10

11

12

Highlights

Climate Change Shifts Risk of Soil Salinity and Land Degradation

in Water-Scarce Regions

[saac Kramer, Nadav Peleg, Yair Mau

We develop a modeling framework for salinity and sodicity under

changing climate combining SOTE and AWE-GEN models

e We analyze sensitivity of salinity and soil degradation to changes in

ET and rainfall (season length and extremity)

e Results show that aridity drives elevated salinity. Increases in salinity

are most sensitive to rising E'T.

e Increased ET leads to greater risk of soil degradation as indicated by

declining saturated hydraulic conductivity
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Abstract

Climate change introduces significant uncertainty when assessing the risk of
soil  salinity in  water-scarce  regions. We  combine a
soil-water-salinity-sodicity model (SOTE) and a weather generator model
(AWE-GEN) to develop a framework for studying salinity and sodicity
dynamics under changing climate definitions.  Using California’s San
Joaquin Valley as a case study, we perform first-order sensitivity analyses
for the effect of changing evapotranspiration (ET) rates, length of the rain
season, and magnitude of extreme rainfall events. Higher aridity, through
increased ET, shorter rainy seasons, or decreased magnitude of extreme
rainfall events, drives higher salinity — with rising ET leading to the highest
salinity levels.  Increased ET leads to lower levels of soil hydraulic
conductivity, while the opposite effect is observed when the rainfall season
length is shortened and extreme rainfall events become less intense. Higher
ET leads to greater unpredictability in the soil response, with the overall
risk of high salinity and soil degradation increasing with ET. While the

exact nature of future climate changes remains unknown, the results show a
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serious increase in salinity hazard for climate changes within the expected
range of possibilities. The presented results are relevant for many other
salt-affected regions, especially those characterized by intermittent wet-dry
seasons. While the San Joaquin Valley is in a comparatively strong position
to adapt to heightened salinity, other regions may struggle to maintain high
food production levels under hotter and drier conditions.

Keywords: irrigation, salt-affected, climate change, sodicity, hazard,

agriculture

1. Introduction

Soil salinity and sodicity present major challenges to agricultural
production (Howitt et al., 2009; Wallender and Tanji, 2011; Qadir et al.,
2014; FAO and ITPS, 2015; Daliakopoulos et al., 2016; Pravalie et al., 2021;
Kramer and Mau, 2023). High soil salinity inhibits plant water uptake,
leading to declining yields and plant death (McGeorge, 1954; Bernstein,
1975; Maas and Grattan, 1999; Munns, 2002). High sodicity levels can
trigger the breakdown of soil aggregates, limiting the flow of water and air
to the root zone, thereby threatening plant growth (McGeorge, 1954;
Mandal et al., 2008; Levy, 2011; Bardhan et al., 2016). Critically,
experimental and field evidence has indicated that breakdowns in soil
aggregates are extremely difficult to reverse, in many cases causing
permanent soil degradation (Bhardwaj et al., 2008; Assouline and Narkis,
2011; Schacht and Marschner, 2015; Adeyemo et al., 2022).

The threats of salinity and sodicity are especially pronounced in

water-scarce regions (FAO, 2023). Due to limited freshwater supplies, food
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production in these areas often depends on irrigation with high salinity
water, including treated wastewater and saline groundwater (Oster, 1994;
Bixio et al., 2006; Levy, 2011; Assouline et al., 2015). With domestic water
needs typically prioritized over the agricultural sector’s, reliance on high
salinity irrigation water is expected to increase over the coming decades
(Oster, 1994; Bixio et al., 2006; Levy, 2011; Assouline et al., 2015; Kramer
et al., 2022b).

Climate change introduces an additional element of uncertainty when
forecasting the risk of salinity-induced damage to agriculture. Rising
temperatures and changes to annual rainfall have the potential to further
aggravate water scarcity, pushing growers to even greater dependence on
high salinity irrigation supplies — at a time when plants are already facing
more intense heat stress and atmospheric demand (Nachshon, 2018). In
areas with distinct dry and wet seasons, rainfall is often critical in the
natural leaching of salts that accumulate from irrigation (Lado et al., 2012).
Changes in rainfall patterns (e.g., shorter rainfall season, reduction in
rainfall amounts, or increase in intermittency between storms) could
disrupt these processes, leading to a potential rise in average soil salinity
levels, and putting the soil at risk of long-term, irreversible degradation
(Eswar et al., 2021).

