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Summary
Hydrological modelling of climate change impacts on runoff in the Kolubara (991 km2)
and Toplica (2231 km2) catchments in Serbia has been performed. HBV models
calibrated based on observed hydrometeorological data from the catchments form the
basis of the study. Three time periods are considered, namely 1961-1990 (control period),
2001-2030 (near future) and 2071-2100 (far future). In order to simulate the effects of
climate change on hydrological processes, the calibrated hydrological models were run
with bias corrected precipitation and temperature series derived from regional climate
model (RCM) projections.
Bias correction of the RCM projections was performed on a monthly basis. After
correction, there is a much better agreement, both between the median values for each
month and in the range of values. The RCM projections indicate an increase in
temperature (2 to 5 °C) in all months of the year by the end of the 21st century. For the
near-future period, however, some months show small or no changes in the median value
relative to the control period. There is large variability in monthly precipitation both in
the current and in the two future periods. The projections tend to indicate, however, a
decrease in the median values for total monthly precipitation during the period May –
October by the end of the 21st century. Changes during winter months are generally
minimal, relative to the variability in individual months.
The hydrologic projections for the Kolubara and Toplica catchments in general indicate
decreases in snow storage and substantial decreases in runoff. The decreases in runoff are
particularly noticeable by the end of the century and reflect the expected increase in
evapotranspiration and decrease in precipitation. Taken as a whole, the results suggest
that the average annual runoff will most likely decrease by 30 to 40 percent by the end of
the century (relative to the control period) both in the Kolubara and Toplica catchments.
The largest decreases in runoff occur in the winter season. However, the projected
decreases in runoff in summer may be more serious, since there is already little runoff in
the summer months.
The flood series, based on daily time steps, tend to indicate little change or a small
reduction in the median value by the end of the 21st century. At Kolubara, most
projections indicate that the maximum value of the annual flow series will be higher both
in the near future and in the far future, compared to the control period. At Toplica,
however, an increase in the peak annual discharge values is not apparent, with the
distribution of values remaining relatively similar in all three time periods. At both
Kolubara and Toplica, the results suggest that the number of drought events will increase
by the end of the 21st century, and that considerably longer drought durations are
expected according to most of the projections. The analyses also show that a considerable
number of droughts will start earlier in the summer by the end of the 21st century for both
catchments. The projected changes in drought characteristics are most likely a result of
increased temperatures and a reduction of summer precipitation in the future climate.
It should be noted that the projected hydrologic changes are based on bias corrected data
from regional climate models, rather than representing interpretations derived directly
from the climate models without local correction. The bias-correction method may itself,
in some cases, have an impact on the magnitude and direction of the projected changes.
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1 Introduction
The southeast region of Europe faces significant challenges with respect to water
management due to anticipated changes in climate and to increasing water stress (e.g.
discussion in Arnell, 2004). A literature search for work on projected climate change
impacts on runoff in this region (Lawrence et al. 2009) found virtually no published
studies which used catchment-scale modelling and analyses to assess local hydrological
impacts in the region. At that time, the available projections for climate change impacts
on runoff in southeast Europe were the result of applications of global and continental
macroscale hydrological models. These models project a decrease in annual runoff of up
to 20-30% in the region and an increase in the coefficient of variation in annual runoff
(Arnell, 2003). Although these models can give a gross indication as to expected trends,
they lack local detail and are not calibrated for use at a particular location. Hence, results
from continental to global scale hydrological models provide a useful regional overview,
but results at the level of a daily time step and for smaller areas are considered unreliable.
In this study, hydrological modelling of climate change impacts on runoff in two
catchments in Serbia, namely the Kolubara and Toplica catchments, has been performed.
Three time periods are considered, namely 1961-1990 (control period), 2001-2030 (near
future) and 2071-2100 (far future). Local observations of hydrometeorological data have
been used for hydrological model calibration and for bias correction of climate projection
data. The project has also taken advantage of the climate projections recently produced in
the EU FP6 ENSEMBLES project (van der Linden and Mitchell, 2009). In addition,
climate projections from the RCM-SEEVCCC1 regional climate model have been used in
the work presented here.
The geographic location, general characteristics and the availability of historical
precipitation, temperature and discharge data are first described for each catchment. The
results of the hydrological model calibration are then presented and discussed. This is
followed by a summary of the climate projection data used for analysing future patterns
of runoff in the catchments, including bias correction of the regional climate model
output Hydrological model results based on the climate projections are then given as
projected changes in mean annual runoff, in mean monthly snow storage, in average daily
runoff by month, and flood and drought analyses.

1

The abbreviation EBU-POM will also be used in this report.
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2 Catchment properties and local
hydrometeorological data
2.1 Kolubara catchment
Discharge from the upper part of the Kolubara catchment is measured at the hydrological
station Slovac (Figure 2.1). The upstream catchment area is 991 km2 , and the catchment
is situated between 19о 37' and 20о 11' east longitude and 44о 05' and 44о 22' north
latitude. The Kolubara River drains into the Sava River, which in turn constitutes a part of
the Danube River basin.

Figure 2.1: Kolubara catchment
The basin is located at the intersection of two characteristic zones in Serbia: the hillymountainous region and the great Pannonian plain, which encompasses the southernmost
parts of the Pannonian basin, a part of the Sava river valley and the northern slopes of the
Šumadija hills. The catchment axis is oriented towards the northeast. Most of the
catchment lies below 400 masl. The basin area is dominated by lowlands while foothills,
low (up to 1000 masl) and medium-high mountains (up to 1500 masl) are situated only in
the uppermost reaches of the catchment (Figures 2.2 and 2.3). Cultivated crops and
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meadows are the dominant vegetation type up to 400 masl, i.e. representing about 60% of
the catchment, and are gradually replaced by orchards and forest, which dominate the
area above 600 masl (Figure 2.3).

Figure 2.2: Kolubara catchment area/altitude distribution

Figure 2.3: Forest and field distribution in the Kolubara catchment.
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Historical climate and stream flow data for the period January 1985 - January 2010 have
been used. There is only one climate station in the catchment (Valjevo, Figure 2.4) that
has a time series long enough for this study. Four months of missing climate data in 1988,
1989 and 1990 at the Valjevo station ( located at 174 masl) were reconstructed by using
observed data from the nearby RC Valjevo station ( located at 388 masl), as these two
stations have a high correlation in both the precipitation and temperature data series.

