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ABSTRACT

The contributions of local and remote forcings to the interannual sea level anomalies (SLAS)
along the U.S. east coast (USEC) during the satellite altimetry era from 1993-2019 are quantified
with analytical models assisted by statistical method. The local forcings from alongshore wind
stress, sea level pressure via inverted barometer (IB) effect, and river discharges together explain
47%, 60.4% and 66.8% of coastal sea level variance in the South Atlantic Bight (SAB), Mid-
Atlantic Bight (MAB) and Gulf of Maine (GOM), respectively, with river discharges having the
minimum contribution. Over a longer period of 1960-2019, the contribution of local forcings
reduces significantly, with the IB effect having the minimum contribution. The remote forcings
associated with open-ocean signals from the east and from the northern boundary at the Scotian
coast together with the Gulf Stream (GS) variability explain 45.7%, 28.5% and 37.7% of coastal
sea level variance in the SAB, MAB and GOM, respectively, playing a comparable role as local
forcings in the SAB. The open-ocean sea level signals from 35°N-38°N strongly influence
coastal SLAs in the SAB. The coastal SLAs in the SAB are also affected by the upstream GS
strength (28°-36°N) and by basin-scale wind stress curl anomaly, which is linked to the
meridional shift in the downstream GS (74°-68°W). Remote forcings from the subpolar North
Atlantic and wind stress curl from the Grand Banks to the Scotian coast influence coastal SLAs
in the GOM and MAB via the northern boundary of the USEC at the Scotian coast.
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1. Introduction

Coastal flooding, one of the major threats to nearshore regions, has an upward trend along
the U.S. east coast (USEC) in recent decades (e.g., Gornitz et al., 2002; Neumann et al., 2015;
Wahl etal., 2015; Wdowinski et al., 2016). Interannual sea level anomalies (SLAS),
superimposed on decadal fluctuations and climate change-induced sea level rise, can affect the
frequency and spatial pattern of the coastal flooding (Church et al., 2013; Field et al., 2014
Oppenheimer et al., 2019). Therefore, understanding the causes for interannual SLAs along the
USEC is important for making annual projections of high tide flooding (Sweet etal., 2019, 2021)
and is the focus of this study.

Previous studies have shown that interannual SLAs along the North American east coast
result from both local forcings over the shelf and remote forcings from the open ocean (see
reviews of Han et al., 2019, Ponte et al. 2019 and Woodworth et al., 2019). Local forcings
include wind stress over the shelf (e.g., Sandstrom, 1980; Piecuch et al., 2016), inverted
barometer (IB) effect associated with changes of atmospheric sea level pressure (e.g., Piecuch
and Ponte, 2015), and river discharges into the coastal ocean (e.g., Meade and Emery, 1971,
Piecuch et al., 2018). Coastal winds, especially the alongshore wind stress, are a major driving
force for interannual SLAs at tide gauge locations along the USEC north of Cape Hatteras
(Blaha, 1984; Andres et al., 2013; Li et al., 2014; Woodworth et al., 2014; Piecuch et al., 2016;
Kenigson et al., 2018; Diabaté et al., 2021), and the IB effect explains about 25% of interannual
sea level variance over 1979-2013 (Piecuch and Ponte, 2015). In particular, the response of
coastal sea level north of Cape Hatteras to atmospheric forcing over the shelf can explain about
50% of the sea level variance on interannual and longer timescales for the 1980-2010 period
(after the IB effect is removed), with wind stress forcing dominating the effect of sea level
pressure (Piecuch et al., 2016; Piecuch etal., 2019). South of Cape Hatteras, the influences of
both the alongshore wind stress and the IB effect are much weaker. River discharges have also
been shown to affect the USEC sea level (Meade and Emery, 1971; Piecuch et al., 2018).
Although the barotropic response of coastal sea level to river discharges is likely weak and fast,
the steric contribution of river discharges to coastal sea level is associated with slower regional

adjustment by means of baroclinic dynamics (Durand et al., 2019). Freshwater discharges to the
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coastal ocean from rivers change the seawater salinity and density around the coast. The buoyant
water generated by river discharge is higher than salty ocean water, leading to increased sea level
due to halosteric effects (Piecuch et al., 2018).

While local forcings clearly influence interannual USEC sea level, open-ocean processes
may also contribute to SLAS, especially south of Cape Hatteras (e.g., Hong et al., 2000; Piecuch
et al., 2016). Existing studies have demonstrated the linkage between a reduction in the Gulf
Stream (GS) and Atlantic Meridional Overturning Circulation (AMOC) and sea level rise north
of Cape Hatteras using empirical analysis (e.g., Sallenger et al., 2012; Ezer, 2013; Ezer et al.,
2013; Kopp et al. 2013; Ezer, 2015; Goddard et al., 2015; Chen et al., 2020) and climate model
experiments (Bingham and Hughes, 2009; Yin etal. 2009; Hu et al. 2011; Hu and Bates 2018).
By contrast, some observational studies suggested that the interannual coastal SLAs observed
north of Cape Hatteras are not associated with the GS strength, because the GS leaves the coast
at Cape Hatteras (Andres et al., 2013). More recent studies showed that the GS and AMOC
properties are spatially dependent (Rossby et al., 2014; Dong et al., 2019; Ezer, 2019), and
processes contributing to the coastal SLAs and the GS (or AMOC) variability can be correlated
without causal linkage. For example, Piecuch et al (2019) found that the anticorrelation between
AMOC and sea level on the New England coast on interannual timescales reflects the antiphase
relationship between Ekman-related AMOC transports and coastal sea level driven by local wind
and sea level pressure. Therefore, the causal relationship between the GS or AMOC and the
western boundary sea level north of Cape Hatteras remains uncertain (Woodworth et al., 2014;
Little etal., 2017; Valle-Levinson etal., 2017; Little et al., 2019).

South of Cape Hatteras, the western boundary current controlled by the open-ocean forcings
can have influence on the USEC sea level. On timescales ranging from a few months to decades,
SLAs along the USEC south of Cape Hatteras have been linked to the variability of the Florida
Current and GS strength (e.g., Blaha, 1984; Ezer, 2013) as well as the meridional shift in the GS
position (Yin and Goddard, 2013; Diabaté et al., 2021). The mechanisms by which the
meridional shift in the GS position cause coastal SLAs are unclear. In addition, forcings in the
open ocean such as westward propagating Rossby waves can have influence on SLAs along the
USEC by changing the western boundary current. Hong et al. (2000) suggested that the decadal
coastal SLAs between 18°N and 38°N were largely caused by the change of GS transport

induced by westward propagating Rossby waves generated by the wind stress curl in the open
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ocean. Although the GS may affect coastal sea level by changes in its strength, position or other
properties, GS variability is likely accompanied by large-scale heat convergence or divergence.
The large-scale heat exchange between open-ocean gyres could be reflected in interannual to
decadal SLAs along the USEC (McCarthy et al., 2015; Volkov et al., 2019). A warmer GS and
Florida Current in the South Atlantic Bight (SAB) increases coastal sea level (Domingues et al.,
2018; Ezer, 2019).

