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The main objective of this deliverable D4.3 is to perform an
integrated, model -based assessment of the effectiveness of
Natural/Small Water Retention Measures (NSWRMs) under current
and future climate conditions at field scale. The assessment is based
on t he adaptation of the SWAP field -scale mathematical model to
seven pilot sites across three European biogeographical regions and
its cross -validation with the catchment -scale SWAT+ model, used in
the OPTAIN project. This report contains a detailed descripti on of the
SWAP modelling workflow, from input data preparation, model setup
and harmonisation, model calibration and application in climate and
NSWRM scenario runs. It provides calibration and scenario analyses
results from seven case studies, out of which four groups joined the
field -scale modelling work voluntarily. In the results section, for each
of the three biogeographical regions we i) give an assessment of the
effectiveness of NSWRMs with respect to water retention at present
and future climate con  ditions and 2) compare the SWAP and SWAT+
simulation results for the pilot fields and selected water balance
elements. We concluded that the NSWRMs can contribute to water
retention within the landscape. While this effect appears to increase
for land use ¢ hange related measures in the future, it appears to
decrease for management  -related measures. The cross -validation of
the water balance elements of the two models showed that the
SWAP and SWAT+ simulation results were comparable for the status
qguo (present situation, for which the models have been calibrated),
but differed for the NSWRMs scenarios, depending on how the
measures were implemented in each model. Our SWAP modellin g
results on the effectiveness of measures were, in most of the cases,
comparable with the experimental data from the WOCAT database.
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specific reports on the effects of NSWRMs on soll water balance
elements for improving the SWAP simulation results of the NSWRMs
effectiveness in retaining water within the soil profile and the
landscape.
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Summary

Within the OPTAIN project, the effects of Natural/Small Water Retention Measures
(NSWRMs) on water regime, soil erosion and nutrient transport are evaluated at both
catchment - and field -scales for present and future climate conditions. The goal of this

deliverable report D4.3 is to perform an integrated, model -based assessment of the
effectiveness of NSWRMs at the field scale and to use these results for cross -validating
the outputs obtained from the catchment -scale modelling. The assessment is based on

the adaptation of a field -scale mathematical model (SWAP) to seven pilot sites across
three European biogeographical regions and on combined analyses of NSWRM and
projected climate scenarios. The scenarios are designed to evaluate the efficiency and
potential of different NSWRMs in improving soil water retention and reducing flash
floods and the loss of soil and nutrients under changing climate conditions. This report
contains a detailed description of the SWAP modelling workflow, from input data
preparation, model setup and harmonisation, model calibration and application in
climate and NSWRM scenario runs. It presents calibration and NSWRM scenario results

from seven OPTAIN case studies from three different biogeographical regions (Boreal,
Continental and Pan nonia). The report also describes i) the new approaches and tools
developed within the OPTAIN project that facilitate the implementation of the scenarios

and the interpretation of the modelling results, ii) the methods used to cross -validate
the SWAP and S WAT+ models, and iii) the issues faced during the implementation of

this work. The SWAP model was calibrated for all the pilot fields with good or satisfactory

results. The impact of four in  -field NSWRMs - reduced tillage, shifting to grassland,
afforestat ion and drought tolerant crops - on the water balance elements was evaluated.
The scenario results indicate that the effects of measures on soil water retention and

other water balance elements have some regional pattern, but can be strongly
dependent on | ocal conditions (e.g. soil, crop, slope). According to the scenario results,

for most of the cases the studied NSWRMs contributed to reducing evaporation, surface

and subsurface runoff and percolation to deeper layers, which results in increased soil

water retention or plant water uptake within the fields. The cross -validation of the field -
scale SWAP and catchment  -scale SWAT+ models was a challenging task and could only

be performed for selected water balance elements (evaporation, transpiration and
drainag e outflow). Comparable results were obtained in most of the cases for the
baseline scenario, but the differences between the soil water balance elements
simulated by the two models increased when implementing the different measures. The
increased differenc es, however, could also reflect the differences in measure
BnANBNAAAAGe AR Ar At Nr N SNa&N OQeArAnacAdgANDZ kr At N
We concluded that the implementation of the SWAP field -scale model in the scenario
analysis and cross -validation ¢ ould positively contribute to i) better understanding the
effects of NSWRMs at field level and ii) evaluating the outputs of the SWAP and SWAT+
models in a wider context.

We concluded that NSWRMs can contribute to water retention within the landscape,

and that this effect seems to decrease and increase in the future for measures related to
management and land use change, respectively. The cross -validation of the water
balan ce elements of the two models showed that the SWAP and SWAT+ simulation
results were comparable for the status quo (present situation, for which the models have

OPTAIN D4. 3 Assessment of NSWRM effectiveness at field scale 5/ 143
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been calibrated), but differed for the NSWRMs scenarios, depending on how the
measures were implemented in the two models.
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1 Introduction
1.1 Objectives

The primary objective of the EU H2020 OPTAIN project is to identify efficient and easy -
to -implement Natural -/ Small Water Retention Measures (NSWRMs) and optimise their

spatial allocation and combination for retaining and reusing water and nutrients in sma Il
agricultural catchments across Boreal, Continental, and Pannonian biogeographical

regions of Europe.

To achieve this objective, OPTAIN considers two different scales. The Soil and Water
Assessment Tool+ (SWAT+) is being used for simulating water and nutrient transport
processes at (sub -)catchment level. SWAT+ uses simplified approaches for simulating
the quality and quantity of surface and ground water and predicting the environmental
impact of land use, land management practices, and climate change. On larger scales,

the calculated values are usually hard to verify or test. This also raises the question o f how
accurately SWAT+ can simulate the water balance elements and the effects of different
management measures on water regime and plant development at field -scale.

The goal of this deliverable (D4.3) is to perform an integrated, model -based assessment
of the effectiveness of NSWRMs at field scale, using a field -scale model - SWAP - andto
cross -validate these results with those obtained from the SWAT+ catchment -scale
model. The assessment is based on the adaptation of a field -scale (SWAP) mathematical

model to selected pilot sites (fields) across three European biogeographical regions and
on NSWRM scenario analyses.

Soil hydrological models, like the Soil Water Atmosphere Plant model (SWAP), are
commonly run from profile - up to field -scales. These models focus on the soil water
regime and are considered to be more precise in describing the water transport in the

soil -water -atmosphere system. However, they are not able to describe surface runoff,
erosion and nutrient processes from the root zone to surface watercourses and cannot

be used to assess the efficiency of structural NSWRMs. On the other hand, field -scale
model s are suitable for a more precise simulation of in -field (structural) NSWRMs, as the
soil and crop input data of these models allow management practices to be
incorporated into the modelling procedure in a more accurate and sophisticated way.
Therefore, th e results of such models at the field and farm scale can be used as a
reference for larger scale models such as SWAT+.

The main goals of applying a field -scale model in the OPTAIN project are i) to cross -
validate the SWAT+ outputs on water balance elements using the results of the field -
scale model; ii) to find the best approach for implementing management related

measures in the models, iii) to evaluate the potential of introducing drought tolerant

crops in the future for case studies, where they are relevant (a measure that cannot be

directly implemented in the SWAT+ model).

This report contains a detailed description of the SWAP modelling workflow, from input
data preparation, model setup and harmonisation, model calibration and application in
climate and NSWRM scenario runs. It provides model calibration results and scenario
results from seven case studies (Czech Republic, Lithuania, Norway, Poland, Switzerland
and 2 sites from Hungary). The report also describes the issues faced during the

OPTAIN D4. 3 Assessment of NSWRM effectiveness at field scale 11 143
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implementation of the work, but also highlights the new approaches and tools

developed within the OPTAIN project that facilitate the implementation of the scenarios

and interpretation of the modelling results. Furthermore, this deliverable provides newly

developed ideas on how the cross  -validation could support linked field - and catchment -
scale modelling in the future.

1.1.1 Position within OPTAIN

ytdr @&eNne&a dr A e?2Aan?A R geaEt &=AQt AFN ugeU ¢
AADZ dr nAca eR @y!'u,yr AArt ¢se X!lrrNrrBNAA eR
RAEB r QAANxXxs gdatdgA Atdr AArt BeDNAANEr dA e NWNA
the field -scale SWAP model in accordance with the OPTAIN SWAP protocol (Farkas et

al.,, 2022) and apply it for running scenarios related to climate change and

implementation of NSWRMs, following a common approach developed within the

project (Marval etal ., 2022). This ensures a harmonised approach towards modelling and

scenario analysis, which is one of the core concepts in OPTAIN.

A
A

yArt ¢se dr kNJgA?T OAcacdNDZ e?an dA OQOAer N Qe AAAke A
. AgéT NRRNOAQWNANrr Aa At N OAhaper8 Ndand 9K NX ur NN
linked to other activities and outputs of OPTAIN (Figure 1.1), especially from WP2, WP3

and WP5. Below we give a short overview of the most important deliverables, related to

our work.

g eeN X TNAr 2?2 &Nr AANDZ (JADZH OAAE Er X DNRJANDZ AADZ DNV
Environmental and Socio  -economic Performance Indicators (EPIs and SPls, respectively)

that allow assessing the effectiveness of selected (either existing or potential future)

Natural/S mall Water Retention Measures (NSWRMs) in and across the OPTAIN case

studies (D2.2, Krzeminska and Monaco, 2022). Furthermore, scale -specific guidelines for

the parameterisation of the NSWRMs in modelling approaches were developed for the

translation of NS WRMs into SWAT+ (catchment scale) and SWAP (field -scale) model

parameters (D2.3, Marval et al., 2022).

Yt N BeDNAAJAFT ~"eact JdA Je® "Ar raAaceAT A" r?2nneaca NDZ
DAAA AADZreA?ndeAr Ae eWNaEcQeBN DAAA r QAEQdAT™ XR At
deliverables with inputs and tools in the context of the SWAP modelling work. D3.2
(Szabo et al., 2022) provided solutions and tools to overcome data scarcity in input data

construction and SWAP model parameterisation. Methods and R -packages, developed
ndAt A Eese u@NaEst AreWA Na AAsR ~nnvyU SNaE&N r?2QO0ONr
SWAP input files creation as well as metadata construction. The above -listed WP3

deliverables provided, besides others, soil hydraulic input data, crop data and bias
corrected future climate simulations for assessing the effects of climate change and in -
field measures on relevant EPIs.

Outputs developed within D4.4 (Piniewski et al., 2024) were taken directly to D4.3 and
indirectly to several different parts of the OPTAIN project. This task incorporates the

cross -validation between SWAT+ and the selected field -scale model SWAP for a few
OPTAIN case studies. To our knowledge, no such type of work has been done before.
Based on the cross -validation, we evaluated the performance of the SWAT+ model at

field scale which may influence the spatial optimization of the size, location, and
combinat ion of different measures (D5.1).

OPTAIN D4. 3 Assessment of NSWRM effectiveness at field scale 12/ 143
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D4.3 faced several issues during the implementation of the field -scale modelling work.
These issues are detailed in Annex 9.

Waorkshop and training to harmonise and

assist the field-scale modelling work.

V) Field-scale model selection o
(D4.2} Cross-validation of SWAP and
A _ SWAT+ restits in 7 CS N

— SWAP modelling protocal 2N
) 942
[ 84,2/ . N

Structured model outputs for the
baseline, climate and NSWWRM
scenarios in 7 CS

e Calibrated SWAT+ models with pilot fields included

™
|D4.4
Ny >
Agreed guldelines for parameterlsatlon of Assessment OfNSWRM
selected/relevant measures at field scale -
effectiveness under

-

.
>

o

—————— > {
Targeted support to model's implementation current and future -
_______________________ » S Quantified EPI
conditions at the indicators in 7 CS
¢~~~ ®  field and farm scale o
Harmonised and restructured input data with L= =- > Calibrated SWAP models in
metadata for field-scale modelling [N 7 C3with a list of goodness
2 I D43 of fit statistics
List of tailored and adjusted indicators e ’@
D22-———————————————— —— S
)
Delivered datasets with metadata ! Resu_lts of scenario
D31 _ _ [ simulations ~

2N
o/

Figure 1.1. Relationship between D4.3 and other OPTAIN deliverables. D4.5, D5.1, D6.3 and D6.4
are influenced indirectly via slightly modified SWAT+ parameters.

1.1.2 Implementation

The field -scale modelling work in OPTAIN as part of task 4.3 is carried out by the
modellers of the case studies involved in this task. The initial meetings were affected by
the COVID -19 pandemic and were held online.

The first in -person meeting on field -scale modelling was organised in September 2021
(Warsaw, Poland) during the first OPTAIN General Assembly. The purpose of this
meeting was to present the case studies and the basics of SWAP modelling as well as to
discu ss the steps and organisation of the field -scale modelling work within the project.

The second session was organised in June 2022 in Budapest, Hungary (hosted by ATK)

as a SWAP modelling workshop where, in addition to the OPTAIN field -scale modellers,
BSc, MSc and PhD students and researchers from the OPTAIN partner institutions were

invi ted in addition to the OPTAIN field -scale modellers. At the end of the workshop, all

the OPTAIN field -scale modellers had setup their initial SWAP model and were trained

in the use of the tools developed to and harmonise the SWAP modelling work within the

OPTAIN project. The following tools were presented and tested by the participants:

the RETC computer program (van Genuchten et al.,, 1991) for fitting different
analytical soil hydrological functions to measured soil water retention and soll
hydraulic conductivity data;

the ROSETTA Lite neural network (Schaap et al., 2001) developed to estimate the
soil hydraulic functions from easily available soil data;

OPTAIN D4. 3 Assessment of NSWRM effectiveness at field scale 13/ 143
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an OPTAIN -developed R-script for reference data quality check, described in
OPTAIN deliverable D3.3;

the rSWAP R interface for SWAP model verification, soft -calibration and
visualisation (Shore, 2023);

the SWAP VPEST auto -calibration tool (OPTAIN D3.3).

The third practical SWAP modelling session took place during the second OPTAIN
General Assembly in September 2022 (Balatongydrok, Hungary). During this meeting we
focused on soft - and hard calibration tools. The NSWRMs to be implemented in the
SWAP project of the individual case studies were discussed and finalised.

The fourth field -scale modelling meeting was organised during the third OPTAIN
General Assembly in September 2023 (Iseo, Italy), where we put special focus on the
cross -validation and reporting tasks.

