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ARTICLE INFO ABSTRACT

Editor: Stephen Symons Crop models are valuable tools for examining the interactions of cultivar characteristics, environment, and

management practices, and how they affect crop growth and development. The difficulty in finding all the data

Keywords: needed to set up a simulation can often deter potential users from utilizing a crop model. Model interfaces are
GUl . . necessary to make these complex tools accessible to end-users who may lack the expertise needed to work with
g;;?:;cal user interface the models directly, but who would benefit from the information generated by the models. As crop models vary
Grop in terms of input and output structures, there is no one universally compatible interface, so different crop model
Simulation suites require their own interface. CLASSIM is a graphical user interface (GUI) for a suite of models developed by

USDA-ARS. The interface provides a simplified tool to assemble input data for a model simulation. Web access to
online databases for soil and weather data simplifies finding site-related data. The user is guided step by step to
build the necessary input files. A database structure facilitates data entry, storage, and retrieval. The use of
Structured Query Language (SQL) for data retrieval allows for advanced analysis and visualization outside of the
interface. We describe the features of the GUI and provide examples of various operations. Model outputs are
provided in tables and graphs to allow for visualization and analysis. Two-dimensional contour plots of soil
processes are provided to visualize output from the two-dimensional finite element soil model. CLASSIM also
allows users to set up single- and multiple-season runs for maize, cotton, soybean, potato, and fallow treatments,
and is expected to be expanded to more crops in the future. A user-friendly GUI is essential for making simulation
tools accessible to the broad range of researchers and practitioners working to solve the agricultural system
challenges.

There are four major benefits to using GUIs: (1) Simpler data input,
(2) Reduced need to manage or modify model source code, (3) Improved

1. Introduction

Crop models are powerful tools that can be used to simulate crop
development, water and nutrient use, yields, and environmental impacts
under varying growing conditions, management practices, and cultivar
characteristics. These models allow users to perform system level ana-
lyses of the effects of climate change and management practices on
agriculture [2,5]. As crop models become more sophisticated, they also
require an increasingly detailed level of expertise to use directly, making
them cumbersome for non-modelers to use and reducing their potential
as decision support tools or for usage in interdisciplinary research [20,
32]. Therefore, easy to use graphical user interfaces (GUIs) are needed to
make crop models accessible to a broader audience.
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data management, and (4) Built in data analysis tools. Most crop models
require input data to be in a specific format, but the required units and
format are not always clear to a novice user. Finding all the required
input data and formating the input files can also be cumbersome. In a
GUI, the user is walked through the data input process and is given clear
written instructions, rather than having to interpret often confusing
variable names. Since a GUI prevents the user from directly interacting
with the source code and often has built in error checking mechanisms
that prevent the user from inputting out of bounds data, the risk of users
accidentally tampering with the model is decreased.

Many GUIs include tools for graphing output data or running
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statistics, so the user does not have to write separate code for processing
outputs [3,32]. These are useful for simple views and analysis of the
simulation results. Most projects that use models have research objec-
tives, however, so the user may require detailed analysis techniques
specific to the project. Crop models produce varied and large data sets
which often require external tools for more complicated analysis as it is
difficult to create a GUI to handle all analysis methods. For spatial
analysis, the outputs can be ported to applications such as a Geographic
Information System (GIS). In addition, crop model specific script-based
tools using the R-System can be used to manage and analyze output data,
such as those developed for the Decision Support System for Agro-
technology Transfer (DSSAT) [14] models [3]. Alderman [3] also pro-
vides an in-depth discussion of other scripting approaches to managing
data for the DSSAT models. Another potential external analysis tool is
through a Microsoft Excel based interface [22] as was developed for the
APEX model [34].

There are several existing GUIs for crop models and crop modeling
platforms, including the Graphical User Interface for Crop Simulations
(GUICS) [1], DSSAT [13], and the Agricultural Production Systems
Simulator (APSIM) [12]. GUICS is a generic user interface that was not
created for any specific crop model or modeling platform. However,
crop model scripts must be written so that input data for new models can
be managed by GUICS. This requires some programming experience.
GUICS also has historically needed to be expanded upon whenever a
model had new formating types [7]. This limits GUICS useability for
non-programmers and novice modelers if new models need to be added.
DSSAT is a modeling platform and GUI that supports over 42 crop
models within the DSSAT family. DSSAT has a modular structure and all
DSSAT crop models are linked to the same one-dimensional capaci-
tance-based soil model [13]. While the DSSAT GUI works well for DSSAT
models, it is not compatible with models outside of the platform. The
necessary data files are stored in local folder structures. The large
number of input files needed for DSSAT and storage method complicates
file management. APSIM stores model outputs and observed data in
databases that can be queried and filtered using Structured Query Lan-
guage (SQL). Much like DSSAT, the APSIM interface is designed for use
with APSIM models only [12]. While both APSIM and DSSAT have
example datasets available, they do not have built in tools to access
online weather and soil databases, so if users want to run simulations at
a new location, they also need to independently find and input all the
corresponding environmental data.

Many existing crop model GUIs utilize ASCII files stored in a hier-
archy on a user’s file system. Both input and output files are stored using
a flat file structure, often using multiple files for a simulation. The user
needs to manually edit the various input files for soil, weather, man-
agement, etc. as text files or write a separate program to generate the
files. Because there is often no relational structure in a hierarchical file
system, sorting and searching all the data by desired properties or values
is difficult. The use of a relational database is an alternative and more
efficient approach to manage hierarchical data. Using a relational
database for data output, for example, can also facilitate sharing of
simulation output. One possible reason databases are not used more
often in crop models and interfaces is that many of these models are
written in FORTRAN, which does not have libraries for database con-
nections. There have been previous efforts to develop relational data-
bases that can be used with agricultural models. The AgroDB database,
for example, has been interfaced with the DSSAT family of models [21].
Also, the APSIM interface [12] utilizes a relational database.

