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ABSTRACT

This study quantified the crop water consumption, crop-specific irrigation requirements, and availability of water
resources to catchments under climate change in the Czech Republic (CZ). Within the SoilClim model and BILAN-
WATERES hydrological water balance modeling process, we tried to answer the question of whether there are at
least theoretical water resources in the individual catchments of the CZ that could cover possible higher demands
for irrigation. An ensemble of five global climate models under the moderate representative concentration
pathway (RCP4.5) from the EURO-CORDEX initiative was chosen to project the future water use indicators. The
irrigation water requirement indicators for the growing season (GS) of vineyards, hop gardens, orchards, veg-
etables, and fodder crops were calculated in 1143 catchments for two periods, 2031-2050 (Sc1) and 2061-2080
(Sc2), compared to the observed period 1961-2020 (Obs). To project irrigation scenarios in agricultural water
management, the following water use indicators were quantified: relative soil moisture at 0-40 cm (AWRI) and

0-100 cm (AWR), crop water balance (Rain-ETy), irrigation water requirement (Irrig), and the ratio of actual and
reference evapotranspiration (ETyq,). To assess areas with a critically low water supply and quantify the fre-
quency of water deficit during the GS of each crop, we calculated the number of days with extreme values of
water use indicators. Quantification of the extreme irrigation characteristics reflected the highest depletion of
soil moisture and the highest water demands, i.e., when the assessed indicators reached the 25th percentiles. For
highly marketable vegetables, the largest deficit in Rain-ET, during the GS for Scl was projected. If current
vegetable growing areas and cropping systems remain unchanged, Irrig will increase by 10.2% by the end of the
21st century under RCP4.5. Although current potato planting areas have soils with a high available water ca-
pacity, they will become controlled by the water deficit over the next few decades. The accumulated vineyard
water required suggests that 15% and 25% of irrigation water will be lost by evaporation from the soil surface
during the 2030s and 2080s, respectively. However, changes in future hopyard irrigation extent and amounts
may have important implications in largely cropped irrigation hotspots. In the main traditional hop region for the
2030s, we project a 25% depletion of soil moisture and an increase of ET,q;, < 0.4 by up to 5.3%. The projection
of a high frequency of days with an ETq, < 0.4 and AWR1 < 30% for fodder crops was related to the most risk-
prone areas with an extreme lack of moisture in the regions with the most developed animal production. Thus,
there will be insufficient fodder supply to the livestock sector due to any water stress during the production
season under climate change conditions.
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1. Introduction

Irrigation is a crucial activity for global food production and regional
economies (Thiery et al., 2017) and is responsible for 40% of the world’s
food supply (Cody, 2018). Approximately 70% of global water con-
sumption is used for irrigation of crops (Wisser et al., 2008), and
harmonization of water requirements with limited water resources is a
significant political dilemma (Grafton et al., 2018). Water-saving irri-
gation has benefits for climate change mitigation and adaptation as well
as for sustainable economic development (Zou et al., 2013; Thiery et al.,
2020). Irrigation water demand has increased in recent decades (Drastig
et al.,, 2016; Wang et al., 2019) in connection with anthropogenic
climate change. Water requirements for crop irrigation are likely to in-
crease with considerable regional variation, and irrigation requirements
might increase to such an extent that established regional agricultural
practices might be challenging to retain in some regions (Riediger et al.,
2016; Wang et al., 2016). Excessive irrigation leads to drainage prob-
lems, so reduced irrigation strategies need to be implemented to protect
water resources (Mondaca-Duarte et al., 2020). For example, the Med-
iterranean region could save 35% of water by implementing more effi-
cient irrigation and conveyance systems (Fader et al., 2016). At the same
time, irrigation influences many land components; it modulates the
terrestrial water budget (Shah et al., 2019) and affects local hydrological
and energy cycles (de Vrese et al., 2016) as well as weather and climate
conditions (Chen et al., 2018; Cook et al., 2015), especially hot extremes
(Thiery et al., 2020; Potopova et al., 2021a, 2021b). While global
warming increases the likelihood of hot extremes almost globally, irri-
gation can regionally cancel or even reverse the effects of all other
forcing combined (Cook et al., 2015; Chen et al., 2018). It seems likely
that demand and supply can be brought into a sustainable balance only
by changing and moderating the pattern of requirements, by introducing
new sources of supply, or both (Cody, 2018).

Earlier studies (Dusenge et al., 2019) have already described the
effect of elevated CO; on plant growth as a result of climate change, but
the effects on crop water use and water use efficiency are less studied
(Lenka et al., 2020, 2021). Few studies have projected future impacts of
climate change, land-use change, and changes in water consumption on
water resources for the European continent (Schaldach et al., 2012;
Bisselink et al., 2020). Wriedt et al. (2009) simulated irrigation water
requirements in Europe, taking into account the spatial distribution of
crops, soil conditions, climate, and crop management. Riediger et al.
(2016) modeled a generally increasing water demand with increasing
temperatures in the Northern German Plain that is most likely of equal
relevance for central European regions. Southern European countries
are projected to face decreasing water availability (Sordo-Ward et al.,
2019; Potopova et al., 2019, 2020). Central and Northern European
countries show increasing annual water availability (van Vliet et al.,
2015), but projected temperature and precipitation changes show large
subannual variability (Trnka et al., 2015a, 2015b, 2020; Zalud et al.,
2017; Zahradnicek et al., 2020). Therefore, a seasonal assessment of
both water availability and demand should be undertaken for farmland
management (Pfister et al., 2020). Regional implications of global
climate change will likely affect evapotranspiration, which is an
important aspect of crop cultivation and the most important influence
on irrigation requirements for central European regions. Even today,
compound climate events and less-developed irrigation systems are
significant issues in the agriculture of the Czech Republic (Trnka et al.,
2014; Duffkova et al., 2019; Potopova et al., 2021a, 2021b; Balvin et al.,
2021). The required amount of irrigation water depends on how much
water the cultivation of a particular crop type requires and how much
water is available from local sources (El-Naggar et al., 2020). Therefore,
irrigation requirements estimated by independent modeling approaches
will be useful to assist in irrigation planning and water management at
high spatial resolution with large geographical coverage. Recently
improved detail in water use scenarios (Nadal and Flexas, 2019), which
foreshadow possible future water consumption in Europe (Bisselink
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et al., 2020), further open new opportunities for an integrated assess-
ment of water resources (Machlica et al., 2012; Hanel et al., 2014;
Melisova et al., 2020; Vyskoc et al., 2021).

Large-scale irrigation modeling to investigate water availability has
made significant progress in recent years (e.g., Perea et al., 2018; Dang
et al., 2020), and there is still a need to better assess future crop water
consumption. Two different modeling frameworks have been applied to
analyze their suitability for simulating time series of crop-specific irri-
gation requirements. The first framework refers to soft-coupling a dy-
namic vegetation model with a land-use model (Yalew et al., 2018),
whereas the second framework relies on conceptual modeling of crop
evapotranspiration (Zhao et al., 2019). Bastiaanssen et al. (2007) pro-
vide a comprehensive overview of the state-of-the-art of irrigation
modeling by many methods. Direct observations are often used for
comparison of measured temperatures and precipitation within different
areas or seasons and evaluation of spatial-temporal changes (e.g.,
Fowler and Helvey, 1974) or an assessment of crop yields (Kresovic
et al., 2014). Models and simulations are commonly used to study the
influence of different parameters on complex systems (de Vrese and
Hagemann, 2018). For example, the effect of irrigation on hydrology
(Sorooshian et al., 2014), the effects of climate change, climatic vari-
ability, and water trade on irrigation operations (King et al., 2019), the
influence of heatwaves on vegetation (Boeck et al., 2016), irrigation
water requirements (Doll and Siebert, 2002) and crop coefficients
(Mahmoud and Gan, 2019) can all be studied by different types of
models. The results of these analyses can be used, for example, for
planning and management of sustainable water use in different regions
(Mahmoud and Gan, 2019) or for adopting policy responses to reduce
climate change impacts (Wang et al., 2016). The influence of irrigation
on vegetation health and land surface temperature (Ambika and Mishra,
2019) or the spatial and temporal distribution of evapotranspiration
(Mahmoud and Gan, 2019) can also be studied by remote sensing
methods.