Figure 2.4: Location of the three hydrometeorological stations in the Kolubara
catchment used in the study.
The city of Valjevo has a moderate continental climate with certain peculiarities reflected
in elements of sub-humid and micro-thermal climates. Precipitation is relatively evenly
distributed over the seasons with an average annual precipitation of 765 mm and a
maximum average monthly precipitation in June (Figure 2.5). Average temperature is
close to zero in December and January and reaches 22-23 °C during the summer months.
The area of Valjevo has on average 32 days of snow per year, whereas the snow cover
lasts on average 43 days. Snowfall is normally seen in the catchment in December and
January.
The Kolubara River and its tributaries have a mixed rainfall-snowmelt water regime. The
highest runoff occurs in the period March-April, followed by moderate runoff in June and
July. The driest months are August and September (Figure 2.6). An important feature of
the stream flow regime is a very pronounced flow fluctuation resulting in a pronounced
difference between minimum and maximum monthly mean discharge values.
The hydrological station Slovac has five months of missing water level and discharge
data in the period 2005 – 2006. The average discharge at Slovac in the observation period
is 8.35 m3/s, corresponding to 266 mm/year of runoff, and the average yearly maximum
discharge is 119 m3/s. Mean annual runoff is about 38 % of mean annual precipitation.

9

Figure 2.5: Annual monthly mean precipitation distribution (1985-2010) at Valjevo

Figure 2.6: Annual monthly discharge distribution (1985-2010) at Slovac
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2.2 Toplica catchment
The Toplica River is the largest left tributary of the South Morava River in terms of both
stream flow volume and catchment area (2231 km2). The catchment is situated between
20о 45' and 21о 54' east longitude and 42о 62' and 43о 24' north latitude. The river
originates at the eastern slopes of the Kopaonik Mountain. The main hydrographic,
geophysical and topographic characteristics of the Toplica catchment are illustrated in
Figures 2.7 to 2.10.
The Toplica region has very fertile land and is used for growing grains, fruits and grapes.
The central part of the region occupies Toplička kotlina (Depression of Toplica), between
the mountains of Veliki Jastrebac, Sokolovica, Vidojevica and Pasjača. There are many
settlements located along the river, including the city of Prokuplje, which is the center of
the region. After reaching Doljevac, the Toplica River turns north and eventually
discharges into the South Morava River. As is the case for most Serbian rivers, Toplica
belongs to the Black Sea drainage basin.
The hydrological station Doljevac is located at 190 masl. The Toplica catchment
includes the highest peaks in Serbia, some of which are above 2000 masl. 60 % of the
catchment area lies below 800 masl and is dominated by cultivated crops (Figures 2.8 and
2.9). Forest is predominant in the more elevated areas (Figure 2.9).

Figure 2.7: Toplica catchment with outlet hydrological profile Doljevac
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Figure 2.8: Toplica catchment area/altitude distribution

Data from the two climate stations Niš (202 masl) and Kuršumlija (382 masl) are
available and have been used in the study. Unfortunately, due to lack of data , the climate
station Kopaonik, situated in the western part of the catchment, could not be used in the
study even though its data would be useful for analyzing snow accumulation in the
catchment. Precipitation and temperature data from January 1985 to January 2010 have
been used.. Discharge data from Doljevac are available for the same period.
Average annual precipitation for the climate stations Niš and Kuršumlija during the
observation period used is 638 and 582 mm, respectively. As illustrated in Figure 2.11
precipitation is evenly distributed over the seasons at both stations. Average monthly
temperature is below zero in midwinter at both stations and is slightly above 20 °C in the
summer. Snow observations indicate that the snow season is a few weeks longer in
Toplica than in the Kolubara catchment.
The Toplica River has the highest runoff in the period March-April. The driest months are
August and October (Figure 2.12). Mean annual runoff is about 20 % of mean annual
precipitation. Average discharge at Doljevac is 8.36 m3/s, which corresponds to 118
mm/year of runoff. The average yearly maximum discharge is 92.2 m3/s.
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Figure 2.9: Field and forest distribution in the Toplica catchment.

Figure 2.10: Location of three hydrometeorological stations in the Toplica catchment
used in the study.
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Figure 2.11: Annual monthly mean precipitation distribution (1985-2010) at Nis and
Kursumlija.
Comparing the interannual distribution of discharge as the ratio between mean monthly
and mean annual discharge (Figure 2.13), variability in the interannual discharge
distribution appears to be less pronounced in the Kolubara as compared with the Toplica
river. Both rivers have maximum discharge values in early spring, Kolubara in March and
Toplica in April, respectively, while dry summer periods last longer in the Toplica than in
the Kolubara catchment.
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The differences in runoff regime and water balance components are a consequence of the
different climatic conditions, geographical location and geophysical characteristics of the
two selected catchments. It is expected that some of these dissimilarities will also
influence the projected changes in water balance components caused by climate change.
The two catchments will, thus, also contribute to a better understanding of climate change
impacts on water resources in various catchment types in Serbia.

Figure 2.12: Annual monthly mean discharge distribution (1985-2010) at Doljevac.

Figure 2.13: Mean monthly discharge as ratio of mean annual discharge for the
Kolubara and Toplica rivers.
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3 Hydrological model calibration
3.1 Hydrological model
A range of rainfall – runoff type hydrological models is used for stream flow simulation and/or
forecasting around the world. In an earlier phase of this Serbian – Norwegian collaboration
project, a HBV type model was selected, acquired and introduced for flood forecasting
purposes in selected small and medium sized catchments in Serbia (Langsholt, 2011). The
HBV model has been in operational use in NVE for many years; it has also now been used in
Serbia since 2010. The choice of the HBV model was therefore made to take advantage of
skills and experience available in NVE and RHMSS and to keep the time required for getting
familiar with the model to a minimum. The HBV approach has proved flexible and robust in
solving a variety of water resource problems in more than 50 countries around the world. The
model was first described in 1976 (see Bergström, 1976). SMHI’s stand-alone integrated
hydrological modelling system HBV/IHMS was acquired within the project for the purpose
(SMHI, 2011).
For climate change studies, HBV models have also been widely applied, see e.g. Beldring et
al., 2006). Thus, the already available and familiar HBV/IHMS modelling system was an
obvious choice of model for studying the impacts of climate change on runoff in this region..
The HBV model is a semi-distributed conceptual model. It uses sub-basins as primary
hydrological units, and within these units an area-elevation distribution and a crude
classification of land use (forest, open, lakes) is implemented. The model consists of three
main components: the snow sub-model for snow accumulation and melting, a sub-model
for soil moisture accounting, and a response and river routing sub-model. In this project a
daily time step was used. Input data to the model is daily precipitation and mean daily
temperature values, which are considered to be representative for the catchments. The
model estimates a range of water balance states, e.g. snow and groundwater storage, in
addition to the final output from the model, the river runoff.
The model is adapted to specific catchments through a calibration process. Some of the
catchment’s physical characteristics, such as area and vegetation cover, can be acquired
from maps. A conceptual model such as HBV will, in addition, have a range of model
parameters that has no clear physical meaning and must be estimated based on a
comparison between observed and simulated discharge. For this work,between 20 and 30
parameters have been adjusted to given the best model fit in each catchment..

