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The Bushland, Texas, alfalfa, 
soybean, sunflower, and winter 
wheat evapotranspiration, growth, 
and yield dataset collections
Steven R. Evett    ✉, Gary W. Marek, Paul D. Colaizzi, Karen S. Copeland & Brice B. Ruthardt

Datasets are presented for experiments on alfalfa (Medicago sativa L.) (1996–1999), soybean (Glycine 
max (L.) Merr.) (1995, 2003, 2004, 2010, 2019), sunflower (Helianthus annuus L.) (2009, 2011), and 
winter wheat (Triticum aestivum, L.) (1989–1990, 1991–1992, 1992–1993). Weighing lysimeters were 
used to determine crop evapotranspiration (ET). In-soil and above ground microclimate and ET data 
are presented on a 15-minute interval as are weather data for all days of the year. Soil water content 
data from calibrated neutron probe readings are presented on a periodic basis. Crop planting, harvest, 
fertilization, pest control, and other agronomic information for all 12 seasons are presented in 
agronomic calendars by day of year. Crop growth data are presented on a periodic basis throughout the 
growing season, as are crop biomass and yield data for each harvest. The data are suitable for model 
calibration, testing, and improvement, and for analysis of effects of weather, irrigation and other 
agronomic decisions on crop yield and water productivity in the Southern High Plains region of the USA.

Background & Summary
As reported in previous works1,2, in 1987 and 1988, four large, precision weighing lysimeters were built by USDA 
ARS at Bushland, Texas, to measure evapotranspiration (ET)2 by mass balance (Fig. 1). The research purpose 
was to determine the effects on ET of crop choice, variety, agronomic practices (tillage, applications of fertilizers 
and pesticides, etc.), irrigation management, and irrigation application method3 for the major crops grown on 
the southern High Plains. Purposes originally included providing regionally specific crop coefficients4–6 for 
irrigation management that would be used in a regional scheduling network, developing and improving crop 
simulation models by determining the energy and water balances of growing crops7,8, developing and testing 
other methods for determining ET, and developing quality-controlled datasets for crop model testing, improve-
ment, and intercomparison9. For these purposes, not only ET data but energy and water flux, plant growth and 
yield, soil water content10 and temperature, and weather11 data were collected, and methods for quality control 
of all data were developed12,13. This report describes the organization and details of four collections of datasets: 
One for four years when alfalfa14 (Medicago sativa L.) was grown as a reference ET15 crop and for hay; one for 
five years when soybean16 (Glycine max (L.) Merr.) was grown for seed grain; one for two years when sunflower17 
(Helianthus annuus L.) was grown for seed, and one for three seasons when winter wheat18 (Triticum aestivum, L.)  
was grown for grain.

Methods
All experiments took place at the USDA-ARS Conservation and Production Laboratory (CPRL), Soil and 
Water Management Research Unit (SWMRU), Bushland, Texas USA (Lat. 35.186714°, Long. −102.094189°, 
elevation 1170 m above MSL) on the Pullman soil series, a fine, mixed, superactive, thermic Torrertic 
Paleustoll. There are 1.54 million hectares of Pullman soil on the Southern High Plains, much of it in row 
crops, both irrigated and dryland. Crops were grown on from two to four of the four large, precision weighing 
lysimeters and their surrounding fields. Each lysimeter was in the center of a 4.44 ha square field. As described 
elsewhere1,2, each lysimeter consisted of a monolithic, undisturbed, rectangular prism of soil measuring 3 m 
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by 3 m horizontally and ~2.3-m deep. Cores were taken on site in steel containers measuring 2.4-m in depth, 
allowing for a vacuum drainage system installed in a 0.10-m deep layer of fine sand at the bottom. In the 
lysimeters and nearby field areas that could not be reached with regular farm machinery, tillage was per-
formed by hand and using hand-guided small machines to the same depth as in the surrounding fields and at 
the same times as for field tillage. Pesticide and herbicide applications were performed at the same rates and 
times as done in the field. Amounts and kinds of fertilizer applied were based on soil tests early in each year. 
The four fields were contiguous and arranged in four quadrants, which were labeled northeast (NE), southeast 
(SE), northwest (NW), and southwest (SW) (Fig. 1). See the resource titled “Geographic Coordinates, USDA, 
ARS, Bushland, Texas” for UTM geographic coordinates of field and lysimeter locations. The land slope is 
<1% and topography is flat. The mean annual precipitation is ~470 mm, the 20-year pan evaporation record 
indicates ~2,600 mm Class A pan evaporation per year, and winds are typically from the South and Southwest. 
The climate is semi-arid with ~70% (350 mm) of the annual precipitation occurring from May to September, 
during which period the pan evaporation averages ~1520 mm. Irrigation was by a 10-span linear move irri-
gation system on all fields until 2013 when a subsurface drip irrigation (SDI) system was installed in the NE 
and SE fields and lysimeters. The SDI system had drip tape lines spaced at 1.52 m in the middle of every other 
interrow and buried at 0.30 to 0.32 m19.

Soil water sensing and irrigation management.  Soil water content readings were made with a field 
calibrated neutron probe from 0.10- to 2.40-m depth in 0.20-m depth increments in the field. Readings in the two 
access tubes in each lysimeter were made at depths from 0.10- to 1.90-m, again at 0.20-m depth increments. The 
number and spacing of neutron probe reading field locations changed through the years (additional sites were 
added), which is one reason why subsidiary datasets and data dictionaries are needed to specify those locations. 
Resulting soil water content data are in the dataset, “Soil Water Content Data for The Bushland, Texas Large 
Weighing Lysimeter Experiments”10. Fertilizer and pesticide applications were the same across fields and lysime-
ters. Irrigations designated as less than full (i.e. Deficit) were applied as a percentage of the full irrigation amount. 
Irrigations designated as “full” were managed to replenish soil water used by the crop on a weekly or more fre-
quent basis as determined by soil water content readings.

Crops grown.  Alfalfa was planted in fall 1995 and grown on two (NE and SE) of the weighing lysimeters and 
fields. Irrigation was by linear move sprinkler system using mid elevation spray applicators (MESA) positioned 
at 1.5-m above the soil surface and spaced 1.52-m apart along the irrigation lateral. Irrigations were “full” in 
1996, 1997, 1998, and the first part of 1999 after which some deficit irrigations were applied. Daily logs were kept 
of all field operations (tillage, fertilizer and pesticide applications, planting, plant measurements, harvest, etc.), 
lysimeter maintenance and hand tillage, abnormal weather events, and manual measurements that could impact 
lysimeter readings. These logs are in one spreadsheet for all years, including the fall of 1995, which is a resource 
available as file “1995–1999 Alfalfa Calendar.xlsx”, “Agronomic Calendar for the Bushland, Texas Alfalfa Datasets”.

In 1995 and 2010, soybean was grown on only the NW and SW fields and lysimeters (Fig. 2). Soybean was 
grown on only the NE and SE fields and lysimeters in 2003 and 2004. Irrigation was by linear move sprinkler sys-
tem, and that system was equipped with mid-elevation spray applicators (MESA). In 2019, soybean was grown 
on all four large, precision weighing lysimeters, and on the fields surrounding each lysimeter. The NE and SE 
fields and lysimeters were irrigated using subsurface drip irrigation (SDI), and NW and SW fields and lysimeters 
were irrigated with the linear move sprinkler system. Daily logs are in the dataset, “Agronomic Calendars for the 
Bushland, Texas Soybean Datasets”20.

Sunflower was grown for seed on the NE and SE fields and lysimeters in both 2009 and 2011. Irrigation was 
by linear move sprinkler system equipped with mid-elevation spray applicators (MESA). Daily logs are in the 
dataset, “Agronomic Calendars for the Bushland, Texas Sunflower Datasets”21.

