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Abstract The nonstationary roles of regional forcings from alongshore wind stress and sea level pressure
(SLP) in driving low-frequency (interannual-to-decadal) sea level variability along the U.S. east coast for the
1959-2020 period are investigated. The role of regional forcings increases with time north of Cape Hatteras
particularly during summer when their contributions to the variance of observed summertime coastal sea

level anomalies increase by approximately 58%—87% from 1959-1989 to 1990-2020. The enhanced impact

of regional forcings in recent decades results from an increase in the Inverted Barometer (IB) effect that act
constructively with alongshore wind stress especially during summer, and to a lesser extent for the Gulf of
Maine during fall. The summertime North Atlantic Oscillation (NAO) is largely responsible for the increased
IB effect, owing to the stronger NAO-associated low SLP anomalies centered around the Mid-Atlantic Bight in
recent decades compared to earlier decades.

Plain Language Summary Alongshore wind stress and sea level pressure (SLP) are important
regional forces in driving low-frequency (interannual-to-decadal) sea level anomalies along the U.S. east
coast. The roles of these regional forcings, however, vary with time, season, and region, which can shift the
location and change the frequency and intensity of coastal flooding. In this study, we find that regional forcings
contribute more to observed sea level variability north of Cape Hatteras in recent decades (1990-2020)
compared to earlier decades (1959-1989), particularly during summer. The increased role of regional forcings
results from SLP variability via the Inverted Barometer (IB) effect, which exhibits a significant upward trend
during summer with lower (higher) SLP raising (suppressing) sea level. The North Atlantic Oscillation (NAO)
is largely responsible for the increased role of IB effect because the lower SLP anomalies related to the NAO
have become more prominent north of Cape Hatteras in recent decades. Although winter NAO has been shown
to be important for affecting the coastal sea level anomalies, it is the summer NAO effect that is enhanced via
the IB effect, accounting for the enhanced regional forcing in recent decades.

1. Introduction

Sea level variability influences coastal flooding and erosion along the global coasts, including the U.S. east coast
(USEC; e.g., Cazenave & Le Cozannet, 2014; Neumann et al., 2015; Wdowinski et al., 2016). In particular,
low-frequency (interannual to decadal) sea level anomalies (SLAs) have large fluctuations, which can shift the
location and change the frequency and intensity of coastal flooding along the USEC (e.g., Li et al., 2022; Sweet
etal., 2019, 2021).

The physical drivers of USEC interannual to decadal SLAs include both local forcing over the shelf and remote
forcing from the open ocean (e.g., reviews of Han et al., 2019; Hughes et al., 2019; Piecuch et al., 2019; Ponte
et al., 2019; Woodworth et al., 2019). Previous studies have demonstrated the importance of regional forcings,
including alongshore wind stress over the shelf, local sea level pressure (SLP) through the Inverted Barometer
(IB) effect, and river discharges in causing interannual to decadal SLAs along the USEC, especially north of
Cape Hatteras (e.g., Blaha, 1984; Li et al., 2014; Piecuch, Dangendorf, et al., 2016; Piecuch, Thompson, &
Donohue, 2016; Piecuch et al., 2018; Piecuch & Ponte, 2015; Woodworth et al., 2014). Remote forcing from the
open ocean to the east, and coastal wave propagation and advection from the subpolar region to the north can
also influence USEC sea level (e.g., Bingham & Hughes, 2009; Diabaté et al., 2021; Ezer, 2013; Ezer, 2019;
Ezer et al., 2013; Frederikse et al., 2017; Frederikse et al., 2022; Hong et al., 2000; Little et al., 2017; Minobe
et al., 2017; Thompson & Mitchum, 2014; Wang et al., 2022; Yin & Goddard, 2013). We focus on regional
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forcings starting from the 1950s when much more tide gauge measurements and more accurate regional SLP and
wind stress data are available (e.g., Bell et al., 2021).

The USEC SLAs and their regional drivers, however, are nonstationary and they vary with time, location,
and variability period (e.g., Little et al., 2021). For instance, accelerated sea level rise (SLR) was detected
north of Cape Hatteras for 1950-2009 (Sallenger et al., 2012), while decelerated SLR north of Cape Hatteras
was seen from 2010 to 2015 and the SLR acceleration shifted to the south of Cape Hatteras during this time
(Domingues et al., 2018; Valle-Levinson et al., 2017). As the dominant regional forcing, the nearshore wind
especially the alongshore wind stress alters the coastal SLAs via Ekman transport convergence/divergence
and plays a larger role north of Cape Hatteras than south of Cape Hatteras (Andres et al., 2013; Blaha, 1984;
Hong et al., 2000; Piecuch, Dangendorf, et al., 2016; Piecuch, Thompson, & Donohue, 2016; Woodworth
et al., 2014). It has also been shown that the IB effect varies with the analysis time period (Piecuch &
Ponte, 2015).

