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Abstract. Determining the spatiotemporal variability in the
annual streamflow volume plays a relevant role in hydrol-
ogy with regard to improving and implementing sustainable
and resilient policies and practices of water resource man-
agement. This study investigates annual streamflow volume
trends in a newly assembled, consolidated, and validated data
set of daily mean river flow records from more than 3000 sta-
tions which cover near-natural basins in more than 40 coun-
tries across Europe. Although the data set contains stream-
flow time series from 1900 to 2013 in some stations, the sta-
tistical analyses were carried out by including observations
from 1950 to 2013 in order to have a consistent and reliable
data set over the continent. Trends were detected by calculat-
ing the slope of the Theil–Sen line over the annual anomalies
of streamflow volume.

The results show that annual streamflow volume trends
have emerged at European scale, with a marked nega-
tive tendency in Mediterranean regions, with about −1×
103 m3/(km2 yr−2), and a generally positive trend in north-
ern ones, with about 0.5× 103 m3/(km−2 yr−2). The annual
streamflow volume trend patterns appear to be in agreement
with the continental-scale meteorological observations in re-
sponse to climate change drivers. In the Mediterranean area,
the decline of annual streamflow volumes started in 1965,
and since the early 1980s, volumes have consistently been
lower than the 1950–2013 average.

The spatiotemporal annual streamflow volume patterns
observed in this work can help to contextualize short-term
trends and regional studies already available in the scientific

literature, as well as to provide a valid benchmark for further
accurate quantitative analysis of annual streamflow volumes.

1 Introduction

Elucidating continental patterns of annual streamflow vol-
ume changes in the Anthropocene epoch, to confirm unequiv-
ocally the effects of climate change and human impact on
water resources, has become a challenge in contemporary
hydrology (Blöschl et al., 2019). Although the hydrologi-
cal scientific community has undertaken a great effort, lit-
tle research robustly demonstrates the ubiquitous and uni-
form trend in European annual streamflow volumes (e.g.,
Mediero et al., 2014; Alfieri et al., 2015; Hodgkins et al.,
2017; Blöschl et al., 2019). Most studies have identified the
following two separate trends, both from recent observations
and using model projections sensitive to climate change: re-
duced flows in southern and eastern Europe (e.g., Stahl et
al., 2010; Caloiero and Veltri, 2019) and increased flows in
central and northern Europe (up to ±45 % after 1962, ac-
cording to Teuling et al., 2019;−10 % to 30 % and+10 % to
40 %, respectively, by the year 2050, under the Special Re-
port on Emissions Scenarios A1B, according to Milly et al.,
2005). Lehner et al. (2006) identified large critical regions
in southern and southeastern Europe for which significant
changes in river flow drought are expected, and Feyen and
Dankers (2009) projected increases in streamflow drought
severity and persistence in most parts of Europe.
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Models have also highlighted a reduction through time of
areas with increased runoff and an expansion of those with
decreased runoff (e.g., a north-bound expansion of drying in
the Mediterranean area; Milly et al., 2005). Similar trends
were also found when analyzing trends in zero-flow days
(Thober et al., 2018) and peak flows or flooding frequency,
although there was high sensitivity to catchment size (Bertola
et al., 2020). The majority of such changes have been at-
tributed to changes in precipitation, with a less important role
for land use and evapotranspiration change (Teuling et al.,
2019).

Seasonal flows were also found to experience significant
changes (Bard et al., 2015; Bormann and Pinter, 2017). Pos-
itive trends were found in the winter months in most catch-
ments. A marked shift towards negative trends was observed
in April, gradually spreading across Europe to reach a max-
imum extent in August. Low flows have decreased in most
regions where the lowest mean monthly flow occurs in sum-
mer, with some exceptions in catchments buffered by a large
groundwater storage capacity (e.g., Fleig et al., 2010; Laizé
and Hannah, 2010). Bates et al. (2008) summarized some Eu-
ropean studies that have found generally similar but more
spatially explicit patterns, including, for example, decreas-
ing future summer flow in central and eastern Europe. Also,
models sensitive to climate change project that the peak in
discharge will occur approximately 1 month earlier due to
increased temperatures and earlier snowmelt in the future,
with changes that are much more pronounced and statisti-
cally significant for all months under RCP8.5 compared to
RCP4.5 (Lobanova et al., 2018).

Most studies, however, are based on observations lim-
ited to the second half of the 20th century (Piniewski et al.,
2018; Renard et al., 2008; Birsan et al., 2005; KLIWA, 2003;
Schmocker-Fackel and Naef, 2010; Demeterova and Skoda,
2005, 2009; Fiala, 2008; Fiala et al., 2010; Teuling et al.,
2019). In addition, several studies highlighted the extreme
sensitivity of river streamflow to data selection, methods of
trend detection, and the time window for the analysis (Stahl
et al., 2010). Kundzewicz et al. (2005, 2020) advocated par-
ticular caution in interpreting streamflow trend signals result-
ing from a restricted number of stations with a small record-
ing period, as even small gaps in the data time series or miss-
ing values could alter the significance of the statistical tests.
Finally, even though trends highlighted by the literature are
broadly consistent with the spatial patterns of evapotranspi-
ration and precipitation change, the effect of climate change
on hydrology at the river basin scale is complex. Large-
scale climate or hydrological models can reproduce broad
patterns but are still unable to capture all relevant spatially
distributed characteristics of physical catchment structures
and associated processes, particularly in regimes with storage
and release of water across the seasons (Stahl et al., 2010).
Also, extending the analysis to longer time series might re-
veal unexpected influences from long-term climate variabil-
ity modes, such as the North Atlantic Oscillation (Hannaford

et al., 2013; Steirou et al., 2017) or expected changes in the
Atlantic Meridional Overturning Circulation (Brocca et al.,
2020), which might introduce spurious trends in analyses
focusing on shorter time spans. Finally, noise can be intro-
duced by human modification and appropriation of stream-
flow, which may also reverse forecasted changes in river flow
(Forzieri et al., 2014).

