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ABSTRACT: The objective of this study was to investigate the performance of
streamflow in a lowland mesoscale catchment in Poland under current and future climate
conditions. Simulations of hypothetical streamflow in the future climate were facilitated
by meteorological data sets from ensemble simulations from all over Europe with the
Regional Climate Model CLM. Projections of precipitation and air temperature for the 21st
century under the SRES A1B scenario were used as an input to the hydrological model
simulating streamflow at the daily time scale. The combination of relatively moderate
increase of annual precipitation sum and mean air temperature might cause lower annual
discharges. The possible decrease in stream water resources might be a signal of reduced
subsurface recharge and land over drying processes.
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INTRODUCTION

The nowadays observed climate changes associated the global warming have an
increasing impact on the environment, including the aquatic environment. This also
applies to the natural environment in Poland. The widening of the water deficit in
natural circulation is particularly felt in the central lowlands belt, creating the need to
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assess stream water resources. A projection of the climatic water balance for Poland
indicates the possibility of increasing the water deficit, especially during the summer
(Szwed et al. 2010). The need to protect water resources and the requirement to cope
with extreme hydrological events (Projekt... 2008) creates the necessity of detailed
studies at different geographical scales (Soczynska, Gutry-Korycka 2000). In the
changing climate, with increasing air temperature and precipitation changes, stream
water resources can be significantly transformed. There have been quite a number
of studies addressing the problem of hydrological consequences of climate change.
A recently reported global-scale analysis confirms the projected changes of seasonal
river flow dynamics in basins where winter precipitation is currently dominated by
snowfall (D6ll, Miiller Schmied 2012). In these regions, winter or spring flows are
projected to increase, while summer flows are foreseen to presumably decrease. In
most regions north of 35°N, discharge during summer months is projected to decrease.
However, the conclusions on how climate change might affect runoff regimes in the
future significantly depend on the assumptions concerning the reference period, as
well as on projections of different Global Circulation Models, which diverge widely
(Sperna Weiland et al. 2012). Going from global scale to mesoscale the question
arises to what extend water resources of a lowland catchment could be limited in
the future.

The overall aim of this research was to assess stream water resources of the Liwiec
river in the context of the changing climate. The target was to predict what could
happen with the river regime if the climate pattern continues on its current track,
projecting a rise of air temperatures and precipitation. The catchment area is 2471 km?
at the Lochow cross-section (Fig. 1). The catchment has a gently rolling topography
with denivelation reaching 140 m. The scheme of the research procedure is presented
in Figure 2. In order to assess the hypothetical future changes in the river regime,
the rainfall-runoff modeling approach was applied. Continuous discharge simulations
were performed using the HBV-light hydrology model (Seibert 1997; Seibert 2005;
Seibert, Vis 2012). First, the model was calibrated and validated in the reference
period and then the discharge simulations in the projected climate conditions were
analysed. The selected meteorological data acquired from the Regional Climate Model
CLM (Hollweg et al. 2008) were applied as an input to the calibrated hydrological
model. Runs of CLM were forced with the output of the ECHAMS/MPIOM global
climate model. These experimental simulations of regional climate were computed by
the “Model and Data” group of the Max Planck Institute for Meteorology (MPI-M)
in Hamburg. Precipitation and air temperature data were obtained from the CLM
simulations of the regional climate in the 20t century (1961-2000) and the 21st
century (2021-2060).
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Figure 1. Location of the catchment area

CALIBRATION AND VALIDATION OF HYDROLOGICAL
RAINFALL-RUNOFF MODEL
1961-2010

SELECTION OF PROJECTION
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Figure 2. Scheme of the research procedure
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SUPPORTING DATA AND METHODS OF ANALYSIS

