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Projections of runoff in the Vistula and the Odra river
basins with the help of the SWAT model
Mikołaj Piniewski, Mateusz Szcześniak, Shaochun Huang
and Zbigniew W. Kundzewicz

ABSTRACT
The objective of this paper is to assess climate change impacts on spatiotemporal changes in annual
and seasonal runoff and its components in the basins of two large European rivers, the Vistula and
the Odra, for future horizons. This study makes use of the Soil and Water Assessment Tool (SWAT)
model, set up at high resolution, and driven by a multi-model ensemble (MME) of nine bias-corrected
EURO-CORDEX simulations under two representative concentration pathways (RCPs), 4.5 and 8.5.
This paper presents a wealth of illustrative material referring to the annual and seasonal runoff (R) in
the reference period as well as projections for the future (MME mean change), with explicit
illustration of the multi-model spread based on the agreement between models and statistical
signiﬁcance of change according to each model. Annual R increases are dominating, regardless of
RCP and future horizon. The magnitude of the MME mean of spatially averaged increase varies
between 15.8% (RCP 4.5, near future) and 41.6% (RCP 8.5, far future). The seasonal patterns show the
highest increase in winter and the lowest in spring, whereas the spatial patterns show the highest
increase in the inner, lowland part, and the lowest in the southern mountainous part of the basin.
Key words

| climate change, EURO-CORDEX, hydrological modelling, Poland, robustness, SWAT

Mikołaj Piniewski (corresponding author)
Mateusz Szcześniak
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INTRODUCTION
Climate change, observed and projected, is not limited to the

climate models (RCMs) for many years now. In Europe,

ubiquitous warming. In many areas, change of atmospheric

a major milestone has been achieved with launching new,

precipitation is even more important, impact-wise. In much

high resolution, EURO-CORDEX projections ( Jacob et al.

of Central and Eastern Europe, mean renewable, and easily

). The hydrological modelling community has been

available, surface water resources and river runoff in

taking up the newest generation of available climate scen-

particular, are rather low. Hence, there is considerable con-

arios and updating their projections of runoff, droughts,

cern that they can be adversely affected by climate change.

ﬂoods, etc. Application of hydrological models for climate

However, while it is a robust, model-based ﬁnding that pre-

change impact assessments adds value to the existing

cipitation increases in the north of Europe and decreases in

climate projections, since simulated hydrological response

the south of Europe (Jacob et al. ), both annually and in

is spatially and seasonally diverse. The models enable

summer, changes in Central and Eastern Europe are more

tracking of different hydrological processes, such as snow

complex.

melt, evapotranspiration, soil water dynamics and runoff,

The climate modelling community has been developing

that are often separated into sub-surface (slow) and surface

advanced general circulation models (GCMs) and regional

(quick) components. However, due to a huge workload
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needed to process the data (e.g., perform the bias correc-

gap’ between the global or continental climate change

tion), develop and run models, there are still very few

impact studies and small catchment studies.

hydrological assessments of climate change impacts using
these forcing data. To our knowledge, only two largescale studies, covering Poland, using EURO-CORDEX

DATA AND METHODS

data have been published so far (Papadimitriou et al.
; Roudier et al. ) for low ﬂows and two studies

Vistula and Odra basins

(Alfieri et al. ; Papadimitriou et al. ) for ﬂoods.
The EURO-CORDEX data were also used in the CHIHE

The Vistula and the Odra basins (VOBs) are located in the

project (Romanowicz et al. ) for studying future

temperate climatic zone in Central and Eastern Europe

impacts on droughts (Meresa et al. ) and ﬂoods

and drain into the southern Baltic Sea (Figure 1). Poland

(Osuch et al. ) in small Polish catchments.

constitutes

88%

of

the

entire

VOB

that

covers

The objective of this paper is to assess climate change

312,873 km2. The area of the Vistula basin is 193,831 km2

effects on spatiotemporal changes in annual and seasonal

and 87% is in Poland and for the Odra the area is

runoff and its components in the basins of two large European

119,041 km2 with 88% in Poland. The remaining parts of

rivers, the Vistula and the Odra, for two future time horizons.

the Vistula and the Odra basins are located in ﬁve neigh-

This study makes use of the Soil and Water Assessment Tool

bouring countries: Czech Republic and Germany for the

(SWAT) model, set up at high resolution, and driven by an

Odra, and Ukraine, Belarus and Slovakia for the Vistula.

ensemble of nine bias-corrected EURO-CORDEX simulations

Both large rivers have their sources in the mountainous

under two representative concentration pathways (RCPs), 4.5

areas in the south of the basins. The great majority of the

and 8.5. It also involves an assessment of robustness of runoff

drainage areas of both rivers extend through the European

projections. To our best knowledge, it is the ﬁrst study of this

Plain. The VOB has cold winters and warm summers,

type covering and tailored for this region, ﬁlling the ‘scale

with east–west temperature gradient characterized by more

Figure 1

|

Study area: location and river network.
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continental inﬂuence in the east and more maritime inﬂu-

SWAT model, as used in this study, see Piniewski et al.

ence in the west.