The effect of the management system on irrigation efficiency largely
depends on the socioeconomic factors of the country. In the Czech Re-
public (CZ), the water management system is marked by intensive
agriculture, large settlement, and intensive human activities as well as
by extensive artificial modifications of watercourses and floodplains.
Although there are 76,000 km of watercourses in total, of which
approximately 15,300 km is important for the management of water
resources and approximately 60,700 km of other small watercourses, the
majority of watercourses drain into neighboring states. Moreover, the
long-term fluctuations in climatic variables are reflected in the vari-
abilities of river streamflow and water level that have relatively short
residence times. Therefore, our hypothesis assumes that the current
and future available water resources are not sufficient for optimal crop
growth with the highest water requirements according to their water
demand in the CZ. The main aim was to project the water demands and
irrigation strategies for vineyards, hop gardens, orchards, areas with
vegetables and fodder crops under climate change at the catchment
level. The objectives of this study were (i) to project water needs to cover
the moisture deficit and water need to ensure stable yields of fodder,
orchards/vineyards, hop gardens, and vegetables for two periods,
2031-2050 (Scl) and 2061-2080 (Sc2), compared to the observed
period 1961-2020 (Obs), (ii) to identify deficit areas and distribution of
water needs for the growing season (GS) of 15 crops, (iii) to quantify the
extreme irrigation characteristics to reflect the highest depletion of soil
moisture, the most negative water balance and the highest water de-
mands for the Obs, Scl and Sc2 periods, and (iv) to quantify the avail-
ability of water resources to catchments and the contribution of the use
of irrigation systems to mitigate the effects of drought.

2. Target area and their irrigation system

The target area of this study is the CZ, a dry-warming country in
central Europe with a less developed irrigation system. Alterations in



V. Potopova et al.

water deficit and water excess events are becoming common, even
during the same year (e.g., 2020), and the balance between water supply
and demand is becoming fragile. According to the predictions of the
models under RCP4.5, the lowest precipitation totals for various recur-
rence intervals of 5 yr were 170 mm for the 2041-2060 period, whereas
the highest precipitation totals for 100 yr were 311 mm for the
2021-2040 period (Doldk et al., 2017). The improvement of drainage
and irrigation systems, the conservation of water, and the use of
water-saving technologies seem to be crucial for farmers’ adaptation
measures. Therefore, we aim to provide new results about interactions
between irrigation and farming systems for the current and future
climate over the CZ. Approximately 160,000 ha of irrigation is built in
the fertile and driest areas of the country, of which 88,000 ha is in Czech
lands and 72,000 ha is in Moravia. The national irrigation system is
usually limited to crops that cannot be grown without irrigation or that
gain more value through irrigation (vegetables, early potatoes, hops,
orchards, and vineyards). The sprinkler irrigation system dominates, but
approximately 4000 ha of drip irrigation is applied for vegetable crops.
Most of the irrigation systems (approximately 127,000 ha) were priva-
tized in 1997 and 1998. At present, approximately 40% of the original
extent of irrigation systems is in use while the remaining portion is not
operated. The water demand was evaluated in the irrigated grid area for
the following crops: potatoes, garlic, onion, carrot, peppers, cucumbers,
cauliflower, cabbage, apple trees, peaches, cherries, apricots, alfalfa for
hay and hop. The GS of crop growth when an adequate supply of water is
critical for high-quality production is shown in Table 1, where we have
also classified crop irrigation needs. This selection covers highly
water-demanding crops with high economic returns per unit of land and
thus offers promising prospects regarding income. The study used a
catchment area (UPOV) as a basic water management unit. The UPOV
areas belong to medium-sized catchments (100-1000 kmz). Integration
of crop water requirements, water supply, and specific cropland use
under the present and future climates was aggregated for 1143 catch-
ments. Information regarding the land cover relies on the Corine land
cover 2015-2020 dataset.

3. Data and methods

The entire study was based on a cascade of models (Fig. 1a,b) that
utilized a carefully compiled, quality controlled, and homogenized
dataset of daily meteorological data from 268 climatological and 787
rain gauge stations of the Czech Hydrometeorological Institute for the

Table 1
The beginning and end of the growing season (GS) of crops and their water
requirements.

Crop types GS GS Water
Start End requirement
Day Day [m®/ha]®
1. Early Solanum tuberosum L. 105 250 2000
potatoes
2. Garlic Allium sativum L. 304 196 2000
3. Onion Allium cepa L. 70 240 2000
4. Carrot Daucus carota L. 75 225 2900
5. Peppers Capsicum annuum L. 135 260 3000
6. Cucumbers Cucumis sativus L. 120 225 4000
7. Cauliflower Brassica oleracea L. 110 220 3600
8. Cabbage Brassica oleracea L. 105 250 3200
convar. capitata
9. Apples Malus domestica L. 70 310 5000
10. Cherries Prunus avium L. 70 310 4000
11. Apricots Prunus armeniaca L. 70 310 3500
12. Peach Prunus persica L. 70 310 5000
13. Alfalfa for Medicago sativa L. 100 265 3800
hay
14. Vineyard Vitis vinifera L. 100 310 3200
15. Hop yard Humulus lupulus L. 100 255 3500

# Water requirement values.
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period 1961-2020. These data combine all key weather variables,
including daily mean, 2 pm, maximum and minimum temperatures [°C];
daily mean air relative humidity [%]; precipitation [mm day]; global
solar radiation [MJ -m2 day'l] and wind speed [m s'l], as they are used
in the national drought monitoring system (CZ: last accessed 15 October
2021), covering the whole CZ with daily weather inputs interpolated to
500 x 500 m grids. For each gridpoint, land use was considered and data
on slope and land exposure were taken into account in radiation and
energy balance calculations. For each gridpoint, data on retention ca-
pacity in the individual layers, soil depth, and possible impact of
groundwater were also available. Meteorological and grid-specific data
were used in the SoilClim model to estimate soil moisture and irrigation
requirements on a 500 m grid. These were then aggregated for each
UPOV and used as input for the BILAN-WATERES hydrological models,
which in turn estimated the water available for irrigation.

The final procedure required to generate water requirements at the
catchment level for the present and future climate is captured in Fig. 1a,
b. To estimate the potential of irrigation water needs at the UPOV level,
the following items are required: (i) knowledge of the crop composition,
which will be irrigated ideally to the level of the soil block or at least at
the level of the catchment area; (ii) the optimal composition and dis-
tribution of crops in individual catchments and soil blocks; and/or (iii)
the optimal use of available water resources; however, in that case, it is
necessary to allocate moisture water for individual river basins or set
priorities for its distribution (e.g., the lowest catchment areas have the
highest priority).

The following daily series of irrigation water requirements indicators
were calculated for 1143 catchments: reference evapotranspiration
(ET,, mm), actual evapotranspiration (ET,, mm), growth coefficient
(Ko), relative soil moisture 0-40 cm (AWR1, %), and 0-100 cm (AWR,
%), crop water balance (Rain-ET,, mm), irrigation water requirement
(Irrig, mm), and the ratio of actual and reference evapotranspiration
(ETatio). The indicators used here were the average values from all
catchments at the median and 5th, 10th, 25th, 75th, 90th, and 95th
percentiles for 1961-2100, Obs, Scl, and Sc2. Future trend magnitudes
of water use indicators were estimated by a nonparametric Mann-
Kendall trend (p value < 0.05, same hereafter). We averaged the
magnitude of changes across a range of ensemble models to reduce the
effect of natural variability.