Winter wheat was grown on only the NW and SW fields for the 1989–1990 and 1992–1993 seasons, and on 
only the NE and SE fields in the 1991–1992 season. Irrigation was by linear move sprinkler system, and that 

Fig. 1  USDA ARS Bushland, Texas, irrigation, weighing lysimeter, weather, and related facilities in 2012. The 
four fields are arranged in a square, outlined in red in the illustration. The red squares indicate positions of the 
lysimeters.
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system was equipped with various application technologies such as high-pressure impact sprinklers, low pres-
sure spray applicators, and low energy precision applicators (LEPA). Daily logs are in the dataset, “Agronomic 
Calendars for the Bushland, Texas Winter Wheat Datasets”22.

Weighing lysimeter measurement and instrumentation.  Weighing lysimeter calibration confirmed 
accuracy of 0.05 mm or better for data acquired at 5-minute intervals (mean of 300 readings taken on 6-s inter-
vals). Calibration used masses traceable to NIST23. Lysimeters were used to measure mass, which was converted 
to relative soil water storage in mm depth of water considering the density of water and the surface area of the 
lysimeter. Equation 1 presents the soil water balance for calculation of ET in which the change in soil water 
storage (∆S, mm), the precipitation (P, mm), the dew and frost accumulation (DW, mm), the irrigation amount 
(I, mm), the sum of runon and runoff (R, mm), and the subsurface soil water flux into or out of the soil control 
volume (F, mm) are summed to calculate crop evapotranspiration (ET).

S P I F RET DW (1)∆= + + + + +

A weighing lysimeter represents a special case of a soil control volume in which F is controlled. Fields were 
managed to reduce runon and runoff so that in most cases R in fields was negligible. The soil monolith container 
freeboard was approximately 50 mm so that R for a lysimeter was negligible except during infrequent very large 
precipitation events. In the rare event that R was not negligible, data were flagged to indicate that ET data were 
unreliable. The lysimeters were equipped with vacuum drainage systems operating at 1-m water head of suction. 
Drainage was captured in tanks suspended from the lysimeter monolith such that drainage into the tanks did not 
change the mass of the lysimeter, meaning that although drainage into the tanks occurred, the value of F in Eq. 2 
was zero. Tanks were suspended from load cells, the output of which was recorded as drainage into each tank. 
Because drainage into the tanks did not change lysimeter mass, the recorded drainage into the tanks was not 
used in calculating ET using Eq. 2. Drainage under the conditions of these studies was small enough that tanks 
sometimes did not fill during a year. When tanks did fill they were emptied and the change in mass recorded by 
the lysimeter weighing system was converted to an equivalent depth of water, resulting in a negative F value for 
Eq. 2 during the period of tank emptying, which typically was 15 minutes or less.

In addition to the components of the soil water balance shown in Eq. 1, a weighing lysimeter system can 
include virtual components (Eq. 2). These include any additions to or subtractions from the lysimeter mass that 
are not due to water balance components. For example, scale counterweight adjustments (CW) made to keep 
the scale load cell within its operational range cause changes in recorded relative water storage. Occasionally, 
other lysimeter mass changes occur due to operations and maintenance and must be accounted for. These are 
indicated by a “V” flag. Including the virtual components, the water balance equation becomes.

∆= + + + + + + +ET S P DW I F R CW V (2)

Amounts of ET, change in storage, irrigation, precipitation and dew and frost accumulation were determined 
by applying Eq. 2 to changes in relative water storage using a spreadsheet developed for this purpose24,25.

Fig. 2  Photos of some of the crops on a weighing lysimeter showing relative positions of access hatch, rain 
gauge, and micrometeorological masts. (a) Sunflower crop. The rain gauge and access hatch are shown in the 
foreground, and the mast carrying micrometeorolgical instrumentation is shown on the right (north) side 
of the lysimeter, which itself is not visible. The linear move irrigation system is visible in the background. 
(b) Snow covering winter wheat on a lysimeter. Snow is being shoveled off the hatch so that the lysimeter 
inside instrumentation can be accessed. (c) A soybean crop on a weighing lysimeter. Masts carrying 
micrometeorological instrumentation, including infrared thermometers are visible at the corners of the 
lysimeter.
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A suite of micrometeorological instruments was installed at each lysimeter to sense precipitation, wind 
speed, air temperature and humidity, radiant energy (incoming and reflected, typically both shortwave and 
longwave), surface temperature, soil heat flux, and soil temperature, all of which are reported at 15-minute 

Fig. 3  Illustrations of raw lysimeter data (red) in 1997 showing the change of relative storage (mass) over time 
due to various events, and adjusted data (black) after the events are taken into account such that relative storage 
change reflects only evapotranspiration. Vertical dotted lines indicate sunrise and sunset; vertical dashed line 
indicates midnight. (a) Change in relative storage over time on two days of year (DOY) when no events other 
than evapotranspiration and minor dewfall caused changes in lysimeter mass. (b) Illustration of raw lysimeter 
data with a spike due to neutron probe reading on the lysimeter on DOY 175, and an irrigation on DOY 176.  
(c) Change in relative storage over time when a rainfall event continued after midnight until just before dawn on 
DOY 223, and another rainfall occurred before dawn on DOY 224.
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intervals. Instruments used changed from season to season, which is another reason that subsidiary datasets 
and data dictionaries for each season are required. In some years, radiant energy at the soil surface was sensed, 
as well as photosynthetically active radiation (PAR). Tipping bucket rain gauges on fixed-height masts were 
used at each lysimeter to sense precipitation, and data from them are questionable when crop height was greater 
than the gauge orifice height. For this and other reasons discussed in the section on Weather data, precipitation 
data from gauges at the lysimeters are considered only indicative of the occurrence of precipitation and sprin-
kler irrigation, not definitive of amounts of these. The data dictionaries describe the instrument used to sense 
each environmental parameter in each year. Important conventions concerning the data-time correspondence, 
sign conventions, and terminology specific to the USDA ARS, Bushland, TX, field operations are given in the 
resource titled “Conventions for Bushland, TX, Weighing Lysimeter Datasets”.

A separate dataset was developed using more exacting and time-consuming processing of 5-minute lysimeter 
data. This more carefully quality controlled dataset contains 15-minute and daily (midnight to midnight) mean 
values of evapotranspiration, irrigation, precipitation, dew and frost accumulation, and drainage tank emptying 
data. These data are considered the Bushland data of record for ET, irrigation, precipitation, and dew/frost accu-
mulation amounts that would be used for simulation model calibration, testing, improvement, and intercom-
parison. These curated datasets are called the “Evapotranspiration, Irrigation, Dew/frost - Water Balance Data 
for The Bushland, Texas CROP NAME Datasets”, where CROP NAME is either “Alfalfa”, “Soybean”, “Sunflower”, 
or “Winter Wheat”.

Plant growth and yield measurement.  Plant emergence, growth, and yield measurements were made in 
multiple replicate plots in each field, and the number of replicates and sizes of plots did change from year to year 
and so are recorded in the data dictionaries for the datasets named “Growth and Yield Data for the Bushland, 
Texas CROP NAME Datasets”, where CROP NAME is either “Alfalfa”, “Soybean”, “Sunflower”, or “Winter Wheat”. 
Plant stand was measured during and through the completion of emergence to determine the density of plants 
in the machine-planted fields. On an approximately biweekly basis, as determined by weather and other circum-
stances that prevented entrance to the fields, growth stage, plant height, leaf area index, row width (in the case of 
row-planted crops), and above ground biomass were measured in replicate plots in each of the fields, while plant 
height was measured on the weighing lysimeters. Leaf area index and above-ground biomass were determined 
from destructive harvest of all above-ground biomass, which was put into tared plastic bags to prevent water loss, 
and weighed, then separated into leaves and stems and weighed again. Before drying, the leaves were run through 
a digital scanning bed leaf area meter (model LI-3100, LI-COR, Lincoln, Neb. USA), which was frequently cali-
brated using test disks, to determine total leaf area. Leaves and stems were dried at 60 °C until constant mass and 
then weighed again.

