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Abstract Scientific and societal interest in the relationship between the Atlantic Meridional Overturning
Circulation (AMOC) and U.S. East Coast sea level has intensified over the past decade, largely due to

(1) projected, and potentially ongoing, enhancement of sea level rise associated with AMOC weakening and
(2) the potential for observations of U.S. East Coast sea level to inform reconstructions of North Atlantic
circulation and climate. These implications have inspired a wealth of model- and observation-based
analyses. Here, we review this research, finding consistent support in numerical models for an antiphase
relationship between AMOC strength and dynamic sea level. However, simulations exhibit substantial
along-coast and intermodel differences in the amplitude of AMOC-associated dynamic sea level variability.
Observational analyses focusing on shorter (generally less than decadal) timescales show robust
relationships between some components of the North Atlantic large-scale circulation and coastal sea level
variability, but the causal relationships between different observational metrics, AMOC, and sea level are
often unclear. We highlight the importance of existing and future research seeking to understand
relationships between AMOC and its component currents, the role of ageostrophic processes near the coast,
and the interplay of local and remote forcing. Such research will help reconcile the results of different
numerical simulations with each other and with observations, inform the physical origins of covariability,
and reveal the sensitivity of scaling relationships to forcing, timescale, and model representation. This
information will, in turn, provide a more complete characterization of uncertainty in relevant relationships,
leading to more robust reconstructions and projections.

Plain Language Summary Sea level along the U.S. East Coast is influenced by changes in the
density and currents of the North Atlantic Ocean. Indeed, there are simple theoretical considerations that
relate indices of basin-scale flow to coastal sea level. Such a relationship could be leveraged to predict future
sea level changes and coastal flooding given an expected change in climate and ocean circulation.
Alternatively, it could be used to reconstruct ocean circulation from sea level measurements. This paper
reviews the nature of this relationship and whether, and when, it is evident in climate models and
observations. Although the current generation of large-scale climate and ocean models generally show an
antiphase relationship between basin-scale ocean current strength and coastal sea level, the spatial pattern
of sea level change differs from theory and between models. Supported by existing and emerging research,
the authors hypothesize that these deviations result from important physical processes occurring on the
continental shelf and slope, and the complexities of the 3-dimensional ocean circulation. A quantitative
assessment of the importance of these processes is critical for understanding past and future climate and sea
level changes in this heavily populated and vulnerable region.

1. Sea Level Variability Along the United States East Coast and Its
Societal Importance

The densely populated U.S. East Coast is especially vulnerable to the impacts of sea level change, with ~2.4
million people and ~1.4 million housing units between Maine and Florida less than 1 m above local mean
high water (Strauss et al., 2012). Here, sea level rise is already having adverse environmental, societal, and
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Figure 1. (a) Monthly mean tide gauge sea level (in millimeters relative to year 2000) at the Battery (New York City; blue
line). Projections of relative sea level (RSL) change, relative to year 2000, for RCP 2.6 (blue) and RCP 8.5 emission
scenarios (red; Kopp et al., 2014). Shading after the year 2000 indicates 17th to 83rd percentile range of RSL projections.
(b) Annual mean RSL (in millimeters, with arbitrary offset) measured at 15 U.S. East Coast tide gauges (Holgate et al.,
2013) with long and relatively complete records. (c) Linear trend in RSL along the U.S. East Coast from 1900-2017, in
millimeters per year, from a Bayesian reconstruction (panel taken from Piecuch, Huybers, et al., 2018).

economic consequences, including increases in the severity and frequency of coastal flooding (e.g., Ezer &
Atkinson, 2014; Moftakhari et al., 2015; Ray & Foster, 2016; Sweet et al., 2018; Wdowinski et al., 2016).
Regional rates of sea level rise, and their associated consequences, are projected to increase substantially
over the coming century (Figure 1a; Brown et al., 2018; Dahl et al., 2017; Kopp et al., 2014; Little, Horton,
Kopp, Oppenheimer, Yip, 2015; Ray & Foster, 2016; Vitousek et al., 2017).

Understanding the drivers of future change in relative sea level (RSL, i.e., that observed by tide gauges and
relevant to coastal locations; see Gregory et al., 2019), and the ability of numerical models to represent such
drivers, is critical. However, this is a complex task, given the many contributing processes that operate over
different temporal and spatial scales, including, for example: freshwater input from land and the cryosphere,
thermal expansion of sea water, glacial isostatic adjustment, and oceanic mass and volume redistribution
(see Kopp et al., 2015; Milne et al., 2009; Stammer et al., 2013, for more thorough reviews of these processes).

The relative contributions of these processes to U.S. East Coast RSL vary across space and through time. For
example, vertical land motion (due primarily to glacial isostatic adjustment) accounts for the majority of the
large-scale spatial variation in recent centennial trends and underlies the high rates of RSL rise in the Mid-
Atlantic (Figure 1c; Karegar et al., 2017; Piecuch, Huybers, et al., 2018). However, ongoing climate-related
processes—associated with net freshwater input, atmosphere-ocean momentum and buoyancy fluxes, and
ocean mass and volume redistribution—dominate the interannual to multidecadal, spatially variable, U.S.
east coast RSL signals during the twentieth century (Figure 1b; Andres et al., 2013; Bingham & Hughes,
2009; Davis & Vinogradova, 2017; Ezer, 2013; Ezer et al., 2013; Frederikse et al., 2017; Goddard et al.,
2015; Park & Sweet, 2015; Piecuch et al., 2016; Piecuch, Bittermann, et al., 2018; Piecuch & Ponte, 2015;
Thompson & Mitchum, 2014; Woodworth et al., 2014; Yin & Goddard, 2013).

Of interest in this review paper is RSL variability related to changes in ocean circulation and density that
may be causally coupled, or simply correlated, with the Atlantic Meridional Overturning Circulation
(AMOC; see section 2). We thus focus on variability in “dynamic sea level” (DSL), that is, the height of
the sea surface above the geoid, with the inverse barometer correction applied (Gregory et al., 2019).
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Secular DSL changes are evident in 21st century climate model simulations and are projected to be a princi-
pal driver of acceleration in 21st century sea level and its spatial variation along the east coast (Bilbao et al.,
2015; Bouttes et al., 2014; Carson et al., 2016; Chen et al., 2018; Church et al., 2013; Kopp et al., 2014; Little,
Horton, Kopp, Oppenheimer, Vecchi, et al., 2015; Little, Horton, Kopp, Oppenheimer, & Yip, 2015; Perrette
et al., 2013; Slangen et al.,, 2014; Yin et al.,, 2009; Yin, 2012; Yin & Goddard, 2013). Various studies
have shown these large-scale regional DSL anomalies to be correlated with a decline in AMOC strength
(section 4). However, current-generation climate models also show a wide range in future projections of
regional DSL rise. They may also exhibit systematic biases due to poorly resolved processes that influence
near-coast DSL (section 6).

An improved theoretical and observational basis for AMOC-DSL relationships would enable assessments of
the reliability of individual model projections, and climate models more generally, allowing improved esti-
mates of the magnitude, spatial pattern, and time of emergence of expected sea level rise. In addition, a
robust “signature” of AMOC (or some other feature of the large-scale circulation) in coastal RSL could be
leveraged to infer preinstrumental changes in AMOC and/or climate. Recent improvements to analysis of
the tide gauge record, including approaches to cope with data gaps and account for vertical land motion
and glacial isostatic adjustment (Kopp, 2013; Piecuch, Huybers, et al., 2017), have intensified the interest
in exploiting this relationship to inform reconstructions of ocean variability (e.g., Butler et al., 2015;
Kienert & Rahmstorf, 2012; McCarthy et al., 2015). Proxies that predate the tide gauge record offer the oppor-
tunity to extend these reconstructions over centennial to millennial timescales (e.g., Kemp et al., 2017, 2018).

Here, motivated by these considerations, we review evidence for the covariation of AMOC and U.S. East
Coast sea level. In section 2, we define AMOC and its relationship to the large-scale circulation of the
North Atlantic Ocean. Section 3 presents a simple diagnostic scaling argument between AMOC strength
and DSL. Section 4 surveys AMOC-DSL linkages in numerical simulations (where long-period relationships
are able to be assessed) and includes a new analysis of the AMOC-DSL scaling coefficient in Coupled Model
Intercomparison Project Phase 5 (CMIP5) simulations. Section 5 examines observational linkages between
AMOC components and coastal sea level, clarifying the specific components of AMOC (e.g., Gulf Stream)
invoked, the regional fingerprint of such linkages, and the timescales over which the relationship has been
documented. In section 6, we suggest potential origins of along-coast variations, intersimulation differences
in scaling relationships, and discrepancies between models and observations; section 7 highlights new
research directions that can help assess these discrepancies more extensively and quantitatively.

2. AMOC and the North Atlantic Ocean Circulation

The U.S. East Coast borders the western boundary of the North Atlantic Ocean, which is characterized by a
spatially and temporally complex system of surface and deep currents (Figure 2).

At U.S. East Coast latitudes, the large-scale ocean circulation is dominated by two opposing gyres. At subtro-
pical latitudes, southward wind-driven transport in the interior of the gyre is closed by a western boundary
current, composed of the Gulf Stream to the north and the Florida and Antilles currents further south. At
subpolar latitudes, the North Atlantic Current (NAC) splits into various branches that flow northwards
along the eastern side of the subpolar gyre (Rhein et al., 2011). These currents flow cyclonically around
the subpolar gyre, contributing to the upper parts of the western boundary currents comprising the East
and West Greenland Currents and the Labrador Current. Part of the NAC also flows into the Nordic Seas
(e.g., Dickson & Brown, 1994; Sarafanov et al., 2012). Along these high-latitude branches, warm and salty
surface waters originating from the tropical and subtropical Atlantic increase in density and transform into
North Atlantic Deep Water through a variety of processes, including cooling, mixing, and convection
(Marotzke & Scott, 1999; Spall & Pickart, 2001; Thomas et al., 2015).

In addition to these large-scale flows, there are important currents along the U.S. East Coast continental
shelf, shelf break, and slope: flowing northward over the continental shelf south of Cape Hatteras (the
South Atlantic Bight) and southward along the shelf between Cape Hatteras and Nova Scotia (Figure 2).
These currents are driven by a combination of local wind and buoyancy forcing as well as interactions with
the larger-scale flow field (see section 6). In the South Atlantic Bight, interactions between the shelf current
and the Gulf Stream are clearly important, but there is evidence of locally wind driven variability closer to
the shore (Lee et al., 1991; Stegmann & Yoder, 1996; Yuan et al., 2017). To the north of Cape Hatteras, the
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Figure 2. Schematic of key AMOC-related components of the North Atlantic Ocean (modified from Garcia-Ibafiez et al.,
2018). Abbreviations are as follows: NRG = Northern Recirculation Gyre; LC = Labrador Current; DWBC = Deep
Western Boundary Current; IC = Irminger Current; EGIC = East Greenland-Irminger Current. Three source waters for
North Atlantic Deep Water are noted: LSW = Labrador Sea Water; ISOW = Iceland-Scotland Overflow Water;

DSOW = Denmark Straits Overflow Water. Box indicates the U.S. East Coast region.

Slope Current has its origins in the Labrador Current and the East Greenland Current (Chapman &
Beardsley, 1989; Rossby et al., 2014). Its strength is therefore linked to the AMOC, through the strength of
the Labrador Current, as well as through interactions with the Northern Recirculation Gyre (Andres
et al., 2013; Zhang, 2008), the Deep Western Boundary Current (e.g. Zhang & Vallis, 2007), and the Gulf
Stream (Ezer, 2015).

In aggregate, these horizontal and vertical flows result in an “overturning” circulation that transports over 1
PW of heat poleward (Trenberth & Fasullo, 2017). In this paper, this AMOC is defined as the stream function
of the zonally and cumulatively vertically integrated meridional velocity of the Atlantic Ocean north of 35°S
(Buckley & Marshall, 2016; Zhang, 2010). In models and observations, the AMOC reveals upper and lower
interhemispheric overturning cells of water that are sourced by high-latitude sites of deep water formation in
the northern and southern hemispheres respectively (Figure 3).

The upper overturning cell reflects northward transport in the upper ocean currents, including those men-
tioned earlier in this section, compensated by southward flowing North Atlantic Deep Water at intermediate
depths. In models, the maximum of the AMOC stream function is typically located around the latitude of the
Gulf Stream separation and at approximately 1,000-m depth. Below this upper cell is a lower cell of Antarctic
Bottom Water that originates from sources at high southern latitudes (Buckley & Marshall, 2016; Kuhlbrodt
etal., 2007). See Buckley and Marshall (2016) and other reviews in this special issue, particularly Bower et al.
(2019), for a more comprehensive description of AMOC structure and variability.

3. A Simple Theoretical Basis for AMOC-DSL Covariability

A diagnostic relationship between the AMOC and DSL can be derived from the zonal momentum equation:

¢ D _ _ 1 dp
rcos¢ Dt s reasglpfv Hpfucotd = rcos¢ ai

+F, @

where r is the Earth's radius, u is the zonal velocity, v is the meridional velocity, w is the vertical velocity, fis
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Figure 3. The AMOC, averaged over the 1959-2012 period, from a 1/12° resolution model simulation as described in
Hughes et al. (2018). The flow is clockwise around positive values, and the stream function is calculated by integrating
the southward velocity both zonally and upwards from the bottom. The black contour is at zero.

the Coriolis frequency, ¢ is latitude, A is longitude, p is pressure, p is density, F, is the eastward viscous force
per unit volume, and D/Dt is the material rate of change. For a derivation and discussion of the equations of
motion see, for example, Vallis (2006, Chapter 2) and Gill (1982, Chapter 4). If we (1) zonally integrate over
the basin and (2) neglect the advection of relative angular momentum (the first term), the term involving w
(usually neglected in the Primitive Equations), and the viscous term (assuming we are below the surface
Ekman layer, and that any bottom Ekman layer occupies only a small fraction of the zonal integral—this
assumes that we are at depths where it is meaningful to consider the ocean to have sidewalls), this
reduces to an integrated geostrophic balance:

JT = pg—Dbw, )]

where T is the northward mass transport across the section (the zonal integral of pv). Equation (2) relates the
northward mass transport to the difference between pressure at the eastern end (pg) and the western end
(pw) of the section. These pressures are bottom pressures, which become equivalent to DSL (with a scaling
of approximately 1 cm/mbar of pressure) as the depth tends to zero at the coast.