Based on this background, it appears more useful to solicit
large-scale studies in order to investigate predominant annual
streamflow volume continental trends, which can provide a
basis for understanding processes in regional hydrology. In
particular, a special effort should be made to focus the analy-
sis of the river flow time series over the Mediterranean area,
which is almost always overlooked in trend studies due to the
lack of river discharge data.

To achieve this aim, reliable networks of river stream-
flow measures in near-natural catchments are necessary. Sev-
eral countries in the world have nowadays developed ref-
erence hydrometric networks composed of gauging stations
with long and uninterrupted river flow records (Burn et al.,
2012; Hannah et al., 2010). Such networks are generally
managed and maintained by regional authorities or civil pro-
tection agencies and are composed of gauging stations for
measuring the river water level (stage) combined with up-
dated stage–discharge relationships (Kundzewicz and Rob-
son, 2004). Data sets for large parts of Europe are avail-
able nowadays (e.g., for alpine, Mediterranean, continental,
Baltic and Nordic regions), with thousands of stations and
records which start from the 19th century. This amount of
data covers a wide variety of catchments, from small (a few
hundreds of hectares) to large (thousands of square kilome-
ters; Steiru et al., 2017; Mediero et al., 2014). Neverthe-
less, the development of the hydraulic infrastructures in Eu-
rope associated with the increase in population density and
a lack of undisturbed natural environments makes the mea-
surements less representative of the natural flow conditions
(Bertola et al., 2020). Recording a high-quality streamflow
measurements unaffected by potential anthropogenic distur-
bances and which is suitable for large-scale trend analysis is
a major challenge (Hisdal et al., 2001, 2007; Shorthouse and
Arnell, 1997).

The need for a reference river flow data set of near-pristine
catchments has been largely recognized worldwide and has
been supported by some international programs. The most fa-
mous is the FRIEND program, an initiative supported by the
UNESCO International Hydrological Programme (IHO), the
European Water Archive (EWA), and the European Environ-
mental Agency (EPA), which allows us to share scientific in-
formation to improve methods applicable in water resources
planning and management (Arnell, 1999). However, updat-
ing streamflow measures and installing new flow meters is
not straightforward in Europe. In particular, the organization
has become complicated by regional and local jurisdictions,
including political, administrative, and technical constraints,
as well as economical barriers (Viglione et al., 2010). In the
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absence of national or regional data sets, the Global Runoff
Data Center (GRDC) can represent a valid global database of
large continental river flow measures in Europe (Haddeland
et al., 2010; Stahl et al., 2010), despite most studies prefer-
ring to combine data with model-derived predictions to fill
gaps and reconstruct the time series to have a comparable
length (Dai et al., 2009). Hence, the challenge is combin-
ing the results of regional and national streamflow measures
into a pan-European-scale study of annual streamflow vol-
ume trends which uses a consistent methodology based on
a consolidated and validated continental river flow data set.
In fact, detecting and assessing European trends in annual
streamflow volumes can represent a strategic point in water
management policies both in terms of flood security, drought
and desertification control (Ban et al., 2015). National and
basin authorities could plan tailored irrigation methods in tar-
geted areas and encourage the use of non-conventional water
for irrigation or funding modernization of irrigation systems
where streamflow negative trends occur (Rogger et al., 2017).
On the contrary, authorities could promote the use of nat-
ural water retention measures (http://nwrm.eu/, last access:
22 October 2021) and best management practices (Urbonas
and Stahre, 1993) in territories affected by a positive trend
(Brooks, 2013).

The purpose of the present study is, therefore, to pro-
vide an analysis of the spatiotemporal variability in annual
streamflow volumes on the European continent, starting from
the analysis of consolidated observations over a long time
period with a particular emphasis on flow regimes relevant
for water resource management, especially in Mediterranean
areas. Specifically, the added value of the present work is
(i) to characterize annual streamflow volume trends over the
entire European continent, using a long time period of ac-
tual river flow observations, (ii) to deepen the analysis on
annual streamflow volume trends in the Mediterranean area,
which is under increasing pressure due to climate change ef-
fects, (iii) to determine whether evidence of a marked inver-
sion point in the annual streamflow volume availability can
be found directly in the observations, and (iv) to discuss the
outcomes of the present study with previous investigations.

