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A B S T R A C T

Understanding the response of estuaries to sea-level rise is crucial in developing a suitable mitigation and
climate change adaptation strategy. This study investigates the impacts of rising sea levels on salinity intrusion
in salt-wedge estuaries. The sea-level rise impacts are assessed in idealized estuaries using simple expressions
derived from a two-layer hydraulic theory, and in the Neretva River Estuary in Croatia using a two-layer
time-dependent model. The assessment is based on three indicators — the salt-wedge intrusion length, the
seawater volume, and the river inflows needed to restore the baseline intrusion. The potential SLR was found
to increase all three considered indicators. Theoretical analysis in idealized estuaries suggests that shallower
estuaries are more sensitive to SLR. Numerical results for the Neretva River Estuary showed that SLR may
increase salt-wedge intrusion length, volume, and corrective river inflow. However, the results are highly
non-linear because of the channel geometry, especially for lower river inflows. A theoretical assessment of
channel bed slope impacts on limiting a potential intrusion is therefore additionally discussed. This findings
emphasize the need to use several different indicators when assessing SLR impacts.

1. Introduction

One of the most prominent consequences of the ongoing climate
change is the sea-level rise (SLR). The most recent report on changes
in global and regional mean sea levels, sea-level extremes and waves
is provided in the Fifth Assessment Report of the Intergovernmental
Panel for Climate Change (IPCC) (Church et al., 2013). Although the
effects that climate change will have in the future are uncertain, all
recent studies agree that global sea levels will rise to some extent. A
global SLR of 19 cm has been recorded over the period 1901–2010,
with long-term projections suggesting that an increase with respect to
1986–2005 mean will lie within the range of 32–82 cm by the end of
the twenty-first century (Church et al., 2013).

Sea-level rise has been recognized as a major threat to low-lying
coastal environments, such as wetlands, salt marshes, and lagoons, with
potentially devastating consequences (Kirwan et al., 2010; Cui et al.,
2015; Carrasco et al., 2016; Sampath and Boski, 2016; Bigalbal et al.,
2018). Estuaries are especially vulnerable coastal areas, because the
seawater intrusion may endanger a fragile estuarine ecosystem and
decrease the freshwater quality used for agricultural or water supply
systems. Therefore, predicting and quantifying the salinity changes
along estuaries is one of the key issues for water management in coastal
areas.
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In the past decade, numerous studies have investigated the impacts
of rising sea levels in estuaries. Majority of these studies have found
that SLR changes the water salinity in estuaries. In particular, increased
seawater intrusion lengths and higher average salinities resulting from
SLR have been predicted by numerical models in the San Francisco
Bay (Chua and Fringer, 2011; Chua and Xu, 2014), Delaware Estu-
ary (Ross et al., 2015), Snohomish River Estuary (Yang et al., 2015),
Chesapeake Bay (Hong and Shen, 2012) and its tributaries James
and Chickahominy Rivers (Rice et al., 2012) in USA, Yangtze River
Estuary (Li et al., 2015; Chen et al., 2016) and Nandu River Estuary (He
et al., 2018) in China, Simjin River Estuary in Korea (Shaha et al.,
2012), Wu River Estuary in Taiwan (Chen et al., 2015), Gorai River
network in Bangladesh (Bhuiyan and Dutta, 2012), Bahmanshir Estuary
in the Persian Gulf (Etemad-Shahidi et al., 2015), Sebua Estuary in Mo-
rocco (Haddout and Maslouhi, 2018), Gironde Estuary in France (van
Maanen and Sottolichio, 2018), as well as 96 estuaries in England and
Wales (Prandle and Lane, 2015).

Tian (2019) examined several factor that control the seawater in-
trusion in the Chesapeake Bay, and found that the river flow rate is the
dominant factor, followed by the sea level, which prevails in seasonal
variations. Wind, on the other hand, has an impact only in shorter
time scales. The channel geometry is also an important factor. Namely,
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the channel meanders can reduce stratification, change the two-layer
circulation, and therefore alter the potential seawater intrusion (Tian,
2019). In addition to increasing seawater intrusion and average salinity,
several recent studies have found that SLR may also strengthen strat-
ification (Chua and Fringer, 2011), weaken vertical exchange (Hong
and Shen, 2012), increase seawater volume (Hong and Shen, 2012),
increase residence time and water age (Hong and Shen, 2012; Chen
et al., 2015), and cause tidal amplifications (Kuang et al., 2014; van
Maanen and Sottolichio, 2018).

Almost all studies mentioned above have focused on well-mixed
or partially-mixed estuaries, which are characterized by homogeneous
vertical column or week stratification and gradual salinity changes
along an estuary. On the other hand, studies investigating SLR impacts
in salt-wedge estuaries, where freshwater and seawater layers are
separated by a sharp interface (pycnocline), are less common. Strong
vertical stratification, however, is found in many estuaries worldwide.
Some prominent examples of salt-wedge estuaries are Mississippi and
Merrimack Rivers in USA (Geyer and MacCready, 2014), Fraser River in
Canada (MacDonald and Geyer, 2004), or the Ebro and Rhone Rivers in
Europe (Ibaňez et al., 1997). Strong stratification in estuaries is main-
tained by high river inflows, which dampen the vertical mixing caused
by tidal motions (Geyer and MacCready, 2014). In micro-tidal condi-
tions, stratification is usually persistent under all river inflows (Geyer
and Ralston, 2011). In the Mediterranean region, for example, estuaries
are strongly stratified even for relatively low river inflows (Ibaňez et al.,
1997; Ljubenkov and Vranješ, 2012; Krvavica et al., 2016, 2017b). On
the other hand, in tidally more dynamic environments, such as the
Fraser Estuary, a strongly stratified structure may also be observed, but
only during higher inflows (MacDonald and Geyer, 2004).

Although the dynamics of salt-wedge estuaries is well documented
(Geyer and Ralston, 2011), there are hardly any studies available on
the impact of SLR on the salt-wedge intrusion. This critical issue has
been partially investigated in the Nile Estuary in Egypt (Mahgoub
et al., 2014) and Rječina River Estuary in Croatia (Krvavica et al.,
2017b). Both these studies showed that the tip of the salt-wedge may
intrude further upstream under potential SLR, but are limited either
by the choice of the model or the range of considered scenarios.
Recently, Tsz Yeung Leung et al. (2018) numerically simulated the salt-
wedge behaviour in the Fraser River Estuary in Canada under several
climate and man-made changes. They also reported increased intrusion
lengths and found that during low flow conditions, SLR may become
more significant than changes in the river flow regime.

Considering that there are only a few comprehensive studies on
SLR impacts on the salt-wedge intrusion, and almost no such studies
in microtidal environments, the main motivation for this study is to
expand the knowledge on this topic. This study is based on a theoretical
analysis of a two-layer hydraulic theory (Schijf and Schönfled, 1953;
Armi and Farmer, 1986) applied to microtidal salt-wedge estuaries and
on numerical modelling of the Neretva River Estuary in Croatia - a
microtidal salt-wedge estuary.

