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Abstract

Soil moisture is a key indicator of agricultural and hydrological drought, but its
meteorological controls vary across temporal scales. Using ESA CCI soil moisture products
from 2010 to 2022, this study investigated soil moisture variability in the Yangtze River
Basin at weekly, monthly, and annual scales. The product was first validated using ground
observations and ERA5 reanalysis data, and a generalized additive model (GAM) was then
applied to quantify the relative contributions of precipitation, temperature, wind speed, and
VPD under normal conditions and during three extreme drought events. The validation
showed that ESA CCI soil moisture captured basin-scale variations well, with mean absolute
deviations of 0.0460, 0.0434, and 0.0072 m3/m3 in the upper, middle, and lower reaches,
respectively, and a basin-wide RMSE of 0.0127 m3/m3 against ERA5. The attribution results
revealed a clear scale-dependent shift in soil moisture controls. At the weekly scale, VPD
dominated soil moisture variability, with a basin-wide average contribution of 47.04% and a
maximum contribution of 55.92% in the lower reaches, indicating that short-term soil drying
is mainly driven by VPD. At the monthly scale, precipitation became the primary control,
with a basin-wide average contribution of 36.62% and a maximum contribution of 44.65%
in the upper reaches, reflecting the role of accumulated rainfall recharge in maintaining
soil moisture storage. During extreme drought events, the monthly-scale dominance
of precipitation weakened, and precipitation, VPD, temperature, and wind speed each
contributed approximately 20–30%, suggesting that drought development results from
the combined effects of reduced water input and enhanced atmospheric water loss. These
findings indicate that precipitation-based drought monitoring may underestimate rapid
soil drying risks, whereas incorporating atmospheric demand indicators such as VPD can
improve drought early warning and water resource management under a warming climate.

Keywords: ESA CCI surface soil moisture; multiscale soil moisture dynamics; precipitation
recharge; vapor pressure deficit; generalized additive model; Yangtze River Basin

1. Introduction
Soil moisture is a direct indicator of terrestrial water availability and plays an essential

role in drought development, agricultural production, ecosystem stability, and basin-scale
water resource management [1]. By regulating precipitation infiltration, surface runoff,
evapotranspiration, and vegetation water supply, soil moisture links atmospheric, surface,
and subsurface hydrological processes [2]. Under global climate change and intensified
human activities, regional hydroclimatic conditions have become increasingly variable.
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Changes in precipitation regimes and rising atmospheric evaporative demand can directly
affect soil moisture dynamics [3,4]. Human activities can also modify soil moisture
processes through irrigation, land-use change, and afforestation. Irrigation increases soil
moisture inputs in agricultural areas, land-use change affects infiltration, surface runoff,
and evapotranspiration, and afforestation alters canopy interception, root water uptake,
and soil moisture retention [5]. These changes can further influence runoff generation,
vegetation productivity, and ecosystem services, thereby increasing the risk of agricultural
and hydrological drought [6,7]. Therefore, understanding how soil moisture varies and
identifying the factors that control soil moisture depletion are important for drought
monitoring and water security assessment.

Previous studies have improved our understanding of soil moisture from several
perspectives. Land-atmosphere feedback studies have shown that soil moisture anomalies
can regulate regional water and energy exchanges and further influence drought
development under climate warming [2,8]. Vegetation-related studies have demonstrated
that canopy processes and root-zone water uptake can redistribute soil moisture and
alter hydrological fluxes [9]. Terrain and soil-property studies have further revealed that
topographic attributes and porous media conditions contribute to the Spatial disparities of
soil moisture [10]. In terms of data sources, ground-based observation networks provide
reliable local measurements, but their spatial coverage is often sparse and may not fully
represent complex terrain or ecologically vulnerable regions [11,12]. Satellite remote sensing
products, such as SMAP, SMOS, AMSR2, Fengyun-series products, and ESA CCI SM, have
therefore become important tools for regional and global soil moisture monitoring because
they provide continuous spatial coverage and long-term observational records [13–16].
Among these products, ESA CCI SM is well suited for long-term basin-scale analysis
because it integrates multi-sensor observations and provides relatively continuous records
for examining soil moisture variability over large spatial domains [15].

In this study, precipitation, temperature, wind speed, and VPD were selected because
they represent water supply, thermal conditions, turbulent exchange, and atmospheric
evaporative demand, respectively. Precipitation replenishes soil moisture through
infiltration, while temperature affects evapotranspiration and soil evaporation by regulating
surface energy conditions. Wind speed influences turbulent water vapor transport near
the land surface, and VPD reflects atmospheric water demand and is closely associated
with rapid soil moisture depletion [17–20]. However, the relative importance of these
factors is not constant. Accumulated precipitation may dominate soil moisture recharge
at monthly or longer scales, whereas short-term soil moisture depletion may be more
strongly controlled by atmospheric evaporative demand. Although land-atmosphere
feedbacks, vegetation dynamics, terrain conditions, and soil properties have all been shown
to influence soil moisture variability, the way in which dominant meteorological controls
shift across temporal scales remains insufficiently quantified in the Yangtze River Basin [21].

Despite these advances, several limitations remain. Land surface models provide
continuous spatial coverage, but their estimates may contain uncertainties in regions
strongly affected by irrigation, reservoir regulation, and land-use change. Ground
observations provide accurate site-scale measurements, but their spatial representativeness
is often limited by sparse station distribution, complex terrain, and ecologically sensitive
landscapes [11,12]. Remote sensing soil moisture products offer an effective alternative for
basin-scale and long-term monitoring, yet many remote-sensing-based studies still focus
on a single temporal scale or long-term average conditions [13–16]. As a result, cross-scale
comparisons of soil moisture dynamics remain limited. In addition, previous attribution
studies have mainly emphasized precipitation and temperature, whereas VPD and wind
speed have received less attention. Traditional linear methods may also be inadequate
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for detecting nonlinear responses between soil moisture and meteorological factors under
extreme drought stress [21,22].

