#Editor

Thank you for your guidance regarding the requirements for code availability in GMD
publications. We appreciate the clear instructions on ensuring code accessibility
through a persistent public archive. We have created a persistent release for the exact
version of the downscaling scripts used in this study and have archived it on Zenodo
to meet GMD’s code availability standards. The Zenodo link for our code is:
https://zenodo.org/records/14062314. We will include this link and the associated DOI
in the “Code availability” section of the revised manuscript to ensure compliance with
GMD’s guidelines.

#Reviewer 1

Thank you for your thorough and insightful review of our manuscript. We deeply
appreciate the time and effort you have put into providing such detailed feedback,
which has significantly contributed to the improvement of the manuscript. We take
your comments seriously and have worked carefully to address each one. Below, we
provide detailed responses to each of your suggestions and concerns. Additionally, we
have clarified certain technical aspects and rectified some errors in the manuscript,
both in terms of wording and methodology. We hope the revisions meet your

expectations and help to strengthen the overall quality and clarity of the paper.

Review 1: Line 2: I disagree with the title, in that the downscaling is not to arbitrary
time resolutions. It is to 1-hourly resolutions, and the manuscript does not

demonstrate the ability to interpolate to finer resolutions.

Response 1: Thank you for your feedback. We appreciate your input regarding the title.
We recognize that the current experiments primarily demonstrate downscaling to 1-
hourly intervals. However, our model is designed to support interpolation to finer
resolutions by leveraging the temporal coherence constraint and the encoder-decoder
architecture. We chose to focus on 1-hourly resolutions in this paper as a practical
example but are open to clarifying in the title and abstract that the demonstrated

application is specifically to 1-hour intervals.

Review 2: Line 28: I am not sure what you mean by precise interpolation. The process
of interpolation should inherently be precise by virtue of being a mathematical

exercise, but with a limited accuracy inherent to the method. I suggest rewording to



“accurate.”

Response 2: We agree that the term "precise" may imply an exactness that is limited by
the interpolation method’s inherent accuracy. We have revised the wording to

"accurate interpolation” to more accurately convey our intended meaning.

Revised (line 28): “In climate research, accurate temporal interpolation plays a vital role
in understanding long-term climate variations and assessing the impacts of climate

change.”

Review 3: Line 57: I think it would be more fair to say that reanalysis product temporal

resolutions are mostly on the order of hours, not hours to days.

Response 3: We agree that describing reanalysis product temporal resolutions as
"mostly on the order of hours" would be more accurate. We have updated this section
to reflect this clarification and ensure our wording aligns with current reanalysis

product standards.

Review 4: Line 126: I do not understand what you mean by “wind volume.” Please

elaborate or rephrase.

Response 4: We realize that "wind volume" may have been unclear. Our intention was
to refer to "wind components" or "wind speed" derived from horizontal and vertical

wind vector components. We have revised this term for clarity in the manuscript.

Revised (line 123): “Horizontal and vertical wind components are utilized to calculate

wind speed as part of a composite index (see Section 2.3).”

Review 5: Line 128: Is there any specific reason to not match the resolution of
topography to that of the ERA5 data?

Response 5: We used terrain data with a slightly coarser resolution (15 km) as a balance
between computational efficiency and capturing essential topographic features. This
resolution is sufficient to represent major terrain influences on atmospheric processes
without significantly increasing computational demands. However, we can discuss
this choice more explicitly in the manuscript and explore the potential impact of

matching resolutions in future work.



Revised (line 126): “This resolution is sufficient to represent major terrain influences

on atmospheric processes without significantly increasing computational demands.”

Review 6: Line 131ff: That a region with transitions between climate zones is highly
representative of climate change studies is a very strong statement. I believe that this
statement does not belong into a figure caption, but should be postulated in the bulk
text, discussed further, and above all substantiated with adequate references. In the
absence of a thorough discussion, I am not sure what the statement means in detail,
and it therefore seems rather dubious. A more thorough discussion would also justify
section 2 being a separate section, as currently the section consists of only one
paragraph, which could be moved to section 3, which in turn could be renamed to

“data and methods.”

Response 6: We acknowledge that the statement about the region's representativeness
in climate change studies requires further elaboration and should not be confined to a
figure caption. We have moved this statement to the main text, within Section 2, and
substantiated it with relevant references to clarify its relevance and significance.
Additionally, we have expanded the discussion on the region's representativeness in
climate studies to avoid ambiguity. Following your suggestion, we have combined

Sections 2 and 3 into a unified "Data and Methods" section for coherence.

