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Abstract River flow projections for two future time hori-
zons and RCP 8.5 scenario, generated by two projects
(CHASE-PL and CHIHE) in the Polish-Norwegian
Research Programme, were compared. The projects
employed different hydrological models over different
spatial domains. The semi-distributed, process-based,
SWAT model was used in the CHASE-PL project for the
entire Vistula and Odra basins area, whilst the lumped,
conceptual, HBV model was used in the CHIHE project for
eight Polish catchments, for which the comparison study
was made. Climate projections in both studies originated
from the common EURO-CORDEX dataset, but they were
different, e.g. due to different bias correction approaches.
Increases in mean annual and seasonal flows were pro-
jected in both studies, yet the magnitudes of changes were
largely different, in particular for the lowland catchments
in the far future. The HBV-based increases were signifi-
cantly higher in the latter case than the SWAT-based
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increases in all seasons except winter. Uncertainty in pro-
jections is high and creates a problem for practitioners.
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Introduction

Under the framework of the Polish-Norwegian Research
Programme, two cross-cutting research projects have been
carried out: (1) Climate Change Impacts for Selected
Sectors in Poland (CHASE-PL) and (2) Climate Change
Impact on Hydrological Extremes (CHIHE). Although the
objectives of these projects were entirely different, there
were several important issues of importance and interest to
both projects. The goal of the CHASE-PL project was to
contribute to improvement of understanding of climate
change in Poland and its impacts on selected sectors in the
country, whilst the objective of the CHIHE project was to
investigate the effect of climate change on extreme flows
(floods and droughts) in selected twinned catchments in
Poland and Norway (Romanowicz et al. 2016). Hence, the
objective of CHASE-PL was considerably broader, with
major contribution from three fields: climatology, hydrol-
ogy and environmental science. The CHIHE perspective
was more focused, with hydrology as the primary disci-
pline involved. In result of different project objectives also
the spatial coverage of both projects was different. The
CHIHE project focused on ten Polish and eight Norwegian
small and middle-sized, nearly natural, catchments,
whereas within the CHASE-PL, depending on the context,
spatial coverage followed one of the following three pos-
sibilities: (1) the entire Polish territory, (2) the area of the
Vistula and Odra basins (VOB) covering most of the Polish
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territory and parts of neighbouring countries, or (3) the
union of both areas, (1) and (2). The main common feature
of the CHASE-PL and the CHIHE was that both projects,
independently of each other and for the first time in Poland,
developed the ensembles of bias-corrected projections of
climate change, based on state-of-the-art EURO-CORDEX
data (Jacob et al. 2014). These ensembles of model-based
climatic projections were used in both projects to drive
hydrological models in order to investigate the effect of
climate change on: (1) various hydrological indicators for
the VOB area covering 312,873 km? (CHASE-PL), and (2)
flood and drought indicators for selected ten Polish catch-
ments ranging in area between 296 and 1554 km®
(CHIHE). Two Polish-Norwegian projects employed two
contrasting hydrological models over different spatial
domains. The semi-distributed, process-based, SWAT
model (Arnold et al. 1998) was used in the CHASE-PL
project for the VOB area, whilst the lumped, conceptual,
HBV model (Bergstrom 1995) was used in the CHIHE
project for selected Polish catchments. Existing thematic
and spatial overlap between CHASE-PL and CHIHE cre-
ated a unique opportunity to compare climate and hydro-
logical projections for eight Polish catchments from
CHIHE (out of the total of ten) that belong to the VOB.
These two overlaps constitute the context of the present
paper.

A well-established procedure of investigating hydro-
logical impacts of climate change at the catchment scale
consists of forcing hydrological models with climate data
derived from the general circulation models (GCMs) or the
regional climate models (RCMs) (Krysanova et al. 2016;
Teutschbein and Seibert 2010; Osuch et al. 2016a). The
modelling chain typically contains multiple choices that
affect the final results and result in dissimilarities between
projections (Kundzewicz et al. 2017). Among the most
prominent choices, there are: the choice of emission sce-
narios, climate models, downscaling and bias correction
methods, hydrological models, indicators used and time
periods (reference and future), etc. Over past several years,
a number of hydrological model inter-comparison studies
were carried out at various spatial scales, e.g. for small or
medium-sized catchments (Dams et al. 2015; Karlsson
et al. 2016), as well as for large river basins (Gosling et al.
2011; Hattermann et al. 2017) and the entire globe (Schewe
et al. 2014). A number of studies focused on cross-scale
comparisons (Gosling et al. 2011; Piniewski et al. 2013;
Gosling et al. 2016; Hattermann et al. 2017). For example,
Piniewski et al. (2013) reported a high consistency of mean
annual runoff change projections obtained from SWAT and
a global-scale WaterGAP model (Alcamo et al. 2003) in
the Narew basin in NE Poland. On the other hand, there
was only a moderate agreement between projections of
high and low runoff, and SWAT generally projected
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changes of larger magnitude than WaterGAP. The nature of
comparison carried out in the present paper is also cross-
scale, due to a large difference in catchment sizes, reaching
two—three orders of magnitude. In contrast to Piniewski
et al. (2013), here the SWAT acts as a large-scale model.

The objective of this study is to compare annual and
seasonal river flow projections obtained from two different
hydrological models: SWAT and HBV. The latter were set
up for eight Polish catchments representing different cli-
matic and physiographic conditions, derived within the two
projects, CHASE-PL and CHIHE. The main point of dis-
cussion is how changes of input variables (air temperature
and precipitation) are transformed into changes of model
output (mean annual and seasonal flows). A secondary
objective is: how reliable are changes in hydrological
projections when different (although comparable) climate
projections are used as input variables?

