REVIEWER COMMENTS

This manuscript focuses on addressing the temperature-sensitivity issues inherent in dielectric-based
soil moisture (SM) sensors, which often lead to spurious daytime peaks in diurnal cycles. The authors
propose an empirical correction method based on Fast Fourier Transform (FFT) by leveraging the
physically consistent diurnal patterns from land surface model (LSM) reanalysis datasets. The
performance of the adjusted SM data was validated against reference sensors and further evaluated
through land-atmosphere coupling analysis. Overall, the study provides a practical and innovative
solution to a long-standing problem in the hydrological community. The topic fits well within the scope
of the journal. However, considering there are some critical methodological issues and data
inconsistencies that need to be clarified, I recommend a major revision.

= We thank the reviewer for your thorough and constructive comments, which have helped us to
clarify the scope and strengthen the manuscript. Below we respond point-by-point and describe
the corresponding revisions.

Major comments

1. The proposed method introduces a potential risk of circular reasoning. By aligning the diurnal power
of in-situ observations with LSM reanalysis (ERAS5-Land/MERRA-2), the independence of the
observation data is significantly compromised. This raises a critical question: Can the adjusted
ISMNadjdata still be used as an independent reference to evaluate the same or similar land surface
models? The authors should explicitly discuss the limitations of using model-informed observations for
model validation or data assimilation.

The proposed approach does not introduce circular reasoning in the evaluation framework.
The diurnal time adjustment was applied exclusively to temperature-sensitive, low-frequency
sensors that exhibit artificial diurnal variability. For validation, we used nearby temperature-
insensitive reference sensors (e.g., TDR, TDT, and cosmic-ray) that were not subjected to any
adjustment. Although these reference sensors are located in close proximity (thus experiencing
similar climatic conditions), local land-surface heterogeneity still exists. To account for this,
the evaluation was conducted using variance-normalized temporal correlation coefficients
rather than other non-normalized comparisons (e.g., RMSE). Because the reference sensors
were not time adjusted and are independent from the reanalysis-based correction procedure,
the evaluation does not constitute model-informed self-validation. The description has been
edited in Lines 225-228.

“Diurnal adjustment is applied exclusively to temperature-sensitive, low-frequency
dielectric-based sensors (e.g., capacitance, 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 process and retained as independent
reference for validation.”

2. A critical physical inconsistency arises in cold regions (e.g., the Tibetan Plateau mentioned in L309).
Dielectric-based in-situ sensors primarily measure the liquid soil water content because the dielectric
constant of ice (~3.2) is much lower than that of liquid water (~80). However, the ERAS5-Land soil
moisture variable (swvl) represents the total water content (liquid + ice). During freeze-thaw cycles, the
liquid water content exhibited a strong diurnal signal driven by phase changes, while the total water



content remained relatively stable. Using the diurnal power of the model’s total water to adjust the liquid
water observations would be physically erroneous. Could the authors clarify: (1) whether they used
only the liquid water component from the LSMs (if available), or (2) whether they excluded periods
when the soil temperature was below 0°C to avoid this mismatch?

= We appreciate the reviewer § insightful comment regarding the physical inconsistency between
liquid soil moisture observations. This study utilizes total soil water content (liquid and ice)
from LSMs due to data availability. To take this issue into account, when the soil is frozen with
soil temperature below 0°C, the diurnal phase filtering approach for in-situ measurements is
not applied. We have revised the corresponding text (Lines 163-168) to clarify this point.

“This study utilizes modelled SM and temperature in the surface layer (0—7 cm for ERA5-
Land and 0-5 cm for MERRA-2) for diurnal adjustment (Seo and Dirmeyer, 2022a). These
variables are selected for their physically constrained and realistic behavior. Although the
LSM SM variable represents total soil water content (liquid and ice) due to data availability,
potential physical inconsistencies with dielectric-based sensors, which primarily measure
liquid water, are addressed by filtering the dataset. Specifically, days with soil temperatures
below 0°C are excluded from both in-situ observations and reanalysis datasets to ensure
consistency.

3. Regarding the precipitation filtering (Section 3.1), I have concerns about the consistency and physical
basis of the thresholds used. The authors used a +1.5 standard deviation (SD) threshold for in-situ data
but a 0.1 mm/day threshold for LSMs. (1) Since SM response to rain is highly dependent on soil texture
and antecedent moisture, can a universal +1.5 SD threshold reliably identify rainy days across all global
ISMN sites? (2) Why was the 'previous day' (L206) excluded along with the rainy day, rather than the
following day, which is typically affected by post-rainfall drainage? (3) The use of different filtering
methods for models and observations may lead to mismatched samples in the FFT adjustment. The
authors should justify these choices.

