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Abstract we evaluate paleo-, historical, and future sea-level rise along the U.S. mid-Atlantic coast.
The rate of relative sea-level rise in New Jersey decreased from 3.5 + 1.0 mm/yr at 7.5-6.5 ka, to

2.2 +0.8 mm/yr at 5.5-4.5 ka to a minimum of 0.9 + 0.4 mm/yr at 3.3-2.3 ka. Relative sea level rose

at a rate of 1.6 + 0.1 mm/yr from 2.2 to 1.2 ka (750 Common Era [CE]) and 1.4 + 0.1 mm/yr from 800 to
1800 CE. Geological and tide-gauge data show that sea-level rise was more rapid throughout the region
since the Industrial Revolution (19th century =2.7 + 0.4 mm/yr; 20th century = 3.8 + 0.2 mm/yr). There
is a 95% probability that the 20th century rate of sea-level rise was faster than it was in any century in
the last 4.3 kyr. These records reflect global rise (~1.7 +0.2 mm/yr since 1880 CE) and subsidence from
glacio-isostatic adjustment (~1.3 + 0.4 mm/yr) at bedrock locations (e.g., New York City). At coastal plain
locations, the rate of rise is 0.3-1.3 mm/yr higher due to groundwater withdrawal and compaction. We
construct 21st century relative sea-level rise scenarios including global, regional, and local processes. We
project a 22 cm rise at bedrock locations by 2030 (central scenario; low- and high-end scenarios range
of 16-38.cm), 40 cm by 2050 (range 28-65 cm), and 96 cm by 2100 (range 66— 168 cm), with coastal
plain locations having higher rises (3, 5-6, and 10-12 cm higher, respectively). By 2050 CE in the central
scenario, a storm with a 10 year recurrence interval will exceed all historic storms at Atlantic City.

Summary An analysis of geological and historical sea-level records shows a significant rate of increase
in sea-level rise since the nineteenth century. In New Jersey, it is extremely likely that sea-level rise in the
twentieth century was faster than during any other century in the last 4.3 thousand years. Accounting

for regional and local factors, the authors project sea-level rise in the mid-Atlantic U.S. most likely about
38-42"" (96-106 cm) over the twentieth century, but possibly as high as 66-71"" (168—180 cm).

1. Introduction

Anthropogenic, climatically driven sea-level rise occurs in the context of geologically driven sea-level
changes. An understanding of both anthropogenic and natural drivers is necessary to plan for coastal
adaptation. As a case study, we evaluate past, present, and future relative sea-level changes on the U.S.
mid-Atlantic coast (New York to Virginia; Figure 1), providing insight into interactions among global aver-
age sea-level rise, subsidence induced by regional (thermoflexural and isostatic) and local (compaction)
effects, and oceanographic (changes in dynamic height) processes. The U.S. mid-Atlantic region is the
most densely populated in the United States, with about 40 million residents in the metropolitan areas
between New York City and Washington, D.C. [U.S. Census Bureau, 2013]. The region is impacted by flood-
ing due to tropical storms and extra-tropical cyclones (nor'easters), compounded by sea-level rise. Flood-
ing achieved during a storm (storm tide) is the result of storm-surge height plus the timing in the astro-
nomical tidal cycle, but storm flooding is added on to slowly rising relative sea level. The mid-Atlantic U.S.
region has been identified as a “hot spot” for sea-level rise [Sallenger et al., 2012], with a sharp acceleration
noted in some tide-gauge records [Kemp et al., 2009; Boon, 2012; Ezer and Corlett, 2012; Kopp, 2013].

Superstorm Sandy made landfall on 30 October 2012 as one of the strongest storms to batter the U.S.
mid-Atlantic coast (Figure 1), with damage primarily due to severe flooding. The storm tide from Sandy
was unprecedented at the Battery tide gauge in New York City at 4.26 m above mean lower low water
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Figure 1. Relative sea-level ri

rise and sea-level anomaly from tide-gauge data superimposed on geological map of Benson [1984]

Plotted are the linear trends from Kopp [2013] from 1900 and the subsidence anomaly derived by subtracting the trend at the

Battery. Structural contours on the coastal plain and the Baltimore Canyon Trough are to basement in meters. Gray circles are tide
gauges with insufficient length (<60 yr.). Red =Fall Line.

[MLLW; we refer to MLLW because this reference frame is used by the U.S. Federal Emergency Man-
agement Agency (FEMA) for coastal flood elevations] compared to the previous peak of 3.05 m during
Hurricane Donna in 1960 [Kemp and Horton, 2013]. However, storm tides are moving markers that are
exacerbated by sea-level rise. A largely anthropogenically driven global sea-level (GSL) rise of 20 cm
during the 20th century [Church and White, 2011] caused Sandy to flood an area ~70 km? greater than it
would have in 1880, increasing the number of people living on land lower than the storm tide by ~38,000
in New Jersey and by ~45,000 in New York City (Climate Central, Surging Seas Data Table, 2012, retrieved
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from SurgingSeas.org/downloadables, based on methodology from SurgingSeas.org/NationalReport, last
updated February 2012).

