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SUMMARY

Climate change is influencing soil salinization and threatening global food security, yet recent global trends in 

soil salinization and its climate drivers remain unclear. Here, we present 1-km-resolution global soil salinity 

maps from 2000 to 2024 using machine learning and remote sensing, climate, and geographical data. Results 

reveal a significant global desalinization trend (Theil-Sen slope − 0.019 ± 0.008 dS m− 1) with spatial variability, 

with concerning salinization hotspots emerging in some major agricultural zones. Through random forest and 

SHAP analysis, we identified soil evaporation as the predominant driver of salinity variations (>62% influ

ence), with 1-year lagged effects being the most significant temporal pattern (>49%). Extreme climate events 

exerted stronger influence in salinization areas (21%) than desalinization regions (17.7%). This study fills crit

ical gaps in understanding recent salinization dynamics, identifying Australia, southern Africa, western 

United States, the Middle East, and northern Central Asia as priority intervention regions for targeted, 

climate-informed soil management strategies.

SCIENCE FOR SOCIETY Soil salinization degrades agricultural lands and reduces crop yields, threatening 

global food security. However, recent global patterns and drivers of soil salinity remain poorly understood. 

This research provides the first digital soil maps of global soil salinity changes over the past 25 years. The 

findings reveal that while many regions are becoming less saline, concerning salinization hotspots are 

emerging in tropical Africa and Asia, precisely where the world grows its rice and wheat. The study identifies 

soil evaporation, influenced by climate change, as the primary driver of these changes. The long-term ambi

tion is to translate these scientific insights into practical tools for farmers, policymakers, and land managers. 

This research identifies priority regions for intervention, including Australia, southern Africa, western United 

States, the Middle East, and Central Asia. These findings enable targeted allocation of resources for soil 

remediation and sustainable agricultural practices. The work opens avenues for transdisciplinary collabora

tion with agronomists, hydrologists, and local communities to develop climate-informed soil management 

strategies. Ultimately, this research provides the scientific foundation for policy decisions and on-the-ground 

interventions, supporting efforts to achieve food security and sustainable development goals in a changing 

climate. 

One Earth 9, 101658, May 15, 2026 © 2026 Elsevier Inc. 1 
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INTRODUCTION

Soil salinization is a major soil degradation issue affecting 

hundreds of countries around the world.1,2 More than 1 billion 

hectares of land and its productivity are affected by salinization, 

resulting in a 50% reduction in global food production so far in 

the 21st century, resulting in annual global agricultural losses 

of approximately US$1.27–2.73 billion.3 Cultivated land affected 

by soluble salts is mainly distributed in China, India, Pakistan, 

Iran, Australia, and the United States.3 Climate and topography 

are the main driving factors that determine the accumulation 

and dissolution of soluble salts in soils.4 With processes such 

as evaporation, water vapor transport, condensation, infiltration, 

and runoff in the water cycle, the accumulation of salt in the soil is 

restricted by moisture transport.5 Extreme soil temperature, 

limited precipitation, and heightened evapotranspiration signifi

cantly amplify water movement within the soil, aggravating soil 

salinization.6 Typically, soil salinization tends to intensify with 

the combined effects of sea-level intrusion, high evapo

transpiration, precipitation decrease, high soil temperature, 

and improper irrigation management. The overarching global 

trends in soil salinization across time significantly influence soil 

sustainability and arable capacity.7,8

In the long term, climate change (e.g., global warming, 

drought, and groundwater intrusion) induced soil drying and 

wetting cycles are major precursors for soil salinization.9,10

Typically, with the combined effects of sea-level intrusion, 

high evapotranspiration, precipitation decrease, high soil tem

perature, and improper irrigation management, soil salinization 

tends to intensify.11,12 Soil salinization maps are essential 

for understanding trends and environmental responses. To 

investigate saline soils, the World Reference Base (WRB) for 

Soil Resources made a commendable effort by classifying 

the distribution of saline soils at 250-m resolution. However, 

the resulting classification map may benefit from additional 

detail to better support specific land management needs. 

Similarly, the World Soil Information Service (WoSIS) of Inter

national Soil Reference and Information Centre documents 

lack temporal resolution, since the salt soil surveys in different 

years around the world are not available. Global soil salinity 

surveys and mapping (e.g., WRB) are time consuming and 

labor intensive, and only a rough approximation of the extent 

or qualitative content of saline soils can be obtained.

As an alternative to survey-based soil salinity maps, remote 

sensing methods can enable high-precision monitoring of soil 

salinization by compiling field observations. Recent studies 

have employed remote-sensing-based methods to estimate 

soil salinization from regional to global scales with its response 

to climates and moisture change. Ivushkin et al.9 classified 

global soil salinization in 1986, 2000, 2002, 2005, 2009, and 

2016 (testing accuracy of 67%–70%) by integrating SoilGrids 

data, Landsat-5/-8 images, and the WoSIS database (snap

shot. 2016), providing the possibility for the global quantitative 

estimation of multiyear soil salinization data. Analyzing the cor

relation between soil salinization changes and influencing fac

tors at the regional scale, Kawser et al.13 reported a significant 

reduction of about 22 dS m− 1 in soil salinity from 1996 to 2019 in 

coastal areas of Bangladesh driven by precipitation, tides, and 

temperature. Bannari and Al-Ali14 observed an increased trend 

of salinity on the Indramayu coast correlated with the increasing 

temperature and decreasing precipitation between 1987 and 

2017. Corwin15 concluded that climate change mainly deter

mines salinity changes in United States farmland by affecting 

soil moisture, while the impact of climate change on soil salini

zation varied across space and time at different scales. 

The limited availability of soil observations poses a challenge 

to producing comprehensive global multiyear salinity maps. 

Consequently, the global trend of soil salinization in response 

to climate and environmental changes remains unclear.

Here, we address the lack of long-term global soil salinization 

time-series data and its unclear response to climate conditions. 

We first compiled and reconstructed a multiyear global dataset 

of measured soil salinity samples from multiple sources, creating 

a ground-truth reference with extensive spatial and temporal 

coverage. Using Google Earth Engine (GEE), we then generated 

annual 1-km-resolution global soil salinity maps from 2000 to 

2024 by integrating remote sensing, climate, and geographical 

data with random forest (RF) regression models trained on this 

sample dataset. Based on these maps, we applied Theil-Sen 

(TS) trend analysis to quantify the magnitude and significance 

of spatiotemporal salinization trends across different climate re

gions, enabling systematic assessment of global desalinization 

patterns and localized salinization hotspots. We further em

ployed Shapley additive explanations (SHAP) analysis within 

the RF framework to identify the primary drivers of soil salinity 

variations, quantify their relative contributions, and determine 

the time-lag effects of key hydrological and thermal factors on 

salt accumulation and dissolution processes. This systematic 

assessment fills critical gaps in understanding global salinization 

dynamics and their climatic controls, providing a scientific foun

dation for developing targeted, climate-informed soil manage

ment strategies worldwide.