These limitations highlight several unresolved issues. The scale-dependent variation in
the dominant controls of soil moisture across weekly, monthly scales remains insufficiently
quantified in the Yangtze River Basin. The relative contributions of atmospheric evaporative
demand and turbulent exchange, represented by VPD and wind speed, to soil moisture
depletion are still less clearly understood than those of precipitation and temperature. It
also remains uncertain whether the dominant meteorological controls identified under
normal conditions remain valid during extreme drought events in the basin. Resolving
these issues is necessary for improving the process-based understanding of soil moisture
depletion and for strengthening drought monitoring and early-warning capacity in the
Yangtze River Basin.

GAM provides a useful framework for addressing these issues because they can
capture nonlinear relationships while maintaining relatively clear interpretability [23].
For example, Abolafia-Rosenzweig applied GAMs to high-resolution summer drought
forecasting in the western United States and showed their usefulness in linking drought
occurrence with antecedent climatic and hydrological conditions [24]. Li used a GAM
framework to identify the dominant drivers of satellite-observed global soil moisture
variability from 2001 to 2020, showing that vapor pressure deficit was the primary driver
at short temporal scales, whereas precipitation exerted stronger control at monthly scales
in some regions [21]. Regional studies based on ERA5-Land soil moisture have also
used GAMs to quantify the individual and combined effects of precipitation, evaporation,
temperature, and vegetation conditions on soil moisture variability. However, previous
GAM-based studies have mainly focused on global-scale assessments, drought forecasting,
or monthly-scale attribution. Few studies have examined how meteorological controls of
soil moisture shift across weekly, monthly, and annual scales in the Yangtze River Basin,
especially during extreme drought events. Therefore, GAMs are suitable for this study
because they can describe nonlinear and potentially threshold-like soil moisture responses
while retaining the interpretability needed to identify dominant drivers.

The Yangtze River Basin is one of China’s most important agricultural production
regions and ecological security barriers [25]. In recent decades, however, the basin has
experienced increasingly frequent and severe drought events. The 2011 spring–summer
drought caused substantial shrinkage of major lakes such as Poyang Lake and Dongting
Lake, while the 2013 high-temperature drought produced severe heat stress, large
precipitation deficits, and extensive crop losses. The prolonged drought in 2019
also affected large agricultural areas in Jiangxi and Anhui Provinces. These events
threatened water supply, food production, ecosystem stability, and regional socioeconomic
development [26,27]. Although drought characteristics in the Yangtze River Basin have
been widely investigated, two issues remain unclear: whether the dominant drivers of
soil moisture under normal conditions also operate during extreme drought events, and
whether these drivers differ across weekly and monthly scales.

To address these gaps, this study used ESA Climate Change Initiative Soil Moisture
products from 2010 to 2022 to investigate soil moisture dynamics in the Yangtze River
Basin. The novelty of this study lies in its integrated assessment of ESA CCI soil moisture
applicability, multi-temporal-scale soil moisture variability, and nonlinear meteorological
attribution under both normal and extreme drought conditions in the Yangtze River
Basin. The objectives were to: (1) evaluate the applicability of the ESA CCI soil moisture
product in the basin using ground observations and reanalysis data as a prerequisite for
the subsequent multiscale analyses of soil moisture variation and the relative contributions
of meteorological factors; (2) analyze the temporal and spatial variation patterns of soil
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moisture at weekly, monthly, and annual scales across the upper, middle, and lower
reaches; and (3) quantify the dominant meteorological drivers of soil moisture under normal
conditions and during typical extreme drought events using a generalized additive model.
By clarifying the scale-dependent transition of soil moisture controls from precipitation
supply to atmospheric evaporative demand, this study provides scientific support for
improving drought early warning, agricultural drought assessment, and adaptive water
resource management in the Yangtze River Basin.

2. Data and Methods
2.1. Study Area

The Yangtze River Basin (Figure 1) is located between 90◦33′–122◦25′ E and
24◦30′–35◦45′ N, covering a drainage area of approximately 1.8 × 106 km2. The Yangtze
River originates from the Qinghai–Tibet Plateau and flows eastward into the East China
Sea, with a mainstream length of about 6300 km. The basin spans a pronounced west–east
elevation gradient, ranging from high-altitude plateau and mountain regions in the upper
reaches to hilly areas, basins, alluvial plains, and lake plains in the middle and lower
reaches. The basin is mainly influenced by the East Asian monsoon climate, with marked
seasonal and spatial differences in precipitation. Annual rainfall is concentrated mainly
from June to August, and flood-season precipitation accounts for more than 60% of annual
precipitation. Spatially, precipitation generally decreases from the humid southeastern
and downstream regions toward the northwestern and upstream mountainous regions. In
recent decades, under the combined influence of climate change and intensified human
activities, the basin has experienced several regional and basin-wide drought events. For
example, the extreme drought in 2022 caused substantial declines in tributary discharge
and lake water levels, severely affecting navigation, agricultural irrigation, hydropower
generation, and ecosystems [26]. The large differences in elevation, terrain, river network
density, lake distribution, and climatic conditions among the upper, middle, and lower
reaches make the Yangtze River Basin an appropriate region for investigating multiscale
soil moisture dynamics and their meteorological controls.

Figure 1. Yangtze River Basin.
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2.2. Datasets
2.2.1. ESA CCI SM

Currently, numerous soil-water satellite products are available both domestically and
internationally, including NASA’s SMAP, the European Space Agency’s SMOS, Japan’s
AMSR2, and China’s Fengyun-3 series satellites (FY3B and FY3C). Previous validation
studies have evaluated these products against in situ soil moisture observations, soil
moisture monitoring networks, and land data assimilation or reanalysis products, using
metrics such as correlation coefficient, bias, RMSE [28]. The soil moisture data employed
in this study were obtained from the ESA Climate Change Initiative Soil Moisture
combined product, which integrates active and passive microwave satellite retrievals
into a long-term global surface soil moisture record, and were downloaded from the
UK Centre for Environmental Data Analysis (CEDA) [15]. This dataset has a spatial
resolution of 0.25◦ × 0.25◦ and a temporal resolution of 1 day, observing surface soil
moisture (0–5 cm) from 1978 to the present (Table 1). As a widely used and longest
time series remote-sensing soil moisture product globally, it has undergone extensive
validation and provides substantial advantages over other products, including long time
series, high stability, and comprehensive global coverage. The ESA CCI SM products
primarily consist of three categories: active products from active microwave scatterometer
measurements, passive products from passive microwave radiometer measurements, and
integrated products that combine both types of microwave data. Integrated products
maintain an optimal balance between temporal continuity and accuracy, making them the
most commonly used and officially recommended product type [16]. This study used the
V09.1 version of the CCI integrated product, covering the period from 1 January 2010, to
31 December 2022.