3.2 HBV modelling for Kolubara and Toplica
3.2.1 HBV model setup
Due to limited data availability, both the Kolubara and the Toplica models have been
designed as simple single basin models with their outlets located at their respective
hydrological/discharge stations Slovac and Doljevac. Input data for the area/elevation
distribution were extracted from the ASTER Global Digital Elevation Model (ASTER
GDEM), which is the property of METI and NASA. Land Cover data were used from the
Global Land Cover 2000 Project (GLC 2000).
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The catchments are divided into 10 elevation zones, each assigned a fraction of the
vegetation cover “field” and/or “forest”. Input data are provided for one climate station in
Kolubara and two in Toplica.
The calibration was undertaken using these guidelines:




the same calibration and validation periods should be applied for Toplica and
Kolubara, to ensure relative comparability in the calibration and verification
results obtained for the two catchments;
in addition to obtaining a best possible Nash-Sutcliffe efficiency value, effort
should be made to achieve a minimum volume bias in both the calibration period
and the total observation period, in order to promote a stable model water balance
over the full simulation period.

3.2.2 Modelling results
Given the above premises, the results, as listed in Tables 3.1 and 3.2 and illustrated in
Figure 3.1, were achieved at NVE and RHMSS. The best fit was achieved by RHMSS,
using an automatic calibration routine and taking advantage of local knowledge of the
selected catchments and the rainfall-runoff characteristics prevailing in Serbia. The
efficiency coefficient values show a modest, but acceptable goodness of fit. The volume
bias shows fairly homogeneous conditions. A calibration made in 2010, using 7
precipitation station for Toplica and 3 for Kolubara gives slightly better results, indicating
that more representative climate data could have improved the results.

Table 3.1: NVE calibration results
Catchments

Calibration period 1996 – 2009

Validation period 1986-1995

Nash-Sutcliffe
efficiency
criterion

accumulated
difference (mm)

Nash-Sutcliffe
efficiency
criterion

accumulated
difference (mm)

Toplica

0.71

0

0.58

145

Kolubara

0.56

0

0.41

102
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Table 3.2: RHMSS calibration results
Catchments

Calibration period 1996 – 2009
Nash-Sutcliffe
efficiency
criterion

accumulated
difference (mm)

Nash-Sutcliffe
efficiency
criterion

accumulated
difference (mm)

Toplica

0.74

-1.03

0.68

-182

Kolubara

0.62

0.32

0.54

-111
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Figure 3.1: Mean monthly precipitation, temperature, observed and simulated discharge,
and simulated snow water equivalent for the Kolubara and Toplica catchments.
Precipitation and temperature are catchment-average numbers, based on observations at
the climate stations. The time period included is 1987-2004, i.e. when discharge
observations are available in both catchments (NVE Simulation).
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4 Climate projections and forcing
data
To simulate the effects of climate change on hydrological processes, the calibrated
hydrological models described in the previous section must be run with input
precipitation and temperature series derived from climate projections. There are
numerous Global Climate Model (GCM) projections available, including those which will
be presented in the IPCC Fifth Assessment Report in 2014. GCM projections, however,
have a low spatial resolution and are, therefore, unsuitable for catchment scale modelling
of hydrological processes. Regional Climate Model (RCM) projections, which represent
dynamic downscaling from GCMs and have a higher spatial resolution, are generally used
for such analyses. These projections must also, though, be corrected for local biases
relative to observed precipitation and temperature series. For this project, we have used
two sets of RCMs: 1) two RCM simulations developed by SEEVCCC (South East
European Virtual Climate Change Center) using the RCM-SEEVCCC model; and 2) four
RCM simulations from the EU FP6 ENSEMBLES project. Bias correction of the first set
of projections was conducted by SEEVCCC, and NVE had responsibility for the bias
correction of the ENSEMBLES projections using similar procedures.

4.1 Climate model data
A number of climate simulations over Europe have been made available to the scientific
community through the ENSEMBLES project. All simulations were conducted using
Regional Climate Models (RCMs) as a dynamical downscaling tool based on boundary
conditions from different Global Climate Model (GCM) simulations under the A1B
SRES/IPCC scenario. The time frame for the integrations is 1950-2050 or 1950-2100.
Horizontal resolution is approximately 50 km or 25 km, depending on the setup of
individual RCMs. More details about the project and the Research Task 3 (“Formulation
of very high resolution Regional Climate Model Ensembles for Europe”) can be found at
http://ensemblesrt3.dmi.dk/.
In total, there are 26 climate integrations available from the ENSEMBLES project,
amongst which 5 have a coarser horizontal resolution (about 50 km) and 6 cover the
shorter period (1950-2050). Additionally, 6 simulations are a sensitivity test for two
GCMs, and therefore are not appropriate for our purposes. From the remaining 9
GCM/RCM combinations we have selected 4, in order to create a small multi-model
ensemble and thus account for the uncertainties due to both GCMs and RCMs.
Our intention was, firstly, to choose simulations such that our ensemble consists of at
least two simulations with the same GCM and different RCMs and two simulations with
the same RCM and different GCMs. This would have allowed us to consider differences
coming from the choice of GCMs as opposed to those coming from the choice of RCMs.
Unfortunately, among the remaining 9 simulations it was not possible to select one RCM
driven by two different GCMs. Therefore, we have selected the two GMCs which are
most commonly used in climate change studies in Europe, namely, ECHAM and HadCM.
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The final choice of RCMs driving the two selected GCMs was based on the evaluation of
their performance with respect to ERA-40 reanalysis downscaling, which is also available
from the ENSEMBLES project website.
In addition to the 4 selected ENSEMBLES integrations, we have used two additional
simulations of a RCM-SEEVCCC model. This is a coupled atmosphere-ocean model
EBU-POM, developed and run at the University of Belgrade (Institute of Meteorology,
Faculty of Physics) and SEEVCCC. More information about the model and runs can be
found at: http://www.seevccc.rs/?p=18. These two simulations have also been run under
the A1B SRES/IPCC scenario, cover the same region and have the same horizontal
resolution as those from the ENSEMBLES project. For both of these runs, a coupled
atmosphere-ocean model EBU-POM is used as an RCM, while GCMs are ECHAM5 and
its previous version ECHAM4 (or SINTEX-G). Results of these simulations are available
as three 30-year time slices, namely 1961-1990, 2001-2030 and 2071-2100. Therefore,
these three periods are adopted for all models (with an alteration for the last period to
2069-2098 due to the availability of the ENSEMBLE data). The adopted periods are often
used in climate modeling and represent, respectively, past climate, near future (first 30
years of the 21st century) climate and far future (last 30 years of the 21st century) climate.
The final matrix of the six selected GCM/RCM combinations used in this project is
shown in Table 4.1.
Table 4.1: GCM/RCM combinations used in the hydrological simulations. The institution
listed was responsible for running the simulation with the RCM model indicated, based
on boundary conditions derived from the GCM indicated. The ‘short name’ given in table
is used to refer to the GCM/RCM combinations in this report.
RCM
HIRHAM5
CLM
RegCM3
HadRM3Q0
RCMSEEVCCC
RCMSEEVCCC