Daily data of streamflow and precipitation were acquired for the reference period
of the years 1961-2011. Streamflows concern the Liwiec river at the Lochoéw cross-
section, whereas precipitation and temperature are registered at the Siedlce rain-gauge
station. Long-term mean monthly values of potential evapotranspiration were received
from the MARS-STAT dataset (MARS 2007). Daily data in the projection period of
the years 2021-2060, as well as in the reference period of the years 1961-2000 were
extracted from the CLM runs comprising sets of precipitation, air temperature and
evapotranspiration acquired in grid cells in the catchment area. They were retrieved
in the Net-CDF format and processed to get the spatially averaged mean catchment
values of the considered variables. The output variables from the CLM runs for the
21st century concern the SRES A1B Emissions Scenario. The CLM climate simulations
show a systematic bias in the precipitation data when compared with the observations
in the reference period of the years 1961-2000. A correction method was used to
ensure high consistency with the precipitation amount. The rain gauge station data
from Siedlce were used to correct the bias. Since the CLM simulated precipitation
in the 20t century was distinctly higher than that at the rain gauge station located
within the catchment, the bias correction adjusts the precipitation within the catchment
in the 21t century to values lower than the projected data. The correction factor to
correct evapotranspiration in the 21st century was similarly calculated.

The Swedish HBV model (sw. Hydrologiska Byrans Vattenbalansavdelning model)
in the HBV-light version (Seibert 2005; Seibert, Vis 2012) was used to simulate the
streamflow hydrograph. It is a conceptual model extensively tested in operational
hydrology in many countries. The advantage of using this model is a relatively small
number of its parameters, easily available both for the observational period in the 20t
century and for the climate projections in the 215t century. The input to the model are
precipitation, evapotranspiration and air temperature, which enables the separation of
solid and liquid forms of precipitation. The catchment system is symbolized by three
sub-systems in the form of a fictional tank of the unsaturated zone, and the upper
and the lower reservoirs of groundwater.

The following steps were required to conduct the analysis:

— the calibration and validation of the hydrological model based on data in the

reference period covering the years 1961-2000;

— aselection of the climate projection and acquisition of the meteorological variables

in the projection period covering the years 2021-2060;

— discharge simulations in the projection period using the calibrated hydrological
data;

— a comparison of streamflow and discharge characteristics between the reference
and projection periods.

The scheme of the research procedure is presented in Figure 2.
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The model calibration was conducted using streamflow data from a chosen five-year
period covering the years 1968—1972. During this period, there were both relatively
high and low flows. The Monte Carlo approach was used to randomly generate
the parameter sets of the model. Different efficiency criteria were applied to assess
the “closeness” of the simulated (modelled) streamflow to the observed one. They
comprise the efficiency objective function — R, the efficiency objective function
using the logarithm of streamflow — R 4, the coefficient of determination — R2, and
the mean difference — M (Seibert 2005). The first three measures should be as close
as possible to the value of 1 to represent a perfect fit, whilst the last one should be
equal to zero. The best results of the objective functions were obtained for three sets
of model parameters (Tab. 1). The preliminary calibration of the model was reported
in an earlier study (Somorowska, Pigtka 2012) and is revisited here by applying an
alternative response function with delay. The values of the model parameters from
the current calibration are shown in Table 2. In all cases the values of R, and R2
were over 0.8, the values of R, were equal to or greater than 0.7 and the values
of M were equal to zero. Based on that it was assumed that all three parameter sets
gave relatively acceptable simulations and the simulated streamflow over the reference
period shows high conformity with the observed one. An example of the course of
streamflow simulated with parameters from the set no. 2 is shown in Figure 3. However,
on the scatter plot of the observed versus simulated streamflows it is clearly visible
that the simulated values are slightly below the observed ones (Fig. 4). For three sets
of parameters the average simulated streamflows were within the range of 0.89-0.91
of the observed in the years 1968—1972. For the periods of validation (1991-1995
and 2007-2011) the possible lower limit of underestimation was slightly greater and
lies within the range of 0.85-0.92. In order to incorporate the uncertainty estimation,
the mean correction factor was implemented to the simulated streamflow. An analysis
of streamflow for the future climate conditions in 215t century was performed using
modelled streamflow values as well as those multiplied by the factor 1.19 (reciprocal
of the 0.85 factor) indicating the uncertainty level.