Temperature and ice-volume variations control global average sea-level changes on the 10° year to
multiannual scale [Miller et al., 2005], with the geological record testifying to rapid periods of rise. During
the last deglaciation (~20-9 ka), mean rates of global average sea-level rise exceeded 10 mm/yr, with
>40 mm/yr during meltwater pulses [Fairbanks, 1989; Stanford et al., 2006; Deschamps et al., 2012].
During the Common Era (CE), global average sea-level rise was slow (0—0.6 mm/yr) until the late 19th
century [Gehrels and Woodworth, 2012]. The global average rate of sea-level rise from 1880 to 2006 CE was
1.7 £ 0.2 mm/yr with a slight acceleration [Church et al., 2011; estimates for the 20th century range from
1.53+0.19 to 1.73 £ 0.15 mm/yr; Gregory et al., 2012]. The rate of global average sea-level rise measured
from 1993 to 2013 by satellite altimetry is 3.2 + 0.4 mm/yr [Nerem et al., 2010] (CU Sea Level Research
Group, 2013, Published online, http://sealevel.colorado.edu/). This rate appears to be globally accelerating
[Church and White, 2006, 2011; Jevrejeva et al., 2008; Rignot et al., 2011], but the rate of acceleration is
poorly constrained.

Sea level is rising globally due to warming oceans (thermal expansion), which contributed ~0.3-0.6 mm/yr
during the 20th century [Gregory et al., 2012], and the melting of land ice. Mountain glaciers contributed
~0.6-1.1 mm/yr in the 20th century [Gregory et al., 2012]. The contribution of the melting of continental
ice sheet during the 20th century is poorly constrained, with the Greenland Ice Sheet (GIS) contribution
estimated between —0.3 and +0.3 mm/yr [Gregory et al., 2012]. From 1992 to 2011, the GIS, West Antarctic
ice sheet, and East Antarctic ice sheet contributions are estimated at 0.6 + 0.2 mm/yr [Shepherd et al.,
2012].

At the time of IPCC’s (International Panel on Climate Change) Fourth Assessment Report [AR4; IPCC, 2007],
the contribution of mass from the Greenland, West Antarctica, and East Antarctica ice sheets was poorly
known. AR4 [Meehl et al., 2007] projected a sea-level rise for 2100 CE of ~40 + 20 cm, but their estimates
did not include accelerating ice sheet discharge. However, the melting of continental ice sheets does
appear to be accelerating, at least transiently, with ice sheets contributing 1.0 + 0.1 mm/yr to global aver-
age sea-level rise from 2005 to 2010 CE [Shepherd et al., 2012].

The IPCC Fifth Assessment Report [AR5; IPCC, 2013] attempted a more comprehensive assessment of
sea-level rise. Its projections are based primarily on physical ocean and ice sheet models. For the two con-
centration pathways plausibly representing socioeconomic scenarios without extensive mitigation policy
(RCP 6.0 and RCP 8.5), AR5's “likely” GSL rise projections for 2081-2100 extend from 33 cm (the 17th per-
centile of RCP 6.0) to 82 cm (the 83rd percentile of RCP 8.5) above a 1986-2005 baseline. In large part
because of the limitations of physical process models, AR5 does not offer sea-level projections above the
83rd percentile, although for investment and adaptation decisions, risks with a probability of <17% can
be highly pertinent.

Other approaches, based on semiempirical models [e.g., Rahmstorf, 2007; Schaeffer et al., 2012; Grinsted
et al., 2009; Rahmstorf et al., 2012], and/or expert judgment, including the integration of multiple sources
of data [e.g., Katsman et al., 2011; National Research Council (NRC), 2012], span a wider range and include
upper limits considerably higher than those projected by the IPCC. Current semiempirical models, based
on the past statistical relationship between the rate of sea-level rise and temperature, project a 90% prob-
ability of ~70—140 cm rise between 2000 and 2100 CE under a business-as-usual scenario [Schaeffer et al.,
2012]. Extrapolating a possible acceleration noted in Gravity Recovery and Climate Experiment (GRACE)
and satellite altimetry data [Rignot et al., 2011] led the NRC (2012; NRC12) to propose a central estimate
of ~80 cm global average sea-level rise between 2000 and 2100 CE, with low and high scenarios span-
ning 50-140 cm. In this paper, we use global average sea-level scenarios that follow NRC12’s approach,
but employ new ice sheet mass loss data [Shepherd et al., 2012]. The extrapolation of ice sheet mass loss
is inherently limited by the short observation period (~20 years), which is a major source of uncertainty
in GSL rise scenarios, including ours. We also include AR5's projections of the effect of changes in water
storage on land, a factor omitted from NRC12.

Relative sea level is affected by global average sea level (including variations in ocean temperature and
ice volume), regional and local subsidence or uplift (including thermal subsidence, sediment loading,
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Table 1. Sea-Level Rise Scenarios*

Global Regional Local Totals
Thermal Water Static Coastal Coastal

Exp. Glaciers GIS AIS Storage Oceanographic Equilibrium GIA Subsidence GSL Bed-Rock Plain

(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
2030 central 5 3 3 2 1 6 -2 4 3 14 22 25
2030 low 2 3 1 1 0 2 -1 3 2 9 16 19
2030 high 11 4 4 6 2 8 -2 5 4 22 31 34
2030 higher 11 4 4 6 2 8 -2 5 4 27 38 41
2050 central 10 6 8 2 2 10 —4 7 5 25 40 45
2050 low 4 5 2 1 -1 3 -2 5 4 16 28 33
2050 high 19 7 10 9 4 13 -5 9 6 39 53 59
2050 higher 19 7 10 9 4 13 =5 9 6 49 65 71
2100 central 24 14 27 8 4 20 -14 13 10 77 96 106
2100 low 10 13 4 2 -1 5 —4 9 8 43 66 76
2100 high 46 19 35 33 8 25 -15 17 12 121 140 150
2100 higher 46 19 35 33 8 25 -15 17 12 141 168 180