Revised (line 128):
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“Figure 2. Satellite image of the study area. The study area is outlined by the red
rectangle (base map imagery provided by Esri WorldImagery).”
Review 7: Line 136: Is there a specific reason to use x and y for horizontal and vertical



dimensions? It might be more intuitive to use z for the vertical component, as that is

more commonly used.

Response 7: We opted to use x and y for the horizontal and vertical dimensions to align
with the grid structure of our model. While z is commonly used to represent vertical
components, we had already assigned z to denote the 850hPa geopotential height in
our framework. As a result, we chose to use y for the vertical dimension to avoid any
confusion. We hope this clarifies our decision, but we are open to revisiting this if you

feel a change is necessary.

Review 8: Line 148ff: I suggest removing the technical description from the figure

caption, as this inflates the caption with substance that belongs in the bulk text.

Response 8: We agree that the technical details in the figure caption may be better
suited for the main text to streamline the caption. We have moved this information to
the bulk of the text and keep the caption concise, focusing on the essential elements of

the figure.

Revised (line 142):
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“Figure 3. Overview of the proposed TemDeep framework for self-supervised temporal

downscaling. The overall network structure for temporal downscaling is depicted in the top right

1st inference
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portion of the figure, which is composed of an encoder-decoder structured field prediction network

and a flow estimation module, taking consecutive fields and terrain data as input.”

Review 9: Line 157ff: This is not easily understood by me. It appears that you are
claiming that processes that can occur over long periods of time can also occur in short
periods of time, which I do not agree with. Further, the entire paragraph is worded in
a way that implies that it is entirely speculative, and not substantiated. As a result, I
cannot confidently agree with anything in this paragraph, and am led to disregard
further argumentation that builds on it. I suggest rephrasing the paragraph for more

clarity, and to substantiate the claims made therein.

Response 9: Thank you for your thoughtful feedback on Line 157. We appreciate the
opportunity to clarify our intentions and provide additional substantiation for the
statements made in the paragraph. Our goal was not to imply that atmospheric
processes occurring over long periods can directly occur within short periods. Rather,
we aimed to highlight that certain atmospheric phenomena exhibit self-similar
behavior across different time scales. Specifically, rapid transitions in atmospheric
variables can encapsulate dynamic processes that, while condensed in time, share
characteristics with longer-term evolutions. This concept is supported by the theory of
scale invariance and fractal behavior in atmospheric dynamics, where patterns at one
time scale can resemble those at another (Lovejoy & Schertzer, 2013). For instance,
turbulence and convection processes exhibit self-similar structures across scales
(Schertzer & Lovejoy, 1987). By identifying and utilizing these rapid-transition
scenarios, we can extract valuable information that helps the model learn underlying
atmospheric dynamics without requiring high-temporal-resolution data. In our
methodology, we leverage scenarios with rapid transitions as "proxy" high-resolution
data for pretraining. These scenarios are not meant to replicate long-term processes in
a shorter time but to provide rich information content that enhances the model's ability
to capture complex temporal patterns. We acknowledge that the original wording may
have been unclear and appeared speculative. To address this, we propose to include

additional explanations and references to substantiate our claims:

e Scale Invariance in Atmospheric Dynamics: Atmospheric fields often exhibit scale-
invariant properties, meaning that certain statistical features are preserved across
different temporal and spatial scales (Davis et al., 1994).

e  Self-Similarity in Meteorological Processes: The concept of self-similarity suggests
that small-scale processes can reflect the properties of larger-scale ones, which is

a foundational idea in turbulence theory (Frisch, 1995).



Revised (line 148): "It is easily understood that scenarios with rapid transitions could
reflect a condensed evolution of atmospheric processes, where changes that might
typically occur over longer durations are instead experienced in a compressed time

period(Davis, 1994; Stanley, 1997).”

Review 10: Line 162ff: This paragraph states that changes in certain variables can
signify changes in weather patterns. While I agree with that, I think it would be good
to also incorporate at least a substantiated estimate of how often this is the case, e.g.,
how often a change in humidity actually triggers severe convection. Further, it is not
clear to me why these events should be filtered out. This is especially the case due to
the previous argumentation of an increase in temporal resolution being useful in

capturing the timing of changes in weather patterns.