Materials and methods
Study area

The study area consists of eight Polish catchments (Fig. 1)
having different physiographic and climatic conditions. Four
catchments, Nysa Ktodzka (hereafter: Nysa), Wista, Duna-
jec, and Biata Tarnowska (hereafter: Biata), are located in
southern, mountainous, part of Poland. Mean elevation of
Dunajec catchment (920 m a.s.l.) is distinctly higher than
the elevation of the other three catchments
(377-581 m a.s.l.; Table 1). Four catchments are situated on
the Polish Plain: Olesnica, Mysla, Flinta and Narewka,
ranging in mean elevation between 73 and 179 m a.s.l.
Selected catchments drain the areas ranging in size between
275 (Flinta) to 1084 km? (Nysa). All of them are charac-
terised by semi-natural conditions, with little pressure on
water resources coming from river regulation or land cover
change. Agriculture is the dominating land cover type in the
majority (five) of catchments (My§la, Flinta, Olesnica, Biata
and Dunajec). In two catchments, Wista and Narewka, for-
ests prevail and in the Nysa catchment forest and agricultural
areas are similar in size. Artificial surfaces do not exceed 8%
in all catchments. Climatic conditions largely follow geo-
graphical and topographical conditions (cf. “Hydrological
models” for comparison of temperature and precipitation).
Climatic and physiographic differences are reflected in river
flow statistics, as shown in Table 1 for mean and extreme
specific discharges.

Romanowicz et al. (2016) classified the flood regime of
selected rivers as either snowmelt regime, characteristic for
the four lowland catchments (Olesnica, Mysla, Flinta and
Narewka), rainfall (Dunajec) or mixed (Nysa, Wisla,
Biata). Selected catchments belong to five out of seven
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Fig. 1 Location and runoff coefficients of eight selected catchments in Poland
Table 1 List of selected catchment and their basic characteristics
River Gauge Area  Mean Fraction Fraction of  Fraction of Annual mean  Annual Annual
(km?) elevation  of agricultural  artificial specific minimum maximum
(m a.s.l.)  forests land (%) surfaces discharge (I/s/  specific specific
(%) (%) km?) discharge (1/s/ discharge (1/s/
km?) km?)
Dunajec Nowy Targ 681 920 35.7 59.8 4.5 20.7 4.55 214
Wista Skoczow 297 581 58.8 33.6 7.6 21.1 2.54 309
Biala Koszyce 957 377 29.3 66.7 39 9.49 1.52 183
Tarnowska  Wielkie
Nysa Ktodzko 1083 576 47.0 50.1 2.9 11.9 3.34 122
Ktodzka
Olesnica Niechmiréw 592 179 18.6 77.2 4.2 4.19 0.926 34.8
Flinta Ryczywot 275 117 425 56.9 0.5 2.58 0.473 12.9
Mysla Mysliborz 556 73 26.1 72.0 1.9 2.49 0.580 6.17
Narewka Narewka 635 168 88.0 114 0.6 5.21 1.23 33.1

natural flow regime classes occurring in Poland. Piniewski
(2017) classified Polish flow regimes into four plain
(lowland) classes P1-P4, one upland class Ul and two
mountain classes M1-M2. Of these, only classes P1 (pre-
dominantly coastal rivers) and Ul (rare class of loess- or
limestone-bedrock rivers) are not represented in our sam-
ple. As shown in Fig. 1, mean annual runoff coefficients,

i.e. fractions of annual total runoff volume that is a part of
the total annual sum of precipitation, vary significantly
among catchments: from extreme dry (the Flinta catch-
ment, 0.14) to extreme wet (the Dunajec catchment, 0.59).
For further information on catchment selection and prop-
erties, refer to Osuch et al. (2016b) and Romanowicz et al.
(2016).
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Hydrological models

The HBV model is a lumped conceptual model, originally
developed in the 1970s by Sten Bergstrom in the Swedish
Meteorological and Hydrological Institute to predict the
inflow to hydropower plants (Bergstrom 1976, 1995), but
nowadays it is widely applied across the world for runoff
simulation. The HBV model (Lindstrom et al. 1997) was
used in Matlab® platform. Conceptually, the hydrological
processes are simplified to mathematical functions. In the
lumped version of HBV it is assumed that the catchment is
one single unit and that parameters do not change spatially
across the catchment. The HBV model consists of four
main modules: (1) snowmelt and snow accumulation
reservoir; (2) soil moisture reservoir; (3) fast runoff
reservoir and (4) slow runoff reservoir. The HBV model
uses daily sum of precipitation, daily mean air temperature
and estimated potential evapotranspiration (PET) as input
to generate runoff. In this study, the temperature-based
Hamon method was used to estimate PET (Hamon 1961).

The Soil and Water Assessment Tool (SWAT) model is
a semi-distributed, process-based, continuous-time hydro-
logical model that simulates the transport of water, sedi-
ment and nutrients on a catchment scale with a daily time
step (Arnold et al. 1998). It is a river basin scale model
developed to quantify the impact of land management
practices in large, complex watersheds. In this study,
SWAT2012 rev. 635 model version was used. In SWAT,
river basins are partitioned into sub-basins, which are fur-
ther divided into hydrological response units (HRUs), the
objects based on a combination of soil, land cover and
slope overlay within each sub-basin. All water balance
components are calculated separately for each HRU, spa-
tially aggregated at the sub-basin level and routed through
the river network to the basin outlet. In the present study,
the temperature-based Hargreaves method was used for
calculation of potential evapotranspiration (PET). The
modified USDA Soil Conservation Service (SCS) curve
number method was selected for calculating surface runoff.
The redistribution component of SWAT uses a linear
storage routing technique to predict flow in each soil layer
in the root zone. Channel routing was modelled using the
Muskingum method.

