Author Responses to Reviewer #2 Comments

Katoria Lekarkar*

We would like to begin by thanking the reviewer for taking the time to review our manuscript
and provide their comments. These will go a long way to improving the manuscript. In
the sections that follow, we provide our responses to individual reviewer comments on the
manuscript. We do note, however, that in some cases, the questions/suggestions raised by
the reviewer are already addressed by the manuscript. In these cases, we will point out which
sections of the manuscript already address the reviewer comments. The responses to individual

comments are written in this color.

1: QOverall assessment

Reviewer comment:

This study analyzes the root-zone soil moisture dynamics in Belgium from 1970 to 2020,
focusing on the severity and persistence of droughts during the 2011-2020 period. It highlights
the unprecedented nature of these droughts and evaluates the limitations of precipitation-based
drought indices (such as SPEI) in drought assessments. The paper proposes using root-zone
soil moisture as a more effective drought monitoring indicator and underscores the increasing
frequency and persistence of drought events in the context of climate change. The work is
valuable and substantial, but its scientific novelty is limited, and some methodological and
analytical aspects need further clarification or strengthening.

Specifically, the manuscript currently lacks critical quantitative evidence to support two core
claims: (1) that root-zone soil moisture provides added operational value over precipitation-
based indices (SPEI), and (2) that the chosen reconstruction approach (mHM) is preferable to
widely used soil-moisture products (e.g., ERA5-Land). | recommend the authors (a) perform
an event-based contingency analysis comparing mHM-RZSM and SPEI drought events (onset,
termination, duration, severity) and report hit/miss/false-alarm statistics, and (b) provide a
direct inter-comparison with at least one widely used soil-moisture product to quantify time-

series agreement and event-detection differences.
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Author response:

The manuscript presents the first high-resolution, multi-decadal reconstruction of root-
zone soil moisture droughts for Belgium, where long-term in situ soil-moisture observations
or any studies of the kind we did are not currently available. The primary scientific contribu-
tion lies in combining this reconstruction with a spatially explicit drought-event analysis and a
mechanistic comparison between precipitation-based and soil-moisture-based drought indica-
tors. This combined approach allowed us to determine how the droughts experienced in recent
years compared with those experienced in the last 50 years and enabled us to understand their
rarity. No study of this kind has been done in Belgium.

We agree that distinguishing drought types and explaining the conceptual advantages of
root-zone soil moisture is important. We would like to point out that the current manuscript
already includes a detailed discussion of these points (Lines 88-103), where we explicitly de-
scribe the limitations of precipitation and temperature-based indices such as SPEI for capturing
agricultural drought conditions. In the manuscript we report that the precipitation-based in-
dices are not able to represent the vertical distribution of water in the root zone or vegetation
water stress, the nonlinear and lagged response of soil moisture to precipitation, and the
soil-moisture memory effect that often leads to prolonged drought persistence. We feel that
these points reinforce the added operational value that soil moisture provides. As for the
quantitative evidence, we address this in Section 3.5 of the manuscript, where we show that:
(i) SPEIl-based droughts terminate earlier than soil moisture droughts and (ii) SPEI-based
droughts underestimate the severity of droughts compared to soil moisture droughts. To add
more depth to this, we will compare other metrics like the number of months under drought
conditions during the major drought events we discuss therein.

On the merits of using mHM over other soil moisture products, we used mHM in our study
to generate soil-moisture fields at high spatial resolution. We generated soil moisture fields at
1/32°, which is a resolution high enough to account for the heterogeneities that characterize
land surface conditions that affect soil moisture. This higher resolution is better suited for
drought analysis since it takes into account the heterogeneity in soils, land use and land
cover all of which vary strongly at short distances. ERA5-Land is indeed a valuable reanalysis
product but it is better suited to for large-scale applications (continental to global scales).
The =9 km resolution of ERA5-Land limits its suitability for local-scale drought monitoring as
the resolution generalizes land surface conditions. Due to this generalization of land surface
heterogeneity, coarse-scale products like ERA5-Land can produce biases in surface water and
energy fluxes (Crow et al., 1999). To illustrate, if we used the 9 km ERA5-Land over Belgium
(about 30,000 sq. km in area), we would obtain about 370 grid cells. On the other hand,
our model resolution generates 3,100 grid cells, almost ten times more than ERA-5 Land.
Our model resolution is thus better at differentiating fine-scale heterogeneities in soil moisture
conditions and deriving local-scale variability.

