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1 | INTRODUCTION

| Jiannan Wang' | Yuxin Wu!

Abstract

Hydrogeophysical methods have been increasingly used to study subsurface
soil-water dynamics, yet their application beyond the soil compartment or the quan-
titative link to soil hydraulic properties remains limited. To examine how these
methods can inform model-based evapotranspiration (ET) calculation under varying
soil water conditions, we conducted a pilot-scale field study at an experimental maize
plot with manipulated irrigation treatments. Our goal was to develop a workflow for
(1) acquiring and inverting field electrical resistivity tomography (ERT) data, (2)
correlating ERT to soil hydraulic properties, (3) spatially characterizing soil water
stress that feeds into ET modeling (the FAO-56 model), and (4) evaluating the per-
formance of ERT-based ET computation. Our results showed that ERT was able to
capture decimeter-scale soil water content (SWC) dynamics from root water uptake
and irrigation manipulation and the contrast of soil water stress between deficiently
and fully irrigated maize. We also demonstrated the flexibility of using ERT to spa-
tially integrate soil water stress in the soil volume of interest, which could be adjusted
based on different crops and plot layouts. The integration of the ERT datasets into
ET modeling provided insights into the spatial heterogeneity of the subsurface that
has been challenging for point-based sensing, which can further our understanding
of the hydraulic dynamics in the soil-plant-atmosphere continuum.

as optimizing irrigation-to-yield ratio, planning for heat and
droughts, and transitioning to sustainable practices all seek

Advancing field-scale soil water content (SWC) mapping
tools is critical to improve crop evapotranspiration (ET) com-
putation that requires root zone water availability as a model
input. Economic, operational, and ecological objectives such

Abbreviations: DOY, day of year; ER, electrical resistivity; ERT,
electrical resistivity tomography; ET, evapotranspiration; ET,,, reference
ET; RWU, root water uptake; SDI, subsurface drip irrigation; SMP, soil
matric potential; SWC, soil water content.

to increase crop water use efficiency. Quantifying SWC in
time and space provides the key information to evaluate
when, where, and if the water management scheme needs to
be adjusted. Because SWC measurements in the field still
largely rely on point sensors, upscaled SWC imaging tools
remain desirable, which allows a more holistic evaluation
of the extent, severity, and development of soil water stress
(Ritchie, 1981). Such data are key to informing irrigation
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manipulation, and they are also the often-lacking inputs of
hydrological models that estimate ET. Analyzing and predict-
ing how ET is or will be affected by agricultural practices and
climate patterns through modeling are also crucial compo-
nents of water resource management.

One of the widely adopted ET models in the agricultural
field is FAO-56, developed by the United Nations Food and
Agricultural Organization based on the Penman—Monteith
equation (Allen et al., 1998; Monteith, 1965; Penman, 1948).
FAO-56 standardizes the calculation of a reference ET (ET,)
from local meteorological observations made above well-
watered short grasses, and it includes a library of crop
coefficients that correlate ETo to the ET of a great variety of
crops, also well-watered, at different growth stages. To quan-
tify the percentage of ET reduced by soil water stress, FAO-56
introduces evaporation (E) and transpiration (T) reduction
coefficients as functions of the amount of water remaining
in the soil. Because FAO-56 uses a one-dimensional and
history-dependent analysis of water fluxes in and out of the
root zone to calculate the reduction coefficients, the model
assumes spatially homogeneous SWC distribution and root
water uptake (RWU) intensity in the rooting depth, general-
izing the heterogeneous and depth-dependent root zone water
dynamics. Without spatial inputs such as in situ SWC mea-
surements (water source) and the knowledge of where roots

actively uptake water (water sink), the derived coefficients
could misrepresent the severity of soil water stress that the
crop experiences.

Spatial quantification of SWC has been validated using
geoelectrical techniques in laboratory and field studies (al
Hagrey et al., 2004; Cimpoiasu et al., 2020). Electrical
resistivity tomography (ERT) is one of the methods that char-
acterizes the subsurface with active electrical measurements
and inverse modeling (Binley & Kemna, 2005; Ernstson &
Kirsch, 2006; Samouélian et al., 2006), and it has produced
soil electrical resistivity (ER) maps that were sensitive to
SWC distribution (Kelly et al., 2011; Michot et al., 2001;
Panisodd et al., 2001). Because current flow in the soil
depends on pore water connectivity (Bussian, 1983), pedo-
physical relationships between soil ER and SWC could be
established. These soil-specific calibrations have been tested
in situ with embedded arrays of time-domain reflectometry
(TDR) sensors (Beff et al., 2013; Michot et al., 2003; Wer-
ban et al., 2008) and neutron probes (Srayeddin & Doussan,
2009), and ex situ with laboratory pedophysical experiments
(Celano et al., 2011; Zhou et al., 2001). Petrophysical mod-
els such as Archie and Archie-like formulations have been
adopted to describe the soil ER-SWC correlation (Archie,
1942).

Vadose zone hydrological processes have been investigated
by analyzing the temporal and spatial variation in SWC from
the ERT monitoring datasets. Time-lapse ERT helped visual-
ize SWC dynamics such as RWU (Mary et al., 2020; Michot

Core Ideas

 Electrical resistivity tomography (ERT) captured
soil water dynamics induced by root water uptake
and irrigation manipulation.