(b), the study laying the groundwork for the present
paper.

SWAT model application to the Vistula and Odra basins
The multi-model ensemble data
The SWAT model is a process-based, semi-distributed, conthe

The multi-model ensemble (MME) of climate projections

movement of water, sediment and nutrients on a catchment

used in this study, the CHASE-PL Climate Projections:

scale with a daily time step (Arnold et al. ). This model

5-km Gridded Daily Precipitation & Temperature Dataset

has been used, worldwide, in a plethora of water manage-

(CPLCP-GDPT5; Mezghani et al. ) consists of nine

ment and climate impact applications (e.g., Krysanova &

RCM simulations (combinations of GCMs and RCMs) from

Srinivasan ; Awan et al. ; Tamm et al. ). A

the EURO-CORDEX (cf. Jacob et al. ) ensemble (Sup-

total number of 2,633 sub-basins and 21,311 hydrological

plementary material, Table S1, available with the online

response units were distinguished in the model setup for

version of this paper), assuming two RCPs, 4.5 and 8.5.

the VOB. In this application, SWAT was driven by the

RCPs are plausible pathways towards reaching speciﬁc

CHASE-PL Forcing Data: Gridded Daily Precipitation &

target radiative forcing trajectories (Moss et al. ). Two

Temperature Dataset 5 km (CPLFD-GDPT5; Berezowski

RCPs used in this paper, corresponding to the 4.5 W m2

et al. ). This product was constructed using geostatistical

and 8.5 W m2 levels of radiative forcing in year 2100,

techniques based on daily data from over 700 stations (for

seem to be the most widely used in impact studies worldwide.

precipitation) and is, to our knowledge, the best alternative

The original EURO-CORDEX simulations were bias

tinuous-time

hydrological

model

that

simulates

for distributed modelling in this region (cf. Piniewski et al.

corrected onto a 5 by 5 km grid based on the CPLFD-

b). Since only daily precipitation and minimum and

GDPT5 (Berezowski et al. ) as reference data using

maximum temperature were available for the studied area,

the quantile mapping method. All bias-corrected values of

we selected the Hargreaves method to model potential eva-

climate parameters of concern were available for the follow-

potranspiration (PET) in SWAT.

ing three time slices: 1971–2000, 2021–2050 and 2071–

A large and representative set of 80 small, non-nested

2100. In this study, the ﬁrst three years of each period

catchments with relatively unimpaired streamﬂow was

were truncated, since a warm-up period of three years is

selected for spatial calibration. Additionally, 30 gauges

used for SWAT simulations. The corresponding time hor-

were selected for spatial evaluation of the model. Both cali-

izons will be hereafter referred to as ‘historical period’,

bration and evaluation were done using daily, continuous,

‘near future’ and ‘far future’, respectively.

ﬂow data. The model performance was assessed as satisfactory, with the median Kling-Gupta efﬁciency equal to 0.7

Temperature and precipitation projections for the

and 0.62 in the calibration (1991–2000) and validation

Vistula and Odra basins

(2001–2010) periods, respectively. The use of a high
number of gauges in calibration and validation, representing

As found by Piniewski et al. (a), projections of changes

different landscape settings, climate conditions and ﬂow

in annual mean of daily minimum (Tmin) and maximum

regimes, justiﬁes applying the model for studying spatial

temperature (Tmax) based on the areal-means of the MME

variability of runoff projections at high resolution.

mean are robust and are expected to increase by 1.2–
W

W

Since calibration was based on a set of catchments with

3.7 C for Tmin and by 1.0–3.3 C for Tmax, depending on

relatively undisturbed ﬂow conditions, and since water man-

the future projection horizon and the RCP. Changes acceler-

agement was, for purpose, neglected in the model setup, it is

ated with time and with the RCP value, i.e., higher values of

expected that the model driven by the future climate data

changes were projected for RCP 8.5 than for 4.5. Higher

will reﬂect pure effects of climate change, neither ampliﬁed,

increases were consistently associated with Tmin and the gra-

nor damped, by any other effects. For more details of the

dient of change goes from north-east to south-west. The
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magnitude of temperature (if not speciﬁed as minimum or

monthly, seasonal and annual totals. Projections of future

maximum, denoted as T ) increase varied seasonally, with

R were calculated as the relative change between the

the highest increase projected in winter, for all analysed

values in the respective future horizons and the control

combinations of parameters, horizons and RCPs. The differ-

interval. For the purpose of map presentation, the change

ences in projected changes between other seasons were

factors were calculated at mean annual and seasonal levels.

generally lower. A higher increase in winter temperatures

The MME mean change was used to aggregate the results

was projected in comparison to other seasons, notably in

driven by nine climate model simulations into a single map.

W

the far future under RCP 8.5 (by 1.3 C).