2All values with respect to a 2000 baseline. GIS = Greenland Ice Sheet; AlS = Antarctic Ice Sheet; GIA = glacial isostatic adjustment; GSL = global sea level.

flexural, and glacial isostatic adjustment (GIA) effects), gravitational, rotational, and flexural effects due

to changing ice sheets (collectively known as “static equilibrium” effects) [Kopp et al., 2010], and oceano-
graphic effects (including dynamic topography and tidal-range change effects) [Mitrovica and Milne, 2003;
Milne et al., 2009]. In the mid-Atlantic region, the rate of relative sea-level rise was nearly double the rate of
global average sea-level rise during the 20th century (Figure 2) due to GIA, sediment compaction (natural
and groundwater effects), and oceanographic effects [Miller et al., 2009; Horton et al., 2013].

In this paper, we (1) evaluate relative sea-level rise in New Jersey over the Holocene (last 11.7 kyr) using
geological data and in the wider U.S. mid-Atlantic region since 1900 using tide-gauge records; (2) quantify
the contributions of global rise and subsidence due to thermal-flexural subsidence, GIA, and compaction
effects; (3) provide relative sea-level projections for 2030, 2050, and 2100 CE for the region accounting for
GSL rise, regional and local subsidence, and oceanographic effects (Table 1); and (4) illustrate the effects
of relative sea-level rise on future storm surges.

2. Methods

2.1 Computing Rates of Holocene Sea-Level Rise Using Geological and Tide-Gauge Data

Our Holocene sea-level database for New Jersey [Engelhart et al., 2009; Engelhart and Horton, 2012;
Horton et al., 2013] consists of 50 sea-level index points and 10 limiting dates that define continuously
rising relative sea level (Figure 2). The New Jersey data were derived from sites with minimal autocom-
paction (the process affecting sediments in cores with overburden, which is distinct from the regional
process of compaction of the entire coastal plain) because they lie on less compressible sediments
(generally sand), although compaction of the underlying strata does occur, albeit at very slow rates (see
following text section 3). [Horton et al., 2013]. The database of sea-level index points is complemented
by a continuous and detailed reconstruction of CE sea level from two sites in southern New Jersey [Kemp
etal., 2013].

To compute the relative sea-level curve (Figures 2a and 2b), we include tide-gauge data from Atlantic
City, NJ. We also present trends in tide-gauge data from the mid-Atlantic region (Figure 1) that have
been smoothed using the Gaussian process method of Kopp [2013] to remove interannual red-noise-like
variability. This method uses observations of mean annual sea level from 47 eastern North America tide
gauges archived by the Permanent Service for Mean Sea Level (http://www.psmsl.org/), each with a
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Figure 2. (a) Relative sea-level change over the past 10,000 years in New Jersey using dataset compiled by Horton et al. [2013] and
Kemp et al. [2013] for basal (blue) and intercalated (magenta) dates and smoothed Atlantic City tide-gauge data (red); cyan = limiting
dates with upward for marine limiting and downward for freshwater limiting, all with 26 error bars. Smoothed line (green) along with
1o (thick dashed line) and 20 (thin dashed line) errors are shown. Bottom plot shows 1000 year average rates of change, plotted at
the central year of each 1000 year interval. (b) Enlargement of the Common Era; smoothed line (red) along with 16 (thick dashed
line) and 2¢ (thin dashed line) errors are shown. Bottom plot shows 100 year average rate of change, plotted at the central year of
each 1000 year interval. See (a) for description.
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record length exceeding 30 years, to model the spatiotemporal field of sea level during the instrumental
period.

To analyze the data, we apply a Gaussian process regression methodology similar to that used by Kopp
[2013] for tide-gauge analysis. Vertical errors on index points in the database were treated as normally
distributed. Uncertainty on calibrated ages was transformed to vertical uncertainty using the noisy-input
Gaussian process methodology of McHutchon and Rasmussen [2011]. We fit the data to a Gaussian pro-
cess with a prior mean of zero and prior covariance function k(t, ,t,), where t; and t, are two different ages.
We employ the sum of a Matérn covariance function with amplitude ,,?, scale factor z, and order y and
white noise with amplitude o,2. As Horton et al. [2013] did not include errors from their compaction cor-
rection, the observation errors are incremented by a fraction of the compaction correction. Specifically,
the observation variance o,? used is equal to the sum of the reported variance ¢,? and (fc)?, where f is a
hyperparameter and ¢ the compaction correction. We set the hyperparameters ¢, 7, v, o, and f by find-
ing their maximum likelihood values. The resulting hyperparameters are ¢, =22.8m, t =179 kyr, y = 1.4,
6,=0.0mm, and f =0.84.

To compute the probability distribution for the last interval in which the rate of sea-level rise in New Jersey
exceeded its 20th century level, we took 10,000 samples from the posterior probability distribution for the
rate of sea-level change, taking into account the covariance among time points.

