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The main aim of this work is to evaluate the development of rainfall-runoff regime in selected river

basins of the Sumava Mountains (Bohemian Forest), the Jeseniky Mountains and the Kruiné Mountains
(Ore Mountains) in the last 50 years. Besides the identification of inhomogeneity in time series of mean
discharges, rainfall amounts, temperature and snow cover data, the work deals with an analysis of trends
using annual and monthly data. Different methodological tools for identification of changes and trends in
hydro-climatic time series have been introduced in this study, especially different methods of statistic
testing and an application of Mann-Kendall seasonal test. The results have been compared not only from the
point of view of the methods applied here, but as well from the viewpoint of geographical difference of the
mentioned areas.
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Hlavnim cilem piedlozené studie je zhodnotit vyvoj srazko-odtokového rezimu ve vybranych povodich
v oblasti Sumavy, Jesenikli a Krusnych hor za poslednich 50 let. Vedle zjistovani nehomogenit v ¢asovych
fadach primérnych priutokovych, srazkovych, ale i teplotnich a snéhovych dat se prace zabyva analyzou
trendl na irovni ro¢nich hodnot a jednotlivych mésicti. V praci jsou piedstaveny rizné metodické nastroje
ke sledovani zmén a trendt v hydroklimatologickych fadach, zejména riizné metody statistického testovani
a aplikace Mann-Kendallova sezénniho testu. Vysledky jsou porovnany nejen z hlediska pouzitych metod,
ale i geografické rozdilnosti sledovanych tizemi.

KLICOVA SLOVA: statistika, trendy, srdzko-odtokovy rezim, teplota vzduchu, sné¢hové charakteristiky,
pramenné oblasti, Ceska republika.

1. Introduction

Analyses of trends in long-term series of hydro-
logical and meteorological data are thought to be an
important tool for detection and understanding of
changes in a rainfall-runoff process. Their results
appropriately support findings of forecasting mod-
els and are exploitable in water management plan-
ning and also as a flood-protection. Climatic
changes, together with a different type and stage of
human impact, are considered to be the main causes
of rainfall-runoff changes. There are not supposed
to be any significant changes in the total volume of

rainfall with relation to global warming in the
Czech Republic, but more significant changes are
expected in the time distribution of rainfall: precipi-
tation decrease in April, August and September and
precipitation increase in October and winter months
(Kalvova et al., 2002). According to Kubat (2007),
there will be a decrease in a total annual runoff.
During winter months, a runoff increase is expected
only if precipitation is not stored in a snow cover,
but it flows directly away. Also the change in
flood-frequency is expected (more frequent winter
floods, an increase in a number of local floods).
Some predicted phenomena are even possible to be
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monitored these days (Kliment, Matouskova, 2008;
Fiala, 2008). There are commonly discussed land
cover changes effects and land use effects (Blaz-
kova, Kolarova, 1994; Klocking, Haberlandt, 2002;
Huang et al., 2003; Wu et al., 2007; Chaves et al.,
2008), land drainage effects (Svihla et al., 1992;
Dolezal et al., 2004), effects of water reservoirs
building, urban areas, mining and industry and
stream regulations (Meyer, 2001; K7iz, 2003; Czaja,
2005) in the sense of direct influence of runoff.
Some of recent pilot projects deal with changes in
land use planning together with climatic changes
(Juckem et al., 2008; Huo et al., 2008; Zhang et al.,
2008). Setting a limit for each of the runoff influ-
encing factors under changeable conditions is a
very difficult task to be solved (Samaniego, Bar-
dossy, 2005). Different methods are used for the
analysis of runoff trend. General ways of changes
detection were described clearly by Kundzewicz
and Robson (2004). A pilot project by Kariok
(1997) could be regarded as a methodical tool from
a viewpoint of detection of runoff changes caused
by anthropogenous influence. Particular examples
of trend analyses in rainfall-runoff time series are
brought in recent projects from different parts of
the world (Domonkos, Piotrowicz, 1998; Pekarova,
2003; Burn et al., 2004; Falarz, 2004; Fu et al.,
2004; Franke et al., 2004; Birsan et al., 2005; Ma-
Jjercakova et al., 2007; Chen et al., 2007; Bae et al.
2008; Pekarova et al., 2008; Tromel, Schonweise,
2008; Ma et al., 2009; Schoner et al., 2009 and
others).