Remote processes unrelated to the GS and AMOC strength are also important on interannual
timescales (e.g., Little etal., 2017). North of Cape Hatteras, wind stress curl over the open ocean
explains ~15% of the coastal sea level variance due to barotropic processes (Piecuch et al.,
2016). The steric height in the open ocean has been related to interannual to decadal coastal
SLAs (Dangendorf et al., 2021). Moreover, previous observational analyses, numerical
simulations using simple models with and without coastal topography, coupled climate models,
and adjoint sensitivity analysis have suggested that SLAs along the North American coast have
contributions from interior SLAS propagating to the western boundary via Rossby waves, warm-
core rings and from SLAs at higher latitudes (Miller and Douglas, 2007; Xu and Oey, 2011; Zhai
et al., 2014; Minobe et al., 2017; Wise et al., 2018; Wu, 2021; Frederikse et al., 2022; Wang et
al., 2022). When the open-ocean low-frequency sea level signals reach the western boundary,
they can be carried equatorward along the continental slope by coastally trapped waves with part
of the signals reaching the west coast under bottom friction (e.g., Wise et al., 2018; Hughes et al.,
2019; Wise et al., 2020b). In addition, the zonal volume transport into the western boundary has
been shown to account for spatially coherent interannual SLAs from the Caribbean to Nova
Scotia (Thompson and Mitchum, 2014). The SLAs in the Labrador Sea can also be important for
the sea level along the USEC north of Cape Hatteras (Xu and Oey, 2011; Frederikse et al., 2017).

While remote forcings can significantly affect SLAs, the ways by which they influence the
observed sea level along the USEC are not well understood. How is the meridional shift in the
GS position linked to coastal SLAs? How much coastal sea level variance can be explained by
open-ocean forcings via Rossby waves and by open-ocean forcings via changes in the western
boundary current? Although some studies suggested that local atmospheric forcings over the
shelf dominate the USEC interannual SLAs north of Cape Hatteras (e.g., Woodworth et al.,
2014), the contributions of remote forcings have not been carefully assessed, and the relative

importance of local versus remote forcings in affecting SLAs in different regions of the USEC

5

Brought to Aeckpted forepublication ineurnakof Climate. DOF10.1 ¥T5/JCLIXD=23-0065110aded 11/20/23 05:00 P UTC



have not been quantified. In this study, we use observed data for the 1993-2019 period to
investigate the local versus remote forcing in causing interannual variability of sea level along
the USEC. This period is chosen because both tide-gauge and satellite altimetry sea level data are
available to reveal the locally forced and remotely generated SLA signals that propagate to the
USEC from the open ocean and from higher latitudes via the western boundary. Here, local
forcings refer to forcings along the USEC and remote forcings refer to forcings outside of the
USEC.

The rest of the paper is organized as follows. In section 2, we describe the data sets and
methods used in this study. In section 3, we evaluate the contributions of local forcings from
surface wind stress, IB effect and river discharges along the USEC and quantify the contributions
of remote forcings to USEC interannual SLAs. We also explore the mechanisms that explain
how the open-ocean sea level signals from regions outside of the USEC affect coastal SLAS
along the USEC and how the GS variability is linked to the coastal SLAs in the SAB. Section 4

provides a summary and discussion.

2. Data and Methods

a. Data

To document the interannual SLAs along the USEC, we analyzed the tide-gauge monthly
mean sea level from the Permanent Service for Mean Sea Level (PSMSL, 2021; Holgate et al.,
2013). We excluded the tide gauges located in bays and estuaries and selected the tide gauges
that are exposed to the open ocean and have data more than 90% of the time for the 1993-2019
period (Fig. 1 and supplementary Table S1). We choose the period of 1993-2019 because
satellite altimetry sea surface height (SSH) data, which are used to provide remotely forced
signals for coastal SLAs, are only available since 1993. Using the 27-year data record, we focus
on studying interannual variability of USEC sea level. Among the many ocean reanalyses, sea
level data from the European Centre for Medium-Range Weather Forecasts high-resolution
Ocean Reanalysis System 5 (ORAS5) have the longest eddy-permitting record (1958-present),
but the ORAS5 SLAs do not agree well with tide gauge data in the SAB and the Gulf of Maine
(GOM) before 1993, a period when satellite altimeter data are not available for ORASS to
assimilate (see supplementary Fig. S1), which may introduce more uncertainties to the remotely

forced SLAs. Therefore, in this paper we primarily focus on the satellite altimetry period
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beginning in 1993. Even during the satellite era, ORASS reanalysis data are not as reliable as
altimeter data in depicting open-ocean SLAs used as remote forcings in this study
(Supplementary Fig. S2). In addition, ORASS does not assimilate satellite altimetry data in the
nearshore environment (i.e., when the ocean bottom depth is shallower than 500 m) and are
strongly down weighted within ~800 km of the coastline (Zuo etal., 2019), which is another
reason why we mainly focus on the satellite altimetry era instead of a longer period using
reanalysis data (e.g., ORAS5) for our analysis. Although the remotely forced coastal SLAs were
not examined over a longer period (>27 years) due to the lack of open ocean observed SLAs
before 1993, locally forced coastal SLAs were calculated over a longer period from 1960-2019
using high-resolution atmospheric reanalysis data (discussed below) and compared with those
obtained for the 1993-2019 period. To compare with the results calculated from atmospheric
reanalysis data, we selected the tide gauges with data available more than 70% of the time during

1960-2019 when more tide-gauge data are available relative to the earlier in the 20t century.
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Fig. 1. Locations of tide gauges (filled dots) and river gauges (plus signs). Gauges located in
the South Atlantic Bight (SAB), the Mid-Atlantic Bight (MAB) and the Gulf of Maine (GOM)
region are in blue, green and red respectively. The GOM is bounded by Nova Scotia in the
northeast and by Cape Cod (41.6688°N, 70.2962°W), MA, in the southwest. The MAB region
extends from Cape Cod, MA, southward to Cape Lookout off NC. The SAB extends roughly

from Cape Hatteras (35.2480° N, 75.5393° W), NC, to West Palm Beach, FL.
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To examine the connection between coastal and open-ocean sea level, we analyzed monthly
satellite altimetry data from 1993-2019, which were calculated from the 0.25°, daily two-satellite
delayed time 2018 (DT2018) sea level dataset provided by the Copernicus Climate Change
Service (C3S; Pujol et al., 2016; Taburet et al., 2019). Unlike the tide gauge data, satellite
altimeters may not accurately measure sea level right at the coast due to land contamination.
However, satellite data provide reliable values over the shelf and in the open ocean (Pujol et al.,
2016; Taburet et al., 2019; Cazenave et al., 2022). Therefore, the satellite SSH data are suitable
for studying the coastal and open ocean connection. Since USEC sea level variability has been
linked to basin-scale ocean mass and heat transports (e.g., Thompson and Mitchum, 2014;
Volkov et al., 2019), we used the 1°x1° monthly ocean heat content (OHC) data for the 0-2000m

layer (Cheng et al., 2017) to examine large-scale heat redistribution.

To assess the effects of local forcings on interannual SLAs along the USEC, we analyzed
monthly surface wind stress, atmospheric sea level pressure, and river discharge data. Monthly
wind stress and sea level pressure data, which we used to estimate the IB effect, are from the
European Centre for Medium-Range Weather Forecasts reanalysis v5 (ERAS) provided by C3S
(Hersbach etal., 2019). The monthly river discharges along the USEC are from the United States
Geological Survey (USGS) water data for the nation. The selected rivers in the SAB, the Mid-
Atlantic Bight (MAB) and the GOM are the same as those used in Piecuch et al. (2018). For each
river, we selected the river gauge that is closest to the ocean and has less data gaps (Fig. 1 and
supplementary Table S2). The remaining data gaps were filled by regressing river discharge at
the selected river gauge on upstream sites with a more complete record. Since this paper focuses
on the SLAs on interannual timescale, we first removed the mean seasonal cycle and linear trend
and then band-pass filtered each dataset to retain variability with periods between 1.5 and 8
years. The regional mean interannual SLAs observed by tide gauges over the period of 1993-
2019 have energy peaks at 2.4, 6.6 and 6.6 year in the SAB, the MAB and the GOM,

respectively.
b. Methods
1) ANALYTICAL MODLES OF COASTAL SLA DRIVEN BY LOCAL FORCINGS

In this study, we estimated the influence of local forcings due to the IB effect, alongshore

wind stress and river discharges on interannual SLAs along the USEC with three analytical
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models. First, the sea level response to sea level pressure was estimated by the IB effect (e.g.,
Ponte, 1992; Wunsch and Stammer 1997; Ponte, 2006) with

IB_ _ Pa—Py
=T @

where P, is sea level pressure and P, is the spatially averaged sea level pressure over the global
ocean, p is seawater density with a constant value of 1025 kg/m® and g is the acceleration of

gravity. The grid point that is nearest to each tide gauge was used for the estimation.

