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Response to Editor

Dear Editor,

In response to your comments and those of the reviewers, we have revised the manuscript to address all identified issues. A
detailed, point-by-point response to all comments is provided below, along with a clear description of the corresponding
revisions made in the manuscript.

We believe that these changes have significantly improved the quality and robustness of the study.

Thank you again for your time and consideration.

Sincerely,

Frédéric Talbot

On behalf of all authors

RC1 (https://doi.org/10.5194/egusphere-2025-4450-RC1)

The paper of Talbot et al. addresses the topic of climate change hydrological projections, and specifically the issue of climate
projections bias correction for hydrological modelling, by introducing a variation of the fully asynchronous calibration
approach (in which hydrological models are calibrated directly with raw climate model outputs), whose main feature is

constraining the calibration for each calendar month, rather than over the whole period.

The basic idea behind is conceptually simple, and the new approach is proposed as a “middle ground” between conventional
methods based on climate output bias correction techniques and the fully asynchronous method. Results are interesting and
deserve to contribute to the ongoing discussion on the addressed topic, but before publication, some major changes and/or
clarifications are needed.

We sincerely thank the reviewer for the careful evaluation of our manuscript and for recognizing the relevance of our work in
the context of hydrological projections under climate change. The reviewer provides several constructive comments and

insightful suggestions that we believe will significantly improve the clarity, robustness and overall quality of the manuscript.
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Below, we address each of the reviewer’s comments in detail and outline the corresponding revisions made to the manuscript.

First of all, from a strictly mathematical point of view, a more detailed analysis is needed to examine the differences arising
when using a single distribution rather than 12 distributions derived from the main distribution, highlighting their effects. This
would strengthen the methodology significantly, along with other specific clarifications (e.g., why the calibration is constrained

at a monthly scale rather than, e.g., seasonal or 15-day scales?).

We agree with the reviewer that this aspect was not sufficiently discussed in the original manuscript. The choice of a monthly
temporal scale in the semi-asynchronous method aims to introduce temporal structure while preserving the core principle of
the asynchronous framework, which relies on distribution-based calibration rather than exact temporal alignment.

The monthly scale represents a compromise between coarser (e.g., seasonal) and finer (e.g., 15-day) temporal aggregations. In
this sense, moving from a single annual distribution to 12 monthly distributions enables a partial reintroduction of temporal
information, while still avoiding full temporal synchronization.

In addition, monthly aggregation is commonly used in bias correction methods, including the conventional approach adopted

in this study, ensuring methodological consistency across the compared frameworks.

We acknowledge that alternative temporal discretizations and weighting schemes could be considered. While a formal

sensitivity analysis was beyond the scope of this study, we expect that the main conclusions would remain unchanged.
To address this comment, we have added a few sentences to section 2.3.4 (L314 — L317 of clean manuscript).

“The monthly discretization was selected to capture key seasonal hydrological processes while maintaining enough data points
within each subset for robust distribution estimation. Although other temporal aggregations (e.g., sub-monthly groupings)

could be considered, they are not expected to alter the main conclusions of this study.”

We have also added this sentence to the end of the discussion section to better reflect this point (L712 — L714 of clean

manuscript).

“In addition, exploring alternative temporal discretizations (e.g., sub-monthly groupings) represents a promising avenue for

>

future work to further assess the sensitivity of the method to the chosen temporal structure.’

Then, calibrations based on RMSE (Eqs. 2 and 3) are more strongly driven by higher streamflow values than those based on
KGE (Eq. 1). Therefore, the comparison between the three approaches is compromised by the use of two different objective
functions. I suggest, for at least one catchment, using the same objective function (RMSE) in all cases and checking the changes

and their extent.

The reviewer raises an important concern regarding the influence of the objective function on the comparison between

methods. This point was also raised by the other reviewer. To address this, we recalibrated the conventional method for the



65

70

75

80

Matane catchment using RMSE, in addition to the original calibration based on KGE. This ensures consistency with the

objective functions used in the asynchronous and semi-asynchronous methods.

Figures 1 and 2 present the results obtained using both calibration strategies for the reference period (1981-2010). Figure 1
shows that calibrating with RMSE does not improve the bias in higher streamflow values observed with the conventional

method. In fact, the RMSE-based calibration performs slightly worse than the KGE-based calibration in this regard.

As expected, each calibration performs better according to its own objective function (i.e., higher KGE for the KGE-based
calibration and lower RMSE for the RMSE-based calibration). However, both approaches produce very similar simulated
hydrographs and overall performance (Figure 2), indicating that the differences induced by the choice of objective function

remain limited.

These results confirm that, while the choice of objective function introduces some level of uncertainty, it does not significantly

affect the overall behaviour of the model or the conclusions of this study.

To address this point, we have added the following sentence to Section 4.2 (L715 — L718 of clean manuscript) and the two

figures to the Appendix G:

“Also, the choice of objective function used during calibration of the conventional method represents another source of
uncertainty. Nevertheless, sensitivity tests conducted on the Matane catchment showed that using RMSE instead of KGE for
the conventional method leads to very similar results, indicating that this choice does not significantly influence the

conclusions of the study (Appendix G).”
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Figure 1. Performance comparison between the conventional method calibrated using RMSE and KGE for the Matane catchment
during the reference period (1981-2010). The figure shows the percentage bias between observed and simulated streamflows
obtained using meteorological observations.
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Figure 2. Seasonal streamflow comparison between the conventional method calibrated using RMSE and KGE and observed data
across the Matane catchment.

Another question concerns the extent to which global climate model output can be used in the calibration of a hydrological
model without prior bias correction. I mean, some global models, in some cases, perform so poorly locally that they do not
even reproduce seasonal patterns (e.g., wet winters and dry summers, or vice versa). Is it correct to use raw data in these cases?

Some restrictions should be considered and proposed for practical applications.

