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Abstract. Soil moisture (SM) measurements obtained via
dielectric-based sensors are widely used in hydrological and
climate studies. However, these measurements exhibit sig-
nificant temperature sensitivity due to the Maxwell-Wagner
polarization effect, causing an unrealistic diurnal cycle hav-
ing spurious daytime peaks. This study introduces a Fourier
transform-based method to correct such temperature-induced
errors using physically consistent diurnal patterns from land
surface model (LSM) reanalysis datasets (ERAS-Land and
MERRA-2). The proposed approach adjusts the spectral
power of the SM diurnal cycle to align with model-derived
patterns constrained by conservation of mass, resulting in
physically realistic SM behavior — peaking in the morning
and decreasing during the daytime due to evapotranspira-
tion. Validation against non-dielectric reference sensors in-
dicates that the adjusted SM measurements are significantly
improved. The diurnal correlation between SM and soil tem-
perature shifts from predominantly positive to negative, par-
ticularly evident in regions with large diurnal temperature
ranges and dry climates. Furthermore, applying this method
to flux tower observations improves the characterization
of land—atmosphere interactions by depicting the energy-
limited process at sub-daily timescales, where increased in-
coming radiation during the daytime drives enhanced latent
heat flux and subsequently reduces SM. Overall, this Fourier
transform-based adjustment enhances the verity of in situ
SM observations, promoting accurate sub-daily analyses of
SM dynamics and enabling improved understanding of land—
atmosphere coupling processes.

1 Introduction

Soil moisture (SM) is a critical land variable, playing
a key role in hydrological and meteorological processes
through land—atmosphere (L—A) interactions (Seneviratne et
al., 2010). It is also an essential climate variable with a mem-
ory up to 1-2 months (Seo and Dirmeyer, 2022a; Rahmati et
al., 2024), thereby contributing to predictability at the sub-
seasonal timescale (Koster et al., 2011; Seo et al., 2019,
2026). SM strongly influences precipitation, energy parti-
tioning, and the diurnal cycles of key land variables — in-
cluding evapotranspiration (ET), temperature, humidity, la-
tent heat flux (LH), and sensible heat flux (SH) — by con-
trolling ET, which supplies moisture to the atmosphere dur-
ing the daytime and influences boundary layer characteristics
depending on surface moisture availability and energy con-
straints (Betts, 2003; Seo and Dirmeyer, 2022b; Dai et al.,
1999). These SM-driven surface and atmospheric processes
form a fundamental component of L-A coupling, by which
SM modulates the partitioning of land surface fluxes, affects
planetary boundary layer (PBL) development and entrain-
ment, and ultimately influences cloud formation and precip-
itation (Santanello et al., 2018). In energy-limited regions,
where ET is primarily constrained by incoming solar radia-
tion, sufficient SM availability leads to relatively enhanced
ET (Hsu et al., 2024; Dong et al., 2022). For instance, higher
ET is particularly dominant in regions with high humidity
and a shallow boundary layer, as moist air supports plant
transpiration. In contrast, in water-limited regions, where SM
availability is low, SM plays a key role in determining the
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partitioning between SH and LH to the atmosphere (Seo et
al., 2024).

Although diurnal SM variability accounts for 1 %-2 % of
its total variance in observations (Fig. 1, bottom left), L-A
interactions are predominantly active at sub-daily timescales
during daytime, primarily driven by surface fluxes resulting
from incoming solar radiation (Seo and Dirmeyer, 2022b;
Yin et al., 2023). The investigation of L—A interactions has
relied on low-frequency variation data (e.g., daily, monthly,
and yearly), which limits our understanding of the actual
coupling mechanisms throughout the diurnal cycle (Findell
et al., 2024), especially how moisture stress limits ET dur-
ing the warmest part of the day. Daily averaged land vari-
ables, which include nighttime conditions, tend to suppress
daytime-dominant interactions, leading to an underestima-
tion of coupling strength driven by surface fluxes (Yin et al.,
2023). Seo and Dirmeyer (2022b) demonstrated that the diur-
nal coevolution of water and thermal energy budgets within
atmospheric boundary layer in terms of L—A interactions
exhibit an asymmetric structure in that phase-space, with a
strong diurnal cycle of heat content but a clear semi-diurnal
cycle for moisture, driven by the interplay of changing sur-
face evaporation and the depth of the boundary layer. How-
ever, daily mean values are not enveloped within the closed
diurnal cycle in the phase-space of water and heat budgets, as
the computed mean state typically does not correspond to any
real conditions experienced during a full 24 h cycle. There-
fore, sub-daily analyses — particularly those capturing the full
diurnal evolution of surface fluxes and boundary layer devel-
opment — are essential for accurately characterizing the phase
and intensity of L-A interactions. Despite their importance,
studies of L—A interactions at sub-daily timescales using in
situ observations remain limited, highlighting the need for
observational datasets with fine temporal resolution.

The International Soil Moisture Network (ISMN; Dorigo
et al.,, 2021), which provides hourly SM time series, has
been widely used to investigate SM behavior on a range of
timescales. Methods for SM measurement can be catego-
rized into direct and indirect approaches. The gravimetric
method, a direct approach, is the most accurate but is destruc-
tive (disturbs the soil being measured), time-consuming, and
labor-intensive, making it unsuitable for real-time or long-
term climate monitoring. Given these limitations, many indi-
rect methods, including cosmic-ray sensors, neutron probes,
and sensors based on time domain transmissometry (TDT),
time domain reflectometry (TDR), frequency domain reflec-
tometry (FDR), electric capacitance, and impedance, have
been widely used. However, since these methods estimate
SM based on water’s effect on various electromagnetic prop-
erties of matter, they introduce inherent errors, and the sen-
sors themselves have limitations. For instance, cosmic-ray
sensors and neutron probes offer accurate SM estimates with
large- and point-scale footprints, respectively, but they are
expensive and come with significant limitations. Cosmic-
ray sensors require regular maintenance, their measurement
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depth varies with soil water content, and they have strong
installation constraints (Zreda et al., 2012). Neutron probes
rely on radioactive materials, posing safety risks and re-
quiring strict regulatory compliance (Sharma et al., 2018;
Susha Lekshmi et al., 2014). On the other hand, other in-
direct methods (e.g., TDT, TDR, FDR, capacitance, and
impedance sensors) are widely used due to their low cost,
ease of operation, relatively simple installation and manage-
ment, fast response, automation and multiplexing capability,
non-destructive measurement, and safety from radiation haz-
ards. These sensors estimate SM based on the dielectric con-
stant, which makes them highly sensitive to temperature vari-
ations (Mane et al., 2024; Francesca et al., 2010; Mittelbach
et al., 2012; Ojo et al., 2015; Rowlandson et al., 2013).

Temperature sensitivity arises from Maxwell-Wagner po-
larization, a phenomenon occurring at the interface of con-
trasting matter phases due to differences in dielectric per-
mittivity and electrical conductivity. This interfacial polar-
ization alters the effective bulk dielectric permittivity (Che-
lidze and Gueguen, 1999; Chen and Or, 2006a). In porous
materials such as soil, the interfaces between water, air, and
mineral particles have different electrical properties. Temper-
ature variations influence the separation, mobility, and relax-
ation time of electrical charges, thereby altering the bulk di-
electric response measured by the sensor. The temperature
sensitivity of Maxwell-Wagner polarization depends on fre-
quency: at low frequencies (e.g., < 100 MHz), the response
is dominated by interfacial polarization, which increases with
temperature due to enhanced ion mobility and electrical con-
ductivity (Chen and Or, 2006b). Low-frequency sensors (e.g.
capacitance, impedance, and FDR) are widely used due to
their low cost, ease of installation, and suitability for auto-
mated monitoring systems. However, these sensors often ex-
hibit temperature-dependent artifacts, resulting in spurious
daytime SM peaks and a positive temporal correlation with
the diurnal cycle of temperature, even though the reality of
diurnal SM minimum near the surface is observed in the day-
time (Kosa, 2009). Such spurious diurnal SM evolution, in
the absence of precipitation, contradicts the water balance at
land surface.

Previous studies have attempted to correct for the tem-
perature sensitivity in indirect SM measurements. These ap-
proaches can be classified into mechanistic methods, which
aim to formulate corrections based on the physical mecha-
nisms underlying temperature effects on dielectric proper-
ties, and empirical correction techniques informed by the
statistical properties of observational data. For mechanis-
tic approaches, the temperature sensitivity of soil dielec-
tric permittivity has been investigated through its frequency-
dependent response, with a linear model of the temperature
dependence of the real part of permittivity serving as a ba-
sis for temperature correction in SM estimation (Skierucha
et al., 2024). A moisture deviation coefficient has also been
proposed to quantify temperature-induced biases, in which
permittivity changes lead to systematic measurement errors.
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Figure 1. Locations of in situ observation sites of SM (N = 1058) from the International Soil Moisture Network (ISMN). Red and green dots
indicate sensors that use electrical properties (based on dielectric constant), while blue dots indicate sensors that do not rely on dielectric-
based method. Among the electrically based sensors, red dots represent low-frequency systems, whereas green dots represent high-frequency
systems that are less sensitive to temperature effects. The lower-left figure shows the ratio of diurnal variance against total variance in the
SM measurements. The bracketed numbers in the lower-right legend denote the number of site adopting each corresponding sensor.

