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Executive Summary

A threeyear study was conducted to assess the ability of satédliteed vegetation index (VI) images to
track evapotranspiration over wheatvhile the ability of using VIs, notably with the Normalized
Difference Vegetation Index (NDVI), to track vegetation growth has been well established, the
operational capability to accurately estimate the crop coefficiegt éidd crop evapotranspiration T&

at farmscale from spaceborne platforms has not been widely studied. The study evaluated wheat ET
over 7 sites between 2016 and 2019 in Yuma and Maricopa, Arizona, estimated by using Sentinel 2 and
Venus satellites to map NDVI tirseries for entire what cropping seasons, December to June. The
basal crop coefficient (§ was modeled by the NDVI tinseries and the daily FAO56 reference \Eds
obtained by neatby weather network stations. Eddy covariance (EC) stations in each field obsegved ET
duringthe same seasonal periods, and applied irrigation amounts were logged. The experiment found
that remote sensing of NDVI and modeledaccurately estimateddand crop ET during miseason

through senescence in most cases. However, Miaséd estimatiomperformed less well during early
season (<60 days after planting), when observedvas highly variable due to frequent rain and

irrigation at low crop cover. Mideason Kvalues observed for the seven wheat fields were from 0.92 to
1.2, and end of seasd& values ranged from about 0.20 to 0.40, in close agreement to values reported
elsewhere. Seasonal-Wased transpiration and EValues ranged from 467 to 618 mm, closely agreeing
with seasonal EC data, which randemim 499 to 684 mm. Using the Vensansor, the study in

Maricopa in 2019 revealed that when augmented by a background soil water balance model, water
stressed wheat can be detected midS | 42y GAGK b5xL® ¢KAA& OFLIOoAfAGER
ability to provide welcalibrated mages every 2 days. Findings from this study will help farmers,
irrigators, and water managers use and understand the capabilities of visible near infrared remote
sensing to track ETrom space. A future focus will integrate these tools intaraigationand salinity
managemenmobile APRlatform.
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Introduction

A continuing goal in Arizona is obtaining high crop productivity and reducing water use through
improved management practices. Most of the gains in increased irrigation water use efficiencies in
recent years for Yuma have been attributed tofanm infrastructure improvements, precision land
leveling, and minimizing crop production during the high evaporative demand months of summer
(Taylor and Koo, 2015). Improved irrigation scheduling methodkl @so play an important role in
boosting water use efficiencies. While most growers are aware of crop coefficient methods for irrigation
scheduling, they are not widely used. In addition, the available wheat crop coefficients for Yuma and
other Arizonacounties, which were developed years ago, need to bevaduated and updated.
Nevertheless, most growers of durum wheat in these areas are highly experienced irrigators, though
usually relying primarily on soil shovel turning to estimate soil water depl€Taylor and Koo, 2015).

To date, operational applications ofs®/l approaches for crop ET monitoring and irrigation
management in the US Southwest have not been extended much beyond research studies. Thus, the
derived K,-NDVI model for wheat has noget been evaluated at the farm scale. But the rising number
of public earth observation systems, particularly the Sentinel 2 missidrthe new microsatellite,

Venus (theia.cnes.frjnakes evaluation in irrigated fields feasible. Sentinel 2 data carderan NDVI
time-series at high temporal (every five days) and spatial resolufib® n; Transon et al., 2018;
Rozenstein et al., 2018). Venus has similar spectral characteristics to Sentinel 2 but with 5 m nadir
resolution, and day, constant vievangk acquisitions. Therefore, to provide a starting point towards
improved irrigation scheduling for durum wheat in the US Southwest, studies were conducted to
evaluate the K-NDV} model in seven commercial durum wheat farms, six in Yuma Caumdtpnein

Final County, ArizonéFig. 1A)Study objectives were (1) to assess mesitimated crop transpiration

(Te) and crop ET using Sentinel 2 and Venus NDVisemes data in comparison with measured daily
crop ET obtained by eddy covariance (EC) toweralladtat each field site; (2) to derive singlev&lues

for durum wheat based on measured:EBhd the FAO56-RI ET; and (3) to evaluate cumulative
seasonal irrigation applied at each site with respect to the measured and estimated seasonal ET

Methods

Study sites

The study included 6 commercial sites in the Yuma region (Fig. 1B) and one commercial site in the
Maricopa region (Fig. 1C). All were lelakin irrigated. In recent years the Yuma districts have used
approximately 108,000 hien of ColoraddRiver water. The Maricop&tanfield Irrigation District uses
approximately 37,000 hen of camingled ground and Colorado River water.

The six sites in Yuma were on private farms, denoted as S1, S2, S5, S6, S8, J118 (Fig. 1D and 1E). The
seventh site irMaricopa was also on a private fagenoted adH8(Fig. 1F)General site descriptions are
shown in Tabld, providing planting/harvest dates and length of run for the irrigation borders.

Reference weather data were taken from the AZMET system (cals aedutAZMET)which provides

data over grass reference surfacdable? shows the average monthly data for weather parameters for

the Gila North Yuma AZMET station, located approximately 8 konli2orth of the Yuma site§ able3
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provides the average wdlaer data for the Maricopa Agricultural Center station, aboln8east of the

H8 site. Soil texture fractions were measured from samples taken in the top 0.15 m soil depth at each
site (Talbe. 4) using d.aser Diffraction Particle Size Analy2dl siteswere part of crop rotations, with
double croppingf leafy greensaand wheat commorfior Yuma fields.

Evapotranspiration measurements

The field schedule for evapotranspiration measurements consisted of eddy covariance stations as listed
in Table 5. The stian components (Table 6) were predominantly manufactured by Campbell Scientific
(Logan, UT), but also included@®R (Lincoln, NE) infrared gas analyzers, Kipp & Zonen net radiometers
(Delft, Netherlands), Hukseflux soil heat flux plates (Delft, Nethddp and Vaisala HMP45

temperature humidity probes (Vantaa, Finland). Five unique stations were used for the study, 3 of which
were new instruments (2017). Station contributors were University of Arizona/YCEDA (1), USDA/ARS
Maricopa (2), and NASA/JPL @).loggers (CR3000, Campbell Scientific) and covariance sensors were
calibrated by the manufacturer in 2016 and 2017. Zero and span of infrared gas analyzers (IRGA) were
done in July 2017 and again in July 2018.

Stations were deployed immediately aftglanting, then removed just prior to harvest. Occasionally
stations had to be moved migskeason to allow farm equipment access for spray applications. In these
instances, the EC and net radiometers were temporarily relocated while the soil heat flux plates
remained in place. On fentry, the sensors were replaced within a few cm of their original locations.