Table 2 summarises the similarities and differences in
various modelling concepts between the two models,
SWAT and HBV. Both models use the degree-day method
for snow melt calculation and recession constant method
for baseflow calculation. Otherwise, particular concepts are
different in both models. Whilst HBV, due to its lumped
conceptual nature, has only 14 parameters, SWAT has
hundreds or thousands of them, and only a few are
calibrated.
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The main difference between the applications of SWAT
and HBV in the present study is the fact that the HBV
model setups were created for each catchment individually,
whilst for SWAT, the model setup was created for two
large river basins of the Vistula and the Odra. Four of
selected catchments (Mysla, Flinta, Olesnica and Nysa)
belong to the Odra basin, whereas the other four (Wista,
Dunajec, Biala, Narewka) to the Vistula basin. For the
purpose of this study, model inputs and outputs related to
selected catchments are extracted from the SWAT model
databases. The reader is referred to other studies for the full
description of model setup, calibration and validation:
Romanowicz et al. (2016) and Osuch et al. (2016b) for
HBYV and Piniewski et al. (2017¢) for SWAT. Below, a
short summary is presented for reader convenience.

Different observational climate data were used to drive
hydrological models in the reference period. For HBV,
catchment average of daily mean air temperatures and daily
precipitation totals were calculated using Thiessen polygon
method from point observations at meteorological stations.
The number of stations ranged between 1 and 5, depending
on the catchment (Osuch et al. 2016b). For SWAT,
CHASE-PL Forcing Data-Gridded Daily Precipitation and
Temperature 5 km (CPLFD-GDPTS; Berezowski et al.
2016) dataset was used. This product contains daily pre-
cipitation and minimum and maximum temperature for the
whole area of Poland interpolated from over 700 meteo-
rological stations (including all those used in the HBV
application) onto a 5 km grid using a combination of dif-
ferent kriging techniques. Another difference is that pre-
cipitation data in CPLFD-GDPTS5 were corrected for gauge
under-catch using Richter method (Richter 1995). This
method, as described in more detail in Berezowski et al.
(2016), applies different correction factors depending on
precipitation type (rain, snow or mixed) and wind speed
(higher in the mountains and along the coast). As reported
in the report of the WMO Solid Precipitation Measurement
Inter-comparison project (Goodison 1998), Richter cor-
rection factors (i.e. per cent increase in the raw precipita-
tion) varied between 9% in summer to 25% in winter for a
case study on the Havel-Oder Canal in Germany.

Table 3 shows the comparison of observed climate
forcing mean annual values between HBV and SWAT. For
six catchments, there are negligible differences (not higher
than 0.2 °C) in air temperature values. For Nysa and Biala
catchments, mean annual temperature estimated as HBV
input is 0.9° and 0.6° higher, respectively, than temperature
estimated as SWAT input. However, patterns in spatial
variability in mean temperature are similar for both cases:
the Dunajec catchment is the coolest one, with mean
temperature of less than 5.5 °C, and there are several
catchments (Wista, Olesnica, Mysla and Flinta) with mean
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Table 2 Comparison of HBV and SWAT modelling concepts, as applied in this study

Aspect HBV (Lindstrom et al. 1997) SWAT (Arnold et al. 1998)

Basic unit None (lumped model) Hydrological response unit

Potential evapotranspiration Hamon method Hargreaves method
(PET)

Actual evapotranspiration Function of PET and soil Evaporation from canopy + sublimation + plant water uptake + soil
(AET) moisture evaporation

Snow melt Degree-day method

Non-linear function of soil
storage

Surface runoff

Lateral flow None

Redistribution in soil No redistribution (one reservoir)

Groundwater storage Lower reservoir

Modified SCS curve number method

Kinematic storage model
Storage routing method (between three soil layers)

Two groundwater storages

Baseflow Recession constant
Flow routing Variable storage coefficient Muskingum method
method

Table 3 Comparison of mean Catchment Mean annual temperature (°C) Annual sum of precipitation (mm)

annual temperature and

precipitation total for the HBV SWAT HBV SWAT

reference period used as

observed climate input to HBV Dunajec 5.4 5.2 1098 1159

and SWAT models Wista 8.1 8.1 943 1141
Biata 8.3 7.7 727 873
Nysa 7.5 6.7 735 942
Olesnica 8.3 8.5 594 673
Flinta 8.0 8.1 542 607
Mysla 8.4 8.4 540 608
Narewka 6.9 7.1 650 679

temperature above 8 °C. Larger differences can be
observed for precipitation input. There is a systematic,
although variable, difference between HBV and SWAT,
with SWAT estimates consistently higher than their HBV
counterparts. The highest relative difference can be noted
for three mountainous catchments: Nysa (28%), followed
by Wista (21%) and Biata (20%). One of the possible
reasons for observed differences are different interpolation
methods: the Thiessen polygon method can lead to under-
estimation in mountainous areas, particularly if stations are
located in the valley bottoms, which is often the case. Other
potential reasons are the differences in source stations used
for interpolation and gauge under-catch correction meth-
ods, although a detailed investigation is outside the scope
of this study. On the other hand, Benninga et al. (2016)
estimated the influence of elevation on precipitation in the
Biata catchment as only 3.7%.

