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Abstract

Estuaries are the transitional systems between the riverine freshwaters and the ocean salt water. Increasing salt-wedge intrusions
are mentioned as one of the major impacts of climate change in coastal areas. We propose a new methodology to predict salt
wedge intrusions with an intermediate complexity model, so-called Estuarine Box Model (EBM), that allows to use hydrology
and ocean climate scenarios to predict salt wedge intrusions. We apply this methodology to the Goro branch of the Po river
flowing into the Northern Adriatic Sea. A 30 years’ period (1982-2011) is used to train and test the EBM that is then used to
project the salt wedge in the (2021-2050) time period under the RCP8.5 emission scenario. The numerical results show that
in the (2021-2050) period, the Po di Goro salt wedge intrusion length will increase by 15% on an annual basis (up to 50%
in summertime) and the outflowing salinity will increase 9% on annual basis (up to 35% in summer). Finally, a statistical
estimation of the extreme values of salt wedge and outflowing salinity shows return periods of 10 years for extremes twice the
present mean values. It means that a 16 Km of salt-wedge intrusion, and outgoing salinity about 28 psu are highly expected as

an extreme event with 10 years return period
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Key Points:

e Climate projections for a salt-wedge estuary show a strong seasonality in the foreseen
increase of both the salt wedge intrusion length and the outflowing salinity

e A two-layer estuary box model is provided to work as an impact tool for coastal
environmental projections
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Abstract

Estuaries are the transitional systems between the riverine freshwaters and the ocean salt
water. Increasing salt-wedge intrusions are mentioned as one of the major impacts of
climate change in coastal areas. We propose a new methodology to predict salt wedge
intrusions with an intermediate complexity model, so-called Estuarine Box Model
(EBM), that allows to use hydrology and ocean climate scenarios to predict salt wedge
intrusions. We apply this methodology to the Goro branch of the Po river flowing into the
Northern Adriatic Sea. A 30 years’ period (1982-2011) is used to train and test the EBM
that is then used to project the salt wedge in the (2021-2050) time period under the
RCP8.5 emission scenario. The numerical results show that in the (2021-2050) period,
the Po di Goro salt wedge intrusion length will increase by 15% on an annual basis (up to
50% in summertime) and the outflowing salinity will increase 9% on annual basis (up to
35% in summer). Finally, a statistical estimation of the extreme values of salt wedge and
outflowing salinity shows return periods of 10 years for extremes twice the present mean
values. It means that a 16 Km of salt-wedge intrusion, and outgoing salinity about 28 psu
are highly expected as an extreme event with 10 years return period

Plain Language Summary

Salt wedge climate projections for one branch of the Po river Delta show a seasonality in
the increase of the salt wedge intrusion length up to 50% in summer time considering the
RCP8.5 climate scenario

1 Introduction

River salt-wedge intrusions are important threats to the quality of inland waters (/).
Regionally downscaled climate change scenarios do not properly consider the river salt-
wedge intrusions because their grid spacing cannot represent the estuary geometry and
they do not involve a proper river-seawater coupling. If we want to gain insight on the
trends of salt wedge intrusions along the river estuaries, we need to couple regional
climate models with intermediate complexity models that can represent the estuarine
overturning circulation and mixing processes as a result of the competition between the
upstream riverine freshwater discharge and the ocean waters at the river mouths.

Recent literature on salt-wedge intrusion (SWI) projections has considered the changes in
the upstream river flow and the sea level rise (SLR) under different climate change
scenarios (2, 3). The overall result is that the river discharge changes are expected to
affect the SWI more than the SLR. A source of uncertainty is represented by the use of
global or at most regional scale SLR (4) without considering the coastal effects probably
because no regional downscaled scenario reaches the resolution required to resolve the
local SLR (5, 6).

An additional challenge is the computational resources required to perform long term
numerical experiments with very high-resolution hydrology and ocean models to resolve
the estuary geometry. For this reason, the SWI response to climate change has been
evaluated by means of synthetic experiments and/or annual mean experiments with
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upstream river runoff and ocean water inflow averaged over multidecadal time windows
representing the present and future climate (2, 3). There is a need to have an impact
model tool, capable to run many decades, with inputs from the hydrological changes
upstream the estuary and the ocean salt water changes at the estuary mouth.