* ERT enabled spatial analysis and quantification of
soil water stress, a key input to the evapotranspira-
tion (ET) model.

* A workflow from field ERT data acquisition to ET
computation was demonstrated.

etal., 2001), irrigation drainage (Kelly et al., 2011), and pref-
erential water infiltration via root channels (Beff et al., 2013;
Zhou et al., 2001). At an hourly timescale, ERT monitoring
also captured the diurnal trends of transpiration and SWC
redistribution (Blanchy et al., 2020; Werban et al., 2008).
Agricultural practices that contribute to the spatial hetero-
geneity of SWC were also surveyed using ERT, including
deficient irrigation (Srayeddin & Doussan, 2009; Vanella
et al., 2021), soil compaction from machinery, tillage, and
pasturage (Losinno & Sainato, 2018; Michot et al., 2003),
and cover crop rotation (Celano et al., 2011). Several studies
also used ERT to compute agricultural variables such as plant
available water (Brillante et al., 2016), water depletion rate
(Garré et al., 2011), and SWC mass balance (Cassiani et al.,
2012; Celano et al., 201 1) by analyzing the changes of soil ER
over time. To the best of our knowledge, ERT has only been
coupled with the FAO-56 model once to improve the estima-
tion of the fraction of wet and exposed soil surface and thus
the evaporation from soil (Vanella et al., 2019), while the cal-
ibration of FAO-56 ET reduction coefficients using ERT has
not been investigated.

We conducted a field study in a conventional maize plot in
Davis, CA, where ET was supplied with controlled subsurface
drip irrigation (SDI). Our goals were to (1) investigate ERT’s
capability of resolving decimeter SWC variations resulting
from contrasting irrigation regimes and RWU patterns and
(2) integrate ERT-based SWC characterization into ET com-
putation, such as daily ET based on the United Nations
Food and Agricultural Organization ET model (FAO-56)
(Allen et al., 1998) and accumulative ET through SWC mass
balance.

2 | MATERIALS AND METHODS
2.1 |

Field site and experiment timeline

The field experiment was carried out at Russell Ranch Sus-
tainable Agriculture Facility in Davis, CA (38°32'32.9"N,
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FIGURE 1
from Google Earth. The five treatments of interest (T1-T5) at the west

Corn plot images. (a) A bird-eye view of the plot

end of the plot are labeled, and the dotted line denotes the
cross-sectional electrical resistivity tomography (ERT) transect
perpendicular to the beds at the N-S midpoint. (b) The layout of the row
crop field—alternating irrigated beds with subsurface drip irrigation
pipelines (dotted lines) and nonirrigated paths. (c) Positions of the 64,
0.5-m spaced ERT electrodes (red bars) along the ERT transect and the
sensitivity of two-dimensional ERT data in the depth (6 m) of
investigation.

121°52'32.0"W). Zea mays (maize) was seeded in a row crop
field (64 x 64 m?) at a density of 80,000 plants ha~! on
April 21, 2018, and harvested on October 5, 2018 (Figure 1a).
To compensate for the lack of precipitation (7.4 mm during
the experiment duration) and low water table (12-m deep on
March 21, 2018, and 21-m deep on October 4, 2018) during
the growing season, groundwater was pumped and supplied to
every two rows (one bed) of maize via SDI pipelines buried
at 0.1-m depth (Figure 1b). The timeline of irrigation was
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FIGURE 2 Accumulated irrigated volume per bed. The
equivalent unit in millimeter was calculated as volume (m?) divided by
interbed area (1.5 X 64 m?). Four stages of irrigation and 7 days of
electrical resistivity tomography (ERT) surveys (in red) are also labeled.

divided into four stages: (1) no irrigation (day of year [DOY]
111-148), (2) manipulated (deficit) irrigation (149-196), (3)
full irrigation (197-229), and (4) no irrigation (230-278)
(Figure 2). On each day of irrigation, the water was delivered
at an average rate of 1 mm h~! for 8 h for both full and deficit
irrigation (between 0630 and 1430 PST).

In this study, we focused on the 10 beds at the west end
of the plot, excluding two beds at the edge where maize was
visually undersized (Figure la). Among the 10 beds, five
levels of water or nitrogen stress treatments (T1-T5) were
applied to five pairs of adjacent beds (Table 1). At T1-T2,
manipulated deficit irrigation, an irrigation-to-yield optimiz-
ing strategy, was adopted, where water was limited to the
maize before the drought-sensitive growth stages. During the
manipulated irrigation stage, the irrigation system was acti-
vated for 2 (T1), 3 (T2), or 6 (T3-T5) days per week, followed
by the full irrigation stage when all treatments received 6
days of irrigation per week to ensure kernel development
during the maize reproductive stages (silk and grain filling)
(Figure 2).

The soil at the facility was classified as Alfisol
Haploxeralf—clay-rich, minimally stratified, and wet in
winters—under USDA’s taxonomy. Wolf et al. (2018)
showed that the plot had a similar particle size distribution
from 0- to 2-m depth with an average of 22% sand, 57% silt,
and 21% clay (silt loam) (Table 2), and overall the mean dry
bulk density gradually increased with depths (Table 3). Soil
organic matter was 1.8% lost upon ignition.
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TABLE 1 Details of the water and nitrogen stress treatments.

