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Reviewer 1’s comments:
1- Abstract:At the end of the abstract you mention, “Further analysis of the wind data will be presented
in a subsequent paper”. I immediately ask myself why not presenting more analysis in this paper? The
analysis here is somewhat superficial and even if you want to convince the reader that you have
developed a nice instrument this can be done best by a more detailed data analysis. Furthermore, if you
realize that the sensor needs improvements so why wait until you have solved all issues before publish the
results?.
2- Introduction line 43ff: a drifting balloon definitively provides useful insight in the structure of the
stratosphere and has several advantages but also disadvantages compared to remote sensing such as
problems with instationarity- this should be discussed here.
3- Introduction (general): the structure of this paragraph should be improved; you jump a little bit
between motivation, technical requirements and scientific goals.
4- Introduction line 56ff: You explicitly mention that the anemometer should be designed for small- ‐scale
observations in the stratosphere, please specify the requirements for the new device.
5- Introduction line 65ff: You mention the extreme environment in which the device should work: please
specify.
6- Introduction line 68ff: you cite the work of Ovarlez et al., 1978: Why is this ultrasonic anemometer not
suitable for your application? Or what want you doing better compared to their device?
7- Section 2.1: The introduction provides a lot of material you can read in most textbooks about
ultrasonic anemometers, the comment on line 106 about the measurement of wind speed in a moving
reference system is a general challenge with airborne wind measurements. Please provide at least one
citation. However, with a more or less tracer- ‐ like floating balloon this is an even more interesting
problem because the balloon motion is quasi- ‐Lagrangian- this should be discussed in much more detail
as it introduce an interesting point.
8- Section 2.1: There is no discussion at this point how vg is measured on the balloon.
9- Section 2.2 line 119 ff: Here you mention the first time which kind of technical problems and
challenges you have with the anemometer under low pressure and temperature conditions. I think this is
the key motivation for developing such a system – otherwise you could use a device off the shell – right?
This information should be – with much more details – presented at a more prominent place in the
manuscript!
10- Line 137: here you mention the first time typical temperature conditions for your device – I suggest
putting it much earlier.

11- Section 2.2 includes in general a lot of technical – and partly trivial - ‐ details that apply for all
sensors such as the information that you used a fuse to protect you system. I am more interested in aspects
like what is different to other acoustic anemometers and how did you solved problems related to the
extreme environment of the stratosphere.
12- Section 2.3 “Data processing”: Similar comment as above: the information you have provided here
applies to all ultrasonic anemometers and is generally valid, but not specifically for your device - ‐ at
least I don't see any information that refers to the problems caused by low temperature or pressure.
13- Section 2.4: Ground Experiment: The argumentation that both sensors experience the same airflow is
somewhat vague; I think one can learn something about the sensors but here it is the first time you
mention the temporal resolution of you device which I consider as remarkable low for an ultrasonic
anemometer, however, the “ reference” system is even slower with a resolution of 10 s? Usually,
ultrasoncis are considered as turbulence sensors with sampling frequencies of up to 100 Hz – what are
your technical limitations? It might be that your device is slower to meet the conditions of low pressure
but you should explain it?
14- A technical question: In Fig 5 it seems that the mechanical structure is quite robust but have you
considered effects such as flow distortions or transducer shadowing effects which are a key issue for
sonics? – Maybe with a lower resolution this is not an issue but you should at least consider such
hazards.
15- Section 2.4 line 216ff: is the observed wind speed the range you expect as relative airspeed for your
balloon experiment? Why do you provide four digits for mean wind speeds? What is the useful resolution
(absolute accuracy) of the both sonics?
16- Section 2.4: I am not sure what I can learn from this intercomparison experiment but this is partly
also due to the fact that I don’t know what you expect from your new device.
17- Section 3 “Results”: I have serious problems with interpreting the wind measurements at all –
despite any technical problems such as the observed spikes: I assume even a zero- ‐ pressure balloon with
a mass of 400 kg (gondola) does not exactly moves with the mean flow but what are the differences? You
measure a relative flow speed but how should I interpret the red line in Fig 7b? By the way, here you only
show the zonal wind vector component but you mentioned earlier that you have developed a three- ‐
dimensional wind measurement device – right? What about the other components and how is the 3d- ‐
motion of the balloon be measured? Are you determine also the angular rates and attitude angles?
18- If you have a radiosonde available for comparison: why not compare wind speeds? From my point of
view, this would be the most obvious thing to do and one could discuss the topic of the quasi- ‐
Lagrangian observation in more detail.
Answers to the Reviewer1's comments:
Thank you very much for your time and efforts reviewing this study. The answers that we have
made based on the reviewer's comments are discussed below “point-by-point”. Please kindly find
the following responses (the comments are shown in italics and blue while answers in non-italics
and red).
1- Abstract:At the end of the abstract you mention, “Further analysis of the wind data will be presented
in a subsequent paper”. I immediately ask myself why not presenting more analysis in this paper? The
analysis here is somewhat superficial and even if you want to convince the reader that you have
developed a nice instrument this can be done best by a more detailed data analysis. Furthermore, if you
realize that the sensor needs improvements so why wait until you have solved all issues before publish the
results?.
Thank you for your comment and suggestion. A preliminary analysis of the data was added in our