Table 1. Values of the objective functions obtained during the calibration of the model
for the years 1968—1972

Objective function Set no. 1 Set no. 2 Set no. 3
R 0.837 0.836 0.827
R2 0.837 0.836 0.827
R 10g 0.712 0.710 0.697
M 0 0 0

There are a number of different indicators of hydrological alteration applied to assess
changes in the river regime. The Indicators of Hydrologic Alteration (IHA) comprising
32 different hydrologic parameters are widely used (Richter et al. 1996). Based on
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Table 2. Parameter values of the best fit sets obtained in the calibration procedure
using the Monte Carlo method

Model parameter Set no. 1 Set no. 2 Set no. 3
TT —0.551 —0.495 —0.600
CFMAX 2.384 2.370 2.300
SFCF 0.943 0.937 0.950
CFR 0.000 0.001 0.001
CWH 0.141 0.148 0.132
FC 158 162 193
LP 0.57 0.59 0.66
BETA 3.520 3.540 3.537
ALPHA 0.51 0.53 0.52
K1 0.038 0.039 0.043
K2 0.001 0.001 0.001
MAXBAS 5.58 6.05 5.80
PART 0.760 0.760 0.815
DELAY 12 6 22

Explanation of symbols: TT — target temperature (°C), CFMAX — degree-day factor (mm °C-! day-!),
SFCF- snowfall correction factor (—), CFR — refreezing coefficient (—), CWH — water holding capacity
(=), FC — maximum soil moisture (mm), LP — soil moisture threshold for the reduction of evapora-
tion, BETA — shape coefficient (—), ALPHA — non-linearity coefficient (—), K1 and K2 — recession
coefficients (d-!), MAXBAS — routing, length of the weighting function (d), PART — portion of the
groundwater recharge (=), DELAY — period over which the remaining portion of recharge is evenly
distributed (d).

that the Dundee Hydrological Regime Assessment Method (DHRAM) was developed,
classifying the degree of alteration to hydrological regime using a five-point scale
which refers to the risk of ecological damage (Black et al. 2005). Some studies address
the need to develop guiding principles to aid the choice of the most important river
flow indices from a large set of possible parameters (e.g. Monk et al. 2007). In other
studies it is proposed to minimize statistical redundancy by selecting a small set of
representative indicators (Gao et al. 2009). In this study basic indicators of change
have been applied based on the chosen IHA indicators. These include the magnitude
of monthly streamflows, the magnitude of annual discharge and the timing of monthly
streamflows. The comparison was based on the streamflow characteristics derived for
the reference period (1961-2000) and the projection period (2021-2060). The range
of annual discharge values in the past and future was studied using curves of the
annual cumulative discharge amount. For the study catchment, Figure 5 shows the
mean monthly values of meteorological variables in the reference period compared to
the projection period. Under the A1B scenario, air temperature is expected to increase
slightly in all months, on average by 1.35°C (Fig. 5b). Mean annual precipitation is
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expected to increase by 55mm (Fig. 5a). There is also projected an increase in mean
annual evapotranspiration, by 17 mm (Fig. 5c), as well as in mean annual potential

evapotranspiration, by 22 mm (Fig. 5d).
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Figure 3. Simulated streamflow with parameters from the set no. 2 against the observed values
in the years 1968—1972, for which the model calibration was done.
determination (R2) was calculated separately for each hydrological year
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Figure 4. Scatter plot of the simulated against observed streamflows for the model calibration
with parameter set no. 1 (a), set no. 2 (b) and set no. 3 (c).
The bold black line symbolizes the relation ‘Qsim = Qobs’, whereas the linear regression line
is plotted in grey color
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Figure 5. Values of precipitation (a), air temperature (b), evapotranspiration (c)
and potential evapotranspiration in the reference period and in the projection period
for the years 2021-2060 predicted by the CLM climate model.
In the case of potential evapotranspiration the reference period starts from the year 1967
due to limited data availability at the ground reference station
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STREAMFLOW IN THE 20™ CENTURY
AND ITS PROJECTION OF CHANGE IN THE 21T CENTURY

First, the impact of the expected climate change was examined by comparing the
daily streamflow course in the reference period and in the future period (Fig. 6).
In the course of the observed hydrograph two sub-periods can be distinguished. In
the years 1961-1980 relatively high daily streamflows appeared with the maximum
over 270 m3-s'l. In a gradually warming climate relatively lower streamflows were
observed in the years 1981-2000 with the maximum not exceeding 150 m3-s-!. From
model simulations it is predicted that future maximum streamflows will continue as
in the last decades of the 20t century.
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Figure 6. Daily streamflow evolution for the period 1961-2000 (a)
and in the projection period for the years 2021-2060 (b)