GCM
ECHAM5
HadCM3Q0
ECHAM5
HadCM3Q0

Institution
DMI (Danish Meteorological Institute)
ETH – Zurich
ICTP – Trieste
Hadley Centre, UK

Short name
ech-hirham
had-clm
ech-regcm
had-hadrm

ECHAM5

University of Belgrade & SEEVCCC

ech-ebupom

ECHAM4
(SINTEX)

University of Belgrade & SEEVCCC

stx-ebupom

4.2 Bias correction
It is widely accepted that RCM values for precipitation and temperature are biased due to
several factors (e.g. limited physical representation of local processes, differences in
elevation of grid cells relative to land surface, the coarse spatial resolution of RCM
grids). A number of methods are available for this correction, and further methods are
currently under development. With respect to the methods, a useful distinction can be
made (following Gudmundsson et al., 2012) between bias correction methods which use
distribution-derived transformations (such as a Gamma or Weibull distribution for
precipitation) and those which use parametric or non-parametric transformations (such as
a simple linear transformation or empirical quantile mapping). At the June 2012
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workshop held in Oslo, it was agreed that the bias correction of both precipitation and
temperature would be undertaken using distribution-derived transformations, as both
SEEVCCC and NVE have previously applied such methods for work in the region. For
the bias correction of temperature, it was agreed that values would be adjusted using a fit
to a normal distribution on a monthly basis. For precipitation, the method proposed by
Piani et al., 2010 was chosen, as both groups have worked with this method. The method
uses a Gamma distribution for modelling precipitation intensities and a Bernoulli function
for modelling the probability of precipitation occurrence (i.e. days with and without rain).
It was further agreed that bias correction of precipitation would be undertaken on a
seasonal basis using two periods: 1) 1st April – 30th September; and 2) 1st October –
31st March. However, after initial attempts with the proposed seasonal correction and
following discussions at a workshop held in Belgrade 17th– 18th April, 2013, it was
decided that due to considerable biases in some of the RCMs with respect to the seasonal
pattern of rainfall it is more appropriate to undertake bias correction of precipitation on a
monthly basis. Bias correction of the precipitation and temperature data from the two
runs of the RCM-SEEVCCC model was undertaken by SEEVCCC, and NVE undertook
bias correction of the four ENSEMBLES projections. Further details and the results of the
bias corrections are given in sections 4.2.1 (for temperature) and 4.2.2 (for precipitation).
This is followed by a brief analysis of projected changes in temperature and precipitation
on a monthly basis, based on the bias corrected RCM data (Section 4.2.3).

4.2.1 Bias correction of temperature
Bias correction of temperature data from the RCMs was applied by fitting a normal
distribution for daily temperature values on a monthly bias for the period 1961-1990 (for
the Kuršumlija and Niš) and January 1961 - October 1998 (for the Valjevo) climate
stations.The difference between the fitted monthly distributions of a) observed average
daily temperatures, and b) the average daily temperatures simulated by the RCMs, was
used as a monthly bias correction as a function of simulated daily temperature. An
example of the development of a bias correction for one month (December) for one
station (Kuršumlija) is illustrated in Figure 4.1.
The bias correction of temperature using a monthly adjustment based on fitted normal
distributions appears to be well suited for the RCM data, as the resulting residuals were
negligible. The method was applied on a monthly basis to all of the climate projections
(Table 4.1) for adjustment of daily average temperature at each of the three climate
stations. An example of the distribution of average monthly temperature before and after
bias correction of the RCM values relative to observed values is illustrated in Figure 4.2
for the Kuršumlija station for one climate projection. For this particular climate
projection, the uncorrected RCM temperatures are higher throughout the year, relative to
the observed series at Kuršumlija (Figure 4.2). After correction, there is a much better
agreement, both between the median values for each month and in the range of values.
Note that the bias correction itself is applied to daily values, although here we show the
average monthly values in order to evaluate the bias correction relative to quantities
which we have not explicitly corrected for. In other words, a bias correction procedure
could have been developed to correct average monthly temperatures rather than the
distribution of daily temperatures, and in that case the agreement between observed and
corrected values would be even better than that illustrated in Figure 4.2. However, since
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the hydrological model we are using takes daily temperature values as input, it is most
appropriate to correct the daily temperature values as has been done in this project. A
comparison of the uncorrected and bias corrected RCM average monthly temperatures
with those calculated from observed series for all six climate projections for the three
climate stations, Kuršumlija, Niš, and Valjevo, can be found in Appendix A (Figs. A1 –
A3).

Figure 4.1: Example of bias correction developed for average daily temperature for one
month (December) for one RCM projection (dmi-hirham) for one climate station. The left
figure illustrates the normal distributions fitted to the observed daily and RCM daily
temperature values for the period 1961-1990, and the right figure shows the
corresponding correction used for the RCM data.

4.2.2 Bias correction of precipitation
Due to the limited number of rain days in summer months, it was agreed at the June 2012
workshop to use a seasonal, rather than a monthly bias correction, thus increasing the
sample size for bias correction. Based on previous experience with this approach, two
periods were used for the bias correction procedure: 1) 1st April – 30th September; and 2)
1st October – 31st March. Bias correction for each of the projections was undertaken for
each season based on fitting a Bernoulli-Gamma distribution following the method
proposed by Piani et al., (2010). This method fits Gamma distributions to RCM and
observed precipitation values above a threshold. The threshold is selected such that the
probability of precipitation occurrence for the RCM series and the observed series are as
similar as possible. As is the case for the distribution-based temperature correction
(Figure 4.1), the bias correction is developed based on the difference between the two
theoretical distributions (Figure 4.3). In addition, values of RCM precipitation below the
threshold value are deleted.
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Figure 4.2: Distribution of average monthly temperature for the 1961-1990 period for
observed series (blue) as compared with uncorrected RCM series (red) and bias
corrected RCM series (green) for the Kuršumlija climate station for one RCM projection
(ech-hirham). The black bars on each box represent the median values. The upper and
lower bounds of the boxes correspond to the 25th and 75th percentiles, and the ends of the
‘whiskers’ correspond to the minimum and maximum values of average monthly
temperature.

Figure 4.3: Example of bias correction developed for daily precipitation for one season
for one RCM projection for one climate station. The left figure illustrates the empirical
distribution functions for the observed precipitation data (Obs-Emp.cdf) and the RCM
data (Sim-Emp.cdf) for the period 1961-1990. The fitted gamma functions for the
observed (Obs-gamma fit) and RCM (Sim-gamma fit) are also illustrated. The bias
correction illustrated in the right figure is the difference between the fitted gamma
distributions for the observed and RCM data.
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Following the bias correction applied on a seasonal basis, the monthly values of
precipitation were compared. Large discrepancies between the observed and corrected
precipitation were found for some months for some RCMs, and these were discussed at
the workshop in Belgrade in April, 2013. It was recognised that some of the RCMs have
seasonal patterns of precipitation which differ considerably from the observed seasonal
patterns, and that this has an impact on the correction. An example of this is illustrated in
Figure 4.4 for the ech-hirham RCM data relative to the observed data at Kuršumlija.

