
1. Introduction
The northeast coast of the United States (US) is a densely-populated region with enhanced sea level rise (SLR) 
relative to the global mean (Sallenger et al., 2012). Many processes contribute to sea-level change in this region 
(Little et al., 2019; Woodworth et al., 2019 and references therein). Quantifying the relative contributions of these 
different processes to past sea-level change can improve the reliability of future SLR predictions.

The magnitude of interannual sea-level variations in the northeast US is large compared to the long-term secular 
trend over the last few decades (Andres et al., 2013). For example, Goddard et al. (2015) reported an extreme 
seal-level variation during 2009–2010 that was equivalent to approximately 30 years of global-mean SLR. In 
addition to having large magnitudes, interannual sea-level variations in the region are also coherent from Cape 
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Hatteras to Nova Scotia (Figure S1; Andres et al., 2013; Thompson, 1986; McCarthy et al., 2015; Thompson & 
Mitchum, 2014; Woodworth et al., 2014; Piecuch et al., 2016; Little et al., 2021).

Many past studies have argued that local wind forcing is the dominant driver of interannual sea-level variations in 
the northeast US coast (Andres et al., 2013; Piecuch et al., 2016, 2019; Woodworth et al., 2014, 2017). However, 
Chen et al. (2020) stated that local along-shore wind stress only explains 5% of the variance of the interannual 
sea-level variations in the Mid-Atlantic Bight and about 30% of the variance along the Nova Scotia Coast. Remote 
forcing has also been hypothesized to be an important contributor. For instance, Frederikse et al. (2017) found 
a strong correlation between steric height in the subpolar gyre and the sea level along the US northeast coast on 
decadal timescales, implicating a common forcing for both.

These previous studies were either based on correlation analysis (e.g., Andres et al., 2013) or highly simplified 
models (e.g., Piecuch et al., 2016). Correlation or regression analyses cannot establish causality. More advanced 
models can confirm or invalidate previous findings based on simplified models. In this study, we establish causal-
ity by employing a rigorous method based on the state estimation framework developed by the consortium for 
Estimating the Circulation and Climate of the Ocean (ECCO), in particular, sea-level sensitivities to forcings 
computed by the adjoint model derived from the ECCO forward model (hereafter ECCO adjoint model).

We aim to establish causality between interannual sea-level variations near Nantucket Island off the US northeast 
coast with local and remote wind stress and buoyancy forcings. Local forcings are defined as those over the Gulf 
of Maine (GoM; Figure S1). Remote forcings are defined as those in more distant regions including the subpolar 
North Atlantic. In particular, we analyze Nantucket sea-level sensitivities to forcings, which depict Nantucket 
sea-level response to unit perturbations of the forcings, and the convolution of the sensitivities with forcings. 
The analysis decomposes Nantucket sea-level variations into contributions from individual forcings from vari-
ous regions and different lead times so as to quantify the relative importance of local and remote forcings. The 
causality analysis helps verify or nullify previous hypotheses that were based on correlation analyses or simple 
models of the roles of these forcings.

The paper is organized as follows. The model and methodology are described in Section 2. In Section 3, we pres-
ent the adjoint-based reconstruction of Nantucket sea level. We investigate the local and remote forcing contribu-
tions to Nantucket sea level in Section 4. Two events of enhanced buoyancy forcing contributions are studied in 
detail in Section 5. Using perturbation experiments, we investigate how remote buoyancy forcing and wind stress 
in different regions affect Nantucket sea level in Section 6. Finally, we give concluding remarks in Section 7.

2. Model and Methodology
Because seasonal-to-decadal sea-level variations are coherent north of Cape Hatteras from Mid-Atlantic Bight 
to GoM (Figure S1 or see Andres et al., 2013), we choose to use sea level at Nantucket Island as a proxy for sea 
level along the entire US northeast coast. Nantucket is also the approximate geographic center of the US northeast 
coast region. The model grid cell that we define as “Nantucket” is at 41.4°N, 70.5°W, with 20-m model water 
depth.

We focus on interannual sea-level variations during 1992–2015 and use the global, data-constrained ECCO 
Version 4 Release 3 (hereafter ECCO V4r3) ocean and sea-ice estimate (Forget et al., 2015; Fukumori et al., 2017). 
As there is no surface atmospheric pressure loading in the ECCO V4r3 solution, sea level in this study refers to 
ocean dynamic sea level without the inverse barometer (IB) effect. The IB effect accounts for 25% of interannual 
variance of total sea level along the US northeast coast (Piecuch & Ponte, 2015).

