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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: 11 

• Climate projections for a salt-wedge estuary show a strong seasonality in the foreseen 12 
increase of both the salt wedge intrusion length and the outflowing salinity 13 

• A two-layer estuary box model is provided to work as an impact tool for coastal 14 
environmental projections  15 



manuscript submitted to Earth’s Future 

 2 

Abstract 16 

Estuaries are the transitional systems between the riverine freshwaters and the ocean salt 17 
water. Increasing salt-wedge intrusions are mentioned as one of the major impacts of 18 
climate change in coastal areas. We propose a new methodology to predict salt wedge 19 
intrusions with an intermediate complexity model, so-called Estuarine Box Model 20 
(EBM), that allows to use hydrology and ocean climate scenarios to predict salt wedge 21 
intrusions. We apply this methodology to the Goro branch of the Po river flowing into the 22 
Northern Adriatic Sea. A 30 years’ period (1982-2011) is used to train and test the EBM 23 
that is then used to project the salt wedge in the (2021-2050) time period under the 24 
RCP8.5 emission scenario. The numerical results show that in the (2021-2050) period, 25 
the Po di Goro salt wedge intrusion length will increase by 15% on an annual basis (up to 26 
50% in summertime) and the outflowing salinity will increase 9% on annual basis (up to 27 
35% in summer). Finally, a statistical estimation of the extreme values of salt wedge and 28 
outflowing salinity shows return periods of 10 years for extremes twice the present mean 29 
values. It means that a 16 Km of salt-wedge intrusion, and outgoing salinity about 28 psu 30 
are highly expected as an extreme event with 10 years return period 31 

 32 

Plain Language Summary 33 

Salt wedge climate projections for one branch of the Po river Delta show a seasonality in 34 
the increase of the salt wedge intrusion length up to 50% in summer time considering the 35 
RCP8.5 climate scenario 36 

 37 

1 Introduction 38 

River salt-wedge intrusions are important threats to the quality of inland waters (1). 39 
Regionally downscaled climate change scenarios do not properly consider the river salt-40 
wedge intrusions because their grid spacing cannot represent the estuary geometry and 41 
they do not involve a proper river-seawater coupling. If we want to gain insight on the 42 
trends of salt wedge intrusions along the river estuaries, we need to couple regional 43 
climate models with intermediate complexity models that can represent the estuarine 44 
overturning circulation and mixing processes as a result of the competition between the 45 
upstream riverine freshwater discharge and the ocean waters at the river mouths. 46 

Recent literature on salt-wedge intrusion (SWI) projections has considered the changes in 47 
the upstream river flow and the sea level rise (SLR) under different climate change 48 
scenarios (2, 3). The overall result is that the river discharge changes are expected to 49 
affect the SWI more than the SLR. A source of uncertainty is represented by the use of 50 
global or at most regional scale SLR (4) without considering the coastal effects probably 51 
because no regional downscaled scenario reaches the resolution required to resolve the 52 
local SLR (5, 6). 53 

An additional challenge is the computational resources required to perform long term 54 
numerical experiments with very high-resolution hydrology and ocean models to resolve 55 
the estuary geometry. For this reason, the SWI response to climate change has been 56 
evaluated by means of synthetic experiments and/or annual mean experiments with 57 



manuscript submitted to Earth’s Future 

 3 

upstream river runoff and ocean water inflow averaged over multidecadal time windows 58 
representing the present and future climate (2, 3). There is a need to have an impact 59 
model tool, capable to run many decades, with inputs from the hydrological changes 60 
upstream the estuary and the ocean salt water changes at the estuary mouth. 61 

In the past 10 years, other studies have simulated the temporal variability of the SWI 62 
length. (7) provided an empirical estimate of this length scale in river-dominated 63 
estuaries and the EBM presented in (8) followed this formulation. The current study uses 64 
a novel, intermediate complexity model, the so-called CMCC EBM model (9, 10), which 65 
solves the estuarine water exchange by two conservation equations for volume and salt 66 
averaged over the diurnal tidal cycle. The EBM has been applied to the Goro branch of 67 
the Po river which is a river-dominated estuary and flows into the micro-tidal Adriatic 68 
Sea (Fig. 1).  69 

