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Abstract

In 2021, the IPCC published new sea level projections. For the first time, the projections
gave insight into expected relative sea level rise locally. A prudent designer of coastal infras-
tructure will want to know how the local projections compare to local observations. That
comparison, to date, has not been made. We compared local projections and observations
regarding the rate of rise in 2020. We used two datasets with local sea level information all
over the globe. In both datasets, we found approximately 15% of the available sets suitable
to establish the rate of rise in 2020. Geographic coverage of the suitable locations is poor,
with the majority of suitable locations in the Northern Hemisphere. Latin America and
Africa are severely under-represented. Statistical tests were run on all selected datasets,
taking acceleration of sea level rise as a hypothesis. In both datasets, approximately 95% of
the suitable locations show no statistically significant acceleration of the rate of sea level
rise. The investigation suggests that local, non-climatic phenomena are a plausible cause of
the accelerated sea level rise observed at the remaining 5% of the suitable locations. On
average, the rate of rise projected by the IPCC is biased upward with approximately 2 mm
per year in comparison with the observed rate.

Keywords: mean sea level; sea level rise; sea level projections; statistical analysis

1. Introduction
Flood protection and infrastructure in the coastal zone are intended to function for

several decades up to a century into the future (Figure 1). Structures in the coastal zone,
therefore, need to be robust against potential future changes, such as climate change and
sea level rise [1–3]. An important potential change is a rise of local sea level with respect to
the location of interest (relative sea level rise). Projections of future sea level are used to
ensure that the design is sufficiently robust [4–6].

The construction of coastal infrastructure is costly and it is therefore crucial that sea
level information used in design is credible or that possible uncertainties and/or bias are
known so that practitioners can appropriately account for them [5–7]. The credibility of
the present generation of local sea level projections [8–10] can be judged by comparison
to local observations [11,12]. Such a comparison is undertaken in this paper, aiming for a
geographical coverage as wide as the available data allow for.

In 2021, the Intergovernmental Panel on Climate Change (IPCC) published projections
of local relative sea level rise for a vast number of locations around the globe [9,10,13]. This
is an important improvement from previous projections, which were given as global sea
level budgets [14,15] and required translation to local circumstances [2,3,14–16]. The fact
that IPCC has made the effort to provide local information is commendable.
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A comparison to locally observed sea level appears to date to have been undertaken
on a very limited scale. Voortman [17] made a comparison for six locations in the North Sea
and showed that the projected rate of rise is consistently high compared to observations
in that region, and that accelerations of the rate of rise, if present, are statistically not
significant. The question is whether this is an isolated phenomenon with local causes, or
whether the over-projection of the rate of rise is present in other areas as well [18–20].

To answer that question, this paper compares observed and projected sea levels on a
large number of locations all over the globe. The methods outlined by Voortman [17] were
automated and applied to two datasets with global coverage [11,12,17]. This enables the
calculation of trends and acceleration of sea level rise, as well as the comparison of that to
contemporary projections. For a subset of stations, the causes of the pattern of sea level rise
(or fall) found in the statistical analysis were investigated in more detail.

 

Figure 1. Coastal infrastructure is intended to function for multiple decades. Level control facility in
the Netherlands, constructed in 1932 (Image: Rijkswaterstaat image library).

2. Earlier Work on Mean Sea Level
2.1. General

In the existing literature on mean sea level, a distinction can be made between obser-
vations and projections and between global sea level budgets and locally observed levels.
Observations are based on actual measurements. Measurements need to be processed to
enable analysis of (for example) trends and cycles of historic sea level. Projections are
estimates of future conditions and hence cannot be measured, but they can be informed
by observations.

2.2. Global Sea Level Budget

In 2002, Munk [21] formulated his enigma, which states that estimates of globally
averaged sea level rise are inconsistent with insights into, among others, ice shelves, glaciers,
and the thermal expansion of ocean water. Munk [21] recognized that the solution could
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be found on both sides of the enigma; either individual contributors to sea level rise are
estimated too low, or the estimate of globally averaged sea level rise is too high.

Following Munk’s publication [21], several authors attempted to solve the enigma.
Without exception, we found papers attempting to close the budget by increasing the
contributors to sea level rise [22–30]. The alternative option, namely that the estimate of
global sea level rise is too high, appears to gain little attention.

The current state of affairs is best illustrated by the paper by Frederikse et al. [31] that
claims to have “closed the sea level budget”. Unfortunately, a detailed inspection revealed
a number of weaknesses and even errors in Frederikse’s work [17]. It therefore appears that
the sea level budget is still not closed and that Munk’s enigma [21] over 2 decades after
publication still stands.

