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Abstract: The potential threats to the USA from current and projected sea level rise are significant,
with profound environmental, social and economic consequences. This current study continues the
refinement and improvement in analysis techniques for sea level research beyond the Fourth US
National Climate Assessment (NCA4) report by incorporating further advancements in the time
series analysis of long tide gauge records integrated with an improved vertical land motion (VLM)
assessment. This analysis has also been synthesised with an updated regional assessment of satellite
altimetry trends in the sea margins fringing the USA. Coastal margins more vulnerable to the threats
posed by rising sea levels are those in which subsidence is prevalent, higher satellite altimetry trends
are evident and higher ‘geocentric’ velocities in mean sea level are being observed. The evidence from
this study highlights key spatial features emerging in 2020, which highlight the northern foreshore
of the Gulf Coast and along the east coast of the USA south of the Chesapeake Bay region being
more exposed to the range of factors exacerbating threats from sea level rise than other coastlines at
present. The findings in this study complement and extend sea level research beyond NCA4 to 2020.
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1. Introduction

Climate change has become one of the biggest threats facing mankind during the
course of the 21st century and beyond. The associated social, environmental and economic
implications are unparalleled within the context of a global population expected to increase
by 2 billion persons in the next 30 years, and which could peak at nearly 11 billion by
around 2100 [1]. Mean sea levels, greenhouse gas concentrations and temperatures are the
key proxy indicators by which climate change is generally monitored and quantitatively
measured. The threats associated with a rising mean sea level are most acute within the low
elevation coastal zone (LECZ), defined globally as a geographical land margin connected
to the coast, less than 10 m above sea level [2,3].

Fleming et al. [4] note that America’s trillion-dollar coastal property market and public
infrastructure are threatened by the ongoing increase in the frequency, depth and extent
of tidal flooding due to sea level rise, with cascading impacts on the larger economy. By
2014, some 42% of the US population (or approximately 134 million people) resided in
coastal shoreline counties [5]. Within shoreline counties of the US, it has been estimated
that housing stock and commercial businesses worth at least USD 1.4 trillion sit within
approximately 200 m of the coast [6]. The NCA4 report [7–9] also notes that in addition to
threats to property and infrastructure, projected sea level rise will significantly affect diverse
ecosystems such as beaches, intertidal zones, reefs, seagrasses, salt marshes, estuaries and
deltas that support a range of important services including fisheries, recreation and coastal
storm protection [4].

The prominence of the climate change issue has placed more emphasis on examination
of the extensive global repository of relative mean sea level records [10,11] and more recent
satellite altimetry data covering the global oceans (post 1992). Satellite altimetry, space
gravity and Argo measurements have provided unprecedented insight into the magni-
tude, spatial variability and causes of present-day sea level change during the altimetry
era [12–17].
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The literature is replete with mean sea level research being conducted at increasingly
finer spatial scales seeking to understand key temporal changes and signatures to assist
with scientific understanding of the phenomena to better inform the development of
strategic planning and adaptation endeavours.

The United States contains one of the best networks of long tide gauge records any-
where in the world, with quality-controlled records available from the Permanent Service
for Mean Sea Level (PSMSL) [10,11] extending back to 1854 (San Francisco), with some
15 records exceeding 100 years in length. There are numerous active records around the
USA longer than 75 years in length, which are considered to have sufficient length for
analysis of trends and accelerations in mean sea level [18–20].

Whilst longer tide gauge records permit the means to detect fundamental changes in
records over time (e.g., the rate of mean sea level), Watson and Lim [21] note that difficulties
frequently arise in using such records to understand mean sea level. This is because
tide gauges record all physical processes causing the water level to change, including
but not limited to: melting of snow and ice reserves and thermosteric sea level change
(resulting from climate change), dynamic climate mode (and other) influences and vertical
land motions (VLM) at the tide gauge. Isolating the influence of these differing physical
processes from tide gauge records provides the means to improve our understanding of
mean sea level rise at increasingly localised scales from these long tide gauge records.

Singular Spectrum Analysis (SSA) is a powerful data analysis tool which permits
separating signals from a time series record into elements of trend (in this case, a slowly
varying climate change signal), dynamic components and noise, providing significant
appeal for environmental data. Extensive time series analysis testing has determined that
data adaptive spectral techniques such as one-dimensional SSA provide greater utility in
isolating the ‘trend’ component with improved temporal precision for long time gauge
records [22]. Over recent years, this analysis tool has been optimised for the benefit of sea
level research [20,23,24], enabling improved resolution of the mean sea level signal.

This current study continues the refinement and improvement in analysis techniques
for sea level research beyond the NCA4 report [7–9], incorporating advancements in the
time series analysis of long tide gauge records [20,21,23,25] with improved integration of
vertical land motion (VLM) assessment [26]. This analysis has also been synthesised with
an updated regional assessment of satellite altimetry trends in the sea margins fringing the
United States.

2. Materials and Methods

The methods used in this study are consistent with those broadly established in more
recent published regional sea level assessments [21,23], which build on the extensive testing
and analysis for long tide gauge record assessment [20]. The following sections summarise
these methods. The ‘TrendSLR’ [24] extension package within the open-source framework
of the R Project for Statistical Computing [27] contains both analysis and spectral diagnostic
tools used to undertake key elements of the analysis.

