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Abstract

River discharges play an important role in understanding mercury fate in contaminated catchments. While
hydrological and hydraulic models are commonly used to calculate discharges, their complexity and
computational costs often pose challenges. This study evaluates the fit of the statistical curve and one of the
machine learning methods, namely model trees, and explores their performance in predicting downstream river
discharges based on upstream discharge measurements. The model trees method performs better, particularly
with high discharges, which transport the vast majority of mercury downstream. The resulting relationships
can be used as an input to various models assessing the impact of mercury pollution from the former mine in
Idrija and the climate change on mercury transport in the river systems of the Idrijca and So¢a/lsonzo rivers.
The application of such models will improve our understanding of mercury cycling in the contaminated
catchment and in the Gulf of Trieste’s coastal environment.
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Izvlecek

Pretoki rek igrajo pomembno vlogo pri razumevanju usode zivega srebra v onesnazenih porecjih. Za doloc€itev
pretokov se obicajno uporabljajo hidroloski in hidravli¢ni modeli, zal pa njihova kompleksnost in stroski,
povezani z njihovo postavitvijo, pogosto predstavljajo izziv. Ta $tudija primerja statisti¢éno metodo prileganja
krivulje (angl. curve fitting) in eno izmed metod strojnega ucenja, tj. modelna drevesa, ter raziskuje njihovo
uc¢inkovitost pri napovedovanju dolvodnih pretokov rek na podlagi gorvodnih meritev pretokov. Modelna
drevesa dajejo boljSe rezultate, predvsem pri visokih pretokih, ko je tudi transport Zivega srebra najvecji.
Izra¢unana razmerja pretokov lahko uporabimo kot vhodne podatke v razliénih vrstah modelov za oceno
vplivov onesnazenja z zivim srebrom iz nekdanjega rudnika v Idriji ter podnebnih sprememb na transport
zivega srebra po re¢nem sistemu Idrijce in Soce, katerih uporaba bo pripomogla k boljSemu razumevanju
krozenja zivega srebra v onesnazenem porecju in v obalnem okolju Trzaskega zaliva.

Kljuéne besede: pretok, zivo srebro, Idrijca, reka Soca, prileganje krivulje, modelna drevesa.
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1. Introduction

The Idrijca and Soca river catchments have been
subject to mercury (Hg) pollution from the former
Hg mine in Idrija (Slovenia). Hg concentrations are
particularly increased in the alluvial sediments
along both rivers (Gosar and Zibret, 2011), as the
smelting remains were deposited close to the Idrijca
riverbank and washed away by the runoff and river
floods. Even though the mine has been closed for
more than three decades, about 1,500 kg of Hg is
still transported to the Gulf of Trieste by the rivers
Idrijca and Soda annually (Sirca et al., 1999a,
1999b). Previous studies (Zagar et al., 2006; Gosar
and Zibret, 2011) confirmed that about 10,000 Mg
(i.e. 10" kg) of Hg is still available for transport.
Particularly during flood events, the Hg bound to
soil and sediments is washed off in suspended
matter from the flood plains and riverbed, and
transported along the river system. The quantity of
Hg washed to the Gulf of Trieste by discharges of
lower probability (i.e. with a return period of more
than 100 years) can exceed 10 Mg (i.e. 10* kg) per
event (Zagar et al., 2006).

Zhu et al. (2018) discussed the availability of
adequate data as a critical factor in selecting the
appropriate model to assess Hg transport in river
systems. They also listed several models used in
various freshwater and marine compartments and
the case studies where these models were applied.
Although multi-box models representing the
computational domain by consecutive zero-
dimensional boxes at the level of catchment and
small coastal environment are available, e.g.,
WASP (Ambrose and Wool, 2017), MeRiMod
(Carroll et al., 2000; 2001; Zagar et al., 2006,
Carroll and Warwick, 2016) and INCA-Hg models
(Whitehead et al., 1998a,b; Wade et al., 2002), and
have been applied in similar studies, we intend to
develop and use a new multi-box model for the
Idrijca—Soca river system and the Gulf of Trieste.
The disadvantage of all existing multi-box models
is that they require numerous parameters that are not
always available, as the models were developed
within the framework of a specific study, with the
measurements adapted to the applied model (Zhu et
al., 2018, and the references therein).
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More than 90% of particulate-bound pollutants in
the Idrijca and Soca rivers are transported during
flood events, as the concentration of suspended
solids increases exponentially with the discharge
(Zagar et al., 2006). Therefore, the prediction of
river discharge is crucial for understanding the Hg
loading and its fate in the Gulf of Trieste. As a result
of climate change, the Mediterranean region is
expected to experience higher rainfall intensities
and increased runoff carrying accumulated
pollutants to the sea (Lun et al,, 2021; Bertola et
al,, 2023). Despite high uncertainties, predicting
Hg transport under changing climate conditions
requires adequate knowledge of discharge
dynamics along the river system.