The first aim of the study is to propose a new analytical framework
based on a two-layer hydraulic theory for assessing the general impact
of SLR on salt-wedge intrusion. The analytical framework is based
on the salt-wedge intrusion length as the main indicator of the SLR
impacts. We extend the conventional assessment by considering two ad-
ditional indicators — the seawater volume and the river inflow increase
needed to restore the baseline intrusion. Although many numerical
models exist for simulating the salt-wedge dynamics, the proposed
analytical approach has some advantages. The main advantage over
numerical models is that the analytical approach allows for a much
faster and simpler assessment of SLR impacts on a large sample of
salt-wedge estuaries. Furthermore, unlike numerical models, the ana-
lytical approach provides a direct insight into the impact of the main
natural driving forces (sea-water level and freshwater inflow rate) or
human interventions (channel dredging) on the salt-wedge intrusion.
This advantage was highlighted by Cai et al. (2012) who presented a

similar analytical approach but in mixed estuaries where the governing
equations are completely different. Additionally, by analysing idealized
estuaries by the analytical approach the influence of irregular channel
geometries (which are locally specific) is removed so that the impact
of SLR can be isolated and directly quantified. The importance of
isolating the impact of SLR has been previously elaborated by Chua
and Xu (2014), but they applied a numerical model to an idealized
San Francisco Bay, which is a partially mixed estuary according to the
classification by Geyer and MacCready (2014).

This study also presents the results obtained by numerical simu-
lations of SLR impacts on salt-wedge intrusion in the Neretva River
Estuary in Croatia. For the first time, SLR impacts are thoroughly
investigated in a microtidal salt-wedge estuary. The numerical results
show how does a microtidal salt-wedge respond to a potential rise of
the sea-water level under a wide range of hydrological conditions. The
numerical simulations in the Neretva River Estuary are additionally
used to verify and examine the usefulness of the analytical framework
when applied to a real estuary.

The proposed aims arise from two main hypotheses of this work: (a)
the analytical framework derived from a two-layer hydraulic theory is
an adequate tool for a generalized assessment of the SLR impacts on
seawater intrusion in salt-wedge estuaries, and (b) SLR impacts can be
quantified by computing the changes in the salt-wedge intrusion length
and volume, as well as the river inflow increase needed to restore the
baseline intrusion.

2. Study area

2.0.1. Neretva River
Neretva River is the largest river in the eastern part of the Adriatic

Basin. It is 215 km long, and for the most part, it flows through Bosnia
and Herzegovina (BiH). For the final 22 km, it flows through Croatia
before it enters the Adriatic Sea. Its catchment area is estimated to
10,240 km2, of which only 280 km2 is located in Croatia (Ljubenkov
and Vranješ, 2012; Oskoruš et al., 2019). Neretva River is a typical
mountain river in its upper and middle part, but in the lower reaches,
it forms a wide alluvial delta covering approximately 12,000 hectares
(Fig. 1).

2.0.2. Neretva River Estuary
Lower reaches of the Neretva River are one of the most important

and productive agricultural areas in Croatia. Unfortunately, the vicinity
of the Adriatic Sea poses a threat to the future of the agricultural
industry in this area. Namely, there are significant challenges with
deteriorating freshwater quality for irrigation caused by the salinity
intrusion, as well as persistent salinization of the groundwater and soil
during summer months. These problems are expected to become even
more severe in the future under climate change and a potential rise
of sea levels, as well as the reduction of freshwater inflow during the
summer.

The location and channel geometry of the Neretva River Estuary
is shown in Fig. 1. Its mean channel depth is 8.5 m and the mean
channel width is 132 m, both with some variations. The dynamics
of the Neretva River Estuary is governed by tidal oscillations of the
Adriatic Sea and upstream inflows, which depend on the operational
aspects and management of the hydro-power system of accumulations
and dams built in its middle reaches located in BiH. Neretva River has
a pronounced seasonal character, typical for Mediterranean climate,
with a well defined high flow season from October to April, and a low
flow period from May to September. During the summer, when irri-
gation needs are more pronounced, the precipitation and river inflows
are at their lowest, and the seawater regularly intrudes over 20 km
upstream (Ljubenkov and Vranješ, 2012).

Although water levels in its lower part have been measured since
1957, a systematic flow rate and conductivity measurements were
established only in 2015. Short-term data at the station Metković
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Fig. 1. Neretva River Estuary: (a) geographical location and digital orthophoto, (b) longitudinal bottom profile and (c) channel width variations at SWL (±0 m a.s.l.).

indicates that its mean annual flow rate is 325 m3/s, while a maximum
measured flow rate is 1375 m3/s (Oskoruš et al., 2019). Minimum flow
rate is regulated by an international agreement between Croatia and
BiH, which states that a minimum 50 m3/s must be released from the
hydro-power plant Mostar (Oskoruš et al., 2019).

2.0.3. Tides and sea levels in the Adriatic Sea
The tides in the Adriatic Sea are of a mixed type with relatively

low amplitudes. The maximum astronomical tidal amplitude recorded
between 1953 and 2006 at the Bakar tidal gauging station was 123 cm;
however, mean tidal amplitudes do not exceed 30 cm (Rezo and
Pavasović, 2014). Highest recorded sea level at the Neretva River
mouth (in period 1977–2018) was 120 cm a.s.l., and the lowest -25 cm
a.s.l. (Oskoruš et al., 2019).

Because of the microtidal environment and high freshwater flow
rates, the Neretva River Estuary is a typical salt-wedge estuary ac-
cording to classification by Geyer and MacCready (2014), occupying
the upper-left corner of the estuarine parameter space with freshwater
Froude number higher than 0.1 and mixing number under 0.4. Salinity
profile measurements conducted by Ljubenkov and Vranješ (2012)
shown very strong stratification with pycnocline thickness always un-
der 0.5 m. Similar salinity profiles in the Rječina River (also located on
the eastern Adriatic coast) indicated buoyancy frequencies well over
𝑁2 > 0.1 (Krvavica et al., 2017b). Geyer et al. (2008) reported typical
values for 𝑁2 ranging from 0.0025 to 0.01 s−2 for partially mixed
estuaries and up to 0.1 s−2 for salt-wedge estuaries. In this case, the
stratification is so pronounced that it even exceeds the upper values
usually associated with salt-wedge estuaries. Such a strong stratification
is a result of extremely low tidal dynamics of the Adriatic Sea.

A comprehensive overview of the literature on the sea-level research
in the Adriatic Sea is given by Vilibić et al. (2017). The Mediterranean
Sea, and the Adriatic Sea as its integral part, has been recognized as one
of the most sensitive to climate change. Some projections for the period
between 1990–2000 and 2040–2050 show up to 25.6 cm increase
averaged over the Mediterranean (and Adriatic) Sea. Projections for
the basin-averaged steric SLR in the Adriatic Sea over the twenty-
first century point to only 13 cm. However, when the contribution of
salinity and temperature are taken into account to assess both mass
and steric components on a local scale, a sea-level rise of 49.7 cm is

expected for the period 2000–2100. For a more detailed explanation of
the salinity and temperature contribution to SLR in the Mediterranean
basin see the study by Jordà and Gomis (2013). This is close to findings
by Tsimplis et al. (2012), who used tidal gauge records from almost
all stations in the Adriatic Sea to analyse trends in sea levels and
estimated an increase in the range from 2.0 ± 0.9 to 3.4 ± 1.1 mm/year,
which suggests that SLR by the year 2100 could reach up to 45 cm.
More recent analysis, however, suggests that the sea-level rise is rapidly
increasing (Church et al., 2013), and that trends derived from past
and present measurements underestimate potential SLR in the future.
Therefore, we considered a more extreme scenario in the Adriatic Sea
with sea levels rising to 100 cm with respect to present conditions.