Since projections from different models may considerably

Projections of annual and seasonal precipitation (P)

diverge, presenting exclusively a map of the MME mean or

totals based on the MME mean (Piniewski et al. a)

median change is not sufﬁcient as it downplays the uncer-

showed much less consistent signals than those of tempera-

tainty. When analysing climate (impact) projections from

ture, even though the climate models agree well on the

multiple models for a given location, two properties can be

direction of change, consistently indicating increase of the

assessed: agreement between models and statistical signiﬁ-

areal mean P. As with temperature, changes were greater

cance of change according to each model. A combination

for later projection horizon and higher RCP, varying from
5.5% in the near future under RCP 4.5–16.2% in the far

of these two properties was referred to as robustness by
Knutti & Sedláček (). Their approach holistically con-

future under RCP 8.5. Spatial variability was substantial,

sidered the magnitude of change, the sign, natural

although quite variable between individual climate model

variability and the inter-model spread. Here, we have adopted

simulations. Albeit seasonal P totals are projected to

it, in the same way as in the assessment of robustness of Tmin,

considerably increase in all four combinations of RCPs

Tmax and P projections in the VOB (Piniewski et al. a).

and projection horizons for winter and spring, high model

Four categories were classiﬁed to indicate the robustness of

spread reduces considerably the robustness, especially for

R projections: (1) high robustness (associated with a high

the far future. In most cases, P increase in winter and

fraction of models with statistically signiﬁcant changes and

spring (7.3–27.9%) was signiﬁcantly higher than in

high agreement on a given magnitude of change); (2) lack

summer and autumn (1.4–9.1%). The MME members

of signiﬁcance (low fraction of models with statistically sig-

agree well that, overall, the summer and autumn P will

niﬁcant changes); (3) inconsistent response (high fraction of

not undergo statistically signiﬁcant changes.

models with statistically signiﬁcant change despite low agree-

A complete overview of annual and seasonal projections

ment between models on a given change); and (4) neither

of temperature and precipitation, including three ensemble

of the three above categories, i.e., a limited evidence for

statistics: mean, minimum and maximum, is presented in

change of the indicated magnitude. Note that the

Table 1.

thresholds chosen to delimit different categories (e.g., the
fraction of model outputs without statistically signiﬁcant

Assessment of climate change impact on runoff

change), were selected for this particular paper, as per suggestions by Knutti & Sedláč ek ().

The main output of the SWAT model, interesting in the con-

For the purpose of a more holistic view, encapsulating

text of this paper, is sub-basin-level runoff (R), i.e., the

spatial heterogeneity of the studied river basins, the MME

fraction of P that ultimately reaches the stream network.

median of mean monthly Q projections for the two most

Total runoff is composed in SWAT of surface runoff, lateral

downstream gauges of the Vistula (Tczew) and the Odra

(sub-surface) ﬂow and baseﬂow and is then routed via

(Gozdowice) rivers, situated close to the river mouths, were

stream network as streamﬂow (Q) volume (Arnold et al.

also analysed. Here, the uncertainty was depicted as the

).

monthly Q band, whose lower and upper limits were the

For each combination of climate model with RCP and

10th and 90th percentiles among the MME, respectively.

period, and for each sub-basin, daily R and Q values simu-

Finally, in order to better understand the mechanisms of

lated with the help of SWAT were then aggregated to

runoff change, the total runoff response is decomposed into
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Summary of the MME statistics of mean annual and seasonal temperature, precipitation and runoff projections for the historical period, near future (NF) and far future (FF) under
RCPs 4.5 and 8.5

Temporal aggregation

Annual

DJF

MAM

JJA

SON

Scenario

W

Temperature (T ) [ C]

Precipitation (P) [mm]

Runoff (R) [mm]

Historical

8 (7.9, 8.3)

700 (686, 717)

166 (148, 186)

RCP 4.5 – NF

9.1 (8.7, 9.6)

738 (722, 761)

192 (171, 214)

RCP 4.5 – FF

10 (9.5, 10.6)

765 (740, 800)

209 (176, 236)

RCP 8.5 – NF

9.3 (8.8, 9.8)

753 (723, 778)

203 (175, 222)

RCP 8.5 – FF

11.6 (11.1, 12.2)

806 (755, 846)

234 (196, 257)

Historical

1.6 (2, 1)

138 (132, 146)

36.3 (30.2, 41.9)

RCP 4.5 – NF

0.4 (1.3, 0.3)

148 (141, 154)

46.3 (41.7, 49.6)

RCP 4.5 – FF

0.9 (0.3, 1.5)

157 (151, 167)

53.9 (47.3, 58.4)

RCP 8.5 – NF

0.2 (1, 0.8)

152 (142, 170)

52.7 (46.3, 60.1)

RCP 8.5 – FF

2.9 (2.2, 3.6)

173 (158, 189)

67.6 (55.7, 81.5)

Historical

7.7 (7.5, 7.9)

153.5 (150, 158)

63.8 (58.6, 72.6)

RCP 4.5 – NF

8.7 (8.2, 9.8)

166 (151, 180)

69.4 (61.1, 84.2)

RCP 4.5 – FF

9.7 (8.8, 11)

181 (171, 193)

