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Abstract — A number of floods have been observed in the Slovak Republic in recent years, thereby
raising awareness of and concern about flood risks. The paper focuses on the trend detection in the
annual maximum discharge series in the Vah River basin located in Slovak Republic. Analysis was
performed on data obtained from 59 gauging stations with minimum lengths of the observations from
40 years to 109 years. Homogeneity of the time series was tested by Alexandersson test for single shift
at 5% level of significance. The Mann-Kendall trend test and its correction for autocorrelated data by
Hamed and Rao (1998) were used to analyse the significance of detected changes in discharges. The
series were analysed at different lengths of 40, 50, 60 years and whole observation period. Statistically
significant rising and decreasing trends in the annual maximum discharge series were found in
different regions of the Vah River catchments.

maximum annual discharges / homogeneity / Mann-Kendall trend test

Kivonat — Az évi maximalis vizhozamok trend elemzése a Vag (Vah) vizgyiijtéjében, Szlovakiaban.
Az arhulldmok szadma igen jelentds napjainkban a Szlovak Koztarsasagban, ezért egyre nagyobb az
igény az arvizi kockazat elemzésekre. Jelen tanulmany az évi maximalis vizhozamok tendencidjanak
elemzésére koncentral a Szlovak Koztarsasagban talalhaté Vag vizgyijtéjében. Az elemzés alapjat 59
vizméree allomas idGsoros adatai adtak, amely iddsorok hossza 40-t61 109 évig valtozott. Az idésorok
homogenitasa Alexandersson tesztel lett értekelve 5%-0S megbizhatésagi szinten. A vizhozamban
bekdvetkezd valtozasok szignifikancidjanak elemzésére Mann-Kendall tesztet, illetve annak Hamed és
Rao (1998) altal tovabbfejlesztett, autokorrelalt adatokra értelmezett valtozatat hasznaltuk. Az id6-
sorokat egységes hosszakban, 40, 50, 60 év, és a teljes észlelési id6szakra vonatkozoan is értékeltiik.
Az eredmények alapjan statisztikailag szignifikans emelkedd és csdkkend trendek is kimutathatok
voltak a maximalis évi vizhozamokban a Vag vizgyiijtéjének kiilonbdzo régidiban.

évi maximalis vizhozam / homogenitas / Mann-Kandall trend teszt
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1 INTRODUCTION

A number of floods have been observed around Europe in recent decades, which have raised
awareness of and concerns about flood risks. The observation and detection of changes in
long-term hydrological time series is important for scientific and practical reasons, especially
when designing water management structures.

There is a need to understand hydrological processes on small and also large temporal
and spatial scales, land-atmosphere interactions, land use and climate change impacts
(Szolgay, 2011). Further Bloschl et al. (2007) discuss the scales of climate variability and
land cover change impact on flooding. In the note they debate, that climate change impact is
likely to occur at large scales and to be consistent in both small and large catchments and
regions, while land cover change is usually a local phenomenon, which effects are decreasing
at larger spatial scale. Therefore the major driving forces behind hydrological phenomenons
can vary depending on the factor and spatial scale

Many studies dealing with analyses of trends concerning floods have been published;
many of them have found decreasing or increasing trends in their magnitudes and
occurrences, and many have also found no changes (Strupczewski et al. 2001, Xiong — Guo
2004, Delgado et al. 2010, Armstrong et al. 2012, Rougé et al. 2013). The Mann-Kendall test
(Kendall 1975, Kliment et al. 2011, Armstrong, 2012) is widely used in engineering
hydrology to detect trends. When the data do not follow the normal distribution or are
autocorrelated, authors have suggested the use of test corrections (Douglas et al. 2000, Burn —
Hag Elnur 2001, Zhang et al. 2001, Yue et al. 2002, Lang 2012, Seoane — Lopez 2007,
Danneberg 2012).

Strupczewski et al. (2001) investigated trends in 70-year-long observations of the annual
maximum flows of Polish rivers. A decreasing tendency in the mean and standard deviations
of annual peak flows was found with the use of the maximum likelihood method for
estimating parameters and the Akaike Information Criterion for identification of an optimum
model. Xiong and Guo (2004) tested maximum annual discharge series, including the mean
annual maximum of the Yangtze River during a 120-year-long time period. No significant
trend at the 5% significance level was found by the use of the Mann-Kendall test and
Spearman’s rho at the tested station. Delgado et al. (2010) examined over 70-year-long annual
maximum discharge series from 4 gauging stations in the Mekong river in Southeast Asia
with use of Mann Kendal test, ordinary least squares with resampling and non-stationary
generalised extreme value functions. The results of the study pointed out increasing likelihood
of extreme floods during the last half of century. They also concluded that the absence of
detected positive trends was a result of methodological misconception due to simplistic
models.

