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Thank you for the feedback and suggestions with detailed references. It has certainly
improved the article.

General Comments:

1. The authors claim that their results are related to the energy cascade of the
turbulent ionospheric plasma. However the paper does not show the presence
of an energy cascade in the data. I suggest to include a new figure showing the
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power spectral density of the data, and indicating the range of scales in which a
power-law is observed. In hydrodynamic and solar wind plasma turbulence the
power-law has a spectral index around −5/3 ∼ −1.67, however it is known that
the spectral index of ionospheric turbulence can deviate from this value.

Response: Our aim is to study the nature of the ionospheric irregularities explor-
ing its multifractal scaling. Multifractal scaling is different from the scale sizes
obtained through the power spectral density (PSD) analysis. The multifractal
analysis identifies the signature of multiplicative energy cascade in the irregu-
larities and the p-model quantifies the scaling measures in the energy cascad-
ing process. With the MFDFA and p-model, we are inferring the nonhomoge-
neous, intermittent nature of time series and how are the fluctuations scaled.
The multifractal scaling measures provide information about the dynamics of the
data and with these information one can model the time series. Seuront et al.
(Journal of Plankton Research, 21(5), 877-922 (1999)) has explained elaborately
the multifractal analysis and difference with the power spectral analysis and I
quote some of the relevant text from it below: “spectral analysis corresponds to
an analysis of variance in which the total variance of a given process is parti-
tioned into contributions arising from processes with different length scales or
time scales in the case of spatially or temporally recorded data, respectively. A
power spectrum separates and measures the amount of variability occurring in
different wavenumber or frequency bands. ... β exponent characterizing spectral
scale invariance: for instance β = 5/3 in homogeneous turbulence. The absence
of characteristic time scales and the presence of a scaling regime indicate that
a multifractal analysis may prove to be successful.” As per the suggestion, we
have performed the power spectral density (PSD) analysis of all downleg time
series. The corresponding results are summarized in the table and placed at
end. From the first rocket experiment, time series < 292.37 > km has maximum
∆α and spectral index for lower frequency 18− 92 Hz is observed as −3.31. The
time series < 429.65 > km has minimum ∆α and spectral index for lower fre-
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quency range 12 − 57 Hz is observed as −5.4. Figures for these two series are
placed at end. Previously published papers (Muralikrishna et al., J. Atmos. Sol-
Terr. Phy., 65, 1315-1327 (2003)), Muralikrishna and Abdu, Advances in Space
Research, 37,1091-1096 (2006)), Muralikrishna and Vieira, Rev. Bras. Geof.,
25 (2007)) already analysed the data from the first experiment using the power
spectral analysis and showed that the main instability mechanism is the general-
ized Rayleigh-Taylor instability. We consider these published results and further
extend this work using the multifractal analysis. We would like to bring to readers’
attention, the important and well accepted fact that ionospheric irregularities do
deviate from the Kolmogorov’s spectral index −5/3 , and thus we are addressing
the non-homogeneous nature of ionospheric irregularities. Knowing limitations of
the PSD analysis, several papers discussed the advantages of using other meth-
ods over PSD and also, to confirm our results with other higher order statistics,
we performed the structure function analysis on the time series which has maxi-
mum and minimum multifractal width. The structure function analysis shows that
both time series deviate from the Kolmogorov scaling (m/3) and also fall below
the m/3 line, indicating an intermittent behavior (Spicher et al., JGR 120, 10959-
10978 (2015)). Time series < 292.37 > km shows the most intermittent behavior.
Corresponding figure is placed at end. These complementary analysis and our
results are consistent.

2. The results are interpreted in terms of small-scale and large-scale fluctuations
with respect to the average. Do you mean the average value of the data, or the
average of the fluctuations? How are these fluctuations and their scale related to
plasma fluctuations arising from the generalized Rayleigh-Taylor instability?

Response: Authors mean the average of fluctuations. Multifractal spectrum il-
lustrates how segments with small and large fluctuations deviate from the aver-
age fractal structure. In multifractal analysis, scales are related to fluctuations
in the data. Previously published papers (Muralikrishna et al., J. Atmos. Sol-
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Terr. Phy., 65, 1315-1327 (2003)), Muralikrishna and Abdu, Advances in Space
Research, 37,1091-1096 (2006)), Muralikrishna and Vieira, Rev. Bras. Geof.,
25 (2007)) already analysed the data from the first experiment using the power
spectral analysis and showed that main instability mechanism is the general-
ized Rayleigh-Taylor instability. We consider this published results and further
extended this work by the multifractal analysis. We would like to take readers’
attention to the important and well accepted fact that ionospheric irregularities
do deviate from the Kolmogorov’s spectral index −5/3 , and thus addressing the
non-homogeneous nature of ionospheric irregularities and also, these irregulari-
ties are found to be intermittent.