The OPTAIN field -scale modelling team mainly uses the UFZ GitLab and UFZ Cloud
platforms for data exchange and as a repository for supporting materials and scripts
developed.

2 Data and methods

2.1 Pilot fields for field -scale modelling

The field -scale modelling is performed at seven selected sites, representing the boreal

u>fieR EeAaA?WNANR -dat?AAJdA AADZ >AnNDP R ©&Ghr AADNAW /
Czech Republic, CS2, Petite Glane, Switzerland and CS4, Upper Zglowiaczka, Polan d) and

pannonian (CS3a, Csorsza, Hungary and CS11, Tetves, Hungary) biogeographical regions

(Figure 2.1). Although not included in the original proposal, case studies from NO, CZ, and

PL have joined as pilot sites for the field scale modelling on a volunta ry basis. The location

of the pilot sites is shown in Figure 2.1.

Two CS are located in the Boreal biogeographic zone (CS8, CS10), two in the Pannonian

(CS3a, CS11) and three in the Continental region (CS2, CS4, CS12). Three CS are located in
the lowlands (CS4, CS8, CS10), three in the highlands (CS3a, CS11, CS12) and on e in partly
mountainous regions (CS2, reaching 800 m asl).
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Figure 2.1. Locations of the seven pilot sites involved in field -scale modelling in OPTAIN.

The physio -geographic properties of the sites are summarised in Table 2.2. More
dARecBAAdeA A At N QAr N ra?DfNr OAA kN Re?ADZ A At
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Table 2.2. Physiogeographic properties of the sites selected for field

& OPTAIN

-scale modelling

Case Soil texture Average annual An'm'lal '
study Catchment | Landuse to . _ temperature precipitatio
psol subsol (oC) nsum (mm)
CS2(CH) |PetitGlane arable loam loam 9.8 855
CS3a(HU) csorsza vineyard silt loam silt loam 10.2 545
CS4(PL) |Borucin arable loamy sand loam 8.5 513
CS8(LT) |Dotnuvélé arable 7.8 615
CS10(NO) Krakstad arable loamy clay | loamy clay 6.3 864
Krakstad arable sandy loam | loamy clay 6.3 864
CS11 (HU) Tetves arable silt loam silt loam 13.2 625
cs12(cz) Cechticky arable siltyloam | siltyloam 9.0 720

2.2 Modelling workflow

To achieve the goals of Task 4.3 and to harmonise the modelling work across different
scales and European biogeographical regions, the field -scale modelling work is carried
out in a standardised way following the steps presented in Figure 2.2.

The field -scale modellers in the OPTAIN project had to follow the project protocols and

develop their SWAP projects so that they would (1) represent all relevant crop rotations

and related management operations of the study field, (2) be harmonised with th e
corresponding SWAT+ setup parameterisation at field scale (if applicable) and (3) be
synchronised by all the CS involved in field -scale modelling.

Within Task 4.3, several workflows and tools have been developed to facilitate and
ensure a harmonised model setup for field -scale assessments. The following chapters
describe in detail the main steps of the SWAP modelling workflow.
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Figure 2.2 . Overall modelling workflow to be conducted by each CS involved in field -scale
modelling

2.3 Input data preparation and model setup

The preparation of input data for the parameterisation of the two models (SWAT+ and

SWAP) used in OPTAIN has been harmonised to allow proper cross -validation of the two

models. SWAP, handling a far smaller scale than SWAT+, has a relatively simple input fi le

structure. The basic setup of the model consists of three file types: the main SWAP file,

the weather data file, and the crop file. Several optional file types can be defined as given

in Table 2.1. Processes that are not incorporated in SWAT+, such asm acropore flow, water

repellency and multi  -AAr Ne& DZEAJAA?F NR OQAA kN rdgB?AAANDR d¢R
corresponding switches within the main *.swp input file.

To set up the SWAP projects for the pilot fields, a data inventory of available static and

time series information has been compiled by WP3 for all case studies of the project. This

work was carried out in line with the data inventory for the SWAT+ catchme nt scale

model described in Task 4.4. Based on the input data requirements of the field and

catchment -scale models, a data collection was performed under the WP3, Task 3.1.

u@NaeEs AreWA NaA AAsR "nnnUs Yt N kArdgO naeadACdupANr eFR
are described in detail in the SWAP modelling protocol (Farkas et al., 2022).

Task 4.3 developed guidelines and schemes to facilitate and synchronise data collection

and SWAP input data preparation, with special focus on meteorological, crop and soil

input data. Based on the SWAP model plant parameters (*.crop files), a plant databa se
was created and cross -validated with SWAT+ plant data input parameters (plants.plt) to
facilitate the harmonisation of the input data at the selected sites. The main input
parameters and model outputs are listed in Table 2.2.
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Table 2.1. Input data files to be defined for the SWAP v4.0.1. model and their link to relevant sub -
chapters of the SWAP modelling protocol (Farkas et al., 2022).

D escription Extension Status D efined Comment
Main SW AP file *SWp required command line Described in (sub)chapter
General section 41
Meteorology section 3.2 and 4.2
2 Crop section 3.4 and 4.3
O Soilwater section 33 and 4.4
'6 Lateraldrainage section 3.5
% Bottom boundary section 3.6.2

Heat flow section 4.5

Solute transport section  notused atthisstage

Meteorological iput file required in *swp file onefile per year; defined by METFIL

~yyy
Crop input file *erp required in *swp file onefile per crop;defined by CROPFIL
Lateral drainage input data *dra optional in *swp file ITSWDRA=2filename defined by DRFIL
D etailed rainfall records xyyy optional in *swp file ITSWRAIN =3, file nam e defined by RAINFIL
Irrigation data *irg optional in *swp file ITSWIRGFIL=1filenamedefined by IRGFIL
Runon data *inc optional in *swp file ITSWRUNON =1 file name defined by RUFIL

User-defined soil input data * o5y optional in *swp file IfSWSOPHY =1 filename defined by FILENAMESOPHY
Bottom boundary conditions *hhe optional in *swp file ITSWBBCFILE =1 file name definecby BBCFIL

Top boundary condition

. *1s5 optional in *swp file 1fSwTopbHea="1defined by TSOILFILE
soil temperature

The input data collection, preparation and initial model setup were supported by several

face -to -face and online meetings, where specificities of each of the case studies were
discussed. The following guidelines for input data collection and SWAP model set up
were prepared and made available to the field -scale modellers (links are only accessible

to OPTAIN partners):

Data inventory  (carried out by WP3, available on UFZ Cloud)

SWAP input and reference data requirement (presentation, available on UFZ
Cloud)

Data sources for field -scale modelling _ (presentation, available on UFZ Cloud)

Guidelines for setting up your SWAP project , including information on reference
data availability, SWAP model parameterisation and SWAP test run instructions
(Available on UFZ GitLab, https://git.ufz.de/)

71 Crop database , including readily available swap crop input files for several crops
(Available on UFZ GitLab)

Meteorological data into SWAP input format (R-script, available on UFZ GitLab

Soil input data __ (presentation, available on UFZ Cloud)

Example SWAP project for each CS __, considering the peculiarities of each CS site
(Available on UFZ GitLab)
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Table 2.2. The most important input variables/parameters and outputs of the SWAP model
(Modified version of the table presented by Jos van Dam in NIBIO, May 2023).

Item

Atmosphere

wegetation

Soil

Drainage (optional)

Solutes

For weather input data

Input

Ajr temperature

Salar radiation

Wind speed

Adr hurmidity

Rainfall amounts

Rainfall duration (optional)

Crop rotation

Sowing and harvesting days
Leaf area index

Rooting depth

Crop height

Stress parameters

Soil layers

Soil water retention function

Soil hydraulic conductivity function
Bulk density

Wacropore propeties (optionall

Drain space and depth
Drain parameters
Depth af im perious [3yer

Irrigation water quality
Initial concentrations
Groundwater guality

Output

Potential evapotranspiration
Actual evapotranspiration
Potential evaporation
Actual evaporation
Fotential transpiration
Actual transpiration

Relative growth
Plant water uptake

Soil water contents
Snil pressure heads
Water fluxes as:
deep percolation
surface runoff
rnacropore flow

Drainage outflow

Solute concentrations
Solute fluxes

, two R -scripts were provided for creating meteorological input

files in the needed format: one for daily resolution data and one for hourly resolution

data.

The crop input data

files are part of the crop database. SWAP can be run with simple

and detailed crop input data. The simple crop routine calculates relative plant growth
and actual transpiration as a yield indicator, whilst the detailed routine is capable of
simulating cro p yields. The crop database contains SWAP input datafiles for different

crops and for both, simple and detailed crop subroutines.

Soil input data

estimated with the help of so

can either be derived from measured soil hydraulic functions or
-called pedotransfer functions. In the first case, the RETC

software (van Genuchten, 1991) should be used to fit the theoretical parameters required

by the model

to measured data points. Estimation of the parameters of soil hydraulic

functions from commonly available soil data (sand, silt and clay content, bulk density,
etc.) can be based on locally developed pedotransfer functions. If such functions are not
availa ble, pedotransfer functions, incorporated in the ROSETTA neural network (Schapp
et al., 2001) can be used. The stepwise explanation of this process and the corresponding

AQALr

dAN?A DAAAX

AEN dAQA? DANDZ dA
nN&ENr NAAAAadeAs

for field -scale modellers, if requested.

In SWAP, the drainage input file

performing field

At N

g! @ BeDNAAJAT

is optional. Three case studies (CS8, CS10 and CS12)
-scale modelling have subsurface drainage and therefore drainage

parameters had to be identified for these fields. The basic characteristics of the drain tiles
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(depth, spacing, and diameter) are known. The other drainage parameters still need to

be calibrated. Out of the three different approaches offered by SWAP for the calculation

of subsurface drainage, it is recommended that OPTAIN field -scale modellers use t he
formula, developed by Hooghoudt or Ernst (Farkas et al, 2022).

Solute regime s not simulated by the OPTAIN field -scale modellers, as no reference data
for calibrating the SWAP solute routine is available for the pilot sites.

For executing the SWAP model, the initial status (soil water content) of the soil profile
has to be described in the model setup (initial conditions). Dynamic simulations also

require the knowledge of external flows into or out of the model region for the entire
simulation period (boundary conditions). In Task 4.3 all CSs used similar upper boundary
and initial conditions . The upper boundary conditions were calculated by the model

directly from the weather data. The initial conditions were set equal to the soil water
content data (as a function of soil depth), measured on the starting day of the simulation.

This requires s ome calculation, as the SWAP model requires water potentials as initial
conditions. Thus, the measured soil water content of each soil layer was transformed into

water potential using the soil water retention (pF -) curve defined for the layer. An
example o fsuch a curve can be seen in Figure 2.4.

Depending on the site and model setup, four types of bottom boundary conditions were

used for the OPTAIN pilot fields. For the tile -DZEAJANDZ RGNADZ R X' Naxke keaae
were defined (CS8, CS10, CS12), which is the obligatory option if drainage outflow is to be

simulated. The depth of the groundwater table was used as a botto m boundary

condition for the Polish case study (CS4). For field conditions at the Pannonian sites

u>fe AR >AnnUR XR&NN RA?i ¥ keaneB ke? ADA &' QeADIAC
the SWAP model was set up for lysimeters filled in with soils represe ntative for the

ig!yo >A S2AAN@ErtNDZE uA Atdr OAr-ARE XEENNERAQANIA e K
boundary conditions were used.

2.4 Harmonisation of SWAP and SWAT+ parameters

The SWAT+ and SWAP model parameters, which represent similar processes and can be

directly or indirectly cross -validated, are listed in Table 2.3. Parameters that can be

D&, ENOA AT AdAt NDZ AcN BA&®: NDZ idat BAAOQt gAF OQeAhe? ar
For example, field capacity and wilting point (marked in yellow) are not direct input

parameters of the SWAT+ model, but their difference corresponds to the available water

capacity, which is a SWAT+ soil input parameter. This shows that the two model setups

can be harmonised to a greater extent than just by aligning their parameter lists.
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2.5 Reference data quality check

Soil hydrological models are commonly calibrated and validated against measured soil
water balance elements such as surface runoff, drainage outflow, transpiration, etc. The

commonly used reference values for calibrating such models is soil water content.

availability and quality of such data is the most important prerequisite for the in

calibration of field

-scale models for sites.

Param eter type and parameters description SWAP  SWAT+ Parameter type and parameters description SWAP SWAT+
Soil parameters Transpiration

day content + CanDens lax + -
sand + Condhax + -
silt I + CondRE + -
rod: fragment content (-) + CondWFD + -
s0il moist albedo + RoughLiin + -
Organic matt er + + Windless Exchang eCanopy + -
bull: density + + Plant uptake compens ation fagor - +
Soil hydraulic properties Evaporation

saturated water amntent, 8 + - Fenmansurface resistance parameter - psifs_1p -
field capacity, ® + - LAl mintributionto azrodynamicres istance - Ralncress «WithLAl -
residual water mntent, ®,,, + - Surfaceroughness lengthforbaresoil - RoughlBareSoillkiom -
available water mpacity, &,,= 8 -© - + Calculate sublimation Yes/NO -

Memxsured values of s oil water retention curve + - Snil evaporation compers ation factor- ESCO -

van Genuchten alpha + - Crop parmmeters

wan Genuchten n + - Erowth semonstarting date + A
van Genuchten m=1-1/n + - growth period + +
wilting point + - growth wrve offs et + A
saturated hydraulic mnd., wertical + + erowth wrve amplitude + A
saturated hydraulic mnd. Lateml + - maximum rooting depth + A
saturated hydraulic amnd., matrix + - root distribution time series -
Cradk /by plass flow + (inactive) + (inactive) canopy height time series -
Winter: snow LAl time series +
MeltCoefhirTemp + - displacement height ficanopy) -
Temperature, above which all precipitation is rain + - roughness ficanopy) -
Fain's now dividing tepm erature ([deg C) + + albedo + -
Soil thermal mnductivity coefficient + - Flant uptake compensation factor - EFCO - +
Water retention capadty of snow + - Temperatur s umto maturity - +
Znow pads temperature lag fador - + Water uptake

Snowfall temperature - + CritThres hold Dy + -
Snow melt bas e tem perature - + DemandRelCoef + -
Madimum m ekt rate forsnow - + Flexibility Degres + -
Minimum melt rate for snow - + Subsurface / Drainage

Water equivalent of snow calculated - Ditance from s urface toimperm eable layer - +
Density of (new]snow (kg / m3) calculated + Depth from drain to permeable layer aF -
Surface runoff /storage or surface water management Depth from surface to impermeable layer(m) - a4k
The masimum surface pool @ver- 5 PMaCover + + Time to drain the soil tofield @padty (hours) - +
The potential s urface awver - SPCovPot + - Draintile |32 time (hours) - +
Amount of water on thesurface at complete soil cover - SFCoverTotal + - Land phase parameters

Surface runoff {from surface ponl) meffident - SurfCoef + - Coef. for storage tim e @mnstant of norm al flow - +
IMac amount of waterstored in the surface wihtout runofficm) + - Coef. for storage time mnstant of low flow - +
Surface runoff lag time (day) - + Lateral flow trawvel time - +
Curve number - + Macimum soil mois ture defidt - -
IManning’s nvalue for overland flow - + Reach parameters

Curve number @lculation methods - + Farameter controlling wat erstorage in reach - +
Interception Paramter antrolling reach evaporation - +
WaterCapadtyEms e + - Manning's coefficient - +
WaterCapadtyFerLAl + - Channel width/ depth ratio - +
Madimum canopy stoEge + Effective hydraulic mnductivity inthe main channel alluvium - +
Groundwater b e flowindex - +
GWSourceFlow + -

GWEnurcelayer + -

Groundwater delay +

b eflow recession mnstant - +

deep percolation fraction - +

groundwater revaporation coef. - +

The
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Difficulties in using soil water content data often arise from the lack of standardisation

of the sensor equipment. Additionally, probes installed in the soil are often disturbed by

biotic (humans, animals, soil biota) or abiotic (freeze/thaw, shrinking/sw elling) factors.
The probes can give false V too high - readings if, for some reason, there is water
stagnation in the tubes or around the sensors in the soil. Additional problems occur

when air is trapped in macropores that have formed for various reasons (swelling and
shrinking of clay minerals, freezing, and melting processes, root, and earthworm
channels). In this case, the recorded soil moisture content might be too low, as the
macropore channel close to the probe misrepresents the whole soil layer.

