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Introduction. It is standard practice to assess the flood risk on the basis of the
probability that the flood will exceed a pre-defined flood wave characteristic. In effect, this
is equivalent to determining the flood return period. The approach includes statistical
analysis of hydrologic data from the nearest hydrologic station that can provide flood
discharge data. From an engineering perspective, the approach yields satisfactory results
in a large number of tasks, especially in the case of flood defenses where there are no
tributaries along the considered river reach. However, when the protected area includes
the mouth of a tributary, the approach does not reliably estimate the considered flood
wave characteristics because the rise and development of flood waves on the rivers differ
as a rule. Maximum flood waves do not occur simultaneously on both rivers but a flood
wave on one can have a significant effect on the flow of the other. It should be kept in
mind that hydrologic data are generally collected by hydrologic stations located beyond
the zone of mutual influence of the considered rivers. In such cases it is especially
important to assess coinciding (concurrent) floods on the recipient and the tributary, and
to size flood defenses for the discharge of a certain return period defined by two-
dimensional probability analysis.

Methodology.

Coincidence of two random variables. In order to determine the design water
levels in the zone of mutual influence of the recipient and a tributary, it is necessary to
define the probability of instantaneous occurrence of floods on both of them, which
represent random events (random variables X and Y), or, in other words, coincidence

[5].

If two-dimensional random variables are normally distributed, the probability
distribution function (lines of the same probability of occurrence of random variables X
and Y) can be written as [2]:

f(xy)= :

=
27r-0x-ay- 1-p

1 (x—ux)2 ) ZP'(X_,UX)'(Y—ﬂyj +[y—uy)2
2'(1_/’2) o “x %y 532,

(1)
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The symbols in Eq. (1) stand for the following: x, y-— simultaneous realization of
random variables X and Y, respectively; M, yy_ expected values of Xand Y; o, ay_

standard deviation of X and Y; © — coefficient of correlation between X and Y.
For a joint probability density function (jpdf), f(x,y), the marginal densities f(x,)
and f(.,y) are defined by:
y=o0 (2)
f(x:)=[f(xy)dy,
y=—00
X=00 (3)
f(oy)=[f(xy)dx.

X=—00

The marginal cumulative probability functions are determined from:
t=x
F(xes)= [f(te)dt (4)
t=—c0
and
t=x
F(Xe)= jf(t,.)dt. (5)

t=—0
The cumulative probability density function (cpdf), F(X,y), is obtained from:

t=x z=
F(X,Y)ZP[X SXHYSY]Z [ ﬁ(t,z)dtdz. (6)

t=—00 z=—0

The cumulative exceedance probability @(x,y) can be obtained from the following
relation [2]:
t=400 z=400
o(xy)= [ [f(t,z)ddz=P[X >xNY>y]=1-PX <xUY<y]|=
t=x z=y (7)

=1-F(x:)=-F(.,y)+F(x,y)

In bivariate statistical analyses of flood characteristics, hydrologists encounter two
basic obstacles which must be overcome in a practical implementation of the proposed
model.

The first stems from the fact that most flood characteristics are not normally
distributed. It is, however, customarily assumed that the considered variables follow the
Log-normal distribution. Therefore, their logarithmic transformations in expression (8) are
said to be normally distributed:

U=IlogX;W=logY. (8)
Evaluation of cumulative distribution functions involves extensive calculations in a
three-dimensional space, X, Y and p, and implementation of a graphoanalytical scheme.
This scheme has been described in [1] and is briefly discussed in the ensuing text.

The scheme deals with standard normal variables. Non-standard variables can be
transformed into standardized variables by the well-known procedure, namely:

v=(u-u,)l0,; E=(w-p,)l o, (©)
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Based on the above assumption, the variables v and & are normally distributed,

with the expected values M, =He = 0 and standard deviations o, =0;= 1.