Treatment Irrigation® (mm week ') Nitrogen fertilizer (kg ha—!) Stress type and level

Tl 16 235 Water, high stress

T2 24 235 ‘Water, medium

T3 48 119 Nitrogen, medium

T4 48 235 Control

TS 48 27 Nitrogen, high

2The irrigation volume during the manipulated irrigation stage.

TABLE 2 Soil particle size distribution data at the maize plot
extracted from Wolf et al. (2018).

Depth (m) Year” Sand (%) Silt (%) Clay (%) Texture

0.00-0.15 1993 21 61 18 Silt loam
2012 18 61 21 Silt loam
0.15-0.30 1993 18 61 21 Silt loam
2012 17 60 23 Silt loam
0.30-0.60 1993 17 61 22 Silt loam
2012 19 59 22 Silt loam
0.60-1.00 1993 24 54 22 Silt loam
2012 36 47 17 Loam
1.00-2.00 1993 22 60 18 Silt loam
2012 18 61 21 Silt loam

2In 1993, 10 samples from each depth across the 1-acre plot were compiled
together for the analysis. In 2012, six samples were compiled. See Wolf et al.
(2018) for analysis details.

2.2 | Workflow

Our proposed workflow from field ERT data acquisition to ET
computation is summarized in Figure 3. Note that the figures,
tables, and equations that will be discussed in the future sec-
tions are included here for future reference. In short, ERT
was converted into ET reduction coefficients based on labo-
ratory pedophysical experiments, and a spatial analysis of the
coefficients was performed to generate model input to calcu-
late daily ET. Time-lapse differences in ERT, together with
the irrigation data, were also used to compute accumulative
ET.

2.3 | ERT data acquisition and inversion

Throughout the growing season, we acquired seven ERT sur-
veys on DOY 134 (no irrigation), 153 and 187 (manipulated
irrigation), 214 and 228 (full irrigation), and 243 and 260
(no irrigation). On each day of acquisition, we laid down a
31.5-m long ERT transect, crossing the 10 beds of interest per-
pendicularly at their N-S midpoint (Figure la,c). Sixty-four
stainless steel electrodes were installed at 0.05-m deep with
a 0.5-m inter-electrode spacing, and the position of the elec-

trodes was kept consistent across acquisition by using a cable
with a fixed 0.5-m lead spacing and referring to flags we set
in place along the transect (Figure 1c). The ERT system in
use was MPT-DAS-1 (Multi-phase Technology). Our acqui-
sition followed a skip-2 dipole—dipole sequence with 1284
reciprocal pairs of electrode configurations, where the same
responses are expected when the pairs of electrodes used for
injection and measurement are interchanged (Parasnis, 1988).
The measurements were taken in the time domain at the base
frequency of 1 Hz, target voltage of 200 V, target current of 2
A, and stacking of 3.

Before the inversion, ERT data with high reciprocal errors
(>5%), stacking errors (>5%), apparent resistivity (>1000
Qm), electrode contact resistance (>30,000 Q), and/or low
voltages (absolute value < 0.0005 V) were excluded. On aver-
age, 84% of the data were retained, ranging from 65% to 99%
depending on the data quality of each acquisition. Each time
step was then inverted independently using pyGIMLI pro-
cessing codes (Riicker et al., 2017), aiming at a smoothed
inversion of the apparent resistivity data while minimizing the
data misfit (0.8 < chi-squared < 1.2). Time-lapse constraints
were not applied in the inversion due to dynamic and compet-
ing processes such as irrigation and ET in this open system,
which does not guarantee sequential changes among acquisi-
tions at f — 1, £, and ¢ + 1. The inverted resistivity (pr [€2 m])
was adjusted to 25°C (p [ m]) based on the soil temperature
(T [°C], ranging between 16 and 24 °C during the growing
season) measured and interpolated among depths (0.1, 0.25,
0.5, 1, 2, and 5 m) (Hayashi, 2004):

pr = pl[1+0.02(T = 25)] (1

2.4 | Laboratory pedophysical experiments

24.1 | Soil electrical experiment

To correlate soil-specific electrical and hydraulic properties,
we measured soil ER and soil matric potential (SMP) across a
wide range of saturation degrees in the lab. Soil ER was mea-
sured in a cylindrical polyvinyl chlroide (PVC) column (inner
diameter 0.145 m, height 0.05 m), in which the topsoil (0-
0.25 m) sampled from the field using the direct push method
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TABLE 3 Dry bulk density data at the maize plot extracted from Wolf et al. (2018).
Depth (m) Number of samples Dry bulk density® (g cm=) Porosity” (m* m~3)
0.00-0.15 16 1.34 +0.16 0.494 + 0.059
0.15-0.30 12 1.35+0.23 0.489 + 0.085
0.30-0.60 14 1.46 +0.10 0.451 +0.038
0.60-1.00 8 1.50 + 0.10 0.435 + 0.039
1.00-1.50 1.49 +£0.18 0.440 + 0.067
1.50-2.00 1.55 +0.13 0.415 + 0.035

#Mean + standard deviation among the number of samples acquired across the 1-acre plot in 1992, 1995, 1999, 2003, 2007, and 2012. See Wolf et al. (2018) for analysis

details.