We agree with the reviewer that this is an important practical consideration. It is well known that some GCMs may exhibit

substantial biases at the local scale, including an inadequate representation of seasonal patterns.

However, one of the key motivations behind asynchronous and semi-asynchronous approaches is precisely to avoid the
limitations associated with bias correction. While bias correction can improve agreement with historical observations, it may
also smooth extreme events, reduce inter-model variability, and introduce an additional source of uncertainty, as different

correction methods can lead to divergent results.

In the asynchronous framework, calibration is performed directly on streamflow distributions generated from raw climate
model outputs. In this context, model parameters implicitly compensate for biases in the climate inputs, effectively embedding

a form of bias adjustment within the calibration process itself.

Applying bias correction prior to calibration would therefore remove one of the main advantages of these approaches and
depart from the methodological framework proposed in previous studies (Ricard et al., 2019, 2020, 2023). Moreover, our
results show that the projected relative changes in key hydroclimatic variables are consistent between the semi-asynchronous
(without bias correction) and conventional (with bias correction) methods, suggesting that omitting bias correction does not

significantly alter the study’s conclusions, while improving the representation of extreme events.
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That said, we acknowledge that the applicability of these methods may depend on the ability of GCMs to represent essential
climatic features, such as seasonality. In practical applications, preliminary screening of climate models could be considered

to exclude simulations that fail to reproduce key hydroclimatic patterns.
To address this point, we have added the following sentence to Section 2.2.5 (L175 — L180 of clean manuscript):

“Climate model selection was not performed because the objective was not to develop a credibility-based climate change
assessment, but rather to compare the behaviour of the three methods under a common ensemble spanning a wide range of
biases. In practical applications, however, screening climate models based on their ability to reproduce key historical climatic
features, such as seasonality, may help improve the reliability of hydrological simulations. More generally, when studies are
intended to support climate change adaptation, selecting a more credible ensemble after historical evaluation of model

performance may be preferable to using all models indiscriminately (Krysanova et al., 2018).”

Finally, two methodological choices should be better justified, even though I acknowledge they are not the main focus of the
paper.

a) L135: the area covered by a single ERAS cell is equal to 31x31=961 km2, which is bigger than most of the selected
catchments. The choice of referring to ERAS rather than ERA5-Land is weak and partly unclear. Please consider testing at

least one catchment with the finer ERAS5-Land dataset.

We acknowledge the reviewer’s concern regarding the spatial resolution of ERAS and the potential added value of ERAS-
Land. While ERAS5-Land offers a finer spatial resolution (~9 km), the focus of this study is on long-term (30-year) averages,
which tend to smooth out spatial variability. In addition, the study area is non-mountainous and exhibits relatively limited
spatial variability in meteorological conditions. Under these conditions, the added resolution of ERA5-Land is expected to

have a limited impact on the hydrological simulations.

To further assess this point, we followed the reviewer’s suggestion and recalibrated the Matane catchment using ERAS5-Land
data. Figure 3 presents the resulting simulations for the reference period (1981-2010), using both ERAS and ERAS-Land along
with their respective calibration parameters. The comparison shows very similar performance between the two datasets,
indicating that the influence of the meteorological dataset on the simulated streamflow is limited in this case. Interestingly,
ERAS provides a slightly better KGE and a better representation of peak flows than ERAS5-Land for this watershed, which
further suggests that the finer spatial resolution of ERA5-Land does not necessarily translate into improved hydrological

performance in this context.

These results support the use of ERAS in this study and suggest that its impact on the overall conclusions is minimal, assuming
that the Matane catchment is representative of the study area. We acknowledge, however, that ERAS-Land may be more

relevant in regions with stronger spatial gradients (e.g., mountainous areas).
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To address this point, we have added the following sentence to Section 4.3 (L679 — L681 of clean manuscript):

“A sensitivity test conducted on the Matane catchment using ERA5-Land showed very similar results, suggesting that the

impact of this choice is limited in the context of this study.”
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Figure 3. Seasonal streamflow comparison between the conventional method calibrated using ERAS and ERAS-Land and observed
data across the Matane catchment.

b) LL182-185: Using IDW to downscale from more than 1° to 1000 m resolution is a very rough approach! Given the paper's

main objective, less recent climate downscaling experiments, but at a higher resolution, would have been preferable.

We agree with the reviewer that the use of IDW to downscale coarse-resolution climate model outputs to a 1000 m grid is a
relatively simple and approximate approach. However, the primary objective of this study is to compare hydrological
modelling frameworks rather than to assess the impact of different downscaling techniques. To ensure a fair comparison

between methods, it was essential to apply a consistent downscaling approach across all simulations.

In addition, the analysis focuses on long-term (30-year) averages, which tend to reduce the influence of small-scale spatial
variability introduced by the downscaling method. Under these conditions, the use of a more advanced downscaling technique
is not expected to significantly alter the relative differences observed between the conventional, fully asynchronous and semi-

asynchronous methods.

Finally, introducing more complex statistical or dynamical downscaling methods would add an additional layer of uncertainty
and methodological variability, potentially obscuring the interpretation of the differences between the hydrological modelling

approaches. For these reasons, a simpler and consistent approach was preferred in the context of this comparative study.
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Below, I add some other minor comments. I hope my review can help improve the robustness of the research and the quality

of the manuscript.

L90: The concept that the asynchronous method can hinder the temporal coherence in hydrological processes should be better

framed and contextualised. Is it only a problem concerning snow melting?

We agree that this point required clearer framing. The loss of temporal coherence in the fully asynchronous method is not
limited to snowmelt processes, although it is particularly evident in snow-dominated catchments. More fundamentally, it stems
from the calibration framework itself, which does not enforce any temporal alignment between simulated and observed

conditions, as it relies on distribution-based metrics rather than time series comparison.

As a result, inconsistencies can arise in the timing of key processes, such as snow accumulation and melt and these mismatches
can propagate to other components of the hydrological cycle, including streamflow, evapotranspiration and groundwater

recharge.

