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The Soil and Water Assessment Tool (SWAT) is applied worldwide for modeling basin-scale processes. Its latest
version (SWAT+) adds new capabilities to the tool, and collectively with increasing computational power and
availability of public datasets expands model complexity as well as provides pathways for serious errors in the
model setup process. These models are used to run scenarios to support decision-making processes, hence un-
detected faults can have a substantial socio-economic and environmental impact. We propose a 5-step SWAT+
model setup verification workflow assessing the soundness of processes related to weather, water balance,

management, plant growth, point source and tile drain flows. We developed an R package, called SWATdoctR,
which guides the user through the model setup verification process, allowing the identification of typical, but
repeatedly overlooked, issues. The workflow and the functionality of the tool is demonstrated in 4 SWAT+ setups
in different catchments, at various stages of model setup.

1. Introduction

The semi-distributed process-based ecohydrologic modeling tool -
Soil and Water Assessment Tool (SWAT) has been in use for more than
two decades (Arnold et al., 1998). It was successfully applied worldwide
to answer water quality and quantity, land use change, environmental
impact, water management or hydro-climatic questions (Akoko et al.,
2021; Gassman et al., 2007, 2014; Tan et al., 2020). It is the most
extensively used river basin model with thousands of application ex-
amples (Gassman and Wang, 2015). SWAT Literature Database provides
more than 5600 sources to peer-review publications (CARD&ISU, 2023)
related to the SWAT model. Moreover, the model has been used to build
national scale modeling systems for decision support in water manage-
ment or agricultural sectors (Plunge et al., 2022; White et al., 2022). To
provide a continuation of the SWAT model development, SWAT+, a new
model version, brings a complete restructuring of inputs and code with
new concepts into a well-established modeling tool (Bieger et al., 2017).
For instance, increased flexibility of water routing across landscape was
added (Bieger et al., 2019; White et al., 2022). Such enhancement

unlocks previously unavailable potential to represent any water routing
objects or phenomena. Another important advancement is the imple-
mentation of decision tables (Arnold et al., 2018), which allowed the
inclusion of complex land management (see e.g. Nkwasa et al., 2020;
Nkwasa et al., 2021) and reservoir management operations in the model
(Arnold et al., 2018).

However, increased flexibility and expansion of model setup options
increases the potential for users to make errors (with input data,
parametrization, conceptualization, setup design, etc.), which are
common due to the complexity of processes represented by the SWAT
tool (J. G. Arnold et al., 2012). The most widely reported procedure after
model setup is the model parametrization and calibration step (Fu et al.,
2020). The autocalibration of model parameters is usually computa-
tionally expensive, hence it is highly valuable to invest resources in the
verification of model setup and input data before proceeding to the
model calibration (Hydrology committee of ASABE, 2017).

We adapt the term “verification” from software engineering, where
verification is a process of examining design, code, and functionality in
order to check if the software has been built according to the
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requirements (Hydrology committee of ASABE, 2017). The main goal of
the verification process is to ensure quality of the application, design,
architecture, etc. In the case of SWAT+ model, we perceive model setup
verification as a process of checking the soundness of critical input data,
feasibility of the underlying process representations, such as water
balance and plant growth, quality assurance of the interpretation of
anthropogenic influence. Model setup verification should identify any
potential inaccurate inputs, which would result in implausible model
simulations. This is particularly relevant for complex input datasets such
as management operations or decision rules, which may be interpreted
by the model in a different way than intended. Verification may only
require a few model simulations to identify problems. Unidentified is-
sues in the model setup propagate into the following modeling steps,
such as, model parametrization, calibration, validation, and scenario
implementation and assessment. In the worst case, fixing the issues
would require repeating model setup steps, which are affected by the
faulty inputs. Eventually, a verified model setup contributes to a
cost-efficient modeling effort, assures the quality of model design and
implementation, and increases the confidence of stakeholders in the
modeling results.

The importance of model setup verification was recognized by the
SWAT model development team with the introduction of SWATCheck
(White et al., 2014). This tool is a stand-alone program, which assists
users in the identification of critical or fundamental flaws of a model
setups by examining model outputs and identifying results which exceed
typical or realistic ranges of aggregated simulation outputs and signa-
ture measures, such as the runoff ratio. SWATCheck is a part of the
SWAT+ Editor program (Texas A&M Agrilife Research and USDA,
2023), which is a standard tool to set up SWAT+ models.

Although the analysis of temporally and spatially aggregated simu-
lation outputs with SWATCheck provides a valuable initial overview of a
model setup, it can be a limitation at the same time. Analyses of
aggregated variables may average over the issues, such as temporal and
spatial changes in simulated or input variables, issues in the scheduling
of management operations and, in consequence, the simulated plant
growth, or tile drain examination. As SWATCheck is a stand-alone tool
which reports the model setup verification via a graphical user interface
(GUD), further model troubleshooting is limited. Additional data pro-
cessing using other software or tools requires substantial manual work
and may be a barrier for SWAT+ modelers to adequately investigate
their model setups. Integration of SWAT+ model setup verification step
into a script programming language (including R) provides valuable
support in the model setup process such as support the documentation of
reproducible modeling projects and scripted workflows (Chawanda
et al., 2020; Coon and Shuai, 2022). Moreover, it allows the utilization
of the verification results in further analyses in the used script language
and make use of available libraries for visualization, statistical analysis
which are available in the respective programming environment.