There are several viable approaches to this task.
Commonly, hydrological and hydraulic models are
used, as they are the most transparent in terms of
explaining the whole process. However, they also
require several times more data and a significantly
longer, more complex modelling process. Carrol et
al. (2000, 2001) and Zagar et al. (2006) applied full
1-D hydraulic models, namely MeRiMod and HEC
-RAS (https://www.hec.usace.army.mil/software/
hec-ras/) to assess discharge dynamics along the
river system, and the approach required detailed
topography and bathymetry of the entire river
systems and flood plains, consumption curves at the
boundaries between the compartments, and
Manning’s coefficients. These parameters are
variable in time and must be obtained after each
extreme event.

In multi-box models, similarly to any other
transport/transformation model, all processes
depend on the discharge dynamics within and in
between the boxes or grid cells. However, in studies
where the discharge is further applied in simplified
models or computations of relatively low accuracy,
it is difficult to justify the application of complex
and  computationally  expensive  modelling
procedures. In such cases, we can use alternative
data-driven approaches, such as statistical methods
or machine learning (ML) algorithms, learning from
the available measured data. Although these models
have good predictive power, they often lack
interpretability and transferability to other domains
(Maity et al., 2024; Tripathy and Mishra, 2024).
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In this study, we applied two data-driven
approaches, namely the curve fitting method and an
ML model trees approach, to determine relations
between the discharges measured along the selected
river system.

ML is a branch of artificial intelligence that deals
with acquiring new knowledge and finding rules in
data by utilizing experience-based learning. The
chosen algorithm first builds a model based on the
relations between input and output variables. Next,
the model is used to predict output variables
(numerical or descriptive) in the event of new or
changed input variable values (Jordan and Mitchell,
2015). The advantages of ML methods are the
ability to independently uncover trends or patterns
in large data sets, a good fit to the training data, and
quick adaptation of the models to changed
circumstances, whereby it is possible to
continuously update them with new data if they
become available (Zhong et al., 2021). In
environmental sciences, ML methods have been
successfully applied for assessing ecological risks
and the quality of water and soil, for the
optimization of various environmental
technologies, the identification of surface and
underground water pollution sources, and habitat
modelling (Zhong et al., 2021).

Although both curve fitting and model trees are
data-driven methods with all the benefits and
drawbacks of such an approach, the model trees are
considered semi-transparent and an upgrade of the
plain regression methods (Quinlan, 1992). They
allow the user to apply recursive data-partitioning
techniques to automatically construct a model for
predicting the values of numerical variables. Due to
the data partitioning techniques, they have a better
capacity to fit dynamic data. Model trees can
efficiently handle large datasets with many
attributes and missing data (Behnood et al., 2017).
We hypothesize that model trees will outperform
the curve-fitting method in discharge prediction,
especially when informed by more dynamic data
that can be observed during high-flow periods.

The present study aims to apply both methods and
compare their results. The obtained relationships
will be used in modelling the impact of climate
changes to the transport of sediment and sediment-
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bound Hg in the river system. This will improve our
knowledge on the quantity of Hg in the Gulf of
Trieste and contribute to general knowledge on Hg
cycling in contaminated catchment and coastal
environments. Additionally, the proposed approach
to accessing the relationships between the measured
discharges could be used in other environmental
domains, e.g. to model river water quality or
sediment transport along the watercourse.

2. Materials and methods

2.1 Study area and input data

The study area included three gauging stations
along the Soca River, namely the stations Log
Cezsoski, Kobarid, and Solkan, and two along its
tributary Idrijca, i.e., stations Podroteja and Hotesk
(Figure 1). Gauging station Kobarid was taken into
consideration only during preliminary tests. The
present study focused on the other four stations.

B :":o..
o W

Kobarid ~ ™«

Hotesk

Solkan

Podroteja

Figure 1: Locations of considered gauging
stations (arrows show direction of the flow).

Slika 1: Lokacije obravnavanih merilnih postaj
(puscice kazejo smer toka).