To mitigate these, laboratory calibration, energy and water
transfer modeling, and machine learning techniques have
been suggested (Wilczek et al., 2023). Regarding empiri-
cal correction approaches, Chanzy et al. (2012) proposed a
daily correction coefficient derived from diurnal variations
in permittivity and temperature, which are potentially influ-
enced by SM and conductivity. This coefficient was applied
to adjust measured permittivity, utilizing periods of mini-
mal moisture change (i.e., early morning or late afternoon)
to ensure stable estimation. More recently, regression-based
schemes have been developed to link SM diurnal amplitude
with soil temperature (TS) variability. For instance, Lu et al.
(2015) developed a regression framework to quantify the ar-
tificial positive coupling between SM and TS on the diurnal
scale. By modeling SM variations as a function of concurrent
TS fluctuations, they isolated and removed the temperature-
induced component embedded in dielectric sensor measure-
ments, thereby mitigating thermally induced diurnal artifacts.
Building upon this approach, Kapilaratne and Lu (2017) in-
troduced a refined calibration strategy to enhance the robust-
ness of regression-based corrections across diverse hydrocli-
matic conditions.

While these approaches offer useful corrections, most rely
on site-specific assumptions or sensor-dependent characteris-
tics that are not easily extrapolated, highlighting the need for
a more generally applicable correction method. Therefore,
this study proposes a type of empirical correction method
using Fourier transform to better represent the realism of the
SM diurnal cycle in accordance with the land surface water
balance. To implement this correction, we utilize land sur-
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face reanalysis datasets generated by state-of-the-art physical
models, which ensure water budget closure, particularly cap-
turing the inverse relationship between SM and ET. Based
on the diurnally adjusted SM observations, we further as-
sess the impact of the time-filtering method across different
land cover types and background climatological conditions,
as well as its influence on land-atmosphere interactions, us-
ing flux tower observations, coupled with LH at sub-daily
timescales.

2 Data
2.1 In situ observation

The International Soil Moisture Network (ISMN; Dorigo et
al., 2021) was initiated to provide a standardized data system
that integrates data from various in situ monitoring networks
through quality control and harmonization. SM observations
had been collected and distributed in disparate formats, mak-
ing it difficult to incorporate them into research. ISMN hosts
data from 77 networks with more than 2900 stations dis-
tributed globally, though the majority of stations are concen-
trated in the Continental United States (CONUS) and Eu-
rope. It provides SM and TS observations at various depths,
along with some precipitation and air temperature data. How-
ever, different measurement sensors are used at each sta-
tion, even for the same variable, such that SM data comes
from a diverse set of sensors, including impedance, capaci-
tance, cosmic-ray, TDR, TDT, and FDR methods. Most are

Hydrol. Earth Syst. Sci., 30, 2207-2223, 2026



2210 J. Han et al.: Adjusting diurnal error in dielectric-based in situ soil moisture measurements

provided at an hourly temporal resolution in UTC, with a
consistent format and unit convention. ISMN also provides
various quality flags for identifying measurements that are
unrealistic, scientifically implausible or statistical outliers,
and offers metadata describing station characteristics, includ-
ing soil texture, climate classification (i.e., Koppen-Geiger),
land cover type, and geolocation information. Importantly,
the sensors’ manufacturer and model are identified for ev-
ery time series. The ISMN dataset has been widely used to
understand the nature of soil physics and evaluate satellite-
based and modeled SM products (e.g., Gruber et al., 2020;
Beck et al., 2021; Seo et al., 2021; Yi et al., 2023).

In this study, SM and TS measurements within the top
10cm of soil are used, encompassing all available shallow
depth measurements. Since in situ observations often con-
tain missing or unreliable measurements, we filter the data to
include only those with a quality flag marked as “G (Good)”
and utilize only days with complete 24 h observations, as our
focus is on the entire diurnal cycle. For obtaining enough
diurnal samples, stations with at least 92d of overlapping
data for both SM and TS are used; 1058 stations are ulti-
mately used across the globe (Fig. 1). Among these, only 10
stations use non-dielectric-based sensors; all other sites mea-
sure SM with dielectric permittivity-based sensors (hereafter,
dielectric-based sensors). The dielectric-based sensors esti-
mate SM based on the dielectric permittivity of soil, which is
inherently sensitive to temperature variations. This temper-
ature dependence introduces diurnal errors in the measure-
ments, which appear as a physical water imbalance such as a
spurious positive correlation between SM and TS. However,
some dielectric-based sensors that operate at high frequen-
cies (e.g. TDT and TDR) exhibit a limited sensitivity to tem-
perature, showing a realistic physical relationship between
SM and TS with a negative correlation — similar to non-
dielectric-based cosmic-ray sensors (Fig. 2a). Thus, 100 sta-
tions (10: non-dielectric-based sensors, 90: high-frequency
dielectric-based sensors) serve as reference sites to validate
the SM diurnal cycle of in situ measurements.

2.2 Land Reanalysis Datasets

The European Centre for Medium-Range Weather Fore-
casts (ECMWF) Reanalysis version 5 Land (ERAS5-Land)
(Muiioz-Sabater et al., 2021) is a global reanalysis dataset.
It employs the Carbon Hydrology-Tiled ECMWEF Scheme
for Surface Exchanges over Land (CHTESSEL) as its land
surface model. Unlike ERAS (Hersbach et al., 2020), which
utilizes a simplified extended Kalman filter (SEKF) that as-
similates European Remote Sensing Satellite (ERS)-1/-2 and
Advanced Scatterometer (ASCAT), ERAS5-Land is an of-
fline simulation solely driven by ERAS atmospheric forcing
for near-surface meteorological variables. ERAS5-Land pro-
vides hourly outputs at a spatial resolution of 9km (0.1°)
from 1950 to the present, compared to ERAS5 reanalysis
with 31 km resolution. To account for topographic discrep-
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ancies between the ERAS and ERAS5-Land grids, air tem-
perature is corrected using a lapse rate derived from ERAS
lower-tropospheric temperature profiles. Subsequently, sur-
face pressure and specific humidity are recalculated based
on the adjusted temperature and elevation, assuming con-
stant relative humidity. The enhanced spatial resolution and
refined topographic representation contribute to the improve-
ment in land surface estimates. While most differences from
ERAS are methodological and related to spatial resolution
enhancement, ERAS5-Land also includes physical updates
such as revised soil thermal conductivity in frozen condi-
tions, improved soil water balance closure, and an explicit
treatment of rainfall over snow. This study uses ERAS-Land
because of its superior performance in reproducing realistic
SM time series against in situ measurements across the globe
(see Fig. 3a in Beck et al., 2021).

The Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2; Gelaro et al., 2017), is
another global reanalysis dataset, developed by the National
Aeronautics and Space Administration (NASA) Global Mod-
eling and Assimilation Office (GMAO). It is produced using
the Goddard Earth Observing System version 5 (GEOSS) at-
mospheric data assimilation system and Gridpoint Statisti-
cal Interpolation (GSI) (Wu et al., 2002; Kleist et al., 2009)
analysis scheme, which performs grid-based analysis using
a 3D-Var approach. MERRA-2 uses the Catchment LSM,
with offline LSM runs driven by atmospheric conditions
from the GEOS-5 system operating in “replay” mode, dur-
ing which modelled precipitation is corrected using satellite-
and gauge-based datasets, resulting in a more realistic repre-
sentation of SM. This catchment-based approach realistically
captures topographical influences of hillslope hydrology and
improves the simulation of land surface processes such as
runoff and evaporation by explicitly partitioning each grid
cell into saturated, unsaturated, and wilting regions that ex-
hibit distinct hydro-meteorological behaviors (Koster et al.,
2000). MERRA-2 provides hourly SM estimates for the sur-
face layer (0-5 cm) and root-zone (0—100 cm) from 1980 to
the present, with a spatial resolution of 0.625° x 0.5°.

This study utilizes modelled SM and TS in the surface
layer (0—7 cm for ERAS5-Land and 0-5 cm for MERRA-2) for
diurnal adjustment (Seo and Dirmeyer, 2022a). These vari-
ables are selected for their physically constrained and realis-
tic behavior. Although the LSM SM variable represents total
soil water content (liquid and ice) due to data availability,
potential physical inconsistencies with dielectric-based sen-
sors, which primarily measure liquid water, are addressed by
filtering the dataset. Specifically, days with TS below 0°C
are excluded from both in situ observations and reanalysis
datasets to ensure consistency.

2.3 Flux tower observations

The ISMN dataset does not include measurements of land
surface heat fluxes, so this study employs flux tower obser-
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vations to investigate the effect of adjusting the diurnal cy-
cle of SM on the representation of observed L—A coupling at
sub-daily timescales. In flux tower observations, land surface
heat fluxes are measured using eddy covariance methods. SM
at these sites is measured using multiple types of dielectric-
based sensors (e.g. TDR, FDR, etc.) (Zhang and Yuan, 2020;
De Beeck et al., 2018), which suffer from the same tempera-
ture sensitivity errors described previously. This can lead to a
spurious SM peak during the daytime, despite high ET, even
if precipitation is absent.

FLUXNET2015, the latest major release of globally har-
monized flux tower observations (Pastorello et al., 2020),
provides Tier 1 data accompanied by quality flags for each
variable, along with the flags of uncertainty and gap-filled
data. This network provides SM measurements at depths up
to 100 cm from the mid-1990s up to 2015. AmeriFlux also
provides flux observations through the present day across
a wide range of ecosystem and land cover types, primar-
ily across North and South America (Novick et al., 2018),
where SM is generally reported at two layers: a top layer
(typically up to 10cm) and a bottom layer (up to 100 cm)
(Qiu et al., 2016). The land surface variables are harmo-
nized using the global Flux Processing Standard, which stan-
dardizes metadata (e.g., variable name, units and formats)
at hourly or half-hourly resolution (Chu et al., 2023). Addi-
tionally, the Integrated Carbon Observation System (ICOS;
Heiskanen et al., 2022) is a European research infrastruc-
ture established to provide standardized, long-term, high-
precision observations of greenhouse gas (GHG) concentra-
tions and fluxes across the atmosphere, terrestrial ecosys-
tems, and oceans. In ICOS, dielectric-based sensors mea-
sure SM at depths of 5, 10, 20, 50 and 100 cm (De Beeck et
al., 2018). This study further uses the warm-winter-2020 and
drought-2018 datasets from ICOS, which were extended and
expanded from FLUXNET2015 to investigate anomalously
warm winter of 2020 and the extreme drought in Europe in
2018, respectively.