3.1. Quantification of crop water balance under irrigated areas

To evaluate differences between the crop water availability and the
atmospheric water demand for each crop, we applied the SoilClim tool
(Hlavinka et al., 2011). The SoilClim model is based on one of the most
frequently used approaches to irrigation scheduling by Allen et al.
(1998), which has been adopted for Czech conditions with some addi-
tional features, e.g., snow cover model, modification of bucket
approach, phenologically dependent K. and root depth values added (e.
g., Hlavinka et al., 2011; Trnka et al., 2020). Similar to the original work
by Allen et al. (1998), in this study: (i) ET, was calculated by the
Penman-Monteith method, (ii) daily ET, for each crop was calculated by
multiplying K. and ET,, and (iii) differences between daily precipitation
and ET, were used to calculate crop water balance (Rain-ETj).

To determine the period of the highest crop water consumption
(Table 1), ET, was expressed as follows:

ET, = ET,; + ETp (€]
ET,l = ET,-K.-K,1-Ratiol @)
ET,2 = ET,-K.K2-Ratio2 3)

where ET,1 and ET,2 are the values of actual evapotranspiration
from the top layer and rootzone layer; ET, is the value of reference
evapotranspiration; K, is the coefficient describing the properties of the
crop canopy and its phenological stage (i.e., crop height and the leaf area
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b. Diagram of the cascade of models used in the framework concept of crop-specific irrigation
requirements.

Fig. 1. (a) Scheme of hydrology modeling Bilan (P - precipitation, T - temperature, R - runoff, H - humidity) and water balance modeling Wateres (WR - water
reservoir, MR - manipulation rules). (b) Diagram of the cascade of models used in the framework concept of crop-specific irrigation requirements.

index) concerning reference grassland; Ks is the soil water stress coef-
ficient expressed as Ks1 and K2 according to the availability of soil
water for evapotranspiration topsoil layer and subsoil layers; and Ratiol
and Ratio2 are the shares of water absorption from the topsoil and
subsoil layers (according to the relevant crop root depth).

The crop coefficient K. was defined based on the crop coefficient
approach with possible modifications as a function of growing degree
days (GDD). The crop coefficient K. was formulated by the following Eq.
(4:

Ke = Kegab) + [0.04 (03 - 2) — 0.004 (RHpyin — 45)] ()% 4)

where K qp) was the value of K¢ ini, K¢ mid OF K end; RHmin Was the mean
daily minimum relative humidity (%) for both mid-season or late stages;
and h was the mean crop height (m) during the growing stages (in mid-
season and late season).

The soil water stress coefficient K; was estimated in SoilClim

(Hlavinka et al., 2011) using the FAO-56 (1998) approach. The K;
standard equation is given below:

K = 1 for 8i > RAW 5)

 TAW-D TAW-D
" TAW —RAW  (1-)TAW

Ks for 6i < RAW 6)

where TAW (O¢-Oyp) was the total available soil water; RAW (p TAW)
was the readily available soil water; D (O¢- O;) was the soil water
depletion; p was the fractional part of the soil water that could be
absorbed by the crop without any water stress (soil water depletion
fraction for no stress); O (m3 m’g) and Oy, (m3 m’3) were the soil
water content at the field capacity and the permanent wilting point,
respectively; and 6i (m® m~>) was the actual soil water content. The p
has been derived during calibration of the SoilClim model and set at 0.3
for top layer and 0.2 for the lower soil layer based on the experimentally
data driven SoilClim model calibration runs (Hlavinka et al., 2011).
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The Ratiol and Ratio2 were based on the experimental data collected
by SoilClim team (Hlavinka, pers. comm) and accounting for available
studies (e.g. Fan et al., 2016). The ratio for the crops and non-perennials
differed based on the phenological development, while it has been held
constant for perennial cultures (e.g. orchards, grape-wine).

SoilClim dynamically simulates the vegetation cover and considers
changes in its parameters in daily time steps (e.g., changing the rooting
depth or crop height in the case of crops or the presence/absence of
leaves in the case of deciduous trees). The changes are driven by the
GDD and vernalization requirements (depending on the crop cover
type). Therefore, the crop parameter K. (Allen et al., 1998) and the root
growth dynamics vary for individual vegetation covers throughout the
year (or the vegetation season). For instance, the values for K, in Fig. S1
are values for nonstressed crops cultivated under excellent agronomic
and water management conditions and achieving maximum crop yield.
The establishment of individual K. parameters as well as water re-
quirements in this study followed obligatory technical standards (Czech
State Standard, 1994), which are mandatory, e.g., for irrigation project
building permits or water-withdrawal permit requests (Tables 2, 3).

The Rain-ET, in the SoilClim model was calculated for each grid with
a resolution of 0.5 km x 0.5 km throughout the CZ. Then, the results
were aggregated into cadaster units, which represent the smallest
administrative area in the CZ. The calculation was limited to grids with
agricultural land or irrigable grids for the GS of each crop as well as the
time series of Rain-ET, for individual years under optimal growth con-
ditions (Rain-ET,50) and drought conditions (Rain-ET4;9 and Rain-ETq20)
for the current and future climates.

3.2. Quantification of irrigation water requirement

We quantified the potential Irrig (mm/m?) for each crop GS for the
current and future climates. All calculations of Irrig were performed at
the level of individual grids in a daily step, and an irrigation dose was
applied whenever the saturation of the current root layer fell below 30%
retention capacity, i.e., the lower limit was reached. Subsequently, from
the area of selected grids with irrigation, we calculated the sum of water
that must be supplied in the topsoil (0-40 cm; AWR1) and rootzone
(0-100 cm; AWR) layers. The abbreviation AWR stands for the relative
content of plant-available water and is expressed in % where 0% is
reached at the wilting point and 100% at field capacity. The root depth
during GS was dynamically simulated by a crop growth model that was
incorporated into SoilClim. The soil moisture available to plants was
calculated as the difference between soil moisture at field capacity and
wilting point multiplied by layer depth. The indicators of AWR1 > 50%
and AWR > 50% were calculated as “productive” irrigation, while
AWRI1 > 30% and AWR > 30% were calculated as “maintenance” irri-
gation, i.e., ensuring the survival of the commodity. A special regime
was used for weeks when the value of the irrigation efficiency factor

Table 2
Overview of the Kc parameters as reference values used in the SoilClim model.
Crop type Kc Kc Kc Height at Height at
ini mid end MID (m) END (m)
Apricots / peaches / 0.45 0.90 0.65 3.0 3.0
cherries
Apples 0.45 0.95 0.70 4.0 4.0
Vineyards 0.30 0.70 0.45 1.8 1.8
Hopyards 030 1.05 085 5.0 5.0
Alfalfa 0.40 1.20 0.90 0.7 0.2
Carrot 0.70 1.05 0.95 0.3 0.0
Sweet peppers (bell) 0.60 1.05 0.90 0.7 0.0
Cucumbers 0.60 1.00 0.75 0.3 0.0
Cabbage / 0.70 1.05 0.95 0.4 0.0
cauliflower
Garlic 0.40 1.00 0.70 0.4 0.1
Potatoes 0.50 1.15 0.75 0.6 0.0
Onion 0.20 1.05 0.70 0.4 0.1
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Table 3
The shares (%) of water absorption from the 0-40 cm soil layer used in the
SoilClim model according to the kind of crop root depth.

Crop type Ini Mid End Interim Depth of roots (m)
(%) (%) (%) (%) in Mid growth
phase
Allen et al. (1998)
Apricots / 0.60 0.60 0.60 0.60 1.0-2.0
peaches /
cherries
Apples 0.60 0.60 0.60 0.60 1.0-2.0
Vineyards 0.99 0.60 0.90 0.99 1.0-2.0
Hopyards 0.99 0.80 0.90 0.99 1.0-1.2
Alfalfa 0.90 0.80 0.80 0.90 1.0-2.0
Carrot 0.99 0.90 0.99 0.99 0.5-1.0
Sweet peppers 0.99 0.85 0.99 0.99 0.5-1.0
(bell)
Cucumbers 0.99 0.80 0.95 0.99 0.7-1.2
Cabbage / 0.99 0.90 0.99 0.99 0.5-0.8 / 0.4-0.7
cauliflower
Garlic 0.99 0.95 0.99 0.99 0.3-0.5
Potatoes 0.99 0.90 0.99 0.99 0.4-0.6
Onion 0.99 0.90 0.99 0.99 0.3-0.6

taken from the Czech State Standard (1994, Table S1) for a given week
and a given crop indicated an efficiency factor higher than 40 (which
means a significant effect of irrigation on economic yield). This means
that the AWR1 and AWR for the whole GS are always greater than 0.3,
and if the irrigation efficiency is greater than 40 mm each week, the soil
moisture level is kept at a level equal to or greater than 0.5. In these
cases, the saturation of the root layer was maintained at least 50%.
Irrigation designed in this way would be relatively very effective. The
frequency of soil dry days is defined as AWR1/AWR < 50%.