In the past 10 years, other studies have simulated the temporal variability of the SWI
length. (7) provided an empirical estimate of this length scale in river-dominated
estuaries and the EBM presented in (8) followed this formulation. The current study uses
a novel, intermediate complexity model, the so-called CMCC EBM model (9, /0), which
solves the estuarine water exchange by two conservation equations for volume and salt
averaged over the diurnal tidal cycle. The EBM has been applied to the Goro branch of
the Po river which is a river-dominated estuary and flows into the micro-tidal Adriatic
Sea (Fig. 1).

The main aim of this study is to show how to predict climate change impacts on SWI and
outflowing estuarine-water salinity with an intermediate complexity model, a new salt
intrusion impact model, encompassing the main estuarine dynamics processes.

The question asked is: is the salt-wedge changing in the future climate scenarios and
why? To what degree the estuarine dynamics is dominated by changes in the upstream
river discharge?

In section 2 we describe the modeling strategy and the forcing data used to perform the

climate experiments. Section 3 presents the results on the salt-wedge intrusion scenario

and the changes in outflowing salinity. Moreover, a statistical estimation of the extreme
values is provided. Conclusions are in section 4. Finally we briefly describe the CMCC

EBM model in Appendix A and the Bootstrap method used for the statistical analysis in
Appendix B.

2 Methodology

2.1 Modeling Strategy

The use of intermediate complexity models in climate change coastal impact studies is
important because the earth system climate models do not consider the complex coastal
geometry and the very local processes while mitigation and adaptation plan actions
concentrate on very localized areas of high social and economic impact. This is the case
of estuarine areas where the freshwaters meet the saltwater and eventually give rise to
SWI phenomena and river plumes on the offshore area of the estuary that might affect
primary, secondary and tertiary marine production (//, /2) in addition to groundwater
salt contamination. The more recent earth system models are still not able to properly
couple model components at the land-sea interface (/3,4,5,6) and in order to study the
interactions between river waters and the sea it is necessary to use intermediate
complexity models such as the Estuarine Box Model of this study.

The two unknowns of our study are the SWI length and the salinity of the outflowing
waters: the first has obvious implications for the salinization of inland waters already
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mentioned and the second affects the coastal circulation and dynamics off the river
mouths, i.e. the river plume, as well as the large-scale circulation (/4).

2.2 River forcing: historical data and climate projections

The scenario of the Po discharge has been predicted by (/5) using a hydrological model
forced by a regional atmospheric model (/6) nested in a global earth system climate
model (/7). (15) computed the RCP8.5 scenario projections for the Po at Pontelagoscuro
(Fig.1) which is located right upstream of the Po delta river branches. For the historical
(1982 —2011) period, the Po river discharge was taken from observations at
Pontelagoscuro hydrometer station. Figure 2a depicts daily discharge values observed
during the (1982 —2011) period having a time mean discharge of 1482 m?3/s while Fig. 2b
shows the predicted discharge for Po at Pontelagoscuro for the scenario period (2021—
2050) amounting to 1205 m3/s. Thus the mean annual discharge of the Po river is
reduced in the future period by approximately 23% with respect to the present conditions.
We estimate the Goro branch of the Po river receives about 13% of the discharge at
Pontelagoscuro (10) so in all our calculations we will use the upstream Po di Goro
discharge value as the Po discharge at Pontelagoscuro scaled by 0.13.

2.3 Ocean forcing: historical data and climate projections

The EBM considers a two-layer flow in the estuary averaged over the estuarine
horizontal areas. The lower layer inflowing salinity, Si, and volume flux, Qu, for both the
past state and the future scenario period were taken from the ocean component of a
regional climate model (/8). The Qu shows an average value of 3.3 m*/s in the historical
period while 3.1 m®/s for the scenario period, corresponding to a decrease of about 6%.
The Sy values show mean values of 35.3 psu for the historical period and 35.6 psu for the
scenario period indicating a 1% increase.