YPorosity is calculated as 1 — dry bulk density/soil particle density (taken as 2.65 g cm™).

;r:::]pg:r:: SWC mass balance | Accumulative
SWC with irrigation (Eq. 22) ET .
(Fig.7) (Fig.8e)
SWCto Model FAO-56
Field Soil ER spatial ET input: ET Model | Daily
ERT to SWC reduction reduction (Eq.13)"| ET
(Fig. 6) (Fig. 6) coefficient coefficients (Fig.8d)
(Fig.8a) (Fig.8b-c)
Lab pedophysical Parametrize Spatial integration
experiments ET model of ET reduction
(a) Electrical exp: (Table 4) coefficients
Soil ER = f(SWC) ET reduction Depth-dependent
(Eq. 3-8) coefficient = contribution of soil
(b) Retention exp: f(SWC) water stress to ET
SMP = f(SWC) (Eg. 14-19) reduction
(Eq. 9-12) Trable 4) (Eq. 20-21)
(Fig. 4-5)

FIGURE 3
matric potential; SWC, soil water content.

was repacked with a pestle (Figure 4a). We installed two four-
electrode arrays (a total of eight Ag/AgCl electrodes) from the
bottom of the column, where the two outer electrodes were
used to inject current, and the inner pair measured the soil
resistance (PSIP, Ontash & Ermac). Resistivity was calculated
from resistance using the geometric factors determined with
solutions of known conductivity (Figure 4b). To saturate the
soil, we placed the soil column in the water obtained from
the field, and the water was only allowed to flow upward into
the soil via openings drilled from the bottom of the column
to avoid trapping air. The bottom-up saturation process lasted
2 weeks until the soil surface appeared glossy, and the SWC
estimate exceeded 0.41, a value obtained from the water reten-
tion experiment described in the following section. During the
experiment, water loss was only allowed via evaporation from
the top, and the SWC (6 [m® m~3]) and saturation degree (S
[m® m~3]) at each acquisition were determined gravimetri-

Summary of the workflow. ER, electrical resistivity; ERT, electrical resistivity tomography; ET, evapotranspiration; SMP, soil

cally and eventually via oven-drying at 60°C until the weight

stabilized (porosity [¢] = 0.453 and dry bulk density =1.46 g
-3

cm™Y):

S== )
®

Soil ER was corrected to 25°C (p [ m]) and saturation
degree (S) data were fitted using the Waxman—Smits model
(Waxman & Smits, 1968):

b -1
p= cp‘MS‘N<pi - %) 3)
f

log(p) = —M log(g) — N log(S) — log (pi + b?") (3a)
£
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(a)

Evaporation

®
244 499\ 255
@ 0@ ®

FIGURE 4 Pedophysical experiments: Soil electrical
characterization. (a) Electrodes (A, B) were used for injecting current
and (M, N) for measuring resistance. (b) From the bottom of the
column: the location of the two electrode arrays (black and red, spacing
in [cm]) and the openings for saturating the soil (blue). (c) Water
retention analysis. The tensiometers at two heights measured soil matric
potential (SMP), and the balance monitored soil water content (SWC)
gravimetrically. ID, inner diameter.

_0s
b=383 <1 —0.83¢ ) @)

1 -
0, = CEC x D, X T(p )

where @ (m> m™3) is the porosity, p; (S m™!) is the pore
water resistivity, » ([S m~!']/[meq cm™3]) is the equivalent
ionic conductance of exchange cations, Q, (meq cm™>) is the
cation exchange capacity per unit pore volume, CEC (meq
g~ !) is the cation exchange capacity (taken as 0.2529, mea-
sured by Blundell et al., 2020), and D, (g cm™3) is the
soil particle density (taken as 2.65). The model parameters,
M [—] (cementation exponent) and N [—] (saturation expo-
nent), were fitted with linear regression using the log-log form
of the Waxman—Smits model (Equation 3a). The saturation-
dependent pore water resistivity (p;) was estimated following

Hilhorst (2000):
e—¢

- (6

Pr =P e,

where ¢, (—) is the dielectric permittivity of the water (taken
as 78.5 at 25°C), g, (—) is the dielectric permittivity of the
dry soil (taken as 4.1, Hilhorst, 2000), and € (—) is the dielec-
tric permittivity of the bulk soil, solved using Topp Equation
(Topp et al., 1980):

0=-53%x10"2+292x 1072 — 5.5 x 10~*¢?

+4.3 % 107%? @)

Finally, an empirical model was fitted to generalize pore
water resistivity (py) as a function of saturation degree (S):

log(py) = log(pggy) + ¢ 10g(S) €))

where p; (., (S m™!) pore water resistivity at full saturation,
and ¢ (—), an empirical exponent, were fitted linearly using
the estimated pore water resistivity (Equations 6 and 7) and
the measured saturation.

