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Abstract 
Efficient water use planning is crucial for the sustainability of irrigated agriculture in California, where alluvial 
geological materials with indigenous salts impinge on crop growth. To facilitate irrigation scheduling and 
cultivation planning, it is necessary to determine water percolation quotients (WPQ) required for removal of 
excess salts from the rhizosphere. In order to estimate real-time WPQ, we conducted electromagnetic 
geophysical surveys at a saline farmland followed by stochastic computations. Results showed a wide variability 
in salinity that reached 16 dS m-1 in some locations. About 95% of the surveyed samples surpassed 2 dS m-1. 
Despite spatially dependent asymmetric variability and skewness (-0.13 to 1.90), the WPQ distribution patterns 
were consistently quantified with low errors (< 0.06). The sensor responses in the fields reached 100% 
cumulative frequency at a threshold of 13.6 dS m-1. Up to 49% of WPQ data ranged from 0.1 to 0.2. The WPQ 
decreased with increasing salinity and the zones with low quotient values represented areas where plant growth 
could be impaired. High WPQ levels demarcated zones with potential solute dissolution and dispersion. Overall, 
evaluation of WPQ can benefit irrigation planning and crop management practices while enhancing water use 
efficiency for agricultural production in farms that have been affected by drought and water shortage, and crop 
growth can be sustained at WPQ level that maintains salts below the crop tolerance threshold. 
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1. Introduction 
Geological parent materials in many agricultural lands of California are predominated by alluvial geomorphic 
structures that are primarily composed of shale and sandstone deposits containing elevated levels of indigenous 
salts (McNeal & Balisteri, 1989). High water tables, shallow clay layers and inadequate drainage in these areas 
result in reduced water percolation and salinity buildup that ultimately impair soil structure and crop growth 
(USGS, 2015). Agricultural productivity of these farmlands is heavily dependent on irrigation. However, 
extensive application of poor-quality water often exacerbates the salinity problem. Nearly 45% of irrigated 
agricultural lands in California are impacted by soil or water-induced salinity (Letey, 2000).  

For mitigating these adverse conditions, it is necessary to develop a precise water percolation quotient (WPQ) in 
order to remove salts from the rhizosphere and maintain a tolerable salinity for plants. Application of irrigation 
water in excess of plant requirement can achieve this removal (Hanson et al., 2006). The percent of excess water 
flowing past the rhizosphere depends on several factors including soil texture and salinity, electrical conductivity 
of the applied irrigation water and salt tolerance of the planted crops. Subsequently, estimation of precise water 
quantity in field conditions is a challenging task for the growers as conventional measurement methods of using 
electrode probes and soil sampling are laborious, slow and costly (Davis et al., 1999). Under variable 
environmental conditions, the electromagnetic geophysical sensing (EGS) technique can be utilized for rapid and 
reliable quantification of WPQ over large areas. The sensing approach allows for real-time above-ground 
measurements and provides a better, rapid and economical option as compared to the invasive traditional 
methods (Hendrickx et al., 1992; Diaz & Herrero, 1992; McKenzie et al., 1997; Sudduth et al., 2003).  

Versatility of the EGS technique has been reported for diverse environments. The sensing approach was found to 
be effective for assessing groundwater recharge (Cook et al., 1992), wetland (Paine et al., 2004), soil moisture in 
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agroforestry (Huth & Poulton, 2007), and coastal agriculture (Yao et al., 2016). Cassel et al. (2015) already 
detailed the concept of applying electromagnetism for rapid and high-resolution assessment of salinity. The EGS 
techniques have been applied for salinity and water management across the globe including China (Yao et al., 
2016), New Zealand (El-Naggar et al., 2017), Utah (Abdu et al., 2017), the Nile delta (Aboelsoud & 
Abdel-Rahman, 2017) and Spain (Pedrera-Parrilla et al., 2017). Lia et al. (2015) used EGS measurements for 
studying the impact of saline water irrigation on desert ecology. Huang et al. (2017a) predicted soil water 
dynamics using EGS and assimilating artificial neural network and physical model data. Recently, Cassel (2017) 
demonstrated the application of electromagnetism for site-specific yield optimization in central California. In 
another study, Cassel and Sharma (2017) described the application of electromagnetism for spatial analysis of 
salt heterogeneity in a grape field. 

