5 INTERNATIONAL CONFERENCE

Contemporary achievements in civil engineering 21. April 2017. Subotica, SERBIA

ASSESSMENT OF CLIMATE CHANGE IMPACT ON
FLOOD FLOWS IN TWO CATCHMENTS IN SERBIA

Andrijana Todorovi¢!
Jasna Plavsi¢?
Dragutin Pavlovi¢®
Jovan Despotovié* UDK: 556.06
DOI:10.14415/konferencijaGFS2017.073
Summary Hydraulic structures are designed according to flows of a given return period.
The design flows, estimated by means of statistical analysis, depend on the observations,
while climate change impact is not explicitly taken into account. As operating life of most
hydraulic structures spreads over several decades, climate change impact should not be
neglected.
In this paper an analysis of climate change impact on flood flows is conducted for the
Kolubara River at Slovac and for the Toplica River at Doljevac. The analysis is performed
on the outputs of hydrologic modelling with the precipitation and temperature projections
as the input. The Peaks over Threshold (POT) method is applied for frequency analysis of
floods extracted from the flow projections. Characteristic quantiles are calculated for two
future periods and compared to those estimated over the baseline period. The results
suggest an increase in flood flows, particularly in the mid-21% century. Regardless of
considerable uncertainty, these results can be used as indication of increase in design
flows, and should be therefore taken into consideration within the hydraulic structure
design.

Key words: climate change, flood flows, POT method, the HBV-light model, the Kolubara
River, the Toplica River

1. INTRODUCTION

An accurate estimation of flood flows of given return period is crucial for design and
exploitation of hydraulic structures. The design flows are commonly estimated from the
observed flows by employing either the annual maxima method (AM) or the Peak over
Threshold (POT) method (e.g. Vukmirovi¢, 1991; Vukmirovié¢ and Petrovi¢, 1997; Osuch
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etal., 2016). Both methods rely on the observations, whereas the climate change due to an
increase in greenhouse gases (GHG) concentration cannot be explicitly accounted for. As
the operating life of many hydraulic structures range over couple of decades, climate
change impact due to increase in GHG concentrations should not be disregarded. In other
words, it has to be assessed whether climate change may lead to an increase in design
flows to preserve a safety margin.

Such an analysis should be based on the flow projections, which are obtained from the
climate ones, and a calibrated hydrological model (e.g. Wilby, 2005; Prudhomme and
Davies, 2009a). Climate projections are made by using General Circulation Models
(GCM), which are run under an assumed GHG emission scenario. The GCM results have
to be downscaled to be suitable for hydrological modelling, and bias-corrected to be
consistent with the monthly distributions of the observed precipitation and temperature
distributions in the baseline period (e.g. Xu, 1999; Teutschbein and Seibert, 2012;
Refsgaard et al., 2014). For GCM output downscaling either statistical method or
dynamical methods (i.e. Regional Climate Models — RCM) can be employed (e.g. Bae et
al., 2011). The climate projections are used as an input to a calibrated hydrological model,
resulting in flow projections, i.e. (daily) flow series in a future period. The impact of
climate change is assessed by comparing characteristic flows (e.g. mean flows, flow
percentiles) calculated for the future to the corresponding values estimated for the baseline
period (e.g. Kay et al., 2009; Pechlivanidis et al., 2016). When it comes to flood flows,
percentiles (e.g. 90™ or 95™M), high-flow segment of a flow duration curve or high-flow
quantiles are commonly analysed (e.g. Osuch et al., 2016; Hoang et al., 2016).
Precipitation and temperature simulated by climate models and corrected for bias
correspond to the observed series in terms of statistical distributions rather than in terms
of time series. The distributions of the observed and simulated climate usually have good
agreement for the moderate values, but can significantly differ at tails. Consequently, the
same is true for hydrologic series simulated with the climate model outputs (e.g. Vaze et
al., 2011; Todorovic and Plavsic, 2015). This can lead to considerable differences between
the annual maxima (AM) series of the observed and simulated flows.