This zonally integrated geostrophic balance can be used to derive a simple scaling between the AMOC and
DSL at the western boundary. First, we note that the eastern boundary pressure is very close to being a func-
tion of depth alone, independent of latitude, at least below a depth of around 100 m (Hughes et al., 2018;
Hughes & de Cuevas, 2001). Subtracting off this reference function of depth in our definition of p (which
now should be considered to be a pressure anomaly, referenced to the eastern boundary value), we find that
pe = 0. Then, integrating over depth from the surface (z=0) to the depth of the maximum in the overturning
streamfunction (z = — H), we find that the total northward mass transport above this depth is given by
Q=T dz =~ [ by &2 =~ %%, ®
where py, is the western boundary pressure averaged over the depth range above the maximum overturning.
The relationship to coastal sea level then follows from the assumption that the depth-averaged pressure in
this zone is related to the boundary pressure near the surface, pyp, which is in turn related to inverse
barometer-corrected boundary sea level hy by poghw = pwo. Where we use a reference density p,.
Rewriting in terms of this near-surface western boundary pressure anomaly, we find
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requiring the definition of an effective layer thickness

He=[", 2% qp ©)
Pwo

which may be interpreted as the layer thickness used to multiply the near-surface boundary pressure anom-
aly (proportional to sea level), in order to get the correct depth-integrated pressure force on the sidewall. If
the pressure anomaly (or equivalently the northward transport) is independent of depth above —H, H, = H.
If the zonally integrated flow (or pressure anomaly) is largest at the surface and decreases linearly to zero at
the maximum of the overturning, H, = 0.5H. Rearranging (5), we find that the coastal sea level signal can be
written as

w=-21 ®)

Po gH e 7
in which it is shown how the coastal sea level signal hy, is negatively related to the strength of the overturn-
ing Q/po, and the size of the signal is larger if the effective layer thickness H, is smaller.

Figure 3 reveals a fairly uniform (or slowly decreasing with increasing depth) northward zonally integrated
flow above about 1,000-m depth, balanced by a deeper return flow (with more complicated flows in the top
few hundred meters, representing the wind-driven flow superimposed on the large-scale MOC). Assuming
f=10"*s7" (true at a latitude of about 43°N), equation (6) predicts a sea level change of 1 cm/Sv of
meridional transport (less for latitudes closer to the equator, and slightly more for more poleward latitudes).
If, rather than constant transport per unit depth above 1,000 m (as in a simple two-layer model), we assume a
linear rise from zero at 1,000 m to a maximum at the surface, then pressure at the surface is twice the depth
average, leading to a scaling of —2 cm/Sv. Realistic scalings are likely to be between these limits, subject to
the assumption of geostrophic balance in equation (2), and the approximation that the vertical profile of the
flow remains constant (temporal variations in H, are proportionally smaller than those in Q). The
dependence on f means that this scaling should also lead to smaller sea level signals closer to the equator,
again assuming that proportional variations in H, are smaller than those in f.

4. Evidence of an AMOC-DSL Relationship in Numerical Models

Numerical simulations allow analysis of AMOC-DSL relationships that can be compared to the theoretical
considerations of the previous section, while incorporating local and large-scale forcing, complex 3-D flows,
and ageostrophic processes, to the extent permitted by their resolution. Most analysis of numerical
simulations has focused on 21st century, centennial-timescale, AMOC-DSL relationships. In this section,
we thus focus on longer timescales, although we contrast these results with selected studies that have
examined covariability over shorter timescales, often with a focus on the historical record.

The connection between U.S. East Coast sea level rise and the AMOC in coupled climate models was first
established by Levermann et al. (2005) through “hosing” simulations (in which extreme freshwater forcing
is applied to the subpolar North Atlantic). They found that, in a climate model with a relatively coarse (3.75°
horizontal resolution) ocean, a weakened AMOC is associated with DSL rise in most of the Atlantic basin,
with a scaling coefficient of up to —5 cm/Sv. Most subsequent numerical simulations that have assessed this
relationship show a more complex spatial pattern of DSL change (e.g., Kienert & Rahmstorf, 2012; Landerer
et al., 2007; Lorbacher et al., 2010; Yin et al., 2010), and a smaller (less negative) scaling coefficient (e.g.,
Bingham & Hughes, 2009; Little et al., 2017; Schleussner et al., 2011). However, the correlation between
DSL rise over portions of the U.S. East Coast and a decline in AMOC (and, often, a rise in steric height in
the western North Atlantic intergyre region) has been repeatedly noted, in simulations forced by future
greenhouse gas emission scenarios, freshwater input into the subpolar North Atlantic, or both (e.g., Hu
et al., 2009; Hu et al., 2011; Hu & Bates, 2018; Hu & Deser, 2013; Kienert & Rahmstorf, 2012; Krasting
et al., 2016; Landerer et al., 2007; Lorbacher et al., 2010; Pardaens et al., 2011; Yin et al., 2010; Yin &
Goddard, 2013).
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Figure 4. (a) Change in maximum AMOC strength for a 28 Coupled Model Intercomparison Project Phase 5 model,
RCP4.5-forced, ensemble, from 1976-2000 to 2076-2100, as calculated by Chen et al. (2018). (b) Ensemble mean
dynamic sea level change (m) from 1976-2000 to 2076-2100.

The AMOC weakens over the 21st century in most CMIP3 and CMIP5 simulations (Church et al., 2013), with
a rate that varies widely across emissions scenarios and models (e.g., Figure 4a; Bakker et al., 2016; Cheng
et al., 2013; Heuzé, 2017; Huber & Zanna, 2017; Schleussner et al., 2011; Weaver et al., 2012).

The amplitude and spatial pattern of DSL changes associated with 21st century AMOC weakening has been
noted in several studies (Schleussner et al., 2011; Yin et al., 2009). However, such studies have generally con-
sidered the ensemble mean DSL change (Figure 4b), or a small subset of available models, and have often
focused on the Northeast United States only, limiting analysis of intermodel or regional differences.

An assessment of the robustness of the scaling of North Atlantic DSL to AMOC change across climate mod-
els is missing in the literature. To fill this gap, we perform a brief analysis using available datasets, including
the results of Chen et al. (2018), who investigated the relationship between 21st century changes in DSL and
the annual-mean maximum AMOC stream function below 500 m in a large (30-member) CMIP5 ensemble.
Models included in this ensemble show an AMOC decline from 1976-2000 to 2076-2100 ranging from
approximately zero to 8 Sv (Figure 4a).

In Figure 5, we calculate the AMOC-DSL scaling coefficient for 25 CMIP5 models over this century-long per-
iod, at a 1° horizontal resolution.

There are broad similarities in the spatial pattern of scaling coefficients and that of the ensemble mean DSL
change (Figure 4b), with only a few models showing dramatic differences from the subtropical
high/subpolar and coastal low relationship (e.g., MRI-CGCM and FGOALS-g2). However, the amplitude
of the scaling coefficient near the U.S. East Coast ranges widely, both north and south of Cape Hatteras,
across the ensemble, along with substantial meridional gradients along these coastal regions within
individual models.

The diversity of model-specific scaling coefficients along the western boundary can also be shown with a
regression of DSL change against AMOC change, that is,

ADSL(x,y,m) = a(x,y) AAMOC (m) + e(x,y, m) @)

where x and y are longitude and latitude, m is the model index, « is a local scaling coefficient, and € is a resi-
dual. (Although the RCP 4.5 scenario is shown, spatial patterns of DSL change, and DSL change associated
with AMOC change, do not exhibit strong RCP-dependence; Chen et al., 2018; Little, Horton, Kopp,
Oppenheimer, & Yip, 2015; Yin, 2012; Yin et al., 2009).

Local regression coefficients, shown in Figure 6b, indicate a meridional tripole in the North Atlantic; models
with more AMOC weakening are associated with larger DSL rise in the subtropical gyre and larger DSL fall
in most of the subpolar gyre and the tropics. This pattern bears some similarity to the dominant mode of sea
surface height variability over the historical record (e.g., Hakkinen & Rhines, 2004; Yin & Goddard, 2013),
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Figure 5. Map of the ratio of dynamic sea level change to AMOC change (m/Sv; 2076-2100 minus 1976-2000) for
25 RCP4.5-forced Coupled Model Intercomparison Project Phase 5 models with AMOC weakening larger than 2 Sv.

the multimodel mean 21st century change observed in CMIP simulations (Figure 4b; Little, Horton, Kopp,
Oppenheimer, & Yip, 2015; Yin, 2012; Yin et al., 2009, 2010), and a regression of DSL on AMOC strength in a
model simulation of the historical period (Figure 6a). Coastal regression coefficients range from
approximately —1.5 to 0 cm/Sv, with more negative values in U.S. East Coast regions north of Cape Hatteras.
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Figure 6. (a) From Woodworth et al. (2014). Regression coefficients of annual mean sea level and overturning transport
(at the same latitude) for depths between 100 and 1,300 m using a 1° ocean model, for the period 1950-2009, without wind
forcing. (b) Linear regression coefficient () of DSL change against the change in maximum AMOC strength for the
models shown in Figure 5 (m/Sv). (¢) Variance in DSL change explained by AMOC change (%). DSL = dynamic sea level;
AMOC = Atlantic Meridional Overturning Circulation.

However, regression coefficients in Figure 6b diverge from those obtained through a regression of annual
mean DSL on AMOC over the 1950-2009 period (Figure 6a) and those predicted by equation (6), particularly
along the western boundary, where the CMIP5-derived pattern does not show a universal anticorrelation of
sea level and the AMOC. (We note that the single-valued AMOC index used in Figure 6b is different than the
meridionally varying index used in Figure 6a. However, we would not expect this to affect the sign of regres-
sion coefficients, if AMOC transport changes are meridionally coherent). Perhaps more important than the
spatial pattern in Figure 6b is the fact that only a small fraction of intermodel DSL variance is explained by
differences in AMOC strength change (Figure 6c¢). In coastal regions, and in the subpolar gyre, factors unre-
lated to AMOC strength are principally responsible for the wide spread in 21st century projections of U.S.
East Coast DSL rise (Yin et al., 2009, 2010; Kopp et al., 2014; Little, Horton, Kopp, Oppenheimer, & Yip,
2015; Minobe, 2017).

It is possible that differences between Figures 6a and 6b originate in a timescale-dependent relationship.
This was suggested by Yin and Goddard (2013, their Figure 3) based on (1) similarities between the DSL pat-
terns of observed decadal trends and 21st century model trends; (2) similarities between observed and mod-
eled Empirical Orthogonal Function (EOF) patterns (describing interannual variability); and (3) differences
between DSL patterns associated with long-term trends and interannual variability. Similar conclusions
were drawn by Lorbacher et al. (2010). Model-derived scaling coefficients for interannual AMOC-DSL
relationships north of Cape Hatteras appear to be more consistent than those in Figure 5, and more
consistent with the theoretical values in section 2. For example, Bingham and Hughes (2009) find a scaling
of -1.7 cm Sv™!, Woodworth et al. (2014) find -1.5 cm Sv™', and Little et al. (2017) obtain —1.8 cm/Sv.
However, the wide spread in scaling coefficients across models under identical forcing (Figure 5) suggests
that differences in model representation are critical over longer timescales. Although an analysis of these
regional and inter-model differences is beyond the scope of this review, we highlight its importance and
discuss possible explanations in sections 6 and 7.

5. Evidence of an AMOC-DSL Relationship in Observations

The first direct, continuous, basin-wide, observations of the AMOC began in 2004 with the RAPID project
(Rapid Climate Change; Cunningham et al., 2007). This record is now complemented by two other basin-
wide in situ programs: NOAC at 47°N (North Atlantic Changes; Mertens et al., 2014) and OSNAP, around
60°N (Overturning in the Sub-polar North Atlantic; Lozier et al., 2017). Although RAPID observations have
revealed a wealth of information, they provide only a 13-year time series at 26°N at time of writing. This lim-
ited record hinders an observation-based assessment of AMOC-DSL relationships, especially over the deca-
dal and longer timescales of primary interest here. Over shorter timescales, Ezer (2015) compared monthly
RAPID observations to the Atlantic City-Bermuda tide gauge sea level difference, finding a correlation of
0.27. In the same analysis, Ezer noted substantial differences in correlations, and lag/lead relationships,
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between the sea level difference and the three individual components of AMOC observed by RAPID
(Ekman, Florida Current, and Mid-Ocean transport). Piecuch et al. (2019) also note differing relationships
between each of these AMOC components and New England coastal sea level, with only the Ekman compo-
nent exhibiting strong coherence.

In addition to the RAPID record, longer observations of elements of the North Atlantic circulation are avail-
able: for example, the Florida Current time series since 1982 (Meinen et al., 2010), the Oleander time series
of Gulf Stream transport since 1992 (Rossby et al., 2014), and the position of the Gulf Stream Extension since
1955 (Joyce & Zhang, 2010). Studies based on models (e.g. Saba et al., 2016; Sanchez-Franks & Zhang, 2015)
and observations (e.g., Kopp, 2013; McCarthy et al., 2015; Park & Sweet, 2015) have shown strong statistical
relationships between US east coast sea level and these metrics at up to multidecadal timescales. We con-
sider evidence in this section for relationships between DSL and these and other elements of the North
Atlantic circulation, while emphasizing that changes in the latter do not necessarily imply changes in
AMOC, as defined in section 2. We briefly discuss the nature of potential linkages with AMOC in
section 6.3.

5.1. Linkages Between DSL and AMOC Components

The relationship between coastal DSL and the Gulf Stream has been assessed using theory, observations, and
models. Studies have considered the roles of Gulf Stream transport, velocity, and position, both upstream
and downstream of the detachment at Cape Hatteras, as well as the strength of the Florida Current.

Early studies focused on the relationship between tide gauge observations and the Gulf Stream over seasonal
timescales between Florida and Cape Hatteras. Two linkages between ocean circulation and DSL were con-
sidered: the cross-stream (shelf) sea level gradient, related to ocean circulation via geostrophy, and the
downstream (along-coast) sea level gradient, related via the Bernoulli principle. Montgomery (1941) found
little evidence for a relationship of the downstream sea level gradient to velocity (in the Gulf Stream).

Attempts to relate the cross-stream gradient to Gulf Stream fluctuations were more successful. By examining
tide gauges along the Florida coastline, and between Charleston and Bermuda, Montgomery (1938) con-
cluded that fluctuations in Gulf Stream strength could be seen in cross-stream sea level measurements.
The study of Iselin (1940) supported the utility of tide gauges south of Cape Hatteras (Key West to
Charleston) for estimating the Gulf Stream strength. Both studies were based on comparison with shipboard
hydrography and related a summer-to-fall increase in sea level to a drop in Gulf Stream transport. Hela
(1951) revisited the two earlier studies to relate the annual cycle of sea level difference from Miami to Cat
Cay, Bahamas to transport estimates of the Gulf Stream from ship drift (Fuglister, 1948), finding a high cor-
relation (r = 0.95) between the zonal sea level gradient and meridional transport in the Gulf Stream. Blaha
(1984) removed local effects of the inverse barometer, seasonal steric effects, river runoff, and local wind
stress, to demonstrate that the residual sea level variability had a robust correlation with Gulf Stream trans-
port on seasonal timescales. More recently, Park and Sweet (2015) found an interannual- to decadal-
timescale relationship between Florida Current transport and tide gauge observations at three locations in
Florida using empirical mode decomposition, with a scaling coefficient determined to be consistent with
geostrophic balance.