Each station included an EC, IRGA, net radiometer, at least two soil heat flux plates, logger, cell modem,
and solar power supply. ECs were set horiatiptall sites were flat and close to levahd mounted
approximately 1 m above the top of canopy. Net radiometers were deployed 1 m over the canopy and
facing due south. With two exceptions two soil heat flux plates were deployed adjacemnffset 1m

Sad FyR ¢Saito G2 GKS aidlrdArazyQa ySid NIRA2YSGSNI Iy
sites where four plates were deployed. To estimate heat storage above the plates, two pairs of
thermocouples were installed above each plate. Onersoikture sensor, CS616 (Campbell Scientific),

was installed midway between plates at 5 cm depth. Note however that the net storage at daily time
steps was small and was not included in the energy budgets. Each EC assembly was raised during the
season as reded to maintain a minimum 1 m offset. EC azimuths were set due south at S8 and J118,
and due west at S1, S2, S5, S6, and H8 to reduce instancesalfsteitted airflow: predominant winds

were from the western half of the compass at Yuma and from thuthsat Maricopa.

Each station collected multiple micrometeorological observations (~108 variables per time step) at 20 Hz

Al YLXES NIGSaz O2yFAIAdzZNBR dzy RSNJ / | YLIo'$ofaliow { OASY (A FA
continuous data measurements duritige cropping cycle. Simultaneously-80n blockaveraged fluxes,

including the WebHPearmanLeuning (Webb, 1980) corrections were stored. Computation ehB0
evapotranspiration (ET) estimates used WPL fluxes. EC stations, with few exceptions, vegre visit

weekly to inspect horizontal and azimuthal alignment, cleared of bird debris, and general operation.
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Station functioning was monitored daily via egglone modem links. Data were stored on Compact Flash
(CF) cards that were changed approximately evemg@ks.

Subsequent processing of fluxes used R scripts to remove data spikes and fill data gaps. Spike removal
followed the methodology described by Vickers and Mahrt, 2007. Gap filling was needed to avoid under
estimation of ET. The nature of the gapsigd for station and site and, except for station relocations,

were unpredictable. Sometimes the IRGA would fail but not the sonic, other times both failed, and on
still other occasions inexplicably sedsolved. Gaffilling techniques have been reportethdreviewed

in literature, e.g., 15 of them by Moffat et al., 2007. The best approach would be to adopt one or more
of those, but time did not allow testing and implementation for all sensor and data collection maladies.
Hence linear interpolation of revant and cevariant variables was employed where feasible, meaning

that fluxes were reconstructed from fundamental observables such as wind speed, air temperature and
humidity if available from ancillary instruments. For example, when the IRGA failedtilte sonic, H

fluxes were estimated by computing air density and heat capacity via independentedpanse

temperature humidity sensors. For lowmigiration time gaps, more than 2 hours, linear interpolation to
30-minute time steps was not done and alteainative strategy had to be used. In these cases, gap filling
was done daily since variability at shorter time steps was high. Energy balance closure was enforced
using the Bowen ratio method (Eq. 2, Twine et al., 2000):

LEor= (R-G)/( B MO (2)
Where LEis the closure corrected latent heat flux, iR net radiation, G is soil heat flux, ands the

Bowen ratio (sensible heat flux, H, divided by observed latent heat flux, LE). Observed daiy(EmET
was then computed by summing 80inute, L& samples:

oY B i

h R

®3)

where n is a 3@ninute time sampling index;is latent heat of water vaporization (J/kg) ahglis water

density (kg/nf).EC data quality was further evaluated using energy balance closure estimation following

similar procedures (metabolic storage was omitted) to those described in Anderson and Wang (2014).

Closure is the ratio of eddy covariance available energytAE+LED the seO f £ SR WNJI RA 2 Y S NJ
available energy (A= R - G):

oaei oB Q——

(4)
Satellite Observations
Data required for this study were calibrated, multispectral visible near infrared reflectance data wit
high spatial resolution (20 m or better) and high temporal frequencies (weekly or better). Multispectral
data were needed to create vegetation indices, critically NDVI{R¢k}/[NIR+Red]) from red (~670 nm)
and near infrared (~800 nm) reflectance. Higlatial resolution was needed to resolve wheat fields
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without significant fieldedge effects. High temporal frequencies were needed track the rapidly changing
wheat canopy and to maintain good time resolution despite cloudy sky events. Data from twiiesatel
sensors (Table 7) met these requirements: Sentinel 2 a/b,
(www.esa.int/Applications/Observing_the_Earth/Copernicus/Seni#)dbr 2017 and 2018 Yuma data,
and Venushttps://www.theia-land.fr/en/product/venus)) for the 2019 Maricopa data. Incorporati of
additional observations from Landsat 7 and 8 would improve temporal sampling. However, they were
not included due to the need for additional analyses to accommodate coarser (30 m) spatial resolution
and similar, but not identical, spectral samplifitnese differences complicate the generation of a

unified NDVI timeseries.

Sentinel 2 (a/b) is a pair of identical satellites collectively observing identical targets weekly. They are
multispectral pushbroom instruments in sisynchronous orbits with owpass times in Arizona at

~11AM. Data for NDVI have 10 m resolution. Orthorectified, 200 km x 100 km tiles, witf top
atmosphere (TOA) reflectance (L1C), were downloaded from USGS (earthexplorer.usgs.gov). Because
UTM zone 12 is used for all Arizona sites part of USDA Maricopa lab GIS protocol, Yuma area images
needed to be reprojected: Yuma lies slightly west of the nominal zone 12 boundary GA¥1&or this

task the GDAL (gdal.org) package gdalwarp, as implemented in rgdal, was used. Sentifiel&U¢BD

were generated from top of atmosphere (TOA) bands 4 and 8.

Atmospherically corrected reflectance data are generally prefarradd were used for the Venus

sensor data as noted belewbecause the resulting indices are more representative ofaatagetation
conditions than those derived from uncorrected data. This preference, however, created a difficult
resolve data processing challenge. Tools such as 6S, Sen2Agri, ané dackage combining the
Multi-sensor Atmospheric Correction and @oScreening (MACCS) and ATCOR (Hagolle et ak,2015)
could have been used, but necessary local atmospheric data and computer hardware were not available.
For consistency, this unavailability suggested that all analyses be conducted usthgutesgtimal TOA

data. On the other hand, if the effects of atmospheric corrections upon ET estimates could be

guantified, then a compromise could be made. TOA data could be included while not losing results
where surface reflectance data were available.