Considering the multipurpose benefits of EGS, the current research concentrated on water quantity analyses with 
specific focus on water percolation to application ratio. Thus, the objective of this study was to estimate WPQ in 
some salt-affected alluvial agricultural soils in California. Based on the electromagnetic survey and stochastic 
computations, we quantified soil salinity distribution and WPQ in real-time despite high parametric variability. 
This approach can help growers and agricultural decision makers develop selective soil reclamation and 
irrigation management practices depending on specific crop tolerance levels.  

2. Materials and Methods 
2.1 Geophysical Survey 

We performed an EGS survey in a Californian farmland with alluvial silty clay soils that had slowly degraded 
due to salt accumulation (USDA, 2006). The geomorphic feature included fan remnants with alluvial parent 
materials derived from sedimentary and igneous rocks. The land was characterized by flat topography with < 1% 
slope, alkaline soil pH (> 7.9), silty loam surface horizon and silty clay subsurface soils. In this area, occurrence 
of clayey and saline parent materials and inadequate drainage led to salt buildup that was exacerbated by 
intensive irrigation practices (Cal EPA, 2006; USDA, 2014). Typical vegetation comprised irrigated crops 
including tomato as well as salt-tolerant shrubs and grasses.  

Our study concentrated on two 800 m × 800 m contiguous fields within the farm, designated hereafter as fields 
A1 and A2.  In these fields, soils within a 1.2 m rhizosphere were investigated using dual-dipole electromagnetic 
sensors (38DD) aligned in perpendicular positions. The sensors were set to measure soil electrical conductivity 
at 14.6 kHz frequency across 0.8 and 1.5 m lateral and vertical depths, respectively. Potential signal interferences 
from terrestrial metals were eliminated by securing the sensors in a protective carrier-sled located about 3 m 
behind a tow-vehicle. Precise survey points were obtained using a global positioning system with differential 
correction capability at the sub-meter accuracy level. The real-time data were recorded using an on-board 
computer connected through digital interfaces.  

2.2 Optimal Sampling and Laboratory Analyses 

Following the EGS data recording, an optimal soil sampling plan with spatial characteristics of the whole survey 
area was devised using an ESAP analysis (Lesch et al., 2000). For subsequent calibration, the response sample 
design methodology was applied to select the survey locations that yielded minimal spatial auto-correlations and 
best described the spatial variability in apparent electrical conductivity. Within 48 hours of the survey, physical 
soil samples were collected at specific plan-defined points across the rhizosphere. Afterward, these soil samples 
were processed and analyzed for electrical conductivity (EC), volumetric water content (θ) and water saturation 
percentage (SP) using procedures described by Dane and Topp (2002) and Gavlak et al. (2003). 

2.3 Stochastic Analyses and Mapping 

Soil salinity and WPQ were determined based on electrical conductivity characterization by geophysical surveys, 
laboratory assay, as well as statistical and stochastic modeling analyses described by Lesch et al. (2000). The 
EGS response data were also analyzed for dispersion, variance, symmetry and distributions. For each field, the 
model that estimated WPQ was calibrated using the EGS response values as well as their mean and range across 
the rhizosphere. The principal component de-correlation analysis and validation routines were applied to expel 
the outliers, and center, scale and de-correlate the conductivity data. Results from the field surveys and the 
physical soil data were utilized for stochastic analyses, and EC, θ and SP data were integrated to compute WPQ. 
The signal and trend surface parameters were estimated using multi-linear regression analyses. The WPQ was 
then determined based on the estimated rhizosphere conductivity values by using a conversion routine available 
in Lesch et al. (2000). Next, raster maps of soil salinity and WPQ were plotted using ArcGIS (ESRI, 2012). 
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3. Results and Discussion 
Relevant soil physicochemical properties of the plan-defined locations within the rhizosphere of fields A1 and A2 
are summarized in Table 1. The electrical conductivity (EC) values in the surveyed fields ranged from 1 to 26 dS 
m-1, and were characterized by wide variations in salinity with 45 to 80% coefficient of variation (CV). The 
mean salinity levels were 9 and 6 dS m-1 in fields A1 and A2, respectively. In this farmland, most vegetable crops 
would be adversely affected by these levels of salinity. For example, tomato was reported to tolerate salinity up 
to a threshold of 2.5 dS m-1 (Hanson et al., 2006). Likewise, onions yields start decreasing when salinity reaches 
1.2 dS m-1. Even cotton, considered a salt-tolerant crop with a salinity threshold of 7.7 dS m-1, would exhibit 
yield declines across most of field A1 and in the north-west corner of field A2. Average SP values ranged from 27 
to 60% with the higher values suggesting more clayey soil texture. Greater average and maximum SP levels were 
observed in field A1, which also exhibited the higher mean EC level. The soil water contents were near the field 
capacity conditions in both fields with levels ranging from 18 to 40%. Abdu et al. (2017) employed 
electromagnetic mapping at varied water contents of a fallow field with mostly homogeneous silt-loam alluvial 
soils under xeric moisture regime in Utah. By utilizing the geophysical method, the authors were able to 
determine the textural patterns and observed that the lowest electrical conductivity zone had high correlations 
with coarse geological materials. 