Similar techniques have been used to examine links between Gulf Stream transport variability and sea level
in the Mid-Atlantic Bight. Ezer (2013) found a longer-period relationship between Mid-Atlantic Bight DSL
and the sea surface gradient across the detached Gulf Stream. The offshore DSL gradient was found to be
correlated with sea level at individual tide gauge locations over decadal timescales, as suggested by Yin
and Goddard (2013). However, the robustness of these longer period relationships, found using statistical
techniques including empirical mode decomposition, has been questioned (Chambers, 2015). Model-based
support for observed Florida Current and Gulf Stream correlations is stronger on short timescales: for exam-
ple, while idealized modeling studies show that an oscillatory transport of Gulf Stream is associated with
coherent coastal sea level variations along the southeast U.S. coast (Ezer, 2016), Woodworth et al. (2017)
do not see evidence of Florida Current transport variations in annual mean sea level, either averaged south
of Cape Hatteras or in the difference of sea level averaged over the coastline north and south of
Cape Hatteras.
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Coastal sea level has also been related to the position of the Gulf Stream on leaving the coast at Cape
Hatteras, known as the Gulf Stream North Wall (GSNW; Fuglister, 1955). Indices of the GSNW based on
sea surface temperature exist since 1966 (Taylor & Stephens, 1980) and based on temperature at 200 m since
1955 (Joyce & Zhang, 2010). The GSNW has been shown to exhibit quasi-decadal fluctuations that are simi-
lar to those in sea level data along the U.S. East Coast (McCarthy et al., 2019; Nigam et al., 2018). Kopp (2013)
found a significant antiphase relationship between the GSNW index and DSL north of Cape Hatteras and a
likely in-phase relationship between GSNW and DSL south of Cape Hatteras. McCarthy et al. (2015) noted
the difference of sea level south and north of Cape Hatteras projected onto the surface velocity of the GSNW.
Whether these sea level variations reflect AMOC strength changes relies upon an understanding of the
interaction of different AMOC components: Early explanations associated an AMOC strengthening with a
northward shift in the GSNW (e.g., Eden & Jung, 2001). However, recent literature indicates the inverse;
AMOC strengthening drives a southward shift in the GSNW due to coupling between the Gulf Stream,
Deep Western Boundary Current, and topography (Joyce & Zhang, 2010; Sanchez-Franks & Zhang, 2015;
Yeager, 2015; Zhang & Vallis, 2007).

AMOC variability may also be related to heat content and density variations in the subtropical and subpolar
gyres (Williams et al., 2014). Such changes in gyre properties have been found to be correlated with U.S. East
Coast sea level changes (Thompson & Mitchum, 2014). Frederikse et al. (2017) find that, after being adjusted
for local atmospheric (wind and pressure) effects and smoothed on decadal timescales, sea level changes
from tide gauges north of Cape Hatteras over 1965-2014 are correlated with upper-ocean steric height
changes in the Labrador Sea and the deep midlatitude North Atlantic intergyre region. This is consistent
with the strong relationship between U.S. coastal sea level and Labrador Sea level in the CMIP5 ensemble
(Minobe et al., 2017).

Other studies have considered property differences between gyres, in particular the meridional density gra-
dient, as an indicator of AMOC strength (Butler et al., 2015; De Boer et al., 2010; Kienert & Rahmstorf, 2012;
Rahmstorf, 1996; Rahmstorf et al., 2015; Sijp et al., 2012; Thorpe et al., 2001). The meridional density gradi-
ent can be related to the gyre-scale sea level gradient, which has been shown to be related to the strength of
the AMOC over sufficiently long timescales (multidecadal and longer; Butler et al., 2015). This relationship
was investigated by McCarthy et al. (2015), who used differences in DSL north and south of Cape Hatteras as
an estimate of the meridional density gradient between the subtropical and subpolar gyres. The meridional
gradient projected strongly onto the circulation in the intergyre region and changes in the subpolar heat
content on interannual to decadal timescales. Output from a NEMO 0.25° simulation related the differences
in DSL north and south of the modeled Gulf Stream separation to the meridional heat transport at 40°N,
indicating a relationship to AMOC.

6. Possible Sources of Regional, Intermodel, and Model-Observational
Discrepancies

The diagnostic geostrophic relationship between AMOC transport and U.S. East Coast sea level derived in
section 3 implies a scaling coefficient of order —1 to —2 cm/Sv with little alongshore variation. Although
some numerical simulations find coefficients within this range over portions of the U.S. East Coast, a uni-
form along-coast scaling of AMOC strength and DSL is not evident (section 4). These deviations from theory
likely result from neglect of terms in the more complete zonal momentum balance (e.g., friction, nonlinea-
rities, time dependence), or a breakdown in the assumption that U.S. East Coast sea level is related to the
depth-averaged boundary pressure via a constant effective layer thickness (H, in equation (6)). Similarly,
intermodel differences under identical forcing must originate in the relative magnitude of neglected dynami-
cal terms, and their treatment in models. Observations of other components of the North Atlantic circulation
offer general support for antiphase relationships between large-scale meridional transport and DSL along
portions of the U.S. east coast but are constrained by their limited record length and indirect relationship
with AMOC (section 5).

In this section, we highlight findings from three areas of research that can at least partially account for these
regional, intermodel, and model-observational discrepancies via: (1) friction and bathymetry at the coast,
(2) local forcing, and (3) temporal and spatial incoherence of AMOC and its components. In section 7, we
suggest opportunities to better integrate these findings into the sea level literature.
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6.1. Friction and Topographic Influence on Coastal Sea Level

Most analyses noted in sections 4 and 5 interpret AMOC-DSL relationships based on geostrophy. To under-
stand offshore influences on coastal sea level, however, requires addressing ageostrophic flows and forcing
on the slope and shelf, where water column thickness goes to zero and friction is important.

Recently, Minobe et al. (2017) have addressed coastal DSL onshore of a western boundary current using a
reduced gravity, vertical sidewall model. Such a framework bears similarity to that used in other studies
of remotely forced coastal sea level variability in western boundary regions (e.g., Hong et al., 2000;
Thompson & Mitchum, 2014). In this model, interior DSL gradients are moderated by friction within a
coastal boundary layer. Their main result can be written as

hw hy vo By
w_ (2w P g
] (f)ﬁjy 7Y ®

where hy, and h; are sea level as a function of latitude (y) at the western boundary and in the ocean interior
respectively (h; is taken near the boundary, but to the east of any western boundary current.) The integral is
from the y value of interest to a reference point y, further north, where hTW e (:;%)d The western boundary
sea level is determined from a combination of the interior ocean sea level and the sea level from higher lati-
tudes; coastal sea level anomalies are smaller than those in the interior and shifted toward the equator for
reasons which become clearer if the vertical sidewall case is seen as a limiting case of a sloping continental
shelf and slope.

The southward shift and weakening of the “interior” sea level signal as it approaches the coast is reminiscent
of the linear, barotropic case with a sloping sidewall as explored by Becker and Salmon (1997) following the
ideas of Welander (1968). Instead of being controlled by contours of constant f, as in the flat-bottom case,
the flow is controlled by contours of constant f/H, where H is the ocean depth. With varying bathymetry,
the subpolar gyre intrudes between the coast and the extension of the subtropical gyre, resulting in a rever-
sing pattern of currents along the continental slope, rather than a simple single-signed western boundary
current. Similar behavior is found in highly nonlinear and baroclinic cases with a sloping sidewall (e.g.,
Jackson et al., 2006, their Figure 1). Sea level signals from the interior therefore appear further equatorward
at the coast.

Wise et al. (2018) assess the influence of continental shelf bathymetry, using linear dynamics and ocean
bottom pressure as the central variable (equivalent to sea level in a single layer case). In this formalism,
sea level is “advected” along contours of gH/f (such contours can be thought of as representing the stream
function of a fictitious flow carrying the sea level signal toward the coast at a speed which becomes the long
Rossby wave speed over a flat bottom). The “advection” is toward the west and then toward the equator
along the slope, in competition with a “diffusion” by bottom friction (Figure 7).

As the coast is approached, the geostrophic shoreward flow becomes balanced by an offshore flow in the
bottom Ekman layer, as in Csanady (1978). Friction is required for alongshore sea level gradients to exist
without a flow through the coast, as a purely geostrophic balance would imply.

When shelf bathymetry is included, coastal sea level is still determined by the combination of a poleward
reference value, and a weighted integral of interior sea level between that poleward latitude and the latitude
of interest. However, the coastal sea level anomaly can be smaller than that predicted in the Minobe et al.
(2017) configuration: the western pressure signal can all be on the continental slope, with shallower currents
causing it to be cancelled out at the coast. Wise et al. (2018) find that coastal DSL depends crucially on the
strength of the bottom friction and the shelf bathymetry. The major dependence is on a nondimensional
number, the analogue Péclet number P, = BHL/r, where H is the offshore layer thickness, L is the width
of the topography, and ris a linear bottom friction coefficient (Figure 7). As friction weakens, the coastal sig-
nal shifts further south and becomes weaker compared to the interior sea level.

Equation (8) is a limiting case for a vertical sidewall, in which the solution becomes independent of the
strength or form of the friction. In this linear case, the vertical sidewall limit is found to produce the largest
coastal signal, for a given upper layer thickness. The mechanism here can be considered to be a breakdown
of the assumption that there exists a meaningful effective layer thickness H,. Counterpropagating currents
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Figure 7. From Wise et al. (2018). Sea level contours (nondimensional; dashed negative) for a given idealized coastal
bathymetry along the western boundary of an ocean basin, where x and y are the nondimensional across-shore and
alongshore coordinates, respectively. Vertical dotted lines indicate the continental shelf break at x = S and continental
slope floor at x = 1. Panels show sea level patterns for different Péclet numbers: (a) P, = 0.1, (b) P, =0.1, (¢) P, =10, and (d)
P,=200. Panels (b)-(d) show only the coastal region.

over topography mean the boundary pressure py- can change sign over the upper continental slope, so
equation (5) shows that H, can become larger than H. Thus, the coastal sea level can be smaller than that
implied by the depth-averaged pressure divided by a meaningful effective layer depth. This reduction of
the coastal signal can be interpreted as the result of the influence of coastal trapped waves, which carry
the interior signal equatorward along the western boundary, as seen for periods of a few days in the
model simulations of Ezer (2016). See Hughes et al. (2019) for more detail on the smoothing and
“advective” effect of coastal trapped waves on boundary sea level.

We should note, though, that although friction plays a crucial role in communicating sea level changes to the
coast, it does so in a manner which does not affect the zonal momentum balance (equation (1)), which
remains geostrophic.

6.2. Locally (Shelf-) Forced Sea Level Variability

The presence of locally forced sea level variability along the shelf may interfere with the simple AMOC-DSL
scaling. Similar to section 6.1, ageostrophic dynamics are relevant, although in this case they may also upset
the zonal momentum balance.

Local meteorological and terrestrial forcing mechanisms, namely, winds, barometric pressure, and river run-
off, have long been shown to drive U.S. East Coast sea level variability. Part of this variability can be static in
nature, as with the case of inverted barometer effects related to atmospheric pressure, which are found to
contribute sizably to variability at many tide gauges (Piecuch & Ponte, 2015; Ponte, 2006). By definition,
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Figure 8. From Woodworth et al. (2014). (a) Correlations of detrended values of annual mean sea level and overturning
transport at the same latitude for depths between 100 and 1,300 m using the simulations shown in Figure 6a (without wind
forcing). (b) As in Figure 8a, with winds.

static signals are not directly related to circulation changes. As such, their separate treatment, and removal if
possible, is useful when assessing the relation between tide gauge and AMOC variability.

Effects of local winds have been extensively examined in the observational studies of Blaha (1984), Andres
et al. (2013), Domingues et al. (2018), and others. Simple regression analyses suggest an important contribu-
tion of local winds, particularly the alongshore component, to observed tide gauge variability at interannual
to decadal timescales. Setup from onshore winds can also contribute to static variability at the coast (e.g.,
Thompson, 1986), but separate estimation of these effects has not been examined in detail. Recent studies
(Domingues et al., 2018; Li et al., 2014; Little et al., 2017; Piecuch et al., 2016; Woodworth et al., 2014) rein-
force the importance of near-coastal winds and barotropic dynamics to explain US east coast tide gauge
records over interannual to decadal timescales.

Much less studied has been the effect of river runoff. Meade and Emery (1971) found that about 20-29% of
variations in detrended annual mean sea level in U.S. East Coast tide gauges could be accounted for by
changes in riverine input. Their results are consistent with the analysis by Piecuch, Bittermann, et al.
(2018), who relate sea level signals to the buoyancy-driven geostrophic coastal currents associated with
the runoff. Other studies focusing on different river systems and utilizing different data sets have concluded
that riverine input is negligible. For example, Hong et al. (2000) found contributions from runoff to be unim-
portant relative to winds for tide gauges south of 38°N (see also Blaha, 1984). Calafat et al. (2018) did not find
a relationship between river runoff and decadal modulations in the amplitude of the sea level annual cycle
along the South Atlantic Bight. However, beyond the few studies noted here, most US east coast sea level
studies have ignored riverine effects.

Regardless of its origin, the presence of local forcing can lead to large sea level variations that mask the open
ocean influence, and thus the emergence of AMOC-associated sea level variability relative to locally forced
variability. For example, correlations of DSL and AMOC are weaker in simulations that include wind for-
cing, particularly close to the coast and along the Northeast U.S. shelf (Figure 8).

The fact that atmospheric variability has an almost white spectrum means that locally forced variability will
tend to be the dominant influence at higher frequencies, with emergence of the open ocean influence at
lower frequencies. Little et al. (2017) conclude, using a climate model ensemble, that coherence with
AMOC emerges along the northeast U.S. coast at periods of around 20 years. This conclusion echoes
Woodworth et al. (2014), who find that local winds dominate nearshore sea level variability on
interannual timescales.

We note, however, that local forcing may evolve over longer timescales and may be responsible for some of
the model spread seen in Figure 5. For example, Woodworth et al. (2017) suggest that changes in the 20™
century wind field may underlie long-period changes in coastal sea level. Furthermore, atmospheric forcing
is spatially coherent over very large scales; changes in local forcing may be associated with large-scale pat-
terns of change that also influence AMOC and/or remote regions of the ocean.
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6.3. Spatiotemporal Complexity of AMOC, Hydrography, and Current Changes

The fact that AMOC is the residual of a spatially and temporally complex system of surface and deep currents
(Figure 2; see other reviews in this volume) underscores the relevance of the previous two sections for inter-
pretations of observations: any current used as a proxy for AMOC (e.g., the Florida Current) may be charac-
terized by an ageostrophic momentum balance (e.g., due to inertial terms in western boundary currents, or
frictional effects in coastal currents). In fact, it is likely that ageostrophic terms become more important at
these smaller scales.

