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We thank the reviewer very much for her/his detailed thoughts, the very useful com-
ments, and suggestions on the manuscript, and thereby the possibility to further im-
prove it. In the following we will address all major comments and list the changes
we made in the manuscript. The section on the chirp tables and the cloud statistics
have been remarkably modified to address the reviewers comments. The minor re-
view points will be answered afterwards. In general, the manuscript has been revised
and thereby strengthened according to the reviewers comments. Most of the figures
have been modified according to the comments and now present the data in an easier
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readable way. Text that has been revised or that has been added to the manuscript is
written in italic letters.

Major or general comments

The first part of Section 2 describes the FMCW radar system itself, the modifica-
tions of the ground-based version to the airborne system (basically, reduction of
antenna size to fit into the aircraft at the expense of 6dB sensitivity and a wider
half power beam width) and gives valuable information regarding issues arising
during airborne downward-looking deployment of an FMCW radar and how they
can be mitigated (offnadir pointing by 25◦) to reduce the ground echo influence.
The FMCW radar principle is briefly illustrated and concludes with saying that
this study focuses on the analysis of the equivalent radar reflectivity factor al-
though "de-aliasing techniques to unfold Doppler velocity can be applied". - The
reader is thus left wondering why this has not been done. (?)

We agree with the reviewer on this point, that the reader is left alone with the state-
ment, because we only mention the possibility to apply de-aliasing techniques to un-
fold Doppler velocity without applying them and showing any results. As pointed out
already in the answer to the first reviewer the unfolding of the Doppler velocity is rather
difficult on a moving platform. Attempts to derive a somehow cleaned Doppler veloc-
ity gave unsatisfying results and it turned out, that a background wind information is
necessary. Ideally, this comes from a continuous measurements like wind lidar. Using
wind fields from models has been found to be to inaccurate. The only cases where
we could derive somehow the Doppler velocity is for clouds that have been probed by
the aircraft from different directions in rather short time periods. Other attempts to un-
fold the spectrum will be the subject of future studies and campaigns where we try to
increase the number of drop sondes for the wind information.
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To not leave the reader alone, as the reviewer said, we changed the sentence to:

Although we can apply de-aliasing techniques to unfold the Doppler velocity, the results
have not been satisfying so far. It has been found out, that background wind information
is needed to disentangle the Doppler velocity from the aircraft motion. Such information
is not available onboard Polar 5. Therefore, we make only use of the equivalent radar
reflectivity factor Ze in this study which can be determined from the integral over the
Doppler power spectrum..

The capabilities of the FMCW radar allowing for different vertical range reso-
lutions in different chirps are demonstrated for three different chirp programs,
however only the characteristics of the first chirp program are discussed. It
would be desirable to contrasts the pros and cons of all three used chirp pro-
grams.

For the answers to reviewers comments on chirp table see our response to p.4 lines
33-35. There we describe the motivation of the three different chirp tables and include
some describing text in the manuscript. This should address the question of pros and
cons of the chirp tables and why we changed them during the campaign. In addition,
the corresponding figure (Fig.1) has been modified so that it is now easier to compare
the three chirp tables in terms of maximum range, range gates, and sensitivities.

The description of the passive MWR channels (MiRAC-P) is very technical and
even includes a block diagram of the components. – Is this done in such a way
because it is a first-time deployment of a novel instrument? If so, please state
that clearly.

Indeed, it is the first description and deployment of a passive radiometer combining
these frequencies in the millimeter and sub-millimeter range. Especially on an aircraft
and in the Arctic this has never been done before. In the manuscript this point is now
made clear in the beginning of the subsection by:
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The passive microwave radiometer MiRAC-P (or RPG-LHUMPRO-243-340) is a unique
instrument combining millimeter and submillimeter channels that has been never oper-
ated before and especially not the in the Arctic and on an aircraft..

In Section 3 the different data processing steps are explained in a detailed way.
In the radar signal, mirror images are removed and a speckle filter is applied. The
description of the filter (p.10 lines 14-26) is sometimes a bit difficult to follow and
could benefit from a re-read and some modifications to improve clarity.