Estimates of the global sea level budget have practical use for comparison to global
insights into climate change and as a “background signal” that may appear in locally
observed sea levels. The practical value of the assessment of coastal flood risk for coastal
planning is very limited [4].

2.3. Observations of Mean Sea Level

Sea levels are observed in numerous places, and sometimes for a very long time.
Datasets with global coverage are available and are extremely useful for research pur-
poses [11,12]. Trends and possible acceleration of local or regional mean sea level have
received wide attention [18,19,25,32–65]. A lot of effort is taken to establish a global sea
level budget [23,31,65–74].

The study by Douglas [39] is very similar to the present study as it attempts to detect
acceleration of sea level rise in tide gauge records. Douglas [39] concludes that acceleration
appeared to be small in comparison to expectations stemming from climate science, but also
that the available data series are too short for definitive conclusions, and that corrections
for inter-annual and inter-decadal variations need to be made. The present study benefits
from 30 years of additional data and improved ways to (digitally) process data.

Most studies rely on the Permanent Service for Mean Sea Level (PSMSL) as a data
source and appear to use the data without giving much attention to data quality [11,20].
The datasets of PSMSL are an invaluable resource, but it is important to recognize that the
temporal mean sea level is a property that is not observed but derived from observations
of constantly varying water levels. Measurement frequency and the method for deriving
the mean sea level potentially influence the result. Voortman [17] compared local data with
data stored in PSMSL and evaluated a few methods to establish mean sea level, finding
that in older data, unexplained differences occur between local datasets and the data stored
in PSMSL. Further, Voortman [17] showed that the tidal shape influences mean sea level if
measurement frequencies are low, as is the case in most older data. Based on that finding,
Voortman [17] suggested tidal analysis as an appropriate method to derive mean sea level
from high-frequency data [75–78]. An additional finding of Voortman [17] was that local
effects may have influenced the PSMSL data, which, if undetected, lead to unwarranted
conclusions about sea level rise.

Lack of spatial coverage is a known problem with tide gauge data [25,72]. Nowadays,
sea level is observed by satellite altimetry [79,80]. This potentially solves the lack of
spatial coverage, but the records, commencing in 1993, are still too short to reliably detect
acceleration, and marked differences in observed rate of rise are as yet not satisfactorily
explained [29,73,81–84].
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2.4. Projected Mean Sea Level

Future changes of sea level are important to correctly assess coastal flood risk and
to design adaptation schemes. For these purposes, local projections of future sea level
are required. Such projections come in a few forms. The first form is an analysis of
historically observed sea levels and an analysis of trends therein. The result is insight into
the local patterns of sea levels in the past. With caution, such trends can be extrapolated
to the near future; at most, a few decades. Such an analysis provides insight into the
changes in sea level only in the region considered. Virtually all studies referenced in the
previous section reveal the cycles and trends present in observation-based estimates of
mean sea level [18,19,25,32–65].

The second form uses insights into climate change on the global temperature and
on the cryosphere, translated into projected future sea level changes [9,15]. The number
of ways to do so is vast. A review paper by Slangen et al. [85] recognizes 82 different
projections and organizes them into eight families.

Coastal planning requires projections that cover a wide range of possible futures. At
the same time, the number of projections needs to be limited as the specialists involved need
to be able to communicate clearly about risks and uncertainties involved in the scheme [4,7].
A set of scenarios satisfying these criteria is available in the latest assessment report by the
Intergovernmental Panel on Climate Change and published online [8–10].

3. Data and Methods
3.1. Data

Two datasets are used in this study. The Permanent Service for Mean Sea Level
provides historic records of monthly and yearly sea levels [11]. Hourly data are provided
by the Global Sea Level Observing System (GLOSS) [12]. All data were downloaded in
2023, and only full years were used in the study. PSMSL data are available up to and
including 2022. GLOSS data are available up to and including 2019.

The yearly sea levels provided by the PSMSL are used directly in this study. Tidal
analysis is used to derive yearly mean sea levels from the hourly GLOSS data [17,76–78].
Most investigators appear to rely on the temporal arithmetic mean as an estimate of sea
level. Voortman [17] demonstrated that the arithmetic mean is sensitive to the shape of the
tide, and a tidal estimate of mean sea level is less so. A tidal estimate was used in this study
for that reason. The tidal analysis was performed using the Utide functions developed by
Codiga [76] and implemented in a Python package by Bowman [75].