Crop simulation models developed by different groups need a GUI
with data management capabilities to be usable for a wider audience
than just developers and scientists with programming experience. This
includes models developed by the United States Department of Agri-
culture (USDA) Agricultural Research Service’s (ARS) Adaptive Crop-
ping Systems Laboratory (ACSL). We developed an interface called Crop,
Land, and Soil Simulation (CLASSIM) as a GUI for the crop models
developed by the ACSL. The crop models currently supported by
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Table 1
Tab names and their functions with respect to model input and output data.
Tab Name Function
Input
Welcome Informational screen
Site Planting site data management
Soil Soil data management
Weather Weather data management
Cultivar Cultivar data management
Management Create and edit management scenarios

Simulate the crop for one season. Allows user to select site,
weather, soil and management data to carry out a simulation for
one growing season

Seasonal Run

Rotation Simulate a rotation over one or more years. Allows user to input

Builder similar information as in Seasonal Run, but also can select multiple
crops along with fallow

Output

Seasonal Graphs and tables of results from single season runs
Output

Rotation Graphs and tables of results from rotation (multiple season) runs
Output

CLASSIM are MAIZSIM [18] for maize, SPUDSIM [8,9,11] for potato,
GOSSYM [25] for cotton, and GLYCIM [28] for soybean. CLASSIM also
supports the 2DSOIL model [29], a two-dimensional modular finite
element soil process model, which is coupled with all of the crop models
and can be run independently to simulate fallow periods. The interface is
not intended for large scale simulations that require hundreds or even
thousands of runs, such as geospatial crop modeling studies, but can be
used to evaluate single- or multi-year rotation studies at single field sites.
The CLASSIM interface is designed to make the ACSL’s crop models
accessible to novice and intermediate level crop modelers and students
who wish to apply our models for their own research. A further goal of
this project was to develop an interface that has the capability to use
online sources for soil and weather data to minimize the work needed to
assemble data for crop simulations. The objective of this paper is to
describe the operation of the CLASSIM interface and how it interacts
with the user and database to build input files for simulations. We will
provide several examples of this interaction along with model output.

2. Interface structure

The CLASSIM interface is written in Python version 3.10. [4]. Python
was used for the interface because the various packages are available as
user supported software. Furthermore, Python programs can be run on a
wide range of operating systems without the need for system specific
compilers or a purchased license. Python’s use of high-level built-in data
structures makes it ideal for managing large amounts of data. The user
interface utilizes the PyQt [26] programming framework that is a set of
Python modules for GUI programming and can call model executables
written in FORTRAN and C++.

CLASSIM uses a ‘tabbed” windows structure to organize access to the
various model functions, which include input data entry and input/
output data management. The code for each tab is encapsulated in a
single python file. Tabs are used for both input and output of model
information (Table 1). The tabs provide panes of content that can be
organized into independent entities. Each tab provides an entry to
informational screens that are discretely different from each other.
Navigation between tabs can only be done by selecting the tabs them-
selves via user-initiated mouse clicks.

3. Data management: relational database approach

When the crop models supported by CLASSIM are run independent of
an interface, the user needs to manually generate the various input files
for soil, weather, management, etc. as text files. CLASSIM generates
these files for the user, simplifying this process and minimizing the
chances of user error. The files are only generated and saved to a storage
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e s I Cultivar Tab
Site_details Soil Soil_long Crops -+ Cultivar_cropName
sitelD soillD soillD ‘crcpName‘ . ‘hvbridName
siteName || soilName T
= sitelD

Weather Tab
Weather_meta

_.‘

Weather_data

stationType
weatherlD

stationType
siteName

—
[

Management Tab
Experiment Treatment Operations
explD treatlD oplD
expName _l—. expliD _I_, treatiD
cropName treatName opName

Fig. 1. Simplified structure of the main tables in the relational database used for managing input data and their relationships. The categories of the data are in bold
and correspond to the tab in the interface. The table name Cultivar_cropName is a generalization, as each crop has its own table, e.g., Cultivar_Cotton for the

cotton cultivars.

medium when a simulation is executed in the interface, not as the se-
lections are made in the dialog boxes. This minimizes the possibility of
saving incomplete data. The input files are generated for each seasonal
(or rotation) simulation of plant growth and yield and stored in a
separate folder for each simulation. This allows for use outside of the
interface if desired. All the input information for CLASSIM entered by a
user in the dialog boxes, however, is stored in a relational database
(Fig. 1), regardless of whether it has been used in a simulation. The
outputs of the simulation runs are stored in a separate database. Unlike
APSIM, CLASSIM does not store observed crop data, such as observed
grain yields, in a database [12]. The databases are installed alongside
the CLASSIM program which allows the inclusion of example data sets
and completed simulations for users to familiarize themselves with the
GUI and models. The soil and weather tables can also be updated from a

[ CLASSIM - Crop, Land And Soil SIMulation

Welcome
USDA
i)

Welcome Dennis. Timlin !!

Site Soil Weather Cultivar Management

of crop models like MAIZSIM and SPUDSIM. To run the simulation use the Seasonal
Run tab or to build a rotation use the Rotation Builder tab.

Before you proceed with the simulation, verify if the necessary information is already
on the system otherwise you can add it going to the following tabs

1. Site

2. Sail

3. Weather

4. Cultivar

5. Management

The model output can be seen on Seasonal Output or Rotation Output tab.

l

server using code that is included in the CLASSIM installation.