The regional wind and SLP that affect coastal SLAs are related to climate variability modes, particularly the
North Atlantic Oscillation (NAQO), the Atlantic Multidecadal Oscillation (AMO) and the El Nifio—Southern
Oscillation (ENSO) (Goddard et al., 2015; Hamlington et al., 2015; Han et al., 2019; Park & Dusek, 2013; Sweet
& Zervas, 2011). Moreover, the impact of climate modes on coastal SLAs exhibits interdecadal variability. For
instance, the NAO's relationship to interannual SLAs along the USEC north of Cape Hatteras is weak before
~1987 but strong after ~1987 (Andres et al., 2013; Kenigson et al., 2018), due to the regional shift of the NAO
action center and the associated surface wind patterns (Kenigson et al., 2018). These studies, however, used annual
mean records to assess the SLAs and their relationships with climate modes without considering the seasonality
of low-frequency sea level variability (e.g., Andres et al., 2013; Kenigson et al., 2018; Piecuch & Ponte, 2015).
The important science issues to be addressed here are: How does the nonstationary impact of regional forcings
of coastal SLAs vary with season and region? How are the time-varying regional forcings linked to variations of
atmospheric circulation patterns, and how do the NAO, AMO and ENSO influence the atmospheric circulation
patterns and contribute to the nonstationary roles of regional forcings in causing the observed coastal SLAs?

In this study, we focus on addressing these issues through observational analysis and application of simplified
dynamic models as well as a Bayesian Dynamic Linear Model (DLM). 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 examine the
nonstationary roles of regional forcings in driving the low-frequency coastal SLAs along the USEC in different
seasons and regions and explore the associated changes of atmospheric circulation patterns. In Section 4, we
explore the effects of climate modes on the nonstationary impact of regional forcings in driving USEC SLAs. In
Section 5 we summarize our results and discuss their implications.

2. Data and Methods
2.1. Data

Tide-gauge observed monthly mean sea level data from the Permanent Service for Mean Sea Level (PSMSL,
2021; Holgate et al., 2013) are used to analyze the low-frequency SLAs along the USEC. Tide gauges located
in bays and estuaries are excluded. We select the tide gauges with data available for more than 70% of the time
during the 1959-2020 period when more tide-gauge observed sea level are available than the earlier 20" century
(Figure 1a and Table S1 in Supporting Information S1). We spatially average the observed SLAs in three regions:
the South Atlantic Bight (SAB), Mid-Atlantic Bight (MAB) and Gulf of Maine (GOM) (Figure 1a), because
interannual-to-decadal coastal SLAs are generally coherent within each region but differ between regions (e.g.,
Little et al., 2021; Woodworth et al., 2014).

The monthly surface wind stress and SLP from the European Centre for Medium-Range Weather Forecasts
reanalysis v5 (ERAS; Hersbach et al., 2019) are used to estimate coastal SLAs induced by alongshore wind stress
and the IB effect, respectively. The ERAS quality has improved steadily since 1950s (Bell et al., 2021). The NAO,
AMO and ENSO indices from 1959 to 2020 (see Text S1 in Supporting Information S1 for definitions) are used to
examine the effects of the NAO, AMO and ENSO on regional forcings (i.e., surface wind and SLP) and on coastal
SLAs. Note that the monthly mean climatology and linear trend of each variable for the 1959-2020 period are
removed to obtain their anomalies. Therefore, the monthly anomalies analyzed in this paper primarily represent
low-frequency variability at interannual-to-decadal timescales.
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Figure 1. (a) Locations of tide gauges (black dots). Zonal dashed lines separate gauges located in the SAB, MAB and GOM.
(b—d) Regional mean monthly SLAs observed by tide gauges (n°) and due to the IB effect (n'8), alongshore wind stress (n°)
and their sum (n%) in the GOM, MAB and SAB, respectively. The monthly climatology and linear trend of each variable are
removed. Correlations between observed and estimated SLAs driven by regional forcings are shown in the upper part of (b)—
(d) and statistically significant correlations (>95% confidence) are in bold. Standard deviations (std; mm) of observed and
estimated SLAs driven by regional forcings are shown in the lower part of (b)—(d).

