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Abstract

At the interface between the continental and oceanic domains, estuaries are essential components of the land—ocean aquatic
continuum. These coastal ecosystems play a significant role in biogeochemical cycles, as they transform and export large
amounts of terrigenous carbon and nutrients from rivers to marine waters. Because of this intense biogeochemical process-
ing, they are significant ecosystems in terms of greenhouse gas exchange with the atmosphere. However, in spite of recent
advances in remote sensing and the need for accurate estimates to calculate regional and global estuarine budgets, the global
quantification of the estuarine spatial extent available for gas exchange has not been updated in over a decade and remains
poorly constrained. This is due to the lack of a global extensive database, the diversity of estuaries, and the controversial
definition of their boundaries. To address these challenges, a hybrid approach was developed that combines the surface areas
of over 700 estuaries worldwide (extracted from the literature or calculated using geographical information systems) with a
novel extrapolation method to provide type-specific regional estimates for 45 regions. The three estuarine types considered
are ‘tidal systems and deltas’, ‘lagoons’, and ‘fjords’. The upscaling formula applied is determined and calibrated using data
from several regions where an extensive survey of total estuarine surface areas was available. The new global estimate of
733,801 +39,892 km? (mean + 2 c) is 31% lower than the previous global assessment. It also provides quantitative uncer-
tainty estimates for regional and global estuarine surface areas as well as a breakdown between tidal systems and deltas
(294,956 + 30,780 km?), lagoons (179,946 + 12,056 km?), and fjords (259,899 +22,328 km?). This decrease of the global
estuarine surface area is related to the novel method used in this study and does not reflect a temporal trend.

Keywords Estuaries - Estuarine surface area - Estuarine typology - Tidal systems - Deltas - Lagoons - Fjords - Greenhouse
gas exchange - Global biogeochemical budgets

Introduction

Estuaries can broadly be defined as aquatic transition sys-
tems at the interface between continents and oceans where
freshwater mixes with marine water (Pritchard 1967; Elli-
Communicated by Richard Fulford ott and McLusky 2002; Crossland et al. 2005; Schwartz
2005; Potter et al. 2010; Elliott et al., 2024). As such, they
connect the terrestrial, riverine, marine, and atmospheric
biogeochemical cycles, making these ecosystems a critical
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Battin et al. 2023). The complex interplay between physical,
biological, and chemical processes in estuaries (e.g. Regnier
et al. 1998, 2013b; Vanderborght et al. 2002; Volta et al.
20164, 2016b) profoundly modifies the carbon and nutrient
riverine loads before their export to the continental shelves
and, ultimately, the open ocean (Gattuso et al. 1998; Mac-
kenzie et al. 1998; Mantoura et al., 1991). For example, they
exchange significant amounts of greenhouse gases (GHGs)
such as CO,, CH,, and N,O with the atmosphere (Borges
2005; Borges et al. 2005; Chen et al. 2013; Laruelle et al.
2013; Wells et al. 2018), and on longer time scales, they can
sequester large amounts of nutrients and carbon in their sedi-
ment (Nixon et al., 1996, Laruelle 2009; Smith et al. 2015;
Bianchi et al. 2020; Regnier et al. 2022). Therefore, estuar-
ies play a significant role in global biogeochemical cycles,
as recognized in the latest global GHG budgets initiated by
the Global Carbon Project (Friedlingstein et al. 2022; Tian
et al. 2020; Saunois et al. 2020). Estuaries also host essential
economical resources (Berbier et al., 2011) and a unique
biodiversity (Kennish 2002; Leal Filho et al. 2022) and pro-
vide opportunities for coastal development. For instance, 14
out of 20 of the largest cities in the world are located near
the mouth of a river and the worldwide economic worth
of aquaculture production in 2018 (including aquatic plants
and inland water production) was estimated at 263 billion
USD (Bartley 2022), a large fraction of which is farmed
in estuaries. Despite this strategic economic and scientific
relevance, currently available estimates for global estuarine
surface area remain poorly constrained, regionalized at a
coarse spatial resolution, and have not been updated in over
a decade (Diirr et al. 2011). Such lack of update may be sur-
prising considering the recent improvement of remote sens-
ing imagery and Geographic Information Systems (GIS),
which in recent years have helped better constrain the spatial
distribution of other coastal ecosystems such as mangrove
forests (Bunting et al. 2022), tidal marshes (Tootchi et al.
2019), and intertidal mud flats (Murray et al. 2018). This
knowledge gap translates into an incompressible source of
uncertainty in global biogeochemical estuarine budgets,
effectively hampering upscaling efforts.

The first published estimate of the global estuarine sur-
face area dates back to 1973, when Woodwell et al. (1973)
extrapolated a ratio of estuarine surface area per length of
coastline (the “Woodwell ratio’) from a USA-based survey
to the entire global coastline. For several decades, the result-
ing global estimate of 1.4 X 10° km? was the only available
figure and was thus widely used to extrapolate GHG emis-
sions from estuaries from local to global scales (Abril and
Borges 2004; Borges 2005; Borges et al. 2005; Chen and
Borges 2009; Frankignoulle et al., 1998; Jiang et al., 2008;
Seitzinger and Kroeze, 1998). The same surface area esti-
mate was also used to constrain the size of the estuarine
compartment of several global box models (Mackenzie
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etal. 1993, 1998, 2012; Ver 1998; Ver et al. 1999; Rabouille
et al. 2001; Laruelle et al. 2009a, b) which have been used
to investigate a range of issues including coastal anoxia,
estuarine nutrient retention, GHG exchange between aquatic
compartment and the atmosphere or the fate of carbon along
its journey through the LOAC. Only in 2011 was this esti-
mate revised by Diirr et al. (2011) using an approach similar
to that of Woodwell et al. (1973) but refined by the use of
type-specific ratios of estuarine surface area per length of
coastline, which brought the estimate down to 1.067 X 10°
km?. This new value resulted in a downward revision of the
global CO, emissions estimate from estuaries in the follow-
ing years (Laruelle et al. 2010, 2013, Cai 2011, Borges and
Abril, 2012; Chen et al. 2013). In addition to a global surface
area reduction, this new estimate paved the way for a refined
global analysis of the estuarine biogeochemical dynamics,
since the type-specific assessment segregated fjords, tidal
estuaries, small deltas, and lagoons, which typically exhibit
distinct biogeochemical behaviours because of, for exam-
ple, characteristic freshwater residence times spanning sev-
eral orders of magnitude between estuary types (Diirr et al.
2011). Although a significant improvement since Woodwell
et al. (1973), the updated surface area remained poorly con-
strained because the so-called ‘“Woodwell ratios’ were only
calibrated on very limited sections of the world (USA, Engle
et al. 2007; UK, DEFRA, 2008; Australia, Digby et al. 1998;
and Sweden, SMHI, 2009), and these national databases
already highlighted significant inter-regional spatial variabil-
ity which could not be accounted for. Furthermore, the spa-
tial resolution of the estuarine typology (0.5°) used by Diirr
et al. (2011) to calculate the lengths of coastlines implicitly
assumed that only one type of estuary can be found within
stretches of several tens of kilometres. Addressing these two
drawbacks would require the use of ratios or extrapolation
methods that could be calibrated for each region and each
type using data from the region of interest. The work of
Diirr et al. (2011) nonetheless sparked a significant interest
from the scientific community not limited to the revision of
GHG emissions from estuaries (Laruelle et al. 2010, 2013;
Borges and Abril, 2012, Cai 2011; Chen et al. 2013; Bauer
et al. 2013; Regnier et al. 2013a, 2022; Ciais et al., 2022).
Indeed, the type-dependent residence times also calculated
by Diirr et al. (2011) provided a reference for the first spa-
tially explicit global estuarine modelling studies (Maavara
et al., 2019; Laruelle 2009), which were previously limited
to local or regional assessments in well-surveyed regions
(Regnier et al. 2013b; Laruelle et al. 2017, 2019; Volta et al.
2016a).

In an age where remote sensing and GIS capabilities
are sharply expanding, high-resolution global databases
derived from satellite imagery are regularly updated for
many types of ecosystems (e.g. Allen and Pavelsky 2018;
Santoro et al. 2021; Reinhert et al., 2022). However,
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several technical challenges including the complex defi-
nition of estuaries (Bianchi 2013; Diirr et al. 2011; Elliott
and McLusky, 2002), the delineation of their boundaries
(Pritchard 1967, Savenije, 2012), and their temporal
variations (Jung et al., 2021) are still major hurdles to
release such data product for estuarine surface areas at
regional and global scales. While a growing number
of national and regional estuarine databases have been
published since the early 2000s (Alder 2003; CDELM,
2003), the vast majority of the global coastline remains
scarcely monitored. In addition, the determination of
estuarine surface areas by algorithms able to extract geo-
metric properties from satellite imagery (Jung et al 2021),
although promising, is still far from an automated proce-
dure able to identify each estuary over a continuous large
stretch of coast. This technical challenge, in conjunction
with an estimated global number of estuaries in the tens
of thousands (Mc Sweeney et al., 2017), highlights the
difficulty of reaching a global assessment in the fore-
seeable future despite a growing number of exhaustive
regional censuses.

In this study, we use a hybrid method relying on GIS-
derived calculations for a limited number of individual
systems combined with an extrapolation strategy to pro-
vide regionalized estimates of estuarine surface areas dis-
tinguishing three estuarine types in 45 regions worldwide.
Within each of these so-called MARCATS regions (for
MARgins and CATchments Segmentation, Laruelle et al.
2013), we identify the ten largest estuarine systems for
each estuary type and rank them by decreasing surface
area before performing an extrapolation which allows
estimating the total estuarine surface area of each region.
This approach addresses the two limitations identified in
the approach of Diirr et al. (2011) in the sense that the
coefficients of the formula used for our extrapolation are
fitted to the cumulative surface area derived from the 10
largest systems of the region, thus independently account-
ing for the geomorphological specificities of each region.
We also provide the first quantitative estimate of the
uncertainty over the calculated regional estuarine surface
areas, which is essential for an accurate assessment of
estuarine GHG budgets (Regnier et al. 2022). In this con-
text, we also provide estuary-type specific surface area
estimates for each of the RECCAP 2 regions (for the sec-
ond REgional Carbon Cycle Assessment and Processes)
as described in Ciais et al. (2022). Our revised surface
area estimate and associated uncertainty have recently
been used in a new observation-based meta-analysis of
estuarine GHG budgets, including CO,, CH,, and N,O
(Rosentreter et al., 2023), highlighting that our revision
has profound implications for our understanding of the
role of estuaries in global carbon and nitrogen cycles.

