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Abstract—Excessive precipitation may result in different environmental and socio-
economical damages. In order to mitigate or avoid the potential losses associated to these,
it is essential to provide estimations of precipitation tendencies for the future, which
facilitate to build appropriate adaptation strategies in time. In this paper we used bias-
corrected daily precipitation outputs of 11 regional climate model (RCM) simulations to
determine the projected precipitation trends for the Carpathian Basin. According to the
results of the analysis of precipitation indices, frequency of extreme precipitation will
generally increase in the entire Central/Eastern European domain, except in summer,
when decreasing trend is very likely in Hungary as well as in the southern regions.
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1. Introduction

In the recent years, extreme precipitation events have become more frequent as
well as more intense in many regions of Europe, e.g., in the western part of
Central Europe since 1961 (Kysely, 2009; Seneviratne et al., 2012). This is
especially valid for winter. In other seasons and other regions, including the
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Carpathian Basin, the observed trends are not significant and inconsistent for the
past (e.g., Klein Tank and Kénnen, 2003; Bartholy and Pongracz, 2005; 2007).
In order to be prepared for the coming changes and make appropriate plans in
various socio-economic sectors, it is essential to provide future estimates of
mean precipitation trends and extreme events. Different sectors, different
activities consider extreme precipitation very differently. Therefore, several types
of extreme indices can be defined for describing these events (Zhang et al., 2011).
One of the most widely used types is based on exceeding various threshold
values, which can be an absolute value (e.g., 10 mm, 20 mm, etc.) or a given
(e.g., 90th, 95th, etc.) percentile of long climatological time series. Other more
complex indices consider duration, intensity, and/or persistence of the events.
Extreme indices usually focus on daily scale using daily precipitation totals.
Despite the huge demand of sub-daily scale extreme analysis, there is a lack of
such studies due to reliable data availability.

Climate model simulations for the future suggest that number of heavy
precipitation days is likely to increase in the northern mid-latitudes in the 21st
century, especially in winter (/PCC, 2012). Furthermore, in some regions more
heavy precipitation days are likely to occur despite of the projected decrease in
total precipitation amount. For instance, in Europe, more frequent extreme
precipitation events are likely to occur in the coming decades (e.g., Kysely et al.,
2011; 2012; Rajczak et al., 2013). For Hungary, PRUDENCE (Christensen et
al., 2007) simulation results suggest that extreme precipitation events are
projected to increase in winter, whereas a general decrease is estimated in
summer (Bartholy et al., 2008).

Intense precipitation may lead to a severe flood event, which is considered
one of the major possible natural hazards on society. Specifically, in Central
Europe, river flood risk and vulnerability are likely to have grown in many
areas in the recent years (Kundzewicz et al., 2005). As Working Group II of the
Intergovernmental Panel on Climate Change (IPCC) pointed out in the Fifth
Assessment Report (/PCC, 2014), river management is the main factor
determining the flood trends of the past. Although the detected regional flood
trends in Europe are inconsistent and statistically not significant for the past
(Renard et al., 2008, Stahl et al., 2010), it is important to estimate the future
change of precipitation, especially extremes, in order to develop appropriate
river management strategies. According to the results of Dankers and Feyen
(2008), extreme discharge levels are projected to occur in many European
rivers.

In this paper, extreme precipitation is analyzed for Hungary using climate
model simulations output. For this purpose, precipitation-related climate indices
calculated from bias-corrected time series serve as main indicators for future
climate change. First, the data and the applied indices are described. Results are
discussed for indices based on (i) absolute value thresholds, (ii) percentile-based
thresholds, and for intensity-based indices.
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2. Data and methods

In order to estimate the future extreme precipitation trends, outputs from
11 regional climate models (RCMs) embedded in global climate models
(GCMs) are analyzed taken into account the intermediate SRES A1B emission
scenario (Nakicenovic and Swart, 2000). According to this scenario, the
population is estimated to increase up to 8.7 billions and decline after the middle
of the 21st century. The energy demand is assumed to be covered from both
fossil fuels and renewable/nuclear energy sources. Thus, global mean CO,
concentration level is estimated to reach 717 ppm by 2100. Simulation datasets
are available with 25 km horizontal resolution on daily scale for 1951-2100
from the ENSEMBLES project (van der Linden and Mitchell, 2009). Due to the
general underestimation of summer precipitation and overestimation of winter
precipitation (Pongracz et al., 2011), raw data have to be bias-corrected prior to
the detailed analysis. The applied correction (Pongrdcz et al., 2014) is based on
a quantile matching technique (Formayer and Haas, 2010) for which E-OBS
datasets (Haylock et al., 2008) serve as reference for the 1951-2000 time period.
The 25 km horizontal resolution gridded daily E-OBS data were created in the
framework of the ENSEMBLES project by interpolating measured datasets of
meteorological stations from all over Europe. For the area focused in this
analysis, data from about 400 stations were used (note that the spatial coverage
1s not homogeneous).