To address this, we have revised the sentence in the introduction (L89 — L92 of clean manuscript) to better contextualize the

origin of this limitation and clarify that it affects multiple hydrological processes beyond snow dynamics.
L235: unclear. Why “raw data”? I understand the data were corrected using the MBC algorithm.

We agree that this statement was unclear. The term “raw data” was misleading in this context, as the hydrological model is
calibrated using observed meteorological data, while the climate model outputs are bias corrected using the MBC algorithm.

This will be clarified in the revised manuscript. We have replaced this sentence:

“Climate change studies were subsequently conducted using bias-corrected climate model data. Hydrological simulations
were carried out for each climate model over both the reference and future periods, using a hydrological model calibrated

with raw data for each catchment.”
With this sentence (L232 — L234 of clean manuscript):

“Climate change impact assessments were subsequently conducted using bias-corrected climate model data. Hydrological
simulations were performed for each climate model over both the reference and future periods, using a hydrological model

calibrated with observed meteorological data for each catchment.”

LL289-290: That’s true, but, on the other hand, the computational cost of the bias correction should be accounted for. Please

elaborate on that (maybe the best place is Section 4.2).

We agree that the computational cost associated with bias correction should be acknowledged. While the conventional method
includes an additional bias correction step, its overall computational demand remains lower than that of the fully asynchronous

and semi-asynchronous methods, as calibration is performed only once per catchment, rather than for each climate model.
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To clarify this point, we will revise Section 4.2 to explicitly highlight this trade-off between bias correction costs and the
significantly higher calibration cost required by the asynchronous and semi-asynchronous approaches. We have added this

sentence to Section 4.2 (L686 — L687 of clean manuscript):

“Although the conventional method also involves an additional bias correction step, its overall computational demand remains

lower, as calibration is performed only once per catchment.”
LL352-353: Please add units to numbers.
Units were added to the revised manuscript.

LL399-426 and Tables D1-D3: Considering the absolute mean instead of the mean is incorrect. This way, the climate change
signal cannot be properly understood. Furthermore, Figure 5 is not very clear in highlighting the different performances of the
three methods, especially regarding projected changes, which, in my view, is the most important feature to assess (in other

words, how much do the different methods influence the projected climate change signal?).

We will clarify that the absolute mean bias was computed only for the reference period across the 10 catchments to assess how
close each method is to observations. Using the mean bias for the reference period instead could lead to misleading
interpretations, as positive and negative biases may cancel out across catchments, resulting in values close to zero despite
substantial deviations at the individual catchment scale. The use of the absolute mean bias in this context was therefore intended
to better reflect the magnitude of model errors. Moreover, we replaced the mean by the median when summarizing results

across catchments, as the median is less influenced by outliers (following RC2 comments).

However, we agree with the reviewer that using the absolute mean for projected changes is not appropriate, as it prevents a
correct interpretation of the climate change signal. This was corrected in Tables D1-D3, where median changes are will now

be reported instead of absolute values for projected changes, and the associated text will be revised accordingly.

Regarding Figure 5, we acknowledge that the figure presents a large amount of information. Its objective is not primarily to
quantify the climate change signal, but rather to provide a comparative overview of the behaviour of the three methods across
multiple catchments, indicators and periods. Simplifying the figure (e.g., by reducing the number of indicators, periods, or
catchments) would improve readability but would also limit its ability to convey this multidimensional comparison. To address
this, we have added clarifying wording in the figure caption to guide the reader and explicitly refer to Appendix D for a more

detailed assessment.
Fig. 6 is not clear. The caption should explain the meanings of the terms in the legend.
We agree that the caption was not sufficiently clear. It has been revised to explicitly describe the meaning of the legend.

I suggest reversing the order of Appendices E and F, because Appendix F is mentioned first in the text (therefore, Appendix F
should become Appendix E and vice versa). Anyway, the hydrographic network should also be shown alongside the DTM.

8
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The order of Appendices E and F was revised to ensure consistency with their first occurrence in the text. In addition, the

hydrographic network will also be added alongside the DTM to improve the clarity and completeness of the figure.

Fig. 9 (and related text). Looking at Absolute Differences, it seems that the behaviours of Fully-Asynchronous and
Conventional methods are much closer than Semi-Asynchronous and Fully-Asynchronous. Please provide more details about

that.

We agree with the reviewer that this point required further clarification. Additional explanations were added in the revised
manuscript (L557 — L561 of clean manuscript) to better describe the similarities observed between the fully asynchronous and
conventional methods, as well as the differences with the semi-asynchronous approach in terms of absolute changes of Figure

9.

LL628-635: not completely clear to me. Does the conventional method really produce an increased intermodal variability in
the future? Is this a weakness of the conventional method? Why? And is this a problem for maintaining the ensemble’s

diversity?

We agree that this point was not sufficiently clear in the original manuscript and appreciate the opportunity to clarify it. As
shown in Figure 7, the conventional method exhibits relatively low inter-model variability during the reference period
compared to the asynchronous and semi-asynchronous methods. This reduced variability is primarily due to the bias correction
step, which constrains the climate model outputs toward the observed reference conditions and therefore tends to reduce

differences among models during the historical period.

In the future period, however, the inter-model variability of the conventional method increases and becomes comparable to
that of the semi-asynchronous method for several variables, including streamflow, interflow, groundwater recharge, and snow
water equivalent. This behaviour is mainly a consequence of the way the conventional framework is constructed. Bias
correction tends to compress inter-model variability during the reference period so that the simulations fit the historical
reference more closely, but it does not constrain the magnitude or direction of future projected changes. As a result, the distinct
signals carried by each climate model progressively re-emerge in the future period, and the effects of non-stationary biases can

also contribute to increasing inter-model spread.