A study carried outin S -E Norway compared the volumetric soil water content registered
by different sensors in the same site (Naalsund, 2022) and found significant differences
between the sensors (Figure 2.3).
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Figure 2.3. Time series from different instruments in the period 22 June to 16 December 2021.
The occurrence of daily precipitation over 4 mm is indicated by vertical grey lines
(source: Naalsund, 2022).

Yyt N ANOt Ade?Nr dJdAQA?DADZ A BAA?AK redk r ABnKdgAf BN
three different electromagnetic sensor types (IoT VTheta Probes ML2, SoilVUE 10 sensors

and ADR V amplitude domain reflectometry method) and a cosmic -ray soil moisture

probe (COSMO) (Figure 2.3).

The authors concluded that the different measurement techniques agreed upon the

general soil moisture trends, but on specific dates the absolute values recorded varied

by up to 20%. One of the reasons for this could be the spatial variability of soil prope rties
within the field (reflected by the loT sensors), but also that some of the measurement
techniques were biassed or not suitable for the soil being studied. For example, the

SoilVUE sensor consistently measured lower values than the other sensors. Naal sund
(2022) concluded that these sensors are not suitable for heavy clay soils. She also noted

that COSMOS was biassed by the buildings nearby the pilot sites.
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Taking into account the peculiarities of soil water content measurements described

above, we have developed an R -script to check the quality of reference data for OPTAIN
field -scale modellers (available for OPTAIN partners only on UFZ GitLab). The script helps

to perform quality checks for soil temperature and soil water content data as follows:

1 Soil temperature dynamics of the topsoail should be in line with the air
temperature (graphical check)
1 Soil water content (SWC)

0 SWC should not be far below the wilting point (WP, h= -16000 cm); values
below water content corresponding to water potential of -18000 cm should
be removed (blue circle in Figure 2.4 for the red pF -curve).

0 SWC should not be above the total porosity / saturated water content
(OSAT) of the particular soil type (white circle in Figure 2.4 for the red pF -
curve).

0 SWOC for periods when the soil is frozen should be removed unless winter
conditions are of special interest; the sensors measure the liquid phase of
the water, whilst the default model setup calculates the total water
content, including the frozen part. So, the SWC measurements within the
frozen soil cannot be used for model calibration. Low SWC values can be
removed via a cross -check with the soil temperature of the same layer
(records for frozen soil).

3
o
o
o |

o < I
[e] w =~
I I I

Soil water content (m3/m
o
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o
o

1 2 3
Pressure head (Ig{cm))

Figure 2.4. Example for soil water content data quality check using the soil water retention
curve (left) and the visualised measured soil water content data (right).

All the OPTAIN field -scale modellers performed a careful quality check of the reference

data using the provided R -script and the results were discussed and approved at the
SWAP workshop in Budapest in 2022.

2.6 SWAP model verification and soft calibration

The input and output of the SWAP model is entirely based on text files, which creates a

steep learning curve and difficulty in using the model, especially for non -experienced
BeDNAANErs yt?2rR AN é nAQOs Af NR AABNDZ XaEr nAfme uifite
Azy!u, neeYNOA rnNOdRJOAAA" Reac AtN ANNDZ eR fAg!

OPTAIN D4. 3 Assessment of NSWRM effectiveness at field scale 23/ 143



https://git.ufz.de/optain/wp4-integrated-assessment/swap/swap_common_platform/-/tree/main/SWAP_Reference_Data_Quality_Check

& OPTAIN

easily set up a SWAP project, verify and calibrate it, and use it for their needs. This R -
interface is freely available on GitHub (https://github.com/moritzshore/rswap/)

The rswap package also helps to interface and work with SWAP version 4.2. It consists of
a variety of functions that assist the user in otherwise tedious and repetitive tasks during

the calibration process. The new version of the package contains new modul es that
enable sensitivity analyses, multi -core parameterisation. It is expected that the scope of

the package will be expanded to include autocalibration and/or PEST integration, and

more. For installing and applying rswap, a detailed user guide was developed and
published. Below are some examples of the types of graphs and outputs that rswap can

provide:

rswap plot variable {example path, = "HC"

rswap_sxample_output WC

jl‘.
) /\"'-. o, { 1 / \‘1 iy / g o, o
3 -"‘\j’ } : = o ““e&_.r"ﬂ o
L_j‘!J \“'\ f")j
U ""Jl
40
& N obs < mod
- -";F'“‘xlf - e FALSE
. F \\/\ f \ /_1 i H\ Y TRUE
: N o N Ee NG oy
; N r 3 b pe
= \ - oy
W = gbs

70

DATE

Figure 2.5. Example of rswap plot for comparing the modelled (mod) soil water content values
with the observed (obs) ones for three different soil layers (15, 40 and 70 cm).
Over - and underestimation are marked green and red colours, respectively.

Rswap also supports the construction of complex plots (Figure 2.6) to discover the
relationship between the different water balance elements.
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rewap_plot multi(project path, vars = c{"H", "WC™, "DRAINAGE"))
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Figure 2.6. Example of rswap plot for visualising the precipitation, drainage outflow as well as
the soil water potential (H) and soil water content (WC) for different soil layers.

comparative plot(project_path, variable = "WC", depth = 15)

Comparative plot: tetves WC 15 cm

Run
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— Current Run
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Figure 2.7. Example of rswap plot for visualising the difference between the results of
two different model runs and for comparing them with the observed values

During the manual calibration process, rswap also provides the opportunity to compare

several model runs at a time (Figure 2.7), allowing the sensitivity of the model outputs to

changes in the parameter set to be visually checked. Various statistics can be calculated
to objectively select the best performing parameter set (Figure 2.8).
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plot_statistics(project_path, var = "WC", depth = ¢(15,40,70))

Statistics for WC

W wcC_1s
W wcC_40
W wc_70
- mean

NSE

COFRED = 0.35
run

COFRED = 0.55 last_run

Figure 2.8. Example of rswap plot for visualising the statistical evaluation (NSE) of modelled soil
water content for three different model runs (COFRED=0.55, COFRED=0.35 and las_run) and
three soil layers.

For the statistical evaluation of the field -scale modelling results, we use those
recommended by Moriasi et al. (2016) for field -scale models: the coefficient of
determination (R2) and the index of agreement (d) (Table 4). In some cases, the NSE,
whichis commonly used in watershed scale hydrological modelling, is also checked. The
rswap R package incorporates the calculation of all the statistics listed in Table 2.4.

Table 2.4. Recommended statistical model performance measures for watershed - and field -

scale models (after Moriasi et al., 2015).

Table 9. Final performance evaluation criteria for recommended statistical performance measures for watershed- and field-scale models.

Cutput Temporal Performance Evaluation Criteria
Measure Response Scalel! Very Good Good Satisfactory Not Satisfactory
Watershed scale
Flowf D-M-A R*=0.85 0.75<=R*< 085 060=R*<0.75 R2< 0.60
R Sediment/P¥] M RZ=0.80 0.65=R*<0.80 040=R*<0.65 RI<0.40
N M RI=0.70 0.60 =R*<0.70 030=R*<0.60 R*<0.30
Flow D-M-A NSE=0.80 0.70 =NSE < 0.80 0.50=NSE<0.70 NSE<0.50
NSE Sediment M NSE=0.80 0.70 =NSE < 0.80 045=NSE<0.70 NSE <043
N/PH M NSE = 0.65 0.50 = NSE < 0.63 0.35=NSE<0.50 NSE <0.33
Flow D-M-A PBIAS = +3 +5<PBIAS =10 210 <PBIAS < £15 PBIAS = £15
PBIAS (%) Sediment D-M-A PBIAS = +10 +10 =PBIAS =15 15 = PBIAS =120 PBIAS = £20
N/pH D-M-A PBIAS = +15 +15 <PBIAS =420 #20 < PBIAS =430 PBIAS = 430
Field scale
R Flow M RZ=085 0.75=R*< 085 0.70=R*=0.73 R2<0.70
d Flow M d=090 085=d<090 0.75=d=085 d=073

B D, M, and A denote daily, monthly, and annual temporal scales, respectively.
H Includes stream flow, surface nmoff, base flow, and tile flow, as appropriate, for watershed- and field-scale models.
Il Where there were no differences, PEC were grouped for the output responses.

2.7 Hard calibration

The automatic hard calibration tool (AHC), developed as part of the OPTAIN project,
A?AeBAANr AtN nEeONrr ©R BeDNA OQAAdk cAandeA
outputs. The tool facilitates a large number (e.g., thousands) of model runs using
systematic ally changed alternative parameterisations and automates the evaluation of

the model results against reference data to identify the optimal parameter set. AHC
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increases calibration efficiency, harmonises processes across case studies, and

documents tested parameter ranges. PEST is a model -independent software that can

be used for parameter estimation, sensitivity, and uncertainty analysis and hard

calibration. P MAy rr AAADZ Reac XnAcABNANa& Nr rigdepemdgne AXs g
features, PEST can be used with any model whose input and output files are text files.

PEST runs the SWAP model with an initial guess of the parameters, compares the model
results with observations, adjusts selected parameters using an optimization algorithm,
and runs the model again. The procedure of adjusting selected parameters continues

until the difference between the model results and observations meets user -defined
QxcdANEdAs a&MAy JgAANEAOAr "dat A BeDNA At ce?ft At N
general workflow of PEST and its interactions with the SWAP model are illustrated i n
Figure 2.9.
Change Modify Create Model
Parameters Template File Input File Call bacflle
Run SWAP
Model
Control File
l .bat
Run Post-
Processors
Check preset criteria Calculate OF
Use ins file ~<«——— and create ins R or Python
file

Figure 2.9. General workflow of PEST and interactions with SWAP model.
OF = Objective Function. Ins file = instruction file

Because PEST operates in a model -independent manner, no modifications need to be
made to the model code to implement PEST. Two scripts have been developed for the
SWAP -PEST integration to facilitate the autocalibration process in the project. When
estimati ng parameters or calculating sensitivities of model outputs to parameters, PEST
must run a model many times. This is done by a call to the operating system. Hence the
model must be accessible to a user (and therefore to PEST) through the command line.
PEST requires an executable file that can be called from a batch file for consecutive
operations in calibration.

The objective function (goodness -of -fit statistics, OF), selected for model calibration
(Table 2.4) and performance analysis, should be calculated after each model run during
the calibration process. To calculate the OF, a script (R and Python versions) ha s been

developed that reads both SWAP model output and measured data. This script must be

called after each run and therefore needs to be defined in the batch file. SWAP and PEST

have been integrated successfully and all required PEST files (control, templ ate, and
instructions files) and introductory documentation together with SWAP files are

available for the OPTAIN partners ( SWAP_- PEST autocalibration tool ).

At present, SWAP -PEST is capable to handle parameters in the main *.swp file. Its
extension for *.crp (crop) and *.dra (drainage) files is under development.
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The OPTAIN field -scale modelling group follows a common procedure for calibration,
which is described in detail in Chapter 6.3 of the SWAP Protocol.

2.8 Scenario analysis

One important goal of the OPTAIN project is the evaluation of the effects of various
NSWRMs on the water regime, sediment and nutrient fluxes under current and future

climate conditions. With respect to NSWRMs, this deliverable focuses on field -scale
measu res that can be implemented in both the SWAT+ and SWAP models. This makes
it enables the performance of the catchment -scale SWAT+ model to be evaluated at field

scale. Wherever possible, the climate and management scenarios implemented in the
SWAT+ model a re transferred/adopted in the SWAP model.

The scenario analyses are carried out using calibrated and validated SWAP projects for
each case study site. The OPTAIN field  -scale modelling team follows the same principles

as the SWAT+ modellers, as described in Chapter 7 of the SWAT+ Protocol . This chapter
focuses on the peculiarities of implementing climate scenarios and NSWRMs in the
SWAP model.

2.8.1 Climate scenarios

Bias -corrected EURO -CORDEX RCM datasets were prepared by WP3 (deliverable D3.1)
and are available on a daily timescale for all CSs. The datasets cover the period from 1981

to 2099/2100 for 6 RCMs and 3 RCP scenarios (RCPs 2.6, 4.5, and 8.5) with 7 variables
(mean, minimum and maximum temperatur e, precipitation, solar radiation, wind speed
at 2 m, and relative humidity). Bias correction and further downscaling to a resolution of

0.1° were performed using local weather data collected by all the case studies.