3. Materials and methods

3.1. Analytical framework for salt-wedge estuaries

Although three-dimensional (3D) hydrodynamic models are regu-
larly used for computing physical process in estuaries (Mohammed and
Scholz, 2017), salt-wedge estuaries are adequately represented by a
simpler two-layer hydraulic theory (Sargent and Jirka, 1987; Krvavica
et al., 2017b,a). Two-layer theory is derived from coupled shallow
water equations (SWE) — we assume that the vertical structure can be
represented by two shallow layers of different densities separated by
a pycnocline of zero thickness (see Fig. 2). Furthermore, we assume,
under the usual SWE theory, that the velocity and density are uniform
over each layer, vertical accelerations are negligible, the pressure is
hydrostatic, the channel bed slope is mild, and the viscous effects such
as friction and turbulence are represented by simple empirical equa-
tions. Also, we assume that the flow is predominately one-dimensional
(1D) and that the channel is prismatic with rectangular cross section of
uniform width.

Schijf and Schönfled (1953) and Stommel and Farmer (1953) were
among first to develop a mathematical theory for two-layer flows.
Recently, Geyer and Ralston (2011) provided a good insight into the
current knowledge on the dynamics of strongly stratified estuaries. The
governing system of partial differential equations (PDEs) for a one-
dimensional two-layer shallow water flow in prismatic channels with
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Fig. 2. Characteristic longitudinal section of a salt-wedge estuary.

constant width (Fig. 2) is written as a coupled system of continuity and
momentum equations (Schijf and Schönfled, 1953):
𝜕ℎ1
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where 𝑥 is the coordinate along the channel axis, 𝑡 is time, ℎ𝑖(𝑥, 𝑡) is
the thickness of 𝑖th layer, 𝑏(𝑥) is the channel bottom function, 𝑞𝑖(𝑥, 𝑡)
is the layer flow rate per unit width, 𝜌𝑖 is the layer density, 𝑔 is
acceleration of gravity, 𝜏𝑓 is the interfacial shear stress, 𝜏𝑏 is the shear
stress between channel bed and lower layer fluid, and subscript 𝑖 = 1, 2
denotes the upper and lower layer, respectively. The shear stresses may
be parametrized using a quadratic drag equation:

𝜏𝑓 = 𝐶𝑓 𝜌1|𝑢1 − 𝑢2|
(

𝑢1 − 𝑢2
)

(5)

and

𝜏𝑤 = 𝐶𝑤𝜌2|𝑢2|𝑢2 (6)

where 𝐶𝑓 is the interfacial friction factor, 𝐶𝑏 is the bed friction factor
and 𝑢𝑖(𝑥, 𝑡) = 𝑞𝑖(𝑥, 𝑡)∕ℎ𝑖(𝑥, 𝑡) is the layer velocity.

At constant sea-water level (SWL) and river inflow 𝑞, an equilibrium
is established between the buoyancy pressure gradients, friction forces,
and inertial forces, and eventually a steady-state flow forms (Sargent
and Jirka, 1987). This two-layer stationary form is sometime called an
arrested salt-wedge, which is characterized by a stagnant lower layer
called a salt-wedge because of its shape, and an upper layer of constant
flow rate.

A mathematical model for an arrested salt-wedge is derived from
Eqs. (1)–(4) following Schijf and Schönfled (1953). Time derivatives
are neglected, negative flow is asserted in the upper layer 𝑞1 = 𝑞 < 0
(because 𝑥 increases in the upstream direction) and zero-flow in the
lower layer 𝑞2 = 0. Momentum equations are then subtracted from
each other under the rigid lid approximation, and a single ordinary
differential equation (ODE) is obtained that describes the pycnocline
depth along the channel axis:

dℎ1
d𝑥 =

𝐹 2
𝑑

1 − 𝐹 2
𝑑

𝐶𝑓

(

1 + 𝑟
ℎ1
ℎ2

)

. (7)

where 𝑟 = 𝜌1∕𝜌2 is the density ratio and 𝐹𝑑 is the internal Froude
number for the upper layer:

𝐹𝑑 =
𝑞1

√

𝑔(1 − 𝑟)ℎ31

. (8)

Note that Eq. (7) corresponds to the one derived by Geyer and
Ralston (2011) or Krvavica et al. (2014) in a slightly different form.
This equation defines how the upper layer changes along the estuary,
but it is not valid upstream from the tip of the salt-wedge. Also, it is
clear that the solution is singular when the internal Froude number is
equal to one 𝐹𝑑 = 1. This may occur at the hydraulic control, which
is usually located at the river mouth, where the numerical integration
should begin (Geyer and Ralston, 2011). Note that the hydraulic control
may also be present at other locations along channels, if there are
strong lateral constrictions or abrupt bed elevations (Poggioli and
Horner-Devine, 2015).

For idealized estuaries, Eq. (7) may be further simplified by con-
sidering a horizontal channel bed (𝑏(𝑥) = const.) and introducing the
following non-dimensional parameters:

𝜑 = ℎ1∕𝐻0, 𝜒 = 𝐶𝑓𝑥∕𝐻0, (9)

where 𝐻0 is a constant total depth in a prismatic channel with no bed
elevations. Also, the internal Froude number for the river (Geyer and
Ralston, 2011) is

𝐹0 = 𝐹 (𝑞,𝐻0, 𝑟) =
𝑞

√

𝑔(1 − 𝑟)𝐻3
0

= 𝐹𝑑𝜑
3∕2. (10)

Note, that 𝐹0 is the same as 𝐹𝑑 when the upper layer flow rate 𝑞1 equals
river inflow 𝑞 (which is always true for idealized arrested salt-wedges)
and thickness ℎ1 equals total depth 𝐻0 (which is true for idealized
channels upstream from the tip of the salt-wedge). Furthermore, this
non-dimensional parameter corresponds to the net barotropic flow 𝑈0
introduced by Armi and Farmer (1986) as the key dynamical parameter
governing a two-layer hydraulic flow.

Substituting the parameters defined by Eqs. (9) and (10), and using
the Boussinesq approximation, which neglects the density ratio 𝑟 every-
where expect where multiplied by 𝑔 (Tritton, 1988), Eq. (7) becomes

d𝜑
d𝜒 =

𝐹 2
0

𝜑3 − 𝐹 2
0

(

1
1 − 𝜑

)

. (11)

Eq. (11) is then integrated over non-dimensional depth to obtain an
integral form of the equation:

𝜒 = ∫

𝜑2

𝜑1

[

𝐹 2
0

𝜑3 − 𝐹 2
0

(

1
1 − 𝜑

)

]−1

d𝜑. (12)

To find the salt-wedge length, Eq. (12) is integrated between the
hydraulic control (usually located at the river mouth) and the tip of
the salt-wedge. These boundaries are introduced as the lower and upper
integral limits. Considering that 𝐹𝑑 = 1 is true at the hydraulic control
point, we can combine Eqs. (8) and (10) to obtain non-dimensional
upper and lower layer depths at the river mouth (critical depths):

𝜑𝑐𝑟 = ℎ1,𝑐𝑟∕𝐻0 = 𝐹 2∕3
0 (13)

and

1 − 𝜑𝑐𝑟 = ℎ2,𝑐𝑟∕𝐻0 = 1 − 𝐹 2∕3
0 . (14)

Similarly, at the salt-wedge tip we have ℎ1 = 𝐻0, therefore 𝜑2 = 1.
Integrating Eq. (12) between 𝜑1 = 𝐹 2∕3

0 and 𝜑2 = 1 leads to the
following analytical expression for a non-dimensional length 𝐿∗ of the
salt-wedge intrusion:

𝐿∗(𝐹0) =
1
20

(

15𝐹 2∕3
0 − 6𝐹 4∕3

0 − 10 + 𝐹−2
0

)

. (15)

A dimensional salt-wedge length 𝐿 can then be restored from Eq. (9) by
computing 𝐿 = 𝐻0𝐿∗∕𝐶𝑓 , and then we obtain a well-known analytical
expression derived by Schijf and Schönfled (1953):

𝐿(𝐻0, 𝐶𝑓 , 𝐹0) =
𝐻0
20𝐶𝑓

(

15𝐹 2∕3
0 − 6𝐹 4∕3

0 − 10 + 𝐹−2
0

)

. (16)
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Fig. 3. Salt-wedge parameters given as a function of internal Froude numbers: (a) non-dimensional salt-wedge length, (b) non-dimensional thickness of the salt-wedge at the
hydraulic control, (c) non-dimensional interface function, (d) non-dimensional salt-wedge volume.