The present study aims to estimate the long-term rates of sea level rise in 2020. To do
so reliably, data were selected according to the following criteria:

• Latest year in the dataset not earlier than 2015, this being a compromise between the
desire to have data up to 2020 and the desire to have as many locations included
as possible

• Data available over a period of at least 60 years
• At least 80% of the years in the range with data available

Satellite data do not fulfill our second criterion and were, therefore, not used.

3.2. Regression Models

Local sea levels are influenced by long-term trends and by tides. The latter are driven
by the motion of celestial bodies relative to Earth. Voortman [17] found that multi-year
tides need to be included in an analysis of long-term tides to avoid unwarranted detection
of an acceleration of sea level rise. The regression models used in this study, therefore,
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include long-term tides. The following regression model was fitted to the data for every
location separately:

z0(t) =


p0 + p1t +

1
∑

n=0
Ancos(ωnt + φn) i f t ≤ t0

p0 + p1t +
1
2

p2(t − t0)
2 +

1
6

p3(t − t0)
3 +

1
∑

n=0
Ancos(ωnt + φn) i f t > t0

where pi are the parameters of the trend and acceleration of the sea level, while Ai and φi

are the amplitude and phase of the perigean and nodal cycles.
Relative sea level in general shows a trend. Contemporary research suggests that a

climate-driven acceleration in sea level rise commences somewhere after 1960 [8,9,18,19].
The regression model allows for an arbitrary starting point for increasing acceleration (t0)
and describes the increasing acceleration in second- and third-order terms in time, as is
mathematically appropriate. Contemporary climate science suggests that the acceleration
of sea level rise is positive and increasing, described by both the second- and third-order
terms of the model as being non-negative. In the regression procedure, bounds are imposed
in accordance with these insights. For the same reason, the onset of acceleration is bounded
between 1960 and 1995, in accordance with contemporary insights into the starting year
of acceleration [8,9,18,19].

Sea level is known to oscillate with multi-year periods [77,78]. The oscillations are
driven by multi-year tidal forces [77,78]. The perigean cycle (8.85 years) and the nodal cycle
(18.61 years) are both multi-year tidal signals coupled to periodic shifts of the orbit of the
moon with respect to the Earth [78].

One of the goals of this paper is to find whether a statistically significant and increasing
acceleration is present in local observations of sea level. A statistical method is used based
on the comparison of the full model (above) with a reduced model in which higher-order
terms are removed:

z0;reduced(t) = p0 + p1t +
1

∑
n=0

Ancos(ωnt + φn)

We use regression analysis to establish the parameters of both the full and the reduced
model. Subsequently, we compare the two fits with an F-test, a well-established statistical
method suitable for our purpose and used previously for Dutch sea level data [17,86].

3.3. Statistical Testing

Statistical methods were applied to judge the validity of regression results and to judge
the significance of differences between the full and reduced models introduced previously.
The adjusted coefficient of determination is used to judge the validity of model fits [86].
The adjusted coefficient of determination is defined as:

R2
adj;k = 1 − N − 1

N − k − 1
SSresidual

SStotal

where N is the size of the sample (number of independent datapoints in the set), k is the
number of parameters in the regression model, SSresidual is the sum of the squared residuals,
and SStotal is the sum of squared differences of every observation to the mean.

The adjusted coefficient of determination is best explained as a measure of explained
variance, corrected for the number of parameters in the regression model. Adding ad-
ditional parameters generally increases the explained variance, but not necessarily the
adjusted coefficient. There are alternative measures for the goodness-of-fit of regression
models, such as the Akaike Information Criterion, or AIC, and the Bayesian Information
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Criterion, or BIC [87,88]. All these criteria increase if a model better explains the variance of
the data and penalize for complexity of the model. Criteria of this kind are sometimes used
to justify model choice, arguing that the model with the highest score should be chosen,
irrespective of the actual value of the difference compared to the variability of the residuals.
Frederikse & Gerkema [89] and the Dutch Sea Level Monitor applied this type of criterion
to sea level observations [38].

A test that explicitly judges the difference in variance of the residuals and penalizes
for model complexity is the F-test for reduced models [86]. The F-test compares the full
model to the reduced model by calculating and judging the F-statistic, given by:

F =

(SSreduced − SS f ull

k − m

)
÷

(SS f ull

N − k

)
where SSreduced and SSfull are the sum of squared residuals of the reduced and the full
model, respectively, k is the number of parameters in the full regression model, and m is
the number of parameters in the reduced regression model [86].