In addition to gridded data, the climate scenario dataset also contains point data. The

latter were downscaled  specifically for the SWAP pilot fields and contain all the weather
variables needed to run the SWAP model in a daily time step. The meteorological input

data are derived for six GCM  VRCM combinations and for three RCPs (Table 2.5).

Table 2.5 . List of climate scenarios
selected for SWAP (and SWAT+) climate scenario runs in OPTAIN.

Model Driving Model
ID number GCM

RCM RCP's

1 EC-EARTH  CCLM4-8-17
2 EC-EARTH HIRHAMS
3 HadGEM2-ES  HIRHAMS >‘_2-5
4 HadGEM2-ES  RACMO22E ::E
5 HadGEM2-ES RCA4

e )

A workflow was developed to prepare and update the SWAP model weather files for
three distinct time periods. The historical period covered 1991 to 2020, the near future
spanned 2036 to 2065, and the far future extended from 2070 to 2099/2100. The periods
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are designed to be 30 years long. In order to perform climate scenario runs with the
SWAP model, a total of 1260 SWAP meteorological input files have to be prepared for
each of the case study fields. The number of SWAP input files has been calculated as
follows:

Reference period  (19912020):

6 GCM-RCM runs x 30 years (180 input files)
Near -future (2036 -2065):

6 GCM-RCM runs x 3 RCPs x 30 years (540 input files)
Far-future (2070 -2099):

6 GCM-RCM runs x 3 RCPs x 30 years (540 input files)

An R-script was developed to run the calibrated SWAP model with all of the 1260
meteorological input files and to analyse the model results with respect to water balance

elements. Changes in surface runoff, drainage outflow, soil water regime and
transpira tion (as a crop yield indicator) are evaluated with respect to the reference

period. Uncertainty in climate change predictions is represented by the GCM -RCM
combinations in the scenario analyses.

For detailed comparative analyses, three climate scenarios, representing the possible
future climate types,  were selected for each biogeographical region in Tasks 3.1 and 4.4,
as specified in Table 2.6. The scenarios were selected using the relationship be tween the

projected precipitation change ( -) and potential evapotranspiration change ( -) for all the
18 scenarios.

Table 2.6. Selected climate model - RCM - and RCP combinations, representing the possible (and
contrasting) future climate types in the three studied regions

. Biogeographical region
Scenario

Pannonia |contintental boreal

1. Warm & wet |rcm4 rcp85| rem4 rcp85 | rem5 rcp85
2.Cool & wet |rcm2 rcp26| rcm2 rcpd5 | rcem6 rcp85
3. Cool & dry rcm6_rcp26| rem6 _rcp26 | rcmb _rcp26

The relationship between precipitation change [%] and potential evapotranspiration
change [%] for the 6 RCMs and 3 RCPs for the boreal (left), continental (middle) and
Pannonian (right) climate are shown in the figure below.

cs10 cs2 cs3 ReP
30 ® RCP2S
® Rrcpes
20 A + = ® RoPss
£, A - g ;
10 A ( ® ‘I A o * - e L .'k A @ - + ReM
e A o o AT u . ° a o .
0 | —— A
IS
10 + 4
H s
o 5 10 15 20 25 * N

10 15 20 25
PET change [%) 0 5 10 15 20

2.8.2 NSWRM scenarios

SWAP is a field -scale model with a spatial validity from profile to field scale. The spatial
limitations of the SWAP model determine the NSWRMs that can be implemented in the
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model. These are predominantly the so -called conservation management practices that
farmers implement to:

Protect soils from various types of soil degradation (structural, erosion, etc.)
Increase soil water retention

Maintain crop yields

Improve the quality of runoff water coming from agricultural fields

These conservation practices commonly consist of soil management (reduced tillage or

no -till approaches), crop rotations, crop management, fertilisation types, application &

timing, and amounts. Measures related to the design of drainage systems can also b e
implemented, including changes in the type, depth and spacing of the drainage pipes,

as well as controlled drainage options.

Table 2.7 gives an overview of the NSWRM applied in the field -scale model in OPTAIN
and the case studies for which they are relevant.

Table 2.7. List of OPTAIN measures introduced in the SWAP model in different case studies.

Continental Pannonia (Boreal
CH CcZ PL HU HU LT NO
Management measures €S2 CS_12 CS_2 [CS_3a CS_T1|CS_8 CS_10
Tillage
A06 Notill direct seeding + +
agriculture no tillage in autumn +
no-tillagriculture +
AO7 Low till  subsalling | . +« | ]
agriculture deep tillage
reduced tillage + + +
Other Resistantplants mulching +
droughtresistantplants + + + + +
Cropping
A03 Crop rotation crop rotation
AO5 Int (;r'c'r;p[; in é"'"@'r_'a'lﬁ Tegumesintercropped |
eeeee________With cereals&partners | | ||
A08 Green cover green cover in vineyard +
" greencoverofarableland | | . + + |
A09 Earlysowing  earlysawing | [ | ]
Land use  Afforestation I ¥ ¥ ¥
change Shift to grassland
Draiange Changing the drainage design {depth, spacing)

2.8.3 Implementation  of NSWRMs in the SWAP model

OPTAIN deliverable D2.3 ( Marval et al., 2022 ) provides a detailed overview of how the key
measures presented in Table 2.7 can be implemented in the SWAP model and which of

the model parameters should be modified. We also give approximate values on how the

key parameters should be changed. The follow ing measures are discussed in detail:

Afforestation (short - and long -term effects)
Tillage adjustment

Cropping adjustment

Introducing drought  -resistant plants
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Some measures can be directly included in the SWAP model by using certain
parameters. Indirect incorporation of a NSWRM into the SWAP model is accomplished
through an expert judgement, where measure -specific parameters are selected and
their changes are es timated when considering the impacts of a particular measure
(Marval et al., 2022).

To introduce a measure into the SWAP model, soil, crop, or drainage parameters (or
combinations thereof) need to be modified/adjusted. Figure 2.11 demonstrates the
decision scheme for selecting the input file and parameter type depending on the type

of the measure.

#

Type of measures
Soil Crop grwoth Land use Drainage
management [rotation conversion design
o ! -
Properties effected
e »—m-\,\ T S
o i g

.................... &,"’“’v T

: : | soil and crop ! S

s0il meemes : properties crop pnr?pemes

7 AdjuSt*.swp e enw’ Adjust®.crp ¢ Adjust*dra

Figure 2.11. Decision scheme on input file selection for designing measures in the SWAP model.

The measures assessed by the different CS and the main characteristics of their
implementation are listed in Table 2.8.
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Table 2.8. Types of NSWRMs implemented in the SWAP model at the OPTAIN pilot sites.

Case

study
CS2 (CH)

CS3a (HU)

sS4 (PL)

CS8 (LT)

CS10 (NO)

CS11 (HU)

cs12 (CZ)

Crop types Land use / soilmanagement
Comment
Status quo Scenarios Status quo Measure
) conventional ) 20% increasein OSAT, alpha, n, OM intop 30
grass maize ) reduced till
tillage cm.
d th resistant HLIM3H from -400 to-800cm, HLIM3L from
grass maize roguInTesistant | g7 t5.2000cm,  HLIMA4 from -10000 0 -
crop 15000cm
arable grass arable extensive system  |grassland instead of cropland
conventional topsoil; ORES from 0.06 to 0.06, OSAT from 0.5
vinyard fill reduced till to 0.5, Ksatfrom 90 to 94; layer 2: Ksat 280 to
Hage 293, 0SAT0.5t00.5
vinyard droguthresistant |HLIM3L from -1000 to -6000cm, HLIM4

sugar beat, wwht, comn

conventional

crop

reduced till

from -10000 to -14000 cm

topsoil: OSAT + 19%, ORES +6%, ALPHA + 41%,

tillage NPAR+ 1%, BDEN + 18%, KSATFIT +18%.
wwht conventional droguth resistant  |HLIM3L from -900 to -2000cm, HLIM4 from
tillage crop -16000 to -20000 cm
wwht forest Con;lelr;gznal afforestation forest instead of cropland
conventional . topsoil; ORES from 0.03 to 0.06, OSAT from
wwht i reduced tillage
tillage 0.29to 0.35,Ksatfrom7/25t0 4
wwht grass extensive system
wwht swht noatumn tillage ~ |changingthe crop type
wwht farest wwht afforestation
ht ht conventional |noauttill and reduced |topsoil; ORES from 0.08 to 0.1, OSATfrom 0.29
e W tillageinthe till 100.35, Ksatfrom7/25to 4
autumn HLIM3H from -200 to -900 cm, HLIM3L from -
wwht swht drought 600to-2000cm, HLIM4 from -8000 to -
resistant crop 16000 cm(corn), HLIM4 from-10000 to -
20000 cm (wwht),
cropland forest cropland afforestation changing the "crop" type

simplified crop rotation (maize, wwht,

grasse)

conventional
tillage

reduced tillage

shifting to grassland

afforestation

topsoil: OSAT + 19%, ORES +6%, ALPHA + 41%,
NPAR+ 1%, BDEN + 18%, KSATFIT +18%.

grassland instead of cropland

forest instead of cropland

drought resistant
crops (maize and
winter wheet)

HLIM3H from -200/-500 to -800 cm, HLIM3L
from-800/-200 to -2000cm, HLIM4 from -
8000 to-15000 cm (corn), HLIM4from -

16000 to-20000 cm (wwht),

In five of the seven case studies, the effects of land use changes on the soil water regime
were analysed. CS2, CS10 and CS12 analysed the effects of conversion from arable land to

grassland, and CS8, CS10, CS11 and CS12 analysed the potential effects of a

fforestation at

the pilot site. Thus, the impact of both grassland and afforestation could be evaluated
for all the biogeographical regions, with the exception of grassland for Pannonia.

In four case studies representing all the three OPTAIN biogeographical regions, the
possibilities of introducing new, drought tolerant crop genotypes of maize (CS2 and
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CS12), grape (CS3) and winter wheat (CS8 and 12) were investigated. The implementation

of land use change and drought tolerant crops in the SWAP model is rather

straightforward (see Figure 4.2 in Annex 4 for the latter). To simulate the effects of land

use Ot AAF NrR At N Oacen RJGAN S Ar Ot AAP NDZ Ae XFP cAr r X
NSWRNMs scenario runs. SWAP crop files are available for different forest types, including

deciduous forests and pines (Farkas et al., 2022).

Out of the NSWRMs studied, reduced tillage is the most complex measure with respect

to its implementation in the SWAP model, because i) no site -specific measurements on
reduced tillage -induced changes in soil hydraulic properties were available and ii) the
literature data is rather contradictory. In this report, we used the recommendations

given by Marval et al. (2022). The changes in key soil hydraulic properties listed in Table

3.5 vary across the case studies, as the effects of soil tillage on soil hydra ulic properties
depends on soil type, soil texture and other biogeographical factors. Reduced tillage was
evaluated across all the three biogeographical regions and CS11 was the only one, not
handling this measure.

To implement the OPTAIN NSWRMs scenarios in the SWAP model, the calibrated SWAP
model is run for each of the relevant management measures for each of the study sites.
While structural measures (like vegetated buffer zones, grassed waterways or
constructed wetlands) cannot be implemented in the SWAP model, some management
measures can be represented in a more sophisticated way compared to the SWAT+
model. This applies in particular to the effects of various tillage practices, mulching and
land use changes on soil hydraulic properties and macropore structure, and
consequently on the water regime and soil water retention. Detailed guidelines are
given by Marval et al. (2022).

2.8.4 Combined climate and NSWRM scenarios

Combined scenario analyses are being performed by running the SWAP model with
management scenario setups for all the meteorological input files representing future

and reference climate. R  -scripts have been prepared and tested by some of the case
studies t o enable efficient running of the SWAP model due to the high number of
simulations caused by the numerous climate and NSWRMs combinations. The scenario
results are being evaluated with respect to soil water balance elements, including:

surface and subsurface (drainage) runoff and their ratio
root water uptake

transpiration / precipitation ratio

plant available water during the vegetation period.

The NSWRMs are evaluated for their efficiency in reducing surface runoff, increasing soil
water retention and increasing the amount of plant available water during droughts.

2.9 SWAP -SWAT+ cross validation

Cross-validation of field scale and catchment scale model results is a challenging task.

Model comparisons in the scientific literature commonly concerns models executed for

similar scales. Figure 2.12 demonstrates the validity of field scale models, like SWAP,
within a catchment.
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Figure 2.11. Spatial validity of the SWAP and SWAT+ models.

In the OPTAIN project, the SWAP model was used to i) evaluate the validity / accuracy of
the water balance elements, simulated by the SWAT+ model at the field scale, ii) explore

the possibilities of fine  -tuning the SWAT+ parameters for the relevant fields, iii) improve
the performance of the catchment -scale model SWAT+ at the field scale and iv) to
develop recommendations for multi -spatial hydrological modelling.

Since no standard approach is available for such a procedure, the OPTAIN modelling
team developed a methodology to fulfil this task. The cross -validation of the two models
was performed as described in the following sub -chapters.

2.9.1 A n A ddtakingX %

The basic spatial unit  for cross -validation of the SWAP and SWAT+ models is the
field/HRU. In SWAT+, the HRUs (Hydrological Response Units) are the smallest spatial
units where responses of similar land use, soil and slope classes are lumped together.
The specific approach to s et-up SWAT+ models within the OPTAIN project uses
agricultural fields as HRUs in the cultivated areas. The modelling results of the SWAP
model are valid at field scale, where each field is represented by the corresponding soil
profile for which the SWAP mo del was calibrated and applied.

