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Abstract
Soil moisture is an indispensable component of terrestrial ecosystems, playing
a critical role in surface hydrological processes, connecting a series of hydrolog-
ical, ecological, climatic, and geological processes, and is crucial for the healthy
functioning of terrestrial ecosystems. Centering on the concept of soil moisture
temporal stability, this study systematically reviews recent research progress
from the perspectives of the temporal stability concept, research methods, ap-
plications, and influencing factors, and discusses the selection criteria for repre-
sentative measurement sites and the influencing factors of soil moisture temporal
stability. Based on current research progress, future research priorities are pro-
posed: strengthening research on the combined effects of multiple factors on soil
moisture temporal stability; combining “3S”technology, computer simulation,
and field measurements to study scale issues of temporal stability; how to effi-
ciently select representative measurement sites; and exploring the research and
application of the temporal stability concept in vegetation restoration areas and
climate-sensitive zones.
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Abstract
Soil moisture is an integral component of terrestrial ecosystems and the core
of surface hydrological cycles, connecting a series of hydrological, geological,
climatic, and ecological processes. It is essential for the healthy functioning
of terrestrial ecosystems. Focusing on the concept of soil moisture temporal
stability, this paper systematically reviews recent research progress from the
perspectives of the temporal stability concept, research methods, applications,
and influencing factors. We analyze the selection criteria for representative
sites and the factors affecting soil moisture temporal stability. Based on current
research progress, we propose future research priorities: (1) investigating scale
issues of temporal stability by combining“3S”technology, computer simulation,
and field measurements; (2) strengthening research on the combined effects of
multiple factors on soil moisture temporal stability; (3) developing methods
for efficient selection of representative sites; and (4) exploring the application of
temporal stability concepts in vegetation restoration areas and climate-sensitive
regions.

Keywords: soil water content; temporal stability; representative sites; appli-
cations; influencing factors

1. Conceptual Development of Temporal Stability
Over the past half-century, soil moisture spatiotemporal variability has been
extensively studied across different scales and ecosystem types. Researchers
have long recognized that due to strong spatiotemporal variability, obtaining
regional mean soil moisture conditions through classical statistical theory re-
quires extensive sampling, which is time-consuming, labor-intensive, and costly.
This practical need led to the emergence of the temporal stability concept from
numerous spatiotemporal variability studies. Vachaud et al. [45] first discovered
and proposed the concept of temporal stability during soil moisture studies of
olive trees and wheat. They observed that when all measurement points were
ranked from low to high, some sites consistently represented the mean soil mois-
ture of the experimental area, while others were consistently above or below the
mean. This similarity of soil moisture spatial patterns over time is termed the
temporal stability phenomenon. Although some scholars have used the temporal
stability concept to test whether soil moisture spatial patterns persist over time
[46-47], the phenomenon has been widely recognized by numerous researchers
[37, 48-51]. Similar terms such as“temporal persistence,”“order stability,”and
“rank stability”have also been used in related studies [12, 52-53], but subsequent
research has predominantly adopted the term “temporal stability”[37, 54-56].

2. Methodological Approaches for Temporal Stability
Analysis
Three primary methods exist for analyzing temporal stability. The first is the
relative difference method [45], where �ijk represents the relative difference value
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of site i at time j for soil layer k, calculated as (�ijk - �jk)/�jk, where �ijk is the soil
moisture at site i, time j, and layer k, and �jk is the mean soil moisture across all
sites at time j for layer k. The mean relative difference (MRD) �ik and its stan-
dard deviation (SDRD) �(�ik) are then computed across all measurement times.
By ranking all sites according to MRD and annotating each site’s SDRD, one
can easily identify which sites consistently exceed the mean, which fall below
it, and which reliably represent the regional mean. The second method is the
Spearman rank correlation coefficient method, which primarily reflects the tem-
poral similarity of measurement sites’spatial patterns. By calculating the rank
correlation coefficient rs between different measurement times, we can assess
temporal stability—higher rs values indicate greater similarity in soil moisture
spatial patterns across time [58]. The third method is the cumulative probabil-
ity function approach [45], which analyzes temporal stability by examining the
similarity of soil moisture cumulative probability distributions across different
measurement times. If certain sites’moisture content equals or approximates
the mean under various moisture conditions, these sites can serve as represen-
tative sites for estimating mean soil moisture conditions. Zhao Peipei [57] also
applied spectral analysis to study temporal stability, finding that data gaps do
not affect spectral characteristics. Among these methods, the Spearman rank
correlation coefficient and relative difference methods are most widely used [1,
37, 51, 56]. While both SDRD and rs are crucial indicators for determining
temporal stability, they differ significantly: SDRD represents the temporal sta-
bility of individual sites (smaller values indicate stronger stability), whereas rs
reflects the temporal similarity of spatial patterns across all sites (values closer
to 1 indicate greater similarity) [58].