To show the viability of this latter approach, we evaluated the effects of atmospheric corrections on four

key parameters: NDMNDV4 (Eq. 1), s, andETdzA Ay 3 WSy dzaAQ 60 KSAI ®OyS&a dF ND
enabled the evaluation since it provides botimbtop-of-atmosphere reflectance (L1C) and MAJA

generated 18m surface reflectance (L2A) data. Two regions from 2019 were considered: the Maricopa

wheat field H8 and Yuma wheat fields S1, S2, S5, S6, and S8. Note that wheat grown at Yuma in 2019

was not part of the ground study, which meant tHaE estimates from the atmospheric comparison

study were compared but not validated. The full wheat season Datsember 2018 to early June 2019

were assessed with 49 scenes over Maricopa and 79 over Yuma. We show below that usaf-of top

atmosphere data filtered to include only scenes with no visible cloudistroduces small (<5%) bias

errors.
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For wheat grown ir2019 at Maricopa, Venus microsatellite data were used (data not available over
Yuma for the 2018 sites). Venus (Table 7) has similar spectral responses to Sentinel 2 but is superior in
several ways: higher spatial resolutid?10 m nadir resolution vs. 260 m, 2day, constant vievangle
acquisitions vs.-80-day overpass frequency, and availability of both-tfgtmosphere and

atmospherically corrected reflectances. Consequently, the potential temporal sampling intervals were
greatly improved over altemtive sensors. Orthorectified, 27 km x 27 km, multispectral L2A, 10 m
surface reflectance, were used.

Having noted a preference for atmospherically corrected reflectance images, it also needs to be noted

their use introduces a different sieleffect: highsensitivity to noise in the red band. Since healthy

vegetation has very low reflectivity in the red band, noise in this spectral region catolaadmalously

high NDVI values. One compensation approach for this outcome is to apply a constant offgetetd th

reflectance (Hagolle, et al., 2015, labo.ehip.fr/multitemp/using-ndvirwith-atmosphericallycorrected
RIFIGFkoT G2 ONBFGS | NBJAASR Wbh5+LQ RSYy2GSR !/ hwtlL

ACORVI = [NifRed+0.05)]/[NIR+(Red+0.05)] (5)

The suggested tdet, 0.05, is chosen to be small, yet greater than the standard deviation of atmospheric
correction uncertainty, typically ~0.01. This study used Eq. 5 for all Mauussitions but report them
as NDVI below.

Estimation ofTranspiration andevapotranpiration Using Vegetation Indices

We use the empirical Vegetation Index for the Southwestern US (VISW; French et al., 2018) to transform
remotely sensed reflectance maps into daily evapotranspiration. VISW uses NDVI as a proxy for the basal
crop coefficiem, K. Thus, instead of using standardized estimates of vegetation cover, one uses
observations from satellite or airborne images and an empirical transformation developed by Hunsaker

et al. 2005b and 2007 (Fig.1, Tab.1), i.e.:

Keo=min [0.15; 0.176 + 325 NDWI¢ 1.466 NDVF + 1.146 NDWi] (6)

where NDWlis normalized NDVI as calculated in Equation 1.

For the present study, the NDWland NDWlaxvalues used to estimate thegfor field sites are the

lower and ugper NDVI limits. Rigorous criteria for optimal limit selection do not exist, hence objective
thresholds based on observations were used: we selected probability levels of 10% and 90% from the
empirical NDVI distributions. As defined in FAO56, when potegifiects of water stress on Edre
considered, actual ETET a¢) is computed as:

ETact= (KKn + K) ET (7)

where Ky represents crop transpiration {T k is a coefficient for soil evaporations i the water stress
coefficient, and Elis grass reference evapotranspiration. For the Yuma sites, we limit evaluation of the
model (Equation 5 above) to only estimatgudith satellite NDVI, and thus, calculate only theadrtion

of ET, that is, Kytimes ET. kswas not computed but assumed as 1.0 since we did not model the soil
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water balance (SWB). Thus, water stress, if any, was not accounted for in the Yastadies.

However, for the Maricopa field (H8), having more frequent NDVI acquisitions, simulated daily SWB
estimates, i.e., a separate root zone and surface soil layer SWB, were made. These enabled estimation of
actual EJby evaluating Kand K using the FAG&dual crop coefficient procedures. Parameters for
calculating Kwere based on the soil evaporation characteristics given in FAO56 for the sandy clay loam
soil at H8. Fraction of soil wetted by irrigation and precipitation was set to 1.0. Crop heigbitognd

rooting depth were increased proportionately with estimateg t#htil maximum values of 0.90 and 1.5

m, respectively, were reached, maximum values referred to in FAO56 for wheat. Similarly, crop cover
was increased to a maximum of 0.99 at maximugblt was allowed to decrease proportionately with

Ko during late season senescence. The soil water depletion fraction for no water stress (p) was set to
0.55 for EJact= 5.0 mm day, and adjusted daily for atmospheric demand, per FAO56, Table 22, and
footnote 2. In computation, & TAW, D./ (1-p) TAW, where TAW is total available water in the root

zone (mm) and Ds the root zone depletion (mm).

Statistical comparisons between daily observegddsd either T (S sites) or ETc:(H site) were

evalwated separately over different growth stages, as well as for the entire wheat season. Growth stages
were estimated based on evaluation of seasonal observéehks as described in the next section. For
each site, statistics were analyzed over the indiadl development, migseason, and late season stages.
Analyses included linear correlation and root mean square error (RMSE), mean difference (MD), mean
absolute difference (MAD), and percent MAD (MADP) relative to the observed mean.

Measured andEstimated Crop Coefficients

Daily values of the single crop coefficient, Were calculated for sites by dividing the observed daily ET
from eddy covariance by daily EBegmented, linear FAO56dkirves were derived by visually fitting

the K data to the initial, midseason, and late season growth stages. The model estimaiéal khe

Yuma sites and thesiand k (H8 site only) were compared to the observed K

Evapotranspiration Terminology

To summarize, this study compared evapotranspiration estimates from eddy covariance stations

RSy 2 (SR W2gagathdize§ekation ihdekased estimates derived from satellites in two

different ways. For all Yuma sites, model estimates represaitlje transpiration component of ET

YR ' NE RIW2 CERI IGKSWYal NAO2LI aAGS oly0x Y2RSftAy3
NEadzZ §a GKSNB kNS AYRAOFGSR | a woe

Results

Dailyeddy covarianc&Tand ET

Eddy covariance data from all seven sites were quality checkedalistic values were removed, time

data gaps filled, energy balance enforedtbn outputs were compared with ETDaily observed ET

plots (Figure 2) display the timing of data gaps imt&of sample counts, where nayap days (over 48,
30-minute samples) are shown in blue. Continuously gapped days (0 samples) are in black. Three of the
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sites (S2, S6, and H8) had few gaps and could mostly be filled by linear interpolation. The othtsfour s
(S8, J118, S1, and S5) had longer duration gaps and required multiple correction procedures. Gaps at S8
and S5 were almost exclusively due to loss of IRGA, but not sonic values; for these, missing LE data were
estimated by energy balance residualsp@illing at S1 was done by a fortuitous arrangement with S2,

an adjacent site with the same planting date and similar irrigation history. In this case, linear regressions
between the S1 and S2 flux components during-gapped times were used to createaglictions to fill

S1 gaps. The J118 site was the most problematic case. Three different procedures were needed to fill
gaps: linear interpolation was done for gaps less than 2 hours, LE fluxes were computed by residuals for
early and migseason times, wtel for late times gap filling was done only at daily time intervals and

used estimated crop coefficients. This last step was done by using AZMET Yuma N&Thwvailes,

computing Kat the bounds of the data gap, and then linearly interpolating the pobdik X ET.