Methods
Estuarine Definition and Typology

An estuary can be described as a coastal water body where
marine and fresh waters mix above ground (Bianchi 2013;
Schwatz, 2005; Pritchard 1967; Diirr et al. 2011). As such,
they are characterized by numerous chemical (e.g. salinity,
nutrients) and physical (e.g. tidal amplitude and energy)
gradients and can widely vary in size and shape depend-
ing on their geological settings. A broad definition of the
term ‘estuary’ includes systems as diverse as fjords, tidal
embayments, deltas, alluvial estuaries, or lagoons. There
is no consensus in the literature regarding the exact defini-
tions of upstream and downstream boundaries of estuar-
ies, and different limits may be used by different authors.
Following Diirr et al. (2011), we use a geographical-based
definition of the lower boundary at the interface with the
coastal ocean corresponding to a virtual extension of the
coastline regardless of the potential low salinity exten-
sion of estuarine waters onto the continental shelf (McKee
et al. 2004). Not only can the global surface area of these
so-called ‘riverine plumes’ amount to several million km?
(Kang et al. 2013) but their spatial extent also varies over
time with changing freshwater discharge, tidal amplitude,
and wind-induced mixing. Our lower boundary for estuar-
ies is consistent with the coastal baseline definition used
by the United Nations Convention on the Law of the Sea
(UNCLOS) or the concept of the bay closing line which
only relies on the geographical extension of the coastline,
thus excluding river plumes. Upstream, several criteria
also exist to define the limit between estuarine and inland
waters. The two most commonly used are the limits of
the salinity intrusion and the length of the tidal influence
(Bianchi 2013; Pritchard 1967), which can extend sev-
eral times further inland (Diirr et al. 2011; Savenije et al.,
2012). The tidal river, the area with almost no salinity
(<0.5) but still under tidal influence, has a length that can
be significant, up to several times the length of the salt
intrusion (Savenije 2005), but its width is usually much
narrower than in the brackish region of the estuary thus
minimizing its contribution to the total surface area of
the estuarine system. Moreover, many rivers are dammed
before the natural end of the tidal influence or even the
salinity intrusion, in which case the dam itself becomes
the upstream limit of an estuary (e.g. Seine river, Laruelle
et al. 2019). In this work, following Diirr et al. (2011), we
exclude the tidal river as part of the estuary. Although we
acknowledge that the intensity of some biogeochemical
processes may be particularly high in this portion of the
estuary, our choice is also motivated by the fact that, in
a context of providing surface area estimates to constrain
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biogeochemical budgets, the salinity limit is commonly
used in such exercises as the frontier between estuarine
and riverine domains (Seitzinger et al. 2005; Mayorga
et al. 2010; Canadell et al., 2012). Furthermore, only the
saline portion of estuaries displays markedly different
physical and biogeochemical behaviours compared to that
of rivers (Regnier et al. 2013b).

Inspired by the typology proposed by Diirr et al. (2011),
we distinguish three major estuarine groups:

1) ‘Tidal systems and deltas” which includes all open tidal
systems from alluvial estuaries to tidal bays and rias
(which are riverine valleys flooded by sea level rise) as
well as deltas of any size, thus combining types I, II, and
V of Diirr et al. (2011)’s typology

2) ‘Lagoons’, which include enclosed shallow estuarine
systems with minimal tidal influence and relatively long
water residence times, corresponding to types III in the
Diirr et al. (2011) typology

3) ‘Fjords’, which include all fjords with typical U-shaped
valleys created by glaciers as well as other coastal gla-
cial depressions such as fjirds, defined as type IV in
Diirr et al. (2011).

The original typology proposed by Diirr and colleagues
thus relied on a larger number of classes than in our study.
Here, we decided to merge small deltas (type I) and tidal sys-
tems (type II), because their distinction sometimes proved
difficult to establish as many deltas (even the smaller ones)
are often under the tidal influence (e.g. Mekong, Amazon,
Ganges) while several stable tidal estuaries display multi-
ple channels and branches (e.g. Pearl River estuary), a key
feature of deltaic systems. Furthermore, Diirr et al. (2011)
defined estuaries fed by very large rivers (Ericson et al.,
2005) as a separate type devoid of internal filters, arguing
that characteristic residence times of freshwater within the
estuarine limits of such systems are very short and do not
allow for significant biogeochemical processing of riverine
material prior to its export onto the continental shelf. While
this assertion is partly supported by observations (McKee
et al. 2004), such consideration is not relevant to our analysis
that solely focusses on the determination of surface areas.
Moreover, in many estuarine systems, the seasonal variation
in riverine discharge leads to residence times that may vary
significantly throughout the year (Dai and Trenberth 2002;
Du and Shen, 2016; Wei et al. 2022). Therefore, we merge
types I, I, and V of Diirr et al. (2011)’s classification into a
single class in our calculations.

Novel Upscaling Procedure

An autonomous algorithm able to systematically determine
estuarine areas over a continuous stretch of coastline has
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not yet been developed. In addition, performing such a task
manually by individually determining the limits of each
system through GIS would be a daunting task and has only
been implemented at the regional scale in rare extensively
surveyed zones (Engle et al. 2007; Digby et al. 1998). As a
substitute for estuarine surface areas derived from an elu-
sive global database, we developed an empirical prediction
method that allows extrapolating the total surface area of a
region from a limited number of measured systems. Some-
what similar approaches have been developed using scal-
ing laws for the surface area and density of lakes (Downing
et al. 2006) and other water bodies (Sagar 2007; Bhang et al.
2019). Using data extracted from several national databases
with exhaustive coverage of estuaries (USA, Australia, New
Zealand: Hume et al. 2016; South Korea: Jung et al. 2021;
South Africa: Van Niekerk, et al. 2013), we tried to fit the
cumulative surface area of estuaries ranked in decreasing
order of size over a stretch of coast consistently against the
number of estuaries within that stretch of coast with several
formulas. The best fits across the different datasets were con-
sistently obtained by an equation of the form:

_axXN 1
" b+N M

with S being the cumulative estuarine surface area (km?),
N the number of estuaries, and a (km?) and b (unitless) the
calibration coefficients. This equation, which plot is charac-
terized by an initial steep increase converging toward a pla-
teau implies that, as N tends toward infinity, S tends toward
a, which thus corresponds to the asymptotic total surface
area of the region (km). This function was retained for its
limited number of input and fitting parameters. Prelimi-
nary tests performed by applying this approach on regions
of varying sizes revealed that to be a robust predictor, the
equation requires an exhaustive coverage of a stretch of coast
long enough to ensure the inclusion of at least 30 systems,
generally corresponding to several hundreds of kilometres.
In order to take advantage of the apparent generic nature of
Eq. (1), our extrapolation strategy consisted of first identi-
fying and characterizing the ten largest estuaries of a given
region and then fitting Eq. (1) on the basis of this limited
dataset to calculate the theoretical total surface area of the
region (calibration term a of Eq. 1). In order to comply with
the constrains of the method regarding the size and number
of estuaries within a stretch of coastline and to work with
regions characterized by relatively homogeneous estua-
rine settings, we used the global MARCATS segmentation
(Laruelle et al. 2013), which delineates the global coastline
into 45 regions.

Within each MARCATS and for each estuary type, the
determination of the surface areas of the 10 largest systems
of each estuarine type was achieved through the inspection of
national databases (Australia, New Zealand, Mexico, USA,
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South Africa, South Korea, etc.), regional surveys (FAO,
UNESCO), global databases (Sea Around Us, 2003), or pub-
lished studies dedicated to a single or several systems. When
no information was available from this literature search (24%
of the systems), the surface areas were calculated individu-
ally using GIS. These calculations were performed in QGIS
using the novel 30-m resolution global shoreline vector data-
set (Sayre et al. 2018). Overall, a total of 735 individual
estuary surface areas were gathered or calculated, 247 were
extracted from various databases, 211 from the literature,
and 277 were calculated. Those data were then sorted and
fitted using Eq. (1) to derive the regionalized estuarine sur-
face area for each MARCATS and each estuarine type. A
schematic representation of the step-by-step procedure used
to apply our novel approach to each MARCATS region is
provided in Fig. 1. One interest of this regionalized approach
is to capture the specificities of a region through the fit of the
formula using regional data (i.e. the cumulative surface area
of the largest estuaries of the region) as opposed to previous
approaches that performed regional calculations using glob-
ally averaged parameters (Diirr et al. (2011) or Woodwell
et al. (1973)). All calculations in this study were performed
in MATLAB using the function nlinfit to determine the coef-
ficients a and b in Eq. (1).

Does an exhaustive

regional estuarine YES
survey exist over the

entire MARCATS?

Identify the ten largest
systems of the
considered type within
the MARCATS (o)

—

Search literature and regional
estuarine databases for published
estimates of the surface areas of

each of these ten systems

The goodness of fit of the model was evaluated using
the mean squared error (MSE) calculated by the function
nlinfit using the formula:

zR

N-p

MSE =

@

where R is the residuals representing the mismatch between
the observed and calculated values of § (i.e. the difference
between the cumulative estuarine surface areas calculated
using observed values and those predicted by the fitted Eq. 1
for each value of N), N is the number of systems for which
a comparison can be performed between the model and the
observations (i.e. 10 whenever possible), and p is the num-
ber of parameters of the fitting formula used (i.e. 2). The
square root of this MSE was then reported to the average
cumulated surface area of the dataset to provide a relative
root mean square error (RRMSE) expressed as a percent-
age representing the relative deviation of the fitted model
reported to the observations used to perform the extrapola-
tion (10 for most MARCATS regions).