2.2 Constructing Scenarios of Future Relative Sea-Level Rise

Four scenarios of 21st century relative sea-level rise (Table 1) were constructed accounting for the effects
of (1) GSL rise due to thermal expansion, (2) GSL rise and regional static-equilibrium “fingerprint” effects
due to the melting of glaciers, small ice caps, and ice sheets, (3) glacial isostatic adjustment, (4) local subsi-
dence, and (5) ocean dynamics. We interpolate between the four time points of our estimate (2000, 2030,
2050, and 2100) quadratically. Our projections for GSL rise follow an approach modified from NRC12.

|u

Thermal expansion. Following NRC12, who drew upon Pardaens et al. [2011], the “central” scenario is based
on the median of Coupled Model Intercomparison Project 3 (CMIP3) GCM estimates for the A1B (medium

emissions) scenario. The “low” scenario is based on the 5th percentile of CMIP3 GCM estimates for the

B2 (low emissions) scenario. The “high” and “higher” scenarios are based on the 95th percentile of CMIP3

GCM estimates for the ATFI (high emissions) scenarios.

Mountain glaciers and small ice caps. Again following NRC12, rates of glacier ice mass loss are extrapolated
from 1960 to 2005 observations assuming constant acceleration (low and central cases) or with an addi-
tional contribution from a rapid dynamic response (high and higher scenarios). Based on data from Mitro-
vica et al.[2001], we employ a static equilibrium sea-level fingerprint of 0.85 m local sea level change/1.0m
GSL change for the glaciers and ice cap contribution. The slightly-less-than-1 value reflects the relative
proximity of the mid-Atlantic region to major melting glaciers in Alaska, Arctic Canada, and Iceland.

Ice sheet contributions. NRC12 estimated the contribution of ice sheet melt by extrapolating the compila-
tions of ice mass accumulation and loss (mass balance), which extend from 1992 to 2010 for the Greenland
and Antarctic ice sheets [Rignot et al., 2011]. We update these global estimates using a recent synthesis of
ice loss observations in Greenland and Antarctica [Shepherd et al., 2012].

We consider three cases of ice sheet melt. In the low case, we assume that Greenland and Antarctic

melt continue at the same average rate as observed over the interval for 1992-2011: —142 + 49 Gt/yr

for Greenland and —71 + 53 Gt/yr for Antarctica. We assume that melt follows the median of these rate
estimates, which translate to 0.4 and 0.2 mm equivalent sea level (esl)/yr, respectively. These rates yield 39
and 19 mm of esl rise between 2000 and 2100.

In the central case, we assume that the decadal acceleration observed between 1992-2000 and
2000-2011 continues. This acceleration amounts to esl —16.8 + 7.9 Gt/yr? (median of 0.046 mm/yr?) and
—4.1 £ 8.2 Gt/yr? (median of 0.011 mm/yr?). These rates yield 270 mm for GIS and 80 mm for AlS between
2000 and 2100. The 77 mm of esl rise for AlS is net of 120 mm loss from the West Antarctic Ice Sheet (WAIS)
and 40 mm growth of the East Antarctic Ice Sheet (EAIS) a and is within the upper limits of observations
by Little et al. [2013].

MILLER ET AL.
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In the high case, we assume that the acceleration observed over the first decade of the 21st century
(—=22.9 + 18.8 Gt/yr?; ~0.06 mm/yr?) in Greenland continues through the century and that Antarctic ice
melt accelerates at a similar rate. This yields esl contributions of 350 mm for GIS and 330 mm for AlS
over the course of the 21st century. The 330 mm of esl for AlS is outside of the upper limits of 130 mm of
observations by Little et al. [2013], implying that it requires regional collapse of marine-based sectors of
the ice sheet.

Based on observations by Mitrovica et al. [2001], we employ a static equilibrium sea-level fingerprint of 0.5
for average Greenland melt. For the Antarctic, based on the analysis by Mitrovica et al. [2011], we employ
a static equilibrium sea-level fingerprint of 1.15 (calculated for a mixture of West Antarctic melt (1.25) and
East Antarctic melt (1.05)).

Water storage. NRC12 did not consider the GSL effect of changes in water storage on land due to ground-
water extraction and dam construction. Based on AR5, we employ a GSL contribution of water storage on
land of 4 cm (range of —1 to 8 cm) in 2100. We assume that these levels are approached linearly over the
course of the century.

Glacial isostatic adjustment. We employ a GIA rate estimate of 1.3 + 0.4 mm/yr (20) based on observations
by Kopp [2013] and Engelhart and Horton [2012].

Ocean dynamics. Based on Yin et al.'s [2009] analysis of the models documented in the IPCC Fourth Assess-
ment Report, we employ an ocean dynamic contribution to sea-level rise in 2100 of 20 cm, with a 95%
confidence range of 5-25 cm. We assume that these levels are approached linearly over the course of the
century.

Coastal subsidence. Based on the analysis by Kopp [2013] of the tide-gauge records at Atlantic City and
Sandy Hook, we employ a subsidence rate of 1.0 + 0.2 mm/yr for coastal plain localities.

Correlation among terms. In the low and high scenarios, we combine terms together by assuming that dif-
ferences from the central scenario for the land ice terms add linearly (i.e., uncertainties in land ice behav-
ior are strongly correlated). Differences from the central scenario for total land ice and for other terms
are added quaderatically (i.e., uncertainties are assumed to be independent). In the higher scenario, all
differences are added linearly (i.e., uncertainties are assumed to be strongly correlated). Some of these
correlations (e.g., between the dynamic sea-level rise and GIS melt, which might promote Atlantic Merid-
ional Overturning Circulation (AMOC) slowdown) have plausible physical interpretations; others should
be viewed simply as bracketing an extreme state of the world.