Fig. 1 shows the relationships among the main data tables in the
CLASSIM database. The Site_details table is linked to the Soil table
through the sitelD field in the Site details table and siteID field in the Soil
table. The Soil table contains meta information for each soil. The details
such as layers and soil texture are stored in the Soil long table. The soillD
field in the Soil table references the associated rows in the Soil long table
through the soillD field. The weather data are encapsulated in two tables
called Weather meta and Weather data. The Weather meta table contains
additional available information related to the site associated with the
weather data, such as relative humidity and wind. Solar radiation, air
temperatures and rainfall are always required for the Weather data table.
The weather data can be stored as daily (max-min values for tempera-
ture and summation for solar radiation) or as hourly values. CLASSIM

= | X

Seasonal Run Rotation Builder Seasonal Output Rotation Output

FAQ

P How do I go to next step?
P Do I always need to start from WELCOME tab?

Fig. 2. CLASSIM Welcome Tab.
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Welcome Site Sail Weather Cultivar

Rotation Build 4 b |

Management Seasonal Run

Here we identify our agriculture SITE (for simulation purposes) with latitude, longitude and a name. From the LIST box

underneath, we can define our SITE or update the existing SITE.

Turn FAQ on?
Site Iowa
Latitude (deg) | 42.017
Longitude (deg) -93.75

Altitude (m) 480.0

| Update || Delete

Fig. 3. Site tab screen. This is the dialog that is presented if the user selects to edit an existing site or add a new site. On this tab the user can input the site name,

latitude, longitude, and elevation.

can detect if data are hourly or daily. The weather data are linked to the
Weather meta table through the stationType field. The weatherID field
indicates different groups of weather data for the same site (stationType).
For example, if one wants to have a simulation with additional rainfall
but the same temperatures and radiation, a different weatherID would be
assigned to the rows with the varied rainfall. The cropName field in the
Crops table is used to link the crop name (i.e., maize, cotton, etc.) to the
crop used in the experiment table and to the cultivar parameters in the
Cultivar. cropname table.

The tables used in the Management tab store details of a simulation
that a grower would have control over. The highest-level grouping of
management is an Experiment. An Experiment can be considered a set of
related simulations for one crop species (i.e., maize, cotton, soybean,
etc.) that vary with management. Experiments are further subdivided
into Treatments that contain variations in the management options such
as fertilizer applications, planting dates, row spacing, cultivar, etc. The
Experiments are referenced by expID that provides the relationship be-
tween Treatments and Experiments. The various operations in Treatment
(i.e., fertilizer application, planting date, etc.) are linked to the Treat-
ment using the treatID. Names of the items are included to make it easier
for the user to make selections in the various dialog boxes.

The benefit of the database approach is that the user only needs to
enter the data once into the GUI. The information is stored in the
database and can then be retrieved by the user or the program when the
user decides to run a simulation. Input data reusability ensures that data
retrieval is quick, and data are easy to manage using Structured Query
Language (SQL). The database approach in CLASSIM allows users to
easily manage information through the GUI and delete and modify the
information. This reduces the likelihood of formating errors in input files

and encourages the use of the interface to organize and manage input
data. This approach also facilitates accessing the information through
structured database queries rather than searching and managing a large
number of flat files in a hierarchical file system. Input validation is used
throughout the interface which minimizes the risk that the user will
input wrong or incomplete information.

The database approach also allows developers to easily share
example inputs with users without having to share many individual
input files. As the crop models used by CLASSIM are designed to have
constant cultivar coefficients across locations, the database feature
would be particularly helpful for sharing cultivar parameters. The one
drawback to the database system is that, at this time, the database re-
quires custom coding to prevent custom user-generated simulations
from being deleted when the general database is updated by the de-
velopers. Users will be notified of database updates that will occur with
new version of the program.

4. CLASSIM features

CLASSIM opens to a Welcome tab that provides basic introductory
information and FAQs about the program and tabs (Fig. 2). All other
aspects of CLASSIM are reached via the tabs at the top of the interface.
All tabs have a box labeled “Turn FAQ on?” that the user can check if
they wish for more detailed information about how to use that particular
tab. An overview of the tabs is given in Table 1. The tabs are organized to
guide the user through the sequence of actions needed to compile data
for the models. The first tab is Site, which is the basic requirement of a
crop simulation (Fig. 3). Site information includes latitude, longitude,
and elevation. The latitude and longitude entered into the Site tab can be
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O X

Seasonal Run Rotation Builder Seasonal Output Rotation Output

This tab allows to add a new soil profile or modify an existing one. Soil profile is linked with an existing site. If the soil you are creating is located within the USA territory, data will be
retrieved from the Natural Resources Conservation Services (NRCS) for the most prominent soil profile for that location. You will have the ability to edit or delete the values. A soil
profile can have one or more layers, to add or delete a soil layer, select the entire row and right click. It will open a dialog box with simple instructions. Once changes are done,

please make sure to press the UPDATE/SAVE button.

Tum FAQ on?
Sail Clarion

Site

Soil Boundary Condition | Unsaturated Drainage »
Bottom depth (cm) | OM(%) | NO3 (ppm) | NH4 (ppm) HNew UnitType| Tmpr (C) Sand (%)  Sitt (%) | Clay (%) | BD (g/cm3) | =
1 (23.0 3.784 51 51 -200.0 m v 18.0 47.6 31.8 20.6 1.51 |
2_ 33.0 2.408 4.6 4.6 -200.0 ' m v 18.0 46.3 29.7 24.0 142 |
3_ 48.0 1.4964 3.4 3.4 -200.0 ' m v |18.0 49.6 28.1 223 1.42 {
Soil Properties 4_70.0 0.9116000000000001 2.9 29 -200.0 | m v |23.0 51.4 28.0 20.6 143 (
5_ 87.0 0.6536 1.3 1.3 -200.0 m v 23.0 52.4 29.4 18.2 1.42 {
6_ 102.0 0.3268 0.6 0.6 -100.0 m v 23.0 50.0 34.5 15.5 1.53 |
7_ 120.0 0.1548 0.2 0.2 -100.0 | m v |23.0 50.9 348 14.3 1.76 (=
! | b
Soil Name | Clarion | update || Deete |