It is clear that the intrusion length is a function of the channel depth 𝐻0,
interfacial friction factor 𝐶𝑓 and internal Froude number 𝐹0 (defined
upstream from the salt-wedge).

The shape of the salt-wedge may be computed similarly, but in a dis-
crete form by repeatedly integrating Eq. (12), for a series of boundary
values starting from 𝜑1 = 𝐹 2∕3

0 and 𝜑2 = 𝜑1 +𝛥𝜑, where 𝛥𝜑 is a spatial
step. We increase 𝛥𝜑 until we reach 𝜑2 = 1. In this way, each 𝜑2 is the
non-dimensional upper layer thickness at a computed non-dimensional
distance 𝜒 from the hydraulic control point. Discrete function 𝜑(𝜒),
therefore, gives a non-dimensional function for the thickness of the
salt-wedge, i.e. pycnocline depth.

We see that arrested salt-wedges are fully defined by three compo-
nents — initial pycnocline depth, i.e. critical lower layer depth ℎ2,𝑐𝑟
or 1 − 𝜑𝑐𝑟, length 𝐿 or 𝐿∗, and pycnocline function, i.e., thickness
depth variability from the salt-wedge tip to the hydraulic control point
defined by set of points (ℎ2, 𝑥) or (1−𝜑2, 𝜒) in a non-dimensional form.

Combining these parameters, we can derive an additional one —
salt-wedge volume per unit width 𝑉 , defined as the total volume of
seawater below the pycnocline, which is obtained by integrating ℎ2(𝑥)
from the river mouth (𝑥 = 0) to the salt-wedge tip (𝑥 = 𝐿):

𝑉 (𝐿, ℎ2) = ∫

𝐿

0
ℎ2(𝑥)d𝑥, (17)

or in a non-dimensional form:

𝑉 ∗(𝐿,𝜑) = 𝑉
𝐿𝐻0

= 1
𝐿 ∫

𝐿

0
(1 − 𝜑)d𝑥. (18)

Note that value 𝑉 ∗ represents the total seawater to fresh-water ratio
along the salt-wedge. This information may sometimes be more impor-
tant than the intrusion length as it directly relates to salinity intrusion
into aquifer, especially in highly permeable mediums (Shalem et al.,
2019).

These non-dimensional salt-wedge parameters are presented in Fig. 3
in relation to internal Froude numbers. Non-dimensional friction length
is shown in Fig. 3a, critical lower layer depth in Fig. 3b, salt-wedge
interface in Fig. 3c and seawater volume in Fig. 3d. Two-layer hydraulic
theory predicts that larger values of 𝐹0 correspond to shorter salt-
wedge intrusion lengths, thinner seawater layers, and lower volumes

of seawater in estuaries. The shape of the pycnocline is less sensitive
to 𝐹0.

Considering that the internal Froude number is a function of the
river inflow and estuary depth, it also follows that salt-wedge intrusion
length, thickness and volume increase with the estuary depth and
decrease with the river inflow, which has been confirmed by field
measurements in microtidal estuaries (Krvavica et al., 2016, 2017b).
Since SLR directly increases the estuary depth, it should also increase
the salt-wedge intrusion length and volume. Note, that the salt-wedge
intrusion in a single estuary may shift tens of kilometres upstream
or downstream depending on river inflows and sea levels (Geyer and
Ralston, 2011).

3.2. Hydrodynamic model for two-layer flow in salt-wedge estuaries with
irregular geometry

3.2.1. Governing equations
A numerical model STREAM-1D (STRratified EstuArine Model) (Kr-

vavica et al., 2017b,a) is similarly based on one-dimensional time-
dependent two-layer shallow water equations. It shares the simplifica-
tions and assumptions with the two-layer theory defined by Eqs. (1)–
(4). The governing equations, however, are extended to account for
irregular channel geometry, as well as a full shear stress and entrain-
ment parametrization. Therefore, STREAM-1D may be used to simulate
the dynamics of salt-wedges in channelized estuaries under different
combinations of sea levels and river flows rates.

The governing equations are written as the following coupled sys-
tem of conservation laws with source terms (Krvavica et al., 2017b):

𝜕𝐰
𝜕𝑡

+
𝐟 (𝝈,𝐰)
𝜕𝑥

= 𝐁(𝝈,𝐰) 𝜕𝐰
𝜕𝑥

+ 𝐯(𝝈,𝐰) + 𝐠(𝝈,𝐰) + 𝐬(𝝈,𝐰), (19)

where 𝐰 is the vector of conserved variables:

𝐰 =
{

𝐴1 𝑄1 𝐴2 𝑄2
}T , (20)

vector 𝐟 (𝝈,𝐰) is the flux:

𝐟 (𝝈,𝐰) =
{

𝑄1
𝑄2
1

𝐴1
+ 𝑔

2𝜎1
𝐴2
1 𝑄2

𝑄2
2

𝐴2
+ 𝑔

2𝜎2
𝐴2
2

}T
, (21)
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and term 𝐁(𝝈,𝐰) 𝜕𝐰𝜕𝑥 appears as a result of coupling the two-layer
system, where matrix 𝐁(𝝈,𝐰) is defined as

𝐁(𝝈,𝐰) =

⎡

⎢

⎢

⎢

⎢

⎣

0 0 0 0
0 0 −𝑔 𝐴1

𝜎1
0

0 0 0 0
−𝑔𝑟𝐴2

𝜎1
0 0 0

⎤

⎥

⎥

⎥

⎥

⎦

. (22)

where 𝐴𝑖 is the layer cross section area, 𝑄𝑖 is the layer flow rate, and
𝝈 =

{

𝜎1 𝜎2 𝜎3
}𝑇 is the vector of channel widths.

The additional source terms have been split into three parts; the first
vector 𝐯(𝝈,𝐰) corresponds to derivatives of 𝝈:

𝐯(𝝈,𝐰) =
{

0 𝑔
2

𝜕
𝜕𝑥

(

1
𝜎1

)

𝐴2
1 0 𝑔

2
𝜕
𝜕𝑥

(

1
𝜎2

)

𝐴2
2

}T
, (23)

the second vector 𝐠(𝝈,𝐰) corresponds to the channel bed, width, and
wetted cross-section area (i.e., irregular geometry):

𝐠(𝝈,𝐰) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0
𝑔𝐴1

[

1
𝜎1

𝜕
𝜕𝑥 (𝐴1 + 𝐴2) −

𝜕
𝜕𝑥 (𝑏 + ℎ2 + ℎ1)

]

0
𝑔𝐴2

[

1
𝜎2

𝜕𝐴2
𝜕𝑥 + 𝑟

𝜎1
𝜕𝐴1
𝜕𝑥 − 𝜕

𝜕𝑥 (𝑏 + ℎ2 + 𝑟ℎ1)
]

⎫

⎪

⎪

⎬

⎪

⎪

⎭

. (24)

and the third vector 𝐬(𝝈,𝐰) corresponds to the friction and entrainment:

𝐬(𝝈,𝐰) = 𝐬F(𝝈,𝐰) + 𝐬E(𝝈,𝐰), (25)

𝐬F(𝝈,𝐰) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0
𝜏𝑤
𝜌1
𝑃1 +

𝜏𝑖
𝜌1
𝜎3

0
𝜏𝑏
𝜌2
𝑃2 −

𝜏𝑖
𝜌2
𝜎3

⎫

⎪

⎪

⎬

⎪

⎪

⎭

, 𝐬E(𝝈,𝐰) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1
𝑟𝑤𝑒𝜎3
𝑄1
𝐴1

𝑤𝑒𝜎3
−𝑤𝑒𝜎3

−𝑄2
𝐴2

𝑤𝑒𝜎3

⎫

⎪

⎪

⎬

⎪

⎪

⎭

, (26)

where 𝜏𝑤 is shear stress between upper layer fluid and channel walls,
𝜏𝑖 is the shear stress at the interface between the layers, 𝜏𝑏 is the shear
stress between the lower layer fluid and channel bed, and 𝑤𝑒 is the
entrainment velocity.