We used two different approaches for identifying the SWAT+ fields (HRUSs) for the cross -
validation, depending on the location of the pilot field(s) used for SWAP modelling
(examples are given in Annex 8):

Case 1: The monitored pilot field is located within the boundaries of the SWAT+
catchment. In such cases, the HRU number(s) corresponding to the location(s) of
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the pilot fields were identified and the SWAT+ model outputs related to these
HRUs were compared with those of the SWAP model.
Case 2: No monitored field could be found within the SWAT+ catchment area. In
this case, the HRUs used for cross -validation were identified using the following
scheme:
Step 1. Identify the soil type of your pilot field used for field -scale modelling
(SOlLswap). This can be done either by using the soil types (according to e.g.
FAO or other classification systems) or by using the soil textural class.
Step 2. Open the soils.sol file in the SWAT+ setup and find the soil group(s) that
match SOlLswap. Finding SOlLswat is straightforward when using a sall
QAArr dR4GOAAde A r namaNB d A Sudst Bila). X the case of
ANI A? EAK OKArtextlire xu @e\godsBaNfiley, several soil types within
soils.sol might match SOILswap, so other soil properties (organic matter
content, depth of the soil profile, etc.) should be considered to find the best
match.
Step 3. List all the HRUs having SOlLswat soil type from the hru -data.hru SWAT+
RALAN u?r dADilx@e ANDE r NANOA Ater N AKeQAANDZ A A
At Nu gt X OeA? BAs
Step 4. —eet ?2n AtN BAAA?P NBNAA Reac At N nah&XKOQa NDZ
column of the management.sch SWAT+ file. Matching the land
management is not straightforward, as the nomenclature within the
Xu mgt X Qe A? B A hre Ratashitu Ndoes not directly match the names in
At Nian¥ X Qe A? B A manRgemehtBch file . The easiest way to match
AtN oéCr dr Ae r?2krada?AN K? NB maehoniesXithA? BT X
X mgt_ % (For example, if your lu_mgt QAANP e&r dr XAmI « BT % RDA
re? rte?ADZ Keets Remgt TX ATinrgy RETQwWEREEYENt. $ciN
file).
Step 5. The list of selected HRUs now contains all the agricultural fields that have
the same soil type within the SWAT+ setup as your pilot field. Study the crop
rotation for these SWAT+ fields to find those giving the best overlap with the
crop rotations used i  n the SWAP pilot field.
Step 6. Using the unigue management IDs within the hru -data.hru , find the
HRU number of the field(s) that will be used for the cross -validation and
identify the period for which the crop rotations are matching within the
SWAP and SWAT+ models. If no direct match is found, consider re -running
the SWAP model following the crop rotation of the selected SWAT+ HRU(S).

2.9.2 Matching the soil layers within the two models

Before we perform model runs for cross -validation, we should be sure that we can match

the results for the different soil layers in our output files. A simple way to do this is to

adjust the SWAP soil layers to those in the soils.sol file of the SWAT+ mode I. This step is
necessary if we want to compare the dynamics of water content simulated by the two

models in daily resolution.

Step 1: Check the number of soil layers and their thicknesses in the soils.sol file for
the soil type of your studied HRU in your SWAT+ setup. In the example below, the
ARD soil has four layers with thicknesses of 25, 30, 25 and 20 cm, respectively:
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B *spils.sol - Notepad - O

File Edit Format View Help
soils.sol: written by SWAT+ editor v2.1.0 on 2023-06-14 16:26 for SWAT+ rev.60.5.4

name nly hyd_grp dp_tot anion_excl perc_crk texture dp bd
ANT 2 D 508.00000 9.50000 @.50000 sandy_loam
50.00000 1.1e000
166 . 00000 @.70000
ARD 4 C 1000. 00000 9.50000 @.50000 loamy_sand
80800 1.22000
2eeoo 1.62000
80800 1.68000
20000 1.75000
BEA 2 C 800 .00000 @.50000 @.25000 sandy_loam
150, 00000 1.45000
| 800 .00000 1.50000

Figure 2.12. Identifying the layers for the soil type in focus using the soils.sol SWAT+ input file.

Step 2. Inthe SWAP inputfile  swap.swp, adjust the discretisation of the soil profile
so that your results could be easily calculated for the 0 -25 cm, 25-55 cm, 55 V80
cmand 80 V100 cm soil layers.

In the example below, the average soil water content of the first two layers (10 x 1

cm + 3 x 5 cm in the digital discretisation) could be used to compare the output

for the SWAT+ topsoil (25 cm). The upper 6 compartments (NCOMP) of the 3rd
layer (ISOILLAY ) could be used for cross -validating the results of the next 30 cm
layer, etc. A detailed explanation of the vertical discretisation of the soil profile
within the SWAP model can be found in the OPTAIN SWAP model protocol
(Farkas et al., 2022).

[&f DA11_Rswap\KR_Calib_2009\swap.swp - Notepad-++
File Edit Search View Encoding Language Settings Tools Macro Run Plugins Window 7

sHHB I REl 4 Db | 4| @ x| 51 EERPo®| @

Ehru-data‘hru J‘E'ﬂamagenent.sch JkEresu tbal J\aswap‘swp ﬂ‘

462 S e S S S e S I S e S o o o S S i ke S i e
463 * Part 4: Vertical discretization of soil profile

464

465 * Specify the following data (maximum MACP lines):

466 * ISUBLAY = number of sub layer, start with 1 at soil surface [1..MACP, TI]

467 * ISOILLAY = number of soil physical layer, start with 1 at scoil surface [1..MAHO, I]
468 * HSUBLAY = height of sub layer [0..1.d4 cm, R]

469 * HCOMP = height of compartments in the sub layer [0.0..1000.0 cm, R]

470 * NCOMP = number of compartments in the sub layer (Mind NCOMP = HSUBLAY/HCOMP) [l1..MACP, I]
471

472 ISUBLAY ISOILLAY HSUBLAY HCOMP NCOMP

473 1 1 10.0 1.0 10

474 2 2 15.0 5.0 3

475 3 3 55.0 5.0 11

476 * 4 4 30.0 10.0 3

477 * End of table

478

Figure 2.13. Profile discretisation within the swap.swp file of the SWAP model.

2.9.3 Generating daily soil water content dynamics

SWAP model: The name of the output files can be defined in the output file
section of the swap.swp inputfile usingthe XACYyf u-% nAEABNANGES

For simulating soil water content data for all the defined soil layers in daily
resolution, either the SWVAP or the SWCSV & SWCSV_TZ switches should be
activated. In the first case, a  XXX.vap file will be generated (XXX standing for the
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generic file name of the output files defined via OUTFIL). This file, however, is not
very convenient to handle.

The rswap R package uses the XXX.csv output files that can be generated by
activating the SWCSV & SWCSV_TZ switches (setting them to 1). Besides, the
required outputs should be defined by INLIST_CSV_TZ, as given in Fig. 2.14.

[& DA11_Rswap\KR_Calib_2009\swap.swp - Notepad++ - =] x
File Edit Search View Encoding Language Settings Tools Macro Run Plugins Window 7 + ¥
HHE LS 4D Penyg 22 |FEISTEIETRHo® @ MER
Blbu-dataneu |l managementsch |l resuitbal £ [ swapswp O3
91 * General informatiunl
) OUTFIL = 'result’ ! Generic file name of cutput files, [Al€]
SWHEADER = 0 ! Print header at the start of each balance period [Y=1, N=0]
94
95 * Optiocnal files
SWWBA = 0 ! Switch, output cumulative water balance [Y=1, N=0]
SWEND = 0 ! Switch, output end-conditions [¥Y=1, N=0]
SWVAP = 1 ! Switch, output soil profiles of moisture, solute and temperature [Y=1, N=0]
SWBAL = 1 ! switch, output file with yearly water balance [Y=1, N=0]
10 SWBLC = 1 ! Switch, output file with detailed yearly water balance [Y=1, N=0]
101 SWSBA = 1 ! Switch, output file of cumulatiwve solute balance [¥Y=1, N=0]
102 SWATE = 0 ! Switch, output file with soil temperature profiles [Y=1], N=0]
1 SWBMA = 0 ! switch, output file with water fluxes, only for macropore flow [Y=1, N=0]
104 SWDRF = 0 ! Switch, output of drainage fluxes, only for extended drainage [Y=1, N=0]
105 SWSWB = 0 ! Switch, output surface water reservoir, only for extended drainage [Y¥=1, N=0]
10 SWINI = 0 ! Switch, output of initial SoilPhysParam and HeatParam [Y=1, N=0]
1 SWINC = 1 ! Sswitch, output of water balance increments [¥=1, N=0]
108 SWCRP = 0 ! Switch, output of simple or detailed crop growth model [Y=1, N=0]
109 SWSTR = 0 ! Switch, output of stress wvalues for wetness, drought, salinity and frost [Y=1, N=0]
110 SWIRG = 0 ! Switch, output of irrigation gifts [¥Y=1], N=0]
111
112 * Specific CSV output file? (default: no)
113 SWCsV = 1 ! Switch, output of variables to be specified [Y=1, N=0]
114
115 INLIST_CSV = 'rain,irrig,interc,runoff,drainage,dstor,epot,eact, tpot,tact,gbottom,gwl"
1
1 * Specific CSV output file? (default: no)
1 SWCSV_TZ = 1 ! Switch, output of variables to be specified [Y¥=1, N=0]
1
1 INLIST CSV_TZ = 'wc,temp'
Normal text file length: 41986 lines: 913 Ln:91 Col:22 Pos:3622 Unix {LF) UTE-8 INS

Figure 2.14. Defining the output files within the swap.swp file of the SWAP model.

SWAT+ model: If you activate daily output for the soil water content data in
SWAT+, you will get output for all the HRUs and the file size will be very large.
Therefore, the object.prt file should be used to generate soil water content data

for particular HRU(s) in daily resolution. An example on how this file should look
like is given below. Such a file is not automatically generated with the SWAT+
model setup, so you will need to add it to your SWAT+ project if it is missing.

Qf *DACSTOAMET _Mord_All\object.prt - Notepad++ — O X
File Edit Search View Encoding Language Settings Tools Macro Run Plugins Window 7 + ¥ X
cHHBRLE 4 DR ety % GHE ST EEEDRo® @ENMIE

B hru-data.hru J[Hmanagementsch J[result.bal ._l|swap‘swp 1 [= object.prt ﬂ'

1 |obj7prt Created manually on September 24, 2023. ~
2 ID OBJ TYP OBJ TYP NO HYD TYP FILENAME
3 1 cha 37 tot channel 37.out
4 | 2 hru 22 sol SM_22.out
W
< >
Normal text fil length: 232 lines: 4 Ln:4 Col:53 Pos:223 Windows (CR LF) UTF-8 INS

Figure 2.15. Example of the object.prt file in the SWAT+ model setup.
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files (using the parameterization shown in Figure 2.15 as an example): one with daily
output data for channel 37, called channel _37.out and one with daily soil water
conten t data for all the soil layers, defined in

filename SM_22.out.

& OPTAIN

When adding this file to your SWAT+ project, it will generate two additional output

2.9.4 Generating model outputs with yearly water balance elements

During this phase, we generate the SWAP and SWAT+ output files, needed to compare
the water balance elements simulated by the two models. The model runs should be
performed for the same period in daily time step. Please check whether the soil
properties th at could be harmonised (Chapter 2, Table 2.3) are the same in the two
models and whether the crop rotation is identical in SWAP and SWAT+. The basic model
setup (drained or not, irrigated or not) should also match.

The following steps should be done to generate the necessary model outputs:

SWAP model;

| DA11_Rswap\KR_Calib_2009\swap.swp - Notepad + +

file Edit Search View Encoding Language Settings Tools

soils.sol for the HRU = 22, with a

I OA d W AAMNG = !t Bitch ( SWBAL = 1) inthe swap.swp file

Macro Run  Plugins  Window ?

B = = B % = = ,

cHHBRGE 4 Hb |dh Bg| & x| T EEEDRR | L3
Eidatan G| Blmanagementsen G| Bl resuitoal £ [ swapwp B

85

85

T e e T T T

a7

87

88 ek ok ok ok ok ok kK ok ok o o o ok ok ok o ok ok ok o ok ko ok kR ok ok K ok o K ok ok o ok ok o ok ok o ok ok ok R o o ok ok o o o ok ok o ok ok ok ok ok ok o kR o

89 * Part 4: output files

90

91 * General information

92 QUTFIL = 'result' ! Generic file name of output files, [Alg]

©)3)

94

96

98
100
101
102
103
104
105
106
107
108
109

110

SWHEADER = 0

* Optional files
SWWBA =
SWEND
SWVAP
SWBAL
SWBLC
SWSBA
SWATE
SWBMA
SWDRF
SWSWB
SWINI
SWINC
SWCRP
SWSTR
SWIRG

OO0 O0OKFHO0OO0OO0OO0O0ORKFEREREOO

Switch,
Switch,
Switch,
Switch,
Switch,
Switch,
Switch,
Switch,
Switch,
Switch,
Switch,
Switch,
Switch,
Switch,
Switch,

output
output
output
output
output
output
output
output
output
output
output
output
output
output
output

Print header at the start of each balance period [Y=1, N=0]

cumulative water balance [Y=1, N=0]
end-conditions [Y=1, N=0]

so0il
file
file
file
file
file

of drainage fluxes, only for extended drainage [Y=1,
surface water reservoir, only for extended drainage

profiles of moisture, solute and temperature [¥Y=1,
with yearly water balance [Y=1, N=0]

with detailed yearly water balance [Y=1, N=0]

of cumulative solute balance [Y=1, N=0]

with soil temperature profiles [Y=1, N=0]

N=0]

with water fluxes, only for macropore flow [Y=1, N=0]

of initial SoilPhysParam and HeatParam [Y=1, N=0]
of water balance increments [Y=1, N=0]
of simple or detailed crop growth model [Y=1, N=0]

of stress values for wetness,

of irrigation gifts [Y=1, N=0]

Figure 2.16. Generating output file with yearly water balance elements using the swap.swp file
of the SWAP model.

SWAT+ model:

HRU level ( hru_wb_y.txt ) should be used for cross

N=0]
[Y=1, N=0]

drought, salinity and frost [Y=1, N=0]

The output file that contains the yearly water balance elements at

-validation. This file should be

generated by the SWATmeasR script developed in OPTAIN Task 4.4 and described
in OPTAIN Deliverable D4.4 (Piniewski

The original version of the SWATmeasR script does not generate outputs in yearly
time resolution. To do so, the modified version of the

used (available on UFZ Cloud ).

et al., 2024). .

calc_Indis.R file should be
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The SWATmeasR script should only be run for the in
measures, as the SWAP cannot simulate the effects of structural measures, so

these cannot be included in the cross

-validation.

yt N e?2Aan?A ReADNaE Xr ONAAcde

file (*.bal) of the corresponding SWAP run are the main files used for cross

2.9.5 Cross-validation of the output data

The SWAT+ outputs should be cross

& OPTAIN

-field (management)

BNAr?2a&Nrx eR At

-validation.

-validated with the SWAP model results, both in the
calibration phase and for scenario analyses. Depending on the processes involved, the
following model outputs could be included:

Potential and actual evapotranspiration

Surface runoff
Deep percolation

Actual transpiration /root water uptake

Soil water content
Drainage outflow

Table 2.7 gives an overview of the output files and output variables to be compared.