The null hypothesis in the F-test is the assumption that the reduced model is an
adequate description of the data. The F-test is executed by comparing the calculated
F-statistic to a value obtained from an F-distribution at a specified confidence level.

For the full set of tests (depending on the dataset consisting of 50 to 200 data series), we
adopt a confidence level of 95% (p = 5%). Recognizing that we run a large number of similar
tests, we correct the rejection level for an individual test with Bonferroni’s method [86,90,91].
The rejection level for an individual test depends on the total number of tide stations in the
dataset analyzed.

Statistical tests generally assume that the residuals calculated from the regression are
statistically independent. If that is the case, N in the equations above equals the number
of observations in the considered dataset. When working with real-life data, it is hard
to ensure statistical independence of residuals. Dependence reveals itself in correlation
between residuals. In this study, correction for dependent residuals is done using the
method described by Bence [92], which uses the correlation between residuals as input.
The result is called the effective sample size, which is never larger than the actual sample
size, and, in case of correlated residuals, smaller than the sample size.

3.4. Definition of the Rate of Sea Level Rise

The F-test determines whether the full or the reduced model adequately describes
the data at hand. Rate and acceleration of sea level rise in 2020 are calculated from the
parameters of the appropriate model. The long-term rate of sea level rise is defined as
the first derivative of the selected regression model neglecting the cyclic terms. The short-
term rate of sea level rise is the rate including all terms in the model. Figure 2 illustrates
the definitions.

The graph shows a sea level that is varying in accordance with a linear trend, the
8.85-year cycle, and the 18.61-year cycle. The linear trend (dotted line) is denoted as the
long-term trend, and its rate is the long-term rate. The short-term rate is the actual rate of
rise at any given point in time. The long-term trend and acceleration may be driven by
anthropogenic or natural climate change. The multi-year cycles are a tidal effect, driven by
the motion of the Moon with respect to Earth [77,78]. Therefore, the long-term trend can be
compared to the projections published by the IPCC [8–10].

In some applications, the short-term rates and the resulting sea level peaks might be
important. An example is Trace-Kleeberg et al. [93], who show that short periods (a few
years) of high sea levels may be a disadvantage for the maintenance of storm surge barriers.
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Figure 2. Observed sea level is a combination of trends (dotted line) and multi-year tides. The
long-term trend is the trend without the multi-year tides. The long-term trend may accelerate as a
consequence of natural and/or anthropogenic climate change.

3.5. Comparison to Projections by the IPCC

The International Panel on Climate Change (IPCC), in its 2021 report, for the first time
provided local estimates of sea level rise starting in 2020 [8–10]. In view of the value of
local projections for coastal adaptation [4,7], this initiative of the IPCC is commendable.
For actual decision-making, it is important to know whether there are differences between
the local data and the projections and what they are.

From the field data, this study establishes the long-term rate of sea level rise in 2020
and compares it to the rate of rise in the same year given by the IPCC. The PSMSL data
are used for this purpose. The GLOSS dataset was found to be too sparse for a meaningful
comparison to the projections, thus the GLOSS data were not used for that part of the study.
The IPCC provides projections for two-thirds of the PSMSL network.

The IPCC provides five scenarios, characterized by the assumed climate forcing in 2100.
The forcings are coupled to the Shared Socio-economic Pathways (SSP) [94,95] and range
from 1.9 W/m2 to 8.5 W/m2. Several authors investigated the assumptions underlying
the SSPs and compared them to empirical data [96–99]. These studies consistently find
a low likelihood of SSP3-7.0 and higher. This conclusion has since been adopted by the
IPCC and the UNFCCC [100,101]. The studies differ with regard to the best-guess (or
business-as-usual) scenario with SSP2-4.5 described as either the best-guess scenario or an
upper bound [97]. Based on these findings, this study considers the lowest three scenarios
(1.9 W/m2, 2.6 W/m2, and 4.5 W/m2) as relevant for policy-making on coastal adaptation,
with the forcing of 4.5 W/m2 as a provisional best guess scenario.

In a practical sense, the median rates of rise of all projections are equal up to
2040 [10,102]. This study establishes the rate of rise in 2020 and, therefore, compares
the rate of rise to the SSP2-4.5 projection only. The comparison is based on the medians of
the projected and the empirical rate.

4. Results
4.1. PSMSL Data

The PSMSL network [11] consists of 1548 locations. Data are available for 1533 (99%)
of them. Of these, 204 (14% of the stations with data) meet the selection criteria and are
analyzed. Figure 3 summarizes the results.
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Figure 3. PSMSL network with results of this study. Colored symbols indicate locations where the
rate of sea level rise in 2020 could be found from the available data, with the color indicating the
calculated rate. Upward-pointing triangles indicate statistically significant acceleration of sea level
rise. Circles indicate non-significant acceleration. Crosses indicate locations with insufficient data
under the criteria of the present study.