3. Selection Criteria for Representative Sites
Representative sites typically refer to locations where soil moisture approxi-
mates the mean moisture content of the entire observation area or where mean
soil moisture can be easily obtained [59]. Using representative sites to predict
regional mean moisture is among the most important applications of tempo-
ral stability concepts, making accurate and convenient site selection critical.
Schneider et al. [55] further noted that selected representative sites can be used
for multi-year predictions of regional soil moisture conditions. Four main cri-
teria exist for selecting representative sites. The first method identifies sites
with MRD values close to zero and small SDRD values as representative [45].
However, this process involves some subjectivity, and sites with MRD near zero
do not necessarily have small SDRD, nor does this indicator directly provide
prediction accuracy [60]. The second method identifies sites with MRD close
to zero as representative, then estimates regional mean moisture through �ik
transformation [17, 62]. The third approach, proposed by Hu et al. [60] from
a minimum error perspective, uses the Mean Absolute Bias Error (MABE) to
evaluate representative sites, where MABEik = (1/N) Σ|�ijk - �ik|. Lower MABE
values indicate higher prediction accuracy. To overcome limitations of the first
two methods, some scholars [63-64] proposed combining both indicators into a
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new index called Integrated Time Stability (ITS), calculated as ITSIk = �ik² +
�(�ik)². Gao Lei [65] considered this method a useful supplement for optimizing
representative site selection, though treating the effects of MRD and SDRD
equally remains debatable. Currently, most researchers use the first method,
and no universally accepted standard exists. While the first method has been
successfully applied across various study areas [37, 49, 66-67], the other three
methods, despite their advantages, have not been widely validated for superior
prediction accuracy. All four methods require extensive preliminary soil mois-
ture measurements, which should be evenly distributed throughout a year-long
measurement cycle. Consequently, researchers have paid special attention to
characteristics of selected representative sites, such as soil texture, slope po-
sition, and topographic location, hoping to identify common features through
simple observations that could eliminate extensive preliminary measurements—
a highly practical approach [61, 63, 68].

2. Applications of Soil Moisture Temporal Stability
Temporal stability concepts have been widely recognized and applied in soil
moisture research [13, 39, 49, 63, 68]. Beyond soil water content, soil water
storage and soil water potential also exhibit temporal stability characteristics
[45, 54, 68-70]. The concept has three primary applications: (1) identifying
stable representative sites within a study area to directly or indirectly predict
or estimate mean soil moisture conditions and upscale soil moisture data [13,
49, 56, 58, 61, 71-73]; (2) interpolating missing soil moisture data due to in-
strument failure [57, 74-75]; and (3) validating or calibrating remotely sensed
soil moisture data [1, 25, 55, 64]. Temporal stability has been applied across
various land use types, including grassland [45, 55, 63], cropland [51, 54], forest
[76], and agroforestry ecosystems [77-78], as well as different climatic zones such
as arid/semi-arid [31, 63, 68, 79], semi-humid [37, 62], and humid regions [64].
Liwata et al. [80] even studied soil moisture stability across a boreal gradient
(60-68°N). The concept has also been applied to different soil depths [62, 80],
scales [31, 51, 56, 81], measurement periods [54, 63, 82-83], and instruments [8,
64, 72, 84], yielding significant progress.