By contrast, the fully asynchronous method already shows relatively large inter-model variability during the reference period
because it directly uses raw climate model inputs during calibration. This variability remains high in the future period, rather
than increasing substantially, because it is already embedded in the calibration framework from the start. The semi-

asynchronous method shows an intermediate behaviour, with variability that remains more stable between periods.

This behaviour is therefore not necessarily a weakness of the conventional method, but rather a characteristic of how it
processes climate data. It does not reduce ensemble diversity itself, but it changes how that diversity is distributed between the

reference and future periods.
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To improve clarity, this explanation was explicitly incorporated into the revised manuscript, both in the description of Figure

7 (L516 — L519 of clean manuscript) and in Section 4.2 (L646 — L648 of clean manuscript).

LL691-699: This paragraph does not provide particularly novel information. I suggest removing it (or shortening it

substantially) for conciseness.

The paragraph was removed from the manuscript to improve conciseness.
LL732-737: This paragraph is a kind of repetition.

The paragraph was removed from the manuscript to avoid redundancy.

Finally, I could not find some articles cited in the text in the reference section (Senatore et al., 2022; Chae and Chung, 2024).

An overall check would be useful.
A thorough review of the references was conducted, and the reference list was updated accordingly in the revised manuscript.
We appreciate the reviewer’s insightful comments, which will help improve the clarity and quality of the manuscript.

Sincerely,

Frédéric Talbot on behalf of all authors

10
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RC2 (https://doi.org/10.5194/egusphere-2025-4450-RC2)
General comments:

The authors introduce a novel approach for calibrating hydrological models used in climate change impact studies, and
compare the simulation outcomes with the simulation outcomes of two other approaches. The new calibration approach (the
semi-asynchronous calibration approach) is based on the existing fully-asynchronous calibration approach but focuses on
minimizing differences in simulated and observed discharge distributions for each calendar month, instead of distributions for
the full year. The results provide valuable insights and help advance the discussion on calibration methods applied in climate

change impact studies.

Reasons for introducing the semi-asynchronous calibration approach are clearly mentioned and the three calibration
approaches are extensively compared, by looking at differences in both reference and future periods and by looking at different
hydroclimatic variables (not only streamflow). However, clarification of some statements, reconsideration or reflection on
certain methodological choices, and more in-depth discussions are needed before the manuscript can be considered for

publication.
We sincerely thank the reviewer for the careful and thoughtful evaluation of our manuscript.

The reviewer provides a clear and balanced assessment of the proposed semi-asynchronous calibration approach and of the
comparative analysis conducted with the conventional and fully asynchronous methods. We agree that several aspects of the
manuscript require clarification, methodological reflection and deeper discussion to strengthen the robustness and practical

relevance of the proposed approach.

In the revised manuscript, we have addressed all comments raised by the reviewer. Below, we respond to each specific

comment in detail and describe the corresponding revisions we made to the manuscript.

Specific comments:

1. In the abstract and conclusion, it is stated that the semi-asynchronous approach is offered as an compelling alternative for
the conventional method (line 32 and line 688). However, lines 519 — 521 state that the semi-asynchronous method does
not yet match the stability or reliability of the conventional method. It is suggested to add an explicit practical
recommendation on a calibration method for future climate impact studies. In which cases would the semi-asynchronous

method be advised?

We thank the reviewer for highlighting this important aspect. We recognize that the manuscript did not provide sufficiently

explicit practical recommendations regarding the use of the semi-asynchronous method in climate change impact studies.

11
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Our results indicate that the semi-asynchronous method is particularly suitable in situations where the use of raw climate model
outputs is preferred (bias correction can introduce methodological uncertainties, reduce the diversity of climate ensembles,
and smooth out extreme events). This approach is also relevant when there is a desire to avoid bias correction, for example,
when the goal is to preserve the original climate signal and to better represent extreme flood events, particularly for applications
such as infrastructure design under changing climate conditions. In these cases, the semi-asynchronous method maintains the
advantages of asynchronous calibration, since it does not rely on bias-corrected inputs, while improving the temporal coherence

and seasonal realism that are lacking in the fully asynchronous method.

At the same time, our findings confirm that the conventional method remains the most stable and reliable (inter model
variability) approach, especially when hydrological consistency and robustness are the main priorities. For this reason, we do
not propose the semi-asynchronous method as a universal replacement for the conventional approach. Instead, we see it as a

complementary tool that can be used in parallel with the conventional method.

In practical terms, we recommend that the semi-asynchronous method be used together with the conventional method to better
characterize the uncertainty associated with methodological choices in the modelling chain. By comparing results from both
approaches, it becomes possible to assess the sensitivity of projected changes to modelling decisions, such as the use of bias

correction or direct calibration of climate model outputs.

To clarify these recommendations, we have added a paragraph at the end of the discussion section (L704 — L708 of clean
manuscript). This new text explicitly states in which contexts the semi-asynchronous method is advised and explains how it
can be used in combination with the conventional method to provide a more comprehensive assessment of uncertainty. Here

is the text we have added:

“The semi-asynchronous method is especially relevant when there is a need to use raw climate model outputs or when avoiding
bias correction is important for preserving the original climate signal and representing extreme events. Although the
conventional method remains the most robust and stable option for most applications, the semi-asynchronous approach can

1l

be used together with the conventional method to better understand the uncertainty linked to methodological choices.’

2. Line 178: “Despite these biases, all models were retained...”. A set of 18 climate models was used, despite the large biases

for some climate models. It is suggested to reconsider this choice or reflect more extensively on this choice.