The ECCO state estimates are obtained by fitting the Massachusetts Institute of Technology general circula-
tion model (MITgcm) to satellite and in-situ ocean and sea-ice observations using an adjoint-based optimiza-
tion method. The model's first-guess surface boundary conditions, initial conditions, and mixing parameters 
are iteratively adjusted to minimize the model-data differences in a least-squares sense. The time-trajectory of 
the optimized, free-running model can be entirely ascribed to first principles, namely, satisfying the physics 
described by the model equations. Covering the period 1992–2015, the ECCO V4r3 solution has a nominal 1° 
horizontal grid spacing and 50 vertical levels with thickness varying from 10 m near the surface to 456.5 m at a 
maximum depth of 6,134.5 m. The model uses a rescaled vertical coordinate z*, a non-linear free surface, and 
real freshwater flux boundary condition. They help the numerical model accurately account for the mass and 
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density contributions to sea level by material exchanges through the ocean surface (Campin et al., 2008; Forget 
et al., 2015). Numerous studies have used various ECCO products to investigate changes in sea level (e.g., Forget 
& Ponte, 2015; Schloesser et al., 2021), temperature and salinity (e.g., Liu et al., 2019; Ponte et al., 2021; Ponte 
& Piecuch, 2018), and other oceanic physical properties. A comprehensive list of ECCO-related publications can 
be found at https://ecco-group.org/publications.htm.

To quantify the relative contribution of different forcing from different locations to Nantucket sea-level varia-
tions, we employ the method of adjoint gradient decomposition (Fukumori et al., 2015) whereby a quantity of 
interest (objective function), Nantucket sea level in this case, is expanded linearly in terms of its causal elements 
using the ECCO adjoint model. While the original ECCO V4r3 solution uses time-evolving atmospheric state 
and bulk formulae to calculate the individual air-sea heat and freshwater flux terms (e.g., sensible and latent heat 
flux, evaporation), this study employs a “flux-forced” version of the ocean model forced with prescribed zonal 
and meridional wind stress (TAUU and TAUV), net heat flux (QNET), and net freshwater flux (EmPmR) of V4r3 
that allows the influences of different forcing mechanisms to be more readily quantified (Fukumori et al., 2021).

We run the ECCO adjoint model backward in time to calculate the adjoint sensitivities of Nantucket sea level 
with respect to these four air-sea fluxes as a function of location and lead time. Specifically, sensitivities are 
calculated using monthly-mean Nantucket sea level in December 2015 as the objective function, thus allowing 
the computation of adjoint sensitivities to forcings with the longest possible lead time over the 1992–2015 ECCO 
V4r3 period. The resultant set of adjoint sensitivities quantifies the linear response of Nantucket sea level to unit 
positive perturbations in each forcing as a function of location and lead time. We make a reasonable approxi-
mation that the adjoint sensitivities are independent from ocean state and therefore stationary in time, following 
previous studies (e.g., Heimbach et al., 2011; Kostov et al., 2021; Pillar et al., 2016; Smith & Heimbach, 2019; 
Verdy et al., 2014).

Figure 1 shows adjoint sensitivities of Nantucket sea level to heat flux, freshwater flux, zonal and meridional 
wind stress at various forcing lead times. The values have been normalized by the maximum sensitivity value in 
the region (number specified on each panel) and are thus non-dimensional. The heat and freshwater flux sensi-
tivities at 1-year lead time are mostly from the Scotian Shelf that is not very far from Nantucket Island. As the 
lead time increases, the largest sensitivities occur in regions farther away, for example, from the subpolar North 
Atlantic with forcing lead times of 2–3 years and south of Iceland at year 5. In contrast, the wind stress sensitivi-
ties are dominated by local features and even going back further in time, the largest sensitivities are still not very 
far from Nantucket Island.

To reconstruct Nantucket sea-level anomaly (SLA) at a target time, t, the adjoint sensitivities are convolved with 
the anomalies of each forcing with respect to its time mean. Mathematically, Nantucket SLA, J, is reconstructed 
by the following equation:

�(�) ≈
∑

�

∑

�

∑

Δ�

��
���(�,Δ�)

���(�, � − Δ�) (1)

where 𝐴𝐴
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑖𝑖(𝑠𝑠𝑠Δ𝑡𝑡)
 is the adjoint sensitivity of Nantucket SLA to forcing Fi at lead time 𝐴𝐴 Δ𝑡𝑡 and location s; and 

𝐴𝐴 𝐴𝐴𝐴𝐴𝑖𝑖(𝑠𝑠𝑠 𝑠𝑠 − Δ𝑠𝑠) is the anomaly of forcing Fi at some prior time 𝐴𝐴 𝐴𝐴 − Δ𝐴𝐴 (i.e., target time minus lead time).

Using Equation 1, one can reconstruct Nantucket SLA time series by aggregating the cumulative contributions 
of all forcings through all lead time and space. To gain insight into the contributions of particular forcings to the 
overall sea-level variation, we analyze the individual elements of Equation 1. In fact, this is the basis for us to 
decipher the relative contributions of different forcings as well as local versus remote forcings. See Fukumori 
et al. (2007, 2015, 2021) for details regarding the methodology of the decomposition and reconstruction to deter-
mine causal mechanisms.