= Regarding the precipitation masking based on a soil moisture tendency threshold, as noted by
the reviewer, soil moisture responses to precipitation vary with observation sites, thus,
employing a single global threshold necessitates certain simplifications. To evaluate the
practical efficacy of this approach, we conducted a sensitivity analysis using all collocated
ISMN SM-precipitation station pairs (n=240). This analysis compared SM-based masking
criteria against collocated precipitation observations across different thresholds (1.5, 1.0, and
0.5 SD).

The masking performance was evaluated based on two key metrics: (1) the number of
overlapping days identified as rainfall-affected by both precipitation observations and the SM
SD-based criterion, and (2) the proportion of observed rainfall days not detected by the SD-
based threshold (the omission rate). The results (below contingency tables) indicate that the
initial 1.5 SD threshold primarily captures only intense and abrupt SM spikes, thereby missing
a substantial number of moderate precipitation events. In contrast, a lower threshold of 0.5 SD
yields a more balanced identification, enhancing the agreement with observed rainfall days
while significantly reducing the fraction of missed events. Based on these results, we revised
the threshold from 1.5 SD to 0.5 SD in the updated manuscript (Lines 208-214 and Fig. S2).

“To exclude rainy days at observation sites, hourly SM measurements 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
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the current and previous days are identified as precipitation-affected and excluded from the
adjustment (Step 1 in Fig. 3a). The exclusion of the preceding 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 comparison with collocated precipitation data (Fig. S2); notably, these threshold
values vary according to local climatology, with higher thresholds assigned to wetter regions
(Fig. §3).”

(a) (b) (c)

SD = 0.5

SD < 0.5

Obs O Obs X Obs O Obs X Obs O Obs X
b o GooA ©
10.12 8.67 y a1 7.56 5.53 o n{ 5.74 3.80 a2
Qe a Q9 n ES
X xR
® 3 2 3
12.19 69.02 ﬁ v 14.75 72.16 E v 16.57 73.90 '_4:
SIS S R

22.31% 77.69% 22.31% 77.69% 22.31 77.69

= (2) We excluded the following day because the post-precipitation dry drifting introduces the
strongest distortion to the diurnal signal. The masking of the previous day resulted from the
way daily SM tendency was calculated. Because the tendency was derived from daily
differences, the rainfall signal could appear shified to the preceding day. However, this was a
methodological artifact rather than an indication of drying occurring before rainfall. In reality,
the distortion associated with rainfall occurs on the rainy day itself and can persist into the
following day. Therefore, to properly remove the drying drift effect, we masked the current and
following days rather than the previous day. This clarification has been added to the revised
manuscript (Lines 210-212).

“..., both the current and following 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.”

2> (3) We acknowledge the concern regarding potential inconsistencies arising from the use of
different precipitation filtering methods for observations and models. As noted, rainfall-affected
days were identified using an SD-based criterion for the observations, whereas model datasets
used their own precipitation records. Consequently, the sets of non-rainy days differ across
datasets. To ensure consistency in the FFT adjustment, the analysis was performed only on
overlapping non-rainy days after precipitation removal had been applied separately to each
dataset (ISMN, ERA5-Land, and MERRA-2). In addition, only days with complete 24-hour
records were retained to guarantee consistent diurnal sampling. Therefore, despite differences
in the initial filtering criteria, the FFT was ultimately applied to matched samples across
datasets. This clarification has been added to the revised manuscript (Lines 214-217).

“For the LSMs, rainy days are filtered using their respective precipitation outputs, with a
threshold of daily total precipitation 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 analysis to overlapping non-rainy days common to all datasets.”