 

Table 1. Summary statistics of soil physicochemical characteristics 

 Field A1 Field A2 

 EC SP θ  EC SP θ 
 (dS m-1) (%) (%)  (dS m-1) (%) (%) 

Mean 9 50 27  6 30 27 

Standard Deviation 4 16 3  5 6 5 

Minimum 2 27 18  1 21 20 

Maximum 16 85 34  26 47 40 

Coefficient of variation (%) 45 32 11  80 18 19 

Confidence interval (%) 95 95 95  95 95 95 

 

During the geophysical survey, the transmitter coil was used to apply an alternating electrical current to the 
ground and generate a primary magnetic field. The primary magnetic field induced circular eddy current flow 
loops, which created a secondary magnetic field. The receiver coil measured both of these magnetic fields. The 
total EGS response (Regs) was directly proportional to the magnitude of the eddy current loops and expressed as 
depth (d) weighted apparent soil electrical conductivity (McNeill, 1992). The depth weighted responses for the 
vertical (v(d)) and lateral (l(d)) dipoles were computed as: 
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Considering multi-layer contributions from zero to infinity (), the cumulative response (R(d)) and the 
corresponding electrical conductivity (EC(d)) were integrated to determine the total EGS response (Regs):  





0

)()( dδdφdR                                     (3) 





0

)()( dδdECdφR
egs

                                 (4) 

 



jas.ccsenet.

 

Spatial var
The raster
Only the n
dS m-1. Th
surface wa
than 0.1, w
elevated sa
The areas 
less salt ac
zone. The 
field A1 an
would affe
maintain s
Zealand, E
These aut
homogene
(2017b) a
real-time i
physical m
physical te
preferentia
process de

 

org 

Figure 1.

riations in soil
r maps indicate
north-central p
he raster maps 
as generally el
while the majo
alinity had low
with low salin

ccumulation p
overall result

nd the north-w
ect plant growt
salt levels with
El-Naggar et a
thors observe

eous clay conte
applied conduc
irrigation mana
model fitting. T
exture and irri
al flow. At the
eclined with tim

 Raster maps o

l salinity and 
ed that soil sa

part of field A2

also show the
levated and gr
ority of A2 ha

w WPQ levels 
nity were typi

plausibly due t
s indicated tha

western part of
th and need m

hin crop tolerab
al. (2017) app
ed that EGS 
ent, and both v
ctivity imagin
agement. The 
They demonst
igation schedu
e early stage o
me and soil pro

Journal of A

of (a) soil salin

water percolat
alinity was elev
2 had low salin
e spatial distrib
radually decrea
ad ratios above
thereby sugge

ically characte
to greater diss
at the reclama
f field A2. The

management pra
ble limits. In a
plied electrom

accurately e
variables follow
ng for three-d
authors predic
trated that the 
uling. Water d
of irrigation cy
ofile depth. 