2.2. The Bayesian Dynamic Linear Model

The Bayesian DLM allows for temporal variability in the regression coefficients, as opposed to fixed coefficients
used in standard linear regression models (Petris et al., 2009). Therefore, the DLM is used to examine the tempo-
rally nonstationary relationship between the regionally driven coastal SLAs and climate modes. The Bayesian
DLM consists of an observation Equation 1 and a state Equation 2:

y(@) =bo(t) + bi@®)x1(1) + ... + by (O)xm(t) + €(t), e(r) ~ N, V), 1)
bi(t) = bi(t — 1) + wi(®), wi(t) ~ N0, W)), )

where y is observation and is predicted by M independent predictors x; (x,,...x,,), b, (i =0, 1, 2,...,M) are coeffi-
cients that evolve in time based on the state Equation 2 which measures the dynamical impacts of x; on y, € and
w are errors distributed normally with a mean of zero and variances of V(¢) and W(#) and N represents normal
distribution. Using the NAO index as predictor in the DLM (Section 4) results in residuals (i.e., errors) that
have an approximately normal distribution and small autocorrelations (Figure S1 in Supporting Information S1).
Regression coefficients b; are obtained by applying Kalman filtering and smoothing. Variances V(¢) and W(r)
are obtained using the maximum likelihood estimation method (Petris et al., 2009). More details of DLM are
described in previous studies (e.g., Han et al., 2017; Han et al., 2018; Laine et al., 2014; Petris et al., 2009). In
Equation 1, y represents coastal SLA induced by regional forcings, primarily by SLP and wind stress anomalies,
and x; are the predictors representing the NAO, AMO and ENSO indices. In addition to SLP and wind stress, we
have also examined the effect of river discharges, another regional forcing that can affect coastal SLA, but their
influence is negligible (Figure S2 in Supporting Information S1) and thus is not discussed further.

3. Effects of Regional Forcings and Their Nonstationary Impacts
3.1. Effects of Regional Forcings and Seasonality

We apply simplified dynamical models (described in Text S2 in Supporting Information S1) to estimate the
regionally forced coastal SLAs due to alongshore wind stress (n%) and the IB effect (n'®) in the SAB, MAB and
GOM from 1959 to 2020. The coastal SLAs induced by alongshore wind stress have higher correlations with
the observations than IB effect in all three regions (Figures 1b—1d). While the alongshore wind stress forcing is
more influential than the IB effect in the SAB and MAB for the entire period of 1959-2020, the SLA magnitudes,
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Figure 2. The 31-year moving percentage

of tide gauge observed sea level variance explained by the alongshore wind stress (n7), the IB effect (n'®), and their sum

(M’ =n'8 + n°) for annual mean and each season in (a—€) the SAB, (f—j) the MAB and (k—o0) the GOM. The time in the x-axis is the middle point in each 31-year

moving window. The percentage of variance explained by regional forcings is defined as|1 —

computing variance, and n°BS represents ti

var (4OPS — EST)
var(OBS)

de-gauge observed SLAs and n®T is n'8, n* and nS, respectively.

] X 100% (e.g., Piecuch & Ponte, 2015), where var represents

measured by SLA standard deviation, due to the IB effect are larger than that due to alongshore wind stress in
the GOM. The magnitudes of total regionally forced SLAs, #° = #'® + 5", are smaller than observed in all three
regions, suggesting that other forcings can also play a significant role, as discussed in Section 1.

The impacts of regional forcings on low-frequency USEC SLAs vary with season, with the largest variability
occurring in winter (December-February) in all three regions and the smallest in summer (June-August) (Figure
S3 in Supporting Information S1). The standard deviations of the regionally forced SLAs and their correlations
with tide gauge observations show that in the SAB and MAB, alongshore wind stress has a larger impact than
the IB effect throughout the year except for summer in MAB. By contrast, in the GOM the IB-induced SLAs are
consistently larger than that due to the alongshore wind in all seasons (Figure S3 in Supporting Information S1).
Ponte (2006) also found that the IB effect becomes larger at higher latitudes.

3.2. Nonstationary Roles of Regional Forcings

We next examine the nonstationary roles of regional forcings for each season. Using a 31-year moving window,
which allows for a direct comparison between the first and second half of the 62-year study period, we calculate
the correlations between the regionally forced and observed SLAs (Figure S4 in Supporting Information S1) and
the percentages of observed sea level variance explained by regional forcings in each season (Figure 2). We have
also tested 20-year and 40-year moving windows, and the results do not change qualitatively (not shown).

