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1 | INTRODUCTION

Having access to high-quality sea-level measurements
worldwide is vital for many oceanographic and coastal
applications. For example, sea-level records form the
basis of our understanding of changes in mean sea level,
which affects the livelihoods of hundreds of millions of
people living in the world's coastal regions and is one
of the key indicators of climate change (Oppenheimer
et al., 2019). Coastal sea-level extremes are among the
costliest and potentially most hazardous impacts affect-
ing densely populated coastal regions (Wong et al., 2014).
Analyses of sea-level records help engineers and coastal
managers define flood defence heights and other coastal
protection measures. Measurements of sea level are used
to map the timing and heights of astronomical tides and
calibrate and validate both operational and scientific nu-
merical models of oceanic processes (Muis et al., 2020).
Furthermore, coastal sea-level measurements form a key
component of the data used in nautical charts and geo-
detic surveys, and influence legal definitions of shoreline
boundaries (Shalowitz, 1962). Building on an earlier study
(Woodworth et al., 2017), this paper is concerned with
extending a global dataset of higher-frequency (at least
hourly) sea-level records from tide gauges at as many loca-
tions as possible worldwide.

The international body responsible for coordinat-
ing collection and access to in situ sea-level records is
the Global Sea Level Observing System (GLOSS), which
was established by the UNESCO Intergovernmental
Oceanographic Commission (IOC) in 1985 to support a
broad research and operational user base. Multiple GLOSS
data centres contribute to the aggregation of global sea-
level datasets with varying temporal resolutions and levels
of quality control. Global datasets of monthly and annual
mean sea levels have been available for many decades
via the Permanent Service for Mean Sea Level (PSMSL).
Established in 1933, PSMSL has been responsible for the

future improvements.

sea levels, and other related processes. The third version of the dataset (released
2021), presented here, contains double the number of years of data, and nearly
four times the number of records, compared to Version 2. The dataset consists of
records obtained from multiple sources around the world. This paper describes
the assembly of the dataset, its processing, and its format, and outlines potential

sea level records, sea level rise, storm surges, storm tides, tide gauge

collection of mean sea-level data from global tide gauges
(Holgate et al., 2013) and has been used, with altimeter
records, in most past mean sea-level trend and variability
studies. PSMSL has always had good coverage globally be-
cause, historically, tide gauge operators have been more
willing to share monthly mean data, rather than higher-
frequency data. However, higher-frequency data are
required for the study of ocean tides, storm surges, and
extreme sea levels (Woodworth et al., 2019). The GLOSS
dataset for research-quality hourly sea-level data are the
Joint Archive for Sea Level (Caldwell et al., 2015), which
was established in 1987 and is hosted by the University
of Hawaii Sea Level Center (UHSLC). This dataset is
composed of nearly 18,000years of hourly sea-level data
from 696 records in 97 countries. These data have been
inspected for outliers, timing issues, and datum shifts, and
efforts have been made to reconcile quality issues with the
data originators. The locations of records in the UHSLC
dataset are distributed globally, with care given to balance
global coverage with the time-intensive process of quality
assessment. Thus, the UHSLC dataset excludes many re-
cords in densely sampled regions to provide global cover-
age while maintaining an update cycle of approximately
2years.

The GESLA (Global Extreme Sea Level Analysis) proj-
ect was established, over a decade ago, to increase access
to a greater volume of the global hourly and even higher-
frequency sea-level data, than is available in the UHSLC
dataset. The original aim of the project was to assemble as
many higher-frequency sea-level records as were readily
available into a common format with consistent quality
control flags, to make it easier for researchers to maxi-
mize the geographic density of data, capturing extreme
sea levels on a global scale. The first GESLA dataset, de-
noted GESLA-1, was assembled in 2009 and contained
21,197years of higher-frequency measurements from
675 records. The majority of the data were obtained by
ingesting UHSLC and other GLOSS data. The GLOSS
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datasets were then supplemented by a small number of
other records obtained from national data centres or
from contributions received from colleagues in the sea-
level community. GESLA-1 was first used in a study of
sea-level extremes by Menendez and Woodworth (2010).
Subsequent publications based on GESLA-1 included,
for example, Hunter et al. (2013), Mawdsley et al. (2015)
and Marcos et al. (2015), and GESLA-1 was used in the
Intergovernmental Panel on Climate Change's (IPCC)
Fifth Assessment Report (Church et al., 2013; Rhein
et al., 2013; Wong et al., 2014).

After some years, it became apparent that GESLA-1
needed updating to include additional data and to extend
its coverage in under-represented areas. Thus GESLA-2
was assembled in 2015 and 2016. The compilation of
GESLA-2 is described in detail in Woodworth et al. (2017).
This second version contained almost twice the amount of
data compared to the first. GESLA-2 contained 39,151 years
of higher-frequency measurements of sea level from 1,355
records; again, the UHSLC dataset made up a significant
proportion of this database. Since its release in early 2016,
GESLA-2 has been used in a wide range of ocean research,
examples including:

1. Assessment of temporal and spatial changes in extreme
sea levels and links to regional climate (e.g., Marcos
& Woodworth, 2017; Rashid et al., 2021).