revised manuscript as follows according to your suggestion.
The data update rate we given in the manuscript is 1Hz (as shown in Fig. 7 and Fig. 8 in the manuscript).
In fact, the internal sampling rate of the acoustic anemometer we developed is 10Hz. For improving the
signal-to-noise ratio (SNR), the original sampled signal within 1s are accumulated. Here, with regard to a
preliminary spectral analysis of the data, we show the measurements above an altitude of 21km with
update rates of 10Hz and 1Hz, respectively.

Figure 1 For a 1900-s period starting at 17:33:07 UTC: (a) relative zonal wind speed measured by the
anemometer at update rates of 10Hz (cyan) and 1Hz (red), respectively, (b) comparison between zonal
wind speed (red) and gondola zonal movement speed (blue), and (c) gondola altitude.

Figure 2 As in Fig.1, but for the meridional wind.

Figure 3 (a) vertical wind speed measured by the anemometer at update rates of 10Hz (cyan) and 1Hz
(red), respectively, and (b) gondola altitude.
The power spectral density of the 10Hz measurements during the float flight period (from 1500s to 1900s)
is evaluated using periodogram method. (as shown in figure 4).

Figure 4 Spectral analysis of the 10Hz measurements during the float flight period (from 1500s to 1900s):
(a) relative horizonal wind speed, and (b) verical speed. The red line in each case indicates the theoretical
spectral trend of -5/3.
According to Kolmogoroff theory (Kolmogorov, 1941), turbulence spectra can be well accepted to have
specific gradient characteristics: a -5/3 slope in the inertial sub-range. From the measured spectral shown
in figure 3, a clear -5/3 slope decay at frequencies from 0.02 to 0.3Hz indicates that there were turbulence
exist at the float flight altitude.
2- Introduction line 43ff: a drifting balloon definitively provides useful insight in the structure of the
stratosphere and has several advantages but also disadvantages compared to remote sensing such as
problems with instationarity- this should be discussed here.
Thank you for your suggestion. The main shortcomings of a drifting balloon are its short flight time and
the altitude instability at floating area. In SENSOR campaign, the balloon had the ability to fly tens of
hours or even longer. This had met the scientific research needs. As to the altitude instability, balloon
neutral oscillations were very slow, the period of which was usually in a few minutes. The influence on
the measurements of payloads could be ignored or be removed in data analysis.
3- Introduction (general): the structure of this paragraph should be improved; you jump a little bit
between motivation, technical requirements and scientific goals.

Thank you for your suggestion. The structure of this paragraph have been improved. Please kindly
find the following revision.
Before revision:
The response of the stratosphere to solar activities is an important scientific problem in the study of the
solar-terrestrial relationship. In theory, it is known that solar flares, proton events, and Coronal Mass
Ejections can cause sudden and global violent disturbances in the stratosphere, and that atmospheric waves
may be stimulated by short-term solar storms(Hood, 1987; Brasseur, 1993; Shindell et al., 2001;
Pudovkin, 2004; Gopalswamy et al., 2006; Labitzke, 2006; Thomas et al., 2007; Gray et al., 2010; Shi et
al., 2018). However, due to the lack of in situ, high-resolution, and continuous observational data in the
stratosphere, it is impossible to accurately describe how solar activities affect the mid-latitude stratosphere.
Thus, the campaign of Stratospheric Environmental respoNses to Solar stORms (SENSOR), focusing on
the above scientific research problem, has been developed (Hu, 2018). SENSOR employs a long-duration
zero-pressure balloon as the main platform to carry multiple types of payloads for conducting a series of
flight experiments in the mid-latitude stratosphere from 2019 to 2022. These experiments take place
during the ascending phase of solar activity. Using a high-altitude balloon as the platform has the
advantages of higher temporal and spatial resolution compared to remote sensing, while enabling long-term
continuous in situ detection. The use of a balloon also allows detection on large horizontal scales during
float flight, which cannot be achieved by ground-based equipment.