Both machine harvest in replicate measured areas in each field and hand harvest in replicate plots in each 
field were accomplished at each cutting of alfalfa and at crop maturity for soybean, sunflower, and winter wheat. 
For hand harvest, the entire above-ground biomass from each replicate plot in the field and from each lysimeter 
was harvested and separated into leaves, stems, pods in the case of soybean, and heads in the cases of sunflower 
and winter wheat, each of which were weighed then dried at 60 °C until constant mass, then weighed again. 
Alfalfa hay was baled (small rectangular bales), and multiple replicate subsamples were taken for forage quality 
analysis. Yields were reported as dry kg/ha. Wheat heads were threshed and grain number, total grain mass, and 
mass per grain were measured. Soybean pods and sunflower heads were threshed and seed grain number, total 
grain mass, and mass per grain were measured. For pulse, seed, and grain crops, harvest index was reported on 
a dry mass basis, and yields are reported as both dry grain Mg/ha and as bushels per acre at standard moisture 
content.

Weather data.  Adjacent to the NE and SE lysimeter fields (Fig. 1), weather data were gathered on a 
0.4-ha flat weather station from replicate calibrated sensors at 2-m and 10-m heights over grass mowed to 
0.12-m height. This was in addition to meteorological data sensed at each lysimeter. The weather station 
grass was irrigated by flood prior to 1994, and by subsurface drip irrigation in 1994 and subsequent years 
and managed to maintain a reference grass surface (well-watered and fertilized, cut to standard height). 
Solar irradiance was sensed with Eppley and LI-COR solar irradiance sensors. Wind speed and direc-
tion were sensed with wind speed and direction sensors at both 2-m and 10-m heights. Relative humid-
ity and air temperature sensors26 were mounted in both a cotton belt shelter and at 2-m height on the 
mast. Precipitation was measured with a tipping bucket rain gauge with 0.20-m orifice and wind screen, 
later replaced with a heated tipping bucket rain gauge. Nonetheless, reported precipitation data were deter-
mined from weighing lysimeter mass increase during the event, converted to an equivalent depth of water. 
Precipitation data from the tipping bucket gauges at the weather station and at the lysimeters were used as 
a check on precipitation data from the weighing lysimeter mass changes, but weighing lysimeter data were 
reported because the weighing lysimeters have a much larger effective orifice (~9 m2 compared with ~0.03 
m2 for the rain gauge), and the lysimeter effective orifice is practically at ground surface so that wind has 
negligible effect on catch, unlike the case for the rain gauges at the weather station and weighing lysimeters. 
The weighing lysimeters typically report larger amounts of precipitation from large, quick storms than do 
the rain gauges, and they also typically are sensitive to small precipitation events that are not recorded by 
the tipping bucket rain gauges on the research station. Because convective thunderstorms common to the 
region have rain shafts that deliver precipitation to relatively small areas, precipitation can vary spatially. 
Therefore, precipitation is reported separately for each of the four lysimeters when available and a mean 
value is reported as well. Rainfall at Bushland comes primarily from these convective thunderstorms, some 
of which occur at night (see Fig. 3), and most of which are of short duration. In general, it is not possible 
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to separate ET from rainfall. There are, however, mitigating factors that lessen the possible error in ET. For 
one, ET at night is often negligible, so not accounting for it during nighttime rainfall events is of little conse-
quence. For another, humidity during extended rainfall events is typically near 100%, limiting transpiration 
and evaporation fluxes due to lack of driving gradient for these fluxes. Models and manufacturers of weather 
station sensors changed over the years as documented in the Excel spreadsheets for each year. Calibrated 
sensors were always used and in most cases sensors were replicated to provide data for quality control 
and gap filling2. Quality control and data gap filling were practiced as reported by Evett et al.12, and data 
are reported on a 15-minute basis for each year in the datasets in “Standard Quality Controlled Research 
Weather Data – USDA-ARS, Bushland, Texas”11.

Data Records
All data records are stored on the USDA ARS National Agricultural Library Ag Data Commons (https://agdata-
commons.nal.usda.gov/) in four dataset collections, one for each species studied. One is named, “The Bushland, 
Texas Alfalfa Datasets” (https://doi.org/10.15482/USDA.ADC/1526356)14; one is named “The Bushland, Texas 
Soybean Datasets” (https://doi.org/10.15482/USDA.ADC/1528779)16; one is named “The Bushland, Texas 
Sunflower Datasets (https://doi.org/10.15482/USDA.ADC/1528066)17; and one is named the “Bushland, Texas 
Winter Wheat Datasets” (https://doi.org/10.15482/USDA.ADC/1527912)18. For each species studied, there are 
six datasets, each containing one or more files:

	 1.	 Agronomic Calendars
	 2.	 Growth and Yield Data
	 3.	 Weighing Lysimeter Data
	 4.	 Evapotranspiration, Irrigation, Dew/frost - Water Balance
	 5.	 Standard Quality Controlled Research Weather Data – USDA-ARS, Bushland, Texas11

	 6.	 Soil Water Content Data for The Bushland, Texas Large Weighing Lysimeter Experiments10

Each dataset and the files in it are described in the following.

Agronomic calendars.  For the alfalfa crops there is one crop calendar spreadsheet for all years, including 
the fall of 1995, which is a resource available as file “1995–1999 Alfalfa Calendar.xlsx”, “Agronomic Calendar for 
the Bushland, Texas Alfalfa Datasets”. For the soybean, sunflower, and winter wheat crops, there is a crop calendar 
for each year for the two east lysimeters (NE and SE), when a crop was grown there, and another calendar for the 
two west lysimeters (NW and SW), when a crop was grown there. The agronomic calendar for each season lists by 
date the agronomic operations on the Bushland, TX, large weighing lysimeters and surrounding fields, including 
tillage, planting, fertilization, pesticide application, furrow diking, irrigations, etc., and also sensor installation, 
sensor reading that might disturb lysimeter operation (neutron probe readings), maintenance operations such 
as emptying drainage tanks, adjusting lysimeter scale counterweights, electronic and electrical maintenance, etc. 
Amounts and kinds of fertilizer and pesticide applications are given with proper chemical names and SI units. 
Calendars are in Excel files consisting of two tabs, the first a data dictionary, and the second containing the 
calendar.

Agronomic Calendars for the Bushland, Texas Soybean Datasets20

Resources in this dataset:

•	 Resource Title: 1995 Bushland, TX, west soybean agronomic calendar. File Name: 1995 West Soybean Cal-
endar(FINAL).xlsx.

•	 Resource Title: 2003 Bushland, TX, east soybean agronomic calendar. File Name: 2003 East Soybean Calen-
dar (FINAL).xlsx.

•	 Resource Title: 2004 Bushland, TX, east soybean agronomic calendar. File Name: 2004 East Soybean Calen-
dar (FINAL).xlsx.

•	 Resource Title: 2010 Bushland, TX, west soybean agronomic calendar. File Name: 2010 West Soybean Cal-
endar(FINAL).xlsx.

•	 Resource Title: 2019 Bushland, TX, east soybean agronomic calendar. File Name: 2019 East Soybean Calen-
dar(FINAL).xlsx.

•	 Resource Title: 2019 Bushland, TX, west soybean agronomic calendar. File Name: 2019 West Soybean Cal-
endar(FINAL).xlsx.