Secondly, we used a simple, barotropic coastal ocean model (e.g., Hong et al., 2000; Li and
Clarke, 2005) to evaluate the role of alongshore wind stress forcing in driving USEC SLAs. The
barotropic coastal ocean model is given by

MLt =
ds +An' = pgH’ (2)
where s is alongshore distance, H is water depth, t° refers to alongshore wind stress, and A = f”m

where f is the Coriolis parameter, L is shelf width, and p is linear bottom friction coefficient. We
chose representative values of u =4 x 10™* ms™, H = 30 mand L = 60 kmin the model. n*
was estimated by integrating the alongshore wind stress along the coast from the northern
boundary of the USEC that is chosen at 44.375°N on the Scotian coast. The model results do not
significantly change when choosing p in the range of 3 — 6 x 10~* ms™*, H in the range of

20 — 50 mand L in the range of 40 — 80 km.

Third, halosteric SLAs are generated when the buoyant water induced by fresh river water is
transported along the coast. The effect of river discharge on coastal SLA was estimated with the
expression proposed by Piecuch et al. (2018):

1

e = (s ®

where o is the haline contraction coefficient, S, is salinity of the ambient coastal ocean, and Qx
is volumetric river discharge rate. We used representative values of S, = 35 practical salinity
units (PSUs) and o = 8 x 107*PSU 1. n® was estimated with the river discharge Q in the
SAB, the MAB and the GOM, respectively.

2) ANALYTICAL MODLE OF COASTAL SLA DRIVEN BY REMOTE FORCINGS
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To quantify the influence of the open-ocean SLAs propagating westward onto the western
boundary and remote SLAs at the northern boundary of the USEC, we use the analytical solution
of Minobe et al. (2017) for wave propagation that neglects bottom topography,

n(y,t) = %)n(yp, D+ ) [)* f%m(xz(y’).yﬁt —8(y"))dy’, (4)

where 7 is coastal sea level, 7, is open-ocean sea level, y, is meridional position of the northern
boundary, y is meridional position south of the northern boundary, x, is zonal position in the
open ocean, S is the meridional variation of the Coriolis parameter, and ¢ is time lag that sea
level signals take to travel from the open-ocean position, x,, to the coast. The first and second
terms on the right-hand side of equation (4) are respectively the contributions from the northern
boundary, denoted n", and from the open ocean between latitudes y and y,, denoted n". The
northern boundary location is chosen at 44.375°N near the Scotian coast. Forcings from the
northern boundary (n(yp,t)) and the open ocean (n,) are derived from satellite altimetry data.
Satellite data are chosen for n(y,, t) because there are no continuous tide gauge records
available during the study period. Since satellite observed SLAs at the northern boundary are
from the grid point closest to the coast instead of right on the coast to avoid land contamination,
this slight shift in location away from the coast may introduce errors to the estimated coastal
SLAs along the USEC; however, the satellite-observed SLAs at the northern boundary are
significantly correlated with tide gauge data at 44.6667°N of the Scotian coast during their

overlapping periods (not shown), lending us confidence for using satellite data to provide

n(p, t).

3) REGRESSION MODEL OF COASTAL SLA DRIVEN BY GULF STREAM
VARIABILITY

The GS was separated into upstream and downstream components, which are located to the
south and north of Cape Hatteras respectively. Their location and strength indices were estimated
from satellite altimetry data by averaging the center location and strength of the upstream GS
between 28°N and 36°N and the downstream GS between 74°W and 68°W (see Appendix A for
details). The coastal SLA that cannot be accounted for by the analytical models of equations (1)-
(4), referred to as residual coastal SLA and denoted nResi@¥el js used to estimate the GS

influence with a regression model:
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nResidual — bo + bleup + bz Gsdown + e, (5)

where mResiaual — n0BS _ B _ T R _gW _ N GSUP i ypstream GS strength and
GS4%n is downstream GS location, e is error and 1925 represents tide gauge observed SLA.
The fitted coastal sea level due to the GS from equation (5) is denoted n“S. The reasons for
choosing upstream GS strength and downstream GS location as predictors in equation (5) are

discussed later in section 3b.

3. Results: roles of local and remote forcings

In this section, we first assess the effects of local forcings from sea level pressure (i.e., IB
effect), alongshore wind stress, and river discharge on coastal SLAs along the USEC (section
3a), using the analytical models described in equations (1)-(3) of section 2b. Then we estimate
the role of remote forcings (section 3b), using an analytical model driven by westward
propagating open-ocean signals and high-latitude signals through the northern boundary of the
USEC (equation (4) of section 2b), together with a regression model that relates the coastal SLA
to the GS variability (equation (5)).

a. Local forcings

Although local forcings have been studied extensively, it is still important to quantify their
impacts here in order to assess the relative importance of local versus remote forcings on
interannual SLAs in different regions of the USEC.

Region Nt | n® R pLocal n" N nGS | yRemote pTotal
SAB 32.7 | 136 | 8.8 47.0 190 |74 22.7 | 45.7 77.8
MAB 414 | 310 | 7.2 60.4 1.0 29.9 |0.0 28.5 68.1
GOM 469 | 32.1 | 4.0 66.8 0.1 382 |0.0 37.7 80.4

Table 1. Percentages of sea level variance (%) explained by different forcings averaged in the
SAB, the MAB and the GOM, respectively, for the 1993-2019 period. The percentage of

explained sea level variance is defined as VARF = [1 -

var(n
var (n9BS)

OBS _,EST)

X 100%, where var

represents computing variance, and n°55 and n£5T represent tide-gauge observed and estimated
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SLAs, respectively. For the variance of local forcing, we first calculate the sum of SLAs driven
by longshore wind stress 1%, IB effect due to sea level pressure anomaly n'B,and river effect nR,
nkocd =T + '8 + 1R, and then compute the variance. Variances of remote forcing and total
forcing, nRemoteand nTotl are calculated in the same manner. nRemote =W 4 N 4 11GS where
n"W and nN are the remotely forced coastal sea level due to westward propagating open-ocean
signals and high-latitude signals through the northern boundary, respectively, and n% is the GS

induced coastal sea level. The total forced coastal sea level is nTotl = plocal 4 yRemote

Region OBS T IB R Local w N GS Remote| . Total

n n N n n N n N n N

SAB 243 |85 6.9 3.9 135 |59 6.6 8.1 12.9 21.1

MAB |226 |122 |7.7 4.2 18.0 | 2.0 7.7 0.0 8.5 22.3

GOM |214 (138 |78 2.2 18.2 |04 8.5 0.0 8.6 22.7

Table 2. Standard deviations (STD; mm) of observed SLAs and estimated SLAs driven by
different forcings averaged in the SAB, the MAB and the GOM, respectively, for 1993-2019.

Correlation coefficients between the tide-gauge observed and alongshore wind stress induced
SLAs (") from 1993-2019 are statistically significant (p <0.1, where p is the p-value of the
statistical test for the correlation coefficient) in all three USEC regions (Supplementary Fig. S3).