Fig. 4. CLASSIM Soil Tab. The FAQ is turned off for clarity. Because of space limitations columns for the van Genuchten parameters are truncated. Soil layers, bulk
density and texture values for each layer can be manually entered or CLASSIM can pull existing data from the NRCS SSURGO database. Values for the drained upper
limit (TH33), wilting point (TH1500) and van Genuchten parameters can be generated by a pedotransfer function if not known (when a value of —1 is given as input,

not shown in the figure).

used by the interface to query online databases for both soil (Fig. 4) and
weather data (Fig. 5) which are the next two input tabs. The user is next
led to the Cultivar (Fig. 6) and Management (Fig. 7) tabs. The dialog boxes
in the Cultivar tab allow the user to manage the parameters for the
different crop varieties. The crops supported by the interface include
soybean, maize, potato, and cotton. The user can add new cultivars or
edit existing ones if necessary. The Management tab allows the user to
enter management information for a particular simulation. The man-
agement information that can be added includes cultivar, row spacing,
plant population, planting and harvesting dates, fertilization with ni-
trogen (N), seed depth and tillage. The hierarchy of Experiments and
Treatments allows the user to organize simulations on a common theme.
Once the user assembles the required data, the Seasonal Run and Rotation
Builder tabs can be used to simulate either a single run or a rotation using
input data gathered by the user. Finally, the results are available in the
Seasonal Output and Rotation Output tabs.

5. Demonstration of the interface
5.1. Inputs

We will be using example datasets and simulations to help illustrate
the functions of CLASSIM with respect to data input. The Welcome tab is
shown in Fig. 2 and is the first screen the user sees after launching the
program.

The Site tab (Fig. 3) allows users to input new field locations or view
or alter existing ones. When the user selects “Add New Site” from the
drop-down menu (not shown) they must enter the latitude, longitude,
elevation (m), and site name. Latitude and longitude must be put in as
decimal values. The site used in this example (Fig. 3) is near Colfax,
Iowa, USA (42.017 N, —93.75 E, elevation 480 m) The field data from
this site have previously been used for an Agricultural Model

Intercomparison and Improvement Project (AgMIP) study [19]. The site
name entered in CLASSIM is Iowa.

The Soil tab (Fig. 4) is used to create new soils or view or alter
existing ones. If the user selects “Add New Soil”, they are first asked to
provide the site name from the drop-down menu of previously defined
sites. Once a site has been selected new options appear. The user must
select the soil boundary conditions, which define the interface at the
bottom of the soil profile (e.g. water table, seepage, or unsaturated
drainage), and type in a soil name. The following information is required
for each soil layer: bottom depth (cm), soil organic matter (%), soil ni-
trate (ppm), soil ammonium (ppm), initial water content, unit type,
which indicates if the initial water content is expressed as soil matric
potential (-cm) or water content (cm3 cm’3), soil temperature (°C), sand
(%), silt (%), clay (%), bulk density (g cm_3), drained upper limit of
water availability (cm3 crn’3), wilting point (cm3 cm’3), and the stan-
dard van Genuchten [31] water retention and hydraulic conductivity
curve parameters. These are the residual water and saturated water
contents (thr, ths, cm® cm’g), slope parameters (Alfa, n), and saturated
hydraulic conductivity (Ks, cm™%). The other parameters are additional
van Genuchten parameters that modify the water retention curve (tha,
thm, and thk, cm® em™2) and hydraulic conductivity values (Kk) to
minimize convergence problems in the water movement equations [33].
If the van Genuchten parameters, drained upper limit, or wilting point
are unknown, they can be set to —1. This triggers CLASSIM to use the
ROSETTA program to calculate the parameters based on soil texture
[27]. New soil layers can be added by right clicking an existing soil layer
and selecting “Duplicate this layer above” or “Duplicate this layer
below”. CLASSIM can also pull soil data for site locations within the
contiguous USA from the online Soil Survey Geographic Database
(SSURGO) [24] using the latitude and longitude of the experimental site.
In the case of multiple soils being listed for the same site, the interface
automatically selects the most prominent soil. The soil shown in Fig. 4 is
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Welcome

Site Sail Weather Cultivar Management Seasonal Run

This tab allows to add or update a weather station. A weather station can have more than one weather data, if you are
uploadinag a weather file and vou don't want this data to have the same weather id as the weather station name. please

Tum FAQ on?

Station TowaCl v

Site Iowa

Average Wind (Km/h) 12.0

Average Rain Rate (cm) 3.0

Average CO2 (ppm) 450.0

N content in Rainfall (Kg/ha) 0

Upload Weather File (.csv format) | Upload File J

Download Weather Data (last 5 years) ‘ Download Data ]

weather_id | date srad wind rh rain ‘temperature
| min | max minl max | min | max min max min| max | min | max

TowaN [2006-01-01 2013-12-31 /0.0 4.59367 0.513381/50.9744 0.0 [100.0/0.0 [57.583300-34.49 37.93

TowaR1 2006-01-01 2013-12-31 /0.0 14.59367 0.513381 (50.9744 0.0 [100.0 0.0 146.066640 [-34.49 37.93

TowaTl 2006-01-01 2013-12-31 0.0 4.59367 0.513381/50.9744 0.0 [100.0 0.0 46.066640}-30.49 41.93

iowaR2 2006-01-01 2013-12-31 0.0 4.59367 [0.513381 50.9744 0.0 [100.0 0.0 [55.279968 -30.49 41.93

|

| Update Delete

Fig. 5. Weather tab. The user can choose a station name and then edit or add new information. If there are different permutations of the weather data, they will be

identified by different values of weatherID.

a Clarion soil (mesic Typic Hapludoll). The data were obtained from the
NRCS Soil Survey Geographic Database.