2.1. Data Sources Used in the Study

Annual and monthly average water level data were obtained from the PSMSL [10,11]
for the analysis. Where necessary, additional data to extend relevant time series to the end
of 2020 have been sourced directly from the National Ocean Service, National Oceanic and
Atmospheric Administration (NOS NOAA) [28]. In total, 92 stations records were available
spanning the satellite altimetry era (post 1992) around the United States. Of these records,
39 exceeded 75 years in length and were deemed suitable for long-term trend analysis.
Each record has been assigned a station ID beginning with Nawiliwili Bay, Hawaii (ID = 1)
in the central Pacific Ocean, progressing around the Hawaiian Islands, then east to west
along the Alaskan coastline, south along the west coast of the USA, east along the Gulf of
Mexico and then north along the east coast of the USA to Eastport, Maine (ID = 92) in the
Bay of Fundy (refer Figure 1, Table 1).
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Figure 1. Location of tide gauge records analysed for this study. Full details of data records are summarised in Table 1. 

Table 1. Summary of tide gauge and satellite altimeter data used in this study. 

Station ID 1 PSMSL ID Location Start 
(Year) 

End 
(Year) 

Length 
(Year) 

CMEMS Grid 
(East) 2 

CMEMS Grid 
(North) 2 

1 756 Nawiliwili Bay 1955 2020 65 200.875 21.625 
2 3 155 Honolulu 1905 2020 115 202.125 20.875 
3 823 Mokuoloe Island 1957 2020 63 202.625 21.625 
4 521 Kahului Harbor 1947 2020 73 203.875 21.375 
5 2128 Kawaihae 1988 2020 32 203.626 19.875 
6 300 Hilo 1927 2020 93 205.375 19.625 
7 487 Adak Sweeper Cove 1943 2020 77 183.625 52.375 
8 757 Unalaska 1955 2019 64 193.375 54.375 
9 1634 Sand Point 1985 2020 35 199.125 54.875 

10 567 Kodiak Island 1949 2020 71 208.375 57.625 
11 1070 Seldovia 1964 2020 56 207.625 59.625 
12 1067 Anchorage 1964 2020 56 209.375 61.125 
13 266 Seward 1925 2020 95 210.875 59.375 
14 1353 Valdez 1973 2020 47 213.375 59.875 
15 566 Cordova 1949 2020 71 214.125 59.875 
16 445 Yakutat 1940 2020 80 219.625 59.375 
17 495 Skagway 1944 2019 75 221.875 58.375 

18 3 405 Juneau 1936 2020 84 222.875 57.875 
19 3 426 Sitka 1938 2020 82 224.125 56.625 
20 3 225 Ketchikan 1919 2020 101 228.375 54.375 
21 1633 Cherry Point 1985 2020 35 234.625 48.375 

22 3 384 Friday Harbor 1934 2020 86 234.625 48.375 
23 1325 Port Townsend 1972 2020 48 234.625 48.375 

Figure 1. Location of tide gauge records analysed for this study. Full details of data records are summarised in Table 1.

Table 1. Summary of tide gauge and satellite altimeter data used in this study.

Station ID 1 PSMSL ID Location Start
(Year)

End
(Year)

Length
(Year)

CMEMS Grid
(East) 2

CMEMS Grid
(North) 2

1 756 Nawiliwili Bay 1955 2020 65 200.875 21.625
2 3 155 Honolulu 1905 2020 115 202.125 20.875
3 823 Mokuoloe Island 1957 2020 63 202.625 21.625
4 521 Kahului Harbor 1947 2020 73 203.875 21.375
5 2128 Kawaihae 1988 2020 32 203.626 19.875
6 300 Hilo 1927 2020 93 205.375 19.625

7 487 Adak Sweeper
Cove 1943 2020 77 183.625 52.375

8 757 Unalaska 1955 2019 64 193.375 54.375
9 1634 Sand Point 1985 2020 35 199.125 54.875
10 567 Kodiak Island 1949 2020 71 208.375 57.625
11 1070 Seldovia 1964 2020 56 207.625 59.625
12 1067 Anchorage 1964 2020 56 209.375 61.125
13 266 Seward 1925 2020 95 210.875 59.375
14 1353 Valdez 1973 2020 47 213.375 59.875
15 566 Cordova 1949 2020 71 214.125 59.875
16 445 Yakutat 1940 2020 80 219.625 59.375
17 495 Skagway 1944 2019 75 221.875 58.375

18 3 405 Juneau 1936 2020 84 222.875 57.875
19 3 426 Sitka 1938 2020 82 224.125 56.625
20 3 225 Ketchikan 1919 2020 101 228.375 54.375
21 1633 Cherry Point 1985 2020 35 234.625 48.375

22 3 384 Friday Harbor 1934 2020 86 234.625 48.375
23 1325 Port Townsend 1972 2020 48 234.625 48.375
24 2127 Port Angeles 1975 2020 45 234.625 48.375

25 3 385 Neah Bay 1934 2020 86 234.625 48.375
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Table 1. Cont.

Station ID 1 PSMSL ID Location Start
(Year)

End
(Year)

Length
(Year)

CMEMS Grid
(East) 2

CMEMS Grid
(North) 2

26 3 127 Seattle 1899 2020 121 234.625 48.375
27 1354 Toke Point 1973 2020 47 235.375 46.625

28 3 265 Astoria 1925 2020 95 235.375 46.125
29 1196 South Beach 1967 2020 53 235.375 44.625
30 1269 Charleston II 1970 2020 50 235.125 43.375
31 1640 Port Orford 1985 2020 35 234.875 42.625

32 3 378 Crescent City 1933 2020 87 235.375 41.125
33 1639 Humboldt Bay 1985 2020 35 235.125 40.875
34 2125 Arena Cove 1978 2020 42 235.875 38.875
35 1394 Point Reyes 1975 2020 45 236.625 37.625
36 2330 Port Chicago 1976 2020 44 237.125 37.625