We appreciate the reviewer’s suggestion to reflect more extensively on the decision to retain all 18 climate models, including
those with larger biases. Our intention was to capture a wide range of potential climate outcomes, which is essential for robust
climate impact assessments. By including models with varying levels of bias, we were able to evaluate how each calibration
method responds to different climate inputs and to assess the sensitivity of the results to the choice of climate model. This
approach also allowed us to test the robustness of the fully asynchronous, semi-asynchronous and conventional methods when

faced with models that do not reproduce historical patterns as accurately. In the revised manuscript, we have clarified that

12
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retaining all models ensures consistency with broader climate impact studies but also provides a more comprehensive

evaluation of the methods under diverse climate conditions. Here is the text we have added (L171 — L180 of clean manuscript):

“All models were retained to remain consistent with broader climate impact assessments and to ensure that the ensemble
represents a wide range of potential climate outcomes. By including climate models with larger biases, we were also able to
evaluate how each calibration method responds to diverse climate inputs and to test the robustness of the approaches under
varying conditions. Climate model selection was not performed because the objective was not to develop a credibility-based
climate change assessment, but rather to compare the behaviour of the three methods under a common ensemble spanning a
wide range of biases. In practical applications, however, screening climate models based on their ability to reproduce key
historical climatic features, such as seasonality, may help improve the reliability of hydrological simulations. More generally,
when studies are intended to support climate change adaptation, selecting a more credible ensemble after historical evaluation

of model performance may be preferable to using all models indiscriminately (Krysanova et al., 2018).”

3. Lines 249 — 254: Calibration and validation relies on the same observed distribution (26 years). Even though reasons and
implications for this choice are described extensively in the manuscript, it is suggested to reconsider this choice. It is
expected that an observed discharge distribution based on 13 years can still be a stable and representative reference,
particularly because the focus is on the Q5, Q50 and Q95, which are expected to remain approximately when determined
for shorter periods. In case a different discharge distribution for the calibration and validation period is used, this is more

consistent with the conventional calibration method.

In the asynchronous and semi-asynchronous calibration frameworks, the objective is to match the statistical distribution of
observed streamflow rather than to reproduce the year-by-year sequence of historical flows. Climate model outputs do not
represent the actual sequence of wet and dry years observed in the historical record, so separating the observed discharge series

into two shorter periods would not provide a meaningful or consistent target for calibration and validation.

Using only 13 years to define the observed streamflow distribution would also introduce additional uncertainty. With a shorter
period, the distribution of observed flows becomes more sensitive to the presence or absence of specific wet or dry years. This
could result in substantial differences between the calibration and validation targets, not because of model performance, but
simply due to sampling variability. Since the climate models do not follow the historical sequence of years, there is no

mechanism for the models to adapt to these differences, and the comparison would not be robust.

For these reasons, we chose to use the full 26-year observed distribution as a fixed target for both calibration and validation.
This approach ensures that the evaluation of the methods is based on a stable and representative reference, and that the results
are not unduly influenced by the variability of shorter periods. We believe this choice provides a more consistent and

meaningful assessment of model performance within the asynchronous calibration framework.

13
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4. Lines 262 — 266: It is mentioned that calibration and validation periods are separated based on total yearly precipitation
from October to September to ensure an equal distribution of wet and dry years between both periods. Calibration is done
on 13 years, validation on all 26 years. It is unclear which 13 years are selected; the 13 years with a total yearly
precipitation closest to the mean, or the more extreme years? Next to that, please explain why the validation is based on
all 26 years instead of the 13 years that are not used for calibration. This would methodologically be more consistent with

the conventional method.

We agree that the description of the calibration and validation period selection was not sufficiently clear in the original
manuscript. For the calibration period, the 13 years are selected dynamically for each climate model and each catchment to
ensure a balanced representation of dry and wet years. More specifically, the total precipitation from October to September is
first calculated for each year and the years are then ranked from the driest to the wettest. One year out of every two in this
ordered series is subsequently selected, which results in a subset of 13 years distributed across the full range of hydroclimatic
conditions. These selected years are not necessarily consecutive. During calibration, only the simulated streamflow
corresponding to those 13 years is used to evaluate the objective function. We have revised this section of the manuscript to

make this procedure clearer (L265 — L268 of clean manuscript).

Regarding the second point, we agree with the reviewer that using the full 26 years for validation may create confusion and is
less consistent with a standard split-sample approach. Although this choice was initially motivated by the desire to evaluate
model performance against the most robust possible reference distribution, we recognize that a more conventional separation

between calibration and validation periods improves methodological clarity and consistency with the conventional method.

For this reason, we will modify the analysis in the revised manuscript and now use a standard split-sample framework with 13
years for calibration and the remaining 13 years for validation. The corresponding text was updated accordingly, and Table B2

in Appendix B was revised to present the new validation results.

5. Related to the comment above: In climate impact studies, it is common to do a differential split-sample test to test the
performance of the model in climatically contrasting periods. It is recommended to do a differential split-sample test for

the conventional method, as this can provide insights into the performance of the model outside calibration conditions.

We agree that evaluating model performance under climatically contrasting conditions is often an important component of
climate impact studies. However, a differential split-sample test was not considered appropriate in the present study because
it is not compatible with the calibration logic of the asynchronous frameworks. The fully asynchronous and semi-asynchronous
methods are calibrated against a fixed streamflow distribution derived from the full observed record, rather than against the
temporal sequence of specific years. Calibrating these methods on a subset of climatically contrasting years, such as only dry
years, would therefore force the model to identify parameter sets that adapt those years to the full observed distribution. In

practice, this could lead to unrealistic parameter adjustments and would likely produce very poor performance when evaluated
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on wet years, not because of a true lack of model robustness, but because the calibration framework itself is not designed for

this type of test.

To maintain methodological consistency and allow a fair comparison among the three approaches, we therefore applied the
same split-sample test framework to the conventional method rather than introducing a differential split-sample test for only
one calibration approach. In this context, Table B1 presents the calibration and validation results for the conventional method,

and these results are also discussed at the beginning of the Results section.

6. Lines 302 — 306: The RMSE value is computed for each calendar month. Please elaborate on the choice for a monthly
scale, and not (for example) weakly or seasonal scale. It is suggested to analyse how discharge distributions change when

changing from yearly to monthly scale.