3.2.2. Numerical scheme
The numerical scheme used to solve the governing equations is

based on the finite volume method, specifically, the efficient semi-
analytical Roe scheme (Krvavica et al., 2018). The scheme is explicit
in time and stable under the usual CFL condition. It is well balanced,
shock-capturing, and considered to be the most accurate first-order
scheme. STREAM-1D has been thoroughly tested and validated for
other salt-wedge estuaries (Krvavica et al., 2017b,a).

4. Results

The results section consists of two parts. First, we theoretically as-
sess the impacts of SLR on the seawater intrusion in idealized estuaries,
and then, we demonstrate the impacts of potential SLR in the Neretva
River Estuary in Croatia to validate and illustrate some limitations of
theoretical analysis. Furthermore, this practical example is presented to
emphasize the importance of a more comprehensive assessment of SLR
impacts in salt-wedge estuaries.

As defined previously, the impacts of SLR on salt-wedge intru-
sion in ideal estuaries and the Neretva River Estuary are assessed by
considering three indicators:

• the salt-wedge intrusion length 𝐿,
• the salt-wedge volume 𝑉 ,
• the corrective river inflow needed to restore the baseline condi-

tion 𝑞𝑐𝑜𝑟𝑟.

The salt-wedge intrusion length is a standard indicator for assessing
the impacts of SLR. The salt-wedge volume reflects both the salt-
wedge intrusion length and an overall increase of the pycnocline depth.
The third indicator is introduced from the viewpoint of managing or
mitigating the negative effects of SLR by increasing the river inflow
to ensure that sufficient freshwater is available to restore the baseline
intrusion length and ensure that sufficient freshwater is available for
irrigation or water supply needs. This measure, however, is possi-
ble only if some man-made system, such as a hydro-power plant or
accumulation, is built upstream from the estuary.

4.1. Sea-level rise impacts in idealized estuaries

Sea-level rise in idealized estuaries is accounted for by considering
a range of estuary depth increases:

𝐻𝑠𝑙𝑟 = 𝐻0 + 𝛥𝐻, (27)

where 𝛥𝐻 denotes the water level increase resulting from SLR. To illus-
trate general SLR impacts, we considered values ranging from 𝛥𝐻 = 0
cm (baseline) to 𝛥𝐻 = +100 cm (maximum rise), and estuary channel
depths ranging from 3 m to 15 m (which represents the majority of
salt-wedge estuaries around the world). Internal Froude number are
constrained between 0.1 < 𝐹0 < 0.9. Note that when 𝐹0 approaches
one, the flow becomes critical and the salt-wedge is completely pushed
out from an estuarine channel. On the other hand, when 𝐹0 approaches
zero, the intrusion length goes to infinity and an estuary becomes
completely occupied by the seawater.

SLR impacts on salt-wedge intrusion lengths are estimated by com-
puting salt-wedge lengths from Eq. (16) for a given sea-level rise
𝐿𝑠𝑙𝑟 = 𝐿(𝐻𝑠𝑙𝑟, 𝐹𝑠𝑙𝑟) and then comparing them to baseline lengths 𝐿0 =
𝐿(𝐻0, 𝐹0), where the internal Froude number affected by SLR is given
by 𝐹𝑠𝑙𝑟 = 𝐹 (𝑞,𝐻𝑠𝑙𝑟, 𝑟) and baseline internal Froude number by 𝐹0 =
𝐹 (𝑞,𝐻0, 𝑟). Similarly, SLR impacts on the salt-wedge volume are esti-
mated by computing the volume of seawater below the pycnocline from
Eq. (17) for a given sea-level rise 𝑉𝑠𝑙𝑟 = 𝑉 (𝐿𝑠𝑙𝑟, ℎ2,𝑠𝑙𝑟) and comparing
them to baseline volumes 𝑉0 = 𝑉 (𝐿0, ℎ2). Furthermore, if we denote
the baseline river inflow by 𝑞, and the corrective river inflow (needed
to restore the baseline salt-wedge intrusion) by 𝑞𝑐𝑜𝑟𝑟, then it is easy to
solve the following equation for 𝑞𝑐𝑜𝑟𝑟:

𝐿
(

𝐻0, 𝐹 (𝑞,𝐻0, 𝑟)
)

− 𝐿
(

𝐻𝑠𝑙𝑟, 𝐹 (𝑞𝑐𝑜𝑟𝑟,𝐻𝑠𝑙𝑟, 𝑟)
)

= 0. (28)

To quantify absolute values in addition to relative increases, we as-
sumed relative density 𝑟 = 0.97 and interfacial friction factor 𝐶𝑓 =
5 × 10−4, which is a gross estimate suggested by Geyer and Ralston
(2011).

4.1.1. Assessing sea-level rise impacts by the salt-wedge length
Analytical equation (16) for the salt-wedge length indicates that SLR

increases the salt-wedge intrusion length from 𝐿0 to 𝐿𝑠𝑙𝑟 by reducing
the internal Froude number from 𝐹0 to 𝐹𝑠𝑙𝑟 and increasing the total
estuary depth from 𝐻0 to 𝐻𝑠𝑙𝑟. Note that SLR affects each estuary dif-
ferently, the same absolute increase of SLR results in different relative
changes of internal Froude number and channel depth. In other words,
the magnitude of potential SLR impacts will depend on the estuary
depth and river inflow.

Figs. 4a–c shows theoretical increases of salt-wedge intrusion lengths
under rising sea-levels, for a predefined range of estuary depths and
a low internal Froude number 𝐹0 = 0.2. Similar relative values
are obtained for other internal Froude numbers, but, obviously, ab-
solute values vary according to results previously shown in Fig. 3.
As expected, SLR increases the salt-wedge intrusion length under all
conditions (Fig. 4a). Maximum increase of the salt-wedge length by
150% may be expected for the maximum SLR of 100 cm and minimum
estuary depth of 3 m. The results show that shallower estuaries are
more affected by SLR — salt-wedge intrusion lengths increase more in
shallow estuaries for the same SLR (Figs. 4b, c). A recent study on a
large sample of UK estuaries also reported that SLR impacts are more
pronounced in shallower (< 10 m) and micro-tidal estuaries (Prandle
and Lane, 2015).
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Fig. 4. Theoretical impact of SLR on salt-wedge intrusion for 𝐹0 = 0.2, with 𝑟 = 0.97 and 𝐶𝑓 = 5 × 10−4: (a) total intrusion length, (b) absolute length increase, (c) relative length
increase, (d) total salt-wedge volume, (e) absolute volume increase, (f) relative volume increase, (g) total corrective river inflow, (h) absolute inflow increase, (i) relative inflow
increase.