After the correction, several precipitation-related climate indices are
calculated. This paper focuses on excessive precipitation, whereas analysis of
the lack of precipitation, i.e., drought-related indices can be found in Pongracz
et al. (2014). Among the indices connected to extreme precipitation (7able 1),
two indices are defined by using different absolute threshold values (RR10,
RR20), two indices indicate precipitation intensity (RX1, RXS5) for different
durations, and six indices are based on percentiles of daily precipitation
amount (R90p, R95p, R99p, R90pGT, R95pGT, R99pGT). The grid cell values
of all the 10 indices are calculated from the 11 bias-corrected RCM simulations
for Central/Eastern Europe (covering the area of 43.625°-50.625°N,
13.875°-26.375°E) for the whole 1951-2100 simulation period. In this analysis,
mean seasonal changes for the 2021-2050 and 2071-2100 periods are
determined relative to the 1961-1990 reference period. Moreover, nine
subregions are defined in the selected domain (Southeastern Czech Republic,
Eastern Austria, Slovakia, Southwestern Ukraine, Slovenia, Hungary, Romania,
Croatia, and Northern Serbia), for which the spatial average of annual and
seasonal mean changes are calculated.
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Table 1. Name, definition, and unit of the analyzed precipitation-related climate indices

Index Definition Unit
RR10 Number of heavy precipitation days (Rg.y > 10 mm) day
RR20 Number of very heavy precipitation days (Rg.y> 20 mm) day
RX1 Highest 1-day precipitation amount (Rax,1day) mm
RXS5 Highest 5-day precipitation amount (Rax sday) mm
R90p The 90th percentile of daily precipitation time series mm
R95p The 95th percentile of daily precipitation time series mm
R99p The 99th percentile of daily precipitation time series mm
ROOPGT Fraction of total precipitation above the base period’s 90th percentile o
(Z(R2071—2100 > R90p1961—1990)/ZR2071—2100)
RO5pGT Fraction of total precipitation above the base period’s 95th percentile o
(Z(R2071—2100 > R95p1961—1990)/ZR2071—2100)
R99pGT Fraction of total precipitation above the base period’s 99th percentile o

(2 (Ra071-2100 > R99P1961-1990)/2 R2071-2100)

3. Results and discussion

First, analysis of exceeding absolute daily precipitation threshold values is
presented for the mid- and late-century compared to the reference period
1961-1990. Then, the projected changes of percentile-based indices are
evaluated. Finally, intensity-type precipitation indices are analyzed.

3.1. Estimated future changes of precipitation indices using absolute threshold
values

On a daily scale, 10 mm and 20 mm precipitation amounts are usually considered
as heavy and very heavy precipitation days, respectively. Due to the different
processes resulting in rainfall or snowfall, these days occur generally more often in
summer than in winter, i.e., more precipitation occur from convective systems in
the summer months. Two indices (RR10 and RR20) are analyzed in this paper and
compared seasonally for the three selected time slices (1961-1990, 2021-2050, and
2071-2100). The average numbers of days are very different for the two indices,
therefore, different scales and units are used in Fig. /, i.e., RR10 and RR20 are
shown as the mean frequency in 10 and 30 years, respectively. In July and August
both indices are projected to decrease relative to the reference period 1961-1990,
moreover, in May and June, RR10 is likely to decrease by the end of the 21st
century. In all the other months, indices are projected to increase on average.
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If we consider the estimated changes between the middle and late 21st
century, the two indices differ in the three autumn months, namely, RR10 is
projected to increase in September and October, whereas RR20 is likely to
decrease in these two months. In November, the opposite is projected: RR10
tends to decrease and RR20 tends to increase.
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Fig. 1. Multi-model monthly average values of RR20 (upper panel) and RR10 (lower
panel) for Hungary in 1961-1990, 2021-2050, and 2071-2100. Original units from
Table 1 are modified to show simulated occurrence frequencies in longer time periods, 30
and 10 years, respectively.