This answer is similar to a previous answer to RC1. We agree that the rationale for selecting a monthly temporal scale in the
semi-asynchronous method was not sufficiently developed in the original manuscript. The choice of a monthly scale was made
to introduce temporal structure into the calibration while preserving the core principle of the asynchronous framework, which
is based on matching statistical distributions rather than exact temporal alignment. Moving from a single annual distribution
to 12 monthly distributions makes it possible to partially restore temporal coherence and better account for seasonal

hydrological processes, while still avoiding full synchronization between observed and simulated time series.

The monthly scale also represents a compromise between coarser and finer temporal discretizations. A seasonal scale would
provide less temporal detail and would be less effective at capturing intra-annual variations in hydrological behaviour.
Conversely, a weekly or sub-monthly scale would reduce the number of values available within each subset and could make
the estimation of discharge distributions less robust. In this sense, monthly discretization was considered an appropriate balance

between physical realism and statistical stability.

In addition, monthly aggregation is commonly used in climate and hydrological impact studies, particularly in bias correction
approaches such as the conventional framework adopted in this study. Using the same temporal scale therefore also helps

maintain methodological consistency across the compared calibration approaches.

We acknowledge that alternative temporal discretizations could be explored and that a more formal analysis of the differences
between annual and monthly discharge distributions would further strengthen the methodological discussion. However, such
a sensitivity analysis was beyond the scope of the present study. We nevertheless expect that the main conclusions would
remain unchanged, as the objective of the monthly formulation is primarily to reintroduce a limited temporal structure rather

than to fully redefine the calibration framework.

To address this comment, we have added the following sentence to Section 2.3.4 of the revised manuscript (L314 — L317 of

clean manuscript).
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“The monthly discretization was selected to capture key seasonal hydrological processes while maintaining enough data points
within each subset for robust distribution estimation. Although other temporal aggregations could be considered, such as sub-
monthly periods, or moving windows, for example a 30-day window with daily or weekly shifts, they are not expected to alter

the main conclusions of this study.”

We have also added a sentence at the end of the discussion section to acknowledge this perspective for future work (L712 —

L714 of clean manuscript).

“In addition, exploring alternative temporal discretizations, such as sub-monthly groupings, represents a promising avenue

s

for future work to further assess the sensitivity of the method to the chosen temporal structure.’

Finally, we note that the comparison between a yearly and a monthly distribution-based formulation is, in essence, already

reflected in the present study through the comparison between the fully asynchronous and semi-asynchronous methods.

7. Lines 352 — 357 show RMSE values for the conventional method, but direct comparison with the RMSE values for the
asynchronous methods is not entirely appropriate, as the conventional method uses a different objective function during

calibration.

We agree that the RMSE values reported for the conventional method are not directly comparable to those obtained for the
fully asynchronous and semi-asynchronous methods, since the conventional method was not calibrated using RMSE or a

distribution-based objective function.

In this context, it is expected that the asynchronous frameworks perform better according to this metric, as RMSE on discharge
distributions is directly aligned with their calibration objective. The purpose of reporting the RMSE values for the conventional
method was therefore not to establish a strictly equivalent performance comparison, but rather to provide a reference point and
to show how far the conventional method stands from the distribution-based approaches when evaluated using the same

diagnostic metric.

To make this clearer, we have added a sentence in the revised manuscript explicitly stating that this comparison should be
interpreted with caution and that the better RMSE performance of the asynchronous methods is expected given the differences

in calibration objective functions. Here is the sentence we have added (L358 — L361 of clean manuscript):

“However, this comparison should be interpreted with caution, as the better RMSE performance of the asynchronous methods
is expected given that RMSE on streamflow distributions is directly aligned with their calibration objective, unlike for the

conventional method.”

8. Lines 378 — 399: Figure 4 shows that the conventional method tends to underperform in reproducing extreme events,
mainly high flows. This may relate to the objective function that is selected: KGE for the conventional method, but RMSE

for the asynchronous methods. Peak flows dominate the RMSE objective function, while the KGE focuses more on mean
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flows. It is suggested to check model performance when a model is calibrated using the conventional method but with a

similar objective function (RMSE or NSE).

This answer is similar to a previous answer to RC1. To address this point, we recalibrated the conventional method for the
Matane catchment using RMSE, in addition to the original calibration based on KGE. This additional analysis was performed
to provide a more consistent basis for comparison with the fully asynchronous and semi-asynchronous methods, which both

rely on RMSE-based objective functions.

The results obtained for the reference period show that calibrating the conventional method with RMSE does not improve its
ability to reproduce high flows compared with the original KGE-based calibration. In fact, the RMSE-based calibration
performs slightly worse in this regard. As expected, each calibration performs better according to its own objective function,
with the KGE-based calibration yielding a higher KGE and the RMSE-based calibration yielding a lower RMSE. However,

both approaches produce very similar hydrographs and overall model behaviour.

These results suggest that, although the choice of objective function introduces some degree of uncertainty, it does not
substantially alter the overall performance of the conventional method or the main conclusions of the study. In particular, the
lower performance of the conventional method in reproducing extreme flood events cannot be attributed solely to the use of

KGE instead of RMSE.

To document this analysis, we added two figures in the response file showing the comparison between the conventional method

calibrated with RMSE and KGE for the Matane catchment during the reference period.

To address this point, we have added the following sentence to Section 4.2 (L715 — L718 of clean manuscript) and two figures

to the Appendix G:

“Also, the choice of objective function used during calibration of the conventional method represents another source of
uncertainty. Nevertheless, sensitivity tests conducted on the Matane catchment showed that using RMSE instead of KGE for
the conventional method leads to very similar results, indicating that this choice does not significantly influence the

conclusions of the study (Appendix G).”
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Figure 4. Performance comparison between the conventional method calibrated using RMSE and KGE for the Matane catchment
during the reference period (1981-2010). The figure shows the percentage bias between observed and simulated streamflows
obtained using meteorological observations.
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465 Figure 5. Seasonal streamflow comparison between the conventional method calibrated using RMSE and KGE and observed data
across the Matane catchment.