Closure was computed for all stations at daily time steps, a procedure that reduces energy storage
effects, then fit with linear models. Reported in Table 8 are the summary statistics for each site on the

left half, and cumulative monthly élB-May) observed ETmm) before and after correction via Eq. 2.

Average monthly observed Edrror, considering all months (D&ein), was 37 mm, which means that
closurecorrected cumulative observed B/ialues were ~30% greater than-oaorrected obserations.

Eddy covariance data over wheat for all three years showed consistent patterns of early season
observed EJat 1 mm/day ramping up to over 8 mm/day rasgason, then rapidly dropping to < 1
mm/day on senescence. Comparisons between observgdMBth includes both vegetation

transpiration and soil evaporation and weather station deriveg Be shown for all 7 sites in Fig. 3 for
2017, Fig. 4 for 2018, and Fig.5 for 2019, where solid symbols indicate obsegirednEaddy

covariance observatiorend open symbols represent &Rlculated from Yuma North Gila and Maricopa
AZMET stations. Observed:H3ually falls below ETintil DOY 60, then closely tracks it for the
remainder of the season until senescence. Spikes in observed ET or more mrfday above the

trend generally coincide with preceding irrigation or precipitation events (also shown in Figs. 3, 4, and
5). Most notable for high observed Hd ET ratios during early season were the S8 site in Yuma 2016
17; Fig. 3a) and the H8 siteNMaricopa (2018L9; Fig. 5). Both sites in their respective wheat years
experienced an irrigation immediately after planting and significantly more precipitation events early in
the wheat season as compared to other sites and years. Cumulative obserred @€l from 499 mm

to 684 mm (Table. 9).

Satellitebased NDVI time series

NDVI over wheat showed patterns similar to observeg &ith a nearly flat trend before emergence, a

rapid increase close to maximum values at DO8(G@& 30day plateau regiorthen an abrupt 1€20-

day NDVI decline on senescence. However, there were significant differences between fields when
SEFYAYAY3 RSGFIAT&AD LY wamtI {yQad SIENIASNIFYR Y2NB
0.8 and remaining above the latptanted J118 site until April (Figure. 6; dashed lines indicate threshold

NDVI values for each site). The different planting dates of fields-@t8d readily apparent for the 2018

sites (Figure 7). For these fields, irrigation-cfitled to nearly simllaneous senescence and nearly

simultaneous NDVI drops. The range for sadmospherically corrected values are compressed values,

ranging 0.10.82. For the 2019 H8 site (Figure 8), all 8 borders closely tracked each other, with NDVI
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ranging from 0.0 to 0.9 result of using atmospherically corrected observations. Highlighted by the
dashed lines is an interval of crop water stress that is represented by an NDVI drop of about 5%. The
persistence of clear skies in combination with soil water balance modglisgussed below) supports

this interpretation.

Daily Observed EVs.estimatedT. and ETac

Applying the NDVI tocktransformations resulted in timseries modeled J{Yuma sites) and ET
(Maricopa site) values that closely track observedf&T2017 (Fig. 9a and 9b), for 2018 (Fig. 10a to 10d
for Yuma sites) and 2019 (Fig. 11 for H8 in Maricopa). Trends previously observed are mimicked by
NDViimplemented modeling where many of the irrigation events are represented by spikes in hoth ET
andsatellite-based NDVI. The H8 site for 2019 shows the average modeleddEThe 8 borders along

with observed Edat H8 (Fig. 11).

Results from estimated:. &nd ETfor the 2018 and 2019 seasons showed seasonal patterns, where VI
derived estimates okely agreed with observed Et mid-season, but consistently underestimated:ET
at early and late growth seasons. Estimate¢ndn-adjusted for water stress) for early season
conditions at Yuma sites in 2017 (Fig. 9) and 2018 (Fig. 10) are consisieetpeictations: for sparse
cover, Tis low, while ETis relatively high due to soil evaporation. Observegf@Tall four S sites in
2018 increased above estimategfdllowing irrigations applied on day of year (DOY) 40 for S1 and S2
(Fig. 10a and)p DOY 30 for S5 (Fig. 10c), and DOY 53 for S6 (Fig. 10d). Starting in early March 2018,
consistency among all four sites is restored. About DOY 65, at near full cover, and.\@hdrET

should be nearly the same, estimategagrees well with measureT. . During the later season (DOY
after 110), Tunderestimates measured ETsuggesting higher soil evaporation at lsgason irrigation
when crop cover is reduced. For 2017, seasonal total estimatisdnithin 20 mm of total observed ET
at S8 but vas 73 mm less for J118 (Table 9). Seasonal total estimafed Yuma site S2 is close (within
16 mm) to total observed ETHowever, for sites S1, S5, and S6, tata $2 to 110 mm less than total
observed EJ suggesting more soil evaporation mawk occurred at those sites, particularly during the
early season. At the Maricopa field (Fig. 11), wheradWVas estimated, agreement was very good
except for underestimated Efor DOY between 20 to 35. Total estimated &Was only 17 mm less
than observed total at H8 . As alluded to earlier concerning water stress at H8, according to the SWB
model the estimated ET.:was reduced by water stresss€1.0) for ten days at the end of a-Bay

lapse without irrigation or gnificant rain (i.e., from DOY 98 to 107). This period issaason when
wheat ETis high. The estimated water stress during this period reduced the estimatdxy BEbout 17
mm from a nonrstress condition. While observed&lso declined during this iday period, reduction
was greater for Ebe(Fig. 11).

The statisticatorrelations and meadifferences between daily estimateld or ET andthe observed ET
for different growth stages anfibr all stages combined are shown for the 2017 Yuma shtalslé 10)
and for the 2018 sites in Yuma and the 2019 site in Maricopa (Tapl€He 2017 results indicate that
estimated daily Jwas less than observed Eluring initiatldevelopment stages with a MADP 0f-39%.