Response 10: Thank you for your insightful comments. The purpose of filtering events
with rapid transitions was to enhance the model’s capability to capture distinct,
representative patterns of atmospheric change, which serve as “pseudo-labels” during
pretraining. By training on these cases, the model learns to identify dynamic weather
patterns and respond accurately when downscaling at finer resolutions. While
incorporating estimates on the frequency of specific events, such as humidity changes
triggering convection, could add context, we believe that this filtering approach aligns

with our goal of improving temporal resolution by focusing on high-impact scenarios.

Review 11: Line 211: I do not understand how a temperature gradient can be given in
Kelvin, without any reference to physical space (K per meter) or time (K per second).
It is unclear whether this gradient refers to a difference in temperature between
adjacent grid point and adjacent time steps, or something different. Please rephrase for
clarity. Further, the phrasing implies that t2m has vertical gradients, which seems odd

to me.

Response 11: Thank you for highlighting this issue. We agree that specifying the
temperature gradient in Kelvin alone is ambiguous. We have revised the text to clarify
that the gradient refers to temperature differences across either spatial (e.g., K per
meter) or temporal (e.g., K per second) dimensions. Additionally, we have rephrased
the description to avoid implying that t2m has vertical gradients, as t2m refers

specifically to 2-meter air temperature, which typically considers horizontal gradients.



Revised (line 216):
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“Figure 4. Spatial and temporal gradients in 2m fields.”

Review 12: Line 237: It might be useful to very briefly state what an encoder-decoder
architecture is, and what it aims to achieve, at the beginning of this section, as is done

for the section at line 263.

Response 12: We agree that a brief introduction to the encoder-decoder architecture
would be beneficial for readers. We have added a short explanation at the beginning
of this section, similar to the description provided later, to clarify its purpose and

functionality within our model.

Revised (line 228): “The field prediction network is composed of an encoder-decoder
architecture with the inclusion of residual blocks(Azad et al., 2024), as shown in Fig.
6.//

Review 13: Line 301f: Table 1 does not show downscaling from 6-hourly to 1-hourly
intervals, and it should be stated that rh and z are only downscaled from 2-hourly to

1-hourly intervals.

Response 13: We have revised the text to clarify that Table 1 does not include
downscaling from 6-hourly to 1-hourly intervals, and that relative humidity (rh) and

geopotential height (z) are only downscaled from 2-hourly to 1-hourly intervals.

Revised (line 306): “Table 1. Performance comparison among different methods based
on Re. According to Eq. 9, the result of linear interpolation is set to 0 as the basis for
comparing other methods. Among all unsupervised comparison methods, TemDeep
achieved the best performance, approaching the supervised TemDeep*. rh and z are

only downscaled from 2-hourly to 1-hourly intervals.”

Review 14: Line 303ff: This subsection describes the methods used to evaluate the

performance of TemDeep, and therefore belongs in section 3.



Response 14: We agree that the performance evaluation methods should be part of the
methodology section for consistency. We have moved this subsection to Section 3, so

that all methodological details are consolidated.

Review 15: Line 322ff: The table caption should contain a description of the structure

of the table, not an interpretation of the results.

Response 15: We agree that table captions should focus on describing the table's
structure rather than interpreting the results. We have revised the caption to provide
a clear description of the table's organization and contents, moving any interpretative

text to the main body of the manuscript.

Review 16: Line 324: Saying that TemDeep performance approaches performance of
TemDeep* seems plausible, but using the word “closely” seems to be an optimistic
stretch in some cases (e.g., t2m(2h—1) and t2m(3h—1)). It might be better to rephrase
to not overstate the performance, or to argue why this qualifies as “closely

approaching.”

Response 16: We agree that “closely” may overstate the performance comparison in

some cases, such as for t2m (2h—1) and t2m (3h—1). Corrected.

Revised (line 308): “Among all unsupervised comparison methods, TemDeep

achieved the best performance, approaching the supervised TemDeep*.”

Review 17: Line 371ff: As diurnal variations are relevant to the evolution of the
assessed fields, it would be good to state whether these times are in UTC or the local

time within the region.

Response 17: We agree that specifying the time zone is important, particularly given

the relevance of diurnal variations. We have clarified the times mentioned are in UTC.

Revised (line 363): “Hourly interpolation is conducted between 08:00 and 12:00 on
January 1, 2021, to obtain three interpolated fields at 09:00, 10:00 and 11:00 (UTC).”

Review 18: Line 376: The use of the word “exactly” makes this a very strong claim, and
I therefore suggest replacing it with “closely,” unless the exactness of the alignment

can be clearly demonstrated.