Agronomic Calendars for the Bushland, Texas Sunflower Datasets21

Resources in this dataset:

•	 Resource Title: 2009 Bushland, TX, east sunflower agronomic calendar. File Name: 2009 East Sunflower Cal-
endar.xlsx.

•	 Resource Title: 2011 Bushland, TX, east sunflower agronomic calendar. File Name: 2011 East Sunflower Cal-
endar.xlsx.

Agronomic Calendars for the Bushland, Texas Winter Wheat Datasets22

https://doi.org/10.1038/s41597-025-06225-9
https://agdatacommons.nal.usda.gov/
https://agdatacommons.nal.usda.gov/
https://doi.org/10.15482/USDA.ADC/1526356
https://doi.org/10.15482/USDA.ADC/1528779
https://doi.org/10.15482/USDA.ADC/1528066
https://doi.org/10.15482/USDA.ADC/1527912
https://agdatacommons.nal.usda.gov/articles/dataset/Standard_Quality_Controlled_Research_Weather_Data_USDA-ARS_Bushland_Texas/25012460
https://agdatacommons.nal.usda.gov/articles/dataset/Soil_Water_Content_Data_for_The_Bushland_Texas_Large_Weighing_Lysimeter_Experiments/24855858
https://agdatacommons.nal.usda.gov/articles/dataset/The_Bushland_Texas_Alfalfa_Datasets/24855993
https://agdatacommons.nal.usda.gov/articles/dataset/The_Bushland_Texas_Alfalfa_Datasets/24855993
https://doi.org/10.15482/USDA.ADC/1528741
https://doi.org/10.15482/USDA.ADC/1528067
https://doi.org/10.15482/USDA.ADC/1527915


7Scientific Data |         (2025) 12:1947  | https://doi.org/10.1038/s41597-025-06225-9

www.nature.com/scientificdatawww.nature.com/scientificdata/

Resources in this dataset:

•	 Resource Title: 1989–1990 Bushland, TX, west winter wheat agronomic calendar. File Name: 1989–1990 West 
Wheat Calendar.xlsx.

•	 Resource Title: 1991–1992 Bushland, TX, west winter wheat agronomic calendar. File Name: 1991–1992 East 
Wheat Calendar.xlsx.

•	 Resource Title: 1998 Bushland, TX, east alfalfa growth and yield data. File Name: 1998_alfalfa_plant_
growth_&_yield.xlsx.

Growth and yield data.  Growth and yield data are contained in Excel files containing several tabs that list 
by date, field, and replicate number: crop growth [plant height, row width (for row crops), leaf area index, biomass 
(undried and dried), growth stage, etc.]; head or pod mass if present; population density; machine yield by field 
location; and hand (manual) harvest data per replicated plot (total biomass, dry yield, yield at standard moisture 
content). There was one growth and yield file for each year for the east (NE and SE) fields combined when a crop 
was grown on the east fields and one growth and yield file for the west (NW and SW) fields combined when a 
crop was grown on the west fields. Protocols for plant measurements and growth staging changed over the years, 
requiring different data dictionaries for different growing seasons. Protocols are explained in data dictionary tabs 
that precede each data tab. Data dictionaries explain the header for each column of data in the like-named data 
tab. Explanations include units of measure, plot size or row length sampled, and any pertinent methodological 
information. Data are from replicate (n = 3 or greater) samples in the field and non-destructive (except for final 
harvest) measurements on the weighing lysimeters. In most cases yield data are available from both manual sam-
pling on replicate plots in each field and from machine harvest. The data dictionary and data tabs are preceded 
by an introduction tab that explains the other tab names and contents, team members, pertinent references, and 
conventions. Data are intermittent, meaning that if measurements were not taken on a date, then there is no date 
or data entry in the file.

Growth and Yield Data for the Bushland, Texas Alfalfa Datasets
(https://doi.org/10.15482/USDA.ADC/1526355)27

Resources in this dataset:

•	 Resource Title: 1996 Bushland, TX, east alfalfa growth and yield data. File Name: 1996_alfalfa_plant_
growth_&_yield.xlsx.

•	 Resource Title: 1997 Bushland, TX, east alfalfa growth and yield data. File Name: 1997_alfalfa_plant_
growth_&_yield.xlsx.

•	 Resource Title: 1998 Bushland, TX, east alfalfa growth and yield data. File Name: 1998_alfalfa_plant_
growth_&_yield.xlsx.

•	 Resource Title: 1999 Bushland, TX, east alfalfa growth and yield data. File Name: 1999_alfalfa_plant_
growth_&_yield.xlsx.

Growth and Yield Data for the Bushland, Texas Soybean Datasets
(https://doi.org/10.15482/USDA.ADC/1528670)28

Resources in this dataset:

•	 Resource Title: 1995 Bushland, TX, west soybean growth and yield data. File Name: 1995 West Soybean_
Growth_and_Yield-V2.xlsx.

•	 Resource Title: 2003 Bushland, TX, east soybean growth and yield data. File Name: 2003 East Soybean_
Growth_and_Yield-V2.xlsx.

•	 Resource Title: 2004 Bushland, TX, east soybean growth and yield data. File Name: 2004 East Soybean_
Growth_and_Yield-V2.xlsx.

•	 Resource Title: 2010 Bushland, TX, west soybean growth and yield data. File Name: 2010 West Soybean_
Growth_and_Yield-V2.xlsx.

•	 Resource Title: 2019 Bushland, TX, east soybean growth and yield data. File Name: 2019 East Soybean_
Growth_and_Yield-V2.xlsx.

•	 Resource Title: 2019 Bushland, TX, west soybean growth and yield data. File Name: 2019 West Soybean_
Growth_and_Yield-V2.xlsx.

Growth and Yield Data for the Bushland, Texas Sunflower Datasets
(https://doi.org/10.15482/USDA.ADC/1528072)29

Resources in this dataset:

•	 Resource Title: 2009 Bushland, TX, east sunflower growth and yield data. File Name: 2009_East_Sunflower_
Growth_and_Yield.xlsx.

•	 Resource Title: 2011 Bushland, TX, east sunflower growth and yield data. File Name: 2011_East_Sunflower_
Growth_and_Yield.xlsx.
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Growth and Yield Data for the Bushland, Texas Winter Wheat Datasets
(https://doi.org/10.15482/USDA.ADC/1527918)30

Resources in this dataset:

•	 Resource Title: 1989–1990 Bushland, TX, west winter wheat growth and yield data. File Name: 1989–1990_
West_Wheat_Growth_and_Yield.xlsx.

•	 Resource Title: 1991–1992 Bushland, TX, east winter wheat growth and yield data. File Name: 1991–1992_
East_Wheat_Growth_and_Yield.xlsx.

•	 Resource Title: 1992–1993 Bushland, TX, west winter wheat growth and yield data. File Name: 1992–
1993_W_Wheat_Growth_and_Yield.xlsx.

Weighing lysimeter data.  This dataset contains lysimeter soil water storage and drainage data, which 
are converted to equivalent depth of water per unit area from lysimeter mass data, as well as data from in-soil 
and above-soil sensors. Each lysimeter was equipped with a suite of instruments to sense lysimeter mass, 
wind speed, air temperature and relative humidity, components of the radiation balance (e.g., net radiation, 
incoming and reflected shortwave, photosynthetically active radiation (PAR) in some years, incoming and 
upwelling longwave, thermal infrared emitted by the plant/soil surface), soil heat flux, soil temperature, and 
soil volumetric water content at certain depths (in later years). Data are on 5-minute, 15-minute, or daily basis 
for all days of the year with missing data indicated by #N/A. Although a quality control process was used, the 
evapotranspiration (ET) data in this dataset are considered raw data. Advanced algorithms for detection of 
precipitation, dew and frost were applied in a separate process to determine higher quality ET values that are 
reported in files in datasets titled in part “Evapotranspiration and Water Balance Data” (see following sec-
tion). Those files have “water-balance” in their names. Not all properties were always sensed in any one year; 
and instruments used changed from season to season, which are reasons that subsidiary datasets and data 
dictionaries for each season are required.

