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Abstract: California is increasingly experiencing drought conditions that restrict irrigation deliveries
to perennial nut crops such as almonds and pistachios. During drought, poorer quality groundwater
is often used to maintain these crops, but this use often results in secondary salinization that requires
skilled management. Process-based models can help improve management guidelines under these
challenging circumstances. The main objective of this work was to assess seasonal soil salinity and
root water uptake as a function of irrigation water salinity and annual rain amounts. The manuscript
presents a comparison of three-year experimental and numerically simulated root zone salinities in
and below the root zone of almond and pistachio drip-irrigated orchards at multiple locations in the
San Joaquin Valley (SJV), California, with different meteorological characteristics. The HYDRUS-1D
numerical model was calibrated and validated using field measurements of soil water contents
and soil solute bulk electrical conductivities at four root zone depths and measured soil hydraulic
conductivities. The remaining soil hydraulic parameters were estimated inversely. Observations and
simulations showed that the effects of rain on root zone salinity were higher in fields with initially
low salinities than in fields with high salinities. The maximum reduction in simulated root water
uptake (7%) occurred in response to initially high soil salinity conditions and saline irrigation water.
The minimum reduction in simulated water uptake (2.5%) occurred in response to initially low soil
salinity conditions and a wet rain year. Simulated water uptake reductions and leaching fractions
varied at early and late times of the growing season, depending on irrigation water salinity. Root
water uptake reduction was highly correlated with the cumulative effects of using saline waters in
prior years, more than salt leaching during a particular season, even when rain was sufficient to leach
salts during a wet year.

Keywords: almonds; pistachios; evapotranspiration; salinity; sodicity; HYDRUS-1D model

1. Introduction

California’s agricultural management practices need to be adjusted to account for
ongoing water scarcity and forecasted climate change. It is essential to quantify and predict
management effects on soil properties and model their consequent impacts on production
and the environment [1]. Developing sustainable agricultural practices requires using
methods that accurately describe salinity patterns and changes in salinity over time and
space [2]. A comprehensive understanding of the spatial distribution of deep percolation
fluxes due to the spatial distribution of soil properties and spatial vegetation heterogeneities
is still needed to develop such strategies [3].

Soil salinity, similarly to soil water content, is often variable in time and space. A
complete analysis of transient salt transport in the root zone requires extensive measure-
ments, a long time, and significant efforts and costs. On the other hand, numerical models

Soil Syst. 2021, 5, 58. https://doi.org/10.3390/soilsystems5040058 https://www.mdpi.com/journal/soilsystems

https://www.mdpi.com/journal/soilsystems
https://www.mdpi.com
https://orcid.org/0000-0002-6202-5890
https://orcid.org/0000-0002-8358-1570
https://orcid.org/0000-0002-0166-6563
https://doi.org/10.3390/soilsystems5040058
https://doi.org/10.3390/soilsystems5040058
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/soilsystems5040058
https://www.mdpi.com/journal/soilsystems
https://www.mdpi.com/article/10.3390/soilsystems5040058?type=check_update&version=1


Soil Syst. 2021, 5, 58 2 of 20

have proven to be valuable and efficient tools for carrying out spatial-temporal agricultural
system analyses aimed at enhancing productivity under various irrigation schemes and
assessing ongoing climate change effects on soil salinity [4–7]. In particular, transient-state
salinity models are desirable for the analysis of management [8]. Soil salinity problems
integrate the effects of many time-varying factors, including soil properties, climate, crops,
irrigation methods, and management practices. Therefore, transient models can provide
solutions for quantifying salinity build-up in the root zone due to these various processes
and factors. These may include irrigation-induced salinity, upward movement of salts from
the saline groundwater table, and sodification processes [9].

There is a need to develop practical and straightforward (e.g., quicker and cheaper)
methods to determine and evaluate soil salinity to improve decision-making processes
and soil salinity stress management [10–12]. The accuracy of salinity build-up and water
uptake predictions depends on selecting proper mathematical models [13]. Modeling can
explain how temporal and spatial aspects of soil water and solute fluxes are affected by
irrigation practices [14]. Feddes and Raats [15] summarized the progress, challenges, and
applications of unsaturated-zone modeling.

Simulations using transient-state models for actual field conditions require informa-
tion about the quantity and quality of waters entering the soil (e.g., rainwater and irrigation
water), other climate variables (e.g., evapotranspiration), soil hydraulic, and transport
properties, and crop properties. The continuous changes that occur throughout the root
zone are a function of irrigation water salinity, amounts of applied water, rainfall, crop
evapotranspiration (ET), and other climate variables [16]. Gigante et al. [17] stated that
vegetation’s space-time distribution is crucial for a correct evaluation of soil evapotranspi-
ration and other components of soil water balance. However, some of the past analyses that
compared models used to evaluate steady-state and transient-based leaching requirements
ignored rainfall and did not correctly represent field conditions [18].

The HYDRUS-1D model [14] has been used in many studies to assess soil salinity
problems, including those involving drip irrigation, through a one-dimensional or two-
dimensional analysis [7,19–24]. For example, Ramos et al. [22] concluded that HYDRUS-1D
is a powerful tool for analyzing solute concentrations related to overall soil salinity and
nitrogen species. Haj-Amor et al. [25] used HYDRUS-1D to clarify the impact of different
water salinities and irrigation practices on soil salinity (expressed as electric conductivity,
EC), which exceeded the palm salt tolerance in their study. Li et al. [4] used HYDRUS-1D
to investigate the effects of soil water dynamics, soil salinization, and groundwater salinity.
In their research, simulated soil water contents (SWC) and electrical conductivities (ECs) of
the soil solution were in suitable agreement with the observations.

