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a b s t r a c t

The pyfao56 software package is a Python-based implementation of the standardized evapotranspira-
tion (ET) methodologies described in Irrigation and Drainage paper No. 56 of the Food and Agriculture
Organization of the United Nations, commonly known as FAO-56. This update improved pyfao56 by
(1) enhancing the ‘‘forecast’’ module which obtains seven-day weather forecasts from the National
Weather Service (NWS), (2) incorporating measured soil water content profiles to estimate soil water
depletion in the dynamic and maximum root zones, (3) adding visualization tools that plot measured
and simulated soil water depletion and ET versus time, (4) updating the format of standard file headers
to include timestamps, simulation options, and user defined metadata, and (5) incorporating minor
improvements to the functionality of the core pyfao56 modules. These updates arose from efforts to
incorporate pyfao56 into a computational workflow for maize irrigation scheduling research at the
Limited Irrigation Research Farm (LIRF) in Greeley, Colorado during the 2023 growing season.

Published by Elsevier B.V.

Code metadata

Current code version v1.2.0
Permanent link to code/repository used for this code version https://github.com/ElsevierSoftwareX/SOFTX-D-23-00583
Permanent link to reproducible capsule N/A
Legal code license Creative Commons Zero (CC0)
Code versioning system used git
Software code languages, tools and services used python
Compilation requirements, operating environments and dependencies Python: charset-normalizer-2.0.12, idna-3.3, matplotlib-3.5.2, numpy-1.21.6,

pandas-1.3.5, python-3.7.13, python-dateutil-2.8.2, pytz2022.1, requests-2.28.0,
six-1.16.0, urllib3-1.26. 9

If available, link to developer documentation/manual https://github.com/kthorp/pyfao56/blob/main/README.md
Support email for questions kelly.thorp@usda.gov

1. Introduction

The pyfao56 software package [1,2] is a Python-based im-
lementation of the ASCE Standardized Reference Evapotranspi-
ation (ET) Equation [3] and the FAO-56 dual crop coefficient
ethodology [4]. During the 2023 growing season, pyfao56 was

ncorporated into a computational workflow for maize irrigation
cheduling research at the Limited Irrigation Research Farm (LIRF)
n Greeley, Colorado. The updates in pyfao56 version 1.2.0 arose
ainly from this effort to use the model for in-season irrigation
ecisions at a new field site.

DOI of original article: https://doi.org/10.1016/j.softx.2022.101208.
∗ Corresponding author.

E-mail addresses: kelly.thorp@usda.gov (Kelly R. Thorp),
joshua.brekel@usda.gov (Josh Brekel), kendall.dejonge@usda.gov
(Kendall C. DeJonge).

2. New features

A primary new feature is the ‘‘tools’’ subpackage, which pro-
vides three modules to enhance model use. These modules pro-
vide functionality to obtain seven-day weather forecasts from
the National Weather Service (NWS), assess root zone soil water
depletion from measured soil water content data, and visualize
comparisons of measured and simulated soil water depletion and
ET time series. Other minor edits to the functionality of core
modules were also included.

2.1. Improved weather forecast retrieval

Originally included in the ‘‘custom’’ subpackage, the ‘‘fore-
cast’’ module was relocated to the new ‘‘tools’’ subpackage, and

methods for retrieval of solar radiation and wind speed forecasts
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ere improved. The ‘‘Forecast’’ class issues REpresentational State
ransfer (REST) commands to request weather forecast data from
he NWS National Digital Forecast Database (NDFD). With input of
ield site geocoordinates, data are retrieved to compute forecasts
f ASCE Standardized Reference ET, including wind speed and
inimum, maximum, and dew point air temperature. Though
olar radiation forecasts are not directly provided by NDFD, cloud
over forecasts are available. With input of the field site elevation,
olar radiation forecasts are computed from cloud cover and
lear-sky solar radiation. Liquid precipitation forecasts are also
vailable. Because the NDFD provides wind speed forecasts at
10 m height, the ‘‘Forecast’’ class provides methods to con-
ert wind speed forecasts to the same height as wind speed
easurements from the local weather station. This adjustment
nsures consistent measured and predicted wind speed data are
ontained in the ‘‘Weather’’ class and provided to the model.