Figure 4.4: Comparison of observed, uncorrected RCM and bias corrected RCM average
monthly precipitation values for Kuršumlija. The observed vs. uncorrected RCM values
have very different seasonal patterns, which leads to an overcorrection of values in April,
May and September and an undercorrection during the summer months, when a seasonal
correction is used. The seasonally average values of observed and corrected daily
precipitation are also shown (stippled lines) and appear to be in good agreement.

The mismatch between seasonal precipitation patterns undermines the bias correction
undertaken on a seasonal basis. Therefore, it was concluded that monthly correction
should be undertaken, despite problems with the limited number of wet days in some
projections. In addition, a procedure for correcting for the number of wet days for RCMs
which are too dry during summer months was agreed and implemented for the bias
correction. Note that the application of a simple procedure which simply deletes RCM
precipitation values below a threshold only leads to a good agreement between the
observed and the corrected RCM data when the RCM simulation has too many wet days.
Although this is a common problem for RCMs, some of the newer RCM simulations
(such as the ech-hirham) actually produce too few wet days in some regions of Europe,
particularly during the summer months. Wet days must therefore be added to the RCM
simulations during the bias correction procedure. In this study, we have chosen to
implement this as follows:
1. A precipitation event consisting of one or more wet days is randomly selected
from the RCM simulation;
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2. A wet day is added to the end of the precipitation event;
3. The assigned value of precipitation for the new wet day is based on a monthly
ratio estimated from the observations as:
Ratioobs (for month i) = Mean (P(day N + 1)/P(day N)) for all events in
month i where P(day N)> P(day N + 1) and P(day N + 2) = 0
4. The procedure was repeated until the probability of wet days for the RCM
simulation for the control period was equivalent to the probability of wet days
for the observations for the control period;
5. For bias correction of future periods, the change in the probability of wet days
as simulated by the RCM for the control vs. the future period was also taken
into account.
A comparison of the errors by month for the uncorrected RCM, the seasonally bias
corrected, and the monthly bias corrected daily values of precipitation is shown for the
ech-hirham simulation relative to the observed precipitation at Kuršumlija in Figure 4.5.
Figures for all six RCMs and for all three climate stations can be found in the Appendix
(Fig. A4 – A6). The error illustrated is the Mean Absolute Error, representing the
average difference (in mm/day) between the cumulative distribution functions for the
observed daily vs. the RCM daily precipitation values for each month during the control
period (1961-1990). Bias correction applied on a monthly basis, rather than a seasonal
basis, significantly reduces the Mean Absolute Error from that associated with
uncorrected RCM data. Seasonal correction, on the other hand, can actually increase the
error in some months (see also Figure 4.4). For the four ENSEMBLES projections, the
largest remaining errors after monthly bias correction tend to occur during the summer
months, whereas the RCM-SEEVCCC simulations tend to have lower errors during the
summer months relative to the ENSEMBLES projections (see Fig. A4 – A6).

Figure 4.5: Mean absolute error in daily precipitation values by month for RCM relative
to observed data for the ech-hirham RCM relative to observations at Kuršumlija for the
1961-1990 control period.
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The effect of the bias correction on the total monthly values of precipitation is illustrated
in Figure 4.6 for the ech-hirham RCM as compared with observations at Kuršumlija for
the 1961-1990 control period. The range of monthly precipitation values is significantly
improved by bias correction, particularly for the summer months for this RCM. Results
for other projections and other climate stations are presented in the Appendix (Fig. A7 –
A9). Monthly bias correction leads to similar improvements in the RCM data for the
other projections (although the contrasts between the uncorrected and corrected data for
the summer months are most significant for the ech-hirham, the had-clm, the had-hadrm,
and the stx-ebupom RCMs).

Figure 4.6: Distribution of monthly precipitation for the 1961-1990 period for observed
series (blue) as compared with uncorrected RCM series (red) and bias corrected RCM
series (green) for the Kuršumlija climate station for one RCM projection (ech-hirham).

4.2.3 Projected changes in temperature
Projected changes in temperature can be interpreted from the RCMs by comparing biascorrected values for three periods: 1961-1990, 2001-2030 and 2069-2098 (or 2071-2100
for the two RCM-SEEVCCC runs). These are illustrated on a monthly basis for the bias
corrected RCM data for Valjevo for the ech-ebupom projection in Figure 4.7. The RCM
projection indicates an increase in temperature in all months of the year by the end of the
21st century. For the near-future period (2001-2030), however, some months show small
or no changes in the median value relative to the control period 1961-1990.
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Figure 4.7: Distribution of average monthly temperatures at Valjevo for the three periods
1961-1990, 2001 - 2030, and 2071 – 2100 for the ech-ebupom projection, following bias
correction of daily values on a monthly basis..

Figures illustrating projected changes in average monthly temperatures for all of the
RCM projections for all three climate stations can be found in the Appendix (Fig. A10A12). Similar to the patterns illustrated in Figure 4.7, all projections indicate an increase
in temperature throughout the year at all three climate stations. There are some
differences between projections and seasons, however, in that the had-hadrm, in
particular, tends to indicate larger increases during the summer than the other projections.
The ech-regcm projection, on the other hand, indicates larger increases during the winter
period than in the summer months. Seasonal differences in the projected temperature
change during the summer (1st April – 30th September) vs. the winter (1st October – 31st
March) periods by the future period (2069-2098 or 2071-2100) relative to the 1961-1990
control period are summarised in Table 4.2.
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Table 4.2: Projected changes in average temperature during the summer vs. winter halfyear periods for each RCM projection at each of the three climate stations. The values
given are for the change between the control period (1961-1990) and the future period
(2069-2098 or 2071-2100).

4.2.4 Projected changes in precipitation
Projected changes in monthly precipitation can also be interpreted from the RCMs by
comparing bias-corrected values for three periods: 1961-1990, 2001-2030 and 2069-2098
(or 2071-2100 for the two RCM-SEEVCCC runs). These are illustrated on a monthly
basis for the bias corrected RCM data for Valjevo for the ech-ebupom projection in
Figure 4.8. There is large variability in monthly precipitation both in the current and in
the two future periods. This projection seems to indicate, however, a decrease in the
median values for total monthly precipitation during the period May – October by the end
of the 21st century. Changes during winter months are generally minimal, relative to the
variability in individual months. Plots showing a similar comparison for the control and
future periods for all of the projections for the three climate stations can be found in the
Appendix (Fig. A13 – A15). Amongst these projections, the two RCMs based on the
Hadley GCM (had-clm and had-hadrm) indicate notable decreases in monthly
precipitation during the summer months at all three climate stations. Otherwise, changes
are small relative to the overall variability in individual months. A summary of the
projected changes in seasonal precipitation is given in Table 4.3 below and highlights the
differences between the large decreases projected by the Hadley-driven RCMs and the
smaller changes projected by other RCMs.
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Figure 4.8: Distribution of monthly total precipitation values at Valjevo for the three
periods 1961-1990, 2001 - 2030, and 2071 – 2100 for the ech-ebupom projection,
following bias correction of daily values on a monthly basis.