Armstrong et al. (2012) analysed peak over threshold data with a recorded average period
of 71 years. An increasing trend was found with the use of the Mann-Kendall trend test in
22 stations out of the 23 investigated, and a hydroclimatic shift towards a rising number of flood
occurrences was found. Rougé et al. (2013) studied trend and step-change detection methods
in hydrological time series (rainfall, river flows) and applied a combined Mann-Kendall and
Pettitt test (1979) on 1217 data sets in the United States during the years 1910-2009.

In Slovakia, a long-term annual time series was investigated by Pekarova et al. (2008). In
a IHP UNESCO report (Pekarova et al., 2008), daily discharges of the Danube River from
1976-2005 were analysed, and a rising tendency was detected, but no change was found in the
annual and monthly time series. The Mann-Kendall trend test was used in Tegelhoffova
(2012) to detect trends in the average annual and monthly discharges in Slovak rivers.
However, no thoughtful trend analysis of annual maximum discharges in Slovak catchments
has been provided.
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This paper focuses on a time series analysis and significance assessment of trends
detected in annual maximum discharge series in the Vah River catchment in the Slovak
Republic and the lessons learned concerning the occurrence of extreme discharges in the Vah
River catchments. The paper is organised as follows: methodology, input data description,
results and discussion, and conclusions.

2 METHODS

In engineering hydrology, time series analysis usually operates under the assumption of
homogeneity, stationarity and independence of time series. Homogeneity in the time series
can be tested by Alexandersson test (Alexandersson — Moberg 1997), which is able to detect
abrupt changes in analysed data set. We used Alexandersson test (Standard normal
homogeneity test, SNHT) for single shift programmed in AnClim software (Stepanek 2007).

The significance of monotonic linear trend present in the time series is possible to assess
by Theil (1950) and Sen (1968) slope defined as:

B = Median (%) vIi<j, (1)
where B is the estimate of slope of the trend and X; is value of observation from j= 1...I.
Positive value of B reveals increasing trend, negative value is sign of decreasing trend.
Changes in a trend can be detected by a rank-based, non-parametric Mann-Kendall trend
test for monotonic trends (WMO 2000).
The test statistic S equals to (Yue et al. 2012):

S = X1 Xjen sign(x; — xi), 2
where x; are the values of the data; n is the length of the time series and

Sign(xj—xk) = 1, if xj—x>0

0, if Xj—Xk:0 (3)
-1, if Xj—Xk<0.

In case the time series has n>8, the statistic S has and almost normal distribution, and its
variance is computed as:

VAR(S) = —[n(n— 1)(2n +5) = X9_, t,(t, - D(2t, + 5], 4)
where g is the number of tied groups, and t, is the amount of data with the same value in the

group p=1...g.
The normalised test statistic Z:

s—1
{\/W(S) forS > 0

Z=10 forS = 0 )
S+1
kmfors <0

If the normalised test statistic Z is equal to zero, the data are normally distributed, and the
positive values of Z mean a rising trend and negative a decreasing trend (Yue et al. 2012).
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The p-value is computed as:

t2
p=0,5—o(|Z|) kde 2(|Z]) = %fo'z' ez dt. (6)

If the data are not independent a correction of the MK trend test should be used.
Autocorrelation can influence the results of the analysis (Lang 2012, Yue et al. 2002). Hamed
and Rao (HR) (1998) correction addresses the issue of autocorrelation in the time series. The
modified MK equation for any variance is:

V*(S) = VAR(S) ni (7)

where VAR(S) is a variance from the original MK test (4); n is the length of the time series;
n  is the effective number of observations and ni is the correction factor in the case of

autocorrelation in the sample.
The modified MK statistic:

( s-1
NEG)
Z"=10 preS = 0. (8)

S+1
Ik\/w_(s)pres <0

The correction factor can be calculated as:

preS > 0

2 -
%:1+m ’}zll(n—k)(n—k—1)(n—k—2)r,f, (9)

where rf is the autocorrelation function of the ranks of the observations. It can also be
calculated by the equation by Salas et al. (1980):

— SR (X E(X0)) Xk —E (X))
ST (Xe—E(Xp)?

e = s (10)

where
E(X) ==Xt X, (11)

where ry is the correction factor for the data X;; E(X;) is the average of the input data.