Table 2.7 . SWAP and SWAT+ output files and variables used for cross

-validation.

N

Resolution X Variable name
X Relevant output files ) )
Variable temporal spatial inthe output file
SWAP&SWAT+ SWAT+ SWAP SWAT+ SWAP SWAT+ SWAP
Soil water content day HRU / field profile / field SM_XXX.out*  results.vap st_mm_X wcontent**
Evaporation year HRU / field profile / field hru_wb_yr.txt  results.bal esoil Soil evaporation
Transpiration year HRU /field profile / field hru_wb_yr.txt  results.bal eplant  Transpiration
Surface runoff year HRU / field profile / field hru_wb_yr.txt results.bal surq_gen Runoff
Percolation year HRU /field profile / field hru_wb_yr.txt  results.bal perc Bottom flux
Tile drain year HRU / field profile / field hru_wb_yr.txt results.bal qgtile Drainage
Pot evapotranspiration year HRU /field profile / field hru_wb_yr.txt  results.wba pet epot***
Interception year HRU / field profile / field hru_wb_yr.txt  results.wba  €canopy Interception
Initial soil water content year HRU / field profile / field hru_wb_yr.txt  results.bal sw_init  water storage initial
Final soil water content year HRU / field profile / field hru_wb_yr.txt  results.bal sw_final  water storage final
Change in soil water storage year HRU /field profile / field hru_wb_yr.txt  results.bal sw_change change
* SM - soil moisture; XX X - the number of the selected HRU
** in m3/m3; discretization follows the ISUBLAY defined in the Swap.swpfile
*kx Values for the last day of each year should be taken
Examples of the output files with the relevant variables are given in sub -chapter 8.2,

Annex 8.

Comparing water balance elements in yearly time steps is fairly straightforward, but the

SWAT+ soil water content output requires further calculation. Table 2.8 illustrates the

output file received when activating soil water content output for a specific H RU using
the object.prt file. The soil water content (SWC) data is given in mm for each layer,
indicated in the  soils.sol file. Additionally, the water content is calculated (in mm) for the

upper 1 cm layer as st mm_1. This data should be neglected, as we need the data from

the other layers, starting from st mm_2 (Table 2.8).
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Table 2.8. SWAT+ output data of soil water content in daily resolutions for HRU 22.

B SM_22.0ut - Notepad - [m] X
File Edit Format View Help
jday mon day yr  name type st_mm_1 st_mm_2 st_mm_3 st_mm_4 st_mm_5 A

1 1 : 2015 hruee22 hru 4.731977 86.83531 58.03295 44.31973 37.22857

2 1 2 2015 hru@e22 hru 4,731990 87.87185 58.59609 44.31973 37.22857

3 1 3 2015 hrue22 hru 4,731977 88.54475 59.15296 44.31973 37.22857

4 1 4 2015 hruee22 hru 4,731983 89.08353 59.70351 44.31973 37.22857

5 1 5 2015 hrue22 hru 4,731971 89.54263 60.24770 44.31973 37.22857

6 1 6 2015 hru@e22 hru 4,732031 93.36517 60.78549 44.31973 37.22857

7 1 7 2015 hru@e22 hru 4.,731992 97.10734 53.18368 44.31973 37.22857 -

Ln1, Col1 100% Windows (CRLF) UTF-8

In the example case, we will work with columns st mm_2 Vst_mm_5. To calculate the
volumetric soil water content for each of the soil layers, we need to check the thickness
of these layers (soil type for HRU22 comes from hru -data.hru, the layers for that

particular soil type are visible in soils.sol). The following equations can be used for the
calculations (with an example in Annex 8):

SWC (m 3*m 3) = SWC of layer i (mm) / Thickness of the soil layer (mm)
SWC (V%) = SWC (m 3/m 3 x 100

3 Results

3.1 Field -scale modelling status in different CS

The content of this chapter is based on the information provided by the OPTAIN field -
scale modellers in Annexes 1 -7 of this report. The SWAT+ modelling results provided by

the catchment modellers in Task 4.4 (as described in Chapter 2) were used to perform

the cross -validation. Table 3.1 provides a final overview of the progress made by the
different CS up to the submission of this deliverable report.

The original plans in the project proposal considered one case study per biogeographical
area to be involved in the field -scale modelling. Thus, even with some CS not performing
cross -validation, the goals of Task 4.3 were achieved.

Table 3.1. Overview of the progress in field -scale modelling tasks by different Case Studies in
this report.
Bio- SWAP model Scenarios
Case | catchment geographcial Cross-
study geog p Input Verifi- | Calib- | Vali- . validation
region Setup . . . NSWRM|Climate
data cation | ration dation

CS2(CH) |PetitGlane Continental

CS3a (HU) Csorsza Pannonia

CS4(PL) |Borucin Continental

CS8(LT) |Dotnuvélé |Boreal

toof
CS10(NO)|Krakstad  Boreal ootew
data
CS11 (HU) |Tetves Pannonia
cs12(cz) |Cechticky  Continental
OPTAIN D4. 3 Assessment of NSWRM effectiveness at field scale 40 / 143
s




CS10 and CS11) due to data scarcity. Some of the CS started soil water content m

within the OPTAIN project period, and sometimes even 2
content data are not enough to calibrate and validate the SWAP model, because of poor
data quality. The R
that only realistic soil water content data was included in the analyses. The sensors
record incorrectly under dry conditions, so some of the data were removed from the

, as they could not be
used for model calibration or validation, as the sensors register the liquid part of the
water in the soil, while the SWAP model simulates the total quantities. The most recent
liquid and frozen water in
partially frozen soils, but we did not see any reduction in the modelled soil water
contents when activating this scheme.

analyses. In addition, data recorded in frozen soils were blacklisted

version of the model contained a calculation scheme for

All the seven CS that carried out field

& OPTAIN

Input data preparation, model setup, verification and calibration were completed by alll
CS, partly within WP3. The SWAP model could not be validated at three pilot sites (CS8,

onitoring

-3 years of monitored soil water

-script developed as part of the project for data qual

ity check ensured

-scale modelling provided results on the impacts of

climate change and the NSWRM effectiveness. Three CSs (CS2, CS10 and CS11) were
involved in comparing the SWAP model outputs with the water balance elements

simulate d by the SWAT+ model. In four cases, cross

at three pilot sites, the SWAT+ model calibration had not been completed at the time of

submission of this report, while one CS modeller experienced technical problems and
severe data loss, preventing them from producing the specific SWAT+ model outputs
required for cross

-validation in a timely manner.

3.2 Overview of the SWAP model setup and evaluation in

different CS

The SWAP model projects were created taking into account the specificities of the pilot
sites. The variability of the OPTAIN case studies across different biogeographical regions
in Europe is well represented by the processes considered or neglected in the

(Table 3.2).

Table 3.2. Overview of the processes, modelled within the site

(green - processes considered, grey

-validation could not be completed,;

models

-specific SWAP projects.

- processes, not included in the SWAP model setup)

bio- Processes / routines in the SWAP model
Case .
Catchment geograpical bottom
study . . . e macro- snow and crop
region ponding | tile drain |irrigation boundary .
pores frost o routine
conditions
CS2(CH) |PetitGlane continental free flux WOFQST
CS3a(HU) |Csorsza Pannonia free flux simple
Y. . ground watertable | .
CS4(PL) Borucin continental S simple
CS8(LT) Dotnuvélé boreal zero bottom flux |simple
CS10 (NO) |Krakstad boreal zero bottom flux |simple
CS11(HU) |Tetves Pannonia free flux simple
CS12(C2Z) Cechticky continental zero bottom flux  [simple
OPTAIN D4. 3 Assessment of NSWRM effectiveness at field scale 41/ 143
s s




& OPTAIN

Some site -specific characteristics were considered via the parameters, describing the
water ponding threshold for runoff (PONDMX) and the drainage resistance for surface
runoff (RSRO). None of the case studies implemented the rather complex soil macropore
routine, and all of them are from rainfed agriculture (no irrigation).

Three (CS8, CS10 and CS12) out of the seven CS are tile drained, for these cases the
drainage routine was activated and the drainage formula of Hooghoudt or Ernst (Farkas
et al., 2022) was selected to calculate the water movement to and from the drain pipe S.

The calibration and validation periods for the different pilot sites are given in Table 3.3.
For calibrating and validating the SWAP model, soil water content dynamics data is
commonly used. This can be supplemented with data on yield, drainage outflow and
other on -site measurements of soil water balance elements.

any

The pilot sites involved in this study had very different backgrounds. Some sites
belongedtolong -term monitoring programs or experiments with long data series (Swiss
and Czech sites, CS2 and CS12). For the Polish, Lithuanian and Norwegian sites (CS4, CS8
and CS10) soil water content measurements started within the OPTAIN project to collect
reference data for field -scale modelling. Data collection with soil moisture probes at a
high temporal resolution (CS4) supported model validation. However, in CS8 the

series remained too short as much data had to be removed from the evaluation due to
different reasons: i) time needed for the sensor to fully establish in the soil without
cavities; ii) data for the winter period had to be removed etc.). In Norway th e sensors
established in the experimental fields got broken and soaked. Therefore CS10, similarly

to CS11, used soil water content data available from earlier projects.

time

Table 3.3. Calibration and validation periods used for the different pilot sites

Case Period

study Comment

Catchment

calibration

validation

CS2 (CH)

Petit Glane

2008-2017

2018-2022

CS3a (HU)

Csorsza

2021-2022

2021-2022

Cs4(PL)

Borucin

2022

2021

CS8(LT)

Dotnuvélé

2022-2023

CS10 (NO)

Krakstad

Krakstad

2009-2010

CS11 (HU)

Tetves

2013-2014

Limited amount of
reference data was
avaialbe to perform

model validation.

cs12(cz)

Cechticky

2016-2018

2019-2021

The CS modellers used different model performance statistics to evaluate the calibration

and validation results. The most commonly used statistics were those suggested by

Moriasi et al. (2015) specifically for soil hydrological models: the index of agreeme nt (d)
and the coefficient of determination (R 2). Additionally, the PBIAS and the NSE were used.
During model calibration, special focus was given to the PBIAS (Percent bias), as it
measures the average tendency of the simulated data to be larger or smaller than their

observed counterparts (Gupta et al ., 1999). In our case, similar to the water balance
elements, the PBIAS was evaluated on an annual time scale. Thus, if the PBIAS values
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indicate good model performance, we can assume that the annual values of the water
balance elements are simulated with acceptable uncertainty, even in cases where the
daily dynamics - reflected by the d and NSE values - are not well captured.

The SWAP model performance statistics for the different OPTAIN sites are shown in
Table 3.4. Very good, good and satisfactory model calibration / validation according to
Moriasi et al. (2015) are indicated by green colours. The SWAP calibration was less
successful for sites where the soils are tile drained (CS8, CS10 and CS12), partly because
of the lack of reliable data on drainage outflow.

As also outlined in OPTAIN D4.4 (Piniewski et al., 2024), it is important to recognize that
there are currently no generally accepted criteria for determining the minimum values

of these metrics that indicate acceptable or good model behaviour (Ritter and Mufioz -
Carpena, 2013). Therefore, their interpretation is always subjective. The goodness -of -fit of
the model is influenced by various climatic and catchment properties, such as baseflow

and aridity indices, the fraction of snow in the annual precipitation, and soil depth

(Massmann, 2020). Furthermore, the quality of input data varies among case studies, and
there is uncertainty in the observation data used for model calibration. With these

factors in mind, the results presented in Table 3.4 are primarily in tended for reporting
purposes rather than for inter -comparison of model performance across different
catchments.
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Table 3.4. SWAP model performance statistics for the OPTAIN pilot sites.

Case Soil layer Calibration Validation
Catchment
study

cm d pbias  R? NSE d R?
5 7.7 0.62
10-Jan 0.78

0.67

pbias

0.63

CS2 (CH) | Petit Glane

CS3a(HU) | Csorsza

CS4(PL) Boruéin

10 0.28
40 0.50
CS8(LT) | Dotnuvélé
90 0.20
120 0.44
Krakstad 10 0.64 7.2
loamy sand 20 0.61 6.7
CS10 (NO)
Krakstad 10 0.83 8.4
loamy clay 20 0.59 8.6
soil 40 0.65 | 5.9
15 0.84 0.63 0.63
CS11(HU) | Tetves 40
70 0.78 0.78
10 0.71 0.70 -
. 20 0.65 -8.1 0.66 9.0
CS12(CZ) | Cechticky
30 0.81 | -18.2 0.52 | 201
40 0.76 0.57 -

- very good good satisfactory
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3.3 Assessment of NSWRM effectiveness at field scale for present
climate conditions

3.3.1 Water balance perspective

The effectiveness of NSWRMs at field scale was evaluated by examining the changes in

soil water balance elements (Fig. 3.1). Soil water balance refers to the amount of water in

the soil (defined for a certain time period and for the whole soil profile or a particular soil
layer), and it reflects the difference between the inputs (e.g. precipitation, irrigation,

runon) and outputs (e.g. interception, runoff, evaporation, transpiration, drainage,
percolation). When analysing the water balance of the soil prof ile as a whole (commonly
defined as the root zone), matrix and macropore flows contribute to the redistribution of

water between the different soil layers, not to the total balance.

transpiration evaporation
from soil surface

precipitation

e ]
Ny as surface runoff

drainage
outflow

Figure 3.1. Key water balance elements of a soil profile

It is important to mention that the effect of an individual NSWRM on water retention

cannot be evaluated directly in terms of increased soil water storage. Plants may benefit

from the increase of available water in the soil, which leads to increased transp iration
and reduced soil water storage. Thus, the impact of soil water retention measures on the

water regime should be evaluated in a more complex way, considering all the water

balance elements together. As an example, soil water content of a heavily cul tivated soil
can be higher in the deeper layers than in a soil with reduced tillage, as the compacted

layer at the plough/disk pan prevents the infiltration of the water in the deeper layers, as

well as root growth. Thus, the plants are suffering from drou ght while there can be
valuable amounts of water below the compacted layers. That is why the effectiveness of
NSWRMs has to be evaluated by looking at all the water balance elements
simultaneously. On the other hand, reductions in water balance elements th at lead to
water loss from the soil profile (interception, surface runoff, evaporation from soil surface,
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drainage outflow and deep percolation) all indicate increased water retention within the
field.