70.6 (57.5, 79.4)

RCP 8.5 – NF

9 (8.4, 10.2)

173 (159, 196)

70.7 (61.3, 81.5)

RCP 8.5 – FF

10.9 (10.2, 12.3)

193 (180, 209)

74.8 (64, 81.8)

Historical

17.3 (17.1, 17.5)

253 (244, 260)

40.2 (35.4, 44.9)

RCP 4.5 – NF

18.3 (17.9, 18.6)

262 (244, 287)

46 (41.2, 52.8)

RCP 4.5 – FF

19 (18.5, 19.7)

264 (240, 298)

50.9 (44, 62.2)

RCP 8.5 – NF

18.4 (17.7, 18.7)

263 (246, 278)

48.4 (42, 52.4)

RCP 8.5 – FF

20.4 (19.8, 21.4)

264 (227, 307)

53.3 (46.1, 63)

Historical

8.5 (8.3, 8.8)

155 (142, 167)

26 (22.3, 30)

RCP 4.5 – NF

9.6 (8.9, 10)

161 (141, 175)

30.2 (24.6, 33.6)

RCP 4.5 – FF

10.3 (9.8, 10.9)

162 (158, 170)

33.3 (27.3, 39.6)

RCP 8.5 – NF

9.8 (8.9, 10.5)

164 (148, 183)

31.4 (23.8, 41.2)

RCP 8.5 – FF

11.9 (11.1, 13)

175 (157, 200)

38.1 (29.6, 45.5)

In each cell the ensemble mean values followed by the ensemble minimum and maximum values (in parentheses) are given.

the response of its three main components: surface runoff, lat-

version of this paper). Spatial variability of mean annual

eral ﬂow and baseﬂow, on both annual and seasonal levels.

R (Figure S1) is very high, reﬂecting spatial climatic gradients, such as from the south to the centre (the strongest
one), from the north to the centre (intermediate), and

RESULTS

from the east to the west (the weakest one), as well as
some local-scale ﬂuctuations related to differences in land

Runoff conditions in the historical climate

cover, soil and hydrogeology. Topography is an important
driver of spatial distribution of mean annual R. Its high

The spatial distribution of runoff in the VOB for the histori-

values correlate with the mountains and uplands in the

cal period, resulting from a MME analysis carried out

south. While the areal mean R is equal to 166 mm (which

within this study, is presented in Supplementary material

constitutes 24% of precipitation), the range depicted by

Figure S1 (annual runoff) and Supplementary material

the 1st and 99th percentiles (calculated across 2,633 sub-

Figure S2 (seasonal runoff) (available with the online

basins) is 44–563 mm.
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Seasonal R dynamics is, in general, driven by two mech-

whereas the areas along the southern mountainous edge are

anisms: high surface runoff and baseﬂow as a result of snow

characterized by the lowest change, in many cases classiﬁed

melt in spring (areal mean R equal to 60.6 mm), and

as ‘an agreement on insigniﬁcant change’. It should be

depleted groundwater contribution (areal mean R equal to

noted that the areas with the highest change correspond to

25.6 mm) in autumn, as a result of negative water balance

regions with the lowest R magnitude in the historical period

in summer. The importance of these two mechanisms is con-

(cf. Figure S1), while the areas with the lowest change corre-

trolled by local conditions, which results in spatial

spond to regions with the highest R magnitude. This shows

variability of seasonal R magnitudes. However, spatial

that spatial variability expressed in absolute values (e.g.,

trends described above for annual R are generally persistent

mm) would be lower than when expressed as per cent

also in the seasonal R maps (Figure S2).

change in the maps. We refer to Table 1 for projected mean
annual and seasonal runoff values expressed in mm.

Projections of annual runoff change

Different combinations of RCPs and time horizons differ
substantially with respect to the robustness assessment of R

The maps of projected MME mean changes in the mean

change projections (Figure 2). For large parts of the southern

annual R show that increases in R dominate across all

half of the VOB, the vast majority of models (at least eight

RCPs and time horizons (Figure 2). The highest mean areal

out of nine) agree on the lack of statistical signiﬁcance in

increase of 41.6% is projected under RCP 8.5 in the far

the near future under RCP 4.5 (hatching). In the far future

future, when both T and P are projected to increase most.

under RCP 4.5, around half of the area is classiﬁed as an

However, spatial variability of projected increase is quite pro-

inconsistent response (white overlay). This corresponds

nounced. The north-western corner of the inner part of the

well to the P change map for this combination of future hor-

VOB has consistently the highest rate of runoff increase,

izon and RCP (Supplementary material, Figure S3, available

Figure 2

|

The MME mean change in the mean annual runoff for the Vistula and Odra river basins, for the near and far future under RCPs 4.5 and 8.5. Values in the bottom left corner of
each map show mean change across all river reaches. Stippling (small black dots) marks areas with high model agreement, hatching marks areas where less than two out of
nine models show a signiﬁcant change, an overlaid white colour marks areas with inconsistent model response, whereas colours without stippling and hatching can be
interpreted as regions with limited evidence for change in the indicated direction (after Knutti & Sedláč ek 2013). ‘NF’ and ‘FF’ stand for near and far future, respectively.
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online). It can be noticed that SWAT projections driven by

these climate models project increases in R. Second, precipi-

individual climate model simulations in this case provide

tation and temperature change are positively correlated

quite substantially variable changes, ranging from 14% to

(R2 ¼ 0.56). Third, there is a very strong positive correlation

36% (Supplementary material, Figure S4, available online).