Physically plausible upper bound. To estimate a physically plausible upper bound, we start with Pfeffer et al.
[2008]'s estimate of 2.0 m sea-level rise over the 21st century. Pfeffer et al. [2008] assumed a 30 cm con-
tribution for thermal expansion, whereas Sriver et al. [2012] estimate a physically plausible upper bound
to the thermal expansion contribution of 55 cm. Pfeffer et al. [2008] estimated a maximum Antarctic con-
tribution of 62 cm, whereas Bamber and Aspinall [2013] estimate a 95th percentile rate of West Antarctic
and East Antarctic melt in 2100 equivalent to 11.8 and 10.2 mm/yr GSL rise. Assuming this contribution of
~22 mm/yr is reached quadratically over the remainder of the century yields an Antarctic contribution of
~94 cm. Factoring in the water storage contribution yields a GSL estimate of 2.7 m. If the oceanographic
contribution to sea-level rise in the mid-Atlantic region is ~35 cm (the maximum of the models evaluated
by Yin et al. [2009]), static equilibrium effects are taken into account and GIA and coastal subsidence are as
in the higher scenarios; these correspond to 3.0 m at the Battery and 3.1 m at Atlantic City.

3. Sea-Level History From Holocene Geological Records

Evaluation of Holocene sea-level changes allows us to quantify subsidence processes that are important
contributions to relative sea-level rise today (e.g., ~50% of the relative rise in tide gauges at Atlantic

City and Sandy Hook, NJ, today is due to subsidence; Figure 3). The mid-Atlantic region is a passive
continental margin with thick (>16 km) Jurassic to Holocene deposits (~180-0 Ma) in the Baltimore
Canyon Trough basin (Figure 1), where subsidence was controlled by simple thermal subsidence, loading,
and compaction following rifting [~220-198 Ma; Watts and Steckler, 1979]. The onshore coastal plain
consists of Cretaceous to Holocene unconsolidated sands, silts, clays, and gravels. Coastal plain subsi-
dence has been dominated by thermoflexural (the combination of thermal subsidence and sediment
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Figure 3. Examples of tide-gauge analyses for sites along the Fall Line (left columns) and in the coastal plain (right columns) [Kopp,
2013]. In the first panel for each site are the data (red), the modeled underlying sea level with red-noise-type variability removed
(blue, see text for analysis procedure), and the average global sea level (GSL) derived from tide-gauge records [green, Church and
White, 2011]. In the second panel are the 31 year average rates of change with 1o (thick dashed lined) and 26 (thin dashed line)
uncertainties.

loading offshore, producing flexural subsidence onshore) and compaction effects since the Cretaceous
[Kominz et al., 1998]. The Fall Line separates compressible coastal plain sediments from incompressible
bedrock of the Piedmont Province that includes Paleozoic metasediments and Triassic to Jurassic rift basin
rocks (Figure 1).

Coastal plain sediments record a Holocene relative sea-level rise in the mid-Atlantic region [e.g., Miller

et al., 2009; Psuty, 1986]. Here, we compute the probability distribution of Holocene relative sea-level rise
in New Jersey after assimilating the database and continuous sea-level reconstructions to estimate rates
of change and attendant errors (see section 2). Our analysis of the Holocene sea-level database of New
Jersey (Figure 2a) shows that after the major phase of deglaciation (circa 20-9 ka), the rate of sea-level rise
decreased from 3.5 + 1.0 mm/yr (2¢) at 7.5-6.5 ka to 2.2 + 0.8 mm/yr at 5.5-4.5 ka; it further decreased to
a minimum of 0.9 + 0.4 mm/yr at 3.3-2.3 ka. In the CE (Figure 2b), the rate increased from this minimum,
with sea-level rising at 1.6 +0.1 mm/yr from 2.2 to 1.2 ka (800 CE) and at 1.4 +0.1 mm/yr from 800 to
1800 CE.

The combination of geological proxies and tide-gauge data shows that relative sea-level rise throughout
the mid-Atlantic region has been more rapid since the Industrial Revolution, rising at 2.7 + 0.4 mm/yr in
the 19th century and at 3.8 + 0.2 mm/yr in the 20th century [Kopp, 2013; see below]. There is a 99% prob-
ability that the rate of sea-level rise in New Jersey in the 20th century was faster than in any century in the
last 3.8 kyr, a 95% probability that it was faster than in any century in the last 4.3 kyr, and a 67% probability
that it was faster than in any century since over the last 6.6 kyr.
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This compaction and tidally corrected New Jersey relative sea-level record (Figure 2) is generally simi-
lar to relative sea-level records from this region (e.g., Virginia, Chesapeake Bay, Delaware, New York, and
southern New England [Engelhart and Horton, 2012]). However, compaction and tidal corrections are
needed for these Holocene datasets before detailed comparisons are made.

The northern part of the mid-Atlantic region was potentially affected by direct isostatic loading effects
(i.e., within the effects of flexural loading ~100-300 km from the load) of the ice sheet that extended to
40.5°N [Stanford et al., 2002]. However, studies of marsh sediments from the northern New Jersey coast
(e.g., Cheesequake, NJ [Psuty, 1986]; Figure 1) show patterns similar to the rest of New Jersey. This location
is less than 30 km from the Laurentide terminal moraine, and suggests that contrary to prior suggestions
[Dillon and Oldale, 1978], the proximal effects of the Laurentide ice sheet are negligible from New Jer-
sey to the south, at least during the Holocene [see also Goff et al., 2013]. GIA subsidence dominates the
nonglobal component of Holocene relative sea-level rise in the mid-Atlantic region. Peltier [2004] esti-
mated that GIA subsidence is currently ~1.3 mm/yr throughout this region. The Engelhart et al. [2009] late
Holocene sea-level database exhibits GIA subsidence rates between 1.2 and 1.7 mm/yr.