2.4.2 | Soil water retention experiment

SMP was measured in a Hyprop unit (METER). Adjacent to
the soil sample used for the electrical measurements, a cylin-
drical soil sample was cored from the field at 0.05- to 0.1-m
depth and saturated with the irrigation water initially using the
aforementioned bottom-up saturation technique. As the soil
dried, SMP was measured and calculated as the geometric
mean between the two tensiometer readings, and SWC was
monitored gravimetrically with the balance and determined
via oven-drying at 60°C until the weight stabilized eventu-
ally (porosity = 0.407 and dry bulk density = 1.56 g cm™>)
(Figure 4c). Additional SMP of drier soil (<—880 hPa) was
measured using WP4C (METER), which calculated the SMP
of the sample by measuring its dew point temperature. The
SMP and saturation degree data were fitted with a PDI variant
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(a) Pore water resistivity (pr)

21 (10g(p9) =109(prsa) + log(s) |

preat = 2.37, ¢ = 0.727

estimate
(eq.6-7)
fit (eq.8)
(R2=0.97)

pr [Ohm m]

—o—

T T

01 0.2 0.4
Saturation (S) [m°m™)]

0.6 0.8 1

(b) Waxman-Smits Model

® column data
column fit (eq.3a)
(R2=0.93)

depth [m], porosity
0.00 0.494

Resistivity (p) [Ohm m]

1 M, N =(2.893, 2.292)
{ [1og(p) =M 1og(¢) N 1og($) - og(1/pr+ bQ/S) |
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(c) Soil Water Retention
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FIGURE 5
relationship between saturation degree and pore fluid resistivity. (b)

Soil electrical-hydraulic relationship. (a) Empirical

Waxman—Smits model. The error bar is the standard deviation from
multiple acquisitions at a single soil water content (SWC) during the
laboratory experiment, and the colored lines show the calibration
relationship at each depth with different porosity input. The histogram
to the right is the distribution of the field resistivity values between 0-
and 2-m depth from all field campaigns. (b) Soil water retention curve.
Field capacity is at —330 hPa and wilting point at —15,000 hPa, and the
colored lines show the retention curve at each depth with different
porosity input.

(Iden & Durner, 2014; Peters, 2013) of the unimodal con-
strained (van Genuchten model, 1980) using the Hyprop-Fit
software:

SW) = (1= Speg) sP(W) + Spees™(y) ©)

where S (m® m~3) is the saturation degree, y (hPa) is the
SMP, and S, is the saturation degree at maximum SWC of
adsorptive water. The retention curve parameters, o (ecm™h
(the inverse of the soil suction at air entry of the adsorptive
retention) and n (—) (a curve shape parameter), are embedded
in the formulation of the two saturation functions: capillary
(s°2P) and adsorptive saturation function (s*d) (Pertassek et al.,
2015):

1
e i e
L+ (—oy) I+ (—oy,)

-1
-]
I+(—ony)

1
log (%) - log(-w,)

s (y) = (10)

sy =1+

1
1 log <;) — log(-w)
log(—lp)—log<&>+d1n l+e p

)

d — 01 + % 1 —_ e_<lf~gils) (12)
n2

A distinction of the PDI model is that it forces the soil suc-
tion to reach oven-dryness at y, = —10% hPa when SWC = 0
(Schneider & Goss, 2012). The parameters a, n, and S, were
fitted by minimizing the residual sum of squares.

2.5 | Evapotranspiration

2.5.1 | Reference ET model
In this study, we used the dual crop coefficient model from
FAO-56 as our reference model:

ET, . = ET, (K, + K, Ss) (13)

cadj
where ET ,q; (L/T) is the adjusted crop ET for nonoptimal
conditions, ET (L/T) is the reference ET over a well-watered
grass surface, K, (—) is the soil evaporation coefficient, K,
(—) is the basal crop coefficient (for transpiration), and K (—)
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is the water stress coefficient (for transpiration). ET, is a stan-
dardized measurement available in most weather stations, and
we acquired ours from a station managed by the California
Irrigation Management Information System, 9 km away from
the maize plot. K, depends on the irrigation method, crop cov-
erage, and water availability in the topsoil; K, depends on the
species, crop development, and local climate; K depends on
the species and water availability in the root zone. The deriva-
tion of K, K., and K can be found in FAO-56 Chapters 7 and
8 (Allen et al., 1998).

2.5.2 | ET reduction coefficients
FAO-56 uses two ET reduction coefficients to quantify the
decrease of evaporation (E) and transpiration (7) rate as the
soil dries: K, (soil evaporation reduction coefficient, embed-
ded in the calculation of K.) and K, where K, and K,
are the ratios of the actual £ and T to their optimal rates,
respectively. FAO-56 defines three stages of reduction: (1)
Optimal ET (K = 1): when field capacity is reached after a
significant precipitation or irrigation event, there is readily
evaporable water in the evaporative depth (Z,) and plant-
available water in the effective rooting depth (Z,) for ET
without limitation. (2) Reduced ET (1 < K < 0): when the
readily evaporable/available water is depleted, the rate of E
or T decreases from its optimal rate as the SMP decreases. (3)
ET Ceases (K = 0): strong adsorption between soil matrix and
water inhibits E or T when total evaporable or available water
is depleted (see fig. 38 and 42 in Allen et al., 1998).
Computing ET reduction coefficients as a function of the
cumulative depletion of soil water requires quantifying and
balancing the water influxes (irrigation, precipitation, and
capillary rise) and effluxes (ET, surface runoff, and deep per-
colation). Several limitations arise with this approach: (1)
subsurface fluxes are difficult to quantify; (2) ET, the final
output, feeds into the computation of K. and K; (3) the
assumption that the soil is at field capacity homogeneously
after rain or irrigation can be invalid; (4) reducing the soil vol-
ume to one dimension ignores the spatial distribution of SWC
and roots. To address these challenges, we reformulated the
reduction coefficient (K, and K ) equations from functions of
cumulative depletion to functions of SWC ( 0):