The input data were hourly river discharges
measured for the period from 1 January 2020 to 31
December 2023, amounting to a time series of more
than 35,000 values, acquired from the archives of
Slovenian Environment Agency (ARSO). Measured
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data from 2020 to 2022 were used for calibration
(i.e. to set up or train both the curve fitting and ML
models), while the discharges from 2023 were used
for the validation.

Using hourly data, we were able to test the effect of
different time lags of discharges (up to 24 hours), to
account for the influence of discharges measured at
the upstream stations at time t-1[h] to t-24 [h] on the
downstream discharges measured at time t.

2.2 Curve fitting

To investigate the correlation of discharges for
consecutive water gauging stations, the Mathworks
Matlab R2024a Curve Fitter tool was employed.
This tool allows for fitting of curves and surfaces to
data, conducting regression analysis using the
library of linear and nonlinear models. The library

Data set
Q1, Qi,,  CQ1, Qz,
3.1 ? ? 80.2
3.1 3.1 ? 50.1
3.0 31 3.1 50.9
3.1 3.0 3.1 45.2
3.0 3.1 3.0 20.8
3.0 3.0 3.1 19.4
Q1,27

provides optimized solver parameters and initial
conditions to improve the quality of fits (Mathworks
Matlab, 2024).

2.3 Model trees

Model trees are hierarchical structures composed of
three types of nodes (a root, internal nodes, and
leaves) connected by branches (Figure 2). The root
is the starting node at the top of the tree. Together
with the internal nodes, it contains tests on the input
attributes — in our case, discharges measured at
upstream gauging stations, considering time lags.
The leaves (terminal nodes) contain linear models
for calculating a target/class variable — in our case,
discharge measured at a particular downstream
gauging station in time t. Model trees are interpreted
in terms of IF-THEN rules.

Model tree
induction

Qlt>7

Q2t = 0,5 ' Qlt + 114 ) Qlt—l - 315

Q, =0-Qy, +28-Qy,_, +22

O Node

|:| Leaves, where the target variable (i.e., ta) is predicted

Figure 2: Induction of a model tree from a given data set, as used in the present study.

Slika 2: Indukcija modelnega drevesa iz danega niza podatkov, uporabljena v tej Studiji.
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In this study, model trees were built using the M5P
algorithm (Quinlan, 1992; Wang and Witten, 1997)
incorporated into the ML package WEKA (Witten
et al., 2011). The M5P algorithm combines linear
regression and decision-tree-supervised ML. It
constructs a tree by recursively partitioning the
training dataset based on the attribute values. The
splitting process aims to find the attribute that
provides the best split based on selected criteria,
e.g., information gain or variance reduction.

To cope with model tree complexity and avoid
overfitting, pruning was applied, which improves
the transparency of the induced trees by reducing
their size (Bratko, 1989). To this end, we used the
“minimum number of instances per leaf” criterion,
meaning every leaf should contain a minimum
number of examples — otherwise, no branching is
allowed.

Model trees learn from using a training data set — in
our case discharges measured in the period 2020—
2022. The quality of the constructed model, as
gauged by the accuracy of its predictions, is
expressed as a correlation coefficient. To
test/validate the model, we used the generated
model trees and the testing data set — discharges,
measured in 2023.

One option for improving model performance is to
reduce the dimensionality of the data, namely the
number of attributes. To this end, we applied the
automatic attribute selection feature incorporated
into WEKA, namely the Correlation-based feature
subset evaluation (CfsSubsetEval; Hall, 1999) used
to evaluate the correlation between the attributes
and the class variable. The CfsSubsetEval

automatically selects the subset of attributes that
have a high correlation with the class variable while
having low intercorrelation among themselves.

We used the model tree approach to find relations
between:

1. discharges at the HoteSk gauging station and the
delayed discharges at the upstream Podroteja
gauging station, and

2. discharges at the Solkan gauging station and the
delayed discharges at the gauging stations
Hotesk and Log Cezsoski.

First, we used all of the attributes to build model
trees. Next, we performed tree pruning. Finally, we
applied the algorithm  CfsSubsetEval to
automatically select the most informative attributes
and possibly improve model performance.

3. Results and discussion

3.1 Application of Curve Fitter tool
3.1.1 Calibration

First, curve fitting was performed for hourly
discharges measured at stations along Idrijca,
specifically the upstream Podroteja and downstream
Hotesk. Correlating the two sets of input data
resulted in a best-fit curve. Since the Idrijca takes
several hours to travel from one end of the
mentioned section to the other, various time lags
were taken into consideration. However, for all
cases the best-fit curves were linear functions f(x) =
Ax + B, where f(x) was the discharge at Hotesk and
x was discharge at Podroteja, while A and B were
coefficients. These results are summarized in Table
1.