With the above transformations, the joint probability density function can be defined
as:

1 1 2 2
f(y.)=—F—exp———lv —20y5+S7 || 10
27 -(1- p?) p( 2-(1- p?) U o

The values of the correlation coefficient p should be replaced by R, which can be
calculated from observed data using the standardized series w and &. With this

parameter, and after simplifying the notation in Eq. (10), the following relation can be
written:

IAff(t//.é)dwdéﬂ—exp[—Z(%ﬂ- (11)

The integral given by Eq. (11) over an area A, i.e. the integral over the space v, &
from A, represents the probability that the realization of events v =hand & =k will fall

within the area A, which is contoured by an ellipse described by the following equation
[10]:

1//2—2p-1//-éj+§2212. (12)

The newly-introduced symbol A is obviously related to the constant value of the
integral in Eq. (11). Consequently, it is related to the variables v and &, as well as to the
correlation coefficient.

Hence, the probability contained within the ellipse of Eq. (12) can be calculated for
each value of 1 =cong.

Equating the variable part of the exponent in Eq. (10) to the exponent of Eq. (11)
yields the relation

we-2p-y-E+E8 =1, (13)

& =2p-y-E+(y®-2)=0. (14)

As previously stated, any particular value of A = const corresponds to an ellipse.
Furthermore, any given value, v =h, intersects the ellipse at two different values of &,
let us say &=k and &, =K,

Hence, solving the quadratic Eq. (14) for any particular value of A= cong

corresponding to the required level of probability given by Eq. (11) results in two particular
coordinates (§l: kl 52: kz)’ which represent the intersection of the ellipse and the

straight line y = ho. A series of ellipses can be constructed by repeating the calculations
for several selected values of 2 while varying the values of v = h0' After each calculation

step, a transformation corresponding to Eq. (9) should be performed to obtain
unstandardized values of the flood characteristics, instead of standardized logarithmic
values.
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The described computational scheme is rather direct. However, the results have no
great use, except to give the analyst general insight into the relation of the considered
flood characteristics.

In the case of evaluation of the cumulative distribution function, the direct method,
as previously outlined, is not convenient. To overcome computational difficulties, the
Abramowitz and Stegun [1] procedure was implemented in this study. The computational
scheme uses a grapho-analytical procedure that defines the cumulative probability,
@(hk,p), in terms of the probabilities @(h,0,r) and @(k0,r), where instead of the

correlation coefficient, p, the value r =r(h,k,p) is used. The value r is related to h and
k, as well as to p itself. More specifically, the probability @(h,k,p)can be assessed
from:

’ (15)

o(h,k, p) = q)(h,q (Ph—k)'sgnhj N q{k,o, (pk—h)-snk

Jh? = 2phk + k> Jh? = 2phk +k®

where (sgnh) and (sgnk ) are equal to 1 if h or k, respectively, are greater than or equal
to zero, and they become -1 whenever h and k are less than zero.

It should be reiterated that the described procedure requires that the variables X
and Y be logarithmed and properly transformed into standard normal variables.
Therefore, the particular values of hoand kO, for which the exceedance probability is

] {O if k>0andh+k>0

5 for al other cases

calculated, must consequently be converted into natural values, namely:

x =10" = 10(%””6) - 10(0‘1 0 (16)

y= 1OW — 10(O-Wé:+w) — 10(O-Wk0+w) (1 7)

Any value obtained according to the above-described model represents the

probability that a flood event, which corresponds to particular magnitudes X, and Yo will

exceed a chosen combination of X and Y.

A model, based on the described procedure and utilizing the charts presented in [1],
has been developed to perform the above calculations related to the two-dimensional
distribution function. It contains the correlation coefficient, as a measure of dependence
of the flood events in question. In order to assess the strength of that correlation, the error
of the computed correlation coefficients needs to be estimated. To that end, relation (18)
was used [11]:

S . NI (18)

where: oy - error of the correlation coefficient R; N - total number of data.

In this paper the following criterion was adopted: the correlation coefficient, R, is
significantly different from zero if its absolute value is greater than the triple value of the
error, or that is|R >3- og.

Based on the absolute value of the correlation coefficient, three degrees of statistical
significance of the coincidence of two random variables are distinguished:
(1) Nearly statistically-significant coincidence:

IR >0.95-1.0. (19)
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(2) Statistically significant coincidence:
IR>3.0,-095. (20)
(3) Statistically insignificant coincidence:

[Ri<3-0p (21)

Defining the variables. The analysis of coinciding flood discharges of the recipient
and a tributary is founded upon the definition of a two-parametric law of distribution of the
combinations of variables shown in Table 1 [4].