Figure 7 shows the expected change in the monthly streamflow (Fig. 7a) and
corresponding values of the monthly discharge (Fig. 7b). Generally, the seasonal
cycle is predicted to follow the historical type, though an amplification of the cycle
might be expected in one winter month (January) and one summer month (August).
The predicted increase in precipitation in the months from November to May will not
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Figure 7. Mean monthly values of streamflow (a) and discharge (b) in the reference 1961-2010
and projection 2021-2060 periods. For the projection period values concern these simulated by
the calibrated model (simulated) and those including uncertainty
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Figure 8. Annual cumulative discharge curves for the projection period for the years 2021-2060
based on simulations with the parameters of set no. 1 (a), set no. 2 (b) and set no. 3 (c)
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Figure 9. Annual cumulative discharge curves for the reference period (a),
for the projection no. 2 as simulated (b) and for the projection no. 2 as simulated
with the upper limit of uncertainty (c)

give an increase in flow except the flows in January. The streamflow in August
is expected to decrease slightly due to the combination of increased temperature
and consequent increased evaporation. Consideration of streamflow values with the
correction factor shows the upper uncertainty band. The mean annual discharge in
the years 1961-2000 was equal to 142 mm, whereas mean predicted value was 124
mm from model simulations and 148 mm as the upper limit. The results show that
there is a risk of a decrease in river water resources, however due to the uncertainty
of model simulations it is also possible that the mean in the reference period might
be slightly exceeded. Figure 8 shows the range of annual cumulative discharge curves
for the future projections. By using three sets of model parameters, the results are
similar (Fig. 8a—c).The maximum cumulative discharges in the future, both for the
model simulated values and for the corrected values are below the values in the
reference period (Fig. 9). In the reference period exceptionally high annual discharges
took place in 1967 (246 mm), in 1975 (214 mm) and in 1979 (215 mm). The lowest
discharge appeared in 1963 with the value of 81 mm. A different range is predicted
by the model for the future. It is expected to be within the range of 58-184 mm as
modelled and within the range 69-219 mm, if considering the correction factor.

It is important to emphasize that the prediction of streamflow changes was based
only on the selected climate model simulations applied as an input into the hydrological
model. Therefore, the results cannot be considered as definitive. Climate variables such
as temperature and precipitation are simulated by different climate models with different
accuracy. Hence the degree of uncertainty associated with the climate predictions has
direct influence on the uncertainty of streamflow simulations. Therefore this impact
study is planned to be broaden in the next research phase and based on a larger
number of climate models to assure ensemble prediction and to consider a full range
of possible streamflow changes.
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SUMMARY

This study concerns the inter-annual and seasonal variability and changes in the
streamflow of a mesoscale catchment in Poland in current and future climate conditions.
The investigated hypothesis dealt with the extent of the river regime changes in terms
of future climate. Changes in the seasonal regime of the streamflow and discharge
were analysed, based on the continuous model simulations for the 20t and 21st
centuries.

The results indicate that in the last two decades of the 20t century a decrease in
maximum daily streamflows was a fact. In the next years, as projected for 2021-2060,
a decrease in the annual discharge characterizing the river water resources may appear.
It is possible that the minimal annual discharge may decrease from 81 mm registered
in the year 1963 to the value of approximately 60 mm. The maximal annual discharge
may also decrease from the value of 246 mm observed in the year 1967 to the values
within the range 184-219 mm.

The decrease of river water resources, coinciding with the greatest demand for water
by plants, may consequently reduce the availability of water for natural ecosystems and
agroecosystems which are most common in central Poland. The possible consequences
of changing streamflows caused by the projected climate change are a signal to
take adaptation action. Thus the problem of reliable prediction requires further
research, including extended uncertainty analysis, as well as ensemble simulations
using meteorological variables from different regional climate models to reflect the
widest possible range of projected changes, and thus to reduce the uncertainty of
the projection.
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