Both models, HBV and SWAT, were calibrated and
validated using different approaches, optimisation routines,
objective functions and time periods—fit for the purpose of

each application. The study of Osuch et al. (2016b)
demonstrated that HBV performs well in selected catch-
ments, with Nash—Sutcliffe Efficiency above 0.5 for each
catchment in calibration and validation periods. There was
a tendency of slightly lower performance for validation
period in the lowland catchments. In the case of SWAT,
NSE values were lower than those obtained for the HBV in
seven out of eight catchments (Supplementary Material
Table S1). It should be noted that, due to a larger scale of
the model, no individual catchment calibration was made.
Instead, a dataset of 80 relatively unmodified catchments
was selected and aggregated into eight clusters based on
flow regime similarity. Each cluster was calibrated inde-
pendently, with an objective of achieving satisfactory fit for
clusters as a whole, rather than for each individual catch-
ment. This objective was fulfilled, with the cluster-median
daily Kling-Gupta Efficiency (KGE, Gupta et al. 2009)
above 0.5 in calibration and validation periods. The KGE
values were also higher than 0.5 for each of 30 gauges
selected for spatial evaluation, which showed that the
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designed regionalisation scheme worked well. In summary,
it was concluded that HBV and SWAT can be applied for
climate change impact assessment in selected catchments
in Poland.

Climate projections

Climate projections used in this study originate from the
EURO-CORDEX dataset (Jacob et al. 2014). The CHASE-
PL project used nine GCM-RCM combinations from
EURO-CORDEX, whereas the CHIHE project used seven,
of which all were included in the CHASE-PL ensemble.
For this reason, the subset of seven climate model simu-
lations, common for both projects, was used in this paper
(Table 4). Future horizons in both studies are 2021-2050
(near future, hereafter denoted as NF) and 2071-2100 (far
future, denoted as FF), whereas the reference period is
1971-2000. All projections are available under two rep-
resentative concentration pathways, RCPs 4.5 and 8.5, yet
only projections for RCP 8.5 are examined in this paper.
They were bias-corrected using empirical quantile mapping
method (Piani et al. 2010) independently within CHASE-
PL and CHIHE.

In the CHIHE project, the corrections were carried out
for daily data, for each individual climate model, catch-
ment and month of the year, so that discrepancies in sea-
sonal patterns, particularly of rainfall, could be corrected.
There were differences in the way precipitation, and air
temperature was corrected. The precipitation values were
changed together with the number of wet days whilst air
temperature residuals were corrected after removing the
difference in the air temperature between the reference and
the future periods to maintain the climate change signal in
the air temperature (Hempel et al. 2013).

The derived bias-corrected ensemble in the CHASE-PL
project covers the union of Poland and the Vistula and
Odra basins and is available for research use in a data
repository (Mezghani et al. 2016). The robustness and

Table 4 The joint ensemble of EURO-CORDEX climate model
experiments used for comparison between CHASE-PL and CHIHE
projections

1D GCM RCM

CM1 CNRM-CERFACS-CNRM-CM5  CLMcom-CCLM4-8-17
CM2 ICHEC-EC-EARTH CLMcom-CCLM4-8-17
CM3  ICHEC-EC-EARTH DMI-HIRHAMS

CM4  ICHEC-EC-EARTH KNMI-RACMO22E
CM5 ICHEC-EC-EARTH SMHI-RCA4

CM6  MPI-M-MPI-ESM-LR CLMcom-CCLM4-8-17
CM7 MPI-M-MPI-ESM-LR SMHI-RCA4
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uncertainty aspects related to temperature and precipitation
projections over the Vistula and Odra basins were dis-
cussed in Piniewski et al. (2017a).

For both CHASE-PL and CHIHE projections, projected
changes were expressed as the differences between future
and reference values for temperature (°C), and as relative
changes for precipitation (%). For the sake of comparison
of projected changes in temperature and precipitation
between two sources (resulting from CHASE-PL project
and CHIHE project, or SWAT input and HBV input), for
each catchment, climate model and future period the dif-
ferenceA were calculated:

A = Xswar — Xupv (1)

where Xswar and Xpgpy are projections of changes in
temperature or precipitation used as input in SWAT and
HBYV model, respectively.

Results

In each box plot of the subsequent figures, boxes are
defined by the 25th and 75th percentiles, the horizontal line
within the box represents the median, whereas the whiskers
represent the non-outlier range. Outliers are marked as
circles (they are present only in some figures). Independent
two-sample ¢ test was applied for testing whether the dif-
ferences between (temperature, precipitation and flow)
change projections are statistically different between two
sources.

Temperature changes

The comparison of annual and seasonal change of pro-
jected temperature between the reference and near future
(NF) and far future (FF) periods used in the HBV and
SWAT models in eight studied catchments, shown as box
plots across climate models, demonstrates that there is very
little difference between the two sources (Fig. S1, Sup-
plementary Material). The warming is ubiquitous and fairly
uniform spatially. There is little difference between sea-
sonal temperature increases in the near future, and a con-
siderable difference in the far future, with the highest level
of warming occurring in the winter season (mean across all
catchments, climate models and sources was 4.2 °C), and
the lowest in summer season (3.1 °C). In general, climate
model spread is higher than the differences between
catchments. Model spread varies across seasons and future
horizons. For example, for winter season, it is higher for
the near future than for the far future, whilst for spring and
summer season, the opposite takes place. The lowest
spread occurs in summer in the near future (below 0.5 °C
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for all catchments), and the highest for spring in the far
future (above 2 °C for five catchments).