Higher values are projected for 2021-2050 relative to 1961-1990 for both
RR10 and RR20 in January, March, July, and December (which implies
dominantly the winter half-year). This is followed by the decrease of average
index values in the second half of the century. On the contrary, in April and
May, both RR10 and RR20 are projected to decrease first, and then, increase by
the last few decades of the century (in case of RRI10, the estimated mean
changes are similar also for June).
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3.2. Estimated future changes of percentile-based precipitation indices

From the aspect of excessive precipitation, this paper focuses on large
percentiles, i.e., the 90th, 95th, and 99th percentile values themselves, and the
precipitation totals above these percentile thresholds relative to the entire
precipitation totals. The seasonal mean changes of these percentile-based
precipitation indices by the end of the 21st century compared to the reference
period are summarized in Fig. 2 for Hungary.
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Fig. 2. Projected seasonal mean changes (%) of the percentile-based precipitation indices
for Hungary by 2071-2100 relative to the reference period 1961-1990. The thicker bars
indicate the average changes on the basis of RCM projections using equal weights to the
driving GCMs. The thinner bars indicate the total ranges of RCM projections.

The fractions of the extreme daily precipitation totals from the entire
precipitation totals are dominantly projected to increase, only two RCM
(HIRHAM/ARPEGE and HadRM/HadCM3) simulations estimate decrease of
summer index values. RCM simulations suggest quite similar changes of RO0pGT,
the entire multi-model uncertainty is less than 15%. Estimated spatial average
changes of RO5pGT are less similar compared to those of R90pGT, however, the
uncertainty due to the different RCM use does not exceed 33%. The largest multi-
model uncertainty in relative changes is projected in case of R99pGT exceeding
45% in all the seasons, moreover, it is 88.5% in winter. Similarly to the
uncertainty ranges of multi-model estimations, the projected increases of the
fractions of the higher extreme daily precipitation totals are also larger than those
of the smaller extremes, 1.e., estimated seasonal changes of R90pGT (2-10% on
average) are smaller than changes of R95pGT (6-21% on average), which are
considerably smaller than changes of R99pGT (33-63% on average). For all the

134



three indices, the largest increase is projected generally in winter and autumn, and
the smallest increases are likely to occur in summer and spring.
The spatial structures of the projected seasonal mean changes for the entire
domain are shown in Fig. 3. The composite maps clearly suggest that the
estimated increases are larger in the northern part of the domain than in
Hungary, and generally smaller in the southern regions. In summer, overall
slight decreases are projected for all the three indices in the southwestern
regions. Within Hungary, the projected average changes of all the three indices
are generally larger in the eastern lowlands than in the western Transdanubian
part of the country. However, in spring, the smallest increases are estimated in
the middle subregions of the country.
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Fig. 3. Projected multi-model mean changes (%) of the fraction of total precipitation
greater than the 90th, 95th, and 99th percentiles of daily precipitation in the four seasons
(from top to bottom: winter, spring, summer, autumn) for 2071-2100 relative to the
reference period 1961-1990.
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The entire ranges of the estimated changes of high percentile values of
daily precipitation are relatively large, mostly exceeding 25%, except in
spring when they are 15-20% (Fig. 2). These large ranges suggest quite large
uncertainty within the multi-model ensemble, when even the signs of the
projected trends can be different (i.e., both increasing and decreasing).
However, in winter, all the three percentile values in Hungary are very likely
to increase, the estimated multi-model mean changes are 21%, 21%, and 24%
for R90p, R95p, and R99p, respectively. In autumn, the higher the extreme
percentile, the larger the projected increase. For instance, R99p is projected to
increase by about 26% by the end of the 21st century relative to the reference
period. In summer, the multi-model ensemble projects clear decrease of R90p
(by 23% on average) in Hungary, mainly decrease of R95p (by 15% on
average), whereas higher uncertainty is associated to the estimation of
changes in R99p: the majority of the RCMs project slight increase (not
exceeding 9%), nevertheless, some of the RCMs project relatively high
decrease (10-19%), resulting in an overall slight decrease of R99p. Finally, in
spring, slight changes are projected in general, which do not exceed 10%.
However, note that R99p is estimated to clearly increase (by 7% on average),
since all the RCMs project positive changes by 2071-2100 compared to
1961-1990.