The HYDRUS-1D model [14] provides two different approaches to simulate soil salin-
ity in agricultural soils. First, the HYDRUS-1D standard module can simulate overall
salinity by assuming that EC behaves as a tracer. Second, the HYDRUS-1D multicom-
ponent major ion chemistry module UNSATCHEM permits simulations that account for
multiple geochemical reactions involved in the salinization process, such as precipitation-
dissolution of minerals and cation exchange. This is a complex and advanced numerical
tool to predict coupled processes of major ion chemistry, variably saturated water flow,
and solute transport in soils during transient conditions. The UNSATCHEM module
considers the salinization process in its full complexity while considering all major ion
interactions. Ramos et al. [22] compared these two modeling approaches and concluded
that they provide similar results as long as the effects of geochemical reactions, such as
precipitation-dissolution of mineral salts and cation exchange, can be neglected. Addi-
tionally, Ramos et al. [26] modeled two-dimensional water flow and nitrogen fate and
transport in a sweet sorghum field irrigated with fresh and blended saline waters using
HYDRUS-2D.

Models such as HYDRUS generally require extensive calibration to confirm that wa-
ter flow and solute transport and all boundary conditions of the simulated scenarios are
suitably addressed by the model structure [7,12]. Accurate predictions of such models rely
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on the precise determination of soil hydraulic characteristics [27] or their estimation using
pedotransfer function models, such as ROSETTA [28]. The unsaturated soil hydraulic prop-
erties are described in the HYDRUS-1D model using the van Genuchten–Mualem hydraulic
relations [29]. The pedotransfer functions implemented in the ROSETTA module [28] of
HYDRUS-1D use neural networks to predict soil hydraulic parameters from soil texture
and related data. The ROSETTA module predicts the following soil hydraulic parameters:
the residual water content (θr), the saturated water content (θs), the saturated hydraulic
conductivity (Ks), and the fitting parameters n and α of the van Genuchten–Mualem soil
hydraulic model [29]. Studies have indicated that the laboratory-measured soil hydraulic
parameters, e.g., α, n, and l in the van Genuchten–Mualem functions, combined with
pedotransfer functions and inverse optimization algorithms, are effective in simulating soil
water contents and salinities [14,30].

In part one of this manuscript series [31], we presented experimental data for several
locations in the San Joaquin Valley (hereafter SJV), including precipitation, irrigation, ET
fluxes, soil hydraulic properties, and measured root zone soil water contents and electrical
conductivities. We also summarized seasonal averages and maximum values of root zone
salinity. Periods with maximum values suggest opportunities for improved soil leaching
or other management practices.

In this second manuscript, we aim to use the experimental data from selected sites
presented in part one [31] to (i) calibrate the HYDRUS-1D numerical model simulating
transient root zone deep percolation, and plant water uptake, (ii) relate salt leaching fluxes
and accumulated salt concentrations to soil properties, winter rainfall, and irrigation water
quantity and quality, and (iii) establish base simulations of root zone salinity for two re-
gions of the San Joaquin Valley (SJV), California. These base simulations and the calibrated
model will then be used in a future part 3 of this manuscript series (Helalia et al., in prep.)
to evaluate the impacts of likely future climate change scenarios on the sustainability of
almond and pistachio orchards agriculture in SJV and to provide management recommen-
dations considering available water resources and their quality to mitigate any negative
and adverse impacts of anticipated climate change.

2. Materials and Methods
2.1. Field Sites

A detailed description of five agricultural orchards with five different salinity levels
is given in part 1 of this manuscript series. The five sites have eddy covariance towers
that are part of the Ameriflux network [32–36]. As shown in Table 1, three sites are on
the west side of San Joaquin Valley (SJV), while two sites are on the eastern side. Rainfall
on the east side of SJV (about 275 mm/year) is higher than on the western side (about
190 mm/year) due to the rain shadow effect of the coast ranges of California. Two of the
west SJV orchards sites are almond, and one is pistachio. On the east side, one is almond,
and one is pistachio. Initial salinities, defined as the electrical conductivity of the saturated
soil solution extract, averaged over the root zone (about 120 cm deep), are below 2 dS/m at
the low salinity sites, about 3 dS/m at the medium salinity site, and above 4 dS/m at the
high salinity sites (Table 1). All orchards were irrigated using drip irrigation.

The Sierra Nevada provides surface waters with very low salinity for irrigation in
the eastern SJV. When surface water is available for the western SJV, it has increased
salinity from passing through the California Delta to the Central Valley Project and State
Water Project [37]. Irrigation water salinity at the eastern sites (ASL and PSL) is about
0.04–0.24 dS/m. The western sites were chosen because they were irrigated with saline
groundwaters before this study was initiated due to a prolonged historic drought from
2011 to 2016.

Irrigation water samples were collected at different times of the growing season. Five
replications are presented for most sites in Table 2. As mentioned in part 1, few samples
were available from ASL due to that site’s irrigation strategy. A couple of samples from
outside the study period showed ASL to have very low salinity water comparable to
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PSL, so we assumed that ASL had the same composition as PSL. All measured irrigation
water salinity values were used to identify the time-variable concentration boundary
conditions. A tipping bucket instrument on the eddy covariance towers (details about
various measurements are given in [32]) measured rainfall in each orchard during the 2016–
2019 years. Measured rains were compared with rainfall values provided by the California
Irrigation Management and Information System (CIMIS) weather stations adjacent to the
western and eastern SJV sites. The CIMIS data were very similar to the measured orchard
data, which were used in this study’s simulations. In the SJV, seasonal rain events occur
mainly from December to March (the winter season). Annual precipitation for a given year
tends to be either significantly wetter or drier than the climatological normal. In this study,
2017 was relatively a wet year, and 2018 was a dry year.