After revision:
The response of the stratosphere to solar activities is an important scientific problem in the study of the
solar-terrestrial relationship. In theory, it is known that solar flares, proton events, and Coronal Mass
Ejections can cause sudden and global violent disturbances in the stratosphere, and that atmospheric waves
may be stimulated by short-term solar storms(Hood, 1987; Brasseur, 1993; Shindell et al., 2001;
Pudovkin, 2004; Gopalswamy et al., 2006; Labitzke, 2006; Thomas et al., 2007; Gray et al., 2010; Shi et
al., 2018). However, due to the lack of high-resolution, and continuous observational data in the
stratosphere, it is impossible to accurately describe how solar activities affect the mid-latitude stratosphere.
The campaign of Stratospheric Environmental respoNses to Solar stORms (SENSOR), focusing on the
above scientific research, has been developed (Hu, 2018). SENSOR employs a long-duration
zero-pressure balloon as the main platform to carry multiple types of payloads for conducting a series of
flight experiments in the mid-latitude stratosphere from 2019 to 2022. These experiments take place
during the ascending phase of solar activity.
4- Introduction line 56ff: You explicitly mention that the anemometer should be designed for small- ‐scale
observations in the stratosphere, please specify the requirements for the new device.
Thank you very much for your comment. The requirements for the new device have been
supplemented.
In order to measure small-scale fluctuations and also can operate at the float altitude of the balloon, the
developed anemometer should achieve the following requirements.

Table 1 The requirements for the developed anemometer
response time
≤1s
pressure

1000hPa~30hPa

temperature

30°C ~-70°C

5- Introduction line 65ff: You mention the extreme environment in which the device should work: please
specify.
Thank you for your suggestion. We added the extreme environment our anemometer faced as
follows.
The major challenges for applying an acoustic anemometer in the stratosphere, where has significant
difference from terrestrial environment, are the low temperatures with extremes approaching ~-70°C and
the low pressures of 30hPa at the height where the high-altitude balloon we used is floating.
6- Introduction line 68ff: you cite the work of Ovarlez et al., 1978: Why is this ultrasonic anemometer not
suitable for your application? Or what want you doing better compared to their device?
Thank you for your comment. Ovarlez et al. (1978) used transducers resonated at the frequency of
100kHz, according to the analysis of acoustic signals aborption attenuation in the atmosphere (see answer
to Q9), the acoustic signals propagation attenuation increases with increasing frequency in the
stratosphere. Here we choose transducers at the resonant frequency of 40kHz to obtain a higher SNR
relative to 100kHz ones.
7- Section 2.1: The introduction provides a lot of material you can read in most textbooks about
ultrasonic anemometers, the comment on line 106 about the measurement of wind speed in a moving
reference system is a general challenge with airborne wind measurements. Please provide at least one
citation. However, with a more or less tracer- ‐ like floating balloon this is an even more interesting
problem because the balloon motion is quasi- ‐Lagrangian- this should be discussed in much more detail
as it introduce an interesting point.
Thank you for your suggestion. We added one citation on line 106. And the balloon motion was discussed
in answer to Q18.
8- Section 2.1: There is no discussion at this point how vg is measured on the balloon.
Thank you for your comment. We added the explaination how vg is measured on the balloon. Please
kindly find the following revision.
Before revision:
Thus, the absolute wind speed, denoted as 𝑣𝑟 , is the sum of the speed obtained by the anemometer and the
speed of the gondola’s motion (𝑣𝐺 ).

After revision:
Thus, the absolute wind speed, denoted as 𝑣𝑟 , is the sum of the speed obtained by the anemometer and the
speed of the gondola’s motion (𝑣𝐺 ), measured by the Global Navigation Satellite System(GNSS) installed
on the gondola.
9- Section 2.2 line 119 ff: Here you mention the first time which kind of technical problems and
challenges you have with the anemometer under low pressure and temperature conditions. I think this is
the key motivation for developing such a system – otherwise you could use a device off the shell – right?
This information should be – with much more details – presented at a more prominent place in the
manuscript!
Thank you for your suggestion. We added the following discussion on what efforts we had taken to
accommodate our acoustic anemometer to the high-altitude atmosphere in our revised manuscript.
In our experiment, the high-altitude balloon were drifting at the altitude of about 25km, where the
atmosphere had significant difference from terrestrial environment: low pressure of about 30hPa and low
temperature with extremes approaching ~-70℃ during the balloon’s ascent. In order to make sure our
anemometer can operate under such an extreme environment, the characteristics of acoustic signals
propagation attenuation in the atmosphere had been analyzed.
According to Bass et al., 1990, Bass et al., 1995 and Sutherland and Bass, 2004, when the sound wave
propagates in the atmosphere, the signal attenuation caused by atmospheric absorption is mainly related to
the acoustic frequency and atmospheric pressure, attenuation coefficients 𝛼 in dB per meters (dB/m) can
be expressed as follows:
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Where h is the molar concentration of water vapor in percent.
According to the above formulas, figure 5 shows the variation of different frequencies of acoustic signals
attenuation caused by atmospheric absorption with height at a distance of 0.2m from the acoustic source.

