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Introduction Bt

. FAO 56 evapotranspiration
Allen et al. (1998) and ASCE (2005)
- Standardized reference evapotranspiration (ET,)
 Defines atmospheric demand for water

«  Computed from weather station variables
< air temp, dew point, solar radiation, and wind speed ' JIK

« Crop coefficients (K.) adjust ET, to crop ET (ET,) K 1 c . e

* Single method: ET, =K, x ET, C,,1 Ke i AN { S

* Dual method: ET, = (K, x K, + K,) X ET, ) , . \// v

«  Python (www.python.org) o L NANF E’:

* Highly popular modern programming language 06 F NN NN \

- Large development and user community I AN
 Open-source, easy syntax, lots of packages, etc. 02} .:)f ’ :g‘;,\/\ /\K’ e |

* (Goal: Codify FAO-56 algorithms in Python O e e ey
u— initial —r crop development 4— mid-season _..glate seasoné
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Software Design Goals

« Develop a Python tool for ET estimation and
irrigation scheduling

« Started as a script to support field studies

« Then organized as a formal Python package
Importable to any Python module
Usable within other Python workflows

«  Eventually named it “pyfao56”

. Promote FAQO-56 interpretation \
Accurately represent FAO-56 methods If neceSSIty 1S the mother

« Clean, simple, readable, organized code \,
Well-documented and commented code |
Serve as an extension of ET texts

Serve as a resource for learning FAO-56

 Promote accessibility of code
Open-source code AR N .
« Distributed via Github, PyPI, conda-forge MER | B, i
«  Encourage collaborative development 1 .

\ \Q Davld Rockefeller
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startDate : datetime Irrigation
endDate : datetime
A 4 par: Parameters idata : DataFrame
. Parameters wth : Weather —
irr : Irrigation __init__(filepath : str= None)
Ooftware Arcnitecuure ot e
bilr::d . ;}aoat ModelState : class savefile(filepath : str = “pyfao56.irr*)
Kebend :ﬂ + cnames : list loadfile(filepath : str = “pyfac56.irr”)
. . . Li(;\iéri‘nt. oa odata : DataFrame addevent(year : int, doy : int
) O b t_ t d rr] d I d o depth : float, fw : float)
JeC Orlen e O u ar eSI n Ldev : int __init__(start: str, end : str,

tmij |n: par : Parameters,
« Parameters i o e Undate

irr: Irrigation,
hmax : float

¢ I rri g atio n thetaEC : float upd : Update = None] udata : DataFrame

_str__[):str
thetaWP : float

« Autoirrigate (new in ver. 1.3.0) thetad - fon sovefllfepat 1= pyfaos6.ut) || it _{epath e = ore

i _str_ () :str
L W th g:lnrlla.xf:lilaotat —advance(io : MadelState] savefile(filepath : str = “pyfac56.upd”)
ea e r pbase : float loadfile(filepath : str = “pyfan56.upd”)
| I I Ze : float g customload()
y SOI I P rOfI Ie (n eW I n Ve r' 1 . 1 . O) REW : float getdata(index : str, var: str) : float

® MOdel __init__(Kehini : float = 0.15, Weather -
Kebmid : float = 1.10, . . L > <<utility>>
[ Kcbend : float = 0.50, crp - str refet
U pdate Lini : int = 25, Iz:tﬂilatt
1 Ldev : int = 50, at : floa
« Standardized reference ET module _
Lend : int = 25 cnames : list ascedally(;fcrp 1::|Str’ z :flc‘;at;cllat : float,
“ ” 1 hini : float = U.,U_r,, wdata : DataFrame oy : float, isra X oat,
[ ] pandas DataFrameS for data handllng hlr:lax:?laoatzl.ztl, tmax : float, tmin : float,
thetaFC - float = 0.250 __init__(filepath : str= None) tdew : float = NaN,
, Y : hmax : float = NaN
° M I 1 | t A1 d thetaWP : float = 0.100, —str_():str . . rmax :float = Matl,
u tl p e WayS O I nJ eCt ata theta0 : float = 0.100, savef.lle(f.llepath : Str=”pyfa056.wth”) r mdm g fTat - Na I\]
. . Zrini : float = 0.20, Ioaifllefﬁlz?)ath 1 str= “pyfach6.wth”) x:dr‘[: :flcc)’:tt_—z (a)) :ﬂoat
. - customloa : =2.0):
o Read I ng fo rm atted teXt fl IeS FZJL::: :':||§:tt= ;:g: compute_etref(index : str) : float