Opc = S (y = —330hPa) ¢ (14)

Owp = S (y = —15,000hPa) ¢ (15)

Ok = Opc — [3.121 (Bpc — 0.50yp) Az +0.229]  (16)

eKS =0pc—p (eFC - eWP) a7

1,6 > 0
0-0.50
K.(0) = wﬁ,e& > 0> 0.50yp (18)
0,0.50yp > 0
1,0 > 0y
0-0
K.(0) = eKS_\g\;P’GKS >0 > Oyp 19)
0,0yp >0

where O (m® m~3) is the SWC at field capacity (using Equa-
tion 9), Oywp (m> m3) is the SWC at wilting point (using
Equation 9), O, (m? m~?) is the SWC below which the evap-
oration rate is reduced (K, < 1), and O (m? m3) is the SWC
below which the transpiration rate starts to decrease (K <
1). The reduction coefficients are a function of Az (m) (effec-
tive evaporative depth, taken as 0.1 m, eq. 73 in Allen et al.,
1998) or p (—) (a crop-specific soil water depletion fraction
before the roots start to experience water stress, taken as 0.55
for maize, tab. 22 in Allen et al., 1998). This SWC-based
approach does not require temporal fluxes as inputs, and it
allows spatial analysis of soil water stress when spatial SWC
characterization is available. In alignment with FAO-56, our
water stress analysis was only concerned with soil drier than
field capacity, and therefore the hypoxic condition was not
discussed.

2.6 | Hydrogeophysical methods in ET
computation

ERT and the pedophysical relationship were introduced into
ET computation through (1) calculating the ET reduction
coefficients for the daily FAO-56 dual crop coefficient model
and (2) quantifying accumulative ET based on SWC mass
balance from ERT time lapse. The first step of both meth-
ods involved converting soil ER from ERT to SWC based on
the laboratory pedophysical relationship. Several assumptions
were made to bridge laboratory results to field application:
(1) model parameters—M and N in Waxman—Smits (Equa-
tion 3a), p; ¢, and c in pore fluid resistivity (Equation 8), and
o, 1, and S,
as the fitted values from the column experiments; (2) CEC and

in van Genuchten (Equations 9—12)—were taken

soil particle density were set constant (Equation 5); (3) poros-
ity of the soil at the field was treated as a depth-dependent
input (Table 3), which was used to (a) convert saturation
degree derived from ERT into SWC (Equations 3a and 5),
(b) determine SWC at field capacity and wilting point (Equa-
tions 14 and 15), and (c) calculate SWC thresholds where
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TABLE 4 Soil water content thresholds derived from the lab experiment and calculated for the field application at different depths.
Reduced Reduced
Saturated Field capacity transpiration evaporation Wilting point
(porosity) (@) (0gc) (') Og,) Owp)
Lab experiment 0.407 0.310 0.225 0.212 0.153
Field (depth, [m])
0.00-0.15 0.494 0.373 0.271 0.263 0.188
0.15-0.30 0.489 0.369 0.268 0.260 0.186
0.30-0.60 0.451 0.341 0.248 0.238 0.171
0.60-1.00 0.435 0.329 0.239 0.229 0.165
1.00-1.50 0.440 0.332 0.241 0.232 0.167
1.50-2.00 0.415 0.314 0.228 0.217 0.158

E/T is reduced (Equations 16 and 17). After the SWC (6;) of
each ERT mesh cell (i) was determined, we calculated local
ET reduction coefficients (k;; and kg;) at each cell (Equa-
tions 18 and 19), which were finally integrated spatially as
weighted averages to be the inputs to FAO-56 model (K, grt
and K grr):

Z kl’lwl
' 2w
kgiw;
Kggrr = Zz—qw 21
i

where w; (—) is the weight given to each cell based on their
contribution to ET.

For transpiration (w;), the soil underneath the nonirrigated
paths and/or deeper than the effective rooting depth (Z,),
where RWU was insignificant, received w = 0. The effec-
tive rooting depth was estimated as a function of growth days
based on nonlocal field measurements of maize (Archontoulis
& Licht, 2017). They observed a root growth rate of 7 mm
day~! before the fifth-leaf stage (DOY 131 at our plot), fol-
lowed by 31 mm day~' until the silking stage, when the
maximum depth of ~1.5 m was reached (DOY 175 at our
plot). Within the root zone, the weight was assigned as a func-
tion of depth, w(z), according to a 4-3-2-1 rule proposed by
Kranz et al. (2008), where the maize roots in the top quarter of
the rooting depth contribute to 40% of the total water uptake
(w = 0.4), second quarter to 30% (w = 0.3), third quarter to
20% (w = 0.2), and the bottom quarter to 10% (w = 0.1).