The main aim of this study is to show how to predict climate change impacts on SWI and 70 
outflowing estuarine-water salinity with an intermediate complexity model, a new salt 71 
intrusion impact model, encompassing the main estuarine dynamics processes.    72 

The question asked is: is the salt-wedge changing in the future climate scenarios and 73 
why? To what degree the estuarine dynamics is dominated by changes in the upstream 74 
river discharge?  75 

In section 2 we describe the modeling strategy and the forcing data used to perform the 76 
climate experiments. Section 3 presents the results on the salt-wedge intrusion scenario 77 
and the changes in outflowing salinity. Moreover, a statistical estimation of the extreme 78 
values is provided. Conclusions are in section 4. Finally we briefly describe the CMCC 79 
EBM model in Appendix A and the Bootstrap method used for the statistical analysis in 80 
Appendix B.  81 

 82 

2 Methodology 83 

2.1 Modeling Strategy 84 

The use of intermediate complexity models in climate change coastal impact studies is 85 
important because the earth system climate models do not consider the complex coastal 86 
geometry and the very local processes while mitigation and adaptation plan actions 87 
concentrate on very localized areas of high social and economic impact. This is the case 88 
of estuarine areas where the freshwaters meet the saltwater and eventually give rise to 89 
SWI phenomena and river plumes on the offshore area of the estuary that might affect 90 
primary, secondary and tertiary marine production (11, 12) in addition to groundwater 91 
salt contamination.  The more recent earth system models are still not able to properly 92 
couple model components at the land-sea interface (13,4,5,6) and in order to study the 93 
interactions between river waters and the sea it is necessary to use intermediate 94 
complexity models such as the Estuarine Box Model of this study.  95 

The two unknowns of our study are the SWI length and the salinity of the outflowing 96 
waters: the first has obvious implications for the salinization of inland waters already 97 
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mentioned and the second affects the coastal circulation and dynamics off the river 98 
mouths, i.e. the river plume, as well as the large-scale circulation (14).  99 

2.2 River forcing: historical data and climate projections 100 

The scenario of the Po discharge has been predicted by (15) using a hydrological model 101 
forced by a regional atmospheric model (16) nested in a global earth system climate 102 
model (17). (15) computed the RCP8.5 scenario projections for the Po at Pontelagoscuro 103 
(Fig.1) which is located right upstream of the Po delta river branches. For the historical 104 
(1982 – 2011) period, the Po river discharge was taken from observations at 105 
Pontelagoscuro hydrometer station. Figure 2a depicts daily discharge values observed 106 
during the (1982 – 2011) period having a time mean discharge of 1482 m3/s while Fig. 2b 107 
shows the predicted discharge for Po at Pontelagoscuro for the scenario period (2021–108 
2050) amounting to 1205 m3/s.  Thus the mean annual discharge of the Po river is 109 
reduced in the future period by approximately 23% with respect to the present conditions. 110 
We estimate the Goro branch of the Po river receives about 13% of the discharge at 111 
Pontelagoscuro (10) so in all our calculations we will use the upstream Po di Goro 112 
discharge value as the Po discharge at Pontelagoscuro scaled by 0.13.  113 

2.3 Ocean forcing: historical data and climate projections 114 

The EBM considers a two-layer flow in the estuary averaged over the estuarine 115 
horizontal areas. The lower layer inflowing salinity, Sll, and volume flux, Qll, for both the 116 
past state and the future scenario period were taken from the ocean component of a 117 
regional climate model (18). The Qll shows an average value of 3.3 m3/s in the historical 118 
period while 3.1 m3/s for the scenario period, corresponding to a decrease of about 6%.  119 
The Sll values show mean values of 35.3 psu for the historical period and 35.6 psu for the 120 
scenario period indicating a 1% increase. 121 