In this study we develop a model setup verification tool in R pro-
gramming language to provide SWAT+ users and the larger modeling
community with additional capabilities in the identification of potential
model application problems. The objectives are as follows: (1) Prepare a
workflow for SWAT+ model setup verification; (2) Provide a new tool
developed as R package with a set of functions which allow the identi-
fication of typical issues in SWAT+ model setups after the model setup
and parameterization; (3) Develop easy to use tools for printing and
visualizing model inputs and outputs for reporting of model setup
verification; (4) Provide demonstration examples of the new tool by
applying it in selected case studies.

2. Materials and methods
2.1. SWAT+ model

The Soil and Water Assessment Tool is a well-known and widely used
basin-scale process-based model. Its popularity can be attributed to
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several reasons, including versatility (ability to simulate a wide range of
land-based and hydrological processes at various sizes), integration
(SWAT can be coupled with other models and software), validity (SWAT
has been shown to perform well in a variety of watersheds around the
world), as well as in-depth documentation (J.G. Arnold et al., 2012;
Neitsch et al., 2011) and user support directly from the developers and
via user-groups. The model setup can be carried out using GUI tools
(QSWAT+ and SWATEditor) or custom build solutions (Cerkasova et al.,
2019; Plunge et al., 2023; White et al., 2022). The models’ inputs are
formatted as ASCII (American Standard Code for Information Inter-
change) files (text), which present the information about the watershed,
underlying data and parameters in a structured way, similar to relational
databases. The model outputs are structured as ASCII files as well, which
makes model input/output file manipulation (reading — writing) easily
accessible and straightforward, and the model itself interoperable and
reusable. The SWAT user-community takes advantage of the flexibility
by developing various tools for model re-use, and input/output manip-
ulation and analysis.

2.2. R package

The scripting languages R (R Foundation, 2023) and Python (Python
Software Foundation, 2023) are among the most popular open-source
programming languages used by data analysts and data scientists
(Bruce et al., 2020). For both R and Python, several libraries (packages)
are available to work with SWAT and SWAT+ model setups. For
example, SWAT+ AW (Chawanda et al., 2020) provides a SWAT+ model
setup workflow in Python. Other libraries to process SWAT and SWAT+
model setups are available from GitHub, such as PySWAT (Ferreira,
2019) and swatpy (Kmoch, 2022) for SWAT2012, or SpotSWATplus
(Barrensi, 2022) to integrate SWAT+ with the SPOTpy library (Houska
et al., 2015). Two open source R packages are promoted on the official
SWAT model website (available at https://swat.tamu.edu/software/):
SWATplusR (Schiirz, 2019) and R-SWAT (Nguyen et al., 2022). These
packages can be applied for parallel model run, parameter sensitivity,
calibration, validation and uncertainty analysis, as shown in several
studies (Maref et al., 2022; Musyoka et al., 2021; Yang et al., 2022).
SWATfarmR (Schuerz, 2022) can be utilized to develop agricultural
management schedules for SWAT2012 and SWAT+ projects. SWAT-
perpR (Plunge, 2023) provides a set of functions for SWAT+ model input
data preparation. R packages, such as SWATmodel (Fuka et al., 2014) or
R-SWAT-FME (Wu and Liu, 2012, 2014) were developed for running,
assessing parameter sensitivity, or model calibration of SWAT2012 or
earlier model versions, but are not maintained. An integration of sup-
porting tools in the R environment provides an advantage compared to
other, mainly standalone or GUI-based approaches, such as the possi-
bility to take advantage of the large number of free packages (or li-
braries) developed, provided, and peer-reviewed by the R programming
community. Moreover, it adds necessary means to facilitate design of
scripted workflows, which helps solving reproducibility, transferability,
transparency issues and is useful for data analysis, data visualization and
complex statistical analysis tasks.

2.3. Model setup verification workflow

We propose a five step workflow for SWAT+ model setup verifica-
tion, which addresses common issues in model setups (Fig. 1). The first
step analyzes the model simulated weather inputs and water balance
components. A comparison to literature values and observation data
allows the user to verify if the weather input data are interpreted
correctly and water balance results are plausible. The steps 2 to 4 focus
on the simulation of agricultural management operations and plant
growth. Plant growth is a central part of SWAT+ simulation and controls
the actual evapotranspiration (ETa), which is a substantial fraction of
the hydrological water balance. Step 2 is designed to inspect if agri-
cultural management operations are correctly executed during the
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Simulated water balance components
verify weather inputs and water fluxes

Triggered management
compare scheduled and triggered operations

Plant growth, stress not active
verify plant maturity, growing period

Plant growth, stress active
verify fertilization amounts, irrigation

Simulated point inputs and tile drains
verify point sourceftile flow inputs

Fig. 1. Proposed workflow for SWAT+ model

using SWATdoctR.