2 Material and methods

2.1 River flow data selection and processes

A large data set of daily river streamflow records measured
by 3913 gauged stations over the entire European conti-
nent was analyzed to characterize the continental patterns
of the river flow regime over time. The original data set,
compiled by the authors, merges stations from five differ-
ent databases, i.e., the Global Runoff Data Base (GRDC),
the European Water Archive (EWA); the Italian ISPRA
HIS national database (http://www.hiscentral.isprambiente.
gov.it/hiscentral/default.aspx, last access: 22 October 2021),

the Portuguese national database (http://snirh.pt/, last ac-
cess: 22 October 2021) and the Spanish national database
(http://ceh-flumen64.cedex.es/anuarioaforos/default.asp, last
access: 22 October 2021), consisting of observed streamflow,
recorded between 1900 and 2013. Unfortunately, not all the
gauged stations have been working at the same time (Fig. 1)
and with a consistent and reliable data set.

To assess the reliability of streamflow daily values of
each gauged station of the original data set, a quality con-
trol and a homogeneity assessment were performed, ac-
cording the methodologies described in Buishand (1984),
Chu et al. (2020), Ghiggi et al. (2021), and Kundzewicz et
al. (2015).

The quality control was conducted in succession on daily
and aggregated time series, using the following steps re-
ported in Gudmundsson and Seneviratne (2016):

i. identifying evident malfunctions, consistent gaps, and
hydrograph disturbances, such as the presence of dams
or reservoirs, by a visual hydrograph inspection;

ii. excluding catchments with a drainage area larger than
100 000 km2 to minimize the possibility that human ac-
tives can significantly cause disturbances to the stream-
flow time series (Piniewski et al., 2018);

iii. removing values with negative daily streamflow values;

iv. removing time series with more than 2 years of missing
data.

The homogeneous detection of the data series was performed
by combining the following four different tests (Gudmunds-
son et al., 2017): (i) the standard normal homogeneity test
of Alexandersson (1986), (ii) the Buishand range test (Buis-
hand, 1982), (iii) the Pettitt test (Pettitt, 1979), and (iv) the
von Neumann ratio test (Von Neumann, 1941). Homogene-
ity tests were carried out using the “iki.dataclim” statistical
package for R (Orlowsky et al., 2014). The streamflow time
series were considered as being consistent when the null hy-
pothesis at the 1 % level was accepted at least in three of
four tests (ECA & D; Gudmundsson and Seneviratne, 2016;
Peña-Angulo et al., 2019).

Despite the fact that potential levels of human-induced al-
terations in the river flow regime could be still present in time
series data after the application of the aforementioned con-
trols, a certain degree of disturbance can be tolerated (Mur-
phy et al., 2013). In order to further reduce the disturbance,
high flow conditions were not investigated, and we focused
the analysis on annual streamflow volumes.

The application of quality control and homogeneity tests
led us to discard 428 series of data. Thus, 3485 stations, pro-
viding at least 61 years of flow records, were selected and
assembled into a data set that guarantees the best balance be-
tween the necessity to investigate a data set that is as large
as possible (which covers a large part of the continent and
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Figure 1. Available years for the 3913 gauged stations. Vertical lines in yellow indicate the selected common study period (1950–2013).

Table 1. Overall characteristics of the examined basins.

Area Percentage Elevation Annual
range of basins of basin streamflow
(km2) (%) centroid volume

(m a.s.l.) (106 m3)
maximum – maximum –

minimum minimum
(mean) (mean)

0–100 30 2900–2 (677) 247.40–40.81 (112.78)
100–200 21 2700–19 (510) 241.85–44.15 (139.03)
200–300 13 2170–30 (320) 306.06–52.82 (154.01)
300–400 10 2200–11 (621) 338.43–68.38 (188.40)
400–500 7 1980–10 (321) 431.28–80.36 (246.83)
500–600 6 1970–21 (452) 526.43–106.32 (307.59)
700–800 5 1856–31 (322) 554.09–90.12 (312.32)
800–900 3 1879–12 (398) 671.32–98.89 (363.59)
900–1000 3 1900–10 (532) 889.22–143.21 (488.03)
> 1000 2 1970–8 (601) 931.21–150.01 (498.98)

a nearly complete period of analysis) and to detect histori-
cal variability. The location of the different gauged stations
is reported in Fig. 2 on a physical European map, while some
statistics are reported in Table 1. The selected gauged stations
belong to more than 40 European countries, especially those
over the Mediterranean basin. In fact, about one-third are lo-
cated in Spain, France and Italy. The data set provided time
series data from 1950 to 2013 (i.e., a 63-year study period has
been considered as being the maximum record length able to
guarantee a uniformity in the series of data among the sta-
tions, as reported in Fig. 1).

About 90 % of stations belongs to catchments with a size
less than 1000 km2, of which more than 50 % range from 1 to
200 km2. The temporal autocorrelation level of the selected
near-natural daily streamflow series was verified by calculat-
ing the lag-1 serial autocorrelation coefficient with a 95 %
of confidence bound, as suggested by Khaliq et al. (2009),

Kulkarni and von Storch (1995), and von Storch (1995). All
autocorrelation coefficients were found to be included in the
confidence bounds, as shown in Fig. 3, and, therefore, they
can be considered as being ready for the trend identification.