Table 1. List of study orchards and their characteristics.

Site Name Ameri Flux
Designation Soil Type Mean Annual

Rain (mm)
Initial Salinity

(dS/m)
Initial SAR
(mmol/L)0.5

Almond Salinity High US-ASH Clay Loam <200 2.2–4.1 7–25
Almond Salinity Medium US-ASM Silty Clay Loam <200 1.8–3.5 7–20

Pistachio Salinity High US-PSH Silty Clay <200 2.3–4.7 5–15
Almond Salinity Low US-ASL Sandy Loam >250 1.3–1.9 10–25
Pistachio Salinity Low US-PSL Sandy Loam >250 1.1–2.1 3–10

Table 2. Irrigation water salinity, sodicity, and ionic composition at four experimental sites.

Sites Day of Water
Collection

ECiw
(dS·m−1)

SAR
pH

Ca2+ Mg2+ Na+ K+

(mmolc/L)0.5 (mmolc·L−1)

PSL 30 March 2017 0.05 0.48 7.64 0.1 0.02 0.19 0.05
30 March 2017 0.04 0.6 7.6 0.08 0.01 0.13 0.04

5 July 2017 0.24 7.8 0.49 0.24 1.15 0.07
17 May 2018 0.04 7.2 0.08 0.02 0.19 0.04

2 August 2018 0.05 8.06 0.07 0.01 0.15 0.04

ASH 30 May 2017 0.3 7.78 0.32 0.32 1.29 0.17
11 August 2017 0.24 1.4 7.14 0.35 0.35 1.54 0.09

6 July 2018 0.43 7.6 1.04 0.51 2.24 0.1
19 September 2018 0.54 6.95 0.31 0.29 1.09 0.07

20 January 2019 0.79 7.8 1.1 1.16 4.76 0.19

ASM 30 May 2017 0.28 1.7 7.7 0.33 0.33 1.47 0.08
17 May 2018 0.43 7.69 0.87 0.58 2.47 0.13
6 July 2018 0.54 1.8 7.72 0.43 0.61 3.26 0.12
6 July 2018 0.53 1.8 8 1.11 1.2 4.92 0.24

19 September 2018 0.51 7.89 0.46 0.52 2.31 0.11
5 January 2018 0.48 7.8 0.91 0.69 5.98 0.14

PSH 20 February 2018 0.44 7.57 0.52 0.59 2.86 0.16
31 August 2018 0.89 4.1 7.72 0.51 0.56 2.54 0.12

19 September 2018 0.48 3 7.93 0.44 0.57 3.03 0.11
30 January 2019 0.9 7.77 1.22 0.74 5.89 0.09

The SJV, CA growing seasons for almond and pistachio are given in Table 3. In the
analysis below, changes in root zone salinity as affected by winter rains are evaluated
based on salinity trends in the “early growing season”. Likewise, the impact of irrigation
water quality (Table 2) on soil salinity is based on analyses of “late growing season” salinity
trends. Almond has a winter dormancy period between November and January [38], and
we define the early growing season to be February to March. The late season is July to
August, with harvest in August. Pistachio blooms later than almond, and the early growing
season is taken to be April to May, whereas the late season is August to September.
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Table 3. Growing seasons in the San Joaquin Valley for almond and pistachio.

Crop Growing Season Early Season Late Season

Almond February–August February–March July–August

Pistachio April–September April–May August–September

2.2. Model Setup

Simulations of transient soil water flow and solute transport were performed using
the HYDRUS-1D model [14,39] for a soil profile 120 cm deep.

2.2.1. Water Flow

The model solves the Richards equation for water flow and the convection-dispersion
equation for solute transport in variably saturated porous media numerically. The Richards
equation [40] that controls variably saturated water flow is:

∂θ

∂t
=

∂

∂z
[K (

∂h
∂z

+ cos α)]− S (1)

where θ is the soil water content (L3·L−3) t is time (T), z is the vertical space coordinate (L)
(positive upward), K is the hydraulic conductivity (L·T−1), h is the pressure head (L), S is
the sink term accounting for root water uptake (L3·L−3T−1), and α is the angle between the
flow direction and the vertical axis (i.e., α = 0◦ for vertical flow, α = 90◦ for horizontal flow,
and 0◦ < α < 90◦ for inclined flow).

The unsaturated soil hydraulic properties are described using the following van
Genuchten–Mualem hydraulic relations [29]:

θ(h)

{
θr +

θs−θr

[1+|αh|n]
m h < 0

θs h ≥ 0
(2)

K(h) = KsKr = KsS
1
2
e

[
1−

(
1− S

1
m
e

)]2
(3)

m = 1− 1
n

, n > 1 (4)

Se =
θ − θr

θs − θr
(5)

where θr and θs denote the residual and saturated water contents (L3·L−3 ), respectively, Ks
is the saturated hydraulic conductivity (L·T−1), Kr is the relative hydraulic conductivity (-),
Se is the effective water content (-), and a (L−1), m (-), and n (-) are empirical parameters in
the water retention function.

2.2.2. Initial and Boundary Conditions

The initial root zone soil solute concentrations and water contents were measured at
four depths (25, 50, 75, and 100 cm). Atmospheric and free drainage boundary conditions
were used at the top and bottom of the soil profile, respectively. The atmospheric variable
boundary condition was defined using precipitation, irrigation, and evapotranspiration
fluxes as a function of time. Potential evapotranspiration fluxes (ET0) were obtained
from the CIMIS meteorological data. Irrigation depths were calculated for each studied
orchard using emitter discharges [M3.T−1] and distances between emitters per drip line.
Irrigation fluxes were estimated based on seasonal allocations of irrigation provided by
the farm managers. Farmers’ estimates of irrigation were adjusted to fulfill the potential
evapotranspiration demands (ET0) for almond and pistachio.