37 3 10 San Francisco 1854 2020 166 237.125 37.625
38 3 437 Alameda 1939 2020 81 237.125 37.625
39 1352 Monterey 1973 2020 47 237.625 36.375

40 3 508 Port San Luis 1945 2020 75 238.875 38.875
41 377 Santa Monica 1933 2020 87 240.875 33.625

42 3 245 Los Angeles 1923 2020 97 240.875 33.625
43 3 256 La Jolla 1924 2020 96 242.375 32.375
44 3 158 San Diego 1906 2020 114 242.375 32.375
45 3 497 Port Isabel 1944 2020 76 263.375 25.875
46 538 Rockport 1948 2020 72 263.375 27.625

47 3 161 Galveston II 1908 2020 112 265.625 29.125
48 1835 Sabine Pass North 1993 2020 27 266.375 29.375
49 526 Grand Isle 1947 2020 73 270.125 28.875
50 1156 Dauphin Island 1966 2020 54 272.125 29.875

51 3 246 Pensacola 1923 2020 97 272.875 29.875
52 1641 Panama City 1985 2020 35 273.875 29.875
53 1193 Apalachicola 1967 2020 53 274.875 29.125

54 3 428 Cedar Key II 1938 2020 82 276.625 28.875
55 520 St. Petersburg 1947 2020 73 276.625 27.625
56 1106 Fort Myers 1965 2020 55 277.375 26.375
57 1107 Naples 1965 2020 277.875 25.875

58 3 188 Key West 1913 2020 107 278.375 24.125
59 1701 Vaca Key 1987 2020 33 279.125 24.375

60 3 112 Fernandina Beach 1897 2020 123 278.875 30.625
61 3 395 Fort Pulaski 1935 2020 85 279.625 31.875
62 3 234 Charleston 1921 2020 99 280.375 32.375
63 1444 Springmaid Pier 1977 2020 43 281.375 33.375

64 3 396 Wilmington 1935 2020 85 282.375 33.625
65 2295 Beaufort 1973 2020 47 283.375 34.125
66 1636 Duck Pier 1985 2020 35 284.625 36.375

67 3 299 Sewells Point 1927 2020 93 284.375 36.875
68 636 Kiptopeke Beach 1951 2020 69 284.375 36.875
69 2324 Lewisetta 1970 2020 50 284.375 36.875

70 3 412 Solomon’s Island 1937 2020 83 284.375 36.875
71 1295 Cambridge II 1971 2020 49 284.375 36.875

72 3 311 Annapolis 1928 2020 92 284.375 36.875
73 3 148 Baltimore 1902 2020 118 284.375 36.875
74 3 360 Washington DC 1931 2020 89 284.375 36.875
75 224 Lewes 1919 2020 101 285.375 38.625
76 1153 Cape May 1966 2020 54 285.375 38.625
77 786 Reedy Point 1985 2019 34 285.375 38.625

78 3 180 Atlantic City 1911 2020 109 285.875 39.125
79 3 135 Philadelphia 1900 2020 120 285.375 38.625
80 3 366 Sandy Hook 1932 2020 88 286.375 40.125
81 3 12 New York 1856 2020 164 286.375 40.125
82 1068 Bridgeport 1964 2020 56 288.625 40.875
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Table 1. Cont.

Station ID 1 PSMSL ID Location Start
(Year)

End
(Year)

Length
(Year)

CMEMS Grid
(East) 2

CMEMS Grid
(North) 2

83 519 Montauk 1947 2020 73 288.625 40.875
84 3 429 New London 1938 2020 82 288.625 40.875
85 3 351 Newport 1930 2020 90 289.125 40.875
86 430 Providence 1938 2020 82 289.125 40.875

87 3 367 Woods Hole 1932 2020 88 289.125 40.875
88 1111 Nantucket Island 1965 2020 55 290.125 40.875

89 3 235 Boston 1921 2020 99 289.875 42.375
90 3 183 Portland 1912 2020 108 290.125 43.375
91 525 Bar Harbor 1947 2020 73 292.125 43.875

92 3 332 Eastport 1929 2020 91 292.875 44.125
1—The ‘Station ID’ is a local referencing protocol used throughout this study. Refer to Figure 1 for plan location. 2—Satellite altimetry grid
point used for ALT-TG VLM analysis (refer to Methods section). 3—Records in bold are those for which trend analysis has been undertaken.

Sea Surface Height Anomaly (SSHA) altimeter products have been sourced from the
European Commission’s Copernicus Marine Environment Monitoring Service (CMEMS) [29].
The two-satellite merged global gridded L4 (008_057) product is provided with a daily
temporal resolution on a spatial density of 0.25◦ × 0.25◦ (Cartesian). These time series
data permit VLM estimation at each tide gauge location based on trends from differenced
altimetry–tide gauge (ALT-TG) techniques. Refer to this section for further details.

In addition to the gridded altimetry product above, trends of SSHA spanning the
period September 1992 to October 2019 are available for the sea margins around the USA
and distributed by Archiving, Validation and Interpretation of Satellite Oceanographic
(AVISO) [30]. These gridded linear trends have been used to assess spatial signatures of
sea level rise and are provided with no correction for Glacial Isostatic Adjustment (GIA).