Table 1: Curve fitting for discharges measured at stations Podroteja and Hotesk.

Preglednica 1: Prileganje krivulj za pretoke, izmerjene na postajah Podroteja in Hotesk.

A A A
1h 1.92 3.63 1.91t01.92 3.491t03.78 0.91 10.53
2h 1.93 3.51 1.92t01.94 3.3810 3.64 0.93 9.60
3h 1.93 3.48 1.931t01.94 3.36t0 3.61 0.93 9.41
4h 1.92 3.60 1.91t01.93 3.46t0 3.73 0.92 10.24
5h 1.89 3.84 1.881t01.90 3.68104.00 0.89 11.85
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Values of R? and RMSE in the Table 1 indicate that
the best correlation was achieved with the time lag
of 3 hours. The graphical representation of this
correlation is given in Figure 3.

Figure 3 clearly shows that correlation decreases
with increasing discharges. Since we are interested
mostly in higher discharges (as they trigger the
movement of sediment and consequently of Hg),
this statistical approach is not optimal.

Next, based on the results showing that the time lag
between the Podroteja and Hotesk stations is 3
hours, and assuming the similar distances of the
river reaches in consideration, it was estimated that
the same time lag exists between stations on the
So¢a, i.e. Log Cezsoski (upstream location) and
Kobarid (downstream location, but still upstream of
the confluence). Using the same line of reasoning, it
can be estimated that the time lag between the
confluence and the station at Solkan is similarly 3
hours, amounting to 6 hours of difference between
the discharges at the upstream stations of Podroteja

and Log Cezsotki, and the target downstream
station of Solkan.

Again, the Curve Fitter tool was used, but this time
to find the best-fit surface for the stations Podroteja,
Log Cezsoski and Solkan, separated by a time
difference of 6 hours. A time lag of 7 hours was also
tested for the comparison. In both cases, the best fit
was a surface f(x,y) = C + Dx + Ey, where f(X,y)
was the discharge at Solkan, x was the discharge at
Podroteja, y was the discharge at Log Cezsoski,
while C, D, and E were coefficients. These results
are summarized in Table 2.

Values of R? and RMSE in the Table 2 indicate that
better correlation is achieved with the time lag of 6
hours. As expected, the correlation for the surface
(considering 3 stations) is not as good as for the
curve (considering only 2 stations). Also, it
decreases with the increasing time lag. The
graphical representation of this surface is given in
Figure 4.

Fit Plot

600 —

Hotesk

*  Hotesk vs. Podroteja ||
Idrijca - zamik 3h
.

100

150 200

Podroteja

Figure 3: Best-fit curve for discharges at the gauging stations Podroteja (x-axis, in m%/s) and Hotesk (y-axis,

in m%/s), with the time lag equaling 3 hours.

Slika 3: Najboljsa krivulja za pretoke na postajah Podroteja (x-0s, v m*/s) in Hotesk (y-0s, v M%/s), casovni

zamik je 3 ure.
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Table 2: Best-fit surface for discharges at stations Podroteja, Log Cezsoski, and Solkan.

Preglednica 2: Najbolje prilegajoca se ploskev za pretoke na postajah Podroteja, Log Cezsoski in Solkan.

time C at 95% D at 95% E at 95% 2 3

lag C D E confidence confidence confidence R RMSE (m®/s)
3.11 3.60 2.52

6h 3.89 3.64 2.55 10467 10368 t0 258 0.83 46.32
4.10 3.57 2.48

7h 4.92 3.61 2.52 10574 t03.65 t0 2,65 0.81 48.77

1200 -]

1000 ]

800 ]

600

Solkan

400 |

200 -

Log 0

Fit Plot

Solkan vs. Podroteja, Log

100

Podroteja

Figure 4: Best-fit surface for discharges measured at Idrijca — Podroteja (x-axis, in m*/s), Soca — Log
Cezsoski (v-axis, in m%/s), and Soc¢a — Solkan (z-axis, in m¥s); time lag equals 6 hours.

Slika 4: Najbolje prilegajoca se ploskev za pretoke, izmerjene na postajah ldrijca — Podroteja (x-0s, v m%/s),
Soca — Log Cezsoski (y-0s, v m*/s) in Soca — Solkan (z-0s, v m%/s); casovni zamik je 6 ur.