Given that the smallest decorrelation timescale is 1.5 years due to band-pass filtering and that the

data length is 27 years, a conservative effective degree of freedom is given by % =18

Correlation coefficients with absolute value larger than 0.4 are statistically significant (p<0.1).
Local alongshore wind stress accounts for 32.7%, 41.4% and 46.9% of variance of sea level
averaged in the SAB, the MAB and the GOM, respectively (Table 1). The SLAs due to the IB
effect (n'E) are significantly correlated with the tide-gauge observed SLAs (n°BS) north of Cape
Hatteras in the MAB and the GOM (p <0.1), but the correlation is below significance level in the
SAB (Supplementary Fig. S3). The IB effect explains 13.6%, 31%, and 32.1% SLA variance in
the SAB, MAB and GOM, respectively (Table 1). Although the observed SLA magnitude,

measured by the standard deviation, is larger south of Cape Hatteras (i.e., SAB) compared to
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north of Cape Hatteras (MAB and GOM), the SLAs induced by local alongshore wind stress and
IB effect are both larger and account for more observed variance north of Cape Hatteras (Table
2). These results suggest that local variability of atmospheric circulation over the US east shelf
plays an increasingly important role from the SAB to the GOM in causing interannual SLAS
along the USEC. Compared to alongshore wind stress and the 1B effect, river discharges have

much smaller contributions (nR) to the observed coastal SLAs overall (Table 1 and Table 2).

The linear superposition of the individual effects estimated above, nto¢@ = 1B 4+ n® + ¥,
represents the effect of total local forcings. Locally forced and observed SLAs are significantly
correlated (p <0.1) at all tide gauges. The three local forcings together explain 47.0%, 60.4% and
66.8% of variance of sea level averaged in the SAB, the MAB and the GOM respectively (Table
1), suggesting the importance of local forcings, especially by wind stress and atmospheric sea
level pressure, in driving interannual SLAs along the entire USEC. The simple analytical models
used in this study explain a similar amount of coastal sea level variance as obtained from a
barotropic ocean model forced by surface air pressure and wind stress (Piecuch et al., 2019). The
large contributions of local forcings to the strong interannual SLAs averaged in the SAB, the
MAB and the GOM, such as the positive SLAs in 2005 and 2010, are clearly seen in Fig. 2
(compare dashed and solid black lines). The significant influence of local forcings on the SAB
interannual SLA differs from the previous study (Hong et al., 2000) that focused on decadal SLA

which was largely caused by deep-sea signals over the North Atlantic.
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Fig. 2. Regional mean SLAs observed by tide gauges (solid black) and due to the wind stress
(red), IB effect (blue), river discharges (green), and their sum that represents total local forcings
(dashed black) in (a) the SAB, (b) the MAB and (c) the GOM. SLAs due to local forcings were

obtained from the analytical models described in section 2b, equations (1)-(3).

We also examined the locally forced coastal SLAs on interannual time scales during 1960-
2019 using ERAS reanalysis wind and sea level pressure. Compared to the relatively short period
of 1993-2019, the locally forced coastal SLAs from 1960-2019 show a much smaller 1B effect in
the MAB and the GOM,; the contribution from alongshore wind stress is also smaller in the GOM
but is larger in the MAB. Overall, the total local forcings play a smaller role in driving the USEC
SLAs over the longer period mainly due to the reduced role of the IB effect (Table 3). The
standard deviation and time series are shown in supplementary Table S3 and Fig. S4. The
reduced IB effect for the longer period of 1960-2019 results from the IB’s negative contribution
in the earlier decades during 1960-1986 (Table 3; Zhu et al. 2023). Over the longer period of
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1960-2019, the influence of alongshore wind stress dominates over the IB effect in causing
USEC sea level variability. Zhu et al. (2023) showed that the IB effect dramatically increased
from earlier decades to recent decades especially during boreal summer because the sea level
pressure anomalies centered around the MAB, which favor positive contributions to the observed
SLAs in the MAB and GOM, become more prominent in recent decades compared to earlier
decades. This change in sea level pressure is linked to the variability of the North Atlantic
Oscillation (see Zhu et al., 2023 for detailed discussions). In addition, oceanic processes may
also influence the atmospheric wind and pressure pattern other than the NAO on decadal to

multidecadal time scales, thereby contributing to the nonstationary role of the local factors.

Region n‘t nIB nR nLocal
(Period)

SAB 37.9 8.5 10.0 37.3
(1960-2019)

MAB 56.0 -5.9 11.5 42.9
(1960-2019)

GOM 29.5 0.2 6.6 323
(1960-2019)

SAB 42.0 0.3 5.6 43.2
(1960-1986)

MAB 61.0 -42.1 5.3 33.4
(1960-1986)

GOM 23.0 -57.9 -15 -12.5
(1960-1986)

Table 3. Percentages of explained sea level variance (%) by local forcings for the 1960-2019
period and the 1960-1986 period averaged in the SAB, the MAB and the GOM, respectively.

To confirm our results from the analytical models, we also carried out linear regression
analysis to estimate the locally forced coastal SLAs for 1993-2019 (Supplementary Fig. S5), as
in previous studies (e.g., Dangendorf et al., 2014; Frederikse et al., 2017; Diabaté et al., 2021).
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Both the analytical models and the regression models suggest the importance of local forcings in
causing interannual SLAs along the USEC; however, about 30-50% of SLA variance cannot be
explained by local forcings, suggesting that remote forcings are also important in driving USEC
interannual SLAs.

b. Remote forcings

In this section, we assessed the effects of remote forcings on interannual SLAs along the
USEC, without distinguishing between wind and thermohaline driven processes. Specifically, we
examined the effects of Rossby waves from the open ocean, high-latitude signals through the
northern boundary of the USEC and the GS variability.

1) FORCING FROM THE OPEN OCEAN

. (a) SLA paths 35.375 N
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Fig. 3. (a) Horizonal sections b, c and d along which lead-lag correlations of altimetry SLAs
at the open-ocean points (colored dots) and shoreward/seaward points were calculated. The three
open-ocean points are located at 35.375°N (blue dot), 38.875°N (green dot) and 42.375°N (red
dot) and 1 degree east of 2000-m isobath. Seaward of the selected open-ocean points (colored
dots), zonal sections were used; shoreward of the selected open-ocean points, the paths of
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maximum lagged correlations of SLAs between neighboring points were used, which represent
the optimal paths of westward propagating signals. Panels (b)-(d) show the lead-lag correlations
of altimetry SLAs between the open-ocean points and other points along each section. The
vertical green lines in (b)-(d) mark the longitudes of the selected open-ocean points. The
magenta solid and dashed lines in (b)-(d) mark the mean GS center location and GS boundaries,
respectively (Appendix A). Correlation with a negative lag at a specific location along each
section means that SLA time series at this location leads the SLA at the open-ocean point
(colored dot).

To understand how the open-ocean SLAs may affect coastal SLAs, we calculated lead-lag
correlations between SLAs at the western most points of the open ocean (color dots of Fig. 3a)
and SLAs along the optimal paths of westward propagation (sections b-d shown in Fig. 3a). The
theoretical basis for using the optimal paths (defined in Fig. 3) is provided by Wise et al. (2018),

who showed that portions of open ocean sea level signals at a specific latitude can propagate

across the slope to the shelf along a path that is equatorward tangentially to the streamline of %

(where H is water depth); therefore, SLAs over the shelf and at the coast are skewed southward

compared to the open ocean SLAs.

