Third, the 1068 offshore transport of sand was driven by concentrated hydraulic jets that appear to be near 1069 supercritical (see Section 4.3), which would result in the building of sand lobes far offshore 1070 (Fagherazzi et al., 2015), rather than the more uniform offshore bar formation from ocean-1071 side erosion. While there are considerable unknowns in these hypotheses, especially with 1072 respect to the location and depth of offshore sand transport and the rates of subsequent 1073 onshore movement of sand during recovery, outwash events introduce a unique offshore 1074 shift in the island volume centroid that represents a setback to long-term landward 1075 migration.  1076 4.6 Synthesis model of the morphodynamics of outwash events 1077 The measurements shown here provide a clear example of how outwash events can 1078 reshape a barrier island by distributing sand offshore during the rapid and energetic 1079 flooding across these islands. Washout channels carved into the islands soon become 1080 topographic depressions in the island landscape as coastal sediment transport closes the 1081 channel mouths, which at North Core Banks resulted in numerous new ponds behind the 1082 island dunes.   1083 However, outwash events are only one of the diverse types of sediment transport 1084 events that act to shape barrier island morphology. Although many outwash events have 1085 been recognized (e.g., Hayes, 1967; Morton and Paine, 1985; Lennon, 1991; Bush and 1086 Pilkey, 1994; Goff et al., 2010; Sherwood et al., 2014; Passeri et al., 2018; Goff et al., 2019; 1087 van der Lugt et al., 2019) aided by increased collection of rapid response imagery (Over et 1088 
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al., 2021a), it can be argued that outwash events are infrequent, compared with ocean-side 1089 and aeolian transport events that move sand much more regularly throughout time (e.g., 1090 Hosier and Cleary, 1977). Thus, the occurrence of outwash events needs to be placed in 1091 context with these more frequent – and perhaps more important – transport phenomena.  1092 We have developed a simple conceptual model to relate these different types of 1093 morphologic events and how they may act on different island morphologies. Specifically, 1094 we compare a barrier island setting with limited backwater lagoon with one more similar 1095 to North Core Banks, which has a broad backwater sound (Figure 14). Initially, both 1096 settings have continuous but uneven primary dune lines that are susceptible to overwash 1097 at their low points when ocean conditions generate total water levels (tides + storm surge 1098 + wave setup + wave runup) that exceed the dune crests (Figure 14a). Overwash transports 1099 sand onto the barrier platform, depositing it as washover fans and coalescing washover 1100 platforms (Figure 14b). After the storm, initial recovery can occur through onshore bar 1101 migration and berm building, and longer-term recovery can occur through aeolian 1102 transport and accretion aided by vegetation growth (Figure 14c). To this point, processes 1103 are similar in both settings and dominated by oceanic conditions, but when strong offshore 1104 winds occur, the barrier with a broad lagoon can be flooded from the back side by wind-1105 driven storm surge. If water levels are high enough, they will inundate the low-lying back of 1106 the island and seek outlets to the ocean through the gaps in the dunes created earlier by 1107 overwash (Figure 14d). With offshore winds, ocean water levels may be set down, creating 1108 steep water-level gradients from the flooded back side to the ocean, producing powerful 1109 flows that rapidly carve drainage networks out of the island platform. The sand is 1110 transported through the gaps, possibly by supercritical flows, and deposited in the 1111 nearshore, possibly as small wave-dominated deltas. Meanwhile, only minor morphological 1112 changes, maybe some aeolian transport and dune building, occur on the barrier with no 1113 lagoon. After the storm, the washout channels created on the barrier with the lagoon are 1114 closed by alongshore transport (spit building) and/or onshore transport (berm building), 1115 and the erosional scars become ponds (Figure 14e). However, the initial gaps in the 1116 primary dune line still exist, and the relatively low-lying berms that fill these gaps remain  1117 
