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Drivers of US East Coast sea-level variability 
from years to decades in a changing ocean—

What do we know and what do we need to know?

Christopher G. Piecuch

Woods Hole Oceanographic Institution

Sea level varies over all time scales. At shorter periods, 
from minutes to months, are the familiar sea-level 

ȵXFWXDWLRQV�GXH� WR�ZDYHV�� WLGHV��VWRUPV�� WVXQDPLV��DQG�
the seasons, which have been documented by coastal 
populations for millennia. At longer periods, from 
centuries to millennia and longer, are sea-level changes 
tied to such global climatic and geologic phenomena 
as the waxing and waning of the great ice sheets, plate 
WHFWRQLFV�� DQG� FRQYHFWLYH� ȵRZ� ZLWKLQ� (DUWKȇV� PDQWOH��
ZKLFK�KDYH�EHHQ�WKH�VXEMHFW�RI�VFLHQWLȴF�LQTXLU\�IRU�PRUH�
WKDQ�D�FHQWXU\��&DUOVRQ�HW�DO��������.KDQ�HW�DO���������ΖQ�
between, at periods of years to decades, are more subtle 
sea-level variations mainly related to ocean dynamics 
and regional climate. Understanding sea-level variations 
at these intermediate time scales is informative for 
inferring past changes in ocean currents and anticipating 
IXWXUH� FRDVWDO� KD]DUGV� �%XUJRV� HW� DO�� ������ 3LHFXFK�
2020). Here, I review recent progress on understanding 
past observed sea-level variability on interannual and 
decadal time scales along the US East Coast—a coastline 
of millions of people and homes vulnerable to sea-level 
ULVH�DQG� FRDVWDO� ȵRRGLQJ� �6WUDXVV�HW� DO�� ������.XOS�DQG�

6WUDXVV��������ΖQ�WKLV�FRQWH[W��ȊVHD�OHYHOȋ�LV�XVHG�WR�PHDQ�
relative sea level, which is the height of the sea surface 
relative to Earth’s crust, as measured by a tide gauge.

Large-scale ocean circulation

Climate models predict that the US East Coast will 
experience greater-than-average sea-level rise during 
the next century related to changes in ocean circulation 
DQG�FOLPDWH� �<LQ�HW�DO��������/DQGHUHU�HW�DO��������/LWWOH�
et al. 2019). Over the past decade, numerous studies 
have used observations to test this hypothesis from 
models that US East Coast sea-level changes are related 
to changes in various components of the North Atlantic 
Ocean circulation, such as the Florida Current, Gulf 
Stream, and Atlantic meridional overturning circulation 
�%LQJKDP�DQG�+XJKHV�������%RRQ�������(]HU�DQG�&RUOHWW�
������6DOOHQJHU�HW�DO��������(]HU�������������������(]HU�
HW�DO��������.RSS�������<LQ�DQG�*RGGDUG�������.HQLJVRQ�
HW�DO��������5RVVE\�HW�DO��������7KRPSVRQ�DQG�0LWFKXP�
������ :RRGZRUWK� HW� DO�� ������ *RGGDUG� HW� DO�� ������
0F&DUWK\�HW�DO��������3DUN�DQG�6ZHHW�������'RPLQJXHV�
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HW� DO�� ������ ������ )UHGHULNVH� HW� DO�� ������ 9DOOH�/HYLVRQ�
HW� DO�� ������'RQJ�HW� DO�� ������ /LWWOH�HW� DO�� ������3LHFXFK�
HW� DO�� ����D�� 9RONRY� HW� DO�� ������ (]HU� DQG� 'DQJHQGRUI�
2020). A clear relation is observed between changes in 
the Florida Current—the Gulf Stream at Florida Strait—
and coastal sea level along the South Atlantic Bight at 
various time scales, including interannual and decadal, 
such that sea level rises when the Current weakens or 
warms. Less clear (and more subject to debate) is the 
nature of any direct causal links between coastal sea 
level along the Mid-Atlantic Bight or Gulf of Maine and 
measures of the general circulation such as the latitude, 
width, speed, and transport of the Gulf Stream at 
various longitudes downstream of Cape Hatteras. To aid 
interpretation, analytical theories have been formulated 
for the connection between coastal sea level and open-
ocean circulation, based on geostrophy and mass 
FRQVHUYDWLRQ�LQ�D�ERXQGDU\�OD\HU��WKHVH�WKHRULHV�GHVFULEH�
coastal sea level on a western boundary in terms of the 
superposition of signals propagating from upstream 
along coastal waveguides and along planetary potential 
YRUWLFLW\� FRQWRXUV�� DQG� SRVVLEO\� PRGLȴHG� E\� IULFWLRQ�
�7KRPSVRQ�DQG�0LWFKXP�������0LQREH�HW�DO��������:LVH�
et al. 2018, 2020). Many questions remain regarding how 
VHD� OHYHO� DW� WKH� FRDVW� ȊIHHOVȋ� RQJRLQJ� FKDQJHV�RYHU� WKH�
deep open ocean. 