« “customload” functions REW - Rost - 80) AN

Forecast
«  Users can develop customized wrappers vefialhiopath :ir = pylao56.par’) ] este rom
. . loadfile(filepath : str =7 o56.par” ; .
«  Based on class inheritance e P AzmetMaricopa fongitude foat

* TeSt SUlte and documented examples __init__(latitude : float, longitude : float)

customload(start : str, end : str, _str__():str
rferp : str= 5%, _initialize()

usefc : bool = True) getforecast()
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par.Lmid

par.Lend
. par.hmax '
QUICkStart par.thetaFC = 0.205(
par.thetaWP 0.098(
par.thetal D.191%
par.arini = 0.2(
par.drmax — 1.2(
par.savefile (os.path.join(module dir, 'barley2023.par’))

¢ Import pyfa056 23':%:'i:’" the weather data
wth = custom.hzmetMaricopal()

. Speufy model parameters wth.customload ('2023-024", '2023-121") |

. wth.savefile (os.path.join(module dir, 'barley2023.wth'))
« Specify weather data
 Specify irrigation data e e R

R ol .

Fopecliy Thne 1lrrigaclonl Sschnedule

o —

dd £(2023, 32, 20.4
e Run the model iii :dd:::it{_-_i, 39, 20.4

irr.addevent (2023,

 More examples available irr.addevent (2023,

irr.addevent (2023,

W [

- L] - - - -

™ LN k=
Ln

I
e I s B e I e B e B |
B o L

Sy L] L]
[

‘___...- mode 1

mdl = fam Model (*2023-024","2023-121", par, wth, irr)
mdl.run()

print (mdl)

mdl.savefile (os.path.join (module dir, 'barley2023.out’))
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Reference Evapotranspiration

How accurate are pyfao56 ET,; computations?
. No known open-source ET, algorithms

«  Can’t borrow syntax from other sources
«  Can only follow the text in ASCE (2005)

Compare ET,; output from pyfao56 and Ref-ET software
«  Ref-ET software (Allen, 2012)
*  Known authority on ET, computation, but closed source

Daily ET,.; comparison (pyfao56 vs. Ref-ET)

. 18 years of AZMET weather data (2003 to 2020) at Maricopa, AZ
«  Short Crop ET,.;: RMSD = 0.070 mm d-’

« Tall Crop ET,s: RMSD = 0.071 mm d-"

Hourly ET,  comparison (pyfao56 vs. Ref-ET)
« 5 years of weather data (2017 to 2021) at Greeley, CO
Short Crop ET,

RMSD (hourly data) = 0.007 mm h-?
RMSD (daily sums) = 0.05 mm d-"

« Tall Crop ET,
RMSD (hourly data) = 0.011 mm h-"
RMSD (daily sums) = 0.08 mm d-"

pyfao56 Reference ET (mm d~1)

pyfao56 Reference ET (mm d~1)
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Model Response

 Model output

Fully represents all model states
Daily timestep data
Between start and end dates

« 2018 Maricopa cotton trial

Well-watered vs. water-limited
K¢ responds to stress

D, responds to stress

K. spikes due to wetting events
TAW increases with root depth
Compare seasonal ET; .

« pyfao56 vs. neutron water balance

« Water-limited: +5.3% error
« Well-watered: -5.6% error

Ks
Stress-adjusted K.