Agricultural Sci

57 

nity and (b) wa

tion quotient f
vated across th
nity (< 3 dS m
butions of WP
ased with dept
e 0.3. The ma
esting the need
erized by eleva
olution and tra

ation and salt m
ese findings ar
actices aimed 
a study of a fa

magnetic imagi
estimated wa
wed similar tre

dimensional as
cted soil water

water distribu
drying in the l
ycles, the soil

ience

ater percolation

for fields A1 a
he fields with 

m-1). Some loca
Q within the s
th. In A1, the 
aps also showe
d for greater w
ated WPQ. Th
ansport of ion
management w
re critical to id
at water perco

arm cultivated 
ing to estimat
ater content w
ends across the
ssay of soil w
r dynamics from
ution and dryi
loamy soil wa
l water dried v

n quotient (WP

and A2 are pre
levels mostly

ations in both 
soil rhizospher
WPQ values p
ed that the zo

water volume fo
hus, high WPQ
ns from the sur
would be prim
dentify the part
olation beyond
with ryegrass 

te water conte
with closer c
e soil profile d
water balance 
m the electrom
ing cycles wou
as fast due to 
very rapidly a

Vol. 9, No. 12;

 

PQ) 

sented in Figu
y above 2.5 dS

fields exceede
re. The WPQ a
primarily were

ones with relat
or soil reclama

Q was indicativ
rface to subsu

marily necessar
ts of the fields

d the rhizosphe
and clover in 

ent in fluvial 
correlations u

depths. Huang 
in the contex

magnetic data a
uld depend on
deep drainage

and then the dr

2017 

ure 1. 
S m-1. 
ed 15 
at the 
e less 
tively 
ation. 
ve of 

urface 
ry for 
s that 
ere to 
New 
soils. 
under 
et al. 
xt of 
and a 
n soil 
e and 
rying 



jas.ccsenet.

 

The partiti
surpassed 
4 and 8 dS
The overal
the 0.1-0.2
were in thi
could imp
observed f
in A1 rema
dynamic f
variability 
of the soil 
salts below
to innovati
water supp
planning w
ranges. Pe
orchard in
Within the
Linearity w
with belo
conductivi
to conduct
concordan

 

org 

Figure 2. 

ioning of salin
2 dS m-1. Abo

S m-1. Furtherm
ll WPQ increa
2 range. About
is range. The l
air plant grow
for 3 and 25% 
ained below th
functions even

y in salinity wi
pore water. So

w the crop tole
ive reuse of dr
plies and impr
water conserv
edrera-Parrilla 
n Spain and ob
e field areas 
was generally 
w-average fie
ity response. H
tivity that was

nce of water co

Partitioning of

nity and WPQ
out 40 and 56%
more, 57 and 1
ased with decre
t 50% of WPQ
lower quotient

wth and would 
of data in A1 a

he level of 0.05
n within the 
ithin the fields
oil salinity can

erance threshol
rainage and wa
ove on farm w

vation measure
et al. (2017) 

bserved close 
with high con
detected with

eld water con
Huang et al. (2
s subsequently

ontent values b

Journal of A

f soil salinity (

Q across the fi
% of the salinit

7% of salinity
easing salinity.

Q levels in A1 r
t values within
need more int
and A2, respec
5. These result
contiguous a

s. These variati
n be sustained 
ld. With the ch
aste waters. Su
water use effici
es while main

studied spatio
correlation in

nductivity resp
hin conductivit
ntent were id
2017a) applied
y used to com
based on the re

Agricultural Sci

58 

(dS m-1) and w

ields is shown
ty values in fie
y data in A1 an
. Nearly 46 and
remained betw
n the profiles s
tense managem
ctively. Also, a
ts indicated th

areas. Such ra
ions could be 
to acceptable 

hallenge of agr
uch adaptation 
iency. Thus, ap

ntaining the so
o-temporal ch
n the tempora
ponse, the soi
ty zones chara

dentified with
d a two-dimens
mpute water co

sponse data.