Table 1. Soil Moisture Products Introduction.

Soil
Moisture
Products

Depth Time
Resolution

Spatial
Resolution Source

ESACCI 0–5 cm daily 0.25◦ × 0.25◦ https://data.ceda.ac.uk accessed on
12 July 2025

ERA5 0–7 cm daily 0.25◦ × 0.25◦ https://cds.climate.copernicus.eu/api
accessed on 12 July 2025

Site Data 0–10 cm daily point/station-based https://data.cma.cn/ accessed on
12 July 2025

2.2.2. Validation Data

To evaluate the applicability of the ESA CCI SM product in the Yangtze River
Basin, two independent reference datasets, listed in Table 1, were used for validation:
ground-based observations and ERA5 reanalysis soil moisture. Ground observation data
were obtained using the classical gravimetric method by measuring the soil moisture
content at depths of 0–10 cm [29]. To account for Spatial disparities across the watershed,
four representative stations were selected in each upstream, midstream, and downstream
segment for validation (Table 2), which comprised major land-use types such as grasslands,
farmland, and forests. In addition, ERA5 reanalysis data from the European Centre for
Medium-Range Weather Forecasts were used as an auxiliary validation source. ERA5
soil moisture for the first soil layer (0–7 cm), obtained from the Climate Data Store, was
compared with the ESA CCI SM product to provide an additional reference for evaluating
its performance.
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Table 2. Soil moisture Observation Stations Introduction.

Upper Reaches Middle Reaches Lower Reaches

Site Longitude
(E◦)

Latitude
(N◦)

Land
Type Site Longitude

(E◦)
Latitude

(N◦)
Land
Type Site Longitude

(E◦)
Latitude

(N◦)
Land
Type

56,038 98.10 32.98 Grassland 57,128 107.33 33.17 Forest 58,510 116.23 29.73 Farmland
56,389 103.95 29.20 Farmland 57,494 114.05 30.60 Urban 58,321 117.30 31.78 Urban
56,295 104.55 30.38 Urban 57,590 114.37 29.85 Forest 58,252 119.47 32.18 Farmland
57,328 107.50 31.20 Forest 57,992 114.75 25.67 Farmland 58,342 119.55 31.72 Farmland

2.2.3. Meteorological Data

Considering data consistency and the occurrence of several representative drought
events, the period from 2010 to 2022 was selected for the meteorological analysis. Although
this period is shorter than the standard climatological reference period, this study focuses
on recent soil moisture responses and driver mechanisms rather than long-term climate
normals. The selected period covers typical drought events in the Yangtze River Basin and
provides sufficient daily samples for weekly and monthly attribution analysis.

ERA5 soil moisture data were resampled to the same spatial resolution as ESA CCI,
namely 0.25◦ × 0.25◦, using bilinear interpolation. The monthly soil moisture values of
the corresponding grid cells were then compared between the two products. For ground
validation, each station was matched to the nearest ESA CCI grid cell according to its
latitude and longitude using the nearest-neighbor method, and the corresponding soil
moisture time series were compared. During the validation of ESACCI soil moisture
data, multiple verification methods—including deviation, mean deviation, mean absolute
deviation, and root mean square deviation—were employed to compare the results with
ERA5 soil moisture data and ground-based soil moisture measurements, the results are
presented below.

Biasi = ysm,i − xsm,i (1)

Mean_Bias =
1
N

N

∑
i=1

Biasi (2)

MAE =
1
n

n

∑
i=1

⃓⃓⃓
ysm, i − xsm, i

⃓⃓⃓
(3)

RMSEi =

√︃
1
N

(ERA5sm,i − ESAsm,i)
2 (4)

where ysm,i represents the monthly soil moisture values from ERA5 or ground-based
observations, while xsm,i represents the monthly soil moisture values from ESA CCI.

The meteorological data used in this study comprised daily precipitation, temperature,
wind speed, and saturated vapor pressure difference (VPD) from 2010 to 2022. Precipitation,
temperature, and wind speed data were obtained from the National Meteorological Data
Center, whereas VPD was calculated using the fifth-generation Global Reanalysis dataset
(ERA5) released by the European Center for Medium-Range Weather Forecasts. Unlike
precipitation, temperature, and wind speed, VPD is usually not directly measured, but
derived from air temperature and humidity-related variables. In this study, ERA5 was
used because it provides spatially continuous and temporally consistent temperature and
humidity data across the Yangtze River Basin during the study period. Specifically, the 2 m
dew point temperature and 2 m air temperature were extracted from the ERA5 dataset,
and the saturated and actual vapor pressures were calculated using the Magnus–Tetens
formula to obtain the VPD values [30].
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The Magnus–Tetens formula is expressed as follows:

es = 0.6108 × exp
(︃

17.27 × T
T + 273.3

)︃
(5)

ea = 0.6108 × exp
(︃

17.27 × Tdew
Tdew + 273.3

)︃
(6)

VPD = es − ea (7)

where VPD represents the saturated vapor pressure difference (kPa); es and ea represent
the saturated vapor pressure and actual vapor pressure (kPa) at the current temperature,
respectively; T is the temperature at a 2 m height (◦C); and Tdew is the dew point
temperature at a 2 m height (◦C).