An additional important consideration is that currents may be zonally or meridionally compensated, either
over shorter timescales, or in the steady state. Observations and modeling studies reveal that changes in
AMOC can arise from changes in any of its components, including the interior subtropical gyre (Duchez
et al., 2014; Smeed et al., 2018; Zhao & Johns, 2014) and subpolar gyre (Kwon & Frankignoul, 2014;
Yeager, 2015), western boundary currents (Beadling et al., 2018; Thomas et al., 2012), and the formation
of deep water at high latitude (Medhaug et al., 2011). Additional changes and variability also arise through
near-surface Ekman transports (Kanzow et al., 2007), their barotropic compensation (Jayne & Marotzke,
2001), and eddy transports (e.g., Thomas & Zhai, 2013). All of these exhibit varying degrees of zonal and mer-
idional coherence, reflecting a multitude of forcings occurring over different timescales (Wunsch &
Heimbach, 2013).

For example, the Gulf Stream, by which we refer to the full western boundary current near southern Florida,
has two branches: the Florida Current and the Antilles Current, which flows offshore of the Bahama Banks
(Figure 2). While the Florida Current carries a larger mean transport (about 32 Sv compared with about 5 Sv
in the Antilles Current), both exhibit comparable variability (Lee et al., 1996). Thus, the total western bound-
ary current flow could be constant, but its effect on coastal DSL would vary depending upon the respective
contributions of the Florida and Antilles currents. In addition, assessing trends in the volume transport of
complex, evolving, western boundary currents is challenging. This difficulty underlies the debate surround-
ing Ezer et al.'s (2013) conclusion that a Gulf Stream decline was responsible for accelerated sea level rise in
the mid-Atlantic Bight (Ezer, 2015; Rossby et al., 2014). The deviation in Gulf Stream transport calculations
found across studies is perhaps not surprising, given longitudinally varying changes in the Gulf Stream velo-
city, width, and position (Dong et al., 2019), and the presence of Gulf Stream meanders, eddies, and
recirculation gyres.

Understanding the timescales over which the AMOC indicators discussed in section 5 (e.g., the Gulf Stream,
and gyre densities) and AMOC strength variations are coherent is critical to their use as proxies of AMOC.
There is little evidence for seasonal and interannual variability of the Florida Current or the Gulf Stream
(characteristic over the timescales of many studies cited in section 5) to be related to AMOC. Using evidence
that Sverdrup balance holds on multiannual to decadal timescales in the interior subtropics (Gray & Riser,
2014; Thomas et al., 2014; Wunsch, 2011), it can be demonstrated that (subtropical) AMOC variability must
be mirrored by changes in the western boundary current at these timescales (de Boer & Johnson, 2007,
Thomas et al., 2012). The Gulf Stream can therefore be expected to concentrate decadal-period changes in
both the wind-driven and the thermohaline circulations, both of which are predicted to weaken in the
21st century (Beadling et al., 2018; Lique & Thomas, 2018; Thomas et al., 2012). However, this finding only
applies southward of approximately 35°N, since the ocean to the north is not in Sverdrup balance (Gray &
Riser, 2014; Thomas et al., 2014). Furthermore, there is no satisfactory way of defining the boundary
between a western boundary current and the ocean interior when the ocean is dominated by mesoscale
eddies (Wunsch, 2008). Models and observations also reveal a strong gyre dependence of AMOC changes,
with interannual variability dominating in the subtropical gyre and decadal variability in the subpolar gyre
(e.g., Bingham et al., 2007; Wunsch, 2011; Wunsch & Heimbach, 2013; Zhang, 2010). Lozier et al. (2010) used
a data-assimilating numerical model to further demonstrate that gyre-dependent AMOC changes might be
important on up to multidecadal periods.

Relatedly, there is evidence that property changes in the subpolar and subtropical gyres may not reflect
changes in AMOC over certain timescales. Processes governing ocean density changes in this region on dec-
adal timescales remain unclear (Williams et al., 2015; Buckley & Marshall, 2016; Menary et al., 2015;
Piecuch, Ponte, et al., 2017; Robson et al., 2016); remote Rossby wave signals, local atmospheric forcing,
changes in deep convection and water mass formation, mean flow advection, and gyre circulation
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“wobbles” all potentially play a role (Buckley & Marshall, 2016). Although data collected in the subpolar and
subtropical gyres suggest southward propagation of deep hydrographic properties on advective (multiannual
to decadal) timescales in the Labrador Current and Deep Western Boundary Current of the subtropical gyre
(e.g., Molinari et al., 1998; Talley & McCartney, 1982; van Sebille et al., 2011), tracer studies have identified
that the majority of water in the Labrador Current does not pass southwards into the subtropical gyre but
instead cyclonically recirculates back around within the subpolar gyre (e.g., Bower et al., 2009; Rhein
et al., 2002; Zou & Lozier, 2016). Of the deep subpolar water that is advected into the subtropical gyre, the
intergyre pathway is not principally via the Deep Western Boundary Current but rather through the interior
ocean (Bower et al., 2009; Lozier, 2010; Zhang, 2010), which is compensated by slow upper ocean advective
pathways northwards out of the subtropical gyre that reach the greatest transport at depths of approximately
700 m (Burkholder & Lozier, 2011, 2014).

6.4. Implications for Along-Coast Variations and Across-Model Differences

Collectively, sections 6.1 to 6.3 indicate that U.S. East Coast continental shelf bathymetry, and the evolution
of western boundary and coastal currents under local- and large-scale forcing, will influence the local coastal
sea level expression associated with a given change in AMOC. The importance of these processes should be
expected to vary regionally (e.g., north and south Cape Hatteras, but also within each region); future studies
might probe the influence of these smaller scale along-coast variations on local sea level gradients (see
section 7).

Focusing on time-mean sea level on the shelf, Higginson et al. (2015) suggest that coarse resolution models
may exhibit errors in the representation of coastal sea level due to inadequate horizontal resolution, the form
of the coastal boundary condition, poor representation of processes in shallow water, and/or unresolved con-
tinental shelf atmospheric forcing. Sections 6.1 and 6.2 support the importance of the representation of these
coastal processes, and imply that differences in the model resolution may underlie some of the spread shown
in Figure 5.

Over the global coastal ocean, Becker et al. (2016) find that climate models have a wide range of success in
reproducing the spectral characteristics of observed tide gauge sea level variability. Little et al. (2017) speci-
fically tested the ability of an initial condition ensemble of Community Earth System Model simulations to
represent interannual U.S. East Coast DSL variability, finding that Community Earth System Model agrees
well with observed tide gauge data along the Northeast U.S. coast, but poorly represents the time-mean and
variability of DSL south of Cape Hatteras. The Minobe et al. (2017) framework (section 6.1) also exhibits dis-
agreement with CMIP5 US east coast DSL changes south of ~35°N (see their Figure 10). This suggests that
large-scale models might be particularly limited in the South Atlantic Bight. Here, in addition to complex
shelf bathymetry, DSL variability may also be influenced by incoherence between the Gulf Stream and
AMOOC, the complex vertical and horizontal structure of western boundary currents, the potential effect of
rapid western boundary current flow against the prevailing propagation of information in the direction of
boundary waves, and the Antilles Current (section 6.3).

Penduff et al. (2010) find that higher-resolution models (as fine as 0.25°) show improved representations of
variability and time-mean Sea Surface Height (SSH), especially in the eddy rich regions, in comparison to
altimetry. Coastal sea level variability also appears improved with finer resolution, and DSL change under
strong external forcing appears to be moderated near the coastline in models of higher resolution (Liu
et al., 2016). Other high-resolution simulations show substantial modification of the coastal sea level signal
(e.g., the two MPI models in Figure 5). Such resolution effects deserve more investigation as simulations
become available (see, e.g., Haarsma et al., 2016).

In addition to the varied, resolution-dependent, representation of coastal processes and shelf bathymetry in
models, which might be expected to disproportionately affect coastal DSL, the spatial variability in the
“interior” DSL change in CMIP5 models implies that more complex changes in the 2-D overturning, or in
the 3-D structure of the North Atlantic circulation, are relevant for determining patterns of DSL change.
Bouttes et al. (2014) suggest that the underlying driver of differences in large-scale DSL change is related
to locations of deep convection. Support for dependence on forcing is also evident in Kienert and
Rahmstorf (2012), who find a substantially different DSL response to AMOC changes associated with
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different forcing (freshwater hosing, CO, increases, Southern Ocean wind stress changes) within the same
climate model.

7. Perspective and Future Directions

An antiphase relationship between large-scale North Atlantic meridional volume transport and U.S. East
Coast DSL is broadly evident across a range of numerical simulations and observational analyses. This rela-
tionship can be interpreted using the simple geostrophic framework introduced in section 3. However, such
a framework is insufficient to explain the widely differing along-coast AMOC-DSL scalings derived in mod-
els and observations, or variation across climate models. Furthermore, such an interpretation limits causal
attribution: Geostrophy cannot provide information about the forces that drive sea level changes.

In this review, we have noted some possible origins for regional, model, timescale, and forcing dependence
(section 6). However, we are unable to assess the degree to which each is responsible for variations in local
scaling coefficients. Explanations for these deviations are essential to improve confidence in reconstructions
of North Atlantic variability derived from tide gauge observations or paleoproxies and projections of coastal
sea level change from current-generation climate models.

We thus encourage the sea level research community to pursue the following near-term goals: (1) an under-
standing of the relationship between AMOC and other North Atlantic currents; (2) an understanding of the
vertical structure of the AMOC and its variation with respect to local bathymetry; (3) an assessment of the
importance of ageostrophic processes to AMOC and related currents; and (4) an effort to connect these
research results, including their region (latitude-), model, and timescale dependence, to their origins in heat,
momentum, and buoyancy forcing. Such efforts should include new sea level studies, as well as the incor-
poration of existing and new findings from outside the sea level realm.

A simple step toward the first and second goals involves broadening the features of the ocean circulation
analyzed in models beyond a single AMOC metric (e.g., the basin-wide maximum overturning stream func-
tion). Modeled and observed DSL changes have often been compared to AMOC changes at a different lati-
tude, which involves an implicit or explicit assumption that such changes are synchronous and
meridionally coherent, which is not supported by the literature cited in section 6.3. Indeed, such a coarse
characterization of AMOC may underlie some of the difference in scaling coefficients shown in Figure 5.

As noted in section 4, another critical ambiguity of relevance, particularly important to the interpretation of
observational analyses, is the coherence of AMOC and western boundary currents. Other important rela-
tionships include those between the GSNW and AMOC; Labrador Sea and subpolar gyre steric changes;
and subpolar and subtropical gyre steric changes. Higher-resolution simulations can now represent the
mean state and variability of coastal currents and indicate that climate-driven changes in these currents
may differ from those in the large-scale (e.g., Saba et al., 2016). Although evidence in section 6.3 suggests that
many components of AMOC, and subpolar and Nordic Seas buoyancy variability, may be coherent over mul-
tidecadal time frames (Pillar et al., 2016), there is evidence that interannual to decadal variability is not, par-
ticularly across the intergyre boundary. Modeling studies examining AMOC-DSL relationships can easily
include metrics of some of these other AMOC components and indicators (possibly over different time-
scales), which would improve the scope of their results, and the ability to reconcile with observations.

The direct observational record of AMOC variability is limited; in this review, we have focused on the longer
observed record of AMOC components. However, the ever extending record of AMOC at 26°N is now com-
plemented by the OSNAP array, providing some perspective on gyre dependence, the meridional coherence
of AMOC, and the relationship with other AMOC components. These AMOC records are complemented by
new observational campaigns over the U.S. East coast continental shelf and slope (e.g., Andres et al., 2018,
Gawarkiewicz et al., 2018). In addition to these instrumental records, proxy records of both coastal sea level
and AMOC are available that are able to resolve decadal-centennial fluctuations (Engelhart & Horton, 2012;
Kemp et al., 2017, 2018; Rahmstorf et al., 2015; Thornalley et al., 2018). Complemented by model results,
these proxy observations could provide valuable constraints on multidecadal to centennial AMOC-
DSL covariability.

With respect to the assessment of ageostrophic processes, we note that many modeling centers have begun to
provide the output required to compute closed momentum budgets offline (Gregory et al., 2016; Wunsch &
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Heimbach, 2009; Yeager, 2015). Such budgets, both zonally integrated, and local, would clearly indicate the
importance of ageostrophic processes, their time and latitude dependence, and (if possible) differences
across a set of models. They could also include the effect of terms, including nonlinearity (Hughes et al.,
2019), and, in higher-resolution models, eddy variability (Grégorio et al., 2015; Sérazin et al., 2015), that
are not discussed in this review. High-resolution models also offer promise for better resolving the shelf
and shelf processes, and they may constitute a means for testing the theories of coastal modulation of interior
signals (section 6.1), under a wider range of conditions, forcing, and timescales.

Such analyses also move beyond the purely diagnostic, degenerate, statement of force balance supplied by
geostrophy, allowing an understanding of the local, regional, basin, and global scale forcing responsible
for coastal sea level changes. The incomplete interpretation provided by geostrophy is evident in Goddard
et al. (2015), who linked an “extreme” interannual sea level rise event in the northeast US with an abrupt
30% AMOC weakening. However, this event occurred coincident with an anomalously negative North
Atlantic Oscillation (NAO) associated with atmospheric pressure and wind anomalies. Piecuch and Ponte
(2015) and Piecuch et al. (2016) demonstrated that 50% of this event could be explained by the inverse bar-
ometer effect and the remainder could be partly explained by local winds. The 30% drop in the AMOC itself
was observed in the Gulf Stream transport (Ezer, 2015) and was explained by wind forcing (Zhao & Johns,
2014). It is thus more appropriate to view the sea level anomaly as driven by all of the forcings (local and
remote) associated with the extreme NAO anomaly. Over longer timescales, causality often remains unclear:
for example, differences in observed sea level changes along the US east coast have been attributed to
changes in Gulf Stream position and strength, AMOC strength, and steric changes. While these changes
may be coupled, and serve as indicators of AMOC, they do not identify causal drivers.

Even if causality can be established under certain forcing and timescales (e.g., interannual, driven by NAO),
it does not imply that the same processes and AMOC components (and sea level signatures) are always rele-
vant (e.g., on centennial timescales in the past or future). For example, Kenigson et al. (2018) find that the
relationship between DSL and NAO is nonstationary, echoing the results of Andres et al. (2013). Looking
farther into the future, 21st century changes in AMOC strength in climate models are principally forced
by greenhouse gas-associated heat and buoyancy fluxes in the North Atlantic (Beadling et al., 2018;
Bouttes et al., 2014; Slangen et al., 2015), rather than NAO-associated wind stress.