This study uses available flux tower observations spanning
the past 30 years (FLUXNET2015: mid-1990s-2015; Amer-
iFlux: mid-1990s—present; ICOS: 2008—present), incorporat-
ing SM measurements at depths up to 10 cm, which ensures
consistency across all sites. Where FLUXNET2015 spatially
and temporally overlaps the AmeriFlux and ICOS data, the
FLUXNET?2015 is given priority, and the other datasets are
used to extend the temporal coverage of the FLUXNET2015
data. Among the 342 stations with both SM and LH observa-
tions, 178 stations with at least 92 d of complete 24 h records
(as defined in the ISMN dataset) are selected for this study
(Fig. S1 in the Supplement). Using SM and LH data from
these 178 stations, the analysis is conducted across multiple
temporal scales, including diurnally adjusted hourly, origi-
nal hourly, daily and monthly averaged SM data. The daily
and monthly timescales are derived by averaging the original
hourly time series. The flux tower sites are mostly located
in mid-latitude regions, where vegetated environments typ-
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ically exhibit wet soil, representing energy-limited regimes
consistent with the ecological monitoring objectives of the
networks. In these regions, sufficient daytime energy avail-
ability enhances ET, which subsequently leads to drying out
SM.

3 Methodology
3.1 Data preprocessing

To examine the diurnal variation of SM primarily driven by
ET, which is a sink term in the water budget at the land sur-
face, days when the precipitation source term is present have
been excluded from all three datasets (in situ measurements,
LSM outputs, and flux tower observations). This is because
incoming shortwave radiation during the daytime enhances
ET, leading to a decrease in SM, a signal that can be obscured
by precipitation. Rainy days are filtered out using a standard
deviation-based approach, instead of incorporating ground-
based precipitation observations, due to their limited avail-
ability in ISMN, incompleteness, and spatial inconsistency
with other variables (e.g., SM and ET) (Seo and Dirmeyer,
2022b).

To exclude rainy days at observation sites, hourly SM mea-
surements are aggregated into a daily resolution to calculate
the day-to-day SM tendency. When this tendency exceeds
a threshold of +0.5 standard deviations (SD), determined
over the entire analysis period, both the current and follow-
ing days are identified as precipitation-affected and excluded
from the adjustment (Step 1 in Fig. 3a). The exclusion of
the following day is specifically implemented to mitigate the
influence of post-precipitation dry drifting, which typically
introduces the most significant distortion to the SM diurnal
cycle. The SM-based threshold is optimized through com-
parison with collocated precipitation data (Fig. S2); notably,
these threshold values vary according to local climatology,
with higher thresholds assigned to wetter regions (Fig. S3).
For the LSMs, rainy days are filtered using their respective
precipitation outputs, with a threshold of daily total precipi-
tation exceeding 0.1 mm. Although the filtering criteria differ
between the observational and model datasets, consistency in
the diurnal adjustment is maintained by restricting the analy-
sis to overlapping non-rainy days common to all datasets.

Additionally, low-frequency variability in SM is filtered
out to isolate its diurnal component by subtracting a 24 h cen-
tered moving average from the original hourly time series,
resulting in the hourly anomalies used in the diurnal adjust-
ment (Step 2 in Fig. 3b, c). In the calculation of the running
mean over a 24 h window, data gaps or the exclusion of rainy
days may result in windows containing fewer than 24 obser-
vations. In such cases, the mean is still computed using the
available data points within each window, provided that at
least one valid observation is present.
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3.2 Diurnal Soil Moisture adjustment

Diurnal adjustment is applied exclusively to temperature-
sensitive, low-frequency dielectric-based sensors (e.g., ca-
pacitance, impedance, and FDR), which are known to
exhibit spurious temperature-induced diurnal variability.
Temperature—insensitive sensors, including non—dielectric
cosmic-ray sensors and high—frequency dielectric sensors
(e.g., TDR and TDT), were excluded from adjustment pro-
cess and retained as independent reference for validation.

To adjust the diurnal cycle of SM, this study adopts the
Fast Fourier Transform (FFT) method by adjusting the SM
anomaly time series in the frequency domain (Fig. 4). This
method allows for the identification of dominant frequencies
and quantification of their respective contributions to the to-
tal variance, as represented by the Power Spectral Density
(PSD) (Seo and Dirmeyer, 2022a). The FFT is applied to
the preprocessed hourly SM time series for overlapped dates
among the three datasets (in situ observations and both re-
analysis datasets based on LSMs). To ensure the continuity of
hourly SM time series for the application of FFT, the prepro-
cessed time series are concatenated. Both ERAS-Land and
MERRA-2 datasets are used to adjust the SM diurnal cycle
of in situ measurements since the modelled time series are
reliable with reference to their physically based simulation
of SM dynamics (Fig. 2b). Based on the diurnal component
of the multi-model averaged SM spectrum from both reanal-
yses, the harmonic variance of SM from in situ observations
is adjusted within only the 20-30 h frequency band. Its math-
ematical formulation is followed as:

FFTops
FFTLsms

x FFTLsms [freqs : freqy] )

FFTgps [freqs : freqa| =

where FFTqps and FFTLsms are the spectral power of SM
time series from in situ observations and averaged LSMs,
respectively, and freq is frequency domain in the PSD. The
scaling factor (FFTobs/FFTLsMs) is applied to ensure conti-
nuity at the window boundaries, adjusting for difference in
spectral characteristics between datasets (Seo and Dirmeyer,
2022a) (Fig. 4c). PSD also appears at negative frequen-
cies, which do not physically exist, due to the symme-
try property of the Fourier Transform, where positive and
negative frequency components mathematically mirror each
other. The adjustment is consistently applied within the neg-
ative frequency range [freq_, : freq_s3g]. An updated hourly
SM time series is then reconstructed using the Inverse FFT
(IFFT) of the adjusted spectrum in the diurnal frequency
range (Step 3 in Fig. 3d), after which the previously filtered
low-frequency SM time series (Step 2; cf., Fig. 3b) is added
again (Step 4 in Fig. 3e).

Assuming SM measurements to be relatively insensitive to
temperature during the nighttime hours (22:00-04:00 LST)
due to the absence of solar radiation, we further correct
the mean of diurnal anomaly for each day. The nighttime
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mean of the adjusted SM anomaly is matched to the night-
time mean of the original SM anomaly (Step 5 in Fig. 3f),
for each calendar day. This is achieved by subtracting the
difference between the original and the adjusted nighttime
means in the entire adjusted diurnal cycle. Since this ap-
proach yields negative values in reconstructed SM time series
during extremely dry periods, the diurnal amplitude is fur-
ther constrained for such instances to ensure physical plau-
sibility. This adjustment, detailed below, prevents the arti-
fact of negative SM while maintaining the integrity of the
diurnal signal. For calendar dates with negative SM values,
the diurnal amplitude is reduced using standard normal devi-
ate scaling (SNDS; Koster et al., 2004; Seo et al., 2019; Seo
and Dirmeyer, 2022a), thereby preventing negative SM val-
ues while preserving the daily mean SM. To evaluate the ex-
tent of this supplementary SNDS adjustment, we quantified
the frequency of negative values across all stations. Only 32
stations exhibited more than 100 cumulative hours of neg-
ative SM following the phase-adjustment step. These sta-
tions are primarily located in arid regions with loamy soils
(Fig. S4), where strong daytime heating induces dispropor-
tionately large diurnal amplitudes. Since SNDS is restricted
to these infrequent occurrences, its impact on the overall vari-
ance structure and the physical interpretation of the diurnal
signal remains negligible.

By applying the diurnal mean correction, most stations
showed a decrease of SM by around 0 %-10 %, indicating
that the SM climatology in the observations has been overes-
timated due to sensor temperature sensitivity (Fig. 3g). This
decrease is particularly prominent in the western US, where
the SM is generally low and diurnal temperature range (DTR)
is large. Hereafter, we refer to the adjusted ISMN SM based
on the LSM simulations as ISMNEggt.

3.3 Effect of diurnal temperatures on soil
moisture-temperature coupling

We have analyzed how the temporal correlation between SM
and TS varies with the climatology of the DTR (Tiange =
Tmax — Tmin). We examined the statistical relationship be-
tween the SM-TS coupling (o = R(SM, TS)) and Tiange,
across the observation sites, quantified as:

E [(:0 — E[p]) (Trange - E[Trange])]

O pOrange

R(p, Trange) = 2)

where E[-] denotes the expectation operator, and o, and
Orange denote the standard deviation of p and Trange, respec-
tively. Since Trange is defined as the difference between max-
imum temperature (7max) and minimum temperature (7min),
the expression can be expanded as:

R(p, Trange) =

{E[(p — E[p]) (Tmax —

E[TminD1} 3)

E[Tmax])]

pOrange

—E [(/0 - E[IO]) (Tmin -
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Figure 4. Power Spectral Density (PSD) analysis of surface SM from (a) in situ measurement, (b) reanalysis datasets (red: ERAS5-Land, and
blue: MERRA-2), and (c¢) diurnally adjusted in situ measurement at REMEDHUS-ElTomillar station (41.35° N, 5.49° W). The gray shaded
area in each panel represents the adjusted frequency windows and the black dotted vertical lines indicate the 20- and 30 h variance domains.
The yellow line in (c) represents the original power of surface SM in the diurnal time window.