One would also ask why we did not use remote sensing (RS) soil moisture products. While



RS offers an alternative source of soil moisture, RS-derived soil moisture only measures water
content in upper few centimetres of the soil profile and have low quality under certain surface
conditions such as dense vegetation, frozen soils and mountainous terrain. The data can also
often be missing due to retrieval conditions or satellite revisit times (Wang et al., 2011; Peng
et al., 2017).

2: Major comment #1

Reviewer comment:

Please clarify the definition of the root-zone layer used in this study (0-0.5 m). Why was
this depth chosen, and how representative is it across different vegetation types and land-cover
conditions in Belgium? Considering the variability of underlying surfaces could help assess the
robustness of the results.

Author response:

In the manuscript we have clarified that the root-zone depth was limited to 0-0.5 m because
in most areas of the country, groundwater occurs below this depth (Lines 263-264), thus
including deeper layers would risk mixing soil-moisture dynamics with groundwater storage.
We agree that representativeness across vegetation types can vary. For clarity, We will add
a sentence justifying that this depth corresponds to the dominant rooting depth of shallow-
rooted croplands, grasslands, and some vegetation types that are disproportionally sensitive
to moisture availability in the unsaturated zone and thus more susceptible to soil moisture

droughts.

3: Major comment #2

Reviewer comment:
The Introduction successfully establishes the severity of drought in Belgium and correctly
identifies the scientific gap regarding the limitations of precipitation-based indices. However,

the section’s structure and balance require revision to maximize clarity and scientific impact.

= The lengthy, detail-heavy descriptions of the 2011, 2018-2019, and 2022 droughts (Lines
46-74) read like an event chronicle. This narrative must be significantly condensed to
focus only on the key messages that motivate the need for a long-term assessment,

ensuring the scientific gap is presented more prominently.

» Conceptual Distinctions: The discussion on drought monitoring (Lines 79-103) should
be enhanced by more explicitly distinguishing meteorological /hydrological drought from
agricultural drought. This includes clarifying why traditional indices like SPEI are limited
and emphasizing the superior conceptual role of root-zone soil moisture (RZSM) for

capturing plant water stress.



= The final paragraph (Lines 104-116) prematurely introduces technical specifics (e.g.,
mHM model, offline forcings, SMI derivation via percentile ranking). These details

should be relocated entirely to the dedicated Methods section.

Author response:

We do agree that the introduction can be improved in terms of structure and balance. As
suggested by the reviewer, we will make the description of the drought events more concise
without losing important details. On the second point, we would like to point out that the
conceptual distinction between meteorological and agricultural drought is already addressed
in Lines 84-103, where we explicitly describe the limitations of precipitation and temperature-
based indices such as SPEI for capturing agricultural drought conditions. In the manuscript

we report that the following limitations of precipitation-based indices:

» They do not represent the vertical distribution of water in the root zone or vegetation

water stress

= The response of soil moisture to rainfall is lagged and non-linear, which is not reflected

by precipitation-based indices

= They do not account for soil-moisture memory effect that often leads to prolonged

drought persistence

We feel that these points reinforce the added operational value that soil moisture provides.
To improve clarity, we will add an explicit definition that differentiates the drought types more
succinctly. On the final paragraph, we do agree that there are some details that can be moved
to the methodology section. We will thus modify it to mainly focus on the objectives of the

study with less emphasis on the methods we used.