4, Sea-Level History From Tide Gauges

We evaluate trends in tide-gauge data in the mid-Atlantic region in a geological context. Kopp [2013]
estimated the spatiotemporal field of sea level along the U.S. east coast (see section 2). His method accom-
modates data gaps, allows decomposition of signals into local, regional, and global components, and into
linear trends, a smooth, nonlinear long-term trend, and red noise-type short-term variability (Figure 3).

It also accounts for differences in record length of tide gauges and allows sea level at all sites to be ref-
erenced to a common base year (1900 CE). The pattern of GIA can be clearly seen in the analysis [Kopp,
2013], which supports a GlA-associated sea-level rise of about 1.3 + 0.4 (26) mm/yr for the mid-Atlantic
region from New York to Maryland.

Relative sea-level rise at all mid-Atlantic locations exceeds the global rise (Figures 1 and 3). Tide gauges
on bedrock sites located on or near the Fall Line (New York City, Philadelphia, Baltimore, and Washing-
ton, D.C,; Figures 1 and 3) show trends of ~3 mm/yr (i.e., ~1.3 mm/yr above the global trend) [Church
and White, 2006, 2011]. The consistency among these sites supports the interpretation that, during the
Holocene, regional subsidence at bedrock locations is almost entirely due to GIA effects (vs. near-field
effects) [Dillon and Oldale, 1978].

Coastal plain locations experience relative sea-level rise higher than bedrock locations. Coastal plain loca-
tions show rates of ~3.3-4.3 mm/yr, about 0.3-1.3 mm/yr above the rates observed at bedrock sites, and
~1.6-2.6 mm/yr above global average sea-level rise (Figures 1 and 3). In New Jersey, relative sea-level rise
at coastal plain locations is greater than at bedrock sites by 0.6-1.0 mm/yr (Figure 1). Differences from
bedrock sites are generally less in the Delaware, Maryland, and Virginia coastal plains (0.3-0.7 mm/yr),
with the exception of Sewell’s Point, Virginia, which shows a 1.3 mm/yr difference (Figure 1).

The coastal plain is affected by subsidence due to long-term (107 - 10° yr) thermoflexural effects and com-
paction due to sediment loading and groundwater withdrawal. Today, thermoflexural subsidence in this
region is less than 10 m/Myr (0.01 mm/yr) and subsidence due to deep (pre-Holocene) compaction is less
[Kominz et al., 2008; Hayden et al., 2008]. Yu et al. [2012] similarly quantified low (<0.15 mm/yr) thermoflex-
ural subsidence (including deep compaction) in the Mississippi delta region.

The 0.3-1.3 mm/yr additional sea-level rise in the coastal plain (Figure 1) cannot entirely be attributed

to natural compaction of Holocene strata. The Holocene sections at Sandy Hook, Atlantic City, and Cape
May are ~51, 41, and 23 m thick, respectively [Minard, 1969; Miller et al., 2009]. Decompaction of the three
Holocene sections following Kominz et al. [2011] would yield subsidence of 0.9, 0.85, and 1.8 m, respec-
tively, although the errors on decompaction are large (+20% in the upper 100 m). Age control is poor, but
deposition of these sections appears to have begun during the slowdown of sea-level rise over the past
3-5 kyr. This yields maximum rates of subsidence (assuming the sections are younger than 3-5ka, i.e.,
the time when shorelines stabilized) due to Holocene compaction of 0.3, 0.3, and 0.6 mm/yr, respectively.
Minimum rates of subsidence due to Holocene compaction are 0.09, 0.085, and 0.18, assuming basal sedi-
ments are ~10ka.
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Figure 4. Comparison of tide gauges along the coast with the Battery. The tide-gauge records are referenced to a synthetic
1900-1920 datum, inferred based on the Gaussian process sea-level model of Kopp [2013].

Comparison of tide gauges shows coherent interannual variability at the coastal sites (Sandy Hook,
Atlantic City; Cape May, NJ; Lewes, DE; Sewells Point, VA) and the Battery, NY (Figure 4). The coherent
interannual variability of the ocean coastline tide gauges (Figure 4) is likely due to oceanographic effects
such as those associated with changes in the Gulf Stream-North Atlantic Current [Ezer et al., 2013] and/or
Atlantic Meridional Overturning Circulation [Yin et al., 2009]. Kopp [2013] noted correlations between
sea level at New York and changes in Atlantic Multidecadal Oscillation (AMO) index (positively correlated
with the AMO index leading by 7 years), the North Atlantic Oscillation (NAO) index (anticorrelated with
the NAO index leading by 2 years), and the migration of the Gulf Stream North Wall (anticorrelated), all
of which would dynamically alter sea level. However, the higher rates at the coastal plain sites on the
decadal to centennial scales (Figures 1, 3, and 4) compared to bedrock sites (represented in Figure 4 by
the Battery, NY) cannot be attributed to oceanographic effects because they are not found throughout
the region that should be affected by changes in ocean dynamics. For example, the Battery record is
coherent interannually (red line, Figure 4) with coastal plain sites, but diverges from coastal plain sites
including Sandy Hook (dark blue line, Figure 4) in the mid-20th century despite their close proximity. The
notable exception among coastal plain sites is Kiptopeke, VA, whose long-term trend tracks closer to the
Battery, NY, than other coastline locations (Figure 4).