2.3. Dominant Factor Analysis Method

This study reconstructed daily soil moisture time series for the Yangtze River Basin
from 2010 to 2022 using multi-source remote sensing data and conducted a systematic
analysis of soil moisture dynamics across spatiotemporal dimensions. By integrating
meteorological data, our study investigated the driving mechanisms of precipitation,
temperature, wind speed, and VPD on soil moisture changes. To address the potential
obscuring of long-term trends and the underlying effects of meteorological factors by
seasonal fluctuations, seasonal adjustments were initially applied to both the soil moisture
and meteorological variables to highlight their interannual variations and anomalous
fluctuations. Subsequently, a Generalized Additive Model was employed to quantitatively
identify the dominant factors influencing soil moisture dynamics, with the F-statistic used
to assess the factor’s relative contribution, thereby elucidating the key driving mechanisms
of soil moisture changes.

The generalized additive model employs data-driven smoothing functions to overcome
the limitations of linear assumptions. Its core advantages include the precise capture
of highly nonlinear responses, high fitting accuracy, and distinct interpretable physical
mechanisms that effectively mitigate collinearity interference. In this study, the GAM
analysis was implemented in R to fit the nonlinear relationships between soil moisture and
meteorological variables and to calculate the relative contribution of each factor [21]. The
formula used is expressed as follows:

y(SM i)= β + s(Ti) + s(Wi) + s(VPD i)+s(P i)+ ∈ (8)

where SMi represents soil moisture, Ti represents temperature (◦C), Wi indicates wind
speed (m/s), VPDi is the vapor pressure difference (kPa), and Pi represents precipitation
(mm). The same smoothing basis dimension was used for all meteorological variables in
the main model to ensure comparability among the smooth terms. The individual effect
of each variable was evaluated using the F-statistic of its smoothing term. The relative
importance of each factor was calculated as

RCi = Fi/∑ Fi × 100% (9)

where Fi is the F-statistic of the smoothing term for factor i, and RCi represents the
GAM-derived relative contribution of factor i. In this study, the dominant meteorological
factor at each grid cell was defined as the variable with the largest F-statistic, indicating the
strongest individual association with soil moisture variability within the GAM framework.
Basin-scale and regional RC values were obtained by averaging the grid-cell RC values
across all valid grid cells. To avoid overstating the precision of single percentage values,
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the mean F-statistic, mean RC, and 95% confidence intervals of the spatial mean RC were
also calculated.

To examine the robustness of the GAM results, several sensitivity tests were conducted.
First, alternative smoothing basis dimensions were tested to assess whether the estimated
individual effects were sensitive to the choice of smoothing parameters [23]. Second,
different smoothing parameter selection methods, including REML, ML, and GCV.Cp, were
compared. Third, concurvity diagnostics were used to examine nonlinear dependence
among explanatory variables, and models excluding temperature, VPD, or wind speed
were fitted separately to evaluate the influence of potentially collinear variables. Fourth,
the results based on deseasonalized anomalies were compared with those obtained from
the original non-deseasonalized data to assess the effect of the seasonal adjustment step.
Finally, an alternative model including a VPD-precipitation interaction term was tested.
These sensitivity analyses were used to evaluate whether the identified dominant factors
and relative importance rankings were stable under different model settings.

3. Results
3.1. Evaluation of ESA CCI SM

This study evaluated ESA CCI soil moisture against observations from four field
stations in the upper, middle, and lower reaches of the Yangtze River Basin during
2010–2013 (Figure 2a,b). The mean absolute deviations were 0.0460, 0.0434, and
0.0072 m3/m3 in the upper, middle, and lower reaches, respectively. The largest deviations
occurred in the upper reaches, where rugged terrain and strong surface heterogeneity can
reduce the representativeness of satellite pixels. The middle reaches also showed large
station-to-station variations, probably related to heterogeneous land cover and vegetation
conditions. In contrast, the lower reaches had the smallest deviation, reflecting the relatively
flat terrain and more homogeneous surface conditions. Taylor plots showed that correlation
coefficients were mostly between 0.4 and 0.7. These moderate correlations are reasonable
because field measurements represent local soil moisture conditions, whereas ESA CCI
pixels represent area-averaged values. Overall, ESA CCI soil moisture captured the
temporal variation in field-observed soil moisture and was suitable for regional-scale
temporal analysis (Figure 2c).

(c) (a) 

(b) 

Figure 2. Comparison between CCI and measured station data. (a) Muti-year average soil moisture
bias; (b) regional average absolute soil moisture bias; (c) Taylor diagram.
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The comparison with ERA5 further confirmed the spatial reliability of ESA CCI
soil moisture (Figure 3a,b). The basin-mean RMSE was 0.0127 m3/m3, indicating small
differences between the two products. Low RMSE values dominated most areas of
the basin, suggesting consistent temporal fluctuations between ESA CCI and ERA5.
Higher RMSE values were mainly distributed along mountain margins and transitional
zones in the northern and northwestern basin, where complex terrain increases retrieval
uncertainty [31,32]. The basin-mean bias was −0.0079 m3/m3, and most areas showed
near-zero bias, indicating good agreement in long-term mean soil moisture. Local positive
or negative biases occurred in parts of the central, northern, and southwestern basin. These
deviations may be associated with complex topography, seasonal freezing or snow cover,
high-altitude hydrothermal processes, and dense vegetation, which can reduce microwave
sensitivity to surface soil moisture. Overall, the low RMSE and near-zero mean bias indicate
that ESA CCI soil moisture effectively captures basin-scale spatiotemporal variability and
can support subsequent multiscale analysis.

(a) 

(b) 

Figure 3. Comparison of (a) deviations unbiased and (b) mean square error between ERA5 and
ESACCI products.

3.2. Spatiotemporal Change Analysis
3.2.1. Temporal Variation

Figure 4a shows the temporal variation in ESA CCI soil moisture across the Yangtze
River Basin from 2010 to 2022 at weekly, monthly, and annual scales.
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(a) 

(b) 

Figure 4. Changes in soil moisture at different (a) temporal scales and (b) seasonal scales.