The submitted research deals with the identifica-
tion of inhomogeneity in time series and with trend
analysis of rainfall-runoff regimes in selected
headwater areas of the Czech Republic in the Su-
mava Mountains, the Jeseniky Mountains and the
Krusné Mountains. These are the areas where re-
cent disasterous floods (the years 1997 and 2002)
took place. The work summarize results and links
up with earlier research projects, especially VaV
SM/2/57/05 “Long-term changes of river ecosys-
tems in floodplains affected by extreme floods” and
MSM 0021620831 “Geographical systems and risk
processes in the context of global changes and
European integration”. The main aim is to intro-
duce different methodical tools for observing trends
and changes in the development of rainfall-runoff
relations. Another important goal is to compare and
try to clarify results not only from the point of view
of the methods applied here, but as well from the
viewpoint of geographical differences of studied
areas.

2. Methodology and source data

The methodological part includes analytic ap-
proaches and synthesis. The analytic approaches are
aimed at analysis of rainfall-runoff regimes sup-
plied by an analysis of temperature and snow con-
ditions. The methods applied in the research are the
following ones: the method of simple and double
mass curves of precipitation and runoff data (K/i-
ment, Matouskovd, 2005) and mainly testing meth-
ods that include the testing of time series homoge-
neity, the identification of inhomogeneity in time
series, and statistic tools for trend analysis. Abso-
lute homogeneity has been tested for all time series
of discharge, precipitation, air temperature and
snow data monthly, seasonally and yearly. A non-
parametric Pettitt test (Pettitt-Mann-Whitney test)
was chosen as the basic one for evaluation of pre-
cipitation and discharge data. This approach en-
ables to detect any significant change of a mean
value in time series when the exact time is un-
known (Kundzewicz, Robson, 2004). A parametric
SNHT (Standard Normal Homogeneity Test), de-
veloped by Alexandersson, using AnClim software,
that identifies a sudden change in a mean value of
time series (Stépdnek, 2004), has been applied to air
temperature and snow data. The others so called
“sequence” tests have been applied to alternative
confirmation or disapproval of identified year of
breaking homogeneity. These are: non-parametric
Wilcoxon (Mann-Whitney) test and Kruskal-Wallis
test in SPSS software. The presence of known di-
viding line in time series is tested (4Andél, 1998).
Besides the tests mentioned above, a von Neumann
test has been applied to precipitation data (Kariok,
1997). The same significance level of 0.05 has been
set for all of the tests. In the tests of relative homo-
geneity there have been compared time series of
uncertain homogeneity with one or more time series
of verified homogeneity. Besides Alexandersson's
homogeneity test for a simple break-point in the
environment of AnClim software (Stépdnek, 2004),
Wilcoxon test of simple and pair variation has been
used.

The evaluation of a trend in time series of hydro-
logical and climatic phenomena has been done us-
ing a seasonal non-parametric Mann-Kendall test
(Helsel, Frans, 2006; Libiseller, 2004; Kliment,
Matouskova, 2009) in MS Excel software supported
by Anders Grimvall and Claudia Libiseller macro.
This test is used widely and can deal with missing
and distant data. The test has two parameters im-
portant for the trend detection: a significance level
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(p), which represents the power of the test, and a
slope magnitude estimate (MK-S), which represents
the direction and volume of the trend. The trends in
time series were completed by a calculation of
Kendall coefficient of sequential correlation Tt
(Mann, 1945; Kendall, 1975; Fu et al., 2004). The
method of orographic interpolation (Sercl, Lett,
2004) has been used for a calculation of areal pre-
cipitation in a river basin. Individual attention in the
relation to runoff has been paid to the occurrence
and frequency of higher water events (more 1-year
water level), to monitoring of a trend in the devel-
opment of mean air temperature and snow condi-
tions (number of days with snow cover, average
snow cover depth) on the basis of 5-year moving
averages. The data from CHMI (Czech Hydromete-
orological Institute) has been used in the analyses.
The data represent annual, monthly or daily figures:
discharge data for closing profiles of selected ba-
sins since the beginning of measurements till the
year 2008 (i.e. for the last 60 years), precipitation
for climatic stations in the period of 1961-2008, air
temperature data and snow cover data for selected
climatic stations in the period of 1961-2008. In the
final synthesis, findings about discovered trends in
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rainfall-runoff regime have been compared with
land use and land cover changes and with the inten-
sity of amelioration. The following materials served
as the background data sources: database of long-
term changes in land use according to the land reg-
ister (Bicik et al., 2003), CORINE database of Land
cover for the years 1990 and 2000, or an interpreta-
tion of satellite air photos (Hais, 2003; Hintnaus,
2008). The database of stream regulations and land
drainage was provided by AWMA (Agricultural
Water Management Authority) in the scale of
1 : 10000.