9. Lines 399 — 432: Figure 5(c) shows large biases for modelling low flows, with the semi-asynchronous method having a
bias of 95.4% (line 420). This could relate to the choice for the objective function as well. Even though this shortcoming

of all three methods is mentioned, a more elaborate discussion on causes and implications of this is missing.

470 We agree that the original manuscript did not sufficiently discuss the causes and implications of the large biases observed for
low flows, particularly for the semi-asynchronous method. One likely explanation is related to the objective functions used in
the calibration. Both RMSE and KGE tend to place greater emphasis on medium to high streamflow values, while errors

associated with low-flow conditions receive comparatively less weight. As a result, all three methods show more difficulty in
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accurately reproducing low flows and this limitation is especially visible for the semi-asynchronous method in the reference

period.

To clarify this point, we have added a sentence in the Results section above Figure 5 to explicitly state that the large low-flow
biases likely reflect the lower sensitivity of the objective functions to errors in low-flow conditions (L424 — L.426 of clean

manuscript).
The following sentence was added to the revised manuscript.

“These large low-flow biases likely reflect the fact that the objective functions used in this study place greater emphasis on

’

medium and high flows, making all methods less sensitive to errors under low-flow conditions.’

10. Line 403 —426: The absolute mean bias are given, which is the mean of the absolute median bias for each catchment. It
is suggested to reconsider using this metric for comparison, as this metric is largely affected by outliers for specific
catchments. A median of the absolute median biases could be more appropriate. Additionally, it is suggested to change

‘absolute mean bias’ to “‘mean absolute median bias’ to prevent confusion.

We agree that the original terminology and summary metric used in this section could lead to confusion. In the original
manuscript, the reference period results were summarized across catchments using the mean of the absolute median biases in
order to reflect the overall magnitude of deviations from observations. However, as pointed out by the reviewer, this metric
can be sensitive to outliers. Following the reviewer’s suggestion, we have revised this part of the analysis and now use the
median instead of the mean when summarizing the absolute median biases across catchments. These changes were

incorporated in the revised manuscript (L403 — L432 of clean manuscript) and in Tables D1 to D3 of Appendix D.

11. Lines 605 — 621: The issue of equifinality is discussed, but mainly focuses on the lack of the fully-asynchronous method
to synchronize certain events/processes. It is suggested to more elaborately discuss how equifinality could be an issue for
the semi-asynchronous and conventional method as well. Could it be that calibrating 17 parameters of a physically-based
hydrological model lead to overfitting in all three methods? (How) can results be generalized to different types of models,

such as more conceptual or empirical models?

We agree that the original discussion focused primarily on the fully asynchronous method and did not sufficiently acknowledge

that equifinality can also affect the semi-asynchronous and conventional methods.

In all three calibration approaches, different parameter combinations can potentially produce similar streamflow performance
while relying on somewhat different internal process representations. In that sense, equifinality is not exclusive to the fully
asynchronous method. However, our results suggest that its magnitude differs substantially among methods. The issue appears

much more pronounced for the fully asynchronous method, which is less constrained in time and can, therefore, achieve a
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good match to streamflow distributions through hydrologically inconsistent combinations of snowmelt timing, surface runoff,

interflow, evapotranspiration, and groundwater recharge.

By contrast, the semi-asynchronous and conventional methods are more temporally constrained and therefore more limited in
the range of internal process combinations that can produce acceptable streamflow simulations. Although these methods are
still subject to equifinality, the problem appears to occur on a much smaller scale, as reflected by the lower intermodel
differences observed for internal variables such as snow water equivalent, groundwater recharge and surface runoff. We
propose to expand the discussion section accordingly to clarify that equifinality remains relevant for all three methods but is

considerably more severe for the fully asynchronous framework.

We do not interpret this issue primarily as overfitting caused by calibrating 17 parameters in a physically based hydrological
model. Rather, we interpret it as the existence of multiple parameter combinations that can perform well according to the
calibration criterion while still generating somewhat different internal dynamics. This is a general equifinality issue in
hydrological modelling, but in our results, it becomes particularly problematic for the fully asynchronous method because

those internal differences are much larger and less hydrologically realistic.

Regarding the generalization of the results to other hydrological model structures, we agree that this remains an open question.
Since the present study was conducted using a physically based distributed model, it is not possible to draw definitive
conclusions for conceptual or empirical models without additional testing. Nevertheless, we do not expect the main conclusions
to be specific to this model structure alone. The underlying issue is linked to the degree of temporal constraint imposed by the
calibration framework, which should also be relevant for other types of hydrological models. That said, differences in internal
process representation may be easier to identify in a physically based model, where internal variables are explicitly simulated
and can be evaluated for physical consistency. In simpler conceptual or empirical models, similar effects may still occur, but
they could be more difficult to detect or interpret. We therefore acknowledge this as an avenue for future work and it was

clarified it in the discussion by adding this sentence (L721 — L725 of clean manuscript):

“Future work should also assess whether the conclusions drawn in this study hold across different hydrological model
structures, including conceptual and empirical models, in order to determine the extent to which the relative behaviour of the

s

conventional, fully asynchronous and semi-asynchronous methods depends on model complexity and process representation.’

12. Line 633: “The conventional method (...) shows an increase in intermodal variability in the future...”. It is unclear on

which result this statement is based. Why would it be a weakness of the conventional method?

We agree that this point was not sufficiently clear in the original manuscript and appreciate the opportunity to clarify it. As
shown in Figure 7, the conventional method exhibits relatively low inter-model variability during the reference period
compared to the asynchronous and semi-asynchronous methods. This reduced variability is primarily due to the bias correction

step, which tends to constrain the climate model outputs toward observed conditions.
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However, in the future period, the inter-model variability of the conventional method increases and becomes comparable to
that of the semi-asynchronous method for several variables (e.g., streamflow, interflow, groundwater recharge, and SWE).
This increase arises because bias correction does not constrain the magnitude of projected changes and differences between
climate models in their future projections are therefore more directly reflected in the simulations. This is an expected behaviour,

as we expect climate models’ variability to increase in future periods.