between runoff change and precipitation change (R2 ¼ 91),

Spatial patterns in individual maps also differ, although it

while runoff change and temperature change are also posi-

is quite consistent that in the south the rate of increase is

tively correlated (R2 ¼ 0.5).

lower, or even decreases occur, over small areas. In the far
future, under RCP 8.5, there are small areas in the centre

Projections of seasonal runoff change

and north, for which projections were assessed as robust
(stippling). Areas with overlaid white in this map also corre-

For all four RCP-horizon combinations, there is a similar

spond to the patterns in P change map for this combination.

seasonal pattern for average VOB conditions: the highest

It should be noted, though, that robustness spans

increase projected in winter, the lowest in spring, and the

through the continuum of possibilities, determined by the
values of RKS (robustness in the sense of Knutti & Sedláček

intermediate, similar values in summer and autumn

) and the fraction of models showing statistically signiﬁ-

increases in all sub-basins and all horizon-RCP combi-

cant change, νs. As an example, Figures S5 and S6 of the

nations. In contrast, for spring there is a horizontal divide,

Supplementary material (available online) show the spatial

relatively stable across RCPs and horizons, north of which

variability of RKS and νs for annual R projections, illustrating

the runoff increases, and south of which the runoff

the complexity behind the maps shown in Figure 2.

decreases. This southern part embraces the areas where, pre-

(Figure 4). Winter is the only season in which runoff

An aggregate view on mean areal changes in average

sently, runoff values are higher – the mountain ranges of the

annual T, P and R is presented in Figure 3. First, it should

Carpathians and Sudetes, as well as their foothills. Summer

be noted that all 36 climate model simulations project

is another season for which runoff decreases are projected

increases in T and P and all SWAT simulations driven by

in the southern edge of the VOB. However, it should be
noted that in most cases (with the exception of spring in
the far future under RCP 8.5), the projected decreases in
spring and summer are classiﬁed as statistically insigniﬁcant.
Inconsistent model responses (white areas in the maps) are
more frequent in the far future than in the near future, which
is particularly visible for summer and autumn.
While the robustness method of Knutti & Sedláček
() lends itself well for analysing the uncertainty of climate models in a spatially explicit manner, box plots of
areal mean runoff changes calculated across all ensemble
members are another way of illustrating the spread of projections (Figure 5). The seasonal patterns of change are similar
in all RCP-horizon combinations, with the highest model
spread (and magnitude of change) in winter season, the
lowest spread (and magnitude) in spring season, and intermediate positions of summer and autumn seasons.
Projections of discharge at the river outlets

Figure 3

|

Areal mean projected temperature (ΔT ), precipitation (ΔP) and runoff (ΔR)
changes according to individual RCM simulations. ‘NF’ and ‘FF’ stand for near

Mean monthly hydrographs in the historical and future climate

and far future, respectively.

under both studied RCPs for the two most downstream gauges
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The MME mean change in mean seasonal runoff for the Vistula and Odra river basins, for the near and far future under RCPs 4.5 and 8.5. See Figure 2 legend for further
explanations.

located close to the mouths of the Vistula and Odra rivers

consistent with the fact that large parts of the VOB area

(Tczew and Gozdowice, respectively) show that there is a

were characterized by a non-signiﬁcant change in R for all

clear change in hydrograph pattern with changing RCP

seasons apart from winter (Figure 4).

values and with more distant future periods (Figure 6). The
occurrence of maximum monthly Q is steadily shifted from

Projections of change in runoff components

April to March for both rivers, and in the case of the River
Odra in the far future under RCP 8.5, February is almost as

Total runoff (R) simulated in SWAT is the sum of surface

likely to be the month with ﬂow maximum as March.

runoff, lateral ﬂow and baseﬂow. On an annual basis, they

While in the near future the minimum of the monthly

constitute 42%, 13% and 45% of areal mean total runoff,

regime is projected to occur in October or November; as

respectively, according to the ensemble mean simulations

for the historical period, in the far future it is projected to

in the historical period. Projected change in these three

be October rather than November, particularly under RCP

components is not uniform, as demonstrated in Figure 7,

8.5. The most robust signals can be observed for all three

for the ensemble mean. Relative changes in both baseﬂow

winter months (December, January and February) in the

and lateral ﬂow follow a similar seasonal pattern, with the

far future. These are the only cases when the uncertainty

largest increases in winter (more than double in the far

bands of the future Q do not overlap at all with those of the

future under RCP 8.5) and the lowest in summer. On an

historical Q. The highest, approximately two-fold increase

annual basis, this increase varies approximately between

is projected for January. In contrast, in the near future the

20% and 60%. A different behaviour can be observed for sur-

overlap of uncertainty bands is relatively strong, which is

face runoff. Although winter is also the season with the
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Box plots of projected changes in areal mean annual (Ann) and seasonal runoff calculated across different climate models for the near (NF) and far (FF) future under RCPs 4.5
and 8.5.