Table 1. Combinations of simultaneously occurring variables

River Reach Combinat Appellati
Gauging station 1 Gauging station 2 ombination ppetiation
L The main river max-cor QINmax - QOUTcor1
The main river upstream downstream from the
from the tributary tributary cor-max QINcor1 - QOUTmax
The main river upstream Tributar max-cor QINmax - QTRcor1
from the tributary y cor-max QINcor2 - QTRmax
The main river max-cor QTRcor2 - QOUTmax
Tributary dgwnstream from the cor-max QTRmax - QOUTcor2
tributary

The coincidence calculations result in a line of similar probabilities of the above
combinations of the selected flood wave parameter (differential distribution laws), as well
as lines that define the exceedance probabilities of the same combinations of variables:

P[X > x;YCor > y]: ;f:fg(x ,YCOr ,R)dxdy, (22)
11
P[X > X;Ycor]_ > Y]= :(J? :fg(x ’Ycorl’R)deycorl’ (23)
11
P[XCor > XY > y]z ;f :fg(xcor ,Y,R)dxcordy, (24)
11

where: X, Ycor - the highest annual flood wave peak of the recipient upstream from the

mouth of the tributary and corresponding flood wave peak of the recipient downstream

from the tributary, respectively; X, YCorl - the highest annual flood wave peak of the

recipient and corresponding flood wave peak of the tributary; Y, Xcor - the highest annual

flood wave peak of the tributary and corresponding flood wave peak of the recipient
upstream from the tributary.

Determining analytical flood discharges of characteristic probabilities of
occurrence. The results of calculations of analytical flood discharges of the recipient and
the tributary in the zone of the mouth of the tributary can be used in practice to define:
analytical water levels at a gauged confluence and analytical discharges at an
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insufficiently gauged mouth of the tributary — when there is no data on the downstream
reach of the recipient [8].

The theoretical background for all the above aspects of the practical uses of the
results of calculations of coinciding flood discharges of the recipient and the tributary in
the zone of their confluence is provided below.

Estimation of coinciding flood discharges to define design water levels at
gauged confluences

A confluence is said to be gauged if hydrologic data (hydrologic stations) are
available on the input cross-sections (of the recipient and the tributary) and the output
cross-section (of the recipient downstream from the mouth of the tributary) [8]. The
following data are needed to calculate design water levels:

e time-series of annual maximum discharges at the entry and exit stations, and
¢ results of flood discharge coincidence calculations of the following combinations
of variables:
— the highest annual discharge of the recipient and the corresponding discharge
of the tributary, and
— the highest annual discharge of the tributary and the corresponding discharge
of the recipient.

The design water levels of the recipient and the tributary in the extended area of the
confluence are obtained from hydraulic calculations of the water level lines at selected
design discharges. The design water levels in the case of gauged confluences are
determined for [6, 9]:

¢ the reach of the recipient downstream from the confluence:

— the design discharge is the theoretical value of the annual maximum discharges
QOUT . 0 for the selected probability of occurrence p at the hydrologic station

on the recipient downstream from the mouth of the tributary;

o for the reach of the recipient upstream from the confluence, in the zone of mutual
influence of the recipient and the tributary, the design water level is an envelope
of the maximum water levels obtained by calculating the water level lines of the
water surface for the following combinations of discharges:

— theoretical value of the highest annual discharge of the recipient downstream
from the confluence for the probability of occurrence p and corresponding
discharge of the recipient upstream from the confluence for the same
probability of coincidence (QOUTW;chorl)p,

— corresponding discharge of the recipient downstream from the confluence and
theoretical value of the highest annual discharge of the recipient upstream from
the confluence, for the probability of occurrence p and the same coincidence

probability (QIN e QOUTcorl)p ’

e for the tributary upstream from the confluence, in the zone of mutual influence of
the recipient and the tributary — the design water level is an envelope of the
maximum water levels obtained by calculating the water level lines for the following
combinations of discharges:

— theoretical value of the highest annual discharge of the recipient upstream from
the confluence for the selected probability of occurrence p and corresponding
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discharge of the tributary, for the same coincidence probability
(Qout_ QR ),
max cor2/p

— corresponding discharge of the recipient downstream from the confluence and
theoretical value of the highest annual discharge of the tributary for the selected
probability of occurrence p and the same coincidence probability

@R _;QouT 2)ID :

o for the recipient upstream from the zone of mutual influence of the recipient and
the tributary — the design water levels are obtained by hydraulic calculations of the
water level lines for the theoretical value of the highest annual discharge of the
recipient (at the upstream hydrologic station), for the selected probability of
occurrence QINrrax,p’

o for the tributary upstream from the zone of mutual influence of the recipient and
the tributary — the design water levels are obtained from hydraulic calculations of
the water levels lines for the theoretical value of the highest annual discharge of
the tributary (at the upstream hydrologic station), QTRmXp, for the selected

probability of occurrence p.