In the HYDRUS-1D model, leaf area index (LAI) or surface cover fraction (SCF) of soil
by plants are used to estimate potential evaporation (Ep) and potential transpiration (Tp)
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from potential evapotranspiration (ETp) [14,41–43] as shown in Equation (6). The leaf area
index values (LAI) and the crop coefficients (Kc) for the studied sites were obtained from
satellite NDVI data [44] for 2016–2018. The LAI values were used to estimate the soil cover
fractions (SCF) by the canopy at the studied sites (Equation (7)). The SCF was then used
to divide potential evapotranspiration ETp into potential evaporation (Ep) and potential
transpiration (Tp) using Equations (8) and (9), respectively:

ETP = ET0 ∗ kc (6)

SCF = 1− exp(−rExtinct ∗ LAI) (7)

TP = ETP ∗ SCF (8)

EP = ETP ∗ (1− SCF) (9)

where rExtinct is the radiation extinction coefficient (=0.463).

2.2.3. Root Water Uptake

Root water uptake is simulated in HYDRUS-1D using the S-shape model [45]. In this
approach, potential transpiration is distributed across the root zone using the root density
distribution function to obtain potential root water uptake. This potential uptake is then
reduced due to the saturation and salinity stresses represented by corresponding stress
response functions [46,47]. The spatial root distribution was determined from measured
weights of almond (ASL and ASH) and pistachio (PSL and PSH) roots in six root zone soil
layers (Figure 1).
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Figure 1. Measured relative spatial distributions (the maximum is one) of root densities of almond
trees (top) at the ASL (left) and ASH (right) sites and of pistachio trees (bottom) at the PSL (left) and
PSH (right) sites. The terms “Tower” and “Outlying” refer to sampling locations with respect to the
eddy covariance tower [31].

Root water uptake and corresponding yield reductions occur when salts accumulate
in the root zone to the extent that the crop cannot extract enough water due to the osmotic
(salt) stress. Similarly, root water uptake and yield reductions occur when the soil profile
is too dry and there is not enough soil water available for uptake. The root water uptake
(transpiration) reduction due to salinity stress is computed in the HYDRUS-1D model using
either the threshold and slope function [48] or the S-shape function of van Genuchten [46].
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In this research, the S-shape root water uptake model [45] is used to simulate the plant
water uptake reduction due to salinity. The root water uptake stress response function
parameters of the S-shape function were obtained from the most recent reference values
of the salinity reduction slope and threshold values for the studied varieties of almond
(Prunus duclis) [48–50] and pistachio (Pistacia vera L.) [51].

Crop growth and yield do not respond to salinity until a salinity threshold is reached.
Early studies found that almonds have a salinity threshold of 1.8 dS·m−1 [49]. Earlier
studies found that pistachios’ (P. vera) shoot growth is reduced at root zone salinity of 7.9
to 10 dS·m−1 [51]. The threshold value for the start of pistachio yield reduction was taken
to be 10 dS·m−1, and the 50% reduction was 14–15 dS·m−1 [51].

The parameters of the S-shape model were obtained directly from the threshold and
slope model as follows. First, the c50 coefficient (salinity at which the root water uptake
reduction is 50%) was calculated as:

c50 = 50/s + cT (10)

where cT is the salinity threshold, and s is the slope of the yield reduction curve. The
coefficients of the root water uptake reduction (c50) for almonds and pistachios in this
research were calculated as, respectively:

c50 Almond = 50/(19/2) + (1.5 × 2) = 8.263 (11)

c 50 Pistachio = 50/(10/2) + (5 − 6 × 2) = 20 − 22 (12)

The conversion from the EC of the saturated extract (ECe) to the EC of water (ECw) is
as follows: ECw ≈ ke × ECe, where ke is approximately 2 [46]. Consequently, almond and
pistachio salinity threshold values were multiplied by the coefficient ke (=2), and the slope
values were divided by ke (Equations (11) and (12)).

2.3. Model Calibration and Validation

The numerical model was calibrated for the five experimental sites. Soil water con-
tents and soil salinities at depths of 25, 50, 75, and 100 cm measured during 2016–2018
(measurement methods are described in part 1 of this manuscript series [31]) were used in
calibration. The model was validated using the third-year data sets from 2018 to 2019.

The HYDRUS-1D codes are physically based models and, as such, require little cali-
bration when all necessary input parameters are experimentally determined. In this study,
we measured the saturated soil water content (θs), the average field capacity (θFC) mois-
ture content at 0.33 bar, percentages of sand, silt, and clay, the soil bulk density, and the
saturated hydraulic conductivity (Ks). The above-listed soil properties were measured for
four layers of each simulated location. The ROSETTA [28] pedotransfer function software
was used to predict soil hydraulic parameters θr, α, and n of the soil water retention curve.
The measured and ROSETTA-estimated soil hydraulic parameters were used as initial
estimates of the soil hydraulic parameters. The inverse optimization option for soil hy-
draulic parameters implemented in the HYDRUS-1D model was then used to adjust these
parameters further to obtain a better correspondence between simulated and measured soil
water contents. The obtained soil hydraulic parameters for four depths at five experimental
sites are given in Table 4.