We seek to understand how the dynamics of salinity and sodicity in
water-scarce regions are most likely to be affected by changing rainfall and
temperature patterns. While the impact of salinity and sodicity on plants
and soils has been closely studied (Minhas et al., 2020; Kramer and Mau,

2023), the effects of climate change on salinity and sodicity have received
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limited attention. Most research on the intersection of agriculture and
salinity has focused on preventing salinity-driven damage to groundwater
and other natural water resources (Knapp, 1992a,b,c; Dinar et al., 1993;
Hansen et al., 2018; Quinn, 2020). Hassani et al. (2020, 2021) use
data-driven models to try and predict how primary soil salinity (i.e.,
salinity caused by natural processes) will change over the 21st century.
Their models, however, do not apply to secondary salinity (salinity driven
by human activities), such as the irrigation-driven salinity and sodicity that
is common in agricultural-producing regions. Kramer and Mau (2020)
demonstrated that shorter rainy seasons and an increase in the magnitude
of extreme precipitation events have the potential to exacerbate the risk of
salinity- and sodicity-driven degradations in saturated K, in agricultural
settings. While the framework used by (Kramer and Mau, 2020) explores
only one specific change in rainfall patterns, without considering feedback
loops between salinity levels and the ability of water to move through the
soil, the findings underscore the fact that climate change may introduce
new conditions that challenge traditional salinity management strategies.
Corwin (2021) evaluate existing research on the impact that climate change
has had up to now. This important review notes that remote sensing is a
powerful tool for monitoring salinity development and emphasizes the risk
that climate change is already presenting in important agricultural regions.
It is not, however, a tool for forecasting the effect of specific climate
changes on salinity and sodicity dynamics. In the face of such changes,
growers who don’t adapt may be confronted with declining yields and an

increased risk of irreversible soil degradation. Given this possibility, we
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must develop a core understanding of how anticipated changes in climate
may affect salinity and sodicity trends so that policymakers and extension
specialists can adequately prepare growers to face new challenges.

In this article, we examine how incremental changes in
evapotranspiration, rainfall season length, and the magnitude of extreme
rainfall events are likely to impact the hazard of salinity-induced crop
damage and sodicity-induced soil degradation in irrigated lands. As a case
study for the effects of climate change on salinity and sodicity, we focus on
California’s San Joaquin Valley (SJV). We chose the SJV because of its
central role in US food production, but many other important agricultural
regions across the US and worldwide, share similar climate profiles and are

susceptible to similar pressures as a result of water scarcity (Corwin, 2021).

2. Material and methods

2.1. Modeling salinity, sodicity, and hydraulic conductivity dynamics

Changes in soil salinity and sodicity, and how they affect saturated
hydraulic conductivity, are modeled using the Salt of the Earth 2.0 (SOTE)
model (Kramer et al., 2022a). SOTE is a numerical model that focuses on
how irrigation (chemical composition and application rates) and climate
conditions (precipitation and evapotranspiration fluxes) affect the dynamics
of relative soil water content, the electrolyte concentration of the soil water
(i.e., salinity, Cs, (mmol, L™')), and the fraction of sodium ions in the soil’s
exchange complex (i.e., E,, dimensionless). Water balance is determined by
precipitation, irrigation, and evapotranspiration rates, together with soil

