Referee #1 reponses

General Comments

1. Review of previous work in RBC, l. 44 and following | appreciate that the authors
review the previous literature, but | found this section somewhat difficult to follow.
Discussion of aspect ratio effects is interspersed with discussion of spectral scaling
and Taylor’'s hypothesis. You may wish to consider revising this section so it is more
clear to readers.

Following the advice, we reorganized this part to be more consistent and not to
confuse the readers. The modified section starts at line 52.

2. ll. 185-200 Discussion of the role of the large-scale circulation and relationship to
temperature skewness. | agree with this discussion in principle, but were these
properties of the LSC measured in the present study? It just seems a bit more
speculative. It may be a good idea to add some additional citations here with respect
to the LSC and to make it clear to readers what was measured in the present study and
which conclusions you are drawing based on previous work.

Our measurements of the LSC focused on the oscillation periods as a function of the
applied temperature differences. The resulting power law aligns with previously
measured periods for T = 12 °C. Details regarding these measurements are provided
in the abstract and in Section 3.2, where we present the PSD results. The subsequent
discussion on skewness properties represents our attempt to propose a potential
mechanism responsible for the observed effects. This section has been refined to
improve clarity, and we have incorporated citations to relevant works to better
contextualize our findings. The modified section starts at line 208.

3. I. 239 ff, discussion of spectral slopes This is a very interesting part of the article,
but I think the results get a bit buried in the discussion. Can the authors include a more
explicit discussion of the predicted scalings for different regions of the spectrum from
different sources? It's not completely clear from the text what the expect scalings are
in different regions of the spectrum (or even whether predictions exist).

We revised this part providing the information of slopes predictions, clarifying the
discussion of our results and improving the argumentation based on other works. The
modified section starts at line 259.

Specific Comments

1. 1. 82 What does kS s™! stand for here?



It stands for kilosamples per second. This is explained now in the text. The modified
part starts at line 99.

2. 1. 99 ff. Discusssion of sampling period. “This variability stemmed from the LSC
period. . . and the uncertainty surrounding whether different turbulence properties
might be observed for shorter time segments.” | am not sure | understand from this
passage why a variable measurement period was used. 3 minutes would only be about
2.5 large eddy turnover times. Is this enough to converge statistics?

Our objective was to investigate the small-scale variability of the scalar field, which
plays a critical role in microphysical processes within clouds. The use of variable
measurement periods was motivated by several factors: the need to capture scalar
profiles with fine spatial resolution to better understand the physics at different levels
of the chamber, the high temporal resolution of the measurements (2 kHz), which
provided robust statistics even for shorter durations, and the limited availability of the
Pi Chamber, which constrained the collection of longer time series.

Figure 5 demonstrates that both longer and shorter time series exhibit similar overall
behavior. However, as shown in Fig. 6 and discussed subsequently, shorter time series
reveal probable unaveraged thermal structures that are not apparent in longer
measurements, emphasizing features that would otherwise be smoothed out.

In the revised manuscript, we included a paragraph providing a quantitative estimate
of data convergence based on the framework of Lenschow et al. (1994). Specifically,
we estimated that, in our measurements, the large eddy correlation time corresponds
to the turbulence flow correlation time, which in the Pi Chamber is on the order of a
few seconds. Consequently, both time series demonstrate good convergence. A more
detailed explanation is provided starting in line 116 of the revised manuscript.

3. Fig. 4 “Top panel (a) corresponds to full vertical scan of the cell.” | had to read the
caption a couple of times before | understood that this single timeseries corresponds
to different measurement heights. You may wish to revise so this is more clear to
readers.

We revised the caption to improve readability.

4.1.179 I'm not sure | like the notation 7 for the skewness. u makes me think of the
mean.

We changed the notation (u - y)



5. 1. 227 and Fig. 8 Why premultiply by £2 (rather than f or £5/3 for instance)? This is
not very clear from the text.

