Dear reviewer,

thank you for careful reading of the manuscript and for providing valuable comments and ideas how
to improve the paper.

A brief overview of main changes in the beginning:

We have now two separated sections, for MOSAIC instrumentation (Section 2) and for lidar retrievals
(Section 3, aerosol microphysics, CCN, INP). Now the instrumental and data analysis methods are
better separated. Furthermore, Section 3 is better structured with subsections from 3.1-3.3 and from
3.4.1-3.4.5.

We simplified the INP parameterization significantly. We have two INP retrieval sections now: Sect.
3.4.1. and Sect. 3.4.2. In Sect. 3.4.1., we describe the ABIFM approach (Knopf and Alpert, 2013) to
estimate immersion freezing INPs from lidar observations in the lower troposphere. In Sect. 3.4.2, we
describe the DIN approach (Wang and Knopf, 2011) to estimate deposition ice nucleation INPs from
lidar observations in the upper troposphere. We removed the immersion freezing and deposition
nucleation INP parameterizations of Ullrich et al. (2017). This was necessary in order to avoid
‘mixing’ of time-dependent and time-independent INP parameterizations.... and the difficulties,
arising from this mixing of methods, when showing the obtained results in ONE MOSAIC time series.
Now the full presentation of the annual cycle of INP observations is much more straight forward. We
adjusted the discussion of the results after these changes.

We also changed the titles of Section 4 and 5 a bit: Section 4: Observations, part 1: ...optical
properties..., and Section 5: Observations, part2: cloud-relevant products, CCN, INP etc. This may
better indicate that the RESULT block is separated into two main parts.

We introduced one new figure (Figure 12), as requested by one of the reviewers.

We went through the entire manuscript and improved the text after all the changes and with all the
comments of the reviewers in mind.

Now the step-by-step response to all comments with our response in blue. Essential changes in the
manuscript are indicated in BOLD.

This paper presents the annual cycle of height-resolved aerosol properties measured over the central
Arctic by the MOSAIC lidar complemented with in situ observations. This unique dataset provides
insights into the vertical distribution of optical and cloud-relevant aerosol properties (CCN, INP)
throughout the troposphere and different seasons, which is important for modeling clouds and the
present and future Arctic climate. The analysis of the annual cycle was extended with several case
studies, with an emphasis on the presence of a persistent wildfire smoke layer in the upper
troposphere.

The paper is well written and has a clear structure. | recommend publication after addressing the
comments below.

General comments

1. InSect. 3.1 you present three case studies with clean and polluted conditions during summer
before you discuss the annual cycle of the aerosol conditions during the MOSAIC year. The purpose of
presenting these case studies is not yet clear to me. For example:

- How did you select these case studies?

- Is some information on the case studies required for the analysis of the annual cycle (e.g., derive
lidar parameters that are used in the following sections)?



Please extend the description of the analysis regarding the case studies (e.g., goal of the
analysis, selection of the case studies, ...).

In the beginning of Sect. 4.1, we explain: The three observations shown in Fig. 1 are selected because
they cover the full range of MOASIC summer scenarios from clean to polluted conditions.

The case studies are not needed for the analysis of the annual cycle, but are useful for readers who
are not just familiar with lidar profiling. It is a good tradition to start with some key days before one
presents and discusses the entire observational data set in form of statistics and time series.

2. The detection of a pronounced and persistent wildfire smoke layer in the upper troposphere and
lower stratosphere is an important MOSAIC highlight. However, | have the impression that the
discussion about the smoke layer from previous studies was sometimes interrupting the flow. For
example:

- In line 474-475 you state that the annual cycle of the aerosol optical properties is shown in Fig.
6 and 7, so | was expecting that you would discuss the profiles of backscatter and extinction
coefficients that you observed during MOSAIC. However, in the following lines you don’t focus on the
discussion of these figures/your observations, but you report the findings regarding the smoke layer
from previous studies (see also specific comment 14).

- Inline 52-63 you put the discussion of the smoke layer together with the description of

the instrument setup aboard Polarstern, which does not really fit.

| fully agree that the presence of the persistent wildfire smoke layer is an interesting feature/finding
that needs to be discussed, but please revise if the structure of some paragraphs could be revised to
maintain a clear flow.

We agree with these comments and follow the suggestions of the reviewer and omitted almost
completely the discussion on the UTLS wildfire smoke.

Specific comments

1. Line 113-118: This paragraph seems a bit out of place. You already introduced in the previous
paragraph that local INPs of biogenic origin seem to control ice nucleation in the boundary layer in
summer (line 101-102). Also, the definition of homogeneous and heterogeneous nucleation should be
moved forward in the paper (before discussing the results of different INP studies). Please restructure
the paragraphs regarding INPs. You could also add reference to Carlsen and David (2022) and Sze et al.
(2023) as additional motivation for the importance of INP on cloud phase. For example, Carlsen and
David (2022) saw a clear relationship between cloud phase over open ocean, snow and sea ice cover
suggesting that local INPs are important for cloud phase.