physical and chemical properties. Fluctuation in the salinity and sodium
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content of the input water, together with climate conditions, continuously
drive changes in the chemical composition of the soil water itself, which in
turn exchange with the soil. Rain and ET inputs can be generated
stochastically or from pre-determined datasets. As the dynamics of the
model’s three state variables evolve, SOTE includes feedback with
saturated hydraulic conductivity, K (Kramer et al., 2022a). This is done
by a module that tracks how the whole history of salinization and
sodification impact K (Kramer et al., 2021). In contrast to other models
that track salinity and sodicity dynamics (Simfmek and Suarez, 1994;
Simtnek et al., 2013; Kroes et al., 2017; Ma et al., 2012; Russo, 1984, 1988:
Russo et al., 2004; Russo, 2013; van der Zee et al., 2010; Shah et al., 2011;
van der Zee et al., 2014; Kramer and Mau, 2023), SOTE includes the
potential for irreversible effects when modeling increases and decreases in
soil K. This is important because experimental and field evidence has
demonstrated that changes in K are marked by hysteresis (Bhardwaj
et al., 2008; Assouline and Narkis, 2011; Schacht and Marschner, 2015;
Adeyemo et al., 2022). The exclusion of hysteresis in K, has been
demonstrated to significantly lower the forecasted probability of long-term
soil degradation, making its inclusion critical for understanding the actual
risks to soil health (Kramer and Mau, 2020; Kramer et al., 2022a).
Therefore, declines in saturated hydraulic conductivity are often used as a
metric for soil degradation. SOTE can be used to investigate the effect of
climate change on salinity and sodicity dynamics by modifying rainfall and
actual evapotranspiration of the crop under non-standard conditions

(ET¢ act, mm d~1) (Ferndndez, 2023). In this setup, ET, . is a proxy for
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the effects of temperature. All references to ET in the remainder of this
article refer to ET .

The salinity, sodicity, and water dynamics in the SOTE model were
successfully validated against results from a multiyear lysimeter experiment
involving different irrigation water qualities and precipitation (Kramer and
Mau, 2020). The hydraulic conductivity module used in SOTE has been
validated through laboratory experiments (Adeyemo et al., 2022; Kramer
et al., 2021). The SOTE model has also been used to examine plant
responses to salinity and sodicity (Yin et al., 2021, 2023).

The SOTE-required parameters for soil physical and chemical properties,
and the chemical properties of the irrigation water used in the simulations,
are consistent with the approach used in Kramer & Mau (Kramer and Mau,
2020) and Kramer et al. (Kramer et al., 2022a). The soil physical and
chemical properties are listed in Table 1. The chemical properties of the
irrigation water were: C; = 10 mmol,L=! and E; = 0.3. This gives the

172 Kramer et al.

applied water a 1.6 Sodium Adsorption Ratio (mmol. L)
(2022b) showed that the drainage parameters (¢ and K;) are most likely to
affect the overall model results. The simulations here use drainage properties

associated with a sandy loam soil (Rodriguez-Iturbe and Porporato, 2004).

2.2. Generating stochastic weather

The present and future rainfall and evapotranspiration time series were
generated using the 1-dimension version of the AWE-GEN (Advanced
Weather Generator) model (Fatichi et al., 2011; Ivanov et al., 2007). This
hourly weather generator is capable of reproducing the key climatic

variables required for agro-hydrological applications, such as precipitation,

7
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Table 1: Definition of soil parameters.

Symbol Units Description Value
c — Leaching coefficient 12.5
K mm d—! Saturated hydraulic conductivity 500
CEC mmol./kg Cation exchange capacity 300
K, (mmol,/m?)~/2  Gapon selectivity coefficient 0.03
n — Soil porosity 0.42
p kgm™3 Bulk density 1.5
Sh — Hygroscopic point 0.2
Sw — Wilting point 0.35
Shal — Point at which ET < ET,,4. 0.5
Sfe — Field capacity 0.65
ET, — ET when s = s, 0.1

cloud cover, temperature, radiation, and humidity, while preserving their
temporal correlations. The low- and high-order statistics of the generated
time series are realistically emulated by employing physically-based and
stochastic approaches. For example, the precipitation module is based on a
Poisson-cluster process, while the near-surface air temperature module
includes a stochastic component to generate the hourly time series
according to the diurnal cycle and seasonality, physically constrained with
the hourly cloud cover and radiation budget. It appears to have a low bias
compared with climate statistics simulated for the present and future
climates (Fatichi et al., 2013) and maintains uncertainty at a low level while

representing natural (stochastic) variations in climate (Fatichi et al., 2016).
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Readers are referred to (Fatichi et al., 2011) for more information regarding
AWE-GEN; Fatichi et al. (2013) provides an overview of model
parameterization for future climate conditions. AWE-GEN is a robust
model that has been used to generate long and non-stationary time series of
climatic variables for multiple applications (e.g., (Fatichi et al., 2021; Cache
et al., 2023; Ramirez et al., 2023)).