Fig. 3a shows that the optimal paths extend southwestward from the open-ocean points to the
shelf, which is generally consistent with the conclusion of Wise et al. (2018). The open-ocean
SLAs at the latitudes around Cape Hatteras (between 34°N and 38°N) can penetrate onto the
relatively narrow shelf (Fig. 3b; supplementary Fig. S6a, showing longitude-time plot of SLA
along section b). It should be noted that only coastal SLAs south of the latitudes where the
westward propagating signals reach the shelf can be affected by the open-ocean signals (equation
(4)). The open-ocean signals travel six degrees from the east to the selected open-ocean point
(blue dotin Fig. 3a) in five months, giving rise to a propagation speed of ~0.04 nvs at 35.4°N,
which is two times the first-baroclinic mode Rossby wave propagation speed of 0.02 m/s. The
larger observed propagation speed has been observed and attributed to spatially uniform forcing,
background currents and topography in previous studies (e.g., White, 1977; Killworth
et al., 1997; Killworth and Blundell, 2003). The open-ocean signals decelerate when
encountering the eastern boundary of the GS (Fig. 3b and supplementary Fig. S6a), suggesting
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that the GS affects the open-ocean Rossby waves and mediates the effects of open-ocean wind
stress curl forcing on coastal SLA, which agrees with Hong et al. (2000). Our observational
analysis of the open-ocean Rossby wave influence on coastal SLA in the SAB corroborates a
recent adjoint modeling study indicating that westward propagating Rossby waves caused by
open-ocean wind stress curl are important for the Charleston SLA on time scales longer than two

months (Frederikse et al., 2022).

At latitudes between 38°N and 40°N north of Cape Hatteras, the lead-lag correlations
indicate eastward propagation from 67°W to 58°W but the open-ocean SLAs show relatively
weak direct connection with those on the shelf west of 75°W (Fig. 3c; supplementary Fig. S6b).
The lack of westward propagating signals is not due to the lack of large-scale wind forcing in the
open ocean (not shown). Rather, it is likely related to the eastward advection by the GS or its
meandering since the eastward propagating signals shown in Fig. 3c are mainly within the GS.
At latitudes between 40.5°N and 43.5°N, the coastal SLAs are not correlated with SLAs at the
open-ocean point east of the slope (Fig. 3d; supplementary Fig. S6c), suggesting that open-ocean
SLAs within this latitude band are not directly responsible for the coastal SLAs in the northern
MAB and in the GOM. As we shall see below, remote forcings from the subpolar North Atlantic
Ocean play an important role in affecting coastal SLAs north of Cape Hatteras through the
northern boundary of the USEC (section 3b).

(a) STD of equation integrand (b) STD of open-ocean SLA (c) [ﬁf2
0.5 5
—04 150 4 \
'w . E
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Fig. 4. (a) Standard deviations (STDs) of coastal SLAs contributed from the open ocean,
measured by the integrand in the second term of equation (4) from 28°N - 60°N. (b) STDs of

SLAs at the open-ocean point, x;, which is chosen as 1° east of the continental slope (i.e., 2000m

isobath) at each latitude. (c) fﬁz in the second term of equation (4).
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We calculated the time lag & along the southwestward paths (Fig. 3a) from the open-ocean
point x, to the shelf and then computed the open-ocean contribution with the analytical solution
of Minobe et al. (2017) (second term on the right side of equation (4) shown in section 2b). The
open-ocean SLA, n,, at x, is chosen from altimetry data at 1° east of the continental slope. The
magnitude of integrand in the second term of equation (4) has a decreasing trend with latitude

due to the decreasing trend of SLA magnitude at open-ocean points and decreasing values off—2

(Fig. 4). The open-ocean SLAs at mid latitudes, which peak near 36.375°N, are more than eight
times that at high latitudes (north of 50°N). The large SLA magnitudes between 35°N and 38°N
are related to the GS, because at these latitudes the open-ocean points x, are within the GS. At
higher latitudes, the x, positions are located west of the GS, and the open-ocean forcings
represented by SLAs at x, have small contribution to coastal SLAs along the USEC and
negligible contribution north of 50°N (Fig. 4). We have tested different choices of northern
boundary position y, from 44°N to 60°N and find that the open-ocean contribution is not
sensitive to this choice due to the relatively small magnitude of open-ocean forcings at high
latitudes. Here, we selected the northern boundary at 44.375°N on the Scotian coast because it is
close to the northern boundary of the GOM and forcings north of the GOM are defined as remote
forcings through the northern boundary.

As shown in Figs. 5a-c, open-ocean sea level signals mainly affect the coastal sea level in the
SAB but have little influence in the MAB and the GOM. In the SAB, coastal SLAs observed by
tide gauges and due to open-ocean signals are significantly correlated (r=0.52). A recent adjoint
modeling study also suggested the important roles of westward propagating signals and the
advection of the GS in the predictability of Charleston SLA (Frederikse et al., 2022). The
standard deviation of n" is 5.9 mm and explains 19% variance of observed coastal SLAs
averaged in the SAB (Tables 1 and 2). The open-ocean forcing accounts for little sea level
variance in the MAB and the GOM, which is consistent with the lack of westward propagating
signals from the open-ocean points that can reach the coasts in these regions (Fig. 3).

Note that while calculating the impact of open-ocean forcing along sections b-dis physically
more reasonable (Wise et al., 2018) compared to along the zonal paths, we obtain similar results
using the zonal paths as in Minobe et al. (2017) (not shown). This is because we need to perform

meridional integration along the western boundary from y to y, in equation (4) for both the zonal
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and optimal paths. The results, after meridional integration with time lag 6 calculated along both

zonal and optimal paths, are similar.
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Fig. 5. Regional mean coastal SLAs observed by tide gauges (solid black) and due to open-
ocean sea level signals propagating westward along a southwestward path (blue; estimated with
the second term on the right side of equation (4)) in (a) the SAB, (b) the MAB and (c) the GOM.
Regional mean coastal SLAs from tide gauges (solid black) and due to sea level signals from the
northern boundary at 44.375°N on the Scotian coast (blue; estimated with the first term on the
right side of equation (4)) in (d) the SAB, (e) the MAB and (f) the GOM. Correlations between
tide-gauge observed SLAs and SLAs due to remote forcings in each region are shown in the

upper-left part of each panel.
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2) FORCING FROM THE NORTHERN BOUNDARY

We estimated the contribution of remote forcing via the northern boundary to USEC sea level
with the first term on the right side of equation (4). Figs. 5d-f show that n" is significantly
correlated with the observed coastal sea level in the MAB (r=0.61) and the GOM (r=0.68), but
the effect of n"is much weaker in the SAB (r=0.27). The percentage of variance explained by the
remote forcing through the northern boundary generally decreases from north to south due to the

decrease of f(y) and also due to friction in the real ocean.

SLAs at the northern boundary of our USEC domain, which is located at the Scotian coast,
can result from local forcings and remote forcings from the north and east. First, we examined
the influence of local alongshore wind stress on the SLA at the northern boundary location using
equation (2) (section 2b). The local alongshore wind stress explained only a few percent of the

variance in the observed SLA at the northern boundary location, so this effect can be ignored.
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Fig. 6. Lead-lag correlation maps between altimetry SLAs at the northern boundary (green
dot) of the USEC domain and those at other locations. Positive (negative) lag of n months means
that SLAs at the northern boundary lead (lag) SLAs at other locations by n months. Black lines
represent the 200-m and 2000-m isobaths. Note that the region between the 200-m and 2000-m
isobaths represents the continental slope and remote sea level signals from southeast of the

Greenland tend to propagate along the continental slope.