Hamed and Rao (1998) also suggest using only statistically significant values of ry,
because other values have a negative influence on the values of variance S.

The null hypothesis of the MK and HR tests states that there is no perceptible trend in the
sample data. If the resulting p-value is lower than level of significance, then we can reject the
null hypothesis (Diermanse et al. 2010).

The Sen’s slope and trend analysis tests were programmed and performed in the R free
software programming language using the fume and Kendall packages (McLeod 2011,
Santahter Meteorology Group 2012, R Core Team 2013).
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3 INPUT DATA

Annual maximum discharges from 59 gauging stations in the Vah River basin (Figure 1)
were obtained from the Slovak Hydrometeorological Institute in Bratislava, Slovakia. The
annual maximum discharge series for the trend analysis chosen are based on the length of
the observations, which is more than 40 years, with a maximum length of 109 years. Annual
maximum discharges represent the observed peak maximum values during hydrological
year. Mean record length of data set was 53.9 years, median 48 years and mode 41 years.
Table 1 summarised the selected gauging stations with starting year of observation in the
Vah River basin.

— Vers
ot roer stonment
Elevation
e High : 246975
- Low : 100.25
0 10 20 40 60 80
O e e Kilometers

Figure 1. Location of the gauging stations in the Vah River basin, Slovak Republic.

4 RESULTS AND DISCUSSION

The homogeneity was tested on all 59 stations by the SNHT method for a single shift using
AnClim software (Stepanek. 2007); 18 stations were found not to be homogeneous at a 5%
level of significance (Figure 2). Table 2 gives an insight when the critical values of SNHT
were exceeded. It is possible to re-evaluate homogeneity after shortening the time series in
7 cases (5330, 5340, 5350, 5740, 5810, 5880 and 6150). After removing the extreme floods,
all of the shortened time series were found to be homogenous at a 5% level of significance.
Calculations were further performed with all 59 stations, and the final results were evaluated
with an emphasis on the homogeneous stations.
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Table 1. List of selected gauging stations in the Vah River basin

Station Name of the Starting Station Name of the Starting
. Catchment year of : Catchment year of
number station . number station .
observations observations
5300 Liptovska Cierny Vah 1967 5890 Turany Ciernik 1970
Teplicka
5310 Cierny Vah Ipoltica 1961 5930 Turcek Turiec 1967
5311 Cierny Vah Cierny Véh 1921 5970 Turéianske Teplica 1963
Teplice
5330 Vychodna Biely Vah 1923 5980 Hjj Somolan 1969
5336 Maluzina Boca 1970 6030 Brcéna Sloviansky P. 1969
5340 Kralova Lehota Boca 1931 6070 Blatnica Gadersky P. 1969
5350 Kralova Lehota Hybica 1965 6110 Necpaly Necpalsky P. 1970
5370 Liptovsky Véh 1951 6130 Martin Turiec 1937
Hradok
5400 Podbanské Bela 1928 6140 Martin Pivovarsky P. 1969
5460 Rackova Dolina Rackovy P. 1963 6150 Straza Varinka 1957
5480 Liptovsky Bela 1965 6190 Zborov Bystrica 1949
Hradok N/Bystricou
5520 Liptovsky Jan Stiavnica 1963 6200 Kysucké Nové Kysuca 1931
Mesto
5530 Ziarska Dolina  Smrecianka 1963 6230 Rajecka Lesna Lesnanka 1968
5540 IPanovo Ilanovianka 1969 6240 Suja Rajéianka 1968
5550 Liptovsky Vah 1932 6260 Rajec Cierfianka 1968
Mikulas
5590 Deménova Deménovka 1969 6290 Rajecke Teplice Kunedradsky 1969
P.
5650 Prosiek Prosie¢anka 1969 6300 Poluvsie Raj¢ianka 1930
5660 Horareth Hluché PaludZanka 1970 6330 Lietava, Majer Lietavka 1969
5680 Liptovsky Sv. Paludzanka 1969 6340 Zavodie Rajcianka 1967
Kriz
5720 Liptovské Kracianka 1962 6360 Bytca Petrovicka 1961
Vlachy
5730 Partizanska Lupcianka 1961 6370 Precin Domanizanka 1969
Lupca
5740 Podsucha Revuca 1929 6380 Povazska Domanizanka 1961
Bystrica
5780 Hubova Vah 1921 6390 Vydrna Petrinovec 1961
5790 Lubochia Lubochnianka 1959 6400 Dohnany Biela Voda 1961
5800 Lokca Biela Orava 1951 6420 Visolaje PruZinka 1961
5810 Oravska Jasenica Veselianka 1951 6450 Horné Srnie Vlara 1961
5820 Zubrohlava Polhoranka 1951 6460 Trencianske Teplicka 1962
Teplice
5840 Trstena Oravica 1961 6470 Cachtice Jablonka 1961
5870 Péarnica Zazrivka 1963 6480 Sala Vah 1901
5880 Dierova Orava 1931
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Table 2. Non- homogeneous stations at a 95% level of significance according to the SNHT
test (To is the highest computed value of SNHT test statistics for the station;
homogeneous stations after the removal of the extreme floods are marked in bold)

