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Abstract: River flooding in Serbia is a natural phenomenon which largely exceeds the scope of water management
and hydraulic engineering, and has considerable impact on the development of Serbian society. Today, the
importance and value of areas threatened by floods are among the key considerations of sustainable development.
As a result, flood protection techniques and procedures need to be continually refined and updated, following
innovations in the fields of science and technology. Knowledge of high flows is key for sizing hydraulic structures
and for gauging the cost-effectiveness and safety of the component structures of flood protection systems.
However, sizing of hydraulic structures based on computed high flows does not ensure absolute safety; there is a
residual flood risk and a risk of structural failure, if a flood exceeds computed levels. In hydrological practice, such
floods are often referred to as historic/loads. The goal of this paper is to present a calculation procedure for the
objective identification of historic floods, using long, multiple-year series of data on high flows of natural
watercourses in Serbia. At its current stage of development, the calculation procedure is based on maximum annual
discharges recorded at key monitoring stations of the Hydro-Meteorological Service of Serbia (HMS Serbia). When
applied, the procedure results in the identification of specific historic maximum stages/floods (if any) at all gauge
sites included in the analysis. The probabilistic theory is then applied to assess the statistical significance of each
identified historic flood and to classify the historic flood, as appropriate. At the end of the paper, the results of the
applied methodology are shown in tabular and graphic form for various Serbian rivers. All identified historic floods
are ranked based on their probability of occurrence (i.e., return period).

Key words: historic flood, reference high flow, outlier, statistical significance, probability of occurrence, return
period.

H3Box: [Monnase y CpOuju cy nmpupoHa 1mojaBa Koja y BEJIMKO] MEpH IpeBa3uia3d o0MM yIpaBibamba Bojama, U
¥Ma 3HadajaH yTHIAj Ha pa3Boj ApymrTsa y Cpbuju. JaHac, 3Hauaj ¥ BPeAHOCT OOJIACTH YIPOKEHHX IHOIUIaBaMa
NIPEJICTaBIbajy jellaH OJ KIJbYYHHX pa3MaTpama OApXKHBOT pa3Boja. Kao pesynrar Tora, TeXHHKE M IpoLeaype 3a
3alITUTY Of MOIUIaBa Tpeba Jja ce CTATHO ycaBpuiaBajy, nparehu mocturayha y obnactu Hayke M TEXHOJIOTHjE.
To3HaBame BHCOKMX BOJAA je KJbYd 3a AMMCH3MOHHPAEKE XUIPOTEXHMYKHX oOOjekara ¥ 3a H3pakaBambe
€KOHOMHMYHOCTH U CUTYPHOCTH KOMIIOHEHATa CTPYKTypa CHCTeMa 3allTHTe OJ IomuiaBa. Mehyrtum, ykommko
onpehuBame BenMYMHE XMIAPOTEXHUYKHMX oOOjeKara Ha OCHOBY padyHa Ha Oa3d BHCOKHMX Boja He o0es30enme
aNcoJyTHY CHTYPHOCT, MOCTOjH PH3MK OJ IIOIUIaBa. Y XHIPOJIONIKHO] NPAKCH, OBE MOIUIABE YECTO HA3UBAjy
HCTOpUjCKUM moIuiaBama. l{wb OBOr paja je na NpuKaxke HOCTYNAaK padyHama y LWbY HACHTH(OUKAIHje
HCTOPHjCKUX IOIUIaBe, KOpuCTehr MyroroJuilikbe HU30BE MOJaTaka O BHCOKHM BOAaMa IPHUPOJHHX BOJCHUX
TokoBa y Cpbmju. Y cajammeM CTaaujyMy pa3Boja, IIOCTYIAaK Ce 3acHHBAa HAa MaKCUMAIHHUM HPOTHIIAjHMa
3a0eNieKeHHM Yy CTaHHMI[aMa Xujapomereoposomke ciyxbe y Cpouju (XMC Cpbuja). Pesynratm y
UICHTUGUKALM]H CTIeHH()UYHNX HCTOPHjCKUX MAaKCHMAJHE MOIJIaBe Ha CBHM CTaHHLA YKJbYYCHH Cy y aHAIH3Y.
Teopuja BepoBaTHOhE je 3aTWM MNpPHUMEHEHA Kako OM Ce MPOLECHMIA CTaTUCTHYKA 3HAYajHOCT CBAaKe OJ
HACHTH(HUKOBAaHNX MCTOPUjCKUX MOIUIaBa M Kao M aJeKkBaTHO kiacudukoBanma. Ha kpajy panma, pesyiratu
NPHMEHCHE METONOJIOrHje Cy MpuKasaHn y TabemapHo W rpaduukd 3a pasmuunte peke CpoOuje. Cse
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HUAEHTU(HUKOBAHE UCTOPH]CKE MOIIIaBE Cy PAHTUpaHE Ha OCHOBY BepoBaTHONE 1ojaBJbHBaba (0HOCHO, TOBPATHOM
MIepUOTY).