Unless otherwise specified, the study is based on 13-month low-pass-filtered monthly sea-level time series, refer-
enced to its global and 1992–2015 time means, with the seasonal cycle and a linear trend removed so as to focus 
on regional interannual variations. We show that the convolution-based sea-level reconstruction reproduces most 
of the interannual sea-level variance at Nantucket estimated by ECCO. We then decompose the reconstructed 
Nantucket sea-level variations into individual forcing contributions or regional contributions.

https://ecco-group.org/publications.htm
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3. Adjoint-Based Reconstruction of Nantucket Sea Level
Figure 2a compares interannual variations of Nantucket sea level estimated by ECCO (blue) to tide-gauge data 
(gray) and the estimate from the Archiving, Validation and Interpretation of Satellite Oceanographic (AVISO) 
merged-altimetry gridded product (black). Both tide-gauge data and AVISO have been corrected for the IB effect 
and are referenced to global-mean sea level from AVISO. The tide-gauge SLA are very similar to the AVISO SLA 
even though the latter have been spatially averaged onto the ECCO grid closest to Nantucket. While ECCO esti-
mate overall resembles these observations (correlation coefficient r = 0.79 and 0.80, respectively), there are some 
notable mismatches, for example, during 1997 and 2013. These mismatches are likely due to limitations in the 
ECCO V4r3 model (e.g., coarse grid resolution and representation of coastal processes), because the tide-gauge 
data is more similar to AVISO (r = 0.93) despite some notable difference between them. The reconstructed 
Nantucket sea level (orange) explains approximately 89% of the interannual variance of the ECCO estimate 
(blue). This indicates that the assumptions involved in the adjoint-based reconstruction (e.g., stationary linear 
response) are reasonable. Accounting for the dependence of adjoint sensitivities on seasonally varying ocean state 

Figure 1. Nantucket sea-level sensitivity to heat flux (a)–(d), freshwater flux (e)–(h), zonal (i)–(l) and meridional wind stress 
(m)–(p) at various forcing lead times (indicated by legends) computed by integrating the ECCO adjoint model backward 
in time. The circle indicates the location near Nantucket Island where the objective function is defined. For each panel, the 
values of the sensitivities have been normalized by the maximum magnitude of sensitivities in the region (shown in legends) 
and are thus non-dimensional. Positive sensitivity value at a location means that a positive perturbation to the forcing at that 
location for the particular lead time will increase Nantucket sea level at the terminal time (time 0). The sign convention for 
the forcing itself is positive for downward heat flux (W m −2) and freshwater flux (kg m −2 s −1), eastward and northward wind 
stress (N m −2). Longer lead times are shown for the sea-level sensitivities to heat and freshwater fluxes because of the longer 
time scales of their evolutions.
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(e.g., Verdy et al., 2014) may increase the variance explained beyond 89%, but at much higher computational cost 
because it requires 11 more multi-decadal adjoint sensitivity runs.

Having established that Equation 1 can reconstruct most of the interannual variability of Nantucket sea level 
represented in ECCO, we next quantify the contributions by wind stress and buoyancy forcings (Figure 2b). 
Wind stress (dashed) is the largest contributor, explaining 67% of the interannual variance of the reconstructed 
Nantucket sea level. This confirms previous studies suggesting that wind forcing is the dominant contributor 
to sea-level variations along the US northeast coast (Andres et al., 2013; Piecuch et al., 2016, 2019; Piecuch & 
Ponte, 2015; Woodworth et al., 2014). A prominent example is during 2009–2010 when the 5-cm increase of sea 
level is almost completely due to wind forcing. Goddard et al. (2015) found that the increase of sea level along the 
US northeast coast during 2009–2010 is consistent with the northeasterly wind stress anomaly during the same 
period that causes anomalous onshore Ekman transport.

Although sizable, buoyancy forcing contribution (dotted) does not formally explain much variance of the overall 
interannual variation of Nantucket sea level during the 1992–2015 period (−1%). However, the difference in vari-
ance explained by the total reconstruction (89%) and wind stress contribution (67%) is largely due to buoyancy 
forcing which can be as important as wind stress during certain years. For example, during 2010–2013 wind 
stress causes a 5-cm decrease of sea level, but it is offset by a 3-cm increase of sea level due to buoyancy forcing 
(inset on the right of Figure 2b). During 1999–2002, the 3-cm increase of sea level due to wind stress is offset 
by a 4-cm decrease due to buoyancy forcing (inset on the left of Figure 2b). Buoyancy forcing also appears to be 
more important at lower frequencies than wind forcing. The reconstructions by wind and buoyancy forcings have 
partial compensation with weak but significant anticorrelation (r = −0.26). Note that the explained variances by 
individual forcing contributions are not additive because forcings may covary. Such covariation makes it difficult 