2.2 Trend detection

The trend magnitude of a hydro-meteorological series of data
is usually estimated using the Theil–Sen estimator (Theil,
1950; Sen, 1968), a non-parametric test usually adopted to
indicate the monotonic trend and amplitude of change per
unit of time. It is a robust estimate of the magnitude of a trend
in hydrological and climatic time series, as demonstrated in
the scientific literature (e.g., Kundzewicz and Robson, 2004;
Stahl et al., 2010; Burn et al., 2012). In the present study,
the slope of the Theil–Sen line, known as the Theil–Sen
slope or Sen’s slope, was calculated on the annual anoma-
lies in streamflow volumes, which is an alternative modal-
ity with respect to the common application on direct stream-
flow data (Birsan et al., 2005). The annual anomalies in vol-
umes were detected by comparing them with the baseline
obtained by averaging annual streamflow volumes in the en-
tire period of observation for each station. This strategy al-
lows us to emphasize trends, minimizing the random errors
derived from uncorrected measures or unexpected signals,
as already tested by Pandžić and Trninić (1992). A positive
anomaly indicates that the observed annual streamflow vol-
ume is greater than the baseline, while a negative anomaly in-
dicates the observed annual streamflow volume is lower than
the baseline. The value of each anomaly was divided for the
catchment area, thus obtaining volume anomalies per unit of
the area. Moreover, the significance of the annual streamflow
volume trend was tested by adopting a non-parametric sta-
tistical approach based on the Mann–Kendall (MK; Mann,
1945; Kendall, 1975) test. Such a test has already shown its
robustness in trend detection in the case of non-normally dis-
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Figure 2. Map of the European study area. The digital elevation model (DEM), main rivers and lakes, as well as the position of the gauged
stations are presented.

Figure 3. Sample autocorrelations. The red points are the value of the lag-1 autocorrelation coefficient, whereas black dotted lines represent
the 95 % confidence bounds.

tributed data, such as the meteorological and hydrological
series (e.g., Yue and Wang, 2002; Yue et al., 2003; Yue and
Pilon, 2004; Piniewski et al., 2018). In particular, if the re-
sult of the test is returned as H = 1, it indicates a rejection
of the null hypothesis (i.e., presence of trend) at the alpha
significance level (here assumed to be equal to 0.05). Con-
versely, if H = 0, then it indicates a failure to reject the null
hypothesis at the alpha significance level (i.e., no presence
of a trend). In the present study, we decided to maintain the
integrity of the data set by focusing on the same time frame
for the entire study domain without splitting it into periods

of different lengths. This procedure was already proposed in
the study of Durocher et al. (2019), who preferred to discard
all those time series with missing data over a threshold rather
than consider different time windows.
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Table 2. Percentage of significant (i.e., 3310 stations) positive and
negative trends in annual streamflow volumes in the European
macro-regions.

Region No. of Positive Negative
stations trend trend

Boreal 323 307 16
Continental 694 472 222
Atlantic 1191 846 345
Mediterranean 1102 88 1014

Total 3310 1713 1597

3 Results and discussion

3.1 Annual streamflow volume trends in Europe

The anomalies in the annual streamflow volumes for each
gauged station were calculated, and in Fig. 4a and b, an ex-
ample of positive and negative trend evaluated thought the
slope of the Theil–Sen line and confirmed by MK test for
two stations located in central Europe is reported.

Results found that, in 95 % of the European gauged sta-
tions (i.e., 3310 stations), the MK test confirmed the presence
of a trend in annual streamflow volumes. In general, 70 %
positive and 30 % negative trends in annual streamflow vol-
ume anomalies are recognized, with a clear positive trend in
the northern regions and negative trend in the southern ones,
as shown in Fig. 5. These results are certainly representative
of the selected time window, despite not all gauged stations
providing full-length series during the same period, because
the data selection maintains a trade-off between the record
length and spatial coverage over the continent, allowing the
removal of those limited by a wide time series gap or evident
uncertainties/inconsistencies.

By adopting the subdivision of the European continent
in the four macro-regions, as provided by Gudmundsson
et al. (2017) and Fernandez-Carrillo et al. (2019), i.e., bo-
real, continental, Atlantic, and Mediterranean areas, the re-
sults show a marked negative trend in annual streamflow vol-
umes, especially in Mediterranean region, with about 90 %
of the stations having a negative trend. The percentages
of positive and negative trends for each macro-region are
summarized in Table 2. The results reveal that, on aver-
age, a decrease in the annual streamflow volume of about
−1× 103 m3/(km−2 yr−2) in Mediterranean areas and an in-
crease of about 0.5×103 m3/(km−2 yr−2) in northern regions
occur.

The spatial pattern of the annual streamflow volume trend,
reported in Fig. 5, appears broadly consistent with the
findings obtained in the previous sub-regional studies of
Piniewski et al. (2018), Ilnicki et al. (2014), Bormann and
Pinter (2017), Bard et al. (2015), Milly et al. (2005), Milli-
man et al. (2008), Manabe et al. (2004), and Dai et al. (2009).

Although based on observed streamflow time series with
many differences (i.e., time interval, time length, methodol-
ogy of measurement, etc.), such as sometimes being affected
by local river regulation or hydraulic infrastructure and often
completed with model-derived data, these studies predomi-
nantly found positive trends in regions close to the Atlantic
Ocean and North Sea and negative trends in areas close to the
Mediterranean Sea.

The European spatial pattern of the annual streamflow vol-
ume trend also appears congruent with the observed Euro-
pean long-term precipitation and temperature changes, as
shown in Fig. 6a and b. Specifically in Fig. 6a, the annual
streamflow volume trends were overlapped with the daily
mean precipitation trend maps obtained by E-OBS gridded
data set 20.0e (https://www.ecad.eu/, last access: 22 Octo-
ber 2021 – Morice et al., 2012) for the same selected time
period of daily streamflow series (i.e., 1950–2013).