3.3. Quantification of the ratio of actual and reference evapotranspiration

The ratio of actual and reference evapotranspiration (ETq) pro-
vided basic information on the potential water deficit and its course
within the GS for the entire territory of the CZ. We focused on the
quantification of ET,q4, for each crop during current and future climates.
We calculated the long-term time series for individual years, normal
years, and 5-yr and 10-yr droughts, i.e., in the sense of the highest water
demands.

3.4. Estimating the number of days with required irrigation

To quantify the frequency of water deficit during GS that may result
in drought, the number of days where ET;at0, AWR1, and AWR met
specific threshold criteria was calculated. The number of days with an
ETrqio < 0.4 was chosen as the indicator of drought stress, i.e., a state
where we can assume a significant lack of moisture in the root layer and
the soil moisture content is below the point of reduced availability;
therefore, plant growth is beginning to be limited by water. To express
the available soil moisture for each crop in the root layer of the soil, the
number of days with AWR1 < 30%, AWR1 < 50%, and AWR < 30%/
AWR < 50% was calculated. To assess areas with critically low water
supply, GIS-based high-resolution mapping of the spatiotemporal dy-
namics of the number of days for AWRI < 30%, AWRI1 < 50%,
AWR < 30%, and AWR < 50% was applied. The results were processed
as average overall catchments as the 10th and 25th percentiles for Obs,
Scl, and Sc2 (AWR119 < 30%, AWR119 < 50%, AWRzs < 30%, and
AWR25 <50%, in the sense of the highest depletion of soil moisture).

3.5. Estimating the availability of water resources to catchments
This section describes the stepwise iterative calculation of irrigable

areas for selected commodities. The available water sources were esti-
mated daily based on the BILAN-WATERES hydrological models (Vizina
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et al., 2015; Melisova et al., 2020). This model runs in daily steps with
precipitation, mean temperatures, and humidity as necessary inputs.
Time series of total runoff (direct runoff plus baseflow), actual evapo-
transpiration, soil moisture and groundwater storage are among the
outputs. A more in-depth description of the model can be seen in Meli-
Sova (2020). The site-specific outputs are routed using
Muskingum-Cunge and dam operational rules in Wateres. The process
flowchart is shown in Fig. 1a. The calculations considered the impact of
both the water management system and real extractions and discharges.
Compatibility between BILAN-WATERES and SoilClim parameters (e.g.,
available water in the soil) was ensured by common input parameters
aggregated to the UPOV level. The BILAN model corresponds very well
with soil profile moisture from the SoilClim model to a depth of 1 m. For
better interpretability, the management of water resources and their
availability were analyzed both at the level of individual catchments (i.
e., each catchment manages only its resources) and at the level of sys-
tems (i.e., each UPOV has water resources obtained by optimized
management within the water system). Areas with the highest quality
soil will be selected as a priority for the implementation of irrigation.
The available water in each catchment was divided into individual grids,
and water was initially distributed to irrigable grids by the creditwor-
thiness of the soil. If the water in the given catchment basin was suffi-
cient to cover the requirements of all irrigable grids, the moisture was
subsequently distributed to other grids according to the soil quality.
Twenty percent of this available amount was subtracted to cover losses
during the transport of water to irrigated land. Finally, the output of the
calculation was a potentially irrigable area. The calculation for the
sources of available water in each UPOV and subsequently at the eight
subbasins (Upper and middle Labe (Elbe), Berounka, Upper Vltava,
Lower Vltava, Lower Labe (Elbe) and Ohre, Odra (Oder), Morava and
Dyje (Thaya)) was compared. The suitability of chosen crop cultivation
in the given catchment area was not considered in the calculations.

3.6. Estimating irrigation characteristics for 15 sensitive commodities
under the future climate

All future climate estimates were based on RCP4.5, which describes
possible future changes under radiative forcing changing by 4.5 Wm ™2
by 2100. Based on the validation of the individual global climate models
(GCMs) from the CMIP5 database and regional climate from the EURO-
CORDEX (Giorgi and Gutowski, 2015) initiative, the GCMs were found
to better represent the climate projection uncertainty. Instead of using
daily data from GCMs directly, the delta approach method (for more
details, see Trnka et al., 2016) was used to obtain daily climate data for
each 500 x 500 m grid for the 2031-2050 and 2061-2080 periods. The
differences (deltas) between the control period and future projections of
individual GCMs were used to modify the observed weather data series.
This was done according to the methodology described by Dubrovsky
et al. (2014). The RCP4.5 and climatic sensitivity of 3.0 °C were used.
Out of the CMIP 5 database (Taylor et al., 2011) of 40 global circulation
models, only five GCMs were used. The IPSL (Institute of Pierre Simone
Laplace, France) was found to best represent the centroid of the future
temperature and precipitation values over the territory of the CZ. The
four remaining models were found through Dubrovsky et al.’s (2014)
methodology to best capture the variability in the expected changes in
precipitation and temperature (BNU — Beijing Normal University, China;
MRI - Meteorological Research Institute, Japan; CNMR - National
Centre for Meteorological Research, France and HadGEM - Hadley
Center Global Environment Model, UK).

4. Results

4.1. Patterns of crop water consumption and irrigation requirements
under future climate change scenarios
Changes

in crop water consumption and irrigation water
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requirements under optimal growth conditions and drought stress in the
Scl and Sc2 periods of the 21st century relative to the Obs period are
averaged in Tables 4-6. The largest change in projected water use in-
dicators for some commodities can be seen in Scl, while the smallest
change is seen in Sc2. Models project minor changes in the future soil
moisture at the rootzone and topsoil across the country due to differ-
ences in climatic factors, soil properties, and crop types. Moreover,
models tend to project a nonnegligible reduction in the relative soil
moisture indicators in topsoil in drought years (Table 4). The AWR1
decreased for orchards, vineyards, hopyards, and fodder crops under
mid-century conditions. Even in potato planting areas, the AWR1 was
generally higher, yet the deficit of Rain-ET, was higher than that of
fodder crops. The frequency of days with a lack of soil moisture differs
significantly among crops, with the highest for orchards and fodder
crops (Fig. S2a—f). AWR1 < 50% ranged from 15 to 30 days in the Obs,
28-42 days for Scl1, and 32-48 days for Sc2 for orchards in the mean GS.
The spatiotemporal distribution of crop water consumption (Fig. 2a—c)
and irrigation water requirements (Fig. 2d-f) were also determined. The
future water consumption of hopyards, apples, and vineyards was pre-
dominantly negative, which means that within the overall growing
season, the Rain-ET, was not sufficiently met and the assessed crops
were exposed to water stress. Broadly similar anomalies with the highest
frequency of drought stress days with ET.q, < 0.4 (Fig. S3a—c) and
ETraho < 0.5 (Fig. S3d-f) occurred for hopyards and vineyards, while the
lowest number of days with drought stress occurred for vegetable
commodities. Compared to nonirrigated crops, cherries, or apples,
however, the water content in the deeper layers of the soil after irrigated
vegetables is still higher due to the shorter growth time and shallower
root system. Irrespective of scenario, onion (—50 mm) and cauliflower
(—50 mm) presented greater water demand than the other vegetables. In
the case of garlic, there was a reduction in water demands for both
scenarios. The moisture deficit of carrots increases in traditional culti-
vated areas, which indicates that carrots have one of the highest water
demands among the root vegetables (6500 m> ha™') and are susceptible
to water shortages during the early development stages.

