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Abstract Global warming affects the hydrological cycle and the long-term water budget of
river basins. Flow variations have been noticed in the Danube River Basin, especially in its
south-western parts where a downward trend in mean annual flows has been prevalent in the
past several decades. Time series of mean annual and seasonal flows of the Sava River at
hydrological stations Sremska Mitrovica and Zagreb are analysed in this paper. The trend is
assessed with the Mann-Kendall test including the effect of serial correlation. Additionally, the
trends are assessed in the multi-temporal framework. It is concluded that the long-term
periodicity of annual flows has a considerable impact on the time series trend. Long-term
component with cycles of 40 years in mean annual flows are detected by the time series
analysis in frequency domain. Regression analysis showed a significant correlation between
mean annual flows of the Sava River and annual precipitation, mean annual atmospheric
pressure and air temperatures at meteorological station Ljubljana, as well as with the North
Atlantic Oscillation (NAO) Index.

Keywords Multi-temporal trend analysis .Mann-Kendall test . Periodicity.Multiple non-linear
regression . Sava river

1 Introduction

Energy exchange between the Sun, the Earth and the atmosphere is the main driver of the
processes that take place in the atmosphere and at the Earth’s surface, such as evaporation and
runoff. The solar radiation budget is developed at the top of the atmosphere. Outgoing solar
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top-of-atmosphere radiation excludes the heat absorbed by the ground surface and constitutes
the difference between the incoming and the reflected solar radiation. The balance of the incoming
and outgoing energy at the top of the atmosphere, called the net flux, is 0.6Wm−2 (Hansen et al.
2011; Loeb et al. 2012). This difference is reflected in the overall heat budget of the planet Earth
and the atmosphere in a way that leads to changes in the climate formation process. It should be
noted that the energy budgets are not unconditionally stable, such that decadal-scale changes are
possible (Wong et al. 2006; Wild et al. 2008). Research conducted through measurements of
incoming heat at the ground surface has shown an upward trend in the past several decades in the
range of+(1.7–2.7) Wm−2 (Wild et al. 2008; Wang et al. 2009; Prata 2008).

Increasing heat at the Earth’s surface results in increasing mean global temperatures. The Fifth
IPCC Assessment Report (IPCC 2013) discusses rising mean global air temperatures during the
period from 1880 to 2012. The conclusion is that the complete period exhibits a significant
upward trend of mean annual air temperatures, and that the greatest increase is noted from 1979 to
2012, with a 0.25–0.27 °C increment per decade (Jones et al. 2012; Rohde et al. 2013).

In the northern hemisphere, above latitude of 30°, an upward trend of annual precipitation
sums has been noted in the period 1901–2008 (IPCC 2013). Contrary to air temperatures, the
increasing precipitation trend indicates a broader range of 1.44–3.23mm by decade (Smith
et al. 2012; Becker et al. 2013).

Forty greenhouse gases emission scenarios have been defined for IPCC purposes
(Nakićenović and Swart 2000). In the Danube Study (ICPDR 2012), scenarios A1B and A2
were selected. According to scenario A1B, mean annual air temperatures in the Sava River
Basin would be higher for 0.5–2 °C in 2050, and for 2.5–4 °C at the end of 2,100. It should be
noted that this climate scenario projects a temperature increase in theDanube River Basinwith a
northwest-to-southeast gradient. Projections under scenario A2 show even higher increases in
mean annual temperatures. Regional climate models show increasing annual precipitation sums
in northern Europe and downward trends in southern Europe according to A1B and A2
scenarios. In addition to the increasing precipitation sums, the northern part of the Danube
River Basin is expected to be affected by more severe precipitation events (ICPDR 2012). The
expected increase in the winter months is about +20 %, albeit with considerable variation, such
that certain regions can expect+5% and others+35%. The anticipated precipitation decrease in
southern Europe is in the range from−25 % to−45 %. In central Europe the decrease will be
relatively moderate and is expected to be about−20 %. The Alpine region is divided into a wet
north and a dry south, such that the south-eastern part of Austria would be in the dry zone.

In past assessments of hydrological and meteorological parameters only a few studies
addressed the variation in hydrological parameters as a function of meteorological
parameters. Krasovskaia (1996) and Krasovskaia and Sælthun (1997) examined the sensitivity
of the hydrological cycle to air temperatures, applying the entropy concept. She conducted her
research in northern Europe and found that changes in the hydrological cycle result from a
slight air temperature increase and that the changes were primarily reflected in snow formation
and melting processes. In the same manner, using the entropy approach, Bower et al. (2004)
defined the index of sensitivity to meteorological parameters in the UK and classified seven
river regimes. Bouwer et al. (2008) used the linear regression equation with previously
normalized hydrological time series to determine the effect of meteorological parameters on
time series of annual flows. The correlation coefficient between hydrological and
meteorological time series was introduced as a measure of sensitivity. The effect of the
global air temperature increase on the hydrological regime was studied by Renner and
Bernhofer (2011) using data from 27 hydrological stations in Saxony (Germany). They
concluded that all stations have exhibited changes in hydrological characteristics since 1988,
and that the average temperature during the hydrological year occurred four days earlier and
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was 1 °C higher. These changes affected river basin runoff as a result of the rising limb of the
hydrographs appearing one to three weeks earlier.