Figure 5 Atmospheric absorption attenuation of different frequencies of acoustic signals.
The atmospheric absorption attenuation of acoustic signal increases with the increase of acoustic
frequency and with the decrease of atmospheric pressure that goes down exponentially with height. At the
balloon level flight altitude of about 25km, the received signal intensity with acoustic frequency of 40kHz
is at least 10dB higher than that of signals with frequencies of above 100kHz. Therefore, in our acoustic
anemometer, the sensors with resonant frequency of 40kHz had been used to achieve higher
Signal-to-Noise Ratio (SNR), which is the primary difference between the anemometer that we developed
and the anemometers used by Banfield et al. 2016 and Maruca et al. 2017. Besides, an Automatic Gain
Control (AGC) circuit is also used, different from terrestrial anemometers, to adjust its gain levels with
altitude range to obtain better SNR.
In addition, to avoid the flow distortion from the gondola, the sensor bracket was not mounted outside of
the gondola directly, but was through a boom with a length of 1.8m and an elevation angle of 45°.
According to Lenoir et al., 2011, the perturbation from the gondola has little influence on the
measurements.
10- Line 137: here you mention the first time typical temperature conditions for your device – I suggest
putting it much earlier.
Thank you for your suggestion. We put them in the introduction part.
11- Section 2.2 includes in general a lot of technical – and partly trivial - ‐ details that apply for all
sensors such as the information that you used a fuse to protect you system. I am more interested in aspects
like what is different to other acoustic anemometers and how did you solved problems related to the
extreme environment of the stratosphere.
Please kindly see answers to Q9.
12- Section 2.3 “Data processing”: Similar comment as above: the information you have provided here
applies to all ultrasonic anemometers and is generally valid, but not specifically for your device - ‐ at
least I don't see any information that refers to the problems caused by low temperature or pressure.
Thank you for your comment. The following are what we have done to solve problems related to the
extreme environment of the stratosphere.

From the detailed discussion in answers to Q9, low atmospheric pressure is the main reason to determine
whether an acoustic anemometer can be used in high-altitude environment, since acoustic signals
absorption attenuation in the atmosphere will be increased with height. All the efforts we made are to
obtain the received signal to noise ratio (SNR) as high as possible, so we have taken improvement
measures such as reducing the frequency of acoustic signals and designing AGC circuits. Those are
different to other acoustic anemometers and can ensure the anemometer accommodate to the high-altitude
atmosphere.
As to data processing, the internal data sampling rate of the acoustic anemometer we developed is 10Hz.
In order to further improve the SNR, the original sampled signals within 1s are accumulated in data
processing, so the data update rate we given in the manuscript is 1Hz.
13- Section 2.4: Ground Experiment: The argumentation that both sensors experience the same airflow is
somewhat vague; I think one can learn something about the sensors but here it is the first time you
mention the temporal resolution of you device which I consider as remarkable low for an ultrasonic
anemometer, however, the “ reference” system is even slower with a resolution of 10 s? Usually,
ultrasoncis are considered as turbulence sensors with sampling frequencies of up to 100 Hz – what are
your technical limitations? It might be that your device is slower to meet the conditions of low pressure
but you should explain it?
Thank you for your comment. In ground experiment, we used a small weather sensor (WS500-UMB,
Lufft Inc., Germany) as the “reference” system. The sensor’s manual shows that the internal sampling
frequency is 15Hz and the time interval of instantaneous values can be 1s or 10s (default). The
measurements with time interval of 10s had been used in comparison. With regard to our device, as
explained in answers to Q12, the original data sampling rate is 10Hz. We accumulated the original
sampled signals to improve the received signal-to-noise ratio under low pressure conditions and gave
measurements with an update rate of 1Hz.
14- A technical question: In Fig 5 it seems that the mechanical structure is quite robust but have you
considered effects such as flow distortions or transducer shadowing effects which are a key issue for
sonics? – Maybe with a lower resolution this is not an issue but you should at least consider such
hazards.
Thank you for your comment. To avoid the flow distortion from the gondola, a long boom with the length
of 1.8m and an elevation angle of 45° had been used to keep the sensor bracket at a distance from the
gondola. As a result, according to Lenoir et al., 2011, the perturbation from the gondola has little
influence on the measurements. In order to minimize the influence of transducer shadowing effects, the
distance between sensors should be as far as possible, but this will reduce the signal-to-noise ratio of
received signals, or even fail to receive signals at level flight altitude. Therefore, a distance of 0.2m
between transducers is a compromise, and we ignored the influence of transducer shadowing effects.
15- Section 2.4 line 216ff: is the observed wind speed the range you expect as relative airspeed for your
balloon experiment? Why do you provide four digits for mean wind speeds? What is the useful resolution
(absolute accuracy) of the both sonics?
As the high-altitude balloon is drifting with the airflow, the relative wind speed, measured by our device,
should be very small. We consider the comparison results can meet the wind measurement needs on the
balloon platform for most of the time.
I corrected the following sentence according to your suggestion, since the resolutions of our device and