Critical values Critical value

Station itl;jlsrér)\//i\atliro?lf Statistic To (Khalig and exceeded
Ouarda, 2007) (Years)
5330 1923 14.272 9.047 1940-1957
5340 1931 9.303 8.951 1931
5350 1965 9.015 8.331 1965
5520 1963 8.711 8.382 1985-87
5650 1969 16.409 8.214 2009
5720 1962 17.566 8.382 1972-1984
5740 1929 15.753 8.976 1938-1963
5780 1921 19.802 9.067 1958-1995
5810 1951 9.079 8.647 1960
5840 1961 21.673 8.432 1999-2008
5870 1963 10.691 8.382 1993-1995
5880 1931 16.197 8.951 1940-1967
5890 1970 10.887 8.151 1979-1984
5970 1963 10.479 8.382 2009
6150 1957 11.616 8.524 1958, 1960
6360 1961 21.434 8.432 1995-2007
6390 1961 10.089 8.432 1973
6470 1961 15.362 8.432 2000-2005
o N
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Figure 2. Map with locations and station number of homogeneous and nonhomogeneous
stations at a 95% level of significance in the Vah River basin
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For each of the 59 stations, the positive or negative direction of the trend was calculated
by Sen’s slope. The trend detected was positive in 27 cases and negative in 32 cases.

The MK and HR tests were applied to the discharge series in the Vah River catchment to
assess the significance of the trend for different observation lengths: 40 years from 1970 to
2010; 50 years from 1960 to 2010; 60 years from 1950 to 2010; and the whole period of time
observed at all the stations (40 years was the shortest and 109 years was the longest period).
In the case of the autocorrelation in the time series, the test results of the MK and HR tests
differ; therefore, there is a need to use the corrected HR test. The results were evaluated at the
significance levels of 5, 10 and 20% (Table 3).

Table 3. Number of catchments at the levels of significance of 5, 10 and 20% by the MK and
HR tests at different lengths of the observations

Number of gauging stations 59 20 14 59
Time period (years) 40 50 60 40-109
Trend test MK HR MK HR MK HR MK HR
g 5 5% 8§ 12 3 3 3 2 16 15
g 2 % g 10% 17 16 4 3 3 3 22 19
= 20% 24 23 5 5 4 4 25 24

The null hypothesis (no trend in the time series) could not be rejected at the 20%
significance level in 24 cases for the MK and 23 cases for the HR tests in the 40-year-long
time period, in 5 cases for both the MK and HR in the 50-year-long time period, in 4 cases
for both the MK and HR in the 60-year-long time period; and in 25 cases for the MK and
in 24 cases for the HR for the whole time series. At the 10% level of significance, a trend
was observed in 17 cases for the MK test and 16 for the HR test in the 40 year-long-
period, 4 cases for the MK and 3 cases for the HR in the 50-year-long period, 3 cases for
both the MK and HR during the 60-year-long-period; and in 22 cases for the MK and in
19 cases for the HR for the whole available time series. A trend at the 5% significance
level was found in 8 cases for the MK and in 12 cases for the HR tests in the 40-year-long
time period, in 3 cases for both the MK and HR in the 50-year-long time period, in 3 cases
for the MK and in 2 cases for the HR in the 60-year-long time period, and in 16 cases for
the MK and in 15 cases for the HR for the whole available time series.