Figure 2. (a) Nantucket SLA from tide gauge (gray), AVISO (black), ECCO (blue), and adjoint-based sea-level 
reconstruction (orange) using both wind stress and buoyancy forcings plus the contribution of adjustment to initial state. 
The number (89%) in the legend is the percentage variance of ECCO SLA (blue) explained by the total reconstructed 
SLA (orange). (b) The total reconstructed SLA (orange; same as in panel (a)) and individual reconstruction using wind 
stress (dashed), buoyancy forcing (dotted), and the contribution of adjustment to initial state (purple). The numbers are the 
percentage variance of the total reconstructed SLA (orange) explained by each of these three factors. The two insets show 
reconstructed SLA for 1999–2002 and 2010–2013. All time series are 13-month low-pass-filtered with the respective mean 
seasonal cycle and linear trend removed. The curves are referenced to their corresponding time mean, except that those in the 
insets are relative to January 1999 and January 2010, respectively. Units are in cm.
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to separate the forcing contributions using traditional covariance-based 
analyses (e.g., regression). A negative explained variance of one variable 
by another occurs when they are anticorrelated or the ratio of the latter's 
standard deviation (σ) to the former's is twice larger than r (see Fukumori 
et al., 2015). Table 1 lists σ of reconstructed sea-level and r between total 
reconstruction and the reconstructions by individual forcings. The fact that 
wind stress and buoyancy forcing together explain 97% of the variance of 
Nantucket sea level even though buoyancy forcing alone does not explain any 
interannual variance suggests the importance of buoyancy forcing.

The contribution of the anomalies in the initial condition (purple in Figure 2b) 
quantifies the effect of sea-level adjustment to the initial state of the ECCO 

model that is independent from the effects of subsequent forcings. The initial condition's contribution is obtained 
by taking the difference between the ECCO solution and the same simulation in which the model's initial condi-
tions are replaced by its 1992–2015 time-mean ocean state. The variance explained by the initial state is close to 
zero and mostly affects sea level before 2000.

4. Local and Remote Forcing Contributions
We further investigate the local and remote contributions of wind and buoyancy forcings. By excluding the spatial 
summation in Equation 1, we obtain the contribution of a forcing at each location to Nantucket sea level. We then 
compute the fraction of Nantucket interannual sea-level variance explained by reconstructed SLA using wind 
stress or buoyancy forcing at each location. The resultant maps, referred to as the forcing influence maps, are 
shown in Figure 3. Similar to adjoint sensitivities of wind stress (Figure 1), wind stress contribution (Figure 3a) 
is seen to be mainly local, with the largest contribution from the GoM and Scotian Shelf northeast of Nantucket. 
Moreover, wind stress contribution is largely confined to the shelf and almost entirely northeast of Nantucket. 
Outside the large and positive local influence region, there is little contribution by wind stress.

Buoyancy forcing, on the other hand, has contributions covering a much broader region northeast of Nantucket, 
including remote areas in the subpolar North Atlantic (Figure 3b). There is a local positive contribution from the 
GoM and Scotian Shelf. In the subpolar region, there are positive remote contributions by buoyancy forcing over 
the Labrador Sea, the western subpolar gyre, and the southeastern Greenland Shelf. There are also weak positive 
contributions farther upstream along the eastern coasts of the Atlantic Ocean and Nordic Seas. Values of negative 
variance explained are found for buoyancy forcing from the eastern subpolar gyre, the continental slopes of Grand 
Banks and Flemish Cap, and the Gulf of St. Lawrence. There are also noticeable negative values of explained 

Reconstruction σ r

Total 1.94 1

Wind 1.88 0.83

Buoyancy 1.19 0.30

Table 1 
Standard Deviation (σ; in cm) of Reconstructed Nantucket Sea Level 
and Correlation Coefficient (r) Between Total Reconstruction and the 
Reconstruction Using an Individual Forcing

Figure 3. Fractions of variance of the total reconstructed Nantucket interannual SLA explained by reconstructed SLA using (a) wind stress and (b) buoyancy forcing 
per unit area (km −2) at each location. Contours are isobaths of 200, 700, and 2,000 m (dark gray).
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variance from the Labrador and Newfoundland shelves that are sandwiched between positive values from the 
Labrador Sea and coastal regions.

Frederikse et al. (2017) identified a strong correlation between decadal changes of steric height in the subpolar 
North Atlantic and the sea level along the US northeast coast. The region with large contribution of remote buoy-
ancy forcing identified in our study is roughly over the same region where they found good correlation between 
subpolar steric height and sea level along the US northeast coast. Our results corroborate their hypothesis that 
sea-level variations in the subpolar gyre and the US northeast coast can both be influenced by subpolar buoyancy 
forcing, with our results demonstrating this causality. Our results also suggest that subpolar buoyancy forcing 
explains only 10% of the interannual variance of Nantucket sea level.

The contributions from local and remote forcings can be quantified by the variance of the total reconstructed SLA 
explained by each forcing from various forcing regions (defined in Table 2 and Figure 4; Table 2 also has other 

statistics, σ and r). Here the local forcing region is defined as the GoM with 
depths shallower than 2,000 m. We also consider a larger regional forcing box, 
encompassing the smaller local forcing box as well as the Mid-Atlantic Bight 
to the south and the Scotian Shelf to the north. Any contributions outside the 
regional forcing box are considered as remote forcing contributions.

Table 2 summarizes the variance of the total reconstructed SLA explained 
by wind and buoyancy forcings from the various regions defined above. For 
winds, the GoM (local forcing region) is the main contributor, explaining 
about 48% of the variance of the total reconstructed Nantucket sea level. The 
regional wind contributions from the GoM, Mid-Atlantic Bight, and Scotian 
Shelf account for 66% of the variance. Remote winds explain about 27% 
of the variance, smaller than the local and regional wind contributions. In 
contrast, remote buoyancy forcing contribution is larger than local buoyancy 
forcing contribution, explaining 8.5% and 2.6% of the variance of the total 
reconstructed SLA respectively. Our causal analysis indicates that local wind 
stress is the main contributor to sea level change along the US northeast coast.