KibyuHe peum: HCTOpPHjCKE TIOIIaBE, BHCOKE BOJE, CTATUCTHYKa 3HAYajHOCT, BepoBaTHOha MoOjaBJbHBaAMHA,
[IOBPATHH MIEPUOL.

Introduction

In the water management and hydraulic engineering practice, the term ,,high flow"
refers to a state of the water regime where the stage (or discharge) of a river rises and causes
the river to overtop its main channel and flood the surrounding land. This increase in water
level (or discharge) is relatively rapid but it declines gradually after it has reached its peak.
The graphic representation of this occurrence is known as a flood wave hydrograph. Both
terms are synonymous to ,,flood". Hydrologic research of floods throughout the world has
so far included the study of basic quantitative flood characteristics/parameters: flood wave
peak; flood wave volume; and hydrograph rise, decline (retardation), and base times; and of
derived quantities such as precipitation ..residence" time in the watershed, concentration
times, and the like. Research and analysis rely on data recorded at select hydrologic stations.

Calculation techniques and methods are generally based on specific applications of
mathematical statistics and the theory of probability, which assume that recorded flood
hydrograph parameters are random variables which adhere to some theoretical law of
distribution. Calculations of this nature require long time series of data. In cases where
available series were not long enough for an appropriate application of mathematical
statistics and the theory of probability (where the monitoring sites were not sufficiently
studied from a hydrologic perspective), procedures based on establishing an ,,analogy" with
hydrologically-studied monitoring sites were applied. For such an approach, basic postulates
of physical and geographical similarities of studied watersheds need to be satisfied. If a
monitoring site, or watershed, has not already been adequately studied from a hydrologic
perspective, methods derived based on regional (spatial) analyses of all flood hydrograph
parameters under consideration are used, or the unit hydro-graph theory is applied.
Empirical methods are also used, based on simplified modeling of the genetic runoff
formula, and the parameters for these methods are determined based on data obtained from
hydrologically-studied monitoring sites.

The ensuing text focuses on the identification of registered events whose
probability of occurrence is low (i.e., the extraction of,,historic" events), and the analysis of
such events which considerably exceed highest recorded levels seen during multiple-year
monitoring and measurement of the flood wave hydrograph parameter under consideration.
At this stage, the flood wave peak was selected as one of the most important elements which
characterize a flood. The methodology can also be used for other flood hydrograph
parameters, and especially for analyses of flood wave volumes and time characteristics:
hydrograph rise, decline and base.

The analyzed area is the territory of the Republic of Serbia, excluding the Autono-
mous Province of Kosovo and Metohija. Monitoring stations which control catchment areas
from 84 km? (Donja Satornja MS on the Jasenica River) to 525009 km? (Pangevo MS on the
Danube River) are included in the analysis. As such, a wide range of catchment areas have
been studied, which increases the value of the analyses and the applicability of their results
in practice.
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Methodology for the identification of historic events
Testing of historic events

In hydrological practice, historic events are events which, in an uninterrupted declining
(rising) series (time series), considerably exceed (deviate from) the subsequent, neighboring
values for the event under consideration. The Pilot and Harvey test is generally used to
obtain an objective identification of historic events (outliers) under extreme hydrologic
conditions (floods and droughts). The assumption is that quantitative characteristics of these
conditions adhere to the Log-Pearson III law of probability distribution. Under such

circumstances, the upper and lower limits for the outliers are computed using the following
formulas (1), (2):

* Upper limit

YH:}]LJV+KNSy (1)
» Lower limit

Y, =Y,-K,S, @)
(these equations apply if -0.4>C >0.4),

where:
YH — log of the value of the upper limit of the outlier ;
YL — log of the value of the lower limit of the outlier ;

Y,, - average value of the time series Y ;

Y =logX

X — basic time series ;

S v - standard deviation of the time series Y

Csy - coefficient of asymmetry of the time series Y;

KN — frequency factor (critical value) for the risk coefficient & = 10%
N — total number of members for the Y series for which statistical parameters will be
calculated.

The frequency factor, K, is computed using the formula (3):

K, =-3.6220+6.2844N"% —2.49835N"* +0.491436 N°™ —0.03791 1N 3)

The historic flood identification procedure itself involves a comparison of
empirical distribution functions with defined outlier limits. If any empirical point falls
outside the defined (upper or lower) limit, then such a point, whose probability is 1- a =
0.90, or 90%, is deemed to represent a historic event.