In this paper, we investigate whether the POT method could be used in the climate change
impact studies as the flood flows are not selected according to the occurrence year, but
rather according to their magnitude (Todorovi¢ and Yevjevich, 1969; Plavsi¢, 2005; Kay
et al., 2009). Flood flows are estimated from the flow projections for the near future and
mid-21%t century, followed by the POT method application. Impact of climate change is
assessed by comparing peak flow statistics and the quantiles obtained for the future to the
baseline period. The analysis is carried out for two catchments in Serbia.

2, METHODOLOGY
21 CATCHMENTS AND DATA

Flow projections are made for two catchments in Serbia, namely the Kolubara River
upstream of the Slovac stream gauge, and the Toplica River upstream of the Doljevac
stream gauge. In both catchments agricultural land and forests prevail, and the observed
flows are not affected by river training measures (Todorovi¢ and Plavsi¢, 2015).
Catchment properties and gauging stations are listed in Table 1. Both catchments are
characterised by pronounced seasonality in flows: namely, flood flows are usually
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observed in early spring (due to snowmelt), though they may also occur in summer due to
intensive convective storms, particularly in the Kolubara River basin.

Table 1. Catchments and meteorological stations

River Stream Draining Mean Flow Meteoroloaical Stations Available
Gauge Area [km?] [m?3/s] 9 Record Period

Kolubara Slovac 995 9.8 Valjevo 1954-2013

Toplica  Doljevac 2052 g77  Kopaonik, Kursumlija, Nis, 1401 513

Prokuplje

2.2 HYDROLOGIC PROJECTIONS UNDER CLIMATE CHANGE

Flood flows are selected from the daily flow projections, which were obtained for the
Slovac on the Kolubara River and the Doljevac on the Toplica River. Climate change
impact on hydrologic regime in these catchments is elaborated by Todorovi¢ and Plavsi¢
(2015), and it is briefly outlined here.

Daily flows by the end of the 21% century are simulated with the HBV-light hydrologic
model (Seibert and Vis, 2012), which was forced with a climate projections. The climate
projections are made with the ECHAMS5-EBU-POM climate modelling chain (Djurdjevic
and Rajkovic, 2010), which was run under A1B and A2 emission scenarios (IPCC, 2000).
The outputs of the GCM-RCM chain are bias-corrected to fit the distributions of the
monthly observations at the considered meteorological stations (Table ) in the baseline
period (1961-1990).

The semi-lumped HBV-light model (version with three linear reservoirs) was calibrated
over the baseline period for the Kolubara River, and in 1981-2000 for the Toplica River,
and evaluated in the remainder of the record period. Semi-lumped model means that the
entire catchment is represented by a single parameter set, but the meteorological forcing
is adjusted to account for changes with elevation. The model is calibrated according to a
composite objective function that reflects model performance in high- (Nash-Sutcliffe
coefficient, NSE) and low-flow domain (NSE for log-transformed flows), and model
ability to reproduce flow volume (volumetric efficiency VE; Criss & Winston, 2008). The
objectives’ weights are slightly perturbed resulting in the 10-member ensemble, which
combined with two GHG emission scenarios yields 20 flow projections.

2.3 ANALYSIS OF CLIMATE CHANGE IMPACT ON FLOOD FLOWS

The flow projections in the near future (2015-2040) and in mid-21% century (2040-2070)
are used to extract peaks over selected thresholds according to the minimum time elapsed
from the previous peak flow, and minimum flow that should occur in-between two
consecutive events (defined as a ratio to the peak flow). It is assumed that meeting these
criteria warrants independent flow peaks (e.g. Plavsi¢, 2005; Willems, 2009). In this paper,
minimum lapse time is set to 15 days and minimum flow in-between events is set to 30%
of the peak flow (these parameters are common to both catchments). The thresholds of
50 m¥/s for the Kolubara River and 70 m%/s for the Toplica River are selected to provide
one exceedance per year on average for all considered periods. Although Kay et al. (2009)
recommended threshold value that results in three exceedance per year on average, the
goal of this research is to consider extremely high flows so higher thresholds are set.
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The distribution of flood maxima in the POT method is calculated by combining
distribution of peak occurrences (represented by a discrete distribution), and distribution
of peak magnitudes (described by a continuous distribution) (Plavsi¢, 2005). The discrete
distribution is selected according to the dispersion index lq, which is a ratio between the
variance and mean value of a series of annual number of peaks. If 14 takes value between
0.8 and 1.2, the Poisson distribution should be selected; smaller values of Iy indicate the
binomial distribution, while values greater than 1.2 suggest the negative binomial
distribution (Vukmirovi¢, 1990; Vukmirovi¢ and Petrovi¢, 1997; Plavsi¢, 2005). Peak
magnitudes are commonly described by the exponential, Weibull or generalised Pareto
distributions, although application of other distributions has been reported (for a review
see Plavsi¢, 2005).