Use the surface area provided by the exhaustive regional survey
as regional value for the estuarine type and MARCATS
(i.e. MARCATS 34, 35, 36 for tidal systems and deltas, MARCATS
20, 34, 35, 36 for lagoons and MARCATS 36 for fjords)

Use GIS to calculate the surface

area of all systems for which an

estimate could not be found in
the literature or databases

Fit equation (l) to determine regional estuarine
surface area for the considered type

Cumulative
surface area
S (km?)

Order ten largest systems by

decreasing surface area and

calculate regional cumulative
surface area

—

\ 4

Number of systems

Fig. 1 Schematic representation of the step-by-step procedure used to calculate the type-specific estuarine surface area for each MARCATS

region
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Strategies to Quantitatively Constrain Uncertainties

Two different sources of uncertainties were accounted for
in our calculations. The first, A,,, represents the uncer-
tainty associated with our interpolation method, while the
second, Ag, corresponds to the propagation at the regional
scale of the uncertainty related to the determination of the
surface area of individual systems &g;. Both Ay, and Aq are
expressed in square kilometres and can be summed quadrati-
cally (i.e. by calculating the square root of the sum of both
terms squared) to quantify the total uncertainty A} and are
described in detail in the following.

In order to quantify the uncertainty attributed to the
extrapolation method itself (Ay,), the term §,;, which
represents the relative uncertainty (in %) associated with
our extrapolation method had to be evaluated. To this
end, our predictive equation was applied using the 5, §,
or 10 largest systems located in the few MARCATS for

MARCATS 2 Tidal systems

104 MARCATS 10 Tidal systems

which all estuaries (and thus the total regional surface
area) were known and for which at least 30 estuaries of
a given type were identified within the MARCATS. Five
regions matched the above criteria for deltas and tidal
systems: along the Pacific US coast (MARCATS 2) and
along the Atlantic US coast (MARCATS 10), as well as
along MARCATS 34, 35 (Australia), and 36 (New Zea-
land). Four had sufficient data coverage for lagoons: along
MARCATS 20 (Mediterranean Sea), 34, 35 (Australia),
and 36 (New Zealand). Unfortunately, no region matched
our criteria for fjords as New Zealand is the only region
containing fjords for which an exhaustive survey exists but
the number of these systems is limited (11) and thus was
not large enough to train our fitting algorithm. Based on
this analysis, we found that the normalized standard devia-
tions around the actual regional surface areas were 26, 12,
and 9% for extrapolations relying on the 5, 8, and 10 larg-
est systems, respectively (Fig. 2). These percentages were

MARCATS 20 Lagoons

2500 E S

n

Total SA: 2312 km?
Extrapolated SA 2371km? / error: 3%
Error on SA extrapolated from 10 systems: 3%

Surface area (km?)
Surface area (km2)

Total SA: 27100 km?
ik Extrapolated SA: 28314km? / error: 4%

Ermor on SA extrapolated from 10 systems: -3%

10000

Total SA: 9045 km?
Extrapolated SA 9493km?/ error: 5%
Error on SA extrapolated from 10 sy

4000

Surface area (kmz)
g

stems: 6%

500 Error on SA extrapolated from 8 systems: 3% os b Error on SA extrapolated fro ems: 4% 2000 Error on SA extrapolated from 8 systems: 16
Error on SA extrapolated from 5 systems: 7% Error on SA extrapolated from 5 systems: 6% Error on SA extrapolated from 5 systems: 44%
) 0 0
) 5 10 15 20 25 "o 5 10 15 20 25 30 3% 40 0 50 100 150 200 250 300
Number of estuaries Number of estuaries Number of estuaries
MARCATS 34 Lagoons MARCATS 35 Lagoons MARCATS 36 Lagoons
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3000 |
4000 700 B
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= = =
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2 S 2000 S s00 4
© 2500 1 © ©
] [} D 400 4
& 2000 2 & 10 2 8 2
S 08 o Total SA: 3879 km & Total SA: 2766 km L] Total SA: 694 km
300
(3 1500 Extrapolated SA: 3973km? / error: 2% 4 (3 1000 Extrapolated SA: 2897km? / error: 5% 5 Extrapolated SA 701km? / error: 1%
1000 Error on SA extrapolated from 1 2% Error on SA extrapolated from 1 200 Error on SA extrapolated from 1
0 4
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- 100 4
o Ermor on SA extrapolated from 5 systems: 7% Error on SA extrapolated from 5 systems: 5% Y Eror on SA extrapolated from 5 systems: -12%
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Number of estuaries Number of estuaries Number of estuaries
MARCATS 34 Tidal systems MARCATS'35 1:|dal 'systems MARCATS 36 Tlda! systems
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=3 5 fof ~
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Fig.2 Evaluation of the term &), representing the uncertainty over our interpolation method for 9 MARCATS for which the total surface area is
known through the application of our extrapolation method using the 5, 8, or 10 largest estuaries of the region only
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then used as the best estimate for 8,;, Ay, being simply the
product of the appropriate 9, (depending on the number
of systems used to perform the extrapolation) and the cor-
responding surface area.

Because uncertainties of estuarine surface areas have only
seldom been reported in previous studies, providing a value
for dg; is somewhat speculative. This uncertainty encom-
passes several sources of potential errors ranging from the
technical limitations associated with the spatial resolution of
the map or dataset itself to the determination of the bounda-
ries of the system or the use of inconsistent definitions of
estuarine limits over several systems. To constrain these
multiple sources of potential uncertainties, type-specific
values of dg; were obtained by assembling a database of
well-studied estuaries for which the surface area had been
calculated independently at least three times (including this
study, Table 1). For each estuary, the multiple surface area
estimates were first normalized to the mean surface area
for that given system. All normalized values extracted from
our literature search were then aggregated by type (56 for
tidal systems and deltas, 45 for lagoons, and 11 for fjords)
in order to analyze their distribution (Fig. 3). All resulting
distributions were exactly centred around 1 (per design) and
successfully tested for normality using a Kolmogorov and
Smirnov test with a 95% significance threshold (Massey
1951), except for fjords because of the very limited sample
size (n=11). The standard deviations were then calculated
and yielded the following type-specific values for 8g;: 15%
for tidal systems and deltas, 8% for lagoons, and 4% for
fjords.

In order to propagate the uncertainties attributed to the
surface areas of each individual system belonging to the
same MARCATS, Monte Carlo simulations were performed
where the surface area of each system used to perform the
spatial extrapolation was randomly recalculated assuming
a normal distribution centred on the observed surface area
and characterized by Og; as standard deviation. Attention was
paid to re-sort the estuaries by decreasing the surface area in
case the random recalculation of the individual surface areas
modified the original order. Each Monte Carlo simulation
was performed using 200 iterations, which proved sufficient
to converge to a consistent mean regional surface area esti-
mate within < 1% (test performed using 100 sets of Monte
Carlo simulations for several regions). The mean regional
surface area calculated by the Monte Carlo simulation was
considered the reference value for subsequent calculations,
and the standard deviation around this value was used as As
for the calculation of the total uncertainty.

Using the mean surface area generated by the Monte
Carlo simulations, the total uncertainty (A+) for a given estu-
arine type in a given MARCATS region is obtained using
the following formula, in which SA is the total extrapolated
estuarine surface area (km?):

Ap= /82, + 82 =/ (SA X 6y)* + ()’ 3)

A different strategy had to be used for the few regions and
estuary types for which exhaustive surveys were available in
the literature, circumventing the need to apply our extrapo-
lation method. This was the case for the lagoons bordering
the northern and southern coasts of the Mediterranean Sea
(MARCATS 20, Cataudella et al., 2015), and all estuary
types located in New Zealand (MARCATS 36) and Aus-
tralia (MARCATS 33, 34, 35). None of the corresponding
databases provided an estimate of the surface area uncer-
tainty, whether for individual systems or cumulated over the
entire region. Therefore, the overall uncertainty for these
regions was estimated by assuming that the uncertainties
corresponding to each system can be approximated by dg;
and propagated quadratically to the entire region using the
following formula:

65i
Ar=Ag =SA— )
n

where n is the number of systems of a given type within the
region, Og; is the type-specific uncertainty for the considered
system, and SA is the total surface area of the n estuaries
located in the region. This implies that the calculated relative
uncertainty will decrease as the number of involved systems
increases and that the total uncertainties in these regions are
significantly lower than in other regions considering that
there is no uncertainty attributed to the extrapolation.

Regional Aggregation
MARCATS Segmentation

The MARCATS segmentation was designed by Laruelle
et al. (2013) to provide a multi-layer global segmentation
relevant to both oceanic and terrestrial analysis and upscal-
ing strategies. This approach was designed to build upon
the COSCAT segmentation (for COastal Segmentation
and related CATchments, Meybeck et al., 2005), which is
a global segmentation of terrestrial land masses aggregat-
ing river catchments into relatively homogeneous terrestrial
units in terms of climate and hydrology. The MARCATS
segmentation defines larger units also accounting for oce-
anic features such as large-scale coastal currents following
the classification of continental shelf seas published by Liu
et al. (2010). This simultaneous consideration of oceanic and
terrestrial constrains on segmentation units that do not com-
promise the integrity of river catchments makes the MAR-
CATS segmentation ideally suited for the study of the LOAC
(Regnier al., 2013, 2022). Designed like a set of Matryoshka
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Table 1 List of estuarine systems for which several independent sur-
face area estimates have been published (or calculated in the context
of this study). Tidal refers to ‘tidal systems and deltas’ and systems

identified with * correspond to systems which surface area has been
calculated in the context of this study