The spatial structures of the projected seasonal mean changes are shown
in Fig. 4. The estimated summer decreases show clear zonal differences, the
largest decrease in percentile values of daily precipitation exceeds 40% and
20% in the southern part of the entire domain in case of R90p and R95p,
respectively. The summer values of R99p tend to increase in the northern
(and especially the northwestern) part of the domain, and decreases of R99p
values are projected only in the southern part (the largest average decreases
exceed 10%). Within Hungary, the quasi-zonal structure can be recognized as
well, as in the entire domain. All the three indices are projected to decrease in
summer in the whole country, the largest decreases are likely to occur along
the southern border of Hungary. In winter, increases of the indices are
estimated in the entire domain, the largest changes are likely to occur in the
northern part, especially in the mountainous subregions. Percentile values in
the northern part of Hungary are also projected to increase more than in the
southern subregions. R99p — representing the very high extreme daily
precipitation — is projected to increase in the entire domain also in spring and
autumn, however, the projected seasonal average changes are generally
smaller than in winter. In the equinox seasons, R90p values are projected to
increase in the northern part and decrease in the southern part of the domain,
whereas R95p is estimated to increase dominantly (except in small regions in
the southern part).
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Fig. 4. Projected multi-model mean changes (%) of the 90th, 95th, and 99th percentiles of
daily precipitation in the four seasons (from top to bottom: winter, spring, summer,
autumn) for 2071-2100 relative to the reference period 1961-1990.

3.3. Estimated future trends of precipitation intensity indices

The precipitation intensity is represented in this paper by the highest
precipitation totals during 1 day and 5 days (i.e., RX1 and RXS, respectively).
The summary of multi-model monthly estimations of spatial average for
Hungary is shown in Fig. 5 for RX5 (similar changes are projected for RX1).
These results clearly suggest that the maximum 5-day precipitation totals are
projected to increase in the 21st century in all months, except August. The inter-
model variability of the estimated RXS5 values is much higher in July, August,
and September than in the rest of the year (the entire RX5 ranges of RCM-
estimations for the winter months do not exceed 20 mm). In general, the inter-
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model variability of RX5 is projected to increase in the 21st century compared
to the reference period.
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Fig. 5. Comparison of estimated monthly average values of RX5 for Hungary in 1961—
1990, 2021-2050, and 2071-2100 using 11 RCM simulation outputs. MMA indicates the
multi-model average.

Composite maps of the projected seasonal mean changes of RX1 show the
spatial structures of the estimated changes by 2071-2100 relative to 1961-1990
(Fig. 6). Increasing trends are projected for all seasons, except in summer in the
southern part of the domain, where the estimated negative changes on average
imply decreasing trends for the future. The estimated spatial average changes of
RX1 for the whole domain are 20%, 11%, 2%, and 23% in winter, spring,
summer, and autumn, respectively. In summer, a zonal structure similarly to the
changes of the summer percentile values can be recognized: in the northern part
of the selected domain RX1 is projected to increase, whereas in the southern
subregions it 1s projected to decrease. Specifically, the estimated multi-model
average changes by the late 21st century in summer are +11% and —8% in the
southeastern Czech Republic and in Croatia, respectively. In Hungary, the
largest increase is estimated in autumn (+23%), when projected changes
calculated from 9 individual RCM simulations (out of 11 total experiments
studied in this paper) are statistically significant.

Since the largest increases are likely to occur in winter and autumn, more
detailed temporal analysis is presented for these two seasons in Fig. 7 showing
the average decadal values of RX1 from the 1950s to the 2090s for Hungary.
The ensemble of the individual RCM simulations clearly suggest increasing
trends in the multi-model mean as well as in the 1st, 2nd, and 3rd maximum and
minimum decadal values of RX1. All these trend coefficients are statistically
significant at 0.05 level. The estimated overall change of the multi-model mean
between the 1950s and 2090s is 30% in winter, and 33% in autumn, when the
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decadal average of the highest daily precipitation amount is very likely to
exceed 24 mm in the 2090s (and it was about 18 mm in the 1950s according to
the RCM simulations).
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Fig. 6. Composite maps of the projected seasonal mean changes (%) of RX1 by 2071—
2100 relative to the reference period 1961-1990. Average changes are calculated on the
basis of RCM projections using equal weights to the driving GCMs.
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Fig. 7. Average decadal values of RX1 for Hungary in winter (left panel) and autumn
(right panel), 1951-2100. MMA indicates the multi-model average. (a) and (f) indicate
the maximum and minimum RX1 values, respectively. (b) and (e) indicate the second
largest and smallest RX1 values, respectively. (c) and (d) indicate the third largest and
smallest RX1 values, respectively.
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4. Conclusions

Estimated changes of extreme precipitation conditions in Central/Eastern Europe
(with special focus on Hungary) have been analyzed in this paper using bias-
corrected daily precipitation outputs of 11 RCM simulations from the
ENSEMBLES project considering the intermediate A1B scenario. Based on the
results, the following conclusions can be drawn for the late 21st century relative
to the reference period.