This can be rewritten using the definition of covariance (Cov)
as:

COV(IO, Tmax) _ Cov (;0’ Tmin)

R(p, Trange) = “

O pOtrange O pOrange

To express each covariance term in the form of a correlation,
we multiply the numerator and denominator of each term by
the corresponding standard deviations (omax Or Opmin):

&)

1
R(p, Trange) = —— {Omax * R (0, Tmax) — Omin - R(0, Tmin) }

Orange

where omax and opin denote the standard deviation of Tax
and Tpn, respectively. These equations show that the corre-
lation between p and Trange can be decomposed into the sep-
arate contributions from Tm,x and Tiyin. This study explores
the correlation between p and Tiange to understand the inte-
grated effect of diurnal temperature variability on SM sen-
SOrs.
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3.4 Land coupling strength

To investigate land coupling between SM and LH, this study
uses the Terrestrial Coupling Index (TCI; Dirmeyer, 2011;
Seo and Dirmeyer, 2022b), which quantifies the influence of
a source variable (SV) on a target variable (TV). TCI is a
statistical metric that quantifies how strongly a target vari-
able responds to variability in a source variable. It incorpo-
rates both the sensitivity between the two variables (e.g., co-
efficient correlation) and the magnitude of variability in the
target (e.g. standard deviation). However, it does not imply
causality and should be interpreted as a measure of statistical
association only. When LH is the target, positive or negative
TCI values indicate that the L-A coupling chain is primarily
triggered by SM or net radiation, respectively, corresponding
to water- or energy-limited processes (see Fig. 2 in Seo et al.,
2024). This metric is formulated as:

TCI(SV, TV) = R (SV, TV) x o (TV) (6)
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where R represents the correlation coefficient between the

time series of source and target variables, and o represents
the standard deviation of target variable. In this study, the
source and target variables are set as SM and LH, respec-
tively, and TCI is implemented with data sampled at multiple
temporal scales (e.g., diurnal, daily, and monthly). Hourly
time series are reconstructed by averaging the values from
multiple days at each hour, after filtering them with a 24 h
centered moving average. Daily and monthly products are
constructed by averaging the original time series. Although
the relationship between SM and LH is not exactly linear, the
linear dependencies dominate over much of the globe (see
Fig. 4 in Hsu and Dirmeyer, 2021), supporting the applica-
bility of the TCI.

4 Results

4.1 Evaluation of SM diurnal cycle and its relationship
with temperature

To determine whether the FFT-based adjustment successfully
corrects the SM diurnal cycle, we compare the diurnally ad-
justed time series against reference sensors (non-electrical
or high-frequency dielectric-based sensors), which are less
affected by temperature-driven biases. Since the reference
sensors and dielectric-based sensors are not co-located, the
closest sensor pairs within 50 km are used for comparison,
resulting in a total of 16 pairs (Fig. 5). The minimum of
SM diurnal cycle is expected in the afternoon because the
peak in incoming solar radiation enhances ET during the
daytime. However, the diurnal cycle in the ISMN shows a
peak in the afternoon, contradicting the realistic SM behav-
ior based on the water budget balance. The diurnal time se-
ries in ISMNgpT show a peak in the morning and a mini-
mum in the afternoon, aligning well with the physically re-
liable feature and showing coherent SM behavior relative to
the reference sensors which exhibit their minimum values in
the afternoon (Fig. 5a). There is a large spread among diur-
nal time series within ISMN due to the diversity in climate
zones and land cover types across the sites. The correlation
of the adjusted SM diurnal cycle is increased by 0.52, com-
pared to the result from the original time series, indicating
that the adjusted time series better captures the expected di-
urnal behavior (Fig. 5b). The spatial distribution of the re-
lationship between surface SM and TS in ISMN unrealisti-
cally exhibits a positive correlation between these two vari-
ables over relatively arid regions, showing an SM peak in the
afternoon (Figs. 6a, d). In contrast, the results from the com-
bined LSMs generally indicate a negative correlation, char-
acterized by a morning SM peak (Fig. 6b, e). When the in
situ observations are diurnally adjusted using the LSMs, the
regions with spuriously positive correlations in the original
time series shift to physically consistent negative correlations
(Fig. 6c, f). Although the nominal layer depths vary between
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Table 1. The spatial correlation coefficient between p and clima-
tological Tmax, Tmin and Trange across 983 observation sites (left
column), along with their standard deviations (right column).

R(p,T) o(T)
Tmax 0497 6.0K
Tonin 0.081 42K
Trange 0.554 48K

ERAS5-Land (0-7 cm), MERRA-2 (0-5 cm), and in situ mea-
surements (top 10 cm), all datasets characterize near-surface
SM, where diurnal variability is most pronounced. To eval-
uate the potential impact of this vertical discrepancy, addi-
tional sensitivity analyses were conducted by grouping sta-
tions according to their specific measurement depths (0-5,
0-7, and 0—10cm). The resulting correlation characteristics
remained highly consistent across all depth groups (Fig. S5),
suggesting that the vertical representativeness mismatch has
a negligible influence on the diurnal signals analyzed in this
study.

To examine how SM-TS coupling is influenced by tem-
perature sensitivity during both daytime and nighttime, we
classified the diurnal correlation between SM and TS (p =
R(SM, TS)) based on the Tiange. As described in Sect. 3.3,
by expressing Tiange in terms of Tiax and Tyin, We can
separately quantify the effects of daytime temperatures
(R (p, Tmax)) and nighttime temperatures (R (0, Tin)) On p.
Since the Maxwell-Wagner effect primarily arises with high
temperature, R (p, Tmax) shows a larger positive value com-
pared to R (p, Tmin) (Table 1). R (,0, Trange) exhibits a larger
value than R (o, Tmax), primarily because orunge is smaller
than omax (cf., Eq. 5). Therefore, in regions characterized by
a large Trange, o tends to exhibit positive values (Fig. 7a). A
similar pattern is also observed in regions where the SM cli-
matology is relatively dry (Fig. S6). On clear days, incoming
radiation at the surface enhances LH, leading to soil drying,
which subsequently increases the partitioning toward SH,
ultimately raising daytime temperatures. This classification
further enables examination the effect of the FFT-based ad-
Jjustment on SM measurements across various Tiange T€gimes
(Fig. 7b). When Tiange is small, the original ISMN data ex-
hibits a concentration of diurnal correlations on the negative
side, shifting toward positive values as Trange becomes large.
Such spurious SM-TS coupling is significantly mitigated in
the ISMNEgpr data, particularly in regions characterized by
large Trange and arid SM conditions.

We additionally assess the effect of the diurnally ad-
justed SM time series on SM-TS coupling according to
the Koppen-Geiger climate classification (Fig. S7), aggre-
gated into four first-level climate groups: Tropical, Temper-
ate, Continental, and Dry (Fig. 8a). The Polar category is
excluded from the analysis due to its limited sample size
(n =35) and spatially concentrated over the Tibetan Plateau
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Figure 5. (a) Diurnal cycle of surface SM, filtered by a 24 h running mean from electrical-based ISMN (blue), ISMNFpT (orange boxplot),
and reference sensors (gray line). To compare the impact of diurnal adjustment on electric-based measurements with the reference sensors,
the 16 closest electric-based observations are sampled within 50km from the reference sensors. (b) Boxplot of the temporal correlation
coefficient of diurnal time series of surface SM from electrical-based ISMN (blue) and ISMNEggT (orange) against the corresponding reference
observations.
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Figure 6. Spatial distribution of the temporal correlation coefficient of hourly time series of surface SM and TS from (a) ISMN, (b) the mean
of land reanalysis datasets (LSMs: ERA5-Land and MERRA-2), and (¢) ISMNFgpT, where red triangles and blue circles indicate positive and
negative correlation coefficient, respectively. The diurnal maximum phase of surface SM in (d) ISMN, (e) LSMs, and (f) ISMNFgpT.
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Figure 7. (a) Spatial distribution of correlation coefficients between diurnal cycles of SM and TS from ISMN, classified by Trange, Where
upward- and downward-pointing triangles indicate positive and negative correlations, respectively. The lower-left scatter plot shows the
relationship between climatological DTR and SM, where colors correspond to the same DTR range used in the map. The spatial correlation
coefficient along with its corresponding p value is also shown. (b) Violin plots of the probability distribution of correlation coefficients
(y axis) of ISMN (blue) and ISMNEgt (orange), in the same three categories according to Trange. The bracketed numbers below the x axis
represent the number of stations classified in each DTR category. The total number of stations decreases to 738 compared with Fig. 1 because
some stations have fewer than 2200 d with both SM and TS measurements available.

(Fig. S7) rather than at high-latitude polar regions. The cor-
relation between SM and TS, quantifying SM-TS coupling,
is predominantly positive in the original ISMN data, par-
ticularly in Tropical and Dry regions. In Tropical regions,
both dry and wet subtypes exhibit positive diurnal correla-
tions (not shown), likely attributable to the consistently high
temperatures (Tini, >18 °C) by the definition of the Koppen-
Geiger classification. Dry regions are characterized by high
Trange typical of arid environments as discussed above, result-
ing from high Tph.x. The other climate classifications — Tem-
perate and Continental — exhibit bimodal distributions with
both positive and negative correlations (Fig. 8a), prompting
further subdivision based on second-level Koppen-Geiger
types. For instance, subtypes “s” (dry summer) and “w” (dry
winter) are grouped as dry, while “f” (fully humid) and “m”
(monsoonal) are grouped as wet. This subdivision clarifies
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the diurnal correlation patterns, revealing notably spurious
positive correlations in dry climates (Fig. 8b, c¢). The diur-
nally adjusted SM observations exhibit negative correlations
across all climate classifications, consistent with both reanal-
ysis products, although ERA5-Land shows weaker negative
SM-TS coupling compared to MERRA-2. The difference
in R(SM, TS) between ERAS-Land and MERRA-2 is pri-
marily due to inconsistencies in their LH. MERRA-2 shows
an earlier peak in LH and SH than ERAS-Land. This leads
to a delayed onset of surface cooling based on energy bal-
ance (Fig. S8) and subsequently results in a later peak of
TS. Consequently, MERRA-2 shows a more pronounced out-
of-phase relationship between SM decrease and TS increase,
which results in a stronger negative correlation in MERRA-2
than in ERAS-Land.
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To evaluate whether inter-model discrepancies impact the
reliability of the adjusted ISMN results, additional sensitiv-
ity tests are performed by applying the diurnal adjustment
using ERAS5-Land and MERRA-2 individually. Although
these two reanalysis datasets exhibit distinct SM-TS cou-
pling strengths, the resulting adjusted time series show neg-
ligible differences across the various adjustment configura-
tions (Fig. S9). This demonstrates that the proposed method
does not impose a model-specific diurnal phase onto the ob-
servations and remains robust regardless of model-specific
coupling characteristics.