setup verification

model run. A comparison to the scheduled management operations can
identify errors in management inputs. Step 3 is used for the examination
of plant growth simulation without activating various growth stresses
that can be simulated with SWAT+ (water stress, aeration stress, tem-
perature stress, nitrogen stress, phosphorous stress). Deactivating the
stress factors for plant growth in a simulation results in a potential
maximum biomass and yields. Low simulated values of biomass or yield
identified during this verification step can indicate issues with plant
parameters, or management, such as inadequate duration of plant
growth. Step 4 is designed to investigate plant growth with the simu-
lation of stress factors activated. A crop specific analysis of stress factors
and yields can help to identify issues in the management inputs, such as
low fertilizer inputs, or the requirement of irrigation or tile drainage.
The final step 5 analyses the inputs into channels from point sources (i.e.
wastewater treatment plants (WWTPs), water transfer) and from tile
flow of agricultural land objects. step 5 determines if the point source
inputs (units, order of magnitude, timing) and the tile drainage inputs
(occurrence of tile flow, etc.) were parameterized correctly. The result of
the verification process can be generalized and supported by visual
analyses of simulation outputs.

To facilitate the 5-step verification process, we developed an open
source R package SWATdoctR, which provides routines for model di-
agnostics. The package is currently under active development and
testing, and will be applied in at least 14 small agricultural catchments
in Europe in the project of “OPtimal strategies to retAIN and re-use
water and nutrients in small agricultural catchments across different
soil-climatic regions in Europe’’ (OPTAIN), the EU-funded research and
innovation project. Its functionality will be extended and updated
throughout the project.

In this work we present a SWATdoctR in the version 0.1.11. The
package is freely available on the UFZ GitLab and could be installed with
following lines of code.

remotes::install_git (https://git.ufz.de/schuerz/
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swatdoctr’)

library (SWATdoctR)

The presented workflow for SWAT-+ model setup verification can be
adjusted to meet the specific project questions. The only requirement to
run any of the SWATdoctR functions (Fig. 2) is to run SWAT+ model
with run_swat_verification () function. Any other function from
any step could be used independently. SWATdoctR package is an
additional tool, which is intended to be applied side-by-side with
existing SWATCheck tool during the model setup verification process.

3. Results
3.1. Model setup verification workflow in action

3.1.1. Step 0. Running the SWAT+ model and extracting outputs

After preparing a SWAT model, the first step in the model setup
verification is to perform a single simulation and extract relevant
simulation outputs. SWATdoctR provides the function run_-
swat_verification () torun a simulation of the SWAT+ model setup
and to extract the relevant simulation outputs from a set of structured
ASCII files (the reader is referred to the current SWAT+ I/0 documen-
tation (SWAT model website, n.d.) for a list of all possible outputs and
their formats) for any further analyses. The minimum input which must
be defined for run_swat_verification () is the project_path to
define where the SWAT-+ model setup is located on the local hard drive.
An example code to run the function is provided below.

sim_nostress <- run_swat_verification (project_path =
’yvour/path’, outputs = ¢ ('wb’, ‘'mgt’, ’plt’), nostress =1)

Users can activate/deactivate reading of certain outputs. Not all
outputs might be relevant to the selected analyses and some outputs can
be too large to fit into the RAM of the computer on which the verification
is performed. By default run_swat_verification() would read all
outputs that are used in any of the verification steps. The simulation
outputs are defined with the input argument outputs = c('wb’,
‘mgt’, ’plt’), where the code 'wb’, short for “water body”, defines
reading ‘basin wb_day.txt’, basin pw_day.txt’, hru wb_aa.txt’ and ‘recall yr.
txt’ output files. These files are required to analyze climate and water
balance variables at the basin or Hydrological Response Unit (HRU)
scale. Also this option sets the reading of point source data. The code
‘mgt’, short for “management”, defines reading ‘mgt out.txt’ and ‘man-
agement.sch’, which is required to analyze the management operations
that were set in the simulation run. Additionally, the option 'mgt’ sets
reading of input files such as ‘landuse.lum’, or ‘hru-data.hru’ as the HRU
properties are in some cases required to be linked with management
operations. The code "p1t’, short for “plant”, defines reading the output
file ‘hru_pw _day.txt’, which provides HRU plant growth outputs at daily
time steps. A file with daily simulation outputs for all HRUs can be large,
if the number of HRUs is big and/or the simulation periods are long. In
such cases, it may be necessary to exclude ‘hru pw_day.txt’ when reading
the output files.

The setting that controls the plant stress can be manipulated with the
input argument nostress, i.e., nostress = 0 activates all stress factors
for plant growth in the simulation, nostress = 1 deactivates all stress
factors, and nostress = 2 deactivates only nutrient stresses. Deacti-
vating plant stresses can be useful for the first three verification steps. If
the first check of the climate variables and management were passed, the
verification of plant growth without plant stresses can be immediately
performed with the same simulation outputs without having to repeat
the simulation runs.