In the SAB, the observed variance explained by regionally forced total SLAs are relatively stable over the study
period for all seasons (Figures 2a—2e, black lines). By contrast, in the GOM and to a lesser extent the MAB,
annual mean total regional forcings explain more of the observed variance during recent decades compared to
earlier decades (Figures 2f and 2k, black lines), with statistically significant linear trends of 0.69 + 0.53%/year
(£20) and 1.09 + 0.70%/year (£206) in the MAB and GOM, respectively. The uncertainty in the linear trend, 2o,
is given as two times standard trend error with an effective degree of freedom N* = i—:, where r is the first-order
autoregressive coefficient obtained from the trend residual. The increased variance explained by total regional
forcings results from the increased variance explained by the IB effect, with linear trends of 1.66 + 0.67%/year
(+20) and 1.60 + 0.43%/year (+20) in the MAB and GOM, respectively (Figures 2f and 2k). While the original
time series have been detrended, trends can occur in Figure 2 due to a change in the relationship between the
forcings and SLAs.
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Figure 3. (a-b) Composite maps of sea level pressure (SLP; Pa) and wind stress (Nm~2) anomalies for the east U.S. and
northwestern Atlantic Ocean during summer, when IB-induced coastal SLAs in the MAB and GOM and observed coastal
SLAs are both positive, +1'8/+n°. (c-d) Same as (a-b) but for negative IB-induced coastal SLAs and positive observations
(—1"8/4+n°). (e) The 31-year moving number of months when the IB-induced and observed coastal SLAs have same signs
(+n'8/41°; —'B/—°) and have opposite signs (—n'8/4n°; +1'8/—n°) in the MAB during summer. (f) Same as (e) but for the
coastal SLAs in the GOM. The time in the x-axis of (e—f) is the middle point in each 31-year moving window.

The most noticeable increase in the effects of regional forcings occurs in summer, and results mainly from
the increased IB effect (Figures 2i and 2n), with weaker but visible enhancement appearing in winter and fall
(September—November) (Figure 2f—20; Figures S5 and S6 in Supporting Information S1). In particular, the
observed summertime sea level variance explained by the total regional forcings increases by 58.4% and 87.1%
with statistically significant linear trends of 2.36 + 0.67%/year and 3.80 + 1.09%/year in the MAB and GOM,
respectively. During the summer season of earlier decades (1959-1989), regional forcings have little or negative
contributions to the observed SLAs in the MAB and GOM (Figures 2i and 2n), indicating that other forcings
dominate the observed SLAs. During recent decades (1990-2020), the IB effect is the most important regional
forcing in summer and significantly contributes to the observed coastal SLAs, with statistically significant linear
trends of 2.78 + 0.77%/year and 3.39 + 0.99%/year in the MAB and GOM, respectively. Although previous
studies have shown that regional forcings are not stationary (e.g., Piecuch et al., 2018; Piecuch & Ponte, 2015),
we find that the largest nonstationarity occurs during summer at the USEC north of Cape Hatteras, due to the IB
effect.

To understand why the IB effect increased dramatically in recent decades, we analyze the times when the 1B
effect enhances or reduces SLAs (Figures 3a—3d). When IB-induced coastal SL.As have the same sign as observed
(+n"8/4n° and —n'B/—n0°), they increase the amplitude of the SLAs. For instance, when both the IB induced
and observed SLAs are positive (+1®/+1°), negative SLP anomalies occupy the entire USEC centered around
the MAB (Figures 3a and 3b). Alongshore wind stress and SLP north of Cape Hatteras act constructively, with
northeasterly wind anomalies increasing coastal sea level by inducing onshore Ekman transport, which enhances
the high sea level caused by negative SLP anomalies via the IB effect. The reverse occurs when the IB forcing

ZHU ET AL.

50of 10



A7oN |
NI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL104191

and coastal SLAs have the opposite sign (—1n®/4+n° and +1'®/—n°). During periods when IB-induced coastal
SLAs are negative and observed SLAs are positive (—n'8/+n°), positive SLP anomalies cover the USEC centered
around the Gulf of St. Lawrence (Figures 3c and 3d). Alongshore wind stress and SLP north of Cape Hatteras act
destructively, with northeasterly wind anomalies increasing coastal sea level, which compensates for the low sea
level induced by positive SLP anomalies. In addition, when the atmospheric circulation center is located further
south, SLP anomalies are strengthened in the USEC region and so is the IB effect (Figures 3a and 3b), compared
to periods with a negative contribution (Figures 3¢ and 3d). The composite circulation patterns for —n®/—n°
and +1'8/—n° cases (Figure S7 in Supporting Information S1) are similar to those of +1n8/4+n° and —n8/+n0,
respectively, except for reversed signs of the SLP and wind stress anomalies.