4.2 Land segment-based evaluation of L-A interaction

While the previous analysis primarily focuses on the rela-
tionship between SM and TS, we further turn to flux tower
observations to understand the influence of the SM adjust-
ment on L—A interactions with LH, using data from the lo-
cal warm season (MJJAS: May—September for the Northern
Hemisphere; NDJFM: November—March for the Southern
Hemisphere). We employ the TCI metric, which quantifies
the statistical influence of SM on LH by multiplying their
correlation coefficient by the variability of LH, enabling its
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implementation across various temporal scales (i.e., monthly,
daily, and hourly) (Fig. 9). At monthly and daily timescales,
R(SM, LH) tend to be negative, resulting in negative TCI
values associated with these negative correlations, as most
flux tower sites are located in energy-limited regions. The
coupling strength at the monthly scale is stronger than at the
daily timescale, despite a larger standard deviation in daily
LH, because the monthly time series have pronounced sea-
sonal cycles.

For the LA interactions at the sub-daily time scale, the in-
creased solar radiation during daytime enhances ET, which is
characteristic of energy-limited coupling, necessarily leading
to a daytime decrease in SM and thus resulting in a negative
R(SM, LH). However, the data from ISMN typically shows
a positive R(SM, LH), as discussed previously. In contrast,
ISMNErt successfully captures the energy-limited coupling,
indicated by negative TCI values, and exhibits the strongest
coupling strength across all temporal scales. The diurnal vari-
ation of LH driven by solar radiation is most prominent at
sub-daily scales and progressively smooths out when aver-
aged over longer timescales (Fig. 9¢). This suggests that ana-
lyzing L—A coupling at sub-daily timescales using in situ SM
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Figure 9. Violin plots of land coupling and its components from flux tower observations (N = 178) in monthly (top row), daily (second
row), hourly (third row), and diurnally adjusted hourly (bottom row) timescale during the hemispheric warm season (Northern and Southern
Hemisphere MJJAS and NDJFM, respectively). Since the diurnal adjustment is conducted only on the SM time series, the standard deviation
term remains identical to the diurnally unadjusted result. (a) TCI (SM, LH) is used to measure the strength of the land coupling, which is a
term multiplied by (b) the correlation coefficient between SM and LH and (c) the standard deviation of LH. The values in the upper-right

corner of each panel indicate the median value.

data without taking into account the physically inconsistent
diurnal behavior of dielectric SM measurements would im-
pede an accurate understanding of L—A interactions (Fig. 9a,
b).

5 Summary and Conclusions

This study has introduced a Fourier transform-based ap-
proach specifically designed to correct temperature-induced
errors prevalent in SM in situ measurements obtained from
dielectric-based sensors. These temperature-induced inaccu-
racies arise primarily from the sensors’ heightened sensitiv-
ity associated with the Maxwell-Wagner polarization effect,
which significantly affects the dielectric properties of the soil
as temperature increases. These errors lead to physically un-
realistic diurnal cycles characterized by spurious afternoon
peaks in SM, particularly near the surface where the diurnal
cycle of temperature is greatest. Afternoon is precisely when
evapotranspiration is highest, and soil physics suggests SM
should be at its minimum under precipitation-free conditions.

To ameliorate such temperature-induced errors, the pro-
posed adjustment method leverages physically consistent di-
urnal SM time series derived from two reanalysis datasets:
ERAS5-Land and MERRA-2. These models provide robust,
physically constrained representations of SM behavior based
on water balance closure, making them suitable bench-
marks of the diurnal cycle for correcting the dielectric-
based measurements. Specifically, the method adjusts the
spectral power of the observed SM cycles around daily
timescales, aligning them more closely with reliable hourly
SM time series. Additionally, a diurnal mean correction
(22:00-04:00 LST) is incorporated, assuming that the sen-
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sor temperature sensitivity is limited during nighttime peri-
ods when temperature-induced errors are minimal, thereby
serving as a baseline for the correction. Notably, it under-
scores that the SM climatology in the observations can have
wet bias due to sensor temperature sensitivity.

Validation against reference sensors, whose design is
known to have less temperature sensitivity, demonstrates sig-
nificant improvements. Adjusted SM data (ISMNFgpr) effec-
tively transitions from exhibiting unrealistic afternoon peaks
to displaying physically reasonable diurnal cycles character-
ized by morning peaks and subsequent afternoon minima,
closely mirroring the SM dynamics dictated by evapotranspi-
ration processes (Fig. 5). The skill improvement in ISMNFEpr,
measured by temporal correlation of SM hourly time series
with the reference observations, is statistically significant,
having AR ~ 0.52, compared to the ISMN raw product. The
Fourier-based adjustment successfully mitigates these spu-
rious positive correlations between SM and TS, converting
them to physically consistent negative correlations, reflect-
ing the true interactions between SM and TS linked by evap-
otranspiration dynamics. Moreover, the impact of the diurnal
adjustment is examined within the Koéppen-Geiger climate
classification, particularly indicating the efficacy in arid re-
gions characterized by pronounced temperature fluctuations
with large DTR.

To further validate the effect of the SM diurnal adjust-
ment on characterizing L—A interactions at sub-daily scales,
this study demonstrates the improvement using flux tower
observations. The Terrestrial Coupling Index (TCI), which
quantifies the statistical relationship between SM and LH,
is employed across multiple temporal scales (monthly, daily,
and hourly). At monthly and daily timescales, R(SM, LH) is
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negative due to most of flux sites located over mid-latitude
regions, in which increased LH leads to a decrease in SM
(energy-limited coupling). However, at sub-daily timescale,
original ISMN, uncorrected SM data erroneously show pos-
itive correlations, inconsistent with the physically balanced
water budget. After applying the diurnal phase adjustment,
hourly SM data of ISMNEgpr accurately results in negative
correlations, thereby facilitating an accurate understanding
of true L-A coupling at sub-daily scales.

In conclusion, the Fourier transform-based correction
method at sub-daily timescales substantially enhances the re-
alism and reliability of SM diurnal cycle in the observations.
Although primarily developed as a post-processing tool for
historical datasets, this method can be extended to real-time
applications by utilizing pre-calculated climatological diur-
nal amplitude and phase. By leveraging these parameters de-
rived from long-term records, the correction can be applied
to near-real-time observations even in the absence of con-
current reanalysis data. By rectifying temperature-induced
sensor errors, this generalizable approach significantly im-
proves the reality of SM behavior in observational data. This
improvement enhances the reliability of in situ observations
providing a robust foundation for comprehensively under-
standing SM dynamics and L—A interactions at sub-daily
timescales, an area previously hindered by observational lim-
itations, thereby benefiting model improvement, satellite val-
idation, and climate monitoring.

Code availability. The source code used for the diurnal filtering is
available at https://doi.org/10.5281/zen0do.19216200 (last access:
25 March 2026; Han and Seo, 2026).

Data availability. In situ observations from ISMN can be ac-
cessed and downloaded publicly via their website at https://ismn.
earth/en/data/data-download/ (last access: 25 March 2026). SM
and LH from flux tower observations can be accessed from
the following websites: FLUXNET2015 at https://fluxnet.org/data/
fluxnet2015-dataset/ (last access: 25 March 2026) as described in
Pastorello et al. (2020), https://doi.org/10.1038/s41597-020-0534-
3, AmeriFlux at https://ameriflux.Ibl.gov/data/download-data/ (last
access: 25 March 2026), and ICOS at https://www.icos-cp.
eu/data-products (last access: 25 March 2026). Hourly data
from the Copernicus Climate Change Service (C3S) ERAS-
Land reanalysis are freely available through its online portal
at https://doi.org/10.24381/cds.e2161bac (Mufioz-Sabater, 2019).
The hourly MERRA-2 data are available for free through the
NASA Goddard Earth Sciences (GES) Data and Information Ser-
vice Center (DISC) at https://disc.gsfc.nasa.gov/datasets?project=
_MERRA-2 (last access: 25 March 2026).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/hess-30-2207-2026-supplement.

Hydrol. Earth Syst. Sci., 30, 2207-2223, 2026

J. Han et al.: Adjusting diurnal error in dielectric-based in situ soil moisture measurements

Author contributions. Conceptualization: JH, ES, and PAD. Inves-
tigation, methodology, and formal analysis: JH and ES. Writing
(original draft preparation): JH. Writing (review and editing): ES
and PAD.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. This research was supported by the National
Research Foundation of Korea (NRF) grant funded by the Korea
government (MSIT) (RS-2026-25479797). Eunkyo Seo was sup-
ported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (RS-2025-02363044).

Financial support. This research has been supported by the Na-
tional Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIT) (grant nos. RS-2026-25479797 and RS-
2025-02363044).

Review statement. This paper was edited by Marnik Vanclooster
and reviewed by two anonymous referees.

References

Beck, H. E., Pan, M., Miralles, D. G., Reichle, R. H., Dorigo, W. A.,
Hahn, S., Sheffield, J., Karthikeyan, L., Balsamo, G., Parinussa,
R. M., van Dijk, A. 1. J. M., Du, J., Kimball, J. S., Vergopolan, N.,
and Wood, E. F.: Evaluation of 18 satellite- and model-based soil
moisture products using in situ measurements from 826 sensors,
Hydrol. Earth Syst. Sci., 25, 17-40, https://doi.org/10.5194/hess-
25-17-2021, 2021.