Using this tool, SWAT+ simulations are never performed in the
original project folder. A copy of the project (model) is generated in the
subfolder ‘.run verify’, which is deleted after the simulation. An optional
input argument keep_folder controls if the simulation folder should be
kept and not deleted after the simulation runs. This option can be useful
for debugging and checking if run_swat_verification () worked as
intended.
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Step 1
plot _climate_ annual()

run_swat_verification()

plot monthly snow()
plot_waterbalance()
check hru waterbalance ()

Step 2
report_mgt ()

—— > get_hru_id by_attribute()

v
print_triggered mgt()

Step 3&4
plot_variable at harvkill()

- get_hru id by attribute()

plot_hru pw()

Step 5
print_avannual_gtile()

plot gtile()
plot_ps()

Fig. 2. SWATdoctR v. 0.1.11. package functions map.

By setting the input arguments start_date, end_date, and
years_skip the simulation period and the years that are skipped (used
for model warm-up) in printing simulated outputs can be controlled. If
these input arguments are set to NULL the values which are defined in
the model input files ‘time.sim’ and ‘print.prt’ will be used to define the
simulation period.

3.1.2. Step 1. Analysis of simulated climate variables and water balance
component

Daily precipitation, minimum, maximum temperatures, solar radia-
tion, relative humidity and wind speed variables are used as inputs of a
SWAT+ model setup. For different potential evapotranspiration
methods (PET) methods, different climate variables are required. There
are numerous issues, which could arise:

@ If the data structure of the climate input, units of the climate vari-
ables, no data flags, etc. were incorrect, it could result in unrealis-
tically small or large values of the climate variables in the simulation.

@ The nearest neighbor assignment (weather stations in a model setup
are assigned to spatial objects as HRUs, channels, reservoirs, etc.)
allocates weather stations to spatial objects where the weather re-
cords do not represent the actual weather conditions in a spatial
object well (i.e. in complex terrain).

@® The selected method for the calculation of PET results in an under/
overestimation of PET when compared to estimates of PET for the
region. In such cases other methods for the simulation of PET
included in SWAT+ should be tested for a better fit to regional
conditions and available weather inputs.

An incorrect simulation of climate variables, but also errors in the
model parametrization, can lead to issues in the simulation of water
balance components. Thus, a first overall analysis of the average annual
water balance components can be effective to identify potential issues at
an early stage of a modeling study and can indicate necessary steps in a
model calibration to result in a more plausible simulation of the water
balance.

SWATdoctR provides a set of functions to analyze simulated climate
variables and the overall water balance of a model setup. plot_cli-
mate_annual () (Fig. 3) and plot_monthly_ snow () (Fig. 4) sup-
port the analysis of annual simulated basin averages of weather inputs
(and snow processes). While plot_waterbalance () and check_h-
ru_waterbalance() give an overview of the overall simulated
catchment water balance components and report issues with the simu-
lated water balance at the HRU level, respectively. Thus, the two
opposite scales complement each other in the identification of potential

issues. The functionality requires the output resulting from run_ -
swat_verification () with outputs = 'wb’ activated.

plot_climate_annual (sim_nostress)

plot_climate_annual () will generate a multipanel plot with
multi-annual distributions of PET, ETa parts, rainfall/snowfall, annual
minimum, mean, and maximum temperature values, annual minimum,
mean, and maximum relative humidity, annual minimum, mean, and
maximum wind speeds, and solar radiation sums. The average values of
respective variables for the simulation period are also provided. The
comparison of these results to observation data and/or region specific
literature values will help to identify implausibilities or discrepancies
resulting from the model weather input.

The plot__monthly_ snow () function can be used to get insight
into seasonal dynamics of the precipitation input, which is particularly
important in snow-impacted catchments. Verification of snowfall is
valuable to analyze how precipitation in solid form is simulated, how
snow storage is built-up and how it causes increased spring runoff
through snow melt. The plot can be helpful to verify the snow processes
and provide guidance to adjust the snow parameters if necessary
(Fig. 4).

plot_monthly snow(sim_nostress)

plot_waterbalance () plots average annual basin values for a
wide range of water balance components into a “flow diagram”. The
arrows visually support the analysis of water fluxes and their connec-
tions in the water cycle. In addition to the values of water fluxes and
storages a few relevant statistics are printed such as the ET-precipitation
ratio (et/precip), the water yield ratio (wyld_cha/precip), or the base
flow ratio (flo/wyld) (Fig. 5).

The function check_hru_waterbalance() uses a selection of
heuristics with a focus on water balance output variables which were
proposed by White et al. (2014). White et al. (2014) defined ranges for
average annual water balance variables where simulations outside of
these ranges can be implausible and may need further attention.
check_hru_waterbalance () employs these variable ranges and
checks average annual simulated water balance outputs at the HRU
level. Variables which can be analyzed are for example the precipitation,
different components of evapotranspiration, fast surface runoff, perco-
lation, soil water storage, or the average curve number of an HRU. The
function allows to include/exclude checks in the HRU analysis. The
function returns a table which flags identified issues for all individual
HRUs. Only HRUs are shown for which at least one check identified a
potential issue. Function options allow to exclude specific land uses from
the analysis which may be flagged due to the land uses properties (e.g.
runoff from urban areas). Fig. 6 shows an example output of
check_hru_waterbalance () which may be helpful to identify
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Fig. 3. Example plot of simulated basin climate variables with the function plot_climate_annual().

potential issues in the simulation of land phase processes at the HRU
scale.
plot_waterbalance(sim_nostress)

3.1.3. Step 2. Simulation of management operations

Management operation inputs in a SWAT+ model setup can be
complex and comprehensive (i.e. could include multiple years, plants,
operations, even set to each HRU separately, etc). Scheduled operations
point to several other input files which define the parameters of oper-
ations or inputs, such as fertilizer or tillage types. Hence, the develop-
ment of management schedules is highly error prone. Mistakes in
management inputs usually do not stop a simulation or produce warn-
ings in the model diagnostics, but lead to skipping certain operations in a
simulation run. These circumstances can impede the validation of
simulated management schedules and it can become difficult to identify
single erroneous lines in the scheduled management operations.