Locations with insufficient data are shown as black crosses, and stations with sufficient
data (selected stations) are shown with colored symbols indicating the empirical long-term
rate of sea level rise. Selected stations are mostly found in the Northern Hemisphere.
Clusters are found in North America (both coasts), Europe (Atlantic coast, North Sea, and
Baltic), and around Japan. This uneven distribution of observations was found previously
by Woodworth et al. [64] and Jevrejeva et al. [103].

In nine locations (or 4% of the selected locations), the acceleration is statistically
significant. These locations are shown as an upward-pointing triangle. Locations where
acceleration is not statistically significant are shown as filled circles. Statistically significant
acceleration is found in a cluster in Japan and in solitary locations in Spain, Thailand, India,
Australia, and the Pacific. Stations with acceleration are often found in close proximity to
stations without acceleration.

The distribution of the rates of rise is shown in Figure 4. Where acceleration is
significant, the rate is derived from the full model. Otherwise, it is derived from the
reduced model. The long-term rate of sea level rise is mild for the majority of locations,
with rates of rise less than 5 mm per year. Clusters of negative rates are found in the
Baltic and along the West Coast of Canada. High rates of rise (up to 10 mm per year) are
found in one location in the Pacific, in the United States along the coast of the Gulf Coast,
on the West Coast of India, in Japan, in Thailand, and in Australia. High rates are often
found in close proximity of stations with much lower rates, suggesting a local phenomenon
affecting the observed rise. The mean rate of sea level rise is 1.4 mm/year, and the median
is 1.5 mm/year. Ninety percent of the rates lie between −5.9 mm/year and 6.8 mm/year.

4.2. GLOSS Data

The GLOSS core network consists of 294 locations, of which 245 (83%) have data
available. Yearly sea levels were established from the hourly data using the methods
outlined in Section 3.1. Of the 245 locations, 39 (16%) suffice the selection criteria and are
analyzed. Figure 5 shows the results.
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Figure 4. Histogram of median long-term rate of sea level rise in 2020 as derived from PSMSL data.

Figure 5. GLOSS network with results of this study. Colored symbols indicate locations where the
median rate of sea level rise in 2020 could be found from the available data, with the color indicating
the calculated rate. Upward-pointing triangles indicate statistically significant acceleration of sea
level rise. Circles indicate non-significant acceleration. Crosses indicate locations with insufficient
data under the criteria of the present study.

Again, locations with insufficient data are shown as crosses, and stations with sufficient
data (selected stations) are shown with colored symbols. The geographical distribution of
the selected stations is highly unbalanced. Several parts of the world, such as Australia, the
northeast of Latin America, East Asia, and virtually the whole of Africa, are not covered. In
three locations of the GLOSS network (8%), the acceleration is statistically significant. Two
in the Pacific Ocean and one in Latin America, shown with upward-pointing triangles.

Figure 6 shows that the majority of locations have a rate of sea level rise of less than
5 mm per year. A minority of stations with much higher rates of rise are found in the Pacific
and Latin America, coinciding with the locations showing an acceleration. The mean rate
of sea level rise is 1.7 mm/year, and the median is 1.9 mm/year. Ninety percent of the rates
lie between −7.4 mm/year and 8.5 mm/year.
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Figure 6. Histogram of median rate of sea level rise in 2020 as derived from GLOSS data.

4.3. Comparison of GLOSS and PSMSL

We find 28 stations available in both GLOSS and PSMSL. We compare the median rate
of sea level rise in 2020, resulting from the two data sources in Figure 7.

Figure 7. Median–long-term rates of sea level rise; comparison of GLOSS and PSMSL.

The long-term rates are generally in good agreement. Stations are labeled with their
name if the absolute difference between the two sets is larger than 1 mm/year. Absolute
differences exceeding 1 mm/year occur on three locations in the Pacific and one in the
Gulf of Mexico. The differences are due to differences in the underlying data. For Midway
Island, PSMSL misses a portion of data in the late 1970s and early 1980s. In Honolulu, the
GLOSS set appears to suffer from data quality issues in the late 1800s and between 1975
and 1985 with systematically lower readings compared to adjacent years. Pensacola and
Pago Pago are analyzed further in Section 5.
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The present study treats the available datasets separately. No attempt was made to
resolve the differences found between PSMSL and GLOSS.