Betts, A. K.: Diurnal cycle, in: Encyclopedia of Atmospheric Sci-
ences, edited by: Holton, J. R., Pyle, J. A., and Curry, J. A., Aca-
demic Press, London, 640-643, ISBN 0-12-227090-8, 2003.

Chanzy, A., Gaudu, J.-C., and Marloie, O.: Correcting the Tem-
perature Influence on Soil Capacitance Sensors Using Diurnal
Temperature and Water Content Cycles, Sensors, 12, 9773-9790,
https://doi.org/10.3390/s120709773, 2012.

Chelidze, T. L. and Gueguen, Y.: Electrical spectroscopy of porous
rocks: a review — I. Theoretical models, Geophys. J. Int., 137,
1-15, https://doi.org/10.1046/j.1365-246x.1999.00799.x, 1999.

Chen, Y. and Or, D.: Effects of Maxwell-Wagner polariza-
tion on soil complex dielectric permittivity under variable
temperature and electrical conductivity, Water Resour. Res.,

https://doi.org/10.5194/hess-30-2207-2026


https://doi.org/10.5281/zenodo.19216200
https://ismn.earth/en/data/data-download/
https://ismn.earth/en/data/data-download/
https://fluxnet.org/data/fluxnet2015-dataset/
https://fluxnet.org/data/fluxnet2015-dataset/
https://doi.org/10.1038/s41597-020-0534-3
https://doi.org/10.1038/s41597-020-0534-3
https://ameriflux.lbl.gov/data/download-data/
https://www.icos-cp.eu/data-products
https://www.icos-cp.eu/data-products
https://doi.org/10.24381/cds.e2161bac
https://disc.gsfc.nasa.gov/datasets?project=_MERRA-2
https://disc.gsfc.nasa.gov/datasets?project=_MERRA-2
https://doi.org/10.5194/hess-30-2207-2026-supplement
https://doi.org/10.5194/hess-25-17-2021
https://doi.org/10.5194/hess-25-17-2021
https://doi.org/10.3390/s120709773
https://doi.org/10.1046/j.1365-246x.1999.00799.x

J. Han et al.: Adjusting diurnal error in dielectric-based in situ soil moisture measurements

42, 2005WR004590, https://doi.org/10.1029/2005WR004590,
2006a.

Chen, Y. and Or, D.: Geometrical factors and interfacial pro-
cesses affecting complex dielectric permittivity of partially sat-
urated porous media, Water Resour. Res., 42, 2005WR004744,
https://doi.org/10.1029/2005WR004744, 2006b.

Chu, H., Christianson, D. S., Cheah, Y.-W., Pastorello, G., O’Brien,
F., Geden, J., Ngo, S.-T., Hollowgrass, R., Leibowitz, K., Beek-
wilder, N. F.,, Sandesh, M., Dengel, S., Chan, S. W., Santos, A.,
Delwiche, K., Yi, K., Buechner, C., Baldocchi, D., Papale, D.,
Keenan, T. F, Biraud, S. C., Agarwal, D. A., and Torn, M. S.:
AmeriFlux BASE data pipeline to support network growth and
data sharing, Sci. Data, 10, 614, https://doi.org/10.1038/s41597-
023-02531-2, 2023.

Dai, A., Trenberth, K. E., and Karl, T. R.: Effects
of Clouds, Soil Moisture, Precipitation, and Wa-
ter Vapor on Diurnal Temperature Range, J. Cli-
mate, 12, 24512473, https://doi.org/10.1175/1520-
0442(1999)012<2451:EOCSMP>2.0.CO;2, 1999.

De Beeck, M. O., Gielen, B., Merbold, L., Ayres, E., Serrano-
Ortiz, P., Acosta, M., Pavelka, M., Montagnani, L., Nilsson,
M., Klemedtsson, L., Vincke, C., De Ligne, A., Moureaux, C.,
Maranon-Jimenez, S., Saunders, M., Mereu, S., and Hortnagl,
L.: Soil-meteorological measurements at ICOS monitoring sta-
tions in terrestrial ecosystems, Int. Agrophys., 32, 619-631,
https://doi.org/10.1515/intag-2017-0041, 2018.

Dirmeyer, P. A.: The terrestrial segment of soil moisture—
climate coupling, Geophys. Res. Lett.,, 38, L16702,
https://doi.org/10.1029/2011GL048268, 2011.

Dong, J., Akbar, R., Short Gianotti, D. J., Feldman, A. F,
Crow, W. T., and Entekhabi, D.: Can Surface Soil Mois-
ture Information Identify  Evapotranspiration Regime
Transitions?, Geophys. Res. Lett., 49, e2021GL097697,
https://doi.org/10.1029/2021GL097697, 2022.

Dorigo, W., Himmelbauer, 1., Aberer, D., Schremmer, L., Pe-
trakovic, 1., Zappa, L., Preimesberger, W., Xaver, A., Annor, F.,
Ardo, J., Baldocchi, D., Bitelli, M., Bloschl, G., Bogena, H.,
Brocca, L., Calvet, J.-C., Camarero, J. J., Capello, G., Choi, M.,
Cosh, M. C., van de Giesen, N., Hajdu, 1., Ikonen, J., Jensen,
K. H., Kanniah, K. D., de Kat, I., Kirchengast, G., Kumar Rai,
P., Kyrouac, J., Larson, K., Liu, S., Loew, A., Moghaddam, M.,
Martinez Fernandez, J., Mattar Bader, C., Morbidelli, R., Mu-
sial, J. P, Osenga, E., Palecki, M. A., Pellarin, T., Petropoulos,
G. P, Pfeil, 1., Powers, J., Robock, A., Riidiger, C., Rummel,
U., Strobel, M., Su, Z., Sullivan, R., Tagesson, T., Varlagin, A.,
Vreugdenhil, M., Walker, J., Wen, J., Wenger, F., Wigneron, J.
P., Woods, M., Yang, K., Zeng, Y., Zhang, X., Zreda, M., Di-
etrich, S., Gruber, A., van Oevelen, P., Wagner, W., Scipal, K.,
Drusch, M., and Sabia, R.: The International Soil Moisture Net-
work: serving Earth system science for over a decade, Hydrol.
Earth Syst. Sci., 25, 5749-5804, https://doi.org/10.5194/hess-25-
5749-2021, 2021.

Findell, K. L., Yin, Z., Seo, E., Dirmeyer, P. A., Arnold, N.
P, Chaney, N., Fowler, M. D., Huang, M., Lawrence, D. M.,
Ma, P-L., and Santanello Jr., J. A.: Accurate assessment of
land—atmosphere coupling in climate models requires high-
frequency data output, Geosci. Model Dev., 17, 1869-1883,
https://doi.org/10.5194/gmd-17-1869-2024, 2024.

https://doi.org/10.5194/hess-30-2207-2026

2221

Francesca, V., Osvaldo, F., Stefano, P., and Paola, R. P.:
Soil Moisture Measurements: Comparison of Instrumen-
tation Performances, J. Irrig. Drain. Eng., 136, 81-89,
https://doi.org/10.1061/(asce)0733-9437(2010)136:2(81), 2010.

Gelaro, R., McCarty, W., Sudrez, M. J., Todling, R., Molod, A.,
Takacs, L., Randles, C. A., Darmenov, A., Bosilovich, M. G., Re-
ichle, R., Wargan, K., Coy, L., Cullather, R., Draper, C., Akella,
S., Buchard, V., Conaty, A., Da Silva, A. M., Gu, W,, Kim, G.-
K., Koster, R., Lucchesi, R., Merkova, D., Nielsen, J. E., Par-
tyka, G., Pawson, S., Putman, W., Rienecker, M., Schubert, S. D.,
Sienkiewicz, M., and Zhao, B.: The Modern-Era Retrospective
Analysis for Research and Applications, Version 2 (MERRA-2),
J. Climate, 30, 5419-5454, https://doi.org/10.1175/JCLI-D-16-
0758.1, 2017.

Gruber, A., De Lannoy, G., Albergel, C., Al-Yaari, A., Brocca, L.,
Calvet, J.-C., Colliander, A., Cosh, M., Crow, W., Dorigo, W.,
Draper, C., Hirschi, M., Kerr, Y., Konings, A., Lahoz, W., Mc-
Coll, K., Montzka, C., Mufioz-Sabater, J., Peng, J., Reichle, R.,
Richaume, P., Rudiger, C., Scanlon, T., Van Der Schalie, R.,
Wigneron, J.-P., and Wagner, W.: Validation practices for satellite
soil moisture retrievals: What are (the) errors?, Remote Sens. En-
viron., 244, 111806, https://doi.org/10.1016/j.rse.2020.111806,
2020.

Han, J. and Seo, E.: Scripts for publication “Adjusting Diurnal
Error in Dielectric-Based In Situ Soil Moisture Measurements
via Fourier Time-Filtering Using Land Surface Model Datasets”,
Zenodo [code], https://doi.org/10.5281/zenodo.19216200, 2026.

Heiskanen, J., Briimmer, C., Buchmann, N., Calfapietra, C., Chen,
H., Gielen, B., Gkritzalis, T., Hammer, S., Hartman, S., Herbst,
M., Janssens, I. A., Jordan, A., Juurola, E., Karstens, U., Kasuri-
nen, V., Kruijt, B., Lankreijer, H., Levin, 1., Linderson, M.-L.,
Loustau, D., Merbold, L., Myhre, C. L., Papale, D., Pavelka, M.,
Pilegaard, K., Ramonet, M., Rebmann, C., Rinne, J., Rivier, L.,
Saltikoff, E., Sanders, R., Steinbacher, M., Steinhoff, T., Watson,
A., Vermeulen, A. T., Vesala, T., Vitkova, G., and Kutsch, W.:
The Integrated Carbon Observation System in Europe, Bull. Am.
Meterol. Soc., 103, E855-E872, https://doi.org/10.1175/BAMS-
D-19-0364.1, 2022.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A.,
Mufioz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schep-
ers, D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Bal-
samo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De
Chiara, G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R.,
Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger,
L., Healy, S., Hogan, R. J., Holm, E., Janiskovd, M., Keeley,
S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., De Rosnay,
P., Rozum, 1., Vamborg, F., Villaume, S., and Thépaut, J.: The
ERAS global reanalysis, Q. J. Roy. Meteor. Soc., 146, 1999—
2049, https://doi.org/10.1002/qj.3803, 2020.

