Response to Reviewer #1
Manuscript Title: Hourly-Scale Modeling of Storm Transitions in Southern Brazil with
Markov Chains

We sincerely thank the reviewer for their careful evaluation and constructive comments,
which have helped improve the quality and clarity of the manuscript. Below, we provide
a detailed response to each comment.

Comments of the reviewer #1

The article is well written and well structured. However, there are still some points that
deserve attention in the manuscript review.

1. Abstract: The abstract presents an excess of numerical results, which in some
sections could be described in a more qualitative way, in order to avoid
overloading information in a synthesis that should be concise. In addition, |
recommend that the research objective be clearly separated from the
methodology employed in the second sentence of the abstract.

R/ Thank you for your comment; the summary has been improved.

2. Introduction: The first and second paragraphs lack more robust justifications for
the development of the study. Expand the discussion on the trends observed in
precipitation extremes in the Southern Region of Brazil over the last few decades,
incorporating more recent references.

Furthermore, it is important to specify which main atmospheric systems are associated
with these events, such as Mesoscale Convective Complexes, the South American Low-
Level Jet, and frontal systems, among others. Although these aspects are explored in
depth in the results, a brief mention in the Introduction would further clarify the study's
physical framing.

It is recommended to consider, for example, the following references:
e https://doi.org/10.1007/s00704-007-0329-x
e https://doi.org/10.1002/joc.5031
e https://doi.org/10.1002/joc.7119
e https://doi.org/10.1080/02626667.2020.1863969
e https://doi.org/10.1002/joc.7911

Reorganize the last paragraph of the Introduction to more clearly separate the
motivation for the work from the specific objectives of the study.



Although the research is based on hourly-scale data, this scale is not conceptually
explored in the Introduction; in this context, the concept of nowcasting could be
mentioned.

R/ Thank you for your comment; the introduction has been improved.

3. Study Area: In Table 1, the meaning of the variable "desvest" is unclear and
should be explained. In addition, the average precipitation figure needs
clarification: is it an hourly average, right? Carefully review this data and detail
your findings better in the text.

R/ Thank you for your comment; Table 1 has been revised.

4. The relationship between storm occurrence and the geomorphology of the study
area could also be discussed in greater depth.

R/ Thank you for your comment; the discussion has been improved.

5. Methodology: It is necessary to clarify which references supported the choice of
thresholds corresponding to the 95th and 99th percentiles. In this context, the
climate extremes indices proposed by ETCCDI can be mentioned, for example.

R/ Thank you for your comment; this methodological aspect has been addressed.

6. Is the definition of the 5 mm threshold for characterizing storms widely adopted
in the literature? How are storms with high precipitation rates in short intervals,
such as 15 minutes, treated? In addition, the consideration of wind gusts could
be discussed, since wind can precede precipitation and cause significant damage,
operationally characterizing a storm.

R/ We thank the reviewer for this insightful comment. The storm definition adopted in
this study, based on a minimum accumulated precipitation threshold of 5 mm and a
separation period of 6 hours without rainfall, follows commonly used criteria in event-
based precipitation analyses to ensure the identification of independent and
hydrologically relevant events (e.g., Lamijiri et al., 2017; Palecki et al., 2005).

Regarding short-duration, high-intensity events (e.g., 15-minute bursts), the hourly
temporal resolution of the dataset does not allow their explicit identification as
independent events. However, their contribution is inherently captured within the
hourly aggregation, particularly through the maximum intensity variable.

With respect to wind gusts, we agree that they are relevant for operational definitions
of storms. Nevertheless, the scope of this study is focused on precipitation-driven
processes, which are directly linked to hydrological impacts such as runoff generation
and flooding. Therefore, wind-related variables were not considered.



7. In line 121, it is unclear how the stations were grouped; was any clustering
method used?

R/ We thank the reviewer for this comment. The paragraph has been revised to avoid
any implication that a clustering method was applied, and to clearly indicate that the

analysis was purely exploratory.

8. Inline 174, the stationarity of the process is assumed, but it is unclear whether
it was tested or merely postulated.

R/ We thank the reviewer for this comment. The stationarity of the process was not
assumed but evaluated through chi-square tests of temporal homogeneity for each
station and season. The results (p > 0.05) indicate stable transition probabilities over
time, supporting the use of time-homogeneous Markov chains. The manuscript has been
revised to clarify this point.

9. Results: In Figure 4, the distinction between continent and ocean does not
appear.

R/ Thank you for your comment. The map has been updated.