The design water level lines for the zone of mutual influence of the recipient and the
tributary are determined as schematically represented in Fig. 1. The adopted level of
protection corresponds to the selected probability of occurrence p [6].

Dambe Dirava contlusnce

Figure 1. Schematic representation of the selection of the design water level in the
zone of the confluence

Estimation of coinciding flood discharges to define design water levels at
partially gauged confluences

A partially gauged confluence refers to the extended sector of the confluence, where
data are not available at one station. All the necessary probabilities and coincidences of
the variables described in Egs. (22), (23) and (24) are defined on the basis of available
data.
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To simplify the procedure, shown below is how calculations are made in the absence
of data on the output cross-section of the recipient [7]. This means that time-series of
daily discharges are available for: the input cross-section of the recipient (QINW) and

the input cross-section of the tributary (QTRmaX).
In this case it is necessary to define the coincidences (lines of the same probability

of occurrence [ 0%Y) and cumulative lines of exceedance probabilities d)(x,y)) for the
following combinations of variables, only for synchronous occurrences:

e the highest annual discharge of the recipient upstream from the mouth of the

tributary — corresponding discharge of the tributary (QINWBX;QTRcorl), and

e the highest annual discharge of the tributary — corresponding discharge of the

recipient upstream from the mouth of the tributary (QTRmX;QINcorZ)-

In this case study, the maximum discharge of a certain probability of occurrence —
QOUTmaxp was determined based on two points of intersection (1 and 2) of the

previously-mentioned coincidence lines in two cases:

P[(Qle > q||\|mx)m(QTRCOrl > qTRcorlx)J: D, f(QINmX,QTRC

a)=P (25)

P[(QTR”HX > qTan)ﬂ(QlNC0r2 > qINcorZX) =p, f(QTRm,QlNcor2)= D, (26)

where: p is the probability of occurrence.
The coordinates of the intersected points were:

eCase 1:

. 1 . 1
— Point 1 (Ql N QTRcorl)p

— Point 2 (QINerX:QTRZ )p

corl

eCase 2:

: 1 . 1
— Point 1 (QTRmaX : QINcorz)p

. 2 . 2
— Point 2 (QTRrnax : QINcorz)p
The design value of the highest discharge along the reach of the recipient
downstream from the mouth of the tributary, for the probability of occurrence p-

QOUT 0 Eq. (27), is equal to the mean value of the sum of coordinates of the two

points in the two graphs, i.e.:

2

2
1 1 2 2
%[QI N e, p + QTRcorl,p] +% (QI N frax,p + QTRcoer) +

QOUT . o= ) /4 (27)

2 2
1 2 2
* %‘[QTRmx,p + QINcorZ,pJ +21:(QTerx,p + QINcorZ,pj
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It should be kept in mind that the basic assumption of this approach is that the
intermediate catchment in the considered sector between the input cross-sections and
the output cross-section has no significant effect on flood wave formation at the output
cross-section of the recipient.

Results.

Flood discharges of characteristic probabilities of occurrence at a gauged
confluence. The primary criterion related to the construction of flood defenses in the
zone of the confluence of the Drava and the Danube is cost-effective sizing of all structural
flood protection measures [3]. In the specific case, the main structures are levees. The
sector of the Danube River from the hydrologic stations at Bezdan on the Danube and
Donji Miholjac on the Drava to the hydrologic station at Bogojevo on the Danube is shown
in Fig. 2.
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Figure 2. Reach of the Danube River from the hydrologic station at Bezdan to the
hydrologic station at Bogojevo