The Weather tab (Fig. 5) is used to input weather data. Weather data
can be imported as a .csv file or CLASSIM can pull hourly weather data
for US sites from the five years prior to the access date from the North
American Land Data Assimilation System (NLDAS) [35] and
Multi-Radar/Multi-Sensor System (MRMS) [37,38] online databases
using the latitude and longitude. To create new weather records from a .
csv file, the user needs to input the site name, average wind speed (km h
-, average rainrate (cmh ~ Toremd™ 1), average atmospheric carbon
dioxide concentration (CO2) (ppm), nitrogen (N) content in rainfall (kg
ha™1), and a climate station name. Multiple station names can be asso-
ciated with the same site. This allows for varying CO,, average wind
speed, average rain rate or N content in the rainfall for the same site.
Multiple permutations for the same weather station (i.e., future weather
along with historical weather or a variation of historical weather) at the
same site can also be used (Fig. 5). Variation of historical data for
example can include rows with the same date but different precipitation
amounts. The input .csv file must contain an ID field named ‘WeatherID’,
which includes unique names for each permutation. This allows for
weather data from disjointed years or simulated future weather data to
be available for the same location.

The weather data in the .csv file should include daily or hourly solar
radiation (Wm ~ 2), maximum and minimum temperature ( °C) for daily
data, or hourly temperature ( °C), rainfall (mm), wind speed (km h ~ 1),
and relative humidity (%). If wind speed and relative humidity data are
unavailable, the missing data are estimated during model executions

using psychrometric relationships in the 2DSOIL model as per Timlin
et al. [30]. ACSL crop models function on an hourly time-step, and thus
hourly weather data are estimated from daily weather data using ce-
lestial mechanic calculations which are also conducted during model
execution in 2DSOIL [30]. The interface will notify the user if there are
missing records.

The Cultivar tab accounts for intra-specific genetic variation (Fig. 6).
The user can input variety specific parameter values regarding the
sensitivity of individual cultivars of each crop to climatic factors (e.g.
temperature and photoperiod), and water and nitrogen deficiencies, as
well as developmental parameters (e.g. stay-green values, thermal time
relationships of specific developmental stages, etc.). The cultivar pa-
rameters differ by crop. The FAQ section provides explanations for each
parameter as well as a range of suggested values. Depending on the
parameter, the value can either be obtained directly from measured field
data and information provided by breeders, or through calibration to fit
the model to measured field data. The components that make up the
models used in CLASSIM, such as leaf growth [18,23] and photosyn-
thesis [10,16,17], have all been independently tested and evaluated, so
the species wide parameters established in these studies are reasonably
stable across location, time, and cultivar. Default values were previously
obtained for several widely grown cultivars of each crop and incorpo-
rated in the database for any new CLASSIM installation.

The Management tab (Fig. 7) allows users to input fertilizer, irriga-
tion, planting, harvesting, and tillage information. These are organized
by crop in which Experiments are nested. Each Experiment may be named
after a site for organizational purposes, but the management practices of



D. Timlin et al.

W CLASSIM - Crop, Land And Soil SiMulation

Smart Agricultural Technology 5 (2023) 100281

Welcome Site Soil

Weather Cultivar

CULITVAR means different varieties of a CROP. For example, CORN
crop could be 90 or 120 maturity day crop. There are other specific
parameters related to a crop variety. This tab allows to build a new

crop variety from the default one and customize it further needs.

v Tumn FAQ on?

Select Crop potato v
Cultivar List potato:Bintje +
Daily Air Temperature Effect 2.3

Daily Air Temperature Amplitude Effect 1.8

Photoperiod Effect 2.8
High Nitrogen Effect 0.8
Low Nitrogen Effect 1.0
Determinacy 0.5
Maximum Canopy Leaf Expansion Rate 300.0
Maximum Tuber Growth Rate 8.0
Specific Leaf Weight 0.005

Management Seasonal Run Rotation Builder 1 14

-| rag -]
P Potato:What is Daily Air Temperature Effect?
_J > Effect?

P Potato:What is Photoperiod Effect?
P Potato:What is High Nitrogen Effect? h
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| Update

/| Delete

Fig. 6. Cultivar Tab allows the user to add or modify the properties of individual crop cultivars. This dialog box shows the properties of a potato cultivar called

Bintje. The FAQ on the right provides information on the properties.

an Experiment can be applied to any site. There can also be multiple
Experiments for the same site. An Experiment can have multiple treat-
ments and to simplify using multiple treatments with only small dif-
ferences, such as a fertilizer application rate study, CLASSIM has the
Copy To button, which allows users to create a copy of an existing
treatment and give it a new name. The tillage options are no tillage,
moldboard plow, chisel plow, and vertical tillage. Once a tillage option
is selected, the user can enter the tillage date. Under Simulation Start, the
user can input the simulation start date (which can be set before or at
sowing), the cultivar (from the list of cultivars defined in the Cultivar tab
described above), the plant density (number of plants m ~ 2), the seed
depth (cm), row spacing (cm), location of planting grid (which describes
if the plant is at the left or middle of the two-dimensional simulated soil
slab), and whether auto irrigation is turned on. Some crops, such as
potato, have further inputs, such as emergence date and seed piece mass
(g). The Sowing, Emergence (if used), and Harvest sections cover the dates
of planting, crop emergence, and harvest (if the crop has not already
matured), which ends the plant simulation. The Simulation Start and
Simulation End dates start and terminate the simulation of associated soil
processes. The Simulation End date is set for a date after the harvest.
Since the soil model can simulate soil processes before planting and after
harvest, it has its own start and termination dates. The Fertilizer section
includes the date, depth of application (cm), fertilizer type (surface
residue, synthetic N, litter, or manure), quantity of N applied (kg N
ha™1), and in the cases of litter and manure, the quantity of carbon
applied (kg C ha™!). Multiple fertilizer treatments can be added using
the Add New Treatment option.