For evaporation (w;), the soil deeper than the effective evap-
orative depth (Az = 0.1 m), where E was insignificant, was
assigned w = 0, because the residual diffusive evaporation
below Az is incorporated into K, and therefore governed by
Ks (Equation 13; Aleen et al., 1998). The topsoil was assumed
to contribute uniformly to E (w = 1), which could be adjusted
based on canopy coverage. No depth-dependent weight was

assigned to k; because we did not intend to resolve the vertical
differences within Az using the 0.5-m spaced electrodes.

To calculate accumulative ET (ET,.), we subtracted two
consecutive ERT to obtain the changes in SWC at the top
2 m (ASWC). Capillary rise and deep percolation beyond 2
m were neglected, assuming that the SDI system was effi-
cient (Ayars et al., 1999). ET, .. between the two surveys was
calculated as:

ET,. = Irrigation — ASWC (22)

3 | RESULTS AND DISCUSSION

3.1 | Soil electrical-hydraulic calibration

The relationship between saturation degree and soil ER was
fitted with the Waxman—Smits model (M =2.893; N =2.292),
saturation and pore water resistivity with an empirical rela-
tionship (pg ¢, =2.37 Q m; ¢ =0.727), and saturation potential
and SMP with the van Genuchten model (o« = 0.0143; n =
1.247; S,.s = 0.523) (Figure 5a—c). The figures also show
the depth-dependency of these relationships when the mean
porosity at each depth (Table 3) was fed into the functions
to apply the calibration on the field data. The SWC thresh-
olds at field capacity, reduced E/T, and wilting point at each
depth were calculated and summarized in Table 4, and the
equivalent SMP was around —2200 hPa at reduced T (Og)
and between —2850 and —2590 hPa at reduced E (8g,).

3.2 | Soil water dynamics

Time-lapse ERT and the pedophysical relationship were
applied to obtain the spatial distribution and temporal
changes of SWC at the maize plot. Here, we focused on the
top 2-m depth where ERT data coverage and resolution were
higher, ET was active, and soil particle size distribution was
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FIGURE 6

Time-lapse electrical resistivity tomography (ERT) between 0- and 2-m depth. The center (i.e., the SDI pipelines) of the 10 beds of

interest, each including two rows of maize (black dots), are marked with the treatment and the replicate number, and the positions of the electrodes

(red dots) are labeled on day of year (DOY) 134.

similar, which led to the assumption of the applicability of the
laboratory-fitted model parameters in the homogeneous soil.

The surface ERT array was able to distinguish decimeter-
scale contrasts in the irrigated row crop system (Figure 6). The
pre-irrigation survey (DOY 134) showed a vertical transition
from higher to lower resistivity without noticeable anomalies.
The observed gradient aligned with the expectation that the
predominant ET during the early vegetative stages of maize
would be homogeneous surface evaporation of the rainfed soil
water, when canopy coverage, root growth, and water uptake
were less significant (Figure 1b). Upon irrigation, ERT was
able to differentiate the irrigated beds from the exposed and
nonirrigated paths in the topsoil.

ERT also highlighted the extent of soil affected by ET in
response to irrigation manipulation and the development of
maize. During and after the manipulated irrigation period
(DOY 187 and 214), ERT showed higher resistivity at the

water-stressed T1-T2 than the non-water-stressed T3-T5 at
matching depths (Figure 6). Time-lapse ERT also showed a
significant increase in resistivity (decrease in estimated SWC)
at T1 and T2 between DOY 153 and 214 (Figure 7), and the
drying of soil at such depths suggested deeper RWU activi-
ties. Maize was found to induce soil drying as deep as 1.6 m
when well-watered. When the soil water stress was present in
the topsoil, the maximum RWU rate of maize was found to
shift deeper, and root length density at depths also increased
(Garré et al., 2011; Srayeddin & Doussan, 2009).

During the full irrigation period (DOY 197-229), all treat-
ments received the same amount of irrigation, while ERT
showed SWC decreased between DOY 214 and 228 at T3-
TS (irrigation < ET) but increased at T1-T2 (irrigation >
ET) (Figure 7). Physiologically, for a 150-day maize planted
in April in California, the period between growth days 71—
120 (corresponding to DOY 181-230) is its reproductive
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values (blue) indicate wetting. SWC, soil water content.

stage when kernel development is most active and crop water
demand is at its peak (tabs. 11 and 17, and fig. 37 in Allen
et al., 1998). The observation of smaller ET at T1 and T2 sug-
gests a state of prolonged and severe soil water stress during
the vegetative stages that could trigger physiological adapta-
tion or damage (Cai et al., 2017; Tardieu et al., 2018)—to
lower transpiration rate even if the SWC became available.
Beyond growth day 121 (i.e., DOY 231), grain filling ceases,
maize has reached maturity, and crop water demand decreases
linearly from maximum to baseline. Also, no more irrigation
was applied during this period. Therefore, the plummeting
crop water demand, rather than the recovery of maize at T1
and T2, played a stronger role in the gradual decrease in lateral
ASWC contrast from DOY 228-260 (Equation 22).