2.2. Historical Tide Gauge Analysis

The trend analysis applied to annual average time series data is based on similar de-
tailed regional sea level studies conducted around the United States, Europe, the Republic
of Korea and Australia [21,23,31,32] utilising the capability of SSA to separate out the slowly
varying climate change signal from the time series record. SSA does this by amplifying
the signal-to-noise ratio by separating the original time series into low-frequency trends
and narrow-band quasi-periodic signals, with the rest (assumed to be noise) distributed
among the filters [33]. Through use of an embedding dimension, the original time series
is projected via a series of lagged copies of the original time series into the form of what
is referred to as a trajectory matrix. Singular value decomposition (SVD) functions can
then be performed on the matrix to resolve individual components in order of rank of
contribution to the time series from trend and oscillatory signals all the way down to
dimensionless noise. The applied methodology has been slightly updated and refined
after Watson (2016, 2017, 2018) [20,31,32] to incorporate the findings of Mann, Steinman
and Miller (2020) [34] regarding the approximate cutoff between trend and dynamic (or
oscillatory) behaviour associated with the climate system. The specifics are described in
more detail in Step 2 (Section 2.3) below.

Trend analysis has been performed only on records in the PSMSL longer than 75 years
based on established principles in the literature [18–20] (refer to Table 1 for details). Various
records exceeding 75 years in length (Hilo, Adak Sweeper Cove, Seward, Yakutat, Skagway,
Santa Monica and Lewes) all contained significant portions of missing data that were not
able to be satisfactorily filled (refer to Step 1 for details). Although there were significant
portions of missing data in the New York and Fernandina Beach records, residual portions
from 1893 and 1939, respectively, exceeded 75 years in length and were therefore sufficient
to undertake trend analysis with small gaps readily filled within desired limits. A total of
39 records were able to be considered for trend analysis.
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Gaps in environmental records such as long tide gauge records are quite common,
requiring consideration in terms of trend analysis. The use of SSA requires complete time
series; therefore, gap-filling has been undertaken where necessary. However, limits have
been imposed on the extent of gap-filling to preserve the integrity of the original record and
limit the potential for influencing trend determination. Testing and analysis of gap-filling
for sea level records has been previously undertaken [20] and the recommendations of
this work have been applied in this study. Broadly, these recommendations suggest filling
of records only where the total gaps are less than 15% of the time series and the largest
continuous gap is no larger than 5%.

2.3. Step by Step Methodology

The methodology applied in analysing the observational tide gauge records can be
broadly summarised in the following six steps.

Step 1: Gap-filling of tide gauge records. As discussed previously, gap-filling must
be undertaken to permit SSA decomposition for trend analysis. The ‘TrendSLR’ package
contains various gap-filling functions suitable for annual average tide gauge records. The
first preference has been to use an iterative SSA procedure [35,36] which fills gaps based
on the dominant spectral properties of the continuous sections of the original time series.
However, on the limited occasions where the spacing of the gaps or complexity of the
residual time series structure does not permit the iterative SSA procedure to converge
within prescribed tolerance limits [36], alternative options available in the ‘TrendSLR’
package have been used to fill gaps including weighted moving average and Stineman
interpolation [37]. The gap-filling functions in the ‘TrendSLR’ package permit visual
inspection to optimise the filling method and check that artificially generated gaps appear
reasonable within the context of the time series.

Step 2: Estimation of ‘relative’ mean sea level. Specifically, this study uses the basic
one-dimensional version of SSA proposed by Bromhead and King (1986) [38] built into the
‘Rssa’ extension package in R [36] to decompose the annual average mean sea level time
series to isolate ‘relative’ mean sea level (in this case, a slowly varying trend), from the
more dynamic components and noise.

A key SSA parameter is the embedding dimension (or ‘window’, as it is commonly
referred to). The embedding dimension is recommended in the range of one-quarter
to one-half the length of the time series with one-half the maximum possible [33,39,40].
Selecting the maximum range ensures optimal possible separability between the resolved
components from the SSA decomposition. Given that the imperative of the exercise is
to isolate mean sea level (or trend) with improved temporal resolution, it is strongly
recommended to use the maximum embedding dimension afforded by the data record to
optimise the separability of resolved components and minimise mixing across signals [33].
This recommendation has been observed for this study.

‘Relative’ mean sea level can then be estimated by aggregating the components from
the SSA decomposition which exhibit ‘trend-like’ characteristics. This can be done auto-
matically using techniques such as frequency thresholding [41], which operates on the
spectral properties of individual components from the SSA decomposition. The published
findings of Mann, Steinman and Miller [34] indicate that, from extensive climate research,
the difference between trend and dynamic (or oscillatory) behaviour appears to reside
around the 50 year period (or the frequency band of 0.02 cycles per year).

For this study, ‘relative’ mean sea level has been estimated using frequency threshold-
ing to aggregate components from the SSA decomposition in which more than 50% of the
relative spectral energy is evident in the low-frequency band between zero and 0.02 cycles
per year to accord with the findings of Mann, Steinman and Miller [34].

Step 3: Estimation of ‘relative’ mean sea level velocity. A fitted cubic smoothing spline
model permits estimation of the time varying velocity of the estimated ‘relative’ mean sea
level determined from Step 2. Extensive testing of fitted smoothing splines for mean sea
level research [20] recommends the general application of 1 degree of freedom (DOF) for
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every 8 years of record when fitting a spline for this purpose. The ‘TrendSLR’ package
permits visualisation of the fitted spline and fine tuning of the DOF if deemed necessary.

Step 4: Estimation of standard errors associated with analysis of individual tide gauge
records. This process involves several steps, the first being to remove the serial correlation
in the residuals between the ‘relative’ mean sea level estimate (Step 2) and the original time
series. This is achieved by fitting a standard autoregressive integrated moving average
(or ARIMA) time series model. This step is undertaken automatically by the ‘TrendSLR’
package via Hyndman and Khandakar’s stepwise algorithm [42].