The theoretical discharges of different return periods at the considered river cross-
sections, derived by the conventional approach for statistically significant coincidences,
based on time-series of annual discharges from 1931 to 2014, served as a basis for sizing
of flood defenses. Goodness-of-fit tests (x2, Kolmogorov-Smirnov and nw?) revealed that
Gumbel’s theoretical probability distribution function best fitted the empirical values of the
data recorded by the three hydrologic stations. The theoretical discharges of
characteristic probabilities of occurrence are shown in Table 2.
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Table 2. Theoretical values of annual maximum discharges of the Danube and the
Drava for different probabilities of occurrence — Qmax o (m?3/s)

Probability of Danube Drava
occurrence (%) at Bezdan at Bogojevo at Donji Miholjac
0.1 11020 12350 3384
1 8810 9910 2652

7249 8186 2136

However, values that represent derived quantities, which depend on the strength of
coincidence of flood discharges of the Danube and the Drava according to criteria (19),
(20) and (21), need to be considered in relation to the recipient upstream from the
confluence, within the zone of mutual influence of the two rivers, in order to define design
discharges for sizing of flood protection. The optimal approach is to adopt the most likely
combination of discharge coincidence variables of the Danube and the Drava from the
exceedance probability curve, taking into consideration the place of origin of the flood
wave for the selected level of protection (i.e. return period).

In the present case study, the coincidence of flood discharges of the Danube and
the Drava was estimated for the following combinations of variables:
e highest annual discharge at Bezdan — corresponding discharge at Bogojevo
iz a2 woc),
e corresponding discharge at Bezdan — highest annual discharge at Bogojevo

(QBez.QBOg)E (|COM ),

o hig;:elst ;?r(wual discharge at Bezdan — corresponding discharge at Donji Miholjac
[ope::a0yt )= (mme)

e corresponding discharge at Bezdan — highest annual discharge at Donji Miholjac
(2020 )= 1cTm),

¢ highest annual discharge at Bogojevo — corresponding discharge at Doniji
Miholjac (Qfgf ; Qg':"z)z (TcoMm ),
e corresponding discharge at Bogojevo — highest annual discharge at Doniji
Miholjac (Qci‘i%; QM )E (TMOC).

The results are graphically represented in Figs. 3 through 8, including lines of the
same probabilities of occurrence (density functions), lines of exceedance probabilities
(distribution functions) and empirical points.

To assess the statistical significance of the calculated coincidences of flood
discharges of the Danube and the Drava, Table 3 shows the main indicators of the
strengths of the established coincidence correlations — the coefficient of linear correlation
and standard error.

The above results lead to the conclusion that there is statistically significant
coincidence between the combinations of the highest annual discharges of the tributary
at Donji Miholjac and the corresponding discharges of the recipient at Bezdan and
Bogojevo, as well as between all combinations of discharges at the upstream station
(Bezdan) and the downstream station (Bogojevo) on the recipient. None of the
combinations of the highest annual discharges of the recipient (Bezdan or Bogojevo) and
the corresponding discharges of the tributary is statistically significant.
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Figure 3. Coincidence of the maximum annual discharge of the Danube at Bezdan and
the corresponding discharge of the Danube at Bogojevo (IMOC)
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Figure 5. Coincidence of the maximum annual discharge of the Danube at Bezdan and
the corresponding discharge of the Drava at Donji Miholjac (IMTC)
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Miholjac and the corresponding discharge of the Danube at Bezdan (/ICTM)
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and the corresponding discharge of the Drava at Donji Miholjac (TCOM)
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Table 3. Statistical significance of the considered combinations of variables

. . Combination Statistical
Hydrologic stations of variables R N o So significance

max — cor 0.91809 | 79 | 0.017676 | 0.053029 YES
cor — max 0.8561 |79 | 0.030050 | 0.090151 YES

Bezdan — Bogojevo

Bezdan — Doniji max — cor 0.15869 | 79 | 0.109676 | 0.329027 NO
Miholjac cor — max 0.45362 | 79 | 0.089358 | 0.268073 YES
Donji Miholjac — cor — max 0.24087 | 79 | 0.105981 | 0.317944 NO
Bogojevo max — cor 0.51906 | 79 | 0.082196 | 0.246589 YES

The values shown in Table 3 corroborate the validity of the proposed approach for
the estimation of the coincidence of flood discharges in the extended zone of the
confluence of the Drava and the Danube.