We agree with the reviewer. The paragraph describing the filtering was a bit difficult to
read. We re-read the section and made some changes that should make it more easy
to read an more understandable. The corresponding paragraph has been changed to:

However, as illustrated in Fig. 5b still some scattered radar reflectivities remain. Thus,
processing step II (Table 13) applies a speckle filter which removes isolated signals
either remaining from the insufficient mirror image correction that does not take into
account higher harmonics or that are due to other processing artifacts. Most impor-
tant thin isolated horizontal disturbance lines evident in 5b need to be eliminated. The
speckle filtering is based on the procedure by Lee et al. (1994a). However, the filter is
simplified by considering a radar reflectivity mask, which is defined by setting all radar
reflectivities to 1 and everything else to 0. Then, the filter uses a box considering all
neighboring measurements around a centered pixel. At a chosen threshold preferably
close to 50% of ones the centered value will be set to 0 or will be kept as 1. The aim
of the filtering procedure is to remove single speckle pixel and horizontal disturbance
lines, which may remain after processing step I. Thus, the box should be as small as
possible and should have a rectangular shape tilted by 90◦ to the horizontal distur-
bance line comparable to the side-lobes. The value for the time-range is chosen as
three because it is the smallest value with a centered time step.Whereas the range-
gate-range must be much larger than the time-range, but also an odd number. The
observations show that the maximum extent of the disturbance line have an extent of
five to six pixels in range-gate direction. Having a filtering-threshold of 50% in mind,
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the size of the box corresponds to eleven or thirteen range gates, respectively. Taking
thirteen range gates for the box gives a better opportunity to fit the threshold to the op-
timal exclusion of speckle and horizontal disturbance lines. Thus,empirical estimations
lead to a threshold of 41.7%. However, a data loss at cloud boundaries is obvious by
using such a filter. Figure 5c shows the result of the filtering procedure, which exclude
speckle and horizontal disturbance lines.

The multi-step coordinate transformation to convert from range to altitude is de-
scribed in a straight-forward way and supported by the appendix. One quick
question though: On p.12 line 3 it is mentioned that the sensor location is only
known within +/-0.5m. – This seems like a pretty large uncertainty. – What are
the reasons for it?

The assumptions on the uncertainties given on p.12 line 3 are rather coarse since
we do not know the exact position of the receiver in the radar/belly pod construction
in relation to the aircraft center of mass. For the iterative process of finding the true
position and alignment we made rather coarse assumptions to be sure it is within the
range we search for the true values. In reality it is known with a higher accuracy.
Therefore the statement has been changed to:

Within the sensor installation (Sect. 2.3), these parameters are not exactly known and
are therefore attributed with some uncertainties..

In Section 4 a roughly 30min CloudSat overpass case study over different sea
ice conditions is analyzed and the advantages of the lower blind zone and
higher spatio temporal resolution of MiRAC is emphasized. The comparison
also extends to comparing the brightness temperatures (TB) of the MiRAC-P to
the AMSR2-TB-related sea ice concentration product highlighting the ability of
MiRAC-P to detect small-scale features like broken sea ice which is not possi-
ble by the 6.25 km AMSR2 sea ice product resolution. This comparison is not
mentioned in the abstract and should be added there.
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We added to the end of the abstract a sentence for the sea ice observation with the
MiRAC-A 89 GHz channel. The capabilities of the passive sensor of MiRAC-A for sea
ice measurements are part of ongoing studies and will be explored in future campaigns.

In addition, it is possible to get an estimate of the sea ice concentration by the 89 GHz
passive channel of MiRAC-A with a much higher resolution than the daily AMSR2 sea
ice product on a 6.25 km grid.

Section 5 describes cloud statistics from 19 research flights during ACLOUD.
This section can be improved by giving more reasons for surface-type (ice/open
ocean) related differences in cloud altitude, observed number of cloud layers,
cloud depth, and cloud reflectivities. The CFAD reflectivity plot (Fig 10) has an-
other interesting feature: clouds over ocean exhibit a peak at 0.5-1km at very low
reflectivities of below -20dBz. – What’s the explanation? Alternatively, Section 5
can be omitted since the paper has a good story line fitting AMT context which
can finish after Section 4. Multiple previous ground-based remote-sensing based
studies showing frequent occurrence of low-level Arctic clouds - as done in Sec-
tion 5 - motivating the need of sensors being able to detect such low clouds
already exist. I would suggest the manuscript to be published after minor revi-
sion addressing the above-and below points.

We agree with the reviewer that omitting Section 5 and thereby reducing the manuscript
to the instrument description and one measurement example would still be enough to
be published in and fit the main focus of AMT. Nevertheless, we think that demonstrat-
ing the instruments and the setup capabilities by some simple statistical analysis on
the observed Arctic clouds and precipitation over different surface types adds some
valuable information to the manuscript. But again, as the reviewer says, it needs to be
extended and some of the features shown in the figures need to be pointed out in more
detail. Therefore, we revised Section 5 completely and included some more extended
descriptions and explanations. More focus has been put on the differences between
the surface types.
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... in Fig. 4 usable for the analysis. Due to the orography of Svalbard and the therefore
difficult to interpret measurements, those above land are excluded. Most of the time
Polar 5 was flying in an altitude of about 2900 to 3000m, which be seen as well in Fig. 8
where about 80% of all measurements considered in the statistical analysis have been
acquired with this flight altitude or above. Figure 8 and Table 11 show as well, that
about 57% of the measurements have been taken over open ocean and 43% over sea
ice. It has to be kept in mind, that flight patterns have been planed to observe clouds
according to numerical weather prediction models. Therefore, the statistics might be
biased...