3. The grammar needs to be improved. For instance, there are missing articles
such as “the” and “a” throughout the text. I indicate some specific examples in
the technical corrections below. It is not an exhaustive list though, so please
revise the grammar of your manuscript carefully.

Response: Manuscript has been revised for correct grammar.

Specific comments:

4. The figures should appear on the manuscript in sequential order. For example,
on page 6, the analysis jumps from Fig. 1 to Fig. 3.

Response: In the manuscript, now figures are ordered in sequence.

5. Check the format of citations in the manuscript. For example, in page 3, line
16, “Muralikrishna P. and Abdu M. A. (2006) should be “Muralikrishna and Abdu
(2006)”.

Response: Citation format has been revised for all the references.
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6. Page 3, line 18: This paragraph should be rewritten to clarify that the key results
are from the literature review and not from the present study.

Response: yes, “aforementioned analysis” word has been added for clarity. Also
references are cited just after this word instead of keeping at the end of the para-
graph (page 4, line 14).

7. Page 4, equation (1): Please define “y” and “yn”.

Response: we have omitted few steps while describing the MFDFA method. Now
the MFDFA method has been improved and have added all missing equations.

8. Page 4, equation (2): Why Fq(s) does not depend on “n”? Why the k index does
not appear in the summation?

Response: We have omitted few steps while describing the MFDFA method. Now
the MFDFA method has been improved and have added all missing equations.

9. Page 4, equation (4): What is h prime?

Response: h prime means first derivative of h with respect to q.

10. Page 4, line 24: the “&” symbol in “p1&p2” and “l1&l2” represents a special
notation? If not, replace with “and”. If possible, use “p1”, “p2”, “l1” and “l2” to
improve the text.

Response: & is replaced by “and”, p1 is replaced by p1, p2 is replaced by p2, l1
is replaced by l1, and l2 is replaced by l2.

11. Page 5, equation (6): Please explain the “m” and “n” parameters, and rewrite the
symbols for the natural logarithms, for example, lnp1 by ln(p1).

Response: lnp1 has been replaced by ln(p1) in equation 6. In the equation “n′′ is
number of generations in the binary fragmentation process. In each generation,
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lm1 l
(n−m)
2 gives size of a segment, where, notation m is number of left side frag-

ment and n−m represents right side fragment in a segment (Halsey et al., Phys.
Rev. A, 33,1141-1151 (1986)). This is now included in the manuscript (line 5 on
Page 6).

12. Page 5: line 28: The description of the singularity spectra in terms of a truncated
shape, or in terms of left-skewness or right-skewness as done in page 6, needs to
be improved. A detailed description will aid potential readers to interpret and un-
derstand your results. For example, does it mean that the points accumulate near
a certain α value? Why a spectrum truncated to the left indicates insensitivity to
large local fluctuations?

Response: A detailed description has been added in the manuscript (page 7,
line 1 to page 7, line 25) To avoid confusion, we omit “truncation” and retain
“skewness”.

Please see the text below:

In the MFDFA, fluctuation function Fq(s) is obtained by computing qth order local
root mean square (RMS) for multiple segment size, i.e., for scales s. A seg-
ment may contain smaller to larger fluctuations. Rapid variation in fluctuations
influence overall RMS for smaller scale sizes whereas slow variation in fluctua-
tions influence overall RMS for larger scale sizes. Negative q values characterize
smaller fluctuations and positive q values characterize larger fluctuations in a seg-
ment. When q = 0, it behaves neutral. h(q) has dependence on q. To outline,
for a multifractal time series h(q) monotonically decreases with q, and τ(q) shows
nonlinear dependence on q. With q = 0 as a center point, let us inspect how h(q)
varies with respect to negative and positive values of q. If time series is influenced
by smaller fluctuations, then variation of h(q) for negative q will be faster, i.e., a
steeper slope can be observed with respect to negative q and vice-versa (Kantel-
hardt2002, Ihlen2012). The multifractal spectrum illustrates how segments with
small and large fluctuations deviate from the average fractal structure. The shape
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and width of multifractal spectrum are also important measures to quantify the na-
ture of multifractality present in the data. For f(α) = 1, the corresponding value
of α, known as α0 divides the spectrum into left and right sides. A shape of the
spectrum, difference in left and right side of the spectrum, can be quantified by
measure of asymmetry, A, is given by

A =
α0 − αmin

αmax − α0
(1)

When A = 1, the multifractal spectrum is symmetric in the sense that the time
series is influenced by both larger as well as smaller fluctuations. When A > 1,
the spectrum is left-skewed which implies that the time series is more influenced
by the larger fluctuations. When A < 1, the spectrum is right-skewed which
implies that the time series is more influenced with smaller fluctuations. A width of
the spectrum can be quantified by ∆α, which is the difference between maximum
and minimum dimension.