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The fate of the sand eroded from the outwash channels is unknown, and so the 1125 conceptual model is incomplete. The sand may be deposited in relatively shallow water and 1126 thus remained available for transport back to shore (e.g., Morton and Paine, 1985) or to be 1127 swept away by alongshore transport. Or, it may be sequestered in deep water, beyond the 1128 zone of normal transport, like the sands eroded by hurricanes in Texas (Hayes, 1967; 1129 Gayes, 1991; Goff et al., 2010). The ultimate fate of the eroded sand has implications for the 1130 morphological evolution of the entire barrier chain. Future modeling or investigations of 1131 nearshore stratigraphy (e.g., Wei & Miselis, 2022) could yield more insight into the fate of 1132 these sands. 1133 How frequent are outwash events? Over et al. (2021a) demonstrate that they occur 1134 somewhere in the U.S. almost yearly. At least one similar event has occurred in the 1135 historical record on North Core Banks: an unnamed storm in 1933 overwashed Core Banks 1136 from the sound side and opened the original Drum Inlet that demarcated North Core Banks 1137 (Barnes, 2013). Regionally, two of the three main inlets through the Outer Banks (Hatteras 1138 and Oregon Inlets) were formed during sound-side flooding in 1846 (Clinch et al., 2012; 1139 Barnes, 2013). The original New Inlet on Pea Island, NC, was opened during a nor’easter in 1140 1932 that generated 12 ft (3.7 m) of surge in the sound (Markham, 1935, cited in Clinch et 1141 al., 2021; Safak et al., 2016). In 2010, the nearby New New Inlet formed through an existing 1142 washover gap in the dune formed during hybrid storm Nor’Ida (2009), driven by 2.6 m of 1143 sound-side surge generated by Hurricane Irene. Notably, no breaching or significant 1144 erosion occurred when Hurricane Emily (1993) generated ~2.6 m of sound-side surge near 1145 Buxton (Bush et al., 1996) because of the tall and continuous dunes there, highlighting the 1146 role of antecedent low spots along the dune line. However, the number of these events in 1147 the historical record suggests they are frequent enough to affect transgression rates over 1148 geologic time. 1149 4.7 Habitat creation  1150 Many coastal species have evolved to survive in early successional habitats largely 1151 created and maintained by storms. For example, throughout their Atlantic Coast breeding 1152 range, piping plovers preferentially select minimally vegetated areas with substrates that 1153 



manuscript submitted to Journal of Geophysics – Earth Surface 

50 

are a mix of sand and shell (Zeigler et al., 2021) – conditions created through storm 1154 overwash (Zeigler et al., 2019). Nesting pairs in the southern portion of their Atlantic Coast 1155 breeding range were five times more likely to establish nests on washover deposits than on 1156 other coastal features (e.g., backshore areas and dunes; Zeigler et al., 2021). Piping plovers 1157 quickly colonized newly created overwash features on Fire Island, New York, USA after 1158 Hurricane Sandy (Zeigler et al., 2019), ultimately resulting in increased population 1159 productivity and size in the years following the storm (Robinson et al., 2019). Similarly, 1160 seabeach amaranth – an annual plant – prefers topographically homogenous, minimally 1161 vegetated overwash flats and beaches. Storms create these preferred conditions while also 1162 eliminating competition (i.e., with plants less disturbance-adapted), dispersing seeds, 1163 creating seed banks, and exposing seeds for germination (Sellars & Jolls, 2007).  1164 Although erosion at North Core Banks resulted in an initial loss of the subaerial 1165 island footprint, the creation of new washover features and maintenance of existing 1166 features created during Hurricane Florence likely preserved high-quality habitat for a 1167 variety of species that utilize early successional habitats, including piping plovers, other 1168 shorebirds, and seabeach amaranth. The number of piping plover nesting pairs increased 1169 by 45% between 2020 and 2021, and managers hypothesize that a time lag occurred as 1170 piping plovers recolonized new habitats that were restructured by Hurricane Dorian 1171 (Altman & Stephenson, 2021). Likewise, the 2021 breeding season produced record high 1172 productivity and nest success for American oystercatchers (Haematopus palliates) and a 1173 record number of least tern (Sternula antillarum) and Wilson’s plover (C. wilsonia) 1174 breeding pairs—trends that have been attributed to habitats created during Hurricanes 1175 Florence and Dorian (Altman & Stephenson, 2021) 1176  Perhaps more importantly, flooding from the sound side by Hurricane Dorian 1177 increased foraging habitat for piping plovers and other shorebirds. Prior to fledging, many 1178 shorebird chicks are precocial, meaning they find food for themselves but must do so on 1179 foot without the ability to fly yet. Easy access over short distances between ocean-front 1180 nest sites and foraging areas with moist substrates along low-energy shorelines (e.g., 1181 shorelines along the back-barrier, inlets, and interior ponds) is critical for chick survival, 1182 and nests are more likely to be found near these foraging areas (Zeigler et al., 2021). The 1183 