...the cloud fraction vertically resolved in 100m intervals. The highest values are
present in the lowest 1000m with about 25 to 30% over sea ice and 30% and above over
ocean (solid lines in Fig. 8). The cloud fraction is in general slightly higher over ocean
than over sea ice in every height. For measurements at higher levels (above 2850m)
the cloud fraction increases which is most likely an artefact since measurements at
higher levels where only taken when Polar 5 was forced to climb above clouds due to
cloud tops exceeding the typical flight level of 10000ft.

Furthermore a more extensive description of the CFAD figures has been added. These
shown interesting features that have been not mentioned so far.

... low amounts of precipitation. A second cluster with lower amount can be found
between 500 and 1000m with Ze values between -20 and -15dBz. Some higher reflec-
tivities around 0dBz can be between 2 and 3km. In contrast measurements over open
ocean show higher concentration of reflectivities in the lowest levels between -15 and
-8dBz up to 500m and a secondary peak of clouds clustering -25 and -20dBz between
500 and 900m. This second peak not visible over is corresponds to the elevated arc-
tic boundary layer height and the clouds forming here (Chechin and Lüpkes 2019). A
band spanning from around -10dBz in 1km to -18dBz at 3km belongs to the vertical
extending clouds over ocean. In general ...
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Minor comments

p.1 line 15: While it is important to fill the measurement gap of the CloudSat
blind zone below 1.5km the phrase "MiRAC is able to fill the gap" seems a bit too
strong since MiRAC is an aircraft-mounted instrument and thus limited in time
and space and providing several tens of hours of observations during one field
experiment instead of continuous coverage. . .please rephrase.

MiRAC measurements can be used to address the question how well CloudSat can
sense the lower parts of the atmosphere, i.e., what is the amount of clouds and pre-
cipitation missed in low levels in comparison to MiRAC due to the larger blind zone,
reduced sensitivity, and lower resolution. Therefore, filling the is more meant to be in
terms of understanding and on a case study approach and not in terms of data cover-
age. We rephrased the sentence so it reads:

...demonstrates that MiRAC with its more than ten times higher vertical resolution down
to about 150m above the surface is able to show with some extend what is missed by
CloudSat when observing low level clouds..

p.2 line 3: Osborne et al. - publication year is missing
year of publication has been added

p.2 line 6: Barrow is now called Utqiagvik
first paragraph changed to ...,e.g., Utqiaġvik (formerly known as Barrow), Alaska
(Shupe et al., 2015), Ny-Ålesund, Svalbard (Nomokonova et al., 2018), Summit,
Greenland (Shupe et al., 2013).

p.2 line 7: add Summit, Greenland:
https://esrl.noaa.gov/psd/arctic/observatories/summit/
has been added (see above)

p.2 line 13: missing citation
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added reference for CALIPSO (CALIPSO; Winker et al., 2003)

p.2 line 22: Indicate how long the first airborne field experiments in the Arctic
date back to
We added: While a number of airborne campaigns have been performed in the Arctic
since the 1980’s (Andronache et al., 2017; Wendisch et al., 2018)...

p.2 line 25: "...Arctic nimbo stratus ice cloud observed during POLARCAT..."
This does not seem necessary since the sentence already mentions POLARCAT.

p.3 line 12: a "Second" without a "first" earlier on
has been changed

p.3 lines 16-19: refer to the photograph of the placement of MiRAC-A and -P on
the Polar 5 already here (Fig3)
done

p.4 line 26: You mention the first chirp program is used for the first research
flight – in Table 1 it is however stated that chirp setting “I” is used for RF04 and
RF05.
sentence changed to: ... used for the first two research flights ...

p.4 line 29: It sounds contradictory to state that based on the good performance
of the chirp program “I” you modified it twice. . .why modify if performing well?
Indeed the motivation for the different settings was presented too briefly and has been
revised – the new text is given below together with the next point of the reviewer.