.2. Measured soil water content data

Two classes (‘‘SoilWaterSeries’’ and ‘‘SoilWaterProfile’’) are
rovided in the new ‘‘soil_water’’ module in the ‘‘tools’’ sub-
ackage. These classes provide a framework for representing
nd analyzing measured volumetric soil water content data, as
ollected at one field location over time (e.g., neutron probe
easurements at one access tube over the growing season).
he ‘‘SoilWaterSeries’’ class represents a time series of soil wa-
er content measurements, while the ‘‘SoilWaterProfile’’ class
epresents and analyzes soil water content profiles from a sin-
le measurement date. With an estimate of root depth on the
easurement date (e.g., from a pyfao56 model simulation) and

nputs of soil properties (e.g., from pyfao56 ‘‘Parameters’’ or
‘SoilProfile’’ classes), the ‘‘SoilWaterProfile’’ class computes root
one water status metrics from the measured data, including the
oil water depletion for both the dynamic and maximum root
epths. Additionally, an estimate of the transpiration reduction
actor due to water stress (Ks) is computed from the measured
epletion and the total and readily available water (TAW and
AW, respectively). A new test case (‘‘test6’’) demonstrates the
ethodology for a series of soil water content data collected
y neutron probe during a 2022 cotton field study at Maricopa,
rizona. The new ‘‘soil_water’’ module is useful for evaluations of
yfao56 model simulations and for incorporating measured soil
ater content data into irrigation scheduling decisions.

.3. Visualization of measured and simulated data

The new ‘‘visualization’’ module provides the ‘‘Visualization’’
lass, which formats two figures for visualizing pyfao56 model
utput using Python’s ‘‘matplotlib’’ library. By default, the first
igure demonstrates simulation output for soil water depletion
or the dynamic root zone over time. Optionally, the figure can
e enhanced by adding the following plots: RAW, simulated soil
ater depletion for the maximum root zone, measured soil wa-
er depletion for the dynamic and maximum root zones, water
nputs from precipitation and irrigation, Ks estimated from both
easurements and simulations, and deep percolation. Taken to-
ether, the figure provides a comprehensive look at measured
nd simulated soil water balance data for a single scenario. The
econd figure demonstrates simulated ET time series, including
he reference ET (ETref), the non-stressed crop ET (ETc), and the
djusted crop ET under water limitations (ETcadj). A new test
ase (‘‘test7’’) demonstrates both the calculation of measured
oil water depletion (Section 2.2) and visualization of soil water
alance data for a 2023 maize study at Greeley, Colorado.

.4. Updated file headers

The standard file header was updated to include a times-
amp for file creation and a designated section for user defined

comments and metadata. Furthermore, output files from pyfao56
model simulations were updated to contain information about
simulation options, including the simulation start and end dates
and the selected soil profile characterization method. A character
string of 72 asterisks is used to demarcate sections of the file
header in pyfao56. The new file header is demarcated into top and
bottom sections, where the top section reports fixed information
that should not be edited by the user, and the bottom section is
completely editable by the user. The model retains ability to read
input files from previous pyfao56 versions.

2.5. Changes to core modules

Several minor changes in functionality of the core pyfao56
modules were also introduced in version 1.2.0. First, the stress-
adjusted crop coefficient (Kcadj), which is the ratio of ETcadj and
the ETref, was computed and added to the model output. Sec-
ond, the ‘‘loadfile’’ method of the ‘‘Parameters’’ class was made
flexible to handle different orderings of parameters in the input
file. Third, the ‘‘Irrigation’’ class was made an optional input to
the ‘‘Model’’ class to allow the model to run without inputs of
irrigation data. Fourth, a ‘‘customload’’ method was added to
the ‘‘Irrigation’’ class to allow users to develop custom methods
for loading irrigation data and to make the ‘‘Irrigation’’ class
consistent with other customizable classes (i.e., ‘‘Weather’’, ‘‘Up-
date’’, and ‘‘SoilProfile’’). Fifth, the ‘‘__str__’’ methods of pyfao56
classes were updated to prevent printing DataFrame information
when the DataFrame is empty. Taken together, these changes
improved the core functionality of pyfao56 without impacting
model calculations.

3. Conclusion

In 2023, the pyfao56 software was implemented for in-season
irrigation scheduling at a new field site in Greeley, Colorado.
Incorporating pyfao56 into the workflow of another research
group led to many improvements to the model and its support-
ing tools. Further improvements to pyfao56 are likely possible
through continued collaborative efforts with ET researchers and
practitioners who find the tool useful and worthwhile.
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