4.1.2. Assessing sea-level rise impacts by the salt-wedge volume

In addition to increasing the salt-wedge intrusion length, SLR also
rises the average pycnocline depth and consequently the total thickness
of the salt-wedge. This dual increase is expressed by the salt-wedge
volume defined by Eq. (17).

Figs. 4d–f shows theoretical increases of salt-wedge volumes under
rising sea-levels, for a predefined range of estuary depths and a low
internal Froude number 𝐹0 = 0.2. Same as for the intrusion length,
SLR increases the salt-wedge volume under all conditions (Fig. 4d).
Maximum increase of the salt-wedge volume by 250% may be expected
for the maximum SLR of 100 cm and minimum estuary depth of
3 m. The salt-wedge volumes may increase up to 250% SLR. These
results also suggest that shallower estuaries are more affected by SLR.
Although absolute increases of the salt-wedge volume are larger in
deeper estuaries, the relative increases are much higher in shallower
estuaries for the same SLR (Fig. 4f).

4.1.3. Assessing sea-level rise impacts by the corrective river inflow
The corrective river inflow defines an additional flow rate needed to

push out the salt-wedge to its baseline position. By increasing the river
inflow, we increase the internal Froude number. Eq. (16), however,
shows that it is not enough to just restore 𝐹0 from 𝐹𝑠𝑙𝑟, but the internal
Froude number must be larger than 𝐹0 to compensate for higher 𝐻𝑠𝑙𝑟.

Figs. 4g–i shows theoretical increases of the corrective river inflow
under rising sea-levels, for a predefined range of estuary depths and a
low internal Froude number 𝐹0 = 0.2. We see that for all conditions,
the corrective river inflow needs to increase to balance longer salt-
wedge intrusion (Fig. 4g). Maximum increase of the corrective river
inflow by 50% may be expected for the maximum SLR of 100 cm
and minimum estuary depth of 3 m. The results again suggest that
shallower estuaries are more affected by SLR. Similarly as for the salt-
wedge volumes, absolute increases are larger in deeper estuaries, but
the relative increases are much higher in shallow estuaries for the same
SLR (Fig. 4i).
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4.2. Sea-level rise impacts in the Neretva River Estuary

4.2.1. Numerical model validation
Two-layer shallow water models have been previously applied and

validated for the Neretva River Estuary (Ljubenkov and Vranješ, 2012)
and several other microtidal estuaries (Ljubenkov, 2015; Krvavica
et al., 2017b). The numerical results in the Neretva River Estuary
showed a good agreement with salinity measurements throughout the
year, under a wide range of hydrological conditions (Ljubenkov and
Vranješ, 2012). Furthermore, the STREAM-1D model was thoroughly
tested and validated in the Rječina River estuary, which is also located
on the Adriatic coast and exposed to identical tidal conditions (Krvavica
et al., 2017b,a). Additionally, field measurements at several river
estuaries on the Adriatic coast (Krvavica et al., 2016; Ljubenkov and
Vranješ, 2012; Ljubenkov, 2015), showed that a strong stratification
is persistent throughout the year because of microtidal conditions and
that the two-layer theory is a reasonable approximation.

In this study, we validated the model after calibrating the channel
bed roughness and interfacial friction factor in the Neretva River Estu-
ary and comparing intrusion lengths, as well as upstream water levels
to measurements. The validation is based on measurements from 2018
at the river mouth and upstream hydrological station Metković located
20.9 km from the river mouth (Fig. 1b).

First, we analysed the river inflow and compared the computed salt-
wedge length to the measurements of the conductivity at the channel
bottom at station Metković. These measurements show that the salt-
wedge tip is located downstream from the Metković station for 𝑄 > 180
m3/s. Using this constraint, we calibrated the interfacial friction factor
and found a good agreement with the measurements for 𝐶𝑓 = 6×10−4.
Note, that 𝐶𝑓 may slightly vary along the salt-wedge and in time
since its magnitude is some function of internal Reynolds and Froude
(or bulk Richardson) number (Krvavica et al., 2017a). However, for
steady flow rates, and mild changes in the channel geometry, it can
be considered constant. Similar friction factors were found in other
salt-wedge estuaries (Geyer and Ralston, 2011; Ljubenkov and Vranješ,
2012; Krvavica et al., 2016).

We also compared the numerical results to measured water levels
at station Metković, and found the best agreement for Manning’s bed
roughness coefficient 𝑛 = 0.03 s/m1∕3. The comparison of computed and
measured water levels at station Metković for the entire 2018, indicated
a root mean square error 𝑅𝑀𝑆𝐸 = 12 cm, and Pearson correlation
coefficient 𝑅 = 0.96.

4.2.2. Assessing SLR impacts on salt-wedge intrusion in the Neretva estuary
Parameters used for numerical simulations are given by the density

ratio 𝑟 = 0.975, interfacial friction factor 𝐶𝑓 = 6 × 10−4, and Manning’s
bed roughness coefficient 𝑛 = 0.03 s/m1∕3. Spatial step was 𝛥𝑥 = 10 m,
and a variable time step was computed based on the stability condition
𝐶𝐹𝐿 = 0.8. The simulation was performed until steady-state conditions
were obtained.

First, we performed a series of simulations for three SLR cases,
namely 0.0, 0.5 and 1.0 m, and river inflows ranging from 50 to 1000
m3/s, which roughly correspond to the range 𝐹0 = 0.15−0.75. For each
combination of SLR and 𝑄 we computed the salt-wedge intrusion length
in the Neretva River Estuary.

Cumulative results shown in Fig. 5 indicate that the intrusion length
may be related to the river inflow by the following power law (with
R2 = 0.91):

𝐿 = 1.46 × 106 ×𝑄−2.03. (29)

Note that the exponent −2.03 is valid for all SLR, but only for higher
river inflows, namely 𝑄 > 250 m3/s. At lower river inflows, the
channel geometry (steeper channel bed slope) prevents longer intrusion
lengths (see Fig. 1b). Such exponent agrees with a theoretical range
of −2.0 to −2.5 found by Geyer and Ralston (2011) and confirms the
importance of the river inflow in stratified estuaries in comparison

Fig. 5. Salt-wedge intrusion lengths for a range of river inflows and three different
sea-level rises (R2 = 0.91).

to partially or well-mixed estuaries, where the exponent is one order
of magnitude lower (Monismith et al., 2002). Even in some other
salt-wedge estuaries, the exponent is usually lower, e.g. −0.19 in the
Merrimack River Estuary (Ralston et al., 2010).

Quantifying the SLR impacts on the intrusion in the Neretva River
Estuary is not so trivial. It seems that uneven channel bed plays an
important part in the advancement of the salt-wedge when sea level
increases. However, some trends are noticeable (Fig. 5). Evidently,
SLR increases the salt-wedge intrusion length under all hydrological
conditions. The strongest impact of SLR on the intrusion length is
observed for river inflows in the range 250 < 𝑄 < 500 m3/s, when
SLR may increase the intrusion length by 6 to 8 km further upstream
(Fig. 5). As stated earlier, for 𝑄 < 250 m3/s, the expected salt-wedge
length increase is prevented by the channel bed elevations, and for
𝑄 > 500 m3/s the baseline salt-wedge length is much shorter, so that
SLR has a lower overall impact − intrusions are increased by up to 2
km.