Response 18: We agree that “closely” is a more accurate term, as it avoids implying
an absolute alignment that may not be fully substantiated. We have replaced “exactly”

with “closely” to provide a more precise description of the alignment.

Revised (line 368): “Due to the sensitivity of f2m to altitude, the temperature gradient
near the Sichuan Basin is clearly depicted, closely aligning with the contour of the

actual altitude gradient, as marked by the rectangle.”

Review 19: Line 381f: I think the conclusion is worded too strongly. It is only
demonstrated that TemDeep can capture non-linear transitions in this specific case,
and therefore the conclusion should be that TemDeep is not incapable of capturing
these transitions. It cannot be concluded that it is guaranteed to capture all non-linear
transitions, as the presented conclusion in the manuscript somewhat implies. I suggest

rewording the conclusion to be more careful.

Response 19: We agree that the current wording may overstate the model's capability

in capturing non-linear transitions. Corrected.

Deleted (line 372): “Heneeit-canbe-conchided-that the FembDeecp-method-effectively

Review 20: Line 401f: It might be good to state the temporal interval to which the
downscaling was performed. This would clearly indicate to which temporal resolution
the model is demonstrated to perform well, and above which this has not been

demonstrated.

Response 20: We agree that specifying the exact temporal interval for which the
downscaling was performed would add clarity. We have stated that the model's
performance was demonstrated at the 1-hourly resolution, distinguishing it from finer

resolutions that have not been tested.

Revised (line 392): “Experiments on three variables (t2m, z, rh) indicate that the
proposed TemDeep model can accurately reconstruct the evolutionary process of
atmospheric variables at the 1-hourly resolution, superior to other unsupervised

methods.”

Review 21: Line 403ff: As it has not been demonstrated that the model performs well
when downscaling to resolutions finer than 1-hourly, this manuscript strongly
motivates further research into assessing how far re-analysis data can be meaningfully

downscaled. This is especially the case, as the motivation presented in the beginning



is that high-resolution data are very useful for certain applications. While I understand
that the validation of finer resolutions is made difficult by the absence of re-analysis
data to compare the downscaling results to, I still believe that mentioning this is of

value.

Response 21: We agree that exploring the model's potential for downscaling to
resolutions finer than 1-hourly would be valuable, given the applications that benefit
from high-resolution data. However, as you noted, our validation is constrained by
the temporal resolution of the available reanalysis data—specifically, the ERA5 dataset,
which only provides data at 1-hour intervals. We have added a note in the manuscript
to clarify this constraint and emphasize the need for further research to investigate the
feasibility of meaningful downscaling beyond the 1-hour resolution, should higher-

frequency datasets become available in the future.

Revised (line 394): “Since ERA5 only provides data at 1-hour temporal resolution,
further research will focus on identifying datasets with higher temporal resolution for

more accurate downscaling.”

Review 22: Figures 4 and 5: The gradient should not be given in K, as the spatial and

temporal dimensions are unclear.

Response 22: We agree that expressing the gradient in Kelvin (K) without specifying
spatial and temporal dimensions can be misleading. We have revised Figures 4 and 5
to clarify the units by either specifying the gradient as a rate (e.g., K per unit distance
or time) or adjusting the notation to clearly represent the intended spatial and

temporal scales.
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Review 23: Figure 9: It might be better to label the bottom colorbar as “Relative
Humidity [%],” as this would immediately clarify which quantity is being shown. It is
already clear from the unit itself that it is a percentage. Also, it might be useful to set
the upper boundary at 100%, as relative humidity generally does not exceed 100% by

much.

Response 23: Thank you for the helpful suggestion. We agree that labeling the colorbar
as “Relative Humidity [%]” would improve clarity, and setting the upper boundary at
100% is indeed more appropriate, given that relative humidity rarely exceeds this
threshold. Corrected.
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#Reviewer 2

Review 1: Further explanation of the physical meaning of regularization: The spatial



and temporal continuity regularization terms enhance smoothness in downscaling
fields. However, further explanation of their physical relevance would increase
interpredictability, such as how these constraints reflect realistic atmospheric system

evolution characteristics.

