Response to Reviewer #2

We sincerely thank the reviewer for their insightful and constructive feedback, which has greatly
helped us improve the clarity and depth of our manuscript. Below, we address each point raised by
the reviewer in detail. Reviewer comments are presented in beld, followed by our responses.

We would also like to respectfully highlight that Reviewer #1 recommended the inclusion of new
results based on additional case studies and higher temporal resolution tests. While we fully
acknowledge the importance and value of these suggestions, implementing them would require
substantial computational resources and, more importantly, additional time beyond the current
revision timeline. These extended simulations are currently being conducted as part of ongoing
work, in parallel with awaiting the editorial decision on the present version.

We have made every effort to address all reviewer comments as thoroughly as possible within the
scope of this revision. Concerning the specific suggestions related to the Results section, which
would require significant additional analysis, we propose a clear plan to incorporate these new
results in a revised version of the manuscript, should it be considered for further review. Some of
the reviewer’s detailed observations concerning the current version of the Results and Conclusion
sections may no longer be applicable, since this parts of the manuscript will undergo substantial
changes in a future revision. We remain fully committed to implementing these enhancements in a
timely and rigorous manner.

Major comments

1. The scope of the paper is blurred: what is known or not known about moisture sources
in medicanes and how do they compare with Mediterranean cyclones in general? It is
very surprising that a former similar study by the first author about moisture sources
in a medicane is not mentioned (https://doi.org/10.3390/atmos13081327). Also, why
focus on Ianos? For instance, the more recent Medicane Daniel also produced (even
more?) extreme precipitation, over both the Balkans and North Africa, while the
recent Valencia floods were unrelated to a medicane. The Introduction must be
strengthened to clarify the scope, while the results must be brought in the context of
the existing literature.

We sincerely thank the reviewer for their thoughtful and constructive feedback. We fully
acknowledge the need to better delineate the scope of our study and more clearly position
our findings within the broader context of existing literature on moisture sources in
medicanes and Mediterranean cyclones. We have now revised the Introduction to explicitly
frame our study within this context, as detailed in the revised lines referenced in the minor
comments. We are also grateful for the reminder to reference our previous work.

Regarding the focus on Medicane Ianos: while this event has indeed been the subject of
multiple studies, we intended to revisit it using a state-of-the-art high-resolution modelling
framework (WRF-FLEXPART) to reveal previously unresolved details, particularly with the
vertical and temporal characteristics of moisture uptake. This case also benefits from the
availability of high-quality observational data and satellite measurements, which make it
particularly well-suited for analysis, especially regarding precipitation patterns and the



microphysical processes associated with convection. These motivations are now clearly
articulated in the revised manuscript.

We agree with the reviewer that including more recent events, such as Medicane Daniel
would help generalize the findings. In response to this and similar feedback from Reviewer
#1, we have initiated high-resolution simulations for Medicanes Zorbas (2018) and Daniel
(2023). These additional case studies will enhance the representativeness of our conclusions.
However, due to the high computational demands of the moisture tracking simulations and
the increased temporal resolution requested by Reviewer #1, even for a single phase of the
cyclone's life cycle, the model must still be initialized ten days before the target event. As a
result, we anticipate that completing the additional analyses will require more time. Pending
editorial approval, we would be glad to incorporate these comparative results into the
revised manuscript to further strengthen its scope and relevance.

. The methods are awkward in that they follow a systematic approach (automatic
identification of all cyclones over a long time period and automatic adjustment of the
cyclone extent) but are applied to a single case study. Furthermore, two sensitivity
simulations are presented but not discussed despite surprising behaviour. Finally, the
actual results related to moisture sources start in Section 4.2 only (wrongly labelled as
4.1; should actually be 3.2) and are not thoroughly developed and discussed.
Altogether, this appears unbalanced and again questions the actual scope of the paper.

We acknowledge that, in its present form, the Methods section may appear misaligned with
the narrower scope of the analysis. However, the study is currently being expanded to
include two additional medicanes, Zorbas (2018) and Daniel (2023), which are being
simulated using the same high-resolution WRF-FLEXPART framework. This multi-case
approach will align more closely with the systematic methodology described. Provided that
the editor approves an extension to the revision timeline, the final version of the manuscript
will reflect a more comprehensive framework, consistent with the study’s design and
capable of supporting more generalizable conclusions.