2.1 Delimitation and basic characteristics
of model river basins

Six river basins (Fig. 1) have been included in
this work. In the headwater area of the Sumava
Mountains there are river basins of the Vydra, the
Ostruzna and the upper reach of the Blanice River.
In the Jeseniky Mountains there are found upper
reaches of the Opava and the Opavice. Finally, the
Krusné Mountains are represented by the Rolava
River basin (for more details see Tab. 1).

Fig. 1. Delimitation of study river basins in the Czech Republic; 1 — Ostruzna basin, 2 — Vydra basin, 3 — Upper Blanice basin, 4 —

Upper Opava basin, 5 — Opavice basin, 6 — Rolava basin.
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Table 1. Basic characteristics of study river basins.

. . . Monitor. A P 0, ® Riax Riin FA AL DA
DBNr  Gauging site River from km? [mm] [m's" (%] [m] [m] (%] %] [%]
1350 Modrava Vydra 1931 93.41 1357 3.4 84.6 1373 935 59.1 0 0
1390 Kolinec Ostruzna 1949 92.42 919 1.2 44.6 1177 528 493 172 8.3
1450 Blanicky Mlyn Blanice 1953 85.21 837 0.93 41.1 1228 743 64.3 0.3 53
2101 Stara Role Rolava 1968  125.34 950 2.39 63.3 1008 390 342 211 -
2630 Krnov Opava 1953 370.5 850 4.06 40.7 1492 311 61.3 6.3 4.5
2650 Krnov Opavice 1953 175.52 776 1.37 31.7 974 311 418 172 4.2

DBNr — database number, 4 — area of a basin, P — annual precipitation amount for a basin for the hydrological period 1962—-2008,
0, — mean annual discharge from the beginning of measurement until year 2008, ¢ — annual runoff coefficient for the period 1962—
—2008, Ry and R, — maximum and minimum altitude, FA — forest area, AL — arable land (CORINE, 2000), DA — drained area

(AWMA).

The river basins have been chosen regarding
their location, data integrity of hydrometeorological
series and results of previous research (Kliment,
Matouskova, 2006; Ledvinka, 2008; Kralovec,
2009). They are significant for high mean annual
precipitation, higher rate of specific outflow and
runoff coefficient, a comparable size of the river
basins and similar geologic and soil conditions, but
different land cover and anthropogenous impacts.
However, the river basins of the Vydra, upper
Opava and upper Blanice represent natural envi-
ronment with a high rate of afforestation. The river
basins of the Opavice, Ostruzna and Rolava are still
represented by quite a high rate of arable land de-
spite many attempts to grass the land over in the
last 15 years. The level of stream modification and

—m— Ostruzna
—o— Blanice
—a— Opava
—a— Opavice

Cumulative land drainage area (%)
[@)]

0 4

surface drainage vary, the most affected is the
Ostruzna River (see Fig. 2). Surface drainage has
influenced almost 10% of the area of the river ba-
sin. 20.6% of the length of the river network has
been regulated.

3. Results

3.1 Analysis of rainfall-runoff relations
using mass curve method

A method of mass curves has already been used for
the initial identification in time series of discharge
and precipitation figures. A pattern of rainfall-

1940 1950 1960 1970

1980 1990 2000 2010

Fig. 2. Development of land drainage area in study basins (1949-2008).
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-runoff simple mass curves is thought to be a basis.
Daily, monthly and yearly values can be used with-
out a loss of any information. Changes are charac-
terized by a directional deviation of runoff mass
curve from rainfall mass curve which is mostly of
linear character (Fig. 3). Double mass curves of
annual discharges and precipitation have been
processed for better understanding. Sections of a
different development have been highlighted and
smoothed to be clearly interpreted. The break
points of mass curves have been supported by the
years (Fig. 4). A significant period of a runoff in-
crease is evident from the course of mass curves
between the years 1974 and 1982. This period
manifests itself in all of the monitored streams with
the exception of the Vydra. The most considerable
manifestation occurs in the river basins of Ostruzna
and Opavice. Then a short-term runoff increase is
proved in the year 1997 in the Opava River basin
and in the year 2002 in the Blanice River basin. A
decreasing trend in runoff figures has been continu-
ing since the beginning of the 80s of the 20" cen-
tury till these days. Deviations in discharge series