Figure  5 shows the reconstructed sea-level time series using wind stress 
(Figure 5a) and buoyancy forcing (Figure 5b) from various forcing regions 
(Table 2). The numbers in the figure legend are the variance of the recon-
structed SLA using wind stress (Figure 5a) and buoyancy forcing (Figure 5b) 
explained by the reconstruction from each forcing region. For wind stress, the 
local forcing box explains 58% of the variance of the wind reconstruction, 
more than that of the remote forcing region (49%). That the local wind contri-
bution is larger than the remote wind contribution is consistent with what 
is shown in Table 2. The wind stress contribution from the Labrador Sea is 

Forcing Region name Description Explained variance (σ; r)

Wind Local (Gulf of Maine) 71°–66°W, 40°–45°N, 0–2,000 m 48% (0.84; 0.77)

Regional 80°–60°W, 35°–45°N, 0–2,000 m 66% (1.3; 0.83)

Remote All areas outside the regional forcing box 27% (0.87; 0.53)

Labrador Sea 65°–45°W, 50°–70°N −15% (0.46; −0.19)

Buoyancy Local (Gulf of Maine) 71°–66°W, 40°–45°N, 0–2,000 m 2.6% (0.54; 0.19)

Regional 80°–60°W, 35°–45°N, 0–2,000 m 2.7% (0.58; 0.20)

Remote All areas outside the regional forcing box 8.5% (0.79; 0.31)

Labrador Sea 65°–45°W, 50°–70°N 0.0% (0.48; 0.12)

Note. The standard deviation (σ) of total reconstructed SLA is 1.9 cm. The numbers in parenthesis are the standard deviation (cm) of the reconstruction by a particular 
forcing from a specified region and the correlation coefficient (r) between the total and specific reconstructed SLAs.

Table 2 
Percentage Variance of Total Reconstructed SLA Explained by the Reconstructed SLA Using Wind Stress and Buoyancy Forcing From Various Forcing Regions

Figure 4. Forcing regions shown in a map of the correlation coefficient 
between the monthly-mean AVISO SLA near Nantucket Island (denoted as X) 
and that at each grid point. See Table 2 for definitions of the forcing regions. 
The remote forcing region is defined as all areas outside the regional forcing 
box (in blue). The dashed oval is a schematic illustration of the subpolar 
gyre and its counterclockwise circulation (as designated by the arrow on its 
perimeter). The two straight arrows are schematic illustrations of the Labrador 
Current and shelf break currents. Contours are isobaths of 200, 700, and 
2,000 m (dark gray). The sea level is the same as used in Figure S1.
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negative (−4.2%). Also, the magnitude of reconstructed SLA from wind stress over the Labrador Sea is small (the 
largest being about 1 cm) compared with the 4-cm magnitude of that using wind stress from all regions. Recon-
structed SLA using wind stress from the Labrador Sea is uncorrelated to that from all forcing regions (r being 
close to zero). The lack of wind stress contribution from the Labrador Sea found in this study differs from what 
was hypothesized by Andres et al. (2013) based on the anticorrelation of wind stress curl in the Labrador Sea with 
North-America coastal sea level. The ECCO wind stress curl is indeed significantly anticorrelated with Nantucket 
sea level (r = −0.46), similar to Andres et al. (2013). However, our causal analysis presented above shows that 
Labrador Sea wind stress curl is not an important driver of sea-level variation along the US northeast coast.

For reconstructed SLA using buoyancy forcing, local and remote forcings explain 53% and 76% of the variance, 
respectively. That the remote buoyancy forcing is larger than the local buoyancy forcing is also consistent with 
what the explained variance of the total reconstructed SLA indicates (Table 2).

5. Enhanced Buoyancy Contribution During 2010–2013 and 1999–2002
While wind contribution is generally larger than the buoyancy forcing contribution, the latter can be as impor-
tant as the former in some years (Figure 2b), most notably during 2010–2013 and 1999–2002. Here, we further 
investigate where the buoyancy contribution came from during the two time periods. The contributions of local 
and remote buoyancy forcing for 2010–2013 and 1999–2002 are illustrated in the insets of Figure 5b, where the 
time series are the same as the curves in Figure 5b but with the anomalies computed relative to January 2010 and 
January 1999, respectively.