We get the time series shown in Figure 5 by
calculating the discharges at Solkan from the
discharges at Podroteja and Log Cezsoski, assuming
the 6 h time lag, using the equation listed in Table
2, which can be written out as:

Qsotkan = 3.89 + 3.64 - QPodroteja(t—eh) + (1)
2.55- QLog(t—eh)

The results show that calculated discharges

(particularly peak discharges) are lower than the

measured ones.
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3.1.2 Validation

Using the same approach as for the calibration
(equation (1)) but for a different set of hourly
discharges, namely those of 2023, the validation
gave the results presented in Figure 6.

Figure 6 shows that the calculated discharges are
lower than the measured ones, while in terms of
time, the predictions made with Curve Fitter occur
close to measured peaks. However, a more detailed
analysis showed significant discrepancies.
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Figure 5: Application of the Curve Fitter tool — results of the calibration for the Solkan gauging station.

Slika 5: Uporaba orodja za prileganje krivulj — rezultati umerjanja za vodomerno postajo Solkan.

2500

2000

1500

Q. [m?/s]

1000

500

1.1.23 20.2.23 11.4.23 31.5.23 20.7.23 8.9.23 28.10.23 17.12.23

Date )
— measured - (Curve Fitter

Figure 6: Application of the Curve Fitter tool — results of the validation for the Solkan gauging station.

Slika 6: Uporaba orodja za prileganje krivulj — rezultati validacije za vodomerno postajo Solkan.

Looking at high discharge events at Hotesk for the transport of Hg, gave results presented in
(Q_Hotesk > 200 m?/s), which are the most relevant Table 3.

Based on Table 3, the following can be stated:
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1. Measured time lags between Hotesk and Solkan
range from -1 h to +5 h, which is on average less
than what was assumed during the calibration
stage.

2. Predicted (i.e. calculated) times of peak
discharges at Solkan are on average more than
3 hours late, when compared against measured
hourly discharges.

3.2 Application of model trees
3.2.1 Calibration

When forecasting the discharges at the Hotesk
station, we tested three variants, using: 1) all the
attributes, 2) tree pruning, and 3) the reduced
number of attributes according to the CfsSubsetEval
analysis. All variants gave similar results — only one
leaf containing a single equation (equation (2)), with
a correlation coefficient of 0.97.

Idrijca_Hotesk = 2
0.48 - Idrijca_Podroteja

+ 1.04 - Idrijca_Podroteja-3

+ 0.43 - Idrijca_Podroteja-4

+3.31

On the other hand, when predicting discharges at the
Solkan station (based on the discharges measured at
stations Log Cezsoski and Podroteja), three variants
are presented. In the first one, all attributes (50)
were used. Again, only one leaf was created using a
single equation (equation (3)). The correlation
coefficient was 0.92.

In the second one, the reduced number of attributes
(5) were used. These attributes were selected based
on the results of the CfsSubsetEval analysis. The
resulting model tree is presented in Figure 7. The
two linear models contained in the leaves are given
in equations (4) and (5). Here, the correlation
coefficient was 0.93.

Soca_Solkan = 3)
- 0.54 * Soca_Log

+ 1.08 * Soca_Log-1

+ 0.82 * Soca_Log-3

+ 1.47 * Soca_Log-5

- 0.13 * Soca_Log-7

-0.18 * Soca_Log-23
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3. Predicted (i.e. calculated) values of peak
discharges at Solkan are in most cases
underestimated; the difference  between
calculated and measured discharges varies from
-24% to +8%, giving an average difference of
15% underestimation.

This indicates a need for a better prediction tool, for
example the one described in the following sections.

+ 1.21 * Idrijca_Podroteja

+ 0.45 * Idrijca_Podroteja-3
- 0.15 * Idrijca_Podroteja-4
+ 0.78 * Idrijca_Podroteja-5
+ 1.15 * Idrijca_Podroteja-6
- 0.12 * Idrijca_Podroteja-20
+ 0.66 * Idrijca_Podroteja-24
+1.73

LM 1:

Soca_Solkan =
0.51 * Soca_Log-2
+ 1.38 * Soca_Log-4
+ 0.00 * Idrijca_Podroteja
+ 0.00 * Idrijca_Podroteja-4
+ 8.68 * Idrijca_Podroteja-6
-3.55

)

LM 2:

Soca_Solkan =
0.00 * Soca_Log-2
+ 2.78 * Soca_Log-4
+ 0.00 * Idrijca_Podroteja
+ 3.18 * Idrijca_Podroteja-4
+ 0.01 * Idrijca_Podroteja-6
+22.31

)

In the third variant, the same reduced number of
attributes (5) was used, together with additional tree
pruning. This resulted in only one leaf containing a
single equation (equation (6)), with a correlation
coefficient of 0.92.