Local forcing and coastal processes

2QH� UHDVRQ� LW� KDV� EHHQ�GLɝFXOW� WR� LGHQWLI\� WKH� ȊVLJQDOȋ�
of any link between US Northeast Coast sea level and 
PHDVXUHV�RI�ODUJH�VFDOH�JHQHUDO�FLUFXODWLRQ�LV�WKH�ȊQRLVHȋ�
of local forcing over the shelf near the coast (Woodworth 
HW� DO�� ������ /LWWOH� HW� DO�� ������� $QRPDORXV� RQVKRUH�
winds can raise coastal sea level through a wind setup, 
whereas anomalous alongshore winds (alongshore in 
the counterclockwise sense of coastal-wave propagation 
in the Northern Hemisphere) can also increase sea 
OHYHO�DQG�GULYH�DQ�DORQJVKRUH�ȵRZ�DW�WKH�FRDVW�WKURXJK�
frictional dynamics. According to the inverted barometer 
H΍HFW�� ORZHU� EDURPHWULF� SUHVVXUH� IRUFHV� VHD� OHYHO� WR�
rise isostatically (without any accompanying change in 
ocean circulation), while higher barometric pressure 

drives a corresponding sea-level fall. And it follows 
from Knudsen’s hydrographical theorem and thermal 
wind balance that an increase in the volumetric rate of 
IUHVKZDWHU� UXQR΍� IURP� D� ULYHU� DW� WKH� FRDVW� GULYHV� DQ�
LQFUHDVH�LQ�FRDVWDO�VHD�OHYHO�LQ�WKH�IDU�ȴHOG�GRZQVWUHDP�
of that river source, in concert with a buoyant alongshore 
ȵRZ��6XFK�ORFDOO\�IRUFHG�FRDVWDO�RFHDQ�SURFHVVHV�DFFRXQW�
for a large portion of the variability in tide-gauge sea-
level records along the US East Coast north of Cape 
Hatteras on interannual and decadal periods (Andres et 
DO��������/L�HW�DO��������:RRGZRUWK�HW�DO��������3LHFXFK�
DQG� 3RQWH� ������ 3LHFXFK� HW� DO�� ������ ����D�� ����E��
)UHGHULNVH�HW�DO��������.HQLJVRQ�HW�DO��������'RPLQJXHV�
HW�DO��������&KHQ�HW�DO���������)RU�H[DPSOH��3LHFXFK�HW�DO��
(2019b) estimate that barotropic response to wind and 
pressure accounts for 20-50% of the interannual-to-
decadal variance in US Northeast Coast tide-gauge data, 
but <20% of the data variance along the US Southeast 
Coast during the past century.