5.2. Simulation modes

CLASSIM has two modes of simulation, Seasonal Run and Rotation
Builder. Seasonal Run is for simulating a single crop for a single growing
season. Rotation Builder allows the user to grow different crops
sequentially, though not simultaneously, as well as to add fallow periods
between sequential crop runs. The outputs for both the seasonal and
rotation runs can be given on an hourly or daily basis.

The Seasonal Run tab (Figs. 8, 9) requires the user to select the
following: Site, Soil, Station Name, Weather, Crop, Experiment/Treatment
(as defined in the Management tab), and whether the simulation should
be conducted with a focus on potential yield (i.e., water stress and ni-
trogen stress removed, potato only at this time). Once the site, soil, and
station name have been selected, the interface queries the databases for
associated weather. When the crop is selected, the interface presents
only treatments that are applicable for the weather dates and crop
selected. After the selections have been completed, the user can run the
model with a single button click (Fig. 9).

The same inputs are needed for the Rotation Builder tab (Fig. 10),
though Site, Station Name, Soil, and Weather are constant for the entire
rotation cycle, while Crop, Experiment/Treatment, and the simulation of
stresses can be changed for each step of the rotation. The Rotation Builder
tab is shown in Fig. 11 filled out with a maize-fallow-maize rotation.
Unlike the Seasonal Run tab, where multiple runs can be set up at the
same time before running, the Rotation Builder tab only allows users to
set up and run one rotation at a time. More rotation steps can be added
by right clicking and selecting Insert Row Below. After the user selects the
site, the interface will filter the station name and weather according to
availability of stations for the site and weather data for the station.
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Fig. 7. Management tab dialog box. This dialog box allows the user to add or edit management options. The hierarchy is organized by crop, then by Experiment and
then by treatment. Selecting a treatment will show a summary of the options. The example here is for a potato experiment.

M CLASSIM - Crop, Land And Soil SIMulation

Welcome Site Soil Weather Cultivar Management Seasonal Run Rotation Builder Seasonal Output Rotation Output

Pick individual entries to create your simulation. You have the ability to run more than one simulation, to add or delete a simulation select the entire row and right click. It will open a dialog box
with simple instructions. Once changes are done, please make sure to press the Run button to start your simulation.

Turn FAQ on?

Simulator

site | sail | SwmtionName  Weather Crop  Experiment/T
%J‘Selectfrom list v | Selectfromlist ~ | Selectfrom list ¥ | Select from list ¥ | Select from list ¥ | Select from list

4 i

Simulation Output Interval ®) Hourly () Daily

[ Run J| Reset

Fig. 8. Seasonal Run tab. This dialog box allows a user to select data sets to use to run a single crop for one growing season. Additional seasonal runs can be added for
each row and multiple rows can be run at the same time.
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Fig. 9. Setup for two Seasonal Runs for the example simulation. These runs vary with respect to the Experiment/Treatment input. Messages at the bottom of the page
inform the user of the program’s progress.

[N CLASSIM - Crop, Land And Soil SIMulation

Welcome Site Soil Weather Cultivar Management Seasonal Run Rotation Builder Seasonal Output Rotation Ou 4 b

To create your rotation you first need to select in this order: Site, Soil, Station Name and Weather. Please, note that when you select crop, only experiment/treatments that are
scheduled to happen in the timeframe that we have weather data will appear in the list. To add or delete a rotation, please select the entire row and right click. It will open a
dialog box with simple instructions. Once changes are done, please make sure to press the Execute Rotation button.

Turn FAQ on?

Simulator
Site | Select from list ¥ | Soil Select from list v
Station Name Select from list ¥ | Weather Select from list v

Simulation Output Interval (@) Hourly Daily

Execute Rotation | Reset

Fig. 10. Rotation Builder Tab. This tab is used to select data sets for a rotation. Each row is a different crop and time slot for the sequence.
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Simulator
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Fig. 11. Rotation Builder dialog box showing selected parameters to simulate a maize-fallow-maize rotation for the Iowa site. Messages about the simulation are
output at the bottom of the window. The initial and end dates define the start and end dates of the simulation (soil processes can be started before the crop models

and continue execution after the plant matures).

Similar filtering will be done after the user selects the crop and moves to
the Experiment/Treatment dialog. For example, only Experiment/Treat-
ment rows that use the chosen crop will be shown in the drop-down
menu. The initial and end dates are selected from the treatment data
which will provide the user confirmation of the date range they would
like to simulate. If the dates ranges have a gap, the interface will notify
the users. Once all the inputs have been selected, the rotation is run by
clicking the Run button. The Reset button clears all the inputs.

The inputs for both seasonal runs and rotations are grouped to allow
flexible run designs (Figs. 8-11). The user is guided through the process
where the selections presented at each stage are narrowed according to
previous choices. For example, a site can have multiple station names to
represent different levels of CO, or average wind speeds. Once a user
selects a site, only stations at that site are available for selection. Each
station has multiple weatherIDs, which can be used to represent both
historical and hypothetical future weather data sets for the selected
station, such as historical weather with a 20% increase in rainfall or
weather generated by a climate model. Once the station is selected, only
weather data having those station parameters are available. This allows
users to analyze the effects of rainfall, temperature, and CO in isolation
and in combination. Each crop species can have multiple Experiments
and each Experiment can have multiple Treatments. The Experiment
names predominantly exist for organizational purposes, allowing users
to group the Treatments into categories. The Treatments are for selecting
the management information. Though a site may be selected for a soil in
the Soil tab, when setting up a run, any soil can be paired with any site.
The availability of latitude and longitude for a site allows the program to
search for soils data from the NRCS web site available at that location
[24] and associated weather data.
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6. Output visualization and analysis

The crop models in CLASSIM produce large quantities of daily or
hourly data which are not easy to visualize or interpret without further
processing, especially for novice modelers. Therefore, CLASSIM has
built-in output analysis tools that create plots and statistics for a selected
run. CLASSIM’s built-in graphing tools make it easier for non-coders to
use crop models, as users do not have to write a separate graphing code
to interpret the data. Additional options for modifying the plot and
exporting the graph are available within CLASSIM by right clicking on
the graph. Available modifications include changing the axis ranges,
changing the x and y axes to log scale, adding in an average line if
multiple variables are plotted simultaneously, and selecting the opacity
of the x and y background grid.