In order to compare temperature change signals from
both sources in a more explicit manner, differences in
temperature change projections between CHASE and
CHIHE (cf. Eq. 1) were calculated (Fig. 2). The results for
the far future are shown, as in the near future the differ-
ences were generally lower. There is a good agreement
between projections from both projects for mean annual
and summer and autumn season temperatures, in which
case the differences in terms of the absolute values are
lower than 0.5 °C for every catchment and model. How-
ever, larger discrepancies can be observed for the Wista
catchment in spring and summer, and the Nysa catchment
in spring. In the worst case, CM1, CM2 and CM4 show the
increases in temperature in the Wista catchment larger by
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Precipitation changes

Precipitation forcing data used in HBV and SWAT were not
as consistent between each other as air temperature data
(Fig. 3). In 95 out of 112 individual cases (eight catchments,
seven climate models, two time horizons), projected changes
in annual sums of precipitation used as HBV input were
higher than the corresponding changes in the SWAT input.
Mean projected change across these 112 cases is 12.7% in
HBYV and 9.3% in SWAT. In three catchments (marked with
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«Fig. 3 Comparison of projected mean annual and seasonal precip-
itation changes (per cent) via multi-model ensemble in the near and
far future used as input in HBV and SWAT models for eight selected
catchments. Asterisks denote cases with statistically significant
differences (p = 0.05) between results from CHASE-PL and CHIHE
projects

asterisks in Fig. 3), Narewka (near future), Wista and Mysla
(far future) the differences were statistically significant at the
level = 0.05. Overall, projections from both sources agree
that wetter conditions are expected for both horizons and all
catchments. In the far future, a higher magnitude of increase
in precipitation is projected for catchments situated on the
Polish Plain than for mountainous catchments.

Projections of seasonal precipitation change also differ
between the inputs used by the HBV and SWAT (Fig. 3).
For all four seasons, the arithmetic mean of changes
across 112 individual cases is higher for HBV input than
SWAT input by 3-5%. Although statistically significant
difference occurs only once (spring precipitation in the
Narewka catchment in the far future), there are more
cases with visually different results (e.g. winter precipi-
tation in the Wista catchment or summer precipitation in
the Mysla catchment in the far future). Spatial differences
in projected changes are much higher for precipitation
than for temperature. However, patterns differ among
seasons and time horizons. Climate model spread also
varies: for example, in the near future in winter the mean
spread across catchments is nearly the double of the
corresponding value for summer (which is approximately
15%), for both sources of precipitation input. A further
insight into the differences in precipitation change pro-
jections between the two sources is possible through
analysing the differences between the projected changes
used as SWAT input and projected changes used as HBV
input for various catchments and models (Fig. 4). As in
Fig. 2, only the results for the far future are shown,
because the magnitude of difference for the near future is
much lower. They strongly vary with temporal aggrega-
tion, catchments and climate models, but the last factor
has the most pronounced effect. The main message is
that, with very few exceptions, projections of changes
used as SWAT input are lower than corresponding pro-
jections used as HBV input. At annual level, in the
majority of cases the difference (A) is about 5%. In the
lowland catchments (Olesnica, Flinta, MySla and Nar-
ewka) the projections of precipitation used in the HBV
model are larger by more than 5% than the corresponding
projections used in the SWAT model for some climate
models and even reach 15% for Mysla for the CM2.
Much higher differences can be noted at seasonal level,
particularly for CM2 in spring and summer and for the
Mysla catchment for spring, summer and autumn.

For each climate model, there exists at least one season-
catchment combination for which the difference is higher
than 15%. Due to the fact that in all catchments summer
precipitation has the highest share in annual precipitation,
the differences in summer contribute most to the differ-
ences observed at the annual level. In three cases, the
difference between projections from both sources is large
and consistent between climate models:

1. In three mountainous catchments, Dunajec, Wista and
Nysa, the difference in winter precipitation change is
higher than 10% for six (Dunajec) and four (Wista and
Nysa) climate models.

2. In the Narewka catchment, five climate models, and in

Mysla, one climate model, suggest that the change in
spring precipitation used as SWAT input is lower by at
least 15% than the corresponding change used as HBV
input.

3. In summer, for all the lowland catchments except

Narewka, the difference in precipitation is higher than
10% for a number of climate models.

In autumn the spread of differences larger than 10% is
more equally distributed among the catchments, with only
three models showing 15% difference for Mysla and
Narewka.

Flow bias in the reference period

Prior to analysing projected changes in river flow in
selected catchments, it is worth to analyse the bias of
simulation of mean annual and seasonal flows by HBV and
SWAT driven by the ensemble of climate models in the
reference period (Fig. 5). Ensemble median bias in mean
annual flow is within the range of —/425% for both
hydrological models and all catchments except Mysla. In
the latter, ensemble median bias is over 40%, and for
SWAT there are three climate models for which it is above
70%. The biases in seasonal flows vary among seasons and
catchments. Both HBV and SWAT tend to underestimate
mean winter flow in mountainous catchments, HBV
underestimates mean spring flow in mountainous catch-
ments, whilst SWAT overestimates it in all catchments
except Wista. The mean summer flow is overestimated in
all mountainous catchments by HBV and underestimated
by SWAT (except for the Biata catchment). Finally, HBV
simulations of the mean autumn flow have low bias in
mountainous catchments, whereas in SWAT it is underes-
timated in all catchments except Biata.