For 2010–2013, there was about 3-cm of SLR from 2010 to early 2012. The main contributor is from the Labra-
dor Sea and starts in 2010. There was a record low of ocean heat loss in the Labrador Sea during 2008–2010, 

Figure 5. Reconstructed SLAs (cm) using a particular forcing in a specific forcing region for (a) wind stress and (b) 
buoyancy forcing. The individual curves are reconstructed SLAs from the globe (blue), local (dashed), remote (dotted), 
regional (red), and Labrador Sea (purple) forcing regions. See text and Table 2 for definitions of the forcing regions. The 
numbers are percentage explained variance of reconstructed SLA using a particular forcing over a specific region. The insets 
show reconstructed SLAs for 1999–2002 and 2010–2013. Also shown in the inset is the sum (black) of reconstructed SLAs 
from the local forcing box (dashed) and Labrador Sea (purple). All curves are relative to the corresponding time mean, except 
that those in the insets are relative to January 1999 and January 2010.
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which would create a positive sea-level change along the US northeast coast (Goddard et  al.,  2015). Adjoint 
sensitivities (Figures 1a–1h) and a forward perturbation experiment later in the study (Section 6.1.1) indicate that 
a perturbation of buoyancy forcing in the Labrador Sea takes 2–3 years to affect Nantucket sea level. Therefore, 
the record low of ocean heat loss in the Labrador Sea during 2008–2010 is expected to cause a sea-level rise near 
Nantucket during 2010–2012.

The buoyancy forcing contribution from the Labrador Sea peaks in mid-2011. However, the local buoyancy 
forcing contribution starts to increase around the same time and extends through the first half of 2012. The local 
contribution seems to be caused by the marine heat wave event during 2011–2012 that generated a record warm 
sea surface temperature (SST) not seen in past 150 years (Chen et al., 2014, 2015). Local buoyancy forcing causes 
about 1-cm increase in Nantucket sea level and is almost completely due to heat flux forcing (not shown), consist-
ent with the impact of the marine heat wave event.

There is also another event during 1999–2002 when reconstructed SLA due to buoyancy decreases by more than 
4 cm. The buoyancy forcing from the GoM and Scotian Shelf causes about 1.9 cm decrease, while the remote 
buoyancy forcing from the Grand Banks, Labrador Sea and the subpolar gyre caused about 1.3-cm decrease.

The results in this section suggest that Nantucket sea level may be partly predictable a couple years into the future 
in some years. The forcing influence map (Figure 3b) and the sensitivity maps due to heat and freshwater fluxes 
(Figures 1a–1h) illustrate where and when buoyancy forcing affects the interannual variations of Nantucket sea 
level. In particular, the remote buoyancy forcing from the subpolar North Atlantic, especially the large positive 
influence region (red color in Figure 3b), can have a significant effect on Nantucket sea level a few years later.

6. Perturbation Experiments
To investigate how forcing affects Nantucket sea level, we further conduct forward forcing perturbation exper-
iments similar to Fukumori et al. (2015). Analysis of the forward model evolutions in response to the selected 
forcing perturbations sheds light on the associated oceanic processes and time scales. We present results related 
to remote buoyancy forcing in Section 6.1 and wind stress in Section 6.2. Note that the forcing perturbation 
experiments described in this section do not use the bulk-formula forcing formulation. The bulk formulae act 
to “restore” the surface ocean to a certain value based on atmospheric states, which presumably would make 
the buoyancy anomalies dampen away more quickly. Future efforts investigating potential impact of using the 
bulk-formula methodology on evolution of the perturbed ocean state would be of interest.

6.1. Remote Buoyancy Forcing

The buoyancy forcing influence map (Figure 3b) provides a guidance for the forcing perturbations. Here we 
conducted three forward model sensitivity experiments by perturbing the remote buoyancy forcing in the subpo-
lar gyre south of Greenland (Section 6.1.1), along the continental shelf in the Labrador Sea (Section 6.1.2), and 
near the Flemish Cap (Section 6.1.3). The buoyancy forcing in the first two regions is associated with relatively 
large positive variance explained for Nantucket sea level, while that in the third region is associated with negative 
variance explained.

6.1.1. Subpolar North Atlantic

We perturb the heat flux in the subpolar North Atlantic (Figure 6a) where there are large positive contributions 
by remote buoyancy forcing, specifically, the deep ocean (>2,000 m) between 65°–45°W and 50°–60°N that has 
explained variance of Nantucket sea level larger than 2.5 × 10 −7 km −2 (see Figure 3b). The prescribed heat flux 
perturbation increases linearly over the course of one week reaching a maximum magnitude of 5 W m −2 at 12 Z 
of 9 December 1992, and then decreases linearly to zero over the course of one week.

The monthly-mean perturbed SLA, computed as the sea level difference between the perturbed run and the 
reference run (i.e., ECCO V4r3), indicates that the positive heat flux perturbation creates an initial SLA that 
is predominantly positive due to local thermosteric effect. The positive anomaly first rotates counterclockwise 
while spreading to a larger region of the subpolar gyre due to the effect of the circulation. Figure 6b shows SLA 
about 1 month after the initial heat flux perturbation is applied. The dominant feature is a region of large posi-
tive anomaly (red color) not very far away from the region with initial heat flux perturbation. There are small 
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positive SLAs in distant regions such as Hudson Bay and a large swath of continental shelves along the east coast 
of North America. Although not visibly noticeable from the map, the time series of perturbed Nantucket SLA 
suggests that very weak signals can actually reach Nantucket within 1 month (cyan curve in Figure 7). This quick 
Nantucket sea-level response to the heat flux perturbation in the subpolar North Atlantic is likely due to coastally 
trapped waves with typical speeds around 2–3 m s −1 at high latitudes that would take a few weeks to propagate 
from the perturbed subpolar North Atlantic to reach Nantucket (Meyers et al., 1998; also see Figure 1 of Hughes 
et al., 2019).