The objective of the present research is to determine trends in mean annual and seasonal
flows of the Sava River, a tributary to the Danube River, and to establish a relationship
between hydrological and meteorological time series. Annual and seasonal flow trends are
analysed with the Mann-Kendall test using the multi-temporal approach. This paper also aims
at showing that selection of a time interval is important for trend analysis due to the long-term
periodicity in time series. Therefore this study is undertaken to define the long-term periodic
component of the flows and to establish its effect on the trend.

River flow time series represent the outcome of the atmospheric events in a basin and the
characteristics of the basin, such that any changes in these parameters are reflected in the
hydrological process (i.e. river flow). It is assumed that the hydrological system can be
represented as a simple system using a water balance model (Gudmundsson et al. 2011):

dS

dS
¼ P−E−Q; ð1Þ

where dS/dt is the change in the reservoir volume (snow, soil moisture, surface water,
groundwater, lakes), P is the precipitation, E is actual evapotranspiration and Q is the river
flow. Evapotranspiration is generally not measured directly, but derived from air temperature,
water vapour pressure, wind speed and other parameters. Air temperatures are used in the
present research to define the effect of evapotranspiration on annual and seasonal flows. In
addition, the effect of atmospheric pressure and North Atlantic Oscillation (NAO) Index on the
river flow is also investigated. In this paper, we applied the multiple non-linear regression in
order to describe the relationship between hydrological and meteorological time series.

2 Methods

2.1 Trend Analysis

River trend analyses conducted worldwide show that the Earth’s northern hemisphere gener-
ally exhibits upward flow trends, while certain parts of Europe, such as southern Europe,
exhibit downward trends (Milly et al. 2005; Bates et al. 2008). Birsan et al. (2005) conducted a
trend analysis of 48 watersheds in Switzerland under natural streamflow conditions. They
detected significant upward trends in winter and spring, and downward trends in summer.
Stahl et al. (2010) studied long-term flow variations in 411 natural river basins in Europe. The
results show that the downward annual flow trends are present in south-east Europe, while the
rest of Europe exhibits upward trends. Hannaford et al. (2013) showed that the long-term flow
component results in periodic features of annual and monthly flow trends. Their research was
conducted over 132 basins in northern and central Europe.

Many trend analyses are based on the well-known non-parametric Mann-Kendall trend test
(e.g. Douglas et al. 2000). This test is based on the Kendall’s statistic S, computed as follows
(Kendall 1962; Douglas et al. 2000):

S ¼
Xn−1
i¼1

X
j¼iþ1

n

sign Qi−Qj

� �
; ð2Þ

where Q is the mean annual flow at time steps i and j, n represents the sample size, and sign
(.) is equal to+1 if Qi>Qj and−1 otherwise. If S>0, the time series has a downward trend and
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if S<0, then there is an upward trend. For an independent data sample without tied values, the
mathematical expectation and variance of S are:

E Sð Þ ¼ 0;

Var Sð Þ ¼ n n−1ð Þ 2nþ 5ð Þ
18

¼ σ2 ð3Þ

If tied values are present in the sample, Var (S) is corrected as follows:

Var Sð Þ ¼
n n−1ð Þ 2nþ 5ð Þ−

X
i¼1

n

ti ið Þ i−1ð Þ 2iþ 5ð Þ

18
; ð4Þ

where ti is the number of groups of i tied values in the time series. If there is only one pair of
equal values in the time series, then i=2 and ti=1.

2.1.1 Effect of Serial Correlation on Trend Analysis

A trend analysis can be misleading if the long-term flow fluctuations are disregarded; for a
reliable trend assessment several full time-series cycles are needed. Also, spatial correlation
can create an additional problem, leading to a considerable reduction of data samples for trend
assessment (Douglas et al. 2000). Khaliq et al. (2009) described several ways to remove serial
correlation from hydrological time series, such as: (1) pre-whitening, (2) variance correction
and (3) block bootstrap approach. Conversely, Yue and Wang (2004) dealt with the serial
correlation problem by applying a modified Mann-Kendall test that uses the effective sample
size in calculating the test statistic.