Calculations of statistical parameters and the probability of a historic event

If a historic event occurs, calculated statistical parameters do not reflect the actual
characteristics of the process being analyzed. They must, therefore, be adjusted based on
whether the historic even occurred during a monitoring period or not, assuming that the ran-
dom variable X adheres to the Parson III, or Log Pearson III, law of distribution. In the case
of a historic flood, empirical distributions are calculated separately, depending on whether
the historic maximum occurred during the monitoring period or not.
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If a historic maximum occurs outside an observation period, n, and if it is not exce-
eded during a longer period of time, N, then the empirical probabilities of an orderly (declin-
ing) total data series P;(i = 1,2,3,......, nt1) are computed using the formula (4):

P1 = 1/(N+1), P2=1/(n+1), P3=2/(n+1), P4 = 3/(n+1),......Pnt1=n/(n+1) 4

If two historic events have occurred, one during the monitoring period n, and the

other outside that period, and neither has been exceeded during the longer period of time N,
then empirical probabilities of the orderly series P, are computed based on the formula (5):

P1=1/(N+1), P2=2/(N+1), P3=3/(n+1), P4=4/(n+1),..., Pn+1=n/(n+1) 5)

If the random variable X adheres to the Pearson III law of distribution, then adjusted

statistical parameters for a single historic maximum outside the monitoring period are
computed using the formulas (6), (7), (8):

* Averagevalue- X .

Xav,N = ' (6)

where :

X  1s the value of the historic event — random variable X, which has not been exceeded
during the time period N, and

X, are values of the members of the basic data series for the monitoring period n.

¢ Coefficient of variation - C

2

1 » N-1¢
C = ——(k, -1+ k, —1 )
N (R R X )

where:

Xy . . S
ky = ¥ is the value of the modules coefficient for the historic event,

av,N

k, = ¥ ‘— is the modules coefficient of therandom variable X during the monitoring

av,N
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* Coefficient of asymmetry - CS’ N

3

N 3 N-1L
C,= ky,—1 k —1
U ) (v (ky —1) +— ( ) ®)

If there are two historic maximums, one during and the other outside the
monitoring period, then statistical parameters are computed using the following formulas

9), (10), (11):

* Averagevalue- X .

{XN + X, +(N- 2)2'1“)('1
Xav N = . & (9)
’ N

*  Coefficient of variation - C,

1 N-2¢ ’
Cv,N = m (kN _1)2 +(kN—1 _1)2 + n—1 ;(ki _1) (10

* Coefficient of asymmetry - C_

N 3 ;3 N-2 3
Cow = ky —1) +(ky., ~1 k—1
(NN -2)C], [( =) e =1+ ——= 2 -1) ()

If a historic maximum occurs within or outside a time series which adheres to the
Log-Pearson III law of distribution, the following procedure is used to adjust the statistical
parameters:

The weight coefficient - W is determined based on the number of events which fall
outside the outlier limits, using the formula (12):

:N—Z
n+L

w

(12)

where:
Z is the number of historic maximums,
L is the number of lower extremes, which fall outside the lower outlier limit.
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The adjusted values of the statistical parameters, when there are upper and lower
extremes, are determined using the log values of the basic random variable X (or using the
random variable Y), as follows:

« Average values - ¥,
n Z
WX +2.7,
* i=1 j=1

) A — J 13
L N WL (13)

* Variance - (S ! )2

n J— 4 P
XA Y A
2_ =l =1 (14)
N-WL-1

(s)

* Coefficient of asymetry - GZ

n

J— Z J—
NP 10> A By |
G* — - i=1 Jj=1 (15)

L (N_WN_I)(N—WL—z) (52)3

Empirical probabilities are calculated using the expression (16):

*

_m
N +1

(16)

with:

m =mforl<m<Z

m" =Wm — (W-1)(Z+0.5) for (Z+1) < m < (Z+n+L)
where:

m’ is the weighted sequential number,
m is the sequential number of the data point in the series
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The adjusted values of the statistical parameters, as defined above, are used to
calculate the theoretical probabilities (or return periods) of recorded historic events,
based on
Pearson III — P(Xy) or Log-Pearson I1I — P(Xx=10""):

(in years).

1
P(Xy)
Practical application of the historic flood identification methodology within Serbia

The historic event identification methodology was developed to identify historic
floods in Serbia. As shown, absolute maximum values of flood wave peaks during the year
were used to represent the quantitative characteristics of the floods. The most recent data
series for the maximum annual discharges of various rivers were obtained from HMS Serbia
for 134 hydrologic monitoring stations which produced sufficiently long time series (in this
case for the period from the time the station was commissioned through the year 2006).