A more complex picture is visible for the lowland
catchments (Fig. 5). For the Olesnica catchment, HBV
flow projections have lower bias than SWAT simulations
for spring and summer seasons, but the opposite takes place
in autumn and winter seasons. Fairly similar pattern exists
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Fig. 4 Differences (i.e. A values calculated using Eq. 1) in mean annual and seasonal precipitation change projections (per cent) for the far
future between CHASE-PL (SWAT) and CHIHE (HBV) for eight studied catchments and seven climate models

for the Flinta catchment, with one exception: here, both
SWAT and HBV overestimate mean summer flow. The
Mysla catchment is the most challenging case for both
models—SWAT considerably overestimates mean flow for
all seasons, whereas HBV has totally different results for
winter and spring (low bias) and summer and autumn (very
high ensemble median bias of 184 and 110%, respectively).
For the Narewka catchment, the HBV bias is low in all
season but summer, whilst the SWAT model underesti-
mates autumn and winter flow. In general, the SWAT
spread of bias is much larger for all lowland catchments
than the HBV spread for the same catchments.

River flow changes
In the second stage of analysis, the projected changes in

mean annual and seasonal flows simulated by the HBV and
SWAT models for two future periods were calculated. Both
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hydrological models agree on the dominating upward
direction of change in all catchments and time periods,
although four mountainous catchments: Biata, Dunajec,
Nysa and Wista, have variable directions of change in the
near future (Fig. 6). In general, there is a high agreement
among hydrological models on the magnitude of change in
the near future (no statistically significant differences, at
p = 0.05), whereas in the far future there is a high dis-
agreement (all differences statistically different, at
p = 0.05). Both, the magnitude of projected change, and the
climate model variability grow with time for most catch-
ments. In most cases, for the lowland catchments, mean
annual projections obtained with the help of SWAT model
for the far future provide increases lower by the factor of two
to three than the corresponding increases obtained with the
help of the HBV model. The disagreement between the
hydrological models is lower for four highland catchments,
for which the magnitude of change is also lower.
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Figure 6 shows projected changes in mean seasonal
discharge according to the HBV and SWAT models. As
with the mean annual discharge, there is a relatively good
agreement between hydrological models in the near future
and a much weaker agreement in the far future. In winter
season, increases are dominating throughout all combina-
tions of catchments, models and periods. Despite the fact
that SWAT gives lower increases in the mean annual dis-
charge in the far future, it projects higher increases in the
far future mean winter discharge in mountainous catch-
ments than HBV. For seven out of 16 cases, SWAT flow
projections are statistically higher than HBV projections in
winter (p = 0.05).

For spring season in the near future, climate model
variability dominates and both HBV-based and SWAT-
based projections show changes in different directions
(Fig. 6). The Flinta catchment is the only one for which
there is a statistically significant difference between HBV
and SWAT. In contrast, in the far future, mean spring
discharge is projected to increase according to the HBV
model in each catchment, whereas according to SWAT it is
projected to increase only in lowland catchments (and by a
lower percentage). In each case in the far future, the dif-
ference is statistically significant at the level p = 0.05. In
mountainous catchments SWAT projects changes in vari-
able directions, although decreases are dominating.

Projected flow changes in summer and autumn season
between the hydrological models in the near future are very
similar but they considerably diverge in the far future
(Fig. 6). Indeed, in none of the 16 cases is the difference in
flow projections in the near future statistically significant
(p = 0.05). Increases in summer flow projected by SWAT
in the far future in all catchments are statistically signifi-
cantly lower than corresponding increases projected by
HBYV. For some climate models in the lowland catchments,
increases projected by the HBV model are three-fold, and
in one case (summer flow in the Olesnica catchment) they
are almost six-fold. For the Dunajec catchment, summer
flow simulated by SWAT is projected to decrease accord-
ing to most of climate models, whereas changes in the
opposite direction are simulated by the HBV model. On the
other hand, there is a fairly good agreement among the two
hydrological models on projected changes of flow in the
autumn season in the mountainous catchments and the
Narewka catchment.

Figure 6 shows changes in flow indices expressed as
percentage. It should be noted that the comparison of
changes between catchments would give different out-
comes if they were expressed as differences between future
horizons and the reference period (e.g. in mm). The reason
for this is a large variability in runoff coefficients and
precipitation among catchments (cf. Fig. 1; Table 2). For
example, a 10% increase in mean annual flow in the
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Dunajec catchment corresponds to an increase in runoff by
more than 70 mm per year. Such a magnitude of increase
in runoff in the Flinta catchment would correspond to an
increase in mean annual flow by more than 80%.

Flow-climate sensitivity

Some insight into the way that hydrological models
transform the climate change signal can be obtained from a
simple analysis of mean annual flow change (AQ) as
function of mean annual precipitation change (AP) (Fig. 7)
for particular combinations of climate models, hydrological
models, catchments and projection horizons. There are
large differences between the nature of this response for
different catchments and models.

For the HBV model results, catchments have different
sensitivity for the near future and far future. The catchment
sensitivities increase for far future but also become much
more scattered, in particular for the lowland catchments.
Mountainous catchments show nearly the same response to
changes in precipitation in near- and far future. However, in
the lowland catchments the changes of flow in the response to
changes in precipitation are doubled in far future.

The SWAT model results show similar variability of
sensitivity as the HBV model for the near future and much
smaller scatter of the sensitivity values for the lowland
catchments in the far future. The mountainous catchments
show the sensitivity for the far future stabilising around
20-30%, which is lower than for the same precipitation
change in the HBV model. This is consistent with the fact
that changes in mean annual flow projected by SWAT were
found to be lower than those for HBV in the far future
(Fig. 6). In the SWAT model, the nature of flow response
does not strongly depend on the projection horizon.