Hsu, H. and Dirmeyer, P. A.: Nonlinearity and Multivariate De-
pendencies in the Terrestrial Leg of Land-Atmosphere Coupling,
Water Resour. Res., 59, https://doi.org/10.1029/2020WR028179,
2021.

Hsu, H., Dirmeyer, P. A., and Seo, E.: Exploring the
Mechanisms of the Soil Moisture-Air Temperature Hy-
persensitive Coupling Regime, Water Resour. Res., 60,
https://doi.org/10.1029/2023wr036490, 2024.

Kapilaratne, R. G. C.J. and Lu, M.: Automated general temperature
correction method for dielectric soil moisture sensors, J. Hydrol.,

Hydrol. Earth Syst. Sci., 30, 2207-2223, 2026


https://doi.org/10.1029/2005WR004590
https://doi.org/10.1029/2005WR004744
https://doi.org/10.1038/s41597-023-02531-2
https://doi.org/10.1038/s41597-023-02531-2
https://doi.org/10.1175/1520-0442(1999)012<2451:EOCSMP>2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012<2451:EOCSMP>2.0.CO;2
https://doi.org/10.1515/intag-2017-0041
https://doi.org/10.1029/2011GL048268
https://doi.org/10.1029/2021GL097697
https://doi.org/10.5194/hess-25-5749-2021
https://doi.org/10.5194/hess-25-5749-2021
https://doi.org/10.5194/gmd-17-1869-2024
https://doi.org/10.1061/(asce)0733-9437(2010)136:2(81)
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1016/j.rse.2020.111806
https://doi.org/10.5281/zenodo.19216200
https://doi.org/10.1175/BAMS-D-19-0364.1
https://doi.org/10.1175/BAMS-D-19-0364.1
https://doi.org/10.1002/qj.3803
https://doi.org/10.1029/2020WR028179
https://doi.org/10.1029/2023wr036490

2222

551, 203-216, https://doi.org/10.1016/j.jhydrol.2017.05.050,
2017.

Kleist, D. T., Parrish, D. F.,, Derber, J. C., Treadon, R., Wu, W.-
S., and Lord, S.: Introduction of the GSI into the NCEP Global
Data Assimilation System, Weather Forecast., 24, 1691-1705,
https://doi.org/10.1175/2009WAF2222201.1, 2009.

Kosa, P.: Air Temperature and Actual Evapotranspiration Correla-
tion Using Landsat 5 TM Satellite Imagery, Agric. Nat. Resour.,
43, 605-611, 2009.

Koster, R. D., Suarez, M. J., Ducharne, A., Stieglitz, M.,
and Kumar, P.:. A catchment-based approach to model-
ing land surface processes in a general circulation model:
1. Model structure, J. Geophys. Res., 105, 24809-24822,
https://doi.org/10.1029/2000JD900327, 2000.

Koster, R. D., Suvarez, M. J., Liu, P, Jambor, U., Berg, A.,
Kistler, M., Reichle, R., Rodell, M., and Famiglietti, J.: Re-
alistic Initialization of Land Surface States: Impacts on Sub-
seasonal Forecast Skill, J. Hydrometeorol., 5, 1049-1063,
https://doi.org/10.1175/JHM-387.1, 2004.

Koster, R. D., Mahanama, S. P. P., Yamada, T. J., Balsamo, G.,
Berg, A. A., Boisserie, M., Dirmeyer, P. A., Doblas-Reyes, F.
J., Drewitt, G., Gordon, C. T., Guo, Z., Jeong, J.-H., Lee, W.-
S., Li, Z., Luo, L., Malyshev, S., Merryfield, W. J., Senevi-
ratne, S. I., Stanelle, T., van den Hurk, B. J. J. M., Vitart,
F., and Wood, E. F.: The Second Phase of the Global Land—
Atmosphere Coupling Experiment: Soil Moisture Contributions
to Subseasonal Forecast Skill, J. Hydrometeorol., 12, 805-822,
https://doi.org/10.1175/2011JHM1365.1, 2011.

Lu, M., Kapilaratne, J., and Kaihotsu, I.: A data-driven method
to remove temperature effects in TDR-measured soil water
content at a Mongolian site, Hydrol. Res. Lett., 9, 8-13,
https://doi.org/10.3178/hrl.9.8, 2015.

Mane, S., Das, N., Singh, G., Cosh, M., and Dong, Y.:

Advancements in dielectric soil moisture sensor Cal-
ibration: A comprehensive review of methods and
techniques, Comput. Electron. Agric., 218, 108686,

https://doi.org/10.1016/j.compag.2024.108686, 2024.

Mittelbach, H., Lehner, I., and Seneviratne, S. I.: Com-
parison of four soil moisture sensor types under field
conditions in Switzerland, J. Hydrol., 430-431, 39-49,
https://doi.org/10.1016/j.jhydrol.2012.01.041, 2012.

Muiloz-Sabater, J.: ERAS5-Land hourly data from 1950 to present,
Copernicus Climate Change Service (C3S) Climate Data Store
(CDS) [data set], https://doi.org/10.24381/cds.e2161bac, 2019.

Muiloz-Sabater, J., Dutra, E., Agusti-Panareda, A., Albergel, C.,
Arduini, G., Balsamo, G., Boussetta, S., Choulga, M., Harri-
gan, S., Hersbach, H., Martens, B., Miralles, D. G., Piles, M.,
Rodriguez-Fernandez, N. J., Zsoter, E., Buontempo, C., and
Thépaut, J.-N.: ERA5-Land: a state-of-the-art global reanalysis
dataset for land applications, Earth Syst. Sci. Data, 13, 4349—
4383, https://doi.org/10.5194/essd-13-4349-2021, 2021.

Novick, K. A., Biederman, J. A., Desai, A. R., Litvak, M. E., Moore,
D. J. P, Scott, R. L., and Torn, M. S.: The AmeriFlux network:
A coalition of the willing, Agr. Forest Meteorol., 249, 444-456,
https://doi.org/10.1016/j.agrformet.2017.10.009, 2018.

Ojo, E. R., Bullock, P. R., L'Heureux, J., Powers, J., Mc-
Nairn, H., and Pacheco, A.: Calibration and Evaluation
of a Frequency Domain Reflectometry Sensor for Real-

Hydrol. Earth Syst. Sci., 30, 2207-2223, 2026

J. Han et al.: Adjusting diurnal error in dielectric-based in situ soil moisture measurements

Time Soil Moisture Monitoring, Vadose Zone J., 14, 1-12,
https://doi.org/10.2136/vzj2014.08.0114, 2015.

Pastorello, G., Trotta, C., Canfora, E., Chu, H., Christianson,
D., Cheah, Y.-W., Poindexter, C., Chen, J., Elbashandy, A.,
Humphrey, M., Isaac, P., Polidori, D., Reichstein, M., Ribeca,
A., Van Ingen, C., Vuichard, N., Zhang, L., Amiro, B., Ammann,
C., Arain, M. A., Ardo, J., Arkebauer, T., Arndt, S. K., Arriga,
N., Aubinet, M., Aurela, M., Baldocchi, D., Barr, A., Beames-
derfer, E., Marchesini, L. B., Bergeron, O., Beringer, J., Bern-
hofer, C., Berveiller, D., Billesbach, D., Black, T. A., Blanken,
P. D., Bohrer, G., Boike, J., Bolstad, P. V., Bonal, D., Bonne-
fond, J.-M., Bowling, D. R., Bracho, R., Brodeur, J., Briimmer,
C., Buchmann, N., Burban, B., Burns, S. P., Buysse, P., Cale,
P., Cavagna, M., Cellier, P., Chen, S., Chini, I., Christensen, T.
R., Cleverly, J., Collalti, A., Consalvo, C., Cook, B. D., Cook,
D., Coursolle, C., Cremonese, E., Curtis, P. S., D’ Andrea, E., Da
Rocha, H., Dai, X., Davis, K. J., Cinti, B. D., Grandcourt, A. D.,
Ligne, A. D., De Oliveira, R. C., Delpierre, N., Desai, A. R., Di
Bella, C. M., Tommasi, P. D., Dolman, H., Domingo, F., Dong,
G., Dore, S., Duce, P., Dufréne, E., Dunn, A., Dusek, J., Eamus,
D., Eichelmann, U., EIKhidir, H. A. M., Eugster, W., Ewenz, C.
M., Ewers, B., Famulari, D., Fares, S., Feigenwinter, L., Feitz,
A., Fensholt, R., Filippa, G., Fischer, M., Frank, J., Galvagno,
M., et al.: The FLUXNET2015 dataset and the ONEFIux pro-
cessing pipeline for eddy covariance data [data set], Sci. Data, 7,
225, https://doi.org/10.1038/s41597-020-0534-3, 2020.

Qiu, J., Crow, W. T., and Nearing, G. S.: The Impact of Vertical
Measurement Depth on the Information Content of Soil Moisture
for Latent Heat Flux Estimation, J. Hydrometeorol., 17, 2419-
2430, https://doi.org/10.1175/JHM-D-16-0044.1, 2016.