(1) Excessive precipitation (R90p, R95p, R99p) is mostly estimated to
increase, except in summer, when decrease is projected both in Hungary
and in the southern regions of the entire domain.

(i1) The fraction of the excessive precipitation relative to the total amount
(R90pGT, R95pGT, R99pGT) is projected to increase in general. Only a
few RCMs estimate slight decrease in summer for Hungary, and the
multi-model average change in summer is slightly negative in the
southwestern part of the entire domain.

(111) Frequency of heavy precipitation (RR10, RR20) is projected to decrease
in summer, and increase in the rest of the year.

(iv) Precipitation intensity (RX1, RXS5) 1s likely to increase overall.
However, in summer decreasing trend is estimated in the southern parts
of the selected domain.

Overall, remarkable increasing trends of precipitation extremes are
projected for Central/Eastern Europe by 2071-2100 relative to the 1961-1990
reference period. These changes may result in more frequent and more severe
river flooding, therefore, in order to mitigate the vulnerability of the region, it is
highly suggested to develop appropriate flood protection and management
strategies in time considering these estimated changes.

Acknowledgements—Research leading to this paper has been supported by the following sources: the
Hungarian Scientific Research Fund under grants K-78125 and K109109, the European Union and the
European Social Fund through project FuturICT.hu (TAMOP-4.2.2.C-11/1/KONV-2012-0013), and
the AGRARKLIMA?2 project (VKSZ_12-1-2013-0001). The ENSEMBLES data used in this work
was funded by the EU FP6 Integrated Project ENSEMBLES (Contract number 505539), whose
support is gratefully acknowledged. Furthermore, we acknowledge the E-OBS dataset from the EU-
FP6 project ENSEMBLES (http://ensembles-eu.metoffice.com), and the data providers in the ECA&D
project (http://eca.knmi.nl).

References

Bartholy, J. and Pongracz, R., 2005: Tendencies of extreme climate indices based on daily
precipitation in the Carpathian Basin for the 20th century. Iddjdras 109, 1-20.

Bartholy, J. and Pongracz, R., 2007: Regional analysis of extreme temperature and precipitation
indices for the Carpathian Basin from 1946 to 2001. Global Planet. Change 57, 83-95.

140



Bartholy, J., Pongrdcz, R., Gelybo, Gy., and Szabo, P., 2008: Analysis of expected climate change in
the Carpathian Basin using the PRUDENCE results. Iddjaras 112, 249-264.

Christensen, J.H., Carter, T.R., Rummukainen, M., and Amanatidis, G., 2007: Evaluating the performance
and utility of regional climate models: The PRUDENCE project. Climatic Change 81, 1-6.

Dankers, R. and Feyen, L., 2008: Climate change impact on flood hazard in Europe: An assessment
based on high resolution climate simulations. J. Geophys. Res. 113, D19105, 17.

Formayer, H. and Haas, P., 2010: Correction of RegCM3 model output data using a rank matching
approach applied on various meteorological parameters. Deliverable D3.2 RCM output
localization methods (BOKU-contribution of the FP 6 CECILIA project).
http://www.cecilia-eu.org/

Haylock, M.R., Hofstra, N., Klein Tank, AM.G., Klok, E.J., Jones, P.D., and New, M., 2008: A
European daily high-resolution gridded dataset of surface temperature and precipitation for
1950-2006. J. Geophys. Res (Atmospheres) 113, D20119,

IPCC, 2012: Managing the Risks of Extreme Events and Disasters to Advance Climate Change
Adaptation. A Special Report of Working Groups I and II of the Intergovernmental Panel on
Climate Change. (Eds. Field, C. B., Barros, V., Stocker, T. F., Dahe, Q., Dokken, D. J., Plattner,
G-K., Ebi, K. L., Allen, S. K., Mastandrea, M. D., Tignor, M., Mach, K. J., Midgley, P. M.),
Cambridge University Press, Cambridge, UK and New York, NY, USA,