3.3 | Soil water stress and ET

ERT was introduced to spatially analyze soil water stress in
the root zone. The one-dimensional approach (such as the
method documented in the FAO-56 paper) requires a single
estimation of the total water in the rooting depth, therefore

assuming that the relevance of RWU and soil water stress is
homogeneous in the root zone. However, maize roots were
found to have the highest density and contribution to the total
RWU near the surface when well-watered (Li et al., 2002).
Here, ERT also showed an overall dry-to-wet resistivity gra-
dient despite having the source of irrigation near the surface
(Figure 6), indicating a diminishing contribution to the total
ET with increasing depths. Under the assumption that RWU
decreases with depth, we applied depth-dependent weights
when integrating the water stress coefficient in the root zone
(Figure 8a).

Vertical water stress profiles showed a persistent reduc-
tion of transpiration rate at the top 0.5 m due to low SWC
caused by high ET intensities (Figure 8a). During the manip-
ulated irrigation stage (DOY 187), transpiration was inhibited
at shallow T1-T2 when SWC approached the wilting point,
which prompted deeper RWU activities. The ET reduc-
tion coefficients were spatially integrated and fed into the
FAO-56 model to compute daily adjusted crop ET (ET, ,4j)
(Figure 8b—d). The difference between ET adjusted with ERT-
based soil water stress at each treatment versus ET without
ERT adjustment (K, = 1, K, = 1) was highlighted (Figure 8d).
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stress coefficient K ppr. (d) Daily ET from FAO-56 model. The points are the ET values without ERT soil water stress adjustment. (e) Accumulative

ET since day of year (DOY) 134 based on soil water content (SWC) mass balance. The dotted line is accumulative ET without electrical resistivity

tomography (ERT) soil water stress adjustment.

The accumulative ET calculated based on SWC mass
balance showed higher values at the non-water-stressed
treatments (Figure 8e), which merely reflected the fact that
those treatments received a higher volume of irrigation input.
However, we encountered negative ET at T1-T2 toward the
end of the growing season, as seen from the slight decrease
in acculturative ET values. This issue was also observed by
Cassiani et al. (2012), which could be attributed to (1) the dif-
ferent time scale between the dynamic events (i.e., irrigation,
ET) and ERT acquisition frequency (Blanchy et al., 2020);

(2) smoothing of the resistivity in ERT inversion (Descloitres
etal., 2008); and (3) decreasing sensitivity and resolution with
depths using surface electrodes (Srayeddin & Doussan, 2009).

3.4 | Limitations and future outlook

Converting soil ER from ERT to soil hydraulic properties
based on a universal pedophysical relationship has been chal-
lenging. Given a heterogeneous field, multiple calibrations
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would be necessary, which could introduce sharp transitions
between the defined boundaries (Garré et al., 2011). An exam-
ple of heterogeneity would be the compaction at the paths
from machinery passages, where soil and pore structures
could be heavily modified (Celano et al., 2011; Michot et al.,
2003). Hysteresis due to wet—dry cycles was also identified
as an issue when the pedophysical relationship was applied
during both cycles (Zhou et al., 2001).

How representative the calibration relationship derived
from controlled laboratory experiments was in the entire
field has been questioned, while the lack of ground truth
at matching locations to evaluate the applicability of the
calibration was the limitation of this study. Nevertheless, com-
paring SWC derived from ERT and TDR SWC sensors (5TM,
Decagon) (installed at the north end of the plot, not at the
ERT transect) at matching depth (0.1 m), we observed that,
throughout the growing season, (1) TDR measured higher
SWC at water-deficit T1 and T2 than T3, and (2) TDR showed
similar trends of decreasing SWC at all treatments, irrespon-
sive to the irrigation manipulation (Figure 9). In this study,
the TDR sensors were installed near the end of the irrigation
pipelines, where we observed wetter surface soil compared
to the rest of the plot. The comparison between point sen-
sors and ERT highlighted the importance of the installation
locations and the advantage of ERT thanks to its spatial
coverage.

Some potential issues with the assumptions of the ET
reduction coefficients (K, grr and K grr) are as follows: (1)
using a fixed maximum rooting depth and fixed depth-wise
contribution to RWU across all treatments did not consider if
soil water stress has triggered deeper root development and
higher RWU from the deep roots, as observed in time-lapse
ERT (Figure 6); and (2) the assumption that the transpiration

rate decreased linearly with SWC after a threshold value (Og,)
and ceased at wilting point, independent of species, has been
questioned.

Increasing ERT survey frequency will enable more detailed
spatiotemporal analyses that can improve the use of ERT in
crop ET computation. With temporally denser ERT datasets,
the rate of RWU as a function of depth and time and the accu-
mulative ET over a shorter time frame could be calculated
using the SWC mass balance approach. These data can be
used to (1) adjust the extent of rooting depth and the contri-
bution of each depth to the total ET, (2) study if prolonged
water stress physiologically alters transpiration, and (3) inves-
tigate the applicability of SWC thresholds to determine the
RWU rate. These objectives will be beneficial to evaluate
the performance of the manipulated deficient irrigation, study
how prolonged heat and drought may temporally and per-
manently alter ET patterns, and improve the ET monitoring
and modeling capability that better informs water resource
management.
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