2

2

System Type km? Reference km Reference km Reference
Bay of Brest* Tidal 135 Laruelle et al. 2009a, b 180 Chauvaud et al. 2000 161 This study
Chesapeake Bay Tidal 10,073 Diirr et al. 2011 11,542 Nixon et al. 1996 11,300 US Database
10,421 Alder 2003
Delaware Bay Tidal 1980  Diirr et al. 2011 1989  Nixon et al. 1996 2700  US Database
1957  Alder 2003
Dvina* Tidal 288 Diirr et al. 2011 321 Alder 2003 358 This study
Gambia* Tidal 611 Diirr et al. 2011 1167  Alder 2003 831 This study
Gironde Tidal 604 Diirr et al. 2011 635 Audry et al., 2007 781 Wei et al. 2022
650 Coynel et al. 2016 477 Alder 2003
Guadalquivir Tidal 38 Diirr et al. 2011 48 Alder 2003 39 de la Paz, 2007
Humber Tidal 291 Diirr et al. 2011 303 Nedwell et al. 2002 220 Volta et al. 2016a
156 Alder 2003
Loire Tidal 111 Diirr et al. 2011 151 Alder 2003 185 Wei et al. 2022
220 Coynel et al. 2016
Mabhi* Tidal 245 Diirr et al. 2011 258 Alder 2003 316 This study
Mezen Tidal 174 Diirr et al. 2011 157 Alder 2003 162 Rimsky-Korsakov et al., 2018
Pearl River* Tidal 2753  Dirretal. 2011 1993 This study 1970  Wong and Cheung 2000
2196  Alder 2003
Scheldt Tidal 383 Diirr et al. 2011 277 Nixon et al. 1996 220 Volta et al. 2016a
337 Alder 2003
Seine Tidal 143 Diirr et al. 2011 146 Laruelle et al. 2019 103 Alder 2003
St Lawrence Tidal 12,245 Diirr et al. 2011 12,820 Dinauer 2017 12,781 Dinauer and Mucci 2017
Yangtze* Tidal 2432 Diirretal. 2011 3841  Alder 2003 3011  This study
Apalachicola Bay Lagoon 813 Diirr et al. 2011 554 USGS, 2022 593 US database
Chelem Lagoon Lagoon 13 Alder 2003 14 Chuang et al. 2017 14 CDELM 2003
Choctawhatchee Bay Lagoon 246 Diirr et al. 2011 344 Alder 2003 340 US database
334 USEPA 1999
Curonian Lagoon Lagoon 1602  Diirr et al. 2011 1587  Alder 2003 1584  Stankevicius, 1995
Ebrie Lagoon Lagoon 596 Alder 2003 536 Pagano et al. 2004 566 Guiral and Ferhi 1992
560 UNESCO, 2009
Galveston Bay Lagoon 1450  Alder 2003 1460  US database 1550  McCarthy et al., 2018
Laguna de Terminos Lagoon 1660  Diirr et al. 2011 1658  Alder 2003 1960  CDELM, 2003
1700 Salles et al., 2002
Maracaibo Lake* Lagoon 12,695 Diirretal. 2011 13,210 Laval et al. 2005 12,882 This study
Mobile Bay Lagoon 989 Diirr et al. 2011 1064 Alder 2003 1059  McCarthy et al., 2018
1080  US database 958 Dinnel et al. 1990
Oder Lagoon Lagoon 844 Diirr et al. 2011 1000 Grelowski et al. 2000 968 This study
Patos Lagoon Lagoon 9851  Diirretal. 2011 10,000 Castelao and Moller, 2006 9100  This study
10,200  Alder 2003
Venice Lagoon Lagoon 388 Diirr et al. 2011 500 Solidoro et al. 2005 432 Sfriso et al. 2019
Vistula Lagoon Lagoon 740 Diirr et al. 2011 838 This study 838 Chubarenko and Margoriski
2008
Baker's fjord Fjord 1170  Diirr et al. 2011 1300  Alder 2003
Lake Melville Fjord 2984  Alder 2003 3069  Herdendorf 1982 3000  Schartup et al. 2015
2942 This study
Sognefjord* Fjord 898 Diirr et al. 2011 950 Sg¢rnes and Aksnes 2006 955 This study
Trondheims Fjord*  Fjord 1503  Diirretal. 2011 1372 Alder 2003 1531  Thus study
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Fig. 3 Histograms of the normalized surface areas of tidal systems and deltas (left), lagoons (middle), and fjords (right)

dolls, the MARCATS segmentation includes 3 nested lay-
ers: the river catchment, the COSCAT, and the MARCATS.

The smallest unit of the segmentation is the ~ 6200 half-
degree resolution river catchments defined by a widely used
global hydrological network (Seitzinger et al. 2005; May-
orga et al. 2010). At a larger scale, COSCATS segments
are groups of these river catchments constrained by similar
environmental forcings (e.g. climate, lithology, geology)
in which boundaries are defined by geographically explicit
features (e.g. mountains, straits). There are 149 exorheic
COSCAT units (i.e. regions in which river catchments
are ultimately connected to the ocean) in the MARCATS
segmentation including 5 for Antarctica, which were not
included in Meybeck et al. (2005). Endorheic regions, which
are not connected to the ocean, such as the river catchments
surrounding the Caspian Sea are thus not included in this
segmentation, which primary interest is the connection
between land and ocean through the hydrological network.
The largest units, MARACTS segments, typically consist
in the aggregation of 2 to 6 COSCAT units but some MAR-
CATS (16, 24, 19, 33, 35) only contain a single COSCAT
because of very specific coastal features such as a relatively
limited upwelling system. MARCATS 20 (the Mediterra-
nean Sea) includes as many as 9 COSCATSs. The rationale
for the grouping of COSCAT units into a MARCATS was
mostly based on the continental shelf classification of Liu
et al. (2010) which identified eastern and western boundary
currents as well as marginal seas and monsoon-influenced
coasts. The remaining continental shelves were distributed
among three additional classes based on climatology: polar,
sub-polar, and tropical.

RECCAP 2

An important motivation for this regionalized re-evaluation
of the global estuarine surface area is to provide a more reli-
able framework for global GHG budgets such as those previ-
ously performed by Borges and Abril (2012), Laruelle et al.

(2010, 2013), and Chen et al. (2013) and now by Rosentreter
et al. (2023). Therefore, our results were further aggregated
at the continental scale using the global regionalization
defined in the context of the RECCAP 2 initiative. Intro-
duced in 2012 during the RECCAP 1 initiative (Canadell
et al. 2012), the RECCAP segmentation has been increas-
ingly used since then (e.g. Ciais et al. 2020) including in the
recent Global Carbon Project syntheses (Friedlingstein et al.
2022). Several versions of this segmentation have been pub-
lished since 2012 and the earliest releases used two different
sets of regional segmentations for oceans and continents. In
the recent RECCAP 2 initiative, however, an effort similar to
that of the MARCATS approach was made to design consist-
ent regional limits between both continental land masses and
oceans (Ciais et al. 2022). The ten resulting world regions
are thus ideally designed to investigate systems such as estu-
aries, which are located at the interface between continents
and oceans (Fig. 4).

In order to provide estuarine surface areas for each REC-
CAP 2 region, the surface areas of all MARCATS regions
entirely included within a RECCAP 2 region were entirely
allocated to the latter. For MARCATS where coastlines
were distributed over two or more RECCAP 2 regions, the
total estuarine surface area was distributed for each type
on a pro-rata basis following the surface area-weighted
distribution of the ten largest estuarine systems within the
MARCATS. For instance, MARCATS 8 (Caribbean Sea)
extends through RECCAP 2 regions 1 (North America)
and 2 (South America). Six of the ten largest lagoons of
MARCATS 8 are located within RECCAP 2 region 1 with a
cumulative surface area of 4476 km?. This means that 24%
of the total surface area of the ten largest lagoons of MAR-
CATS 8 (i.e. 18,505 km?) is located within the geographical
boundaries of RECCAP 2 region 1, and, subsequently, 24%
of the extrapolated surface area of lagoons for MARCATS
8 (19,692 km?) were allocated to the lagoon surface area of
RECCAP 2 region 2. Similar calculations were used for each
estuarine type and uncertainties and also propagated in the
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Fig.4 Delineation of the RECCAP 2 segmentation (in colours) and the MARACTS segmentation (shaded). The geographical extent of the
MARCATS segmentation includes all exorheic landmasses and continental shelves until the shelf break as defined in Laruelle et al. (2013)

same fashion using quadratic sums. Using quadratic sums to
propagate uncertainties among estuarine types and regions
ensures that the global total uncertainties remain consistent
when computed by adding the uncertainties of all RECCAP
2 regions or MARCATS.

Other Geometry-Related Calculations

To quantify the potential bias associated with the choice of
the upstream boundary of tidal estuaries in the determina-
tion of their surface area, we calculated the position of this
boundary for a selection of well-known systems using both
the end of the tidal influence and the upstream limit of the
salinity intrusion as estuarine length. Following the work of
Savenije (1986; 2005) which assumes that the geometry of
alluvial estuaries can be approximated by an idealized expo-
nential decrease of the estuarine width along its longitudinal
axis governed by its so-called convergence length (CL), we
used the following equation to determine the width profile
of several systems for which sufficient data were available:

b, =by+exp(-5-) ®)

In the equation above, b, (in m) is the estuarine width at
distance z (in km) from the mouth, b, is the estuarine width at
the mouth (in m), and CL (in km) is the convergence length
of the estuary, which characterizes the shape of the system.

@ Springer

Using published data for 19 estuarine systems, for which all
parameters required to apply Eq. (5) were available as well as
the length of the tidal and saline influences within the estuary,
we calculated their respective surface areas using either the
end of the tidal influence (LS) or the end of the saline intru-
sion (LT) as estuarine length. SA_S/SA_T expresses the ratio
of the surface area of the ‘saline estuary’ over that of the ‘tidal
estuary’ (Table 2).

Finally, the analysis of our results also involved the cal-
culation of linear regressions between our estuarine surface
area at the MARCATS scale and the associated length of the
coastline, river catchment surface area, and river discharge.
These parameters were extracted from the synthesis of
Laruelle et al. (2013) for each MARCATS using the global
half-degree resolution hydrological network developed by
Vorosmarty et al. (2000) in the context of the GlobaNEWS
initiative (Seitzinger et al. 2005; Mayorga et al. 2010). The
coastline length and river catchment surface areas were
extracted using a GIS from the attributes of the shapefile
of the GlobalNEWS product while the river discharge cor-
responded to those calculated for the year 2000 by Fekete
et al. (2010). These comparisons were performed to identify
potential trends between the geographical parameters and
estuarine surface areas to either detect spatial patterns or
potentially use these easily accessible parameters as predic-
tors for regional estuarine surface areas.