There is one file for each year for the east (NE and SE) lysimeters combined when a crop was grown there 
and one file for each year for the west (NW and SW) lysimeters when a crop was grown on the west fields 
and lysimeters. Data are in Excel files consisting of an introductory tab followed by data dictionary and data 
tabs. The data tab for 5-minute data contains only data that were reported on a 5-minute mean basis, typically 
lysimeter relative water storage, standard deviation of same, rain gauge data, again in mm equivalent depth 
of water. In the 5-minute data tab, there are columns for data flags for water storage values for each lysimeter, 
and the meaning of the flags is given in the introductory tab. These flags typically indicate the occurrences of 
precipitation, dew or frost accumulation, lysimeter counterweight adjustment, lysimeter maintenance, drain-
age tank emptying, and other occurrences that would have influenced the lysimeter mass other than the evap-
otranspiration process itself. A tab for 15-minute mean data values contains data for lysimeter relative water 
storage and all other data from sensors in and above the lysimeter. A daily tab contains daily mean or total 
data for the same sensors and the corresponding data dictionary explains the units of measure, instruments 
used, and methods used. The daily data tab is followed by several tabs that are used for data visualization and 
do not contain data.

Weighing Lysimeter Data for The Bushland, Texas Alfalfa Datasets
(https://doi.org/10.15482/USDA.ADC/1526357)31

Resources in this dataset:

•	 Resource Title: 1996 Bushland, TX, East Alfalfa Weighing Lysimeter and Microclimate Data. File Name: 
1996_Alfalfa_E_Lys_ClimDat.xlsx.

•	 Resource Title: 1997 Bushland, TX, East Alfalfa Weighing Lysimeter and Microclimate Data. File Name: 
1997_Alfalfa_E_Lys_ClimDat.xlsx.

•	 Resource Title: 1998 Bushland, TX, East Alfalfa Weighing Lysimeter and Microclimate Data. File Name: 
1998_Alfalfa_E_Lys_ClimDat.xlsx.

•	 Resource Title: 1999 Bushland, TX, East Alfalfa Weighing Lysimeter and Microclimate Data. File Name: 
1999_Alfalfa_E_Lys_ClimDat.xlsx.

Weighing Lysimeter Data for The Bushland, Texas Soybean Datasets
(https://doi.org/10.15482/USDA.ADC/1528684)32

Resources in this dataset:

•	 Resource Title: 1995 Bushland, TX, West Soybean Weighing Lysimeter and Microclimate Data. File Name: 
1995_Soybean_W_Lys_ClimDat(FINAL).xlsx.

•	 Resource Title: 2003 Bushland, TX, East Soybean Weighing Lysimeter and Microclimate Data. File Name: 
2003_Soybean E_Lys_ClimDat(FINAL).xlsx.

•	 Resource Title: 2004 Bushland, TX, East Soybean Weighing Lysimeter and Microclimate Data. File Name: 
2004_Soybean E_Lys_ClimDat(FINAL).xlsx.
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•	 Resource Title: 2010 Bushland, TX, West Soybean Weighing Lysimeter and Microclimate Data. File Name: 
2010_Soybean_W_Lys_ClimDat(FINAL).xlsx.

•	 Resource Title: 2019 Bushland, TX, East Soybean Weighing Lysimeter and Microclimate Data. File Name: 
2019_Soybean_E_Lys_ClimDat(FINAL).xlsx.

•	 Resource Title: 2019 Bushland, TX, West Soybean Weighing Lysimeter and Microclimate Data. File Name: 
2019_Soybean_W_Lys_ClimDat(FINAL).xlsx.

Weighing Lysimeter Data for The Bushland, Texas Sunflower Datasets
(https://doi.org/10.15482/USDA.ADC/1528074)33

Resources in this dataset:

•	 Resource Title: 2009 Bushland, TX, East Sunflower Weighing Lysimeter and Microclimate Data. File Name: 
2009_East_Sunflower_Lys_ClimDat.xlsx.

•	 Resource Title: 2011 Bushland, TX, East Sunflower Weighing Lysimeter and Microclimate Data. File Name: 
2011_East_Sunflower_Lys_ClimDat.xlsx.

Weighing Lysimeter Data for The Bushland, Texas Winter Wheat Datasets
(https://doi.org/10.15482/USDA.ADC/1527916)34

Resources in this dataset:

•	 Resource Title: 1989 Bushland, TX, West Winter Wheat Weighing Lysimeter and Microclimate Data. File 
Name: 1989_Wheat W_Lys_ClimDat.xlsx.

•	 Resource Title: 1990 Bushland, TX, West Winter Wheat Weighing Lysimeter and Microclimate Data. File 
Name: 1990_Wheat W_Lys_ClimDat.xlsx.

•	 Resource Title: 1991 Bushland, TX, East Winter Wheat Weighing Lysimeter and Microclimate Data. File 
Name: 1991_Wheat_E_Lys_ClimDat.xlsx.

•	 Resource Title: 1992 Bushland, TX, East Winter Wheat Weighing Lysimeter and Microclimate Data. File 
Name: 1992_Wheat_E_Lys_ClimDat.xlsx.

•	 Resource Title: 1992 Bushland, TX, West Winter Wheat Weighing Lysimeter and Microclimate Data. File 
Name: 1992_Wheat_W_Lys_ClimDat.xlsx.

•	 Resource Title: 1993 Bushland, TX, West Winter Wheat Weighing Lysimeter and Microclimate Data. File 
Name: 1993_Wheat_W_Lys_ClimDat.xlsx.

Evapotranspiration, Irrigation, Dew/frost - Water Balance Data.  Values in the water balance data-
sets are the result of a rigorous quality control process involving algorithms for detecting dew/frost accumula-
tions, and precipitation (rain and snow)24,25. The ET, precipitation, and irrigation data in this dataset should be 
considered to be the most accurate values offered in these datasets. Even though ET data are also presented in the 
“lysimeter” datasets, the values herein are the result of a more rigorous quality control process. The water balance 
data consist of 15-minute and daily amounts of evapotranspiration (ET), dew/frost accumulation, precipitation 
(rain/snow), irrigation, scale counterweight adjustment, and emptying of drainage tanks, all in mm equivalent 
depth of water. There are separate data tabs for the daily and 15-minute data, and a third data tab that gives irri-
gation amounts and irrigation application method for each date on which irrigation was applied. A data diction-
ary for each data tab explains units of measurement, methods of measurement, methods of irrigation, or other 
information pertinent to each data column header. Changes in lysimeter mass due to emptying of drainage tanks, 
counterweight adjustment, maintenance activity, and harvest are accounted for such that ET values are minimally 
affected. Dew and frost accumulation varies from year to year and seasonally within a year, and it is affected by 
lysimeter surface condition [bare soil, tillage condition, residue amount and orientation (flat or standing), etc.]. 
Particularly during winter and depending on humidity and cloud cover, dew and frost accumulation sometimes 
accounts for an appreciable percentage of total daily ET. An introductory tab explains the other tabs, gives lists of 
authors and references, and explains conventions and symbols used. It also lists instruments and data recorders 
used, and longitude and latitude of lysimeter assets, weather station, and field corners. There is one file for each 
year for the east (NE and SE) fields combined.