10. In line 207, it is worth noting that extreme events are not necessarily outliers in
the physical sense; in fact, it is possible to estimate outliers within the set of
extreme events.

R/ We thank the reviewer for this comment. The text has been revised to avoid confusion
between outliers and extreme events.

11. In Figure 5, it would be interesting to include the annual boxplot as well. | suggest
evaluating the possibility of reorganizing the figures by precipitation intensity
classes to make the comparison between seasons more efficient.

R/ Thank you for your comment. We have updated Figure 5 with the annual box plot and
revised the analysis.

12. The analysis regarding autumn was poorly explored. The transitional nature of
this season could be better discussed, with a focus on the fact that the escalation
to severe states is statistically rare during this period.

R/ We thank the reviewer for this suggestion. The discussion of the fall season has been
expanded to better highlight its transitional nature, emphasizing that the escalation
toward severe states is statistically rare during this period.

13. In line 302, it is emphasized that not only the frontal systems themselves should
be considered; Spring sometimes experiences a higher frequency of cold fronts.



Therefore, it is important to highlight the role of more stable air associated with
migrating anticyclones.

R/ We thank the reviewer for this comment. The manuscript has been revised to
highlight the role of stable air masses associated with migrating anticyclones, in addition
to frontal systems.

14. In line 315, also mention the katabatic flow of the Andes and its interaction with
the LLJ, which favors the occurrence of Mesoscale Convective Complexes in the
region.

R/ We thank the reviewer for this suggestion. The manuscript has been revised to include
the role of downslope flow from the Andes and its interaction with the LLJ in favoring
Mesoscale Convective Complexes.

15. Carefully review the use of abbreviations throughout the text, ensuring that all
are defined on their first occurrence (for example, LLJ in lines 299 and 315).

R/ We thank the reviewer for this comment. The manuscript has been carefully revised
to ensure that all abbreviations are defined at their first occurrence.

16. Conclusions: The conclusions are relatively weak and do not clearly demonstrate
the study's scientific novelty. | recommend reducing the presentation of
numerical values, which have already been extensively discussed in the results
section, and emphasizing the work's original contributions and its specific
practical implications more objectively.

R/ Thank you for your comment; the conclusions has been improved.



Response to Reviewer #2
Manuscript Title: Hourly-Scale Modeling of Storm Transitions in Southern Brazil with
Markov Chains

We sincerely thank the reviewer for their careful evaluation and constructive comments,
which have helped improve the quality and clarity of the manuscript. Below, we provide
a detailed response to each comment.

Comments of the reviewer #2

The study investigates the sub-daily dynamics of storms in southern Brazil (Rio Grande
do Sul — Drainage Area of the Lagoons, DAL), modeling transitions between storm
intensity states using seasonal first-order Markov chains based on hourly precipitation
data from 15 INMET stations (2007-2024).

The manuscript presents several strengths. First, the hourly scale of analysis represents
a relevant contribution for the region, where most previous studies have focused on
daily or monthly scales. Second, the seasonal separation of the modeling framework
improves the physical consistency of the results, acknowledging the strong seasonal
modulation of rainfall dynamics. In addition, the dataset is reasonably robust, comprising
15 stations and recent observations. Nevertheless, the temporal coverage (17 years)
could ideally be extended to better represent long-term climatological variability. The
study also offers practical applicability, providing useful insights for hydrological
modeling, flood risk management, and infrastructure planning in the study region.

However, the reviewer identifies several aspects that should be strengthened before the
manuscript can be considered for publication:

1. Although the title refers to Variable Length Markov Chains (VLMC), the
implemented framework is essentially a first-order Markov chain with seasonal
segmentation. There is no comparison with second-order chains, non-
homogeneous Markov models, or integration with atmospheric covariates.

R/ We sincerely thank the reviewer for this insightful and constructive comment,
which helped us improve the clarity and positioning of the manuscript.

First, we have revised the manuscript to clarify the methodological framework and
avoid potential ambiguity regarding the use of Variable Length Markov Chains
(VLMC). The approach is now consistently described as a Markov chain framework
with seasonal segmentation, which more accurately reflects the implemented
methodology.

Second, temporal variability was explicitly addressed through chi-square tests of
temporal homogeneity for each station and season. The results (p > 0.05) indicate



that transition probabilities remain stable within each seasonal subset, supporting
the assumption of time-homogeneous Markov chains and addressing potential
concerns related to non-stationarity.