The governing convection-dispersion equation for solute transport includes only two
parameters when tracer transport is simulated (EC is simulated as a tracer in the standard
HYDRUS model). One parameter is the molecular diffusion coefficient, which can be
considered using the default HYDRUS value between 1 and 2 cm2/d. The second is the
longitudinal dispersivity, which is commonly considered with a value equal to one-tenth
of the soil profile depth, i.e., 10 cm. Thus, there are no fitting parameters in the solute
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transport equation. For calculating the root mean squared error, we used the following
formula as shown in Equation (13):

RMSE =

√
∑N

1
(
ŷi − yobs,i

)2

N
(13)

where RMSE is the root mean squared error, ŷ is the modeled output from HYDRUS, yobs is
the observed field value, i is timestep from 1 to N, and N is the length of the time series
over which the RMSE is computed.

Table 4. The soil hydraulic parameters for four depths of five experimental sites.

Sites Depth
(cm)

θr
(cm3·cm−3)

θs
(cm3·cm−3)

α
(cm−1)

n
(-)

Ks
(cm·d−1)

ASL 25 0.039 0.395 0.020 1.49 29.2
50 0.041 0.464 0.020 1.51 17.7
75 0.047 0.404 0.014 1.48 21.8
100 0.036 0.349 0.017 1.53 27.8

ASH 25 0.072 0.343 0.009 1.30 16.2
50 0.098 0.433 0.002 1.71 5.6
75 0.117 0.847 0.003 1.75 0.5
100 0.116 0.935 0.003 1.66 2.1

ASM 25 0.098 0.503 0.014 1.39 19.8
50 0.094 0.486 0.013 1.31 18.3
75 0.092 0.490 0.010 1.48 20.6
100 0.092 0.490 0.010 1.48 20.6

PSL 25 0.038 0.523 0.040 1.55 51.0
50 0.035 0.423 0.024 1.26 30.4
75 0.040 0.550 0.036 1.50 30.3
100 0.035 0.376 0.041 1.52 13.8

PSH 25 0.101 0.480 0.016 1.33 21.9
50 0.101 0.503 0.016 1.33 7.03
75 0.099 0.494 0.015 1.35 7.03
100 0.093 0.478 0.013 1.40 13.6

3. Results
3.1. Root Zone Water Content

Root zone water contents and salinities were analyzed and compared at the five sites.
The sites ASL and PSL represent the eastern SJV, and the sites ASH and PSH represent the
western SJV.

The effects of rains (mainly in winter) and irrigation on soil water contents in the top
root zone at the ASL and ASH sites are shown in Figure 2. The HYDRUS-1D simulated
and measured soil water contents (SWCs) showed suitable agreement, both exhibiting
time courses that corresponded to rain and irrigation inputs (Figure 2). The seasonal
SWC trends show high water contents during the growing season (January–July) due to
irrigation and low SWCs during summer. Daily fluctuations in summer were lower at the
ASL site (eastern SJV) than at the ASH site (western SJV).

The western site ASH (Figure 2b) had smaller differences in average SWCs between
winters and summers than the eastern ASL site (Figure 2a). In summer, the dry and wet
events fluctuated more at the ASL site (Figure 2b). In contrast, a long-term stable trend of
low SWCs was observed in summer at the ASH site (Figure 2a). The ASH site had a higher
soil clay percentage, initial salinity, and SAR than the ASL site (Table 1). The rain total
was lower at the ASH site than at the ASL site. Due to these factors, the two regions had
a different frequency of topsoil’s wetting and drying patterns. Simulated and measured
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SWCs at both sites showed an overall high agreement with small values of root mean
square errors (RMSEs) at the surface for both sites (Table 5).
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Table 5. RMSE (dimensionless) for simulated volumetric water content and measured.

ASH, West SJV, CA ASL, East SJV, CA

0–25 cm 25–50 cm 50–75 cm 75–100 cm 0–25 cm 25–50 cm 50–75 cm 75–100 cm

0.054 0.15 0.28 0.25 0.056 0.059 0.063 0.033

At the eastern SJV site ASL, values of simulated and measured SWCs were compared
at depths of 25, 50, 75, and 100 cm (Figure 3). The correlation coefficients between the
simulated and measured values were 0.91, 0.94, 0.83, and 0.96 at depths of 25, 50, 75, and
100 cm. RMSEs were also low at 0.06 or less (Table 5).

At ASH (Figure 4), the simulated and measured SWCs in the top 25 cm of the root
zone showed lower agreement in all seasons, in both wet and dry years of 2017 and
2018, respectively (Table 5). The correlation was highly significant during the winter rain
season (October–March), with a p-value of 0.0005. The agreement between simulated and
measured SWCs in deeper layers varied depending on the season. In winter (the rainy
season), the simulated and measured SWCs showed the highest agreement in the top layer
(0–15 cm), with a correlation coefficient of 0.99. The simulated SWCs showed a lower
agreement with the measured SWCs at deeper layers, i.e., the correlation coefficients were
0.82 and 0.72 at depths of 75 and 100 cm, respectively. In spring, the highest agreement
was obtained in deeper depths of 75 and 100 cm, with correlation coefficients of 0.98 and
0.94, respectively. The correlation was highly significant, as indicated by very low p values
(1.5 × 10−19 and 2.7 × 10−11). The correlation coefficient for the topsoil layer (25 cm)
was 0.62 during the spring (March-May) (Figure 4). These relatively large error values
reflect much smaller temporal variations of simulated soil water contents compared to
measured ones.
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Calibration and validation of the simulated SWCs at depths of 25 for the remaining
three sites (of the five studied sites) are presented in Figures 5–7. The agreements between
measured and simulated water contents were, for various reasons, less suitable at the other
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three sites than at the ASL and ASH sites (Figures 3 and 4). Irrigation and rainfall at the
ASM site (Figure 5) were similar to the ASH site. The ASM site had a layer of clogged
semi-permeable dense clay with a measured saturated hydraulic conductivity of only
about 0.5 cm/day at a depth of 75 cm. This layer led to the violation of the assumption of
one-dimensional flow and transport and poor correspondences between measured and
simulated SWCs throughout the soil profile (not shown for other depths). Nevertheless,
the RSME for this site was very low (0.078), indicating small errors and high agreement.
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The HYDRUS-1D simulated and measured soil water contents (SWCs) at the PSL
and PSH sites are shown in Figures 6 and 7, respectively. Surface soil water contents
(SWC) at the PSL site (a coarse, well-drained soil) (Figure 6) show much smaller seasonal
variations than at the site PSH (a fine soil) (Figure 7). The calibrated model for the PSL
site (Figure 6) produced an acceptable agreement between measured and simulated SWCs.
Some overestimations occurred during the data validation year (2018–2019). The high
saturated hydraulic conductivity of sandy layers above 50 cm, combined with deep, poorly
drained duri-pan layers observed at depths of 70–80 cm, hindered the proper validation
of HYDRUS-1D for the soil layers above 70 cm (not shown). The root mean square error
values for the simulated and measured SWCs were 0.081 and 0.111 at the PSL and PSH
sites, respectively.