have been also verified by Wilcoxon non-
parametric test. Evaluated data series have been
delimitated regarding identified changes: 1967—
—1974, 1975-1982, 1983-1990, 1991-1998 and
1999-2006. The highest deviations of statistic sig-
nificance have been recorded for the Ostruzna in
the period of increasing discharge from 1975 to
1982 (Wo01(8) = 0), for the Blanice (Wq1(8) = 0)
and the Opavice (W 0s5(8) = 3) in the period of de-
creasing discharge in 1983—-1990. There have been
proved no deviations in the river basins of the Vy-
dra, the Rolava and the upper Opava. As the next
step, double mass curves of annually measured and
calculated discharges based on precipitation accord-
ing to Searcy, Hardison (1960) have been applied.
The method has not proved itself to be suitable
when regarding the low values of correlation be-
tween measured values of precipitation and runoff.
On the contrary with discharge series, there have
been shown no significant deviations in rainfall
series.
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Fig. 3. Simple-mass curves of annual discharge for study basins with the course of annual precipitation in Ostruzna basin (1953—

—2008).
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Fig. 4. Double-mass curves of annual precipitation and discharge for Vydra, Ostruzné and Blanice basins (1962—-2008).

3.2 Testing of homogeneity (inhomogeneity)
in time series of discharges and precipitation

The testing of homogeneity in long-term time series
is an essential step for their further analytic pro-
cessing. It also contributes to the identification of
significant inhomogeneity. Inhomogeneity reasons
in time series might differ. Besides some systematic
errors, caused by e.g. changes in ways and places of
measurement, they might show changes in a par-
ticular river basin. These changes could be of an-
thropogenous and natural character, they might
reflect a specific response to different changes, e.g.
land cover, land use or climatic ones etc. Sudden
“break-points” represent a typical manifestation of
inhomogeneity in time series. Inhomogeneity can
also be presented by long-term gradual trends. The
testing methods described in the methodological
part have been used for the identification and
evaluation of a statistic significance of inhomoge-
neity in time series of discharge and precipitation
data. Series of air temperature and snow cover
depth data and a number of days with snow cover
have been tested to support it. In the time series of
mean annual discharges, there has been recorded
quite significant inhomogeneity by the Pettitt test at
the significance level of 0.05 in the most of the
observed river basins in the year 1983 which repre-
sents certain “break-points” between hydrous and
the following less hydrous period. The changes in
monthly discharge time series have been detected

for some streams mainly in spring and summer
months (Os — 1998, 1985, Q¢ — 1988, 1981) and
sometimes in winter (O, — 1974). Precipitation data
series have proved generally high homogeneity.
The relations with inhomogeneity of annual and
monthly runoff data series (with the exception of
the Opavice River basin in the year 1982) have not
been confirmed. The identified years of changes
have been tested by a Wilcoxon (Mann-Whitney)
test or Kruskal-Wallis test. The interpretation of
homogeneity tests (test SHNT) dealing with air
temperature and snow cover data series has not
been easy because the homogeneity has been ob-
served only for particular stations. The year 1988
has been repeatedly confirmed as the year of
changes. Since that year warming has become more
evident. When regarding snow cover, the year 2005
appears to be influenced by a position at the end of
evaluated series. The year 1988 represents secon-
darily maximum here. The examples of applications
of homogeneity tests for discharge time series in
the observed river basins are shown in Tab. 2.

3.3 The analysis of air temperature and
snow conditions

Air temperature and snow character are consid-
ered to be important factors influencing the devel-
opment of rainfall-runoff regime. Air temperature
and snow parameters have been evaluated for se-
lected climatic stations related to the observed river
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Table 2. Results of absolute homogeneity tests of discharge time series for study basins (1962-2008).

Vydra - Modrava Ostruzna - Kolinec Blanice - Blanicky Mlyn

P Yearofchange = W K| P Year of change N K| P Year of change W K
O | Yes - — —|No 1983 (1975) No (Yes) No| Yes - - -
O | Yes - — —|Yes - - — | Yes - - -
01 | No 1974 No —|Yes - - — | No 1974 No —
0, | Yes - - —|Yes - - — | No 1974 No —
O; | No 1989 No —|Yes - - — | No 1999 No -
O, | Yes - - —|Yes - - — | Yes - - -
Os | Yes - - —|No 1988 No — | No 1988 No —
Os | No 1981 No —|No 1981 No — | No 1981 No —
0; | Yes - — —|No 1982(1972) No(Yes) No| Yes - - -
Os | Yes - - —|No 1984 No — | Yes - - -
Oy | Yes - - —|No 1981 No — | Yes - - -
O | Yes — — —|No 1982 (1974) No(Yes) No| Yes — - -
O, |Yes - — —|No 1983 No — | Yes — - -