THE UNIVERSITY OF ARIZONA
ZAS Yuma Center of Excellence
*| for Desert Agriculture

FI NAL PERFORMAORIE RE

As expected, based on the daily estiled and observed values shown in Fig. 9, agreement at S8 and
J118 was much better during the rsgason stage (MADP within 14%), although meava$ higher

than observed mean Efor S8. The trend remained for S8 during the {s¢@son, suggesting obser\

ET may have experienced watstress that was unaccounted for by theeEtimates based on rather
large gaps in NDVI data. For 2018, observed data werecarg#tlated (high r value and RMSE < 0.45
mm/d) for S1, S2, and S5 during the initdavelopmen period, and lessorrelated for S6 and H8. The
higher correlations indicate that the daily trends for estimateav@re similar to those for observed ET
during the early growth stages, though mean dailwds much lower than mean observed. B35

indicated by the MADP (380%) for S1, S2, and S5. Although the estimat¢bTS6) and ET.(for H8)
were not as well correlated with daily observed during the early growth stages, the MADP was about the
same for S6 and even lower for H8 (28%) commgavith the three other S sites. Smaller r values and
higher RMSE during m&kason than early season for the four S sites indicate that daily values of
estimated Twere generally less aligned with daily observed fluctuations. Dajly:Bid observed E

were better correlated during mideason than during earlier stages. For all sites, the absolute
differences between estimated and observed were smallest during theseadon, varying in MADP

from 13 to 18% (Tables 10 and 11). Ls#ason r values wemelatively high at all sites, indicating an
agreement in trend between estimated and observed the daily values. Absolute agreement based on
MADP (1922%) was best for S5 and for the H8 site whendgW¥as estimated. Considering the daily

data for the ernire season, estimated data were welbrrelated and similar for all sites and years, where
r values were 0.891 and RMSE were near 1.0 mm/d. Mean absolute differences for the entire season
were from 0.78 to 1.07 mm/d, indicating estimated values wereula®-23% less than observed for

the season.

The total irrigation applied to wheat borders at the six Yuma sites (Table 9) were generally not much
higher than the total observed ETalbeit with one exception at J118. Otherwise, total irrigation varied
from 34 mm less to 191 mm more than totalEmdicating high irrigation efficiencies. In contrast to

these, irrigation at the Maricopa H8 site was less efficient, with total irrigation exceeding tetal ET

over 1000 mm. The grower at H8 realized stdmreyg had changed in his organic wheat borders that

made the water advance times much slower than in the previous year. The lowest grain yield for all sites
was at J118 in 2017 (Table. 9), which was a smaller field with a much sandier soil profile b&low 0.

than the other sites. Because of the high infiltration rate in J118, the field had to be irrigated at high flow
rates, which ultimately led to exceedingly high irrigation depths relative to Efie relatively low yield

for H8 (organic wheat) coul@flect deep leaching of nutrients due to excessive irrigation.

Dailyobserved: and modeled:, and k

High observed Jduring earlyseason for S8 in 201817 (Figure 12a) reflects soil evaporation due to
the postplant irrigation and the frequent aurrence of precipitation during Dedan. In contrast, J118
planted in midJan. 2017 without a posgilant irrigation had lower observed Huring the early stages of
growth (Figure 12b). At mideason, average: kit S8 was 1.06 but observedlKely declined during
mid-season between DOY -BA due to watesstress. In contrast, average dring midseason for J118
was only 0.92 and daily values were similar to modelgdtil DOY 100 whengkrapidly declined
relative to observed K Endof-season observed:Mvas similar for S8 and J118, about 0.30. The
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measured Kfor the S1, S2, S5, and S6 Yuma sites in 2018 showed similar trends with time (Fig. 13).
However, the measured:idata during the early season for these sites were variable vétieglly

lower observed Kat the S1 site (Fig. 13a) and S2 site (Fig. 13b) than at S5 (Fig. 13c) and S6 (Fig. 13d).
For all the S sites in 2018, except S6, which was planted laspiki€s high following a rain on DOY 9

and 10, albeit the twalay K spike in S5 appeared unrealistically high. For S6, the obsepsmuikéd

from DOY 55 to 60 following irrigation application. Although these spikes corresponded to a time of low
crop cover (indicated by the low NDVI at the time for S6 in Fig. 8), they vgdrerithan expected. Thus,
fitting an FAO56 initial horizontal Was difficult due to the variable early seasqrdita. Measured K
reached maximum values at m@ason from about DOY 40 to 70 depending on planting date for S sites
and then Kplateaued fluctuating about the fitted horizontal mideason FAO56 curve (Fig. 14). Obvious
declines in Kdata occurred after migeason, starting around DOY 130 to 140 for S1, S2, and S6 and
around DOY 120 for S5, which was planted earlier than the other SWie& data at the estimated
mid-season growth averaged 1.14 for S1, 1.05 for S2 and S6, and 1.10 for S5. Those values are the same
as the estimated FAO56 migtason segment shown in each figure. End of seasoarieéd from about

0.20 to 0.30 for the Stes, indicating the dry soil condition prior to harvest. Estimated/&lues derived

from satellite NDVI show some overestimation from DOY 40 to 90 and underestimation after DOY 110,
relative to the Kfor S1 (Fig. 13a). The estimatedfidr S2 (Fig. I8 appears to be closely

representative of actualdata during development where:kis about 0.10 lower than:Kthough Ky

then becomes higher than.kor a period during migseason. The estimatedd€alues are much lower

than K during initial throudp development stages for S5 and S6, likely indicating that soil evaporation
was higher at those sites than S1 and S2. Duringseadon and late, estimatedfs consistent with
measured Kfor S5. For S6, miseason I fits the measured data well wittbsne underestimation

during late season. Comparison of the seasonal totals of measugeth@V good agreement with the
estimated total T(Table 9) for the S sites in 2018, showing totalds less than Eby 16 to 110 mm,
depending on site.

For theMaricopa site (Fig. 4), an initial FAO%6irke was not given due to very high early season
measured Kcaused by significant rain during January 2019. Thieiihg development period (DOY 10

to 50) for H8 was also skewed when frequent rain occurred.eBlimated FAO56 mideason Kfor H8

in 2019 was 1.21, higher than those in Yuma in 2018. The end of seasas &bout 0.40. The SWB and
VIbased modeled daily:Kvas not consistent with observed #uring the rainy development period.
However, it was close to the observed data during-sedson. The modeled gaptured the decline in

K: due to water stress between DOY 98 and 107 and the increased jump in obsefebolvidng the

irrigation on DOY (8. As mentioned earlier, total observed:®whs 17 mm more than total modeled ET
(Table 9) indicating good seasonal agreement. Estimated seasonal evaporation for H8 was about 65 mm,
similar to the difference in total E&nd T at the S5 and S6 sites.