Since long-term climatic records (e.g., from flux tower) for the region are
not available, the model was calibrated to generate ET and rainfall hourly
time series using 40 years of ERA5 climate data (1980 to 2020) for Fresno
County in the SJV. Climate data from ERA5 were found to be representative
of the regional climate in the study area and have been used in previous
studies, such as (de Foy and Schauer, 2019; Knipper et al., 2024). The model
was validated against measured values over the same period (Supplemental
Materials 1). To account for the natural climate variability (inter- and intra-

annual variations), we generated 500 unique years of baseline rainfall and ET

data (Fig. 1).

2.3. The San Joaquin Valley

As a case study for the effects of climate change on salinity and sodicity,
we focus on California’s San Joaquin Valley (SJV). In addition to being one
of the most important agricultural areas in the United States, the SJV is an
apt case study because severely limited freshwater allocations make farmers
dependent on often-saline groundwater supplies for irrigation.
Salinity-driven environmental damage has been a concern and focus of
research in the SJV for more than a century (Nelson et al., 1918; Eaton,

1935; Tanji et al., 1972; Amundson and Smith, 1988; Fujii et al., 1988;

9
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Figure 1: The 500 years of stochastic simulations of rainfall (a; grey lines) and ET (b;
grey points) generated using the AWE-GEN model. Orange lines highlight the 50 years
in which total annual rainfall was between the 45th and 55th percentiles of the ensemble.

Orange points are elevated ET by 1.5 mm d~'.

Tidball et al., 1989; Lin et al., 2000; Hanson and May, 2003; Mitchell et al.,
2017; Hansen et al., 2018; Corwin, 2021). The focus of these studies has
ranged from remediation of salt-affected lands (Amundson and Lund,
1985), surveying the extent of existing salinity damage (Scudiero et al.,
2014; Thellier et al., 1990), the hydrological roots of saline groundwater
(Schoups et al., 2005), and mapping root zone salinity using remote sensing
in response to climate changes (Corwin, 2021). We are unaware of any
studies, however, that have considered the role of future climate conditions

on salinity and sodicity dynamics.
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The present SJV climate is characterized as warm-summer
Mediterranean (Csb) by the Koppen-Geiger classification (Peel et al.,
2007), with a rainy winter season from November to April that yields an
average annual precipitation of 275 mm. Summers in the SJV are warm
and dry with virtually no rainfall and a mean daily temperature of 24.6 °C.
This contrast between a wet winter season and a dry summer season is
typical of many salt-affected regions.

While climate models project with a high level of certainty that
temperatures in the SJV will rise over the remainder of the 21st century,
they are unclear about the precise magnitude (Pierce et al., 2013).
Projected changes in precipitation patterns are marked by much higher
levels of uncertainty, partly because inter-annual variability in rainfall
amounts in the region is already high (Pierce et al., 2013). Among the most
common probable climate projections are (i) a decrease in the overall length
of the winter rainfall season and (ii) intensification of extreme rainfall
events. The latter is primarily driven by temperature increases (Peleg
et al., 2020; Marra et al., 2024), and therefore is highly probable (Fowler

et al., 2021) even if precipitation levels remain unchanged.

2.4. Simulations framework

The objective of our study is to understand how long-term trends in
salinity and sodicity dynamics will be affected by potential changes in
climate. To facilitate this goal, we use the one-at-a-time technique where
the effect of one parameter (evapotranspiration, rainfall season length,
rainfall intensity) is analyzed while keeping the others fixed. In this local

sensitivity analysis approach (Razavi and Gupta, 2015), variations in
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output are then a measure of how susceptible the system is to changes in
that particular input variable. Such a framework enables the
straightforward identification of potential trends, e.g., the effect of
increasing E'T on overall salinity or saturated hydraulic conductivity levels,
while avoiding the intense computational demands of a global sensitivity
analysis. It also allows us to probe for the existence of “cutoff thresholds” —
points beyond which irreversible soil degradation might occur.