All operations, which are triggered in a SWAT+ simulation run are

written into the ‘mgt out.txt’ output file. To verify the correct triggering
of the scheduled operations, a tabular comparison between scheduled
and simulated operations is the most robust approach. Yet such a pro-
cedure can be cumbersome and only a few HRUs could be used in a
comparison each time. In most cases it might be enough to select a few
cases for comparison to see if the scheduled operations work properly.
SWATdoctR offers two approaches to investigate management op-
erations in a tabular form. SWATdoctR command report_mgt ()
generates an overview report for each management schedule that was
implemented in the simulations, where the scheduled and triggered
operations are matched and compared. The function prepares the
scheduled management operations that were written in the input file
‘management.sch’ in tabular form and randomly samples one HRU for
each defined schedule from the triggered management operations (from
the output file ‘mgt out.txt’). The comparison is only done for operations
that were defined with a fixed date in the management schedule. The
operations, which are triggered by decision tables, will be excluded.
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Fig. 4. Example plot of simulated basin variables precip, snowfall, and snowmelt with the function plot_monthly_ snow().

Applying the function report_mgt () for the model setup verifi-
cation simulation outputs returns a table with an overview of the op-
erations which were scheduled. The output table summarizes all
operations which are found in either one of the SWAT+ files ‘manage-
ment.sch’ (management inputs) or ‘mgt out.txt’ (triggered management),
or operations where the type of operations in the two files differ. Thus,
report_mgt () is an efficient way to filter and identify potential issues
in the management operation scheduling of a SWAT+ simulation. An
example of a report_mgt () function application is provided below.

##0Obtain report for problemating schedules

mgt_report <- report_mgt (sim_nostress)

##Print report

mgt_report

##Provide detail report for specific case

mgt_report$Sschedule_report[3]

Another way to analyze the triggered and the scheduled manage-
ment is to compare the input and output files. SWATdoctR provides the
function print_triggered_mgt () to print the triggered manage-
ments for individual HRUs. The helper function get_h-
ru_id_by attribute() is useful for selecting HRUs with a specific
management. In the example below the id for an HRU was selected that
uses the management mgt = ’agrr_wwht’. print_triggered_mgt
(sim_verify = sim_nostress, hru_id =hru_agrs$id[1]) then
shows the management which was triggered for a selected HRU. This
table can be visually compared with the management input table
(‘management.sch’).

hru_wwht <- get_hru_id by_attribute(sim_nostress,

mgt = ’agrr_wwht’)

print_triggered _mgt (sim_verify = sim_nostress,
hru_id = hru_wwht$id[1])

Operations which are not triggered in the simulated management
schedules must be checked in the ‘management.sch’ input file. By
answering the following questions for the scheduled management op-

erations their proper implementation in the model setup can be verified:

@ Are the date sequences in the scheduled operations correct and in the
right order (mistakes in assigned month and day values)?

@ Does the variable op_datal point to the correct entry in the
respective input data file? Does the key exist in the input file? E.g.
does defined op_datal exist in ‘tillage.til’ for tillage operations, or
does defined op_datal exist in ‘plant.plt’ for plant operations?

@ Does the variable op_data2 point to the correct entry in the
respective operations file (“.ops’)? Does the harvest operation defined
with op_data2 exist in ‘harv.ops’?

3.1.4. Step 3. Analysis of unconstrained plant growth

The verification of plant growth is a two-tiered approach. In a first
step plant growth is simulated and analyzed without simulating any
stress factors. Such analysis illustrates the potential biomass and/or
yields, which plant communities can gain given the climatic and soil
conditions of the simulated catchment. Moreover, it allows the modeler
to verify the duration of the scheduled growing period, or if the selected
crop parametrization meets the climatic conditions. Plant stress can be
activated/deactivated in the simulations by selecting the appropriate
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Fig. 5. Example plot of the simulated average annual basin water balance generated with the function plot_waterbalance().
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Fig. 6. Screenshot of analysis of HRU level water balance components with check_hru_waterbalance ().

nostress parameter value (0/1/2 - all stress factor activated/all
deactivated/only nutrient stress activated) in running run -
swat_verification () function, which updates ‘codes.bsn’ model file .

SWAT+ simulations employ the heat unit (HU) concept (Barnard,
1948) to simulate the stages of plant development. HUs are units of
temperature, which exceed a certain plant specific base temperature and
are accumulated over a growing period. A certain budget of potential
heat units (PHUs) must be accumulated in order to reach plant maturity.