highest increase, surface runoff in spring is projected to

lag effect, during summer, a typical low ﬂow period. Further

decrease by up to 26% for the high-end RCP trajectory in

consequences of climate change in winter and spring sea-

the far future. On an annual basis increases in surface

sons are a shorter snow cover period and a shift in snow

runoff are relatively low and vary between 4% and 15%

melt. As shown in Supplementary material Figure S7 (avail-

(ensemble means for four RCP-horizon combinations).

able online), snow melt between November and January is

These patterns can be linked to changes in other hydro-

unlikely to undergo a signiﬁcant change in all scenarios

logical processes (snow melt, inﬁltration) over winter and

apart from RCP 8.5 in the far future. This suggests that the

spring. Both these seasons are characterized by distinctly

amount of snow fall in these months will remain relatively

higher relative increase in precipitation than summer and

stable. A different situation occurs in March and April (Feb-

autumn (cf. Table 1). Additionally, winter is the season

ruary is a ‘transition’ month). Here, snow melt decrease is

with the highest warming, which, in combination with

huge (for example, from 31 mm in March in the historical

more precipitation, implies considerably more rainfall and

period to only 5 mm in RCP 8.5 – FF), which triggers

thus higher inﬁltration and shallow aquifer recharge. Thus,

some fundamental changes to the hydrology of the VOB.

rivers are fed with more abundant baseﬂow and lateral

Much less snow melt translates into lower surface runoff

ﬂow, not only during winter and spring, but also, due to a

in spring. Since snow melt is the main source of ﬂood

Downloaded from http://iwaponline.com/hr/article-pdf/49/2/303/196120/nh0490303.pdf
by guest

312

Figure 6

M. Piniewski et al.

|

|

Projections of river basin runoff using SWAT

Hydrology Research

|

49.2

|

2018

Mean monthly streamﬂow of the River Vistula at Tczew and the River Odra at Gozdowice, as simulated by SWAT driven by the ensemble of climate model simulations under
RCPs 4.5 and 8.5 for the historical period, near future and far future. Solid lines show the MME medians whereas the shaded areas show the 10th–90th percentile range.

waters in Polish reference period climatology, advancement

derived from CMIP5 (Coupled Model Intercomparison Pro-

of snow melt has a direct consequence on the timing of

ject – Phase 5) GCMs. It is noteworthy that spatial patterns

ﬂoods (Figure 6).

of occurrence of different robustness categories in the
annual and seasonal R change maps (Figures 2 and 4)
follow to a considerable extent the corresponding maps

DISCUSSION

with P change projections (Piniewski et al. a). Nevertheless, some differences are visible, but their explanation would

The goal of this study was to assess projected changes in

require analysis of other potential factors controlling spatial

runoff in the Vistula and the Odra river basins using a

variability in runoff response, such as land cover, soils or

MME of recent, bias-corrected climate model simulations

hydrogeology. Such analysis could be done in future studies.

with the help of the SWAT model. The added value of our

Maps of projected MME mean changes in the mean

investigation with respect to the current state-of-the-art,

annual R for the Vistula and Odra river basins, across all

that is dominated by the European-scale studies on one

nine climate model experiments, for the near and far

end, and small catchment-scale studies on the other end, is

future, and under two selected RCPs, 4.5 and 8.5, show

a regional coverage along with a high spatial resolution of

that increases in runoff are dominating. The seasonal pat-

all projection maps. Furthermore, this study has quantiﬁed

terns

the robustness of runoff projections using the approach of
Knutti & Sedláček (). Our maps point out areas with

combinations, with the highest model spread (and magni-

changes that are not assessed as statistically signiﬁcant

(and magnitude) in spring season. The projections show a

(hatching), as well as areas with a high robustness (stippling)

clear change in hydrograph pattern in the future: both

or the lack of robustness (overlaid white colour). In general,

high spring Q and low autumn Q advance.

at low warming levels the lack of statistical signiﬁcance of

of

change

are

similar

in

all

RCP-horizon

tude of change) in winter season and the lowest spread

Our results suggest, overall, a wetter future for this

changes dominates, while with increased warming these

region, both in terms of P and R. It is well known that

areas gradually disappear, which is consistent with the ﬁndings of Sedláček & Knutti (), who analysed the

according to the EURO-CORDEX projections under RCPs

robustness of global projections of the water cycle variables

tral, northern and eastern parts of Europe, an area delimited
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Ensemble mean projections of seasonal runoff components: baseﬂow (GWQ), lateral ﬂow (LATQ) and surface runoff (SURQ). Top row shows plots for the historical period (no
RCP), the middle row for the near future (NF) and the bottom row for the far future (FF). Left and right columns show plots for RCPs 4.5 and 8.5, respectively. Labels show
relative changes in two major components (GWQ and SURQ) in comparison to the historical period.