Table 4.3: Projected changes in average precipitation during the summer vs. winter halfyear periods for each RCM projection at each of the three climate stations. The values
given are for the change between the control period (1961-1990) and the future period
(2069-2098 or 2071-2100).
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5 Hydrological projections
5.1 Methods and projection periods
The HBV model (Bergström, 1976; SMHI, 2011) was used to investigate potential
changes in runoff under a future climate in each of the catchments. The HBV parameter
sets calibrated at NVE (Section 3) were used for simulations with the two RCMSEEVCCC projections and the four ENSEMBLES projections (Table 4.1). The HBV
model is run at a daily time resolution for the three time periods for which climate data
are available (1961-1990, 2001-2030 and 2069-2098 or 2071-2100), where the first year
serves as a spin-up period for the model. The period 1962-1990 was hence used to
represent the climate during historical periods. Runoff and snow storage during the
control period is compared with simulation results for the two periods in the 21st century:
2002-2030 (all projections) and 2070-2098 (the four ENSEMBLES projections) or 20722100 (the two RCM-SEEVCCC projections). See also Section 4.
The HBV parameter sets calibrated at RHMSS were also used for simulations, and these
were applied in the same way and with the same input data as the NVE simulations. It
was found that the results of the two parallel simulations (by using two slightly different
HBV parameter sets - Section 3), were not at variance to a significant degree; therefore,
it was decided to use the simulations obtained by using the parameter sets calibrated at
NVE for further analysis in this study. The simulations obtained by using the parameter
sets calibrated at RHMSS are available at: http://www.seevccc.rs/HBVclimate.

5.2 Hydrological projections
5.2.1 Current and future water balance
Current and future water balance fluxes (mm/year) in the Kolubara and Toplica
catchments are shown in Figures 5.1 and 5.2, respectively. The figures in general indicate
decreases in runoff for future projections, as also shown in Figures 5.3 and 5.4. The
decreases in runoff are particularly noticeable by the end of the century and reflect the
expected decrease in precipitation that is also discussed in Section 4. The signal of the
evapotranspiration is somewhat less consistent, but most projections indicate a slight
increase in mean annual evapotranspiration (Figures 5.3 and 5.4).
Average annual runoff values (mm/year and m3/s) for the Kolubara and Toplica
catchments for the control and future periods calculated from simulations based on the
climate model input data are given in Tables 5.1 and 5.2. Values calculated from
observed and modelled data for the period 1962-1990 are also shown. For the modelled
data, each value reported represents the mean value based on each climate projection.
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Figure 5.1: Mean annual water balance fluxes (mm/year) in the Kolubara catchment.
“C”, “P1” and “P2” denote the periods 1962-1990, 2002-2030 and 2070-2098/20722100, respectively.

Toplica
600
500

600
149

172
169
124

mm/year

400
300

153139

149149
101

148127

366
347362

351355
332

163156109

381
358 373

396
371
351

377387
361

350357349

500
400

84

101
359

167156
107

300

200

200

100

100

0

Runoff
Evap
Precip

stx_ebupom_C
stx_ebupom_P1
stx_ebupom_P2

ech_ebupom_C
ech_ebupom_P1
ech_ebupom_P2

had_hadrm_C
had_hadrm_P1
had_hadrm_P2

ech_regcm_C
ech_regcm_P1
ech_regcm_P2

had_clm_C
had_clm_P1
had_clm_P2

ech_hirham_C
ech_hirham_P1
ech_hirham_P2

Obs (1962‐1990)

0

Figure 5.2: Mean annual water balance fluxes (mm/year) in the Toplica catchment. “C”,
“P1” and “P2” denote the periods 1962-1990, 2002-2030 and 2070-2098/2072-2100,
respectively.
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Figure 5.3: Projected changes (percent) in the water balance fluxes in the Kolubara
catchment, compared to the control period (1962-1990). “P1” and “P2” denote the
periods 2002-2030 and 2070-2098/2072-2100, respectively.
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Figure 5.4: Projected changes (percent) in the water balance fluxes in the Toplica
catchment, compared to the control period (1962-1990). “P1” and “P2” denote the
periods 2002-2030 and 2070-2098/2072-2100, respectively.

The results indicate a substantial decrease in average annual runoff for both catchments at
the end of the century, as compared with the 1962-1990 reference. In the Kolubara
catchment, most models actually project an increase in runoff for the period 2002-2030,
with the exception of had-clm and had-hadrm which indicate a decrease in runoff also in
the near future period followed by a decrease later in the century. In the Toplica
catchment, most models project a decrease in the near future period, with the exception of
ech-hirham that projects a light increase in runoff in the near future period. The models
are in more agreement in the Toplica catchment than in the Kolubara catchment. This
agreement, or lack thereof, reflects the projected changes in precipitation values (Figs 5.3
and 5.4). In the Kolubara catchment, for example, a slight increase in precipitation at the
end of the century is projected by the models resulting in the smallest runoff decreases
(ech-hirham and ech-regcm). However, taken as a whole, the results suggest that the
average annual runoff will most likely decrease by 30 to 40 percent by the end of the
century (relative to the 1962-1990 control period) both in the Kolubara and Toplica
catchments.
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Table 5.1: Average annual runoff (in mm/yr and m3/s) and percent change in future
periods for Kolubara.

Simulated from
observed P,T
ech-hirham
had-clm
ech-regcm
had-hadrm
ech-ebupom
stx-ebupom

1962-1990
(control)
mm/yr
m3/s
350
11.0
381
12.0
331
10.4
332
10.4
349
11.0
373
11.7
351
11.0

20022030
mm/yr
m3/s

463
14.5
301
9.4
361
11.3
330
10.4
380
11.9
366
11.5

% change
from
control

21
-9.1
8.7
-5.3
2.1
4.1

2070/20722098/2100
mm/yr
m3/s

350
11.0
199
6.3
320
10.1
218
6.9
226
7.1
234
7.3

% change
from
control

-8.2
-40
-3.6
-37
-39
-33

Table 5.2: Average annual runoff (in mm/yr and m3/s) and percent change in future
periods for Toplica.