To account for natural variations in climate, the simulations are divided
into scenarios, each composed of a unique set of input conditions. Each
scenario is made up of a stochastic ensemble of 50 climatic realizations, each
realization 15 years long, sampled from the pool of 500 unique data years (a
similar conceptual framework as suggested by (Fatichi et al., 2016)). For each
stochastic realization in the ensemble, the results consider only the average
conditions over the final three years of the 15-year simulation period. This
approach minimizes the impact of any one extreme year or set of climate
conditions, while also highlighting the role of natural climate variations on
the set of final results. Focusing on average conditions at the end of the
simulation period is important because changes in salinity and sodicity levels
sometimes take several years to manifest and stabilize.

In the results that follow, we focus on the following groups of scenarios,
describing changes in evapotranspiration, rainfall season length, and extreme
rainfall events intensity. All three groups share the same baseline scenario
(Sec. 2.2), against which each treatment is compared. Irrigation amounts
are determined using the baseline ET rate, with the irrigation rate at each

time-step equal to 1.1 daily ET during the fraction of the year when no rain is

12
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possible. During the other fraction of the year, no irrigation water is applied.

Evapotranspiration. We describe nine scenarios, corresponding to
additive changes between —0.5 and +1.5 mm d~!' with respect to the
baseline ET, with increments of 0.25 mm d~!. To minimize variation due to
annual rainfall, these simulations use only the 50 colored trajectories in Fig.
la. The annual precipitation for each of these trajectories was within 10
percent of the median annual total.

Rainfall season length. The baseline length of 190 days was multiplied
by a factor between 0.6 to 1.2, with 0.1 increments, totaling seven scenarios.
Total rainfall is increased/decreased by the same factor, with no changes in
event magnitude.

Extreme rainfall events The highest 20% of rainfall events for each year
were multiplied by a factor ranging from 0.5 to 2.0, with 0.25 increments.
The smallest 20% of rainfall events were multiplied by the inverse of the
factor. Within each group of scenarios, the simulations start using the same
random seed, such that the hourly ET and rain inputs are identical across
the groups, with the only differences due to the applied rainfall/ET factors.
Increased extremity results in higher seasonal rainfall totals, while decreased
extremity lowers annual rainfall amounts.

In discussing the results, we introduce a modified aridity index. Because
ET and precipitation can both vary across the simulation sets, the aridity
index is useful as a single metric for changes in water stress. Here, the
aridity index is defined as the ratio of total evapotranspiration to the sum of
all precipitation and irrigation inputs, i.e., higher values correspond to more

arid conditions. The other input parameters used to run the simulations,
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including soil physical and chemical properties and the chemical composition

of the irrigation water, are presented in Supplementary Materials 2.

3. Results

3.1. Effects of changing E'T on soil system

The simulations reveal a multi-faceted relationship between changing
ET and the health of the soil system (Fig. 2). While salinity increases
linearly with ET, the effects of ET on soil degradation are more varied,
such that rising ET leads to higher unpredictability in relative Kj.
Likewise, the relationship between relative K and salinity evolves as ET
changes, eluding simple classification.

Fig. 2a shows the non-linear relationship between salinity and relative
saturated hydraulic conductivity. As salinity increases from 50 to 200
mmol, L7, relative K, values initially decline by 10%. When salinity levels
exceed 200 mmol. L™, however, this trend reverses: relative K, begins to
increase and eventually equal the K, values observed when salinity was
lowest. We can also see that the relationship between salinity and relative
K, changes as aridity increases. Because variations in total rainfall in this
set of simulations were limited, aridity index values are primarily a function
of the input ET. We observe that the least desired results — high salinity
and decreases in relative K, (at around 200 mmol. L™!) — occur as aridity
increases. As aridity increases, we also note that there is higher variability
in the scatter of salinity and relative Kj; the lowest aridity values (purple)
are grouped closely together, while the high aridity (yellow) points are more

spread out.
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The sensitivity of salinity and sodicity to aridity is further explored in
Fig. 2b-c. There is a significant linear relationship between increasing aridity
and salinity in Fig. 2b (R% 0.95, p < 0.05), with distinct clouds of points
corresponding to the incremental jumps in input ET used in the simulations.
Fig. 2c presents a significant negative, but less intense, trend in relative K
as aridity increases (R?: 0.52, p < 0.05), and emphasizes how relative K is

prone to greater unpredictability as aridity increases.