W

W

approximately by the latitude 45 N and the longitude 10 E,

It would be interesting to know how different hydrologi-

and these results have been assessed as signiﬁcant and

cal models would respond to a similar forcing in this region,

robust (Jacob et al. ). A similar assessment focused on

but it is hard to ﬁnd suitable studies for comparison, due to a

the VOB using an ensemble of bias-corrected EURO-

general scarcity of climate change impact assessments on

CORDEX projections (Mezghani et al. ) conﬁrmed the

hydrology driven by EURO-CORDEX. Alfieri et al. ()

high level of agreement on direction of change in P over

presented a map of mean annual European streamﬂow

the VOB, although their robustness and signiﬁcance were

change simulated with LISFLOOD under RCP 8.5 for the

questionable (Piniewski et al. a). SWAT-derived runoff

2080s, indicating that the majority of rivers in the VOB

projections for the VOB in the present study show 100%

would undergo a 15–25% increase in streamﬂow. Papadimi-

agreement on the direction of change in annual R and a

triou et al. () presented a map of change in mean annual

very high correlation between the areal means of annual R

runoff in Europe obtained using the JULES land surface

and P changes (R2 ¼ 0.91, N ¼ 36).

model driven by the bias-corrected EURO-CORDEX
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simulated by SWAT. While the ﬁrst aspect is consistent

most of the VOB mean annual runoff was projected to

with the fact that globally, about 1.5–2% increase in P per

increase by up to 25%, but the robustness was high only in

W

K surface warming is estimated in response to greenhouse

the northern half of this region. The last European-scale

gas forcing (Allen & Ingram ), the second one requires

assessment of hydrological impacts of climate change in

more attention. In this study we used the Hargreaves

Europe with EURO-CORDEX was derived using three

method for PET estimation, which resulted in rather

models (VIC, LISFLOOD and HYPE) for the þ2 C hor-

modest changes in PET (areal mean MME mean increase

izon, but focused on high and low ﬂows rather than mean

ranging from 2.9% for RCP 4.5 in the near future to 8.8%

runoff or streamﬂow (Roudier et al. ). It can be expected

for RCP 8.5 in the far future). Until recently, the uncertainty

that since in their study both low and high ﬂows were pro-

of PET and runoff response to climate change due to differ-

jected to increase over the majority of the VOB, mean

ent PET calculation methods was largely ignored, whereas

runoff would undergo the same direction of change. Thus,

lately it has attracted more serious attention (Hosseinzadeh-

all available pan-European studies corroborate our ﬁndings

talaei et al. ; Koedyk & Kingston ; Williamson et al.

on the projected runoff increase in the VOB. Additionally,

). While the outcomes of these studies vary from region

modelling studies for the Upper Western Bug catchment in

to region, all of them stress the importance of the choice of

Ukraine (part of the VOB) using SWIM (Didovets et al.

PET method in estimation of hydrological impacts of cli-

), for three Estonian catchments using SWAT (Tamm

mate change. Hosseinzadehtalaei et al. () used the

et al. ) and for nine Polish catchments using HBV

Penman–Monteith FAO 56 (PMF-56) method as a bench-

(Osuch et al. ), all driven by EURO-CORDEX models,

mark for comparison with other PET methods in their

also suggest a wetter future. The seasonal patterns of

assessment of future PET projections over Belgium, report-

change in runoff as well as the key role of winter and

ing that Hargreaves estimates of PET increase were on

spring precipitation increase inﬂuencing baseﬂow increase

average lower than those derived with PMF-56 by 24–42%,

throughout the whole year, reported in the study of Didovets

depending on the season. On the other hand, Koedyk &

et al. (), also corroborate our ﬁndings. Furthermore,

Kingston () showed that even though the choice of

ﬂood projections of Osuch et al. () showed a rapid accel-

PET method inﬂuenced PET estimates in their New Zealand

eration of hazard with time, and slightly higher changes for

study, it hardly affected runoff estimates. Due to a site-

RCP 8.5 than for RCP 4.5, in accordance with results of our

speciﬁc character of the role of PET for hydrological model-

study. It should be noted though, that there is a plethora

ling and the fact that some authors advocate the use of

of speciﬁc reasons why hydrological projections differ

energy-based (PMF-56) rather than temperature-based PET

W

(cf. Piniewski et al. c) so the evidence gathered here

methods, such as Hargreaves (Hosseinzadehtalaei et al.

cannot be regarded as general. Higher value can be ascribed

; Williamson et al. ), it is recommended that future

to evidence gathered from model-intercomparison studies

studies investigate this source of uncertainty in the VOB,

that follow consistent protocols, such as the Inter-Sectoral

which has not been done so far.

Impact Model Intercomparison Project (ISI–MIP, www.