Regarding the two sensitivity simulations, we agree that they were insufficiently integrated
into the overall discussion. These were originally intended as methodological checks;
however, upon further inspection, we recognize that they exhibit notable and physically
meaningful differences. In the revised manuscript, we will clearly state the rationale behind
their design and include a focused discussion of the key results, emphasizing their relevance
to the interpretation of the primary case and the robustness of our conclusions.

We also thank the reviewer for pointing out the mislabeling of the moisture source results
section. As noted, what was labeled Section 4.2 should have been Section 3.2, and this has
been corrected in the revised version.

To address the concern regarding imbalance and underdevelopment of key results, we are
restructuring the Results section to better emphasize the moisture source analysis. The
forthcoming inclusion of Zorbas and Daniel will allow for a broader yet targeted
comparative assessment of moisture uptake across different medicanes. This expansion will
not only provide greater depth but also ensure that the analysis better reflects the systematic
nature of the methodology.



Minor comments
1. 24Fig1b
The suggested correction has been implemented in the revised manuscript.
2. 34-37 It is unclear how this result compares with the above 1. 33-34
We have revised lines 30-37:

“Moisture sources for cyclone precipitation have been extensively investigated, revealing
significant contributions from the Mediterranean Sea alongside remote sources such as the
tropical and extratropical Atlantic Oceans and tropical Africa, with considerable variability
in moisture origin patterns (Winschall et al., 2014; Chazette et al., 2016; Lee et al., 2017;
Raveh-Rubin and Wernli, 2016; Duffourg et al., 2018). Through detailed Lagrangian
analysis of five intense Mediterranean cyclones, Raveh-Rubin and Wernli (2016) showed
that these systems draw moisture both locally from the Mediterranean and from diverse
remote regions, with notable inter-event variability. This inter-event variability in moisture
sourcing was further confirmed by Winschall et al. (2014) through analysis of a larger set
of cyclones under similar large-scale conditions. Building on these findings, Flaounas et al.
(2019) expanded the analysis to an even broader dataset, demonstrating that cyclones
producing heavy rainfall tend to receive increased moisture influx particularly from the
eastern Atlantic and western Mediterranean basin, thereby highlighting the critical role of
moisture source diversity in controlling precipitation intensity.”

3. 45 are there driving processes other than diabatic forcing and baroclinic instability?

In the introduction, we highlighted the main drivers, but the complexity is increasing since
this is mainly studied on a case-by-case basis. We have added the following clarification:

“In addition, mesoscale processes such as air-sea interactions, deep convection, and
orographic forcing can exert a critical influence on the development and intensification of
certain medicanes, particularly during their mature stages as discussed in detail by
Flaounas et al. (2021, Section 4.2). Prominent examples include Medicane Rolf (6-9
November 2011; Miglietta et al., 2013; Ddfis et al., 2018, 2020), the cyclone of 24-26
September 2006 (Moscatello et al., 2008), the October 1996 event (Mazza et al., 2017), and
Medicane Qendresa (7—8 November 2014; Bouin and Lebeaupin-Brossier, 2020).”

4. 47 “They” = medicanes? Flaounas et al. 2018 refer to Mediterranean cyclones in
general

We have clarified this point in the updated version of the manuscript:

“Although Medicanes rarely exceed the intensity of a Category 1 hurricane on the Saffir—
Simpson scale (Miglietta and Rotunno, 2019), they are nonetheless associated with strong
winds, intense rainfall, high wave activity, and storm surges, all of which can pose
significant hazards to densely populated coastal regions of the Mediterranean (Carrio et
al., 2017; Ddfis et al., 2018; Di Muzio et al., 2019; Bouin and Brossier, 2020; Portmann et
al., 2020; Faranda et al., 2022; Lagouvardos et al., 2022; Varlas et al., 2023).”