4.4. Comparison of Rate of Sea Level Rise in PSMSL and IPCC

Figure 8 shows the comparison of the median rate of sea level rise in 2020 given by the
IPCC compared to the median–long-term rate derived from the PSMSL data. The graph
shows the empirical rate of sea level rise in 2020 derived from PSMSL data as described in
Section 4, on the horizontal axis. The vertical axis shows the rate of rise in 2020 as given in
the Sea Level Projection Tool [10].

 
Figure 8. Median–long-term rates of sea level rise in 2020. Median rates derived from PSMSL data
compared to median projection SSP2-4.5 by IPCC.

Every point in Figure 8 is a location, plotted at the position corresponding to the
median empirical rate and the projected rate in 2020. In case of a perfect match, all points
would lie on the blue straight line. Where the rate in the projections is higher than the
empirical rate, the point is above the line; otherwise, it is below. The graph shows the
majority of locations to be above the blue line, indicating that the rate of sea level rise in
the projections is too high compared to the empirical rate. A small set of locations shows
an empirical rate higher than the projected rate.

The difference between empirical and projected rate shows up in geographical clusters
(Figure 9). The clusters around the North Sea/Baltic and around the Sea of Japan show
a difference of the rate of rise between 1 mm/year and 3 mm/year; 2 mm/year on aver-
age. Along the Pacific coast of North America and the coast of Australia, the agreement
between empirical and projected rate is better with overestimation limited to a maximum
of 1 mm/year. On the other hand, the overestimation along the Atlantic coast of North
America is 4 mm/year to 5 mm/year; the highest overestimation found anywhere. Data
scarcity makes it impossible to draw any conclusions regarding the African coast and a large
portion of the Asian coast. Also, along the Latin American coast, data are sparse. Isolated
locations in the Pacific show the projections to overestimate the rate of rise with 2 mm/year
to 3 mm/year. Underestimation does occur but is limited to a few isolated locations.
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Figure 9. Difference of the median rate of sea level rise in IPCC (emission path SSP2-4.5) compared to
the median rate found from PSMSL observations.

5. Discussion
The present study reveals a number of locations with a statistically significant accel-

eration, a very high rate of sea level rise, or both. A high rate or a statistically significant
acceleration are considered the hallmark of sea level change driven by anthropogenic
climate change, but other factors such as vertical land motions may be at play [104–106].
The differences in rate and acceleration are sometimes found over very short distances and
this is puzzling. A selection of PSMSL locations was analysed in more detail in an attempt
to obtain a better handle on the drivers of change revealed in the statistical procedure.

A rate of rise outside the 90% empirical inter-quantile range and/or a statistically
significant acceleration was chosen as the threshold for a closer look at local drivers of sea
level rise. The threshold was arbitrarily chosen, attempting to strike a balance between
detail and workload. Under this threshold, 24 locations were selected for further analysis.
This selection is denoted the “validation set” henceforward in view of brevity. The stations
in the validation set turn up in geographical clusters (Figure 10 and Table 1).

Table 1. The selection with geographical clusters, reasons for inclusion, and the probable cause of the
local sea level signal.

Cluster PSMSL Id Name Acceleration? Extreme Rate? Probable Cause of Observed Sea
Level Signal

Alaska 495 Skagway No Low GIA+short-term local rise [107,108]
Alaska 445 Yakutat No Low GIA+short-term local rise [107,108]
Alaska 405 Juneau No Low GIA+short-term local rise [107,108]

Australia 216 Port Pirie Yes High Instrumentation + platform

India 43 Mumbai/Bombay
(Apollo Bandar) Yes High Drainage [109,110]

Japan 518 Kushiro No High Tectonic, subsidence [111,112]
Japan 131 Ayukawa No High Tectonic, subsidence [111,112]
Japan 132 Wajima Yes No Tectonic, subsidence [111,112]
Japan 407 Uchiura Yes High Tectonic, subsidence [111,112]
Japan 811 Sakai Yes High Tectonic, subsidence [111,112]

Gulf of
Mexico 526 Grand Isle No High GIA+tectonic. subsidence +

sediment load [113–115]
Gulf of
Mexico 246 Pensacola Yes High GIA+tectonic, subsidence +

sediment load [113–115]
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Table 1. Cont.