Finally, the PSH site (Figure 7) has a sodic clay soil, where physicochemical reactions
cause slaking of soil aggregates and swelling and dispersion of clay minerals. This leads to
a reduction in the soil hydraulic conductivity and a corresponding decrease in infiltration
and, hence, the yield. The highest Na concentration measurements were obtained for
irrigation waters used at the ASM and PSH sites (Table 2). Additionally, the soils at the
ASM and PSH sites have a fine texture and high initial soil solution SAR. The high SAR
reduced the soil hydraulic conductivity at both sites (as described in [31]). We believe that
the lack of agreement between simulated and measured SWCs at the ASM and PSH sites
(Figures 5 and 7) was caused by the previously discussed negative effects of soil SAR on
the soil hydraulic conductivity.

3.2. Root Zone Salinity

Measured and simulated rootzone salinities, i.e., soil water electrical conductivities,
are discussed below for the two western and eastern SJV almond sites (for which soil water
flow modeling was successful) during two consecutive wet and dry years of 2017 and
2018. The clogged layers at the PSH site and heterogeneous duri-pan layers at the PSL site,
with low SWC measurements, prevented HYDRUS-1D from being successfully calibrated
against salinities at deeper depths at these two sites. As a result, only the simulations of
root zone salinities at the ASL and ASH sites will be used for further analysis.

Salinity increased during the irrigation season (from April to June) at the ASL site in
east SJV (Figure 8). During the dry year 2018, soil water salinity reached 6–8 dS·m−1 at
depths of 50 and 100 cm, which is marginally higher than almond’s tolerance threshold [48].
During the irrigation season (April to June) of the wet year 2017, rootzone salinity decreased
to an average of 2–3 dS·m−1, which is less than half of what was observed in the dry year
of 2018. Rain from December to February played a significant role in decreasing root zone
salinity to 2–4, 4–6, and 4–6 dS·m−1 at depths of 25, 50, and 100 cm, respectively. The rain
reduced the root zone salinities during December and January in all root zone depths in
both wet and dry years. The correspondence between simulated and measured root zone
salinities and SWCs indicates that HYDRUS-1D can be reliably used to predict future root
zone salinity trends at the ASL site.

The correlation coefficients between the measured and simulated salinities were 0.46,
0.59, 0.40, and 0.72 at the root zone depths 25, 50, 75, and 100, respectively. Correlations
between measured and simulated salinities were higher in the summer than it in the winter.
For example, the correlation coefficients for the deep layers were 0.6 and 0.4 during the
summer of 2018 and 2019, respectively, while only 0.2 and 0.4 in the winter. The deep
layers showed highly significant correlations in both wet and dry years, with a p-value of
2.7 × 10−12.

We believe that the inability of HYDRUS-1D to produce higher correlations between
measurements and simulations of soil salinity was caused by multiple factors. In general,
measurement errors, model input errors, and model structure errors could cause disagree-
ment between simulated results and experimental data. First, the distribution of water and
salinity is known to be spatially non-uniform when drip emitters are used. The soil water
content is highest near the drip line after water application, and then water redistributes
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throughout the soil profile, as controlled by soil physical properties [52,53]. This non-
uniformity could explain deviations between measured and simulated salinities, especially
in the shallower depths. Using a two-dimensional version of HYDRUS-1D would likely
result in better agreement between experimental and modeled data. Second, while models
usually report point values, measurements with suction cups are averaged over a sampling
area of a certain volume, the size of which depends on soil hydraulic properties, the soil
water content, and the applied suction in the ceramic cup [22,54]. Measured values thus
do not represent point values. Third, while measured soil hydraulic parameters were
determined in the laboratory on soil samples of a certain size, the obtained parameters may
not always represent simulated flow, transport, and reaction processes at a much larger
field scale [22]. Forth, while soil hydraulic and solute transport properties are spatially
variable at the field scale, our HYDRUS-1D simulations assumed a homogeneous soil
environment and thus might not fully account for inherent spatial variability.
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Measured salinity increased considerably after the irrigation season (April–July) at
the ASH site in the west SJV (Figure 9). Rainfall has a lower effect on reducing root zone
salinity at the ASH site, which has a relatively higher initial root zone salinity than the ASL
site (Figure 8). The RSME values for the ASH site increased to 1.61, 1.68, and 1.91 dS.m−1

at depths of 25, 50, and 100 cm, respectively.
Simulated and measured concentrations of root zone soil water were averaged over

different seasons (spring, summer, fall, and winter) to obtain “seasonal salinities” in terms
of electrical conductivities (ECs) as follows:

ECS =
∑ Daily EC

Number of days per season
(14)

Simulated and measured data were then grouped for different regions (i.e., the eastern
(ASL) and western (ASH) SJV regions) and various seasons (fall, winter, spring, and
summer) during both the wet year 2017 (Figure 10a) and the dry year 2018 (Figure 10b).
Initial salinity conditions controlled both irrigation and rain effects on increasing and
reducing seasonal salinities.
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Figure 10. Seasonal (fall, winter, spring, and summer) simulated and measured root zone salinities at
the low and high saline ASL and ASH sites, respectively, during the wet year 2017 (a) and the dry
year 2018 (b).