Errors in the estimation of ‘relative’ mean sea level and the associated velocity are then
determined through bootstrapping techniques. Steps 2 and 3 are repeated 10,000 times by
randomly recycling the uncorrelated residuals. With 10,000 generated ‘relative’ mean sea
level and associated velocity time series, standard deviations are readily estimated for both
sets of outputs at each time step.

Step 5: Estimation of VLM at tide gauge record. VLM has been estimated using
an ALT-TG technique initially proposed by Ostanciaux et al. [43] and recently revised
and updated by Watson [26] using standard gridded altimetry products. In essence, the
approach is based on linear regression of the difference between monthly average SSHA
(altimetry derived) and the ‘relative’ tide gauge record. Standard errors are automatically
generated from the least squares fitted model.

From a global analysis of ALT-TG and continuous GPS measurements, Watson [26]
determined that ALT-TG VLM estimates were improved by using standard gridded altime-
try SSHA products closest to the tide gauge but no closer than 30 km from the open coast
and islands. CMEMS [29] daily SSHA data have been converted into monthly average time
series spanning January 1993 to February 2020. Monthly average tide gauge data have
been used for the ALT-TG analysis spanning the same timeframe.

Step 6: Correction of ‘relative’ mean sea level velocity to ‘geocentric’ reference frame
for each tide gauge record. The VLM (Step 5) is added to the ‘relative’ velocity (Step 3) to
estimate velocity in a ‘geocentric’ reference frame.

3. Results

Importantly, all analysis results presented include error margins at the 95% confidence
level (CL), unless noted otherwise. Key results have been presented diagrammatically for
each of the 92 stations analysed around the coastlines of the USA (refer to Figures 2–5). The
39 records were sufficiently long to undertake trend analysis and permit detailed temporal
and spatial signatures of changes in mean sea level to be identified. The ‘relative’ mean sea
level analysis is largely dominated by local VLM processes whereas the ‘geocentric’ mean
sea level analysis reflects more strongly the direct signature of climate change phenomena.

3.1. ‘Relative’ Mean Sea Level Velocity

From the ‘relative’ mean sea level velocity analysis in 2020, clear spatial patterns are
apparent for how the rate of mean sea level is perceived standing on the land. Along
the Alaskan coast, the uplifting of the land mass associated with the unloading from the
retreat of the Laurentide ice sheet across North America is clear. For example, the mean
sea level velocity at Juneau (ID = 18), inside the Stephens Passage (Alaska), is estimated at
−17.7 ± 2.3 mm/year—that is, in 2020, the apparent sea level is falling relative to the land
at high rate. By comparison, as the influence of the strong post-glacial rebound (PGR) signa-
ture moderates, moving further south along the west coast of the USA, the ‘relative’ velocity
in 2020 flips from negative to positive between San Francisco (ID = 37) and San Diego
(ID = 44). Along the coastline of the Gulf of Mexico between Texas and Florida, ‘relative’
velocities in mean sea level reside at or above 5 mm/year in 2020 (average = 6.3 mm/year).
These increased velocities are driven by a combination of persistent subsidence along
this coastal sector and elevated SSHA trends within the Gulf of Mexico attributed to cli-
mate change. The peak ‘relative’ velocity in 2020 of 9.8 ± 1.3 mm/year was observed at
Galveston, Texas (ID = 47).
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For context, the average rate of sea level rise forecast for the last 5 years of the 21st
century by the Intergovernmental Panel on Climate Change (IPCC) under Representative
Concentration Pathways (RCP) 4.4 and 8.5 are of the order of 7 (range 4–9) and 15 (range
10–20) mm/year, respectively [44]. The corresponding amount of global mean sea level
rise to 2100 for RCP4.5 and 8.5, relative to 1990, is of the order of 549 (range 385–724) and
842 (range 609–1105) mm [44].

Along the east coast between Florida and New York, the average ‘relative’ rate of
mean sea level rise in 2020 is around 4.7 mm/year, moderating northwards between New
York and Eastport at an average rate of less than 3 mm/year.

3.2. Vertical Land Motions

The analysis reveals spatially dominant patterns of vertical land motion around the
coastlines of the USA that have important implications regarding the threat posed by rising
sea levels. In particular, where land margins are rising (or uplifting), the threat of increasing
sea levels is moderated, but where trends of land subsidence prevail, the ‘relative’ rate of
submergence from a rising ocean will be exacerbated.

The strong PGR signal associated with uplifting of the retreating Laurentide ice sheet
is evident along the Alaskan coastline, where a range of stations exhibit rates of uplift
exceeding 10 mm/year (Kodiak Island, Seldovia, Valdez, Yakutat, Skagway and Juneau).
Skagway measures the highest rate of uplift at around 22 mm/year. If these rates of uplift
are sustained, much of the Alaskan coastline will remain largely unaffected by even the
higher range of projected global sea level rise (e.g., RCP8.5) throughout the 21st century.
Although the PGR influence moderates along the coast southward of Alaska, several
stations along the west coast in the states of Washington (Cherry Point, Port Angeles, Neah
Bay and Toke Point), Oregon (Astoria, Port Orford) and California (Crescent City) exhibit
rates of uplift exceeding 1 mm/year. Moving south of Crescent City though, between
Humboldt Bay and San Diego, the trend of VLM over the 12 stations in this coastal sector
flips over to subsidence, averaging around −1.3 mm/year. This trend also persists around
the Hawaiian Islands, with 4 of the 6 stations exhibiting subsidence exceeding 1 mm/year.