Soca_Solkan =
0.47 * Soca_Log-2
+ 2.11 * Soca_Log-4
+ 1.26 * Idrijca_Podroteja
+ 0.44 * Idrijca_Podroteja-4
+ 2.06 * Idrijca_Podroteja-6
+2.18

(6)
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Figure 7: Model tree for predicting discharges at the Solkan gauging station (considering the reduced

number of attributes).

Slika 7: Modelno drevo za napovedovanje pretokov na vodomerni postaji Solkan (upostevajo¢ manjse Stevilo

atributov).

Table 3: Validation results of curve fitter method for cases with high discharges of Hotesk.

Preglednica 3: Rezultati validacije metode prileganja krivulj za primere z visokimi pretoki Hoteska.

peaks at Hotesk > 200 m%/s

corresponding peaks at Solkan

measured measured calculated difference
date hour Q [md/s] hour Q [m¥/s] hour Q [md/s] AQ [%]
04.08.2023 08:00 588.3 07:00 1439.0 08:00 1181.0 -18
27.10.2023 11:00 686.6 14:00 2352.7 15:00 1792.6 -24
05.11.2023 09:00 504.3 11:00 1488.5 13:00 1208.4 -19
01.12.2023 14:00 432.1 19:00 1333.3 2.12.03:00 10434 -22
13.12.2023 18:00 288.0 18:00 552.4 22:00 596.3 +8

Next, we had to decide which linear models to
choose for modelling the influence of climate
change on the transport of sediment and sediment-
bound Hg. For modelling the discharges at the
Hotesk gauging station, we could only induce one
linear model (equation (2)). From equation (2), it
can be seen that the lag times of discharges
measured at the upstream Podroteja station up to
four hours are relevant for forecasting discharges at
the Hotesk station. The lag time of three hours
seems to have the greatest impact (due to the highest
coefficient value being multiplied by the discharge
measured at Podroteja station at time t-3).
Comparison of the measured hourly discharges and
the results of the selected linear model (namely
equation (2)) are presented in Figure 8.

To model the discharges at the Solkan gauging
station, we induced three models with almost
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identical predictive performance, i.e. in all three
cases the correlation coefficient was approx. 0.92.
Thus, from a practical perspective and to avoid
conditional (IF-THEN) relations, we decided to use
equation (6). Here, the lag time of four hours
considering Log Cezsoski and six hours considering
Podroteja seem to impact discharges at the Solkan
station. If we focus on the relationship between the
Podroteja and Solkan stations, the lag time of six
hours seems to have the greatest impact (due to the
highest coefficient value being multiplied by the
discharge measured at Podroteja station at time t-6).
Comparison of the measured hourly discharges and
the results of the selected linear model (equation
(6)) are presented in Figure 9. The results show that
the calculated peak discharges are mostly
underestimated.
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Figure 8: Comparison of the measured hourly discharges and the results of the selected linear model
(equation (2)) for the Hotesk gauging station — for the calibration period 2020-2022.

Slika 8: Primerjava izmerjenih urnih pretokov in rezultatov izbranega linearnega modela (enacba (2)) za
vodomerno postajo Hotesk — za obdobje umerjanja 2020-2022.
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Figure 9: Comparison of the measured hourly discharges and the results of the selected linear model
(equation (6)) for the Solkan gauging station — for the calibration period 2020-2022.

Slika 9: Primerjava izmerjenih urnih pretokov in rezultatov izbranega linearnega modela (enacba (6)) za
vodomerno postajo Solkan — za umeritveno obdobje 2020-2022.
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3.2.2 Validation

To validate equation (2) and access its usability for
predicting discharges at the Hotesk station, we used
a different (test) data set, namely discharges,
measured at the Podroteja station in 2023. Resulting
correlation coefficient was almost the same as
within the calibration phase (0.95). The validation
results are presented in Figure 10.

The same procedure was repeated for the validation
of equation (6) for predicting discharges at the
Solkan station. Again, we used a test data set,
namely discharges, measured at the Log Cezsoski
and Podroteja station in 2023. Resulting correlation
coefficient was slightly higher than in the
calibration phase (0.96). The validation results for
the Solkan station are presented in Figure 11.

Figure 10 and 11 show that calculated peak
discharges are again lower than the measured ones,
while in terms of time, the predictions of the model
tree approach are in accordance with the measured
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peaks. Thus, validation confirmed the trend we
noticed during the calibration.