. 47-52 values would be helpful here: how close is close, near, or proximity? Also, ERA5
used in Zhang et al. 2020 is limited by its horizontal resolution (about 30 km)

Lines have been updated:

“While a medicane may follow an offshore trajectory and be relatively small in size, the
geographically constrained nature of the Mediterranean basin still allows it to produce
significant impacts (Scicchitano et al., 2021; Borzi et al., 2024). The spatial distribution of
winds and precipitation, particularly in relation to complex terrain and landfall, has been
the focus of extensive research due to its potential to intensify local hazards. Zhang et al.
(2020) reported that rainfall totals increase from the centre to approximately 0.8° before
decreasing; however, this pattern may be dffected by the limited horizontal resolution (~30
km) of the ERA5 dataset used in their analysis. Recent findings by Ddfis et al. (2020), which
focus on convective activity within a 200 km radius of the cyclone centre, reveal that only a
subset of Medicanes exhibit intense inner-core convection. Among these, persistent deep
convection in the upshear quadrants emerges as a key driver of intensification.”

51 Lagouvardos
Thank you.The reference to Lagouvardos has been corrected accordingly.
52-54 this last sentence appears disconnected from the paragraph

Thank you for the clarification. Here's a polished version of the revised paragraph, written
as a new standalone paragraph following the response to Comment #5:

“Conversely, Ddfis et al. (2020) identified a subset of medicanes that underwent significant
intensification despite the presence of only weak or sporadic deep convection near their
centers. In these cases, the authors hypothesized that deep convection may play a secondary
role in the intensification process. Lagouvardos et al. (2021) analyzed the evolution of the
intense Medicane Ianos (September, 2020) and similarly reported a temporary weakening
of convective activity prior to its transition into a tropical-like phase. Neverthless, it
achieved a structural organization comparable to other medicanes whose intensification
was accompanied by persistent deep convection, particularly in the upshear quadrant (e.g.,
Trixie and Zorbas; Ddfis et al., 2020; Lagouvardos et al., 2021).”

56 reference?
We have added the appropriate reference: Lagouvardos et al. (2021).

. 69-71 more motivation for the study is needed here: in which sense was the
precipitation associated with Ianos unprecedented, and why does it matter?

“The evolution of Medicane Ianos presents a distinctive case within the spectrum of
Mediterranean tropical-like cyclones. Its development was characterized by initially weak
deep convection prior to intensification, similar to Medicane Qendresa (Ddfis et al., 2020),
and by a later phase marked by high symmetry and intensity, as observed in Medicane
Zorbas (Lagouvardos et al., 2021). Notably, Ianos exhibited cloud-top heights surpassing
those recorded for Medicane Numa (Marra et al., 2019). This rare evolution was
fortuitously captured by satellite overpasses and has been extensively analyzed (D’Adderio
et al., 2022). However, the associated water budget, particularly relevant for understanding
precipitation dynamics (Lagouvardos et al., 2021), remains poorly constrained. Our
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objective is to identify the Lagrangian moisture sources that contributed to Ianos’s
development and to determine whether these pathways are shared with or distinct from
those of other medicanes. To this end, we employ high-resolution simulations that have
undergone prior sensitivity testing, with the goal of advancing both our understanding of
moisture transport dynamics and the modeling fidelity of such events in the Mediterranean
region.”

The highlighted objective is subject to the editor's discretion.

71 a short summary is typically expected here (Section 2 shows this, Section 3 shows
that, ...)

We fully agree that a concise summary of the manuscript structure is necessary for reader
guidance.

80 strictly speaking it is a 24-day period

This has been corrected accordingly.

80 why the model spin-up? (without requiring the reader to dig into the references)
Regarding the model spin-up, the text has been revised for clarity as follows:

“To allow the model to internally adjust from the initial atmospheric and surface conditions
toward a dynamically balanced and physically consistent state.”

83 the configuration sounds unusual: 18 km is quite close to the resolution of ERAS5,
while 6 km lies in the grey zone of deep convection; some discussion is needed here

We agree that this setup, where the outer domain (18 km) is relatively close to the ERAS
native resolution and the inner domain (6 km) falls within the grey zone of deep convection,
merits further clarification.

