Dear Editor,

We acknowledge the effort the referees have taken to review our manuscript. Their constructive
feedback has helped us improve the clarity and message of our work. Please find below our
responses to the comments made by each referee. The corresponding changes in the manuscript
appear in blue. We hope that our revisions address all concerns and that the manuscript is now
suitable for publication.

Response to Referee #1:

We thank Referee #1 for his/her positive evaluation of our manuscript. We appreciate his/her
recognition of the structure and clarity of our study, as well as the importance of incorporating time-
dependent observation-based forcing into the MJO skeleton model, and that he/she finds our
discussion of the model’s strengths and limitations to be rigorous. Since Referee #1 recommends
acceptance of the manuscript in its current form, no further modifications are needed in response to
their comments.

Response to Referee #2:

We appreciate his/her detailed critical assessment of our work. Nevertheless, it seems that the
objective of our work has not been properly captured. In this paper we have complemented the
standard formulation of the stochastic skeleton model with time-dependent forcings computed from
observation data. Our objective was to evaluate the model’s ability, under this more realistic type of
forcing, to reproduce key MJO characteristics and, in particular, its ability to reflect changes in
these characteristics under the different phases of ENSO. To this end we have kept all parameter
values of the original model at the values already established in the literature, without any
additional tuning, and described in detail which aspects of the real phenomena are well described by
the model with the new forcing and which are not. We have presented all the results obtained in a
transparent manner, reporting both the ones for which the model performs well and the ones for
which it shows limitations.

Below, we address each of the reviewer’s concerns and clarify aspects of our study.

1. No clear evidence that time-dependent forcing improves MJO simulation.

a. This study replaces traditional time-independent forcing with time-dependent forcing; however,
there is no clear evidence that this modification has led to any improvement. In fact, there is even a
possibility that the model’s reproducibility has deteriorated.

b. Specifically, the model fails to predict the timing of MJO events and does not capture seasonal
variations.

c. Moreover, applying a 3-month moving average to the forcing might have smoothed out important
time variations, potentially leading to a failure in reproducing the MJO’s temporal variability.

d. These results contradict the stated research objectives, and the advantages of using time-
dependent forcing remain unclear.

Response: Our study does not claim that time-dependent forcing improves MJO simulation. As
mentioned above, the objective is to evaluate the model’s ability, under a more realistic type of



forcing, to reproduce important MJO characteristics and to capture effects of seasonal and longer-
term variability on these characteristics. We highlight that:

e The model successfully reproduces observed convective variance and climatology on
planetary scales.

e We identify MJO events in the model using an RMM-like index (the SMM index) and show
statistical agreement with observed event characteristics, including events’ duration, total
angle covered in RMM/SMM phase-space and maximum amplitude of the index. We did
check that the reproducibility had not deteriorated over the time-independent model. We
now include in Sect. 7.2 (lines 308-312) some numbers supporting that the inclusion of
time-dependent forcing indeed improves (although in a small amount) the results with
respect to the simulation with time-independent simulation.

e We highlight the limitations of the model in reproducing MJO’s spatial variations and
seasonality as well as the impact of ENSO on the chosen MJO’s characteristics.

While the model does not fully capture seasonal variations in MJO occurrences, we discussed this
limitation and provided proper explanations, including the effect of averaging over three-month
periods. In fact, the 3-month average was applied to smooth out the monthly temporal variations of
the forcing data. This helps capturing longer-term trends. However, this may neglect some
important short-term variations. We have commented this limitation in the current version of the
manuscript (in the Conclusion, lines 424-428) and suggest exploring shorter time averaging, or
rather alternative methods, in future work.

2. Agreement in MJO statistical characteristics but failure to predict individual event timing

a. While the study shows that the model reproduces statistical properties such as MJO duration and
amplitude, it completely fails to predict the actual timing of MJO events. This raises serious
concerns about the model’s validity, as the agreement in statistical properties may not be
meaningful.

b. Since the model in this study fails to predict the timing of MJO events, the agreement in
statistical characteristcs could result from averaging effects rather than actual model skill.
Presenting this as a validation of the model could be misleading.

c. It remains unclear whether the agreement in statistical properties is a genuine consequence of
incorporating time-dependent forcing or merely a result of parameter tuning to match observed
statistics.

Response: We believe there may be a misunderstanding regarding the objective of our study.
Neither the original model, nor our work, is designed to predict individual MJO events but to
reproduce their statistical properties. Predicting the exact timing of MJO events is a challenge even
for very complex ocean-atmosphere models well beyond the scope of the skeleton one. Our goal is
instead to assess how well the stochastic skeleton model captures the statistical properties of MJO
activity, which is a widely accepted approach in studies of low-order models as the skeleton model
is. In addition, with respect to the comment by the referee on possible parameter tuning, we stress
that we use the same parameters as in the previous implementation of the stochastic skeleton model
with time-independent observation-based forcing (Ogrosky & Stechmann, 2015). Note the slight



difference of notation: I" in Ogrosky and Stechman 2015 o y*I" in our manuscript. No further
parameter tuning has been performed, to show more clearly the effect of the new ingredient
introduced here: the time-dependent forcing.