Separation of local and remote wind-driven changes in circulation and sea level from remote buoyancy/deep
water driven AMOC changes remains a key challenge. Such work will have to illuminate the timescales and
climate forcing under which wind and buoyancy forcing are coupled. For example, Woodworth et al. (2014)
indicate that wind forcing alone is largely responsible for decadal timescale sea level variability. However,
since this study used a standalone ocean model, it is not clear what processes produce low-frequency wind
variability. Furthermore, the large spatial scales of atmospheric forcing challenge efforts to isolate the
AMOC-forced or remotely forced component of sea level change. Adjoint analyses or perturbation experi-
ments (Heimbach et al., 2011; Pillar et al., 2016; Yeager & Danabasoglu, 2014) may help isolate the roles
of wind and buoyancy forcing and elucidate the relevant pathways, state variables, and adjustment processes
mediating connections between the open ocean and observed and projected US east coast sea level changes.

To conclude, there are many productive areas of research that can help refine our understanding of the rela-
tionship between the large-scale climate, AMOC, and coastal sea level. Given their importance to future sea
level changes on the U.S. East Coast, and reconstruction of preinstrumental ocean circulation and climate
variability, we anticipate the research community will pursue them with vigor.

References

Andres, M., Gawarkiewicz, G. G., & Toole, J. M. (2013). Interannual sea level variability in the western North Atlantic: Regional forcing and
remote response. Geophysical Research Letters, 40, 5915-5919. https://doi.org/10.1002/2013GL058013

Andres, M., Muglia, M., Bahr, F., & Bane, J. (2018). Continuous flow of upper Labrador Sea water around Cape Hatteras. Scientific Reports,
8(1). https://doi.org/10.1038/s41598-018-22758-z

Bakker, P., Schmittner, A., Lenaerts, J. T. M., Abe-Ouchi, A., Bi, D., van den Broeke, M. R., et al. (2016). Fate of the Atlantic Meridional
Overturning Circulation: Strong decline under continued warming and Greenland melting. Geophysical Research Letters, 43,
12,252-12,260. https://doi.org/10.1002/2016GL070457

Beadling, R. L., Russell, J. L., Stouffer, R.J., & Goodman, P. J. (2018). Evaluation of subtropical North Atlantic Ocean circulation in CMIP5
models against the observational array at 26.5°N and its changes under continued warming. Journal of Climate. https://doi.org/10.1175/
JCLI-D-17-0845.1

LITTLE ET AL.

6452


http://pcmdi9
https://doi.org/10.1002/2013GL058013
https://doi.org/10.1038/s41598-018-22758-z
https://doi.org/10.1002/2016GL070457
https://doi.org/10.1175/

AGU

100

ADVANCING EARTH
'AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2019JC015152

Becker, J. M., & Salmon, R. (1997). Eddy formation on a continental slope. Journal of Marine Research, 55(2), 181-200. https://doi.org/
10.1357/0022240973224418

Becker, M., Karpytchev, M., Marcos, M., Jevrejeva, S., & Lennartz-Sassinek, S. (2016). Do climate models reproduce complexity of observed sea
level changes?: AOGCMs and the Sea Level Complexity. Geophysical Research Letters, 43, 5176-5184. https://doi.org/10.1002/2016GL068971

Bilbao, R. A. F., Gregory, J. M., & Bouttes, N. (2015). Analysis of the regional pattern of sea level change due to ocean dynamics and density
change for 1993-2099 in observations and CMIP5 AOGCMs. Climate Dynamics, 45(9-10), 2647-2666. https://doi.org/10.1007/s00382-
015-2499-z

Bingham, R. J., & Hughes, C. W. (2009). Signature of the Atlantic meridional overturning circulation in sea level along the east coast of
North America. Geophysical Research Letters, 36, L02603. https://doi.org/10.1029/2008 GL036215

Bingham, R.J., Hughes, C. W., Roussenov, V., & Williams, R. G. (2007). Meridional coherence of the North Atlantic meridional overturning
circulation. Geophysical Research Letters, 34, L23606. https://doi.org/10.1029/2007GL031731

Blaha, J. P. (1984). Fluctuations of monthly sea level as related to the intensity of the Gulf Stream from Key West to Norfolk. Journal of
Geophysical Research, 89(C5), 8033-8042.

Bouttes, N., Gregory, J. M., Kuhlbrodt, T., & Smith, R. S. (2014). The drivers of projected North Atlantic sea level change. Climate Dynamics,
43(5-6), 1531-1544. https://doi.org/10.1007/s00382-013-1973-8

Bower, A. S., Lozier, M. S., Gary, S. F., & Boning, C. W. (2009). Interior pathways of the North Atlantic Meridional Overturning Circulation.
Nature, 459(7244), 243-U126.

Bower, A. S., Lozier, S., Biastoch, A., Drouin, K., Foukal, N., Furey, H., et al. (2019). Lagrangian views of the pathways of the Atlantic
Meridional Overturning Circulation. Journal of Geophysical Research: Oceans, 124. https://doi.org/10.1029/2019JC015014

Brown, S., Nicholls, R. J., Goodwin, P., Haigh, I. D., Lincke, D., Vafeidis, A. T., & Hinkel, J. (2018). Quantifying land and people exposed to
sea-level rise with no mitigation and 1.5°C and 2.0°C rise in global temperatures to year 2300. Earth's Future, 6, 583-600. https://doi.org/
10.1002/2017EF000738

Buckley, M. W., & Marshall, J. (2016). Observations, inferences, and mechanisms of the Atlantic Meridional Overturning Circulation: A
review. Reviews of Geophysics, 54, 5-63. https://doi.org/10.1002/2015RG000493

Burkholder, K. C., & Lozier, M. S. (2011). Subtropical to subpolar pathways in the North Atlantic: Deductions from Lagrangian trajectories.
Journal of Geophysical Research, 116, C07017. https://doi.org/10.1029/2010JC006697

Burkholder, K. C., & Lozier, M. S. (2014). Tracing the pathways of the upper limb of the North Atlantic Meridional Overturning
Circulation. Geophysical Research Letters, 41, 4254-4260. https://doi.org/10.1002/2014GL060226

Butler, E., Oliver, K., Hirschi, J.-M., & Mecking, J. (2015). Reconstructing global overturning from meridional density gradients. Climate
Dynamics, 1-18.

Calafat, F. M., Wahl, T., Lindsten, F., Williams, J., & Frajka-Williams, E. (2018). Coherent modulation of the sea-level annual cycle in the
United States by Atlantic Rossby waves. Nature Communications, 9(1), 2571.

Carson, M., K6hl, A., Stammer, D., Slangen, A., B, A., Katsman, C. A., et al. (2016). Coastal sea level changes, observed and projected during
the 20th and 21st century. Climatic Change, 134(1-2), 269-281. https://doi.org/10.1007/s10584-015-1520-1

Chambers, D. P. (2015). Evaluation of empirical mode decomposition for quantifying multi-decadal variations and acceleration in sea level
records. Nonlinear Processes in Geophysics, 22(2), 157-166. https://doi.org/10.5194/npg-22-157-2015

Chapman, D. C., & Beardsley, R. C. (1989). On the origin of shelf water in the Middle Atlantic Bight. Journal of Physical Oceanography,
19(3), 384-931. https://doi.org/10.1175/1520-0485(1989)019<0384:0TOOSW>2.0.CO;2

Chen, C., Liu, W., & Wang, G. (2018). Understanding the uncertainty in the 21st century dynamic sea level projections: The role of the
AMOC. Geophysical Research Letters, 46, 210-217. https://doi.org/10.1029/2018GL080676

Cheng, W., Chiang, J. C. H., & Zhang, D. (2013). Atlantic Meridional Overturning Circulation (AMOC) in CMIP5 Models: RCP and
Historical Simulations. Journal of Climate, 26(18), 7187-7197. https://doi.org/10.1175/JCLI-D-12-00496.1

Church, J. A,, Clark, P. U., Cazenave, A., Gregory, J. M., Jevrejeva, S., Levermann, A., et al. (2013). Chapter 13: Sea level change. In T. F.
Stocker, et al. (Eds.), Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change (pp. 1137-1216). Cambridge, United Kingdom and New York, NY, USA: Cambridge
University Press. https://doi.org/10.1017/CB09781107415324.026

Csanady, G. T. (1978). The Arrested Topographic Wave. Journal of Physical Oceanography, 8(1), 47-62. https://doi.org/10.1175/1520-
0485(1978)008<0047:TATW>2.0.CO;2

Cunningham, S. A., Kanzow, T., Rayner, D., Baringer, M. O., Johns, W. E., Marotzke, J., et al. (2007). Temporal variability of the Atlantic
Meridional Overturning Circulation at 26.5°N. Science, 317(5840), 935-938. https://doi.org/10.1126/science.1141304

Dahl, K. A, Fitzpatrick, M. F., & Spanger-Siegfried, E. (2017). Sea level rise drives increased tidal flooding frequency at tide gauges
along the U.S. East and Gulf Coasts: Projections for 2030 and 2045. PLoS ONE, 12(2), €0170949. https://doi.org/10.1371/journal.
pone.0170949

Davis, J. L., & Vinogradova, N. T. (2017). Causes of accelerating sea level on the East Coast of North America. Geophysical Research Letters,
44, 5133-5141. https://doi.org/10.1002/2017GL072845

de Boer, A. M. & H. L. Johnson, (2007). Inferring the zonal distribution of measured changes in the meridional overturning circulation.
Ocean Science, 3(1), 55-57.

De Boer, A. M., Gnanadesikan, A., Edwards, N. R., & Watson, A. J. (2010). Meridional density gradients do not control the Atlantic over-
turning circulation. Journal of Physical Oceanography, 40(2), 368-380.

Dickson, R. R., & Brown, J. (1994). The production of North-Atlantic deep-water - sources, rates, and pathways. Journal of Geophysical
Research, 99(C6), 12,319-12,341.

Domingues, R., Goni, G., Baringer, M., & Volkov, D. (2018). What caused the accelerated sea level changes along the U.S. East Coast during
2010-2015? Geophysical Research Letters, 45, 13,367-13,376. https://doi.org/10.1029/2018 GL081183

Dong, S., Baringer, M. O., & Goni, G. J. (2019). Slow down of the Gulf Stream during 1993-2016. Scientific Reports, 9(1), 6672. https://doi.
0rg/10.1038/s41598-019-42820-8

Duchez, A., Frajka-Williams, E., Castro, N., Hirschi, J., & Coward, A. (2014). Seasonal to interannual variability in density around the
Canary Islands and their influence on the Atlantic meridional overturning circulation at 26 degrees N. Journal of Geophysical Research:
Oceans, 119, 1843-1860. https://doi.org/10.1002/2013JC009416

Eden, C., & Jung, T. (2001). North Atlantic interdecadal variability: Oceanic response to the North Atlantic Oscillation (1865-1997).
Journal of Climate, 14(5), 676-691.

Engelhart, S. E., & Horton, B. P. (2012). Holocene sea level database for the Atlantic coast of the United States. Quaternary Science Reviews,
54, 12-25. https://doi.org/10.1016/j.quascirev.2011.09.013

LITTLE ET AL.

6453


https://doi.org/
https://doi.org/10.1002/2016GL068971
https://doi.org/10.1007/s00382-015-2499-z
https://doi.org/10.1007/s00382-015-2499-z
https://doi.org/10.1029/2008GL036215
https://doi.org/10.1029/2007GL031731
https://doi.org/10.1007/s00382-013-1973-8
https://doi.org/10.1029/2019JC015014
https://doi.org/
https://doi.org/10.1002/2015RG000493
https://doi.org/10.1029/2010JC006697
https://doi.org/10.1002/2014GL060226
https://doi.org/10.1007/sl0584-015-1520-l
https://doi.org/10.5194/npg-22-157-2015
https://doi.org/10.1175/1520-0485(1989)019%3C0384:OTOOSW%3E2.0.CO;2
https://doi.org/10.1029/2018GL080676
https://doi.Org/10.1175/JCLI-D-12-00496.l
https://doi.org/10.1017/CB09781107415324.026
https://doi.org/10.1175/1520-0485(1978)008%3C0047:TATW%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(1978)008%3C0047:TATW%3E2.0.CO;2
https://doi.org/10.1126/science.1141304
https://doi.org/10.1371/journal
https://doi.org/10.1002/2017GL072845
https://doi.org/10.1029/2018GL081183
https://doi
https://doi.org/10.1002/2013JC009416
https://doi.Org/10.1016/j.quascirev.2011.09.013

). Yei )

100

Journal of Geophysical Research: Oceans 10.1029/2019JC015152

Ezer, T. (2013). Sea level rise, spatially uneven and temporally unsteady: Why the U.S. East Coast, the global tide gauge record and the
global altimeter data show different trends. Geophysical Research Letters, 40, 5439-5444. https://doi.org/10.1002/2013GL057952

Ezer, T. (2015). Detecting changes in the transport of the Gulf Stream and the Atlantic overturning circulation from coastal sea level data:
The extreme decline in 2009-2010 and estimated variations for 1935-2012. Global and Planetary Change, 129, 23-36. https://doi.org/
10.1016/j.gloplacha.2015.03.002

Ezer, T. (2016). Can the Gulf Stream induce coherent short-term fluctuations in sea level along the US East Coast? A modeling study. Ocean
Dynamics, 66(2), 207-220. https://doi.org/10.1007/s10236-016-0928-0

Ezer, T., & Atkinson, L. P. (2014). Accelerated flooding along the U.S. East Coast: On the impact of sea-level rise, tides, storms, the Gulf
Stream, and the North Atlantic Oscillations. Earth’s Future, 2, 362-382. https://doi.org/10.1002/2014EF000252

Ezer, T., Atkinson, L. P., Corlett, W. B., & Blanco, J. L. (2013). Gulf Stream's induced sea level rise and variability along the U.S. mid-
Atlantic coast. Journal of Geophysical Research: Oceans, 118, 685-697. https://doi.org/10.1002/jgrc.20091

Frederikse, T., Simon, K., Katsman, C. A., & Riva, R. (2017). The sea-level budget along the Northwest Atlantic coast: GIA, mass changes,
and large-scale ocean dynamics. Journal of Geophysical Research: Oceans, 122, 5486-5501. https://doi.org/10.1002/2017JC012699

Fuglister, F. C. (1948). Annual variations in current speeds in the Gulf Stream system. Woods Hole Oceaonographic Institution Technical
Report, 15.

Fuglister, F. C. (1955). Alternative analyses of current surveys. Deep Sea Research, 2(3), 213-229.

Garcia-Ibafiez, M. I, Pérez, F. F., Lherminier, P., Zunino, P., Mercier, H., & Tréguer, P. (2018). Water mass distributions and transports for
the 2014 GEOVIDE cruise in the North Atlantic. Biogeosciences, 15(7), 2075-2090.