RESULTS

Global soil salinization trends

To quantify global-scale spatiotemporal patterns of soil salinity 

change over the past 25 years, we first analyzed soil salinity 

trends from 2000 to 2024 using the Mann-Kendall (MK) signifi

cance test and TS trend analysis at 1-km resolution. After the 

significance test, the overall significant trend of TS slopes ranged 

from − 1.397 to 0.919, with an average slope of − 0.019 ± 0.008 

dS m− 1, indicating an overall desalinization trend. Soils in hy

per-arid, arid, semi-arid, dry sub-humid, and humid regions ex

hibited a significant desalinization trend, with average slopes 

below − 0.089 dS m− 1. Despite widespread desalinization, 

notable salinization trends were detected in tropical regions of 

Africa and Asia (approximately 0–25◦ N). Soil salinity changes 

showed strong spatial heterogeneity. Increased salinization 

was also observed in high-latitude regions, such as northern 

North America and northern Russia (Figure 1B). These patterns 

reflect the coexistence of global desalinization with localized 

salinization risks, particularly in tropical zones, Central Africa, 

and India. Many major agricultural regions are producers of 

rice and wheat (including tropical areas in Southeast Asia, Latin 

America, and parts of Africa and India) but showed a soil salini

zation trend over the past 25 years. Central Africa, identified as 

a priority for future agricultural development, also showed 
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increasing salinity. These trends suggest that future crop pro

duction in these regions may be constrained by soil salinity.

Globally, the area with significantly increased soil salinization 

reached 5.67 million km2, while the area with desalinization 

was approximately 8.48 million km2. Across climate regions, 

the order of affected areas is as follows: humid region > semi- 

arid region > dry sub-humid region > arid region > hyper-arid re

gion (Figure 1C). This distribution is influenced by the inherently 

uneven global distribution of climate zones. However, as shown 

in Figure 1D, the semi-arid region had the highest proportion 

of area with changed soil salinization (8.69%), followed by the 

dry sub-humid region (6.34%) and the arid region (4.78%). 

In these regions, arid climatic conditions and frequent human 

activities contribute to more widespread changes in soil salinity. 

Furthermore, soil salinization trends in humid regions may be 

gradually intensifying (ratio 1.26:1, Figure 1D) than drier regions, 

particularly in northern Russia, coastal North America, and 

coastal South America, where increased salinization has been 

observed. These anomalous salinization phenomena highlight 

the need to address emerging risk patterns associated with 

climate change. Together, these results reveal the coexistence 

of global desalinization with localized salinization risks, estab

lishing the spatial basis for subsequent analysis of climatic 

drivers and priority intervention regions.

Global spatial and temporal patterns of soil salinity

To further characterize the detailed spatiotemporal evolution of 

soil salinity over the study period, we analyzed annual global 

topsoil electrical conductivity measured in saturation solution 

(ECe) values from 2000 to 2024 at 1-km resolution, estimated us

ing climate-delineated RF models trained on multitemporal soil 

salinity datasets (methods and supplemental information). 

Figure 2 shows trends in average ECe values at the global scale 

and across the five climate regions from 2000 to 2024. In addi

tion, the phased salinization trend was calculated using 5-year 

time windows (2000–2004, 2005–2009, 2010–2014, 2015– 

2019, and 2020–2024). Global salinization showed a significant 

trend of desalinization with a slope of − 0.0056. The results of 

linear slope with significance test globe wide (Figure 2) are 

consistent with the TS trend estimates (Figure 1). Overall, soils 

Figure 1. Global soil salinization significance trend map 

(A) Mask map of soil salinization trend at 95% confidence interval showing the distribution of areas with significant changes in salinity from 2000 to 2024 globally 

but masked by deserts and perennially flooded areas. 

(B) Average of the significant MK-TS slope by longitude and latitude. (C) The area of soil in salinization trend and desalinization trend, summarized by hyper-arid, 

arid, semi-arid, dry sub-humid, and humid regions. 

(D) The proportion of salinization and desalinization area, with their ratio, in hyper-arid, arid, semi-arid, dry sub-humid, and humid regions.
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in arid, semi-arid, and humid regions showed a significant 

decreasing trend in salinity over the past 25 years. In hyper- 

arid, arid, and semi-arid regions, soil salinization generally 

decreased during 2000–2020, but an increasing trend has 

been observed since 2020. However, based on the average 

values, salinity levels have declined after a high value in 2021. 

From 2000 to 2024, global soil salinity also shows a fluctuating 

decline, consistent with the findings of Thorslund et al.,16 who 

found that in the Murray-Darling River basin (southeastern 

Australia, flowing through a semi-arid region) and the Danube 

River basin (Europe), the salinity flowing through semi-arid, dry, 

semi-humid and humid regions was mainly decreasing during 

1980–2020.

Figure 3 shows the difference between the estimated soil ECe 

values in 2024 and 2000, categorized into areas where soil 

salinity deteriorated from non-saline (≤2 dS m− 1) to saline (>2 

dS m− 1), shown in brown, and areas where salinity improved 

from saline to non-saline, shown in blue. Figure 3 indicates that 

the area of soil changing from saline soil to non-saline soil 

(7.63 M km2) is higher than the area of deterioration (6.17 M 

km2). Soil in the northern part of the Central Asian continent is 

transformed into saline soil, and the trend here is the highest. 

In the desert margins of the hyper-arid region, such as the south

ern part of the Sahara Desert in Africa, the eastern part of the 

Australian desert, and the eastern part of the Thar Desert, there 

is greater distribution of saline soils. The arid climate and the pro

cess of desertification may have led to the transformation of 

healthy soils into saline soils. Soil improvement is apparent 

around waters or seashores of Australia, eastern China, eastern 

North America, and South America. This may be related to water 

conservancy projects and soil improvement projects in near-wa

ter areas and coastal saline soils. In high-latitude regions, the 

salinization of saline soil is more frequent, which may be related 

to heavy precipitation and a humid climate. The transition of non- 

saline to saline soil occurs in eastern North America, eastern 

South America, southern Africa, central Africa, India, eastern 

Australia, eastern China, northern Southeast Asia, and high-lati

tude regions. We found that although there is a desalinization 

MK-TS trend in southern Africa, southern South America, and 

northern Southeast Asia, the soil in these regions is still domi

nated by the transition of saline soil in absolute terms. This might 

be due to the soil salt content values in these regions being 

Figure 2. Soil salinization changes of slope from 2000 to 2024 

The line chart shows the linear fit of annual average changes in salinity over the past 25 years globally and in hyper-arid, arid, semi-arid, dry sub-humid, and humid 

regions. Each figure shows salinization change slope at every 5 years (2000–2004, 2005–2009, 2010–2014, 2015–2019, and 2020–2024).
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inherently high, but the trend calculation only focuses on this ten

dency. Therefore, the trend and the absolute value of salt content 

need to be considered comprehensively. Together, these results 

reveal the complex interplay between gradual trends and abrupt 

transitions in global soil salinity, providing essential context for 

identifying regions requiring priority intervention and informing 

targeted management strategies.

Time-series responses of soil salinity to hydrothermal 

conditions

To identify the key climatic drivers governing soil salinization 

dynamics and their temporal mechanisms, we evaluated the 

impact of six key environmental factors on soil salinization trends 

(MK-TS slope), including four hydrothermal factors (soil mois

ture, precipitation, soil temperature, and soil evaporation) and 

two extreme climate indicators (consecutive dry days and sum

mer days). Our results indicate that soil salinization trends are 

influenced by climate and moisture content in the soil. Water 

drives soil salinization through time lags (delays).17,18 The spatial 

distribution of the main driving factors is shown in Figures 4A and 

4B, while their temporal effects on soil salinization dynamics are 

presented in Figures 4C and 4D. Through RF regression and 

SHAP analysis (supplemental information), we found that 

changes in soil evaporation constituted the dominant factor 

influencing soil salinity variation across all five climate zones 

(>62%), followed by summer days. Evaporation played a direct 

role in capillary-driven salt transport: higher evaporation rates 

draw saline groundwater to the surface, leaving dissolved salts 

to accumulate in the root zone.