the commercial one are 4cm s-1 and 10cm s-1, respectively.
Before revision:
The mean wind speed difference is −0.0157 m s−1, with a standard deviation of 0.3016 m s−1.
After revision:
The mean wind speed difference is −0.02 m s−1, with a standard deviation of 0.30 m s−1.
16- Section 2.4: I am not sure what I can learn from this intercomparison experiment but this is partly
also due to the fact that I don’t know what you expect from your new device.
The purpose of intercomparison experiment is to verify the reliability of our device. As there is no
available wind tunnel, we choose to carry out the comparative test with a commercial anemometer on the
top of the mountain.
17- Section 3 “Results”: I have serious problems with interpreting the wind measurements at all –
despite any technical problems such as the observed spikes: I assume even a zero- ‐ pressure balloon with
a mass of 400 kg (gondola) does not exactly moves with the mean flow but what are the differences? You
measure a relative flow speed but how should I interpret the red line in Fig 7b? By the way, here you only
show the zonal wind vector component but you mentioned earlier that you have developed a three- ‐
dimensional wind measurement device – right? What about the other components and how is the 3d- ‐
motion of the balloon be measured? Are you determine also the angular rates and attitude angles?
Thank you for your comment.
We think the gondola does move with the mean flow, and the acoustic anemometer can sense rapid
changes in wind and measure the wind speed relative to the gondola. Therefore, the instantaneous
absolute wind speed is the sum of the speed obtained by the anemometer and the speed of the gondola’s
motion. As for figure 7b in the manuscript, we’re sorry that we made a mistake. The red line represents
the absolute wind speed, not the wind speed relative to the platform. We have corrected this in the revised
version.
The zonal wind speed, meridional wind speed and vertical wind speed can be found in our answer to Q1.
The acoustic anemometer is mounted on the gondola, then the relative position and angle relationships
between the device and the gondola are determined. The speed and attitude (include the angular rates and
attitude angles) of the gondola are continuously monitored by the GNSS and Inertial Navigation Sensor
(INS) installed on the gondola. With these data and the angle relationship between the anemometer and
the gondola, the zonal wind, meridional wind and vertical wind can be obtained.
18- If you have a radiosonde available for comparison: why not compare wind speeds? From my point of
view, this would be the most obvious thing to do and one could discuss the topic of the quasi- ‐
Lagrangian observation in more detail.
Thank you for your suggestion.
While the radiosonde data we used are obtained from Golmud Observation Station (94.90°E, 36.42°N),
which is about 150km away from Da chaidan District (95.37°E, 37.74°N), and the radiosonde was
launched at 12:00 UTC, approximately four hours before the experiment, we didn’t compare wind speeds
with the radiosonde. Instead, figure 1(b) and figure 2(b) in answer to Q1 compared wind speeds measured
by our anemometer with the results from GNSS installed on the gondola, since the gondola travels with
the background winds.

A drifting balloon measurement is a quasi‐Lagrangian type measurement, which approximately follows
the motion of an air parcel. At float altitudes, the balloon oscillates about several hundred meters around
25km due to the balloon's neutral buoyancy oscillation, gravity waves, turbulence, and also the ballast
system used to regulate the fly altitude of the balloon. Thus, the balloon flight altitude is not on an
isentropic plane, but is considered to be on a constant density surface (equivalent to the density of ~
0.041kg/m3), that is, the balloon motion is not ideally Lagrangian type motion, but can be considered to
be quasi‐Lagrangian type motion. A more detailed description about the quasi‐Lagrangian observation
will be added in the revised version.
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