Remote forcings from the north and east could be important for the SLAs at the northern
boundary, as indicated by the lead-lag correlations between SLAs at the northern boundary
location and those at other grid points (Fig. 6). When the temporal lag is 0, the correlations
suggest that USEC SLAs are coherent north of Cape Hatteras, from the MAB to the Scotian shelf
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(Fig. 6f). This coherence is seen from lag = -6 months to lag = 3 months (Fig. 6d-g), suggesting
that SLAs with the same sign can persist for ~9 months. In addition, SLAs at the northern
boundary location of the USEC are influenced by sea level signals off the coasts of Labrador and
Newfoundland, aregion where the offshore Labrador Current is located (Wang et al., 2015), as
shown by their positive correlations when SLAs off the Labrador-Newfoundland coasts lead by 6
months (Fig. 6d). It is also noted that SLAs southeast of the Greenland propagate slowly in
counterclockwise direction to the Grand Banks first along the 2000-m isobath and then along the
continental slope (between 200m and 2000m isobaths) in the Labrador Sea where the slope
becomes steep (Fig. 6i-I). It takes about 30 months for the SLAs to travel from southeast of the
Greenland to the Grand Banks (Fig. 6a-k). On the other hand, SLAs in the open ocean east of the
Grand Banks propagate westward to the Grand Banks, intensify over the Grand Banks, and
subsequently translate southwestward to the Scotian shelf (Fig. 6f-I). Therefore, SLAs at the
northern boundary of our USEC domain are influenced primarily by remote forcings from the
Grand Banks to the Scotian shelf with some contribution from the east of the Grand Banks, and
from the subpolar North Atlantic off the Labrador-Newfoundland coasts and southeast of the
Greenland. These results corroborate the recent adjoint sensitivity tests showing that wind and
buoyancy forcings in the subpolar North Atlantic may affect sea level at Nantucket Island in the

MAB through slow advective processes (Wang et al., 2022).
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Fig. 7. (a) Horizontal section along which lead-lag correlations between satellite altimetry
SLAs at the northern boundary of our USEC domain (44.375°N at the Scotian coast and marked
by green dots) and other selected spatial points were calculated. Black lines represent the 200-m
and 2000-m isobaths. (b) Lead-lag correlations between SLAs at the northern boundary (green

dots of (a)) and points along the section shown in blue line of (a). Correlation with a negative lag
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at a specific location means that SLA time series at this location leads SLA at the northern
boundary (green dot). The black solid line in (b) marks the location of 2000-m isobath east of the
Grand Banks at 44.375°N.

To further illustrate the influence of remote forcings on SLAs at the northern boundary of our
USEC domain, we calculated lead-lag correlations between SLAs at the northern boundary
(44.375°N at the Scotian coast) and along the horizontal line showing in Fig. 7. Correlations
along the zonal section from the open ocean east of the Grand Banks to the Scotian coast (at
44.375°N) indicate that SLAs in the open ocean east of the Grand Banks may propagate
westward to affect SLAs on the Grand Banks and subsequently on the Scotian coast. The
connection of SLAs between the open ocean (east of the 2000-m isobath) and the Grand Banks,
however, is weak (Fig. 7b), indicating that forcings over the Grand Banks are important in
affecting the northern boundary SLA at the Scotian coast. A Hovmbller diagram of satellite
SLAs along the section shows that SLAs in the open ocean are stronger and noisier than those on
the Grand Banks (Fig. 8a) because the open ocean east of the Grand Banks lies at the confluence
of the southward flowing Labrador current and the northward flowing North Atlantic Current
where eddies are often generated (Gongalves Neto et al., 2021). Note that sea level signals east
of the Grand Banks can propagate westward to the Grand Banks (e.g., year 2000, 2010, 2013),

even though the eddies can obscure the propagating signals.
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Fig. 8. Observed and modeled SLAs along the zonal section from the Scotian shelf to the
Grand Banks (the zonal section at 44.375°N in Fig. 7a). The black solid lines mark the locations
of 2000-m isobath east of the Grand Banks at 44.375°N.

To further demonstrate the importance of wind stress forcing over the Grand Banks, we used
a reduced gravity, Rossby wave model (e.g., Qiu and Chen, 2010) to estimate the wind-stress
induced SLAs along the zonal section at 44.375°N (Fig. 7a),

oh oh _ gkvxt

— —C. — =
ot T ax posf

—¢eh, (6)

where h is SLA, c, is Rosshy wave propagation speed, g’ is the reduced gravity parameter, k is
the unit vector in the vertical direction, T is the wind stress vector, p, is the seawater density, gis
the acceleration of gravity and € is a damping coefficient. Integrating equation (6) from the
eastern boundary westward yields

’) exp (e(x_x’)) dx’. (7)

Cr
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X—X
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Here, the first term on the right side of equation (7) represents the open-ocean SLA at the eastern
boundary of a selected section, x,, located at the easternmost point of the zonal section in Fig. 7a
(10 degrees east of the 2000-m isobath), and the second term represents the wind stress curl

forced SLA from x, to any location x. We determined ¢, = 0.05ms™%, g’ = 0.05 ms™2and € =
%month‘1 empirically by minimizing the variance of difference between observed and modeled
SLAs. The relatively large damping coefficient, which parameterizes negative feedback
processes on SLAs including dissipation (Qiu et al., 1997), suggests the importance of local
damping on sea level variability. The propagation speed is close to the estimated speed of

0.06 ms~! based on the lead-lag correlations (Fig. 7b) but is much faster than the first-baroclinic
mode Rossby wave speed of 0.006 ms~?, which might be related to the topography that is not
considered in this model (e.g., Taillux and McWilliams, 2001; Tailllux, 2003). This model is
used to demonstrate the role of wind stress curl and sea level signals from east of the Grand

Banks; the nature of the faster propagation speed is not examined here.

The modeled SLAs can account for more than 15% of observed sea level variance from the
Scotian shelf to the Grand Banks (62-50°W) (Fig. 8a-b). As expected, the reduced gravity model
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is less successful when approaching the coast (west of 62°W) and coastal dynamics such as
coastal trapped waves could be responsible for the redistribution of sea level signals reaching the
coast. Wind stress curl over the Grand Banks is indeed important for generating the SLAs and
accounts for almost all the 15% sea level variance explained by the Rossby wave model between
62-50°W (Fig. 8c). In comparison, the open-ocean forcing from 10 degrees east of the Grand

Banks is less important since the sea level signals are largely damped as they approach the Grand
Banks, with the empirical damping rate of € = %month‘1 in the simple Rossby wave model

(Fig. 8d). A high-resolution ocean general circulation model that can accurately simulate the
USEC sea level and North Atlantic Ocean circulation is needed to achieve more accurate
depictions of the relative importance of remote forcings from the subpolar North Atlantic, east of

the Grand Banks, and wind stress curl from the Grand Banks to the Scotian shelf in affecting the
USEC SLAs.

Previous correlation analyses (e.g., Frederikse etal., 2017; Dangendorf et al., 2021) indicate
that the interannual-to-decadal coastal SLAs in the GOM and the MAB are related to the open-
ocean steric SLAs west of the Labrador Sea and east of the Grand Banks; our analysis during the
satellite altimetry era suggests that wind stress curl from the Grand Banks to the Scotian shelf
can also be important in affecting the coastal SLAs in the GOM and MAB through the northern
boundary of our USEC domain.

3) VARIABILITY OF THE GULF STREAM

The theoretical model shown by equation (4) only takes into account the influence of
westward propagating signals from the open ocean and remote signals through the northern
boundary on the USEC SLA. The coastal SLAs that cannot be accounted for by the theoretical
models that assess both the local and remote forcings are partly related to GS variability. The

effects of the GS were examined using the regression model (equation (5) of section 2b).

(i) Relation between GS variability and coastal SLA
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Fig. 9. (a) Mean locations of the Gulf Stream (GS) south (magenta) and north (red) of Cape
Hatteras. The dashed lines represent two standard deviations of GS locations away from the
mean GS locations. The horizontal black line is the zonal section at 32.125°N along which
composite SLAs were estimated and shown in (b) and (c). The black contour indicates the 200-m
isobath. (b) Composite interannual SLAs (mm) along the zonal section shown in (a) when the
upstream GS is stronger (blue) and weaker (red) than the mean strength. (c) Composite
interannual SLAs (mm) along the zonal section shown in (a) when the upstream GS is onshore
(red) and offshore (blue) of the mean GS position. The shadings in (b) and (c) denote the 90%
confidence level of the composite mean SLAs. The vertical black lines indicate the location of
200-m isobath. The SLA composites on the shelf are significantly different (p<0.1) between
periods with strong upstream GS and periods with weak upstream GS, while the SLA composites
on the shelf are not significantly different (p>0.1) between periods with offshore and onshore

upstream GS.