Opava - Krnov Opavice - Krnov Rolava - Stara Role*

P Yearofchange = W K| P Year of change W K| P Yearofchange W K
On | Yes - — —|Yes - - — | Yes - - -
01, | Yes - - —|Yes - - - | No 1979 - -
01 | Yes — — —|Yes — — — | Yes - - -
0, |Yes - - —|Yes - - — | No 1980 No -
O; | Yes - - —|Yes - - — | Yes - - -
O, | Yes - - —|Yes - - — | No 1989 No —
Os | No 1985 No —|No 1981 No — | No 1985 No —
Os | No 1988 No —|No 1988 No — | No 1988 No -
0; | No 1983 No —|Yes - - — | Yes - - -
Os | Yes - - —|Yes - - — | Yes - - -
Oy | Yes - - —|Yes - - — | Yes - - -
01 | Yes - - —|No 1982 (1974) No  Nol Yes - - -
O, | No 1983 No —|No 1983 (1995) No  No| Yes — - -

P — Pettitt-Mann-Whitney test, W — Wilcoxon (Mann-Whitney) test, K — Kruskal-Wallis test, Yes — establishment of homogeneity,
No — establishment of inhomogeneity, secondary year of change in the bracket , *’period 1968-2008.

basins. A total series of measurements supported by
its length was the main criterion of selection. There
have been involved 3 stations in the Sumava Moun-
tains (Klatovy, KaSperské Hory and Churanov), 4
stations in the Jeseniky Mountains (Krnov, Mésto
Albrechtice-Zary, Cervena and Pradéd) and 2 sta-
tions in the Krusné Mountains (Karlovy Vary—lazné
and Fichtelberg). The river basins in the Jeseniky
Mountains show lower air temperature and higher
snow cover figures than the river basins in the Su-
mava Mountains and the Kru$né Mountains at the
same altitude. For a particular difference among the
observed river basins, see Tab. 3.

If we watch the development of mean air tem-
perature in the last 50 years, a gradual increase of
temperature is evident in all selected stations not
regarding their altitude and geographic location. In
the Fig. 5, an increase of mean annual air tempera-
ture has been recorded since the mid 80s of the 20™
century. When comparing the mean annual air tem-
perature in the period of 1961-2006 with the mean

temperature in the period of 1901-1950 (Vesecky et
al. 1961), the temperature varies in interval from
0.3 to 0.5°C (Klatovy: +0.5°C (7.6/8.1°C), Opava:
+0.3°C (8.0/8.3°C), Krnov: +0.3°C (7.8/8.1°C),
Pradéd: +0.4°C (0.9/1.3°C)). The most significant
rises in air temperature are observed in spring and
summer months, and also in winter. While the
warming in the upper reaches and lower reaches of
the basins is comparable in the cold half of a year,
the warming is more intensive in low-lying parts
during the warm half of a year. There are changes
in snow cover at the same time. A number of days
with snow cover has been decreasing mainly in low
situated stations since the mid 80s of the 20" cen-
tury (see Fig. 6.), e.g. in Klatovy there has been
decreased the number of days with snow cover by
almost a half compared to the period of 1920-1950.
The depth of snow cover has also been decreased.
The most intensive decrease has been recorded in
the areas with highest altitude, which is by almost
1 cm per year.
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Table 3. Mean annual air temperature and snow characteristics (1962—-2008).

Climatic stations R [m] T[°C] P [mm] SN [cm] SD (number of days)
Krnov 364 8.1 614 9 53
Karlovy Vary 377 8.1 627 2 52
Klatovy 430 8.2 602 7 48
Zary 483 7.6 758 13 80
Kasperské Hory 737 6.3 832 15 88
Cervend 750 5.7 750 28 114
Churanov 1118 4.5 1105 40 147
Fichtelberg 1213 32 1126 66 173
Praded* 1490 1.1 1134 87 175