Despite some differences between SWAT and HBV
revealed by this analysis, there are also some similarities,
even in the far future. For example, the four lowland
catchments are positioned in the same zones of the scatter
plots for HBV (Fig. 7b) and SWAT (Fig. 7d). More pre-
cisely, two models consistently show that the Narewka
catchment has a weaker response in mean annual flow
change to a relatively high precipitation change than the
Flinta catchment, even though the latter is exposed to a
lower magnitude of precipitation change than the Narewka.
Two other lowland catchments, i.e. the OleSnica and the
Mysla, are situated in the middle zone of Fig. 7b, d,
between points representing the Flinta and the Narewka
catchments.

Flow change vs. runoff coefficients

In order to examine the spatial variability of projected
changes in mean annual flow, they are plotted in Fig. 8, for
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Fig. 7 Scatterplot of mean annual flow change versus mean annual
precipitation change for eight selected catchments: a HBV in the near
future, b HBV in the far future, ¢ SWAT in the near future, d SWAT

each climate model against the runoff coefficients of each
catchment (cf. Fig. 1 for the map of runoff coefficients).
Results for the far future are only shown, as the magnitude
of changes and differences are higher in this case than in
the near future (cf. Figs. 6, 7). Although the number of
catchments is rather small, some clear relationships are
present. Both HBV- and SWAT-based projections show
that in catchments with lower runoff coefficients, a higher
magnitude of changes can be expected. Although

@ Springer

in the far future. Individual points within each plot refer to a single
climate model-catchment combination

regression lines were not plotted, for both hydrological
models and each climate model (except for the SWAT-
CM2 combination) the relationship has a convex parabolic
shape, with a vertex situated for runoff coefficient values
between 0.5 and 0.7. In the case of CM2, the results are
consistent with Fig. 3: this is the climate model for which
precipitation projections used as SWAT input are consid-
erably lower in the lowland catchments than projections
used as HBV input. This difference is now reflected in
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Fig. 8: mean annual CM2-driven flow change projected by
SWAT in three catchments with the lowest runoff coeffi-
cients (Flinta, My§la and Olesnica) is equal to approxi-
mately 10%, whereas the corresponding change projected
by HBV yields 80%. Certainly, this analysis neglects the
effect of precipitation and temperature changes that vary
across catchments and climate models.

Figure 8c shows the differences in mean annual flow
change projections between SWAT and HBV as a function
of runoff coefficient. This relationship also has a parabolic
form, although this time concave. Four clusters of catch-
ments characterised by decreasing values of runoff coeffi-
cients are also characterised by large discrepancy between
SWAT-based and HBV-based projections. More
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0.2 0.3 0.4 05 0.6 0.7

Runoff coefficient [-]

specifically: (1) the Dunajec and Wista catchments have
mean runoff coefficient equal to 0.58, and mean difference
in mean annual flow equal to 13%; (2) for the Biata and
Nysa catchment, the same parameters are 0.41 and 20%;
(3) for the Narewka catchment it is 0.27 and 36%; (4) for
the last cluster composed of the Flinta, Mysla and Olesnica
catchments it is 0.17 and 71%.

Discussion
The main objective of this study was to compare mean

annual and seasonal projections of river flows in eight
Polish catchments obtained from two hydrological models

@ Springer



824

Acta Geophys. (2017) 65:809-827

of different complexity, SWAT and HBV for two future
periods, the near future (2021-2050) and the far future
(2071-2100). One important message arising from this
study, consistent with previous impact studies based on the
bias-corrected  EURO-CORDEX ensemble for Poland
(Piniewski et al. 2017b; Osuch et al. 2016b) and other
countries in Central (Germany) and Northern (Estonia)
Europe (Hattermann et al. 2016 and Tamm et al. 2016,
respectively), is that there is going to be more water in this
part of Europe, both in terms of precipitation and runoff.
Another source of data for comparison are European-level
assessments of climate change impacts on water resources,
e.g. Alfieri et al. (2015), Papadimitriou et al. (2016) and
Roudier et al. (2016). However, due to a significant scale
mismatch, it is impossible to compare the outputs from
their models to those presented in this study. As reported
by Piniewski et al. (2017b), all available pan-European
studies corroborate the findings on the projected runoff
increase in Poland.

A more scrutinised look on the results presented in this
study allows to note that HBV-based and SWAT-based
projections of future annual and seasonal flow changes
differ considerably between each other. One could perhaps
expect that such simple flow indicators as those used in this
study should undergo comparable changes when generated
by two different models driven by similar climate change
forcing. Yet, this is not the case for the far future, and
particularly not for the lowland catchments. As pointed out
by Meresa et al. (2016), these catchments are characterised
by a lower correlation between precipitation and one of the
flow indices, the Standardised Runoff Index. One of the
previous model inter-comparisons carried out in Polish
catchments reported more comparable changes in flow
patterns between SWAT and WaterGAP, than those pre-
sented here for SWAT and HBV (Piniewski et al. 2013). It
should be noted though, that the latter study investigated
only the near future period, whereas in the present paper
major discrepancies arise in the far future. The results of
the analysis of projections of low-flow indices presented by
Osuch (2017), for the nearly the same catchments (except
Mysla) and the same RCP 8.5 scenario using the HBV
model, show that the lowland catchments are becoming
substantially wetter in the far future period in comparison
with the reference period. This supports the HBV results
for the lowland catchments on the increased sensitivity of
flow changes with the increase in precipitation changes
shown in Fig. 7. However, further studies are needed to
support this hypothesis.