Cluster PSMSL Id Name Acceleration? Extreme Rate? Probable Cause of Observed Sea
Level Signal

Samoa 539 Pago Pago Yes High Tectonic, subsidence [116]
Scandinavia 240 Raahe/Brahestad No Low GIA [117]
Scandinavia 229 Kemi No Low GIA [117]
Scandinavia 203 Furuogrund No Low GIA [117]
Scandinavia 194 Pietarsaari/Jakobstad No Low GIA [117]
Scandinavia 88 Ratan No Low GIA [117]
Scandinavia 79 Oulu/Uleaborg No Low GIA [117]
Scandinavia 57 Vaasa/Vasa No Low GIA [117]
Scandinavia 285 Kaskinen/Kasko No Low GIA [117]

Spain 960 Alicante 2 Yes No Atmospheric [118]

Thailand 444
Fort Phrachula

Chomklao (Pom
Phrachun)

No High Drainage + sediment load [119–121]

Thailand 174 Ko Lak Yes High Unclear [122,123]

GIA stands for Glacial Isostatic Adjustment, the motion of the Earth’s crust caused by rebound effects of glaciation.

Figure 10. Selected PSMSL stations and stations selected for a closer analysis.

The suggested cause of the local sea level signal is given in the last column of Table 1.
Geological drivers are most frequently the probable cause of high rates of sea level change
or of acceleration. Glacial Isostatic Adjustment or GIA is the process where the earth
mantle is recovering from the presence of an iceshelf that has since disappeared [124]. The
effect is rising land at the former ice sheet location and dropping land in the surroundings.
The rapidly dropping sea level around the Baltic Sea is consistent with a known rise of
the area as a consequence of GIA [117]. Similar processes lead to dropping sea levels in
Alaska. Geological investigations show that, here, GIA is combined with a rise on a shorter
timescale, which is assumed to be a response to the little ice age of approximately 1600 to
approximately 1800 [107,108]. GIA is a gradual process and accelerations detectable on a
human timescale are not caused by it. No acceleration is detected on all locations impacted
by GIA only.

Plate tectonics causes earthquakes and volcanism, which causes uplift and subsidence,
both gradual and sudden [111,112,123,125] and the accelerations from these processes can
be detectable on a human timescale. Clear effects of tectonics are found in the cluster
Japan [111,112] and at the single station of Pago Pago on Samoa [116]. An example is
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Ayukawa, a tide station only 100 km away from the Tohoku earthquake of 2011 (Figure 11).
This station dropped suddenly over 80 cm, shown as a sudden increase of sea level. In the
aftermath of the earthquake, the trend of the local sea level is reversed and its absolute value
increased, indicating that locally the Earth’s crust is recovering from the event of 2011 [112].

Figure 11. Yearly mean sea level in Ayukawa, Japan as stored in the PSMSL database. The Tohoku
earthquake of 2011 is clearly visible.

Two locations at the Gulf Coast are in the validation set. The Gulf is a geolog-
ically highly complex area, characterized by a strong negative vertical land motion.
Yuill et al. [113] concluded that the land motion in this area has multiple causes. Glacial
Isostatic Adjustment (GIA) leads to sinking land levels. Large areas here consist of soft
soils, naturally vulnerable to subsidence [115]. Compaction due to loading of the terrain
(by buildings), ground water retrieval, and mineral extraction all contribute to subsidence
of this type of areas.

The two sites in this cluster, Pensacola and Grand Isle, are close together (300 km) and
are both at the Gulf Coast. When driven by global causes, the pattern of sea level rise is
expected to be similar. But instead, the observed sea levels are very different at the two
sites (Figure 12).

Grand Isle shows rapid rise in the periods 1960–1980 and from 2010. Pensacola only
shows a rapid rise from 2010 onwards. Grand Isle accelerates twice, around 1960 and
around 2010. The regression model (Section 3.2) is a mathematical description of the
contemporary consensus on the effect of climate on the rate of sea level rise. The model,
therefore, assumes the acceleration to occur once and between 1960 and 1995. The double
acceleration at Grand Isle is not expected and, therefore, not identified in the analysis.

The increased rate of rise from 2010 is present at both Grand Isle and Pensacola.
Dangendorf et al. [126] suggest that Rossby waves, originating from the Caribbean Sea, are
responsible for periods of rapid sea level rise in Pensacola. The Rossby waves explain the
rapid rise from 2010, but also earlier periods of rapid rise in the 1940s and the 1970s [126].
Since Grand Isle is close to Pensacola and Rossby waves are a large-scale phenomenon [78],
we expect to find similar peaks in Grand Isle. And indeed, inspection of Figure 12 suggests
that the two locations show synchronous peaks of sea level. But the large difference between
1960 and 1980 suggests that some local phenomena are also at play. Grand Isle is part of the
Mississippi River system of which the sediment load is enormous [113]. Large sediment
load is known to be a cause of land motion [114]. Rivers with a much smaller catchment
area enter the Pensacola bay, and it is, therefore, reasonable to assume that the sediment
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load in Pensacola is much smaller than in Grand Isle, which could explain the difference in
sea level trend.