At the weekly scale, soil moisture showed the largest fluctuation range (Figure 4a). This
reflects the rapid response of surface soil moisture to short-term precipitation infiltration,
evapotranspiration, and temperature changes [33]. Weekly data also captured more
frequent peak and trough values, which may correspond to extremely wet or dry weeks.
At the monthly scale, high-frequency weekly fluctuations were smoothed, but the seasonal
cycle remained clear. Both weekly and monthly series showed a consistent wet–dry
alternation, with soil moisture generally increasing during the wet season and decreasing
during the dry season. The overall fluctuation range was approximately 0.28–0.35 m3/m3,
indicating strong sensitivity of soil moisture to seasonal hydrothermal conditions in the
Yangtze River Basin. Compared with monthly averages, weekly data better represented
short-term hydrological processes, including precipitation, runoff, and evapotranspiration.

At the annual scale, soil moisture showed clear phase-specific changes (Figure 4a).
From 2010 to 2013, annual mean soil moisture decreased slightly from approximately
0.308 to 0.302 m3/m3, indicating a relatively dry phase. From 2014 to 2020, soil moisture
increased steadily and reached approximately 0.319 m3/m3 in 2020, suggesting improved
basin-scale water availability. From 2021 to 2022, soil moisture decreased to approximately
0.310 m3/m3, indicating a shift toward drier conditions and stronger water loss. These
interannual variations may reflect the combined effects of regional climate variability,
land-surface conditions, and human activities. Seasonal variations also showed a clear
pattern (Figure 4b). Soil moisture generally increased in spring due to rainfall recharge,
reached its highest level in summer, and then declined from autumn to winter.

Overall, ESA CCI soil moisture showed significant seasonal cycles at weekly and monthly
scales in the Yangtze River Basin. Weekly soil moisture was more sensitive to short-term
meteorological and hydrological fluctuations, whereas monthly averages retained the main
intra-annual wet–dry transitions after smoothing high-frequency variability. The annual series
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further revealed distinct interannual changes, indicating the influence of longer-term climatic
and hydrological conditions on basin-scale soil moisture [33].

3.2.2. Spatial Variation

Owing to the extensive coverage of the study area and notable variations in
meteorological conditions and surface elements across different regions, this study further
analyzed the spatial distribution of soil moisture in the upper, middle, and lower reaches
of the Yangtze River Basin (Figure 5a).

(a) 

(b) 

Figure 5. Spatial distribution of (a) soil moisture and (b) trend changes.

In the upper reaches, soil moisture showed strong Spatial disparities and a clear west–east
gradient [10]. Lower values were mainly distributed in the western and northwestern regions,
whereas higher values occurred in the eastern and southeastern regions. Soil moisture was
generally within 0.20–0.35 m3/m3. This pattern is closely related to rugged terrain, high
elevation, and steep slopes. These conditions promote rapid runoff generation and reduce
soil moisture infiltration. Thin soil layers and uneven precipitation further enhance Spatial
disparities. Thus, soil moisture in the upper reaches is mainly controlled by terrain and local
hydrological processes.

In the middle reaches, soil moisture was higher and more spatially continuous than in
the upper reaches. Most areas showed medium-to-high values of 0.30–0.45 m3/m3, forming
a broad zone of relatively high soil moisture. Only small low-value patches appeared in
the northern part. The reduced Spatial disparities is associated with flatter terrain, greater
precipitation, and a dense network of rivers, lakes, and wetlands. These conditions enhance
surface water–groundwater exchange and support soil moisture storage. In addition, soils
with stronger water-holding capacity favor the accumulation and maintenance of soil moisture.

In the lower reaches, soil moisture was relatively uniform and mainly ranged from 0.35
to 0.45 m3/m3. Most areas maintained high soil moisture, with limited spatial variation. This
reflects the influence of low-lying terrain, shallow groundwater, and abundant precipitation, which
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together maintain a humid soil hydrological environment. Intensive agriculture and irrigation
may further increase baseline soil moisture and reduce local variability.

Figure 5b further shows the spatial trend of soil moisture in the Yangtze River Basin.
Decreasing trends were mainly observed in parts of the upper reaches, indicating that
these high-altitude and mountainous areas may be more sensitive to soil moisture loss
and drought stress [5]. In contrast, increasing trends appeared in parts of the middle
reaches, suggesting improved soil moisture availability and a stronger capacity to buffer
drought impacts. The lower reaches showed relatively weak trends and smaller spatial
differences, indicating more stable soil moisture conditions in lowland and lake-plain areas.
Overall, the trend pattern reveals clear spatial differentiation in soil moisture change, with
greater vulnerability in parts of the upper reaches and relatively stronger drought-buffering
conditions in parts of the middle and lower reaches.

3.3. Dominant Factors Analysis
3.3.1. Analysis of Soil Moisture Driving Factors at Different Time Scales

The preceding analysis showed clear multiscale spatiotemporal variations in soil
moisture across the Yangtze River Basin. To identify the meteorological controls at different
temporal scales, this study selected precipitation, temperature, wind speed, and VPD as
explanatory variables. A generalized additive model was used to quantify their relative
contributions at weekly and monthly scales.

At the weekly scale, VPD was the dominant factor controlling soil moisture variability
in the Yangtze River Basin (Figure 6). Its mean relative contribution reached 47.04%, and its
dominant areas were widely distributed across the basin, especially in the upper and lower
reaches. This pattern indicates that short-term soil moisture changes were mainly associated
with VPD. Precipitation showed the second-largest mean relative contribution, accounting
for 24.38%, followed by temperature at 18.02%. Their dominant areas were more scattered,
suggesting that short-term rainfall inputs and thermal conditions affected soil moisture in a
more localized manner. Wind speed had the lowest mean relative contribution, accounting
for 10.55%, and was mainly distributed in limited parts of the basin. This indicates a weaker
but still observable effect of wind-driven turbulent exchange on surface soil moisture loss.
Overall, the weekly-scale results show that soil moisture variability was primarily related
to VPD, while precipitation, temperature, and wind speed played secondary and spatially
heterogeneous roles.