The two data sets are very distinct. Salinities are primarily in the low range of
2–6 dS·m−1 at the ASL site (green lines) and in the high range of 6–12 dS·m−1 at the ASH
site (orange lines). The lower range of seasonal salinities in the eastern SJV reflects the
effect of the relatively higher mean annual precipitation and higher quality irrigation water.
On the other hand, in the western SJV, the higher range of seasonal salinities reflects high
soil SAR (Table 1), poorer quality irrigation water, and a low mean annual rainfall. Seasonal
salinities were reduced in the middle of the winter seasons in both wet and dry years at
both high and low salinity (ASH and ASL, respectively) sites. In the wet year, the effect of
rains on reducing soil salinity was higher than the impact of initial salinities.
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Simulated and measured seasonal salinities were the highest in the fall and summer
of both the wet and dry years of 2017 and 2018, respectively. This increase in soil water
salinity reflects the effect of applied irrigation water, in addition to the impacts of initial
soil salinity and SAR conditions. The salinity risk at the initially high saline ASH site due
to irrigation practices is high. Soil reclamation and amendments to lower initial salinity
levels at the beginning of the growing seasons would increase winter rains’ efficiency in
reducing root zone salinities and minimizing salinity risk during the irrigation season.

At the ASL site, irrigation water caused only a small increase in seasonal salinities,
which remained in an acceptable salinity range. In summer, measured salinity was higher
than simulated salinity, which could be related to the irrigation events and dry root zone
conditions. The EC measured by GS3 sensors depends on a specific range of soil water
contents. When SWCs are less than about 0.10 m3·m−3, the denominator in the pore water
conductivity equation for water permittivity becomes very small, leading to significant
potential errors [55]. Accordingly, that can lead to the overestimation of measured soil
solution electrical conductivities. This would explain some measured values of salinities
that were too high when SWCs were lower than 0.10 m3·m−3.

The measured evapotranspiration (ET) fluxes, estimated from measured carbon diox-
ide and heat fluxes using eddy covariance, were compared with the ET fluxes simulated
using the HYDRUS-1D model (Figure 11). The simulated ET (root water uptake + evapora-
tion) showed a suitable agreement with the measured values of actual evapotranspiration.
The p values for the correlation analysis were 0.001 and 0.05 for the ASL and ASH sites,
respectively. The p-value is lower than the 0.05 test level of significance, indicating strong
evidence against the null hypothesis and a high correlation significance (Figure 11).
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3.3. Salinity Impacts on Root Water Uptake

The reduction in water uptake by trees (Tr reduction) due to the salinity stress was
estimated as follows:

Tr reduction = 1− Actual root water uptake/season
Potential root water uptake/season

(15)

The reductions in HYDRUS-1D-simulated actual transpiration fluxes (i.e., root water
uptake) were related to root zone salinities in Figure 12 for different parts of the growing
season. In SJV, CA, the almond growing season starts after a winter dormancy in January
and ends in August. The growing season of pistachios begins in late March and ends in
September (Table 3). We analyzed the effects of simulated root zone salinities on the water
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uptake reduction in west and east SJV by comparing the ASH and ASL sites, respectively.
The comparison was carried out for two periods, the early time of the growing season (“E”)
and the late time of the growing season (“L”). The analysis includes the wet year 2017,
followed by the dry year 2018. The seasonal deficit in crop growth is assumed to be related
to the reduction in root water uptake (tree transpiration) due to salinity stress.
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Average rootzone soil salinities in the early and late seasons in both east (ASL) and
west (ASH) SJV during years 2017 and 2018 are shown in Figure 12. The early growing
season (“E”) is February–March, when soil salinity reflects the impact of winter rains. On
the other hand, the late growing season (“L”) is July–August, when soil salinity reflects
the impact of irrigation water quality. Initial soil salinity at the ASH site in west SJV is
relatively high compared to that at the ASL site in east SJV. As shown by E-17 (early season
2017) for the ASH site, the initially high salinity causes a relatively high reduction in root
water uptake (almost 8%). Initial root zone soil salinity measured at the ASL site is lower
than at the ASH site. Accordingly, at the ASL site, the reduction in root water uptake was
low in the wet year (E-17) and increased in the dry year (E-18). The rain had a higher
impact on reducing soil salinity when initial soil salinity was lower, and irrigation with
less saline water was used. Root zone salinity decreased by 15% at the ASL site (during
E-17 and E-18). The correlation between the root water uptake reduction and the root zone
salinity is highly significant (the P one-tail value is 0.03). At the high salinity ASH site,
the soil salinity increased by 10% and 26% in wet and dry years, respectively, while water
uptake was reduced during both E-17 to E-18 by 20%.

The late growing season (“L”) is when soil salinity reflects the impact of irrigation.
The effect of irrigation was higher at the ASH site (with initial high salinity) than at the
ASL site (with initial low salinity). At the ASH site, root zone soil water salinity in the
late season increased during both wet and dry years (i.e., L-17 and L-18, respectively). At
the ASL site, root zone salinity increased only in the wet year (L-17) but decreased in the
dry year (L-18). The degree of root zone salinity increase or decrease did not significantly
affect root water uptake reduction in both years at the ASL site (with initial low salinity).
We attribute the reduction in root zone salinity during L-18 at the ASL site to the leaching
practice, which successfully maintained root water uptake during both dry (i.e., L-18) and
wet (i.e., L-17) years.