Estuaries and Coasts (2025) 48:34

Page110f26 34

Table 2 Geometric properties,

CL (km) LS (km) LT (km) Q (m*s™)) SAS/SAT Reference

Est H b
simulated, and observed stary (m) by (m)
salinity intrusion in several tidal Mae Klong 2 250 155
estuaries. H, b, CL, LS,.LT, Limpopo 11 7 13
and Q represent geometrical
and hydrological properties of Lalang 2.7 371 96
each system and correspond to Tha Chin 2.6 3600 87
the tidal amplitude, the width Sinnamary 2.9 2100 39
at the mouth of the estuary, the Chao Phya 2.5 500 109
estuarine convergence length,
the length of the salt intrusion, Ord 5.9 3200 221
the length of the tidal intrusion, Incomati 1.4 4500 42
and the riverine freshwater Pungue 6.7 6512 21
discharge, respectively. SA_S
and SA_T correspond to the Maputo 34 . 16
calculated surface areas of the Thames 4.3 7480 23
saline estuary and the surface Corantijn 2.3 30,000 48
area of the tidal estuary, Gambia 1.2 9687 121
respectively. The value SA_S/
SA_T reported in the table is Scheldt 3.7 15,207 28
thus a unitless number Delaware 1.5 37,655 42
Seine 4.7 10,000 11
Loire 4.4 10,000 12

26 120 30 0.29 Savenjie, 2012
35 150 10 0.86 Savenjie, 2012
65 200 50 0.56 Savenjie, 2012
60 120 5 0.67 Savenjie, 2012
70 150 10 0.85 Savenjie, 2012
50 120 30 0.55 Savenjie, 2012
50 65 1 0.95 Savenjie, 2012
70 100 20 0.89 Savenjie, 2012
40 120 10 0.85 Savenjie, 2012
90 100 20 0.99 Savenjie, 2012
50 110 500 0.89 Savenjie, 2012
16 120 100 0.31 Savenjie, 2012
300 500 2 0.93 Savenjie, 2012
110 200 90 0.98 Savenjie, 2012
140 200 300 0.97 Savenjie, 2012
40 168 200 0.97 Laruelle et al. 2019
50 114 120 0.98 Wei et al. 2022

Results
Global Distribution

Overall, our calculations yield an updated estimate for the
global estuarine surface area of 733,801 +39,892 km?.
Tidal systems and deltas account for 294,956 + 30,780 km?
(~40%) while lagoons represent 179,946 + 12,056 km?
(~25%) and fjords 259,899 +22,328 km? (~35%). This
updated global estuarine surface area is 27% (291,777 km?)
lower compared to the most recent estimate of 1,067,198
km? (Diirr et al. (2011). This decrease is particularly pro-
nounced for fjords (43%), followed by lagoons (29%) and
tidal systems and deltas (18%) (Table 3). Notably, all global
estuary-type specific estimates from Diirr et al. (2011)
are well outside the confidence intervals calculated in our
study. An estimation of the goodness of fit between the
observed cumulative surface areas and those calculated
using our extrapolation methods for the largest systems of
each MARCATS is calculated using Eq. (2) and reveals a
good match between calculated surface areas and observed
areas (Fig. 5a). For all estuary-types, the relative errors
between observed and calculated surface areas (RRMSE)
mostly ranges between 1 and 4%, giving confidence to our
extrapolation method. Lagoons showed the largest relative
errors with a median error across all MARCATS slightly
larger than 3%; however, except for 2 outliers (tidal systems
and deltas in MARCATS 12 and lagoons in MARCATS 4),
the relative error never exceeds 6% for any estuarine type
in any other MARCATS. Also noteworthy is the relative
contribution to the total regional surface area of the 10
largest systems within a given MARCATS (Fig. 5b). This

contribution can vary significantly between 60 and 95%,
highlighting the disproportionate contribution of the larg-
est estuaries to the total surface area for any given region.
This proportion appears to be largest for tidal systems and
deltas and smallest for fjords, which could be a reflection of
the geomorphologically different origins of these systems.
Indeed, beyond the local topography, the shape of deltas and
tidal systems is constrained by the dynamic interplay of tidal
energy, sediment loads, and riverine discharge (Savenije
2005; Regnier et al. 2013b), while the shape of fjords is
carved into rocks by glaciers over longer timescales (Syvit-
ski, 1987; Bianchi et al. 2020). Our exhaustive survey of
individual estuarine surface areas used for our calculations,
which includes 735 systems, amounts to cumulated surface
areas of 239,005 km?, 117,195 km?, and 176,477 km?, for
tidal systems and deltas, lagoons, and fjords, respectively.
These surface areas which represent the cumulated surface
areas of the 10 largest estuaries of each type in each MAR-
CATS correspond to 81%, 65%, and 68% of the global sur-
face area estimated by our extrapolation method for tidal
systems and deltas, lagoons, and fjords, respectively. This
implies that a significant fraction of the global estuarine
surface area corresponds to the largest systems of a region
but also illustrates that uncertainties over our regional esti-
mates are mostly associated with the upscaliindividual estua-
rine surface areag method and its ability to asymptotically
approach the parameter a in Eq. (1). Because we performed
a thorough literature search to rely as much as possible on
already established and published estimates for the surface
areas of individuals systems in our calculations, two-thirds
of these systems correspond to values extracted from previ-
ous work. The 277 estuaries that were manually determined
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Table 3 Calculated estuarine surface area for each estuary type and MARCATS region. The relative uncertainties reported correspond to 2¢

(95% confidence intervals)

MARCATS region Tidal systems and deltas Lagoons Fjords Total

Name Number km? km? km? km?
North-eastern Pacific 1 1697 + 1085 219+ 124 13,328 +2507 15,244 +2735
California Current 2 2415+861 6902 + 1609 0 9317 +1825
Tropical Eastern Pacific 3 4365+1610 1879415 0 6244 +1662
Peruvian Upwelling Current 4 85+32 13+£7 0 98 +32

South America 5 3175+1192 0 21,988 +4113 25,163 +£4282
Brazilian Current 6 21,877+ 8009 16,346 +3807 0 38,223 + 8868
Tropical Western Atlantic 7 32,809+11,951 0 0 32,809+11,951
Caribbean Sea 8 0 19,692 +4309 0 19,692 +4309
Gulf of Mexico 9 6213 +4723 33,803 +£8335 0 40,016 +9580
Florida Upwelling 10 26,412 +10,452 16,086 +3874 0 42,498 £111,147
Sea of Labrador 11 13,148 + 14,328 0 11,179 +£2107 24,327 +14,482
Hudson Bay 12 242741593 0 10,276 +1937 12,703 +£2508
Canadian Archipelagos 13 6001 +3681 3863+921 81,816+ 15,524 91,680+ 15,981
Northern Greenland 14 0 0 61,135+13,861 61,135+13,861
Southern Greenland 15 0 0 15,910+3246 15,910+3246
Norwegian Basin 16 0 0 16,534 +3141 16,534 +3141
North-Eastern Atlantic 17 7721 +£2985 727+174 5050 +942 13,498 +3135
Baltic Sea 18 195+121 5567+3120 2722+ 1467 8484 +3450
Iberian Upwelling 19 2805+1073 522 +288 0 3327+1111
Mediterranean Sea 20 2051 +1292 9787 + 89 0 11,838+ 1295
Black Sea 21 4155+1544 2315+536 0 6470+1634
Moroccan Upwelling 22 87793785 1223 +296 0 10,002 +£3797
Tropical Eastern Atlantic 23 8911 +3355 8812+2152 0 17,723 +3986
South-Western Africa 24 208 + 146 129+73 0 337+163
Agulhas Current 25 1984 +1340 1226 +298 0 32101372
Tropical Western 26 685+422 396+223 0 1081 +477
Western Arabian Sea 27 443 +282 478270 0 921+390

Red Sea 28 0 285+68 0 285+68
Persian Gulf 29 1395 +639 439+97 0 1834 +646
Eastern Arabian Sea 30 5568 +2301 2196+1219 0 7764 +2604
Bay of Bengal 31 18,907 +7931 3101 +1711 0 22,008 +8113
Tropical Eastern Indian 32 7864 +3039 1845+418 0 9709 +3067
Leeuwin Current 33 20+2 9773 +576 0 9793 +576
Southern Australia 34 32724126 3879+ 84 0 7151+ 151
Eastern Australian Current 35 1012 +50 2766 +37 0 3778 +62

New Zealand 36 5564 +105 693 +9 779+18 7036+ 106
Northern Australia 37 19,946 + 8037 1675 +384 0 21,621 +8046
South East Asia 38 8747 +£3606 1971 £460 0 10,718 +£3636
China Sea and Kuroshio 39 7189 +£2537 1513 +844 0 8702 +2673
Sea of Japan 40 0 696 +399 0 696 +399

Sea of Okhotsk 41 4268 +3068 4592+1100 0 8860 +3259
North-western Pacific 42 9020+5789 3966 +902 948 +509 13,934 + 5881
Siberian Shelves 43 12,728 +4612 8691 + 1962 0 21,419+5012
Barents and Kara Seas 44 30,895 +10,745 1880+443 17,234 +3214 50,009 +11,224
Global total 294,956 +30,780 179,946 + 12,056 258,899 +22,328 733,801 £39,892
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Fig. 5 Distribution of the mean relative error (%) between the fitted
and observed estuarine surface areas (RRMSE) within each MAR-
CATS and estuarine type (top) and distribution of the proportion of
the total estuarine surface area (SA) represented by the 10 largest sys-
tems (S;,) within a given MARCATS (bottom)

are located in lesser surveyed regions (i.e. Africa, Southeast
Asia, and Russia) and correspond to very small estuaries or
coastal features for which we could not find names (such as
many fjords surrounding Greenland). Ultimately, only 109 of
the systems for which we performed calculations correspond
to well-identified estuaries which surface area is larger than
80 km* (Table 4).