Redistribution of ice and water

2WKHU�VWXGLHV�HPSKDVL]H�WKH�LQȵXHQFH�RI�LFH�DQG�ZDWHU�
mass redistribution on US East Coast sea level. When 
water mass is redistributed at the surface and exchanged 
between the ocean and other components of the climate 
V\VWHP��(DUWKȇV�FUXVW��JUDYLW\�ȴHOG��DQG�URWDWLRQ�YHFWRU�DUH�
perturbed, leading to spatial patterns of sea-level change 
(Gregory et al. 2019). Davis and Vinogradova (2017) 
determine that ice melt from Greenland and Antarctica 
accounts for most of the sea-level acceleration observed 
in tide-gauge records along the US Southeast Coast 
since the 1990s. Frederikse et al. (2017) estimate that 
present-day mass redistribution related to the melting 
of ice sheets and mountain glaciers and the building 
of dams explains ~30% of the acceleration observed 
in sea level from Virginia to Maine during 1965-2014. 
Karegar et al. (2016) identify the role of groundwater 
extraction in determining variable rates of sea-level 
change seen along the US Southeast Coast between 
South Carolina and Virginia in recent decades, revealing 
that rates of vertical land motion can change by ~1 mm/
year on decadal time scales in response to changes in 
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groundwater levels. These and other studies (Karegar et 
DO�������� -RKQVRQ�HW�DO��������GHPRQVWUDWH� WKDW� LFH�DQG�
water mass redistribution, and resulting gravitational, 
URWDWLRQDO�� DQG� GHIRUPDWLRQDO� H΍HFWV�� DUH� LPSRUWDQW�
contributors to US East Coast sea-level changes on 
quasi-decadal time scales over the past century.

Questions, challenges, and opportunities for the future

These recent studies have improved our understanding 
of changes in US East Coast sea level on interannual and 
decadal time scales. They also point to new questions, 
challenges, and opportunities to be addressed in the 
IXWXUH��Ζ�EULHȵ\�PHQWLRQ�VRPH�SRVVLELOLWLHV�EHORZ�

How did US East Coast sea level vary during earlier 
time periods?
Much of our knowledge of US East Coast sea level comes 
from tide-gauge records, many of which only span the 

past century, which is a short period relative to Earth’s long 
climate history. To determine how representative these 
data are of interannual and decadal sea-level variability 
more generally, future studies should interrogate 
US East Coast sea-level variability for earlier time 
periods. Newly available instrumental and proxy data 
records, which extend the record of interannual and 
decadal sea-level variability centuries (Talke and Jay 
������7DONH�HW�DO��������DQG�PLOOHQQLD��.HPS�HW�DO��������
2015) into the past, will be helpful to this end. A fuller 
portrait in space and time could be painted by applying 
spatiotemporal models to these new data (Cahill et al. 
������������3LHFXFK�HW�DO��������$VKH�HW�DO��������:DONHU�
et al. 2020). For example, Gehrels et al. (2020) apply 
probabilistic models to salt-marsh-sediment-based sea-
OHYHO� UHFRQVWUXFWLRQV�� DQG� ȴQG� WKDW� WKHUH�ZDV� D� SHULRG�
of rapid multi-decadal sea-level acceleration on the US 
Northeast Coast in the 1700s, which was almost as rapid 
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as accelerations observed during the twentieth century. 
Such studies provide a basis for evaluating whether the 
basic characteristics of sea-level variability will be the 
VDPH�RU�GL΍HUHQW�XQGHU�FOLPDWH�FKDQJH�

What is the spectrum of vertical land motion along the 
US East Coast?
Since the advent of continuous Global Positioning 
System (GPS) monitoring, the community has 
increasingly recognized the importance of vertical land 
PRWLRQ� WR� FRDVWDO� VHD�OHYHO� FKDQJH� �%OHZLWW� HW� DO�� ������
+DPOLQJWRQ�HW�DO��������:¸SSHOPDQQ�DQG�0DUFRV�������
Santamaria-Gomez et al. 2017). While it has long been 
established that vertical land motion related to glacial 
isostatic adjustment (Earth’s ongoing response to the last 
deglaciation) is a crucial large-scale, long-term control on 
VHD�OHYHO�WUHQGV��/RYH�HW�DO��������)UHGHULNVH�HW�DO��������
&DURQ� HW� DO�� ������ 3LHFXFK� HW� DO�� ����E��� LW� KDV� JURZQ�
clear that high-frequency, short-scale crustal motions 
also contribute importantly to coastal sea-level changes 
�)HDWKHUVWRQH�HW�DO��������)UHGHULNVH�HW�DO��������-RKQVRQ�
et al. 2018). It remains to fully characterize the frequency-
wavenumber spectrum of vertical land motion and 
identify the mechanisms responsible for crustal motion 
at short periods and small scales along the US East Coast 
LQ� WKH�FRQWH[W�RI� VHD� OHYHO�DQG�FRDVWDO�ȵRRGLQJ��5HFHQW�
papers focusing on Norfolk, Virginia and Miami Beach, 
Florida use GPS records alongside remotely sensed data 
from interferometric synthetic aperture radar to map 
vertical land motion on local spatial scales (Bekaert et al. 
������%X]]DQJD�HW�DO��������)LDVFKL�DQG�:GRZLQVNL��������
For example, Buzzanga et al. (2020) use Sentinel-1 data 
IURP�WKH�SDVW�ȴYH�\HDUV� WR�VKRZ�WKDW� WKH�PHDQ�UDWH�RI�
subsidence in Hampton Roads, Virginia is ~-4 mm/year, 
but that there is substantial spatial variation such that 
rates can vary by ~+/-3 mm/year over short spatial scales 
of kilometers to tens of kilometers. Such studies serve as 
potential templates towards more complete mapping of 
the drivers of coastal sea-level change and vulnerability 
RI�86�(DVW�&RDVW�FRPPXQLWLHV�WR�IXWXUH�ȵRRG�KD]DUGV�

How are high-frequency statistics of US East Coast sea 
level changing at low frequencies?
In addition to year-to-year and decade-to-decade 

variations in US East Coast mean sea level, there are low-
frequency modulations of high-frequency variations in 
tides, storms, and seasonality. The amplitude of the sea-
level annual cycle on the US Southeast Coast varies on 
GHFDGDO�WLPH�VFDOHV��UHȵHFWLQJ�D�G\QDPLF�RFHDQ�UHVSRQVH�
to wind forcing over the western subtropical North 
$WODQWLF��:DKO�HW�DO��������'RPLQJXHV�HW�DO��������&DODIDW�HW�
al. 2018). The statistics of sea-level extremes along the US 
(DVW�&RDVW��ȵXFWXDWLQJ�DW�GHFDGDO�SHULRGV��YDU\�LQ�WDQGHP�
with large-scale climate modes like the North Atlantic 
Oscillation, Arctic Oscillation, and Atlantic Multidecadal 
Variability (Wahl and Chambers 2015, 2016). Long tide-
gauge records along the US East Coast show changes 
in tidal range, from more minor gradual oscillations to 
major abrupt changes (see recent reviews by Talke and 
-D\� ������ +DLJK� HW� DO�� �������More work is needed to 
establish how and why such modulations and changes 
in tides, surges, and seasonality occur along the US 
East Coast, whether they are independent or covary, 
and the consequences for the statistics of sea-level 
H[WUHPHV�DQG�KLJK�WLGH�ȵRRGLQJ��5D\�DQG�)RVWHU�������
6ZHHW�HW�DO��������%XUJRV�HW�DO��������

What is the origin of the spatial covariance structure of 
US East Coast sea level variability?
There is a peculiar spatial structure to sea-level 
YDULDELOLW\�DORQJ� WKH�86�(DVW�&RDVW�� VHD� OHYHOV�QRUWK�RI�
Cape Hatteras vary coherently along the coast from 
Virginia to Maine, but are uncorrelated with sea-level 
variations south of Cape Hatteras from Florida to 
9LUJLQLD� �7KRPSVRQ� DQG�0LWFKXP� ������:RRGZRUWK� HW�
DO��������0F&DUWK\�HW�DO��������3LHFXFK�HW�DO��������&DODIDW�
HW�DO���������7KLV�ȊEUHDNȋ�LQ�FRYDULDQFH�LV�VXUSULVLQJ�JLYHQ�
a basic expectation for coastal sea level to be coherent 
over thousands of kilometers due to boundary waves 
�+XJKHV� DQG� 0HUHGLWK� ������ +XJKHV� HW� DO�� �������
Hypotheses have been submitted, some having to do 
ZLWK� RFHDQ� FXUUHQWV� �7KRPSVRQ� ������ 7KRPSVRQ� DQG�
0LWFKXP� ������ 0F&DUWK\� HW� DO�� ������� RWKHUV� ZLWK� WKH�
geometry of the coast and bathymetry (Meade and 
Emery 1971), but the origin of this spatial-covariance 
structure in US East Coast sea level remains to be 
established. Such knowledge will be important for 
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evaluating climate models and assessing whether such 
covariance structure is a permanent feature of coastal 
sea level or if a distinct structure will emerge in the future 
under climate change.