Third, higher-order Markov models were considered; however, statistical tests
consistently supported a first-order structure. Adopting higher-order models would
increase complexity without clear gains and would limit the spatial interpretability
of transition probabilities, which in this study is achieved through a 3x3 matrix
representation that enables direct climatic and topographic interpretation.

Finally, the study focuses on the intrinsic transition dynamics derived from
precipitation data. For this reason, atmospheric covariates were not incorporated, as
the objective was to provide a parsimonious and physically interpretable framework.
The inclusion of external drivers represents a valuable direction for future research.

2. The model lacks out-of-sample validation and does not include comparisons with
alternative modeling approaches, which limits the assessment of predictive skill
and robustness.

R/ We sincerely thank the reviewer for this important comment. In the revised
manuscript, we have explicitly clarified and delimited the objective of the study—
particularly at the beginning of the Abstract and in the Introduction—to emphasize
that the work focuses on the probabilistic characterization of storm-state transitions
rather than on predictive forecasting.

We agree that out-of-sample validation and comparisons with alternative models are
essential in predictive modeling frameworks. However, given the defined scope of
this study, the emphasis is placed on understanding the temporal structure and
persistence of rainfall events, rather than on evaluating predictive skill. For this
reason, out-of-sample validation and model comparison were not included. These
aspects are recognized as valuable directions for future research.

3. The physical discussion remains relatively superficial. The connections with the
Low-Level Jet (LLJ), Mesoscale Convective Complexes (MCCs), and regional
circulation patterns are predominantly qualitative and would benefit from a
more quantitative analysis.

R/ We sincerely thank the reviewer for this valuable comment. We have carefully
considered this suggestion and, in the revised manuscript, we have expanded the
discussion of the physical mechanisms associated with storm dynamics throughout
the document. In particular, the roles of the Low-Level Jet (LLJ), Mesoscale



Convective Complexes (MCCs), frontal systems, migrating anticyclones, and
downslope (katabatic) flow from the Andes have been further developed and better
integrated into the interpretation of the results.

4. The connection with climate change is still limited. Although CMIP6 projections
are mentioned in the discussion, there is no temporal analysis of trends in
transition probabilities, nor an evaluation of non-stationarity in the Markov
matrices.

R/ We sincerely thank the reviewer for this important comment. We have expanded
the discussion on climate change in Section 4.4 (Discussion of Results), strengthening
the interpretation of our findings in the context of recent observations and CMIP6
projections.

In addition, the stationarity of the transition probabilities was formally evaluated
through temporal homogeneity tests, which supported the assumption of stable
behavior within the analyzed period. This aspect has been clarified in the manuscript.
Furthermore, we have extended the discussion to acknowledge that, under
projected climate change scenarios, storm dynamics may exhibit non-stationary
behavior in the future, particularly in terms of increasing probabilities of more
intense states.

Therefore, prior to acceptance, the following improvements are recommended:

a) Include comparisons with Hidden Markov Models and second-order Markov
chains;

R/ We thank the reviewer for this suggestion. As addressed in a previous comment,
higher-order Markov models were evaluated, and results supported a first-order
structure. The use of Hidden Markov Models was not considered necessary, as the storm
states are directly observed. These aspects have been clarified in the revised manuscript.

b) Incorporate predictive validation (e.g., out-of-sample testing or cross-validation);

R/ We thank the reviewer for this suggestion. As addressed in a previous comment, the
objective of this study was explicitly delimited to focus on probabilistic characterization
rather than predictive performance; therefore, out-of-sample validation was not
included. This has been clarified in the revised manuscript.

c) Test for temporal trends in the transition matrices;

R/ We thank the reviewer for this suggestion. Temporal variability in the transition
matrices was assessed through chi-square tests of temporal homogeneity, which did not
indicate significant changes over time. Therefore, no clear temporal trends were
identified. This has been clarified in the revised manuscript.



d) Explore potential non-stationarity in the time series.

R/ We thank the reviewer for this suggestion. Potential non-stationarity was addressed
by dividing the data into seasonal subsets, allowing the transition dynamics to vary
between seasons. Within each subset, temporal homogeneity tests indicated stable
transition probabilities over time. Therefore, no significant non-stationary behavior was
detected within the analyzed period. This has been clarified in the revised manuscript.

Overall, while the study presents relevant regional contributions, the inclusion of the
above methodological and diagnostic enhancements would substantially strengthen its
scientific robustness and suitability for publication in an international journal.