Identifying representative sites to predict mean soil moisture has become the
most important application [60]. Since representative sites can predict regional
mean moisture, extensive sampling becomes unnecessary—only periodic mea-
surements at representative sites are needed, saving substantial resources. Hu
et al. [85] developed a quantitative relationship between soil moisture at various
sites and typical monitoring sites using stepwise multiple linear regression based
on temporal stability and hierarchical cluster analysis, enabling prediction of soil
moisture across sites at different times. Vanderlinden et al. [47] compared three
methods for determining the minimum sample size needed to predict mean soil
water storage in a 12 m × 15 m plot, finding that the first method required
20 samples while the second needed only 12. However, the number of repre-
sentative sites varies by study area, sometimes requiring multiple sites [48, 60,
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86]. Studies show that finding a single site representing multiple soil depths is
challenging. Tallon and Si [12] found only one site that could represent two soil
layers, while Kamgar et al. [70] found none representing three layers. Guber et
al. [54] discovered that representative sites vary with soil depth. Jia et al. [81]
found a single representative site could represent three depths (0-1, 1-2, and
2-3 m) on a typical loess slope, while Penna et al. [84] and Mohanty et al. [1]
also found sites representing multiple depths. Generally, optimal sites have rel-
atively high clay content and smooth surfaces [56, 64]. Mohanty and Skaggs
[1] found that in sandier soils, the best sites had medium to high clay content
(28%-30%). Jacobs et al. [64] and Martinez et al. [59] confirmed that the most
stable sites have medium to high clay content. However, findings among re-
searchers are sometimes contradictory. Da Silva et al. [50] found that clay and
organic matter content better identified representative sites than topographic
variables, while other studies [68, 73] found topography and vegetation more
important than soil texture. Mohanty et al. [1] concluded that soil moisture has
better temporal stability in sandy loam than silt loam, while Zhao et al. [31]
found sand had significantly stronger temporal stability than sandy loam and
silt loam at the watershed scale. Schneider et al. [55] argued that soil properties
alone cannot fully reflect representative site characteristics. Since temporally
stable sites have proven valuable for soil moisture monitoring, developing more
efficient methods for optimal site selection represents a key future research di-
rection.

3. Factors Influencing Soil Moisture Temporal Stability
Sites that accurately predict mean soil moisture typically represent watershed-
average characteristics, particularly those closely related to soil moisture [25,
61]. Because correlations between soil moisture and different characteristics
vary, identifying factors influencing temporal stability is prerequisite for a priori
identification of representative sites. Soil moisture temporal stability is affected
by multiple factors including soil properties, topography, vegetation, and cli-
mate [37, 60-61, 68, 73]. Revealing relationships between temporal stability and
these factors at different scales aids in identifying stable sites and predicting soil
moisture in other regions [70]. Due to differences in study areas and sampling
times, no unified conclusions exist regarding these effects [87]. In topographi-
cally complex regions, relative elevation strongly influences temporal stability
[25, 37, 58, 61, 81], while in flat areas, topography has minimal or no effect [49,
63]. Soil properties affect soil moisture primarily through particle composition,
organic matter content, and structure, which alter water retention and conduc-
tivity. While soil properties show little temporal variability, they exhibit strong
spatial variability—saturated hydraulic conductivity can vary by several orders
of magnitude over short distances [88], inevitably causing spatial variation in
soil moisture. Mohanty et al. [1] used remote sensing footprint data to study
temporal stability under different soil types, finding better stability in sandy
loam than silt loam for 0-5 cm soil moisture. At the watershed scale, Zhao et
al. [31] found soil texture was the main control factor. Gao et al. [56] analyzed
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temporal stability of jujube orchards on the Loess Plateau, identifying sites
with relatively high clay content and smooth surfaces as optimal representa-
tives. Hawley et al. [89] found soil texture significantly influenced soil moisture
at the watershed scale. However, Jacobs et al. [64] and Western et al. [61] found
topography and vegetation, rather than soil texture, were more important for
identifying representative sites.

Vegetation significantly influences soil moisture dynamics by altering infiltration,
water holding capacity, evaporation, and root water uptake [90-91]. Compared
to soil and topography, vegetation changes more temporally, and its effects show
strong seasonal dependence. Hupet and Vanclooster [90] found that during corn
growth, vegetation contributed non-negligibly to soil moisture variability. Haw-
ley et al. [89] found vegetation reduced topographic effects on soil moisture
variability. Schneider et al. [55] found grazing management and vegetation
cover were primary factors controlling soil moisture stability in relatively flat
semi-arid grasslands. At larger scales, land cover or vegetation has limited in-
fluence on soil moisture spatial distribution [21], and the relationship between
vegetation and soil moisture variability becomes more complex due to feedback
mechanisms [92-93]. Teuling and Troch [94] found that under non-stressed con-
ditions, vegetation increases soil moisture variability, but when soil moisture
falls below a threshold and evapotranspiration is supply-limited, vegetation re-
duces variability. Gómez-Plaza et al. [68] found vegetation cover changes reduce
temporal stability—during growing seasons, temporal patterns are weaker, while
stability increases when vegetation is dormant in winter. Mohanty and Skaggs
[1] found the degree of temporal stability change depends on vegetation cover
and topography. Jia et al. [73] analyzed temporal stability of soil water storage
under three vegetation types (alfalfa, caragana, and grass) in a small watershed,
finding alfalfa had the weakest stability while vegetation cover and aboveground
biomass were main influencing factors. Zhao et al. [81] found that besides soil
texture, vegetation biomass and litter also significantly affected profile soil wa-
ter storage stability. However, in relatively stable ecosystems with consistent
measurement periods, vegetation effects on stability diminish. Hu et al. [31]
found no significant difference in temporal stability indices between two vegeta-
tion types (Stipa bungeana and Caragana) in sandy loam and silt loam soils at
the watershed scale. Vachaud et al. [45] observed strong temporal stability in a
uniform grassland with minimal seasonal variation.