The variance correction approach (2) is selected here, which assumes that a correlated time
series is comprised of N data, where N* (<N) of them are uncorrelated. Hamed and Rao (1998)
and Yue and Wang (2004) proposed variance correction of the Mann-Kendall S statistic using
the effective size of the time series N* by multiplying Var (S) with a correction factor CF:

Var� Sð Þ ¼ CF⋅Var Sð Þ;
CF1 ¼ 1þ 2

N N−1ð Þ N−2ð Þ
XN−1

τ¼1

N−1ð Þ N−1−τð Þ N−1−2ð ÞrR
τ
;

CF2 ¼ 1þ 2
XN−1

τ¼1

1−N=τð Þrτ ;

ð5Þ

where CF1 is the variance correction factor according to Hamed and Rao (1998), CF2
according to Yue and Wang (2004), and rτ and rτ

R are the autocorrelation coefficients for lag τ
of time series Q and of the time series ranks, respectively. Khaliq et al. (2009) recommend the
variance correction approach as it is applicable for autoregressive serial dependence not only
of lag 1 (i.e. for the AR (1) process), but also for higher lags as well.

The Mann-Kendall test statistic zs for the time series is calculated as:

zs ¼

S−1
σ

; S > 0

S þ 1
σ

; S < 0

0; S ¼ 0

8>>><
>>>:

ð6Þ
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and follows the standard normal distribution (Kendall 1962). For zs<1.96, which corre-
sponds to a confidence level of 95 % or the significance level of 5 %, the hypothesis H0 on the
absence of a monotonic trend in mean flows is not rejected. Otherwise, for zs>1.96 the
alternative hypothesis H1 is that there is a trend in the series.

2.1.2 Multi-Temporal Trend Analysis

Many trend analyses of hydrological time series involve trend assessment using all available
data from the first to the last year of the record. The multi-temporal approach is an alternative
method for trend assessment, which involves trend detection on a range of the sub-series
within the available record. McCabe and Wolock (2002) discussed time series trend visuali-
zation by using the Kendall’s tau non-parametric correlation statistic for trend assessment. This
approach has been followed to analyze annual maximum flow trends in Germany (Petrow and
Merz 2009) and Switzerland (Schmocker-Fackel and Naef 2010). Hannaford and Buys (2012)
used the multi-temporal approach in which they introduced the length of the time window as a
new parameter in the trend analysis. They applied this approach on long flow series (1932–
2004) from northern and central Europe. Hannaford et al. (2013) also assessed trends with the
Mann-Kendall test in mean and maximum annual flows by applying the multi-temporal
approach to a large number of small basins in Europe. They grouped the flow time series
according to the basins and regions, and then standardized the time series for each group. In
addition, they applied the LOESS method to smooth the standardized series. This approach
showed that the long-term fluctuations of annual flows have a considerable effect on the trend
and its direction.

Starting from the above mentioned experiences, the stations considered in the present study
are grouped according to the river for which the flow data is standardized. The standardized
series Z is the average of a group of m stations and from the sample (Q1, . . ., QN) of size N:

Z j ¼ 1

m

X
k¼1

m Qj;k−Q
�

k

σQk

; j ¼ 1; 2;…;N ð7Þ

where Qj,k is the mean annual flow at station k in the j-th year (j=1,2,…,N), Q
�

k is the long-
term mean flow at station k and σQk is the standard deviation of annual flows at station k.

Hannaford et al. (2013) applied the trend analysis to the standardized Z series using the
moving window approach by including all possible start/end year combinations. In this study
the time series is divided into 10 segments of equal length and the trends are calculated for the
sub-series created by starting from a different segment and then by combining a different
number of subsequent segments (Fig. 1). In the first step (i=1), the trend is first calculated for
the sub-series comprised of the first segment (from year 1 to year N/10). The trend is then
assessed for the sub-series combined from the first two, three, etc. segments (i.e. sub-series
span from year 1 to year 2N/10, from year 1 to year 3N/10, etc. and finally from year 1 to year

1 N/10 2N/10 3N/10 4N/10 5N/10 6N/10 7N/10 8N/10 9N/10 N
i=1

i=2

i=9

i=10

N/10 2N/10 3N/10 4N/10 5N/10 6N/10 7N/10 8N/10 9N/10 N

8N/10 9N/10 N

9N/10 N

Fig. 1 Time series trend calculation scheme with the multi-temporal approach
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N). In the second step (i=2), the trend analysis starts from the second segment, and the sub-
series span from year N/10 to year 2N/10, from year N/10 to year 3N/10, etc. and finally from
year N/10 to year N. The procedure is repeated until the tenth step (i=10), in which the last
sub-series spanning from year 9N/10 to year N is assessed. In such a way, all combinations of
the start/end years in the N/10 year increments are considered.