The ASH and ASL sites are commercial orchards where current root zone salinities are
mostly below the almond and pistachio salinity threshold values (discussed in Section 2.2).
The maximum reduction in potential water uptake (7%) occurred at the (initially saline)
ASH site. This simulated high reduction in root water uptake reflects the effects of contin-
ued irrigations with highly saline water in the west SJV. The reduction in root water uptake
at the ASL site in response to both low initial soil salinity conditions and the wet year (ASL,
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E-17) was the lowest (2.5%). In conclusion, the minimum reduction in root water uptake
occurred during the wet year 2017 at the site with low root zone salinity at the beginning
of the growing season.

3.4. The Impact of Salt Leaching on Root Water Uptake

The leaching fraction indicates the degree to which salts are leached from the root
zone [56]. Micro-irrigation’s leaching efficiency can be expressed as a ratio of the salt
reduction to the equivalent leaching depth [57]. The leaching fraction is defined as a
fraction of applied irrigation and rain that drains beyond the root zone [58]. Fractions of
water leached below the root zone were estimated from the simulated top and bottom
cumulative water fluxes. Leaching fractions showed a similar increase spike at all sites
during winter (December 2016 and December 2017), when the uptake reductions decreased
at all sites accordingly.

Table 6 provides information about correlations between a reduction in root water
uptake and leaching fractions. Most values in the table above showed a significant negative
correlation between leaching fractions (which positively affect reducing root zone salinity)
and water uptake reduction. Negative correlations (Table 6) indicate that the lower the
leaching fraction, the higher the water uptake reduction. For example, at the ASH site
in the west SJV, a significant negative correlation (−0.91) between the leaching fraction
and root water uptake reduction was achieved, which means that decreased leaching in
early 2017 was correlated with an increase in root water uptake reduction. In addition,
at the ASL site in the eastern SJV, the root water uptake reduction was always negatively
associated with the leaching fraction (−0.95, −0.93, and −0.45) except for the early time of
the wet year 2017.

Table 6. Pearson correlation between a reduction in root water uptake and leaching fractions.

ASH, West SJV, CA ASL, East SJV, CA

Wet 2017 Dry 2018 Wet 2017 Dry 2018

Early Late Early Late Early Late Early Late

−0.912 ** 0.236 0.236 0.955 ** 0.419 ** −0.949 ** −0.933 ** −0.436 **
** Correlation is significant at the 0.01 level (2-tailed).

When leaching fractions showed a low positive correlation with a root water uptake
reduction (i.e., 0.23 at the ASH site and 0.41 at the ASL site, Table 6), then an increase
in leaching was positively correlated with an increase in water uptake reductions. This
increase in the water uptake reduction is more closely correlated with the effects of the
saline irrigation water use in prior years than with the rain year type (and thus leaching)
during the measurement time.

4. Summary and Conclusions

The HYDRUS-1D model was used to evaluate experimental data collected at four sites
in SJV, California (ASH, ASL, ASM, PSH, and PSL), involving almond (A) and pistachio
(P) orchards with high (SH) and low (SL) soil salinities. Calibration and validation of the
HYDRUS-1D model were conducted using measured soil water contents and electrical
conductivities. Water flow, soil water contents, root zone water leaching, and root water
uptake were simulated at all five sites ASH, ASL, ASM, PSH, and PSL. However, only the
ASH and ASL sites were successfully analyzed in terms of root zone water contents and
root water uptake. At the other three sites, agreements between measured and simulated
water contents were, for reasons discussed in Section 3.1, less suitable. Consequently, soil
salinity at different root zone depths and salt leaching were simulated only for the ASL and
ASH sites. The ASL and ASH sites were used to compare the effects of different irrigation
waters, initial soil water salinities, and regional mean rainfalls between east and west
SJV, CA.
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Simulated actual evapotranspiration (ET) showed a suitable agreement with on-site
eddy covariance measurements of actual ET at the ASL and ASH sites. The minimum root
water uptake reduction was obtained during the wet year 2017 at the site with low root
zone salinity at the beginning of the growing season (i.e., at the ASL site). The simulated
water uptake reduction was highly negatively correlated with the leaching fraction. The
more water drained (and salts leached), the less root water uptake was reduced.

The effect of rain on soil salinity at the ASL and ASH sites was evaluated for the early
growing season when rain was a dominant factor for soil salinity and for the late growing
season when irrigation water salinity was the dominant factor. Simulated higher leaching
fractions showed higher root water uptake reductions in late seasons than in early seasons
(Figure 12). During the early season, the root water uptake reduction at the ASH site was
mainly caused by salinity accumulated during prior seasons and not adequately leached
by winter rainfalls. Lowering salinity at the beginning of the growing season (either by
winter rains or additional irrigation) is crucial for minimizing the risk of substantial crop
water uptake reductions due to the potentially high salinity of irrigation water.

The suitable correspondence between simulated and measured root zone salinities
and SWCs obtained in this study for the ASL and ASH sites will enable us in a further study
to use HYDRUS-1D to predict future root zone salinity trends at these sites for various
future climate scenarios. The base simulations and the calibrated model presented in this
manuscript will allow us to evaluate the impacts of likely future climate change scenarios
on the sustainability of almond orchards agriculture in SJV and to provide management
recommendations considering available water resources and their quality to mitigate any
negative and adverse impacts of anticipated future climate change. We will not be able to
do that for the other three sites, for which the agreements between measured and simulated
water contents were, for various reasons, less suitable than at the ASL and ASH sites.
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