We have included precisions in the manuscript:
a) In the introduction (lines 49-51)
b) In Section 3 (lines 137-138)
c) A citation of Ogrosky & Stechmann (2015) at the beginning of Section 5 (line 214)

3. The model fails to capture ENSO-induced modulations of MJO events

a. The model does not reproduce statistically significant differences in MJO characteristics across
ENSO phases.

b. This suggests that the model fails to properly capture ENSO’s influence on MJO variability,
contradicting the study’s objectives.

c. Compared to previous studies demonstrating clear ENSO-related MJO modulations, the results
presented in this study appear insufficient in representing the expected ENSO influence.

Response: Certainly our model does not fully reproduce the observed modulation of the MJO by
ENSO phases. Since this is a negative result, we could have chosen not to mention it. However, we
believe that this negative result is useful for the community, as it highlights the limitations of the
simplified structure of the stochastic skeleton model. We believe that properly reporting these
limitations is not an argument against publication, but rather supporting it. Previous studies (Diaz
et al., 2023; Suematsu & Miura, 2022; Wei & Ren, 2019) have suggested that more complex
interactions, such as those involving changes in mean state winds and ocean coupling, may be
necessary to accurately capture ENSO’s impact on the MJO. We confirm in the present study that
this type of processes, beyond the simplicity of the skeleton model, is indeed needed to properly
account for MJO modulation by ENSO.

We have added some sentences in the Conclusion (lines 440 — 443).

4. Lack of comparison with traditional models leaves improvements unverified

a. The manuscript does not clearly demonstrate what aspects have improved due to the introduction
of time-dependent forcing.

b. Without a direct comparison to a time-independent forcing version of the model, it is impossible
to assess the effectiveness of the proposed approach.

Response: Explicitly time-dependent features, such as MJO seasonality or the impacts of ENSO on
the MJO, can only be studied with time-dependent forcing. Therefore, we could not compare such
features with the time-independent version of the model. Comparison of other MJO characteristics
(event duration, angle traveled, SMM index amplitude) can be done with the time-independent-
forcing implementations of previous studies, and brief comments on this have been added to our
manuscript (Sect. 7.2, lines 308-312), as detailed in the response to point 1 by the referee. The



introduction of observation-based time-dependent forcing brings model results slightly closer to
observations.

As mentioned previously, the introduction of time-dependent forcing in the model aims at
evaluating the model’s ability to capture effects of seasonal and longer-term variability on the MJO.
The distributions of MJO events durations, SMM angles and SMM amplitudes are already well
represented in the model with time-independent forcings. Therefore, although our version of the
model’s forcing slightly improves the statistical reproduction of such characteristics, this was not
the primary aim. This is why we chose to compare the model’s outputs against observations (to
evaluate its performance in reproducing real conditions), and not performing an exhaustive
comparison with a previous model’s version (which would have been needed to assess improvement
over that version).

5. Minor comments.

1. Mathematical formatting: Equations should be centered, with equation numbers aligned to the
right, following standard academic formatting.

The Copernicus official template sets the equations with a small left indent rather than centering
them (line ‘\LoadClass[flegn]{article}’in the ‘copernicus.cls’ file). We thus
have to keep the current formatting.

2. Line 55-56: Specific results might be placed in later sections (results or discussion)

We removed the following sentence from the introduction and kept the description of these specific
results’ description in Sections 7:

We show that several properties of the simulated events (in particular, their lifetime, extent and
amplitude) agree well with the ones of observed MJO events. On the other hand, we find that the
seasonality of MJO events and the spatial variations in the MJO properties are not well reproduced
by the model.

3. Line 58-63: Is this about general SST variability or ENSO-driven SST variability? The transition
between topics is unclear, making the focus ambiguous.

We agree that the formulation was ambiguous. We clarified it by rewriting the sentence as (lines 58-
61):

Further, several studies suggested that the sea surface temperature (SST) variability at interannual
and longer time scales influences the MJO’s characteristics. In particular the variability associated
with the El Nino--Southern Oscillation (ENSO) modulates the extent of MJO's eastward
propagation (Kessler, 2001; Tam & Lau, 2005; Pohl & Matthews, 2007), its lifetime

(Pohl & Matthews, 2007) and its speed (Wei & Ren, 2019; Diaz et al., 2023).