Generally, increased plant transpiration, alongside reduced deep percolation and runoff,

indicate improved retention of water within the soil profile. At the bottom of the soil

profile, the SWAP model calculates either drainage outflow or percolation to de eper
layers. This is because, with subsurface drainage, the model assumes zero percolation to

the deeper layers.

Figures 3.2 - 3.4 give an overview of the impact of NSWRMs on water balance elements
assessed using the SWAP field -scale model. Changes in soil water content for a certain
period are calculated using the following equition:

&SW =P - INTCEPT - RUNOFF - EVAP - TRANSP - DRAIN - BFLUX (Eq. 1)

Where: &SW - changes in soil water content (cm), P - precipitation sum (cm), INTCEPT -
interception (cm), RUNOFF - surface runoff (cm), EVAP - evaporation from soil surface
(cm), TRANSP - transpiration or plant water uptake (cm), DRAIN - drainage outflow (cm)
and BFLUX - bottom flux or percolation (cm). Positive and negative values represent

upward and downward fluxes, respectively.
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Figure 3.2. NSWRM effects on soil water balance elements modelled for two soil types of the
boreal region for the historical climate (2009 -2019).

In the boreal regions the main goal for implementing soil water retention measures in
agricultural areas is to reduce and/or to slow down surface and subsurface runoff
towards surface water bodies. Surface runoff and subsurface drainage water, reaching
the streams, contribute to soil erosion and nutrient loads, thus, have harmful impact on
soil health and on the conditions of freshwater and marine water ecosystems. With
ongoing climate change, summer drought has become a new issue in Norwegian
agriculture. Thus, soil water retention is also important from this aspect.

In this region, shifting to grassland seems to have the least impact on soil water balance

elements, compared to the baseline scenario. Afforestation, reduced tillage and drought

tolerant crops (DTC) reduced drainage outflow significantly, mostly due to in creased
transpiration, and also interception in case of forest vegetation (Figure 3.2). The effect of
NSWRMs on soil water content was more visible in the sandy soil, also because sandy

soils are more susceptible to drought. DTC increased transpiration mor e than two times,
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as the newly introduced crops could transpire more water at the expense of soil moisture
in the sandy soil.
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Figure 3.3. NSWRM effects on soil water balance elements modelled for the continental region
for the historical climate (1991 -2020).

Compared to the boreal region, the effect of NSWRMs on soil water balance elements
was less pronounced in the continental region, as demonstrated by the Swiss case study
(CS2; Fig. 3.3). Land use change (shifting to grassland or afforestation) and reduced tillage
resulted in a slight decrease of leaching from the soil profile and also slight increase in
transpiration. The largest changes were modelled for interception and changes in soi
water storage. However, as these water balance elements represent less than 10% of the
total soil water balance, the large relative changes did not influence the overall water
budget to a large extent.
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Figure 3.4. NSWRM effects on soil water balance elements modelled for the Pannonian region
for the historical climate (1991 -2020).
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Drought is the major problem in the Pannonian region. All three of the NSWRMs tested

for these sites contributed to significant increase in transpiration (Fig 3.4). The soil
profiles of these areas are well developed and more than 1 m deep. Therefore, absolute

change in the soil water storage of up to -8 mm (afforestation scenario) does not
significantly affect the average soil water content. Planting drought tolera nt plant
genotypes seems to be the most promising measure to mitigate drought. Hence,
transpiration almost doubled in the DTC scenario, as the crop roots could uptake water

Arn tdft Ne& A"AANE neaNAAGAKr UurAANE At AA dr Bec!
unsatu rated zone). Meanwhile, percolation to deeper layers is reduced, which is also an
important factor as this can prevent nitrate leaching to groundwater, which is another

problem in this region. Contradictorily to other regions, where afforestation resulted ina
slight (continental region) or very strong (boreal region) reduction in drainage outflow,

in the Pannonian region afforestation did not reduce the percolation of water to deeper

layers.

Table 3.6 provides an overview of the effects of in -field NSWRMs on the elements of the
water balance for all seven pilot sites, representing the three biogeographical regions.

Slight (less than 10%) and strong (more than 10%) increases compared to the bas eline

are highlighted in light and darker green, respectively. Similarly, slight and strong
decreases compared to the baseline are highlighted in light yellow and orange colours,
respectively.

In some cases, the seemingly large changes (like an increase in interception with
afforestation ranging between 118% to 526 %) cover small absolute changes of up to 15 -
18 mm. However, as the original value was very small (below 3 mm), an increase of 10 -15
mm results in a large relative change in interception.

Reduced surface and subsurface runoff can also strongly contribute to reducing flash
flood peaks and the loss of soil particles and nutrients to surface waters, resulting in
improved water quality in the long term. Reduced deep percolation leads to an
incr eased amount of water stored in the root zone, thereby mitigating the effects of
drought. It also prevents the transport of nutrients towards the subsurface water bodies,
preventing their further contamination.

The overall picture shows that the impact of the studied in -field NSWRMs on individual
soil water balance elements can vary even within the same biogeographical region,
depending on factors such as the crop type and rotation, soil type, soil management and

other local conditions (e.g. slope). These findings confirm our expectations and the need

for site -specific studies and analyses when optimising the NSWRM types within the field

and a catchment as a whole. Moreover, it would be very important to gain as m any
experimental data as possible, as the evaluation of the model response to a particular

measure is difficult without site -specific information about the effectiveness of a certain
measure for the typical soil, crop and slope combinations of the pilot si tes.

In line with our expectations, reduced tillage resulted in a decrease of various types of
water losses from the soil profile. It reduced surface runoff by 100% and by 30 -40% in the
continental and boreal regions, respectively. These results are consistent with those of

the SWAT+ model for these areas,  where it was shown that reduced tillage can mitigate

flash floods, prevent soil erosion and reduce the loss of nutrients towards the surface

water bodies.
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NSWRM

water balance
elements

Biogeographical region

Pannonia
CS3a CS11

Continental

Cs2 Cs4 Csiz

Boreal
CS8 CS10_L CSs10_S

reduced tillage

interception
runoff
evaporation
transpiration
soil water storage
drainage

percolation

from arable to
grassland

interception
evaporation
transpiration
soil water storage
drainage

percolation

no change
<10% slight reduction
10-50% moderate reduction
-strong reduction

<10% slight increase

10-50% moderate increase

- strong increase

NSWRM

water balance
elements

Biogeographical region

Pannonia
CS3a Cs11

Continental

CS2 CS4  CS12

afforestation

interception
runoff
evaporation
transpiration
soil water storage
drainage

percolation

drought
tolerant crops

interception
runoff
evaporation
transpiration
soil water storage
drainage
percolation

Boreal
CS8 CS10_L CS10_S

no change
<10% slight reduction

10-50% moderate reduction

<10% slightincrease

10-50% moderate increase

-strong increase

In the Pannonian and Continental regions without subsurface drainage, reduced tillage
resulted in a decrease of deep percolation by approx. 25% and 10%, respectively. This has
its own environmental benefits, as reduced percolation means reduced leaching of
nutrients (especially nitrate) into the groundwater bodies. Nitrate leaching towards the
saturated layer is a major problem in many areas of the Pannonian region.

Similar to percolation, reduced tillage systems lead to lower drainage outflow in the

areas with subsurface drainage. This effect became more visible when moving from the

south (Continental region) to the north (Baltics and Scandinavia of the boreal region ).
The more positive the overall water balance, the stronger is the reduction effect of

reduced tillage on drainage outflow, varying between approx. 3% (CS12) and 34% (CS10).
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The effect was also stronger for heavy soils (CS10 with loamy soil) than on soils with
lighter texture (CS10 with sandy soils).

Evaporation, transpiration and changes in soil water storage show a more complex
picture between the studied regions, sometimes even between the different sites within

the same region. The SWAP model simulated a 16 -20% reduction in soil evaporation for
the Pannonian and Boreal regions when reduced tillage was introduced, and basically

no changes for the pilot sites located in the Continental region.

Transpiration (or plant water uptake) shows a very slight decrease (by 1.8% and 0.2%) in

the Pannonian (CS3) region and in CS4 of the Continental region. However, these
differences are within the uncertainty range of the model outputs, as well as the sligh t
increases in the other Continental pilot sites (CS2 and CS12). The model predicted a large

increase in transpiration values for CS10 (Boreal), independent of the soil type. These
ENr?2AAr R tenaNWNaER rte? ADZ kN dAAN&Ena&aNA Nibpa AfeNR? A A
reduced tillage itself, but the impact of reduced tillage (indicated with changes in soil

hydraulic properties, Table 3.5) and crop type. Reduced tillage in the CS10 of the Boreal

region usually means no tillage in the autumn, which is associate d with shifting from
winter crops to summer crops. Thus, the crop type was also changed in the model setup.

The large changes thus reflect the combined effect of changes in both soil and crop
management.

Shifting from arable to grassland resulted in an increase and decrease of interception
for CS12 (Continental) and CS10 (Boreal), respectively. The impact of this measure on the
other water balance elements showed more or less similar patterns, with decreases and
increases in evaporation an  d transpiration, respectively. In general, grasslands represent
more dense vegetation compared to cereals (row crops), which leads to a higher soil
cover fraction and a reduction in evaporation from the soil surface. This water saving
effect most likely in  creases the amount of plant available water in the soil, which leads
to an increase in plant transpiration. The reduction of evaporation is more pronounced

in the Continental region (by 33%, CS12), which is characterised by drier conditions and
larger atmo spheric water demand. In the Boreal region, the effect of grassland is less
pronounced (around 5%), as the conditions are more humid and cold.

Afforestation  gave the most uniform picture regarding the effect of this measure on

water balance elements. The results show a significant decrease in evaporation (from 26

to 60%), drainage outflow (from 42 to 100%) and surface runoff losses (from 35 to 67%) in

all the three biogeographical regions. Afforestation also led to an extremely high
increase in interception and a valuable increase in transpiration, independently from the

location of the pilot sites. The changes in soil water storage compared to baseline

reflect ed the region -specific water balance, leading to a strong - 94% - decrease in the
Pannonian region, which is generally characterised by a negative water balance, and a

strong increase in the CS12 (Continental) and CS10_L (Boreal) pilot sites. Two out of th e
three pilot fields from the Boreal region showed no significant changes in soil water

storage.

The introduction of  drought tolerant crops had a rather similar effect in all the pilot
sites, with CS2 being the only exception. If the effect of this measure was significant, its
implementation resulted in decreases in interception (by approx. 15 to 20%), surface
runoff (from 30 to 100%), evapor  ation (by approx. 7 -17%) and drainage outflow (by approx.
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35-40%). For some case studies, no changes (CS2, CS8 and CS12) or a 10% decrease (CS2)
in transpiration was simulated. In CS3 (Pannonia) a slight increase in crop transpiration
of 10% was estimated. The most pronounced effect of drought tolerant plants on
transpiration was estimated for CS10 in the Boreal region, independent of the soil type.
We assume that these results reflect the fact that drought has become an important
factor in these regions, which impacts on crop production are still underestimated.
Moreover, the SWAP crop database for boreal conditions does not account for drought
tolerance. Both summer and winter cereals had the lowest HLIM3 and HLIM4 values
(Annex 4, Figure 4.2) among all the crops included in this study. Thus, changes in HLIM3
and HLIM4 parameters were the highest in CS10, which could also lead to a drastic
increase in plant transpiration. However, this shows the potential of introducing drought
tolerant crops into the crop production system of Boreal regions.

3.3.2 Seasonal patterns

So far, this report focused on the average annual changes in the soil water regime, while

it is well known that the elements of the soil water balance vary strongly in time. Hence,

we evaluated the seasonal changes in interception, transpiration, evaporation, dra inage
outflow and soil water content on the example of CS12, located in the Czech Republic.

Interception accounts for only a small part of the water balance, and is very small in
spring, autumn and winter. For all the scenarios apart from grassland, a significant

proportion of the interception occurs during the summer period (Fig. 3.5). Compared to
other measure scenarios, grassland intercepts about 6 -7 times more water during the
winter, most probably because it retains its leaves while deciduous forests lose theirs in

autumn. The interception rate is particularly high in forest scenarios during spring (3

times higher), summer (20 times higher) and autumn (4 times higher), compared to the

baseline scenario. Hence, afforestation can also contribute to water retention also by
intercepting and evaporating a large amount of water. This phenomenon is a Iso
important, as it ensures higher air humidity within and around the vegetation than in

areas with arable crops.
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Figure 3.5. Seasonal variation of interception (historical climate, years 2015 -2021) in the
continental region (CS12) for conventional management (SQ) and after implementing different
NSWRMs. RT - reduced tillage, GRASS - shifting from arable land to grassland, FOR - afforestation

and DTC - drought -tolerant crops

Evaporation from the soil surface (Fig. 3.6) is the highest during summer and autumn,

when the potential evaporation is high due to atmospheric conditions. Apart from the

weather conditions, the impact of NSWRMs on evaporation also reflects soil coverage b y
vegetation throughout the year. Conventional tillage and drought tolerant crops (DTC)

have the highest evaporation amounts during spring, summer and winter. Reduced

tillage, that incorporates stubble, cover crops or winter crops ensures plant coverage on

the soil surface through the year thus, reduces evaporation losses from the soil
compared to conventional tillage and DTC.
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Figure 3.6. Seasonal variation of evaporation (historical climate, years 2015 -2021) in the
continental region (CS12) for conventional management (SQ) and after implementing different
NSWRMs. RT - reduced tillage, GRASS - shifting from arable land to grassland, FOR - afforestation

and DTC - drought -tolerant crops

The SWAP model considers a relatively small amount of water stored in the vegetation,
and thus assumes that transpiration equals the plant water uptake by roots.
Transpiration is one of the largest and most important elements of the water balance, as
it can also be used as a yield indicator. Conventional tillage showed the lowest
transpiration for all the seasons, with autumn being the only exception (Fig. 3.7). The
vegetation could transpire more water from reduced tillage systems all around the year.
Grassland and forest could not transpire more water than the arable crops in reduced
tilage and DTC scenario, probably because their water demand could not be fulfilled
from the soil water storage. The higher plant water uptake from reduced tillage and DTC
scenarios could probably be explained by increased soil water retention capacity due to
improved soil structure and increased suction power of the root system, respectively.
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Figure 3.7. Seasonal variation of transpiration (historical climate, years 2015 -2021) in the
continental region (CS12) for conventional management (SQ) and after implementing different
NSWRMs. RT - reduced tillage, GRASS - shifting from arable land to grassland, FOR - afforestation

and DTC - drought -tolerant crops

Drainage outflow is highly impacted by extreme weather events., therefore, it is difficult

to interpret on an annual or seasonal time scale. Indeed, the SWAP simulation results
(Fig. 3.8) showed a strong reduction of drainage outflow across all the NSWRMs
compared to the baseline scenario (conventional tillage). Our results suggest that the
NSWRMs involved in this study could contribute to reduced leaching and drainage,
creating more favourable soil water conditions for the vegetation.
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Figure 3.8. Seasonal variation of drainage outflow (historical climate, years 2015 -2021) in the

continental region (CS12) for conventional management (SQ) and after implementing different
NSWRMs. RT - reduced tillage, GRASS - shifting from arable land to grassland, FO R - afforestation
and DTC - drought -tolerant crops

No significant differences in soil water content were found on a seasonal basis across all

the scenarios (Fig.3.9). A slight decrease in soil water storage was simulated during
spring and summer, while a slight increase was found for the autumn and winter
seasons. This is consistent with long -term observations stating that the soil layers are
filled up with water during the colder seasons and dry out during the vegetation period.
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Figure 3.9. Seasonal variation of changes in soil water content (historical climate, years 2015 -2021)

in the continental region (CS12) for conventional management (SQ) and after implementing
different NSWRMs. LT - reduced tillage, GRASS - shifting from arable land to grassland, FOR -
afforestation and DTC - drought -tolerant crops

3.4 Assessment of NSWRM effectiveness at field scale for future
climate conditions

This sub -chapter assesses the impact of different measures on soil water balance
elements under future climate conditions. Figures 3.10 -3.12, 3.133.15 and 3.163.18
illustrate the relative changes in water balance elements as compared to current soil

and crop management for the boreal, continental and Pannonian biogeographical

regions, respectively. For each region, three future climate types are studied: wet and

warm, dry and warm, and dry and cool (Table 2.6).