Figure 6. (a) Mask (in red) for a 2-week heat flux perturbation centered at 12Z, 9 December 1992 that is applied in the subpolar North Atlantic (see text). (b)–(f) The 
resultant monthly-average SLA (m) in January 1993 (b), March 1994 (c), April 1995 (d), November 1996 (e), and January 1999 (f). Nantucket is denoted by X.

Figure 7. Time series of monthly-mean perturbed SLA (×10 −3 cm) at Nantucket for heat flux perturbation applied to the 
subpolar North Atlantic Ocean (cyan), over the continental slope of the Labrador Sea (orange), and over Flemish Cap (green). 
Dots correspond to the time instances for panels (b)–(f) of Figures 6, 8 and 9.
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While coastally trapped waves can cause rapid sea level variations thousands of kilometers away (e.g., Johnson 
& Marshall, 2002; Roussenov et al., 2008), the majority of the positive SLA due to positive heat flux perturba-
tion in the subpolar North Atlantic reaches Nantucket via what appears to be slow advective processes during 
1994–1996. After moving westward reaching the continental slope in a month (Figure  6b), the SLA further 
spreads southward, likely via the Labrador Current. In about 15 months, the anomaly reaches the Grand Banks 
(Figure 6c). The SLA further spreads southwestward along the shelf. The perturbed SLA at Nantucket reaches 
the maximum response in about 2 years (Figure 6d), remaining around the same magnitude for about 1 year 
(Figure 7) and then gradually decaying thereafter (Figures 6e and 6f). The adjustment of SLA by the slow advec-
tive process is similar to what was found by Hsieh and Bryan (1996) using a simple shallow-water model.

6.1.2. Continental Slope

We conduct a second experiment over the continental shelf in the Labrador Sea where explained variance is also 
large (Figure 3b). The same perturbation as in the first experiment is applied to the region between 65°–55°W 
and 60°–70°N where the values of explained variance in Figure 3b are larger than 2.5 × 10 −7 km −2 (Figure 8a).

The positive heat flux perturbation creates positive SLA that quickly spreads to the shelf (Figure 8b), moves 
southward (Figure 8c), and further expands to the shelf and the subpolar North Atlantic (Figures 8d–8f). SLA at 
Nantucket (orange curve in Figure 7) reaches a plateau in about 1 year (December 1993) and stays on approxi-
mately the same magnitude for about 18 months (through June 1995). The anomaly further increases to the peak 
in September 1995 and then reduces over time. The perturbed SLA at Nantucket reaches a plateau in 1 year in this 
experiment as opposed to be 2 years in the first experiment because the perturbed heat flux in this experiment, 
being over the continental slope, is closer to the Labrador Current that carries the perturbed sea level signal.

6.1.3. Flemish Cap

We also conduct a third experiment on Flemish Cap where explained variance is negative. The same perturbation 
to heat flux is applied over Flemish Cap where the explained variance in Figure 3b is smaller than −2 × 10 −7 km −2 
(Figure 9a).

As in the other two experiments, the positive heat flux perturbation first generates positive SLA. In 1 month, the 
positive SLA propagates northeastward (away from Nantucket) and barely has any effect on Nantucket sea level 

Figure 8. Same as Figure 6, but for the continental shelf of the Labrador Sea. (a) Mask (in red). (b)–(f) The resultant monthly-average SLA (m) in January 1993 (b), 
December 1993 (c), September 1995 (d), November 1996 (e), and January 1999 (f).
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(Figure 9b). It subsequently spreads to a larger area to the northeast while rotating counterclockwise (Figure 9c) 
and gradually occupies the whole subpolar North Atlantic and Nordic Seas (Figures 9d and 9e). After 2 years, the 
positive sea level signal starts affecting Nantucket sea level (Figures 9e and 9f). Time series of the perturbed SLA 
at Nantucket shows very small values for over 2 years after the heat flux perturbation was applied (green curve 
in Figure 7). Nantucket SLA eventually increases and reaches its maximum after 5 years, much longer than the 
other two experiments. The negative explained variance near Flemish Cap (Figure 3b) thus can be attributed to 
the much longer time scales of the anomaly as it travels and dissipates around the subpolar gyre, thereby causing 
a response of Nantucket sea level that is not coherent with the dominant interannual signal at Nantucket.

6.2. Wind Stress

Sensitivities to wind stress also show some interesting patterns. For instance, there is a dipole pattern for merid-
ional wind stress over George Banks (Figure 1p). We explore it by conducting similar perturbation experiments 
to meridional wind stress over the western (Figure 10a) and eastern (Figure 10d) Grand Banks, respectively. The 
perturbated regions were chosen where the normalized sensitivities over the Grand Banks (Figure 1p) are larger 
than 0.27 and less than −0.34 for the two experiments. Same as in the previous three experiments, a positive 
perturbation with a maximum magnitude of 0.05 N m −2 is applied over a 2-week period in December 1992.