The Mann-Kendall test statistic is calculated for the standardized series Z of the Sava River
mean annual flows for all sub-series from the start to the end of the period 1926–2005. The
minimum sub-series length is 8 years and the maximum length is 80 years. Trends in all sub-
series are considered, although the tests are generally less reliable for shorter periods
(Hannaford et al. 2013).

2.2 Long-Term Periodicity

In addition to the multi-temporal trend analysis, there is a need to look into the long-term
variability of the mean annual and seasonal flows. Many studies address the long-term
oscillations in mean annual flows. Pekarova et al. (2003; 2006) have shown that there is a
regular interchange of long-term dry and wet periods on major European rivers. They
identified long-term cycles of 13.5 years and 28–29 years in the annual flows, and a shift in
these periods of several years between northern and western/central Europe. Labat (2006) also
focused on the long alternating dry and wet periods and found several such periods with
lengths of 4–8 years, 14–16 years, 20–25 years and 30–40 years. Stojković et al. (2012)
analyzed the long-term cycles in the Danube River basin and concluded that the length of
cycles is between 16.4 and 42 years.

The long-term oscillations in time series are analysed by the Fourier transformation
(Yevjevich 1972). This approach is the main technique for identifying significant harmonics
of known cycle lengths and for testing the unknown cycle lengths.

The periodic component ZP of a time series is represented as follows (Salas et al. 1980):

ZP jð Þ ¼
X
i¼1

q

aisin 2π f i jð Þ þ bicos 2π f i jð Þ½ �; ð8Þ

where ai and bi are the Fourier coefficients (amplitudes of sine and cosine waves), fi is
frequency, j is time step, while q is the number of significant harmonics. The coefficients ai
and bi are determined by Fourier transformation as:

ai ¼ 2

n

X
j¼1

n

Zicos 2π f i jð Þ; bi ¼ 2

n

X
j¼1

n

Zisin 2π f i jð Þ; ð9Þ

where n is the sample size of the time series Qj (j=1,2…,n) and Zj is the standardized series
from Eq. (7). The Fourier coefficients derived from Eq. (9) are then used to compute the
periodogram intensity I for frequencies fi (Salas et al. 1980):

I f ið Þ ¼ n

2
ai

2 þ bi
2

� �
; f i ¼

i

n
; i ¼ 1; 2; n=2 or n−1ð Þ=2 ð10Þ

Bartlett (1963) and Daniell (1946) identified three possibilities for a simpler periodogram
interpretation: (1) smoothing the periodogram intensity I, (2) truncating and smoothing the
autocorrelation function, and (3) smoothing the time series Z. The last alternative is chosen in
this study with an aim to identify the long-term periodic component and remove the short-term
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periodicity and the random component from the series. For this purpose, the LOESS local
regression technique is applied (Stojković et al. 2013).

2.3 Multiple non-Linear Regression

In this study, a multiple regression model is established between standardized annual flow
series of the Sava River as the dependent variable, and annual precipitation sum P, mean
annual air temperature T, mean annual atmospheric pressure A, P at meteorological
station (m.s.) Ljubljana and the NAO index as the independent variables for the period
from 1926 to 2005. The analysis is also performed for the four seasons, so that the model
includes seasonal values of the parameters. The regression models are defined as
(Prohaska 2006):

U Qð Þ ¼ α1⋅U1 Pð Þ þ α2⋅U2 Tð Þ þ α3⋅U 3 APð Þ þ α4⋅U4 NAOð Þ ð11Þ
where U (.) indicates a transformation performed to normalize the regression variables

Prohaska (2006); U (Q) is the normalized Sava River annual or seasonal flow, U1 (P) is the
normalized annual or seasonal precipitation sum at m.s. Ljubljana, U2 (T) is the normalized
mean annual or seasonal air temperature at m.s. Ljubljana, U3 (AP) is the normalized mean
annual or seasonal atmospheric pressure at m.s. Ljubljana, and U4 (NAO) is the normalized
annual or seasonal NAO index. Since the regression uses the normalized variables, the
multiple regression coefficients αk (k=1 to 4) are equal to correlation coefficients between
the normalized values of the dependent and independent variables. The regression coefficients
are computed using the procedure described by Prohaska (2006).

3 Results

The mean seasonal and annual flows of the Sava River at hydrologic stations (h.s.) Zagreb and
Sremska Mitrovica from 1926 to 2005 are analysed in this paper to demonstrate the proposed
methodology. The normalized series Z (Eq. 7) derived from the flow time series are shown in
Fig. 2 together with the smoothed series ZLoess obtained by the LOESS method with the
smoothing window of 16 time steps.