The analytical discharges for the different combinations of variables are shown in
Table 4.

Table 4. Analytical flood discharges of the Danube and the Drava for different
coincidence probabilities

Danube upstream from Danube downstream from Drava upstream from
confluence confluence confluence

p%
Bez Bog DM Bog Bez DM DM Bog Bez
Qmax Qcorl Qcorl Qmax Qcor 2 Qcorl Qmax Qcor 2 Qcorl

0.1 | 11020 | 11750 | 1700 12350 | 10000 | 2000 3384 8000 9000
1.0 |[8810 9100 1650 9910 8000 1770 2652 6800 7000
5.0 |7249 7800 1300 8186 6500 1180 2136 5400 5800

The analytical discharges for determining design water levels for sizing flood
defenses along the Danube from its point of entry into Serbia to the hydrologic station at
Bogojevo, and along the Drava from the hydrologic station at Donji Miholjac to the
confluence with the Danube, are schematically represented in Figs. 9 and 10,
respectively.

For the reach of the Danube upstream from the mouth of the Drava, the water level
envelopes of a 100-year return period would be obtained on the basis of the following

B 3
o9 =9910m /S and the corresponding discharge

combinations of discharges: mel%

B 3
from Fig. 4, Qi?rzl’l% = 8000 mB/S, and szle% =8810m /S and the corresponding

B 3
discharge from Fig. 3, QCOC;(‘LL% =9100 m”/s.
For the reach of the Drava upstream from its mouth, the water level envelope of a
= 2652 m’/s

100-year return period would be obtained from the combinations: Qr?e':/lx,l%

and the corresponding discharge from Fig. 8, Q;$%1%=6800m3s, and

B 3
erggl%=9910m S and the corresponding discharge from Fig. 7,

DM 3
QM 4, =1770m /s.
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Figure 9. Maximum design discharges for estimating the 100-year water level along
the considered reach of the Danube

H= at Dong Miholjac

A‘:_; HE at Bogojevo

CranubeDrava confluence

Figure 10. Maximum design discharges for estimating the 100-year water level along
the Danube to the mouth of the Drava and along the Drava to the hydrologic station at
Donji Miholjac

Design flood discharges at an insufficiently gauged cross-section of the
recipient. In order to apply the proposed approach to the estimation of flood discharge
coincidence for defining design water levels at a partially gauged cross-section, it was
assumed that there are only two upstream gauging stations, at Bezdan and Doniji
Miholjac, in the considered sector of the Danube and the Drava, and that there are no
data on the reach downstream from the mouth of the Drava. Data from the “non-existent”
station at Bogojevo were used only to verify the results.

The results of coincidence calculations for the following combinations of variables
at the hydrologic stations at Bezdan and Donji Miholjac were used:

e maximum annual discharge of the Danube at Bezdan — corresponding discharge

of the Drava at Donji Miholjac (QES)Z(;QC[()M), and

Fipponoris, rigpoximis i rigpoekonoris. — 2016. — T.3(42)

22



e annual maximum discharge of the Drava at Donji Miholjac — corresponding
DM . Bez )
max ' “cor2/°

Table 5 shows the analytical results for maximum design discharges of the Danube
at the ‘non-existent’ station at Bogojevo, for the probabilities of occurrence p = 0.1, 1.0
and 5.0 %.

It follows from the results that the proposed method for estimating the flood
discharge coincidence of a recipient and a tributary is also suitable for defining theoretical
values of maximum discharges of certain probabilities of occurrence along the recipient
downstream from the mouth of the tributary, if time-series of daily and annual maximum
discharges at the two input cross-sections in the upstream sector are available. It was
assumed in the above example concerning the estimation of annual maximum discharges
of the Danube at Bogojevo (Table 5, Figs. 5 and 6) that data were available only on the
upstream sector, at Bezdan on the Danube and Donji Miholjac on the Drava. The resulting
analytical values of annual maximum discharges of the Danube at Bogojevo, based on
defined coincidence functions, matched very well the results of conventional probabilistic
analysis (Table 5). The differences between the analytical values based on coincidence
and the statistical analysis were minimal — the errors were in the interval from -7.0% (for
a 1000-year return period) to -1.3% (50-year return period).