In this paper flow quantiles are calculated by applying a combination of the Poisson and
Exponential distributions (P+E model):

x=xB+o{—ln[—ln7Fﬂ 1)

where x denotes flow quantile, xg is the threshold, F is the non-exceedance probability, a
and A are parameters of the Exponential and Poisson distributions, respectively. The
parameters can be estimated with the method of moments (Kottegoda and Rosso, 2008):

a=7 2
A=n 3)

where Z stands for the mean peak magnitude, and N denotes mean annual number of

peaks, and it is a ratio between the number of peaks and length of the period.

In this paper, impact of climate change on flood flows is estimated by comparing (1) mean
annual number of peaks, (2) mean peak magnitude, and (3) flow quantiles calculated from
simulated flows (hydrologic model forced with the outputs of the climate model) for the
future and baseline periods. Flows of following characteristic return periods are estimated:
2-, 5-, 10-, 20-, 50-, 100-, 200-, 500-, and 1000-year.

The P+E model is selected primarily because of its parsimony and simplicity (i.e. model
parameters can be easily estimated). Application of the Poisson distribution is also
justified by values of 14 index. Uncertainties due to statistical estimation in the modelling
chain are assumed negligible compared to uncertainty stemming from other elements
(GHG emission scenarios, climate and hydrologic modelling), however, further research
is required to approve this assumption.

3. RESULTS AND DISCUSSION

Empirical distributions of peaks in the baseline period (1961-1990) and in the mid-21%
century (2015-2040) for the Kolubara River are shown in Figure 13. Comparison of
empirical distributions of the observed and simulated peaks on top panel in Figure 13
indicates that flood flows are underestimated by the modelling chains. Therefore, the
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changes in flood flows are estimated from the simulated flows only. The results also
indicate considerable uncertainty in flood flow projections, which increases with the return
period and lag from the baseline period.

Mean annual number of peaks and mean peak magnitude for three time slices are shown
in

Figure2. The results vary with the catchment, and can be summarised as follows:

— The Kolubara River:

o Increase in number of peak occurrences (top panel in

o  Figure2) can be expected in the second time slice (2040-2070), while this number
is expected to remain relatively unchanged in the near future.

o  Peak magnitudes (bottom panel in

o  Figure2) depend on the emission scenario: the A1B scenario suggests decrease,
while the A2 scenario indicates unchanged peak magnitudes in 2015-2040, and
increase in 2040-2070 (also shown in Figure 13).

— The Toplica River:

o  The results for the Toplica River are more sensitive to the emission scenario, i.e.
two scenarios result in opposite signs of the change in annual number of peaks:
namely, the A2 scenario suggests increase in annual number of peaks, especially
in the near future, while A1B indicates decrease.

o  Similar trends are obtained for peak magnitudes, i.e. the A2 scenario indicates that
severe floods in the future (increase in both peak frequency and magnitude).

Relative changes in estimated flow quantiles are presented in Figure 3. The results show
decrease in all quantiles for the Kolubara River in the near future, and increase in the
distant future. Changes in the quantiles for the Toplica River are very uncertain (indicated
by larger width of the boxplots), but the results generally show that increase in extreme
floods may be expected.

Uncertainty in the flood projections is high, which is indicated by great variation in the
results. Therefore, flood flow quantiles obtained for a future period cannot be used
immediately for hydraulic structure design: namely, quantiles estimated from observed
and simulated flows differ markedly (illustrated on top panel in Figure 131). However, the
analysis presented should be carried out to examine for presence of tendency in flood
flows due to increase in GHG concentration. If the projections unequivocally indicate
increase in design flows within the structure operating life (i.e. there is no variation in sign
of change across the ensemble), it may well indicate higher probability of exceedance of
the design flow in the future, and thus higher risk. Therefore, this indication should be
indirectly included in a structure design to preserve a safety margin.