South of Cape Hatteras, the GS strength and location can directly affect coastal SLAs
because the GS flows just offshore of the shelf edge (Fig. 9a). An anticorrelation between the
upstream GS strength and the coastal SLAs is seen in the composite SLAs (Fig. 9b) and the
correlation coefficients are statistically significant only in the SAB (p<0.1; supplementary Fig.
S7). However, the SLA composites on the shelf are not significantly different (p>0.1) between
periods with offshore upstream GS and periods with onshore upstream GS (Fig. 9c) and the
correlations between the upstream location and coastal SLAs are not statistically significant
(p>0.1; supplementary Fig. S7) at most tide gauges, so the effect of upstream GS location is
weak. Therefore, the influence of zonal (east-west) shift of the upstream GS location on the

coastal SLAs is not considered further. The influence of upstream GS on coastal SLAs (nUP¢S)
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was assessed by regressing coastal SLAs in the SAB (with the local and remote forcing effects
estimated from analytical models removed) onto the upstream GS strength index (equation (5) of
section 2b), which accounts for 0-39.3% of sea level variance at tide gauge locations in the SAB.

By contrast, the meridional (north-south) shift of the downstream GS has a significant
positive correlation with coastal SLAs at four out of seven tide gauges in the SAB, but it is
anticorrelated with the coastal SLAs north of Cape Hatteras in the MAB and the GOM and the
correlations are not significant (p>0.1) (Supplementary Fig. S7). The correlations between the
downstream GS strength and the coastal SLAs are statistically insignificant at most tide gauges,
which is consistent with recent studies (e.g., Dong et al., 2019). Therefore, the impact of the
downstream GS strength on coastal SLAs is not considered. The influence of downstream GS on
coastal SLAs (nP°WnGS) therefore, is linked only to its north-south shift of location, which was
assessed by regressing coastal SLAs in the SAB (with the local and remote forcing effects
estimated from the analytical models removed) onto the downstream GS location index and
explains 3.6-19.6% sea level variance. Note that the meridional location of downstream GS is
not significantly correlated with the upstream GS strength (r=-0.37; p>0.1). The GS induced sea
level, N6 = nUPGS 4 PownGS "explains 22.7% of variance for SLA averaged in the SAB (Table

1), with the standard deviation of n% being one third of the observation (Table 2).
(if) Relevant mechanism

Although correlations between the meridional shift of the GS and coastal SLAs are
significant in the SAB, the physical processes behind the correlations have not been discussed in
previous studies. In this study we provided the physical causes for the linkage between the

downstream GS location and coastal SLAs.
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Fig. 10. The leading EOF (EOF1) of interannual SLAs from satellite altimeter data (a) and
in-situ based ocean heat content (OHC) anomalies in the upper 2000 m (b). The percentage
values represent explained variance by the leading EOF. Black contours in (a-b) indicate the
200-m isobath. The principal component (PC1) of the leading EOF mode of interannual SLAS is
shown in (c) and that of OHC anomalies in the upper 2000 mis shown in (d) (blue lines). The
red lines in (c) and (d) represent the interannual variability of the downstream GS location index.

The leading Empirical Orthogonal Function mode (EOF1) of interannual SLA exhibits a
tripole pattern with the subtropical- midlatitude band having the opposite sign to the tropical and
subpolar bands (Fig. 10a), a pattern that has been linked to the NAO and to interannual SLAS
along the USEC (see review of Han et al., 2017 and references therein). The leading principal
component (PC1) is significantly correlated with the meridional shift of the downstream GS
location (r=0.79; Fig. 10c), suggesting that the meridional shift in the downstream GS primarily
reflects the large-scale ocean circulation change. The sea level tripole pattern is associated with a
similar pattern of OHC in the upper 2000 m (Fig. 10b), consistent with Dangendorf et al. (2021);
and PC1 of OHC is highly correlated with PC1 of sea level (r=0.89) as well as the meridional
shift of the downstream GS (r=0.68) (Fig. 10d). Therefore, the significant positive correlations
between the meridional shift in the downstream GS and coastal SLAs in the SAB found in

previous studies reflect remote forcing from the open ocean. Although Volkov et al. (2019)
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indicated that the tripole pattern of sea level and heat content is related to the AMOC, the tripole

pattern is also associated with the meridional shift of the downstream GS.
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Fig. 11. Composite maps of interannual SLAs from satellite observations (color shading) and
ERAS reanalysis surface wind stress anomalies (vectors) from 1993-2019 when the downstream
GS is shifted to north of its mean position (a) and south of its mean position (b). Composite OHC
anomalies in the upper 2000 m (color shading) when the downstream GS is shifted to north of its
mean position (c) and south of its mean position (d). The black solid and dashed lines in (c-d)
represent mean locations of the GS and two standard deviations of GS locations away from the

mean GS locations, respectively. The green contour indicates the 200-m isobath.

The linkages between the meridional shift of the downstream GS and sea level, OHC and
surface wind forcing were further examined with composite analysis, showing a northward shift
of the downstream GS being associated with higher sea level and OHC in the SAB (Fig. 11). The
sea level and OHC variability are closely related to the wind stress anomalies, which are cyclonic

(anticyclonic) in the western (eastern) subtropical basin (Fig. 11a). The cyclonic winds in the
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western subtropical basin cause Ekman mass divergence from the center of the cyclonic winds
and convergence along the USEC, raising sea level in the SAB. When temporal lags of a few
months were considered in the wind stress composite (with wind leading sea level), the wind
composite pattern does not exhibit a significant change. In addition, the cyclonic wind pattern is
close to the SAB, therefore, no temporal lags were considered in the wind composite analysis
with monthly data. By contrast, the SLAs and OHC anomalies have opposite signs north of Cape
Hatteras in the MAB and the GOM, suggesting that coastal SLASs in these regions, which are not
significantly correlated with the downstream GS location as mentioned earlier, cannot be

explained by OHC anomalies associated with the meridional shift of downstream GS location.

4) CONTRIBUTION FROM ALL REMOTE FORCINGS

The coastal SLAs induced by the westward propagating open-ocean signals, variability at the
northern boundary, and the remote forcings associated with the GS variability are represented by

the linear superposition of the individual effects, nRemote =N + yW 4 165,

The total effect of remote forcings explains 45.7%, 28.5% and 37.7% variance of sea level
averaged in the SAB, the MAB and the GOM, respectively (Table 1). The GS variability and
westward propagating signals from the open ocean are the most important remote forcings in the
SAB, while the sea level variability from the northern boundary at the Scotian coast is the most
important remote forcing in the MAB and the GOM. In addition, the magnitude of coastal SLAs
induced by remote forcings is larger in the SAB than that in the MAB and the GOM. For the
coastal SLAs averaged in the SAB, the effect of remote forcings is comparable to that of local
forcings, whereas local forcings are much larger than remote forcings in causing coastal SLAs
averaged in the MAB and the GOM (Table 2).

c. Total effect: local plus remote forcings

31

Brought to Aeckpted forepublication ineurnakof Climate. DOF10.1 ¥T5/JCLIXD=23-0065110aded 11/20/23 05:00 P UTC



(a) SAB

1007 T T T ]
1 ; N .
£ 50 .
£
0 0 7
3
» -50 i
100 std(n°5%)=24.3; std(n"°?)=13.5; std(,"°"°)=12.9; std( °")=21.1
= | | | | |
(b) MAB
100 F ‘ ' ' -

F(T]OBS Local) 0.78: ( OoBS nRemote) 0.54: F(T}OBS,UTOMI):‘O.M

T 50 .
E
[0 Or b
< . Y
n 50 S |
100 std(nOBS)=22.6; std(7-°%®)=18.0; std("®M°%*)=8.5; std(n'°®)=22.3
- | | | |
(c) GOM
100 ’r(noss 7-o%h=0 82 ‘r(WOBS pRemotey- 0 67: (5088 nTotal);o 91 I |
E 50 / .
E
)] 0r %7 4
5 | A
»n -50r n Ul
100 std(n°5%)=21.4; std(n"°%"=18.2; std("°"")=8.6; std(y' **)=22.1—Remote - - - , Total
= | | | | l

1995 2000 2005 2010 2015
Fig. 12. Regional mean coastal SLAs observed by tide gauges (solid black), due to the local

forcings (red), due to the remote forcings (blue) and due to the total forcings (dashed black) in
(@) the SAB, (b) the MAB and (c) the GOM. Correlations between tide-gauge observed SLAs
and SLAs due to local forcings, remote forcings and total forcings in each region are shown in
the upper part of each panel. Standard deviations (std; mm) of observed and estimated SLAS

driven by local and remote forcings are shown in the lower part of each panel.