Positive values of Irrig indicate an increase in irrigation demands for
the majority of the crops throughout the century (Tables 5, 6). Averaged
results from five GCMs for orchards show that Irrig would increase by
14.5% in the 2030s (average for Sc1) and 10.2% in the 2080s (average
for Sc2) relative to the observed period. Irrig for vineyards will increase
by 8.2% in the 2030s and 4.4% in the 2080s. For hopyards, Irrig would
change by 25% under Scl, which is 2.2-3.5% more water than for
vineyards. Over the 2030s, the increased Irrig under drought conditions
would be larger in the hopyards, which is 2.2% more water than the
observed period. For 2031-2050, there is a 50% chance that the extreme
Irrig for vineyards will become 1.0-1.5 times that of Obs. Moreover, the
required amount of Irrig was increased by 20% for losses in water
transport by the valid Czech State Standard (1994).

4.2. Trends of projection water use indicators

The changes in trend magnitudes of water use indicators were
comparatively higher during the 2030s than during the 2080s (Figs. 3, 4;
Figs. S4-7). However, the results for some commodities were related to
initially small decreasing trends (Sc1) followed later by large increasing
trends (Sc2) in water use indicators. For an observed period, the trends
of soil moisture at the topsoil of sensitive commodities were already
decreased by up to 15%. However, there are significant differences be-
tween the magnitude of trends of individual commodities in the pro-
jection AWR1 and AWR indicators. A statistically significant decrease in
the trend of AWR1 and AWR (-—3.9 to —6.3%/10 yr) was detected
during the GS of each crop by the 25th percentiles during the 2030s. The
magnitude of the changes for the two future periods for the number of
days with AWRs5p< 50%, AWRy5< 50%, AWRI5p< 50%, and
AWRI1,5< 50% exhibited an increase of up to 17%, which was linked to
the steep decline in soil moisture (Fig. S6). Such behavior is closely



V. Potopova et al.

Table 4
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Changes (%) in the relative soil moisture indicators at the topsoil (AWR1) and rootzone (AWR) under normal and drought conditions for the growing seasons of

vegetables and potatoes for 2031-2050 (Sc1) and 2060-2080 (Sc2).

Potatoes Garlic Onion Carrot Peppers Cucumbers Cauliflower Cabbage

AWR1/AWR - median

Scl -20/-1.3 +3.8/+ 2.6 -39/-22 - 2.0/-07 - 1.4/-1.2 -1.4/-04 -0.2/-0.2 - 1.5/-0.6

Sc2 +1.1/+ 1.0 +1.5/+ 1.9 +1.3/+1.3 +1.0/+ 1.7 -27/-1.8 +2.6/0.4 +1.2/4+ 0.2 2.7/0.2

AWR1/AWR - 25th percentile

Scl - 55/-24 +2.9/+ 1.2 - 6.7/-6.3 -29/-15 - 1.8/-1.3 -26/-19 -1.7/-07 -27/-1.6

Sc2 -20/-1.0 +1.8/+ 1.6 -1.3/-13 - 1.0/-0.9 - 1.1/-0.8 -1.1/-04 -1.2/-02 - 1.5/-0.38

AWRs, < 50% / AWR150 < 50% — median

Scl -38/-18 +1.6/+ 0.9 - 3.8/-26 -24/-15 - 3.8/-29 -24/-1.2 -0.7/-0.7 - 35/-29

Sc2 -17/-1.2 +1.3/+ 0.4 - 1.9/-20 +2.0/+ 1.5 +1.2/+ 1.6 +2.6/+1.8 +2.2/+ 2.0 +2.7/+0.2

AWRys5 < 50% / AWR1,5 < 50% — 25th percentile

Scl -7.5/-55 +0.9/+ 0.2 -77/-6.8 - 3.0/—-22 - 3.2/-26 -24/-19 -22/-1.2 - 85/-7.0

Sc2 -32/-20 +0.3/+ 0.3 -33/-25 -1.8/-15 - 1.6/-1.6 -15/-14 -1.2/-02 -17/-1.2
Table 5

Changes (%) in the crop water balance (Rain-ET,, mm) and irrigation water requirement (Irrig) under normal and drought conditions for the growing season of

vegetables and potatoes during 2031-2050 (Sc1) and 2060-2080 (Sc2).

Potatoes Garlic Onion Carrot Peppers Cucumbers Cauliflower Cabbage

Rain-ET, — median

Scl -1.9 +4.1 -7.8 -2.5 -4.2 -5.6 -5.3 -8.5

Sc2 + 0.6 + 0.8 -2.8 -1.1 -0.5 -1.5 -1.3 -2.4

Rain-ET, — 25th percentile

Scl -11.1 -1.2 -15.0 -5.9 -6.9 7.7 -6.8 -15.0

Sc2 -2.2 -0.1 -3.4 -2.3 -2.3 -2.4 -2.4 -3.3

Irrig — median

Scl +1.0 -15.0 +1.8 +23 + 0.6 +2.2 +2.0 +29

Sc2 +0.1 -0.5 -0.8 -0.5 +0.9 +1.0 +1.2 +0.5

Irrig — 75th percentile

Scl +6.7 -2.1 +16.0 +4.6 +0.5 +5.5 6.6 +20.0

Sc2 +5.5 -0.8 +2.6 +1.9 +0.1 +1.6 +1.6 +1.8
Table 6

Changes (%) in the crop water balance (Rain-ET,, mm) and irrigation water requirement (Irrig) under normal and drought conditions for the growing season of
orchards (apples, peaches, cherries, and apricots), alfalfa, vineyard, and hopyard during 2031-2050 (Sc1) and 2060-2080 (Sc2).

Apple Cherries Apricots Peaches Alfalfa Vineyard Hopyard
Rain-ET, — median
Scl -3.9 -1.1 -2.8 -2.5 -4.2 -1.6 -2.3
Sc2 -0.6 +1.1 +1.3 +1.6 -0.5 -0.5 -0.6
Rain-ET, — 25th percentile
Scl -18.1 -3.2 -4.8 -2.5 -6.8 -6.2 9.8
Sc2 -2.0 -0.8 -1.3 -1.0 -2.3 -2.4 -2.4
Irrig — median
Scl +3.0 +21 +2.0 +1.3 +2.6 +2.9 +3.0
Sc2 +1.3 +0.5 +0.9 +0.5 +1.3 +1.0 +1.2
Irrig — 75th percentile
Scl +15.0 +3.1 +5.8 +2.6 +5.2 +7.5 +10.0
Sc2 +5.5 +1.2 +2.6 +1.9 +15 +2.6 +6.6

related to the increasing trends of warming (0.51-0.99 °C/decade) in
daily soil temperature series at all depths and in all seasons in the CZ
(Potopova et al., 2021a, 2021b), which was also linked to the sharp
decline in soil moisture. Similar results have been found for trends of
ETratio50 under optimal growth conditions and drought years with values
of ETrario25-

Further water use indicators also identified a prevalence of moisture
deficit (Rain-ET,) under drought years by -20.0 mm and — 50.0 mm for
orchards and vineyards, respectively, and by — 5.3 mm and — 40.0 mm
for vegetables, respectively, for the 2030s compared to the observed
period (Fig. 4a,b). The averaged results for apples, apricots, and peaches
show that the magnitudes of Irrig trends in the mid-21st century would
increase by 30 mm/decade. Comparing the Irrig results among crops, we
identified two patterns (Fig. 4a,b). First, there is a generally stronger
increase in irrigation water requirements for orchards, fodder, and
hopyards than for vegetable and potato commodities due to longer GS

lengths to fulfill the respective crop production goals. Second, analyzing
each irrigation indicator separately, this Irrig trend is strengthened by
the climate impact on soil-atmosphere drought conditions, which leads
to increasing demand for the irrigated area.