In the next sections we will give examples of a seasonal simulation
and a rotation simulation and demonstrate the output capabilities.

6.1. Data source for examples

The weather, soil, and management data for the examples come from
a study comparing evapotranspiration estimates of 29 models for mul-
tiple locations [19]. This paper compared several models used to
simulate maize growth and yield under rainfed conditions in lowa, USA
over the period of 2006 to 2013. The maize cultivar used for the case
study was from Golden Harvest (GH-9014). The sowing dates are in
Kimball et al. [19]. The data for the examples were taken from the years
2006 and 2007. The simulation start dates were set as two weeks before
planting. The initial soil water content was assumed to be at the drained
upper limit for both years, as Iowa has fairly regular rainfall during the
winter and spring to recharge the soil water. Fertilizer was applied as a
split application of 100 kg N ha™! at planting and 200 kg N ha™! at 30
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Fig. 12. Seasonal Output Tab. Here the user selects a completed simulation and summary information is provided as shown. A table indicating the date and time of
occurrence of an abiotic stress and its magnitude from O to 1 is generated. Stress=1 indicates no stress. When stress values are less than 0.75, they are flagged in red.
The user can select the sub-tabs (Plant, 2D Soil Water Heat Nitrogen, etc.) to view graphics and additional time-series information.

Crop, Land And Soil SIMulation

Site Soil

Weather

Cultivar

Management

Seasonal Run Rotation Builder

Choose simulation by checking from the list box. Simulation outputs are categorized into 5 types and are displayed individually in bottom tabbed panel.

Soil root dry matter
Available water in root zone

Maximum root depth
Soluble sugars as carbon

£ Plot

Seasonal Output Rotation Output

Date (x1e+09)

Turn FAQ on?
SimID Site | T Station Name | | | sol | Year I select simulation
19 Iowa maize/lowa/lowa07_AM TowaN IowaCl | Clarion 2007 J Delete Simulation
e 7 Iowa maize/lowa/lowa06_AM TowaN IowaCl Clarion 2006 =
Simulation Summary Plant Soil Carbon Nitrogen 2D Soil Water Heat Nitrogen Root Data Surface Characteristics
Select parameter to plot
Number of leaves (appeared) Number of mature leaves
Number of dropped leaves Green leaf area per plant /ér photosynthesis (g carbo/plant/day)
Dead leaf area Leaf area index id / Respiration (g carbo/plant/day)
Relative humidity Leaf water potential [
Photosynthetic flux density Solar radiation
1 Soil temperature at soil surface Air temperture at 2 m
| Canopy temperature Potential Transpiration 8
Actual Transpiration Net Photosynthesis
Vv Gross photosynthesis V| Respiration
Average stomatal conductance Vapor pressure density 6
Total nitrogen in the plant Nitrogen demand
Nitrogen uptake Leaf nitrogen content
Carbon allocated to roots Total dry matter 4
Shoot dry matter Ear dry matter
Leaf dry matter Dropped leaf dry matter
Stem dry matter Root dry matter 2 | 2006-04-25 2006-05-18 2006-06-11 2006-07-04 2006-07-27

Fig. 13. Graphics example from a seasonal run showing gross photosynthesis and respiration. The simulation results are from the Iowa 2006 simulation.
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Fig. 14. Graph of shoot dry matter and ear dry matter available from the seasonal output tab. This is for the same simulation results as in Figs. 12 and 13.

days after planting (DAP). The case study was rainfed.

6.2. Seasonal output tab

For individual seasonal runs, the outputs can be viewed in the Sea-
sonal Output tab (Fig. 12). The user must select a simulation and click
Select Simulation to view the results. Simulations can also be removed
using the Delete Simulation button. The Simulation Summary sub-tab
provides general information on the selected run, such as the site and
soil names used for the experiment, the significant dates for the simu-
lation, including the simulation start and end dates, planting date, and
the major phenology dates, the simulated agronomic data at maturity,
and the simulated environmental data at maturity.

The Simulation Summary tab also contains a table of daily water,
nitrogen, and carbon stress factors (1= no stress). When stress factors are
less than 0.75, they are highlighted in red to alert the user. The Plant sub-
tab allows users to graph plant and weather variables, such as yield, leaf
area index, leaf water potential, and solar radiation over time. Fig. 13 is
an example graph generated from the Plant sub-tab that displays gross
photosynthesis and respiration for maize as simulated by the Farquhar
Ball Berry [6,36] model of photosynthesis and stomatal conductance
implemented in MAIZSIM. Graphs have time on the x-axis as default.
Fig. 14 shows the dry matter values for roots, ears, and shoots. Multiple
variables can be plotted on the same graph for comparison.

The Soil Water Heat Nitrogen sub-tab generates contour plots of soil
matric potential (cm suction), soil water content (cm 3 cm*3), soil ni-
trogen concentration (mg L ~ 1), and soil temperature ( °C) across the 2D
soil profile for user selected dates. The Root Data sub-tab generates daily
contour plots of total root density (g cm™~>) and total root mass (g) across
the 2D soil profile. Having an easy to use, clickable interface to generate
graphs is particularly important when dealing with 2D data, as it makes
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the interpretation and visualization of complex data much easier for
users. The Surface Characteristics sub-tab allows the user to plot above
ground environmental effects such as actual soil evaporation and runoff
over the season. Multiple parameters can be graphed in the same plot for
comparisons.