Due to the autocorrelation present in the time series, the results for the MK trend test
and HR test differ; therefore, the HR results were chosen for further analysis. The results
of the HR trend test are presented in Figure 3, which describes the spatial distribution of
rising or decreasing trends detected with significance at the 5%, 10% and 20% levels. The
results of the 40 years of observations and the whole observed time period suggest the
centralisation of a significant rising trend in the upper parts of the catchment and a
decreasing trend in the lower parts of the upper Vah River basin. For the length of
50 years, the number of stations decreased to 20, and a significant trend was found in
5 stations, with a centralised rising trend present in the upper parts of the Vah River
catchment. Sixty years of observations were available for 14 stations with a statistically
significant trend in 4 stations with no clear spatial pattern.
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Figure 3. The results of the testing at the 5-, 10- and 20-% significance level

Subsequently, we took a closer look at 13 stations with observation periods longer than
60 years (Table 3). In the last column of Table 4, it can be seen that in stations with lengths of
observations longer than 60 years, a statistically significant decreasing trend was found
(Podsuchd, Hubové, Dierova, Martin, Zborov nad Bystricou and Sal’a); three of those time
series (Podsucha, Hubova and Dierova) were found to be non homogeneous by the SNHT
test. A statistically significant rising trend was found at the Vychodna station, no trend was
detected at the rest of the stations.
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Table 4. Results of the significance analysis for catchments with 60 or more years of
observations (the p-value is displayed in %); bold — statistically significant values
for a rising trend, bold-italic — statistically significant values for a decreasing trend

. . P-value (%

Station Name Homogeneltyog{S ee?\r/Zt?Zn Sen’s slope 10y 50y (6 03/ Whole
5311  Cierny Véh Yes 89 increasing  69.42 70.87 39.38 52.15
5330  Vychodna No 87 increasing  93.73 38.04 1523 O

5340 Kralova Lehota No 79 decreasing 2473 19.16 2.67 30.09
5400 Podbanské Yes 82 decreasing 81.35 94.17 6541 66.24
5550  Liptovsky Mikulas Yes 62 decreasing 26.09 589 6557 36.57
5740  Podsucha No 81 decreasing  46.53 40.28 49.36  0.77
5780 Hubova No 89 decreasing 0.53 0.3 0.03 0

5880 Dierova No 79 decreasing  87.5 66.92 2579 O

6130  Martin Yes 73 decreasing  86.62 53.7 62.02  3.53
6190  Zborov nad Bystricou Yes 61 decreasing 6.74  0.17 742 7.15
6200 Kysucké Nové Mesto Yes 79 decreasing 94.26 27.58 85.26 47.61
6300 Poluvsie Yes 80 increasing 6211 25.89 96.24 98.39
6480 Sala Yes 109 decreasing 62.91 3297 27.07 6.48

5 CONCLUSIONS

The paper was focused on an analysis of changes in annual maximum discharges in the Vah
River basin by the use of trend significance analysis methods. The quality of the data set was
tested by the Alexandersson SNHT test. The MK and HR trend tests were applied to different
observation lengths — 40, 50, 60 and more than 60-year-long time series obtained from
59 gauging stations in the VVah River catchment.

A more detailed analysis of 13 stations with the longest periods of observations revealed
that with a prolonged length of observation, the possibility of detecting a statistically
significant trend increases. The short length of the time series (in some cases, 40 years) may
have influenced the possibility of detecting a significant trend in the Vah River catchment, in
that any prolongation of a time series observed can significantly influence the detection of a
significant trend at the 5% significance level (Diermanse et al. 2010). When we also took into
consideration the homogeneity analysis results of the SNHT method, a statistically significant
decreasing trend was present at the Dierova, Martin, Zborov nad Bystricou and Sala stations.

Finally, we can conclude that a significant rising trend was detected in the upper part of
the catchment, mainly in the east Tatra Mountain region and a decreasing trend in the lower
part of the upper Vah River basin. These results can help when mapping flood risk areas and
developing river basin management plans in the Vah River basin.
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