Concerning precipitation changes, the Mediterranean re-
gions are affected by a marked negative trend (even below
−3 mm per decade), while the boreal and Atlantic regions
are characterized by a positive trend which can overcome
10 mm per decade. The spatial distribution over the conti-
nent, of both patterns, appears perfectly congruent with the
findings in annual streamflow volumes, as shown in Fig. 6.

Despite the spatial annual streamflow volume trend being
very clear at a synoptic scale (i.e., increase in annual stream-
flow volumes in northern Europe and vice versa in south-
ern Europe), in some local cases it can be the opposite. In
northern Germany, the Scandinavian peninsula, and the east-
ern part of the Alps, positive and negative annual streamflow
volume trends are mixed. This can be closely linked to com-
plexity of snowmelt processes in glacier or mountain basins
and the potential interactions between groundwater levels
and river flows, as suggested by Renard et al. (2008), Bir-
san et al. (2005), and Pelliciotti et al. (2010). The authors
found that, in some regions, such as southeastern England,
northeastern France, and Denmark, the contribution of the
aquifer to streamflow is high especially in the summer peri-
ods. Various studies, moreover, have demonstrated that the
mechanisms of interactions between groundwater and river
flow contribute to moderate the influence of climate change
drivers on streamflow; conversely, basins with less produc-
tive aquifers show a more direct response to climate drivers
(Fleig et al., 2010; Laizé and Hannah, 2010).

Concerning air temperature changes, the works of Stagge
et al. (2017), Vicente-Serrano et al. (2014), Spinoni et
al. (2015), Zeng et al. (2012), Willems (2013), and Madsen
et al. (2014) confirm a global increase in mean temperatures,
with a marked trend in Mediterranean areas, where air tem-
perature is expected to increase by up to 0.3 ◦C per decade (as
found in this study). The increase in air temperature directly
impacts glacierized and snow-dominated basins, where it
may be responsible for the increase in runoff volume during
the last 60 years due to the loss of ice masses (Sommer et al.,
2020); however, depending on the basin elevation and trend
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Figure 4. Anomalies in the annual streamflow volumes for the station of Neustadt (a) and Goerlitz (b). In the graphs, the slope of the
Theil–Sen line, H , and p values of the Mann–Kendall test are also reported.

Figure 5. Annual trend of the streamflow volume anomalies on the European continent subdivided into boreal, continental, Atlantic, and
Mediterranean regions. Only significant trends are shown.

in precipitation, some glaciers might have lost some sensi-
tivity to an increased runoff production as a consequence of
higher temperatures since there has not been more ice to melt
and because, at high elevations, the temperature might be
not warm enough to counterbalance the precipitation trend.
In summary, for glacierized basins (or those that use to be)
there might be a causal effect of temperature on increased
runoff volume (although this effect might have lost in time
for some of them, as explained below), while, for the oth-
ers, precipitation again seems to be the main driver of the
runoff trend, as can be seen over the Alps by the contrasting
trend found between the Italian side (negative) and continen-
tal side (positive), which reflects the trend in precipitation.
On the other hand, a temperature increase can negatively im-
pact runoff over energy-limited environments by increasing
evapotranspiration (Teuling et al., 2013; Avanzi et al., 2020),

so some catchments might have experienced a reduced runoff
trend as a consequence of this warming. This might explain
the negative runoff trend found for some basins at high lati-
tudes.

3.2 Annual streamflow volume trend in Mediterranean
area

Focusing on the main Mediterranean river catchments (ac-
cording to the European Environmental Agency classifica-
tion), the number of stations with a positive and negative
Theil–Sen slope for each catchment was computed, and the
results are reported in Fig. 7. In all main river basins in Spain,
France, and Italy, negative trends of annual streamflow vol-
umes prevail. A larger magnitude of negative annual stream-
flow volume trends is found in the Garonne and Rhone river
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Figure 6. Comparison between the annual streamflow volume trends and daily precipitation (including the snow-to-liquid equivalent) (a)
and mean temperature (b) trends over the European continent. Only significant trends are shown.

basins, respectively, of about−2.2×103 m3/(km−2 yr−2) and
−3× 103 m3/(km−2 yr−2). No basin with a marked artifact
trend is found, as demonstrated by the very close distances
of the 25th and 75th percentiles from the median slope value,
which, thus, confirms the trend homogeneities inside each
basin.

A negative trend over the entire Mediterranean basin is
also confirmed by the analysis performed on the mean an-
nual streamflow volume produced in this area. The annual
streamflow volumes of each station were standardized by

their mean value, and then the standardized annual stream-
flow volumes of all stations were averaged. The result is
reported in Fig. 8, where the standardized annual stream-
flow volumes are smoothed by a simple rolling average, with
a sliding window of 5-year length, shown along with the
25th and 75th percentile trends. When the standardized an-
nual streamflow volume is greater than 1, it means that the
annual streamflow volume is greater than the average of an-
nual streamflow volumes and vice versa if standardized an-
nual streamflow volume is lower than 1. The former case can
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Figure 7. Number of stations with positive and negative annual
streamflow volume trends in the main Mediterranean river basins.
The box plot of the Theil–Sen slope for each catchment is also re-
ported.

be considered as being a positive signal of annual streamflow
volume exceedance, whereas in the latter an annual stream-
flow volume deficit is found. Figure 8 shows a change in the
annual streamflow volume pattern between 1980 and 1985,
where the values move from positive to negative availabili-
ties with respect to the mean of the annual streamflow volume
observations. This finding is consistent with the results found
by Hannaford et al. (2013) on the marked decrease in low
flow regimes in southern Europe in the last 30 years and with
the conclusions found in the work of the International Panel
of Climate Change (IPCC) on climate change prospective
(IPCC, 2007), which highlighted how, in the Northern Hemi-
sphere, climate change effects that reduce water resource
availability have increased notably from the post-1980 pe-
riod.