The smoothed series in Fig. 2 indicate presence of a long-term periodic component in
annual and seasonal flows. Contribution of the smoothed series to the variance of the original
time series is given with the fraction (Gudmundsson et al. 2011):

ΦZ ¼ σ2Zloess

σ2
Z

; ð12Þ

where σ2
Zloess

is the variance of the smoothed standardized flow series, while σZ
2 is the

variance of the observed standardized flow series. The variance fraction of smoothed annual
flows Z (Q) is 36.2 %; for winter flows Z (QI) it is 35.2 % and 33.2 % for the summer flows Z
(QIII). The greatest variance fraction of smoothed flows of 37.8 % is noted for the spring flows
Z (QII), and the smallest of 28.3 % for the autumn flows Z (QIV). Greater smoothed time series
variance fraction corresponds to greater contribution of the deterministic components, i.e. trend
and long-term periodicity. The remaining part of the time series represents a stationary
stochastic component with a strong autocorrelation (Stojković et al. 2013). In this paper, we
analyse the trend and long-term periodicity as the deterministic components of the annual and
seasonal flows.
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3.1 Trend in Annual and Seasonal Flows

The trend in the annual and seasonal flows is assessed with the Mann-Kendall test, first
without taking the serial correlation effect into account and by calculating variance of the S
statistic according to Eq. (4), and then by applying the serial correlation correction CF2 in
Eq. (5) according to Yue and Wang (2004). Table 1 shows the trend test results for the annual
and seasonal flow time series.

The results shown in Table 1 indicate that the annual flow series exhibit a significant
downward trend at the 5 % significance level since zs>1.96. When the correction for serial
correlation is included, the trend in annual flows is not significant. All seasonal flows have
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Fig. 2 The standardized series Z and the smoothed series ZLoess of mean annual and seasonal flows of the Sava
River: (a) annual flow Z (Q), (b) winter flow Z (QI), (c) spring flow Z (QII), (d) summer flow Z (QIII), and (e)
autumn flow Z (QIV)

Table 1 Trend in the standardized
annual and seasonal flows of the
Sava River: the standard Mann-
Kendall test statistic zs and statistic
zs,corr with variance corrected for
serial correlation

Season zs zs,corr

Annual 2.039 1.855

Winter 0.935 0.825

Spring 0.724 1.572

Summer 0.253 0.269

Autumn 1.433 1.431
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positive values of zs which correspond to downward trends, but these trends are not significant
at the 5 % significance level.

Contrary to the standard trend analyses in which the complete available time series is
assessed, the alternative multi-temporal approach uses the sub-series of different start/end
combinations and different lengths. The timeline of the standardized annual and seasonal flows
of the Sava River from 1926 to 2005 is divided into ten segments of 8 years each and
combined into the sub-series as in Fig. 1. Figure 3 shows the results of the multi-temporal
Mann-Kendall test; the shades of grey indicate values of the zs test statistic for the sub-series
starting from the segment specified on the x-axis and ending with the segment specified on the
y-axis. Due to small sample sizes when combining just a few segments, the time series trend is
analysed without the effect of serial correlation.

The graphical presentation of the zs statistic in Fig. 3 for different sub-series suggests a
periodic trend pattern. Significant trends in mean annual and seasonal flows are shown in
Fig. 3 in framed areas where the H1 hypothesis (trend is present) is adopted at the 5 %
significance level. The significant downward trends of annual and seasonal flows are typical
for the sub-series toward the end of the observation period, while the significant upward trends
are noted at the middle of the period for annual and summer flow.

The multi-temporal trend analysis was also performed on meteorological parameters from
the Ljubljana meteorological station in order to assess the effect of meteorological parameters
on the Sava runoff. Annual precipitation sums, mean annual air temperatures, mean annual
atmospheric pressure and NAO (North Atlantic Oscillation) index during the period 1926–
2005 are analysed for trend and Fig. 4 shows the values of the zs test statistic computed in the
multi-temporal analysis for all meteorological variables.

It is evident that the annual flow trend (Fig. 4a) coincides with the annual precipitation trend
(Fig. 4b). This is especially the case in the sub-series containing the last segment, which shows
a pronounced downward trend. Annual air temperature trends (Fig. 4c) show the opposite

Fig. 3 Multi-temporal Mann-Kendall statistic zs for the Sava River: (a) annual flow, (b) winter flow, (c) spring
flow, (d) summer flow, and (e) autumn flow; greyscale coding for zs is shown in lower left corner
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direction compared to the annual flow trend. Strong upward temperature trend is seen in all
sub-series which include the last two segments. The multi-temporal trends of the atmospheric
pressure (Fig. 4d) and the NAO index (Fig. 4e) correspond to each other. The relation between
the hydrological and the meteorological time series is also further analysed by using the
multiple regression method.