The global distribution of estuarine surface areas per
MARCATS reveals very pronounced first-order spatial pat-
terns with, naturally, fjords distributed among 13 MARCATS
only (Fig. 6a), all located at high latitudes in agreement with
Bianchi et al. (2020). It is noteworthy that MARCATS 13,
14, and 15 (i.e. the Canadian Archipelagos and Greenland)
account for more than 75% of the global total while the rest
of the fjords are distributed among Northern Europe, Rus-
sia, New Zealand, and Chile. No clear latitudinal pattern
appears to discriminate between the spatial distribution of
tidal systems and deltas and of lagoons. However, strong

regional contrasts exist. For instance, tidal systems, del-
tas, and lagoons located along the Pacific coast of North,
Central, and South America, where river catchments are
relatively small, gather a cumulated surface area several
times smaller than along the Atlantic coast, Arctic regions
excluded. Similarly, the Indian Ocean coast of Africa hosts a
smaller estuarine surface area than along the Atlantic coast,
which is characterized by larger river catchments. We tested
the relationship between the surface areas of estuaries and
the size of their catchments and found that using linear
regression, although statistically significant (p < 0.05), the
trend at the MARCATS scale was weak (#2=0.11) and less
significant than the relationships between estuarine surface
area and length of the coastline (+*=0.12) or between estua-
rine surface area and river discharge (+*=0.09). The regional
distribution of surface areas between all three estuary types
is generally consistent with the global estuarine typology of
Diirr et al. (2011, Fig. 6b and c). The most notable differ-
ence is the larger contribution of lagoons to the estuarine
surface areas in Eastern Siberia and along the Pacific coast
of China (MARCATS 41 and 43), while these lagoons only
represent a relatively small fraction of the coastline. MAR-
CATS where lagoons are largely represented in the typology
of Diirr et al. (2011) translate into large surface areas as can
be seen around the Gulf of Mexico (MARCATS 9) and the
Caribbean Sea (MARCATS 8) or along the Western coast
of central Africa (MARCATS 24). Divergences between
our calculations and the typology of Diirr et al. (2011) can
result from the disproportionate contribution of single large
systems (e.g. Lagos lagoon) along the Southern Brazilian
coast (MARCATS 5) or in a MARCATS characterized by a
relatively small total surface area (MARCATS 33).

RECCAP 2-Scale Aggregation and Comparison
with Prior Continental-Scale Estimate

When aggregating the global distribution of estuarine
surface areas per estuary type and RECCAP 2 region,
the comparison between the surface areas derived from
Diirr et al. (2011) allows us to understand if the down-
ward global revision is homogeneously distributed or if
regional patterns emerge (Table 5). Note that the values
recalculated after Diirr et al. (2011) for each RECCAP 2
region involve minor rounding discrepancies which lead
to a slightly lower total global surface area estimate but
the mismatch does not exceed 1%. In both our calculation
and that derived from Diirr et al. (2011), North America
(RECCAP 2 region 1) contributes the largest share of
the global estuarine surface area, with 59% (328,885
km?) and 41% (428.016 km?) in our study and Diirr et al.
(2011), respectively. This disproportionate contribu-
tion is largely due to Canada’s and Greenland’s fjords,
which account for>75% of the global surface area of
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Table 4 List of significant estuarine systems (>80 km?) for which a new estimate of the surface area was calculated. Asterisk (*) symbols refers
to estuaries already listed in Table 1. Tidal refers to ‘tidal systems and deltas’

System Type km? MARCATS System Type km? MARCATS
Amazon Tidal 14,508 7 Pearl River* Tidal 1993 38
Tocantin Tidal 10,223 7 Mekong Tidal 1277 38
Laguna Bismuna Lagoon 147 8 Batang Paloh Tidal 566 38
Maracaibo Lake Lagoon 12,882 8 Indragiri Tidal 432 38
Lake Melville* Fjord 2942 11 Rode river Tidal 366 38
Nelson Inlet Tidal 864 12 Musi river Tidal 340 38
Chesterfield inlet Fjord 1031 12 Yinyu river Tidal 304 38
Lyon Inlet Fjord 984 12 Songkhla Lake Lagoon 1025 38
Mackenzie river delta Tidal 5075 13 Dam Thanh Lam Lagoon 228 38
Bathurst Inlet Fjord 8506 13 Vinh Cam Ranh Lagoon 101 38
Sag river Tidal 212 13 Welu Lagoon 88 38
Hardangerfjord Fjord 2426 16 Yangtze* Tidal 3011 39
Trondheims Fjord* Fjord 1531 16 Qiantang river Tidal 982 39
Sognefjord* Fjord 955 16 Jiaozhou Wan Tidal 338 39
Rhine river delta Tidal 910 17 Taedong Tidal 303 39
Ria de Arosa Tidal 210 19 Dajing Brook Tidal 189 39
Bay of Brest* Tidal 161 19 Minjiang Tidal 163 39
Ria de Muros e Nioa Tidal 102 19 Yalu river Tidal 158 39
Nile River Delta Tidal 1251 20 Ou river Tidal 90 39
Rhone River delta Tidal 319 20 Shancheng gang Lagoon 99 39
Po River delta Tidal 95 20 Damenzai Lagoon 99 39
Ebro River delta Tidal 94 20 Ogawara KO Lagoon 88 39
Casamance Tidal 1222 22 Hamano KO Lagoon 86 39
Gambia* Tidal 831 22 Bukhta Ekspeditsii Lagoon 100 40
Gabon estuary Tidal 876 23 Nikolaya bay Lagoon 705 41
Congo Tidal 700 23 Zaliv Baykal Lagoon 446 41
Ogooue river Tidal 444 23 Zaliv Pli'tun Lagoon 435 41
Rey estuary Tidal 238 23 Shchastya bay Lagoon 259 41
Cross estuary Tidal 237 23 Perevolochnyy Zaliv Lagoon 250 41
Zambezi Tidal 234 25 Ozero Tunayacha Lagoon 175 41
Incomati Tidal 173 25 Zaliv Nabil'skiy Lagoon 167 41
Maputo Tidal 148 25 Zaliv Pomor Lagoon 153 41
Pungwe Tidal 140 25 Zaliv Melkovodnyy Lagoon 133 41
Betsiboka Tidal 336 26 Anadyr Tidal 3296 42
Rufiji Tidal 99 26 Kuskowim river Tidal 1771 42
Aji river delta Tidal 394 30 Yukon delta Tidal 1252 42
Indus river delta Tidal 343 30 Kvichak Tidal 149 42
Mabhi* Tidal 316 30 Nushagak River Tidal 137 42
Ulhas river Tidal 230 30 Kamtchatka river lagoon Lagoon 538 42
Sir creek Tidal 176 30 Mechigmenskaya Guba Lagoon 441 42
Narmada river Tidal 169 30 Pekul'neyskoye Ozero Lagoon 440 42
Mid-Ganges Tidal 6920 31 Avachinskaya Guba Lagoon 257 42
Eastern-Ganges Tidal 5868 31 Imuruk Basin Lagoon 230 42
Hooghly Tidal 1109 31 Goodnews bay Lagoon 136 42
Combermere Bay Tidal 903 31 Lena Tidal 6340 43
Irrawaddy Tidal 1570 32 Kolyma Tidal 1446 43
Salween Tidal 413 32 Khatanga river Tidal 1068 43
Pathein river Tidal 410 32 Yana Tidal 752 43
Sittaung Tidal 393 32 Anabar Tidal 627 43
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Table 4 (continued)

System Type km? MARCATS System Type km? MARCATS
Rangoon Tidal 271 32 Olenyok Tidal 484 43

Great Tenasserim river Tidal 226 32 Indigirka Tidal 311 43

Kra Buri Tidal 178 32 Khromskaya Bay Lagoon 1572 43

Dawei river Tidal 131 32 Omullyakhskaya Guba Lagoon 918 43

Fly Tidal 2407 37 Dvina* Tidal 358 44

Digul River Tidal 2100 37

these estuarine systems. Our updated total estuarine sur-
face area for North America is 23% lower compared to
Diirr et al. (2011), and the distribution among estuary
types also differs with equal contributions of tidal sys-
tems and deltas and lagoons in our calculations while
the surface area of lagoons is almost twice as large as
that of tidal systems and deltas in Diirr et al. (2011).
South America (RECCAP 2 region 2) displays the sec-
ond largest estuarine surface area in our study (111,266
km?) while it is only fourth (79,027 km?) in Diirr et al.
(2011). The respective distributions across types are simi-
lar in both studies. South America and South Asia (REC-
CAP 2 region 2 and 8) are the only regions for which our
updated surface areas exceed those calculated by Diirr
et al. (2011). Europe’s (RECCAP 2 region 3) estuarine
surface area is less than half our estimation of what was
predicted by Diirr et al. (2011) with a significant decrease
for tidal systems and deltas as well as for fjords but simi-
lar surface areas in lagoons. Africa’s (RECCAP 2 region
4) estuarine surface area decreased by a factor of two
in our study (37,182 km?) compared to the estimate of
84,733 km? by Diirr et al. (2011). This reduction is mostly
attributed to lagoons, which surface area was 46,052 km?
in Diirr et al. (2011) and is now only 14,688 km? accord-
ing to our study. Note that the 10,229 km? of fjords allo-
cated to Africa in Diirr et al. (2011) actually correspond
to the Kerguelen Islands which falls within the domain of
RECCAP 2 region 4 while being located in the Southern
Ocean (see Fig. 4) and is considered devoid of estuaries
in our study. Russia (RECCAP 2 region 95) is, after North
and South America, the third largest contributor to the
global estuarine surface area in our estimate and the sec-
ond following Diirr et al. (2011). In the latter assessment,
fjords dominated the estuarine surface area (33%) in the
region while they only contributed 20% in our study. Tidal
systems and deltas account for the largest contribution of
58% (48% in Diirr et al. 2011). West Asia’s (RECCAP 2
region 6) estuarine surface area mostly corresponds to
the coasts surrounding the Arabic peninsula and displays,
by far, the smallest estuarine surface area with 2465 km?
in our study and 5265 km? in Diirr et al. (2011). In this
region, tidal systems and deltas largely dominated the