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newly created ponds and wet depressions situated behind the dunes, and adjacent to both 1184 washover deposits and back-barrier marsh, provide an ideal combination of foraging 1185 territory near potential nesting sites for shorebirds and colonial waterbirds. Furthermore, 1186 the first examination of these ponds (Cadell et al., 2021) shows they are different than the 1187 pre-existing marsh ponds. They are more saline, have higher pH and dissolved oxygen, and 1188 host different species of fish. This newly expanded habitat will evolve as the ponds 1189 eutrophy and sediment from overwash, pluvial runoff (Cadell et al. 2021), and possibly 1190 more back-barrier flooding continues to fill them. The character of this habitat will change, 1191 and the areal extent will slowly decrease as the island recovers but, as discussed above, 1192 that process is likely to take many years. 1193 In addition to the beneficial impact of Hurricane Dorian on individual species, the 1194 storm-driven landform changes and processes documented in this study have broader 1195 implications for coastal ecosystem characteristics and resilience on North Core Banks. 1196 Connectivity and long-distance interactions among coastal ecosystems play important roles 1197 in maintaining ecosystem form and function (van de Koppel et al., 2015; Liebowitz et al., 1198 2016). Some have argued that these individual ecosystems may be better described as a 1199 single “meta-ecosystem” or “coastal ecosystem mosaic,” connected by the flow of energy, 1200 materials, and organisms across ecosystem boundaries (Loreau et al., 2003; Sheaves, 1201 2009). Connectivity also allows coastal landforms to respond dynamically to SLR and 1202 storms as opposed to being permanently inundated (Lentz et al., 2016). The combined 1203 reshaping of the island along with the creation of new salt ponds by overwash and outwash 1204 events generate habitat diversity that may translate to greater biodiversity and ecosystem 1205 resiliency that can be maintained while islands like North Core Banks migrate and gain 1206 elevation with SLR (e.g., Walters & Kirwan, 2016; Lorenzo-Trueba & Mariotti, 2017). In 1207 addition, sandy beaches typically lack organisms responsible for primary production and 1208 instead rely on nutrient subsidies from the ocean or bay/sound, such as phytoplankton and 1209 macrophytes. These organisms, which have appeared in the new ponds (Cadell et al., 2021) 1210 provide nutrition for secondary producers (e.g., amphipods and other invertebrates; 1211 Michaud et al., 2019), ultimately supporting a food web that propagates up to shorebirds 1212 and other large vertebrates (reviewed in Liebowitz et al., 2016;). Few studies have 1213 
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examined the combined influence of overwash and outwash events on ecosystem form, 1214 function, or resiliency. Combined overwash and washout events may lead to greater 1215 biodiversity associated with ecosystem connectivity, which could promote more resilient 1216 barrier island ecosystems.  1217 
5	Conclusions	1218 We used aerial imagery, photogrammetry products, model simulations, and field 1219 observations to study the mechanisms by which a hurricane reshaped a barrier island on 1220 the Outer Banks of North Carolina. The exceptional erosion that occurred on North Core 1221 Banks was the result of a sound-side flood event driven primarily by winds during 1222 Hurricane Dorian. Erosion rates were nearly an order of magnitude higher than rates 1223 observed during severe ocean-side storms, and most of the sand was removed from the 1224 core of the island platform, rather than from beaches and dunes. As a result, shoreline 1225 erosion during the event was minimal. Gaps in the dunes facilitated the formation of 1226 washout drainages that mostly occupied former washover fans. Without gaps in the 1227 primary dune line, erosion from sound-side flooding would have been negligible. The ratio 1228 of volume/area of the washout features indicated a nearly uniform average depth of 1 m, 1229 mirroring a similar relationship for the thickness of washover deposits from a previous 1230 study. Initial recovery from this event included rebuilding of the beach through bar 1231 migration and bar and spit formation that partially closed the washout channels. Further 1232 recovery included berm building and overwash, sealing most of the washout channels to 1233 form ponds and partially filling them with washover deposits. The newly formed ponds, 1234 adjacent to both bare sands and vegetated areas increased the diversity and connectivity of 1235 habitats. The path to geomorphic recovery (i.e., restoration of the pre-Dorian island 1236 volume) is unclear and may be slow, possibly lasting a decade or more. We presented a 1237 conceptual model comparing barrier islands subject to sound-side inundation to more 1238 typical settings. No individual aspect of this model is novel, but it is a unique description of 1239 an unusual, but possibly important, sequence of processes in a barrier-island setting that 1240 has not been previously described. The event we describe here created beneficial habitat 1241 for rare and endangered species and may enhance biodiversity but represents a setback in 1242 
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the sequence of overwash and aeolian transport required to build island elevation and 1243 drive the transgression required for a barrier island to maintain pace with rising sea level.  1244 
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