We explained the methodology used starting from line 235, noting that it was originally
proposed by Zhou and Xia (2001). The cited paper provides a more comprehensive
discussion of this approach. Using this method, we were able to identify the peak
frequencies around which the PSDs converge to universal functions. In the revised
manuscript this section starts at line 259.

6. 1. 236 ff. Discussion of BO and OC scaling. Have these acronyms been defined? | am
not sure what you are referring to.

In line 76 there was an explanation of the used abbreviations. Both denote different
scalings—0C stands for Obukhov-Corrsin whereas BO is Bolgiano-Obukhov. In the
revised manuscript this part is explained in line 78.

7. Fig. 8 and discussion Have the authors looked at the power spectral density pre-
multiplied by f to these different exponents? It may be interesting, for example to look

at f>°P(f )/P(fp) or f7/SP(f)/P(fp).

The normalized spectra mentioned are presented below, corresponding to the case
of AT = 20 K, as described in the manuscript. The graphs show results consistent with
the prior discussion: the inertial range is slightly better characterized by the -7/5
scaling. However, due to the minimal difference between -5/3 and -7/5, it is
challenging to definitively conclude which scaling is more representative. The root
mean square errors for this range are addressed in point 9.
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8. |. 284 Spectral slope of -7 in dissipative range. Is it expected to have a power law in
the dissipative range? The model spectra presented in Pope’s textbook on Turbulent
Flows (2000) includes exponential decay in the dissipative range. Granted this is for
the energy spectrum rather than the scalar spectrum, but it may be beneficial to
discuss this point further.



A comprehensive discussion on scalar spectra with respect to Schmidt number (Sc)
can be found in Sreenivasan, K. R., Proceedings of the National Academy of Sciences,
116(37),18175-18183, d0i:10.1073/pnas.1800463115 (2019). For the case of Sc ~ 1,
what can be translated to magnitude on the order of unity of the Prandtl number, there
is no theory determining scalar field in the dissipative range. Since temperature acts
as active scalar the resulting spectra can differ from the respected energy spectrum.
In case of spectra we obtained, the slopes were estimated as power law functions
which fitted well. More on this we included in the next point as well as in the extended
discussion in the manuscript. In the revised manuscript the corresponding discussion
starts at line 266.

9. Fig. 9, fitted slopes Can the authors comment on how much uncertainty is present
here in the fitted slopes? For momentum, if a fitted spectral slope did not correspond
to -5/3 in the inertial range, | would suspect that the data are too noisy to estimate the
slope accurately. Related to this, you may wish to include additional detail regarding
how these spectral slopes were estimated.

The methodology of slopes estimation was outlined in the manuscript starting from
the line 241: “To estimate the slopes, we employed a methodology outlined in Siebert
et al. (2006) and Nowak et al. (2021), averaging raw spectra over equidistant
logarithmic frequency bins (twenty bins per decade in our case) and fitting using power
law functions. Additionally, to assess the linearity of the slopes in log-log coordinates,
we computed the Pearson correlation coefficient p for the resampled points.”
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The equidistant logarithmic bins are presented as black points in Fig. 8, then we
selected segments of points (marked as circles, triangles and squares in Fig. 8b) with
the highest Pearson coefficients for the best power law fits. The resulting slopes are
then presented in Fig. 9 (we attached both panels as (a) and (b) graphs above). To
show the uncertainties of the fitted slopes we exported root mean squared errors
(RMSE) in graphs above: inertial range (c), transition range (d), and dissipative range
(e). The largest RMSE are indeed observable for the inertial range which is why we
cannot make a definite conclusion of which scaling is better represented in our results.
The following ranges are characterized by small (d) and very small (e) uncertainties
which support the idea of power law dependence in dissipative range for scalar field.

10. I. 330 Applicability of results to atmospheric surface layer. | don’t disagree with
this statement, but | will note that the atmospheric surface layer is typically shear
dominated, so there may not be a direct translation of the present results based on
RBC data.