3.2. Effects of changing rainfall season length on soil system

The simulation results show that longer rainfall seasons (lower aridity)
lead to a noticeable decline in overall salinity and slight drops in relative
K, (Fig. 3), and vice versa. In the simulations with the longest rainfall
season, salinity values are as low as 60 mmol, L~!, while in the shortest they
surpass 80 mmol, L=!. The minium value of relative K, is approximately
0.9 for the longest rainfall season, while it rises to approximately 0.95 for
the shortest. These relationships are weak, however, in comparison to those
observed when analyzing the effects of ET (note the scale differences between
Fig. 2 and Fig. 3). Changes in rainfall season length lead to smaller ranges in
aridity index, effectively leading to a less extreme set of climate conditions.
Yet even within this limited range of aridity, the relationship between aridity
and salinity and relative K, respectively, is less intense. Fig. 3b-c show that
there is a wide scatter around the regression line for both salinity and relative
K, indicating a wide range of potential salinity and relative K values for
each aridity index value. This is further reflected in the relatively low R?
values for the relationship between salinity and aridity, and between relative

K and aridity (0.39 and 0.12, respectively).
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Figure 2: The effects of rising ET on the soil system. (a) The non-linear relationship
between salinity and relative K,. (b) the positive effect of rising ET on salinity (R?: 0.95,
p < 0.05). (c) The negative relationship between ET and relative K, (R?: 0.52, p < 0.05).

Black lines are linear regression.

w8 3.5, FEffects of extreme rainfall on soil system
329 We found that an increase in the magnitude of the extreme rainfall

30 events leads to lower salinity and lower values of relative K (Fig. 4). In the
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Figure 3: The effect of changes in rainfall season length on the soil system. (a) The
relationship between salinity and relative K. (b) The effect of rainfall season length on
salinity (R2: 0.39). (c) The relationship between aridity and relative K, (R?: 0.12). Black

lines are linear regression.

s simulations with the most extreme rainfall, salinity reached decreased to

52 around 60 mmol,L™!, while in the simulations with the least extreme
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events it increased to above 80 mmol,L~!. Likewise, relative K, ranged
between 0.9 and 0.95 in the simulations with the most and least extreme
events, respectively. The heavy concentration of purple points in the
bottom left of Fig. 4a corresponds to the simulations with the lowest aridity
values, which in this case are the simulations with the highest magnitude of
extreme rainfall events. Likewise, Figs. 4b-c indicate positive linear
relationships between aridity and salinity and aridity and relative K, (R?

values of 0.39 and 0.46, respectively).

4. Discussion

4.1. Shifting dynamics as a result of changes in ET

This shifting response of relative K, dynamics observed in Sec. 3.1 is
not entirely surprising given previous work on the effects of salinity and
sodicity on Kj. Several experimental and modeling studies have
demonstrated that seasonal fluctuations in salinity — typically as a result
of high salinity irrigation water applied during dry months being leached by
winter rainfall — have the potential to increase the risk of soil degradation
(Shainberg and Shalhevet, 1984; van der Zee et al., 2014; Mau and
Porporato, 2015; Kramer and Mau, 2020). This occurs because the fraction
of sodium in the soil exchange complex changes at a slower rate than
overall salinity, and degradation is most likely to occur when salinity is
moderately low and the sodicity fraction relatively high (Shainberg and
Shalhevet, 1984; van der Zee et al., 2014; Mau and Porporato, 2015;
Kramer and Mau, 2020). These same studies, however, have demonstrated

that extremely high levels of salinity are likely to insulate the soil system
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Figure 4: The effect of changes in extreme rainfall on soil system. (a) The relationship
between salinity and relative K . (b) and (c) present the effect of extreme rainfall
on salinity (R%: 0.39) and relative K (R%: 0.46), respectively. Black lines are linear

regression.

37 against degradation hazards, no matter how high the sodicity fraction. In

s these cases, extreme salinity levels mask the relatively weak ionic bonding
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strength of the sodium cations.

The similar distribution of the points within each of the clouds in the ET
simulations is a feature of the modeling setup. The same random seed was
used before each simulation set to restrict variation in the final results to the
effect of initial ET (Sec. 2.3). While differences in annual rainfall in this set
of simulations were intentionally restricted, most of the variation in results
at the selected ET increments can be explained by rainfall (Supplemental

Materials 3).