We further count the number of months during summer season for each of the four categories during the 31-year
moving window (Figures 3e and 3f) and find that the number of months with a positive contribution (+n'"8/4+n°)
(Figures 3a and 3b) has an upward trend in the MAB and GOM (red lines of Figures 3e and 3f), while the negative
contribution (—'®/+n1°) (Figures 3c and 3d) has a decreasing trend from 1959 to 2020 (green lines of Figures 3¢
and 3f). Similar trends also occur during fall (Figure S8 in Supporting Information S1). The cases for —n®/—n°
and +1'®/-1° have no apparent trends (blue and magenta lines of Figures 3e and 3f). These results suggest
the anomalous wind and SLP patterns with the alongshore wind stress and SLP anomalies acting constructively
during the recent decades (Figures 3a and 3b) whereas the alongshore wind stress and SLP anomalies acting
destructively in the earlier decades (Figures 3c and 3d). Consistent with the increase in time with positive contri-
butions (+1'8/41°) and the decrease in time with negative contributions (—1®/4+n°), stronger negative SLP
anomalies occur along the USEC during summer and fall in recent decades compared to the earlier decades
(Figure S9 in Supporting Information S1).

4. Contribution of Climate Modes to Regionally Forced SLAs

To explore the effects of climate modes on atmospheric circulation variability and SLAs, we apply the Bayesian
DLM with the predictand being the IB-induced coastal SLA and the predictor being the normalized indices of
the NAO, AMO and ENSO. The product of DLM coefficient and predictor yields the coastal SLA induced by
a climate mode (Equation 1 of Section 2.2). Our DLM results show that the AMO and ENSO have negligible
influence on the IB-induced coastal SLAs throughout the analysis period (Figure S10 in Supporting Infroma-
tion S1). Therefore, we focus on the NAO. The NAO-related SLAs in the MAB and GOM for the summer season
explain more observed sea level variance in recent decades compared to earlier decades (Figure 4a). Since the
DLM coefficient is negative (Figure 4b), a negative NAO corresponds to positive IB-induced coastal SLA. The
decadal shift of the NAO index from more positive values in earlier decades (1959-1989) to more negative values
in recent decades (1990-2020; Figure 4c) indicates that the NAO tends to increase the number of +n®/+n°
cases and reduce the number of —n'8/+n° cases in recent decades, consistent with our analysis above (Figures 3e
and 3f). Additionally, the larger DLM coefficient value in the MAB during recent decades (Figure 4b) indicates
enhanced NAO influence on SLAsS.

To understand why the NAO impact is enhanced, we compare SLP and wind stress anomalies due to the NAO
between the earlier (1959-1989) and recent (1990-2020) periods during summer (Figures 4d—4f and 4g—41).
At each grid point, we apply the Bayesian DLM with normalized NAO index as the predictor and the SLP (or
wind stress) anomaly as the predictand. The SLP (or wind stress) anomaly induced by the NAO is the product
of the DLM coefficient and the NAO index. Figures 4d and 4e show composite maps of NAO-induced SLP and
surface wind anomalies in the summers when observed SLAs in the MAB and GOM are positive, which resemble
Figures 3c and 3d (3a and 3b) during earlier (recent) decades. During earlier decades, the IB-induced negative
SLAs due to positive SLP in the MAB and GOM are associated with the positive NAO, having negative contri-
bution to observed positive SLAs. During recent decades, the IB-induced positive SLAs due to negative SLP are
associated with the negative NAO, having positive contribution to observed positive SLAs. The center of nega-
tive SLP anomaly in recent decades is shifted southward to the MAB compared to that of positive SLP anomaly
during earlier decades (compare Figures 4d and 4e), causing an increased Bayesian DLM coefficient (Figure 4b)
and making the NAO more effective in affecting MAB sea level.