discharge of the Danube at (Q

Table 5. Analytical discharges of the Danube at the ‘non-existent’ Bogojevo station
for different probabilities of occurrence

Combr 5% 1% 0.1%
nation Variable : Point 2 >3 : Pomt2 » : Point : >3
Bez
o5 O Bez 7250 | 6700 | 13950 | 9100 | 7000 | 16400 | 11020 | 7300 | 18320
rex’ ~eorl o 1220 | 1400 | 2620 | 1260 | 2000 | 3200 | 1100 | 2610 | 3710
> 16570 19600 22030
Qo 2200 | 1900 | 4100 | 2800 | 2550 | 5150 | 3350 | 2800 | 6150
QDM ;QBez max
X erZ | QB | 5400 | 6250 | 11650 | 6200 | 7500 | 13200 | 7200 | 10000 | 17000
3 15750 18350 23150
33 32320 37950 45180
Raé _ $5/4
Qraxp = 22/ 8080 9487 11295
Qe 8186 9910 12150
Bogojevo ' .
AQ oy (%) 1.3 4.3 7.0

Conclusion. The practical significance of the results of coincidence estimation is that
flood protection could be sized on the basis of design discharges that provide a lower
level of protection in the zone of mutual influence of a recipient and a tributary, from a
conventional one-dimensional design approach perspective, while ensuring the same
level of protection from a flood risk standpoint. The proposed coincidence estimation
approach yields representative quantitative indicators of optimal combinations of the
considered random variables, from the standpoint of cost-effectiveness and safety. The
results can be used to define design water levels at river mouths, where the required
(appropriate) data are not available at one gauging station.
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The developed method for estimating the coincidence of flood discharges of the
recipient and a tributary is also suitable for defining maximum design discharges if no
data are available on a river cross-section. The calculations in the case of no data at the
hydrologic station of Bogojevo showed that the errors were minimal, up to 10%.
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PacueTHble pacxoabl BOAbI A 3alUNTbl OT HABOAHEHUN B MecTe cnusiiua OyHas v [paBbl

CmeeaH lNpoxacka, AnekcaHdpa Unu4, Bnaducnaea bapmow [ueay

B cmambe npedcmaeneHbl meopemuyeckue OCHo8bl 0ns onpedeneHuss coenadeHul
(00HOBpPEMEHHBIX) Nagodko8bIX pacxo0o8 800kl 8 30HE CUMbHO20 83aUMHO20 8/TUSHUS MeXOY OCHOBHOLU
PEKOKO (pPeyunueHmom) U rnpumoKoM, 8 MoM Yucrie MamemMamu4yeckKue OCHO8bI U ropsiOoK orpedernieHuUst
JIUHUL mod e caMol 8epOSMHOCMU MOABIGHUS U JIUHUU 8epOosiImHOCMU rpesbiueHul 08yx criyHalHbIX
gesluduH. B criydae crioxHoU pevyHolU cucmembl, O2paHU4YeHHOU O08YyMsi BXOOHbIMU CeYeHUSIMU
(peuyunueHma u NPUMOoKU) U 0OHUM 8bIXO00M r10MepeYHo20 CeYeHUs (peyunueHma), coomeemcmesyrouue
KoMBUHauuu exe200HbIX MakcumMarsbHbIX pacxo0o8 800bI peKk u coomeemcmeayowue (CUHXPOHHbIE)
pacxo0bi 800kl onpedenieHbl 8 Opyaux BXO00HbIX / BbIXOOHbIX CEYEHUsIX, rpu yCcro8uu, ecriu He
cyujecmeyem 3Ha4yumesibHO20 8/IUSIHUS MPUMOKa U3 MPoMeXymo4Ho20 8000cb0opHo20 bacceliHa.

Pesynbmamsi ModenupogaHusi cosnadeHull pacxodoe 600bI rnagodkoe 6 cekmope [yHas
npedcmaesneHbl om mouyku ebeslda 8 Cepburo (sudponoeudeckuli nocm e beszdaHe) 00 KOHMPOTbHO-
uaMepumersnbHol cmaHyuu 8 bo20ego, a makxe 8 HUXHEM meyYyeHUU peku [pasbi - 0m KOHMPOJIbHO-
usmepumensHol cmaHuyuu 6 [loHu-Muxonsy 0o ee ycmbsi. B pabome 4ucrneHHO U 2paghuyecku
MpPOoUsIIIOCMPUPOBaHbI pe3yribmamamu pacyemos.