As climatic humidity increases, extreme temperature and 

drought factors (consecutive dry days and summer days) exhibit 

stronger driving effects, particularly in high-latitude regions such 

as northern North America and northern Europe. This pattern is 

driven by increased evaporative demand under warmer condi

tions, which concentrates salts at the surface, while extended 

dry periods simultaneously reduce leaching efficiency. Changes 

in soil hydrothermal conditions, especially soil evaporation, 

play a more significant role in driving desalinization compared 

to salinization areas. This may be because sustained evapo

ration reduction allows precipitation to effectively leach salts 

from the soil profile. In contrast, extreme weather events exert 

stronger influence in regions experiencing intensified salinization 

(21%) than in desalinization areas (17.7%), as short-term climate 

extremes can rapidly trigger salt accumulation through concen

trated evaporation pulses.

Results from time-lag effect analysis reveal that the 1-year 

lag effect was the most dominant temporal factor (>49%) across 

all five climate zones, followed by original feature changes 

(without lag). Salt transport through soil profiles and groundwater 

systems requires considerable time due to low solute velocities 

and complex soil-water interaction. Therefore, soil salinity 

showed hysteresis to environmental changes.19 The influence 

of time-lag effects increases with regional aridity, as drier condi

tions typically feature thicker unsaturated zones and longer 

solute residence times. Accordingly, soil salinity changes in 

western South America, Central Africa, India, western Asia, 

and eastern Asia are more substantially influenced by these tem

poral effects. Furthermore, the time effect plays a stronger role 

in areas undergoing desalinization (84.5%) compared to those 

with increasing salinity (81.8%), possibly because salt leaching 

represents a more gradual process compared to the relatively 

rapid salt accumulation during evaporation-dominated periods. 

Together, these findings establish evaporation-driven processes 

as the primary control on global salinization dynamics, with time- 

lagged responses and extreme events modulating regional pat

terns, providing a mechanistic basis for predicting future salinity 

changes under evolving climatic conditions.

DISCUSSION

According to the process of salt migration and accumulation in 

soil, the change of salt content in soil is determined by vegetation, 

Figure 3. Transition of saline soil and non-saline soils between 2024 and 2000, with convert proportion 

(A) From 2000 to 2024, blue indicates the area where the saline soil is transformed into non-saline soil and its transition difference value, while red indicates the 

area where the non-saline soil is transformed into saline soil and its transition difference value. 

(B) The area and proportion of the two types of soil transformation were calculated, respectively, in five climate regions.
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soil moisture, climate, and topography. The scarcity of precipita

tion and intense soil evapotranspiration caused by arid climatic 

conditions lead to the rise of soil water, and the salt in the parent 

material cannot be discharged and accumulates in the soil, which 

is the main driving force of soil salinization in hyper-arid, arid, and 

semi-arid regions. In dry sub-humid and humid regions, the sea

sonal freeze-thaw process of soil in moist high latitudes leads to 

the accumulation of stagnant salt. Under the influence of leaching 

and topography, accumulated salt moves from high places to low- 

lying places with poor drainage, resulting in the aggravation of soil 

salinization. On the seashore, the soil in the coastal area is soaked 

by the soluble salt in the sea water to form salinization by the 

erosion of sea water. Various drivers jointly contribute to the 

changes in soil salinity, but in remote sensing estimation, variables 

showed different sensitivity. Notwithstanding the regional speci

ficities, the climate, groundwater depth, vegetation, and soil con

dition demonstrated universal importance across all climates in 

the models.20 These factors collectively represent fundamental 

components of the salt balance equation, including the control 

of salt input, transport, and concentration. Evaporation and pre

cipitation define the regional water balance, determining whether 

salts are leached or concentrated.5 Groundwater depth directly 

regulates salt sources and transport pathways, while soil condi

tions control capillary action and drainage capacity.21 Vegetation 

serves as a bio-indicator integrating overall soil health and vege

tation response to salinity stress.22 Furthermore, vegetation 

indices exhibited stronger explanatory power in drier regions 

(hyper-arid and arid), where plants function as sensitive indicators 

of minimal changes in soil salinity and water availability. 

Conversely, climate variables (particularly evaporation and 

precipitation) dominated in more humid regions (dry sub-humid 

and humid), where energy and water balances primarily modulate 

salt accumulation through the interplay between leaching events 

and evaporative concentration. These findings systematically 

reveal both the divergent mechanisms and common 

principles governing soil salinization across climatic gradients 

(supplemental information). In the modeling process, the unevenly 

distributed soil samples across different regions may cause un

certainty. There is a high concentration of data from North Amer

ica and Europe, while Asia and South America are under-repre

sented. Additionally, the hyper-arid region itself has a relatively 

small land area globally and contains large deserts (e.g., the Sa

hara Desert). Therefore, the area of masked soil is small, and 

soil sample points are very limited in the dataset. This spatial 

and categorical imbalance introduces uncertainty in model pre

dictions. In the modeling, imbalanced training data caused overfit 

in densely sampled regions and performed poorly in areas with 

few samples. As a result, soil salinity may be overestimated in 

data-rich regions (e.g., North America and Europe) while being 

underestimated in areas with sparse training data (e.g., Central 

Asia and South America). These local biases tend to counterbal

ance each other at the global scale, thereby minimizing the overall 

impact on the model’s accuracy.9

Combining the dynamic trend of soil salinization changes 

(Figure 1) and the absolute values of changes in saline soil types 

(Figure 2), we found regions where the trend of soil salinization 

is intensifying (such as India, northeastern China, Central Africa, 

and central North America). In addition, we have also observed 

that in some areas, although the soil shows a dynamic trend of 

desalinization, the absolute value still indicates an increase in sa

line soil. These regions include southern Africa, southern North 

America, eastern South America, Europe, and eastern Australia, 

among others. This might be due to the fact that saline soil 

is widely distributed in these areas, but the trend is showing a 

dynamic improvement. In the map of TS-MK slope of soil salini

zation change, the areas with increasing soil salinization trends 

were in accordance with the results reported in previous 

studies,23 which observed soil salinization over years in hyper- 

arid regions such as Uzbekistan and Xinjiang (China).6,24 High 

temperatures, sparse precipitation, and strong soil evapotrans

piration caused salt accumulation on the topsoil in arid and 

semi-arid climates.25 Bhuyan et al.26 reported an increasing 

trend of soil salinization in Bangladesh between 2020 and 

2021, which is similar to the average soil ECe values in the arid, 

semi-arid, and humid regions of Bangladesh, with an increased 

trend over 2 years (Figure 2). Frequent drought events and 

seawater intrusion caused soil salinization in coastal soils (e.g., 

Australia, eastern China, and southern India).10,15,27 Salt moved 

and accumulated strongly in deserts in the hyper-arid region, 

showing strong temporal variability and salinization trend over 

years, especially in the southern Sahara Desert, southwest of 

Thar Desert, and southwest of the desert region in Australia 

(Figure 2). From 2000 to 2010, soil salinity in hyper-arid regions 

decreased and then increased, while that in arid regions 

increased and then decreased. Among these data, soil salinity 

in hyper-arid regions shows a high value in 2008, which was 

largely influenced by the El Niño southern oscillation.28

Precipitation and groundwater in arid areas show a more 

sensitive detection of soil salinization, mostly groundwater, as 

the surface water and soil moisture components are negligible 

in these areas. Eswar et al.12 found an aggravation of soil salini

zation in arid and semi-arid regions due to climate change and 

overexploitation of water resources for agricultural irrigation. 