Carlsen, T., & David, R. 0. (2022). Spaceborne evidence that ice-nucleating particles influence high-
latitude cloud phase. Geophysical Research Letters, 49, e2022GL098041.
https://doi.org/10.1029/2022GL098041

Sze, K. C. H., Wex, H., Hartmann, M., Skov, H., Massling, A., Villanueva, D., and Stratmann, F.:
Ice-nucleating particles in northern Greenland: annual cycles, biological contribution and
parameterizations, Atmos. Chem. Phys., 23, 4741-4761, https://doi.org/10.5194/acp-23-
4741-2023, 2023.

We rearranged the second part of the Introduction and shortened it to make the entire
argumentation in the Introduction more straight forward. Sze et al. (2023) and Carlsen and David

(2022) are now considered in the motivating discussion in the Introduction.

2. Line 165-173: In subsection 2.2 you describe the lidar instrument. Is there a reason why you only


https://doi.org/10.1029/2022GL098041
https://doi.org/10.1029/2022GL098041

present the parameters measured/derived by the lidar in Sect. 2.5? | suggest presenting the
parameters measured by the lidar already in Sect. 2.2. If you want to keep the parameters in a separate
section, you should refer to section 2.5.

We follow this suggestion, and present a short description of the lidar instrument together with the
data analysis regarding directly measured quantities, i.e., backscatter, extinction, depol. ratio, and
lidar ratio in Sect. 2.2.

3. Line 175: In the introduction you mention that sun photometer measurements are possible
from March to September (line 88-89). Why were no measurements performed between March and
June aboard Polarstern? | think it would be nice if you could include the sun photometer
measurements in Fig. 9 (see specific comment 19).

In Sect. 2.3, we state that the original MOSAIC sun photometer failed to work correctly. And we had
no chance to bring a new one before June 2020.

We now present some photometer observations (mean AOD for June-July and August-September
2020) in the Fig. 9 caption. That should be sufficient.

4. Line 182-185: In Sect. 2.1 you state that Polarstern was mainly drifting at latitudes > 85 °N.
The CALIOP measurements published by Yang et al. (2021) were obtained at latitudes between 65 °N
and 82 °C (between 2006 and 2019). Thus, the CALIOP and MOSAIC measurements do not cover the
same region and time period. How does this influence the comparison between MOSAIC and CALIOP
measurements (e.g., Fig. 8 and 9)? Please add a few sentences regarding this point.

We discuss this now in Sect. 4.2. The two main reasons for potential differences are: CALIOP sees
more pollution from surrounding continents (65°-82°N) than the MOSAIC lidar (80°-90°N).
Furthermore, CALIOP is looking downward and thus collects more tropospheric aerosol data than

the MOSAIC lidar that was frequently blocked by low-level clouds and fog.

5. Table 1: What is the difference between the term ‘exemplary’ and ‘typical’ uncertainty? |
would suggest sticking to one term.

We now use ‘typical’
6. Line 299-301: Please add a reference.

This point (on most important INP types plus references) is now discussed in larger detail in the
Introduction.

7. Line 395-410: In Sect. 2.9 you describe the in situ measurements of aerosol microphysical
properties and INP concentrations that were conducted on Polarstern. Maybe it makes sense to move
Sect. 2.9 forward to the other instrumentation. Like that you first describe the applied instrumentation
and then introduce the different data analysis methods.

We did that, see new Sect. 2.5.

8. Line 396-410: Please include some information on how the particle number, CCN, INP
concentrations were measured (e.g., instrument type) aboard Polarstern.

Done, see Sect. 2.5!

9. Line437: Where can | see the backward trajectories for the 4 km height? If they are not shown,
please state that.



Done in Sect. 4.1, on page 15!

10. Fig 1: In the caption of Fig 1 you state that the observations with the near-range telescope are
shown by the dashed line in Fig. 1.a. This is not the case. The near-range observations are represented
by thinner lines. Please change the plot or caption accordingly.

Done, i.e., we changed the caption!

11. Fig. 3: Comments to Fig. 3:

a. The 0and 1 labels on the x-axis overlap. Please revise the labelling.

b. For the right panel you show the residence time on the upper x-axis, while for the other panels
you show the residence time on the lower x-axis. | suggest showing the residence time on the upper x-
axis for all panels and the interval time on the bottom x-axis.

We improved Fig. 3 accordingly.

12. Line 475-486: The aim of this section is to present the annual cycle of the optical aerosol
properties measured during the MOSAIC year (Fig. 6 and Fig. 7). However, in the first paragraph you
focus mainly on the pronounced wildfire smoke layer that was discussed in detail by previous studies. |
would suggest focusing on your observation and presenting Fig. 6 in detail before you discuss the
results of other studies (see also general comment 2). For example, you could highlight the presence
of the smoke layer in the upper troposphere (especially in winter) in Fig. 6.

We re-wrote the entire Sect. 4.2 to meet all these points. We shortened the discussion on wildfire
smoke in Sect. 4.2 drastically.