This configuration was selected as a compromise between the need to resolve key mesoscale
features and the practical constraints of computational cost. The 6 km resolution enables
improved representation of topography-driven circulations, mesoscale convergence zones,
and organized convection, which are essential to medicane development. Although
convection at this scale is only partially resolved, fully convection-permitting resolutions
(<3km) would drastically increase computational demands, particularly given that
Lagrangian moisture source attribution with FLEXPART-WRF requires running high-
resolution, multi-day particle tracking simulations.

To address the limitations associated with the grey zone, we employed the Kain—Fritsch
convective parameterization scheme in WRF, a widely used approach for medicanes that has
been validated in prior literature (e.g., Miglietta et al., 2015; Fita and Flaounas, 2018;
Miglietta et al., 2021). In parallel, FLEXPART was configured to activate both turbulence
and convection parameterizations, following recommendations in Brioude et al. (2013), to
ensure physical consistency between advective and subgrid transport processes. We enabled
the Hanna turbulence scheme (Hanna, 1982), which calculates turbulent mixing in the
planetary boundary layer using WRF-derived fields such as the PBL height, Monin—
Obukhov length, friction velocity, and convective velocity scale.

101 missing reference Beck et al; what is the resolution of ERA5 and MSWEP?
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22,

We have included the citation for Beck et al., as well as the resolutions of ERA5 (0.25°) and
MSWEP (0.1°), in the revised manuscript.

111 Fig 1a; is the yellow box different from the blue box?

Yes, the yellow box in Fig. 1a represents the domain used for the FLEXPART-WRF
simulations, while the blue box corresponds to the larger parent WRF domain.

115-120 without prior knowledge of FLEXPART it is not fully clear why the
mentioned variables and processes are not taken from WRF

We agree that the explanation regarding the necessity of activating turbulence and
convection parameterizations in FLEXPART could be clearer for readers unfamiliar with
the model. Similar to our response to comment #13, we have expanded the manuscript to
clarify this point. Specifically, we have added the following text:

“Following recommendations from the FLEXPART-WRF framework (Brioude et al., 2013),
without turbulence parameterization, FLEXPART operates as a non-dispersive Lagrangian
trajectory model. Using the Hanna turbulence scheme (Hanna, 1982), FLEXPART
internally computes planetary boundary layer (PBL) turbulent mixing based on WREF-
derived parameters such as PBL height, Monin—Obukhov length, convective velocity scale,
roughness length, and friction velocity.”

122-133 the approach is certainly relevant for a systematic identification but as a
single cyclone is investigated here the details of automatic filtering are not needed and
the CyTRACK reference is sufficient

The methodology described forms the foundation for our ongoing expansion toward a multi-
case study framework.

133..
140-158 repetitions between the text and the (long) figure caption

In the revised manuscript, we have streamlined the content to avoid unnecessary repetition.
We have shortened the figure caption to focus on essential visual elements

175 Stohl and James
Resolved.

177-179 similar to 1. 115-120: why not use precipitation and cloud microphysics
information from WRF?

We appreciate the reviewer’s question. Unlike Eulerian methods that rely on grid-based
precipitation or microphysical fields directly from WRF, our Lagrangian approach using
FLEXPART-WRF tracks individual parcels of air. Moisture source attribution is based on
changes in specific humidity along each particle’s trajectory. By focusing on particles that
ultimately contribute to precipitation, our study specifically examines moisture associated
with rainfall. Accordingly, the identification of precipitating particles or air masses is based
on the loss of specific humidity along their Lagrangian trajectories.

183-186 is FLEXPART-WREF or TROVA used here? Or both?
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Typically, software tools are used to execute the Lagrangian tracking methodology. Once
the outputs from a dispersion model (e.g., FLEXPART, FLEXPART-WRF, or
LAGRANTO) are available, these tools facilitate the subsequent steps: defining the target
region, selecting precipitating particles, and backtracking them to identify moisture sources.
Software such as TROVA enables users to specify parameters such as the target region,
tracking duration, and thresholds for identifying precipitating particles through a user-
defined input file.