3.2 Periodicity in Mean Annual and Seasonal Flows

From the results of the multi-temporal trend test it is evident that the trend direction and
magnitude depend on the length of time series and the position of the sub-series within the
whole series. Therefore, determination of the long-term periodicity in the time series is
necessary in order to interpret the trends correctly. Figure 5 shows the periodograms of the
original and smoothed annual and seasonal flow time series. The periodograms are determined
with the Fourier transformation coefficients as given in Eq. 10. The smoothing of the time
series removes the high-frequency component, so that the low-frequency component which
characterizes the long-term periodicity would remain in the time series and could be detected
with less difficulty.

According to Fig. 5, the annual flow time series has a significant low frequency of
about 0.025 or a long-term periodicity of 40 years. A pronounced periodicity in the high
frequency domain is 3.6 years. Typical long-term seasonal periodicity is 40, 16 and
8 years, while in the high-frequency domain it is from 2.4 to 5 years. It is clear that the
long-term periodicity refers to long alternating wet and dry periods in the Sava River
basin and that it largely determines the trend direction and magnitude in the multi-
temporal analysis. The high-frequency (or short-term) component also contributes to the
trend behaviour, and it was identified as a stationary stochastic component in annual and
seasonal flows (Stojković et al. 2013).

Fig. 4 The multi-temporal Mann-Kendall trend test results showing the values of the zs statistics for: (a) annual
flow, (b) annual precipitation sum, (c) annual air temperature, (d) annual atmospheric pressure, and (e) annual
NAO index; greyscale coding for zs is shown in lower left corner
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3.3 Multiple non-Linear Regression of Annual and Seasonal Flows on Meteorological
Parameters

In this study, the multiple non-linear regression is used in order to identify the cause-and-effect
relationships between the meteorological and hydrologic parameters. A regression model is
established between the standardized annual and seasonal flow time series Z (Q) of the Sava
River and the corresponding meteorological parameters (P, T, AP and NAO) for the period
from 1926 to 2005. Table 2 shows the correlation matrix between the meteorological and
hydrologic parameters, the regression coefficients α and the variable weights δ which are
defined as the fraction of variance explained by each variable in the regression model.

Based on the results shown in Table 2, the Sava River flow increases with an increase in
precipitation and with a decrease in temperature (except in winter), atmospheric pressure, and
NAO (except in spring). According to the variable weights, precipitation is the major driving
force of the Sava River flows on the annual level and in summer and autumn. During the
summer season, dependence of flows on air temperature is notable. Dependence of the
atmospheric pressure and the flows is the strongest in the winter season. It is apparent from
this table that each independent meteorological variable does affect runoff generation in at least
one season. Some unexpected results can also be noticed, as is a strong negative correlation of
flows with temperature in the spring season while a positive correlation would be expected
during this snowmelt season. Positive correlation of the flows with the NAO index in the
spring season causes is also not typical.

4 Discussion

The trends in the mean annual flows are explored in many studies and the methodology
applied certainly has an impact on the final result. The results of the multi-temporal trend test
demonstrate that the trend direction and magnitude depend on the length of time series and the
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Fig. 5 Periodograms of the observed (thin lines) and smoothed (thick lines) time series of annual and seasonal
standardized flows of the Sava River: (a) annual flow, (b) winter flow, (c) spring flow, (d) summer flow, and (e)
autumn flow
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position of the sub-series within the whole series. Therefore, even for a seemingly long series
such are the Sava River flows at h.s. Zagreb and Sremska Mitrovica, the trend test may provide
misleading results. It has been shown that the trend in the annual flows specified as significant
may actually not be significant if the effect of serial correlation is included in trend analysis.

The results also reveal that the trend magnitude and direction are heavily influenced by the
long-term variability. It is found that the long-term periodicity of the Sava River flows involves

Table 2 Correlation coefficients, regression coefficients α and variable weights δ between the standardized
annual/seasonal Sava flows Z (Q) and the Ljubljana meteorological parameters; subscripts I, II, III and IV denote
winter, spring, summer and autumn seasons