At the weekly scale, VPD had the strongest GAM individual effect on soil moisture,
followed by precipitation, temperature, and wind speed. The 95% confidence intervals
showed that this ranking was relatively stable at the basin scale, supporting the dominant
role of atmospheric evaporative demand in short-term soil moisture variability (Table 3).

Table 3. Weekly-scale GAM F-statistic table for the Yangtze River Basin.

Factor Mean F-Statistic Relative Importance (%) 95% CI (%)

Precipitation 14.40 24.38 23.74–25.03
VPD 30.91 47.04 46.28–47.80

Temperature 17.96 18.02 17.34–18.70
Wind speed 7.60 10.55 10.11–11.00

At the monthly scale, the dominant controls changed markedly (Figure 7). Precipitation
became the primary dominant factor, with the highest mean relative contribution of 36.62%.
Its dominant areas were mainly distributed in the upper and middle reaches, indicating that
accumulated precipitation and infiltration played a major role in regulating monthly soil
moisture variability. VPD showed the second-largest mean relative contribution, accounting
for 26.58%, and was distributed across parts of the upper and middle reaches, suggesting
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that atmospheric evaporative demand still affected monthly soil moisture conditions.
Temperature accounted for 22.49%, with dominant areas mainly in the middle and lower
reaches, reflecting the role of thermal conditions in monthly soil moisture balance. Wind
speed had the lowest mean relative contribution, accounting for 14.31%, and showed a
relatively scattered distribution. Overall, monthly soil moisture was mainly associated
with precipitation supply, while VPD, temperature, and wind speed exerted secondary.

(a) 

(b) 

Figure 6. Relative contributions of meteorological factors at the weekly scale. (a) Spatial patterns;
(b) Temporal patterns.

The results indicate that precipitation had the strongest monthly-scale individual effect
on soil moisture, followed by VPD, temperature, and wind speed. The 95% confidence
intervals further indicate that the ranking of the main meteorological controls was relatively
stable at the basin scale (Table 4).

Table 4. Monthly-scale GAM F-statistic table for the Yangtze River Basin.

Factor Mean F-Statistic Relative Importance (%) 95% CI (%)

Precipitation 4.48 36.62 35.63–37.62
VPD 3.98 26.58 25.83–27.32

Temperature 3.46 22.49 21.83–23.15
Wind speed 1.93 14.31 13.72–14.90
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(a) 

(b) 

Figure 7. Relative contributions of meteorological factors at the Monthly scale. (a) Spatial patterns;
(b) Temporal patterns.

3.3.2. Analysis of Driving Factors of Drought Events

Recently, drought events have occurred frequently in the Yangtze River Basin, underscoring
the important role of soil moisture in drought impacts. The three typical drought events were
selected based on the Standardized Precipitation Evapotranspiration Index (SPEI) and their
spatial extent within the Yangtze River Basin. Drought periods were identified when SPEI
indicated drought conditions over a large proportion of the basin, representing large-scale
drought episodes within the basin, and were suitable for comparing soil moisture responses
and dominant meteorological controls during drought conditions. Therefore, this study selected
three typical drought events (2011, 2019, and 2022) to further investigate the changes in soil
moisture during droughts and their driving factors.

Figure 8 shows the zonal variations in soil moisture during the three drought events.
At the weekly scale, soil moisture anomalies were more spatially fragmented than at the
monthly scale. This reflects the stronger influence of short-term hydrological processes.
In Event 1, the broad monthly drought areas were separated into smaller weekly drought
patches. In Event 2, soil moisture deficits remained concentrated in the middle and lower
reaches at both monthly and weekly scales. This suggests a persistent drought signal
during this event. In Event 3, the weekly results showed a stronger drought signal in the
upper reaches than the monthly results. This difference may be related to intermittent
precipitation, which can partly reduce monthly drought intensity.
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Figure 8. Soil moisture anomaly variations during drought periods. (a) 2010.12–2011.11;
(b) 2019.09–2019.12; (c) 2022.06–2022.08.

At the monthly scale, the events showed different spatial patterns and drought
intensities. Event 1 (December 2010–November 2011) showed widespread negative anomalies
in the middle and lower Yangtze River Basin, ranging from −0.04 to −0.06 m3/m3

(Figure 8a). The drought mainly affected the central and eastern parts of the basin. Event 2
(September 2019–December 2019) showed the strongest spatial contrast (Figure 8b). Severe soil
moisture deficits occurred in the lower reaches, with anomalies close to −0.06 m3/m3, whereas
positive anomalies of approximately +0.06 m3/m3 appeared in parts of the middle and upper
reaches. This formed a clear east–west dry–wet contrast. Event 3 (June 2022–August 2022)
showed alternating dry and wet patterns (Figure 8c). Moderate soil moisture deficits of
−0.02 to −0.04 m3/m3 occurred in parts of the middle and lower reaches, while localized wet
areas were also observed. This indicates strong Spatial disparities in basin water conditions.

Soil moisture integrates the effects of precipitation, evaporation, transpiration, and
runoff. The three drought events showed distinct spatiotemporal patterns, indicating that
their formation mechanisms were not identical. Therefore, the dominant meteorological
factors during drought periods were further analyzed to identify the controls on soil
moisture evolution (Figure 9).

At the weekly scale, the dominant pattern was clearer (Figure 8). VPD had the
largest GAM-derived relative contribution in all three drought events, accounting for
44.12%, 42.19%, and 36.20% in 2010.12–2011.11, 2019.09–2019.12, and 2022.06–2022.08,
respectively. Its dominant areas also showed stronger spatial continuity than those of
the other factors. Precipitation ranked second, with contributions of 25.62%, 27.24%, and
30.21%, indicating that short-term rainfall anomalies still affected soil moisture during
drought periods. Temperature contributed 19.81%, 16.92%, and 18.19%, whereas wind
speed contributed 10.45%, 13.65%, and 15.40%. Overall, the weekly-scale results suggest
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that rapid soil moisture depletion during drought events was mainly associated with
atmospheric evaporative demand, while precipitation, temperature, and wind speed played
secondary but event-dependent roles.