4.3. Spatiotemporal distributions of crop irrigation water requirements for
sensitive commodities

Key results of irrigation water requirements for 15 crops are mapped
in Figs. 5-7. Using the multimodel mean, time series of irrigation
characteristics of vegetables (garlic, onion, carrot, pepper, cucumber,
cauliflower, and cabbage) for 1961-2020, 2031-2050, and 2061-2080
are mapped (Fig. 5a—f). Here, projected irrigation water requirements
range from 10 mm per irrigated grid cell in the brassicas (cauliflower
and cabbage) and root-producing (carrot) regions to 100 mm per irri-
gated grid cell in the fruiting-vegetable-producing region (pepper,
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Fig. 2. The ranges of the crop water balance (Rain-ET,) and irrigation water requirement (Irrig) for the growing season of each crop overall planting area for

1961-2020 (Obs), 2031-2050 (Sc1), and 2060-2080 (Sc2).

cucumber), which can be attributed to the spatial heterogeneity of
climate parameters. We find that the potential irrigation areas increase
in the brassicas and root-producing regions for 2031-2050. A more
significant increase in Irrigsg of the bulb vegetables was expected in all
the cultivated regions, especially for garlic and onion, which reflects the
predominantly rain-fed system of cultivation. The lowest ET,qi, was
found to be the dominant type of adverse event for pepper and cucumber
production regions due to its effect on increased soil water demand,
which increased transpiration rates (Potopova et al., 2017), whereas
changes in irrigation water requirements were associated with minimal
increases (due to short growing season). Cauliflower and cabbage veg-
etables are widely irrigated, but irrigation does not fully mitigate
drought effects; hence, Rain-ET,s5¢ variability largely controls crop pro-
duction in growing catchments.

Although current potato planting areas have soils with high available

water capacity, as apparent from Fig. 6a, early potatoes will become
controlled by the water deficit over the next few decades. These changes
will be driven by an increase in ET44, combined with low values of
AWRI and AWR. A higher potato potential water deficit area was
detected in the Berounka, Lower Vltava, Odra, Lower Labe, and Ohre
River subbasins when Rain-ET, affected most potato production regions.
The area of potatoes with a suboptimal soil moisture regime increased
threefold to 25% in the 2031-2050 period, while the area of potatoes on
soils with high available water capacity decreased.

Fig. 6b illustrates the spatial patterns of the most risk-prone areas for
each of these irrigation indicators over vineyard production regions. For
the mid-century, the greatest increases would occur in critical thresholds
of the Rain-ETg,, ETyqi0, and AWRI for catchments of the middle and
lower Labe, Berounka, the Ohre River, Odra River, Morava, and Dyje
River basins. The results of Rain-ET, and ET,4, are influenced by growth
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Fig. 3. The linear trends (%/10 yr) of the relative soil moisture in the topsoil when reaching the value of the median (a; AWR1) and 25th percentile (b; AWR1). The
relative soil moisture at the rootzone of each crop when reaching the value of the median (c; AWR) and 25th percentile (d; AWR). Trends refer to the 1961-2020

(Obs), 2031-2050 (Sc1), and 2060-2080 (Sc2) periods.
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Fig. 4. The linear trends (mm/10 yr) of crop water balance when reaching the value of the median (a) and 25th percentile (b). The irrigation water requirement

(mm/10 yr) when reaching the value of the median (¢) and 75th percentile (d). Trends refer to the periods 1961-2020 (Obs), 2031-2050 (Scl), and
2060-2080 (Sc2).

dynamics and the different onset of phenological phases but also by and increases in water use efficiency.

differences in the ability of the soil to retain water. Therefore, 15% and Fig. 6¢ documents the median irrigation during hop GS for Obs and
25% of irrigation water will be lost by evaporation from the soil surface two future periods under RCP4.5. For the 2030s, in Zatec — the main
in the Morava and Dyje River basins during the 2030s and 2080s, traditional hop region, we project the highest depletion of soil moisture
respectively. For the end century, the increasing rate of ET, exceeds that values of AWRI to decrease by 25%, and in Trsice and Ustécko hop
of precipitation across the grapevine production region, which will regions to decrease by 5% and 9%, respectively. This means that sum-
inevitably aggravate AWRI and AWR. However, the ET, and AWR in the mer irrigation is essential for maintaining adequate soil moisture levels.
rootzone tend to show a reduced Irrig due to decreases in transpiration Fig. 6d documents the median irrigation characteristics during the
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Fig. 5. (a—f) Maps of the water use indicators during GS of vegetables (garlic, onion, carrot, pepper, cucumber, cauliflower, and cabbage) for the observed period
(1961-2020) and two future periods under RCP 4.5 (2031-2050 and 2061-2080).

GS of alfalfa for hay in forage production regions under the current and
future climates. The lowest values of Rain-ET, (11-50 mm), ETato
(0.62-0.64), AWR (75.1-80%), and AWR1 (60.1-65%) occurred
frequently throughout the grassland regions during both scenarios.
However, the highest irrigation water demand for the same period
ranged from 15.1 to 25 mm. This change consequently led to water
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deficits and could result in yield depressions for productive grasslands,
which were indeed observed, e.g., during the 2015 summer drought
(Zalud et al., 2017).

Fig. 7a-d demonstrates the magnitude of the difference in irrigable
area between trees. Here, the lowest values of Rain-ET, (—101 to
—50 mm), ETps0 (0.42-0.45), AWR (44.8-60%), and AWRI
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Fig. 5. (continued).

(42.7-50%) occurred mainly throughout the orchard regions in future
scenarios. Conversely, the highest irrigation water demand ranged from
80.1 to 116 mm. These results indicate that the functions of water use
indicators within fruit trees can adapt to high depletion of soil moisture
if the trees are sufficiently irrigated. The higher water consumption in
the case of apple trees compared to other crops is due to their long
vegetation and relatively high irrigation efficiency at a time when water
resources are generally insufficient (Table S1).

11

4.4. Mapping the extreme water requirement indicators

The maps of the extreme irrigation characteristics that reflect the
highest depletion of soil moisture and the highest water demands are
shown in Fig. 8a-f (Fig. S8). The results of this section were not to
determine the real irrigation needs but to outline the area with the po-
tential highest water requirement in over-irrigation hotspots. The higher
risk areas for orchards and vineyards are widespread, covering more
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Fig. 5. (continued).

than 25% of the country due to exceedance of thresholds for both high
depletion of soil moisture and water demands in most catchments, while
risk areas where ET,q, < 0.4 exceeds the threshold are found mainly in
hopyards.

Maps from Fig. 8a (Fig. S8) illustrate spatial patterns of the most risk-
prone areas for each of these indicators, which have varied relevance
across a range of vegetables, and overlay observed and future periods.
Growing vegetables with supplemental irrigation would be presumed on
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33% of UPOVs. Toward the middle of the century, the sharp increase in
areas with days ET,qip < 0.4 and AWR1 < 50 (extremely limited water
availability) has been most apparent for onion in the catchments of the
Lower Labe and Ohfe, the middle Labe, Lower Vltava, Morava, and Dyje.
Overall, the results suggest that onion conditions are generally likely to
become less favorable without irrigation. The current suitable cultivated
proportion of brassicas-producing regions will be reduced by the 2050s
due to large water deficits. By the end of the century, 28.2% of UPOVs
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Fig. 6. (a—-d) Maps of the water use indicators during GS of early potatoes (a), vineyards (b), hopyards (c) and alfalfa for hay(d) for the observed period (1961-2020)

and two future periods under RCP4.5 (2031-2050 and 2061-2080).

increased the number of days with the highest depletion of topsoil
moisture (AWR1 < 30% and AWR1 < 50%) for late cabbage and
cauliflower (160 m? ha™! per tonne yield). The high numbers of days
with ETpgip < 0.4 resulted in cucumber and pepper fruit qualities
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(150 m? ha! per tonne yield) that were more sensitive to short drought
stress during the fruit setting stage in all producing regions. We find a
relatively similar but more pronounced result for potato water
requirement indicators (Fig. 8b). The projected future anomalies of the
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Fig. 6. (continued).

number of days with the highest depletion of soil moisture will increase
at approximately two-thirds of the UPOVs in the topsoil layer
(AWR1 <30%, AWR1 <50%) by the end of the 21st century compared
to the Obs.