Gawarkiewicz, G., Todd, R. E., Zhang, W., Partida, J., Gangopadhyay, A., Monim, M.-U.-H., et al. (2018). The changing nature of shelf-
break exchange revealed by the OOI Pioneer Array. Oceanography, 31(1), 60-70. https://doi.org/10.5670/oceanog.2018.110

Gill, A. E. (1982). Atmosphere-ocean dynamics, (p. 662). London: Academic Press. Section 4.12

Goddard, P. B., Yin, J., Griffies, S. M., & Zhang, S. (2015). An extreme event of sea-level rise along the Northeast coast of North America in
2009-2010. Nature Communications, 6(1). https://doi.org/10.1038/ncomms7346

Gray, A. R., & Riser, S. C. (2014). A Global Analysis of Sverdrup Balance using Absolute Geostrophic Velocities from Argo. Journal of
Physical Oceanography, 44, 1213-1229.

Gregorio, S., Penduff, T., Serazin, G., Molines, J. M., Barnier, B., & Hirschi, J. (2015). Intrinsic Variability of the Atlantic Meridional
Overturning Circulation at Interannual-to-Multidecadal Time Scales. Journal of Physical Oceanography, 45(7), 1929-1946. https://doi.
org/10.1175/JPO-D-14-0163.1

Gregory, I., Griffies, S., Hughes, C., Lowe, J., Church, J., Fukumori, I., et al. (2019). Concepts and terminology for sea level—mean,
variability and change, both local and global. Surveys in Geophysics, 1-39.

Gregory, J. M., Bouttes, N., Griffies, S. M., Haak, H., Hurlin, W. J., Jungclaus, J., et al. (2016). The Flux-Anomaly-Forced Model
Intercomparison Project (FAFMIP) contribution to CMIP6: Investigation of sea-level and ocean climate change in response to CO2
forcing. Geoscientific Model Development, 9(11), 3993-4017. https://doi.org/10.5194/gmd-9-3993-2016

Haarsma, R.J., Roberts, M. J., Vidale, P. L., Senior, C. A., Bellucci, A., Bao, Q., et al. (2016). High Resolution Model Intercomparison Project
(HighResMIP v1.0) for CMIP6. Geoscientific Model Development, 9(11), 4185-4208. https://doi.org/10.5194/gmd-9-4185-2016

Hakkinen, S., & Rhines, P. B. (2004). Decline of subpolar North Atlantic Circulation during the 1990s. Science, 304(5670), 555-559.
https://doi.org/10.1126/science.1094917

Heimbach, P., Wunsch, C., Ponte, R. M., Forget, G., Hill, C., & Utke, J. (2011). Timescales and regions of the sensitivity of Atlantic meri-
dional volume and heat transport: Toward observing system design. Deep Sea Research Part II: Topical Studies in Oceanography,
58(17-18), 1858-1879. https://doi.org/10.1016/j.dsr2.2010.10.065

Hela, 1. (1951). The fluctuations of the Florida Current. Bulletin of Marine Science, 1(4), 241-248.

Heuzé, C. (2017). North Atlantic deep water formation and AMOC in CMIP5 models. Ocean Science Discussions, 1-22. https://doi.org/
10.5194/0s-2017-2

Higginson, S., Thompson, K. R., Woodworth, P. L., & Hughes, C. W. (2015). The tilt of mean sea level along the east coast of North America.
Geophysical Research Letters, 42, 1471-1479. https://doi.org/10.1002/2015GL063186

Holgate, S.J., Matthews, A., Woodworth, P. L., Rickards, L. J., Tamisiea, M. E., Bradshaw, E., et al. (2013). New Data Systems and Products
at the Permanent Service for Mean Sea Level. Journal of Coastal Research, 29(3), 493-504.

Hong, B. G., Sturges, W., & Clarke, A.J. (2000). Sea level on the U.S. East Coast: Decadal variability caused by open ocean wind-curl forcing.
Journal of Physical Oceanography, 30(8), 2088-2098. https://doi.org/10.1175/1520-0485(2000)030<2088:SLOTUS>2.0.CO;2

Hu, A., & Bates, S. C. (2018). Internal climate variability and projected future regional steric and dynamic sea level rise. Nature
Communications, 9(1). https://doi.org/10.1038/s41467-018-03474-8

Hu, A., & Deser, C. (2013). Uncertainty in future regional sea level rise due to internal climate variability. Geophysical Research Letters, 40,
2768-2772. https://doi.org/10.1002/grl.50531

Hu, A., Meehl, G. A., Han, W., & Yin, J. (2009). Transient Response of the MOC and Climate to Potential Melting of the Greenland Ice Sheet
in the 21st Century. Geophysical Research Letters, 36, L10707. https://doi.org/10.1029/2009GL037998

Hu, A., Meehl, G. A., Han, W., & Yin, J. (2011). Effect of the potential melting of the Greenland Ice Sheet on the Meridional Overturning
Circulation and Global Climate in the Future. Deep Sea Research Part II: Topical Studies in Oceanography, 58, 1914-1926. https://doi.
0rg/10.1016/j.dsr2.2010.10.069

Huber, M. B., & Zanna, L. (2017). Drivers of uncertainty in simulated ocean circulation and heat uptake. Geophysical Research Letters, 44,
1402-1413. https://doi.org/10.1002/2016GL071587

Hughes, C. W., & de Cuevas, B. A. (2001). Why Western Boundary Currents in Realistic Oceans are Inviscid: A Link between Form Stress
and Bottom Pressure Torques. Journal of Physical Oceanography, 31(10), 2871-2885. https://doi.org/10.1175/1520-0485(2001)031<2871:
‘WWBCIR>2.0.CO;2

Hughes, C. W., Fukumori, L., Griffies, S. M., Huthnance, J. M., Minobe, S., Spence, P., et al. (2019). Sea level and the role of coastal trapped
waves in mediating the influence of the open ocean on the coast. Surveys in Geophysics. https://doi.org/10.1007/s10712-019-09535-x

Hughes, C. W., Williams, J., Blaker, A., Coward, A., & Stepanov, V. (2018). A window on the deep ocean: The special value of ocean bottom
pressure for monitoring the large-scale, deep-ocean circulation. Progress in Oceanography, 161, 19-46. https://doi.org/10.1016/].
pocean.2018.01.011

Iselin, C. O. (1940). Preliminary report on long-period variations in the transport of the Gulf Stream system. Papers in Physical
Oceanography and Meteorology, 3(1).

Jackson, L., Hughes, C. W., & Williams, R. G. (2006). Topographic Control of Basin and Channel Flows: The Role of Bottom Pressure
Torques and Friction. Journal of Physical Oceanography, 36(9), 1786-1805. https://doi.org/10.1175/JP02936.1

LITTLE ET AL.

6454


https://doi.org/10.1002/2013GL057952
https://doi.org/
https://doi.org/10.1007/sl0236-016-0928-0
https://doi.org/10.1002/2014EF000252
https://doi.org/10.1002/jgrc.20091
https://doi.org/10.1002/2017JC012699
https://doi.org/10.5670/oceanog.2018.110
https://doi.org/10.1038/ncomms7346
https://doi
https://doi.org/10.5194/gmd-9-3993-2016
https://doi.org/10.5194/gmd-9-4185-2016
https://doi.org/10.1126/science.1094917
https://doi.Org/10.1016/j.dsr2.2010.10.065
https://doi.org/
https://doi.org/10.1002/2015GL063186
https://doi.org/10.1175/1520-0485(2000)030%3C2088:SLOTUS%3E2.0.CO;2
https://doi.org/10.1038/s41467-018-03474-8
https://doi.org/10.1002/grl.50531
https://doi.org/10.1029/2009GL037998
https://doi
https://doi.org/10.1002/2016GL071587
https://doi.org/10.1175/1520-0485(2001)031%3C2871
https://doi.org/10.1007/sl0712-019-09535-x
https://doi.org/10.1016/j-pocean.2018.01.011
https://doi.org/10.1016/j-pocean.2018.01.011
https://doi.org/10.1175/JPO2936

Asuy

100

ADVANCING EARTH
e

Journal of Geophysical Research: Oceans 10.1029/2019JC015152

Jayne, S. R., & Marotzke, J. (2001). The dynamics of ocean heat transport variability. Reviews of Geophysics, 39(3), 385-411.

Joyce, T. M., & Zhang, R. (2010). On the path of the Gulf Stream and the Atlantic meridional overturning circulation. Journal of Climate,
23(11), 3146-3154.

Kanzow, T., Cunningham, S. A., Rayner, D., Hirschi, J. J.-M., Johns, W. E., Baringer, M. O., et al. (2007). Observed Flow Compensation
Associated with the MOC at 26.5 N in the Atlantic. Science, 317(5840), 938-941. https://doi.org/10.1126/science.1141293

Karegar, M. A, Dixon, T. H., Malservisi, R., Kusche, J., & Engelhart, S. E. (2017). Nuisance flooding and relative sea-level rise: the
importance of present-day land motion. Scientific Reports, 7, 11197. https://doi.org/10.1038/s41598-017-11544-y

Kemp, A. C., Kegel, J. J., Culver, S. J., Barber, D. C., Mallinson, D. J., Leorri, E., et al. (2017). Extended late Holocene relative sea-level
histories for North Carolina, USA. Quaternary Science Reviews, 160, 13-30. https://doi.org/10.1016/j.quascirev.2017.01.012

Kemp, A. C., Wright, A. J., Edwards, R. J., Barnett, R. L., Brain, M. J., Kopp, R. E., et al. (2018). Late Holocene relative sea-level change in
Newfoundland, Canada. Quaternary Science Reviews, 201, 89-110. https://doi.org/10.1016/j.quascirev.2018.10.012

Kenigson, J. S., Han, W., Rajagopalan, B., Yanto, & Jasinski, M. (2018). Decadal shift of NAO-linked interannual sea level variability along
the U.S. Northeast Coast. Journal of Climate, 31(13), 4981-4989. https://doi.org/10.1175/JCLI-D-17-0403.1

Kienert, H., & Rahmstorf, S. (2012). On the relation between Meridional Overturning Circulation and sea-level gradients in the Atlantic.
Earth System Dynamics, 3(2), 109-120. https://doi.org/10.5194/esd-3-109-2012

Kopp, R. E. (2013). Does the mid-Atlantic United States sea level acceleration hot spot reflect ocean dynamic variability? Geophysical
Research Letters, 40, 3981-3985. https://doi.org/10.1002/grl.50781

Kopp, R. E., Hay, C. C., Little, C. M., & Mitrovica, J. X. (2015). Geographic variability of sea-level change. Current Climate Change Reports,
1(3), 192-204. https://doi.org/10.1007/s40641-015-0015-5

Kopp, R. E., Horton, R. M., Little, C. M., Mitrovica, J. X., Oppenheimer, M., Rasmussen, D. J., et al. (2014). Probabilistic 21st and 22nd
century sea-level projections at a global network of tide-gauge sites: KOPP ET AL. Earth’s Future, 2, 383-406. https://doi.org/10.1002/
2014EF000239

Krasting, J. P., Dunne, J. P., Stouffer, R. J., & Hallberg, R. W. (2016). Enhanced Atlantic sea-level rise relative to the Pacific under high
carbon emission rates. Nature Geoscience, 9, 210.

Kuhlbrodt, T., Griesel, A., Montoya, M., Levermann, A., Hofmann, M., & Rahmstorf, S. (2007). On the driving processes of the Atlantic
Meridional Overturning Circulation. Reviews of Geophysics, 45, RG2001. https://doi.org/10.1029/2004RG000166

Kwon, Y.-O., & Frankignoul, C. (2014). Mechanisms of Multidecadal Atlantic Meridional Overturning Circulation Variability Diagnosed in
Depth versus Density Space. Journal of Climate, 27(24), 9359-9376. https://doi.org/10.1175/JCLI-D-14-00228.1

Landerer, F. W., Jungclaus, J. H., & Marotzke, J. (2007). Regional dynamic and steric sea level change in response to the IPCC-A1B
Scenario. Journal of Physical Oceanography, 37(2), 296-312. https://doi.org/10.1175/JPO3013.1

Lee, T. N., Yoder, J. A., & Atkinson, L. P. (1991). Gulf Stream frontal eddy influence on productivity of the southeast U.S. continental shelf.
Journal of Geophysical Research, 96(C12), 22191-22205. https://doi.org/10.1029/91JC02450

Lee, T. N., Johns, W. E., Zantopp, R. J., & Fillenbaum, E. R. (1996). Moored Observations of Western Boundary Current Variability and
Thermohaline Circulation at 26.5° in the Subtropical North Atlantic. Journal of Physical Oceanography, 26(6), 962-983. https://doi.org/
10.1175/1520-0485(1996)026

Levermann, A., Griesel, A., Hofmann, M., Montoya, M., & Rahmstorf, S. (2005). Dynamic sea level changes following changes in the
thermohaline circulation. Climate Dynamics, 24(4), 347-354. https://doi.org/10.1007/s00382-004-0505-y

Li, Y., Ji, R., Fratantoni, P. S., Chen, C., Hare, J. A., Davis, C. S., & Beardsley, R. C. (2014). Wind-induced interannual variability of sea level
slope, along-shelf flow, and surface salinity on the Northwest Atlantic shelf. Journal of Geophysical Research: Oceans, 119, 2462-2479.
https://doi.org/10.1002/2013JC009385

Lique, C., & Thomas, M. D. (2018). Latitudinal shift of the Atlantic Meridional Overturning Circulation source regions under a warming
climate. Nature Climate Change, 8(11), 1013-1020. https://doi.org/10.1038/s41558-018-0316-5

Little, C. M., Horton, R. M., Kopp, R. E., Oppenheimer, M., Vecchi, G. A., & Villarini, G. (2015). Joint projections of US East Coast sea level
and storm surge. Nature Climate Change, 5(12), 1114-1120. https://doi.org/10.1038/nclimate2801

Little, C. M., Horton, R. M., Kopp, R. E., Oppenheimer, M., & Yip, S. (2015). Uncertainty in Twenty-First-Century CMIP5 Sea Level
Projections. Journal of Climate, 28(2), 838-852. https://doi.org/10.1175/JCLI-D-14-00453.1

Little, C. M., Piecuch, C. G., & Ponte, R. M. (2017). On the relationship between the meridional overturning circulation, alongshore wind
stress, and United States East Coast sea level in the Community Earth System Model Large Ensemble. Journal of Geophysical Research:
Oceans, 122, 4554-4568. https://doi.org/10.1002/2017JC012713

Liu, Z.-J., Minobe, S., Sasaki, Y. N., & Terada, M. (2016). Dynamical downscaling of future sea level change in the western North Pacific
using ROMS. Journal of Oceanography, 72(6), 905-922. https://doi.org/10.1007/s10872-016-0390-0

Lorbacher, K., Dengg, J., Boning, C. W., & Biastoch, A. (2010). Regional Patterns of Sea Level Change Related to Interannual Variability
and Multidecadal Trends in the Atlantic Meridional Overturning Circulation*. Journal of Climate, 23(15), 4243-4254. https://doi.org/
10.1175/2010JCLI3341.1

Lozier, M. S., Bacon, S., Bower, A. S., Cunningham, S. A., Femke de Jong, M., de Steur, L., et al. (2017). Overturning in the Subpolar North
Atlantic Program: A New International Ocean Observing System. Bulletin of the American Meteorological Society, 98(4), 737-752. https://
doi.org/10.1175/BAMS-D-16-0057.1

Lozier, M. S., Roussenov, V., Reed, M. S. C., & Williams, R. G. (2010). Opposing decadal changes for the North Atlantic meridional over-
turning circulation. Nature Geoscience, 3(10), 728-734. https://doi.org/10.1038/nge0947

Lozier, M. S. (2010). Deconstructing the conveyor belt. Science, 328 (5985), 1507-1511.