ience

water percolatio

n in Figure 2. 
elds A1 and A2

nd A2, respectiv
d 49% of WPQ

ween 0.05 and 0
uggested great

ment approach
as compared to
hat WPQ distri
andomness in 
attributed to th
crop growth le

ricultural water
may alleviate 

ppreciation of 
oil salinity ba

haracteristics o
al stability of 
il water conte
acterized by b

h 89% chance
sional algorith
ontent. These 

on quotient (W

Over 95% of 
2, respectively,
vely, ranged fr
Q data in fields
0.1, whereas o
ter salt accumu

h. The WPQ ra
 10% WPQ in

ibutions were h
WPQ confo

the changes in 
evels if the per
r shortage, the
the need for a

f WPQ can ben
alance within 
of soil water c
sensor respon
ent showed no
below-average 
e within the 

hm to convert 
authors report

Vol. 9, No. 12;

 

WPQ) 

the salinity v
, remained betw
rom 8 to 16 dS
s A1 and A2 we

only 14% data 
ulation in soils

ange of 0.2-0.4
n A2, only 1% W
highly variable
rmed to the 
ion concentra

rcolation main
 growers can r

additional irrig
nefit the growe
the crop toler

content in an 
nse and water 
on-linear beha
values. Dry z
segments of 

EGS response
ted high predi

2017 

alues 
ween 

S m-1. 
ere in 
in A2 
s that 
4 was 
WPQ 
e and 
wide 

ations 
ntains 
resort 
ation 
ers in 
rance 
olive 
data. 

avior. 
zones 

low 
e data 
ictive 



jas.ccsenet.

 

The cumu
distributio
skewness 
nearly flat
distributio
the asymm
(2) in A2 
the two fi
distributio
fields A1 a
this differe
showed co
varied con
gradients w
trend rever
m-1, both A
the two f
measurem
0.06 and 
purposes, 
diverse an
salinity es
authors ob
with salini
establishin
determine 
linear and 
resemblan
improved w

4. Conclus
Water shor
agricultura
soil salinit
within the
characteriz
water perc
produces o
can benef
conservati
The electr

org 

lative frequen
ns are describ
(s) tailing ne

t distribution w
n were observ

metry of the dis
was nearly tw

ields were sig
ns than field A

and A2, respect
ence (CF) na
orrespondingly
ntinuously with
with A2 havin
rsed and A1 ha
A1 and A2 rea
fields, the pat

ments. Notably, 
0.05 in A1 an
results of geop

nd vast areas. 
timation in th

bserved that th
ity and could b
ng control me

catchment-wi
nonlinear reg

nce between t
with nonlinear

sion and Impl
rtage and terre
al lands (FAO,
ty and WPQ w
e rhizosphere. 
zed by wide ra
colation-applic
over 250 crops
fit agronomic
on. Dynamic n

romagnetic me

Figure 3. Vari

cies (CF) of th
bed in Figure 
egatively towa
within this fie

ved in field A2 
stribution in A

wice of that in 
gnificantly dif
A1. Subsequen
tively. At low R
arrowed down
y 13 and 1.25 
h changing Re

ng slightly stee
ad about 2.8 ti
ched around 9
tterns in salin
the EGS resp

nd A2, respec
physical measu
Aboelsoud an
e Nile delta an
he conductivit
be applied wit

easures in irri
ide soil water 

gression model
these variable
r modeling. 

lications for W
estrial upsurge
, 2011; Howitt
with high reso
The salinity 

ange of coeffic
cation gradien
s (CDFA, 2017
c decisions fo
nature of solub

easurements ca

Journal of A

iation in cumu

he total EGS r
3. The Regs d

ard -0.13. Slig
eld. As compa
that was chara

A2 was an orde
A1 with magn

fferent, and fi
ntly, 100% CF 
Regs ranges, th

n with increase
times higher 

egs values. In l
eper (1.4 times
imes steeper gr
95% CF. It wa
nity and WPQ
onses in both 

ctively. Thus, 
urements wou

nd Abdel-Rahm
nd employed 
ty response fro
th statistical co
igated agricult

content by u
ls to relate sen

es. Both mod

Water Use Pla
e of salts are p
t et al., 2014). 
olution, and th
and WPQ me
cient of variat

nts. The study
7). The inform
for sustaining 
ble salts in the
an benefit wat

Agricultural Sci

59 

ulative frequen

responses, Regs

distribution in
ghtly negative 
ared to A1, not
acterized with 

r of magnitude
nitudes of 6.97
eld A2 had gr
was reached a

he CF between 
e in Regs value
CF than field
low Regs range
s) slope than A
radient than A