The northern foreshore of the Gulf of Mexico and along the east coast USA are
dominated by subsidence, but from various contributory factors. The subsidence along the
foreshores of the Gulf of Mexico has been driven ostensibly by a range of factors which
include compaction of sediments due to increased urbanisation in marshland areas [45]
and aquifer system compaction due to extensive groundwater withdrawal [46,47]. The
influence of GIA processes along this sector of coastline is comparatively small [46]. From
the 15 stations between Port Isabel, Texas and Vaca Key, Florida, the average rate of
subsidence is around −2.4 mm/year. However, over the 750 km section of coast between
Rockport, Texas and Grand Isle, Louisiana, the rate of subsidence increases to an average
rate of −4.9 mm/year, resulting from the extensive groundwater withdrawal programs
from the primary aquifers comprising the Gulf Coast aquifer system (the Chicot, Evangeline
and Jasper aquifers) [47].

Along the east coast of the USA, subsidence dominates, averaging −1.7 mm/year
from 33 stations between Fernandina Beach, Florida and Eastport, Maine. However, GIA
processes dominate over other contributory subsidence processes along sectors of the east
coast caused by ongoing relaxation of the peripheral forebulge associated with the last
deglaciation of the Laurentide ice sheet [48,49].

Quite distinct from the PGR being experienced along the Alaskan coast by the former
magnitude of the Laurentide ice sheet, along the east coast of the USA, the location and
scale of the ice sheet levered the land upwards. Following the retreat of the ice sheet and
subsequent collapse of the peripheral forebulge, the maximum subsidence experienced
occurs just south of the maximum glacier extent [49]. It is suggested that these stronger
signatures of subsidence owing to these processes would be expected to occur near North
Carolina, Maryland and Virginia [48]. Some 11 of the 33 east coast stations considered
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indicated rates of subsidence exceeding 2 mm/year, with three sites (Lewisetta, Virginia;
Lewes, Delaware; and Cape May, New Jersey) exceeding 3 mm/year.

3.3. ‘Geocentric’ Mean Sea Level Velocity

Having corrected ‘relative’ mean sea level velocity in 2020 for VLM, clear spatial
patterns in mean sea level velocity are apparent when considered from a ‘geocentric’ (or
fixed) reference datum. These spatial patterns are ostensibly climate change fingerprints
resulting from increases in the mass of the ocean driven by melting of snow and ice
reserves and thermal expansion of the ocean water mass. ‘Geocentric’ velocities in 2020
can also be readily compared to the current rate of global mean sea level rise estimated at
3.6 ± 0.4 mm/year over the period 2006–2015 [44].

The ‘geocentric’ rate of mean sea level in 2020 at the Hawaiian Islands is estimated
at 1.2 ± 1.0 mm/year (Honolulu). This velocity is comparable to the average ‘geocentric’
velocity in 2020 from the 11 stations along the west coast of the USA at 1.5 mm/year.
However, within this sector of coastline, the stations north of Monterey, California average
around 2.0 mm/year compared to those further to the south (between Port San Luis and
San Diego), which average a mere 0.5 mm/year.

Along the northern foreshore of the Gulf Coast, the average ‘geocentric’ velocity
in 2020 is much higher at 4.0 mm/year, with Key West, Florida and Galveston, Texas
recording the second and third highest ‘geocentric’ velocity in 2020 around the USA at
5.5 ± 1.7 mm/year and 5.3 ± 1.3 mm/year, respectively.

The east coast of the USA presents a slightly different picture, with the average
‘geocentric’ velocity in 2020 from 19 stations records equating to 2.4 mm/year. There would
appear to be a point of distinction along the east coast around Chesapeake Bay. For nine
stations between Fernandina Beach, Florida, and Chesapeake Bay (inclusive), the average
‘geocentric’ velocity in 2020 is around 3.2 mm/year compared to the 10 records further
north to Eastport, Maine, which average just under 1.8 mm/year. The highest ‘geocentric’
velocity across the USA was estimated at 6.0 ± 1.5 mm/year in 2020 at Baltimore, Maryland.

3.4. Acceleration in Mean Sea Level from 1970 to 2020

The analysis techniques in this paper permit the time varying velocity in mean sea
level to be estimated at each year of the record as part of the longer-term trend analysis
(see Section 2). By considering the difference in the ‘relative’ velocity in mean sea level
between 1970 and 2020, one can detect whether (or not) the velocity is increasing over the
past 50 years. If the velocity is increasing, an acceleration must be present in order to do so.

Similarly, distinct spatial features are evident from this analysis. From the records
along the west coast USA, including Hawaii (but excluding Alaskan stations owing to
large PGR effects), the average increase in ‘relative’ velocity in mean sea level over this
timeframe from 11 stations records is 0.7 ± 1.5 mm/year, which, although positive, is
not statistically different from zero at the 95% CL. From these records, only the Almeda,
California record indicates a statistically significant increase in velocity (acceleration) over
the past 50 years at 1.6 ± 1.4 mm/year.

However, for the five stations around the northern foreshore of the Gulf Coast, the aver-
age increase in ‘relative’ velocity in mean sea level over this timeframe is 2.7 ± 2.2 mm/year,
representing a statistically significant acceleration. Further, each station record in the Gulf
separately exhibits a statistically significant acceleration.

Along the east coast USA, spatial patterns mirror those associated with the results of
the ‘geocentric’ velocity analysis (Section 3.3). The average increase in ‘relative’ velocity
in mean sea level over this timeframe from 19 stations records along the east coast is
1.3 ± 1.6 mm/year, which, although positive, is not statistically different from zero at
the 95% CL. However, from the nine stations between Fernandina Beach, Florida, and
Chesapeake Bay (inclusive), the average increase in ‘relative’ velocity in mean sea level over
this timeframe is 1.8 ± 1.4 mm/year, representing a statistically significant acceleration,
with all stations except Washington DC and Sewells Point, Virginia separately exhibiting a
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statistically significant acceleration. This contrasts to the 10 stations further north between
Atlantic City, New Jersey and Eastport, Maine, where the average increase in ‘relative’
velocity in mean sea level over the last 50 years is only 0.8 ± 1.8 mm/year, which, although
positive, is not dissimilar from the results for the west coast stations (0.7 ± 1.5 mm/year)
and not statistically different from zero at the 95% CL.