4: Major comment #3

Reviewer comment:

The authors provide a compelling and well-referenced justification for prioritizing the Pear-
son correlation coefficient to assess the temporal agreement of standardized soil moisture
anomalies. However, two critical components are missing for a complete validation of the
model’s skill in the context of this drought study. To fully characterize the model's perfor-
mance beyond just temporal consistency, the authors should consider reporting an appropriate
error metric, such as the Unbiased Root Mean Square Error (ubRMSE). The ubRMSE is ideally
suited for this validation context, as it quantifies the error component related to the model's
random fluctuations and timing errors, while excluding the systematic absolute bias that is
deliberately factored out by the standardization approach. Crucially, given that the study's

goal is drought analysis, the evaluation should include an explicit assessment of the model's
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ability to accurately represent drought conditions as observed by the in situ data. For instance,
comparing the model’s and in situ data’s ability to correctly classify dry/drought days based on
an established threshold (e.g., the 20th percentile), assessing the correlation or error between

the model-derived soil moisture index (SMI) and an index derived from the in-situ data.

Author response:

Thank you for this comment. The current analysis focuses on correlation because the soil
moisture time series are standardized, and correlation directly assesses temporal agreement
and anomaly timing, which is what we are interested in from a drought analysis perspective.
As the data comparison already shows, there is a high agreement between the two datasets.
We feel that adding more statistics would lengthen this section and given that it is not the
main story of the article, it would risk dragging the attention of the reader away from the main
message. Reviewer #1 already commented that we have used quite a number of statistical
metrics in the manuscript. Adding more of them will thus be added confusion to the reader.

On the use of the SMI for comparing the two datasets; since the in situ data has missing
values in some stations, it would be difficult to do the SMI analysis since this requires aggre-
gating daily values to monthly averages. This would thus introduce errors in the analysis if
we include months that have days of missing data. The reviewer has an important suggestion
though that we can do a percentile-based analysis for comparison. Together with that, we can
add the uRMSE but we suggest to make these changes as minimal as possible so, preferably

as a supplementary text, to preserve the flow and length of the article.

5: Major Comment #4

Reviewer comment:

The detailed presentation of streamflow simulation performance (Section 3.1.2) is robust,
but its inclusion as a standalone subsection immediately following the core Soil Moisture
evaluation (3.1.1) is structurally misleading and requires clarification. Based on the Methods
section (Lines 249-257), the streamflow analysis serves primarily as an internal calibration
and performance check of the hydrological modeling framework, not a direct validation of
the primary variable of interest (soil moisture). Therefore, the detailed streamflow analysis
(Section 3.1.2) should be relocated and significantly condensed. This content belongs logically
in a dedicated subsection within the Methods (e.g., Model Calibration) to briefly demonstrate
the adequacy of the modeling framework, rather than occupying a prominent position in the
main Results section. If the authors insist on keeping the streamflow results prominent, they
must establish a clear logical link showing how the successful streamflow calibration improves

or validates the soil moisture simulations.

Author response:

We respectfully note that the manuscript already states that soil moisture and streamflow



are intrinsically linked through the catchment water balance (Methods, Section 2.2.3, Lines
251-269). The streamflow evaluation is therefore presented as an independent consistency
check of the simulated water balance, which implicitly includes soil moisture storage and
depletion processes. The section is included to add credibility to the modelled soil moisture
results. On the suggestion to relocate and condense the section, we can move this section to

the Supplementary text and present summary results in Section 3.1.1 of the main article.

6: Major Comment #5

Reviewer comment:

While Section 3.2 effectively uses the Total Drought Magnitude (TDM) index to charac-
terize the evolution of drought events and identifies a compelling increase in frequency and
severity post-2011, the claims of 'three distinct drought regimes’ and a 'significant shift’ are
primarily descriptive, relying heavily on the narrative of the top ten events (Figure 5). This
conclusion lacks robust, decade-spanning quantitative evidence. The author should consider
providing a concise table or figure reporting key summary statistics for each complete decade
(e.g., 1971-1980, 1981-1990, etc.), such as the total cumulative TDM or the mean annual
number of drought days. This quantitative evidence is essential to lend statistical rigor to the

core finding of the significant shift.