Marotzke, J., & Scott, J. R. (1999). Convective mixing and the thermohaline circulation. Journal of Physical Oceanography, 29(11), 2962-2970.

McCarthy, G., Joyce, T., & Josey, S. (2019). Gulf Stream variability in the context of quasi-decadal and multi-decadal Atlantic climate
variability. Geophysical Research Letters, 45, 11,257-11,264. https://doi.org/10.1029/2018GL079336

McCarthy, G. D., Haigh, L. D., Hirschi, J. J.-M., Grist, J. P., & Smeed, D. A. (2015). Ocean impact on decadal Atlantic climate variability
revealed by sea-level observations. Nature, 521(7553), 508-510. https://doi.org/10.1038/nature14491

Meade, R. H., & Emery, K. O. (1971). Sea Level as Affected by River Runoff, Eastern United States. Science, New Series, 173(3995), 425-428.

Medhaug, I., Langehaug, H. R., Eldevik, T., Furevik, T., & Bentsen, M. (2011). Mechanisms for decadal scale variability in a simulated
Atlantic meridional overturning circulation. Climate Dynamics, 39, 77-93.

Meinen, C. S., Baringer, M. O., & Garcia, R. F. (2010). Florida Current transport variability: An analysis of annual and longer-period signals.
Deep Sea Research Part I: Oceanographic Research Papers, 57(7), 835-846. https://doi.org/10.1016/j.dsr.2010.04.001

Menary, M. B., Hodson, D. L. R., Robson, J. L, Sutton, R. T., & Wood, R. A. (2015). A mechanism of internal decadal Atlantic Ocean
variability in a high-resolution coupled climate model. Journal of Climate, 28(19), 7764-7785. https://doi.org/10.1175/JCLI-D-15-0106.1

LITTLE ET AL.

6455


https://doi.org/10.1126/science.1141293
https://doi.org/10.1038/s41598-017-11544-y
https://doi.Org/10.1016/j.quascirev.2017.01.012
https://doi.Org/10.1016/j.quascirev.2018.10.012
https://doi.org/10.1175/JCLI-D-17-0403-l
https://doi.org/10.5194/esd-3-109-2012
https://doi.org/10.1002/grl.50781
https://doi.org/10.1007/s40641-015-0015-5
https://doi.org/10.1002/
https://doi.org/10.1029/2004RG000166
https://doi.Org/10.1175/JCLI-D-14-00228.l
https://doi.org/10.1175/JP03013-l
https://doi.org/10.1029/91JC02450
https://doi.org/
https://doi.org/10.1007/s00382-004-0505-y
https://doi.org/10.1002/2013JC009385
https://doi.org/10.1038/s41558-018-0316-5
https://doi.org/10.1038/nclimate2801
https://doi.org/10.1175/JCLI-D-14-00453-l
https://doi.org/10.1002/2017JC012713
https://doi.org/10.1007/sl0872-016-0390-0
https://doi.org/
https://doi.org/10.1038/ngeo947
https://doi.org/10.1029/2018GL079336
https://doi.org/10.1038/naturel4491
https://doi.org/10.1016/j-dsr.2010.04.001
https://doi.org/10.1175/JCLI-D-15-0106

Journal of Geophysical Research: Oceans 10.1029/2019JCO15152

Mertens, C., Rhein, M., Walter, M., Béning, C. W., Behrens, E., Kieke, D., et al. (2014). Circulation and transports in the
Newfoundland Basin, western subpolar North Atlantic. Journal of Geophysical Research: Oceans, 119, 7772-7793. https://doi.org/
10.1002/2014JC010019

Milne, G. A., Gehrels, W. R., Hughes, C. W., & Tamisiea, M. E. (2009). Identifying the causes of sea-level change. Nature Geoscience, 2(7),
471-478. https://doi.org/10.1038/ngeo544

Minobe, S., Terada, M., Qiu, B., & Schneider, N. (2017). Western Boundary Sea Level: A Theory, Rule of Thumb, and Application to Climate
Models. Journal of Physical Oceanography, 47(5), 957-977. https://doi.org/10.1175/JPO-D-16-0144.1

Moftakhari, H. R., AghaKouchak, A., Sanders, B. F., Feldman, D. L., Sweet, W., Matthew, R. A., & Luke, A. (2015). Increased nuisance
flooding along the coasts of the United States due to sea level rise: Past and future. Geophysical Research Letters, 42, 9846-9852.
https://doi.org/10.1002/2015GL066072

Molinari, R. L., Fine, R. A., Wilson, W. D., Curry, R. G., Abell, J., & McCartney, M. S. (1998). The arrival of recently formed Labrador Sea
Water in the Deep Western Boundary Current at 26.5 degrees N. Geophysical Research Letters, 25(13), 2249-2252. https://doi.org/
10.1029/98GL01853

Montgomery, R. (1938). Fluctuations in monthly sea level on eastern US coast as related to dynamics of western North Atlantic Ocean.
Journal of Marine Research, 1(2), 165-185.

Montgomery, R. (1941). Sea level difference between Key West and Miami, Florida. Journal of Marine Research, 4(1), 32-37.

Nigam, S., Ruiz-Barradas, A., & Chafik, L. (2018). Gulf Stream excursions and sectional detachments generate the decadal pulses in the
Atlantic Multidecadal Oscillation. Journal of Climate, 31(7), 2853-2870. https://doi.org/10.1175/JCLI-D-17-0010.1

Pardaens, A. K., Gregory, J. M., & Lowe, J. A. (2011). A model study of factors influencing projected changes in regional sea level over the
twenty-first century. Climate Dynamics, 36(9-10), 2015-2033. https://doi.org/10.1007/s00382-009-0738-x

Park, J., & Sweet, W. (2015). Accelerated sea level rise and Florida Current transport. Ocean Science, 11(4), 607-615. https://doi.org/
10.5194/0s-11-607-2015

Penduff, T., Juza, M., Brodeau, L., Smith, G. C., Barnier, B., Molines, J.-M., et al. (2010). Impact of global ocean model resolution on sea-
level variability with emphasis on interannual time scales. Ocean Science, 6(1), 269-284. https://doi.org/10.5194/0s-6-269-2010

Perrette, M., Landerer, F., Riva, R., Frieler, K., & Meinshausen, M. (2013). A scaling approach to project regional sea level rise and its
uncertainties. Earth System Dynamics, 4(1), 11-29. https://doi.org/10.5194/esd-4-11-2013

Piecuch, C. G., Bittermann, K., Kemp, A. C., Ponte, R. M., Little, C. M., Engelhart, S. E., & Lentz, S. J. (2018). River-discharge effects on
United States Atlantic and Gulf coast sea-level changes. Proceedings of the National Academy of Sciences, 115(30), 7729-7734. https://doi.
org/10.1073/pnas.1805428115

Piecuch, C. G., Dangendorf, S., Gawarkiewicz, G. G., Little, C. M., Ponte, R. M., & Yang, J. (2019). How is New England Coastal Sea Level
Related to the Atlantic Meridional Overturning Circulation at 26° N? Geophysical Research Letters, 46, 5351-5360. https://doi.org/
10.1029/2019GL083073

Piecuch, C. G., Dangendorf, S., Ponte, R. M., & Marcos, M. (2016). Annual sea level changes on the North American Northeast Coast:
influence of local winds and barotropic motions. Journal of Climate, 29(13), 4801-4816.

Piecuch, C. G., Huybers, P., Hay, C. C., Kemp, A. C,, Little, C. M., Mitrovica, J. X., et al. (2018). Origin of spatial variation in US East Coast
sea-level trends during 1900-2017. Nature, 564(7736), 400-404. https://doi.org/10.1038/s41586-018-0787-6

Piecuch, C. G., Huybers, P., & Tingley, M. P. (2017). Comparison of full and empirical Bayes approaches for inferring sea-level changes from
tide-gauge data. Journal of Geophysical Research: Oceans, 122, 2243-2258. https://doi.org/10.1002/2016JC012506

Piecuch, C. G., & Ponte, R. M. (2015). Inverted barometer contributions to recent sea level changes along the northeast coast of North
America. Geophysical Research Letters, 42, 5918-5925. https://doi.org/10.1002/2015GL064580

Piecuch, C. G., Ponte, R. M., Little, C. M., Buckley, M. W., & Fukumori, I. (2017). Mechanisms underlying recent decadal changes in
subpolar North Atlantic Ocean heat content. Journal of Geophysical Research: Oceans, 122, 7181-7197. https://doi.org/10.1002/
2017JC012845

Pillar, H. R., Heimbach, P., Johnson, H. L., & Marshall, D. P. (2016). Dynamical Attribution of Recent Variability in Atlantic Overturning.
Journal of Climate, 29(9), 3339-3352. https://doi.org/10.1175/JCLI-D-15-0727.1

Ponte, R. M. (2006). Oceanic Response to Surface Loading Effects Neglected in Volume-Conserving Models. Journal of Physical
Oceanography, 36(3), 426-434. https://doi.org/10.1175/JP02843.1

Rahmstorf, S. (1996). On the freshwater forcing and transport of the Atlantic thermohaline circulation. Climate Dynamics, 12(12), 799-811.

Rahmstorf, S., Box, J. E., Feulner, G., Mann, M. E., Robinson, A., Rutherford, S., & Schaffernicht, E. J. (2015). Exceptional twentieth-
century slowdown in Atlantic Ocean overturning circulation. Nature Climate Change, 5(5), 475-480. https://doi.org/10.1038/
nclimate2554

Ray, R. D., & Foster, G. (2016). Future nuisance flooding at Boston caused by astronomical tides alone. Earth’s Future, 4, 578-587. https://
doi.org/10.1002/2016EF000423

Rhein, M., Fischer, J., Smethie, W. M., Smythe-Wright, D., Weiss, R. F., Mertens, C., et al. (2002). Labrador sea water: pathways, CFC
inventory, and formation rates. Journal of Physical Oceanography, 32(2), 648-665. https://doi.org/10.1175/1520-0485(2002)032<0648:
LSWPCI>2.0.CO;2

Rhein, M., Kieke, D., Hiittl-Kabus, S., Roessler, A., Mertens, C., Meissner, R., et al. (2011). Deep water formation, the subpolar gyre, and the
Meridional Overturning Circulation in the subpolar North Atlantic. Deep-Sea Research Part II, 58(17-18), 1819-1832. https://doi.org/
10.1016/j.dsr2.2010.10.061

Robson, J., Ortega, P., & Sutton, R. (2016). A reversal of climatic trends in the North Atlantic since 2005. Nature Geoscience, 9(7), 513-517.
https://doi.org/10.1038/nge02727

Rossby, T., Flagg, C. N., Donohue, K., Sanchez-Franks, A., & Lillibridge, J. (2014). On the long-term stability of Gulf Stream transport based
on 20 years of direct measurements. Geophysical Research Letters, 41, 114-120. https://doi.org/10.1002/2013GL058636

Saba, V. S., Griffies, S. M., Anderson, W. G., Winton, M., Alexander, M. A., Delworth, T. L., et al. (2016). Enhanced warming of the
Northwest Atlantic Ocean under climate change. Journal of Geophysical Research: Oceans, 121, 118-132. https://doi.org/10.1002/
2015JC011346

Sanchez-Franks, A., & Zhang, R. (2015). Impact of the Atlantic meridional overturning circulation on the decadal variability of the Gulf
Stream path and regional chlorophyll and nutrient concentrations. Geophysical Research Letters, 42, 9889-9887. https://doi.org/10.1002/
2015GL066262

Sarafanov, A, Falina, A., Mercier, H., Sokov, A., Lherminier, P., Gourcuff, C., et al. (2012). Mean full-depth summer circulation and
transports at the northern periphery of the Atlantic Ocean in the 2000s. Journal of Geophysical Research, 117, C01014. https://doi.org/
10.1029/2011JC007572

LITTLE ET AL.

6456


https://doi.org/
https://doi.org/10.1038/ngeo544
https://doi.Org/10.1175/JPO-D-16-0144.l
https://doi.org/10.1002/2015GL066072
https://doi.org/
https://doi.Org/10.1175/JCLI-D-17-0010.l
https://doi.org/10.1007/s00382-009-0738-x
https://doi.org/
https://doi.org/10.5194/os-6-269-2010
https://doi.org/10.5194/esd-4-ll-2013
https://doi
https://doi.org/
https://doi.org/10.1038/s41586-018-0787-6
https://doi.org/10.1002/2016JC012506
https://doi.org/10.1002/2015GL064580
https://doi.org/10.1002/
https://doi.Org/10.1175/JCLI-D-15-0727.l
https://doi.Org/10.1175/JPO2843.l
https://doi.org/10.1038/
https://doi.org/10.1175/1520-0485(2002)032%3C0648
https://doi.org/
https://doi.org/10.1038/ngeo2727
https://doi.org/10.1002/2013GL058636
https://doi.org/10.1002/
https://doi.org/10.1002/
https://doi.org/

Journal of Geophysical Research: Oceans 10.1029/2019JC015152

Schleussner, C. F., Frieler, K., Meinshausen, M., Yin, J., & Levermann, A. (2011). Emulating Atlantic overturning strength for low emission
scenarios: consequences for sea-level rise along the North American east coast. Earth System Dynamics, 2(2), 191-200. https://doi.org/
10.5194/esd-2-191-2011

Sérazin, G., Penduff, T., Grégorio, S., Barnier, B., Molines, J.-M., & Terray, L. (2015). Intrinsic Variability of Sea Level from Global Ocean
Simulations: Spatiotemporal Scales. Journal of Climate, 28(10), 4279-4292. https://doi.org/10.1175/JCLI-D-14-00554.1

Sijp, W. P., Gregory, J. M., Tailleux, R., & Spence, P. (2012). The key role of the western boundary in linking the AMOC strength to the
north-south pressure gradient. Journal of Physical Oceanography, 42(4), 628-643.

Slangen, A., Carson, M., Katsman, C., Van de Wal, R., Kohl, A., Vermeersen, L., & Stammer, D. (2014). Projecting twenty-first century
regional sea-level changes. Climatic Change, 124(1-2), 317-332. https://doi.org/10.1007/s10584-014-1080-9

Slangen, A. B., Church, J. A., Zhang, X., & Monselesan, D. P. (2015). The sea level response to external forcings in historical simulations of
CMIP5 climate models. Journal of Climate, 28(21), 8521-8539.