The volume flux due to the flood tides Qtidef is taken from the OTPS astronomical tidal 122 
model in its regional configuration over the Mediterranean Sea with 1/30-degree 123 
horizontal resolution (19). The mean tidal flow, extracted during the diurnal flood tide 124 
phases and averaged over 30 years, amounts to 18.6 m3/s for the historical period and 125 
18.7 m3/s for the scenario period, given the short period considered for astronomical 126 
parameters to change. Thus all the ocean lateral boundary conditions here considered 127 
change relatively little with respect to the river discharge and this strongly affect the salt-128 
wedge projections. 129 

 130 

3 Results 131 

3.1 Salt-wedge intrusion projections 132 

Using the CMCC-EBM model, the SWI length Lx and the outflowing upper layer salinity 133 
Sul have been computed for both historical and scenario periods. Figure 3 shows the 134 
values of Lx for the historical period (1982-2011) with the long-term average value of Lx 135 
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= 8.1 Km. For the scenario period (2021– 2050) Lx increases by 1.2 km, i.e. a 15% 136 
increase over the present condition values.  137 

Similarly, the outflowing upper layer salinity is higher as shown in Figure 4(a, b) where 138 
the salinity at the river mouth will increase of 1.1 psu in the mid-term scenario with 139 
respect to the present climate (corresponding to a 9% increase on annual basis). 140 

The comparison of the seasonal daily mean values over the two 30 years’ periods for Lx 141 
and Sul is shown in Fig. 5(a, b). The (2021-2050) projections show a larger increase of Lx 142 
during summer, arriving to a 40% increase in the July-August period with respect to 143 
present conditions. For the outflowing upper layer salinity, we see an increase from 20 to 144 
25 psu during the summer months. In the (2020-2050) period we expect the salinity at 145 
river mouth will rise up to 35% in summer while a decrease is foreseen over November-146 
January. 147 

In conclusions we argue that the river discharge is the driver of SWI length and the 148 
salinity changes at the river mouth, neglecting the local SLR trends at the river mouth 149 
that are not available for this region. The other forcing changes, such as the inflowing 150 
lower layer salinity and volume flux are negligible with respect to upstream discharge 151 
changes. Nevertheless, even knowing the changes upstream and downstream of the river, 152 
it will be impossible to calculate the exact changes in SWI length without the CMCC-153 
EBM which encompasses all the necessary physical processes. 154 

 155 

3.2 Extreme values estimation 156 

In addition to the projection of mean changes with respect to the present climate, it is 157 
important to define the probability of extreme events in terms of return periods. The Peak 158 
Over Threshold (POT) (20) method has been used to generate the input dataset of the 159 
extreme values of SWI lengths and outflowing upper layer salinity. One of the key 160 
choices in the POT method is to decide a threshold value. For the extreme values, the 161 
threshold has been considered as the minimum value of the yearly maximum values 162 
during the historical period (1982-2011) which produces the threshold values of 12 Km 163 
for Lx and 23 psu for Sul.  164 

Literature shows that the PDF of positive definite atmospheric and ocean variables are 165 
skewed and heavy-tailed (21, 22). Figure 6(a, b) shows that the frequencies of occurrence 166 
of the daily values of Lx and Sul follow a Weibull probability density function PDF (23) 167 
for both parameters. The Bootstrap percentile method (24,25,26) has been applied to 168 
compute the confidence intervals of the parameters β and σ as the “shape” and “scale” 169 
parameters of the Weibull PDF for the data of Lx and Sul. Details are in the Appendix B. 170 

The probability curves of the extreme values of the Lx and Sul as function of their return 171 
periods 𝑻 along with the upper and lower 95% confidence intervals are shown in Fig. 7a 172 

and Fig. 7b respectively. The return period is by definition 𝑻 = 𝟏
𝟏$𝑷𝒙'𝒙𝒎𝒂𝒙

 where 𝑷𝒙*𝒙𝒎𝒂𝒙  173 
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is the Weibull cumulative distribution function representing the probability that the 174 
variable x (Lx and Sul in this work) is less than or equal to the selected threshold 𝒙𝒎𝒂𝒙.  175 