R — high-level altitude, 7 — mean annual air temperature, P — mean annual precipitation amount, SN — mean annual snow cover
depth, SD — mean number of days with snow cover, *'period 1962—1997.
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Fig. 5. Development of mean air temperature for selected climatic station, 5-year moving averages (1942-2008). Pradéd station
finished observations in the year 1997, the data has been calculated as a multiple regression using the data of neighbouring climatic

stations.
3.4 Analysis of high water-level events

A frequency analysis of higher water-level
events has been given in the context with the results
of mass curves of mean runoff characteristics and
identified significant inhomogeneity. Discharges
higher than one-year water-level have been consid-
ered. For results see Fig. 7, where there are chrono-
logically shown each highest recorded daily dis-

charges in a selected period of time together with
the frequency of one-year and higher water-level
events of all river in a total sum. It is evident that in
the hydrous period of 1974 — 1982, which was re-
flected almost in all of the observed river basins,
there was recorded a certain higher number of one-
year or higher flood events (but less than 5-year
flood event) at the end of this period. More flood
events occurred only in the river basins of the
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Fig. 6. Development of number of snow cover days for selected climatic station, 5-year moving averages (1942-2008). Pradéd

station finished observations in the year 1997.

Opavice (1975, 1977) and the Opava Rivers (1977),
at the level of 5- to 10-year flood events. There is
no flood occurrence in the Sumava basins at this
time period. This implies that the identified period
of increasing runoff cannot be satisfactorily ex-
plained only as a high flood event occurrence. Mass
curves provide the clear evidence of the fact that
the highest recorded floods caused short-term de-
viations from the linear course. The floods of this
period that reflect the trend occurred in the Opava
and Opavice rivers in 1997 and in the Blanice in
2002, corresponding with more than a cent-year
flood event at their culmination points.

3.5 Trend analysis using statistic testing methods

The identification of a trend in time series is im-
portant from the viewpoint of forecasting of an
observed quantity. A seasonal Mann-Kendall test
was used as a basic method. It was applied in
monthly and annual time series of discharges and
surface area precipitation in the observed basins. It
also tested series of precipitation totals, air tem-
perature and snow parameters for ombrometric and

climatic stations related to the particular basins for
the hydrological period of 1962-2008. The signifi-
cance of a trend was tested at the level of 0.05. The
main results have been recorded in the Tabs. 4 and
5. Significant trends of decreasing runoff in spring
and summer months have been identified by this
test. While the significant decrease was recorded
only in June for the Vydra River, there were more
such records in May, June and July for most of the
observed rivers. The same trend was proved in Au-
gust and September for the Ostruznd River. On the
contrary to this, a significant runoff increase was
recorded in winter months (February and mainly
March), particularly in the Sumava River basins
(Blanice and Vydra) and in the Rolava catchment.
No evidence of winter trend has been recorded in
the area of the Jeseniky Mountains. The trends have
not been proved in the time series of mean annual
discharges. There have not been identified such
proving trends for monthly surface area precipita-
tion totals as for discharges. Despite this fact, a
certain increase in precipitation is noticeable in the
Sumava River basins and in the Rolava basin in
winter season, especially in January, February and
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Fig. 7. Frequency of high water-level events study basins (1953-2008).

March. Decrease in the volume of precipitation
does not appear to be significant in May and June,
except for the Vydra River. Particular precipitation
increase in the Sumava River basins and in the
Rolava basin is noticeable in the time series of an-
nual precipitation totals, the opposite trend or no
trend has been observed in the river basins of
Opava and Opavice. It has always been interesting
to observe the spatial distribution of the trend of
precipitation totals according to individual om-
brometric stations (see Fig. 8). In the western part
of the Jeseniky Mountains there have been proved
increasing trends in the cold half of a year, but in
the eastern part there has been proved a decreasing
tendency in the course of annual precipitation.

The most significant statistic trends have been
proved in the time series of mean air temperature,
both monthly and annual figures, in the period of
last 50 years. A significant increase of mean annual
air temperature can be observed in all of the in-
cluded stations not regarding their altitude and geo-
graphic location. The most remarkable increase
covers the period from April to August (with high-
est values in May and August) and also the winter
season, with highest values in December and Janu-
ary. The identifications of trends in time series of

snow characteristics appears to be difficult to find
because there are fewer evaluated cases, discontin-
ues and changeable character of snow cover. In the
evaluated time series there is rather a decrease in
snow cover, which has resulted in a decrease of
mean snow cover depth (higher altitude stations)
and decrease of the number of days with regular
snow cover (lower altitude stations).