Plant maturity at the harvest (crop yields reported by SWAT+ are in dry
weight) can be investigated with plot_variable_at_harvkill()
function, which could be used to provide a general overview of the
state of variables (outputs from ‘mgt out.txt’) at the time of harvest/kill
operations.’ Following lines could be applied to generate such infor-
mation, and Fig. 7 provides examples.

plot_variable_at_harvkill (sim_nostress, variable =
vield’)

1 SWAT+ user must define the harvest/kill operation of a crop as two sepa-
rate operations harvest and kill in the management schedule to be able to read
the variable states at the last harvest operation before the plant is killed.
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Fig. 7. a) example plot of the crop yields and b) example of crop heat unit fractions at harvest without simulated plant stress plotted with the function plot_-

analyses of the daily time series of HRU-related plant variables (outputs
from 'hru_pw_day . txt’), which then can only be performed for a few
HRUs of a model setup. Examples for its use can be temporal

variable_at_harvkill().

plot_variable_at_harvkill (sim_nostress, variable =

‘phu’)
Another function in SWATdoctR is plot_hru_pw (). It allows the
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examination of changes in simulated leaf area index (LAI), or biomass of
a selected crop, which could be used to identify any abnormalities in
plant growth. Particularly, for perennial plant land uses (e.g. forests,
pastures) the temporal development of the plant biomass is a relevant
variable to examine. An example of possible application of this function
and its results are provided below (Fig. 8).

hru_agr <- get_hru_id by_attribute(sim_nostress,
mgt = 'agrr_wwht’)

plot_hru_pw(sim_verify = sim_nostress, hru_id =
sample (hru_agr$id, 5), var = c¢(’lai’, ’bioms’), years =
2001:2005)

3.1.5. Step 4. Model simulations with plant stress active

The next step includes activating potential sources for plant growth
stresses, such as nutrient stress due to limited fertilizer inputs, or water
stress due to limited water availability. An analysis of plant growth with
active stresses can indicate issues in quantities of scheduled operations,
such as the amounts of fertilizer inputs, or problems with definition of
irrigation schedules, or decision table rules.

In a model simulation plant growth is often limited by the stress
factors such as water stress, aeration stress, temperature stress, nitrogen
stress or phosphorus stress. If any or several of those stress factors are
significant in the simulation of the crop development, the simulated
biomass and yields can be strongly reduced. The five different stresses
are printed as the variables strsw, strsa, strstmp, strsn,
strsp, into the file *<scale>_pw_<time>.txt’. Additionally, these var-
iables are written as the variables var4 (strsw), var5 (strsa), var3
(strstmp), varl (strsn), and var2 (strsp) for harvest operations in
the ‘mgt out.txt’, respectively. Both plot_hru_pw() and plot_var-
iable_at_harvkill () can be applied to examine plant growth with
stresses active. The function plot_variable_at_harvkill () could
be used to summarize impacts of stress factors on plants as well (Fig. 9).

Turning off only the nutrient plant stress only can as well be a useful
option for analyses (nostress = 2). This is particularly useful for
eliminating the fertilization impact on the plant growth and focusing

Environmental Modelling and Software 171 (2024) 105878

only on the weather/climate and structural setting of the land use.
Aeration, temperature, and water stress, alongside yields are relevant
outputs to be analyzed. A simulation with inactive nutrient stress will
provide a good approximation of possible yields with an optimal fertil-
ization and ideal plant nutrient supply. All other stresses will indicate
the need of irrigation, drainage or plant-specific parameter adjustments
for a plant to grow. The following line example will activate stresses in
simulation.

sim_stress <- run_swat_verification (project_path =
model_path, outputs = ¢ ('wb’, 'mgt’, ’plt’), nostress = 0)

plot_variable_at_harvkill (sim_stress, variable =
‘stress’)

The plot_variable_at_harvkill () function could be applied
on a list holding several run_swat_verification () function run re-
sults. Results would be plotted on one figure for easy comparison
(Fig. 10).

sim_list <-
except_nutrient =
sim_nostress0)

plot_variable_at_harvkill (sim_list,
'yield’)

To summarize steps 3-4, the following full procedure can be rec-
ommended to verify the appropriate functioning of plant growth:

sim_nostressl,
all_stress =

list (no_stress =
sim_nostress2,

variable =

@ Simulate the plant growth with all the stresses turned off (nostress
is set to 1) and check if the plant is growing (LAI and biomass are
increasing). This will show if the plant is actually set-up in a way that
the model is simulating the growth cycle.

@ Simulate the plant growth with only fertilizer stress off (nostress is
set to 2) and check if the plant is growing (LAI and biomass are
increasing). If the plant/crop is harvested, at this stage.

@ Simulate the plant growth with enabled stresses (nostress is set to 0).
If unreasonable values for crop growth (LAIL, biomass, yields,
stresses) are produced, this is an indicator of possible setup or
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Fig. 9. Example of plant stress factors per crop for the simulations with active plant stress plotted with the function plot_variable_at_harvkill().
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Fig. 10. Example of several run_swat_verification() function results plotted with the function plot_variable_at_harvkill().

parametrization errors in the model and should be investigated and
fixed.