4. Line 89: What modes were retained, and why? How does truncation impact model accuracy?

In our study, we follow the standard truncation procedure described in the original papers on the
model (Majda & Stechmann, 2009b, 2011; Thual et al., 2014). One of the aims of the skeleton
theory is to propose a minimal set of equations able to capture key features of the MJO. The
truncation is also key to facilitate the model’s implementation.



For the vertical truncation only the first baroclinic mode is retained. In the meridional direction, the
variables and forcing functions are expanded in a basis of parabolic cylinder functions. This
expansion facilitates a change of variable in the dry dynamics which allows to introduce new
variables representing equatorial waves (Kelvin waves, mixed Rossby-gravity waves and Rossby
waves). Only the first mode of equatorial Kelvin wave structure (K) and equatorial Rossby wave
structure (R) are kept (which might be written in terms of the first three parabolic cylinder
functions). We refer to Majda et al. 2019 [Section 2.3.3] for full details. This citation was also
added to the manuscript.

5. Line 138: What advantages do these datasets have compared to other reanalysis datasets? Given
the selected resolution, do you believe that the key characteristics of the MJO are adequately
captured? How does this resolution affect the representation of small-scale variations in the MJO?

We used these reanalysis datasets following Ogrosky & Stechmann (2015). This allowed us to
compare our initial estimation of the time-independent forcing terms to theirs. We believe that the
resolution of the datasets are adequate for the MJO skeleton model since its resolution is much
lower than that of the datasets: the model has 64 points around the equator corresponding to a 5.6°
resolution. The model is in fact designed to capture fundamental features of the MJO on planetary-
scales only.

The spatial and temporal resolution of the model were clarified in the beginning of Section 5 (lines
215-217).

6. Line 178: The 3-month averaging may remove key time variations, affecting MJO representation.
How would results change with a shorter window (e.g., 1 month) or a different smoothing method?

When using a 1-month smoothing, the number of MJO events decreased radically in the
simulations. As mentioned in the manuscript, we believe that this might be due to sharper variations
in the forcings disrupting the model’s statistical equilibrium. A more thorough investigation would
be required to fully explain this behavior, but it is beyond the scope of our study.

7. Line 190: Why not use RMM directly? How does excluding lower winds affect results? How
well does SMM match RMM in identifying MJO? Since SMM fails to capture spatial variations, a
direct comparison with RMM is necessary.

The RMM index uses three variables (upper and lower tropospheric wind as well as OLR). These
variables are not directly available in the model. Thus, RMM cannot be computed in the model.
Nonetheless, as explained in Stachnik et al. (2015), a similar index (SMM index) can be computed
by using the zonal wind as a substitute for the lower tropospheric wind and the convective activity
variable (bar{H}a) as a proxy for OLR. Upper winds are excluded but, as stated in the original
paper: “the choice of a bivariate index does not preclude a meaningful comparison of the skeleton
model to observations”. The authors cite Straub (2013), who found a high correlation between the
full RMM index and RMM-like indices calculated without upper tropospheric winds.

The SMM index was effectively designed to facilitate comparison between the skeleton model and
observational data (Stachnik et al. 2015).

Straub, K. H., 2013: MJO Initiation in the Real-Time Multivariate MJO Index. J. Climate, 26,
1130-1151, https://doi.org/10.1175/JCLI-D-12-00074.1.



8. Line 211: Please explain parameter selection. Were sensitivity tests conducted? If values are from
past studies, cite references.

As mentioned in the above responses, parameters were taken from Ogrosky & Stechmann (2015).
The references is now cited in Section 5 (line 214). Some sensitivity tests were performed in Majda
& Stechmann (2009) for the time-independent linear version of the model.

9. Line 250: Please cite Figure 4c in the text. What causes variance overestimation? What was the
basis for choosing the first 14 spatial modes? How important are high-wavenumber modes for MJO
representation?

The model is initially constructed to include only large-scale MJQO’s freatures (the MJO’s envelope
has a scale of the order of 10000km). However, the stochastic version of Thual et al. (2014) that we
implement here introduces fluctuations at all spatial scales, down to the grid size of 625 km, which
the model is not able to completely filter out. This is also seen in the unfiltered panels of Fig. 2. The
resulting excess of variance is evident in Fig. 4c, but it does not affect the spatial profile of the
temporal average of the convective activity (Fig. 4a). We empirically find out that filtering out all
the spatial modes except the 14 ones with longest wavelength correctly reproduces variance
observational data. We do not have a full theoretical justification for the suitability of this particular
number of modes, and this is now explicitly stated when commenting on Fig. 4c.

In addition, as mentioned above a clarification of the model’s spatial scales and a note on the
stochastic parametrization have been added at the beginning of Section 5 (lines 215-218).
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