Soil moisture temporal stability also exhibits depth dependence and spatial scale
dependence. Typically, deep soil moisture shows stronger temporal stability
than shallow layers [31, 54, 58, 81]. Ran et al. [95] found surface soil moisture
(0-20 cm) was most variable in the Heihe River Basin, stabilizing below 40 cm.
Heathman et al. [62] similarly found surface moisture stability was weaker than
profile moisture in the southern Great Plains. However, Jia et al. [81] found
surface soil had stronger temporal stability than deep layers on a typical Loess
Plateau slope, possibly due to scale and seasonal differences. Temporal stability
also depends on study scale [52, 68, 82]—sampling density and area affect which
factors dominate stability. Kachanoski and de Jong [52] first proposed the scale
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issue of temporal stability, analyzing controls on soil water storage at different
spatial scales within a transect. Using wavelet analysis, Gómez-Plaza et al. [68]
studied controls on soil water storage at various scales within a transect, finding
elevation was most important at every scale. Two-dimensional scale effects
have also been widely studied, though conclusions vary. Schneider et al. [55]
and Brocca et al. [37] found that increasing sampling scale adds variability
from soil and vegetation, reducing temporal stability. Basile et al. [46] found
MRD ranges were less than 2% in small study areas but exceeded 100% in
larger watersheds. Cosgrove et al. [49] and Martínez-Fernández and Ceballos [51]
found similar results. These differences are attributed to varying experimental
designs, measurement techniques, and differences in topography and vegetation
[68, 70]. Since multiple soil moisture-related factors change with location and
time, isolating scale effects from other influences remains challenging.

4. Future Research Directions
Since Vachaud et al. [45] introduced the temporal stability concept, it has been
widely recognized and applied to soil moisture research across different scales,
ecosystem types, and climate zones, yielding significant progress. However, due
to complex influencing factors and strong seasonal, depth, and spatial scale
dependencies, research results show regional differences and sometimes contra-
dictions. Based on existing problems and current eco-hydrology development
needs, we propose several future research directions:

Comprehensive Multi-factor Studies: Soil moisture temporal stability is
jointly affected by climate, vegetation, and soil properties, yet some studies
present contradictory conclusions. Potential controlling factors like soil hy-
draulic properties and boundary conditions (precipitation and evapotranspira-
tion heterogeneity/homogeneity) during measurement periods require further
exploration [70]. Many studies indicate that stability results from combined
rather than single factors. Future research should employ statistical and spa-
tiotemporal models to explore interactions among various factors and distin-
guish their spatiotemporal components.

Scale Issues: Temporal stability shows strong spatial scale dependence, mak-
ing scale a focus and challenge in eco-hydrology. Upscaling findings from hill-
slope or small watershed scales to larger watersheds is crucial for validating
remote sensing data and estimating regional soil moisture. Recent studies have
developed cross-scale upscaling methods including random sampling analysis,
optimal combination analysis, temporal stability analysis, and temporal smooth-
ing correlation analysis [97], which effectively solve information collection, pro-
cessing, and validation issues at larger spatiotemporal scales. However, col-
lecting large-scale data remains difficult, consuming substantial resources and
time. Combining 3S technology, computer simulation, and field measurement
represents a future direction for scale research.

Efficient Selection of Representative Sites: No consensus exists on a pri-
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ori identification of representative sites based on soil moisture-related variables,
and findings are sometimes contradictory. While spatial variability of relative
differences typically increases with sampling extent, whether optimal represen-
tative sites for estimating mean moisture remain spatially constant with increas-
ing scale remains unresolved [70]. Future research should focus on rapidly and
efficiently identifying representative sites under data-limited conditions.

Application in Vegetation Restoration and Climate-Sensitive Areas:
Temporal stability concepts have been studied across various vegetation types
and climate zones. However, with global climate change, soil moisture near tim-
berlines is particularly sensitive. Studying soil moisture stability in these areas
can provide theoretical guidance for evaluating vegetation suitability under cli-
mate change and predicting future developments. With large-scale vegetation
restoration projects implemented across China, researching temporal stability
in suitable restoration areas to efficiently locate representative sites will be a
future research hotspot, providing guidance for vegetation restoration and re-
construction efforts.
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