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A WATER QUALITY MODEL FOR THE CZECH PART
OF THE RIVER ELBE

Abstract: Low water quality is an enduring problem in watesnagement and has global importance due to the
increasing use of water by the world’s growing pgafian. Based on climate change trends, the avbijabf
water of acceptable quality will increasingly béat topic. The main objective of this work was trenpilation
and validation of a water quality model for theer\Elbe (Czech: Labe) for the prediction of wateality under
different scenarios (impact of point and nonpoiotirses; effect of climate change). The assessnfeniater
quality in the Elbe catchment is extremely impotthecause the Elbe is one of the most importarrgiin
Europe. We focused on the water quality in the 6zgart of the river Elbe, which was simulated andlgsed
with the QSim water quality simulation model. Thedal was applied from the Srnojedy weir to the ldkenat
the Czech-German border (river km 961 to km 726jnmrising a cascade of 23 impoundments. Based ®n th
measured input parameters for 2010-2015, the watgdence time, oxygen conditions, and nutrientsewe
simulated and validated. The model’s results siyoagree with the measured data from the monitgredod.
The proposed model can, therefore, be used to aiemthe development of pollution or climate chaeffects in
this watercourse, allowing for the prediction ofterequality under different scenarios.

Keywords: water quality modelling, Elbe catchment, QSim mpdkssolved oxygen concentration, nutrient
concentration, discharge

I ntroduction

Low water quality poses a persistent challengeatewmanagement globally, gaining
significance as water usage continues to rise. Mousestudies have delved into water
quality issues not only in European rivers [1-5]t lalso worldwide. For example,
Velazquez-Chavez's study highlights the significempact of wastewater treatment plants
on water quality in the Guadiana Valley, Mexicoading to high concentrations of
phosphates, total dissolved solids, and colifornetdréga [6]. In contrast, a study by
Fekrache and Boudeffa addresses the impact of gnagtivities in Algeria and emphasises
the influence of acid drainage [7]. These situatianderscore the critical need for effective
water resource management strategies to implemeasunes to mitigate environmental
impacts. In Czechia, water quality constitutes gnificant ecological concern. With the
anticipated climate change, the availability of evabf acceptable quality is becoming
an increasingly hot topic, particularly regardingter temperature and discharge [8].
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Over the past three decades, surface water quadityfCzechia has improved.
This improvement is primarily attributed to the trastion of pollution sources, including
the closure of numerous factories, the reconstocand modernisation of industrial
technologies, and the construction or modernisatfosanitation and wastewater treatment
plants (WWTPs). Langhammer [9] addressed this ingmeent in the Czech Elbe river
basin. The long-term monitoring of selected paramsefor the German part of the Elbe,
mainly concerning low flows, was handled by Hubaed Schwandt [10]. At the beginning
of the 20th century, the Elbe’s high water quaditpwed for the versatile use of its waters.
However, water quality experienced a drastic dedimthe second half of the 20th century.
Only after the political and economic changesaétd in 1989 (i.e. the Velvet Revolution
and the end of communism) did the water qualityhef EIbe show signs of improvement.
However, these improvements did not reach all paitthe extensive river basin. Rural
areas in the Czech Republic, particularly on smallgtercourses, continue to grapple with
long-term issues related to surface water quality-13]. Importantly, the issues of these
local water bodies have subsequent impacts on rEaj@pean rivers.

Surface water quality models can help simulateedict chemical pollutants’ levels,
distribution, and risk in a water body. Water giyatiata are typically limited; therefore,
model validation is important, especially for ewtlng compliance with water quality
assessment standards [15]. Modelling results froodais under different pollution
scenarios are important components of environmeimtglact assessments. They can
provide the technical basis for environmental managnt agencies to make data-driven
decisions [16, 17]. Water quality modelling is essd for assessing the impacts of
anthropogenic activities on aquatic ecosystemshiglslighted by Ejigu [18], mathematical
models are beneficial for evaluating changes iremqtiality due to wastewater discharges.
Various models have been applied globally to addsesh challenges. These applications
demonstrate the critical role of models in undemitag how pollutants interact with
aquatic environments and affect overall water dquallhe increasing demand for river
water quality models underscores the necessityagiting river basin management plans in
the European Union. Moreover, water quality modeis used worldwide for problems
regarding eutrophication and drinking water sourdé&s23]. Long-term monitoring and
tracking of the concentrations of pollutants aneirtiindicators in extensive watersheds is
time-consuming and financially demanding, so madgllpollution evolution in streams
can significantly facilitate watercourse dynamiasmitoring.

The main objective of this study is the compilatenmd validation of a water quality
model for Czech part of the river Elbe for the petdn of water quality under different
scenarios (impact of point and nonpoint sourcdecebf climate change) using the QSim
water quality simulation model. QSim is an instrumnéor simulating and forecasting the
dynamics of oxygen, nutrients, and plankton in ingrwaters [24]. Previous studies have
employed the QSim model to assess the Elbe riveretier, they only investigated the
German part of the river and the estuary [25-28hn&-dimensional (1D) model approach
was employed, simplifying systems by assuming aotghly mixed cross-section and
neglecting lateral and vertical differences. Desplitese simplifications, this technique has
proved successful for large scales, where domilwengfitudinal gradients exist, especially
in global change studies [28-30]. However, 1D applohas limitations since the model
mainly captures average water quality conditiorld.[Ereating a functional model for the
territory of the Czech Republic enables the futmanection of models and simulations to
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cover the entire Elbe river [31]. This paper owfina numerical modelling approach to
water quality, specifically focusing on water temrgtare, oxygen conditions, and nutrients.

Materials and methods

Description of the study area

The Elbe river is one of Europe’s largest riversl amaterways - the Elbe springs
origins in the Giant Mountains north of the CzecépBblic at an altitude of 1378 m.
The Elbe runs through Germany and flows into thetiN&ea with the estuary. It is
1,094 km long (370.74 km in the Czech Republic) dndins an area of 148,268 km?
(49,933 km? in the Czech Republic). This study passonly the part of the river basin
located in the Czech Republic (Fig. 1). The longrtaverage flow at the state border with
Germany (profile Schmilka) is 320°ns™ (294 ni-s™ at the reference period 2010-2015).
An important site is river km 837 - the largesbuitary on the territory of the Czech
Republic; Vitava (Moldau) flows into the Elbe, atlie river's total flow is more than
doubled. The Elbe itself has a long flow rate ob 1@*-s* (87 nt-s?; at the reference
period) and the Vltava 152 *ns® (168 ni-s™ at the reference period). The flow is
influenced by agricultural and industrial activitiéchemical plants, mining). Over 60 % of
the catchment area is agricultural land.

/\\ Model boundary

1 weir
O Measuring point - water quality

A0°N

O Measuring point - flow (Q)
e Major river
Built up area
Caechia

e 15°E 16°E

Fig. 1. Model area of water quality modelling ire tElbe (from Srnojedy to Schmilka/Hrensko)

The upper boundary of the model is located beloes $inojedy weir (km 960.8)
(1, red arrow). The lower boundary is delineatedh®y Czech-German border (km 726.6).
The total distance of the model section is 234 kiwh eonsists of 23 impoundments, which
are further divided into segments in spatial refmtuof 0.5 km to 2 km. The boundary
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conditions of the model also include the nine latgebutaries of the Elbe (from the right -
Cidlina, Mrlina, Jizera, Ploucnice, Kamenice, frohe left - Doubrava, Vitava (Moldau),
Ohre (Eger), Bilina).

The modelling part is impounded by 23 navigatiomdawhich increase the water
level for shipping purposes (Fig. 1, black bard)e§e weirs impact the flow time of the
water and thus affect all processes in the watkmwo. The model part of the flow begins
at the Srnojedy at an altitude of 209.19 meterse T@nd of the model on the
Schmilka/Hrensko profile is at 118 m a.s.l. (absea level). In Figure 2, you can see the
longitudinal profile of the modelled parts, incladiindividual flow weirs.

The average river depth based on the model gr&dl02 m. The largest depths are in
front of the weirs Roudnice nad Labem and Strekdwre the depth exceed 7 m at mean
flow and about 10 m at higher flow. On the contrdhng lowest water depths are just below
the weirs, an example being the Strekov weir, whiak a depth of about 0.66 m in the case
of lower flows.
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Fig. 2. The longitudinal profile of the modellingp of the river

QSim model

The Qsim water quality model is a tool for simuigtiand predicting running waters’
material balance and plankton dynamics [1, 32, 38 current version (version 13.30)
results from 30 years of continuous development TW8&im describes mathematically,
based on differential and algebraic equations withamy stochastic effects, the complex
chemical and biological processes in running watArg&ey feature of this model is the
combination of the hydraulic model HYDRAX, whichnsilates the discharge, with the
QSim model, which includes various water qualitg dological model components [31].
The structure of the model and the link between riedules are shown in Figure 3.
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The modules can be divided into the following graiupne temperature module, seven
biogeochemical modules, three biological modulesyd aa sediment module.
Meteorological, morphological and hydraulic paragngtsuch as water depth and flow
velocity are also output as mean values for easkscprofile. The modelling results of the
physical, chemical and biological state variables @aily mean values at each kilometre
along the river axes. The model is suitable foc@aling the processes in the main flow of
a river [32]. The calculation time step was setite hour.
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Fig. 3. Module structure and functionality of QSim

The model operates under GERRIS’s graphical uséerfate containing the
HYDRAX and QSim program systems [34]. A model editused to enter and process
morphological and hydrological data. The resultingprphological model is then
supplemented in HYDRAX by the input variables desgje and water level. The run-off
and water level hydraulic modelling results andapagters such as the mean water depth
and flow velocity are then used in an offline canglfor ecological modelling in QSim.
Then, meteorological data, including temperatured aglobal radiation data are
supplemented in QSim.

Input data (boundary conditions)

Data regarding the river's morphology, dischargatewr level, water quality and
meteorology (air temperature and global radiatiarg required to define the model's
boundary conditions. The morphological conditiorerevderived from river cross-sections
every 500 m to 2,000 m. The selected dischargdy(daan) and water quality monitoring
stations and the available water quality parameracst frequent monthly values, discrete
sample) for the reference period (2010-2015) aesgmted in Figure 1. List of available
water quality parameters is in Table 1. These data@ provided by the Elbe River Basin
Authority (PLA), the Ohre River Basin Authority (P{), the Vitava River Basin Authority
(PVL), and the Czech Hydrometeorological Instit¢@&HMI). QSim also requires input
water quality data from the tributaries for the eppoundary.
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Table 1

List of input data (water quality parameters)

Parameter Unit

Water temperaturé\T) [°C]
Dissolved oxygen (€ [mg-LY
Chemical Oxygen Deman(@OD) [mg-L
Amonium nitrogen (NEFN) [mg-LY
Nitrite nitrogen (NQ-N) [mg- L]
Nitrate nitrogen (N@N) [mg-L7Y]
Total nitrogen (TN) [mg-1}]
Total phosphor (TP) [mg-H
Orthophosphores (P@P) [mg- LY
Silicate (SiQ) [mg- L]

pH value [-]

Alkalinity [mmol- L7

Suspended matter [mgiL
Calcium (Ca) [mg-1]
Conductivity [uS-
Biochemical Oxygen Deman(@ODs) [mg- LY
Chlorophyll -a [ng 1Y

M odel validation

Even with a large body of literature on model caliton and validation, comparing
modelling results from different studies is chafjay because there are no universally
accepted guidelines, and users utilise differelitbicgion and validation methods [35].

This study used quantitative statistics for modehlaation, comprising three
components. The first component is a standard seigne, including the slop8 and the
coefficient of determinatiof®’. The coefficient of determination measures thdiredrity
between the modelled and measured data and ramge®f(no correlation) to 1 (optimum
correlation). Relevant model results haveRawalue higher than 0.5. The slope shows how
well the model data match the measured data prdvits the estimated data are error-free.
In practice, measured data are rarely without srrArslope of 1 indicates a perfect match
between the model values and the measured valGgsTBese two methods, together with
the associated illustrations, can indicate theityuaf the model.

The second component, relative model evaluation,diimensionless. For this
evaluation, the Nash-Sutcliffe efficiendNSE) was used NSE determines the relative
magnitude of the residual variance compared tombasured data variance and indicates
how well the plot of observed versus simulated digdathe 1 : 1 lineNSE is ideal for use
in continuous long-term simulations, allowing assesnt of the extent to which the model
reproduces trends in the observed output respdBégsThe results can range between
—oo and 1;NSE < 0 indicates unacceptable model performaNGE is widely utilised and is
considered the optimal objective method for asagdssie overall fit of a hydrograph model
[33]. Additionally, a simplified form yields the lagive error REL), which, under optimal
alignment with the data, assumes a value of 0 [37].

The third component is the error index method, Wtdonsiders the error deviation in
the data. An example is the per cent biBBIAS). The PBIAS quantifies the average
tendency of simulated data to deviate from obsep@dterparts, either overestimating or
underestimating and describes the deviation ofittia expressed as a percentagEBRAS
of 0 indicates that the conformity between the maezs and modelled values is optimal;
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positive PBIAS values indicate model underestimation compardtdcaestimated data [38].
Relevant model results haP8IAS values between +25 %.

The model results about discharge (HYDRAX) are datkd on three profiles -
Kostelec nad Labem (nL.). (km 857), Melnik (km 83Md Schmilka/Hrensko (lower
boundary of the model - km 726). Model results Q%im validated with two profiles on
the Elbe. These are profile Lysa nL. (km 878) arafile Schmilka/Hrensko. In validation
results, the variablBl represents the dataset’s cardinality, denotingdted number of data
pairs or observations subjected to the validatimtedure.

Results and discussion
Flow

Flow plays a significant role in water quality mdohg. This section describes the
discharge, flow velocity, and residence time. Thedei works with two extreme flow
situations: floods in June 2013 and drought throug2015.

Discharge is reproduced with a good fit between rtreasured and modelled data.
Figure 4 compares the discharge for the whole eafss period in the monitoring profile
Schmilka/Hrensko. The measured values are greem; nlodelled values are blue.
The figure shows a significant match between theesa

3500 Q- model value
3000 Q - measured value
. 2500
p)
E 2000
&
S 1500
8
S 1000
500
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2010 2011 2012 2013 2014 2015
Time [year]
Fig. 4. Comparison of the measured and modellel¢ dacharge [Q] values for the Schmilka/Hrensko
profile

The HYDRAX model accurately replicated dischargeatyics, demonstrating a good
fit between the measured and modelled data, phatigun the Schmilka/Hrensko profile.
The results of the statistical parameters alsocatdi perfect model results. Based on the
PBIAS values, the model slightly underestimated the ltieguflow rate. TheNSE values
for all profiles range from 0.520 to 0.980; the &st/value was reached in 2013. This result
is caused by the floods in the summer of 2013, wiere not limited to the Elbe basin
(CHMI 2013). On days 5-14.6, the Schmilka/Hrenskofite flow reached unmeasurable
values above 3,000°%s™. In addition to 2013, the results of the model significantly
better. The comparabNSE values with models of other rivers, such as theuba and the
Rhine, underscore the QSim model’s aptness forlaiing the Elbe’s discharge conditions
given appropriate boundary conditions. For examMN&E values in the range of
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0.893-0.956 for 2007-2009 were found in the Dan{88. In the Rhine, the Bimmen
profile 2000 had aiNSE value of 0.94, or 0.96 in 2008 [25]. The HYDRAX d® is very
well suited to model the discharge conditions ef Eibe.

The total length of the modelled Elbe section id R&. At the top of the model, the
average flow rate for the reference period is 52089s™. The flow is significantly
increased by the tributaries: at the lower bordethe model, the average flow rate is
294.14 m-s™. Figure 5 shows the longitudinal flow developmentluding the average
flows of all tributaries. The graph shows the iefige of all flows on the Elbe. Tributaries
with higher flow rates, such as Jizera and Ohrgghhe most significant effect on Elbe’s
flow rate. The river's flow increases the mostta mouth of the Vlitava river (km 837).
At this point, the average flow of the Elbe was2@7nt-s* in the monitored period,
whereas the average flow of the Vitava river wa8.36m-s™. After the mouth of the
Vitava River, the discharge of the Elbe is roughiyled. The considerable influence of the
Vltava on the Elbe justifies the monitored paramsetiescribed in the following sections.

Residence (flow) time is another parameter thatifiggantly affects the concentrations
of substances, plankton, and the processes ocguimirthe water. Figure 6 shows the
average flow time (day) from the upper border @f thodel (km 960) to the Vitava mouth
(km 836, red line) and the lower boundary of thedeipi.e. the Schmilka/Hrensko profile
(km 726, dashed red line). As shown in the grabé,mean flow time increases from the
beginning of the year and peaks at the end of sunmand in autumn. The average
maximum, reached in November, exceeded 11 days.aVbeage flow time through the
model in 2010-2015 was between 5 and 12 days depmerah the season. However,
extreme situations also occurred. The overall marinwas reached during the spring of
2015 when the flow took more than 22 days. Conwgrdbe shortest duration was
42 hours, just below two days, during the sumn@dlevent in June 2013.

Table 2
Validation results - discharge
Year | N | NSE | PBIAS | REL | SLOPE | R?
Kostelec nL. (km 857)
2010 365 0.90 8.38 0.11 0.90 0.91
2011 365 0.93 8.22 0.11 0.90 0.94
2012 366 0.94 7.63 0.10 0.91 0.95
2013 365 0.77 9.57 0.14 0.72 0.79
2014 365 0.89 7.57 0.09 0.87 0.92
2015 365 0.94 6.53 0.08 0.91 0.94
Melnik (km 837)
2010 365 0.96 4.95 0.06 0.93 0.97
2011 365 0.98 6.82 0.07 0.92 0.99
2012 366 0.97 5.28 0.06 0.93 0.9
2013 365 0.96 6.11 0.09 0.94 0.9¢
2014 365 0.75 1.27 0.12 0.73 0.74
2015 365 0.85 4.07 0.12 0.73 0.8
Schmilka/Hrensko (km 726)

2010 365 0.93 6.79 0.10 0.89 0.95
2011 365 0.93 8.58 0.13 0.89 0.94
2012 366 0.93 5.00 0.11 0.92 0.9¢
2013 365 0.52 5.15 0.20 1.11 0.7
2014 365 0.76 7.35 0.12 0.74 0.8
2015 365 0.88 8.47 0.12 0.78 0.92
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Water temperature

Surface water temperature is very important bectwféects the solubility of oxygen,
the rate of all biochemical processes and, thus,stlf-cleaning function of the water
stream [40]. Generally, the amount of oxygen inwager decreases with increasing water
temperature.

The QSim results for water temperature showed al dibdetween the measured and
modelled data. At both validation stations, Lysd &thmilka, the NSE values are higher
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than 0.9, indicating the model’s high accuracythe case of the lower section of the Elbe
(km 629), Hein [27] reported an NSE value of 0.9@/hjch is quite comparable to the
result reported in this study. The agreement am@sglts also occurs with the larger
deviation in the winter months due to the relealsheat from power plants and chemical
plants, which were not included in the model, witle greatest impact occurring in the
winter period. Despite the model’'s slight tendetwyinderestimate the water temperature,
its overall accuracy is high. The statistical reswlre reported in Table 3. Other results
support the suitability of the model. For examples correlation coefficients are close to
1 yearly, which also indicates a strong match. HerethePBIAS values show that the
model slightly underestimates water temperaturaeslModel validation only considered
two stations; differences are expected betweetchizse depending on their water depth and
in the case of free-flowing and impounded stretches

Table 3
Validation results - water temperature
Year | N | NSE | PBIAS | REL | SLoPE | PR
LysanL. (km 878)
2010 12 0.99 —2.84 0.04 1.01 1.00
2011 12 0.95 2.82 0.11 1.05 0.96
2012 12 0.96 7.39 0.11 1.00 0.97
2013 12 0.98 0.69 0.07 1.00 0.98
2014 12 0.96 2.72 0.09 1.11 0.98
2015 19 0.94 10.46 0.11 0.95 0.98
Schmilka/Hrensko (km 726)

2010 12 0.99 1.87 0.06 1.03 0.99
2011 19 0.96 1.14 0.07 1.05 0.97
2012 18 0.94 6.03 0.10 1.07 0.96
2013 18 0.97 1.15 0.07 0.96 0.97
2014 19 0.93 0.00 0.09 1.14 0.96
2015 20 0.91 8.35 0.11 1.06 0.96

The influence of the tributaries is evident in Fg@®8 for all years in the reference
period. These graphs show changes in the wateret@tyse during the year in the
longitudinal profile of the Elbe. The lowest temaierres, around 0 °C, were reached in
January; the highest temperatures, up to 26 °Gs veached in summer. The Vitava has the
most significant influence on the temperature @& HEibe. This river warms the Elbe in
winter and cools it in summer by several degredsi@e This is caused mainly by many
deep reservoirs in the Vitava from which the bottarater flows at a more constant
temperature. The graphs show that the changester teanperature vary from year to year.
Water temperatures below 10 °C in the Elbe, shawblie shadowgraphs, occur roughly
from the end of October to April. Water temperasuexceeding 20 °C (shades of red)
occur in June and are held in mid-September.

The influence of colder tributaries on the Elbaliso visible in the graph in Figure 7,
which shows the changes in water temperature onhtiteest modelled day for most
profiles: 4 August 2014 (daily mean). The modeleater temperature in front of Jizera’'s
mouth is 26 °C. After the mouth of the Jizera amel VYitava River, the temperature in Elbe
is lower than 23 °C. Average daily depths in sedqtrofiles are also shown in this chart.
As can be seen, a significant dependence of changbe average water temperature on
average daily depths was not confirmed.
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In the case of water temperature, extremes arieadrifhe maximum temperatures
were measured at the Decin station, where the terye of the Elbe’s water reached
26 °C. The warmest tributary is Cidlina (max. 25@®), while Kamenice is the coldest
(max. 17.9 °C). The average measured water temyerah the longitudinal profile
increases across the river. The average water tatope in the reference period is
12.15 °C at the upper edge of the model (Valy @tatiAt the lower edge of the model
(Schmilka/Hrensko), the average water temperagife3i31 °C. Besides the value of these
maximum temperatures, their frequency and duragi@nalso important. Figure 9 shows
the average number of days per year in the lonigididlow profile at selected stations
where the water temperature exceeds 23 °C (blukR&rfC (red). It can be seen from this
chart that most days with a temperature above 2aréCat km 878 (Lysa nL.) - a total of
20 days a year, with four days exceeding 25 °C.Juity 2014, the most extended
temperature wave above 25 °C lasted 13 days andesasded at this station according to
the model’s results. Interestingly, in 2011 and®0iot one day with a temperature above
25 °C was modelled in the profiles. However, thi®sl not mean that this temperature was
not exceeded in the whole longitudinal profile loé tmodel. Further downstream, the days
with high water temperatures decrease due to tliecmflows from Jizera and Vltava.



462 Lubo$ Mrkva, Andreas Schél and Bohumir Jansky

2013

= =5
g ]
= I 5

g
2

Time [month] Time [month}
2011 2014

3

B
5
2

2

Time [manth] Time [month]

2012 ; 2015

=
S
3

B
£
£
4

Time [month] Time [month]

Srnojedy

o
— 870 1 Jizera o
= 850 5
Vit ™
g ava £
- £
Ohfe 2

Schmilka

January
February
March
Apri

May

June

July
August

September

October

November

December

Time [month]

Fig. 8. Development of the modelled water tempeeatWT) during the year in the Elbe longitudinal
profile



A water quality model for the Czech part of theeri€lbe 465

S EETEEEEEEEER

25 e Water

Number of days [-]

954 933 920 905 878 850 836 810 790 768 751 726
Elbe [km]

Fig. 9. Longitudinal profile of the modelled watemperatureWT). The average number of days per
year with temperatures higher than 23 °C (blue)atmale 25 °C (red) in the reference period

Oxygen concentration

The outputs from the QSim model regarding oxygentext, which is one of the
components of physicochemical water quality asseegmare the concentration of
dissolved oxygen, BOf)and TOC. The oxygen concentration values werd tsealidate
the model results. Figure 10 shows the oxygen atretion for 2013. The y-axis scale
starts at 5 mg-T to provide a more detailed illustration. Since M#ye model’s outputs
were overestimated, which is consistent with BBIAS values equal to 8. The most
overvalued values are in 2014 and 2015 in the cdgbe Lysa nL. profile, and 2013
(Table 4). The problematic model results are maiml®015. This outcome is related to the
drought period that affected the river basin irt trear (CHMI 2015).

Comparison with other studies suggests the modebwately represents oxygen
concentrations, accounting for variations in digfetr river systems. Comparing statistical
validation results with other studies indicatedt t&im can model oxygen concentrations
relatively well. For example, a 2004 study compguiaver 150 studies reported an average
R? value of 0.7 [37]; one study based on a 1D modeicerning the Dez River (Iran)
reported arR value higher than 0.9 [19]. This value is clos¢h® averagé¥ value for the
Elbe from QSim, 0.66 (range: 0.234-0.893). For cargon, studies based on the same
model reported?” values in the range of 0.499-0.940 for the Dar{@9¢and 0.51-0.77 for
the Rhine [25].

The difference between measured and model valugsnamianecessarily be a model
error. The average daily oxygen concentration ikutated based on hourly values.
The oxygen budget is also highly influenced by pplankton dynamics [17].
The availability of relevant input data for the nebdlso plays a role in its accuracy.
By contrast, field measurements are performed eudrydays in best cases. Also, the
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measurement time can affect the concentration gfex in the morning measurements.
The oxygen consumption influences the results dutfie night. On the other hand, in the
afternoon, the oxygen concentration is higher a@uéhé phytogenic entry of oxygen into
the water [39]. The impact of the drought in 20%5evident in the model's results,
emphasising the model’s sensitivity to environmeotaditions.

Table 4
Validation results - oxygen concentration
Year | N | NSE | PBIAS | REL | SLOPE | R
LysanL. (km 878)
2010 12 0.74 —2.47 0.09 0.82 0.74
2011 12 -0.70 -13.83 0.17 0.55 0.23
2012 12 0.60 —4.83 0.10 0.75 0.64
2013 13 0.35 -1.51 0.14 0.64 0.44
2014 12 -0.13 -13.28 0.15 0.76 0.52
2015 19 0.17 -13.46 0.22 0.68 0.47
Schmilka/Hrensko (km 726)

2010 12 0.81 -5.21 0.06 0.84 0.8
2011 19 0.55 -9.62 0.11 0.74 0.71
2012 18 0.50 -11.53 0.13 0.73 0.8
2013 18 0.47 —7.54 0.10 0.98 0.74
2014 19 0.40 -14.84 0.17 0.70 0.8
2015 20 0.00 —20.71 0.21 0.64 0.74

The oxygen concentrations were measured for fivee Birofiles: the two model
boundaries and the stations Lysa nL., Obristvi, Bedin. At the upper boundary of the
model (Valy profile), the average value of oxygemeentration during the reference period
was 9.6 mg-L’. The other profiles in the Elbe had similar valud&e concentration at the
closing boundary of the model was 9.8 mg: These mean values are shown in green in
Figure 11. The minimum measured value in the E®©8 (ng- %) was measured in June
2015 at km 877 (Lysa nL. profile). Conversely, thaximum concentration of 16.6 mg*L
was measured in May 2015 at km 954 (Valy profile).the case of tributaries, whose
average values are reported in the same graplrjaepthe average values are considerably
more varied. The highest and lowest average oxygerentrations were found in the
Kamenice and Mrlina, respectively. The highest emiation was measured in the Vitava
river (17 mg-LC%) in January 2013. A minimum concentration of 2.§- " occurred in
January 2010 in Doubrava.

The modelled average values are shown in Figur@llg line). These values indicate
a more pronounced increase in the longitudinalilerttian the measured data. At the upper
boundary of the model, the average value is 9.6LMgin the Schmilka/Hrensko profile
(lower boundary of the model), the average oxygemcentration is 11.3 mg-L Again,
the concentration of the Vltava river had the latgafluence on the Elbe’s concentration,
increasing the modelled concentrations by 1 migeh average. The positive impact of the
Vitava River can also be seen in the graphs inreidi8. Except for May and June 2011,
the Vltava increased the dissolved oxygen concgortrén the Elbe. The influence of other
tributaries was not too pronounced. The highestahealues were reached in May 2011: at
km 870, the oxygen concentration reached 18.9 mg-Conversely, the modelled
minimum (5.72 mg-T%) occurred in June 2011 at the upper limit of thedel. These
values are shown in the Figure 12, where the minama shown in orange and the
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maximum concentration at km 870 is shown in datdeblOverall, oxygen conditions can
be considered reasonable since there was no sigmifoxygen deficiency in the Elbe in the
reference period.
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Nutrients: total phosphorus and total nitrogen

Two parameters were used to evaluate nutrientsratiothe reference period: total
phosphorus (TP) and total nitrogen (TN). Nitrogew ghosphorus were chosen because
these two compounds play an essential role in theoghication process in the surface
water.

The model's TP validation results are more accui@tehe Lysa nL. profile than the
Schmilka/Hrensko profile. Based on tRBIAS results, it can be said that the QSim model
underestimates the TP results in the Lysa nL. legro€oncerning the Schmilka profile,
such a clear conclusion cannot be made as the mmdwestimated the results in
2011-2013. This may be caused by the Vitava Riwdich significantly influences the
lower half of the Elbe model. Moreover, it is nexay to consider that measurements take
place roughly each month, so the data may notatedié the changes that occur in the river
throughout the year.

The compliance of the model's TN values with theameed TN concentrations is
very good, as indicated by the statistical valoiatresults in Table 5. TheBIAS value
shows that the validated model produces a sligatwaluation. Generally, it can be stated
that models perform the complete longitudinal peofaf the flow with highly accurate
results for the total nitrogen concentration.

The satisfactory validation results for the TP amd concentrations, with small
variations between the Lysa nL. and Schmilka pesfilshowcase the QSim model's
reliability. Other studies employing the same QSiersion achieved similar results.
The averag®\SE for the Berlin water model was —1.15. In the cakthe Elbe model, the
NSE was 0.688. The average® was 0.566 for the Berlin [25]; for the Czech part
of the Elbe, it was 0.857. As with all result comipans, each value is the average value
over the entire monitored period for all validatstations. Arhonditdisi and Brett [37],
comparing more than 150 studies, reported medarvalues from 0.40 to 0.60 for
nutrients.

Table 5
Validation results - total phosphorus, total nigng

Total phosphorus Total nitrogen

Year [ N | NSE | PBIAS | REL | SLOPE | R? Year | N [ NSE | PBIAS| REL | SLOPE | R?

LysanL. (km 878
2010] 12[ 0.83 ] —4.46] 0.1d 0.89] 0.d6[2010] 12[ 0.93] 5.63 [ 0.0 096] 0.9
2011] 12[ 056 | 3.80 | 019 0.54| o0.57[2011] 12[0.80] 838 | 010 1.07] 0.9
2012] 12[ 061 | 361 | 0124 0.58| o0.64[2012] 12 0.73] 10.22] 014 0.77] 08
2013[ 12[ 067 | 451 | 011 0.63] 0.72[2013] 12[ 0.56| 11.02] 014 0.86] 08§
2014] 10 0.78| 6.80 | 008 0.88| 0.89|2014| 10[ 0.46| 1455] 01§ 0.70] 0.8
2015[ 12[ 060 | 5.33 | 015 0.75| 0.64[2015] 12[ 0.76| 11.82] 014 0.93] 049
Schmilka/Hrensko (km 726
2010] 12[ 028 ] 813 ] 015 0.24] 0.38[2010] 12[ 0.75] 4.25 [ 0.1d 0.65] 0.7
2011[ 12[ 045 | -10.85] 017 0.79] o0.42|[2011] 12[ 0.68] 8.91 | 0.11] 1.02] 0.8
2012] 12[ 0.11 | -1.39] 0.9 0.35] 0.21[2012] 12/ 0.80| —0.22] 0.07 0.84] 08
2013[ 11{ 0.71 | -10.81] 0.14 0.70] 0.H0[2013] 11[ 0.98| 0.91 | 0.04 1.12] 0.9
2014[ 12[ 009 | 000 | 015 0.20] 0.3[2014] 12[ 0.35| 10.26] 0.11 0.81] 0.7
2015[ 12[-0.25] 11.97] 024 0.21] 0.d9[2015] 12[ 0.46] 7.00 | 010 1.19] 0.8

NN ESRIE
[SINJ=W S|

g

O|W[o[R[N[®
P o o N©

The dynamics of total phosphorus in the Elbe lardjital profile are shown in Figure
13. It can be seen from the graph that, on averdgae is a slight decrease in the
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phosphorus concentration downstream. This declieg fme due to a lower input of
nutrients into the recipient. The reduction maydle due to the increased assimilation of
dissolved nutrients by the algae in the Elbe [41je measured data’s average value is
0.123 mg-LC* at the model's upper boundary and 0.113 myét the lower boundary
(profile Schmilka/Hrensko). In the Elbe, the highesncentration of 0.22 mg-twas
measured in the Lysa nL. profile in June 2011 angjust 2012. Conversely, the lowest
concentration of 0.03 mg-t was measured across multiple profiles between 201D
2011.

The effect of the inflows is also apparent from gnaph in Figure 14. The modelled
concentrations decrease mainly in the rivers JiaatchOhre. On the other hand, the Vitava
and Bilina inlets increase the Elbe’s concentratibme highest average concentration was
0.23 mg-L" in the Bilina river, whereas the highest observedcentration, 0.57 mg-1,
was measured in Mrlina in July 2010. In these tleav$, the highest standard deviation is
in the estimated data. The lowest average condgmtraf 0.047 mg-I* was recorded in
the river Kamenice.

flow direction
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0.3
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Fig. 13. Longitudinal profile of the measured (gregoint and line, tributaries - purple point) and
modelled (blue line) total phosphor (TP) from Sethj (km 960) to Schmilka/Hrensko (km
726). The average value for the reference periotD2ZD15. The standard deviations of the
measurement are reflected by bars

Regarding total nitrogen in the Schmilka profileg fight blue line in Figure 14 shows
a decreasing trend in the concentration. The medsualues in the profiles shown in this
graph range from about 3 mg'lto 9 mg-L". However, higher concentrations were
measured at the beginning of the reference perR@lQ and 2011). Regarding the
longitudinal profile, the average measured conediotn in the Valy profile (km 954) was
4.35 mg- " This concentration dropped to 4.04 mg-&t the lower boundary of the Elbe
model. Some tributaries have a significant infleeran the TN concentration in the
longitudinal profile. The Jizera and Vltava rivenave the most significant influence.
The Jizera reduces the total nitrogen concentramjo®.27 mg-[* on average. Conversely,
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the Vltava increases the average concentration.3§ Mg-L". The other tributaries have
lower impacts on the Elbe’s nitrogen concentratibhe lowest average concentration is
found in Kamenice (2.29 mg-1, whereas the highest average was measured inaBili
(6.48 mg-LC%). The maximum value of 12.5 mg-Lacross the monitored profiles was
measured in the Mrlina in March 2010. Concerninglelovalues, the lowest concentration
was found on 8 August 2015, around km 870. Theameewalues confirmed this result: the
lowest average concentration of the entire longitaidprofile was at this kilometre of the
river Elbe. Conversely, the maxima were modelleduad the river km 894, reaching
a concentration of 10.04 mg-lin March 2010. These values correspond to the uneds
values at the nearest profile, Lysa nL. (km 877eme a concentration of 10 mg*lwas
measured in the same month.
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Fig. 14. Longitudinal profile of the measured (gregoint and line. tributaries - purple point) and
modelled (blue line) total nitrogen (TN) from Srady (km 960) to Schmilka/Hrensko (km 726).
The average value for the reference period 201&.20he standard deviations of the
measurement are reflected by bars

Conclusion

A crucial consideration is the accuracy of the pisgrl model’s results. This study
focused on validating the model’'s results, anatysthe deviations that occur, and
eliminating errors in the boundary conditions (ihput values) and the model's setup.
The comprehensive evaluation of the QSim model’Hopmance in simulating water
quality parameters in the Czech section of the Eier yielded valuable insights across
multiple dimensions. The findings significantly ¢obute to better mapping the monitored
parameters in the river’'s longitudinal profile ainteractions within the river's ecosystem,
offering a foundation for making informed decisioits water resource management.
Generally, the QSim model's outputs capture théreembngitudinal profile of the Czech
part of the Elbe river, adeptly incorporating thelience of tributaries and presenting
accurate results for nutrient concentrations, disgb oxygen, and water temperature.
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The water residence time and flow dynamics are-veglfesented, including in extreme
flow situations like the 2013 floods and the 201&ught.

The QSim model was validated using hydrological aatker quality data collected for
five years for the Czech part of the Elbe river,iakhis highly affected by weirs that
complicate the model's setup. The validation resdiémonstrate the model's ability to
reproduce critical parameters, including dischargater temperature, dissolved oxygen,
and nutrient concentrations (total phosphorus anmdl titrogen), allowing us to draw
meaningful conclusions about the water qualityhaf Elbe river. To enhance the model’s
accuracy, significant point sources such as wageviteeatment plants and chemical plants
should be incorporated into the model. As the va@whdata grows, the model's accuracy
is also expected to improve for other water quafigrameters. This validated model
enables water quality prediction for various sc&rsaincluding climate change and changes
in pollution sources.
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