We agree with the referee that the atmospheric boundary layer represents very
complex physics and shear effects are significant. This is why we merely outlined the
possible connections between the real atmosphere and our results as thermal
structures play an important role in mixing processes. Nevertheless, we think that
application of the UFT thermometers in the atmospheric surface layer could give a lot
of interesting information about its thermal structure.



Technical Corrections

1. 1. 39 This is not a complete sentence.

The sentence was improved.

2. . 56 Do you mean underlying, rather than underling?

Unfortunately, we do not find neither a word “underling” nor “underlying” in our work.
3. . 277 ff. This sentence does not read well; consider revising.

The sentence was improved.

4. Sec. 4, bullet point headings These should be -capitalized, e.g. “Basic
Characteristics,”
“Topographic Effects,” etc.

We improved the bullet point headings following the referee’s advice.

Referee #2 responses

(i) The manuscript has incorrect analysis and discussions on some of the data. In
particular, some of the 3-minute measurement data is misinterpreted. It should be
noted that this data is not statistically converged.

(i) The conclusion and abstract need to indicate more of the limitations of the
presented measurements.

(iii) Line 26 states some limitations, but this needs to be mentioned more in the data
discussion to explain certain observations.

(iv) See a list of incorrect/inconsistent analyses and statements in the manuscript.

The manuscript presents results from both experimental and numerical analyses of
high-resolution temperature series inside the Pi Chamber, with the former consisting
of temperature time series measurements of 3 and 19 minutes. The chamber's primary
objective is to investigate microphysical processes relevant to cloud formation
development and decay, such as temperature, humidity and supersaturation
fluctuations. Characteristic time of such processes is of the order of seconds and tens
of seconds. The referee's primary concern is that the 3-minute data are too short to
achieve convergence, as reflected in the skewness distribution in Fig. 6. In the revised
manuscript, we included a paragraph providing a quantitative estimate of data
convergence based on the framework of Lenschow et al. (1994). Specifically, we
estimated that, in our measurements, the large eddy correlation time corresponds to
the turbulence flow correlation time, which in the Pi Chamber is on the order of a few



seconds. Consequently, both time series demonstrate good convergence. A more
detailed explanation is provided in line 116 in the revised manuscript.

-- Figure 3: Unclear what is learned from this figure.

The picture shows a simple schematic of our setup to visualise the used
measurements methodology. It supports the description in the text.

-- Line 28: Suggest you do measurements in the boundary layer, which is incorrect.
Boundary layer thickness is well below 1 cm for Ra=1e9, so the sentence should be
removed.

Our intention was to indicate that the statistics we obtained in the Pi Chamber are
comparable to the previous studies we provide references to. Those measurements
were conducted in the boundary layer of RBC. For clarity we have improved this
sentence. In the revised manuscript this part starts in line 28.

-- Line 52: Fan et al not relevant

We disagree with the referee. The whole section Il in this article discusses problems
of RBC and discreetly heated surface which have direct links to our study, especially in
terms of thermal plumes and atmospheric boundary layer connections. The paper also
provides a broader perspective on natural convection which can provide better
understanding of the problem for the readers loosely related with the RBC studies.

-- Line 55: Olsthoorn, 2023 not relevant

Context of line 55 was to show diversity of RBC problems in the literature, here shown
from the theoretical side. It is also another example of translation of RBC consideration
to geophysical context.

-- Line 71: Brown and Ahlers's most famous model on LSC is not cited, and not all given
references are relevant

It has been included now in the manuscript, thank you for the suggestion.

Since no additional references have been explicitly identified as irrelevant, and from
our perspective citations we included are relevant we cannot address this remark. In
the revised manuscript the citation is included in line 70.

-- Line 77: See Annu. Rev. Fluid Mech. 2010. 42:335-64

Thank you for the suggestion, the paper is more focused on the structure functions
analysis, however, we have added the citation for a better context of our study.

- Line 143: Deteremination --> Determination

We have improved this typo.