Evapotranspiration, Irrigation, Dew/frost - Water Balance Data for The Bushland, Texas Alfalfa Datasets
(https://doi.org/10.15482/USDA.ADC/1526370)35

Resources in this dataset:

•	 Resource Title: 1996 Bushland, TX. East Alfalfa Evapotranspiration, Irrigation, and Water Balance Data. File 
Name: 1996_alfalfa_water_balance.xlsx

•	 Resource Title: 1997 Bushland, TX. East Alfalfa Evapotranspiration, Irrigation, and Water Balance Data. File 
Name: 1997_alfalfa_water_balance.xlsx

•	 Resource Title: 1998 Bushland, TX. East Alfalfa Evapotranspiration, Irrigation, and Water Balance Data. File 
Name: 1998_alfalfa_water_balance.xlsx
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•	 Resource Title: 1999 Bushland, TX. East Alfalfa Evapotranspiration, Irrigation, and Water Balance Data. File 
Name: 1999_alfalfa_water_balance.xlsx

Evapotranspiration, Irrigation, Dew/frost - Water Balance Data for The Bushland, Texas Soybean Datasets
(https://doi.org/10.15482/USDA.ADC/1528713)26

Resources in this dataset:

•	 Resource Title: 1995 Bushland, TX, West Soybean Evapotranspiration, Irrigation, and Water Balance Data. 
File Name: 1995_W_Soybean_water_balance.xlsx

•	 Resource Title: 2003 Bushland, TX, East Soybean Evapotranspiration, Irrigation, and Water Balance Data. 
File Name: 2003_E_Soybean_water_balance.xlsx

•	 Resource Title: 2004 Bushland, TX, East Soybean Evapotranspiration, Irrigation, and Water Balance Data. 
File Name: 2004_E_Soybean_water_balance.xlsx

•	 Resource Title: 2010 Bushland, TX, West Soybean Evapotranspiration, Irrigation, and Water Balance Data. 
File Name: 2010_W_Soybean_water_balance.xlsx

•	 Resource Title: 2019 Bushland, TX, East Soybean Evapotranspiration, Irrigation, and Water Balance Data. 
File Name: 2019_E_Soybean_water_balance.xlsx

•	 Resource Title: 2019 Bushland, TX, West Soybean Evapotranspiration, Irrigation, and Water Balance Data. 
File Name: 2019_W_Soybean_water_balance.xlsx

Evapotranspiration, Irrigation, Dew/frost - Water Balance Data for The Bushland, Texas Sunflower Datasets
(https://doi.org/10.15482/USDA.ADC/1528081)36

Resources in this dataset:

•	 Resource Title: 2009 Bushland, TX. East Sunflower Evapotranspiration, Irrigation, and Water Balance Data. 
File Name: 2009_E_Sunflower_water_balance.xlsx

•	 Resource Title: 2011 Bushland, TX. East Sunflower Evapotranspiration, Irrigation, and Water Balance Data. 
File Name: 2011_E_Sunflower_water_balance.xlsx

Evapotranspiration, Irrigation, Dew/frost - Water Balance Data for The Bushland, Texas Winter Wheat 
Datasets

(https://doi.org/10.15482/USDA.ADC/1527917)37

Resources in this dataset:

•	 Resource Title: 1989 Bushland, TX. West Winter Wheat Evapotranspiration, Irrigation, and Water Balance 
Data. File Name: 1989_W_Wheat_water_balance.xlsx

•	 Resource Title: 1990 Bushland, TX. West Winter Wheat Evapotranspiration, Irrigation, and Water Balance 
Data. File Name: 1990_W_Wheat_water_balance.xlsx

•	 Resource Title: 1991 Bushland, TX. East Winter Wheat Evapotranspiration, Irrigation, and Water Balance 
Data. File Name: 1991_E_Wheat_water_balance.xlsx

•	 Resource Title: 1992 Bushland, TX. East Winter Wheat Evapotranspiration, Irrigation, and Water Balance 
Data. File Name: 1992_E_Wheat_water_balance.xlsx

•	 Resource Title: 1992 Bushland, TX. West Winter Wheat Evapotranspiration, Irrigation, and Water Balance 
Data. File Name: 1992_W_Wheat_water_balance.xlsx

•	 Resource Title: 1993 Bushland, TX. West Winter Wheat Evapotranspiration, Irrigation, and Water Balance 
Data. File Name: 1993_W_Wheat_water_balance.xlsx

Quality controlled weather data.  Quality-controlled12 weather data for all days in each year, either as 
15-minute means or totals, are available in these datasets from the USDA-ARS Conservation and Production 
Laboratory (CPRL), Soil and Water Management Research Unit (SWMRU) research weather station, Bushland, 
Texas (Lat. 35.186714°, Long. −102.094189°, elevation 1170 m above MSL). The data are from sensors placed at 
2-m height over a level, grass surface mowed to not exceed 0.12-m height and irrigated and fertilized to maintain 
reference conditions15,38. Irrigation was by surface flood in 1989 through 1994, and by subsurface drip irriga-
tion after 1994. The primary paper12 describes details of the sensors used and methods of testing, calibration, 
inter-comparison, and use. Sensors were replicated and intercompared between replicates and with data from 
nearby weather stations, which were sometimes used for gap filling. Data from a duplicate sensor were used to 
fill gaps in data from the primary sensor using appropriate regression relationships. Gap filling was also accom-
plished using sensors deployed at one of the four large weighing lysimeters immediately west of the weather 
station or using sensors at other nearby stations when reliable regression relationships could be developed. An 
important secondary station is the CPRL National Weather Service station. The weather data include air temper-
ature (°C) and relative humidity (%)39, wind speed (m s−1), solar irradiance (W m−2), barometric pressure (kPa), 
and precipitation (rain and snow in mm). Because the large (3 m by 3 m surface area) weighing lysimeters are 
better rain gages than are tipping bucket gages, the 15-minute precipitation data are derived for each lysimeter 
from changes in lysimeter mass.
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There is a separate Excel file containing data for each year. An introductory tab explains what are in the other 
tabs, lists authors and references, explains conventions and symbols, lists instrumentation used, including for 
the CPRL National Weather Service station, and gives the latitude and longitude of stations. The “15-minute 
weather” tab gives solar irradiance, air temperature and humidity, wind speed, air pressure, the precipitation at 
each of the four lysimeters and a mean precipitation value. The “daily precip. data” tab gives precipitation from 
each lysimeter and the mean precipitation for every day of the year. A data dictionary precedes each data tab. 
Additional tabs are included for data visualization, including a graphical representation of missing data, and a 
graphical representation of the weather data in 5-day segments as chosen by the user.

Standard Quality Controlled Research Weather Data – USDA-ARS, Bushland, Texas
(https://doi.org/10.15482/USDA.ADC/1526433)11

Resources in this dataset (only files for the years in which alfalfa, soybean, and winter wheat were grown are 
listed):

•	 Resource Title: 1989 Bushland, TX, standard 15-minute weather data. File Name: 1989_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 1990 Bushland, TX, standard 15-minute weather data. File Name: 1990_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 1991 Bushland, TX, standard 15-minute weather data. File Name: 1991_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 1992 Bushland, TX, standard 15-minute weather data. File Name: 1992_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 1993 Bushland, TX, standard 15-minute weather data. File Name: 1993_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 1995 Bushland, TX, standard 15-minute weather data. File Name: 1995_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 1996 Bushland, TX, standard 15-minute weather data. File Name: 1996_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 1997 Bushland, TX, standard 15-minute weather data. File Name: 1997_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 1998 Bushland, TX, standard 15-minute weather data. File Name: 1998_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 1999 Bushland, TX, standard 15-minute weather data. File Name: 1999_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 2003 Bushland, TX, standard 15-minute weather data. File Name: 2003_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 2004 Bushland, TX, standard 15-minute weather data. File Name: 2004_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 2009 Bushland, TX, standard 15-minute weather data. File Name: 2009_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 2010 Bushland, TX, standard 15-minute weather data. File Name: 2010_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 2011 Bushland, TX, standard 15-minute weather data. File Name: 2011_15-min_weather_
SWMRU_CPRL.xlsx.