187 Where is Section 3?
This was a typographical error.

189-193 the purpose of the sensitivity tests is not fully clear; for instance, it would be
helpful to know more about the outcome of these papers and how they compare with
yours

We appreciate this observation. In the revised manuscript, we have clarified the purpose and
relevance of the sensitivity tests. The improved Introduction now more clearly outlines the
scope of our study and the role of these tests in validating and contextualizing our results.

194-197 this information would be useful in Section 2.1
We agree with the reviewer, and the information has now been moved to Section 2.1

198-205 please specify which curve to look at (the simulation names are not very
human-readable)

In the revised manuscript, we will clarified this aspect.

207-208 in which sense is it in closest agreement? As shown below, ERA5 completely
underestimates the observed intensity, which is actually well captured by WRF

Thank you for pointing this out. We clarify in the revised manuscript that the “closest
agreement” refers to the relative performance among different WRF configurations.

209-211 as stated in the introduction
True.
212 which time lag?

The time lag refers to the difference between the minimum mean sea level pressure (MSLP)
of Ianos in the 6-hourly WRF simulations and the recorded minimum MSLP at surface
weather stations, which have hourly resolution. This sentence has been revised in the
manuscript to clarify this point.

213 the camel-shaped time evolution in WRF_full_ndg and WRF_deact_ndg deserves
some comments (or should be removed)

Actually, these results reflect the trajectories obtained from the outputs of these
configurations, where at the earlier stages Ianos is positioned away from its best track. This
will be discussed in the manuscript.

215-217 unclear
We will revise these sentences to clarify the intended meaning.
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219 simulation names in the supplementary are not consistent with the main paper and
only two are shown

We acknowledge the inconsistency and will correct the simulation naming across the
supplementary material. Additional simulation outputs will be included in the Supplement..

220 “most accurate” compared to ERA5? And in which sense?
We will specify the metrics used to assess accuracy (e.g., track position, intensity, wind
fields) and explicitly state that the comparison is relative to ERAS5, where applicable.

221 the deep warm core structure of WRF_FUL deserves some comments (or should
be removed)
We agree this deserves further commentary. We will either elaborate on this feature.

237 it is not clear what should be learned from Section B in the Supplementary
Material, and only one simulation is shown (which name is not consistent with the
main paper)

We acknowledge that the objective of Section B in the Supplementary Material is not
sufficiently clear. This section primarily supports the decision to select the configuration
with nudging above the planetary boundary layer (PBL). We will revise the manuscript to
better reference this section and clarify its role in justifying our model setup.

238-239 more details are needed to support the claim that the wind field is accurate
(when and where in the simulation and compared to which observations); moreover,
the 6 h intervals are clearly not sufficient to depict the simulated wind footprint, which
shows ‘jumps’ in Fig. 3

We will improve the clarity of this part by either moving it to an appendix or developing it
into a dedicated subsection. The meteorological variables, including wind, were statistically
and significantly validated over the entire 24-day simulation period, as detailed in Section B
of the Supplementary Material. The apparent ‘jumps’ in the wind footprint shown in Fig. 3
result from how the figure was composed, depicting the wind within the cyclone’s radius at
each cyclone position. We will revise the figure caption and corresponding text to better
explain this visualization choice.

240 which time step?
We will specify the exact time step being referred to.

243 a number would be helpful
We will include a specific numerical value 1000 to 1400 kg m-1 s-1.

245-274 the dynamics of cyclone Ianos are largely described in the aforementioned
references; it is not clear how their results compare with yours and what is new here
Our simulations, once again, offer strong evidence of well-resolved dynamics of Ianos.

256 missing reference Flaounas et al. 2021; and “major medicane” is not common
terminology

We have included the missing reference to Flaounas et al. (2021) and rephrased “major
medicane” to use standard terminology.

259-260 in the selected WRF simulation?
We will clarify that this refers to the selected WRF simulation and explicitly name it in the
text, although this was already mentioned in lines 233-235.
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266 maximum vertical extent?
Revised.

267 is convection shown somewhere?