How will new altimetry data change our understanding 
of US East Coast sea level variability?
Tide gauges provide long records of sea level at the coast, 
but these data have shortcomings. For example, they are 
VSDWLDOO\� ȊRQH�GLPHQVLRQDO�ȋ� LQ� WKH� VHQVH� WKDW�QHWZRUNV�
of tide gauges observe changes in the alongshore 
GLUHFWLRQ�� EXW� DUH� ȊEOLQGȋ� WR� WKH� VWUXFWXUH� RI� VHD� OHYHO�
R΍VKRUH�� &RQYHQWLRQDO� VDWHOOLWH�DOWLPHWU\� GDWD�SURGXFWV�
have, in the past, not been helpful in this regard, since 
the quality of the data can be degraded near the coast 
due to errors in the instrumental measurement itself 
as well as uncertainties in the geophysical corrections. 
Newly reprocessed, dedicated coastal altimetry 
products and the upcoming Surface Water and Ocean 
Topography wide-swath altimeter mission promise to 
change the game, and revolutionize our view of sea 
level and land-ocean interactions along the US East 
Coast as well as over the global coastline (Passaro et 
DO��������%LURO�HW�DO��������0RUURZ�HW�DO��������

Are ongoing changes in the western North Atlantic 
Ocean affecting US East Coast sea level?
Relationships between coastal sea level and large-scale 
ocean circulation remain an important topic of future 
investigation (Ponte et al. 2019). Noteworthy in this 
context are the remarkable changes ongoing in the 
western North Atlantic Ocean. In recent decades, the 
Gulf of Maine has warmed much faster than the global 
average (Pershing et al. 2015), marine heat waves have 
grown longer and more frequent (Oliver et al. 2019), the 
Gulf Stream has grown increasingly unstable (Andres 
2016), warm core rings have been shed more often 
from the Gulf Stream and lived longer than previously 
(Gangopadhyay et al. 2019), and intrusions of warm, 
salty slope and Gulf Stream waters onto the continental 
VKHOI� KDYH� EHFRPH�PRUH� IUHTXHQW� �8OOPDQ� HW� DO�� ������
=KDQJ� DQG� *DZDUNLHZLF]� ������ *DZDUNLHZLF]� HW� DO��
2018). It remains to establish if any of these regional 
oceanographic changes are relevant to US East Coast 

sea level. The interested reader is directed to Little et 
al. (2019) for more general future research directions on 
this topic.

Conclusion
6HD� OHYHO� LV� D� ȊZKROH�(DUWKȋ� SURFHVV�� DQG� VHD�OHYHO�
FKDQJHV� UHȵHFW�P\ULDG� JHRORJLF� DQG� FOLPDWLF� SURFHVVHV�
acting across space and time. Here I have reviewed 
recent progress on understanding drivers of observed 
year-to-year and decade-to-decade US East Coast sea-
level change. I mainly emphasize observational studies 
published during the past decade, and focus largely on 
the relevance of large-scale circulation, locally forced 
processes, and surface mass redistribution. I also point 
to some opportunities for future research, highlighting 
new technologies and data as well as pressing changes 
ongoing in the ocean. I hope this short review (see Little 
et al. 2019 for a more detailed treatment) motivates 
IXWXUH�UHVHDUFK�DQG�LV�LQIRUPDWLYH�WR�ERWK�VFLHQWLȴF�DQG�
QRQ�VFLHQWLȴF�DXGLHQFHV�� VHUYLQJ�DV�D� MXPSLQJ�R΍�SRLQW�
for a deeper dive into the literature.
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