The volume flux due to the flood tides Quizeris taken from the OTPS astronomical tidal
model in its regional configuration over the Mediterranean Sea with 1/30-degree
horizontal resolution (/9). The mean tidal flow, extracted during the diurnal flood tide
phases and averaged over 30 years, amounts to 18.6 m?/s for the historical period and
18.7 m?/s for the scenario period, given the short period considered for astronomical
parameters to change. Thus all the ocean lateral boundary conditions here considered
change relatively little with respect to the river discharge and this strongly affect the salt-
wedge projections.

3 Results

3.1 Salt-wedge intrusion projections

Using the CMCC-EBM model, the SWI length L, and the outflowing upper layer salinity
Su have been computed for both historical and scenario periods. Figure 3 shows the
values of Lx for the historical period (1982-2011) with the long-term average value of Lx
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= 8.1 Km. For the scenario period (2021- 2050) Lx increases by 1.2 km, i.e. a 15%
increase over the present condition values.

Similarly, the outflowing upper layer salinity is higher as shown in Figure 4(a, b) where
the salinity at the river mouth will increase of 1.1 psu in the mid-term scenario with
respect to the present climate (corresponding to a 9% increase on annual basis).

The comparison of the seasonal daily mean values over the two 30 years’ periods for L,
and S, is shown in Fig. 5(a, b). The (2021-2050) projections show a larger increase of L.
during summer, arriving to a 40% increase in the July-August period with respect to
present conditions. For the outflowing upper layer salinity, we see an increase from 20 to
25 psu during the summer months. In the (2020-2050) period we expect the salinity at
river mouth will rise up to 35% in summer while a decrease is foreseen over November-
January.

In conclusions we argue that the river discharge is the driver of SWI length and the
salinity changes at the river mouth, neglecting the local SLR trends at the river mouth
that are not available for this region. The other forcing changes, such as the inflowing
lower layer salinity and volume flux are negligible with respect to upstream discharge
changes. Nevertheless, even knowing the changes upstream and downstream of the river,
it will be impossible to calculate the exact changes in SWI length without the CMCC-
EBM which encompasses all the necessary physical processes.

3.2 Extreme values estimation

In addition to the projection of mean changes with respect to the present climate, it is
important to define the probability of extreme events in terms of return periods. The Peak
Over Threshold (POT) (20) method has been used to generate the input dataset of the
extreme values of SWI lengths and outflowing upper layer salinity. One of the key
choices in the POT method is to decide a threshold value. For the extreme values, the
threshold has been considered as the minimum value of the yearly maximum values
during the historical period (1982-2011) which produces the threshold values of 12 Km
for Lyand 23 psu for S..

Literature shows that the PDF of positive definite atmospheric and ocean variables are
skewed and heavy-tailed (21, 22). Figure 6(a, b) shows that the frequencies of occurrence
of the daily values of L and S.; follow a Weibull probability density function PDF (23)
for both parameters. The Bootstrap percentile method (24,25,26) has been applied to
compute the confidence intervals of the parameters f and o as the “shape” and “scale”
parameters of the Weibull PDF for the data of L, and S.;. Details are in the Appendix B.

The probability curves of the extreme values of the L, and S,; as function of their return
periods T along with the upper and lower 95% confidence intervals are shown in Fig. 7a

and Fig. 7b respectively. The return period is by definition T = S where Pyey

T x=xXmax
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is the Weibull cumulative distribution function representing the probability that the
variable x (L. and S,; in this work) is less than or equal to the selected threshold x;,, -

The salt wedge values of 16 km and 20 km registered during the historical period (when
the mean SWI length is found to be equal to 8.1 km) are expected with 10 and 100 years
return periods respectively. Red points in Fig. 7a are the projected values of L. by EBM
model for the scenario period (2021-2050). In the projections L. values of 20 km will
have a shorter return period of about 60 years.

Moreover, the river mouth salinity values of 28 psu and 34 psu registered during the
historical period (when the mean outflowing salinity at river mouth is found to be equal
to 12.9 psu) are also expected to occur with 10 and 100 years return periods (Fig. 7b).
Red points in Fig. 7b are the projected values of S.;by EBM model for the scenario
period (2021-2050) and the 34 psu values will have a shorter return period of about 50
years. showing reliable predictions inside the upper-lower 95% confidence intervals for
all the return periods.