This proves that the water in climate and soil is the key driver 

that dominates the changes in soil salinity in drier regions. Hu

man-induced water redistribution can accelerate soil salinization 

processes in arid climate conditions, overdrawing groundwater 

extractions, while unmanaged agricultural fertilization results in 

the reduction and depletion of groundwater levels.29,30 Soluble 

salts migrated to the topsoil along with upflowing capillary water 

Figure 4. The dominant hydrothermal conditions and the main time effect of soil salinization trend, with proportion calculated in five climate 

regions 

(A) The key drivers of soil salinity change, consisting of consecutive dry days, summer days, soil precipitation, soil evaporation, and soil water. 

(B) The percentage of the drivers by region (hyper-arid, arid, semi-arid, dry sub-humid, and humid) and trend types (desalinization and salinization). The color of 

the column corresponds to the hydrothermal conditions in (A). 

(C) The key time effect of soil salinity change, including the original slope and time lag. 

(D) The percentage of the key time effect by region (hyper-arid, arid, semi-arid, dry sub-humid, and humid) and trend types (desalinization and salinization). 

The color of the column corresponds to the time-effect conditions in (C).
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due to the shallowing groundwater, which aggravates soil salini

zation.31 For example, previous studies reported that soil salini

zation increased due to the decline and degradation of ground

water in the UAE,22 western desert of Egypt,32 and Tadla plain.32

Decline in groundwater exacerbated salinization in arid and 

semi-arid regions, as has been reported in southern Greece for 

instance,33 while insignificantly affecting salinity changes in 

other climates. Figure 1 shows that in areas with increased soil 

water and decreased soil evaporation in Mongolia, soils showed 

a significant desalinization trend (Figure S4). In general, soil sali

nization causes soil productivity to decrease, inhibiting the 

growth of vegetation and crops. Similarily to results by Alber 

et al.,34 the dry climate does not explain the change in salt 

marshes in the eastern and gulf coasts of the United States. 

Figure 1 shows a desalinization MK trend in the eastern United 

States and a salinization MK trend in the western United States. 

However, the soil evaporation shows an increased slope in the 

west and a decreased slope in east (Figures S3 and S4). Similarly 

to results by Alber et al., the east coast of the United States was 

in a wetter region, but the soil showed a trend toward both sali

nization and desalinization. Meanwhile, summer days play a 

certain dominant role in the eastern United States, which simul

taneously proves that arid climate may not be able to fully explain 

the changes in soil salinity (Figure 4), and climate change may 

exacerbate soil salinization through more frequent extreme 

drought events.10,27,35 However, our study assessed the drought 

trend over the past two decades, and the extreme climate indi

cators used are also long-term trends, so it may not be possible 

to clarify the drivers of individual drought events regarding soil 

salinization. The frequency and change of drought events and 

the response to soil salinization need further research.35

According to the drought legacy effects, the legacies of previ

ous drought are alterations in ecosystem structure and function 

that persist after the drought event itself has ended, which pre

dominantly influence ecosystem responses to subsequent 

stress over a period of 1–2 years.36,37 Müller’s research summa

rized the investigation of the duration after drought based on pre

vious papers. The results show that the research span of the 

degradation of soil and ecology caused by the year post drought 

ranges from 0 to 10 years, mostly from 0 to 5 years, and mainly 

concentrated in 0–3 years.37 These legacy effects can include 

reduced carbon reserves, altered microbial communities, and 

shifts in species composition, which all have a direct bearing 

on the processes our study investigates. Furthermore, Han 

et al.37 proved the hydroclimatic impacts on surface processes. 

Han’s research has shown that while sub-surface groundwater 

changes can occur over longer seasonal to inter-annual cycles, 

the most dynamic and measurable responses in surface condi

tions are often captured at an inter-annual scale. For instance, 

research on playa surface salinity demonstrates that topsoil 

salinity responds rapidly to individual hydrological events, while 

the integrated effect of groundwater dynamics, which drives 

longer-term salinization trends, is effectively captured at an 

annual scale rather than a decadal one.37 We have to admit 

that few studies have directly reported the inter-annual effects 

of soil salinization. Therefore, we have chosen drought events 

closely related to soil salinization for analogical research.

Soil evaporation based on the time effect drives changes in 

soil salinization. Soil evaporation in the previous year can drive 

salt accumulation in the following year through multiple mecha

nisms.38 First, the lag in the water-salt balance is manifested as 

high evaporation leading to a reduction in soil moisture and salt 

surface accumulation, while the leaching effect of precipitation 

or irrigation requires time to effectively reduce the salt concen

tration. Under this condition, the salt remains in the soil and af

fects the degree of salinization in the following year.39 Second, 

the high evaporation in dry years will reduce the initial soil mois

ture content of the following year, thereby intensifying salt accu

mulation.39 Meanwhile, the seasonal evaporation-precipitation 

cycle promotes the redistribution of salts in the soil profile.36,37

Finally, the vegetation feedback mechanism shows that high 

evaporation will reduce vegetation coverage, weaken biological 

drainage, and make the soil more prone to salt accumulation in 

the following year.21 This time effect is particularly evident in hy

per-arid, arid, and semi-arid regions. Corwin et al.40 used the 

HYDRUS model to simulate salt migration and found that there 

was a lag in water-salt movement, indicating that the water 

moves faster than salt. In addition, extreme climate events can 

also affect soil salinization. For instance, an increase in heat 

waves and the number of summer days (the number of days 

with a daily maximum temperature above 25◦C) will enhance 

the surface evaporation potential. This leads to an enhancement 

of soil capillary action, promoting the upward migration of deep 

salts with water and their accumulation on the surface layer, 

thereby accelerating the primary salinization process in arid 

and semi-arid regions. The extension of the number of consecu

tive drought days (CDD) will intensify soil moisture deficiency 

and completely block the leaching effect of natural precipitation 

on surface salts. After a long dry period, even if there is heavy 

rainfall, it often fails to effectively wash away the salt due to the 

rapid downpour and limited infiltration. On the contrary, the rapid 

evaporation after rain will cause the dissolved salts to quickly re

accumulate on the soil surface, triggering more severe second

ary salinization. Therefore, under the background of prolonged 

CDD, the salt leaching effect of heavy rainfall events decreases 

and the salt surface accumulation intensifies. Rengasamy41

pointed out that as the frequency and intensity of heat waves in

crease, the demand for atmospheric evaporation rises, which 

directly intensifies soil capillary action, lifting saline groundwater 

to the root zone and causing salt accumulation in the surface 

soil, which is the main driving factor of primary salinization in 

arid areas. Shukla et al.42 pointed out that climate change has 

led to prolonged drought periods and a decline in soil moisture 

content. Moreover, extreme rainfall events are more likely to 

form runoff on land after drought. The decline in soil water infiltra

tion capacity will affect the leaching of nutrients and the transport 

of salts. These extreme climate factors jointly increase the inter- 

annual variability and cumulative risk of surface soil salinity by 

altering the water and salt balance of the region.

Human activities and socio-economic factors are important 

factors driving these environmental factors and salt distribution. 