Correlation matrix Regression coefficient α Variable weight δ

Z (Q) P T AP NAO

Z (Q) 1.00 0.62 −0.38 −0.60 −0.40 – –

Р 1.00 −0.18 −0.48 −0.12 0.427 0.460

Т 1.00 0.19 0.29 −0.208 0.138

AP 1.00 0.49 −0.289 0.304

NAO 1.00 −0.143 0.100

Correlation matrix Regression coefficient α Variable weight δ

Z (QI) PI TI API NAOI

Z (QI) 1.00 0.61 0.00 −0.69 −0.48 – –

РI 1.00 −0.01 −0.74 −0.45 0.200 0.237

ТI 1.00 0.15 0.48 0.133 0.000

API 1.00 0.69 −0.480 0.648

NAOI 1.00 −0.122 0.115

Correlation matrix Regression coefficient α Variable weightδ

Z (QII) PII TII APII NAOII

Z (QII) 1.00 0.44 −0.56 −0.23 0.06 – –

РII 1.00 −0.40 −0.27 0.03 0.217 0.242

ТII 1.00 0.30 0.16 −0.474 0.675

APII 1.00 0.42 −0.101 0.058

NAOII 1.00 0.171 0.025

Correlation matrix Regression coefficient α Variable weight δ

Z (Q) III PIII TIII APIII NAOIII

Z (QIII) 1.00 0.44 −0.41 −0.19 −0.09 – –

РIII 1.00 −0.30 −0.38 −0.07 0.325 0.508

ТIII 1.00 0.05 0.07 −0.309 0.456

APIII 1.00 0.36 −0.036 0.024

NAOIII 1.00 −0.036 0.011

Correlation matrix Regression coefficient α Variable weight δ

Z (QIV) PIV TIV APIV NAOIV

Z (QIV) 1.00 0.70 −0.02 −0.55 −0.18 – –

РIV 1.00 0.07 −0.51 −0.02 0.580 0.727

ТIV 1.00 −0.13 0.06 −0.087 0.003

APIV 1.00 0.30 −0.245 0.243

NAOIV 1.00 −0.085 0.027
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dry and wet multi-year cycles of 40, 16 and 8 years. Significant upward flow trend is detected
on both annual and seasonal level in the period 1926–1970, which represents one approxi-
mately 40-year long cycle (Fig. 2). The periodogram of the standardized flows also shows the
short-term cycles in the range from 2.4 to 5 years. These short-term cycles are attributed to a
stationary stochastic component of annual and seasonal flows.

The quality of the observed river flow data is also a limiting factor in trend analysis.
Anthropogenic influence on river flows can also lead to the apparently significant flow trends.
Moraes et al. (1998) conducted such an analysis in Brazil and showed that human activity can
lead to incorrect conclusions. They found that a significant anthropogenic impact on river flow
is a result of water export from the basin that led to a decreasing flow trend. Upon statistical
analysis of precipitation, evapotranspiration and river flow, they also found significant
increasing trends of meteorological parameters for the entire basin. Sanjay et al. (2008)
demonstrated such an analysis at Harike Wetland in India and showed that exploitation of
groundwater resulted in a 30 % reduction in river flows during 1990–2003.

The changing precipitation distribution over Europe is associated with the North Atlantic
Oscillation, expressed by the NAO index (Bouwer et al. 2008). Many studies show that river
flow variability is a result of atmospheric circulation, which affects precipitation distribution
on the Earth (Hurrell 1995; Rodriguez-Puebla et al. 1998; Rimbu et al. 2002; Danilovich et al.
2007; Bouwer et al. 2008). This phenomenon potentially leads to the decreasing precipitation
and mean annual flows in south-east Europe as it is shown for the Sava River through
significant downward trends towards the end of the observation period. Seasonal flows of
the Sava River also exhibit downward trend, but not significant at 5 % significance level.
These results are in accordance with the detected downward trends in southern and eastern
regions of Europe (Stahl et al. 2010). Stahl et al. (2010) determined in their analysis for the
central northern European regions an opposite behaviour of the river flows in comparison to
the south-east regions during 1962–2004.

The long-term periodicity of meteorological parameters is found to be an important
contributor to the long-term variability of annual flows and consequently to their trends.
Zhang et al. (2007) state that precipitation variations on the Earth cannot be attributed solely
to atmospheric circulation; anthropogenic impacts over the past century have contributed to
increased annual precipitation sums in the northern hemisphere, reduced precipitation in the
tropics and elevated air humidity in the southern hemisphere. Labat et al. (2004) found
correlation between global annual air temperature and runoff and suggested that an increase
of 4 % in global runoff can be expected per 10C of the global temperature rise. They also
warned that the global trend should be quantified on a regional scale, where they identified
both upward and downward trends.