Again, we performed further analysis for the top
five high-discharge events at the Hotesk station
within the validation period (Q Hotesk > 200 m®/s),
as these are the most relevant for the transport of
Hg. More details are presented in Table 4.

Based on Table 4, the following can be stated:

1. The predicted values of peak discharges at
Solkan are in most cases underestimated; the
difference between the calculated and measured
discharges varies from -18% to +4%, giving an
average difference of -9%, ie. 9%
underestimation.

2. On average, the predicted times of peak
discharges at Solkan are about an hour late;
however, they vary up to four hours.

3. The measured time lags between Hotesk and
Solkan vary between zero and five hours.
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Figure 10: Comparison of the measured hourly discharges and the results of the selected linear model
(equation (2)) for the Hotesk gauging station — for the validation year 2023.

Slika 10: Primerjava izmerjenih urnih pretokov in rezultatov izbranega linearnega modela (enacha (2)) za
vodomerno postajo Hotesk — za validacijsko leto 2023.
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Figure 11: Comparison of the measured hourly discharges and the results of the selected linear model
(enacba (6)) for the Solkan gauging station — for the validation year 2023.

Slika 11: Primerjava izmerjenih urnih pretokov in rezultatov izbranega linearnega modela (enacha (6)) za
vodomerno postajo Solkan — za validacijsko leto 2023.
Table 4: Validation results of model trees for cases with high discharges of Hotesk.

Preglednica 4: Rezultati validacije modelnih dreves za primere z visokimi pretoki Hoteska.

peaks of Hotesk > 200 m®/s corresponding peaks at Solkan
measured measured calculated difference
date hour Q [md/s] hour Q [md¥/s] hour Q [m¥/s] AQ [%]
4.8.2023 8:00 588.3 7:00 1439.0 9:00 1434.0 0
27.10.2023 11:00 686.6 14:00 2352.7 13:00 1990.0 -15
5.11.2023 9:00 504.3 11:00 1488.5 11:00 1280.6 -14
1.12.2023 14:00 432.1 19:00 1333.3 23:00 1095.2 -18
13.12.2023 18:00 288.0 18:00 552.4 20:00 572.0 +4
3.3 Comparison of both methods more pronounced at single-peak flood waves, while
Finally, the results of both methods were compared with two-peak flood waves discrepancies occur in
to the discharges measured in 2023 (i.e. within the both the discharge and in the time lag.
validation period) at the Solkan gauging station. The correctly calculated time lag is as important for
Figure 12 shows the comparison for the entire predicting the discharge dynamics as for the
validation period, while in Figures 13-17 we correctly calculated peak discharges. In the
present the results for the particular high-flow equations (2) — (6) obtained from the model trees,
events that were also considered in Tables 3 and 4. we used discharges with different lags at the
Figures 13-17, as well as Tables 3 and 4, show that upstream gauges and determined the lag with the
in most cases the prediction of both peak discharge maximum effect on the downstream gauges. By
and the time lag is better with the model tree applying the same equations calibrated to existing
approach. The underestimation of both methods is data and introducing different input discharges, we

can also predict the temporal dynamics of flood
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waves. Considering the distances between the between the occurrence of the flood wave in each
compartments of the multi-box model, the time lag box can be calculated.
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Jan-23  Feb-23  Mar-23  Apr-23  May-23  Jun-23  Jul-23  Aug-23  Sep-23  Oct-23  Now-23 Dec-23  Jan-24
Date [month-year]

Measured Model tree results Curve Fitter results

Figure 12: Comparison of the measured hourly discharges at the Solkan gauging station and the results of
both methods for the entire validation period.

Slika 12: Primerjava izmerjenih urnih pretokov na vodomerni postaji Solkan in rezultatov obeh metod za
celotno validacijsko obdobje.

2-Aug-23 3-Aug-23 4-Aug-23 5-Aug-23 6-Aug-23 7-Aug-23 8-Aug-23
Date
Measured Model tree results Curve Fitter results

Figure 13: Comparison of the measured hourly discharges at the Solkan gauging station and the results of
both methods — for 4 August 2023.

Slika 13: Primerjava izmerjenih urnih pretokov na vodomerni postaji Solkan in rezultatov obeh metod — za
4. avgust 2023.
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Figure 14: Comparison of the measured hourly discharges at the Solkan gauging station and the results of

both methods — for the 27 October 2023 event.