The salt wedge values of 16 km and 20 km registered during the historical period (when 176 
the mean SWI length is found to be equal to 8.1 km) are expected with 10 and 100 years 177 
return periods respectively. Red points in Fig. 7a are the projected values of Lx by EBM 178 
model for the scenario period (2021-2050). In the projections Lx  values of 20 km will 179 
have a shorter return period of about 60 years. 180 

Moreover, the river mouth salinity values of 28 psu and 34 psu registered during the 181 
historical period (when the mean outflowing salinity at river mouth is found to be equal 182 
to 12.9 psu) are also expected to occur with 10 and 100 years return periods (Fig. 7b). 183 
Red points in Fig. 7b are the projected values of Sul by EBM model for the scenario 184 
period (2021-2050) and the 34 psu values will have a shorter return period of about 50 185 
years.  showing reliable predictions inside the upper-lower 95% confidence intervals for 186 
all the return periods. 187 

Overall the hazard estimation shorter short return periods of the extreme values of 188 
outflowing salinity and SWI length: return periods of 10 years (high occurrence 189 
probability) are found for extremes twice the present mean values. Moreover, the EBM 190 
projections show even shorter return periods with respect to the extreme values of Lx and 191 
Sul computed during the historical period. 192 

 193 

4 Conclusions 194 

An intermediate complexity estuarine box model, so-called CMCC-EBM, has been used 195 
for the first time as an impact model to study SWI and outflowing salinity in rivers for 196 
present and future climate conditions.  The CMCC-EBM couples the hydrology and the 197 
shelf ocean waters from general circulation models. In this way the simulations we 198 
carried out include the 2way feedback between riverine and marine waters by solving the 199 
estuarine water exchange mechanism. 200 

This study shows that, for a river-dominated estuary flowing into a micro-tidal sea, the 201 
river discharge reduction is the main factor affecting the increase of the salt-wedge length 202 
and the river outflowing salinity. The numerical findings for the Po di Goro river branch 203 
depict an average lengthening of the SWI in the (2021-2050) period equal to 1.2 km 204 
(meaning a 15% increase) and an increase of the river outflowing salinity of 1.1 psu 205 
(corresponding to a 9% increase). This increase has a large seasonal cycle, the projections 206 
showing a sharp increase in summer time for the SWI length and the salinity up to 40-207 
50% of the present state values.  208 

The extreme values of SWI and outflowing salinity computed during the historical period 209 
are found to have relatively short return periods of about 10 years (high occurrence 210 
probability) for extremes twice the present mean values . SWI maximum values such as 211 
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20 km, have return periods of 100 years for the historical period and about 60 years in the 212 
projected climate.  213 

Overall the projected changes in the SWI length of the Po di Goro branch provide a 214 
valuable piece of information for adaptation policies since it is already clear that this 215 
region is facing increasing salinization of inland waters. Furthermore, it is known that a 216 
change of several psu in river outflowing salinity has the potential of changing the ocean 217 
circulation and dynamics from coastal to large scales (14). For all these reasons above, 218 
the CMCC-EBM intermediate complexity model used here could be a valuable impact 219 
tool for coastal environmental projections and impact studies. 220 

 221 

Appendix A: The Estuarine Box Model 222 

The CMCC EBM (9, 10), (http://www.estuaryboxmodel.org) is based on the assumption 223 
of a two-layer flow dynamics in the estuary. The continuity equation and the salinity 224 
advection-diffusion equation are integrated in each layer and across the horizontal 225 
dimensions of the estuary, its length and width (see Fig. A1). This produces conservation 226 
equations for the volume flux and the salt flux supposed to be uniform in each layer. The 227 
two resulting equations are: 228 