The flood wave identification methodology described above was applied to these
time series. The upper and lower limits for the outliers were calculated based on the original
time series for the gauge sites. The results showed that only seven monitoring stations had
one outlier each, on five rivers: the Luznica and the Vlasina in 1988, the West Morava in
1965, the Ibar in 1979, and the Ribnica in 1996. The absolute maximum discharges reported
by all other monitoring stations in Serbia were within the outlier limits, suggesting that there
is a 90% probability that these rivers had no historic floods during the multiple-year period
being analyzed. Table 1 shows the rivers and respective monitoring stations which recorded
historic floods, including flood characteristics and dates.

Table 1. Summary of Serbia's historic floods and their statistical significance

River Hydrologic monitoring Primary characteristics of historic flood
station Q (Whs) Date T(year) | P (%)
1 Luznica Svodje 488 26.6.1988 500 0.2
2 West Morava Kratovska Stena 1250 14.5,1965 200 0.5
3 Vlasina Vlasotince 1200 27.6.1988 200 0.5
4 Vlasina Svode 580 27.6.1988 125 0.8
5 Ibar Lopatnica Lakat 1520 19.11.1979 100 1.0
6 West Morava Milocaj 1330 14.5.1979 100 1.0
7 Ribnica Pastric 418 17.4.1996 77 1.3

Statistical parameters were adjusted and new probability distribution functions were
calculated applying the Log-Pearson III law for all the time series for which a historic event
was identified. The probability of occurrence (or the return period) of the floods was deter-
mined based on the adjusted distribution functions, as shown in Table 1. An example of the
calculation of the probability of recurrence of the identified historic flood on the Luznica
River at the Svodje MS is shown in Figure 1.

These results show that there were four historic floods during the analyzed time
period, from 1946 to 2006. The most statistically-significant flood occurred in June 1988 on
the Vlasina River and its right tributary - the Luznica. A 500-year flood wave on the
Luznica, in combination with a 125-year flood wave on the Vlasina at the Svodje
monitoring site, caused a 200-year flood wave along the downstream section of the
Vlasnica River, at the Vlasotince MS. The second statistically-significant flood occurred on
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the upper West Morava in May 1965, with return periods between 200 and 100 years. A
1979 flood on the Ibar River reached the 100-year flood level. The fourth identified historic
flood occurred on the Ribnica River in April 1996; its return period was 77 years.
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Figure 1. Distribution function of the maximum annual discharges of the Luznica River at the Svodje
MS, showing outlier limits and the position of the identified historic flood.

Conclusion

The newly-developed methodology allows for an objective assessment of which
floods can be deemed to have been historic events during a multiple-year period. However,
the inclusion of such events in a probabilistic assessment of return periods can produce seri-
ous estimation errors, primarily with regard to statistical parameters, but also with regard to
probability quintiles. For this reason statistical parameters should be adjusted if a historic
event does occur, using the described procedure, and then the adjusted values should be
used to calculate the probabilities of occurrence for the time series in question.

This methodology was applied for Serbia and showed that there were only four his-
toric floods during the analyzed multiple-year period. All other floods were considered to
not have been historic, which suggests that floods of this magnitude are highly probable and
will, with similar levels of statistical significance, recur in the future.
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CTEBAH ITPOXACKA
AJIEKCAHJIPA WJINHh
BPAHKA MUJIOPAJIOBWh
THOCIJIAB IIETKOBU'h

Pesume
NIEHTUOPUKALIUIA U KIIACUPUKALIUIJIA UCTOPUJCKUX ITOIIJIABA Y CPBUJU

HoBa merononormja omoryhaBa 00jeKTHBHY NpOIEHY IIOIUIaBa KOjeé CE€ MOTY CMaTpaTH
UCTOpHjcKUM poralhajeM TOKOM Buile roguHa. MelyTuMm, ykibyunBame TakBHX Jorahaja y IpoueHy
BepoBaTHOLE MOXeE Ja Ipou3BelJe O30MJbHE IpelIKe €, Ipe CBera y Be3HM Ca CTaTUCTHYKUM
napamerpuma. V3 Tor pasnora cTaTUCTHUKeE IapaMeTpe Tpeba a 3aTuM Kopuctehy OnucaHu MoCTymnaK,
u3pauyHatu BepoBatHohy mojaBe. OBa Merononoruja je npumMereHa 3a CpOujy u mokasaHo je na je
OMI0 caMO YeTHpH HCTOPHUjCKE MOIUIaBE TOKOM aHaJIM3HpaHor mepuoma. CBe OcTajie IOIIaBe ce
cMarpa Ja HECY OMJIM UCTOPHjCKe, ITO CYTepHIIIe /1a TIOTIaBe OBAKBHX pa3Mepa BEOMa je BEpOBATHO U
na he, ca cIIMYHNM HUBOMMa CTaTHCTHYKA 3HAUAjHOCTH, IOHABJHATH y OyxyhHOCTH.
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