4. CONCLUSIONS

In this paper, climate change impact on flood flows in two catchments in Serbia is
estimated by applying the POT method. The series of peaks are extracted from an
ensemble of 10 hydrologic simulations with different parameter sets under two emission
scenarios. Changes in annual number of peaks, peak magnitude and flood flow quantiles
in two future periods relative to the baseline period are calculated. The results generally
suggest a decrease in flood flows in the near future, and increase in the distant future for
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the Kolubara River, and increase of flood flows for the Toplica River. However, the results
vary with both assumed emission scenario and hydrologic model parameter sets.

As operating life of many hydraulic structures is expected to cover several decades, impact
of climate change should be taken into account. On the other hand, flow projections under
climate change imply considerable uncertainties, particularly in terms of extreme flows.
Therefore, estimated quantiles for a future period cannot be immediately used for a
structure design. However, relative comparison between the flood flows in a future and
the baseline period can suggest whether increase in design flows due to climate change
may be expected. If there is no uncertainty regarding the sign of change, i.e. if all ensemble
members indicate increase in design flows, it is recommended to include this indication in
the design process (for example, to design a structure according to the upper limit of the

confidence interval of a flood quantile).
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Figure 1. Empirical distributions of peaks over threshold from 20 simulations at the
Kolubara River in the baseline period (top) and in the future (bottom panel). Squares in
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the top panel denote observed flows.
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Figure 2. Mean annual number of peaks (top) and peak magnitudes (bottom panels) for each
hydrologic simulation: the Kolubara River (left) and the Toplica River (right panels)
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Figure 3. Climate change impact on flood flow quantiles: near future (top) and mid-21%
century (bottom panel).
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YTUIHAJ KIIMMATCKUX IPOMEHA HA BEJIMKE
BO/IE HA IBA CJIUBA Y CPBUJH

Pesume: Xuopomexnuuxu o0jekmu ce OUMEH3UOHUULY NPeMd RPOMOYUMA 6EIUKUX 800d
uzabpanoe nogpammuoe nepuooa. OyerbeHu K8AHMUIU 3A8UCE 00 OCMOMPEHOS HU3d, 00K
ce egexam KIUMAMCKUX NpOMeHa He YKmyuyje excnauyumuo y npopauyn. Kaxo je
oHCUgOmMHU ek 6efiune XUOPOMEXHUUKUX 2palhesuna HeKoauKo OeyeHuja, ymuyaj
KAUMAMCKUX NPOMeEHA He Ou mpebano 3aHeMapumu.

YV 06om pady amaruzupan je ymuyaj Kiumamckux npomeHa Ha Geiuxe 600e Ha peyu
Konybapu (s.c. Cnosay) u na peyu Tonmuyu (s.c. Jomesay). Ananrusa je ypahena na
OCHOBY Pe3yImama XuopoiouwKo2 Mooeld, Npu 4emy Cy YIa3Hu MemeopoIowKy nooayu
(nadasune u memnepamype) 00OujeHu U3 KIUMAmMcKux npojekyuja. 3a oyeny KeaHmuia
6enUXUX 600a U3 00OUjeHUX XUOPOIOWKUX NPOJeKyuUja NPUMerbeHa je memooa mMemooda
npexkopauera usHad npaza (Memooa nuxkosa). Keanmuiu Hexonuko KapakxmepucmuyHux
nospamuux nepuoda cy cpavyHamu 3a oea Oyoyha nepuoda u ynopeleHu ca KaHmuauma
oopehenum 3a pegepenmuu nepuod. Pesynmamu ykazyjy Ha nogeharee mepooasHux
npomoxa, nocebno cpeounom 21. eexa. bes ob3upa ma eenuxe Heoopehenocmu,
pe3yimamu 08aKge aHdau3e ce Mo2y KOPUCIUmMu Kao UHOUKamop nosefiara MepooasHux
npomoxa Koju 6u mpeoano yKwyuumu y OUMEH3UOHUCAe XUOPOMEXHUUKUX 0bjexama.

Kwyune peuu: Knumamcke npomene, senuxe ode, Memooa npexopaverba usHao npaza
(POT memooa), HBV-light moden, pexa Konybapa, pexa Tonnuya
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