Figure 12. Yearly mean sea level in Grand Isle (red squares) and Pensacola (blue discs).

Subsidence of soft soils are also probable causes for the sea level rates in Mumbai
(India). But in Mumbai the cause of the subsidence appears to be rapid urban development
and increased extraction of ground water [109,110].

In Port Pirie, there is a jump in sea level around the year 2000 that detailed investigation
revealed that the tide station in Port Pirie was renewed around 2000. The old analogue
meter was replaced by a digital instrument, and the new station building was founded on
a deeper soil layer than the old one (personal communication of Rob de Vos with mr. M.
Davis, Australian Bureau of Meteorology and prof. em. N. Harvey, University of Adelaide).

The response of the sea level in the Mediterranean to variations in atmospheric pres-
sure was investigated by Tsimplis et al. [118]. Tsimplis suggests that the North Atlantic
Oscillation (NAO) is responsible for observed variations of sea level in this area. This
phenomenon is missing in the regression models (Section 3.2) and, therefore, the statistical
test identifies the sea level in Alicante 2 as accelerating.

The data of the two Thai stations suggest a jump that the statistical test picks up
as a high rate and, in case of Ko Lak, an acceleration. The area is considered geologi-
cally stable on time scales relevant for the present study. Jirapinyakul et al. and Tanin-
pong et al. [122,123] investigated a number of tide stations in the Gulf of Thailand, none of
which showed the pattern found at the two stations present in the PSMSL database.

Station Fort Phrachula Chomklao is located in the delta south of Bangkok. The sharp
increase in sea level rise from the 1960s appears mainly due to large-scale groundwater
withdrawals because of Bangkok’s greatly increased demand for water [119–121]. The
excessive groundwater extraction rates were caused by a growing demand for water for
the growing population and the industrial sector.

Despite several attempts, the present study was unable to explain the patterns of sea
level rise at the second station in Thailand, Ko Lak. The PSMSL website itself suggests data
quality issues on the site. Lacking further information, the causes of the present findings
remain unclear at this site.
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6. Conclusions
The present study uses a statistical procedure to analyze the local rate and acceleration

of sea level rise in 2020. A regression model, including acceleration and multi-year tides,
was fitted to locally observed sea level data. The statistical significance of the accelerated
rate of rise was tested with an F-test. The procedure was applied to local sea level data
obtained from two separate sources.

Data series of sufficient length (the study used 60 years as a minimum) and running
up to (or close to) 2020 are required to estimate the rate and acceleration in 2020. Less than
20% of the data in both PSMSL and GLOSS was found to meet these criteria. Available data
show a very uneven distribution across the globe leaving some continents even completely
void of sea level information.

The statistical procedure detects accelerating sea level rise in a few isolated locations.
This pattern is inconsistent with sea level acceleration driven by global phenomena. Further
investigation of a subset of locations revealed that local phenomena are often a plausible
explanation for the locally observed pattern of sea level rise. The majority of the local
causes of rapid sea level rise (or drop) appear to be geologic. Tectonic motion explains
sudden changes of sea level rise found in a few places. More gradual but rapid rise (or fall)
of sea level is mostly caused by glacial isostatic adjustment and in a few isolated cases by
an excessive sediment load. In a few cases, water extraction and loading of soft sediments
by buildings explains the (changes of) the observed rate of sea level rise.

Contemporary projected long-term rates of sea level rise in 2020 were mostly found
to exceed empirically derived rates. The current generation of projections can therefore
be considered conservative. Lower rates were found only in locations where geological
processes were suspected to heavily influence the sea level signal.

Practitioners using the projections should be aware of this fact and take their design
decisions recognizing the conservatism in the projections. Ideally, practitioners conduct
an analysis of locally observed sea levels to compare to the available projections. This
paper shows that an empirical analysis of the present rate of sea level rise readily leads to
early detection of conservatism in the projections. Such an analysis should be based on
datasets of sufficient length (at least 60 years) and incorporate long-term tide signals in the
regression model to prevent unwarranted detection of acceleration. A clear understanding
of local conditions (geology, hydrology, and land use) is helpful to properly judge observed
sea level changes.
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