We suggest that groundwater withdrawal plays an important role in the relative sea-level rise in the mid-
Atlantic region, similar to other regions in the late 20th century [Galloway and Sneed, 2013]. Groundwater
withdrawal rates are high (>10 million gallons per day) in Atlantic County, NJ, from the 800 foot sand
aquifer. An additional 10 million gallons per day are withdrawn from the 800 foot sand aquifer in Ocean
and Cape May Counties [McAuley et al., 2001]. Groundwater mining affects subsidence in this area [Leahy
and Martin, 1993]. Subsidence of 1.7 cm was measured in Atlantic City from 1981 to 1995 CE [Sun et al.,
1999]. Subsidence from 1980 to 2007 CE due to groundwater withdrawal was 2.2 cm [O. Zapecza, USGS
written communication, 2013], with a linear fit of 0.79 +0.013 mm/yr. Examination of the maps of cones
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of depression from groundwater withdrawals shows extensive influence throughout New Jersey coastal
locations [DePaul et al., 2003]. Pope and Burbey [2004] ascribed subsidence rates of 1.4-3.7 mm/yr to
groundwater withdrawal in Virginia, and this excess subsidence can close the relative sea-level budget

in the Virginia “hotspot” [Cronin, 2012]. Further study of groundwater withdrawal and its relationship to
subsidence is needed, especially where extraction rates are lower, such as at Lewes, DE [~1.5 million gal-
lons per day; Andres et al., 2003] and Sandy Hook, NJ [DePaul et al., 2003]. Nevertheless, the divergence of
coastal sites (except rural Kiptopeke) from bedrock records (e.g., the Battery) (Figure 4) appears to occur in
the mid-20th century and thus appears to be due to groundwater extraction. We note that groundwater
extraction rates in the Atlantic coastal plain were low prior to 1900 CE, accelerated in the 20th century,
and stabilized from 1980 to the present [DePaul et al., 20071.

5. Future Relative Sea-Level Projections

Employing different sets of assumptions about the continuation of observed ice-loss accelerations and the
correlation between different contributors to sea-level rise, we estimate a GSL rise from a 2000 CE baseline
of 14 cm (central scenario; low-to-higher scenario range of 9-27 cm) by 2030, 25 cm (range 16-49 cm) by
2050, and 77 (range 43-141 cm) by 2100 (Table 1; see section 2 for details). Our scenarios are similar to
those of NRC12 (2100 central estimate of 80 cm; range 51-140 cm). Accounting for the difference in time
period, our central scenario is similar to the AR5 central estimate for RCP 8.5 (63 cm above 1986-2005 in
2081-2100), and our low scenario is similar to the 17th percentile of the AR5 estimate for RCP 6.0 (33 cm
above 1986-2005 in 2081-2100). Our high and higher scenarios are intended to span a greater range of
probability space than AR5’s 83rd percentile estimate for RCP 8.5 (97 cm), thus providing more useful guid-
ance for risk management. The 2100 intermediate-high (120 cm) and intermediate-low (50 cm) scenarios
recorded by Parris et al. [2012] are in general agreement with our scenarios. The highest scenario (200 cm)
estimates of Parris et al. [2012] are significantly higher than our higher scenario, as it is based on Pfeffer

et al. [2008]'s estimate of the maximum physical plausible ice loss. An updated consideration, however,
suggests that a physical upper bound to 21st century GSL rise might be closer to 2.7 m (see section 2). We
do not include such a worst-case scenario in Table 1.

We add the regional effects of subsidence, oceanographic changes, and ice/ocean mass redistribution
(static equilibrium sea level) to obtain projections of relative sea-level rise for the mid-Atlantic region (see
section 2). Our scenario-based projections are that relative sea level will rise at bedrock locations like the
Battery by 22 cm by 2030 (range 16-38 cm), 40 cm by 2050 (range 28-65 cm), and 96 cm by 2100 (range
64-168 cm). Our scenarios compare with the New York City Panel on Climate Change (NPCC2; Climate
risk information 2013: Observations, climate change projections, and maps, 2013, http://www.nyc.gov/
html/planyc2030/downloads/pdf/npcc_climate_risk_information_2013_report.pdf)’s estimates of a
10th/25th/75th/90th percentile for sea-level rise at the Battery in the 2050s of 18/28/61/78 cm, relative to
a 2000-2004 baseline. The broader range in NPCC2 arises primarily from the use of Bamber and Aspinall
[2013]'s fat-tailed expert elicitation study to estimate probabilistically ice sheet mass loss.

Sea-level rise on the coastal plain will be higher. Assuming groundwater extraction rates similar to
those in late 20th century and attendant total compaction subsidence of ~1.0 + 0.2 mm/yr, coastal plain
sites impacted by groundwater and natural compaction will experience a rise of 25 cm by 2030 (range
19-41cm), 45 cm by 2050 (range 33-71cm), and 106 cm by 2100 (range 76-180 cm). Coastal locations
with lower groundwater extraction rates and coastal plain locations closer to the Fall Line (e.g., with an
excess of subsidence of 0.3-0.6 mm/yr; Figure 1) will experience sea-level rise intermediate between
these two estimates.