Knroveeblie criosa: cosrnadeHue nagodkosbix pacxo0o8 800bl, JIUHUU PasHbIX seposimHocmel
riosieieHus, 8epossmHocmel MpeesbIeHUs], pacyemHas cxema nagodKo8bIX pacxo0o8 800kl
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Po3paxyHkoBi BUTpaTU BOAMU ANA 3aXMCTy Big noBeHew B Micui 3nuTta [lyHato i [lpaBu

CmeeaH lNpoxacka, OnekcaHdpa Iniy, Bnaducnaea bapmouw [fieay

Y cmammi npedcmaeneHi meopemuyHi ocHosu 0515l susHa4YeHHs1 36icie (00HoYacHUX) NnagodKosux
sumpam 800U 8 30HI CUIbHO20 83aEMOSIIIIUBY M OCHOBHOO PIKOKO (peyurnieHmom) i npuniueom, 8 momy
qucni Mamemamud4Hi OCHo8U ma nopsiO0K BU3HAYEHHS fiHil miei x camoi UmogipHocmi nosieu i niHil
timosipHocmi nepesuwieHb 080X 8unadKko8uUX 8eslUYUH. Y pa3si ckrnadHOI piyKkoeoi cucmemu, obmeXeHoI
dsoma exiOHUMU rnepemuHamu (peuurieHma i npumoku) i 0OHUM 8UXOOOM T[10repeqyHo20 nepepisy
(peuunieHma), 8i0noegidHi KoMOIHayii WOpPIYHUX MaKcuMaslbHUX eumpam 800U pPi4OK | 8i0rnoegioHi
(CUHXPOHHI) BUMpamu 800U 8U3HaYeHI 8 IHUWUX 8XIOHUX / UXIOHUX NepemuHax, 3a yMo8u, SKWO He iCHye
3Ha4yHO20 8rs1u8y NPUIU8y 3 MPOMiXXHO20 800036ipHO20 bacelHy.

Pesynbmamu modesntogaHHs 3b6ieie aumpam eo0u nagookie 8 cekmopi [yHaro npedcmasrieHi gid
moyku 8730y 0o Cepbii (2idponoeiyHull nocm e besdaHe) A0 KOHMPOIbHO-8UMIPIO8AIbHOI cmaHUji 8
Gozaoeso, a makox 6 HUXHIU medii piyku [pasu - 8i0 KOHMPOIbHO-8UMIPO8aibHOI cmaHuii 8 [JoHi-Mixonsay
0o ii eupna. Y pobomi qucesnbHO i epaghiyHO NpPoIIoCMposaHi pesyrnbmamamu po3paxyHKie.

Knroyoei cnoea: 36ic nasodkosux aumpam eo0u, NiHii pisHUX LimosipHocmed nosisu, tmosipHocmel
rnepesuWeHHs], po3paxyHKosa cxema nasodKosux sumpam 800u.

Flood protection design discharge at the confluence of the Danube and the Drava

Stevan Prohaska, Aleksandra lli¢, Vladislava Bartos Divac

The theoretical background for defining coinciding (concurrent) flood discharges in the zone of strong
mutual influence between the recipient and a tributary is presented in the paper, including the mathematical
basis and a procedure for defining lines of the same probability of occurrence and lines of probability
exceedance of two random variables. In the case of a complex river system, bounded by two input cross-
sections (of the recipient and the tributary) and one output cross-section (of the recipient), relevant
combinations of annual maximum river discharges and corresponding (synchronous) discharges are
defined at other input/output cross-sections, if there is no significant influence of inflow from the intermediate
catchment.

The results of the simulation of coinciding flood discharges for the sector of the Danube from the
point of entry into Serbia (gauging station at Bezdan) to the gauging station at Bogojevo are presented,
including the lower course of the Drava — from the gauging station at Donji Miholjac to its mouth. The paper
is numerically and graphically illustrated with calculation results.

Keywords: coinciding flood discharges, lines of equal probabilities of occurrence, exceedance
probabilities, design flood discharges.
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