The locally driven coastal SLAs at interannual timescale are highly correlated with the tide
gauge observations throughout the USEC, with correlations ranging from 0.70 in the SAB to
0.82 in the GOM, and increase in magnitude from the SAB (STD=13.5mm) to the GOM
(STD=18.2mm; Fig. 12). This result is different from the small role of local forcings in the SAB
on decadal time scale shown by Hong et al. (2000). The remotely driven coastal SLAs are also
significantly correlated with the observations with the highest correlation coefficient of 0.70 in
the SAB and lowest of 0.54 in the MAB (Fig. 12). The combined effects of local and remote

forcings on interannual SLAs of the USEC, nTotal = ylocal 4 yyRemote "have comparable
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magnitudes as the observations and explain 77.8%, 68.1% and 80.4% variance of SLAs averaged
in the SAB, the MAB and the GOM, respectively (Table 1). The estimated total coastal SLAs
(local + remote) account for the majority of USEC interannual SLAs and agree well with the tide
gauge observations, with correlation coefficients ranging from 0.84 to 0.91 (Fig. 12). The good
agreements between the observed and estimated total interannual SLAs along the USEC
demonstrate that our analytical models assisted by statistical method can capture the major
processes that determine the USEC SLAs, and thus are suitable for our purpose of assessing the

relative importance of local and remote forcings.

4. Conclusions and Discussion

In this study, we quantified the contributions of the local and remote forcings to the
interannual SLAs along the USEC during the satellite altimetry period of 1993-2019 with
analytical models assisted by statistical method. The local forcings include alongshore wind
stress, atmospheric sea level pressure through 1B effect and river discharges, explaining 47%-
66.8% sea level variance along the USEC (Table 1), with larger contributions north of Cape
Hatteras in the MAB (60.4%) and the GOM (66.8%) than south of Cape Hatteras in the SAB
(47%; Tables 1 and 2; Fig. 2). The remote forcings include the westward-propagating signals
from the open ocean, variability through the northern boundary, and the GS variability,
explaining 28.5%-45.7% of coastal sea level variance, with the highest (lowest) occurring in the
SAB (MAB) and 37.7% in the GOM (Table 1). The GS variability and westward propagating
signals from the open ocean are more important for coastal SLAs in the SAB, while remote
forcing from the northern boundary at the Scotian coast is more important in the MAB and the
GOM. Remote forcings from the open ocean and the northern boundary together with the GS
variability play a comparable role as local forcings in driving coastal interannual SLAs in the
SAB but local forcings are more important than remote forcings in the MAB and the GOM
(Tables 1 and 2; Fig. 12).

In addition to quantifying the contributions of local and remote forcings to the interannual
SLAs in different regions of the USEC, this study yields the following new findings:

(1) The coastal sea level in the SAB is affected by the upstream GS strength related to
geostrophic balance and by basin-scale wind stress curl anomalies, which are linked to the

meridional shift of the downstream GS location (Figs. 9-11). This result provides a physical
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interpretation for the correlation between coastal SLAs in the SAB and the meridional shift of

downstream GS location found by previous studies.

(2) Regarding the remote impacts, the open-ocean sea level signals from 35-38°N are the
most important cause for coastal SLAs in the SAB (Figs. 3 and 5), while sea level signals from
the Grand Banks to the Scotian shelf are important for causing coastal SLAs in the MAB and the
GOM via slow propagation through the northern boundary of the USEC with a propagation
speed of 0.06 ms~1 (Figs. 5-8). Wind stress curls from the Grand Banks to the Scotian shelf are
important for driving SLAs over these regions (Fig. 8), in addition to the contributions from
remote SLAs originated from the subpolar North Atlantic (off the Labrador-Newfoundland
coasts and southeast of the Greenland) and, to a lesser extent, from east of the Grand Banks
(Figs. 6-8). The effect of local alongshore wind at the northern boundary location of the USEC is

weak.

Further quantifications of the relative importance of remote wind and buoyancy forcings
from the southeast of the Greenland, Labrador Sea, east of the Grand Banks versus wind forcing
from the Grand Banks to the Scotian Shelf in causing USEC SLAs will be conducted with
numerical model experiments in our future work. For this purpose, high-resolution numerical
model experiments that can adequately resolve continental shelf and slope with reliable surface
wind and buoyancy forcing fields are needed, in order to achieve more accurate quantifications
of the roles played by local and remote forcings in causing interannual sea level variability in
different regions of the USEC. Models, however, have biases, which can make accurate

simulations of USEC sea level challenging.

This study suggests that remote forcings from the open ocean to the east have weak influence
on interannual SLAs in the coasts of MAB and the GOM, which is likely due to the lack of
westward propagating signals north of 38°N that pass through the continental slope and the
broad shelf. The lack of westward propagating signals, however, is not due to the lack of large-
scale wind forcing in the open ocean (now shown). Rather, the downstream GS might block the
westward propagating signals generated east of the GS, and the open ocean between the MAB
and the GS is narrow so that locally driven SLAs in the narrow open ocean may not form

significant westward propagating Rossby waves. Detailed studies are needed to fully understand
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the causes of the lack of open ocean impacts from the east on interannual SLAs along the USEC

north of Cape Hatteras.

Finally, this paper focused on studying the interannual coastal SLAs (1.5-8 years);
however, decadal SLAs are also important for near-term projections of coastal sea level. Longer
observational records and model simulations are needed to understand the causes for decadal sea

level variability along the USEC.
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Appendix A: Estimation of GS Location and Strength

The GS location and strength were derived from the altimetry data. The GS was
separated into upstream and downstream components, located to the south and north of Cape
Hatteras, respectively. Following previous studies (e.g., Dong et al., 2019), for the downstream
GS we found the initial estimates of GS center locations based on the sea surface height (SSH)
contour value of 0.25 m located north of Cape Hatteras (75°-50°W) and adjusted the initial
estimates by finding the locations with maximum speed within a meridional distance of 1° from
the initial locations. The maximum speed was defined as the strength of downstream GS. For the
upstream GS, we found the initial estimates of GS center locations based on the SSH contour of
0.4 m south of Cape Hatteras (28°-36°N) and adjusted the initial estimates by finding the
locations with maximum speed within a zonal distance of 1° from the initial locations. Similarly,
the maximum speed was defined as the strength of upstream GS. The boundaries of the GS were
defined as the places where the current speed is e times the maximum speed of the GS around

the GS center locations.

It should be noted that the GS strength was approximated by the surface current speed,
which could be different than the vertically integrated total volume transport. Volkov et al.
(2020) compared cross-stream sea surface height gradients with the Florida Current (upstream of
the Gulf Stream) volume transport derived from cable measurements and ship sections,
indicating that satellite altimetry reproduces the interannual variability of the Florida Current
transport fairly well. The GS strength derived from the altimetry data was thus used in this study

and the influence of using total volume transport will be examined in a future study.
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