𝑸𝒖𝒍 = 	𝑸𝒓𝒊𝒗𝒆𝒓 + 𝑸𝒍𝒍 + 𝑯	𝑳𝒚𝒖𝒕𝒊𝒅𝒆𝒇                                    (1) 229 

𝑺𝒖𝒍 = 𝑺𝒖𝒍𝑸𝒖𝒍 +𝑺; 𝑯𝑳𝒚𝒖𝒕𝒊𝒅𝒆𝒇 + 𝑲𝑺𝑯𝑯𝑳𝒚
𝑺;

𝑳𝒙
                    (2) 230 

where H, Ly, Lx the estuary depth, width and length respectively. The subscripts "ul" and 231 
"ll" refer to the upper and lower estuary layers respectively, 𝒖𝒕𝒊𝒅𝒆𝒇 is the barotropic 232 
velocity corresponding to the flood tide phase, 𝑺; is the depth averaged ocean salinity and 233 
KSH = Ck Ly utidef, the horizontal eddy diffusivity where Ck is the non-dimensional eddy 234 
diffusivity coefficient representative of the estuary stratification and described in (10) by 235 
a parametric equation using the dimensional analysis. The lateral ocean input fields at the 236 
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estuary mouth are: Qll, Sll, 𝑺; and 𝒖𝒕𝒊𝒅𝒆𝒇. The river volume flux Qriver has to be provided at 237 
the estuary head, i.e.  at the last section along the river network moving in the 238 

downstream direction where the salinity is still equal to zero on multi-year average 239 
conditions. 240 

The estuary length in CMCC-EBM is considered to represent the Salt-Wedge Intrusion 241 
(SWI) length which changes dynamically following a parametric equation developed by 242 
(10) for the Goro branch of the Po river: 243 

𝑳𝒙 = 𝟏𝟎	𝑯	𝑭𝒓$𝟎.𝟑 A
𝝆𝒍𝒍
𝝆𝟎
C
𝟒𝟎
A𝑯
𝒉
C
$𝟒.𝟔

A𝑸𝒕𝒊𝒅𝒆𝒇
𝑸𝒓𝒊𝒗𝒆𝒓

C
𝟎.𝟑
A 𝑸𝒍𝒍
𝑸𝒓𝒊𝒗𝒆𝒓

C
$𝟎.𝟎𝟏

     (3) 244 

where Fr is the river Froude number, Fr is the tidal Froude number, Qtidef = Ly H 𝒖𝒕𝒊𝒅𝒆𝒇, 245 
ρ0=1000 kgm-3 is the river freshwater density, ρll= ρ0 (1+ks Sll) with the haline contraction 246 
coefficient taken to be constant and equal to ks=7.7 10-4 psu-1 (10).  247 

These three equations will give estimates 𝒐𝒇	the outflowing volume flux Qul, the salinity 248 
Sul and the SWI length Lx which we propose as an impact model to be interfaced with the 249 
climate projected input fields for Qriver  and Qll, Sll, 𝑺; and 𝒖𝒕𝒊𝒅𝒆𝒇. 250 

  251 

Appendix B: The confidence levels of the extreme values 252 

As it has been explained in the main body of the paper, the Peak Over Threshold (POT) 253 
method has been employed to define the probability of extreme events observed during 254 
the historical range in terms of their return periods. The POT datasets of the extreme 255 
values of SWI lengths and outflowing salinity are the historical daily values which 256 
exceed a threshold defined as the minimum value of the yearly maximum values, i.e. 257 
12km and 23psu respectively. 258 

Figure 6(a, b) shows that the frequencies of occurrence of the POT daily values of both Lx 259 
and Sul follow a Weibull probability density function PDF (25).  260 

The Bootstrap percentile method (26) has been applied to compute the confidence 261 
intervals of the “shape” and “scale” parameters of the Weibull distribution for extreme Lx 262 
and Sul shown in Figure 7. 263 

The Bootstrap method (24, 25) is a resampling technique to perform statistical inference 264 
directly from the data. The bootstrap is typically computed with a randomized algorithm. 265 
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The practitioner randomly generates B new datasets (i.e. the Bootstrap samples) by 266 
drawing randomly from the original dataset consisting of N values (i.e. the first guess). 267 