For a more detailed analysis of the SLR impacts in the Neretva River
Estuary, we consider two hydrological scenarios: Case A defined by the
river inflow 𝑄 = 300 m3/s which corresponds to 𝐹𝑑 = 0.23 at the salt-
wedge tip, and Case B defined by the river inflow 𝑄 = 50 m3/s which
corresponds to 𝐹𝑑 = 0.16 at the salt-wedge tip. Those are roughly the
respective mean annual and minimal summer flow rates when the salt-
wedge intrusion is most critical. Similarly as in the previous section for
idealized estuaries, we considered SLR values ranging from 𝛥𝐻 = 0 cm
(baseline) to 𝛥𝐻 = +100 cm (maximum rise).

Fig. 6 shows the computed arrested salt-wedge profiles for case
A, defined by 𝑄 = 300 m3/s and a range of SWL that accounts for
SLR. Results show how the salt-wedge intrusion length increases with
SLR, starting with 𝐿 = 11.45 km for 𝑆𝑊 𝐿 = +0.0 m a.s.l., which
gradually increases to 𝐿 = 19.33 km for 𝑆𝑊 𝐿 = +1.0 m a.s.l. We can
notice that the increase of the salt-wedge length is not linear because of
variable bottom topography which somewhat governs the intrusion, but
the changes in intrusion lengths are evident. Total salt-wedge volumes
increase from 𝑉 = 42 604 m3 to 𝑉 = 77 747 m3. Also, the river inflow
needs to increase up to 𝑄 = 375 m3/s to restore the baseline intrusion.

Fig. 7 shows the computed arrested salt-wedge profiles for case B,
defined by 𝑄 = 50 m3/s and a range of SWL that account for SLR. In
contrast to case A, these results show negligible increases in the salt-
wedge length. The potential salt-wedge intrusion further upstream is
prevented here by a steep channel bed slope. However, an increase in
the salt-wedge thickness and volume is evident. Lower layer thickness
increases with SLR almost linearly, at Metković station it changes from
ℎ2 = 4.73 m for baseline SWL to ℎ2 = 5.74 m for SLR of 1.0 m. Similarly,
total salt-wedge volumes increase from 𝑉 = 160 945 m3 to 𝑉 = 186 054
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Fig. 6. Case A: Longitudinal profiles of computed arrested salt-wedge in the Neretva River Estuary at 𝑄 = 300 m3/s and for 𝑆𝑊 𝐿 ranging from 0 to 100 cm.

m3, and the river inflow needs to increase up to 𝑄 = 85 m3/s to restore
the baseline intrusion.

Similar behaviour was found in other estuaries. Hong and Shen
(2012) also found that the pycnocline depth and seawater volume
increases with SLR in the Chesapeake Bay. And Chua and Xu (2014)
also considered that an increase of the river inflow needed to maintain
intrusion lengths at predefined locations is a good measure of SLR
impacts in San Francisco Bay.

5. Discussion

5.1. How suitable is the analytical approach for the Neretva River Estuary?

In the previous section, we have presented the potential SLR im-
pacts for idealized estuaries using an analytical approach and for the
Neretva River Estuary using a one-dimensional time-dependent numer-
ical model. This section provides a deeper insight into the performance
of proposed simple expressions when applied to a realistic microtidal
estuary. For this purpose, we computed the relative changes of the salt-
wedge length, volume, and corrective river inflow in the Neretva River
Estuary and compared them to analytical solutions for an idealized
8.5 m deep estuary. This depth corresponds to the mean value of
the Neretva River Estuary bottom function downstream from Metkovic
station. Note that the results would differ if some other depth was
chosen — shorter salt-wedge lengths would be predicted for shallower
depths, an vice versa. Figs. 8a–c shows relative changes in the Neretva
River Estuary for case A and Figs. 8d–f for case B.

In the first scenarios (case A) defined by 𝑄 = 300 m3/s and 𝐹0 = 0.23
we notice a very good agreement between analytical solutions and
the Neretva River Estuary. Relative increases of the salt-wedge length
with SLR show some non-linearity, but the overall trend corresponds
to analytical solutions — for 1.0 m SLR the salt-wedge intrusion length

will increase by 69% (Fig. 8a). Similar results are obtained for the
salt-wedge volume, which is expected to increase by up to 83% for
maximum considered SLR (Fig. 8b). The river inflow increase needed
to restore baseline intrusion in the Neretva River Estuary is almost
identical to analytical solutions and amounts to 25% for maximum
considered SLR.

On the other hand, for the second scenario (case B) defined by a
lower river inflow 𝑄 = 50 m3/s and 𝐹0 = 0.16 we notice significant
discrepancies between analytical solutions and computed changes in
the Neretva River Estuary. Salt-wedge intrusion lengths appear nearly
unaffected by SLR (Fig. 8d), although analytical solutions in an ide-
alized estuary predict an increase over 60% for 1.0 m SLR. Salt-wedge
volumes are increasing with SLR in the Neretva River Estuary (Fig. 8e),
but at a much lower rate than expected for idealized estuaries. On the
other hand, corrective river inflows in the Neretva River Estuary are
expected to increase by twice as much than for an idealized estuary
(Fig. 8f).

The main reason for the discrepancies in the second scenario be-
tween analytical and numerical results in the Neretva River Estuary
is the channel geometry (see Fig. 7). Theoretical salt-wedge intrusion
further upstream as predicted in an idealized estuary is prevented by
the channel bed in the Neretva River Estuary. Therefore, the salt-wedge
length increases only marginally, and the salt-wedge volume primarily
reflects a rising pycnocline depth. Higher river inflows are also the
results of the steeper bed slope — if the salt-wedge is obstructed by
the channel bottom, then much higher river inflow is needed to restore
its baseline intrusion length.

The first case suggests that small variations over the mean depth
have a minor effect on the salt-wedge intrusion. The second case, on
the other hand, indicates that steep channel bed slope has a noticeable
impact on the seawater intrusion. This is all in agreement with findings
by Poggioli and Horner-Devine (2015), who assessed the sensitivity
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Fig. 7. Case B: Longitudinal profiles of computed arrested salt-wedge in the Neretva River Estuary at 𝑄 = 50 m3/s and for 𝑆𝑊 𝐿 ranging from 0 to 100 cm.

Fig. 8. Relative increases of the SLR indicators for cases A and B, where full line (−) denotes modelled results for the Neretva River Estuary and dashed line (- -) denotes analytical
results for an idealized 8.5 m deep estuary. First column shows salt-wedge lengths (a, d), second column shows salt-wedge volumes (b, e), and third column shows flow rates
needed to restore the baseline intrusion (c, f).
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of salt-wedge estuaries to channel geometry. Yang et al. (2015) also
found that the salinity intrusion increases with SLR in the Snohomish
River Estuary in the USA are strongly non-linear because of the channel
geometry.

5.2. Extending the analytical solution for sloped estuaries

Considering that the channel geometry seems to significantly affect
the potential intrusion of a salt-wedge, and that the analytical approach
derived for idealized flat estuaries cannot capture the impact of geom-
etry, we propose an extension of the original ODE that accounts for a
channel bed slope. For this purpose, we rewrite Eq. (7) by introducing
a non-uniform channel bed defined by a linear function 𝑏(𝑥) = 𝑆0𝑥:

dℎ1
d𝑥 =

𝐹 2
𝑑

1 − 𝐹 2
𝑑

𝐶𝑓

(

1 + 𝑟
ℎ1

𝐻0 − 𝑆0𝑥 − ℎ1

)

. (30)

where 𝑆0 is the channel bed slope.
We can introduce the same non-dimensional parameters as before

(see Eq. (9)) and obtain

d𝜑
d𝜒 =

𝐹 2
0

𝜑3 − 𝐹 2
0

(

1 + 𝑟
𝜑

1 − 𝜒𝑆0∕𝐶𝑓 − 𝜑

)

. (31)

This ODE, unfortunately, is non-linear for both unknown parameters (𝜑
and 𝜒) and, therefore, it is not possible to find an analytical solution,
as we did for a flat estuary. However, Eqs. (31) or (30) can still
be integrated numerically for some channel slope 𝑆0 and interfacial
friction factor 𝐶𝑓 . Notice that the non-dimensional form of governing
ODE introduces a new variable 𝑆0∕𝐶𝑓 which can be considered a
non-dimensional channel bed slope.