2. Calculation of extreme sea-level return periods and sea-
level allowances (e.g., Tsitsikas, 2018; Wahl et al., 2017,
Woodworth et al., 2021).

3. Provision of information for flood inundation studies
(e.g., Hunter et al., 2017).

4. Analysis of nonlinear interactions between tides and
nontidal residuals or skew surges (e.g., Arns et al., 2020;
Santamaria-Aguilar & Vafeidis, 2019).

5. Investigations of changes in ocean tidal constituents
and levels (e.g., Ray, 2020; Schindelegger et al., 2018).

6. Examinations of the magnitude and changes in the per-
igean and nodal inter-annual tidal cycles (e.g., Peng et
al., 2019; Woodworth & Hibbert, 2018).

7. Validation of regional and global ocean tide and tide/
surge hydrodynamic models (e.g., Muis et al., 2020;
Piccioni et al., 2018).

8. Assessment of compound flooding from coastal, flu-
vial, and pluvial sources (e.g., Ward et al., 2018).

9. Other applications (e.g., Tadesse et al., 2020; Wolff et
al., 2018).

GESLA-2 data has also been used in the IPCC Special
Report on Ocean and the Cryosphere (Oppenheimer
et al.,, 2019), and in the Sixth Assessment Report (Fox-
Kemper et al., 2021). Furthermore, a secondary database
of tidal constituents has been derived from GESLA-2 by
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Piccioni et al. (2019) and another for skew surges has also
been made available through the GESLA website, after
Woodworth et al. (2017). All the studies that the authors
are aware of that have used the GESLA dataset to date
are listed on https://www.gesla.org. In 2016, GESLA was
made an official GLOSS dataset.

In this paper, we describe the development of Version 3
of the dataset, which provides a major update. Section 2 of
this paper describes the data sources, the data processing,
and the revised GESLA data format. Access to the data set
is described in Section 3. A discussion and conclusions are
given in Section 4.

2 | DATA DESCRIPTION AND
DEVELOPMENT

Here, we describe the data sources, record locations, and
the number of years of data (Section 2.1), we outline the
data processing and format (Section 2.2), we describe
the usage licences (Section 2.3), and we discuss the data-
set in regards to the recently established FAIR (findable,
accessible, interoperable, and reusable) data principles
(Section 2.4).

2.1 | Data sources
We obtained the higher-frequency sea-level dataset for
GESLA-3 from 36 international and national data provid-
ers (Table 1). Providers are ordered by the number of years
of sea-level data available (see Table 2). Below, we use the
abbreviated names of the providers; readers should refer
to Table 1 for their full names. We define the length of a
sea-level dataset for a particular record, as being the num-
ber of years available; a year is a calendar year containing
one or more sea-level measurements for that particular re-
cord. We use the term record to refer to a sea-level dataset
at a particular tide gauge. A specific tide gauge station can
have more than one record; either because (a) a duplicate
record for that station is available from different provid-
ers or (b) because sometimes sea-level time series for the
same station is split into different records when there are
datum jumps or changes in the location or instrument
(i.e., the UHSLC dataset contains such records, and these
are denoted by letters, A, B, C, etc. after the station code).
Data were obtained and processed as follows. First,
full records were downloaded again from all the sources
used to compile GESLA-2 (Table 2 in Woodworth
et al., 2017), except where noted below. Therefore, any
changes to quality control or datums made since 2015/16
are reflected in GESLA-3. GESLA-2 included 191 re-
cords from the GLOSS Delayed Model dataset (source
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TABLE 1 (Continued)

Geoscience
Data Journal

Abbreviated

name

Use

Licence

Download method

Country

Website

Full name

Number

Research and

Downloaded each record Unspecified

https://www.ncdps.gov/ United States of

NCDEM North Carolina

33

consultancy

manually from website

America

ncem

Department

of Emergency
Management

S RMets

Downloaded manually https://creativeco Research (for

Ttaly

https://www.comune.

City of Venice, Tide

cv

34

consultancy
contact

mmons.org/licenses/

by-nc-sa/3.0/it/

from website

venezia.it/node/6214

Forecasts and

Reporting Center

HAIGH ET AL.

data owners
directly)

Research and

Automatically load in data  https://creativecommons.

Ireland

https://erddap.marine.ie/

Marine Institute (River

MI_R
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consultancy

org/licenses/by/4.0/

using ERDDAP

erddap/tabledap/Irish

Sites)

NationalTideGaugeNet

workRiverGauges.html

Research and

Copied from GESLA2 Unspecified

Global Sea Level Observing  https://gloss-sealevel.org Greenland

GLOSS
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consultancy

System

Note: Bureau of 