International and regional soil management policies influence 

salt distribution. The effects of human activities such as exces

sive mining, agriculture, groundwater pollution, urbanization, 

and extreme weather have led to lifting groundwater levels and 

worsening soil salinization. Abandoned mines and coal gangue 

pollute soil water and groundwater, leading to the rise in ground

water level and increased salinity. Unreasonable agricultural 
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irrigation and excessive fertilization and grazing cause soil 

compaction and waterlogging, blocking soil drainage and 

increasing soluble salt recharge, which aggravates soil saliniza

tion. Urbanization has led to reduced vegetation cover and 

extreme rainfall events, which have intensified soil leaching. In 

addition, global warming and extreme drought events lead to 

decreased soil freezing depth, strong evapotranspiration, and vi

olent upward accumulation of salt, resulting in serious secondary 

salinization. In the arid region of Cholistan Desert in Pakistan, 

where severe soil salinization is caused by overgrazing, the 

Pakistan Council of Research in Water Resources proposed a 

policy in 2006 to manage water for sustainable agriculture.43,44

In addition, the INIA-Intihuasi (National Institute of Agriculture) 

in Chile has been working on sustainable agricultural develop

ment since 2006.45 During 2005 and 2016, Israel oversaw the 

emergency construction of several desalination plants along 

the Mediterranean coast, promoting sustainable water use and 

effectively mitigating desertification.46 Soil improvement in 

coastal areas can help reduce soil salinization in dry sub-humid 

and humid areas, which is similar to the trend shown in Figure 2. 

The Saudi Water Authority released the National Water Strategy 

in 2018. The theme of the 8th World Soil Day in 2021 is ‘‘halt soil 

salinization, boost soil productivity,’’ and in recent years there 

has been increased global attention on the impact of saline soil 

on soil productivity and reducing salinization to replenish arable 

land. TS salinization trends and the phased salinity trends since 

2020 show that soils are tending to be desalinized alongside in

ternational and regional attention to saline soils. Since 2020, 

China has carried out a survey of saline-alkali land and has 

improved salinized farmland. Especially for farmland in semi- 

arid areas, the suggestion of salinization policy is confirmed 

by the trend of average salt content, with a global slope of 

− 0.019 ± 0.008 dS m− 1 (TS-MK slope, Figure 1) and − 0.0056 

(linear slope, Figure 2) in 2020–2024. For example, China pro

motes saline-alkali soil water conservancy in semi-arid areas 

for soil leaching and salt drainage, promotes the balance of 

arable land utilization and compensation in coastal saline soil 

in humid areas, improves reclamation and management of un

used saline-alkali land, and has reduced soil salinization since 

2020. According to the salinization trend and drivers, land man

agers and policymakers can use our findings to prevent further 

salinization. In semi-arid regions (e.g., China), promoting water 

conservancy projects for soil leaching and sub-surface drainage 

is critical to remove excess salts. In coastal and humid areas, the 

focus should be on balancing land use and compensation, 

improving reclamation techniques, and managing water tables 

to prevent saltwater intrusion and capillary rise. In arid regions, 

the priority must be on sustainable water-use policies (e.g., Israel 

and Saudi Arabia) to prevent secondary salinization caused by 

high evaporation and unsustainable irrigation.

In the comparison of the Global Map of Salt-affected Soils 

(GSASmap) of UN Food and Agriculture Organization,47 the 

recent observations of this study, and the future salinization 

risk prediction of Hassani et al.,48 similar conclusions were 

reached in the global soil salinization hotspots. Five key risk 

areas were summarized from different time dimensions: 

Australia, southern Africa, western/southwestern United States, 

the Middle East, and northern Central Asia. Specifically, the 

GSASmap emphasizes Australia (particularly the south and 

west) as a saline soil distribution area. Our research observed 

that the soil in eastern Australia is salinizing, with complex salt 

dynamics, and it is predicted in the future risk map to be a major 

hotspot for intensified salinization. Regarding South Africa, the 

GSASmap points out that this region is a concentrated area of 

saline soil in Africa. Our research confirms that the absolute value 

of soil salinity is still mainly salinized, and it is also listed as one of 

the countries with the highest future risk in the future risk map. 

The GSASmap identifies western/southwestern United States 

as the main distribution area of saline soil in North America. 

Our results show the trend of high-latitude salinization in North 

America, and the future risk map also predicts that salinization 

in the southwestern United States will intensify. With regard to 

the Middle East (Arabian Peninsula and Iran), the GSASmap 

has identified it as the core distribution area of saline soil. Our 

results reveal a strong trend of salinization, and the future risk 

map also shows the intensification of salinization in arid areas; 

Northern Central Asia is marked by the GSASmap as the main 

area for the distribution of saline soil, and our results indicate 

that this region is one of the areas with the strongest tendency 

for soil to transform into saline soil. Although Hassani et al.48 pre

dicted a decrease in salt content in the region in the future, based 

on the results of the GSASmap, we can still infer that the salini

zation in northern Central Asia is intensifying. Based on this 

conclusion, policymakers need to give priority to the treatment 

of saline soil and sustainable agricultural management in these 

regions. In the short term, immediate containment and adaptive 

measures should be taken in regions where a deteriorating trend 

is observed, such as Central Asia and eastern Australia. In 

the long term, water-saving agriculture, salt-tolerant crop 

breeding, and intelligent monitoring can be laid out in areas 

with increased risks (such as the southwestern United 

States and southern Africa) based on climate predictions (espe

cially evapotranspiration and precipitation). Building on the pro

posed saline soil management framework, region-specific adap

tation is crucial. In Central Asia, where irrigation-induced 

salinization prevails, salt-tolerant crop breeding can be com

bined with localized phytoremediation. For example, in Uzbeki

stan and Kazakhstan, cultivating native halophytes (e.g., Atriplex 

spp. and Kochia scoparia) alongside salt-resistant sorghum and 

quinoa improves soil structure and provides fodder and bio

energy, supporting both ecological and livelihood resilience in 

arid zone.49,50 This integrated approach links genetic adaptation 

with agro-ecological rehabilitation to address salinity and socio- 

economic needs. In regions like southern Ukraine’s dry steppes, 

where seasonal waterlogging and secondary salinization occur, 

precision land management has been adapted to local hydrolo

gy. Laser leveling combined with sub-surface drainage and 

chemical amendments (e.g., phosphogypsum) reduces surface 

salt accumulation and enhances water-use efficiency.49,51 Stra

tegies that combine salt-tolerant crops with tailored water and 

soil management, designed in response to local agro-climatic 

and socio-economic conditions, are effective for saline soil 

remediation.

We focus on a dynamic and lag-explicit temporal perspec

tive on soil salinization and have developed a novel data and 

modeling framework for global change analysis. The results 

offer both methodological and practical value for monitoring 

global soil salinity change. Methodologically, the integrated 
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framework combines a unified global ECe dataset with a dy

namic model that accounts for lag effects, which provides a 

reusable approach for analyzing environmental changes over 

time. In contrast to conventional static mapping, our method 

captures temporal trends in salinity, helping to identify not only 

where changes occur but also how environmental drivers influ

ence those changes across years. This approach can also be 

applied to other slow-onset processes such as desertification 

or soil carbon change, where time lags and spatial variability 

pose similar challenges. In practical terms, the annual maps of 

salinity change and the analysis of lagged effects offer useful 

information for land management and policy planning. By 

showing how earlier environmental conditions affect later salinity 

levels, our results can aid in early detection of soil degradation in 

sensitive areas. The global ECe dataset developed in this study 

may also serve as a reference for validating regional models 

and guiding future surveys. In addition, the set of predictors 

and the zoning-based modeling strategy can help improve the 

design of monitoring systems, especially in regions with limited 

data. While further testing is needed, this study establishes a 

practical foundation for more predictive and process-informed 

assessment of soil salinity worldwide.