IPCC, 2014: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and
Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (Eds. Field, C.B., Barros, V.R., Dokken, D.J.,
Mach, K.J., Mastrandrea, M.D., Bilir, T.E., Chatterjee, M., Ebi, K.L., Estrada, Y.O., Genova,
R.C, Girma, B., Kissel, E.S., Levy, A.N., MacCracken, S., Mastrandrea, P.R., White, L.L.)
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,

Klein Tank, A.M.G. and Kénnen, G.P., 2003: Trends in indices of daily temperature and precipitation
extremes in Europe, 1946-1999. J. Climate 16, 3665-3680.

Kundzewicz, ZW., Ulbrich, U., Briicher, T., Graczyk, D., Kriiger, A., Leckebusch, G.C., Menzel, L.,
Pinskwar, 1., Radziejewski, M., and Szwed, M., 2005: Summer floods in Central Europe —
Climate change track? Nat. Hazards 36, 165—189.

Kysely, J.,, 2009: Trends in heavy precipitation in the Czech Republic over 1961-2005. Int. J.
Climatol. 29, 1745-1758.

Kysely, J., Gaal, L., Beranova, R., and Plavcova, E., 2011: Climate change scenarios of precipitation
extremes in Central Europe from ENSEMBLES regional climate models. Theor. Appl. Climatol.
104, 529-542.

Kysely, J., Santiago, B., Beranova, R., Gadl, L., and Lopez-Moreno, H.I., 2012: Different patterns of
climate change scenarios for short-term and multi-day precipitation extremes in the
Mediterranean. Global Planet. Change 98-99, 63-72.

van der Linden, P. and Mitchell, J.F.B., (Eds.), 2009: ENSEMBLES: Climate Change and Its Impacts:
Summary of research and results from the ENSEMBLES project. UK Met Office Hadley
Centre, Exeter, UK.

Nakicenovic, N. and Swart, R., (Eds.) 2000: Emissions Scenarios. A special report of IPCC Working
Group III. Cambridge University Press, UK, 570p.

Pongracz, R., Bartholy, J., and Miklos, E., 2011: Analysis of projected climate change for Hungary
using ENSEMBLES simulations. Appl. Ecol. Environ. Res. 9, 387-398.

Pongracz, R., Bartholy, J., and Kis, A., 2014: Estimation of future precipitation conditions for
Hungary with special focus on dry periods. Iddjdras 118, 305-321.

Rajczak, J., Pall, P., and Schar, C., 2013: Projections of extreme precipitation events in regional climate
simulations for Europe and the Alpine Region. J. Geophys. Res. Atmos. 118, 3610-3626.

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., 2008: Regional methods for trend detection:
Assessing field significance and regional consistency. Water Resour. Res. 44, W08419.

Seneviratne, S.1., Nicholls, N., Easterling, D., Goodess, C.M., Kanae, S., Kossin, J., Luo, Y., Marengo,
J., Mclnnes, K., Rahimi, M., Reichstein, M., Sorteberg, A., Vera, C., and Zhang, X., 2012:
Changes in climate extremes and their impacts on the natural physical environment. In: (Eds.
Field, C.B., Barros, V., Stocker, T.F., Dahe, Q., Dokken, D.J., Plattner, G-K., Ebi, K.L., Allen,

141



S.K., Mastandrea, M.D., Tignor, M., Mach, K.J., Midgley, P.M.) Managing the Risks of
Extreme Events and Disasters to Advance Climate Change Adaptation A Special Report of
Working Groups I and II of the Intergovernmental Panel on Climate Change (IPCC). Cambridge
University Press, Cambridge, UK, and New York, NY, USA, 109-230.

Stahl, K., Hisdal, H., Hannaford, J., Tallaksen, L.M., van Lanen, H.A.J., Sauquet, E., Demuth, S.,
Fendekova, M., and Jodar, J., 2010: Streamflow trends in Europe: Evidence from a dataset of
nearnatural catchments. Hydrol. Earth Syst. Sci. 14, 2367-2382.

Zhang, X., Alexander, L., Hegerl, G.C., Jones, P., Klein Tank, A., Peterson, T.C., Trewin, B., and
Zwiers, F.W., 2011: Indices for monitoring changes in extremes based on daily temperature and
precipitation data. Wiley Interdis. Rev. Clim. Change 2, 851-870.

142