Although our study does not explicitly show convection, Fig. 7 is related to this behavior.
These results are consistent with the convective patterns reported by Lagouvardos et al.
(2021), and we will clarify this connection in the revised manuscript.

269-271 in the selected WRF simulation?
We will clarify that this refers to the selected WRF simulation.

275 Section 4.2
Revised.

276-281 the description suggests independent sources of moisture, which does not
match the continuous area suggested by Fig. 6a; this mismatch may be due to the map
rendering that hardly allows identifying coasts

In Fig. 6a, we present the total moisture uptake associated with Ianos over its entire lifetime.
Our aim is not to suggest isolated or independent sources of moisture. Referring to these
regions individually provides a more accurate and nuanced interpretation of the spatial
distribution, which would be obscured by a single, generalized label. Moreover, Figs. 6b—e
display trajectories of selected air masses at specific stages of the cyclone’s evolution,
further supporting the identification and interpretation of moisture uptake regions.

288-297 geographical labels (as in Fig. 1b) or numbering i) ii) iii) on Fig. 6 would be
helpful to follow the discussion
We will improve the figure.

312-313 is this criterion different from the precipitation trajectories in Fig. 6?
The criterion mentioned here is not different from the precipitation trajectories shown in Fig.
6.

319-320 more details are needed on these satellite measurements of Ianos (what, where
and when?)
323-324 what type of satellite data?
We thank the reviewer for these observations. In the revised manuscript, we have clarified
that the satellite data mentioned (from SEVIRI, scatterometers, and the GPM Core
Observatory, including the DPR and GMI instruments) were not directly analyzed in our
study. Instead, we refer to these datasets in the context of findings from previous studies
specifically dedicated to the satellite-based observation of Medicane Ianos (Lagouvardos et
al., 2021; D’Adderio et al., 2022). We have now added information about the temporal
context of these satellite measurements as documented in those works.

327 where and when? Missing reference Hourngir et al., 2021
We have include the missing reference and:

“In the development phase of Ianos on 16 September at 13:40 UTC (D’Adderio et al.,
2022).”

331 what is new compared to Fig. 6?
Fig. 6a presents the total moisture uptake integrated over the entire lifetime of the cyclone,
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providing a comprehensive overview of moisture sources throughout the cyclone’s
evolution. Figs. 6b—e present the trajectories of air parcels located within the cyclone radius
that are directly associated with precipitation during the intensification and mature stages. In
contrast, Fig. 7 refines this analysis by illustrating the moisture uptake field specifically for
the intensification and mature phases. This distinction will be more carefully handled and
clearly explained in the revised version of the manuscript.

332 “Uptake” is a noun
We revised the sentence to ensure proper grammatical usage.

336-338 this information would be helpful in the introduction
We agree and will move this contextual information to the Introduction.

339 focussing the map on the Mediterranean would be more relevant (and readable)
We will adjust the map extent to better center on the Mediterranean and enhance readability.

Fig. 8 is quite busy and the MSLP and VIMF fields are quite noisy, which make the
discussion hard to follow
We will simplify or reformat Fig. 8.

351-352 this information would be helpful in the introduction
We will consider relocating this background to the Introduction for better context-setting.

354 acronym VIMF is not needed as not used
We removed the acronym.

366-367 where is the chanelling or low-level jet to be seen in Fig. 8?

We refer to the wind direction and spatial pattern rather than the presence of a distinct low-
level jet. If the term "channeled" caused any confusion suggesting a low-level jet, we are
happy to revise the wording for clarity.

375-379 it is unclear what to learn from Fig. 9, as only panel (a) is referred to
We will revise the text to refer to all relevant panels in Fig. 9 and clarify the purpose of this
figure.

393-394, 426 “high resolution” is disputable for convective precipitation, which
simulation typically requires horizontal grid spacing of O(1 km).
We respect and appreciate this point of view.

396, 398, 402 it is not common practice to refer to specific figures in the conclusions,
especially to the supplementary material.
We will remove or rephrase these references to align with standard practice in conclusions.

what is an “improved” cyclonic organization?
It was revised to “A well-defined cyclonic circulation”.