4.2. Rainfall vs. ET simulations

The results from the rainfall season length (Sec. 3.2) and extreme
rainfall (Sec. 3.3) exhibit several differences in comparison to the ET
simulations (Sec. 3.1). In the ET simulations the relationship between
salinity and relative K, switches from a negative correlation to positive as
salinity increases. The rainfall simulations, by contrast, feature a
consistently negative relationship between the two variables.

These differences point to important distinctions in how the selected
climate variables affect the soil system. The ET simulations experience a
wider range of salinity levels than observed in the rainfall simulations (the
reader’s attention is drawn to the different axis limits in Figs. 2-4).
Specifically, the results show that for the scenarios examined, increasing ET
drives higher salinity levels than in any of the rainfall simulations. It is also
worth making clear that the extreme salinity levels recorded in the ET
simulations are beyond the tolerance levels of even the most salt-resistant
CTOps.

The model results suggest that farmers under such conditions would have
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no choice but to (a) spend more water by increasing the leaching fraction to
stimulate the leaching of salts from the root zone, (b) search for irrigation
water with a less saline chemical composition or, (¢) abandon agricultural
production altogether. Given that such regions are already facing water
scarcity, solutions (a) and (b) will be difficult to apply, while option (c)
would endanger food security and economic output.

At the same aridity index values, the rainfall simulations exhibit lower
salinity levels compared to the ET simulation. For example, when the
aridity index value is 1, the ET simulations show an average salinity of
approximately 100 mmol. L ™! (Fig. 2b), while the average salinity levels are
less than 80 mmol. L' in the two rainfall simulations when the aridity
index is 1 (Figs. 3b and 4b). One possible explanation for this difference is
that the increased rainfall drives additional leaching of salts from the root
zone. While leaching can certainly contribute to lower salinity values,
Sec. 4.4 discusses some potential limitations concerning the model’s ability

to fully forecast the effects of extreme rainfall.

4.8. Impact on soil health hazards

One of the clearest contrasts between the three sets of simulations is
how the changing climatic variables affect the overall hazard of dangerous
salinity and relative K levels. This point is emphasized in Fig. 5, which
presents probability density functions (PDFs) for each of the sets of
scenarios. The PDFs for the ET simulations show the highest levels of
variation, with rising E'T strongly contributing to increased salinity hazards
and soil degradation, affecting soil health and agriculture production. In

Fig. 5a, the PDFs shift from right to left as ET increases, indicating lower
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averages for relative K, while in Fig. 5b the PDFs shift from left to right
as ET increases, corresponding to elevated salinity levels. In both cases, not
only do the PDF's shift to the less desirable range of values, but the PDFs
themselves become flatter, indicating a wider range of potential values —
i.e., that the final results are characterized by higher levels of uncertainty:.
These dynamics are present to a less significant degree in the other sets
of simulations. As rainfall season length becomes shorter, the PDFs move
rightward (Fig. 5c-d), consistent with the higher salinity values observed in
Sec. 3.2. The PDFs also become narrower, indicating not only that the model
forecasts increased salinity as ET rises, but also a high level of certainty in this
outcome. The effect of rainfall season length on relative K has minimal effect
on the PDFs, again consistent with the lower correlation observed between
aridity and relative K, in Fig. 3c. The PDFs for the rainfall extremity
simulations exhibit a gradual shift to the left for the relative K, output
(Fig. be-f), while increased rainfall extremity actually causes the salinity

PDF's to shift to the left.

4.4. Modeling limitations

The simulations presented here help understand how salinity and
sodicity dynamics might be affected by changes in climate, but inherent
modeling limitations should be considered when assessing the results. The
simulations were intentionally narrow in scope, focusing on sensitivity to a
single climate feature at a time. While this approach is important for
building initial understandings, it is more likely that future climate
conditions will involve parallel changes to rainfall duration and intensity,

ET, and possibly other variables. Future research should explore how
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Figure 5: The probability distribution functions (PDFs) for relative K results for (a) ET,
(c) rainfall season length, and (e) rainfall extremity simulations. (b), (d), and (f) present

the PDFs for salinity values for the same sets of simulations.