Smeed, D. A,, Josey, S. A., Beaulieu, C., Johns, W. E., Moat, B. L, Frajka-Williams, E., et al. (2018). The North Atlantic Ocean Is in a State of
Reduced Overturning. Geophysical Research Letters, 45, 1527-1533. https://doi.org/10.1002/2017GL076350

Spall, M. A., & Pickart, R. S. (2001). Where does dense water sink? A subpolar gyre example. Journal of Physical Oceanography, 31, 810-826.

Stammer, D., Cazenave, A., Ponte, R. M., & Tamisiea, M. E. (2013). Causes for contemporary regional sea level changes. Annual Review of
Marine Science, 5(1), 21-46. https://doi.org/10.1146/annurev-marine-121211-172406

Stegmann, P. M., & Yoder, J. A. (1996). Variability of sea-surface temperature in the South Atlantic bight as observed from satellite:
Implications for offshore-spawning fish. Continental Shelf Research, 16(7), 843-861. https://doi.org/10.1016/0278-4343(95)00029-1

Strauss, B. H., Ziemlinski, R., Weiss, J. L., & Overpeck, J. T. (2012). Tidally adjusted estimates of topographic vulnerability to sea level rise
and flooding for the contiguous United States. Environmental Research Letters, 7(1), 014033. https://doi.org/10.1088/1748-9326/7/1/
014033

Sweet, W. V., Marra, J.J., Dusek, G., & Pendleton, M. (2018). 2016 State of US high tide flooding and a 2017 outlook, Supplement to State of
the Climate: National Overview for May 2018. NOAA Center for Operational Oceanographic Products and NOAA National Centers for
Environmental Information. Retrieved from https://www.ncdc.noaa.gov/monitoring content/sotc/national/2018/may/
2017_State_of_US_High_Tide_Flooding.pdf

Talley, L. D., & Mccartney, M. S. (1982). Distribution and circulation of Labrador Sea-water. Journal of Physical Oceanography, 12(11),
1189-1205. https://doi.org/10.1175/1520-0485(1982)012<1189:DACOLS>2.0.CO;2

Taylor, A., & Stephens, J. (1980). Latitudinal displacements of the Gulf-Stream (1966 to 1977) and their relation to changes in temperature
and zooplankton abundance in the NE Atlantic. Oceanologica Acta, 3(2), 145-149.

Thomas, M. D., de Boer, A. M., Stevens, D. P., & Johnson, H. L. (2012). Upper ocean manifestations of a reducing meridional overturning
circulation. Geophysical Research Letters, 39, L16609. https://doi.org/10.1029/2012GL052702

Thomas, M. D., & Zhai, X. (2013). Eddy-induced variability of the meridional overturning circulation in a model of the North Atlantic.
Geophysical Research Letters, 40, 2742-2747.

Thomas, M. D., De Boer, A. M., Johnson, H. L., & Stevens, D. P. (2014). Spatial and Temporal Scales of Sverdrup Balance*. Journal of
Physical Oceanography, 44(10), 2644-2660. https://doi.org/10.1175/JPO-D-13-0192.1

Thomas, M. D., Tréguier, A.-M., Blanke, B., Deshayes, J., & Voldoire, A. (2015). A Lagrangian Method to Isolate the Impacts of Mixed Layer
Subduction on the Meridional Overturning Circulation in a Numerical Model. Journal of Climate, 28(19), 7503-7517. https://doi.org/
10.1175/JCLI-D-14-00631.1

Thompson, K. R. (1986). North Atlantic sea-level and circulation. Geophysical Journal of the Royal Astronomical Society, 87, 15-32. https://
doi.org/10.1111/j.1365-246X.1986.tb04543.x

Thompson, P. R., & Mitchum, G. T. (2014). Coherent sea level variability on the North Atlantic western boundary. Journal of Geophysical
Research: Oceans, 119, 5676-5689. https://doi.org/10.1002/2014JC009999

Thornalley, D. J. R., Oppo, D. W., Ortega, P., Robson, J. L, Brierley, C. M., Davis, R., et al. (2018). Anomalously weak Labrador Sea con-
vection and Atlantic overturning during the past 150 years. Nature, 556(7700), 227-230. https://doi.org/10.1038/s41586-018-0007-4

Thorpe, R., Gregory, J. M., Johns, T., Wood, R., & Mitchell, J. (2001). Mechanisms determining the Atlantic thermohaline circulation
response to greenhouse gas forcing in a non-flux-adjusted coupled climate model. Journal of Climate, 14(14), 3102-3116.

Trenberth, K. E., & Fasullo, J. T. (2017). Atlantic meridional heat transports computed from balancing Earth's energy locally: AMOC and
Ocean Meridional Heat Transport. Geophysical Research Letters, 44, 1919-1927. https://doi.org/10.1002/2016GL072475

Vallis, G. K. (2006). Atmospheric and Oceanic Fluid Dynamics. Cambridge, U.K: Cambridge University Press.

van Sebille, E., Baringer, M. O., Johns, W. E., Meinen, C.S., Beal, L. M., de Jong, M. F., & van Aken, H. M. (2011). Propagation pathways of
classical Labrador Sea water from its source region to 26 degrees N. Journal of Geophysical Research, 116, C12027. https://doi.org/
10.1029/2011JC007171

Vitousek, S., Barnard, P. L., Fletcher, C. H., Frazer, N., Erikson, L., & Storlazzi, C. D. (2017). Doubling of coastal flooding frequency within
decades due to sea-level rise. Scientific Reports, 7(1). https://doi.org/10.1038/s41598-017-01362-7

Wdowinski, S., Bray, R., Kirtman, B. P., & Wu, Z. (2016). Increasing flooding hazard in coastal communities due to rising sea level: Case
study of Miami Beach, Florida. Ocean and Coastal Management, 126(1-8). https://doi.org/10.1016/j.ocecoaman.2016.03.002

Weaver, A. ., Sedlacek, J., Eby, M., Alexander, K., Crespin, E., Fichefet, T., et al. (2012). Stability of the Atlantic meridional overturning
circulation: A model intercomparison. Geophysical Research Letters, 39, L20709. https://doi.org/10.1029/2012GL053763

Welander, P. (1968). Wind-driven circulation in one- and two-layer oceans of variable depth. Tellus, 20(1), 1-16. https://doi.org/10.1111/
j-2153-3490.1968.tb00347.x

Williams, R. G., Roussenov, V., Lozier, M. S., & Smith, D. (2015). Mechanisms of heat content and thermocline change in the subtropical
and subpolar North Atlantic. Journal of Climate, 28(24), 9803-9815. https://doi.org/10.1175/JCLI-D-15-0097.1

Williams, R. G., Roussenov, V., Smith, D., & Lozier, M. S. (2014). Decadal evolution of ocean thermal anomalies in the North Atlantic: The
effects of Ekman, overturning, and horizontal transport. Journal of Climate, 27(2), 698-719. https://doi.org/10.1175/JCLI-D-12-00234.1

Wise, A., Hughes, C. W., & Polton, J. A. (2018). Bathymetric Influence on the Coastal Sea Level Response to Ocean Gyres at Western
Boundaries. Journal of Physical Oceanography, 48(12), 2949-2964. https://doi.org/10.1175/JPO-D-18-0007.1

Woodworth, P. L., Morales Maqueda, M. A., Gehrels, W. R., Roussenov, V. M., Williams, R. G., & Hughes, C. W. (2017). Variations in the
difference between mean sea level measured either side of Cape Hatteras and their relation to the North Atlantic Oscillation. Climate
Dynamics, 49(7-8), 2451-2469. https://doi.org/10.1007/500382-016-3464-1

Woodworth, P. L., Maqueda, M. A. M., Roussenov, V. M., Williams, R. G., & Hughes, C. W. (2014). Mean sea-level variability along the
northeast American Atlantic coast and the roles of the wind and the overturning circulation. Journal of Geophysical Research: Oceans,
119, 8916-8935. https://doi.org/10.1002/2014JC010520

LITTLE ET AL.

6457


https://doi.org/
https://doi.Org/10.1175/JCLI-D-14-00554.l
https://doi.org/10.1007/sl0584-014-1080-9
https://doi.org/10.1002/2017GL076350
https://doi.org/10.1146/annurev-marine-121211-172406
https://doi.org/10.1016/0278-4343(95)00029-l
https://doi.Org/10.1088/1748-9326/7/l/
https://www.ncdc.noaa.gov/monitoring
https://doi.org/10.1175/1520-0485(1982)012%3C1189:DACOLS%3E2.0.CO;2
https://doi.org/10.1029/2012GL052702
https://doi.Org/10.1175/JPO-D-13-0192.l
https://doi.org/
https://doi.org/10.1002/2014JC009999
https://doi.org/10.1038/s41586-018-0007-4
https://doi.org/10.1002/2016GL072475
https://doi.org/
https://doi.org/10.1038/s41598-017-01362-7
https://doi.Org/10.1016/j.ocecoaman.2016.03.002
https://doi.org/10.1029/2012GL053763
https://doi.org/10.llll/
https://doi.Org/10.1175/JCLI-D-15-0097.l
https://doi.Org/10.1175/JCLI-D-12-00234.l
https://doi.Org/10.1175/JPO-D-18-0007.l
https://doi.org/10.1007/s00382-016-3464-l
https://doi.org/10.1002/2014JC010520

. Xell

100

ADVANCING EARTH
'AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2019JC015152

Waunsch, C. (2011). The decadal mean ocean circulation and Sverdrup balance. Journal of Marine Research, 69(2-3), 417-434.

‘Wunsch, C., & Heimbach, P. (2013). Two Decades of the Atlantic Meridional Overturning Circulation: Anatomy, Variations, Extremes,
Prediction, and Overcoming Its Limitations. Journal of Climate, 26(18), 7167-7186. https://doi.org/10.1175/JCLI-D-12-00478.1

‘Waunsch, C. (2008). Mass and volume transport variability in an eddy-filled ocean. Nature Geoscience, 1(3), 165-168. https://doi.org/
10.1038/ngeo126

Wunsch, C., & Heimbach, P. (2009). The Global Zonally Integrated Ocean Circulation, 1992-2006: Seasonal and Decadal Variability.
Journal of Physical Oceanography, 39(2), 351-368. https://doi.org/10.1175/2008JP0O4012.1

Yeager, S. (2015). Topographic Coupling of the Atlantic Overturning and Gyre Circulations. Journal of Physical Oceanography, 45(5),
1258-1284. https://doi.org/10.1175/JPO-D-14-0100.1

Yeager, S., & Danabasoglu, G. (2014). The Origins of Late-Twentieth-Century Variations in the Large-Scale North Atlantic Circulation.
Journal of Climate, 27(9), 3222-3247. https://doi.org/10.1175/JCLI-D-13-00125.1

Yin, J. (2012). Century to multi-century sea level rise projections from CMIP5 models. Geophysical Research Letters, 39, L17709. https://doi.
0rg/10.1029/2012GL052947

Yin, J., & Goddard, P. B. (2013). Oceanic control of sea level rise patterns along the East Coast of the United States. Geophysical Research
Letters, 40, 5514-5520. https://doi.org/10.1002/2013GL057992

Yin, J., Griffies, S. M., & Stouffer, R. J. (2010). Spatial Variability of Sea Level Rise in Twenty-First Century Projections. Journal of Climate,
23(17), 4585-4607. https://doi.org/10.1175/2010JCLI3533.1

Yin, J., Schlesinger, M. E., & Stouffer, R. J. (2009). Model projections of rapid sea-level rise on the northeast coast of the United States.
Nature Geoscience, 2(4), 262-266. https://doi.org/10.1038/ngeo462

Yuan, Y., Castelao, R. M., & He, R. (2017). Variability in along-shelf and cross-shelf circulation in the South Atlantic Bight. Continental
Shelf Research, 134, 52-62. https://doi.org/10.1016/j.csr.2017.01.006

Zhang, R. (2008). Coherent surface-subsurface fingerprint of the Atlantic meridional overturning circulation. Geophysical Research Letters,
35, L20705. https://doi.org/10.1029/2008 GL035463

Zhang, R. (2010). Latitudinal dependence of Atlantic Meridional Overturning Circulation (AMOC) variations. Geophysical Research Letters,
37, L16703. https://doi.org/10.1029/2010GL044474

Zhang, R., & Vallis, G. K. (2007). The Role of Bottom Vortex Stretching on the Path of the North Atlantic Western Boundary Current and on
the Northern Recirculation Gyre. Journal of Physical Oceanography, 37(8), 2053-2080. https://doi.org/10.1175/JPO3102.1

Zhao, J., & Johns, W. (2014). Wind-forced interannual variability of the Atlantic Meridional Overturning Circulation at 26.5°N. Journal of
Geophysical Research: Oceans, 119, 2403-2419. https://doi.org/10.1002/2013JC009407

Zou, S.J., & Lozier, M. S. (2016). Breaking the linkage between Labrador Sea water production and its advective export to the subtropical
gyre. Journal of Physical Oceanography, 46(7), 2169-2182. https://doi.org/10.1175/JPO-D-15-0210.1

LITTLE ET AL.

6458


https://doi.Org/10.1175/JCLI-D-12-00478.l
https://doi.org/
https://doi.Org/10.1175/2008JP04012.l
https://doi.org/10.1175/JPO-D-14-0100-l
https://doi.Org/10.1175/JCLI-D-13-00125.l
https://doi
https://doi.org/10.1002/2013GL057992
https://doi.Org/10.1175/2010JCLI3533.l
https://doi.org/10.1038/ngeo462
https://doi.Org/10.1016/j.csr.2017.01.006
https://doi.org/10.1029/2008GL035463
https://doi.org/10.1029/2010GL044474
https://doi.Org/10.1175/JP03102.l
https://doi.org/10.1002/2013JC009407
https://doi.org/10.1175/JPO-D-15-0210-l

	AGUIOO

	REVIEW ARTICLE

	Special Section:


	1. Sea Level Variability Along the United States East Coast and Its Societal Importance

	2.	AMOC and the North Atlantic Ocean Circulation

	lOO

	3.	A Simple Theoretical Basis for AMOC-DSL Covariability


	q	= -yPwo = - YPoghw ’ (4>

	4.	Evidence of an AMOC-DSL Relationship in Numerical Models

	lOO

	5.	Evidence of an AMOC-DSL Relationship in Observations

	5.1.	Linkages Between DSL and AMOC Components


	6.	Possible Sources of Regional, Intermodel, and Model-Observational Discrepancies


	lOO

	6.1.	Friction and Topographic Influence on Coastal Sea Level


	lOO

	lOO

	6.3.	Spatiotemporal Complexity of AMOC, Hydrography, and Current Changes

	6.4.	Implications for Along-Coast Variations and Across-Model Differences

	7.	Perspective and Future Directions

	References