In contrast, the variability of the asynchronous and semi-asynchronous methods remains more stable between the reference
and future periods, as these approaches directly incorporate the raw climate model signals during calibration. This behaviour
is not necessarily a weakness of the conventional method, but rather a characteristic of how it processes climate data. This

does not reduce ensemble diversity per se, but it changes how variability is distributed between periods.

To improve clarity, this explanation was incorporated into the revised manuscript, both in the description of Figure 7 (L516 —

L519 of clean manuscript) and in Section 4.2 (L632 — L634 of clean manuscript).
Technical corrections:

1. Lines 13 — 17 & Lines 90 — 92: In the abstract and introduction, it is suggested to describe the semi-asynchronous
calibration approach. Rather than mentioning ‘incorporating a monthly temporal structure’, it could help to explicitly

mention ‘calibration on monthly observed discharge distributions’.
This wording was revised in the abstract and introduction.

2. Line 76: ‘Despite these challenges, they recommend using a pre-processing approach rather than post-processing for
climate impact studies.’. This sentence may confuse the reader, as in the end the proposed semi-asynchronous

calibration method uses post-processing.

We agree with the reviewer that this sentence could be confusing in the context of the fully proposed and semi-asynchronous

methods. It was therefore removed from the revised manuscript.

3. Line 82: “Albeit at the cost of reduced temporal synchronicity’. There is not temporal synchronicity at all for the

fully-asynchronous approach. Suggested to remove ‘reduced’.
The changes was made to the revised manuscript.

4. Line 138: Information is given on the temporal resolution of the discharge data (daily measurements), but information
on the spatial resolution is lacking. Is the discharge data available for the outlet point of the catchment only, or are

multiple points in the catchment considered?

Streamflow data were available only at one hydrometric station per catchment, located at the outlet. This clarification was

added to the revised manuscript (L131 of clean manuscript).
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5. Line 151: ‘Established relationships’. Suggested to add a reference.
A reference was added in the revised manuscript.

6. Lines 233: ‘Climate change studies were subsequently conducted using bias-corrected climate model data’. Suggested

to change ‘studies’ to ‘simulations’.
This sentence was revised in the manuscript.

7. Line 295: The added value of the workflow diagram at the end of section 2.3.3 to the manuscript is unclear. Suggested
to remove the diagram and only refer to Ricard et al. (2023), or consider moving the diagram to the beginning of

section 2.3.3.
We moved the diagram to the beginning of section 2.3.3.

8. Lines 344 — 357: Consider summarizing the KGE and RMSE values in a table for a quicker and more concise

overview.

A summary of these results is provided in the main text, while the detailed values remain in Appendix B, as they are not central

to the main research question.
9. Line 352 —353: Units are missing.
Units were added to the revised manuscript.

10. Line 460: Figure 6 is unclear. The explanation of the legend items ‘reference’, ‘future’ is missing. It is unclear if the

bars and lines belong to precipitation or temperature or vice versa. Figure caption can be improved.
The caption was revised in the manuscript.
11. Line 555: Figure 9. Units are missing.

Figure 9 shows relative soil moisture, which is a unitless variable. To make this clearer, we added the word “relative” to the

figure caption in the revised manuscript.

12. Line 586: (...) irrespective of the methodological differences in how streamflow is simulated’. For both the fully-
asynchronous and semi-asynchronous method, streamflow is simulated similarly (using the WaSiM model), but the

calibration approach was different. Reconsider the formulation of this sentence.

We agree that the original formulation was imprecise, since streamflow is simulated using the same hydrological model in all
cases, while the methodological differences lie in the calibration approach. The sentence was therefore revised by replacing
“irrespective of the methodological differences in how streamflow is simulated” with “irrespective of the methodological

differences in the model calibration” in the revised manuscript (L596 — L597 of clean manuscript).
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13. In general, some sections of the manuscript could be written more concisely. Some suggestions:
o Lines 27 — 30 are mostly a repetition of lines 20 — 24.
This repeated passage was removed from the revised manuscript.
o Lines 114 — 119 are a repetition of lines 109 — 110.
This repeated passage was removed from the revised manuscript.
o Lines 189 — 191 are a repetition of lines 186 — 187.
Lines 189 to 191 was removed in the revised manuscript to avoid repetition.
o Reconsider to remove the sentence in lines 313 - 315, as it does not add new information to the manuscript.
We agree that this sentence did not add substantial information and it was removed from the revised manuscript.

o Lines 486 — 488: ‘The left column...” Consider adding these kind of descriptions in the table and figure

captions instead of in the text for better readability.

The description previously included in lines 486 to 488 was moved to the caption of Figure 7. The same approach was applied

throughout the manuscript to improve readability.
o Section 4.1 is quite long. Consider writing this paragraph more concisely or add sub-headings for readability.

To improve readability, the former Section 4.1 was divided into two sections. Section 4.1 remains focused on hydroclimatic
variable representation, while a new Section 4.2 on equifinality was added. As a result, the former Section 4.2 on limitations

and future directions became Section 4.3.
o Lines 691 — 698: This paragraph can be shortened or removed for conciseness.
This paragraph was removed from the revised manuscript for conciseness.
14. Reference list:
o Line 972: A doi link is missing.
The missing DOI link was added to the reference list.
o Line 988: The reference is to a pre-print, while a peer-reviewed final revised version is available as well.
The reference was updated to cite the final peer-reviewed version instead of the preprint.

We sincerely thank the reviewer for the careful reading of our manuscript and for the constructive comments provided. These

suggestions helped us improve the clarity, conciseness and overall quality of the revised version.
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Sincerely,

Frédéric Talbot on behalf of all authors
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