--Line 155-156: Why are no differences observed near the top plate? Roughness should
still affect the flow.

In line 120 we stated that the flange at the top was not ideally insulated from the
outside conditions, additional comment was provided in line 160. This might be the
main reason the roughness influence could have been suppressed.

- Line 172: "All these effects are beyond the scope of this investigation, but the raw
measurements give clear evidence of changing oscillations near both plates." --> This
statement is incorrect. The fluctuations shown in Figure 4 cannot be compared to the
LSC measured as performed in the RB community.

We have improved the sentence so that it does not confuse the reader. The meaning
behind this part was to outline that temperature time series reveal some kind of
irregular oscillations which might be attributed to LSC effects or other overlapping
dynamic processes. In the revised manuscript the modified part starts in line 184.

-- Scatter in these figures indicates that longer measurement data would be required.
Performing measurements longer than 19 minutes would reduce fluctuations in
statistical data.

We kindly draw the referee's attention that the main goal of the presented research is
to explore small-scale variability of the scalar field which is of importance for
microphysical processes in clouds, e.g. in terms of supersaturation fluctuations. The
part on this started in line 21 where we also included some citations of the recent
works in a turbulent environment provided with the Pi Chamber facility.

- Figure A1 and Figure A2: Temporal comparison between experiments and
simulations is misleading as no one-to-one comparison of the same flow state is
performed.

The intention here was to show two realizations (for each plate) indicating maximal
fluctuations rather than one-to-one comparison. If we consider processes in the real
atmosphere or in laboratory conditions, each particle in the flow experiences only local
field fluctuations. These two overlapping curves exhibit quite similar magnitude of
fluctuations between the DNS and our experiment despite the fact these two had
different time resolutions. We have added an additional sentence to Appendix A to
highlight the intention behind these plots.



-- line 195 and further: Discussion incorrect as the data are not converged. This data is
not converged, and that discussion is meaningless. The 19-minute-long
measurements do not show such an increase.

We agree with the referee that longer time series do not show the increase in skewness
which is present in shorter records. It was put explicitly in line 193. However, we
disagree with the statement that the following discussion is meaningless since it
explores the potential reasons why we observe such change in skewness distribution
near the lower plate. The timescale of thermal structures evolution is of seconds order
which are averaged out in longer measurements. Moreover, the obtained results are
also supported by DNS in Fig. 11 showing very similar skewness distribution. We
provide a discussion on statistical data convergence in line 116 in the revised
manuscript.

-- line 211: Indeed 3, minute measurements are too short.
We have answered this point at the beginning of the responses.

-- Figure 7: Vertical variability of the LSC period with respect to --> LSC is the coherent
large scale flow structure in the cell, so it should not vertically vary. The discussion
should be adjusted accordingly.

We agree with the referee and have improved the caption.
-- Provide details on how Pearson correlation coefficients are calculated.

The formula we used the Pearson correlation coefficient p is the following, p(4,B) =
ﬁZﬁil (’i) (Bi) where e.g. for Fig. 8 coefficients A and B are Iog(P(f)/p(fp)) and

log(f/f,), 1. o, and N are mean, standard deviation, and the number of observations
respectively. For the best fit we also averaged the raw spectra over equidistant
logarithmic frequency bins. The procedure is described in line 262 in the revised

manusript.

-- Line 252: "relatively small variability of PSD slopes." --> The variations in the slopes
are very large. Scaling exponents vary by as much as 20 to 30%. This severely limits
how much one can learn from this data. That is recognized in line 254 ("Our analysis
provides no clear answer,")

We have improved this section. However, the slopes variation in the inertial regime
increases as temperature difference decreases i.e. buoyant forces weaken. For AT =
20 Kwe observe slopes that exhibit smaller oscillations around -7/5 which then change
near the top. The updated section starts at line 271 in the revised manuscript.



-- line 257-291: What main point do you want to explain to the reader?