Simulated from
observed P,T
ech-hirham
had-clm
ech-regcm
had-hadrm
ech-ebupom
stx-ebupom

1962-1990
(control)
mm/yr
m3/s
149
10.5
169
11.9
153
10.9
149
10.6
148
10.4
167
11.8
163
11.5

20022030
mm/yr
m3/s

172
12.2
139
9.9
149
10.5
127
9.0
156
11.0
156
11.0
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% change
from
control

1.8
-9.2
-0.6
-14
-6.9
-4.2

2070-2098/
2072-2100
mm/yr
m3/s

124
8.8
101
7.1
101
7.2
84
5.9
107
7.6
109
7.7

% change
from
control

-26
-34
-32
-43
-36
-33

5.2.2 Projected changes in snow storage
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Average snow storage by month is illustrated for each of the catchments for each time
period in Figures 5.5 and 5.6. Figures 5.5 and 5.6 present the spread in the mean monthly
values for the six projections, i.e. only six values underlie each box plot. In terms of
changes in snow storage, all projections indicate a marked reduction in storage under a
future climate. For the month with the maximum amount of snow in the control period,
future snow storage is reduced by 70 to 80 percent by the end of the century, compared to
the control period. Small differences in temperature and precipitation can cause a large
spread in values for snow accumulation and snow melt, and this effect is especially
noticeable in the Kolubara catchment in the current and near future periods. The projected
changes in snow accumulation and melt also have a subsequent effect on winter and
spring runoff, see Section 5.2.3.
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Figure 5.5: Distribution of average snow storage by month for each time period for the
Kolubara catchment.
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Figure 5.6: Distribution of average snow storage by month for each time period for the
Toplica catchment.
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5.2.3 Projected changes in runoff
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Changes in patterns of seasonal runoff, calculated in terms of average daily discharge by
month, are illustrated in Figures 5.7 and 5.8 for the Kolubara and Toplica catchments.
Figures 5.7 and 5.8 present the spread in the mean monthly values for the six projections,
i.e. only six values underlie each box plot. The projections in general indicate a decrease
in runoff throughout the year . The largest decreases in runoff are associated with spring
runoff, partly resulting from the reduction in snow storage (Figures 5.5 and 5.6). A large
spread in runoff values is also associated with the spring and winter seasons, both in the
current and future periods. Although the largest decreases in runoff occurs in the winter
season, the projected decreases in runoff in summer may be more serious, as is also
considered in section 5.2.5. The distributions of monthly discharge for all six projections
in the catchments are presented in Appendix A (Figures A.16 and A.17).
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Figure 5.7: Distribution of monthly mean discharge values for the six RCM-HBV
combinations in the Kolubara catchment.
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Figure 5.8: Distribution of monthly mean discharge values for the six RCM-HBV
combinations in the Toplica catchment.
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5.2.4 Projected changes in peak flows
The annual maximum flow series were calculated for each of the two catchments for the
three time periods: 1962-1990, 2002-2030, and 2070-2098/2072-2100 for each of the six
climate projections, and their distribution is illustrated in Figure 5.9 and Figure 5.10. The
annual flood series is used for the estimation of floods of given return periods. The flood
series for both catchments tend to indicate little change or a small reduction in the median
value by the end of the 21st century. At Kolubara, five of the six projections indicate that
the maximum value of the annual flow series will be higher by the end of the century, and
four of the six projections also indicate a higher value in the 2002-2030 near-future
period relative to the 1962-1990 control period. At Toplica, however, an increase in the
peak annual discharge values is not apparent, with the distribution of values remaining
relatively similar in all three time periods. Note that for both catchments the largest
simulated peak value is based on the ech-hirham projection for the 2002-2030 period.

Figure 5.9: Distribution of annual maximum flow series at Kolubara for the three time
periods and the six climate projections.
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Figure 5.10: Distribution of annual maximum flow series at Toplica for the three time
periods and the six climate projections.
The annual maximum series illustrated above for the two catchments were used to
estimate the 10-year and 50-year floods, based on a two-parameter Gumbel extreme value
distribution. These are illustrated in Figure 5.11 and Figure 5.12. It should be kept in
mind, however, that the values represent average daily discharge as simulated by the
HBV hydrological model based on daily input precipitation series. It is not possible to
consider changes in flood hazard due to, for example, increases in short-duration subdaily rainfall, for example, in this analysis. Changes in patterns of convective rainfall can
have significant implications for flooding in small catchments, but these can not
evaluated here.
At Kolubara (Figure 5.11), some of the simulations (e.g. those based on ech-hirham, echregcm and stx-ebu) point towards increases in flood magnitudes relative to the 1962-1990
control period. Others suggest minimal changes (e.g. had-clm and ech-ebu) or possible
increases followed by decreases (had-hadrm).
At Toplica, the two simulations based on the RCM-SEEVCCC suggest small increases
relative to the 1962-1990 control period, while the remaining projections show minimal
changes or slight decreases. At both Kolubara and Toplica, the higher values projected for
the 2002-2030 period based on simulations with the ech-hirham RCM data are a direct
consequence of the single outlying value seen in the annual maximum series (Fig. 5.9 and
Fig.5.10) for the two catchments.
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Figure 5.11: Comparison of the magnitude (average daily discharge) of the average
annual flood, the 10-year flood, and the 50-year flood for the three periods for each of
the simulations based on the six climate projections for Kolubara.