The first guess of Bootstrap percentile is represented by the POT daily values of Lx and 268 
Sul respectively. The number of resampling is chosen B = 1000.  269 

Considering β and σ as the “shape” and “scale” parameters of the first guess,	𝜷𝒋∗ and 𝝈𝒋∗ 270 
are the “shape” and “scale” parameters of the Bootstrap samples (j = 1 to 1000). The 271 

Bootstrap percentile method determines the standardized variable 𝒛𝜷𝒋
∗ = 𝜷

𝜷𝒋
∗ and  𝒛𝝈𝒋

∗ = 𝝈
𝝈𝒋
∗.  272 

In this way, the appropriate limiting values of the standardized parameters may be 273 
directly read from the list of their B estimates ranked in descending order of magnitude (j 274 
from 1 to 1000).  275 

Following Meeker et al. (2017) (26), in order to identify the bounding values of β and σ 276 
corresponding to the 95% confidence interval, we compute B*(α/2) = 1000* (0.05/2) = 25 277 
which means that in the ranked values of 𝒛𝜷𝒋

∗  and 𝒛𝝈𝒋
∗  the 25th value is the upper percentile 278 

value, i.e. 𝒛𝜷𝒖𝒑𝒑𝒆𝒓
∗  and 𝒛𝝈𝒖𝒑𝒑𝒆𝒓

∗  respectively. Similarly, B*(1-(α/2)) = 1000 (1- (0.05/2)) = 279 

975 means that the 975th value is the lower percentile value 𝒛𝜷𝒍𝒐𝒘𝒆𝒓
∗  and 𝒛𝝈𝒍𝒐𝒘𝒆𝒓

∗  280 
respectively.  281 

The upper and lower values di β and σ corresponding to the 95% confidence interval are 282 
then computed from the upper level and lower values of 𝒛𝜷∗ 	and 𝒛𝝈∗  as it follows: 283 

O𝜷𝒍𝒐𝒘𝒆𝒓, 𝜷𝒖𝒑𝒑𝒆𝒓Q = R𝒛𝜷𝒍𝒐𝒘𝒆𝒓
∗ ∗ 𝜷, 𝒛𝜷𝒖𝒑𝒑𝒆𝒓

∗ ∗ 𝜷S                                                                     284 

(5) 285 

O𝝈𝒍𝒐𝒘𝒆𝒓, 𝝈𝒖𝒑𝒑𝒆𝒓Q = R𝒛𝝈𝒍𝒐𝒘𝒆𝒓
∗ ∗ 𝝈, 𝒛𝝈𝒖𝒑𝒑𝒆𝒓

∗ ∗ 𝝈S                                                                     (6) 286 

Finding these upper and lower values of the Weibull distribution parameters, makes it 287 
possible to have the probability curves of the prediction of the extreme values of Lx and 288 
Sul shown in Fig. 7a and Fig. 7b along with the 95% confidence intervals. 289 

 290 
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discussed is underway on the webpage; in the meantime, the EBM input data and results 306 
are included as supplementary material. 307 
The observational datasets used in this study for the calibration and validation of the 308 
CMCC EBM are publicly available. The observations of salinity at the Po di Goro mouth 309 
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 388 

Figures 389 

 390 

Fig. 1. The Goro branch of the Po river. It has a river-dominated estuary and flows into the 391 
micro-tidal Adriatic Sea.  392 
 393 
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 394 

Fig. 2. Pontelagoscuro hydrometry station. (A) observed discharge values during (1982 – 395 
2011), (B) predicted discharge values for the scenario period (2021–2050).  396 
 397 
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 398 

Fig. 3. Salt-wedge intrusion (EBM model). (A) historical period (1982-2011), (B) scenario 399 
period (2021–2050).  400 
 401 
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 402 

Fig. 4. Outflowing salinity (EBM model). (A) historical period (1982-2011), (B) scenario 403 
period (2021–2050).  404 
 405 