The two perturbations initially generate SLAs with opposite signs, likely because Ekman transport due to pertur-
bation in meridional wind stress moves water toward and away from the shallow region of Grand Banks, respec-
tively (Figures  10b and  10e). The anomaly quickly propagates counterclockwise along the shelf as coastally 
trapped waves, with SLA at Nantucket reaching its maximum within 1–2 months (Figure 10g). The anomaly 
dissipates more rapidly than in the three heat flux perturbation experiments (compare Figure 10g vs. Figure 7). 
Although the majority of SLA dissipates quickly, some small SLA persists for a long time, probably propagating 
via higher-mode coastally trapped waves and through advective-diffusive processes. Figures 10c and 10f show 
SLA 3 years after the initial perturbation. SLA now occupies the whole North Atlantic with a maximum magni-
tude three orders smaller than that of the initial SLA. SLAs at Nantucket are positive and negative for the two 
experiments, consistent with the dipole pattern in the sensitivity map (Figure 1p).

Figure 9. Same as Figure 6, but for Flemish Cap (see text). (a) Mask (in red). (b)–(f) The resultant monthly-average SLA (m) in January 1993 (b), March 1994 (c), 
April 1995 (d), November 1996 (e), and January 1999 (f).
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7. Concluding Remarks
We conducted a causal analysis to quantify the impacts of local and remote atmospheric forcings on interannual 
variations of Nantucket sea level. We first reconstructed Nantucket sea-level variations through the convolution of 
forcing anomalies with sea-level sensitivities to forcings computed using the adjoint of the ECCO model. We then 
decomposed the convolution into contributions by local and remote wind and buoyancy forcings. Wind forcing 
explains 67% of the Nantucket interannual sea-level variance, while wind and buoyancy forcing together explain 
97% of the variance.

Wind stress contribution is mainly local, from the GoM and Scotian Shelf northeast of Nantucket. Wind 
stress from the GoM alone explains 48% of the Nantucket sea-level variance. If regional wind stress from the 
Mid-Atlantic Bight to the south and the Scotian Shelf to the north are included, the explained variance increases 
to 66%. Remote wind stress from outside the three aforementioned regions explains only 27% of the interannual 
variance of Nantucket sea level.

Remote buoyancy forcing explains 8.5% of Nantucket interannual sea-level variance, larger than the 2.6% vari-
ance explained by local buoyancy forcing. Although buoyancy forcing contribution is overall smaller than wind 

Figure 10. Same as Figure 6, but for perturbations applied to meridional wind stress over (a)–(c) western and (d)–(f) eastern Grand Banks, respectively. Panels (a) and 
(d) are the mask, while the other maps are SLAs (m). (g) Respective time series of SLA at Nantucket, same as in Figure 7.
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contribution, it can be comparable to wind contribution in some years (e.g., 1999–2002 and 2010–2013). Remote 
buoyancy forcing from the subpolar North Atlantic can significantly influence Nantucket sea level a few years 
later, providing a source of predictability for Nantucket sea-level variations. Forward perturbation experiments 
indicate that the remote buoyancy forcing affects the Nantucket sea level mainly via slow advective ocean 
processes, although coastally trapped waves can cause rapid Nantucket sea level response in a few weeks.

The results of our causality analysis (a) confirm the dominant contribution of local winds suggested by most 
previous studies that were based on correlation analysis or simplified models, (b) validate a hypothesis that 
subpolar-gyre buoyancy forcing plays a role in sea-level variations along the US northeast coast, and (c) nullify 
a correlation-based hypothesis that winds over the Labrador Sea are an important driver of sea-level variation 
along the US northeast coast. Our results about the relative contributions of different forcings and regions also 
provide useful information to evaluate climate models and to improve statistical or machine-learning methods for 
sea-level prediction for the US northeast coast.

Future investigations beyond this study include forcing contributions to Nantucket sea-level variations on 
decadal-and-longer time scales, the effect of adjoint-sensitivity dependence on the seasonally varying ocean 
state, and similarity and difference in forcing mechanisms for sea-level variations in the US southeast coast (e.g., 
Volkov et al., 2019) and those in the US northeast coast. Future effort using ECCO Version 4 Release 4, which 
has air-pressure loading forcing, and its adjoint would allow the inclusion of surface pressure effect in the attri-
bution analysis.

Data Availability Statement
This study uses the following data: ECCO V4r3 (https://ecco.jpl.nasa.gov/drive/files/Version4/Release3), tide 
gauge (https://www.psmsl.org/data/obtaining/rlr.monthly.data/1111.rlrdata), and AVISO (https://resources.
marine.copernicus.eu/product-detail/SEALEVEL_GLO_PHY_L4_MY_008_047/INFORMATION). The 
adjoint sensitivity, forcing, and reconstruction script can be found at https://ecco.jpl.nasa.gov/drive/files/
Version4/Release3/other/research/Nantucket_sea_level.
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