TAW and RAW (mm

Root-zone soil water depletion (mm)
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Releases of pyfao56

« Initial development (ver. 1.0.9) by Thorp at Maricopa
. Little input beyond the local research station
. Favored specific FAO-56 methods used at Maricopa

« Later involvement with Fort Collins ARS
. Incorporate their nuanced (better) FAO-56 implementations ;
«  But retain functionality of original software design

* Improvements from Fort Collins (ver. 1.1.0)
*  Inclusion of hourly ET, methodology
Consideration of stratified soil layers

. FAO-56 uses only a single, homogeneous soil layer
. Devised method for FAO-56 calculations with layered soil data
. Enhanced soil water depletion calculations
. FAO-56 does not account for water below dynamic root zone et ‘ S, g
. Devised method to consider both dynamic and maximum root T B
zones ARS Limited Irrigation Research Farm (LIRF)
«  Constant depletion fraction (p) Greeley, Colorado

. RAW = pTAW, but FAO-56 not clear on method for p computation
. Devised method for considering p as constant or dynamic variable
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Releases of pyfao56

. Addltlon of “tools” subpackage (ver. 1.2.0)

New SoilWaterSeries and SoilWaterProfile classes
* Integration of measured soil water content data
«  Computes measured root zone soil water depletion (D,)

 New Visualization class
« Time series plots of depletion, crop coefficients, and ET
«  Comparisons of measured and modeled depletion

 Updates to the Forecast class

« Growing community interest and user base (ver. 1.3.0)
« Added runoff option to water balance (FAO-56 assumes runoff = 0)
 Added comprehensive autoirrigation algorithm
« Added considerations for irrigation efficiency

e Future plans
e Soil water depletion data assimilation via direct insertion
« Growth stage lengths based on growing degree days
* Incorporate 2024 FAOS56 revisions
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More information
« Source code

Github: https://github.com/kthorp/pyfao56
Install to Python from Python Package Index (PyPl)
Install to conda from conda-forge

« SoftwareX articles

ThoEp, K. R., 2022. é))/fao56: FAO-56 evapotranspiration in Python. SoftwareX 19,
101208. doi:10.1016/s0ftx.2022.101208

Brekel, J., Thorp, K. R., Dedonge, K. C., Trout, T. J., 2023. Version 1.1.0 — pyfao56:
FAO-56 evapotranspiration in Python. SoftwareX 22, 101336.
doi:10.1016/jsoftx.2023.101336

Thorp, K. R., Brekel, J., Dedonge, K. C., 2023. Version 1.2.0 — pyfao56: FAO-56
evapotranspiration in Python. SoftwareX 24, 101518.
doi:10.1016/].s0ftx.20235.101518

Thorp, K. R., Dedonge, K. C., Pokoski, T., Gulati, D., Kukal, M., Farag, F., Hashem
A., Erismann, G., Baumgartner, T., Holzkaemper, A., 2024. Version 173.0 - pyfa056:
FAO-56 evapotranspiration in F}/thon. SoftwareX 26, 101724.
doi:10.1016/].softx.2024.10172



https://github.com/kthorp/pyfao56
https://doi.org/10.1016/j.softx.2022.101208
https://doi.org/10.1016/jsoftx.2023.101336
https://doi.org/10.1016/j.softx.2023.101518
http://doi.org/10.1016/j.softx.2024.101724
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Thank you for your attention!

Kelly R. Thorp
kelly.thorp@usda.gov

eI R A S W ¢
RN e A K




	The “pyfao56” Package for Python: Codifying FAO-56 Evapotranspiration in a Modern Programming Language
	Introduction
	Software Design Goals
	Software Architecture
	Quickstart
	Reference Evapotranspiration
	Model Response
	Releases of pyfao56
	Releases of pyfao56
	More information
	Thank you for your attention!��Kelly R. Thorp�kelly.thorp@usda.gov