In this part we investigate literature references to scalar slopes that would correspond
to the results we obtained. This is why we explore potential connections with the other
phenomena characteristics for 2D and 3D turbulence.

In the revised version we improved this paragraph and showed another link to thermal
structures influence on scalar spectra resulting in the -3 regime which is based on a
series of works by Chen and Bhaganaga (2021, 2023, 2024).

A comprehensive discussion of PSD scalar scaling in dissipative regime is provided by
Gotoh and Yeung (2012) and Sreenivasan (2019) where it is indicated that for the
Prandtl number of approximately 1 we do not know yet what the spectra in the roll-off
region is. Some recent results for the energy spectrum have been provided by Khurshid
et al. (2018) and Buaria and Sreenivasan (2020) based on direct interaction
approximation by Kraichnan (1959), suggesting that this regime could be represented
by an exponential form. However, here we show that power law might be sufficient for
the scalar spectra in a buoyant environment. The discussion starts at line 282 in the
revised manuscript.

- line 339: It should be discussed that both measurement times are too short,
especially the 3-minute data, which even leads to misleading discussions in the
manuscript.

We have answered this point at the beginning of the document.
--line 341: How this improves our understanding of atmospheric flow is not discussed.

This part has been improved. The meaning behind this was to point out that RBC
experiments on thermal structures, like thermal plumes, might be very valuable in
terms of better understanding of the nature of surface-air temperature fluctuations
through statistical analyses. The updated summary starts at line 356 in the revised
manuscript.

-- line 368: Scheel et al. is a numerical study with no theory on heat transport.

We have improved the citation. It can be found in line 402 in the revised manuscript.
-- Figure 11: Why is DNS not symmetric around the mid-plane?

The plot represents single-column data (not the horizontal average) this is why the
perfect symmetry in mean w and T skewness is not expected, in particular for the

period of LSC circulation. The appropriate note has been added in the figure
description.

-- Appendix B: "and display greater symmetry compared” -> Incorrect. Normalising the
temperature difference between the plates does not affect symmetry around the
midplane.


https://pubs.aip.org/aip/pof/article-abstract/33/11/115104/1063691/New-findings-in-vorticity-dynamics-of-turbulent?redirectedFrom=fulltext
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/energetics-of-buoyancygenerated-turbulent-flows-with-active-scalar-pure-buoyant-plume/F429948B5452DB601B5359418B60222D
https://link.springer.com/article/10.1007/s10652-023-09963-9
https://www.cambridge.org/core/books/abs/ten-chapters-in-turbulence/passive-scalar-transport-in-turbulence-a-computational-perspective/378A8BE18E47F17F9FB93A49D86B166D
https://www.pnas.org/doi/10.1073/pnas.1800463115
https://journals.aps.org/prfluids/abstract/10.1103/PhysRevFluids.3.082601
https://journals.aps.org/prfluids/abstract/10.1103/PhysRevFluids.3.082601
https://journals.aps.org/prfluids/abstract/10.1103/PhysRevFluids.5.092601
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/abs/structure-of-isotropic-turbulence-at-very-high-reynolds-numbers/43F9C4D4DB8BA17F94096D4D2BC23C5C

We agree and have improved this part.

-- Figure C1: What does it mean that velocity in the centre is always positive? Is this a
velocity magnitude?

Yes, this is the magnitude of the mean velocity profile. The caption has been updated.
-- Figure C2: What are all the numbers in the legend?

In C2a numbers describe the positions of the UFT with respect to the chamber’s height.
In C2b these are the Pearson coefficients. Both graphs are a direct analogy of Fig. 8

but in wavenumber space.

- Figure D1: The data are visibly deviating from the presented lines. Difficult to see how
this corresponds to Pearson correlation coefficients of -1.

The Pearson coefficients are calculated for all three sets of data (3 min, 19 min, and
the DNS) but the lines are fitted only for 19 min datasets (squares). We have added the
missing information on this in the manuscript.