surface area estimate in Diirr et al. (2011), while in our
study, the distribution is almost evenly spread between
tidal systems and deltas and lagoons. East Asia (RECCAP
2 region 7) is characterized by the second lowest estuarine
surface area in our re-evaluation (12,558 km?), a value
that is substantially smaller than the 39,017 km? reported
by Diirr et al. (2011) that resulted from a significantly
larger contribution of lagoons. South Asia (RECCAP 2
region 8) estuarine surface area is largely dominated by
tidal systems and deltas in our study (80%) in contrast to
Diirr et al. (2011) that identified lagoons as the highest
relative contributor in the region (54%) despite a slightly
lower overall surface area in their study (21,585 km?)
compared to ours (28,171 km?). Southeast Asia (REC-
CAP 2 region 9) is the region with the largest discrepancy
between both studies: 85,036 km? according to Diirr et al.
(2011) and 22,420 km? in our study. This large estimate
in Diirr et al. (2011) results from the long coastlines of
Indonesia and the Philippines which do not translate into
a large estuarine surface area in our approach because
of the relatively modest size of the systems found in the
region. In both cases, however, these surface areas are
largely dominated by tidal systems and deltas (> 80%).
Finally, Australasia (RECCAP 2 region 10) shows rela-
tively similar estuarine surface areas in our study (45,880
km?) and in Diirr et al. (2011)’s (51,600 km?) but they are
characterized by different distributions among estuarine
types which are largely dominated by tidal systems and
deltas in Diirr et al. (2011) and more evenly distributed
in our study.

Overall, our study thus suggests that the global estuarine
surface area is more evenly spread at the continental scale
than previously advocated. In spite of yielding a significantly
different global estimate for the estuarine surface area, it is
worth noting that our work does not contradict the typology
of Diirr et al. (2011) in itself with regard to the spatial dis-
tribution of estuary types but highlights the limits of using
consistent ratios to extrapolate estuarine surface areas from
coastlines worldwide. For each estuarine type, the regional
surface areas are generally lower with our new calculations
but remain within the same order of magnitude (Fig. 7)
as those derived from Diirr et al. (2011). Qualitatively, a
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Fig.6 Estuarine surface areas for each estuary type and MARCATS
region shown as pie-charts, where the surface is proportional to the
total estuarine surface area of the MARCATS (a); the global estua-
rine typology of Diirr et al. (2011) (b); and the location of the 737

relatively good match can thus be observed between the
spatial distributions of the different estuary types in both
works. The two studies also make the same assumption that
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estuaries used in our calculations (c¢). For better readability, b the
river catchments flowing into each estuary are coloured according to
the type of the corresponding estuary

Antarctica is devoid of estuaries because the vast major-
ity of the Antarctic continent is covered by large ice sheets
and does not present persistent aerial rivers able to form
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Table 5 Comparison of estuarine surface area for each estuary type and RECCAP2 region according to this study and extrapolated from Diirr
et al. (2011). Uncertainties are only available for this study and correspond to 26 (95% confidence intervals)

RECCAP Deltas and tidal systems Lagoons Fjords Total
Name Number  Study km? km? km? km?
North America 1 This study 67,197 +19,345 68,044 +£9627 193,644 +21,404 328,885+30,415
Diirr et al. 2011 47411 82,257 298,348 428,016
South America 2 This study 57,946 + 14,436 31,332 +£5349 21,988 +4113 111,266 + 15,935
Diirr et al. 2011 36,011 21,751 21,265 79,027
Europe 3 This study 14,287 +3425 14,452 +£3154 24,306 +3593 53,044 + 5886
Diirr et al. 2011 37,270 14,063 67,755 119,088
Africa 4 This study 22,494 +£ 5252 14,688 +2214 0 37,182 +£5699
Diirr et al. 2011 28,452 46,052 10,229 84,733
Russia 5 This study 53,548 +12,788 20,200 +24383 18,182 +3254 91,931+13,427
Diirr et al. 2011 66,493 25,519 45,265 137,277
West Asia 6 This study 1395 +639 1070178 0 2465+ 663
Diirr et al. 2011 5265 0 0 5265
East Asia 7 This study 10,421 +3353 2137+£924 0 12,558 +3478
Diirr et al. 2011 25,715 13,302 0 39,017
South Asia 8 This study 22,750 +7903 542141228 0 28,171 +£7998
Diirr et al. 2011 9913 11,671 0 21,585
Southeast Asia 9 This study 19,878 + 6895 2542 +236 0 22,420+ 6899
Diirr et al. 2011 67,752 17,284 0 85,036
Australasia 10 This study 25,041+ 6344 20,060+ 780 779+ 18 45,880+ 6392
Diirr et al. 2011 37,990 10,784 2996 51,770
Global total This study 294,956 + 30,780 179,946 + 12,056 258,899 +22,328 733,801 + 39,892
Diirr et al. 2011 362,272 242,684 445,859 1,050,815
Fig. 7 Comparison between the 500000
regional estuarine surface areas
calculated for each RECCAP ®
2 region and each estuary type
by Diirr et al. (2011) and in this
study. Note that both axis use
logarithmic scales
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estuaries when they flow into the coastal ocean. The recent
global study on fjords published by Bianchi et al. (2020) and
the earlier work from Syvitski (1987) provide a qualitative
global distribution of fjords worldwide that is consistent with
the global distribution in our study. In their study, Bianchi
et al. (2020) only consider a marginal occurrence of fjords
in Antarctica at the tip of the Antarctic Peninsula.

Discussion
Revised Global Estuarine Surface Areas

Our updated estimate for the global estuarine surface area
of 733,801 + 39,892 km? presents a significant reduction
(~40%) compared to previous assessments (Woodwell
et al. 1973; Diirr et al. 2011). This large adjustment reflects
the complexity of determining estuarine geomorphology,
the lack of global databases, and the relatively limited
number of previous regional and global investigations.
Perhaps one explanation for the few global assessments of
the estuarine surface area was related to the perceived lack
of use for such estimations combined with the significant
effort required to perform the calculations. The first histor-
ical estimate by Woodwell et al. (1973) was in fact not the
main purpose of their manuscript, and neither was Diirr
et al. (2011)’s. Nevertheless, the citation records of both
manuscripts clearly illustrate that their global estuarine
surface area estimates have been widely used for upscaling
biogeochemical fluxes since the early 2000s (Borges et al.,
2004 for CO,; Bange 2006 Barnes and Upstill-Goddard
2011). Such upscaling approaches multiply GHG exchange
rate per surface area with the estuarine surface area, either
globally (Abril and Borges 2004), per climatic zones
(Borges 2005; Borges et al. 2005), regions (Laruelle et al.
2010; Cai 2011; Borges and Abril, 2012), or per estuary
type (Laruelle et al. 2013; Chen et al. 2013). At the time
of its publication, the estuary-type specific approach by
Diirr et al. (2011) not only allowed revisiting (downward)
the global estuarine CO, budget, but also drew attention to
the large contribution of fjords to the total estuarine area,
which were typically under-sampled and under-represented
in global biogeochemical budgets (Laruelle et al. 2010;
Cai 2011; Borges and Abril, 2012; Regnier et al. 2022).
The surface area of fjords derived from Diirr et al. (2011)
was also later used to constrain the global sequestration of
organic carbon in coastal and estuarine sediments (Smith
et al. 2015). Moreover, the use of type-specific surface
areas in the context of calculating biogeochemical budg-
ets also allowed accounting for the differences in inten-
sity of the biogeochemical processes considered in estu-
ary types (Laruelle et al. 2013). Although performed at a
finer spatial scale, our present study follows this tradition
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because it was designed in the context of the RECCAP
2 initiative with the aim to update the regional to global
GHGs budget for estuaries, published in Rosentreter et al.
(2023). More broadly, our past reestimate of the estuarine
surface area also fed into the assessment of the role of the
Land-Ocean Aquatic Continuum (LOAC) in the global
carbon and nitrogen budgets and associated GHGs (Tian
et al. 2020; Saunois et al. 2020; Regnier et al., 2103a; Reg-
nier et al. 2022). Furthermore, the present estimate of the
regional and global estuarine surface areas was essential
and significantly improved the synthesis of Rosentreter
et al. (2023), which revealed that estuaries and coastal veg-
etated ecosystems collectively are greenhouse gas sinks.
This assessment was recently integrated into the global
N,O budget (Tian et al. 2024), and it is thus anticipated
that our work will be further used in regional and global
GHG budget accountings in the near future.

Zooming in on Previously Surveyed Regions

Because estuarine surface areas have rarely been investi-
gated on a large scale, few regional studies can be used to
evaluate our updated estimate. Most regional estimates stem
from national databases that are already used in our study.
However, in the following, we compare our updated estua-
rine surface areas with previous estimates for the regions of
Europe, India, and Mexico.