METHODS

Climate regions and global soil salinity datasets

According to soil-forming theory,52 climate,53 parent mate

rial,54 biota,55 and relief56 contribute most to the accumulation 

and dissolution of soil salt. The impact of floods and tides on 

soil can be indirectly characterized by groundwater, precipita

tion, and soil moisture content.3 Soils in glaciers, permafrost, 

deserts, and seawater-submerged areas are unsuitable for 

plant growth or land use, so these areas were not considered 

in this study. Global desert, tundra, and frost were masked by 

the Koppen-Geiger system.57 The global extent of intertidal 

areas and floods was masked using the Murray Global Intertidal 

Change Dataset and Global Flood Database from Terra 

and Aqua MODIS sensors (UQ/murray/Intertidal/v1_1/global_

intertidal).58,59 The aridity index (AI, ∼1 km) from the Global 

Aridity Index and Potential Evapo-Transpiration Climate Data

base was used to delineate global climate regions to five 

climate regions: hyper-arid (AI < 0.03), arid (0.03 < AI < 0.2), 

semi-arid (0.2 < AI < 0.5), dry sub-humid (0.5 < AI < 0.65), and 

humid (AI > 0.65) regions (Figure 5).60

The global temporal saline soil datasets were assembled 

from open-source datasets, field investigation, and meta- 

analyses. Specifically, the soil sample collection strategy 

encompassed data from the following sources: (1) existing 

soil datasets that explicitly report sampling time and ECe; 

(2) conversion from other forms of soil EC data using empirical 

formulas (e.g., from EC1:5 to ECe); and (3) meta-analysis. The 

soil databases utilized include WoSIS datasets, Canada 

Detailed Soil Survey (DSS), Land Use/Cover Area Frame Statis

tical Survey (LUCAS), Soil Information System of Latin America 

and the Caribbean (SISLAC), Africa Soil Profiles Database, and 

National Cooperative Soil Survey (NCSS) (supplemental 

information). The meta-analysis was used to extract samples 

from previous papers in Iran, Vietnam, Pakistan, Tunisia, China, 

Figure 5. Global distribution of soil datasets for training and testing 

Spatial distribution and salt value statistics of soil samples in the five climate regions globally and number of samples with ECe values for the five climate regions. 

The total samples are classified into time-series datasets from 2000 to 2024.
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Egypt, Turkey, United States, Kazakhstan, Jordan, Spain, and 

Mexico. A total of 57,797 topsoil salinity samples remained61,62

(Figure 5). Soil EC values were measured from the water- 

saturated soil paste to represent soil salinization. All the data 

were used to train and test the time-series regression model 

according to the time series 2000–2024. The number of sample 

points and salinization level in each year are shown in Figure 5. 

The soil salinity samples of five climate regions were randomly 

divided into training and independent testing sets by a ratio of 

7:3, as shown in Table 1.

Covariate datasets for modeling

Driven by the Earth’s water cycle, salt accumulation in soil is 

determined by climate, water, soil conditions, vegetation, 

and topography (Figure 6). Climatic factors determine soil sali

nization by affecting regional drought, precipitation, and soil 

evapotranspiration. Influenced by climate conditions, the 

migration of soluble salts changes with soil moisture, ground

water level, and the topography patterns. Vegetation 

coverage, soil physical, and soil chemical properties observed 

through remote sensing can be indirectly used to monitor soil 

salinization. The SCORPAN model provides a robust frame

work for understanding the spatial factors (soil, climate, or

ganisms, relief, parent material, age, and spatial position) 

that influence soil properties, including salinity.20 The saliniza

tion process is essentially the accumulation of soluble salts 

via capillary rise and water movement, influenced by the hy

drological cycle. The specific roles of the covariates are as fol

lows. First, climate provides the dominant energy and water 

inputs that drive the salt balance.63 The interplay between 

precipitation and evapotranspiration is the most important. 

Low precipitation fails to leach salts from the root zone, while 

high evapotranspiration creates a strong upward hydraulic 

gradient, pulling saline groundwater toward the surface 

through capillary action. Second, topography dictates the 

gravitational movement of water.21 It concentrates both sur

face water (runoff) and sub-surface flow in low-lying, poorly 

drained depressions. These areas become chemical sinks 

where salts accumulate after being transported from higher 

elevations. It thus determines the spatial distribution of 

soil moisture and influences groundwater table depth. Third, 

soil moisture is the medium in which salts are dissolved 

and transported, and the flow influences the salt distribution. 

The upward flow (capillary rise) leads to salt accumulation, 

while downward flow (leaching) leads to salt removal. It is 

the direct manifestation of climate forcing and topographic 

control, and its movement is governed by soil properties.64

Fourth, soil properties, especially texture and structure, regu

late capillary rise and hydraulic conductivity.65 Fine-textured 

soils (clay) have strong capillary action but poor drainage, 

facilitating salt accumulation. Coarse-textured soils (sand) 

have weak capillary rise but good drainage. Fifth, vegetation 

changes the water balance through transpiration, which 

can lower the water table and reduce evaporation, thus inter

rupting the capillary salt transport.32 Also, this process is 

coupled with strong negative feedback whereby increasing 

soil salinity creates osmotic stress and toxicity, which 

inhibits plant growth, providing a key indicator for monitoring 

salinization.

Based on this theory, we conducted a comprehensive review 

of methodologies and covariate selections employed by 

leading research groups worldwide, presented in Table 2 (for 

the references cited therein, supplemental information). Table 

2 emphasizes the importance of using an extensive set of cova

riates to accurately detect and quantify soil salinity. Long-term 

monitoring studies conducted in countries such as the United 

States, Portugal, Iran, and China have consistently highlighted 

the simultaneous observation of factors such as moisture, 

topography, and vegetation alongside salinity measurements. 

These international efforts further validate the selection of soil 

properties, vegetation, soil moisture, climate, and topography 

as key variables, confirming that they are not only theoretically 

grounded in physical processes but also empirically supported 

for monitoring saline soils. Within this spatially explicit frame

work, we explicitly incorporated a temporal dimension, intro

ducing time as a constraint on the action of these environmental 

covariates. This enhancement allows the equation to model not 

just the spatial state but also the temporal change in salinity. 

According to the process of soil salinization and based on 

remote sensing data, the soil salinization change formula was 

constructed as

C(Salinity) = f(C;W;S;T ;V)
L

+ e; (Equation 1) 

where Salinity is soil salinization change, C is climate conditions, 

W is water, S is soil conditions, T is topography, V is vegetation, L 

represents time-lag effects, and e is error.

Table 1. Descriptive statistics of datasets for soil salinity estimation in five climate regions

Climate region Dataset Number Maximum Minimum Mean Standard deviation Skew

Hyper-arid training 116 88.03 0.0 6.07 13.84 4.03

testing 58 60.80 0.0 5.42 10.67 3.82

Arid training 5,117 98.08 0.0 3.55 9.70 5.67

testing 2,627 97.30 0.0 3.99 10.96 5.50

Semi-arid training 17,034 97.50 0.0 1.83 4.13 9.32

testing 7,471 81.20 0.0 1.83 4.34 7.70

Dry sub-humid training 5,760 96.00 0.0 1.14 4.41 12.62

testing 2,331 75.00 0.0 1.16 4.18 10.27

Humid training 12,263 96.00 0.0 1.29 6.27 10.55

testing 5,018 96.00 0.0 1.37 6.66 9.73
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To identify soil salinity content, topography, vegetation, soil 

properties, and moisture conditions based on remote sensing 

data and geographical auxiliary data are used for quanti

tative estimation of time-series soil salt content. Satellite 

data captured and digitalized by the Moderate Resolution Im

aging Spectroradiometer (MODIS) were used for estimation 

and mapping. MODIS imagery (i.e., specifically MOD09A1 

V6.1 products) provides a long-period, freely accessible earth 

surface spectral reflectance of bands 1–7 at 1 km from 2000 

to 2024. The MOD09A1.061 product is an ‘‘analysis-ready’’ 

dataset. This means that all data, for every year from 2000 

to 2024, have already undergone systematic radiometric and 

atmospheric correction by the NASA LP DAAC using the 

standard MODIS Land Surface Reflectance algorithm. This 

algorithm corrects for the effects of gaseous absorption, 

Rayleigh scattering, and aerosol scattering, providing consis

tent surface reflectance values across the entire time series 

directly from GEE. No additional radiometric correction was 

applied by us, as the data are precorrected to a consistent 

standard. This means a single calibration and algorithm set 

was uniformly applied to the entire mission record, minimizing 

potential inter-annual inconsistencies due to sensor degrada

tion or processing updates, thus ensuring the temporal con

sistency of our dataset across the study period (2000–2024). 