Assessment ofatellite-based NDVI

Lastly, a parallel study assessed the importance of atmospheric correction to satellite reflectance data
and specifically to resulting ET estimates. As expected, NDVI values were found strongly affected, but
subsequent effcts were greatly reduced after NDVI normalization. Results from analysis over the H8
site at Maricopa are shown in Fig. 15a, and for the S wheat sites at Yuma in Fig. 15b. Red symbols
represent parameters derived from neasorrected L1C Venus data, whileid symbols are
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corresponding parameters for corrected L2A data. The adjustediNd®rioted ACORVI on top parels
are sensitive to atmospheric corrections, where the range of indices are reduced49?23/Nhen the
ACORUVI values are normalized using EqdVahimits at 10% and 90% quantiles, N[@stimates from
L1C mostly agree within 5% of L2A data for both ¢gesond row) Normalization at Yuma led to
thresholding at full canopy, a contributing factor to the small differences observed aseaisbn.
Transformations to g are shown in thehird-row panels of Fig.3a and Bb. At the Maricopa H 8 site,
normalization thresholds for L1C data ovestimate surface reflectance in the early and ma&hsons,
while the overestimations occur in the late seaséor Yuma sites, a difference possibly due to differing
soil reflectivity. Daily ETalues(bottom-most panelyare obtained by linearly interpolating satellite
derived K, values to daily time steps, then multiplying these by @fained from AZMET dat Daily ET
estimates differ by less than 1 mm/day and cumulative full season ET (indicated on left side of each
panel) by ~30 mm. This twsite test indicated that use of tepf-atmosphere satellite data, after
normalization, is likely to result in &&8stimation errors on the order of 5% or less.

Discussion

Results from the Arizona wheat studies demonstrate the practicality and accuracy of the spaceborne
NDVibased k& model to estimate daily and seasonal crop water use of wheat. Usable satellite scenes
ranged between 25 and 65 per growing season, which corresponds to a realized periodicitgay

This high cadence, possible because of Sentinel 2 and Venus capabilities and a favorable clear sky
environment, enabled excellent tracking of wheat capgpowth. Considering 7 sites visited over 2016
2019 using eddy covariance observations, the study estimated toi@h EHie range of 499 to 684 mm,
values less than total irrigation on the order o500 mm for S1S6 sites and 201 mm for S8, suggesting
reasonable irrigation efficiencies at those sites. Notable exceptions in irrigation efficiency occurred at
H8, whereapplied irrigations exceeded observed By over 1000 mm and J118, where irrigations
exceeded Eby nearly 1500 mm. These differences highlight that EC monitoring generally cannot
capture highly inefficient scheduling absent slow infiltration conditi@@@nparing total observed ET

for seven sites in Arizona to remotely sensed estimates showed agreement within 16 to 110 mm over
the growing season, and estimates were consistent with the seasopeal5€ of 655 mm provided by
Erie et al. (1982) for theoBthwestern US. This indicates that satellite based VI offers a good way to
estimate seasonal E®nce relationships with EC data have been tested.

When assessing within season water use there were differences in performance ofliased|

estimates in arly vs. midate periods. Migseason observed:Kalues ranged from 1.05 to 1.2 for sites
that were considered not highly watestressed and values are consistent with literature findings for
wheat reported by Pereira et al. (2020, this Special Issuaghwhnged from 1.0 to 1.3 based on the
FAOS56 grass reference.EDbserved enaf-season Kvaried from about 0.2 to 0.4 considering the

Yuma and Maricopa sites. Range in values reported forofsgason wheat dn the literature review

by Pereira et al(2020) are from 0.1 to 0.4 for low moisture grain. Agreement betweamd ET

estimates obtained via Sentinel 2 and Venus observations, respectively, agreed well with EC
observations after the first 560 days of growth. On the other hand, early seafoand ETestimates

in 20162019 (<60 days), were erratic and not as reliable, an outcome to be expected in part because
sparse vegetation cover contributes a noisy and weak signal to the NDVI time series. Note that had an
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alternate linear formulation foks, been used (Drerup et al., 2017-Raki et al., 2007), early seasan T

and ETestimates would also be less than observed. Additional reasons for worse early season
performance were the occurrences of soil surface evaporation from rainfall eventsoamel EC sensor
failures. Soil evaporation could be better accommodated with thermal remote sensing with sensors such
as Landsat and ECOSTRESS. Errors induced by equipment failure emphasize the difficulty of data gap
filling. Lacking sufficient thermal datutilization of FAO56 methods (Allen et al., 1998) to estimate K
remains preferred for the early season irrigation scheduling. This may also include the need to construct
an appropriate localized segmented FAO56Ufve to estimate ETntil satelliteNDVI are deemed

reliable (e.g., 60 days after planting, when irrigation scheduling starts in earnest in Arizona).

A notable finding from the study was a demonstration of the ability to use NDVI to detect water stress.
Commonly one assumes that the NDghsll is too imprecise to be used for abnormal plant water
conditions, and for such cases thermal infrared sensing should be used. In a-yasauistudy over

wheat, Jackson et al. (1982) reported no immediate resolution of water stress with any of the tes
indices. Data from this study indicate that is not necessarily true. Results from the 2017 Yuma sites (S8
and J118) and the 2019 Maricopa H8 sites showed that for irrigated seasonal crops, such as wheat, a
combination of frequent, weltalibrated, hitp spatial resolution visible near infrared remote sensing can
resolve water stress. For the Maricopa event a clear and persistent 5% drop in NDVI occurred within 2
days of soil water balance model predicted stress. One can foresee an operational sys$teshonit

latency that could detect and forecast water stress events based on a collection of frequent NDVI data
supported by a background soil water balance model. Although the study did not investigate SWB status
at the 2017 Yuma S8 and J118 sites, stmegg be indicated there too by NDVI. In these instances, the
indicators could be anomalous depressions at stemtl longduration time scales. Thus, for non

A0 YRINR O2yRAGAZ2Y AT ljdd yirtsS a8t 8OGA2Y ci2 NI b5+L

estimation. Instead, historical or spatially contextual selection of NDVI limits would be needed. Required
conditions to make detection feasible and reliable include accurate atmospheric corrections to the time
series, accurate satellite calibratiasimilar satellite view angles for all overpasses, high spatial (10 m or
better) resolution, and frequent overpasses (<7 days). This latter aspect, which Venus eminently
provided with 2day sampling, demonstrates the value of high cadence imaging. Wgbene images,

trend persistence adds confidence that the observations are real and not acquisitional or processing
artifacts. Less frequent images, separated by a week or more, would make it more likely that stress
signals would remain unrecognized becaasemall sample sizes and the increased probability of
confounding rainfall or irrigation events. The availability of frequent images also suggests a change in
analysis: time series should not be smoothed with filters such as Sa@tdky (Savitzky ar@dolay,

1964) because that step would reduce or remove the stress signals.
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Tablel. Planting and harvest dates and length of irrigation borders for seven monitored durum

wheat field sites in Yuma and Maricopa, Arizona*.