p.4 lines 33-35: Be more precise how you identify the receiver saturation.
The sentence “b...ackscatter of hydrometeors or the surface echoes are strong
enough to shift Zmin over the full profile.” is not clear – please clarify.
The reviewer is right. We revised the whole paragraph to better explain our motivation
for the different chirp settings and the characteristics of the receiver sensitivity. The
new text reads as following:
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During ACLOUD two different chirp sequences per profile defining the vertical reso-
lution and thus minimum detectable Ze (Zmin) were used to account for the fact that
the sensitivity of the radar receiver decreases with the distance squared. For the very
first flights of MiRAC a conservative vertical resolution was chosen to ensure a high
enough sensitivity even if unforeseen problems would arise. With a range resolution
of 17.9m over the first 500m (Sequence I in Table 1) Zmin decreases from -65dBz at
100m distance from aircraft to about -50dBz in a distance of 600m (Fig. 1). Using a
second chirp sequence with a coarser range resolution of 27m for the rest of the profile
improves Zmin which then again degrades with the distance squared reaching roughly
-45dBz at the surface for the typical flight altitude of 3km above ground (Fig. 1). En-
couraged by the well-behaved performance of MiRAC with these conservative settings
during the first flights the chirp sequences were modified to yield a higher vertical res-
olution of 4.5m in the first 500m and 13.5m for the rest of the flights (Sequence III in
Table 1). Note, that due to higher flight altitudes the chirp settings had to be adapted
(Sequence II) in Table 1) to still cover the full column during limited periods.

Figure 1 illustrates exemplary the actually achieved Zmin for three research flights with
the different chirp settings. Herein, Zmin is calculated for each range gate by integrating
over the noise power of the Doppler spectrum. Under typical atmospheric conditions
this results in the classical behaviour discussed above. However, Figure 1 shows that
sometimes deviations can occur which are due to the two following reasons: First,
the Doppler spectrum noise power computation fails if the spectral width exceeds the
range gate’s maximum Nyquist velocity. This situation occurs in range gates affected
by the strong surface reflectivity and causes the enhanced occurrence of Zmin up to
-20dBz. Due to different flight altitudes, e.g., clustered around 3.2km for the example
in Fig. 1.a, enhanced Zmin associated with the surface is spread over different range
gates. Second the parallel shifts of Zmin profiles are caused by the automatic trans-
mitter power level switching. The radar automatically levels the transmitter power in
cases when the input power might lead to receiver saturation effects. The signal power
reduction when leads to reduced sensitivity over the whole profile leading to a over the
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full profile. The automatic power reduction is triggered by high reflections which can
occur under certain flight conditions, e.g., during flight maneuvers leading to a nadir
viewing of the radar and thus increased surface backscatter.

p.8 line 16: add “during ACLOUD field experiment”
done

p.9 line 18: replace “beyond” with “below”
done

p.10 line 3: Second part of the flight is in the marginal sea ice zone...and the first
part?
The last two sentences of the paragraph have been changed to Clearly sub-surface
reflection is visible in range gates below the surface especially in the first part of the
flight over sea ice (see Fig. 7 for sea ice cover) with similar characteristics in the
corresponding range gates above the surface. The second part of the flight leg is less
affected which can be attributed to a change in surface characteristics of the marginal
sea ice zone and open water. with including a reference to the figure showing the sea
ice coverage of the flight section.

p.11 line 11: “at” the expense
changed

p.15 line 13: add “AMSR2” before sea ice product
done

p.15 line 29: 25m vertical resolution only refer to chirp program I in Table 1, cor-
rect?
It is true, this is only valid for chirp III. The sentence has been reformulated to:
...reaches a vertical extent greater than 25m, which roughly correspond to two range
gates for chirp table III (or one range gate for chirp I and II, Table 11).

p.17: the “sea ice concentration of Bremen”? – There is sea ice in Bremen? ;) –
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Please correct.
That was misleading. Changed to AMSR2 sea ice concentration.

p.17 line 10: The sentence regarding “the number of measurements above sea
ice “is increased” with respect to number of measurements above open ocean”
is unclear. Do you mean “is higher”?
Sentence changed to: The number of measurements above sea ice and broken sea
ice is higher than the number of measurements over open ocean (Fig.8).

p.17 line 12: Deriving a cloud depth over sea ice lower than 800m from Fig.9
seems a bit arbitrary...
After reconsidering the statement we decided to remove it.

Figures

Please check Figure quality (Fig6+7 have low resolution) and make sure all fig-
ures have proper axis labels with a variable and units (Fig.1, Fig.4, Fig.5).
done

Fig.1: Why is there an extra colorbar in the middle panel?
It is not an extra colorbar. This colorbar gives the frequency of sensitivities. Unfortu-
nately, most of the values are close to 0. Therefore, it looks like there is no connection
between colorbar and data. We redesigned the figure. Now it is more clear.

Fig.7: Add the Channel frequencies in the lower three panels to increase compa-
rability between figure and description in the text.
done with adapted caption. The channels numbers have been removed as well in Table
16, since they are obsolete now.
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