3.5. Sea Surface Height Trends from Satellite Altimetry

Trends in SSHA observed from multi-mission satellite altimetry data over the period
from September 1992 to October 2019 made available by AVISO data [30] show some key
spatial signatures both around the coastline and in the adjoining sea margins around the
USA. It should be clearly emphasised here that these are linear trends in SSHA over the
27.1-year altimetry period, which will be significantly influenced by internal climate mode
forcings (such as ENSO, etc.) on such timescales. These trends are therefore not directly
comparable to ‘relative’ and ‘geocentric’ velocities determined from the longer tide gauge
record analysis in this study, which firstly remove such influences from the record and
secondly estimate time varying velocities in real time, rather than averages across the
record length.

Notwithstanding, from the analysis of gridded products nearest the tide gauge sites
no closer than 30 km from the open coast and around islands, the average trend across all 92
locations was approximately 2.5 mm/year, nearly 1.1 mm/year lower than the current rate
of global mean sea level rise estimated at 3.6 ± 0.4 mm/year over the period 2006–2015 [44].

From the 44 stations comprising the Hawaiian Islands, Alaskan and east coast stations,
the average SSHA trend is 1.5 mm/year. However, for the 11 locations analysed around
the northern foreshore of the Gulf Coast between Port Isabel, Texas and Vaca Key, Florida,
the SSHA trend averages 4 mm/year. The highest trend along the foreshores around the
USA was 4.4 mm/year at Cedar Key, Florida. High rates of trend persist north from Florida
along the east coast USA moderating below 3 mm/year to the north of Chesapeake Bay.

The altimetry SSHA trend analysis highlights large spatial variations in the sea margins
around the USA (Figure 6). From this region, specific margins of interest are further
highlighted in Panels 1–4 in the corresponding Figures 7–10. From the overall perspective
(Figure 6), the average of the 113,383 gridded SSHA trends for the period from September
1992 to October 2019 is 2.5 mm/year. Only 14% of the grid points depicted indicated a
trend above the current rate of global mean sea level rise estimated at 3.6 ± 0.4 mm/year
over the period 2006–2015 [44]. The highest trend of 14.4 mm/year was observed in the
North Atlantic Ocean along the northern edge of the Gulf Stream off the east coast of the
USA at −70.875◦ E and 37.375◦ N. Conversely, the lowest trend of −4.2 mm/year was
located further east, similarly within the influence of the Gulf Stream at −44.375◦ E and
41.875◦ N.

Panel 1 delineates the SSHA trends in the North Pacific Ocean within the vicinity
of the west coast of the USA (Figure 7), indicating an average from 8321 gridded SSHA
trends of only 1.8 mm/year. The highest trend observed within Panel 1 was 4.7 mm/year
at −114.125◦ E and 29.875◦ N within the Delfin Basin of the Gulf of California.

Conversely, the lowest trend of −0.9 mm/year was located at −123.375◦ E and 32.875◦

N, approximately 450 km west of the coastline from Los Angeles. Less than 1% of the
grid points depicted in Panel 1 indicated a trend above the current rate of global mean sea
level rise.

Panel 2 delineates the SSHA trends in the Gulf of Mexico and Straits of Florida
(Figure 8), indicating an average from 3604 gridded SSHA trends of 3.3 mm/year. The
highest trend observed within Panel 2 was 6.1 mm/year at −90.125◦ E and 27.125◦ N,
approximately 200 km due south of the Mississippi Delta. Conversely, the lowest trend
of −2.2 mm/year was located at −85.875◦ E and 24.875◦ N, approximately 400 km due
west of Key West, Florida. Significantly, nearly 34% of the grid points depicted in Panel 2
indicate a trend above the current rate of global mean sea level rise.
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Panel 3 delineates the SSHA trends around the south-east quadrant of the USA in the
Straits of Florida and the Sargasso Sea region, covering a portion of the North Atlantic
Ocean as far north as Chesapeake Bay (Figure 9). Within these margins, the average from
8020 gridded SSHA trends is 3.2 mm/year. Similarly, nearly 28% of the grid points depicted
in Panel 3 indicate a trend above the current rate of global mean sea level rise. This panel is
distinguished by numerous areas of the North Atlantic Ocean between the Caribbean and
the Gulf Stream in which SSHA trends are at or above 4 mm/year.

Panel 4 delineates the SSHA trends around the north-east quadrant of the USA,
encompassing a portion of the Gulf Stream in the North Atlantic Ocean (Figure 10). Within
these margins, the average from 6415 gridded SSHA trends is 3.0 mm/year. Similarly,
nearly 27% of the grid points depicted in Panel 4 indicate a trend above the current rate of
global mean sea level rise. This panel, however, is distinguished by the strong influences
associated with the Gulf Stream, generating a strong banding of high trends exceeding
6 mm/year along the northern ridge of the stream and an equally strong narrow banding
of negative SSHA trends along the southern periphery of the stream. The highest trend
observed from the analysis herein (14.4 mm/year) is centred within a mass of concentrated
high SSHA trends above 8 mm/year which extends as close as 200 km from the mainland
due east of the entrance to Chesapeake Bay.
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4. Conclusions

The potential threats to the USA from current and projected sea level rise are signifi-
cant, with profound environmental, social and economic consequences. The current threats
associated with coastal hazards (e.g., coastal erosion, storm surge, oceanic inundation,
etc.) will be exacerbated by the projected sea level rise associated with climate change
that is anticipated to increase at an increasing rate over the course of the 21st century (and
beyond) [23].