Overall the hazard estimation shorter short return periods of the extreme values of
outflowing salinity and SWI length: return periods of 10 years (high occurrence
probability) are found for extremes twice the present mean values. Moreover, the EBM
projections show even shorter return periods with respect to the extreme values of L. and
Su computed during the historical period.

4 Conclusions

An intermediate complexity estuarine box model, so-called CMCC-EBM, has been used
for the first time as an impact model to study SWI and outflowing salinity in rivers for
present and future climate conditions. The CMCC-EBM couples the hydrology and the
shelf ocean waters from general circulation models. In this way the simulations we
carried out include the 2way feedback between riverine and marine waters by solving the
estuarine water exchange mechanism.

This study shows that, for a river-dominated estuary flowing into a micro-tidal sea, the
river discharge reduction is the main factor affecting the increase of the salt-wedge length
and the river outflowing salinity. The numerical findings for the Po di Goro river branch
depict an average lengthening of the SWI in the (2021-2050) period equal to 1.2 km
(meaning a 15% increase) and an increase of the river outflowing salinity of 1.1 psu
(corresponding to a 9% increase). This increase has a large seasonal cycle, the projections
showing a sharp increase in summer time for the SWI length and the salinity up to 40-
50% of the present state values.

The extreme values of SWI and outflowing salinity computed during the historical period
are found to have relatively short return periods of about 10 years (high occurrence
probability) for extremes twice the present mean values . SWI maximum values such as
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20 km, have return periods of 100 years for the historical period and about 60 years in the
projected climate.

Overall the projected changes in the SWI length of the Po di Goro branch provide a
valuable piece of information for adaptation policies since it is already clear that this
region is facing increasing salinization of inland waters. Furthermore, it is known that a
change of several psu in river outflowing salinity has the potential of changing the ocean
circulation and dynamics from coastal to large scales (/4). For all these reasons above,
the CMCC-EBM intermediate complexity model used here could be a valuable impact
tool for coastal environmental projections and impact studies.

Appendix A: The Estuarine Box Model

The CMCC EBM (9, 10), (http://www.estuaryboxmodel.org) is based on the assumption
of a two-layer flow dynamics in the estuary. The continuity equation and the salinity
advection-diffusion equation are integrated in each layer and across the horizontal
dimensions of the estuary, its length and width (see Fig. A1). This produces conservation
equations for the volume flux and the salt flux supposed to be uniform in each layer. The
two resulting equations are:

Qul = Qriver + Qll +H Lyutidef (1)
= s
Sul = SulQul +S HLyutidef + KSHHLyZ (2)

where H, L,, L. the estuary depth, width and length respectively. The subscripts "u/" and
"[I" refer to the upper and lower estuary layers respectively, U4y is the barotropic

velocity corresponding to the flood tide phase, S is the depth averaged ocean salinity and
Ksu= Ci Ly usider, the horizontal eddy diffusivity where Cyis the non-dimensional eddy

diffusivity coefficient representative of the estuary stratification and described in (70) by
a parametric equation using the dimensional analysis. The lateral ocean input fields at the
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estuary mouth are: Qu, Si, S and Uyiges- The river volume flux Qriver has to be provided at
the estuary head, i.e. at the last section along the river network moving in the

downstream direction where the salinity is still equal to zero on multi-year average
conditions.

The estuary length in CMCC-EBM is considered to represent the Salt-Wedge Intrusion
(SWI) length which changes dynamically following a parametric equation developed by
(10) for the Goro branch of the Po river:

L,=10 HF;°'3 (ﬂ)‘lo (%)_4.6 (Qtide,)°-3( ou )—0.01 "

Po Qriver Qriver

where F is the river Froude number, F’ is the tidal Froude number, Qrider = Ly H Uyigey,

po=1000 kgm™ is the river freshwater density, ps= po (1+ks Siy) with the haline contraction
coefficient taken to be constant and equal to k£=7.7 10 psu’! (10).