3.1.6. Step 5. Simulation of point inputs and tile drains
Point sources, such as municipal/industrial waste water treatment

cbod mg/l

- 0.0020-
1001 0.0015-
75-
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50-
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25- /\—_—_

flom3/s

plants (WWTPs), on-site wastewater systems or water transfers are
defined with the files ‘recall.rec’ and ‘recall.con’ and corresponding time
series records “rec’ files in a SWAT+ model setup. The point source time
series inputs define the water, sediment, and nutrient loads which are
emitted by a point source into a spatial object. The common issues are
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Fig. 11. Example of simulated point source data plotted with the plot_ps () function.
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wrong units of the defined fluxes or wrong time intervals for a certain
accumulated flux. SWAT+ projects can potentially have a large number
of unique point sources, which may be another reason for errors. Thus, it
is good practice to verify the simulated influxes from point sources into
the respective spatial objects.

Verification of point source simulation can be done with the plot_ps()
function (Fig. 11) to plot simulated point source data. It requires only
objects from run_swat_verification ()and allows examining point
source loading amounts or concentrations (by switching conc = TRUE).

plot_ps(sim_stress, conc = TRUE)

Flow from tile drainage systems into channels is defined in the file
‘rout unit.con’ by sending a certain flow fraction (frac) as tile flow
(hyd_typ defined as ti1) to a channel (obj_typ defined as sdc) with
the respective obj_id. Further, the defined land use and management
(’landuse.lum’) of a tile drained land object must point to the parame-
trization of a tile drainage network (parameter tile points to entry in
‘tiledrain.str’).

The verification of tile flow should in first place focus on whether tile
flow occurs or not. The occurrence of tile flow can be verified with the
output variable gtile for the respective land objects in the output file
‘hru_wb_aa. txt’. If no tile flow occurs for an HRU for which tile flow
was parameterized the model inputs above have to be checked for any
errors. SWATdoctR function print_avannual_gtile() selects all
HRUs for which the land use definition uses a tile flow parametrization
(the variable ‘tile’ in ‘Ganduse.lum’) and prints average annual tile
flows in tabular form. Additionally, plot_gtile () function could be
applied to plot tile drain water flow distribution in the model (Fig. 12). It
may be useful to compare the simulated tile flow values with the values
of other water balance components (Fig. 5).

plot_qgtile(sim_stress_all)

3.2. Examples of verification results for model setups
The following are issues identified during the verification process

with SWATdoctR in different case study SWAT+ model setups from
different countries. Locations, details on model input data and model

Tile drain flow density mm/year
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setup information are intentionally excluded as the main purpose of this
section is to show examples of model setup issues, which could be
identified during the verification process with the SWATdoctR package.
General characteristics of tested SWAT+ model setups is provided in
Table 1.

3.2.1. Casel

Climate variables investigation indicated issues with model evapo-
ration as the results showed suspiciously high canopy evaporation
(larger than plant and soil evaporation combined). Examining man-
agement outputs indicated many potential problems in 43 out of 49

Table 1
Characteristics of SWAT+ model setups used in case comparison.
Case I Case II Case III Case IV
Catchment size 417 386 150 2926
(km?)
Land use (%):
- forest 22 16 5.5 1
- pastures 45 8 2 4
- arable land 30 67 (39" 89 83 (77")
- urban and 3 73+ 3.5 12 (7 +5)
water 4)
HRU number 1197 5391 10240 7437
Routing units 9 93 10240 68
Channels 9 93 128 522
Reservoirs 3 0 27 67
Aquifers 10 94 1 34
Point sources 6 93 2 34
Management HU-based HU- Date- Date-based
based based
HRUs with tile 83 26 59 83
drains (%)
Calibration Calibrated flows In Not Finished soft
status and water quality process started calibration®
2 Orchards.

b Soybeans and corn rotation.
¢ Soft calibrated for water balance and crop yields.

The plot was created for HRUs with tile drainage active (25.91% of all HRUs).
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Fig. 12. Example of tile drain functioning plotted with the plot_gtile() function.
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schedules in the model. The main problem was that some operations,
which were supposed to be triggered in a single year, were actually
triggered in the following year. These issues caused multiple problems in
the model such as very high temperature stress levels for summer crops,
which were planted at the wrong time. Also yields were quite low for
some plants affected by this issue. Some plants were also affected by
fertilization operations occurring at the wrong timing, e.g. in winter,
when plants should not be growing. This issue was caused by a seem-
ingly minor error in SWAT+ ‘management.sch’ file, providing the wrong
number of operations for each schedule. Median water flow value for tile
drains was around 163 mm/year (full range in 0-401 mm/year), which
is very high for this area and requires investigation of water balance
processes. Point sources are active in the model. However, unexplain-
able spikes in flows and loads of some parameters brings into question
the quality of model input data.