The number of days with water deficit (ET,q4, < 0.4) for vineyards
was projected to increase with deficit irrigation and would require
supplemental irrigation up to 22% (Fig. 8c). The number of expected

14

days with the highest depletion of topsoil moisture for vineyards will be
approximately 27% of UPOVs for the period 2031-2050 and 15% of
UPOVs for 2061-2080. This increase in soil water stress will harm
sunburn risks and will be strongly related to vintage quality (sugar,
color, and aroma). These findings agree with those of Trnka et al.
(2021), who reported that the extent of grapevine production regions is
considerable, as is the massive increase in the warmer and drier regional
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Fig. 7. (a-d) Maps of the water use indicators during orchards GS for (a) apples, (b) peaches, (c) cherries, (d) apricots for the observed period (1961-2020) and two

future periods under RCP4.5 (2031-2050 and 2061-2080).

conditions of grapevines.

Maps of the number of days with water use indicators of hopyards for
the observed and two future periods are shown in Fig. 8d. Changes in
future hopyard irrigation extent and amounts may have important im-
plications in largely cropped irrigation hotspots. Approximately 22% of
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the hilly catchment areas would require supplemental irrigation, while
in the lowland catchment areas these percentages reached 28-35%. We
determined that days with water deficit occurred 1-3 times per GS in the
observed period, while in the 2031-2050 and 2061-2080 periods, days
with water deficit occurred more than 2—4 times. Even with the modest
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Fig. 7. (continued).

warming thus far experienced, yields have stagnated, and quality has
declined. This fact means further expenses and higher water re-
quirements in over-irrigation hotspots for premium beer production
(Potopova et al., 2021a).

The spatial distribution of the extreme water requirement indicators
of alfalfa for hay under current and future climates is documented in
Fig. 8e. Maps of the number of days with ET,4;, < 0.4 (35-42 days) and
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AWRI < 50% (65-135 days) define areas where an extreme lack of soil
moisture occurs with fodder production to keep the optimum demand
for the livestock sector. Areas with significant water requirements are
evident, as there is a significantly higher need for production and
maintenance irrigation in South Moravian than in other regions. These
indicators also suggest the economic risk of attaining sustainable fodder
production in the regions with the most developed animal production
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Fig. 8. (a—f) Maps of the number of days with the water use indicators during GS of cabbage (a), early potatoes (b), vineyards (c), hopyards (d), alfalfa for hay (e),
and apples (f) for the observed period (1961-2020) and two future periods under RCP4.5 (2031-2050 and 2061-2080).
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Fig. 8. (continued).
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(South Bohemian Region and Vysocina Region). Thus, there will be
insufficient fodder supply to the livestock sector due to any water stress
during the production season under climate change conditions. At the
same time, a substantial increase in the amount of water consumed by
livestock is expected in areas vulnerable because of water scarcity.

Regional differences in orchards with water use indicators are shown
in Fig. 8f (Fig. S16). Even though two regions are expecting strong in-
creases in the number of days with high depletion of soil moisture
(AWRI < 30%) and water demands (ETyquio < 0.4), i.e., Central
Bohemia (4-25%) and South Moravia (4+-47%), the total amount of irri-
gation water requirements decreases by 5%, as these two regions only
have a small share of the total water requirements for orchards. Thus,
irrigation is helpful to maintain the regular functioning of photosyn-
thesis and carbohydrate translocation even under drought stress con-
ditions. The increase in the number of days with ET,q;, < 0.4 and < 0.5
for the years 2061-2080 relative to 1961-2020 is likely to be in the
range of 10-25 days unless countermeasures are taken. In orchard re-
gions, a high number of days with depletion of soil moisture can lead to
dramatically decreasing yields.

4.5. Comparison of available water resources and estimated irrigation
needs

For the assessment of water resources, three categories of conditions
(normal, 5-yr and 10-yr drought) were used based on current water
demands and irrigation projections for apple trees (water-intensive) and
cabbage under current climatic conditions (1961-2020) and projected
climatic conditions according to 5 different climate models (Fig. 9a,b;
Fig. 10a,b). Within the scenario of the current demands, real with-
drawals are considered instead of the permitted withdrawals, which are
approximately 40% higher in the CZ. Within the hydrological and water
balance modeling process, we tried to answer the question of whether
there are at least theoretical water resources in the CZ in individual
UPOVs that could cover possible higher demands for irrigation. Fig. 9a,b
shows available water resources for each UPOV, under normal condi-
tions and drought periods (only the minimum residual flows) (Balvin
et al., 2021), from the reservoirs (until full retention capacity) or the
interbasin, and the demand for all water uses (i.e., surface and
groundwater extractions). The wet GCMs simulate comparable results of
available water resources with current conditions (irrigation needs for
cabbage), while the remaining GCMs simulate a decline (from 18% to
26%) in water resources for both horizons, especially for dry periods
when no water resources are available in most of the area. Water re-
sources are available only in the mountainous areas of the CZ, which are
not suitable for agriculture, and the lower Elbe River. The available
water resources are mainly in the first half of the hydrological year
(November-September) and therefore do not occur at the same time as
the GS in the CZ, during which time there are water deficits, especially
where there is insufficient water management infrastructure.

The modeling results were aggregated into eight subbasins and for
the whole CZ. Fig. 10a,b depict available water resources (irrigation
needs for cabbage) for subbasins that are decreasing or are not available
under current conditions. Available water resources decrease the most in
normal and wet years, provided that this water is available. For example,
the decrease in the Dyje (Thaya) basin, according to all GCMs, ranges
from 44 million m* (20% of available water resources) to 145 m3 (64%)
in a normal year. It should be noted that water resources are still very
limited or almost unavailable in the subbasins of the Berounka, Dyje,
and Morava Rivers since larger reservoirs are not present.

The change in available resources is also related to their deficits.
Figs. 510,11 shows the deficits for current and future climatic conditions
based on current needs and the needs for irrigation of apple trees and
cabbage. For current needs, the water deficits vary in units of percent for
all GCMs. When irrigation is considered, the deficits increase even for
wet GCMs. For the BNU, HadGEM2, and IPSL models, the change in
deficit is almost double for the period 2061-2080.
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Figs. S10,11 show aggregated available water for the CZ, which re-
mains almost the same under the CNRM and MRI GCMs and decreases
significantly for the BNU, IPSL, and HadGEM2 GCMs. These declines are
observed throughout and, as mentioned, occur primarily in the first half
of the hydrologic year. Without water management infrastructure, these
resources cannot then be used, particularly in the second half of the
growing season.

Simulations of the hydrological and water balance according to the 5
GCMs indicate that the main catalyst for changes in the natural water
regime in the CZ is the change in air temperature as the main proxy for
evapotranspiration, where the water regime changes significantly in the
summer months (30-50% decrease) and the streams are mainly sup-
ported by baseflow and direct runoff. An increase in runoff of 10-30%
can be expected in the winter months due to changes in the total amount
of snowpack. The hydrological model estimates a significant decrease
(up to 40%, based on the chosen GCM) in the median annual flow
compared to 1961-2020 (up to 55% in drought periods). This phe-
nomenon is predicted across all river basins, with a more pronounced
decline in catchments prone to produce water deficit (Thaya and Ber-
ounka). Crop-specific irrigation needs produce shifts in units of a percent
to this value. To meet the increased irrigation needs, it will be necessary
to retain this water so that it can be used later in the year, especially in
catchments where this infrastructure is lacking.