The results also showed that the runoff coefficient,
highly correlated with topography (cf. Fig. 1; Table 2)
explains the spatial variability in projected flow changes
from both models, as well as the difference between them,
quite well. The lower the runoff coefficient, (1) the higher
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the change in mean annual flow for both models; (2) the
higher the difference in mean annual flow changes between
two models. The first conclusion corroborates results of
other studies reporting a similar direction of flow change as
a function of runoff coefficient (Jones et al. 2006; Arnell
1992). The parabolic-shape relationship obtained here
(Fig. 8a, b) is very similar to the one reported by Arnell
(1992) for a set of 15 UK catchments of similar size as in
the present study. As regards the second statement, the
reason for large differences in annual and seasonal flow
projections between HBV and SWAT, frequently exceed-
ing 100% for the Mysla, Flinta and Olesnica catchments
(characterised by the lowest runoff coefficients) remains
unknown at this stage and requires further investigation. It
is clear that such water-limited catchments are more
challenging for hydrological modelling, which was shown
in Fig. 5 (particularly high value of flow bias for the Mysla
catchment in summer), and also reported by other authors
in a larger scale (Rakovec et al. 2016). Since the reasons
for which large discrepancies are the largest (summer and
autumn) include the typical low-flow periods, it should be
also noted that both SWAT and HBV models were not
calibrated with a focus on low-flow simulation, so it is
understandable that the uncertainty in these seasons is
larger.

Few studies available in the literature compared HBV
and SWAT with regard to future flow projections. Those
that did (Vetter et al. 2015), used slightly different models:
SWIM instead of SWAT, and a semi-distributed instead of
lumped version of HBV. They were also applied on larger
scales (the Rhine, Niger and Yellow river basins). In their
study, hydrological models were an incomparably less
important source of uncertainty compared to RCPs and
GCMs for the Rhine basin (the most similar conditions to
Poland). Future flow projections obtained from SWIM and
HBYV for the Rhine basin were much more similar to each
other than the projections analysed in the present study.
Otherwise, there are model inter-comparison studies that
did not use the same set of hydrological models, but at least
these models were applied on a similar scale as in the
present study: the Odense catchment in Denmark (Karlsson
et al. 2016) and Kleine Nete catchment in Belgium (Dams
et al. 2015). Both these studies underlined the hydrological
model structure uncertainty in projections of future flows.
However, Karlsson et al. (2016) reported fairly similar
projections of changes in mean annual and mean monthly
flows from SWAT and a lumped, conceptual model NAM,
comparable to HBV.

One of the main limitations of this study is the small
catchment sample (N = 8). In order to draw more credible
conclusions, especially with regard to the spatial variability
of projected changes and the influence of catchment
properties on results, it would be recommended to use a
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much higher number of catchments. Since in this study the
results for eight catchments were extracted from the
available projections of the SWAT model for the Vistula
and Odra basins (Piniewski et al. 2017b), an optimal
solution would be to carry out the climate change impact
assessment using HBV or other models in a larger number
of sub-catchments (for example, selected based on flow
regime similarity) within this spatial domain. Gupta et al.
(2014) coined a phrase “large-sample hydrology” moti-
vated by the need to “balance depth with breadth”, and
referring to various types of hydrological investigations
that use large catchment samples. In their review, they used
30 catchments as the minimum value for inclusion in their
analysis, and future climate change impact model inter-
comparison studies focused on small- and medium-sized
catchments should preferably follow this rule. Another
possible pathway of making the results of impact assess-
ments more generalisable is through reducing the dimen-
sionality of the problem by clustering large samples of
catchments with respect to their types of responses to cli-
mate change forcing (Addor et al. 2014).

Conclusion

The paper presents comparison of river flow projections for
eight catchments in Poland, resulting from two projects in
the Polish-Norwegian Research Programme. The compar-
ison presented was based on the closest possible case
studies, including the same catchments, the same future
time periods and the same ensemble of climate models
(although independently bias-corrected). The main differ-
ences consisted of different representation of physical
processes transforming the climate projections into flows as
well as the spatial scale of operation of the hydrological
models. The spatial domains of both projects were the
entire VOB area in the CHASE-PL project (where the
semi-distributed, process-based, SWAT model was used)
and selected Polish catchments in the CHIHE project
(where the lumped, conceptual, HBV model was used).
Hydrological simulations driven by the bias-corrected
EURO-CORDEX forcing revealed a large variability in
flow bias depending on the catchment, season and hydro-
logical model. Overall, the bias was only slightly lower in
HBYV than in SWAT, but both models failed to accurately
reproduce the seasonal flow cycle in all catchments, apart
from Dunajec. The comparison of projections of future
temperature and precipitation changes between both stud-
ies showed that there were substantial differences, partic-
ularly for the latter variable. In a result of different bias
correction methods used, the SWAT model had from 2 to
15% lower precipitation projected for the far future period.
Differences in projections of precipitation—the input

signal to hydrological systems—were amplified in both
projects, by two different hydrological models, in different
ways. An overall tendency of increases in mean annual and
seasonal flows was found by both models, yet the magni-
tudes of projected changes were largely different, particu-
larly in the far future, and in lowland catchments. Analysis
of sensitivity of mean annual flow response to mean annual
precipitation change revealed largely different behaviours
of HBV and SWAT for the far future in the lowland
catchments. Spatial variability in projected changes in
mean annual flow could be well explained by the runoff
coefficients.

In summary, this study shows that future flow projec-
tions have a large spread that has its origin in different
representation of hydrological processes in models, dif-
ferences in temperature and, particularly, precipitation
projections and their bias correction. Considerable differ-
ences in results of both projects create a serious interpre-
tation issue for practitioners dealing with climate change
adaptation and water management.
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