3.2.2. Case Il

There were no issues identified for climatic variables. However, the
examination of management identified issues in the 6 out of 10 man-
agement schedules. The main problem, again, was connected to some
operations spilling over to the next year. This was caused by the same
mistake in SWAT+ ‘management.sch’ file. It caused plants to be planted
and fertilized at the wrong timing and caused huge temperature and
nitrogen stresses. Nutrient stress activation reduced yields significantly,
however activation of all stresses reduced yields by around three times.

Water flow for drained HRUs was not indicating any issues (median -
61, min - 13, max - 158 mm/year). However, point sources were missing
actual data about flows and loads, which indicated potential issues. In
this case point sources were added to several channels as "average
annual" (exco in SWAT files) inputs. If this option is used, the point
source inputs are not reported in the "recall" output files. SWATdoctR
made us aware of this issue of not writing point source outputs by
SWAT+, which was reported to the SWAT+ development team for
further debugging.

3.2.3. Case III

The assessment of simulated climatic variables indicated problems
with PET, which were far too low for the catchment. This problem was
caused by incorrect relative humidity units in input data. Water parti-
tion figure also allowed us to identify some HRUs with extreme surface
runoff numbers. This was caused by incorrect parametrization of
wetland areas.

The investigation of management issues showed that there were
problems in 1065 management schedules out of 7682 existing in the
model. This model had individual date based management schedules for
each field in the catchment created with the SWATfarmR package. It
caused the management operation files for this model to be very large
(‘management.sch’ was more than 200 Mb). Thus SWATdoctR helped to
identify multiple problems, which were nearly impossible to identify
manually. Among the main problems was a mis-placement of harvest
operations for some crops. Another problem was some typos in the
management files. These errors caused some crops not being harvested
or some schedules not being triggered. Additionally, such problems
could be identified from plant harvest plots as well.

Water flows in tile drains are not represented correctly, this has an
impact on tile drain flows too. The median tile drain flow was 0 mm/
year for this setup, while the average was 5 mm/year (0 min, max 209
mm/year). This shows that tile drains are active, however water balance
simulation should be thoroughly analyzed and improved before exam-
ining tile drain flows in more detail. Point source examination allowed
us to notice that point source data was provided in wrong units to this
model.

3.2.4. Case IV
SWATdoctR helped pinpoint problems, which were complex to
identify manually, considering the complexity and the size of the model.

12
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The most significant was the analysis of crop yields and crop heat unit
fractions at harvest without simulated plant stress, as described in Step
3. The simulated yields and plant accumulated HUs at harvest for winter
wheat were very low in a normal simulation (with plant stresses). After
running the model without any stresses (nostress = 1), SWAT+ still
reported low yields, with accumulated HU averaging at 0.6 fraction of
fully mature plant values. After adjusting the management schedule for
harvest/kill operation, the simulated yields and accumulated HU did not
improve. The potential issue in winter crop HU accumulation was
identified and reported to the SWAT+ development team, who
acknowledged the fact and are further investigating the issue. In this
case, SWATdoctR assisted in both, troubleshooting the model setup, as
well as diagnose issues in the modeling tool itself.

4. Discussion and conclusions

We have developed and tested SWAT+ model setup verification
workflow together with the SWATdoctR package on four SWAT+ model
setups with different levels of model preparation (not-calibrated, soft-
calibrated and calibrated). The proposed verification procedure and
SWATdoctR tool proved to be valuable in identifying various issues with
model setups that would have otherwise gone unnoticed in all of these
cases. Addressing these issues resulted in enhanced reliability of the
model applications, improved performance, and reduced time re-
quirements. This, in turn, prevented possible problematic issues from
arising during the later stages of model calibration and application.

The model setup verification procedure, supported by the SWAT-
doctR package or similar tools, should be seen as a necessary step right
after completing the model setup and before starting the model cali-
bration. The model setup verification procedure helps to identify and
eliminate input or structural errors before the model is calibrated,
reducing the likelihood of problems occurring in later stages of model
application. By verifying the setups, modelers can ensure that their ap-
plications are of high quality, reliable, and meet the needs of its users.
This helps to build user confidence in the models, reduce support costs,
and increase stakeholder satisfaction. In addition, verifying the model
functionality can help to identify areas for improvement, as demon-
strated in Case IV, which can lead to enhancements in functionality,
performance, and usability over time.

We foresee that the usage of verification tools, such as SWATdoctR
may go beyond and serve as a quality control of model calibration.
Highly parameterised models, such as SWAT+, may be overfitted during
the automatic calibration process. SWATdoctR can guide the users to
identify such pitfalls from provided plots.

Compared to the SWATCheck tool, the SWATdoctR R package offers
additional functionalities. Its functions enable a detailed investigation of
the underlying causes of specific issues found in tested models. More-
over, the package functions can be easily integrated with R markdown
documents to generate automated and customized model setup verifi-
cation reports. This greatly expands the potential applications of the
tool, such as generating setup verification reports for rapid problem
screening or as supplements to model preparation documentation, uti-
lizing package functions directly in the creation of articles, books, or
scripted workflows, and more.

This tool is still in the development stage and many functionalities
are being developed, tested and improved. We invite the SWAT+
modeling community for testing, providing feedback, contributing to
adding and improving SWATdoctR package features, thus ensuring
SWAT+ model reliability and helping to develop more sound model
applications.

Software availability
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