Response 1: Thank you for your suggestion to elaborate on the physical relevance of
the spatial and temporal continuity regularization terms. We agree that additional
explanation would enhance the interpretability of these constraints in the context of
atmospheric system evolution. The spatial and temporal continuity regularization
terms are designed to reflect the inherent smoothness and gradual progression
commonly observed in atmospheric processes. Atmospheric fields typically exhibit
continuity across both spatial and temporal dimensions due to physical constraints
like mass conservation, energy balance, and fluid dynamics, which govern the
evolution of these systems (Lorenz, 1969; Holton and Hakim, 2012). For instance,
atmospheric variables such as temperature and humidity tend to vary gradually over
short distances and time intervals, as abrupt changes are physically unrealistic under
normal conditions. Spatial continuity regularization enforces a smooth gradient across
neighboring grid points, simulating how atmospheric properties tend to vary
continuously across regions. This aligns with principles of geophysical fluid dynamics,
which suggest that atmospheric variables are influenced by local surroundings,
leading to correlated values across neighboring points (Charney, 1948; Gill, 1982).
Temporal continuity regularization, on the other hand, helps ensure that changes in
the downscaled fields remain consistent over consecutive time steps. This reflects the
physical principle that, barring extreme events, atmospheric properties do not
undergo sudden, large fluctuations within short time intervals. Gradual transitions are
typical due to the inertia in atmospheric systems and the continuous nature of energy
and momentum transfer across time (Emanuel, 1994). Temporal coherence is especially
relevant in meteorological applications where the predictability of evolution
patterns—such as the movement of weather fronts or pressure systems—relies on
smooth temporal transitions. Incorporating these regularization terms therefore
makes the downscaling model more physically plausible by emulating the inherent

continuity of atmospheric fields.

Review 2: Evaluation of Model Complexity and Computational Efficiency: Although
this approach outperforms other unsupervised methods in restoration rate, the
computational cost’'s impact on practical applications remains undiscussed.
Evaluating the model’s computational efficiency, especially in large-scale

meteorological datasets or real-time applications, would provide valuable insights.



Response 2: Thank you for raising this important point. We appreciate your suggestion
to evaluate the computational efficiency of the model, especially in the context of large-
scale meteorological datasets or real-time applications. In terms of computational cost,
we have conducted initial evaluations to assess the model's inference time. For a
typical inference, the model's processing time is approximately 800ms per sample,
which demonstrates relatively fast performance. While this is an encouraging result
for real-time applications, we acknowledge that the scalability of the model,
particularly when applied to large datasets, needs further investigation. For large-scale
meteorological datasets, the computational cost can increase depending on the size of
the input data, the complexity of the model architecture, and the number of model
parameters. We plan to conduct further evaluations on model scalability, including
batch processing capabilities and performance across different hardware

configurations, in future work.

Revised (line 398): “To enable real-time downscaling and more refined forecasting,
we will also work on simplifying the model architecture to reduce computational
complexity, making it more feasible for deployment in operational environments

where fast processing times are critical.”

Review 3: Add more discussion on comparison with traditional down-scaling methods:
to illustrate the advantages of TemDeep comparing to one or more physics-based
numerical models, explain why this approach achieves superior performance in
restoration rate and consistency under unsupervised conditions could offer deeper

insights.

Response 3: Thank you for your insightful comment. We appreciate the opportunity
to provide further discussion on the comparison with traditional downscaling
methods. In our manuscript, we aim to highlight the advantages of TemDeep,
particularly its performance in terms of restoration rate and consistency under
unsupervised conditions. Unlike traditional physics-based numerical models, which
rely heavily on predefined physical principles and assumptions, TemDeep leverages
data-driven deep learning techniques to capture complex, nonlinear relationships
within atmospheric data. This enables TemDeep to adapt to various data patterns and
achieve high performance even in the absence of labeled data. Traditional downscaling
methods, such as those based on statistical or physics-based approaches, often struggle
to generalize across different regions and climates due to their reliance on specific
physical assumptions or simplified models of atmospheric processes (Wilby & Wigley,
2000). On the other hand, deep learning-based models like TemDeep have the



flexibility to learn more complex patterns directly from the data, leading to superior

performance in areas such as temporal consistency and restoration rate (Pirot et al.,
2020). Furthermore, TemDeep's encoder-decoder architecture, combined with self-

supervised learning, allows the model to effectively capture both fine-grained
temporal and spatial relationships without the need for extensive labeled data, which
is often a limiting factor for traditional methods (Liu et al., 2021). These advantages
make TemDeep a promising approach for downscaling in applications where data
quality or resolution may be limited. We have included additional references to further
substantiate these claims and clarify the benefits of TemDeep compared to traditional

downscaling techniques.
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