interactions between climate variables will affect the system as a whole.
While such an investigation is within the capabilities of the combined
SOTE-AWE-GEN framework, it is beyond the scope of this study.
Likewise, the present analysis focuses on changes to the soil root zone with
little attention to the interaction between different layers of the soil profile
or the potential effect of rainfall itself on a soil’s physical conditions. While
SOTE is not by definition restricted to the analysis of specific soil depths,
it is a bucket model and therefore less amenable to studying interactions
between the upper and lower layers of the soil profile. We focused on the

upper layers of the soil profile since changes in salinity and infiltration rates
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in the zone present an immediate risk to crop production. Attention to
lower layers of the profile, however, could be especially important in cases
where groundwater infiltration is of concern. Furthermore, the simulations
in Sec. 3.3 focused on extreme rainfall events without analyzing the potential
effects of impact force itself on the soil. It is well understood that extreme
rainfall can lead to dispersion of the particles on the soil surface, including
the breakdown of soil aggregates, such that infiltration rates and overall
hydraulic conductivity are both impacted (Assouline, 2004). To increase
our understanding of how extreme rainfall might affect salinity and sodicity
dynamics, the incorporation of these phenomena should be considered an
important next step.

Our modeling framework does mnot yet account for crop-specific
reductions in ET due to salinity. This could be done in a future study by
coupling integrating into it phenomenological effects of salt concentration
on transpiration (Van Genuchten and Hoffman, 1984). A further
improvement of the model may be the inclusion of temperature-dependent
effects on soil properties (Hopmans and Dane, 1985), especially on Kj.
There are evidences that a 5 °C increase in soil-water temperature can
effect a 10% increase in K, (Gao and Shao, 2015)

The analyses here used the San Joaquin Valley as a case study, but the
results are a bellwether for other agriculturally important parts of the US
and beyond. Farmers throughout the rest of California, the American
Southwest, and large portions of the Midwest are similarly confronted by
the challenges of declining freshwater access and expected temperature

increases, while simultaneously facing pressure to improve crop yields as
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food demand grows. Furthermore, the general climate patterns in Fresno
County — hot and dry summer growing seasons; seasonal rainfall during the
winter months — are common in other regions affected by salinity and
sodicity hazards, including large portions of the Middle East and North
Africa, the Indian sub-continent, and Australia (Kramer and Mau, 2023;
FAO, 2023).

What most separates the San Joaquin Valley from these other regions is
the California agricultural sector’s relatively strong ability to cope with
climate-driven challenges. Traditionally, the most effective ways of
mitigating salinity hazards are irrigation with higher quality (low-salinity)
input water, intentional over-irrigation designed to leach salts from the root
zone, and transition to more salt-tolerant crops and varieties. Many
growers in the San Joaquin Valley focus on high-revenue specialty crops,
providing them with the capital necessary to invest in high-efficiency
irrigation systems, advanced monitoring capabilities, and automation
equipment — all of which can contribute to water conservation. Likewise,
these growers are more capable of transitioning to salt-resistant varieties.
Several local, state, and national funding programs provide further financial
aid and direct incentives to farmers interested in technological upgrades.
Abundant government funding can help support investment in alternatives
such as desalination and treated wastewater, which can provide
supplemental sources of irrigation water when freshwater is limited. On the
other hand, coping with the challenges of salinity and sodicity will be much
more challenging in less wealthy regions, where investment in new

technologies is less affordable for most food producers, and where
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governments are less capable of funding water infrastructure projects.

5. Conclusion

We analyzed the first-order sensitivity of salinity and sodicity dynamics
to changes in KT, rainfall season length, and extreme rainfall. While
increased aridity leads to higher salinity levels in all three sets of
simulations, the response of relative K, showed mixed behavior — with
increased aridity leading to lower relative K, in the ET simulations, and
slightly higher relative K, in the rainfall simulations. Changes in
temperature (ET) led to the largest variation in output levels, with higher
ET contributing to wider distribution in final salinity and relative K.

Climate models have consistently pointed to a likely rise in temperature
and ET in the Fresno area, underscoring the importance of understanding
how these changes may affect soil health. The exact nature of any future
climate will of course depend on government policy, technological
developments, and potential feedback between climate variables. However,
a substantial rise in temperature and ET, on the order of that explored in
this research, is well within the range of possible changes, presenting a

potentially serious threat to agricultural production.
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