We then employed the ‘‘StateQA’’ (state quality assessment) 

band to conduct cloud and cloud shadow masking. This 

band contains bit flags that indicate the quality and condi

tions of each pixel. We used a ‘‘0’’ mask to retain only the 

highest-quality pixels that were clear (i.e., filtering out any 

pixels affected by clouds, cloud shadows, or heavy aerosols). 

Next, to generate cloud-free, annual representative images, 

we aggregated all available cloud-masked 8-day composites 

for each year (2000–2024). The annual value for each pixel 

was computed as the median of all clear-sky observations 

during that year. The use of the median statistic further 

reduces the influence of any residual atmospheric noise 

or outliers. This entire workflow was applied consistently 

across all years within GEE, ensuring methodological unifor

mity throughout the time series and guaranteeing a uniform 

methodology across the entire time period, thus ensuring 

the temporal consistency of our dataset.

Based on the collection time of soil verification points, the 

quality of remote sensing images, and the global distribu

tion of dry seasons, we estimated salinization using remote 

sensing images. For each pixel, the average spectral reflec

tance values of images in the MODIS dataset were used to 

estimate the annual soil salinity content. A total of 34 indices 

including 20 salinity indices, two soil indices, and 12 vegetation 

indices were calculated based on MODIS images to be used as 

covariates to predict soil salinity at the global scale. The 

composition of soil particle size fractions (i.e., clay, silt, and 

sand) and topographical and geological conditions also affect 

the accumulation of water in soil. Soil particle size composition 

data were extracted from SoilGrids v.2 (250 m).78 Groundwater 

table depth (WTD) data (∼1 km) were obtained by compiling 

global observations and a groundwater mode.79 Terrain attri

butes including elevation and slope were extracted from the 

MERIT digital elevation model (DEM; ∼90 m at the equator).80

Aridity index and potential evapotranspiration index (AI-PET), 

evapotranspiration (ET), and annual mean precipitation data 

Figure 6. Soil salinization formation process
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derived from the WorldClim 2.1 dataset (∼1 km) from 2000 to 

2024 were used to construct covariate datasets. A total of 42 

two indices shown in Table 3 were used to construct the envi

ronmental covariate set. All data were resampled to a spatial 

resolution of 1 km using bilinear interpolation and spatially 

aligned.

Environmental hydrothermal patterns

According to soil water-salt dynamics, the salt in the soil moves 

with the water.25 Specifically, annual changes in soil moisture 

patterns may determine the accumulation and dissolution of 

salt over several years.12 We evaluated soil moisture, precipita

tion, soil temperature, soil evaporation, consecutive dry days, 

and summer days on soil salinization change. These driving 

factors were selected based on their established mechanistic 

relationships with salt accumulation processes: soil moisture 

and precipitation directly influence salt leaching efficiency, 

soil temperature affects evaporation rates and salt crystalliza

tion, while consecutive dry days and summer days represent 

extreme climate conditions that accelerate surface evaporation 

and salt concentration. The ERA5-Land Soil Moisture (SM) da

taset (∼11,132 m, approximately hourly temporal resolution, 

DOI: 10.24381/cds.e2161bac) was used to extract soil mois

ture patterns. The mean value of temperature, precipitation, 

evaporation, and water content from 2000 to 2024 of the topsoil 

(layer 1, 0–7 cm) was used to identify the soil moisture patterns. 

To explicitly link specific climate anomalies to soil salinization 

trends, we added two other indices: summer days (SU) and 

consecutive dry days (CDD). These indices are effective in 

characterizing the heat waves and prolonged droughts associ

ated with extreme climate events like El Niño and record 

drought years.28 These extreme climate indicators have a direct 

impact on evaporation and the reduction of salt leaching, which 

are strongly correlated with soil salinization processes. We 

calculated SU and CDD based on ERA5-Land data. All the hy

drothermal data were calculated in GEE, and the spatial resolu

tion was 11,132 m.

Soil salinization modeling using climate-specific RF

The climate-specific RF model was developed from classifi

cation and regression trees (CART), which is widely used for 

both regression and classification. Tree-based algorithms 

reprocess the predictions from each generated tree to 

ensemble a stronger learner.81 Two parameters (ntree [the 

number of trees] and mtry [the number of variables in each 

split]) decided the largest possible size of the regression 

without being pruned.78 RF is robust to multicollinearity be

tween covariates and can automatically process various cova

riates to obtain a high prediction accuracy (supplemental 

information). Environmental covariates contribute differently 

to the process of soil salinity accumulation under wet/dry con

ditions in different climate regions. Therefore, five climate-spe

cific RF regression models were used to train soil datasets from 

each climate region.82 The number of variables at each split 

(mtry) was optimized from 1 to 42, and the number of trees 

(ntree) was optimized from 500 to 1,000 (steps of 100) to loop 

with the minimum root mean squared error (RMSE). To evaluate 

the performance of the soil salinity estimation, accuracy 

Table 2. Review of methodologies and covariate selections on soil salinity research employed by leading research groups

Country Institutions Approaches Key attributes Supplemental references

China Xinjiang University, Shihezi 

University, CAU, CAS, 

CAAS, etc

remote sensing, soil 

experiments, soil sampling, 

water-salt modeling

soil properties, terrain, 

remote sensing (RS) bands, 

climate, soil moisture, 

groundwater, vegetation, 

salinity indices

Wang et al.,55 Li et al.66,67

USA USDA-ARS Salinity 

Laboratory

soil experiments, proximal 

sensing, remote sensing

soil properties, terrain, 

vegetation, salinity indices, 

soil moisture

Corwin and Lesch,68

Scudiero et al.69

Australia CSIRO, Curtin 

University, UNSW

long-term field trials, 

proximal sensing, remote 

sensing

soil properties, climate, 

vegetation, groundwater, RS 

bands, soil moisture

Barrett-Lennard and 

Qureshi,70 Metternicht and 

Zinck,71 Triantafilis et al.72

Portugal Universidade de 

Lisboa, INIAV

proximal sensing, soil 

experiments

soil properties, soil moisture Paz et al.,73 Farzamian 

et al.74

Iran Yazd University (affiliated 

with German institutions)