Expected causal relations among hydroclimatic
elements have been tested here besides testing of
homogeneity and trends in time series. Some im-
portant positive and negative correlations of basic
hydroclimatic elements have been confirmed with
the support of Kendall coefficient of sequential
correlation t. The positive correlations have ap-
peared between precipitation and discharge mainly
in the warm half of a year, between the snow cover
depth and discharge in the cold half of a year, be-
tween the snow cover depth and precipitation
mainly for stations of higher altitude, and then the
negative correlations between the duration of snow
cover and air temperature. Less significant direct
relations have been revealed between discharge and
air temperature, negative correlation in warm half
of a year and positive in the cold one.
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Table 4. Long-term trends in mean discharge and precipitation monthly and annually time series for study basins (1962-2008).

Blanice - Blanicky

Vydra - Modrava  Ostruzna - Kolinec Mlyn Opava - Krnov Opavice - Krnov ~ Rolava - Stara Role

] =] =] k=) =] =]

E 2 B e 2 B

MK-S p & MK-S P E  MK-S P = MK-S P = MK-S P & MK-S p =
O 0.7978 0.4250 -0.7795 0.4357 0.1376 0.8906 -0.5227 0.6012 -0.1742 0.8617 0.9798 0.3272
O, 09812 0.3265 0.2843 0.7762 0.1009 0.9196 -1.5131 0.1302 -0.8529 0.3937 1.8508 0.0642
0, 14031 0.1606 -0.0092 0.9927 1.3114 0.1897 1.2472 0.2123 0.6144 0.5389 1.8508 0.0642

0, 1.5498 0.1212 0.3393 0.7344 2.1367 0.0326 1 0.8345 0.4040 0.2201 0.8258 2.7944 0.0052 1

0; 3.3656 0.0008 t 0.7428 0.4576 3.4022 0.0007 1 0.2843 0.7762 0.1192 0.9051 2.5282 0.0115 1
0, 1.9533 0.0508 -0.5319 0.5948 -0.9996 0.3175 -1.5131 0.1302 -1.7149 0.0864 -1.2218 0.2218

0Os -0.9629 0.3356 -2.2651 0.0235 | -2.6319 0.0085 | -2.2101 0.0271 | -2.3018 0.0213 | -2.9395 0.0033 |
Qs -3.1088 0.0019 | -2.8887 0.0039 | -2.4485 0.0143 | -3.3472 0.0008 | -2.6686 0.0076 | -1.8992 0.0575
0; -0.9079 0.3639 -2.3568 0.0184 | -0.7611 0.4466 -2.2651 0.0235 | -1.8249 0.0680 0.5202 0.6029
Os -0.8345 0.4040 -2.1551 0.0312 | -0.4310 0.6665 -1.0179 0.3087 -0.6144 0.5389 0.6412 0.5214
Qo 0.5961 0.5511 -2.1734 0.0298 | -0.8345 0.4040 -0.0459 0.9634 0.2476 0.8044 1.7978 0.0722
Qi 0.7704 0.4411 -1.2930 0.1960 -0.1926 0.8473 -0.2476 0.8044 -0.5686 0.5696 1.4709 0.1413
0. 0.7795 0.4357 -1.1463 0.2517 -0.0092 0.9927 -2.2101 0.0271 | -1.3114 0.1897 1.6218 0.1049
H,; 0.1009 0.9196 0.9079 0.3639 0.4677 0.6400 -0.7795 0.4357 -0.1376  0.8906 1.6183 0.1056
H,, 0.8895 0.3737 0.8162 0.4144 0.1192 0.9051 0.1559 0.8761 0.2659 0.7903 1.0519 0.2929
H, 1.8433 0.0653 1.4031 0.1606 1.5498 0.1212 0.6144 0.5389 -0.3026 0.7622 1.2663 0.2054
H, 2.0083 0.0446 1 1.3664 0.1718 1.6232 0.1046 -0.1192  0.9051 -0.8345 0.4040 0.7221 0.4702
H; 14581 0.1448 1.6965 0.0898 1.6965 0.0898 1.0913 0.2751 0.6878 0.4916 0.5756 0.5649
H, -0.9629 0.3356 -1.4214 0.1552 -0.9262 0.3543 -0.2109 0.8329 -0.4310 0.6665 -1.2663 0.2054
Hs -1.5131 0.1302 -0.7611 0.4466 0.1376 0.8906 -1.5315 0.1257 -1.2930 0.1960 -1.7896 0.0735
H; -2.5586 0.0105 | -0.5777 0.5634 -1.3481 0.1776 -1.0363 0.3001 -1.1830 0.2368 -0.4500 0.6527
H; 1.1463 0.2517 1.5865 0.1126 0.8162 0.4144 -0.9629 0.3356 -0.7245 0.4688 1.1826 0.2370
Hg -0.4677 0.6400 0.5594 0.5759 0.0642 0.9488 -0.5961 0.5511 -0.6878 0.4916 0.4082 0.6832
Hy, 0.8529 0.3937 0.5961 0.5511 0.2659 0.7903 1.1646 0.2442 1.3481 0.1776 1.2663 0.2054
Hyy 1.0363 0.3001 1.4398 0.1499 1.0913 0.2751 0.0275 0.9781 -0.1559 0.8761 1.9361 0.0529