While the composites shown in Figures 4d—4f include both interannual and decadal anomalies, Figures 4g—4i
shows decadal anomalies averaged for 1959-1989 and 1990-2020 and their differences, demonstrating similar
patterns with Figures 4d—4f except for weaker magnitudes. The decadal SLP anomalies are consistent with the
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Figure 4. (a) The 31-year moving percentages of observed sea level variance explained by the NAO in the MAB and GOM during summer. The time in the x-axis is
the middle point in each 31-year moving window. (b) Time-varying coefficients of Bayesian DLM for the NAO in the MAB and GOM. The shading represents +2c,
where o is the standard deviation of DLM coefficient. (c) The NAO index during summer. The averaged NAO index for the earlier (1959-1989) and recent (1990-2020)
decades is shown in black dashed lines. (d) Composite SLP (Pa) and wind stress (Nm~2) anomalies during summer due to the NAO in times when observed coastal
SLAs in the MAB and GOM are positive for the 1959-1989 period. (e) Same as (d) but for the 1990-2020 period. (f) Composite differences in SLP and wind stress
anomalies due to the NAO between the earlier (1959-1989) and recent (1990-2020) 31 years (e minus d). Panels (g—i) same as (d—f) but for the mean SLP and wind
stress anomalies over the two periods and their differences.

positive mean NAO during earlier decades and the negative mean NAO during recent decades (Figure 4c, black
dashed lines), suggesting that the decadal change of the NAO toward a negative phase in recent decades reduces
SLP near the U.S. northeast coast and increases coastal SLAs via the IB effect. The reduced SLP and northeast-
erly wind anomalies both act to enhance SLAs north of Cape Hatteras, although the alongshore wind is weak.
The SLP pattern due to the NAO during fall also supports a more positive contribution of the IB effect in recent
decades compared to earlier decades (Figure S11 in Supporting Information S1).

5. Summary and Discussion

The nonstationary roles of regional forcings from alongshore wind stress and SLP via the IB effect, in driving
low-frequency (interannual-to-decadal) sea level variability along the USEC for the 1959-2020 period are inves-
tigated in different seasons and regions. Compared to previous studies using annual mean records, we obtain the
following new findings:

1. The role of regional forcings in explaining SLA variance along the USEC north of Cape Hatteras increased
in recent decades particularly during summer, when the observed sea level variance explained by regional
forcings increases by approximately 58% in the MAB and 87% in the GOM from 1959-1989 to 1990-2020
(Figures 2i and 2n). The effects of alongshore wind stress and SLP tend to act destructively in earlier decades,
whereas they tend to add constructively in recent decades in relation to large-scale surface climate patterns.
No apparent change in the role of regional forcings is detected in the SAB.

2. The increased contribution of the IB effect to coastal SLAs during summer in the MAB and GOM results
from changes of SLP during recent decades, when the low SLP anomalies are stronger north of Cape Hatteras
(Figure 3).

3. The summertime NAO is largely responsible for the increased role of the IB effect in recent decades (Figure 4).
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The regional forcings due to alongshore wind stress and SLP play a large role in driving interannual-decadal
USEC SLAs, in agreement with previous studies (e.g., Andres et al., 2013; Piecuch, Dangendorf, et al., 2016;
Piecuch, Thompson, & Donohue, 2016; Piecuch & Ponte, 2015; Woodworth et al., 2014). The role of regional
forcings, particularly the IB effect, on USEC SLAs north of Cape Hatteras has been enhanced in recent decades
during summer seasons. Therefore, the low SLP anomalies during summer in recent decades are an important
driver for the increasing risk of coastal highted flooding north of Cape Hatteras. Other forcings such as the remote
forcings from the open ocean (e.g., Frederikse et al., 2022; Wang et al., 2022) that are not investigated in this
study could also vary with time. For example, the decadal SLAs along the northeastern US coast are enhanced
in the second half of the 20" century, which could be related to Labrador Sea heat flux variability (Little, 2022).

This study also finds that the summertime NAO can affect the USEC SLAs by shifting the SLP pattern, while
previous studies have demonstrated the importance of NAO on USEC sea level during winter seasons by chang-
ing wind stress pattern (Kenigson et al., 2018). The seasonality of the impacts of climate modes, such as the
NAO, deserves more attention when using climate mode indices to predict the frequency and intensity of coastal
flooding.

Data Availability Statement

The tide-gauge monthly mean sea level is obtained from PSMSL (2021; Holgate et al., 2013), retrieved from
http://www.psmsl.org/data/obtaining/. ERAS monthly atmospheric SLP, wind stress (Hersbach et al., 2019) are
provided by the C3S Climate Data Store (https://cds.climate.copernicus.eu/#!/home). The NAO index is down-
loaded at https://psl.noaa.gov/data/climateindices/list/. The codes of Bayesian DLM are download at https://
github.com/mjlaine/dlm.
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