•	 Resource Title: 2019 Bushland, TX, standard 15-minute weather data. File Name: 2019_15-min_weather_
SWMRU_CPRL.xlsx.

Soil water content data.  For each year, a dataset in an Excel spreadsheet contains soil water content data 
developed from neutron probe readings taken in access tubes in each of the four large, precision weighing lysim-
eters and in the fields surrounding each lysimeter. Readings were taken periodically with a field-calibrated13,40,41 
neutron probe at depths from 0.10 m to 2.30 m (maximum of 1.90 m depth in the lysimeters) in 0.20-m depth 
increments. Field calibrations in the Pullman soil series were done every few years. Calibrations typically pro-
duced a regression equation with RMSE ≤ 0.01 m3 m3.42 Data were used to guide irrigation scheduling to achieve 
full or deficit irrigation as required by the experimental design. Periods between readings were typically one to 
two weeks, sometimes longer according to experimental design, need for data, and weather that could prevent 
entry into the field. Data may be used to calculate the soil profile water content in mm of water from the surface 
to the maximum depth of reading. Profile water content differences between reading times in the same access 
tube are considered the change in soil water storage (∆S, mm) during the period in question and may be used 
to compute evapotranspiration (ET) using Eq. 1 with accuracy comparable to that for the weighing lysimeter for 
periods of a week or longer43.

Spreadsheets have several tabs, not all of which are data tabs; each data tab is preceded by a data dictionary 
tab explaining the measurement units and method for each column of data. The first tab is an introductory tab 
explaining the other tabs, listing the authors, and key references and listing conventions and explaining sym-
bols. The first data tab gives profile water contents in the top 1.5 m of soil and also in the profile to 2.4-m depth. 
Profile water contents are given as mean values for each lysimeter (mean of readings in two access tubes) and 
field (from four to eight access tubes depending on the year, more for later years). Profile water contents are also 
given as mean values for every two access tubes in the field. There are two files for each year, one for east (NE 
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Fig. 4  Illustrations of raw lysimeter data (red) in 2003 showing the change of relative storage (mass) over time 
due to various events, and adjusted data (black) after the events are taken into account such that relative storage 
change reflects only evapotranspiration (ET). Vertical dotted lines indicate sunrise and sunset; vertical dashed 
line indicates midnight. (a) Change in relative storage over time on two days of year (DOY) when no events 
other than ET caused changes in lysimeter mass. Nighttime ET was evident. (b) Illustration of raw lysimeter 
data with a spike on DOY 73 when work on the lysimeter caused the spike and a resulting small increase in 
lysimeter mass (relative storage). Also shown are nighttime increases in relative storage due to dewfall. The 
adjusted relative storage accounted for both sources of mass increase. (c) Change in relative storage over time 
when work on the lysimeter caused two spikes on DOY 209, and an irrigation followed by a small precipitation 
event caused increases in raw relative storage on DOY 210. The adjusted relative storage accounted for all these 
events.
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and SE) fields, and one for west (NW and SW) fields. Depthwise soil volumetric water content (VWC) values 
are given in a tab for each day of reading, each depth, and each access tube number. The profile water content 
data are synthesized from these depthwise data. A “Tube Map” tab gives the location for each access tube by its 
number. Locations are relative to the fields and lysimeters and in later years are given in latitude and longitude. 
A “Graph” tab allows visualization of the data with one graph for each access tube illustrating the data for all 
dates of measurement.

Soil Water Content Data for The Bushland, Texas Large Weighing Lysimeter Experiments
(https://doi.org/10.15482/USDA.ADC/1526332)10

Resources in this dataset (only files for the season years in which alfalfa, soybean, and winter wheat were 
grown are listed):

•	 Resource Title: 1989–90 Bushland, TX, west winter wheat volumetric soil water content data. File Name: 
1989–90_West_Winter-Wheat_Soil-water.xlsx

•	 Resource Title: 1991–92 Bushland, TX, east winter wheat volumetric soil water content data. File Name: 
1991–92_East_Winter-Wheat_Soil-water.xlsx

•	 Resource Title: 1992–93 Bushland, TX, west winter wheat volumetric soil water content data. File Name: 
1992–93_West_Winter-Wheat_Soil-water.xlsx

•	 Resource Title: 1995 Bushland, TX, west soybean volumetric soil water content data. File Name: 1995_West_
Soybean_Soil-water_0.xlsx

•	 Resource Title: 1996 Bushland, TX, east alfalfa volumetric soil water content data. File Name: 1996_East_
Alfalfa_Soil-water (1).xlsx

•	 Resource Title: 1997 Bushland, TX, east alfalfa volumetric soil water content data. File Name: 1997_East_
Alfalfa_Soil-water_0.xlsx

•	 Resource Title: 1998 Bushland, TX, east alfalfa volumetric soil water content data. File Name: 1998_East_
Alfalfa_Soil-water_0.xlsx

•	 Resource Title: 1999 Bushland, TX, east alfalfa volumetric soil water content data. File Name: 1999_East_
Alfalfa_Soil-water_0.xlsx

•	 Resource Title: 2003 Bushland, TX, east soybean volumetric soil water content data. File Name: 2003_East_
Soybean_Soil-water.xlsx

•	 Resource Title: 2004 Bushland, TX, east soybean volumetric soil water content data. File Name: 2004_East_
Soybean_Soil-water.xlsx

•	 Resource Title: 2009 Bushland, TX, east sunflower volumetric soil water content data. File Name: 2009_East_
Sunflower_Soil-water.xlsx

•	 Resource Title: 2010 Bushland, TX, west soybean volumetric soil water content data. File Name: 2010_West_
Soybean_Soil-water.xlsx

•	 Resource Title: 2011 Bushland, TX, east sunflower volumetric soil water content data. File Name: 2011_East_
Sunflower_Soil-water.xlsx

•	 Resource Title: 2019 Bushland, TX, east soybean volumetric soil water content data. File Name: 2010_East_
Soybean_Soil-water.xlsx

•	 Resource Title: 2019 Bushland, TX, west soybean volumetric soil water content data. File Name: 2019_West_
Soybean_Soil-water.xlsx

Technical Validation
Several studies have aimed to improve and maintain quality of the Bushland datasets. Weighing lysimeter 
accuracy ranging from 0.01- to 0.05-mm equivalent water depth has been demonstrated in published calibra-
tion results44,45. Determination of soil water content depended on methods of use and calibration for neutron 
probes developed at Bushland and widely reported in journal articles13,39,46 and book chapters41,47–49. The use 
of the neutron probe to accurately determine the profile water content from the soil surface to various depths 
and the equivalency of weighing lysimeter ET to that calculated from neutron probe based soil water balance 
for periods of a week or longer was demonstrated43,44. There is a question of how representative weighing 
lysimeter ET is of field ET because weighing lysimeters represent a relatively small surface area compared to 
the much larger field. It was demonstrated that a network of neutron probe access tubes in the field around 
a lysimeter could be used to show that the lysimeter ET was representative of the field ET when crop cover 
on the lysimeter was essentially the same as that in the field44. Other than changes due to evapotranspiration 
(ET), lysimeter apparent relative water storage will change due to irrigation, precipitation, dew or frost accu-
mulation, scale counterweight adjustments, work on the lysimeter such as neutron probe readings, and other 
events. Correcting for these non-ET apparent storage changes allows ET to be calculated from the corrected 
lysimeter storage. As partially illustrated in Fig. 3, methods for detecting these events and making the cor-
rections were developed and documented12,24,25.