Site Year Location Plantdate Harvestdate Length of run (m)
S8 201617 Yuma Dec.18 May 5 381
J118 2017 Yuma Jan. 11 Jun. 1 273
S1 2018 Yuma Jan. 5 May 31 392
S2 2018 Yuma Jan. 6 May 31 385
S5 201718 Yuma Dec. 15 Jun. 1 382
S6 2018 Yuma Jan. 24 Jun. 1 383
H8 201819 Maricopa Dec. 18 May 25 360

*All wheat fields were irrigateth borders (flood).

Table2. Monthly average weather parameters; maximumdJ and minimum daily ¢fin)
temperatures, minimum relative humidity (RR), solar radiation, 2Zneter wind speed, growing
degree day (GDD), reference evapotranspiration)(Efd monthly total rain as recorded from
December 2016 through May 2018 at the Gila North Yuma AZMET station.

. Monthly
Monthly daily means total
Tmax  Tmin O™ 5ol Rad, v?nrr:j GDD (rErI]?d Rain
Year Month 0 0 (%) (MJ/m2) (mis) 0 -d) ) (mm)
2016 Dec. 20.1 5.9 311 11.1 1.9 8.4 2.2 19.3
2017 Jan. 19.6 5.6 33.6 11.6 2.1 8.2 2.4 6.6
Feb. 24.0 8.9 29.5 15.0 1.8 12.0 3.0 34.0
Mar. 29.4 104 15.1 21.9 1.9 15.2 4.9 3.0
April 31.6 12.3 11.4 26.1 2.0 17.0 6.3 0.0
May 33.9 14.3 14.8 28.7 1.9 18.7 6.9 3.0
Dec. 22.2 4.9 15.5 12.3 2.0 9.2 2.8 0.0
2018 Jan. 23.8 6.2 19.9 13.2 1.8 10.6 2.9 4.0
Feb. 23.2 4.9 17.7 16.7 1.7 9.7 3.2 0.0
Mar. 26.3 9.0 14.9 20.5 1.9 13.2 4.5 0.0
April 32.0 12.6 11.3 25.5 2.0 17.5 6.3 0.0
May 33.6 13.9 13.7 29.6 1.8 18.7 6.9 0.0
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Table3. Monthly average weather parameters; maximurgJ and minimum daily ¢fin)
temperatures, minimum relative humidity (Rk), solar radiation, Zneter wind speed, growing
degreeday (GDD), and reference evapotranspiration,YEand monthly total rain as recorded
from December 2018 through May 2019 at the Maricopa Agricultural Center AZMET station.

. Monthly

Monthly daily means total

Tmax Tmin Rl:ml Sol. Rad. v?nrr:j GDD (rEr-;?d Rain
Year Month 0 0 (%) (MJ/m2) (mis) 0 -d) ) (mm)
2018 Dec. 18.6 2.2 29.3 10.6 1.3 6.3 1.8 14.0
2019 Jan. 18.7 2.7 32.5 12.4 1.3 6.6 1.9 13.0
Feb. 16.8 3.5 31.3 14.4 1.8 6.3 2.4 63.0

Mar. 24.5 7.4 19.2 20.4 1.9 11.5 4.2 7.0

April 30.5 12.8 12.6 25.7 2.3 16.9 6.5 0.0

May 30.6 14.2 13.6 27.7 2.4 17.8 7.0 0.0

Table4. Soil texture characteristics for thed015 m soil depth measured at the seven
monitored durum wheat field sites in Yuma and Maricofyazona.

Site Year Clay (%) Silt (%) Sand (%) USDA Soil Texture
S8 201617 21.7 40.0 38.4 Loam

J118 2017 18.1 21.4 58.4 Sandy loam

S1 2018 24.3 57.0 18.7 Silt loam

S2 2018 23.7 43.3 33.1 Loam

S5 201718 22.9 43.4 33.7 Loam

S6 2018 23.8 36.5 39.7 Loam

H8 201819 29.2 20.2 50.6 Sandy clay loam
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Table5. Wheateddy covariancsite schedules and reference weather stations.

Site Region Area Location Elev. Owner/ID Deploy Remove
(ha) (m)

S8 Yuma 129.13 32°nmQ oT: 46 USDA 1 14 Dec 2016 5 May 2017
114°0nQ pwM™

J118 Yuma 46.96 32°0cQ np: 34 USDA 2 12 Jan 2017 1 Jun 2017
114°nMmQ HO

S5 Yuma 129.67 32°nMQ pwm 45 JPL 1 18 Dec 2017 1 Jun 2018
114°0 M Q ™Mn

S1 Yuma 131.02 32°nmQ pni 45 USDA 1 5 Jan 2018 31 May 2018
114°0MQ n ™

S2 Yuma 119.74 32°nmQ pmi 45 JPL 2 8 Jan 2018 31 May 2018
114°0 M Q HC

S6 Yuma 130.68 32°nmQ pn 46 USDA 2 29 Jan 2018 1 Jun 2018
114°0nQ pc

H8 Maricopa 247.40 33°n Q o e 355 UA1 18 Dec 2018 24 May 2019
112°c Q noé

AZMET: Yuma 32°44'7" N,114° 45 1 Jan 1987

Yuma 31'49" W

North

Gila

AZMET: Maricopa 33°04' 8" N,111° 362 22 Jan 1988

Maricopa o8 20"W

Table6. Eddy covariance instrumentation

Name Deployment Covariance Net Soil Heat FluRlates
Sites Sensors Radiometer
ALARC1 S8, S1 CSATS3, LI750 REBS Q7 Hukseflux
SeltCalibrating
ALARC2 J118, S6 CAT3, LI7500 REBS Q7 Hukseflux
SeltCalibrating
JPL1 S5 EC150 Kipp & Zonen Hukseflux
CNR4
JPL2 S2 EC150 Kipp & Zonen Hukseflux
CNR4

UAl H8 Irgason NRLite Hukseflux
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Table7. Remote sensing satellisequisition attributes for th&Sentinel 2 and Venusensors.
Counts denote total number of scenes acquired and used in this study.

Sensor Attributes Sentinel 2 a/b Venus

Resolution (m) 10-20-60 5-10

Overpass timéMST) ~11:25 ~11:28

Overpass frequency (day) 5 2

Swath width (km) 290 27

Number of bands 13 12

NDVI bands B4: 665 nm; B8: 842 nm B7: 667 nm; B11: 865 nm
Image format JPEG2000, 1 file per band GeoTIFF, 1 file for all bands
Scenes: Yuma 2017 25 -

Scenes: Yuma 2018 58 -

Scenes: Maricopa 2019 - 65

Table8. Evapotranspiration closure assessment at monthly intervals for the-2019 wheat
studies. Linear model statistic®, RMSE (W 1), number of days (N), were derived from ron
gapfilled observations of AEEC vs. AERN. ET values are shown by month before and after
energy balance closure correctiofts FebruaryMay. With exceptions for sites S2 and S6, total
corrected EJvalues are less than reported in Talilgbecause gap interval estirtes are not
included.