as noteworthy 
Q distribution
fields were ch
our study de

uld be statistica
man (2017) ap
exhaustive qu
om the geoph
onfidence for 
ture. Altdorff 

utilizing the el
nsor response 
els showed h

anning 
ersistent probl
Our geophysi

he results show
easures were w
tion. The maps
y area is part

mation on salini
crop produc

e rhizosphere 
er budgeting b

ience

ncy with EGS r

s, in fields A1

n A1 was near
kurtosis valu

tably greater a

s and k of of 1

e higher than t
7 and 3.78, res
reater variabil
at the threshol
the two fields

es. Thus, at R
d A1. The grad
e (0.05-50 dS 
A1. In higher R

A2. At the inter
that despite di

ns were consi
haracterized by
emonstrated th
ally reliable fo
pplied the elec
adratic and mu

hysical measur
mapping salin
et al. (2017)

ectromagnetic
and water con

high predictio

lems around th
ical method of
wed their spat
widely dispers
s identified iso
t of the farmi
ity and water p
ction and con
results in vari

by identifying 

 

response 

and A2 and th
rly symmetrica

ue (k = -0.66)
asymmetry an
1.90 and 4.51, 
that in A1. The
spectively. The
lity and asym
d Regs of 13.6 

s had wide gap
Regs of 5 and 1
dient (CF/R
m-1), the curv
Regs range (50 
rsection respon
ifference and v
istently quant
y low standard
hat for agricul
or land and wa
ctromagnetic t

multiple regress
rements were 
nity in various 
) studied a fo
c technique. T
ntent and obse
n accuracy th

he globe includ
ffered non-inv
tial distribution
sed from their
olated zones o
ing heartland 
percolation to a
ncurrently im
iability in soil 
dry and wet z

Vol. 9, No. 12;

he symmetry o
al with dimin
) was indicativ
nd sharpness o

respectively. T
e response vari
e local attribut

mmetry in resp
and 19.5 dS m

p. The magnitu
10 dS m-1, fiel
Regs) of both cu
ves had compa

- 100 dS m-1)
nse level of 11
variability betw
tified by the 
d error () valu
ltural manage

ater manageme
technique for 
sion modeling.
strongly corre
profile depths

orest ecosyste
he authors ap

erved strong sp
hat was relat

ding in Califo
asive estimatio
ns and freque
r mean values
of salt build up

of California
application bal

mplementing w
salinity and W

zones and map

2017 

of the 
utive 
ve of 
of the 
Thus, 
iance 
tes of 
ponse 
m-1 in 
de of 
ld A2 
urves 
rable 
), the 
.7 dS 
ween 
EGS 

ues of 
ment 

ent in 
rapid 
. The 
elated 
s and 
m to 
plied 
patial 
ively 

rnian 
on of 
ncies 
s and 
p and 

that 
lance 
water 

WPQ. 
pping 



jas.ccsenet.org Journal of Agricultural Science Vol. 9, No. 12; 2017 

60 

the areas exposed to deep drainage risks. The geophysical assessment can help growers in understanding the soil 
water dynamics for farm management planning. The spatial distribution of WPQ can assist evaluating soil water 
storage and hydraulic transport processes and the overall approach can be applied to a wide range of agricultural 
operations including irrigation scheduling, water budgeting and site-specific crop selection. Efficient use of 
water resources is crucial for the sustainability of irrigated agriculture in California and many parts of the world, 
where continuous droughts have accentuated the need to conserve water and improve on-farm water application. 
The study pertains to critical challenges in California including limited water supplies for agricultural industry 
and declining water and soil quality. Evaluation of WPQ can facilitate development of crop water requirements 
and optimization of water use efficiency under integrated irrigation scheduling. The WPQ evaluation can be 
integrated with agricultural monitoring methods and precise data acquisition processes to provide real-time plant 
water utilization data that can subsequently enhance efficient irrigation planning decisions to sustain crop 
productivity and implement soil reclamation strategies. The overall approach of this study can benefit decision 
support tools for planning water-related farming practices. 
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