4 Conclusions

This study closes the gap between regional studies on annual
streamflow volume trend and a continental-scale pattern of
its spatiotemporal variability. Starting from a data set con-
stituted by more than 3000 gauged stations over more than
40 countries across Europe, anomalies in the annual stream-
flow volume were computed, and the Theil–Sen line slope
was evaluated for each catchment over a recorded period
from 1950 to 2013. A clear and undisputed trend pattern in
the annual streamflow volume is recognized by the statisti-
cal analysis, showing marked negative trends in the Mediter-
ranean areas and positive trends in the northern regions of

Figure 8. Standardized annual streamflow volume pattern
from 1950 to 2013. The black line shows the simple rolling av-
erage of the standardized annual streamflow volume behavior over
the entire Mediterranean area. Red lines show the 25th and 75th per-
centiles of the standardized annual streamflow volume series.

Europe. All main Mediterranean river basins reveal negative
trends in the annual streamflow volume, with an expected
decrease in the annual streamflow volume of about −1×
103 m3/(km−2 yr−2). On the contrary, in the northern regions
of Europe, a positive increase in annual streamflow volume is
expected to be, on average, about 0.5×103 m3/(km−2 yr−2).
This trend pattern agrees with the increase in temperatures
and the decrease in precipitation volumes detected by long-
term observations on European continent. Indeed, these ob-
servations confirm an increase in drought situations in the
southern regions of Europe, whereas they reveal an increase
in precipitation volumes and runoff production in northern
European countries. In the Mediterranean area, the effect of
climate change has caused an inversion of the annual stream-
flow volume availability with respect to the mean of obser-
vations, i.e., from positive to negative values, starting from
about 1985. In the recent 30-year period (1985–2013), the
streamflow volumes are consistently lower than the average
availability of the period 1950–2013.

The results of this study, therefore, can pave the way for
more detailed quantitative analysis of annual streamflow vol-
ume variability (especially during different seasons) to meet
the needs of managing water resources in agricultural, indus-
trial, and civil sectors.
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Pandžić, K. and Trninić, D.: Principal component analysis of a
river basin discharge and precipitation anomaly fields asso-
ciated with the global circulation, J. Hydrol., 132, 343–360,
https://doi.org/10.1016/0022-1694(92)90185-X, 1992.

Pellicciotti, F., Bauder, A., and Parola, M.: Effect of glaciers
on streamflow trends in the Swiss Alps, Water Resour. Res.,
46, 2009WR009039, https://doi.org/10.1029/2009WR009039,
2010.

Peña-Angulo, D., Nadal-Romero, E., González-Hidalgo, J. C., Al-
baladejo, J., Andreu, V., Bagarello, V., Barhi, H., Batalla, R.
J., Bernal, S., Bienes, R., Campo, J., Campo-Bescós, M. A.,
Canatario-Duarte, A., Cantón, Y., Casali, J., Castillo, V., Cerdà,
A., Cheggour, A., Cid, P., Cortesi, N., Desir, G., Díaz-Pereira,

E., Espigares, T., Estrany, J., Fernández-Raga, M., Ferreira, C.
S. S., Ferro, V., Gallart, F., Giménez, R., Gimeno, E., Gómez,
J. A., Gómez-Gutiérrez, A., Gómez-Macpherson, H., González-
Pelayo, O., Hueso-González, P., Kairis, O., Karatzas, G. P.,
Klotz, S., Kosmas, C., Lana-Renault, N., Lasanta, T., Latron,
J., Lázaro, R., Le Bissonnais, Y., Le Bouteiller, C., Licciardello,
F., López-Tarazón, J. A., Lucía, A., Marín, C., Marqués, M. J.,
Martínez-Fernández, J., Martínez-Mena, M., Martínez-Murillo,
J. F., Mateos, L., Mathys, N., Merino-Martín, L., Moreno-de
las Heras, M., Moustakas, N., Nicolau, J. M., Novara, A.,
Pampalone, V., Raclot, D., Rodríguez-Blanco, M. L., Rodrigo-
Comino, J., Romero-Díaz, A., Roose, E., Rubio, J. L., Ruiz-
Sinoga, J. D., Schnabel, S., Senciales-González, J. M., Simon-
neaux, V., Solé-Benet, A., Taguas, E. V., Taboada-Castro, M. M.,
Taboada-Castro, M. T., Todisco, F., Úbeda, X., Varouchakis, E.
A., Vericat, D., Wittenberg, L., and Zabaleta, A., and Zorn, M.:
Spatial variability of the relationships of runoff and sediment
yield with weather types throughout the Mediterranean basin, J.
Hydrol., 571, 390–405, 2019.