The numerical solutions to Eq. (31) for three different internal
Froude numbers are shown in Fig. 9 for horizontal channel bed, as
well as a mild and a steep bed slope. The results show that even a
mild bed slope can noticeably reduce the potential salt-wedge intrusion
length for the same 𝐹0 (Fig. 9b). Fig. 9 also indicates that the bed slope
impact is more noticeable for lower values of 𝐹0. Furthermore, notice
that when the channel slope becomes steeper, the distinction between
salt-wedged for different 𝐹0 is less apparent (Fig. 9c). This confirms our
assumption that the potential salt-wedge intrusion with rising sea-level
in the Neretva River Estuary is in fact prevented by a channel bed slope
(notice the bed elevations from 18 to 25 km in Fig. 1b).

In contrast to flat estuaries, where a salt-wedge may intrude indefi-
nitely upstream when river flow and internal Froude number approach
zero, in sloped estuaries, channel bed limits the intrusion. Therefore,
the non-dimensional salt-wedge intrusion length function branches into
multiple curves depending on the non-dimensional slope 𝑆0∕𝐶𝑓 as
illustrated in Fig. 10. Eq. (31) and Fig. 10 show that as 𝑄 and 𝐹0
approach zero, the salt-wedge length approaches a theoretical limit of
𝐶𝑓∕𝑆0. This is also in agreement with a theoretical analysis of the salt-
wedge sensitivity to channel geometry by Poggioli and Horner-Devine
(2015).

5.3. Advantages and limitations of proposed theoretical approaches

Two simple approaches for assessing SLR impact on salt-wedge
intrusion are considered here: (a) analytical expressions for idealized
estuaries derived from the two-layer theory, and b) ODE for sloped
estuaries, also derived from the two-layer theory. The second approach
is more complex and computationally demanding than the first one, but
with less limitations and better accuracy in real estuaries.

The main limitations of analytical expressions follow from the as-
sumption and simplifications made in deriving them. Temporal effects,
such as tidal dynamics, are not accounted for. All contributions from
the channel geometry are neglected, including the bed elevations,
width variations, as well as transversal and curvilinear effects. Fur-
thermore, the zero thickness pycnocline is rarely found in nature,
although in microtidal conditions its thickness may become less than

Fig. 9. Solution to Eq. (31) – non-dimensional salt-wedge shape – for internal Froude
numbers 𝐹0 = 0.1, 0.15, 0.2 and for: (a) horizontal channel bed (𝐿∗ equivalent to Eq. (15),
(b) mild channel bed slope 𝑆0∕𝐶𝑓 = 0.05, (c) steep channel bed slope 𝑆0∕𝐶𝑓 = 0.2.

Fig. 10. Non-dimensional salt-wedge intrusion length 𝐿∗ as a function of internal
Froude numbers 𝐹0 for different non-dimensional channel bed slopes 𝑆0∕𝐶𝑓 .
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0.5 m (Ljubenkov and Vranješ, 2012; Krvavica et al., 2016). This
also means that all vertical processes, including turbulent mixing, are
unaccounted for. On the other hand, this method is very simple, easy
to use, and it can provide an almost instantaneous solution for a wide
range of parameters.

The ODE approach retains most of these limitations, but it accounts
for the channel bed slope. Although it is more accurate and reliable for
real estuaries in contrast to analytical expressions, we need to apply
some numerical method to obtain a solution.

Note that analytical approach requires only two estuarine param-
eters to estimate SLR impacts: (a) water depth 𝐻0, and (b) internal
Froude number 𝐹0. The water depth 𝐻0 can be estimated by using an
average channel depth for a specific estuary, and 𝐹0 can be estimated
from Eq. (10) with 𝑞 = 𝑄∕𝐵, where 𝑄 is the river flow rate, and 𝐵 is the
average channel breadth. Density ratio 𝑟 is estimated from freshwater
density and local sea-water density. The ODE approach additionally
requires the information on the average channel slope 𝑆0 and the
interfacial friction factor 𝐶𝑓 , which may be roughly estimated from the
literature or more precisely from a series of field measurements.

6. Conclusion

The impacts of rising sea levels in microtidal salt-wedge estuaries
are investigated in idealized estuaries using proposed analytical ap-
proach derived from a two-layer hydraulic theory and in the Neretva
River Estuary using a numerical two-layer time-dependent model. The
assessment of the SLR impacts was based on three indicators — the salt-
wedge intrusion length, the salt-wedge volume, and the river inflows
needed to restore the baseline intrusion.

The theoretical analysis in idealized estuaries showed that potential
SLR may significantly increase all three considered indicators. When
the sea-water level rises, the salt-wedge intrudes further upstream, the
interface between the sea-water and freshwater rises, the total sea-
water volume increases, and a stronger river flow rate is required to
restore the baseline conditions. In comparison to baseline conditions,
SLR of 100 cm may increase the salt-wedge intrusion length by more
than 150% and the salt-wedge volume by more than 250%. For the same
SLR, the river inflows may need to increase by more than 50% to restore
the baseline conditions. The results revealed that shallower estuaries
are more sensitive to SLR than deeper estuaries. On the other hand,
deeper estuaries have a longer initial intrusion length and larger initial
sea-water volume.

The numerical results for the Neretva River Estuary confirmed that
potential SLR increases the salt-wedge intrusion. The results, however,
suggest that several different indicators should be used when assessing
SLR impacts. The salt-wedge intrusion length may be unreliable at
low flow conditions, because the potential salt-wedge length may be
limited by the channel bed elevation. In those case, the salt-wedge
volume may be a better indicator because it also reflects the rise of
the pycnocline depth with SLR, which may have a negative effect
on the salinity intrusion into the aquifer and soil. Corrective river
inflow is the most reliable indicator and the most practical one from
the viewpoint of water management, but relevant only when some
hydraulic structure system is already implemented upstream from the
estuary and sufficient water quantities are available for mitigating
the salt-wedge intrusion. Although the results are based on a specific
estuary, they can be considered as a representative of the general SLR
impacts in microtidal salt-wedge estuaries. It is reasonable to expect
that majority of microtidal estuaries will respond similarly to the same
SLR, including the channel geometry limiting the potential increase of
the salt-wedge intrusion upstream from some point.

In conclusion, the proposed analytical approach for SLR impacts
can be considered a simple and practical tool suitable for a general
assessment of salinity intrusions in salt-wedge estuaries worldwide. The
proposed approach can be especially valuable in coastal management
when assessing and quantifying SLR impacts on a large sample of

estuaries at a national, regional or global scale. It can also be very
practical for preliminary assessments, when estimating coastal vulnera-
bility, comparing several estuaries, or determining which locations are
the most critical and require further analysis. For those purposes, using
a 3D numerical model and running a series of individual SLR scenarios
for each estuary is immeasurably more time consuming and requires a
considerably more data.

Analytical approach, however, should be used with care when in-
vestigating a specific estuary, and especially for low river flow rates. In
sloped estuaries the theoretical intrusion may be limited by the channel
geometry and the analytical solutions may overestimate SLR impacts.
A numerical integration of an extended ODE for sloped estuaries is a
more reliable choice in those cases, but still much faster and simpler
than any hydrodynamic numerical model.
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