Europe

The most relevant study our results can be compared to is
the evaluation of the surface area of European estuaries
by Upstill-Goddard and Barnes (2016). Their estimate of
34,000 km?* was achieved by extrapolating a ratio of estua-
rine surface area per coastline length of the UK to the entire
European continent. The calculation of such a ratio (but at
the global scale) was the core of the approach of Woodwell
et al. (1973) and later Diirr et al. (2011) who called this ratio
‘w-ratio’ as a reference to Woodwell et al. (1973). Although
the details of the calculation were not provided, Upstill-God-
dard and Barnes (2016)’s estimate excludes fjords and is thus
comparable with our total of ~29,000 km? for tidal systems
and deltas and lagoons in RECCAP 2 region 3. These simi-
lar estimates for Europe contrast with the ~51,000 km? sug-
gested by Diirr et al. (2011) and especially the older assess-
ment of ~ 160,000 km? (likely including fjords) reported by
Bange (2006). The work by Upstill-Goddard and Barnes
(2016) is particularly interesting because, compared to the
estimates derived from Diirr et al. (2011) and Bange (2006),
it sheds light on how the use of w-ratios at global scale can
lead to diverging results but can be a more reliable approach
regionally, provided that the ratios are calculated on a seg-
ment of coast located within the region (Upstill-Goddard and
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Barnes 2016). This limitation was also pointed out by Volta
et al. (2016a), which found that the cumulative surface area
of the estuaries surrounding the North Sea calculated using
the w-ratio of Durr et al. (2011) would largely exceed the
surface area of all monitored systems in the region. Such
regional bias introduced by the use of a globally averaged
w-ratio that ignores regional geomorphological variability
can be overcome by the use of our extrapolation formula,
with coefficients fitted independently for each estuarine type
in each region using the cumulative surface area of the 10
largest systems of the region.

India

One regional study has provided an estimate of estuarine
surface areas (not included in this study) for India and relies
on an exhaustive compilation of individual estuarine sur-
face area estimates (Qasim, 2003). The authors estimated the
total estuarine surface area of India at 27,000 km?. India’s
coast covers MARCATS 31 and MARCATS 32, with a
cumulative estuarine surface area amounting to 31,717 km?
(84% for tidal systems and deltas and 16% for lagoons). This
number is in reasonable agreement with Qasim (2003)’s
estimate considering that MARCATS 32 not only includes
the Eastern coast of India but also the coast of Bangladesh
which embraces the mega-delta of the Ganges—Brahmaputra
rivers. In our study, the latter exceeds 10,000 km?, a fraction
of which flows into India through the branch of the delta fed
by the Hooghly River. The estuarine surface area derived
from Diirr et al. (2011) using global w-ratios for MARCATS
31 and 32 amounts to 26,300 km?2, which likely underesti-
mated the actual surface area. This might be attributed to the
number of large rivers flowing in the eastern part of India,
resulting in more and larger estuaries and deltas over this
stretch of coast than the globally averaged w-ratios predict.

Mexico

The surface area of all estuaries and lagoons of Mexico
has been estimated at 28,500 km? (16,000 for estuaries and
12,500 for lagoons) (Ortiz-Lozano et al. (2005)). In this
study, the coast of Mexico is mostly included in MARCATS
2 (on its Atlantic side) and MARCATS 9 (flowing into the
Gulf of Mexico) and marginally in MARCATS 8 (Caribbean
Sea). The combined surface area of deltas and tidal estuaries
of MARCATS 2 and 9 only amounts to 8628 km” while the
combined surface area of lagoons of MARCATS 2 and 9
exceeds 40,000 km?. However, a significant fraction of these
estuaries are located in the United States. Removing this
contribution, the remaining total for the two estuary types
amounts to ~ 30,000 km?, which is comparable to the Mex-
ico estimate by Ortiz-Lozano et al. (2005), however, with
a substantially different distribution between tidal systems

and deltas and lagoons. The surface areas for tidal systems,
deltas, and lagoons extracted from Diirr et al. (2011) for
MARCATS 2 and 9 are close to the surface areas estimated
in our study (40,800 km?) with a similar type distribution.
The comparison is difficult to carry further considering that
little information is available on the calculations carried out
by Ortiz-Lozano et al. (2005) or on their approach how to
segregate the two estuary types.

Uncertainties, Limitations, and Future Work

While one of the motivations behind the recent revisions of
the global spatial distributions and surface area of inland
water and coastal ecosystems often targets the reduction of
uncertainty in their geographical extent, surprisingly very
few studies have attempted to quantify these uncertainties
numerically. This is particularly true for estuaries. To our
knowledge, we provide the first global and regional estima-
tion of estuarine surface areas that includes an explicit quan-
tification of uncertainty. This lack of quantitative assessment
in previous work can partly be explained by the diversity
of potential sources of uncertainties associated with the
calculation of the surface area of an estuarine system, let
alone the challenge of upscaling such uncertainties at the
regional scale. Furthermore, the definition of an estuary and
its boundary can significantly vary among authors (Elliott
and McLusky, 2002). Consequently, there is no consensus
regarding the number of estuaries worldwide. From the
lower bound estimate of 4464 proposed by Harris et al.
(2016) loosely based on Diirr et al. (2011) to the much larger
estimate of 53,000 by McSweeney et al. (2017) derived from
GIS calculations using a global digital elevation model, the
uncertainty exceeds an order of magnitude. The fact that
global high-resolution hydrographical networks such as
Hydrosheds (Lehner et al. 2008) connect ~ 60,000 river
catchments to the ocean supports McSweeney et al. (2017)’s
estimate but the actual number may be even larger because
many small systems may still be missed. Moreover, in large
deltaic systems or complex semi-enclosed embayments fed
by several rivers, the entire system can either be considered
a single estuary or be subdivided into as many estuaries as
there are rivers. For instance, the Chesapeake Bay can be
considered a single estuary or, based on its numerous feed-
ing rivers, could reach a value as high as several dozen. The
choice of one estuary definition over the other will depend
on the context and the objectives of a scientific investiga-
tion. In global budgeting applications (e.g. Rosentreter et al.
2023), the accuracy of the overall regional surface area is the
primary interest and the actual number of estuaries within
a given region is less relevant to regional assessments. In
the context of a local investigation, however, it may be pre-
ferred to define a large system fed by several rivers as several
smaller individual estuaries each potentially characterized
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by different biogeochemical dynamics controlled by vary-
ing discharges and inputs of the rivers (Najjar et al. 2018).

A more quantifiable source of uncertainty relates to
the definition of the upstream boundary of an estuarine
system. This is illustrated by the calculations performed
using idealized estuarine width profiles relying on Savenije
(1986; 2005)’s formulation (Eq. 5) on 19 estuarine sys-
tems, for which the lengths of the tidal and saline estuaries
were available (‘Other Geometry-Related Calculations’).
While the length of the tidal intrusion generally exceeds
that of the saline intrusion by a factor ranging from 1 to 5,
the resulting difference in surface area is generally much
smaller and below 15% in the majority of the 19 systems
investigated (12 systems for which the ratio of the surface
areas of the saline estuary over that of the tidal estuary
exceeds 0.85, Table 2). Interestingly, the range of surface
area differences is comparable to the uncertainty og; of
the surface area of individual deltas and tidal systems (see
the ‘Strategies to Quantitatively Constrain Uncertainties’
section).

While our extrapolation strategy is a significant advance
from previous estimates (Woodwell et al. 1973; Diirr et al.
2011), the increasing number of recent high-resolution,
spatially explicit databases derived from remote sensing
imagery and GIS applied in coastal wetlands (Tootchi et al.
2019; Bunting et al. 2022; Murray et al. 2018, 2022) sug-
gests that, ultimately, a similar data product should become
available for estuaries. Nevertheless, the complexity of
defining estuaries and their boundaries still poses a chal-
lenge for large-scale automation based on these technolo-
gies. Approaches relying upon remote sensing imagery will
have to face additional challenges that have not yet been
resolved such as the changing nature of the connection of
estuarine systems with adjacent coastal seas which would
require a temporal acquisition. Indeed, in their global inves-
tigation of Intermittently Closed/Open Lakes and Lagoons
(ICOLL), McSweeney et al. (2017) evaluated that ~3% of
coastal lagoons worldwide are not permanently connected to
the sea throughout the year. It remains an open question how
many temporary estuaries exist only after unusual precipita-
tion events in arid regions (Arthington et al. 2014), espe-
cially under a future changing climate. As a promising ave-
nue, a tool exploiting readily available spatialized datasets
derived from remote sensing has recently been developed
(Jiang et al., 2021). This MATLAB algorithm was success-
fully applied manually to > 100 estuaries surrounding South
Korea to calculate the surface area as well as other geometric
parameters such as the width at the mouth, the length, and
the convergence length of a given estuary. It demonstrates
that the algorithm can be applied to a continuous stretch of
coast and diagnose a multitude of tidal estuaries, including
very small ones. However, this algorithm will likely need
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to be modified if deltaic systems with multiple branches or
complex lagoon geometries need to be recognized and pro-
cessed with equal performance. Furthermore, considering
the sheer number of estuaries worldwide (conservatively
estimated in the tens of thousands by McSweeney et al.
2017), the current lack of an automated procedure remains
a major limitation for large-scale applications. Our semi-
empirical upscaling method, while still relying on a number
of assumptions associated with uncertainties, bridges the
gap between a partly outdated estimate (Diirr et al. 2011)
and the development of future global remote-sensing—based
databases that are still likely several years away.

Conclusions

This study provides a revised global estimate of estuarine
surface areas and leads to a significant downward revision
compared to the previous assessment by Diirr et al. (2011).
Our calculations yield a global estuarine surface area of
733,801 +39,892 km?2 (mean + 2 o), 294,956 + 30,780 km?>
corresponding to tidal systems and deltas, 179,946 + 12,056
km? corresponding to lagoons, and 259,899 + 22,328 km?
corresponding to fjords. Our calculations rely on a new type-
specific extrapolation method based on the surface areas of
the largest estuaries in each of the 45 MARCATS regions.
This approach allows accounting for regional differences in
coastal morphologies which were ignored in previous stud-
ies that relied on globally averaged estuarine surface area
per coastline length. Furthermore, this is the first study that
explicitly provides a quantification of uncertainties, which
is an important component of regional and global biogeo-
chemical budgets and synthesis efforts (Rosentreter et al.,
2023). Our methodology nevertheless remains limited by the
complexities in defining estuary boundaries and the inherent
uncertainties in upscaling the contribution of small estuarine
systems. While our semi-empirical method is a significant
advancement, it is still constrained by assumptions and data
limitations. The current advances in remote sensing and data
processing suggest that these challenges may be overcome in
the future but until such tools are available, our updated esti-
mates provide a timely and easy-to-manipulate assessment
that can be used in a wide range of large-scale estuarine
biogeochemical and ecological applications.
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