Rahmati, M., Amelung, W., Brogi, C., Dari, J., Flammini, A., Bo-
gena, H., Brocca, L., Chen, H., Groh, J., Koster, R. D., Mc-
Coll, K. A., Montzka, C., Moradi, S., Rahi, A., Sharghi, S.
F., and Vereecken, H.: Soil Moisture Memory: State-Of-The-
Art and the Way Forward, Rev. Geophys., 62, €2023RG000828,
https://doi.org/10.1029/2023RG000828, 2024.

Rowlandson, T. L., Berg, A. A., Bullock, P. R., Ojo, E. R., McNairn,
H., Wiseman, G., and Cosh, M. H.: Evaluation of several calibra-
tion procedures for a portable soil moisture sensor, J. Hydrol.,
498, 335-344, https://doi.org/10.1016/j.jhydrol.2013.05.021,
2013.

Santanello, J. A., Dirmeyer, P. A., Ferguson, C. R., Findell, K. L.,
Tawfik, A. B., Berg, A., Ek, M., Gentine, P., Guillod, B. P,
Van Heerwaarden, C., Roundy, J., and Wulfmeyer, V.: Land—
Atmosphere Interactions: The LoCo Perspective, Bull. Am. Me-
terol. Soc., 99, 1253-1272, https://doi.org/10.1175/BAMS-D-
17-0001.1, 2018.

Seneviratne, S. 1., Corti, T., Davin, E. L., Hirschi, M.,
Jaeger, E. B., Lehner, I, Orlowsky, B., and Teuling,
A. J.: Investigating soil moisture—climate interactions in a
changing climate: A review, Earth-Sci. Rev., 99, 125-161,
https://doi.org/10.1016/j.earscirev.2010.02.004, 2010.

Seo, E. and Dirmeyer, P. A.: Improving the ESA CCI daily soil
moisture time series with physically-based land surface model
datasets using a Fourier time-filtering method, J. Hydromete-
orol., 23, 473-489, https://doi.org/10.1175/JHM-D-21-0120.1,
2022a

Seo, E. and Dirmeyer, P. A.: Understanding the diurnal cy-
cle of land-atmosphere interactions from flux site ob-

https://doi.org/10.5194/hess-30-2207-2026


https://doi.org/10.1016/j.jhydrol.2017.05.050
https://doi.org/10.1175/2009WAF2222201.1
https://doi.org/10.1029/2000JD900327
https://doi.org/10.1175/JHM-387.1
https://doi.org/10.1175/2011JHM1365.1
https://doi.org/10.3178/hrl.9.8
https://doi.org/10.1016/j.compag.2024.108686
https://doi.org/10.1016/j.jhydrol.2012.01.041
https://doi.org/10.24381/cds.e2161bac
https://doi.org/10.5194/essd-13-4349-2021
https://doi.org/10.1016/j.agrformet.2017.10.009
https://doi.org/10.2136/vzj2014.08.0114
https://doi.org/10.1038/s41597-020-0534-3
https://doi.org/10.1175/JHM-D-16-0044.1
https://doi.org/10.1029/2023RG000828
https://doi.org/10.1016/j.jhydrol.2013.05.021
https://doi.org/10.1175/BAMS-D-17-0001.1
https://doi.org/10.1175/BAMS-D-17-0001.1
https://doi.org/10.1016/j.earscirev.2010.02.004
https://doi.org/10.1175/JHM-D-21-0120.1

J. Han et al.: Adjusting diurnal error in dielectric-based in situ soil moisture measurements

servations, Hydrol. Earth Syst. Sci., 26,
https://doi.org/10.5194/hess-26-5411-2022, 2022b.

Seo, E., Lee, M.-I,, Jeong, J.-H., Koster, R. D., Schubert, S. D.,
Kim, H.-M., Kim, D., Kang, H.-S., Kim, H.-K., MacLachlan,
C., and Scaife, A. A.: Impact of soil moisture initialization on
boreal summer subseasonal forecasts: mid-latitude surface air
temperature and heat wave events, Clim. Dyn., 52, 1695-1709,
https://doi.org/10.1007/s00382-018-4221-4, 2019.

Seo, E., Lee, M.-I., and Reichle, R. H.: Assimilation of
SMAP and ASCAT soil moisture retrievals into the JULES
land surface model using the Local Ensemble Trans-
form Kalman Filter, Remote Sens. Environ., 253, 112222,
https://doi.org/10.1016/j.rse.2020.112222, 2021.

Seo, E., Dirmeyer, P. A., Barlage, M., Wei, H., and Ek, M.: Evalu-
ation of Land—Atmosphere Coupling Processes and Climatolog-
ical Bias in the UFS Global Coupled Model, J. Hydrometeorol.,
25, 161-175, https://doi.org/10.1175/JHM-D-23-0097.1, 2024.

Seo, E., Dirmeyer, P. A, and Tak, S.: Implementation of
a multi-layer snow scheme in the GloSea6 seasonal fore-
cast system: impacts on land-atmosphere interactions and
climatological biases, Geosci. Model Dev., 19, 1261-1280,
https://doi.org/10.5194/gmd-19-1261-2026, 2026.

Sharma, P. K., Kumar, D., Srivastava, H. S., and Patel, P.: As-
sessment of Different Methods for Soil Moisture Estimation:
A Review, J. Remote Sens. GIS, 9, 57-73, https://techjournals.
stmjournals.in/index.php/JoRSG/article/view/105, 2018.

Skierucha, W., Kafarski, M., Wilczek, A., Szyplowska, A.,
Budzend, M., Majcher, J., and Lewandowski, A.: Effects
of temperature on soil dielectric permittivity measured
in time and frequency domains, in: Proceedings of the
4th URSI Atlantic RadioScience Conference — AT-RASC
2024, 4th URSI Atlantic RadioScience Conference, IEEE,
https://doi.org/10.46620/URSIATRASC24/VZIV1515, 2024.

5411-5429,

https://doi.org/10.5194/hess-30-2207-2026

2223

Susha Lekshmi, S. U., Singh, D. N., and Shojaei Baghini, M.:
A critical review of soil moisture measurement, Measurement,
54, 92-105, https://doi.org/10.1016/j.measurement.2014.04.007,
2014.

Wilczek, A., Kafarski, M., Majcher, J., Szyptowsk, A., Budzen, M.,
Lewandowski, A., Nosalewicz, A., and Skierucha, W.: Temper-
ature dependence of dielectric soil moisture measurement in an
Internet of Things system — a case study, Int. Agrophys., 37, 443—
449, https://doi.org/10.31545/intagr/177243, 2023.

Wu, W.-S., Purser, R. J., and Parrish, D. F.: Three-Dimensional
Variational Analysis with Spatially Inhomogeneous Covariances,
Mon. Wea. Rev., 130, 2905-2916, https://doi.org/10.1175/1520-
0493(2002)130<2905:TDVAWS>2.0.CO;2, 2002.

Yi, C, Li, X., Zeng, J., Fan, L., Xie, Z., Gao, L., Xing, Z.,
Ma, H., Boudah, A., Zhou, H., Zhou, W., Sheng, Y., Dong,
T., and Wigneron, J.-P.: Assessment of five SMAP soil mois-
ture products using ISMN ground-based measurements over
varied environmental conditions, J. Hydrol., 619, 129325,
https://doi.org/10.1016/j.jhydrol.2023.129325, 2023.

Yin, Z., Findell, K. L., Dirmeyer, P., Shevliakova, E., Malyshev,
S., Ghannam, K., Raoult, N., and Tan, Z.: Daytime-only mean
data enhance understanding of land—atmosphere coupling, Hy-
drol. Earth Syst. Sci., 27, 861-872, https://doi.org/10.5194/hess-
27-861-2023, 2023.

Zhang, M. and Yuan, X.: Rapid reduction in ecosystem pro-
ductivity caused by flash droughts based on decade-long
FLUXNET observations, Hydrol. Earth Syst. Sci., 24, 5579—
5593, https://doi.org/10.5194/hess-24-5579-2020, 2020.

Zreda, M., Shuttleworth, W. J., Zeng, X., Zweck, C., Desilets, D.,
Franz, T., and Rosolem, R.: COSMOS: the COsmic-ray Soil
Moisture Observing System, Hydrol. Earth Syst. Sci., 16, 4079—
4099, https://doi.org/10.5194/hess-16-4079-2012, 2012.

Hydrol. Earth Syst. Sci., 30, 2207-2223, 2026


https://doi.org/10.5194/hess-26-5411-2022
https://doi.org/10.1007/s00382-018-4221-4
https://doi.org/10.1016/j.rse.2020.112222
https://doi.org/10.1175/JHM-D-23-0097.1
https://doi.org/10.5194/gmd-19-1261-2026
https://techjournals.stmjournals.in/index.php/JoRSG/article/view/105
https://techjournals.stmjournals.in/index.php/JoRSG/article/view/105
https://doi.org/10.46620/URSIATRASC24/VZIV1515
https://doi.org/10.1016/j.measurement.2014.04.007
https://doi.org/10.31545/intagr/177243
https://doi.org/10.1175/1520-0493(2002)130<2905:TDVAWS>2.0.CO;2
https://doi.org/10.1175/1520-0493(2002)130<2905:TDVAWS>2.0.CO;2
https://doi.org/10.1016/j.jhydrol.2023.129325
https://doi.org/10.5194/hess-27-861-2023
https://doi.org/10.5194/hess-27-861-2023
https://doi.org/10.5194/hess-24-5579-2020
https://doi.org/10.5194/hess-16-4079-2012

	Abstract
	Introduction
	Data
	In situ observation
	Land Reanalysis Datasets
	Flux tower observations

	Methodology
	Data preprocessing
	Diurnal Soil Moisture adjustment
	Effect of diurnal temperatures on soil moisture-temperature coupling
	Land coupling strength

	Results
	Evaluation of SM diurnal cycle and its relationship with temperature
	Land segment-based evaluation of L–A interaction

	Summary and Conclusions
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