In the Sava River basin the downward trend of annual flows is accompanied with the
downward trend of the annual precipitation sums and the upward trend of air temperature
(Fig. 4). Such tendency is especially emphasized in the recent part of the observation period
when a significant trend is detected. In addition to this, the multiple non-linear regression
between the flows and the meteorological drivers showed that the process of annual and
seasonal flow generation mostly depends on precipitation. The results of the regional climate
models indicate that precipitation is expected decrease in southern Europe (ICPDR 2012). For
the territory of Serbia, the results of the EBU-POM climate model with the A1B and A2
greenhouse gases emission scenarios show an increase in air temperatures of 2–4 °C and a
decrease in annual precipitation sums of 13–16 mm up to 2100 (Djurdjević and Rajković
2010). Therefore, based on both trend assessments and climate projections, long-term down-
ward trend of the Sava River discharge can be expected in the future. Based on the this study’s
results related to long-term periodicity, periodical alternations of dry and wet periods can also
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be expected in future that would in turn affect the trend magnitude and direction on a short-
term time scale.

Estimation of the trend in hydrological time series is usually considered essential for water
planning and management since it is expected to provide an outlook to future river flow
tendencies. However, interpretation of the detected trends is even more important if realistic
estimates of future river regime should be made. The long-term periodicity of the
hydrometeorologic time series, which dictates the shifts of dry and wet multi-year periods in
the basin, is seldom used as a tool for estimating tendencies of future river regimes. Importance
of the long-term cycles in the Sava River basin may be illustrated by the fact that the
deterministic component (annual and seasonal) explains 28.3–37.8 % of variance of the Sava
River flow during the period 1926–2005. If the trend and the long-term periodic components
are detected in the time series, they can be represented as a function of time and can be
extrapolated into the future. This extrapolated deterministic component can then be used to
prepare operational plans and strategies for water management.

5 Conclusions

A study on the long-term variability of the river flows in the Sava River basin, a tributary of the
Danube River, is presented in this paper. Time series of the mean annual and seasonal flows at
the hydrological stations Zagreb and Sremska Mitrovica during the period 1926–2005 are
analysed for trends, long-term periodicity and dependence on major meteorological drivers
and their variability. In order to avoid the effects of spatial dependence of the hydrologic data
from different stations on the same river, a single time series is created by averaging the
standardized flows from individual stations. The trend analysis is performed in the multi-
temporal framework by means of the non-parametric Mann-Kendall test for trend detection.
The standardized and unified annual and seasonal series are smoothed using the LOESS
method for an easier separation of the long-term periodic component.

It has been shown that the deterministic component consisting of the trend and the long-
term periodicity explains 28.3–37.8 % of the total variance of flows. The trends of mean
annual and seasonal flows in the complete series are downward, but the only significant trend
at the 5 % significance level is that in the annual flows. Furthermore, if the serial correlation is
taken into account, even this trend is not significant. The multi-temporal trend analysis has
shown that the trend direction and magnitude depend on the length of time series and the
position of the sub-series within the whole series. The results indicate that the flow trends for
sub-series in the period 1926–1970 are upward, and that the steepest downward trends appear
for sub-series toward the end of the observation period. Therefore, the conclusions about the
trend significance can be quite different depending on the period covered in the analysis. It has
also been shown that the long-term periodicity affects the direction and the intensity of the
trend. The multi-year wet and dry cycles of 40, 16 and 8 years are detected in the annual and
seasonal flow time series.

The causal link between annual flows and meteorological parameters at the meteorological
station Ljubljana within the headwater part of the basin has also been established. Comparative
trend analysis in the multi-temporal framework has shown that significant downward trends of
flows in the latter part of the record are accompanied by the downward trends in precipitation
and significant upward trends in air temperature. Impact of the individual meteorological
drivers on the Sava basin runoff via the multiple non-linear regression analysis has shown that
precipitation has the greatest impact on runoff on both annual and seasonal level, while the
strong impact of air temperature is seen in the spring and summer seasons. The influence of
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atmospheric pressure and the NAO index is significant during the winter season. Therefore, the
reduction of the Sava River annual flows is attributed primarily to the precipitation reduction.

The results obtained in this study are in accordance with the projections coming from the
climate modelling via global and regional climate models (GCM/RCM) under A1B and A2
greenhouse gases emission scenarios, which suggest further decrease in precipitation and an
increase in air temperature in the south-east region of Europe. Inclusion of the future
tendencies of river regimes into the management and planning in the water-related sectors is
generally possible by application of the climate modelling outputs in combination with
hydrologic models. However, by a careful analysis of the structure of the hydrometeorologic
time series through trend, long-term variability and dependence of river flows of meteorolog-
ical drivers, inclusion of the future tendencies into water management and planning is much
more straightforward. If the trend and long-term periodicity of flows are known, it is possible
to create the time-series models for the long-term projections of the deterministic component
of flows. These projections can then be used to elaborate strategies for water resource
management in terms of climate change.
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