5. Discussion

In our study, we implemented hydrological models with crop models
that consider future crop production developments and climate data of
the entire GS and compute the most suitable crop for each raster cell
within UPOV. In this kind of research, there are two main constraints: (i)
cropland area and length of GS would remain unmodified by climate
change; however, considering the future higher temperatures (Potopova
et al., 2018; Zahradnicek et al., 2020), both patterns might change; and
(ii) these results represent just one realization of the possible future
irrigation water requirements. Therefore, our focus was to discuss the
uncertainties related to the choice of the model and scenario. The
SoilClim model has been shown to explain between 74% and 80% of the
daily ET, variability measured by eddy covariance and Bowen ratio
systems over 3 sites and 6 crops, with root mean square errors (RMSEs)
ranging from 0.49 and 0.99 mm/day (Trnka et al., 2015a, 2015b).
SoilClim also performed well at the lysimetric station Hirschstetten in
Austria over several years for three soils, explaining up to 63% (topsoil)
and 74% (subsoil) of the observed soil moisture, with RMSEs ranging
from 2.82% to 4.23% for both layers. Under field conditions, we found
SoilClim to explain 63% of topsoil and 74% of subsoil soil moisture
variability (Trnka et al., 2015a). SoilClim reproduces well changes in the
long-term soil moisture dynamics in the topsoil, especially during April
to September periods, i.e., the window critical for irrigation. SoilClim
also reproduced well trends in the reference evapotranspiration proxy, i.
e., pan evaporation between 1968 and 2010 (Trnka et al., 2015b).
SoilClim was shown to explain over 62% of the daily topsoil soil mois-
ture variability for April-September during 1961-2018 at Doksany sta-
tion. This is an improvement of over 55% reported for the 1961-2012
period by Trnka et al. (2015a) arising from using the improved soil
parametrization of SoilClim used in this study. The SoilClim model has
also been used several times in combination with the GCM models and
coupled with the BILAN model before this irrigation study, in a number
of other regions (Vizina et al., 2015; Trnka et al., 2016; Melisova et al.,
2020). The comparison of projected irrigation characteristics with other
studies is difficult due to the different climate models used in our study,
which reach different levels of regional warming toward the end of the
21st century (MRI — wet and cold; CNMR - wettest and hot; IPSL - hot;
BNU - cold and HadGEM - dry and hot). Another problem is that the
projection of 21st-century irrigation water requirements and available
water for sensitive agricultural crop commodities across the CZ has not
yet been thoroughly assessed. There is also the issue that decreases in
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Fig. 9. (a,b) UPOVs disponible water for current and future conditions according to the five GCMs for a normal year, 5-yr and 10-yr drought (irrigation demands for
apples) for Scl and Sc2.
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Fig. 10. (a,b) Aggregated disponible water resources in subbasins for the current and future conditions (2031-2050 and 2061-2080) according to the five GCMs for a
normal year, 5-yr drought and 10-yr drought (irrigation demands for cabbage).
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water consumption in current irrigation water requirements in many
UPOVs were not based on a reduction in the water demands of crops but
only on the decline in irrigation equipment. More detailed information
on the categorization of crop water balance is provided by Duffkova
et al. (2020), who showed that over 80% of spring crop regions in the CZ
were threatened with medium to severe water scarcity. Another study
conducted in the southern part of the CZ (Lamacova et al., 2018) pro-
jected future water balance scenarios under RCP4.5 for the periods of
2021-2050 and 2071-2100. Both studies underline that the growing
trend for the occurrence of dry periods will lead to the expansion of
irrigated fields. In addition, the water supply within both underground
and surface resources has been declining. There is concern about
whether there will be enough water for irrigation in dry years (Duffkova
et al., 2020).

The estimation of potential evapotranspiration and actual evapo-
transpiration in CMIP5 multimodel future projections for Europe was
also discussed by Dezsi et al. (2018). The study concluded that ET,, in-
creases by approximately 50-100 mm by the 2020s and approximately
75-125 mm by the 2050s for Europe. Another challenge lies in the
representation of how crop cover affects actual evapotranspiration and
soil moisture conditions concerning changes under rising temperature
and CO; levels (Dusenge et al., 2019; Lenka et al., 2020, 2021).

Our mapping results (Figs. 5-7) demonstrated that the changes in
AWR and AWR1 under nonirrigated arable land, permanently irrigated
land, and complex cultivation patterns may not be monotonic; rather, it
is possible that in some croplands, soil moisture might first increase in
response to increasing precipitation but then decrease because ETy may
increase faster than precipitation as temperature rises (Cook et al., 2015;
Chen et al., 2018). The topsoil may have a lower water loss, probably
due to the decreased evaporation from the soil surface under irrigated
vegetables, in contrast to alfalfa for hay, orchards, and vineyards where
the soil has permanent plant cover. The low water content of the root
zone limits the ET, to rates below the potential, and the reduction in ET,
due to increasing CO; has a relatively high impact on the optimization of
irrigation water productivity. Therefore, the ET,q4, is a good indicator
for designing irrigation scheduling in agricultural water management,
especially for vegetables where the water supply is mainly through
irrigation. In this case, the variations in ETyq4, are highly influenced by
irrigation water supply, especially under different irrigation levels.

Since the depth of 60 cm represents a limit for most types of vege-
tables, where the roots almost no longer penetrate, it is evident that the
greatest economic effect of irrigation occurs in years with 5-yr and 10-yr
drought. This would consequently lead to water deficits, and the pos-
sibility of irrigation provides benefits in drought years when the full
water capacity to guarantee a high yield will be 70% on lighter to me-
dium soils and 55-40% on heavy soils. However, it is precisely in these
crops that efficient irrigation systems (especially drip irrigation) can be
used, which offsets the relatively higher need for AWR by higher irri-
gation efficiency. This finding was consistent with Siebert et al. (2017)
and Thiery et al. (2020), who emphasized that irrigated crops, which
account for more than 40% of global yields, benefited from capped
temperature extremes. However, these favorable influences only
occurred because the irrigation extent more than quadrupled during the
20th century.

In the areas with low soil retention capacity, the stabilizing effect of
irrigation on hops and orchards is evident, with a relatively small in-
crease in water consumption. Tsuchida and Yakushiji (2017) related that
the dry weight of apricot trees declined over an approximately 3-month
period of drought stress; therefore, a period of drought stress longer than
two months is likely to cause visible tree growth inhibition. Cherry trees
under dry soil conditions resulted in decreased accumulation of carbo-
hydrates. Irrigated apricot trees maintained a high leaf water potential,
photosynthetic rate, and ET,q;, rate, regardless of lower AWRI1 and
AWR.

The largest effect in the expected climate is irrigation for fodder
crops, which is partly due to the highest water demands. However, it is
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evident that the greatest economic effect of irrigation occurs in years
with 5-yr and 10-yr drought; however, in these years, the risk of lack of
moisture will be significantly higher. The same results were achieved by
Zalud et al. (2017) and Trnka et al. (2015, 2020, 2021). At the
pan-European level, Schaldach et al. (2012) highlighted that changes in
the irrigated area between 2000 and 2050 increase by 18% from
181.202 km? to 214.028 km?.

6. Conclusion

This research combined the existing national irrigation standard
with the well-calibrated SoilClim model and BILAN-WATERES hydro-
logical models to develop projections of irrigation water requirements
under future climate conditions. The study identified regions with likely
increases in irrigation water requirements due to climate change.
Additionally, catchments that would not be able to support such an in-
crease in the water demand with the existing water reservoir infra-
structure were demarcated.

Most water consumption catchments were detected in lowland
catchments with high farm stocking rates, characterized by the highest
frequency of days with a lack of soil moisture and days with high irri-
gation needs. In the current climatic conditions and the normal year, at
least 90% of the water sources for existing irrigation systems can be
ensured from existing water sources, except for some catchments in the
Dyje River basin. With an increase in drought events with a probability
of 5 yr, it is impossible to satisfy the demands on water resources in the
Dyje River basin (South Moravia) and in the Rakovnicka and Louny
regions (Central Bohemia). During drought events with a probability of
10 yr, significant problems will manifest in several catchments in the
Upper Elbe and Upper Vltava regions.

Vegetable crops have relatively lower requirements, while orchards
are very demanding. The average irrigation water requirement will in-
crease by 10.2%, and the water requirement will be higher in orchards,
hopyards, vineyards, and fodder crops and lower in early potatoes and
vegetables. An increase in future potential irrigation amount will be
required to satisfy crop evapotranspiration. It will not be possible to
keep significant areas under irrigation in each growing season with
respect to water resources. Construction or use of existing small reser-
voirs for irrigation will be a necessity.
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