Slika 14: Primerjava izmerjenih urnih pretokov na vodomerni postaji Solkan in rezultatov obeh metod — za

dogodek 27. oktobra 2023.
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Figure 15: Comparison of the measured hourly discharges at the Solkan gauging station and the results of

both methods — for the 5 November 2023 event.

Slika 15: Primerjava izmerjenih urnih pretokov na vodomerni postaji Solkan in rezultatov obeh metod — za

dogodek 5. novembra 2023.

We are aware that the flow parameters at successive
gauging stations depend on a number of variables
that were not considered by the simplifications used.
Each meteorological event is unique in terms of its
evolution, the spatial and temporal distribution of
precipitation, its overall intensity, and the direction
and speed at which the precipitation system moves.
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In addition, runoff depends on several other
parameters (local rainfall intensity, season, snow
cover, soil moisture, etc.) which are also unique to
each high runoff event. It would be difficult to
expect any of the methods used to produce a reliable
equation that would cover all the possible cases.
However, the predictive capability of both methods
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can be considered satisfactory for simulating
different discharge scenarios in multi-box models,
as the calculation of particulate Hg transport
involves further modelling simplifications. The
relationship between water discharge and sediment
transport is not straightforward and sediment-bound
Hg concentrations can vary by a factor of three or

more depending on the origin of the sediment.
Underestimated high discharges at successive
gauges by 10-20% are therefore acceptable and can
be adjusted manually in the multi-box modelling
process. The same level of accuracy is expected for
the time lag prediction between the gauges and
between the compartments of the multi-box model.
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Figure 16: Comparison of the measured hourly discharges at the Solkan gauging station and the results of
both methods — for the 1 December 2023 event.

Slika 16: Primerjava izmerjenih urnih pretokov na vodomerni postaji Solkan in rezultatov obeh metod — za
dogodek 1. decembra 2023.
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Figure 17: Comparison of the measured hourly discharges at the Solkan gauging station and the results of
both methods — for the 13 December 2023 event.

Slika 17: Primerjava izmerjenih urnih pretokov na vodomerni postaji Solkan in rezultatov obeh metod — za
dogodek 13. decembra 2023.
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Further uncertainties in our calculations and
estimates are introduced by including climate
changes into the model, namely in terms of the
expected increases in precipitation, runoff, soil
erosion, river discharge, and consequently increased
pollutant transport. Considering these uncertainties,
the tools described are sufficient for estimating the
temporal and spatial dynamics of discharges along
the river system (and in each box of the Hg model)
cost-effectively, based on either estimated or
calculated hydrographs at the selected (upstream)
gauging station.

4. Conclusions

Starting from the same input data, i.e. hourly
discharges measured recently at several gauging
stations located along the Idrijca and Soca River, we
used Matlab’s curve fitting tool Curve Fitter and the
model tree approach to predict relationship between
discharges at successive gauging stations.

Based on the calibration and validation phases
(which took into consideration data for three years
and one year, respectively) we can conclude that
both methods underestimate the peak discharges of
the flood waves. The model tree results fit the
measured hydrographs better, especially when
focusing on specific high-flow events, which
confirmed our hypothesis. Looking at the Curve
Fitter results, the peaks appear to be more offset
than the model tree results. Based on the
comparisons presented, we can conclude that, of the
approaches tested, the model trees perform better in
terms of predicting discharges and the time lag
between gauges and will therefore be used in our
further work. The improved knowledge about the
relationships between discharges along the Idrijca
and Soca river systems will allow simulations of Hg
transport with multi-box models without using
computationally expensive hydrological and/or
hydraulic models. The uncertainties in the further
application of discharge dynamics due to the
complex relationship between discharge and
suspended matter transport and in the introduction
of climate change effects make the use of more
complex hydrological and hydraulic models at least
guestionable, if not unjustified. We consider the
reliability of the established relationships to be
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sufficient for simulating sediment and sediment-
bound pollutant transport, thus reducing the cost and
time of further investigations.

Using the generated data-driven models, we can,
with limited reliability, simulate discharges at two
gauging stations, namely the Hotesk and Solkan.
Based on the identified relationships between the
discharges measured along the Idrijca and Soca
Rivers, we can determine the time lags (i.e. the flood
wave delays) between consecutive compartments
along the analyzed system. This will help us set up
a Hg multi-box model, which is expected to be a
useful tool for better understanding the transport
and transformation processes of particulate
pollutants and, in particular, Hg dynamics in the
river system, inter alia considering the impact of
climate change. Nevertheless, modelling the effects
of climate change is expected to introduce
additional uncertainties likely to exceed the
discrepancy between the simulated and measured
results presented.
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