These three equations will give estimates of the outflowing volume flux Q. the salinity
S and the SWI length L, which we propose as an impact model to be interfaced with the
climate projected input fields for Qe and Qu, Su, S and Usidef -

Appendix B: The confidence levels of the extreme values

As it has been explained in the main body of the paper, the Peak Over Threshold (POT)
method has been employed to define the probability of extreme events observed during
the historical range in terms of their return periods. The POT datasets of the extreme
values of SWI lengths and outflowing salinity are the historical daily values which
exceed a threshold defined as the minimum value of the yearly maximum values, i.e.
12km and 23psu respectively.

Figure 6(a, b) shows that the frequencies of occurrence of the POT daily values of both L,
and S, follow a Weibull probability density function PDF (25).

The Bootstrap percentile method (26) has been applied to compute the confidence
intervals of the “shape” and “scale” parameters of the Weibull distribution for extreme Ly
and S,;shown in Figure 7.

The Bootstrap method (24, 25) is a resampling technique to perform statistical inference
directly from the data. The bootstrap is typically computed with a randomized algorithm.
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The practitioner randomly generates B new datasets (i.e. the Bootstrap samples) by
drawing randomly from the original dataset consisting of N values (i.e. the first guess).

The first guess of Bootstrap percentile is represented by the POT daily values of Lx and
Sui respectively. The number of resampling is chosen B = 1000.

Considering f and o as the “shape” and “scale” parameters of the first guess, B and o7
are the “shape” and “scale” parameters of the Bootstrap samples (j = 1 to 1000). The

Bootstrap percentile method determines the standardized variable z;;], = B£ and z’ﬁ,}. = Ui
J J
In this way, the appropriate limiting values of the standardized parameters may be

directly read from the list of their B estimates ranked in descending order of magnitude (;
from 1 to 1000).

Following Meeker et al. (2017) (26), in order to identify the bounding values of § and
corresponding to the 95% confidence interval, we compute Bx(a/2) = 1000* (0.05/2) = 25
which means that in the ranked values of z;;], and z’ﬁ,}. the 25™ value is the upper percentile
value, i.e. z’;;upper and z’f,upper respectively. Similarly, B+(1-(a/2)) = 1000 (1- (0.05/2)) =

*

975 means that the 975" value is the lower percentile value zp,  and z

Olower

respectively.

The upper and lower values di B and o corresponding to the 95% confidence interval are
then computed from the upper level and lower values of zg and z; as it follows:

[Blower'ﬁulmer] = [Z;lower *B, Z;upper * B]
6))

[alower' aupper] = [Z;lower * 0, Z;upper * 0'] (6)
Finding these upper and lower values of the Weibull distribution parameters, makes it

possible to have the probability curves of the prediction of the extreme values of L, and
S. shown in Fig. 7a and Fig. 7b along with the 95% confidence intervals.
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Open Research

The CMCC EBM is free and open software under the terms of the LGPL license,
distributed from its web page (http://www.estuaryboxmodel.org) where a Test Case on
Po di Goro estuary with the model inputs and outputs are accessible and interoperable.
The data archiving of CMCC EBM historical simulations and future projections here
discussed is underway on the webpage; in the meantime, the EBM input data and results
are included as supplementary material.

The observational datasets used in this study for the calibration and validation of the
CMCC EBM are publicly available. The observations of salinity at the Po di Goro mouth
(Manufatto gauge) and the Po river runoff at the Pontelagoscuro station are findable
through the Arpae repository and accessible at the Arpae webapp
(https://simc.arpae.it/dext3r).
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Fig. 1. The Goro branch of the Po river. It has a river-dominated estuary and flows into the
micro-tidal Adriatic Sea.
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Fig. 2. Pontelagoscuro hydrometry station. (A) observed discharge values during (1982 —
2011), (B) predicted discharge values for the scenario period (2021-2050).
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Fig. 3. Salt-wedge intrusion (EBM model). (A) historical period (1982-2011), (B) scenario
period (2021-2050).
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Fig. 4. Outflowing salinity (EBM model). (A) historical period (1982-2011), (B) scenario

period (2021-2050).
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Fig. A1 Sketch of the CMCC EBM model. Black arrows stand for input variables coming from
coupled models or observational datasets, red arrows indicate the unknowns solved by the EBM.
The pairs of blue arrows represent the tidal mixing. The model source code is open and free and
it is available here: http://www.estuaryboxmodel.org
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