Figure 9. Relative contributions of meteorological factors during drought periods. (a) 2010.12–2011.11;
(b) 2019.09–2019.12; (c) 2022.06–2022.08.

At the monthly scale, no single meteorological factor consistently dominated
soil moisture changes during drought events (Figure 8). The GAM-derived relative
contributions of precipitation, temperature, VPD, and wind speed were relatively close.
In the 2010.12–2011.11 event, temperature and VPD contributed 28.14% and 27.23%,
respectively, while precipitation and wind speed contributed 22.74% and 21.89%. In
the 2019.09–2019.12 event, VPD showed the highest contribution at 27.75%, followed
by wind speed, temperature, and precipitation, with values of 25.80%, 23.26%, and
23.19%, respectively. In the 2022.06–2022.08 event, temperature contributed the most,
26.77%, but precipitation, wind speed, and VPD also remained comparable, contributing
24.77%, 24.81%, and 23.64%, respectively. These results indicate that monthly soil moisture
anomalies during drought events were jointly regulated by water supply, atmospheric
dryness, thermal conditions, and turbulent exchange, rather than by a single meteorological
factor [34,35].

4. Discussion
4.1. Analysis of Variability in Dominant Soil Moisture Factors Across Different Dimensions

The soil moisture controls showed a clear temporal shift (Figure 10). At the weekly
scale, VPD was the dominant associated factor in the upper, middle, and lower reaches,
contributing 42.51%, 52.15%, and 55.92%, respectively. This agrees with previous studies
showing that atmospheric evaporative demand is closely linked to rapid surface soil drying.
Fu et al. (2022) found that VPD can suppress ecosystem water exchange across a wide
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range of soil moisture conditions, while Gamelin et al. (2022) showed that VPD is an
effective indicator of short-term drought extremes [36,37]. These findings support our
result that VPD had the strongest weekly-scale association with rapid soil moisture decline.
Precipitation played a secondary weekly role, especially in the upper reaches, with a
contribution of 29.02%, but its contribution declined to 19.16% and 15.26% in the middle
and lower reaches. At the monthly scale, precipitation became dominant in the upper
reaches, contributing 44.69%, reflecting cumulative rainfall recharge. In the middle reaches,
VPD, temperature, and precipitation had comparable contributions, 31.18%, 29.63%, and
27.29%, respectively. In the lower reaches, temperature showed the highest contribution,
42.74%, suggesting the importance of atmospheric energy conditions in humid lowland
areas. Compared with previous studies that often examined a single time scale, our
results show that soil moisture regulation shifts from short-term atmospheric-demand
control at the weekly scale to more region-specific controls at the monthly scale, including
precipitation supply in the upper reaches, mixed atmospheric and rainfall effects in the
middle reaches, and temperature control in the lower reaches.

(a) 

(b) 

Figure 10. Spatial distribution of the relative contributions of meteorological factors to soil moisture
variation at the (a) weekly and (b) monthly scales.

Spatially, the GAM-derived mean relative contributions showed a clear upstream–downstream
transition. At the monthly scale (Figure 10b), precipitation was the main factor in the upper
reaches, contributing 44.65%, followed by VPD, wind speed, and temperature, with contributions
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of 23.92%, 16.27%, and 15.16%, respectively. This indicates that soil moisture in the high-altitude
and topographically complex upper basin remains strongly dependent on accumulated rainfall
recharge, consistent with previous studies showing that terrain and local hydroclimatic conditions
strongly regulate soil moisture in mountainous regions [32]. In the middle reaches, VPD,
temperature, and precipitation contributed 31.18%, 29.63%, and 27.25%, respectively, suggesting
a transitional regime jointly regulated by water supply and atmospheric demand. In the lower
reaches, temperature showed the highest monthly contribution, 42.74%, whereas VPD and
precipitation contributed 23.34% and 22.57%, respectively, indicating that thermal conditions
become more important in regulating monthly soil moisture balance in humid lowland areas.

At the weekly scale (Figure 10a), VPD was the dominant factor in all three reaches.
Its contribution increased from 42.51% in the upper reaches to 52.15% in the middle
reaches and 55.92% in the lower reaches. Precipitation contributed 29.02% in the
upper reaches but declined to 19.16% and 15.26% in the middle and lower reaches,
respectively. This pattern indicates that short-term soil moisture variation is more sensitive
to atmospheric evaporative demand than to rainfall input, especially in the middle and
lower reaches. Temperature and wind speed played secondary roles, but their contributions
varied regionally. Overall, from upstream to downstream, the dominant mechanism
regulating soil moisture in the Yangtze River Basin exhibits a spatial evolution pattern
shifting from precipitation replenishment and multifactor coupling control to atmospheric
evapotranspiration demand dominance.

4.2. Analysis of Variability Between Multiyear Averages and the Dominant Soil Moisture Factors
During Drought Events

At the weekly scale, VPD dominated soil moisture changes under both normal and
drought conditions. During the three drought events, its contribution remained above
35%, clearly exceeding those of precipitation, temperature, and wind speed. This supports
previous findings that atmospheric dryness can rapidly intensify surface soil moisture loss
during short dry periods [31]. In contrast, precipitation had a consistently low contribution,
suggesting that intermittent rainfall is less effective in regulating weekly soil moisture. Thus,
weekly soil moisture analysis should give particular attention to VPD and atmospheric
evaporative demand.

At the monthly scale, the dominant mechanism changed markedly. Under normal
conditions, precipitation was the main driver, contributing 36.62%, which confirms the
importance of accumulated rainfall recharge for monthly soil moisture storage. During
drought events, however, precipitation dominance weakened, and the four meteorological
factors contributed more evenly, generally within 20–30%. This is consistent with studies
showing that drought development reflects the combined effects of precipitation deficit,
high temperature, enhanced atmospheric demand, and turbulent water loss. Compared
with previous studies that often emphasized precipitation deficits, our results show
that monthly drought-related soil moisture changes should be interpreted as a coupled
supply–demand process rather than a single-factor response.