Pettitt, A. N.: A non-parametric approach to the change-point prob-
lem, J. Roy. Stat. Soc. Ser. C, 28, 126–135, 1979.

Piniewski, M., Marcinkowski, P., and Kundzewicz, Z. W.: Trend de-
tection in river flow indices in Poland, Acta Geophys., 66, 347–
360, https://doi.org/10.1007/s11600-018-0116-3, 2018.

Renard, B., Lang, M., Bois, P., Dupeyrat, A., Mestre, O., Niel, H.,
Sauquet, E., Prudhomme, C., Parey, S., Paquet, E., Neppel, L.,
and Gailhard, J.: Regional methods for trend detection: Assess-
ing field significance and regional consistency, Water Resour.
Res., 44, W08419, https://doi.org/10.1029/2007WR006268,
2008.

Rogger, M., Agnoletti, M., Alaoui, A., Bathurst, J. C., Bodner, G.,
Borga, M., Chaplot, V., Gallart, F., Glatzel, G., Hall, J., Holden,
J., Holko, L., Horn, R., Kiss, A., Kohnová, S., Leitinger, G.,
Lennartz, B., Parajka, J., Perdigão, R., Peth, S., Plavcová, L.,
Quinton, J. N., Robinson, M., Salinas, J. L., Santoro, A., Szolgay,
J., Tron, S., van den Akker, J. J. H., Viglione, A., and Blöschl, G.:
Land use change impacts on floods at the catchment scale: chal-
lenges and opportunities for future research, Water Resour. Res.,
53, 5209–5219, https://doi.org/10.1002/2017WR020723, 2017.

Schmocker-Fackel, P. and Naef, F.: More frequent flooding?
Changes in flood frequency in Switzerland since 1850, J. Hy-
drol., 381, 1–8, https://doi.org/10.1016/j.jhydrol.2009.09.022,
2010.

Sen, P. K.: Estimates of the regression coefficient based on
Kendall’s Tau, J. Am. Stat. Assoc., 63, 1379–1389, 1968.

Shorthouse, C. A. and Arnell, N. W.: Spatial and temporal variabil-
ity in European river flows and the North Atlantic oscillation,
in: FRIEND’97 – Regional Hydrology: Concepts and Models
for Sustainable Water Resource Management, Proceedings of the
Postojna Conference, September–October 1997, Slovenia, 77–
168, 1997.

Solomon, S., Manning, M., Marquis, M., and Qin, D.: Climate
change 2007 – the physical science basis: Working group I con-
tribution to the fourth assessment report of the IPCC, Cambridge
University Press, Cambridge, 2007.

Sommer, C., Malz, P., Seehaus, T. C., Lippl, S., Zemp, M., and
Braun, M. H.: Rapid glacier retreat and downwasting through-
out the European Alps in the early 21st century, Nat. Commun.,
11, 3209, https://doi.org/10.1038/s41467-020-16818-0, 2020.

Hydrol. Earth Syst. Sci., 25, 5589–5601, 2021 https://doi.org/10.5194/hess-25-5589-2021

https://doi.org/10.1016/j.jhydrol.2014.11.003
https://doi.org/10.1023/B:CLIM.0000024674.37725.ca
https://doi.org/10.1016/j.jhydrol.2014.06.040
https://doi.org/10.1016/j.gloplacha.2008.03.001
https://doi.org/10.1038/nature04312
https://doi.org/10.1029/2011JD017187
https://doi.org/10.1080/02626667.2013.782407
https://doi.org/10.1088/1748-9326/9/7/074007
https://doi.org/10.1016/0022-1694(92)90185-X
https://doi.org/10.1029/2009WR009039
https://doi.org/10.1007/s11600-018-0116-3
https://doi.org/10.1029/2007WR006268
https://doi.org/10.1002/2017WR020723
https://doi.org/10.1016/j.jhydrol.2009.09.022
https://doi.org/10.1038/s41467-020-16818-0


D. Masseroni et al.: The 63-year changes in annual streamflow volumes across Europe 5601

Spinoni, J., Naumann, G., Vogt, J., and Barbosa, P.: Euro-
pean drought climatologies and trends based on a multi-
indicator approach, Global Planet. Change, 127, 50–57,
https://doi.org/10.1016/j.gloplacha.2015.01.012, 2015.

Stagge, J. H., Kingston, D. G., Tallaksen, L. M., and Hannah, D.
M.: Observed drought indices show increasing divergence across
Europe, Sci. Rep., 7, 14045, https://doi.org/10.1038/s41598-017-
14283-2, 2017.

Stahl, K., Hisdal, H., Hannaford, J., and Tallaksen, L.: Stream-
flow trends in Europe: evidence from a dataset of near-
natural catchments, Hydrol. Earth Syst. Sci., 14, 2367–2382,
https://doi.org/10.5194/hess-14-2367-2010, 2010.

Steirou, E., Gerlitz, L., Apel, H., and Merz, B.: Links be-
tween large-scale circulation patterns and streamflow
in Central Europe: A review, J. Hydrol., 549, 484–500,
https://doi.org/10.1016/j.jhydrol.2017.04.003, 2017.

Teuling, A. J., Van Loon, A. F., Seneviratne, S. I., Lehner,
I., Aubinet, M., Heinesch, B., Bernhofer, C., Grünwald, T.,
Prasse, H., and Spank, U.: Evapotranspiration amplifies Eu-
ropean summer drought, Geophys. Res. Lett., 40, 2071–2075,
https://doi.org/10.1002/grl.50495, 2013.