The effect of the selected NSWRMSs on water balance elements shows a similar pattern

across the three climate types for the continental and Pannonian regions. However, this

is not the case for the boreal biogeographical region. In the boreal region, each cl imate
type has its own specific pattern. The SWAP modelling results indicate that wet and

warm future conditions (Fig. 3.10) would result in an increase of transpiration and
evaporation, while decreasing drainage outflow.
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For a wet and cool scenario (Fig. 3.11), the evaporation would be impacted the most,
increasing significantly compared to the current levels. This climate type would result in

a decrease in soil water storage and drainage under minimum tillage and afforest ation
scenarios. The dry and cool scenario would have, most probably, the least favourable

impact with a high reduction in transpiration.
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TRANSP - transpiration or plant water uptake; SW - changes in soil water content; DRAIN - tile
drain outflow.

In the continental region, management measures (NO TILL and DTC) have minor impact

of below 5% on interception, evaporation, transpiration and percolation compared to the

land use change scenario (grassland) for all the climate types. The modelling results
indicate that zero tillage increases soil water storage, independently from the climate

type. This impact, however, is less expressed under future climate conditions. Grassland
increases transpiration and reduces percolation, and this impact is getting st ronger with
time. Grassland also seems to increase runoff to a large extent; indeed, the status quo

value for runoff was around zero (but not zero), therefore any few mm increase in runoff

results in a huge relative impact.
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quo (in %) at current and future climate conditions in the continental region for the wet&warm
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quo (in %) at current and future climate conditions in the continental region for the wet&cool

climate scenario. DTC - drought tolerant crops; No till - zero tillage; RUNOFF - surface runoff;

EVAPO - evaporation from soil surface; TRANSP - transpiration or plant water uptake; SW -
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Fig. 3.15 Impact of different NSWRMs on soil water balance elements as compared to the status

quo (in %) at current and future climate conditions in the continental region for the dry&cool
climate scenario. DTC - drought tolerant crops; No till - zero tillage; RUNOFF - surface runoff;
EVAPO - evaporation from soil surface; TRANSP - transpiration or plant water uptake; SW -
changes in soil water content; PERCO - percolation.
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Fig. 3.16 Impact of different NSWRMs on soil water balance elements as compared to the status

quo (in %) at current and future climate conditions in the Pannonian region for the wet&warm
climate scenario. DTC - drought tolerant crops; No till - zero tillage; INTERCEPT - interception;
EVAPO - evaporation from soil surface; TRANSP - transpiration or plant water uptake; SW -
changes in soil water content; PERCO - percolation.
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Fig. 3.17 Impact of different NSWRMs on soil water balance elements as compared to the status

quo (in %) at current and future climate conditions in the Pannonian region for the wet&cool

climate scenario. DTC - drought tolerant crops; No till - zero tillage; INTERCEPT - interception;

EVAPO - evaporation from soil surface; TRANSP - transpiration or plant water uptake; SW -

changes in soil water content; PERCO - percolation.
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Fig. 3.18 Impact of different NSWRMs on soil water balance elements as compared to the status

quo (in %) at current and future climate conditions in the Pannonian region for the dry&cool
climate scenario. DTC - drought tolerant crops; No till - zero tillage; INTERCEPT - interception;
EVAPO - evaporation from soil surface; TRANSP - transpiration or plant water uptake; SW -
changes in soil water content; PERCO - percolation.

For the Pannonian region, a strong reduction in soil water content and a large increase

in transpiration were predicted. Zero tillage, drought tolerant crops and afforestation

showed minor, moderate and huge effects on water balance elements, and this impa ct
does not seem to change by the mid - or end of the century.

The combined climate and NSWRMs scenarios show a very diverse pattern, especially

for the boreal region. Their interpretation, however, is not trivial, as there are no reference

values with which to objectively evaluate the SWAP modelling results. Overall, the land
use change measures seem to have a larger and positive impact on the water balance
elements than the management measures. Among the management measures,

reduced tillage is the most promising alternative in the future.
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3.5 Cross -validation of the SWAP and SWAT+

This section presents the cross  -validation of the water balance simulation results
of the SWAP and the SWAT+ models for three case studies representing the
Pannonian, Continental, and Boreal biogeographical regions.

The cross -validation of the two models is a rather complex and novel task that
requires extensive experience in the application of both models. To our knowledge,

no such work has been published before. However, the OPTAIN group considered

it interesting an  d important to evaluate the performance of the catchment -scale
SWAT+ model at field level using the simulation results of the field -scale model
SWAP for selected fields as described in sub -chapter 2.9, as many of the NSWRMs
studied in the project are imple mented at the field level. The final goal is to develop
recommendations on how we could improve the performance of both models by

running them in parallel for the same sites.

Considering the peculiarities of the pilot fields and leaving out the unused and
neglectable elements (e.g. irrigation), the water balance equation of the SWAT+
model at the HRU level for a certain time period can be written as:

sw_chang = precip + surqg_ro+latg_ro - wateryld - et - perc - gtile (Eq. 2)
wateryld = surg_gen + latq (Eq. 3)
et = ecanopy + eplant + esoil (Eq. 4)
Where:

sw_chang:  change in soil water storage (mm)

precip: precipitation (mm)

surq_ro: surface runon (mm)

latg_ro: lateral runon (mm)

wateryld: water yield (mm)

et: evapotranspiration (mm)

perc: percolation (mm)

gtile: drainage outflow (mm)

surg_gen: surface runoff (mm)

latq: lateral flow (mm)

ecanopy: canopy evaporation (mm)

eplant: plant transpiration (mm)

esoil: evaporation from soil surface (mm)

The soil water balance equation (Eqg. 1) visualised in Fig. 3.1 can be written as below:

OSW =P - INTCEPT - RUNOFF - EVAP - TRANSP - DRAIN - BFLUX (Eqg. 5)
Where:

OSW: change in soil water storage (mm)

P: precipitation (mm)

INTCEPT: interception (mm)
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RUNOFF: surface runoff (mm)

EVAP: evaporation (mm)
TRANSP: transpiration (mm)
DRAIN: drainage outflow (mm)
BFLUX: percolation (mm)

As the SWAP model simulates predominantly processes in the unsaturated zone,
having bottom boundary conditions nearby or above the saturated zone, and the

water flow is considered to be vertical, the lateral flow components of the SWAT+
model (latg_ro and latq) could be neglected in the comparison. Table 3.7 describes
how the output variables of the two models were matched for cross -validation.

Table 3.7. Matching the soil water balance elements of the SWAP and SWAT+ models

Water balance elements

SWAP model SWAT+ model
ASW =sw_chang
P = precip
INTCEPT = ecanopy
RUNOFF = surq_gen - surg_ro
EVAP = esoil
TRANSP = eplant
DRAIN = qtile
BFLUX = perc

The fluxes of evaporation, transpiration and drainage outflow (where relevant) as

well as the simulated change in soil water content, interception and percolation

were the outputs that could be directly involved in the cross -validation of the
models. Howev er, we could not include the simulated runoff values in the cross -
validation, because in the SWAT+ model setup the pilot fields are connected to the
surrounding land phase and shallow subbasin elements, with lateral in - and
outflow. In contrast, the SWAP m odel projects, in their present setup, cannot
account for the surface inflow from other areas.

The next subchapters present the results of the cross -validation of the SWAP and
SWAT+ models for the respective simulation periods. The cross -validation was
performed for both the baseline and NSWRMs simulation results. Water balance
elements that represe  nt a minor part of the total balance in a field scale model,

such as interception and runoff, are discussed for the Continental region only, since

this case study had the longest time series for comparison.

Please note that the results from the two models for the combined - measure and
climate - scenarios could not be compared, as the SWAT+ calculations for these
scenarios are not yet available, and the SWAT+ scenario work was not part of this
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deliverable D4.3. Additional analysis and discussion of the cross -validation will also
be provided in an upcoming scientific publication, which is currently in progress.

Concerning the NSWRMs included in the cross -validation, it is important to
mention that the field  -scale modelling work, using the SWAP model incorporated
more scenarios, than the scenario runs performed with the SWAT+ model. As an
example, CS10 (Norway) di d not have an afforestation or drought tolerant crop
scenario in the catchment -level modelling work, thus no SWAT+ scenario results
were available for cross -validation. Additional scenarios were included in the SWAP
modelling analyses so that more NSWRMs ¢ ould be compared across the different
biogeographical regions.

We faced similar restrictions with the simulation periods: in most of the cases, the
watershed -level data (e.g. discharge) were available for a longer period than the
reference soil water content data for SWAP model calibration. Results from the two
models could only be compared for years, for which we had simulation results from
both the SWAP and SWAT+ models.

3.5.1 Pannonian biogeographical region

In the Pannonian case study, the outputs of the SWAP and SWAT+ models were
compared for the baseline and afforestation scenarios, as shown in Figure 3.1. For
evaporation fluxes, the models gave nearly identical results in the baseline
scenario. The median and range of the simulated evaporation are almost the same

for both SWAP and SWAT+. In the afforestation scenario, there is an average
DfLRRNENAQN ©R tn BB KkKNAAGNNA AtN Afe BeDNAry &N
simulated transpiration results in the baseline s cenario, we found that the results

of the SWAP model showed a wider range and median within the different years.

Since in SWAP transpiration is estimated by considering the root water uptake for

each crop/tree, the wider range in the results for both scena rios is reasonable. For
the afforestation scenario, the median transpiration was about 140 mm larger
compared to that of the SWAP model. We assume that the differences between

the transpiration values simulated by the SWAT+ and SWAP models, increased for

the afforestation scenario compared to the baseline, because the interception is a

much more important factor in the forest than in croplands. As SWAT+ cannot

simulate interception and its evaporation loss, which are important water balance

factors for tre es, the SWAT+ transpiration results in the afforestation scenario are

likely to be overestimated. In the future, these findings could be used to fine -tune
the plant parameters in the SWAT+ model for forests in order to make the
simulated transpiration valu es for the Pannonian region more realistic.
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Figure 3.1 9. Annual average evaporation (left) and transpiration (right) simulated by the
SWAP and SWAT models for the Tetves pilot site for the present management and
afforestation scenario.

3.5.2 Continental biogeographical region

For the Continental region, the outputs of the two models were compared for the
baseline and the low tillage and drought -tolerant crops scenarios. The results for
interception, changes in soil water storage, evaporation and transpiration are given

in Figur es 3.2-3.5, respectively.

The results for evaporation fluxes (Figure 3.2) show that the SWAP model simulated

almost similar evaporation range and median for the baseline and the two
scenarios. Compared to the SWAT+ results, SWAP had much smaller ranges for all

three scenarios. Simi larly, to the SWAP outputs, the SWAT+ results are almost
similar for the baseline and the low tillage scenario. However, the drought -tolerant
crops scenario showed larger average and median values.

It is important to mention that the medians of the evaporation simulated by the
SWAP model for the baseline and the low till scenarios did not differ significantly
from those simulated by the SWAT+ model for the same cases, but the range of
the SWAT+ outpu tsis much larger. This could be caused by the fact that the SWAT+
model outputs for the relevant field were more sensitive to the variations within

the weather factors, because the field in the SWAT+ setup is also exposed to the
influence of the neighbour ing fields. Concerning the scenario with the
implementation of drought -tolerant crops, this measure cannot be exactly
implemented in the SWAT+ model, so that these results are rather uncertain. There

is an opportunity here to use the SWAP model results as reference values for fine -
tuning the performance of the SWAT+ model for drought -tolerant crops.
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Figure 3.2. Annual average evaporation simulated by the SWAP and SWAT+ models for
the Petit Glane site (CS2) for the baseline, reduced tillage and drought tolerant plants
scenario.

The results for transpiration fluxes (Figure 3.3) are almost similar for both SWAP
and SWAT+ for the baseline period and for the low tillage scenario. Concerning the
scenario with drought  -tolerant crops, the SWAT+ model showed a slightly larger
range and m edian.

Figure 3.3. Annual average transpiration simulated by the SWAP and SWAT+ models for
the Petit Glane site (CS2) for the baseline, reduced tillage and drought tolerant plants
scenario.

Interception gives less than 2% of the total water balance. Small amounts of water

are comparable to the mass balance error and difficult to evaluate. For the
Continental region, the SWAP model simulated about 2 -3 times lower interception
values than the S WAT+ model (Fig. 3.4) and with less deviation across the years.
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