4.3. Limitations

This study comprehensively analyzed the evolutionary patterns of soil moisture in
the Yangtze River Basin across multiple spatiotemporal scales, including years, months,
weeks, and upstream, midstream, and lower reaches. Using a GAM, we quantified the
mechanisms underlying the influence of meteorological drivers and revealed how extreme
drought events alter the spatial distribution of dominant factors. Several limitations remain
in this study. The 0.25◦ ESA CCI soil moisture product is suitable for basin-scale analysis,
but it cannot fully capture local heterogeneity caused by micro-topography, land cover
differences, and local climate conditions. Uncertainty may also arise from the different
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representative depths of the validation datasets. Ground observations were measured at
0–10 cm, ESA CCI SM mainly represents approximately 0–5 cm, and ERA5 represents the
first soil layer of 0–7 cm. Although these datasets all describe near-surface soil moisture,
the depth mismatch may affect validation results, especially after rainfall when vertical
soil moisture gradients are strong. No depth conversion was applied because vertically
resolved observations were unavailable and the compared layers are relatively close in
depth. In addition, soil moisture memory may influence the apparent contribution of
meteorological factors. Deseasonalization reduced the effect of regular seasonal cycles, but
it could not fully remove persistence caused by antecedent wetness, previous precipitation,
vegetation, soil texture, and hydrological storage. Therefore, the GAM results should be
interpreted as contemporaneous associations rather than explicit estimates of lagged effects.
Satellite products mainly represent surface soil moisture and provide limited information
on root-zone and deep-layer water. Human activities, including reservoir regulation,
irrigation, land-use change, and vegetation restoration, were also not fully separated from
meteorological forcing.

Future research should use higher-resolution and multi-source soil moisture products
to improve the representation of local spatial variability. Vertically resolved soil moisture
observations or model simulations are needed to characterize root-zone and deep-layer
soil water. Human impacts should be examined separately from climatic forcing in
highly managed basins. Longer observational records, coupled hydrological models,
and data-driven methods would further improve the evaluation of soil moisture responses
and the prediction of drought-related soil moisture deficits in large river basins.

5. Conclusions
This study used the ESA CCI soil moisture product, together with ground observations

and ERA5 reanalysis data, to evaluate its applicability in the Yangtze River Basin through
multiscale accuracy assessments. The validation results indicate that ESA CCI SM can
generally capture basin-scale soil moisture variation, but its performance differs among
regions. The product showed better agreement in the lower reaches, whereas larger
deviations were observed in the upper and middle reaches. Based on this applicability
assessment, we further examined soil moisture dynamics at weekly and monthly scales
and analyzed the relative contributions of precipitation, temperature, VPD, and wind
speed. The driving-factor analysis was conducted under both normal conditions and
typical drought events to explore whether the dominant controls of soil moisture changed
during drought periods. The key findings include:

(1) Comparative analysis between ground observations and ESA CCI soil moisture
data showed that the accuracy of ESA CCI varied across different regions. Among the
three subregions, ESA CCI showed the best agreement with ground observations in the
lower reaches, followed by the middle and upper reaches. The average absolute deviations
from upstream to downstream were 0.0460, 0.0434, and 0.0072 m3/m3, respectively. When
compared with the ERA5 product, the global average deviation was −0.0079 m3/m3, and
the root mean square error was 0.0127 m3/m3. These results indicate that the ESA CCI
soil moisture product demonstrates good applicability across the Yangtze River Basin and
effectively represents regional-scale soil moisture variation.

(2) The ESA CCI SM results indicated that soil moisture in the Yangtze River Basin
exhibits significant seasonal and interannual variations over time. The patterns of soil
moisture change differed notably across the different timescales; weekly fluctuations
were pronounced, whereas monthly and annual variations were relatively smooth. This
indicates that soil moisture effectively characterizes the transition between dry and wet
conditions in the study area and captures changes during extreme meteorological and
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hydrological events. Spatially, soil moisture showed a gradually increasing distribution
pattern from upstream to downstream, with higher spatial continuity in the plains than in
the mountainous areas.

(3) Analysis of the dominant factors revealed significant differences in how various
meteorological elements affect soil moisture at different scales. At the monthly scale, soil
moisture was primarily controlled by precipitation, accounting for 36.62% of the variance,
whereas at the weekly scale, VPD was dominant, contributing 47.04%. During drought
events, as precipitation replenishment remains limited, the dominant role of monthly
precipitation decreases substantially, whereas its relative contribution to evapotranspiration
increases. However, on a weekly scale, the VPD consistently maintained absolute
dominance as the key driver of rapid soil moisture depletion. These findings highlight a
shift in the soil moisture control mechanisms from supply dominance to evapotranspiration
consumption dominance under drought conditions.

This study analyzed soil moisture variations in the Yangtze River Basin across
annual, monthly, and weekly scales and among the upper, middle, and lower reaches.
Using a GAM, we quantified the relative effects of precipitation, temperature, wind
speed, and VPD and examined how dominant factors changed during extreme drought
events. The results provide scientific evidence for a scale-dependent soil moisture
control mechanism in humid monsoon basins. Monthly soil moisture variations are
mainly governed by precipitation recharge, whereas weekly variations are more strongly
controlled by atmospheric evaporative demand, especially VPD. This finding improves
the understanding of drought formation by showing that soil moisture drought cannot be
explained by rainfall deficit alone. From a practical perspective, drought monitoring
based only on precipitation may fail to detect rapid soil drying during hot and dry
periods. Incorporating VPD, temperature, and other evapotranspiration-related variables
can therefore improve drought diagnosis and early warning, and can support irrigation
scheduling, reservoir operation, ecological water allocation, and adaptive water resource
management in the Yangtze River Basin.
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