6.3. Rotation output tab

The same sub-tabs and options exist for the Rotation Output tab
(Fig. 15) as for the Seasonal Output tab. Outputs for rotation simulations
are graphed as a continuous variable over time and are not broken up by
cropping season. A maize-fallow-maize rotation in Iowa was simulated
to showcase CLASSIM s rotation capabilities. The menu presented to the
user to set up the simulation is shown in Figs. 15, and 16 shows the
results. The example demonstrates how multi-year simulations with a
range of weather and management data can be carried out. Once the
scenarios are added to the database, it is easy to run simulations and
view output results. The trends for cumulative actual and potential soil
evaporation and transpiration along with rainfall for the entire rotation
are shown in Fig. 16.

The tables in Fig. 15 and graph in Fig. 16 show the results of the
maize and fallow simulations in Iowa for 2006 and 2007. The effects of a
fallow period on water availability for a following crop is often of in-
terest. The fallow period (24 Oct 2006 to 30 April 2007) was during the
winter and spring. Total rainfall was only about 10 mm less than during
the growing season (Fig. 16.). Most of this rainfall was during the spring
(data not shown). Actual soil evaporation was less than potential (202
vs. 422 mm). This is because the surface soil dries resulting in a soil-
mulch that resists further evaporation. Actual soil evaporation during
fallow was less than infiltration indicating recharge of about 70 mm of
water in the soil profile. There was no drainage and a small amount of
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Fig. 15. Rotation Output tab. Once a rotation is selected a summary of the simulation is presented as well as tabs for further graphics. Summary results are shown in

the main window, these include management, yield, and water related results.

runoff. At this point the models do not simulate snowfall or frozen soils.
It is assumed that all rainfall that is not evaporated or runoff will infil-
trate. When the maize model started simulation on 11 May of the second
year, the soil water content at planting was affected by the previous
fallow period.

There was more water stress in 2006 than in 2007 resulting in yield
differences. The simulation summary shows the differences in potential
and actual transpiration between the two seasons (200 vs 181 mm for
2006 and 251 vs 244 mm for 2007). The greater water stress in 2006
resulted in higher root growth relative to 2007.

The soil model used for the crop models is a two-dimensional finite
element model (2DSOIL). CLASSIM provides two-dimensional contour
plots of the average soil state for any day during the simulation. The date
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is chosen from a drop-down menu (Fig. 17). The available variables are
root mass, root density, water potential, water content, nitrogen con-
centration and temperature. Fig. 17 shows contour plots of these vari-
ables for a date that is about 10 days before tassel emergence. This
provides a picture of the state of the soil just before the reproductive
phase is reached.

The nitrogen (N) content in the soil in 2007 (Fig. 17b) is higher than
in 2006 (Fig. 17a). This is partially due to carry over of N from the 2006
growing season. The effect of the roots on nitrogen uptake can be seen
where the N content directly under the plant on the left side of the grid
near the surface is lower than at the right side of the grid, which is
farthest away from the plant and contains fewer roots (Fig. 17). In 2007
(Fig. 17b), the surface soil to about 8 to 10 cm is cooler than the soil
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Fig. 16. Plant graphics dialog and example plot showing ear, root, shoot, and total dry matter for maize in a maize-fallow-maize rotation in Iowa, 2006 to 2007.
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Fig. 17. Two-dimensional plots of soil properties for the maize years of a maize-fallow-maize rotation. The time is a date about 10 days before tassel emergence for
2006 (a) and 2007 (b). The plant is on the left of the contour plot (0,0). The top right of the contour plot (37.5,0) is half the interrow distance (75 cm rows).
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below. The water contents are also high at the surface from a recent
rainfall. This contributes to a cooling effect on the soil.

7. User applications

CLASSIM is intended for students and researchers who are new to
crop modeling and/or the crop models supported by CLASSIM. The
interface is distributed as an installer and is available on GitHub (link
provided at the end of this paper).

The models supported by CLASSIM are based on the 2D finite
element soil process simulation model 2DSOIL [29] and tend to be more
mechanistic and modular than other crop and soil models [17,18]. This
allows for less location specific site calibration [15], which saves time
and allows for a clearer understanding of the effects of model error, as
frequent parameter calibration can compensate for underlying errors
without actually resolving the root of the problem [9]. CLASSIM is an
evolving platform and ACSL has several further additions under devel-
opment. Future versions of CLASSIM will include a cover crop rye
model, a rice model, and the ability to add observed development and
growth data into the SQL databases. The ability to compare simulations
will also be added. The addition of the cover crop model in combination
with the existing 2DSoil model and rotation simulation abilities, will
make CLASSIM a powerful tool for examining the long-term effects of
cover crops on soil organic matter, soil water availability, and cash crop
yields. This set up could also be used to study carbon sequestration in
cover cropping systems.

8. Summary and conclusions

CLASSIM is the database driven interface for the mechanistic crop
models GOSSYM, GLYCIM, SPUDSIM and MAIZSIM. The interface fa-
cilitates the generation of input files and visualization of results.
CLASSIM can run both individual, single crop growing seasons and
multi-season crop rotations at a specific field location identified by a
user-specified latitude, longitude, and elevation. Each site is associated
with input data regarding soil physical and hydraulic characteristics, a
climate station and associated hourly or daily weather data, and treat-
ments which describe the simulations to be conducted at those locations.
These treatments include inputs for management and crop selection.
Users can then assemble desired site, weather, soil, and treatment
combinations to conduct either single- or multiple-season runs,
including rotation studies. CLASSIM provides above- and below- ground
time-series and end-of-season outputs regarding agronomic and physi-
ological responses of interest to growers and scientists.

CLASSIM (source code and installer) can be obtained from:

Release CLASSIM V 2.2 - USDA-ARS-ACSL/CLASSIM (github.com)

Declaration of Competing Interest
Authors have no competing interests.
Data availability
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