Author response:

We would like to note that the manuscript already includes a dedicated statistical decadal
analysis in Sections 3.3 and 3.4. This section provides the decadal-scale quantitative evi-
dence supporting the identification of the distinct drought regimes. This includes cumulative
drought duration (months per decade), drought severity composition, spatial drought expo-
sure, and bootstrapped confidence intervals for decadal means (Figures 6-8), which show that
2011-2020 is statistically distinct from preceding decades. We acknowledge that this evidence
is presented later in the Results and is not explicitly referenced in Section 3.2. To ensure the
connection is clearer to readers, we will add a brief forward reference in Section 3.2 indicat-
ing that the decadal-scale statistical analysis is presented later in the manuscript. We will
also include a summary table reporting key decadal metrics to make the regime shift more

immediately apparent.

7: Major comment #°6

Reviewer comment:
The central finding that SMI exhibits stronger persistence and SPEI underestimates deficits
(L4438, L455) is crucial but currently relies on qualitative descriptions (e.g., 'more persistent,’

'underestimate’). It is better to supplement the discussion with quantified persistence metrics.



For example, for the three major events analyzed (1975-1977, 20162017, 2018-2019), the
author should consider reporting the following metrics: (a) the maximum duration (in months)
of the moderate drought for SMI, SPEI-1, and SPEI-3; and (b) the total number of months
under moderate drought for each index during the event period. These data are essential for
empirically validating the conclusion that SMI has higher inertia than the precipitation-based

indices.

Author response:

We thank the reviewer for this comment. We agree that explicit quantitative persistence
metrics will strengthen this comparison. We would like to point out that some of the metrics
suggested by the reviewer (e.g. maximum drought duration in months) are already reported
in Section 3.2 (Lines 363-372). Since this only covers the SMI droughts, we will include these
metrics for the SPEI drought.



8: Major comment #7

Reviewer comment:

The Discussion section could be strengthened by elaborating on the broader implications
of this work. How can the findings be applied to larger regions, or integrated into operational
drought monitoring and management strategies?

Author response:
We do agree with the reviewer on this point. We will add more depth to the Discussion

to incorporate the suggestions.

9: Minor comment

Reviewer comment:

The content in Section 2.2.1 regarding the lack of long-term in situ soil moisture data in
Belgium and the subsequent expansion of the model domain is more appropriate for Section
2.2.3. The Input data section should focus primarily on datasets used to drive the model.
Standardize the capitalization of section titles, as the current usage is inconsistent. Please
standardize the terminology and use 'in situ’ consistently throughout the manuscript; some
occurrences currently use 'in-situ’. While the term 'Drought Persistence’ is used in the text,
the definition corresponds more closely to cumulative drought exposure or duration. The
Conclusion should focus more on synthesizing key findings and scientific contributions, and
discussion-type content should be reduced. Please standardize the terminology and use 'root-
zone' consistently throughout the manuscript. It is recommended to present the other drought

indices, currently discussed in the Discussion section, within the Methods section.

Author response:
Thank you for this important comment. We believe it will improve the readability of the
manuscript. We will implement all the suggestions in the revision of our manuscript. We will

correct the terminology to avoid confusing the reader.

10: Special comments

Reviewer comment:

Line 36: Please correct 'agricultural’ to 'agricultural’.

Line 160: Please remove the extraneous semicolon ";'.

Line 425 and Line 429: Please correct 'Figure ??(a)’ and 'Figure ??(b)".

Line 501: Correct 'cosysytems' to 'ecosystems’.



Author response:

Thank you for pointing out these errors. We have corrected typographical and format-
ting issues, and explicitly specified that temperature refers to air temperature. We however
note that the misspelling 'cosysytems’ does not appear in the current manuscript; the word

'ecosystems’ is already spelled correctly.
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