A year-long sequence of 5-minute lysimeter storage data is contained in an example spreadsheet20 availa-
ble on the Ag Data Commons to demonstrate the algorithms and calculations made to correct all the events 
illustrated in Figs. 3 & 4. These and other corrections are discussed in the 10 papers cited in the spreadsheet 
posting. In addition to or in lieu of the data processing steps described herein, several lysimeter data process-
ing schemes have been published, all of which included some form of quality control and event flagging steps. 
Five steps were included in one scheme: a manual filter (e.g., removal of I, P, or maintenance events), threshold 
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filter (e.g., removal of spikes), median filter (single outliers or smaller spikes), smoothing (moving average with 
15-min window), and oscillation threshold filter (further smoothing), where interpolation was used to fill gaps 
following the manual filter and threshold filter steps50. Another scheme51 used Savitsky-Golay52 smoothing of 
lysimeter storage and its first derivative, which is ET, after a manual filtering step. Some schemes assumed that P 
and ET do not occur simultaneously, so that gap filling of ET was not required during P events53–56. These latter 
schemes were developed for non-irrigated bare soil or natural vegetated surfaces. Our methods may be more 
time consuming because they require user intervention to apply flags and correct automatically assigned flags 
where necessary. However, we consider our methods to be superior because they do not lose detailed informa-
tion through application of smoothing.

At two or more weather stations, multiple redundant measurements were made of important properties 
(air temperature and RH, wind speed and solar irradiance) for intercomparison and replacement of faulty 
or missing data. Quality assurance and control were also achieved through calibration of relative humidity 
sensors (using salt solutions and a calibration chamber)39,57, soil heat flux plates58, radiation sensors (rou-
tinely sent to manufacturers for calibration), anemometers (in a test stand), and tipping-bucket rain gauges 
(comparison to lysimeter mass change and to U.S. Weather Bureau standard rain gauges). Solar irradiance 
is compared to theoretical clear-sky radiation both to gauge sensor performance and to check on data time 
stamping12,45.

Replicate (n = 3 or more) plots randomly assigned in each field were used for plant growth and yield sam-
pling and observation. Individual values were reported so that mean and standard deviation values could be 
computed and statistical analysis applied. Alfalfa plant growth stages were observed on the replicate plots and 
recorded according to the Kalu and Fick growth scale59. Soybean plant growth stages were observed and record-
ing according to Berglund et al.60. Sunflower growth stages were assessed and recorded as vegetative or growth 
stages61. Winter wheat growth stages were observed on the replicate plots and recorded according to the Feekes 
growth scale62. Harvest index was calculated from grain yield and above ground biomass values, in part as a 
check against values reported in the literature to assess systematic errors4.

Usage Notes
A number of papers document efforts using these datasets to intercompare, test and improve reference evapo-
transpiration models15,63–66, to develop crop coefficients for estimation of crop water use in combination with 
a reference evapotranspiration model3–6,67, and to intercompare, test and calibrate simulation models of crop 
growth, energy and water balance, water use (ET), and yield8,68–70. Soil property values, necessary for simulation 
modelling, are available as a resource (Bushland_TX_soil_properties.xlsx) in the alfalfa dataset collection14. 
Care was taken to ensure that lysimeter ET data were representative of the 4.4 ha fields within which each lysim-
eter was centered. Satellite data with 100-m or smaller pixels thus may be suitable for use with the lysimeter 
data in testing and calibration of models based on satellite data, and they have been so used. Nevertheless, the 
data pertain to the specific location, soil, climate, cultivar, and agronomic practices described in the data sets. 
Extrapolation to other climates, soils, cultivars, and practices should be done with care. Individual fields were 
square and somewhat larger than 210 m in width and length, so care should be used when combining satellite 
data with these data if satellite image pixels are large. Observations of air temperature and relative humidity, 
wind speed, and solar irradiance taken at the lysimeters should not be used as weather input for simulation 
models; rather, weather data observed under standard conditions at the research weather station should be used 
as input to simulation models.

Data availability
All data records are stored on the USDA ARS National Agricultural Library Ag Data Commons (https://
agdatacommons.nal.usda.gov/) in four dataset collections, one for each species studied. For alfalfa (Medicago 
sativa L.), the collection is named, “The Bushland, Texas Alfalfa Datasets” (https://doi.org/10.15482/USDA.
ADC/1526356)14. For soybean (Glycine max (L.) Merr.), the collection is named “The Bushland, Texas Soybean 
Datasets” (https://doi.org/10.15482/USDA.ADC/1528779)16. For sunflower (Helianthus annuus L.), the 
collectdion is named The Bushland, Texas Sunflower Datasets (https://doi.org/10.15482/USDA.ADC/1528066)17. 
For winter wheat (Triticum aestivum, L.), the collection is named the “Bushland, Texas Winter Wheat Datasets” 
(https://doi.org/10.15482/USDA.ADC/1527912)18. There are six datasets for each species studied, each containing 
one or more files:

1. Agronomic Calendars for alfalfa14, soybean20, sunflower21, and winter wheat22

2. Growth and Yield Data for alfalfa27, soybean28, sunflower29, and winter wheat30

3. Weighing Lysimeter Data for alfalfa31, soybean32, sunflower33, and winter wheat34

4. �Evapotranspiration, Irrigation, Dew/frost - Water Balance data for alfalfa35, soybean26, sunflower36, and winter 
wheat37

5. Standard Quality Controlled Research Weather Data – USDA-ARS, Bushland, Texas11

6. Soil Water Content Data for The Bushland, Texas Large Weighing Lysimeter Experiments10.

Each dataset and the files in it are described in the preceding sections. Soil property values needed for simula-
tion modelling are available as a resource (Bushland_TX_soil_properties.xlsx) in the alfalfa dataset collection14. 
The spreadsheet used to analyse weighing lysimeter water storage data and produce values of evapotranspira-
tion, dew and frost accumulation, irrigation, and precipitation amounts is available on the USDA ARS NAL Ag 
Data Commons (https://doi.org/10.15482/USDA.ADC/26898151)71.

https://doi.org/10.1038/s41597-025-06225-9
https://agdatacommons.nal.usda.gov/
https://agdatacommons.nal.usda.gov/
https://doi.org/10.15482/USDA.ADC/1526356)
https://doi.org/10.15482/USDA.ADC/1526356)
https://doi.org/10.15482/USDA.ADC/1528779
https://doi.org/10.15482/USDA.ADC/1528066
https://doi.org/10.15482/USDA.ADC/1527912)
https://agdatacommons.nal.usda.gov/articles/dataset/Standard_Quality_Controlled_Research_Weather_Data_USDA-ARS_Bushland_Texas/25012460
https://agdatacommons.nal.usda.gov/articles/dataset/Soil_Water_Content_Data_for_The_Bushland_Texas_Large_Weighing_Lysimeter_Experiments/24855858
https://doi.org/10.15482/USDA.ADC/26898151


1 5Scientific Data |         (2025) 12:1947  | https://doi.org/10.1038/s41597-025-06225-9

www.nature.com/scientificdatawww.nature.com/scientificdata/

Code availability
A custom Excel spreadsheet was used to identify changes in apparent lysimeter water storage caused by other 
than evapotranspiration (ET) and to correct the lysimeter water storage so that it reflected only ET, enabling 
calculation of ET (see Figs. 3 & 4). The spreadsheet was essentially an embodiment of Eq. 2. The spreadsheet 
allowed separate tabulation of amounts of precipitation, irrigation, dew and frost accumulation, and drainage 
tank emptying. The spreadsheet is available on the USDA ARS NAL Ag Data Commons (https://doi.org/10.15482/
USDA.ADC/26898151)71.
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