4. The authors used sensor pairs within a 200 km radius for validation. Given that soil moisture is known
for its extreme spatial heterogeneity, 200 km is a very large distance. How can the authors ensure that
the SM diurnal cycle at a site 200 km away is representative enough to validate the local sensor's
correction? I suggest the authors provide a sensitivity analysis or at least discuss how the correlation
changes as the distance threshold decreases.

soil moisture [m3/m?3]

= We agree with the reviewer that a 200km radius is relatively large given the strong spatial
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heterogeneity of soil moisture. This threshold was initially chosen to ensure a sufficient number
of comparable in-situ sensor pairs for statistical evaluation, particularly in data-sparse regions.
Our validation focuses on the temporal correlation of diurnal cycles with standardizing the
diurnal variance in both reference and validated datasets, rather than comparing absolute soil
moisture (e.g., RMSE), under the assumption that sites within similar climatic regimes exhibit
comparable diurnal timing and phase. In response to the reviewer s suggestion, we conducted
a sensitivity analysis by reducing the distance threshold to 50km. While the number of available
station pairs decreased from 20 to 16, the sample size remained reliable for robust comparison.
Based on this result, we revised the analysis and updated the manuscript to adopt the 50km
distance criterion related to Figure 5, which better balances spatial representativeness and
data availability.
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5. There is a clear discrepancy between the measurement depths of the LSMs (0—7 cm for ERAS5-Land,
0-5 cm for MERRA-2) and the in-situ sensors (top 10 cm). Soil moisture and temperature in the top
few centimeters are often Using the diurnal power of a 0—5 cm layer to correct a 10 cm layer might
introduce vertical representativeness errors. This point needs more rigorous justification.

=2 We acknowledge the reviewer's concern regarding the vertical representativeness mismatch

between the LSM soil moisture layers (0—7 cm for ERAS5-Land and 0-5 cm for MERRA-2) and
the in-situ measurements representing the top 10 cm. The use of the 0—10 cm in-situ layer was
initially motivated by consistency with widely adopted near-surface soil moisture definitions in
reanalysis and land surface models (e.g., a top layer on the order of 0—10 cm).

1o assess the potential impact of this depth mismatch, we conducted additional sensitivity tests
by restricting the analysis to in-situ sensors whose measurement depths most closely match the
corresponding model layers. The resulting diurnal power and correlation characteristics
showed no apparent differences compared to those obtained using the full 0—10 cm in-situ
dataset.

These results indicate that, despite small differences in nominal layer thickness among datasets,
the diurnal signal targeted in this study is sufficiently robust within the near-surface soil layer.
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Therefore, we consider the use of the 0—10 cm in-situ observations to be appropriate for the
purposes of diurnal-cycle-based adjustment. Additional explanation has been added to the
manuscript, and the corresponding figure has been included in the Supplementary Material
(Lines 311-317).

“Although the nominal layer depths vary between ERAS5-Land (0-7 cm), MERRA-2 (0-5 cm),
and in-situ measurements (top 10 cm), all datasets characterize near-surface soil moisture,
where diurnal variability is most pronounced. To evaluate the potential impact of this vertical
discrepancy, additional sensitivity analyses were conducted by grouping stations according
to their specific measurement depths (0-5, 07, and 0—10 cm). 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.”
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6. The correction relies on the assumption that sensors are insensitive to temperature during 20:00—
06:00 LST. However, in many regions, soil temperature can remain high or continue to fluctuate
significantly during the early night. Does this "baseline" assumption hold across all climate zones?

We appreciate the reviewer s concern regarding potential soil temperature fluctuations during
the early nighttime hours. To minimize the potential influence of such fluctuations, we revised
the definition of the nighttime baseline period from 20:00—06:00 LST to a more conservative
window of 22:00—-04:00 LST. This narrower interval more closely represents the period when
surface temperature variability is relatively stable and temperature-driven sensor artifacts are
minimized. The manuscript has been revised accordingly in Lines 247-248 and 387-389.

“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.”

“Additionally, a diurnal mean correction (22:00—04:00 LST) is incorporated, assuming that
the sensor temperature sensitivity is limited during nighttime periods when temperature-
induced errors are minimal, thereby serving as a baseline for the correction.”

7. The study shows that ERAS-Land and MERRA-2 exhibit different SM-temperature coupling
behaviors due to inconsistencies in latent heat (LH) flux. Since these models serve as the*“ground truth”
for the diurnal pattern, how does the discrepancy between the two models affect the reliability of the
adjusted ISMNadj product?



= As reviewer mentioned, ERA5-Land and MERRA-2 exhibit different soil moisture—temperature
(or SM—LH) coupling behaviors. So, we carried out two additional sensitivity tests to adjust
diurnal time series using ERA5-Land and MERRA-2, respectively, which demonstrates that the
proposed adjustment is not highly sensitive to model-specified SM—LH coupling characteristics.
As a result, while the two models differ in their internal land—atmosphere coupling, the
extracted nighttime baseline and the resulting correction remain robust across models. The
corresponding explanation related to Fig. S9 has been added in Lines 350-355.