Our estimates quantify the regional and local contributions to sea-level rise in the past (Figure 2), present,
and future (Figure 5). From circa 2 ka to the 20th century, subsidence was the dominant component. In the
20th century, global and subsidence processes have had similar influence. Although the dominant com-
ponent in the 21st century will be changes in global mean sea level (~90% for bedrock sites and ~80%
at coastal plain sites), the ~10-30 cm rise due to subsidence at bedrock and coastal plain sites (Figure 5),
respectively, must be accounted for in planning.
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Figure 5. Projections of global sea-level (GSL) rise, relative sea-level rise at New York City, and relative sea-level rise on the Jersey
shore. In the upper left plot, central (heavy solid) and higher (dashed) scenarios are shown for GSL (red), New York City (green), and
the Jersey shore (blue). In the other three plots, low (solid) and high (upper solid) scenarios are also shown.

6. Implications of Sea-Level Rise to Future Storm Tides

National Oceanic and Atmospheric Administration (NOAA) compiled extreme storm tide statistics for all
of its tide-gauge stations in its network and recurrence intervals for various storm tides [e.g., “100 year
storms”; Zervas, 2005] and previous work illustrated the relationship between sea-level rise and storm at
the Battery [Psuty, 1986; Horton et al., 2010, 2011]. We illustrate the effects of sea-level rise on flooding by
storm tides using our central scenario of 40 and 96 cm sea-level rise at the Battery and 45 and 106 cm at
Atlantic City (Figure 6) in 2050 and 2100, respectively. We also illustrate the higher end scenarios of 168
and 180 cm at the Battery and Atlantic City, respectively. These figures illustrate that a ~40 cm rise, antic-
ipated by ~2050 CE in the central scenario, would result in a moderate storm (e.g., the “10 year” storm of
25 October 1980 CE) reaching the same flood level of a 100 year storm today. By 2100 CE in the central
scenario, even a modest nor'easter such as the one that occurred immediately after Superstorm Sandy
(8 November 2012) will exceed the current 100 year storm, and it would also exceed all historic storms
at Atlantic City. Tebaldi et al. [2012] similarly noted that by 2100 the 10 year storm would have the flood-
ing effect of the modern 100 year storm at many other locations along the conterminous United States.
By 2100 in the higher scenario, a 10 year storm event will cause flooding at the Battery comparable to
Superstorm Sandy.

Planners should account for rising sea levels. The appropriate scenario to use depends on the down-
side risk associated with under-preparation. For decisions where flooding has relatively low impact,
our central regional estimates of 22-25, 40-45, and 96—106 cm rise by 2030, 2050, and 2100, respec-
tively, provide reasonable targets. These projections correspond to GSL estimates of 14, 25, and 77 cm.
For decisions where the consequences of flooding are high, prudent planning requires consideration
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Figure 6. (a) Effects of sea-level rise on storm surge for the Battery assuming relative rises of 40 cm (2050 Common Era [CE]) and 96 cm (2100 CE) (our central scenario) for the
first three columns and 168 cm (higher scenario) for 2100 CE for the fourth column. The Advisory Base Flood Elevation for this location is 4.6 m (15 ft mean lower low water,
MLLW; 12 ft NAVD8S; http://www.region2coastal.com/sandy/table). Adapted after Psuty [1986]. (b) Effects of sea-level rise on storm surge for Atlantic City assuming relative rises
of 45 cm (2050 CE) and 106 cm (2100 CE) (our central scenario) for the first three columns and 180 cm (higher scenario) for 2100 CE for the fourth column. The Advisory Base
Flood Elevation for this location is 5.1 m (16.6 ft MLLW; 14 ft NAVD88; http://www.region2coastal.com/sandy/table). Adapted after Psuty [1986].

of high-end projections of 38-41 cm (2030 CE), 65-71 cm (2050 CE), and 168—-180 cm (2100 CE). These

high-end projections correspond with GSL estimates of 27, 49, and 141 cm.

For decisions that are long-lived and extremely inflexible, and for which flooding would have truly catas-
trophic consequences, it may be appropriate to consider even higher scenarios, such as a physically plausi-
ble but highly unlikely upper limit of ~2.7 m globally by 2100 [Pfeffer et al., 2008; Sriver et al., 2012; Bamber
and Aspinall, 2013], which would correspond to ~3.0 m at the Battery and ~3.1 m on the coastal plain.

In general, however, it would be wiser and more cost-effective to design flexibly and allow for learning as
the century proceeds.

Although GSL rise will dominate the relative rise during the 21st century, the difference between global
and local sea-level estimates emphasizes the importance of incorporating regional GIA, oceanographic
effects, static equilibrium effects, and local compaction into sea-level projections used for multidecadal
planning.
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In the United States, the recently issued Advisory Basal Flood Elevations (ABFEs) (Federal Emergency Man-
agement Agency, Coastal analysis and mapping, 2013, Published online, http://www.region2coastal.com/
sandy/abfe) provide an example of the need to incorporate sea-level rise into long-term planning. NOAA's
storm recurrence intervals have been incorporated into the ABFEs, but the ABFEs do not include the
effects of future sea-level rise. They are accordingly relevant to insuring against current risks but do not
provide appropriate guidance for long-term planning. Flooding estimates must take into account future
sea-level rise. Additional work is needed to integrate site-specific sea-level rise projections with storm tide
statistics to guide planning decisions and investments that may have time frames of 20 years, 40 years,

or longer. Future studies are also needed to refine site-specific estimates through the better estimation
of local GIA effects within this region and the modeling of the effects of groundwater withdrawal on
localized coastal plain subsidence.
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