IPCC mean sea level rise projections [44] based on the modelling of various
RCPs [50,51] range from around 20 to 100 cm over the course of the 21st century (rel-
ative to 1990). The possibility of larger projected increases has also been observed in the
literature (e.g., Refs. [52,53]). Owing to the fact that past emissions will be the primary
driver of climate-change-induced sea level rise in the decades ahead, projections of sea level
rise remain similar for all RCP experiments until around 2050 [44]. Therefore, temporal
characteristics of the projected rate of global mean sea level rise provide only a coarse
reference frame against which long tide gauge and other records (such as satellite altimetry)
can be compared to augment scientific understanding and adaptive planning endeavours
at a local or regional scale over the next couple of decades (in particular) [23].

Given the threat posed by this phenomenon, every effort must be made to routinely
monitor and review sea level data around the USA, enabling the early detection of key
emerging trends of significance that will aid coastal planning, design and risk manage-
ment activities.

This study updates and extends the several previous works undertaken to analyse
tide gauge records and satellite altimetry around the USA by using enhanced time series
analysis techniques to isolate mean sea level with greater precision, in turn providing
improved estimates in the rate of associated time varying velocities and accelerations.
Some 39 records, exceeding 75 years in length, meeting strict quality control requirements
(see Section 2), were available for analysis to chart time varying ‘relative’ velocity and
accelerations up to and including 2020 at each location. Of interest, averaged across 33
records where the ‘relative’ velocity was positive, approximately 40% is attributable to
vertical land motion (i.e., subsidence resulting from a variety of processes).

The study of mean sea levels and associated climate-change-induced projection mod-
elling is indeed a complex element of science. Of the information resources that we have at
our disposal, we know that coastal margins more vulnerable to the threats posed by rising
sea levels are those in which subsidence is prevalent, higher satellite altimetry trends are
evident and higher ‘geocentric’ velocities are being observed. The evidence from this study
highlights key spatial features that are evident in 2020.

In particular, the northern foreshores along the Gulf of Mexico and along the east coast
as far north as New Jersey are characterised by land margins subsiding due to differing
physical processes, all of which exacerbate the threat posed by rising mean sea levels.
The average subsidence along a 750 km stretch of coast between Rockport, Texas and
Grand Isle, Louisiana is close to 5 mm/year, driven by extensive groundwater withdrawal
programs [47]. Along the east coast in the vicinity of Virginia, Delaware and New Jersey,
rates of subsidence exceeding 3 mm/year have been observed owing to GIA associated with
retreat of the Laurentide ice sheet and subsequent collapse of the peripheral forebulge [49].

Setting VLM aside, the spatial signatures of ‘geocentric’ mean sea level velocities in
2020 around the USA permit assessment of the current impacts of climate-change-induced
sea level rise resulting from increases in the mass of the ocean. In this regard, the northern
foreshore of the Gulf Coast exhibits an average ‘geocentric’ mean sea level velocity in 2020
exceeding 4 mm/year, which is higher than the current rate of global mean sea level rise
estimated at 3.6 ± 0.4 mm/year over the period 2006–2015 [44]. The east coast of the USA
between Florida and Chesapeake Bay exhibited the next highest average ‘geocentric’ mean
sea level velocity at 3.2 mm/year. By comparison, the Hawaiian Islands and the west coast
of the USA only averaged 1.2 and 1.5 mm/year, respectively.
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The analysis of SSHA trends from satellite altimetry within the open ocean margins
around the USA generally mirrors the spatial features evident from the ‘geocentric’ mean
sea level velocities, with the exception being the influence of the Gulf Stream. For example,
within the Gulf of Mexico, whilst the average trend of 3.3 mm/year aligns with the global
average, the peak SSHA trend exceeded 6 mm/year, with over 34% of the grid points
exhibiting trends above the global average of 3.6 mm/year [44]. Similar characteristics
are evident for the SSHA trends within the North Atlantic Ocean along the east coast of
the USA, although the highest trend observed (14.4 mm/year) is centred within a mass of
concentrated high SSHA trends above 8 mm/year which extends as close as 200 km from
the mainland due east of the entrance to Chesapeake Bay. These trends observed over the
recent altimetry era are considered an artifact of a slowing Atlantic meridional overturning
circulation (or AMOC), highlighting a climate change ‘fingerprint’ consisting of a cooling in
the subpolar gyre region due to reduced heat transport, and a warming in the Gulf Stream
region due to a northward shift of the Gulf Stream [54]. Should this apparent northward
migration of the Gulf Stream continue over coming decades, there is the prospect that the
area of elevated SSHA trends in the North Atlantic Ocean will continue to expand and
encroach closer to the coast, potentially amplifying ‘geocentric’ mean sea level rise within
its zone of influence. These impacts will be readily detected in the future for records of
affected stations along the coastline using the analysis techniques advised in this study.

The study also finds that for the past 50 years, a statistically significant acceleration
in mean sea level rise is evident only along the northern foreshore of the Gulf Coast and
along the east coast of the USA south of the Chesapeake Bay region. The evidence from
this study suggests that these specific coastlines around the USA are more exposed to the
range of factors exacerbating threats from sea level rise than other coastlines at present.

The findings in this study complement and extend sea level research beyond the
Fourth US National Climate Assessment report [7–9].
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