“To evaluate whether inter-model discrepancies impact the reliability of the adjusted ISMN
results, additional sensitivity tests are performed by applying the diurnal adjustment using
ERAS5-Land and MERRA-2 individually. Although these two reanalysis datasets exhibit
distinct soil moisture—temperature coupling strengths, the resulting adjusted time series show
negligible differences across the various adjustment configurations (Fig. S§9). This
demonstrates that the proposed method does not impose a model-specific diurnal phase onto
the observations and remains robust regardless of model-specific coupling characteristics.”
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8. The application of standard normal deviate scaling (SNDS) to avoid negative values is an additional
empirical step. I wonder if this scaling process significantly alters the original variance or the physical
meaning of the diurnal amplitude.

= We appreciate the reviewers comment regarding the use of SNDS. The occurrence of negative
soil moisture values after phase adjustment was examined in detail. Among 745 stations, only
32 exhibited more than 100 hours of negative values, indicating such cases are relatively rare.
These stations are predominantly located in dry regions with loam-type soil, where strong
daytime heating can induce large diurnal amplitudes in soil moisture. During the phase-
adjustment (1*) step, inversion of the diurnal cycle under these conditions can occasionally
produce unrealistically low reconstructed values.

Importantly, soil moisture values below zero are physically implausible and therefore require
correction. The SNDS procedure is applied only to these limited cases to prevent non-physical
values while preserving the daily mean soil moisture. Because the adjustment affects only a
small subset of stations and observations, and dose not modify the daily mean, its impact on
the overall variance and the physical interpretation of the diurnal amplitude is expected to be
minimal. The corresponding details are explained in Lines 255-260 and Fig. S4.

“To evaluate the extent of this supplementary SNDS adjustment, we quantified the frequency
of negative values across all stations. Only 32 stations exhibited more than 100 cumulative
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Climatology SM

hours of negative SM following the phase-adjustment step. These stations are primarily
located in arid regions with loamy soils (Fig. S4), where strong daytime heating induces
disproportionately large diurnal amplitudes. Since SNDS is restricted to these infrequent
occurrences, its impact on the overall variance structure and the physical interpretation of
the diurnal signal remains negligible.”
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Minor comments

1) L205-207: The +1.5 standard deviation threshold for excluding rainy days seems somewhat arbitrary.
Is this value robust for both humid and arid regions?

>

We evaluated the potential climate dependence of the +0.5 SD threshold by examining its
relationship with climatological mean SM across stations with precipitation observation data.
The regression pattern shows that climatological SM generally increases from approximately 0
to 0.3 and exhibits a slight decrease in the 0.3—0.5 range, with the overall SM variability
bounded within approximately 0.5. In comparison, the absolute magnitude of the +0.5 SD
threshold is very small (approximately 0—0.02), which is much smaller than the typical range
of climatological SM variation. Therefore, the threshold is applied at a scale that is negligible
relative to long-term SM climatology, supporting the conclusion that the criterion is not
sensitive to arid—humid climate separation. This explanation has been added in Lines 213-214
and Fig. S3.

“notably, these threshold values vary according to local climatology, with higher thresholds
assigned to wetter regions (Fig. $3).”
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2) L222-223: Please ensure that all cited works in the text are properly listed in the Reference section.

= Thank you for pointing this out. We have carefully checked all in-text citations and ensured that
all cited works are now properly listed in the Reference section.

3) I suggest adding a brief comment on whether this Fourier-based method could be adapted for real-
time data streams or if it is strictly a post-processing tool for historical datasets.

= While the proposed Fourier-based correction is primarily designed as a post-processing tool
for historical datasets, it can be adapted for real-time diurnal correction. Despite the latency
in reanalysis product availability, the requisite diurnal amplitude and phase can be pre-
calculated from long-term historical archives. Consequently, this method can be implemented
for real-time soil moisture observations by leveraging these established diurnal parameters to

adjust incoming data. This is added in the last paragraph of “summary and conclusion” section
(Lines 410-413).

“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 diurnal
amplitude and phase. By leveraging these parameters derived from long-term records, the
correction can be applied to near-real-time observations even in the absence of concurrent
reanalysis data.”