Figure 5.12: Comparison of the magnitude (average daily discharge) of the average
annual flood, the 10-year flood, and the 50-year flood for the three periods for each of
the simulations based on the six climate projections for Toplica.
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5.2.5 Projected changes in droughts
The threshold level method was adopted to select drought events for both present and
future climates, following the method presented in Wong et al. (2011). The method is
based on defining a threshold below which the runoff is considered to be in drought
(also referred to as a low flow spell). A 7-day moving average procedure was applied to
all daily runoff series before further analyses, so as to reduce the possible effect of
dependent and minor droughts. A 90th percentile of exceedance frequency for each of the
two catchments was calculated and used as threshold level for the drought event
selection. This percentile and corresponding threshold value, based on the control period
(1962-1990), was then also applied to the two projection periods: 2002-2030 and 20702098. To examine projected changes in droughts, three drought characteristics were
considered, i.e. a) number of drought events, b) drought duration and c) timing of the start
of the drought.
a) At Kolubara, the results suggest that the number of drought events will increase
considerably by the end of the 21st century for most of the projections, except from
the ech-hirham where a small reduction is expected when compared with the control
period (see Figure 5.13a). For the 2002-2030 period, two of the projections, the echhirham and the had-hadrm, indicate a small decrease in drought occurrence whilst the
others show a minor increase. At Toplica, the pattern of change is rather similar, with
all the projections indicating an increase in drought frequency by the end of the 21st
century (see Figure 5.14a). Two projections, the ech-regcm and the had-hadrm,
suggest a reduction in drought occurrence during the near-future 2002-2030 period.
For the other projections, an unchanged value or a small increase is expected. In
general, drought occurs more often at Kolubara than Toplica in all the study periods.
b) For drought duration, the four projections provided by the ECHAM4/5 (ech-hirham,
ech-regcm, ech-ebupom and stx-ebupom) indicate shorter drought duration in the
period of 2002-2030 for both catchments (see Figure 5.13b and Figure 5.14b).
However, the HadCM3Q0’s projections (had-clm and had-hadrm) show that droughts
will last longer in the same period. Considerably longer drought durations are
expected towards the end of the 21st century based on most of the projections.
HadCM3Q0 generally tends to give longer drought duration than ECHAM4/5. Taken
as a whole, an average drought lasts longer at Toplica than at Kolubara.
c) The analyses show that a considerable number of droughts will start earlier by the end
of the 21st century for both catchments (see Figure 5.13c and Figure 5.14c). For the
2002-2030 period, projections of the ECHAM5 (ech-hirham, ech-regcm and echebupom) point towards a slight delay in drought start whilst the other projections
(had-clm, had-hadrm and stx-ebupom) indicate an earlier start of drought. The range
of timing is much larger in the future than the control period. The projections also
tend to vary a lot more at Kolubara than Toplica.
Generally, drought characteristics derived from the control period based on different
climate projections were quite similar to those derived from observations. The projected
changes in drought characteristics are most likely a result of increased temperature and
reduction of summer precipitation in the future climate.
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Figure 5.13 Drought characteristics (a) no. of drought events, (b) drought duration and
(c) timing of drought start, derived from the six climate projections and observed data at
Kolubara for the three time periods (1962-90, 2002-2030 and 2070-2098). The thick
black line on the box in (b) and (c) indicates the median value, the lower and upper
boundaries of the box are the 25th and 75th percentiles. The lower and upper ends of the
‘whiskers’ in (b) are the minimum and maximum values of the drought duration while
they refer to the earliest and the latest drought start for the period indicated in (c).
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Figure 5.14 Drought characteristics (a) no. of drought events, (b) drought duration and
(c) timing of drought start, derived from the six climate projections and observed data at
Toplica for the three time periods (1962-1990, 2002-2030 and 2070-2098). The thick
black line on the box in (b) and (c) indicates the median value, the lower and upper
boundaries of the box are the 25th and 75th percentiles. The lower and upper ends of the
‘whiskers’ in (b) are the minimum and maximum values of the drought duration while
they refer to the earliest and the latest drought start for the period indicated in (c).
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6 Conclusions
The hydrologic projections for the Kolubara and Toplica catchments in general indicate
decreases in snow storage and substantial decreases in runoff. The decreases in runoff are
particularly noticeable by the end of the century and reflect expected increases in
evapotranspiration and decreases in precipitation. Taken as a whole, the results suggest
that the average annual runoff will most likely decrease by 30 to 40 percent by the end of
the century (relative to the control period) both in the Kolubara and Toplica catchments.
The largest decreases in runoff are projected to occur in the winter season. However, the
projected decreases in runoff in summer may be more serious, since there is already little
runoff in the summer months.
The flood series, based on daily time steps, tend to indicate little change or a small
reduction in the median value by the end of the 21st century. At Kolubara, most
projections indicate that the maximum value of the annual flow series will be higher both
in the near future and in the far future, compared to the control period. At Toplica,
however, an increase in the peak annual discharge values is not apparent, with the
distribution of values remaining relatively similar in all three time periods.
At both Kolubara and Toplica, the results suggest that the number of drought events will
increase considerably by the end of the 21st century, and that considerably longer drought
durations are expected for most of the projections. The analyses also show that a
considerable number of droughts will start earlier in the summer by the end of the 21st
century for both catchments. The projected changes in drought characteristics are most
likely a result of increased temperature and reduction of summer precipitation in the
future climate.
It should be noted that it is not possible to attribute the projected hydrologic changes to
the GCMs and/or RCMs alone. The bias-correction method used may well have an
influence on the estimated changes.
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Appendix A

Figure A1: Distribution of average monthly temperature for the 1961-1990 period for
observed series (blue) as compared with uncorrected RCM series (red) and bias
corrected RCM series (green) for the Kuršumlija climate station.
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Figure A2: Distribution of average monthly temperature for the 1961-1990 period for
observed series (blue) as compared with uncorrected RCM series (red) and bias
corrected RCM series (green) for the Niš climate station.
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Figure A3: Distribution of average monthly temperature for the Jan. 1961 - Oct. 1988
period for observed series (blue) as compared with uncorrected RCM series (red) and
bias corrected RCM series (green) for the Valjevo climate station.
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Figure A.4: Mean absolute error (MAE) estimated as the difference between the monthly
empirical CDF for the observed daily precipitation values and the empirical CDF for the
uncorrected and bias corrected daily precipitation values for the Kuršumlija climate
station. The results based on the empirical CDFs for all values is indicated as ‘All’.
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Figure A.5: Mean absolute error (MAE) estimated as the difference between the monthly
empirical CDF for the observed daily precipitation values and the empirical CDF for the
uncorrected and bias corrected daily precipitation values for the Niš climate station. The
results based on the empirical CDFs for all values is indicated as ‘All’.
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Figure A.6: Mean absolute error (MAE) estimated as the difference between the monthly
empirical CDF for the observed daily precipitation values and the empirical CDF for the
uncorrected and bias corrected daily precipitation values for the Valjevo climate station.
The results based on the empirical CDFs for all values is indicated as ‘All’.
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Figure A.7: Distribution of monthly total precipitation for the 1961-1990 period for
observed series (blue) as compared with uncorrected RCM series (red) and bias
corrected RCM series (green) for the Kuršumlija climate station.
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Figure A.8: Distribution of monthly total precipitation for the 1961-1990 period for
observed series (blue) as compared with uncorrected RCM series (red) and bias
corrected RCM series (green) for the Niš climate station.
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Figure A.9: Distribution of monthly total precipitation for the 1961-1990 period for
observed series (blue) as compared with uncorrected RCM series (red) and bias
corrected RCM series (green) for the Valjevo climate station.
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Figure A.10: Distribution of monthly average temperatures at Kuršumlija for the three
periods 1961-1990, 2001-2030, and 2069-2098 for all six projections, following bias
correction.
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Figure A.11: Distribution of monthly average temperatures at Niš for the three periods
1961-1990, 2001-2030, and 2069-2098 for all six projections, following bias correction.
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Figure A.12: Distribution of monthly average temperatures at Valjevo for the three
periods 1961-1990, 2001-2030, and 2069-2098 for all six projections, following bias
correction.
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Figure A.13: Distribution of monthly precipitation at Kuršumlija for the three periods
1961-1990, 2001-2030, and 2069-2098 for all six projections, following bias correction.
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Figure A.14: Distribution of monthly precipitation at Niš for the three periods 19611990, 2001-2030, and 2069-2098 for all six projections, following bias correction.
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Figure A.15: Distribution of monthly precipitation at Valjevo for the three periods 19611990, 2001-2030, and 2069-2098 for all six projections, following bias correction.
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Figure A.16: Distribution of monthly discharge for all six projections in the Kolubara
catchment.
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Figure A.17: Distribution of monthly discharge for all six projections in the Toplica
catchment.
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