 406 
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 407 

Fig. 5. Seasonal cycle of daily mean values (EBM model). (A) Salt-wedge intrusion, (B) 408 
Outflowing salinity.  409 
 410 
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 411 

Fig. 6. Frequencies of occurrence of daily values. (A) Salt-wedge intrusion, (B) Outflowing 412 
salinity.  413 
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 414 

Fig. 7. Probability curves with upper-lower 95% confidence intervals. (A) Compared with 415 
the predicted values of Lx for the scenario period (2021-2050), (B) Compared with the predicted 416 
values of the outflowing salinity for the scenario period (2021-2050).  417 
 418 

  419 



manuscript submitted to Earth’s Future 

 19 

 420 

             421 

 422 

Fig. A1 Sketch of the CMCC EBM model. Black arrows stand for input variables coming from 423 
coupled models or observational datasets, red arrows indicate the unknowns solved by the EBM. 424 
The pairs of blue arrows represent the tidal mixing. The model source code is open and free and 425 
it is available here: http://www.estuaryboxmodel.org  426 



3RQWHODJRVFXUR3RQWHODJRVFXUR3RQWHODJRVFXUR3RQWHODJRVFXUR3RQWHODJRVFXUR

*RUR�EUDQFK

3R�'HOWD

0DQXIDWWR



�

�

����

����

����

����

�����
�E� $YHUDJH� 4 ������������ ��������P��V

4
� 3U

RM
HF
WLR
Q
�P

� �V
�

�

�

����

����

����

����

�����

4
3R
QW
HO
DJ
RV
FX
UR
�P

� �V
�

$YHUDJH� 4 ������������ ��������P��V�D�



�

�

�

��

��

��

��

��

/[
�.
P
�

$YHUDJH� /[ ������������ �����.P�E�

�

�

�

��

��

��

��

��

/[
�.
P
�

$YHUDJH� /[ ������������ �����.P�D�



�

�

��

��

��

��

6 X
O�
SV
X�

$YHUDJH� 6XO ������������ ����SVX�E�

�

�

��

��

��

��

6 X
O�
SV
X�

$YHUDJH� 6XO ������������ ������SVX�D�

�

�

��

��

��

��

6 X
O�
SV
X�

$YHUDJH� 6XO ������������ ����SVX�E�

�

�

��

��

��

��

6 X
O�
SV
X�

$YHUDJH� 6XO ������������ ������SVX�D�

Text



�

�

��

��

��

��

��

6 X
O�
SV
X�

�������PHDQ����������
�������PHDQ����������

�E�

6XO
6XO

�

�

�

�

�

��

��

��

��

/[
�.

P
�

��������PHDQ����������
��������PHDQ����������

�D�

/[
/[

�-DQ�����)HE�����0DU�����$SU����0D\�����-XQ������-XO�����$XJ�����6HS�����2FW�����1RY�����'HF��

�-DQ�����)HE�����0DU�����$SU����0D\�����-XQ������-XO�����$XJ�����6HS�����2FW�����1RY�����'HF��



�

�

���

����

����

��� �� �

[�� ��[��� ���[��� ���[��� ���[��� [!��

)U
HT
XH
QF
\

/[ �.P�

�D�

����

����

����

����

���
�� ��

[�� ��[��� ���[��� ���[��� ���[��� ���[��� [!��

)U
HT
XH
QF
\

6XO �SVX�

�E�



�

�

��

��

��

��

��

� �� ��� ����

/[
P
D[
��
.
P
�

75 �\HDU�

:HLEXOO�GLVWULEXWLRQ
/RZHU�����FRQ¿GHQFH
8SSHU�����FRQ¿GHQFH
3UHGLFWLRQ����������

�D�

��

��

��

��

��

� �� ��� ����

6 X
O P

D[
��
SV
X�

75 �\HDU�

:HLEXOO�GLVWULEXWLRQ
/RZHU�����FRQ¿GHQFH
8SSHU�����FRQ¿GHQFH
3UHGLFWLRQV����������

�E�




