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One of the requirements imposed by the Water Framework Directive (WFD, 2000/60/EC) is to analyze
and predict how quality of surface waters will evolve in the future. In assessing the development of a
stream’s pollution one must consider all sources of pollution and understand how water quality evolves over
time. Flow and water temperature regime of a stream or river are the main factors controlling the extent to
which deterioration of a stream’s water quality can propagate under constant input from pollution sources.
In addition, there is ever increasing public concern about the state of the aquatic environment. Decision
makers and scientists involved in water management call for studies proposing simulation models of water
quality under extreme natural hydrologic and climatic scenarios. Also, human impact on water resources
remain an issue for discussion, especially when it comes to sustainability of water resources with respect to
water quality and ecosystem health. In the present study we investigate the long-term trends in water quality
variables of the Danube River at Bratislava, Slovakia (Chl-a, Ca, EC, SO42', CI', O,, BODs, N-tot, PO,-P,
NOs-N, NO,-N, etc.), for the period 1991-2005. Several SARIMA models were tested for the long-term
prediction of selected pollutant concentrations under various flow and water temperature conditions. In or-
der to create scenarios of selected water quality variables with prediction for 12 months ahead, three types
of possible hydrologic and water temperature conditions were defined: 1) average conditions — median flows
and water temperature; ii) low flows and high water temperature; and iii) high flows and low water tem-
perature. These conditions were derived for each month using daily observations of water temperature and
daily discharge readings taken in the Danube at Bratislava over the period 1931-2005 in the form of percen-
tiles (1™-percentile, median, 99™-percentile). Once having derived these extreme-case scenarios, we used
selected Box-Jenkins models (with two regressors — discharge and water temperature) to simulate the ex-
treme monthly water quality variables. The impact of natural and man-made changes in a stream’s hydrol-
ogy on water quality can be readily well simulated by means of autoregressive models.
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Jednou z poziadaviek Ramcovej smernice o vode (WFD, 2000/60/EC) je analyza trendov a dlhodoba
predpoved’ vyvoja znecistenia povrchovych tokov. Pri odhade vyvoja znecistenia toku je potrebné brat” do
uvahy nielen mozné zdroje znecistenia, ale je potrebné uvazovat’ aj s vyvojom mnozstva vody v tokoch a so
zvySovanim teploty tokov v dosledku oc¢akévanej klimatickej zmeny a zmeny vo vyuZzivani vodnych zdro-
jov. V prispevku je analyzovany vyvoj mesaénych koncentracii vybranych ukazovatelov kvality vody v
toku Dunaja v stanici Bratislava (napr. Chl-a, Ca, EC, SO,%, CI', O,, BSKs, N-celk, PO,-P, NO;-N, NO,-N
a pod.) za obdobie r. 1991-2005. Za uc¢elom dlhodobej predpovede koncentracii kazdého ukazovatel'a kva-
lity vody sme na zéklade $tatistickych testov vybrali najlepsi autoregresny Box-Jenkinsov model s dvoma
regresormi: 1. prictokmi a 2. teplotami vody. Scenare pre mesacné prietoky a mesaéné teploty vody boli
vytvorené pre tri stavy: i) priemerné podmienky — median prietokov a teploty vody; ii) nizke prietoky a vy-
soké teploty vody; a iii) vysoké prietoky a nizke teploty vody. Tieto scenarové podmienky boli vypocitané z
dennych udajov z obdobia 1931-2005 ako percentily (1. percentil, median, 99. percentil). Pouzijuc tieto
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scenare sme vybranymi Box-Jenkinsovymi modelmi s dvoma regresormi simulovali extrémne mesacné
hodnoty vybranych ukazovatel'om kvality vody v Dunaji pre extrémne hydrologické a teplotné podmienky.

KLUCOVE SLOVA: Dunaj, kvalita vody, modely SARIMA, simulacia.

1. Introduction

Water quality of surface and ground waters con-
tinue to be an issue of public concern throughout
the developed world. Over the last decades, there
has been an increasing demand for monitoring wa-
ter quality in rivers. This was invoked by the need
to monitor changes in agricultural practice and de-
crease in sewage disposal into inland waters. Land
use changes and construction of water reservoirs
and water withdrawal for irrigation and industry
may impose a serious threat to water quality down-
stream. Therefore it is important for water manag-
ers to be able to foresee possible consequences of
such changes, whether natural or human-induces on
water quality in streams. Gathering reliable histori-
cal water quality records makes it possible to exam-
ine the long-term trends in water quality in many
surface waters (Antonopoulos et al., 2001; Ragavan
and Fernandez, 2006). Spatial and temporal vari-
ability of surface water quality have been analyzed
and used in various models by several authors. De-
cision makers and scientists involved in water man-
agement call for studies proposing simulations of
water quality under extreme hydrologic and cli-
matic scenarios.

Unprecedented development of water and soil re-
sources, their exploitation and pollution, have taken
place in most of the Danubian countries during the
last five decades of the 20" century (Literdthy,
1975; Reichel and Nachtnebel, 1994; Velikov et al.,
1996; Wolf, 1996; Krizan and Miloradov, 1997,
Weilguni and Humpesch, 1999; Somlydody et al.,
1999; Botterweg and Rodda, 1999; Langhammer,
2005; Bloesch, 2006; Sebin et al., 2007; Chalupova
and Jansky, 2007). The issue of water pollution in
the individual Danube-basin countries became one
of the main topics for discussion also. An analysis
of temporal variability of water quality in this area
should be considered with respect to the EU WFD.
Of special concern in the Upper Danube region is
the ecological status of the Rye Inland area in the
Slovak—Hungarian Danube River stretch. It is of
utmost importance to ensure protection of this eco-
logically vulnerable and unique inland delta with
flood plains and forested areas including RAMSAR
sites, and a unique source of groundwater
(Pekarova et al., 1995; Kroiss et al., 2006; Baci-

kova, 2006; Valuchova and Kucdarova, 2006; Du-

lovicova and Veliskova 2007).

In recent years, physically based models describ-
ing water quality in rivers have become popular,
probably because of the recent development in GIS
technologies, increase in computer processing
power and extensive implementation of monitoring
programs. It is also believed that more complex
methods would better describe the real-world pro-
cesses and enable us to use the so called “what-if”
scenarios (Garnier et al., 2002). On the other hand,
such complex methods require more reliable and
robust data sets with respect to temporal and spatial
coverage. Successful application of mechanistic
models is therefore limited (Romanowicz and Pe-
tersen, 2003). Complex models such as the
QUAL2E and QSIM models (see e.g. Brown and
Barnwell, 1987, Kirchesch and Schoel, 1999) are
limited in their application especially in large wa-
tersheds. In water resources planning and medium-
term prediction projects, these shortcomings favor
the applications of data-driven empirical ap-
proaches, since these require fewer inputs and are
less computationally demanding. Their weaknesses
(data dependence, limits in versatility and extrapo-
lating capabilities outside the range of the data set
for which they are calibrated) can be often disre-
garded when solving water quality management
problems for shorter time horizons (several
months).

Water quality component time series have gener-
ally been explored by examining long-term trends
and the nature of annual and intra-annual cycles of
the data (Shamshad, 2001; Burt and Worral, 2007;
Worral and Burt, 2007). Both of these techniques
were used in this paper. Seasonal Auto-Regressive
Integrated Moving Average (SARIMA) models
were applied to examine the nature of the water
quality time series. The primary purpose of this
paper is to explore the structure of these data sets,
rather than to shed light on the internal processes
within the watershed. The partial tasks of this paper
are therefore as follows:

1. to examine the long-term trends and seasonality
in time series of water quality variables sampled
in bi-weekly and monthly intervals on the Da-
nube River at the Bratislava gauging station,
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2. to chose an appropriate SARIMA model and to
simulate monthly water quality variables in the
Danube River at Bratislava under average and
extreme water temperature and flow conditions
derived from the past measurements:.

1) average conditions — taken as median flows
and water temperature;

i1) low flows and high water temperature; and

iii) high flows and low water temperature.

2. Long-term and seasonal changes
of water quality

2.1 Study area and sampling sites

The Danube River basin is situated in Central
and Eastern Europe. The river itself runs over 2,857
km from the spring at an elevation of 1,078 m a.s.l.
in the Black Forest, Germany, to its delta in the
Black Sea, Romania. The catchment area upstream
the Bratislava station (1868.75 river km) is 131,338
km®. The length of the Danube River in Slovakia is
172 km (from the confluence of the Morava River
to the Ipel' River) (Fig. 1). The long-term mean
annual runoff (1901-2000) of the Danube at Brati-
slava is 63 854 mil. m’, with a mean annual dis-
charge of 2025 m® s and mean annual specific
yield 15.42 1 s'km™. In Slovakia, monitoring of
surface water quality is conducted by the Slovak
Hydrometeorological Institute, with first measure-
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ments taken in 1965 (Valuchova and Kucarova,
2006). The monitoring campaigns of the agency
continue up to the present time.

Several water quality variables indicating secon-
dary anthropogenic pollution (CI, SO, NOs-N)
have increased manifold since the 1950s (Weilguni
and Humpesch, 1999). Because of their direct im-
pact on the groundwater quality in the vicinity of
the river, impairment of water quality in the Da-
nube has become more apparent.

After 1990 nutrients loads from the Danube ba-
sins to the Western Black Sea coastal area have
decreased by ~30% as compared to 1990, appar-
ently due to the dramatic reduction in use of fertil-
izers in eastern European countries (see Fig. 2) as
well as phosphorus and nitrogen removal by water
treatment plants, and improved agricultural practice
in Austria and Germany (Blaschke et al. 2005;
Pekarova and Miklanek, 1996).

2.2 Long-term changes

The quality of water in the Danube at Bratislava is
affected by pollution sources in Germany, Austria,
and the Czech Republic, affecting the quality of
water through the terminating Morava River and
other smaller tributaries (4/-Rekabil et al., 1995).
Due to the geographical location of the Bratislava
sampling site, detection of any pollution coming
from the upper Danube region is possible.
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Fig. 1. Danube River basin, water quality sampling sites Bratislava (Slovakia).

Obr. 1. Schéma povodia rieky Dunaj, stanica Bratislava.
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Fig. 2. Selected water quality characteristics (mean, upper-P90 an
(1980-2004).

d lover-P10 decile calculated) in Danube River at Bratislava,

Obr. 2. Priebeh priemernych roénych koncentracii vybranych ukazovatel'ov kvality vody Dunaja v stanici Bratislava, horny a dolny

decil, (1980-2004).

Monthly data measured at the Danube—Bratislava
sampling site during the period 1991-2005 were
subject to a trend analysis. Over the years 1980—
1989, water quality sampling was carried out once a
month, whereas between the years 1990-2003,
water samples were taken bi-weekly. All observa-
tions made during 1991-2005 were involved in the
long-term trend analyses. A selection of water qual-
ity variables measured in the Danube River at Bra-
tislava is plotted in Fig. 3. Tab. 1 lists the average
values of the chosen water quality variables of the
Danube River at Bratislava — taken from the middle
of the channel transect, for three five-year periods.
The trend analysis reveals that the given time series
exhibited significant changes during the last fifteen
years — water quality in the upper Danube Basin is
improving. For example, a decline in pollutant con-
centrations can be readily seen in Fig. 2, which is as
a result of the introduction of wastewater treatment
plants constructed upstream this sampling site
(mainly in the Morava basin).

2.3 Seasonality

Both the discharge and water quality undergo
significant changes over the year (Parajka et al.,
2008; Pekdrova et al., 1999). In general, if pollu-
tion comes from point sources, the water quality
deteriorates with decreasing river discharge and
increasing water temperature. Each of the studied
water quality parameter exhibits intra-annual sea-

sonal patterns, as can be seen in Fig. 4. Due to the
long-term trend only the period 1996-2005 was
used for identification of seasonality. Fig. 4 shows
also the long-term monthly river discharge O, and
monthly water temperature 7 at Bratislava. In the
case of Q and T, average values were calculated
from daily observations.

3. Simulation of water quality

In this part of the study, linear autoregressive
Box-Jenkins models, commonly used to predict
water quality parameters, were employed (Box et
al., 1994).

3.1 SARIMA modeling approach

The Box—Jenkins models represent a reasonable
method to describe the periodical time series with
essential stochastic behavior (Shamshad, 2001;
Komornikova et al., 2008a, b). These models are
highly flexible and capable of modeling (stochasti-
cally) the seasonality and the trends in a more pre-
cise way than conventional analysis techniques.
The basic component of these models is an inde-
pendent and normally distributed random variable
E: (Pekarova and Pekar, 2006).

The ARMA(p,q) model of order p and q can be
defined as a combination of the AR (auto-
regressive) and MA (moving average) processes
and can be described in the following form




Prediction of water quality in the Danube River under extreme hydrological and temperature conditions

100

[ng.I"]

[mg.1-]

[mg.11]

[mg.11]

[mg.11]

Td [°C]

10500

5500 -

Qd [m?3s]

500
1.1.1990 1.1.1992 1.1.1994 1.1.1996 1.1.1998 1.1.2000 1.1.2002 1.1.2004

Fig. 3. Average daily discharge Qd, daily water temperature 7d, and (bi)-monthly measured water quality variables, Danube —
Bratislava, 1990-2006.

Obr. 3. Priebeh priemernych dennych prietokov Qd a teploty vody 7d a dvojtyzdiiové alebo mesa¢né hodnoty koncentracii vy-
branych ukazovatel'ov v toku Dunaja v stanici Bratislava, 1990-2006.
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Table 1. Average values of selected pollutant concentrations in the Danube at Bratislava — middle for five-years periods, annual

long-term linear trend in period 1991-2005.
Tabulka I
dlhoro¢ny linearny trend za obdobie 1991-2005.

Priemerné hodnoty vybranych ukazovatelov kvality vody Ddunaja v Bratislave-stred za 5-roéné obdobia;

0, %0, BOD; COD¢r  CODyy TOC pH EC N-NH,4 NO,-N
mgl] %  [mgl'] [mgl'] [mgl"] [mgl"] [mSm'] [mgl'] [mgl]
1991-1995 10.2 92.4 2.05 11.58 4.09 2.77 8.08 37.8 0.298 0.026
1996-2000 10.5 93.1 1.97 11.40 3.92 3.33 8.15 37.6 0.199 0.022
2001-2005 10.6 94.6 2.07 11.45 3.73 2.68 8.17 39.3 0.147 0.017
Annual trend 0.022 0.229 —0.018 —0.081 —0.051 —0.026 0.011 0.128 -0.016 —0.001
NOs-N Niot PO4-P Piot Cr SO.> Ca Mg KNK Clf-a
[mgl'] [mgl'] [mgl'] [mgl'] [mgl"] [mgl"] [mgl'] [mgl"] [mmoll'] [ugl"]
1991-1995 2.374 3.074 0.064 0.127 19.4 32.7 57.1 12.1 3.04 14.12
19962000 2.352 3.054 0.052 0.090 17.4 31.3 56.4 13.5 3.02 14.47
2001-2005 2.113 2.628 0.044 0.091 17.6 28.9 54.6 12.8 3.07 14.31
Annual trend —0.031 —0.048 —0.002 —-0.004 -0.219 —0.496 -0.367 0.011 0 —0.007
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Fig. 4. Monthly regime of discharge, water temperature and concentrations of selected water quality variables (averages for 1996—

—2005) in the Danube River at Bratislava.

Obr. 4. Ro¢ny chod prietokov, teploty vody a koncentracii vybranych prvkov, (priemery za obdobie 1996-2005), Dunaj, Bratislava.

Yt = (PlYt-l ++ (Pth_p + Et +

+©@E, +..+ OF.q, (1)

where E; — independent and normally distributed
random variable with zero mean value p =
= 0 and variance o’
®; —parameters of MA polynomial of order ¢,
¢; —parameters of AR polynomial of order p.

In an operator-based form, the model can be
written as:

¢(B) Y. =0O(B) E, 2)

where B —reversion shift operator defined as BY; =
=Y,
® —regular MA operator of order q,
¢ —regular AR operator of order p.
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In designing the ARIMA(p, d, q) model, station-
arity of the analyzed series (Y) is not required. In-
stead of the original series, this model operates with
series (Z) of differences of the first order or any
higher order. For the differences of the first order,
the following applies:

Zi=Y Yo, Zei = Yer1-Yeo, oo (3)
The generalized operator form is:
Z,=V'Y,=(I-B)Y, )

where: V'— the backwards difference operator.
The final form of the ARIMA model can be writ-
ten as:

¢ (B) V' Y, =O(B) E. )

In the B-J methodology, the seasonality as well
as the trend are modeled stochastically. The general
form of the SARIMA(p,d,q)x(P,D,Q);» model takes
the following form:

¢ (B) @B)V! V1, Y, = ©(B)&B")E, (6)
where VP, —the seasonal backwards difference
operator,
@ — the regular SAR (seasonal auto-
regressive) operator of the order p,
@ —  the regular SMA (seasonal moving
average) operator of the order q.
3.2 Model selection

Now, having analyzed the past 25 years, we
found that in order to predict water quality in the
Danube, only the last 1015 years with water qual-
ity data are needed. Therefore the monthly values
(in the case of bi-weekly observations taken as the
first value) of water quality for the period 1993—
—2005 were treated as a time series that was used
for the simulation. Eleven years of record (1993—
—2003) were used for calibration of the model.
Validation of the models was performed on the
2004-2005 data.

Time series of actual water quality data as well
as the estimated autocorrelation and partial autocor-
relation functions of the observed series were used
in constructing the models. When necessary, the
trend (non-stationarity) in the series was removed
by applying differentiation of the first order (D =
= 1). The distribution of observed concentrations is

not Gauss-normal, therefore a logarithmic trans-
formation was applied to the input time series be-
fore the actual simulation.

On the basis of the model efficiency, following
five types of autoregressive models SARIMA
(p,d,q)x(P,D,Q),, models with two regressors water
temperature 7 and discharge Q (measured coinci-
dently with quality sampling) were chosen:

(A) SARIMA(0,0,0)x(1,1,0),, + 2 regressors, Math
adjustment: Log base 10

(B) SARIMA(0,0,0)x(1,0,0);, with constant + 2
regressors, Math adjustment: Log base 10

(C) SARIMA(0,0,0)x(1,0,0),, + 2 regressors, Math
adjustment: Log base 10

(D) SARIMA(0,0,1)x(1,0,0);, with constant + 2
regressors, Math adjustment: Log base 10

(E) SARIMA(0,0,1)x(1,0,0);, + 2 regressors, Math
adjustment: Log base 10

In selecting the most appropriate SARIMA
model one should follow the following rule of
thumb: a better model should yield lower MSE
(mean square error) and MAE (mean average er-
ror), while ME (mean error) and MPE (mean per-
centage error) should be close zero. Tab. 2. lists the
results of an error analysis for chlorophyll-a for two
time periods: calibration period 1993-2003, and
validation period 2004-2005. Having completely
adopted this rule and examining the error statistics
reveals that models “A” and “D” can be seen as the
worst and best choices. For illustration, in Fig. 5 are
shown the results for chlorophyll-a using the (A)
and (D) model, respectively. However, here it
should be noted that relying merely on the rule
outlined above may result in a wrong choice; in
other words, the modeler’s subjective intervention
in selecting an appropriate model remains crucial,
especially if there is not much difference in the
error statistics between the proposed models. For
example, model “A” seems to better fit the peak
values in chlorophyll concentrations than the model
“D”, and thus it might be regarded as a more ap-
propriate model (Fig. 5). Nonetheless, each of the
investigated variables was assigned the model “D”,
as the model with the best performance results
based on the error analysis and subjective interpre-
tation. Additionally, several variants of the pre-
sented models can be chosen for each variable be-
ing studied.
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Table 2. Models (A) to (E). A comparison for chlorophyll-a, MSE — mean square error, MAE — mean absolute error, MAPE —
mean absolute percentage error, ME — mean error, MPE — mean percentage error.

Tabul ka 2. Porovnanie modelov (A) az (E) pre chlorofyl-a, MSE — stredna kvadratickd chyba, MAE — stredna absoltitna
chyba, MAPE — stredna absoltitna percentudlna chyba, ME — stredna chyba, MPE — stredna percentudlna chyba.

Estimation period 1993-2003

Model MSE MAE MAPE ME MPE
(A) 23491 8.679 81.93 2316 —33.57
B) 191.19 7.773 79.15 3.434 —-36.80
© 233.62 8.620 86.89 1.928 -37.29
D) 185.58 7.695 77.46 3.295 —34.83
(E) 199.11 8.208 77.25 2.943 —24.47
Validation period 2004-2005
Model MSE MAE MAPE ME MPE
(A) 108.34 7.575 54.79 1.931 1.259
B) 90.46 7.142 63.59 4.092 —-3.502
© 101.1 7.339 61.34 2.260 —2.690
D) 83.24 7.042 62.02 3.865 —5.785
(E) 90.95 7.486 61.08 3.874 4.944

3.3 Simulation of extreme discharge
and temperature scenario

In order to create scenarios of extreme values of
the selected water quality variables for each month,
three types of possible flow and water temperature
conditions were examined:

i) average conditions determined as median tem-

perature (750) and average flows (050);

ii) highest temperatures (799) and lowest flows

(001), and
iii) lowest temperatures (701) and highest flows

(099).

These conditions were derived for each month
using daily observations of water temperature and

ARIMA(0,0,0)x(1,1,0)12 + 2 regressors Q50 and T50

daily discharge readings at Bratislava over the pe-
riod 1931-2005 as percentiles (1"-percentile, me-
dian, 99™-percentile) (Fig. 6). Intra-annual simula-
tion of chlorophyll-a and nitrate nitrogen is shown
for illustration below (Fig. 7). The maximum con-
centrations of chlorophyll can be expected under
low flow conditions (Q01) and high water tempera-
tures (799). In the case of nitrate-nitrogen, the
situation is not so obvious. Nitrogen is introduced
into the Danube’s water mainly through diffusion
sources from agriculture. This fact can be explained
by the higher simulated concentrations under high
flow conditions ((99), whereas under low-flow con-

ARIMA(0,0,1)x(1,0,0)12 with constant + 2 regressors Q50 and T!
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80 Modeled' : 80 — ggégiegimits °
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_1 60 El ,
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193 195 197 199 1.1 1.3 1.5 1.7 193 195 197 199 1.1 1.3 1.5 1.7
Model (A) Model (D)
Parameter Estimate Stnd. Error P-value Parameter Estimate Stnd. Error P-value
SAR(1) -0.4554 0.0764 0.00000 MA(1) -0.2666 0.08836 0.0029
Q50 -0.00011 0.000025 0.00001 SAR(1) 0.3658 0.08813 0.00005
T50 0.02052 0.00495 0.00006 Q50 -0.000106 0.0000317 0.00108
T50 0.02984 0.0060746 0.00000
Mean 0.7462 0.136415 0.00000
Constant 0.473

Fig. 5. Comparison of two models (A and D) for chlorophyll-a, monthly modeled values for measured discharge and water tem-

perature values (1.93 — denotes January 1993).

Obr. 5 Porovnanie dvoch modelov (A a D), modelované mesa¢né koncentracie chlorofylu-a pre merané prietoky a teplotu vody

(1.93 znamena januar 1993).
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Obr. 6. Scenarové hodnoty pre prietok a teplotu vody vypocitané z dennych merani za obdobie 1931-2005. P1 je 1. percentil, P99

je 99. percentil.

SARIMA(0,0,1)x(1,0,0)12 with constant + 2 regressors, Q99, TO

SARIMA(0,0,1)x(1,0,0)12 with constant + 2 regressors, Q99, T01

120

—-=— actual
— forecast |
m| 80 90.0% limits
<
© a4
0 M
1.5 7.5 1.6 7.6 1.7

SARIMA(0,0,1)x(1,0,0)12 with constant + 2 regressors, Q50, T5

120
—=— actual
— forecast
“| 80 90.0% limits
=
© 4
0 MM
1.5 7.5 1.6 7.6 1.7

SARIMA(0,0,1)x(1,0,0)12 with constant + 2 regressors, Q01, T9

5.3 —=— actual
: — forecast |

43 90.0% limits
z| 3.3
3
> 23

1.3

0.3

1.5 7.5 1.6 7.6 1.7

SARIMA(0,0,1)x(1,0,0)12 with constant + 2 regressors, Q50, T50

5.3 —— actual
: — forecast

43 90.0% limits
Z| 3.3
3
Q 23 W\/

1.3

0.3

1.5 7.5 1.6 7.6 1.7

SARIMA(0,0,1)x(1,0,0)12 with constant + 2 regressors, Q01, T99

Chl_a

120

80

40

0

-=— actual
— forecast
90.0% limits
1.5 7.5 1.6 7.6 1.7

NO3_N

5.3
43
3.3
23
1.3
0.3

1.5

—— actual
— forecast
90.0% limits

\/\\.ff/\/

7.5 1.6 7.6 1.7

Fig. 7. Simulation of: chlorophyll-a and nitrate-nitrogen concentrations by SARIMA models, (dark line), Danube Bratislava, 90%
upper and 10% lover confidential limits (light lines); measured values in the year 2005 (dots).

Obr. 7. Simulécia chlorofylu-a (vl'avo) a dusi¢nanového dusika (vpravo) modelom SARIMA s dvoma regresormi, 90% horny a
10% dolny limit (svetlé ¢iary); merané hodnoty 2005 (body) a simuldcia na rok 2006, (1.5 znamen4 januar 2005).
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ditions, nitrogen-nitrate exhibits lower concentra-  seven years ahead (period 2006-2012). For predic-
tions. Discharge acts as a dilution factor in vari-  tion, monthly medians of discharge and monthly
ables such as phosphorus and chlorophyll, while  medians of temperature were used as inputs into the
dissolved oxygen appears to be less discharge- models. The modeling results are shown in Fig. 8.

related. The predicted values of the upper 90% limit are
rather high (in the case of oxygen, the low values
3.4 Long-term prediction are extreme), hence these values represent the cq

percentile required for classification of the Danube
The calibrated models can be used for long-term  according to the Water Framework Directive WFD,
prediction of monthly values of the water quality  2000/60/EC. Moreover, values of cqp have been
variables, and linked to future scenarios of water  determined for each month separately.
temperature and discharge. Prediction was made for
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Fig. 8. Long-term monthly prediction for median monthly discharge and water temperature, period 2006-2012, Danube at the
Bratislava gauge.

Obr. 8. Dlhodoba predpoved vybranych ukazovatel'ov kvality vody pre medianové mesacné prietoky a teploty vody. Obdobie
2006-2012, Dunaj: Bratislava.
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Conclusions

Our ability to predict water quality and the eco-
logical state of streams is essential in terms of pro-
posing effective measure for maintaining ecological
sustainability of water resources. Another important
aspect of water quality modeling is to adequately
respond to changes in the use of water resources,
e.g. construction of water reservoirs and water
withdrawal for irrigation and industrial purposes. It
is widely recognized that maintaining ecologically
acceptable low flows below reservoirs and with-
drawal sites should be of concern to water manag-
ers before issuing water right permits. Thus, every
attempt to change the natural flow conditions of a
stream should be accompanied with reliable simula-
tions of possible impacts of a proposed modifica-
tion on the stream’s ecology and water quality. In
this study we used one of possible techniques for
simulations of how the Danube River may respond
to different flow conditions, i.e. extremely low
flows and high flows. This study can serve as an
example of how seasonal autoregressive moving-
average models (SARIMA) might be used for such
purposes. The trend analysis of time series in which
monthly concentrations of the selected variables
were used indicates that the quality of water in the
Danube at Bratislava has improved over the past
fifteen years. As for chlorophyll-a, it is also widely
accepted that concentration of chlorophyll-a de-
pends on light conditions primarily determined by
the light attenuation by suspended matter and dis-
solved substances (yellow substances, or
“Gelbstoffe”), and water temperature. Since sus-
pended load is controlled by discharge, the range of
chlorophyll-a concentrations is predictable by
means of SARIMA models provided that river dis-
charge and water temperature are used as input
variables, and nutrients are available in sufficient
amounts. In the case of dissolved oxygen and elec-
trical conductivity, the range of simulated values is
not so broad as in the case of chlorophyll-a. There-
fore, these variables are predictable with a narrower
confidential limit. The forecasting performance of
the SARIMA models is good. We consider the ob-
tained results satisfactory and, as such, the results
might provide us with a “big” picture of what can
be expected in the Danube River in terms of water
quality under extreme flow and water temperature
conditions. This study reveals that it is feasible to
simulate water quality in the Danube River by
means of autoregressive models, but future investi-

gations should be conducted on other and smaller
rivers to confirm these results in order to generalize
these conclusions.
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PREDPOVED VYBRANYCH UKAZOVATELOV
KVALITY VODY V DUNAJI ZA EXTREMNYCH
HYDROLOGICKYCH A TEPLOTNYCH
PODMIENOK

Pavla Pekarova, Milan Onderka, Jan Pekar,
Peter Roncék, Pavol Miklanek

Jednym z negativnych doésledkov ocakavaného ote-
plovania sa prostredia ma byt aj zvySovanie teploty
vody v tokoch, zniZovanie prietokov pocas letnych sezon
atym aj nasledné zhorSovanie kvality vody v tokoch.
Cielom tejto studie je navrh modelu, ktorym by sme
mohli simulovat’ extrémne prietokové a teplotné situacie
a odhadovat nim extrémne koncentracie vybranych
polutantov v povrchovom toku.

V prvej Casti prispevku sa analyzuje vyvoj mesacnych
koncentracii vybranych ukazovatelov kvality vody v
toku Dunaja v stanici Bratislava (napr. Chl-a, Ca, EC,
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SO,%, CI, 0,, BSKs, N-celk, PO,-P, NOs-N, NO,-N a
pod.) za obdobie 1991-2005.

Druhé Cast’ je venovana vyberu vhodného typu sezon-
neho autoregresného  Box-Jenkinsonovho modelu
s dvoma regresormi (prietokmi a teplotami vody) pre
kazdy ukazovatel' kvality vody. V prvom kroku boli
odvodenymi modelmi predpovedané koncentracie jed-
notlivych ukazovatel'ov na 7 rokov dopredu (2006-2012)
za priemernych hydrologickych podmienok — medianové
mesacné prietoky a teploty vody.

Na vytvorenie scenarov vyvoja mesacnych koncen-
tracii vybranych ukazovatel'ov kvality vody v toku Du-
naja pre budiice obdobie boli zostavené viaceré autore-
gresné modely s dvoma regresormi: 1. prietokmi; a 2.
teplotami vody. Scendre pre mesacné prietoky a mesacné

teploty vody boli vytvorené pre tri stavy: i) priemerné
podmienky — median prietokov a teploty vody; ii) nizke
prietoky a vysoké teploty vody; a iii) vysoké prietoky a
nizke teploty vody. Tieto scenarové podmienky boli
vypocitané z dennych tdajov z obdobia 1931-2005 ako
percentily (1. percentil, median, 99. percentil). Pouzijic
tieto scenare sme Box-Jenkinsovymi modelmi s dvoma
regresormi simulovali extrémne mesaéné hodnoty vy-
branych ukazovatel'om kvality vody v Dunaji (paragraf
3.3). V poslednom paragrafe 3.4 sme vybrané modely
pouzili na dlhodobti predpoved’ mesacnych hodndt vy-
branych ukazovatelov kvality vody. Hodnotu 90%
horného limitu mozno porovnat’ s hodnotou Cy, a zistit’
tak ocCakavané zatriedenie vody Dunaja v Bratislave do
jednotlivych tried kvality v zmysle WFD, 2000/60/EC.
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