Site 23 RMSBEWV N ET (mm month?)
m2
Feb Mar Apr May
S8 0.61 30 119 64.8/107.9 95.5/166.2 33.7/129.0 2.2/6.2
J118 0.63 28 51 35.3/57.5 102.6/179.7 -182.5 -173.5
S1 0.94 12 113 -/16.1 91.9/109.1 -/198.5 -/164.4
S2 0.92 12 140 55.0/80.3 104.3/135.6 160.6/192.8 138.3/156.9
S5 0.83 17 123 67.3/130.3 104.4/174.6 116.5/177.3 --
S6 0.95 8 120 39.8/63.6 109.7/138.6 166.5/197.4 154.1/172.4

H8 0.71 24 141 50.5/72.0 77.2/108.5 149.9/201.3 98.1/118.0
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Table9. Number of irrigations applie(N), total irrigation applied, total observed crop
evapotranspiration (EJfrom eddy covarianceotal estimated crop transpiration {lfor Yuma
sites S1, S2,% S6, S8andJ118 total estimated Edfor H8(Maricopa) and grain yields fahe
seven durum wheat field sites in Arizona.

Site Year N Total irrigation Total Total Grain yield
applied measured | estimated T (kg/ha)
(mm) ET or ET
(mm) (mm)
S8 201617 5 690 499 479 6950
J118 2017 6 2114 540 467 5020
S1 2018 6 675 684 574 8070
S2 2018 6 635 588 572 8290
S5 201718 6 618 652 594 10180
S6 2018 6 627 578 526 7080
H8 201819 6 1710 635 618 6810

Table D. Summary statistics for observed crop evapotranspiratiog) @i estimated crop
transpiration (T) for the S8 and J118uma sites in 2017. Statistics used to evaluate differences
between estimated and observed include mean, correlation coefficient (r), root mean square
error (RMSE), mean difference (MD), mean absolute difference (MAD), and percent MAD
(MADP) of mean obsesd.

Mean crop T Statistic

Site Whga:jglfog’tg] Observed Estimated r RMSE MD  MAD MADP

(mm/d) (mm/d) ) (mm/d) (mm/d) (mm/d) (%)
S8 Initial-develop. 2.28 1.65 0.72 0.88 0.63 0.90 39.4
J118 2.19 1.60 0.80 0.72 0.59 0.82 374
S8  Mid-season 4.20 451 0.70 0.76 -0.31 0.59 14.0
J118 5.74 5.50 0.68 0.67 0.24 0.75 13.0
S8 Lateseason 4.57 4.74 0.72 0.89 -0.17 0.80 17.4
J118 3.92 3.11 0.92 0.55 0.81 0.93 23.7
S8  All stages 3.47 3.33 0.85 1.02 0.14 0.78 22.6
J118 3.91 3.38 0.91 0.86 0.53 0.82 21.1

U DNRBgUOK adlkasSa | NB I -ied\aBsenked drajp Soefficierd Baarveover tiA & dzl £ € &
season. All stages include data for the entire season.
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Tablell Summary statistics for observed crepapotranspiration (EJand estimated crop
transpiration (T) for the S1, S2, S5, and S6 Yuma sites in 2018 and estimated agfaatier
H8 Maricopa site in 2019. Statistics used to evaluate differences between estimated and
observed include mean, aalation coefficient (r), root mean square error (RMSE), mean
difference (MD), mean absolute difference (MAD), and percent MAD (MADP) of mean
observed.

Mean crop Edor T; Statistic
Site thaggl_ro‘g'tgl Observed Estimated r RMSE MD  MAD MADP

(mm/d) (mm/d) O] (mm/d) (mm/d) (mm/d) (%)
S1 2.17 1.33 0.90 0.41 0.83 0.85 39.2
S2 1.85 1.23 0.85 0.43 0.62 0.67 36.0
S5 Initial-develop. 2.08 1.28 0.90 0.45 0.80 0.85 40.8
S6 2.69 1.72 0.74 0.80 0.98 1.05 38.8
H8 2.18 1.85 0.54 0.55 0.33 0.60 27.7
S1 6.15 5.65 0.81 0.82 0.50 0.96 15.6
S2 5.35 5.67 0.73 1.06 -0.34 0.94 17.6
S5 Mid-season 5.05 5.02 0.68 1.15 0.02 0.60 17.9
S6 6.31 6.23 0.71 0.78 0.08 0.60 12.7
H8 4.86 5.09 0.83 0.96 -0.23 0.87 18.0
S1 5.26 3.89 0.92 0.55 1.37 1.92 36.4
S2 4.84 4.47 0.87 0.73 0.38 1.16 23.9
S5 Lateseason 4.53 4.21 0.91 0.63 0.31 0.84 18.6
S6 3.72 3.60 0.95 0.29 0.12 1.18 31.8
H8 5.66 5.33 0.81 1.47 0.33 1.25 22.0
S1 4.65 3.90 0.89 1.03 0.75 1.07 23.1
S2 4.08 3.98 0.88 1.16 0.11 0.89 21.7
S5  All stages 3.93 3.58 0.88 1.02 0.35 0.87 22.1
S6 4.66 4.24 0.88 1.11 0.42 0.94 20.1
H8 4.09 3.97 0.88 1.09 0.12 0.87 214
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the season. All stages include data for the entire season.
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Wheat Study Sites 2017-2019

Maricopa Region

Arizona Overview Yuma Region

Figurel. Arizona wheat site locations. Synoptic view of southern Arizona, with Yuma and Maricopa sites
separated by ~240 km, aoaitlined in black (A). Regional view of Yumd5 km x 35 kmyith falsecolor

NDVI from Sentinel 2 (B) Red colors indicate dense green vegetation, yellow, green, and blue colors
indicate sparse cover. Regional view of Maricagiatrict width ~18 kmwith falsecolor NDVI from

Venus (C). Site specific maps are shown for Yuma S1, S2, S5, Séfialud 380 m eastvest (D) Yuma

site J118 180 m eastvest(E) and Maricopa H borders-52, total width 520 m eastvest (F).
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Eddy Covariance Gaps
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Figure2. Eddy covariance dgidata gap. Observed dailyDm the seven sites are shown by their
corresponding day of year. Daily observations with no gaps, 48 samples (fronim@@ time averages)

are coded blue. Observations with gaps are coded with progressively darker grey a&s the valid

sample counts decrease. S2, S6, and H8 sites had the fewest gaps, while J118 had the greatest. S5 was
mostly gapfree except for the final 30 days of the 2018 experiment.
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Daily ET_ and ET, (mm/day)
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