Since the VOB covers over 90% of Poland, the signiﬁ-

isimip.org). Hence, it would be useful to investigate the

cance of this study, i.e., the ﬁrst almost country-wide

hydrological model choice uncertainty, as yet unexplored

assessment of climate change impact on runoff, for the

in the VOB, in the future climate change impact assessments

water management planning in Poland is high. The shortage

in this region.

of water resources is of serious concern in Poland and sev-

Surprisingly, the rate of R increase was also positively

eral other Central and Eastern European countries

correlated with the rate of T increase, which, in our opinion,

(Kundzewicz ), thus the perspective of increasing

can be explained by two reasons: (1) a positive correlation

trend in annual runoff might seem comforting. Yet, climate

between temperature and precipitation increase in the

projections are more complex, as they also show: (1) major

EURO-CORDEX projections; and (2) a low response in eva-

seasonal changes (huge winter R increase, earlier occur-

potranspiration change in response to climate warming, as

rence of annual Q maximum); (2) increased ﬂood and
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reduced drought hazard (Piniewski et al. c); (3)

rivers: advancement of maximum ﬂows from April to

increased nutrient loss hazard, especially for nitrogen (cf.

March or even February, as well as a sharp increase in Jan-

Marcinkowski et al. ); (4) impacts on various water

uary/February ﬂow are two most important characteristics.

users, such as hydropower companies (increased potential,

The main mechanism leading to runoff and streamﬂow

cf. Tamm et al. ()) and coal power plant operators

increase is increased inﬁltration and sub-surface ﬂow com-

(water used for cooling), inland navigation sector, etc.; (5)

ponents (lateral ﬂow and baseﬂow), whereas increases in

challenges of meeting the water needs of freshwater

surface runoff are low. A huge decrease in snow melt over

(instream and riparian) ecosystems, i.e., the silent water

March and April leads to a decrease in surface runoff in

users (cf. Piniewski et al. ). In the context of the Euro-

spring.

pean Union’s Water Framework Directive, it is important

Assuming that the most recent generation of GCMs and

that this knowledge mainstreams into Poland’s water

RCMs, with high resolution outputs available, constitutes

policy, especially within the second cycle (2015–2021) of

the most credible projections to date, an overall agreement

the River Basin Management Plans, whose recent updates

of our ﬁndings with runoff or streamﬂow projections reported

for the Vistula and the Odra river basins (http://www.

in several other studies, based on various hydrological models

apgw.kzgw.gov.pl/) lacked consideration of any projections

forced by EURO-CORDEX data, is encouraging.

beyond 2030. Despite the inherent uncertainty, projections
for the future are important to inform the process of adaptation to climate change, sketching the range of possible
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Benestad, R., Srinivasan, R., Ignar, S. & Okruszko, T. 
Effect of climate change on hydrology, sediment and nutrient
losses in two lowland catchments in Poland. Water 9 (3), 156.
DOI:10.3390/w9030156.
Meresa, H. K., Osuch, M. & Romanowicz, R.  Hydrometeorological drought projections into the 21-st century for
selected Polish catchments. Water 8 (5), 206. DOI:10.3390/
w8050206.
Mezghani, A., Dobler, A. & Haugen, J. H.  CHASE-PL
Climate projections: 5-km gridded daily precipitation &
temperature dataset (CPLCP-GDPT5). Norwegian
Meteorological Institute. Dataset. DOI:10.4121/uuid:
e940ec1a-71a0-449e-bbe3-29217f2ba31d.
Moss, R. H., Edmonds, J. A., Hibbard, K. A., Manning, M. R.,
Rose, S. K., van Vuuren, D. P., Carter, T. R., Emori, S.,
Kainuma, M., Kram, T., Meehl, G. A., Mitchell, J. F. B.,
Nakicenovic, N., Riahi, K., Smith, S. J., Stouffer, R. J.,
Thomson, A. M., Weyant, J. P. & Wilbanks, T. J.  The next
generation of scenarios for climate change research and
assessment. Nature 463 (7282), 747–756. DOI:10.1038/
nature08823.
Osuch, M., Lawrence, D., Meresa, H. K., Napiórkowski,, J. J. &
Romanowicz, R. J.  Projected changes in ﬂood indices in
selected catchments in Poland in the 21st century. Stochastic
Environmental Research and Risk Assessment. DOI:10.
1007/s00477-016-1296-5.
Papadimitriou, L. V., Koutroulis, A. G., Manolis, G. G. & Tsanis, I. K.
 High-end climate change impact on European runoff
and low ﬂows – exploring the effects of forcing biases.
Hydrology and Earth System Sciences 20, 1785–1808.
DOI:10.5194/hess-20-1785-2016.
Piniewski, M., Okruszko, T. & Acreman, M. C. 
Environmental water quantity projections under marketdriven and sustainability-driven future scenarios in the
Narew basin, Poland. Hydrological Sciences Journal 59 (3–4),
916–934. DOI:10.1080/02626667.2014.888068.
Piniewski, M., Mezghani, A., Szcześniak, M. & Kundzewicz, Z. W.
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