H, 1.8616 0.0627 1.8799 0.0601 1.5681 0.1168 -0.7978 0.4250 -0.9446 0.3449 2.0198 0.0434 1

O — discharge, H — precipitation amount for a basin, MK-S — Mann-Kendall statistics, p — statistical significance,

|- decreasing trend.
4. Conclusion

This work deals with an analysis of runoff time
series and selected climatic characteristics in head-
water areas of the Sumava Mountains, the Jeseniky
Mountains and the Krusné Mountains in the last 50
years. In the results, which have been influenced
mainly by the quality and length of time series,
there are also reflected some findings influenced by
uneven conditions of the observed river basins,
particularly by geographic location, altitude and
variations in land use and land cover. Despite the
fact it is possible to prove certain deviations and
trends which are similar to each other in the ob-

1 — rising trend,

served areas. The identification of increased mean
discharges for the period of time 1974-1982 has
been identified in all of the observed streams, ex-
cept for the Vydra River. It is evident that the de-
viation in the run-off has been more noticeable in
low lying areas as well as in the areas of less affor-
estation and with a more significant anthropoge-
nous influence. Strong links are to be found in the
development of climate; especially in higher figures
of relatively equally spread precipitation, then also
in a higher snow cover depth together with moder-
ate character of winters and finally in relatively low
air temperature in summers (see Fig. 9). A connec-
tion to the significant amelioration interferences
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from 70s and 80s of the 20" century is probably
random.

The following period (since the year 1982) till
present time, except for the catastrophic floods in
1997 and 2002, has proved a successive decrease in
runoff. Deviations in the runoff have been statisti-
cally verified by different statistical tests, mainly by
Pettit-Mann-Whitney test, Mann-Whitney test and
Kruskal-Wallis test. In the time series of mean an-
nual discharges for the most of the selected rivers,
significant inhomogeneity has been identified for
the year 1983 which represents a certain break-
point between hydrous and the following less hy-
drous period. In the series of surface area precipita-
tions, no significant inhomogeneity has been recog-
nized. The testing of homogeneity of the time series
of air temperature and snow parameters have been
done by SNHT test (Standard Normal Homogeneity
Test). An interpretation of the gained knowledge is
not easy. In some climatic stations, the year of
change (1988) has repeatedly been confirmed.
Since this year warming has been more evident.

An identification of hydro-climatologic time se-
ries trends, done by the seasonal Mann-Kendall
test, shows a very significant result. In May and
June an important runoff decrease has been con-
firmed in all of the observed streams. No direct link
of statistical importance with a rainfall decrease in
the mentioned months has been proved. A signifi-
cant increase in runoff during winter months has
been recorded in the Rolava River and in the Su-
mava Rivers as well. This trend can be associated
not only with the globally rising air temperature,
but also with increasing amount of winter precipita-
tion in these areas. The similar phenomenon has not
been proved in the Opava and the Opavice River
basins. Different trends in the development of pre-
cipitations in the western and eastern parts of the
Jeseniky Mountains could be linked with changes
in circulation. The trends of statistic importance,
not regarding altitude and geographical position,
have been proved in the air temperature series.
Warming is the most significant in the periods from
April to August and from December to January.
During summer months higher temperature can
intensify the process of evapotranspiration. The
decrease in runoff and insufficient supplies of
ground water are associated with the trends in snow
cover. A decreasing snow cover depth and the
number of days with snow cover are important es-
pecially in low lying climatic stations.

Results are usable in the water management
planning. Significant decrease of runoff in the be-
ginning of the summer period without direct con-
nection to decrease of precipitation, increase of
runoff in the winter months, both linked by annual
increase of air temperature and shortage of snow
cover will lay stress on retention measures in
headwater areas.
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