remote sensing, soil 

sampling

soil properties, terrain, 

climate, vegetation, RS 

bands, salinity indices

Fathizad et al.,75

Taghizadeh-Mehrjardi 

et al.21

Egypt Tanta University remote sensing, 

spectroscopy, soil sampling

soil properties, terrain, 

climate, vegetation, salinity 

indices, RS bands, soil 

moisture

Masoud et al.32

Norway Norwegian Institute for Air 

Research

dataset modeling soil properties, climate, 

terrain, vegetation

Hassani et al.76

Netherlands Wageningen University & 

Research

dataset modeling soil properties Ivushkin et al.9

France Observatoire Aquitain des 

Sciences de l’Univers

remote sensing (radar) soil properties, RS bands, 

soil moisture

Lasne et al.77
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Table 3. Forty-two covariates based on geological axillary data and remote sensing data, with feature types, description, abbreviation, 

and formula

Feature types Description Abbreviation Formula

Geological axillary data groundwater table depth WTD –

precipitation Prec –

aridity index and potential 

evapotranspiration index

AI-ET –

evapotranspiration ET –

sand content Sand –

silt content Silt –

clay content Clay –

slope Slope –

Salinity indices salinity index SI (G × R)0.5

salinity index 1 SI1 (G + R)0.5

salinity index 2 SI2 (NIR2 + G2 + R2)0.5

salinity index 3 SI3 (G2 +R2)0.5

salinity Index 4 SI4 SWIR1/NIR

salinity index I S1 B/R

salinity index II S2 (B − R)/(B + R)

salinity index III S3 G × R/B

salinity index V S5 B × R/G

salinity index VI S6 R × NIR/G

salinity index VII S8 (G + R)/2

salinity index IX S9 (G + R + NIR)/2

salinity index SI-T R/NIR × 100

soil salinity and sodicity indices 1 SSSI-1 R − NIR

soil salinity and sodicity indices 2 SSSI-2 (R × NIR − NIR × NIR)/R

normalized difference salinity index NDSI (NIR − SWIR1)/(NIR + SWIR1)

canopy response salinity index CRSI [(NIR × R − G × B)/(NIR × R + G × B)]0.5

salinization remote sensing index SRSI [(NDVI − 1)2 + SI2]0.5

salinity ratio index SAIO (G − NIR)/(B + NIR)

enhanced residues soil salinity index ERSSI G2/(B × SWIR1)

Soil indices carbonate index CAEX G/B

brightness index BI (G2 + B2)0.5

Vegetation indices ratio vegetation index RVI NIR/R

enhanced normalized differential 

vegetation index

ENDVI (NIR + SWIR1 − R)/(NIR + SWIR1 + R)

infrared percentage vegetation index IPVI NIR/(NIR + R)

generalized difference vegetation index GDVI (NIR2 − R2)/(NIR2 + R2)

non-linear vegetation index NLI (NIR2 − R)/(NIR2 + R)

green atmospherically resistant 

vegetation index

GARI {NIR − [G + γ × (B − R)]}/{NIR + [G + γ × (B 

− R)]}

normalized differential vegetation index NDVI (NIR − R)/(NIR + R)

differential vegetation index DVI NIR − R

enhanced vegetation index EVI (1 + L) × (NIR − R)/(NIR + C1 × R −

C2 × B + L)

soil-adjusted vegetation index SAVI [(NIR − R)/(NIR + R + L)] × (1 + L)

optimized soil-adjusted vegetation index OSAVI (NIR − R)/(NIR + R + 0.16)

global vegetation moisture index GVMI [(NIR +0.1) − (SWIR1 + 0.02)]/[(NIR + 0.1) + 

(SWIR1 + 0.02)]
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evaluation indicators including R2, RMSE, and Lin’s concor

dance correlation coefficient (LCCC) were used as follows:

R2 = 1 −

∑n

i = 1

(yi − ŷ i)
2

∑n

i = 1

(yi − y)
2

; (Equation 2) 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i = 1

(
(yi − ŷ i)

2

n

√

; (Equation 3) 

LCCC =
2 × r × sYmodel

× sYtesting

s2
Ymodel

+s2
Ytesting

+
(
Y

model
− Y testing

)2
; (Equation 4) 

where n is the number of soil samples, yi and ŷ i are the observed 

and predicted soil ECe value for sample i, and y is the mean of 

observed ECe value. r is Pearson coefficient of measured and esti

mated value. sYmodel 
and sYtesting 

are standard deviation of the esti

mated and measured soil ECe value, respectively. The time-series 

quantitative estimation of global soil salinity using RF regression 

was trained and mapped in GEE.

Time-lag analysis

According to water-salt balance, the trend of hydrothermal 

condition change in soil has a direct interaction with the 

migration and accumulation of salt. Considering the effect of 

time lag, we define hydrothermal patterns as lagged variables. 

The time effect was primarily based on the established 

ecological concept of drought legacy effects, which operate 

on timescales of months to a few years. Therefore, we 

selected 0–5 years as the research span and calculated the 

trends of soil water, temperature, evaporation, precipitation, 

consecutive dry days, and summer days with lag effect from 

0 to 5 years, respectively. Taking soil precipitation as an 

example, the slope of time-lag precipitation variables was 

defined as follows:

Slope prec;t(m) =

∑n

i = 1

(xi − x)
(
Pi − m − Plagged

)

∑n

i = 1

(xi − x)
2

; (Equation 5) 

where m is the lag time; n is the length of the target year 

sequence (n = 25 corresponds to 2000–2024); xi is the exact 

year (x1 = 2000, x2 = 2001, …); x is the mean value of years; 

Pi− m is the precipitation with a lag of m years; and Plagged is the 

mean value of the lagging precipitation sequence.32 The 

parameters of m ranged from 0 to 5 to calculate the slope of 

features as the lag time of soil precipitation, evaporation, tem

perature, water, SU, and CDD influencing the soil salinity.

We then conducted RF regression and SHAP analysis on the 

hydrothermal trend and salinization by pixel (supplemental 

information). The pixel-by-pixel driving factor (with time effect) 

was obtained at 11,132 m.

TS median trend analysis and MK test

The TS median trend analysis is a robust non-parametric trend 

statistical method and is applied to judge the trend of long- 

time series data of each pixel in a time series by combining 

with the MK test.83 Taking EC as an example, the slope of TS 

median of soil salinity between 2000 and 2024 was defined as 

follows:

Slope EC = median

(
EC j − EC i

j − i

)

; (Equation 6) 

where, SlopeEC refers to the TS median, and ECi and ECj 

represent the soil salinity content of years of i and j where 

2000 ≤ i < j ≤ 2024.

The MK test is a non-parametric method used to assess the 

significance of the trend identified by the TS estimator, 

without assuming any specific data distribution and being 

resistant to outliers.64 Taking time series {ECi} (i = 2000, 

2001, …, 2024) as an example, the MK test was calculated 

as follows:

Z =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

S − 1
̅̅̅̅̅̅̅̅̅̅
s(S)

√ ;S > 0

0;S = 0

S+1
̅̅̅̅̅̅̅̅̅̅
s(S)

√ ;S < 0

; (Equation 7) 

∑n − 1

j = 1

∑n

i = j+1
sgn

(
ECj − ECi

)
; (Equation 8) 

sgn
(
ECj − ECi

)
=

{
1;ECj − ECi > 0

0;ECj − ECi = 0 − 1;ECj − ECi < 0
;

(Equation 9) 

s(S) =
n(n − 1)(2n+5)

24
; (Equation 10) 

where n is the length of the time series; sgn(ECj − ECi) is a sign 

function; and the Z statistic represents a given significance 

level (|Z| > μ1− α/2). A confidence level of 0.05 (α = 0.05, 

|Z| > 1.96) was used to measure the significance of the EC trend 

from 2000 to 2024 on pixel scale.
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