∆α = αmax − αmin (2)

The width of the spectrum infers the degree of multifractality and complexity of the
data. It represents the deviation from the average fractal structure, and directly
relates to the parameters corresponding to the multiplicative cascade process.
Larger (smaller) value of ∆α infers stronger (weaker) multifractality in the data.
The multifractal spectrum reflects the characteristics of the h(q) profile. In the
spectrum, contrary to the h(q) profile, left side is characterized by positive values
of q, and right side is characterized by negative values of q. When the h(q)
profile show steeper variations on left side, i.e., for negative q’s, right side of the
spectrum shows faster variation compared to its left side.

13. Page 6, line 15: How is it evident? Please detail.

Response: In the submitted version, we did describe a relation between obser-
vation in the following line. Now, the edited interpretation in response to Q12 will
make clear the relation between h(q) and multifractal spectrum.
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14. Page 7, line 30: I think that the purpose of this paragraph is to indicate that
fractal formalisms can bring about new information wirh respect to classical tools
such as the power spectral density. This is a fact that should be stated in the
introduction, instead of the conclusions section. Therefore, I suggest the authors
to move this paragraph to the introduction. Before that, please clarify what do you
mean with “conclusively substantiated the occurrence of [the] energy cascade
process in turbulent sites”.

Response: We have edited the indicated text in the Conclusion section by insert-
ing it in the Introduction section but with care of not repeating any point previously
stated. For the phrase “conclusively substantiated the occurrence of [the] energy
cascade process in turbulent sites”, the authors intend to emphasize that the the-
ory is tested against the observations and controlled laboratory experiments, and
found to be in good agreement.

15. Page 8, line 3: The following references have also applied fractal and multifrac-
tal techniques to characterize the turbulence in the solar and the interplanetary
medium. Please consider including them in your literature review.

Response: Suggested references have been added in the manuscript in the “In-
troduction” section. Page 2, line 19.

16. The description of the results in the conclusions section needs to be improved.
In particular, the paragraph starting on line 15 of page 8 is difficult to understand.
What is a “left skewed with right truncated” spectrum?

Response: We have improved this paragraph. page 10, lines 2-9.

17. Page 8, line 26: the final paragraph of the conclusions section presents a result
which is not mentioned in section 4. Please move the description of Fig. 5 to
section 4, and leave the interpretation here.
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Response: The description of Figure 5 is moved to the Result section and inter-
pretation is kept as it is in the Conclusion section.

Technical corrections:

18. In order to improve the presentation of the paper I can suggest the following list
of text corrections. Please re-check the grammar carefully.

Response: Thank you for the corrections. We have carefully rechecked the gram-
mar.

Table 1. Power spectral analysis for the both rocket experiments : For the time series at mean
heights listed in the first column, the second column shows the first spectral exponent β1, the
third column gives corresponding lower frequency range. Columns 4 shows multifractal width
(∆α) obtained in the MFDFA, respectively.

Rocket experiment 1
< height > β1 lower frequency ∆α
(km) range (Hz)
264.58 -3.67 12-73 0.53
270.22 -3.58 12-73 0.82
292.37 -3.31 18-92 0.93
324.00 -3.44 10-78 0.72
358.56 -4.08 10-78 0.52
429.65 -5.40 12-57 0.28

Rocket experiment 2
339.94 -3.41 10-80 0.53
348.99 -3.19 10-100 0.82
400.24 -2.91 10-80 0.93
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Figures:

Fig 1. PSD analysis for downleg time series at mean height < 292.37 > km for
which maximum ∆α is obtained

Fig 2. PSD analysis for downleg time series at mean height < 429.65 > km for
which minimum ∆α is obtained

Fig 3. Structure function analysis of above mentioned series for order m = 1 to
4

Interactive comment on Ann. Geophys. Discuss., https://doi.org/10.5194/angeo-2019-133,
2019.
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