Teuling, A. J., de Badts, E. A. G., Jansen, F. A., Fuchs, R., Buitink,
J., Hoek van Dijke, A. J., and Sterling, S. M.: Climate change, re-
forestation/afforestation, and urbanization impacts on evapotran-
spiration and streamflow in Europe, Hydrol. Earth Syst. Sci., 23,
3631–3652, https://doi.org/10.5194/hess-23-3631-2019, 2019.

Theil, H.: A rank-invariant method of linear and polynomial regres-
sion analysis, Koninklijke Nederlandse Akademie Van Weten-
schappen, Amsterdam, the Netherlands, 16 pp., 1950.

Thober, S., Kumar, R., Wanders, N., Marx, A., Pan, M., Rakovec,
O., Samaniego, L., Sheffield, J., Wood, E. F., and Zink, M.:
Multi-model ensemble projections of European river floods
and high flows at 1.5, 2, and 3 degrees global warming,
Environ. Res. Lett., 13, 014003, https://doi.org/10.1088/1748-
9326/aa9e35, 2018.

Urbonas, B. and Stahre, P.: Stormwater: Best management prac-
tices and detention for water quality, drainage, and CSO man-
agement, available at: http://worldcat.org/isbn/0138474923 (last
access: 22 October 2021), 1993.

Vicente-Serrano, S. M., Lopez-Moreno, J.-I., Beguería, S.,
Lorenzo-Lacruz, J., Sanchez-Lorenzo, A., García-Ruiz, J. M.,
Azorin-Molina, C., Morán-Tejeda, E., Revuelto, J., Trigo, R.,
Coelho, F., and Espejo, F.: Evidence of increasing drought sever-
ity caused by temperature rise in southern Europe, Environ. Res.
Lett., 9, 044001, https://doi.org/10.1088/1748-9326/9/4/044001,
2014.

Viglione, A., Borga, M., Balabanis, P., and Blöschl, G.: Barriers
to the exchange of hydrometeorological data in Europe: Results
from a survey and implications for data policy, J. Hydrol., 394,
63–77, https://doi.org/10.1016/j.jhydrol.2010.03.023, 2010.

Von Neumann, J.: Distribution of the ratio of the mean square suc-
cessive difference to the variance, Ann. Math. Stat., 12, 367–395,
1941.

von Storch, H.: Misuses of statistical analysis in climate research,
in: Analysis of climate variability – Applications of statistical
techniques, Springer Verlag, 334 pp., 1995.

Willems, P.: Multidecadal oscillatory behaviour of rainfall
extremes in Europe, Climatic Change, 120, 931–944,
https://doi.org/10.1007/s10584-013-0837-x, 2013.

Yue, S. and Pilon, P.: A comparison of the power of the t test, Mann-
Kendall and bootstrap tests for trend detection, Hydrolog. Sci. J.,
49, 21–37, https://doi.org/10.1623/hysj.49.1.21.53996, 2004.

Yue, S. and Wang, C.: The Mann-Kendall test modified by
effective sample size to detect trend in serially correlated
hydrological series, Water Resour. Manage., 18, 201–218,
https://doi.org/10.1023/B:WARM.0000043140.61082.60, 2004.

Yue, S., Pilon, P., and Phinney, B.: Canadian streamflow trend de-
tection: impacts of serial and cross-correlation, Hydrolog. Sci. J.,
48, 51–63, https://doi.org/10.1623/hysj.48.1.51.43478, 2003.

Zeng, Z., Piao, S., Lin, X., Yin, G., Peng, S., Ciais, P., and
Myneni, R. B.: Global evapotranspiration over the past three
decades: estimation based on the water balance equation com-
bined with empirical models, Environ. Res. Lett., 7, 014026,
https://doi.org/10.1088/1748-9326/7/1/014026, 2012.

https://doi.org/10.5194/hess-25-5589-2021 Hydrol. Earth Syst. Sci., 25, 5589–5601, 2021

https://doi.org/10.1016/j.gloplacha.2015.01.012
https://doi.org/10.1038/s41598-017-14283-2
https://doi.org/10.1038/s41598-017-14283-2
https://doi.org/10.5194/hess-14-2367-2010
https://doi.org/10.1016/j.jhydrol.2017.04.003
https://doi.org/10.1002/grl.50495
https://doi.org/10.5194/hess-23-3631-2019
https://doi.org/10.1088/1748-9326/aa9e35
https://doi.org/10.1088/1748-9326/aa9e35
http://worldcat.org/isbn/0138474923
https://doi.org/10.1088/1748-9326/9/4/044001
https://doi.org/10.1016/j.jhydrol.2010.03.023
https://doi.org/10.1007/s10584-013-0837-x
https://doi.org/10.1623/hysj.49.1.21.53996
https://doi.org/10.1023/B:WARM.0000043140.61082.60
https://doi.org/10.1623/hysj.48.1.51.43478
https://doi.org/10.1088/1748-9326/7/1/014026

	Abstract
	Introduction
	Material and methods
	River flow data selection and processes
	Trend detection

	Results and discussion
	Annual streamflow volume trends in Europe
	Annual streamflow volume trend in Mediterranean area

	Conclusions
	Code availability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