13. Fig. 6: In the caption of Fig. 6 you state that 9-15 (October-March)/5-8 (June-September) daily
observations per month were considered. Are those all measurements that were available or according
to which criteria did you chose the observations? Please specify. How many observations were
considered for April and May? Please add the number of observations also for April and May.
Alternatively, you can specify the number of observations for each one- month/two-month period in
brackets in the legend of the figure.

We clarify all this is in the first paragraph of Sect. 4.2. We provide total numbers of considered
observations per month for each of the 12 MOSAIC months.

14. Line 532-533: Here you state that the MOSAIC and CALIOP observations agree well during the
winter months (Fig. 8). However, above 7.5 km, the extinction coefficients measured during MOSAIC
are higher compared to the CALIOP measurements, which is an effect of the smoke layer. You could
include this in the interpretation of the figure. The same holds true for the extinction coefficients
measured in the upper troposphere during the summer season.

We re-phrased this part of the CALIOP-MOSAIiC comparison to meet the reviewer’s point.

15. Fig. 8: Comments to Fig. 8:

a. |Ithinkit would be beneficial if you could include the standard deviation for the CALIOP
measurements. This allows to assess if the MOSAIC year was significantly different compared to the 15-
year mean CALIOP profile.

In the Yang et al. (2021) paper, there are no standard deviations given. In order to provide some
information about variability, we now show the standard deviations for our MOSAIC observations.



b. To support the comparison between the 15-year CALIOP and MOSAIC lidar measurements, you could
investigate if the MOSAIC and CALIOP measurements of the same time period are in good agreement:
l.e. can the CALIOP profile from October

2019 to September 2020 capture the vertical profile measured by MOSAIC?

All this information is not available in the Yang et al. (2021) paper. We could do our own CALIOP data
analysis to cover exclusively the MOSAIC year. But that would be quite time consuming. Since the
CALIOP-MOSAIC comparison is not the main goal of the article, we did not follow this reasonable
suggestion.

16. Line 537-549: In this paragraph you compare height-resolved aerosol observations from MOSAIC,
a TBS and CALIOP. However, these observations were obtained in different regions and over different
time periods, which makes a direct comparison difficult. What is the goal of this comparison? In my
opinion it does not make sense to compare the aerosol observations of these three datasets, as they are
quite different. As this paragraph is not required for the outline of the paper, | suggest removing this
paragraph. If you decide to keep this comparison in the final manuscript, you should include a figure to
illustrate the comparison. Also, | am a bit surprised that you state that good agreement between
the MOSAIC, CALIOP and TBS aerosol profiles was found (line 544-545), when you write in line 533-
534 that in summer, the lower troposphere measured during MOSAIC was much cleaner than described
by the 15-year mean CALIOP profiles.

We followed this suggestion and removed this part completely.

17. Fig. 9: Comments to Fig. 9:

a. In Sect. 2.3 you introduce the sun photometer measurements and state that these
measurements were performed between June to September. | think it would be beneficial to include
the sun photometer measurements in Fig. 9.

b. Please include the definition of the vertical bar in the caption (uncertainty?). Why is

there no vertical range for AOT 0-20 km? Why are there no data points between May and September
for AOT 0-20 km? Please revise.

We improved Fig. 9, and now show standard deviation (SB bars), indicating the natural variability for
all three MOSAIC time series and mention that in the caption. In addition, we include mean AOT
values (sun photomter, June-July, August-September 2020) in the caption, not in the figure.

In Sect. 4.3, the 0-20km AOT stops in April 2020 in Fig. 9 because a clear difference between the 0-
20km and 0-10km AOT was no longer visible in the data.

This is mentioned in Sect. 4.3.

18. Fig. 10: Comments to Fig. 10:
a. The lower standard deviation bar is missing for some values. Please include it. b. What is the
difference between the filled/empty blue circle? Please specify.

We changed (simplified) the entire data analysis. We used different conversion factors for summer
and winter, now we use the Arctic aerosol conversion factors throughout the year, and therefore we
have only closed symbols (in the case of the lidar observations).

In the case of the in situ observations, the lower value of the SD bar is sometimes <1 or even partly
<0. Therefore, this lower end of the bar is not shown. This is mentioned in the caption now.

19. Line 637-650: In this section you describe the strong difference between the winter and summer
INP levels that is visible in Fig. 11. This pronounced annual cycle in the INP concentration can be mainly
explained by the difference in summer/winter temperatures, as ice nucleation is strongly temperature
dependent. To investigate the annual cycle of the INP concentration you should show the INP



concentration for the same ice nucleation temperature over the entire year in Fig. 11. For example,
Creamean et al. (2022, Fig. 4) observe constant INP values at T=-25°C over all seasons, whereas an
annual cycle in the INP concentration is observed at T=-15°C. It would be interesting to see if the lidar
can reproduce the in situ INP concentration over the entire year. Thus, | suggest to extrapolate the
data shown in Fig. 11 to warmer/colder temperatures in winter/summer (e.g., show in situ and lidar
INP concentrations at T=-25 °C and T=-15 °C over the entire year).

All this is now done (as suggested by the reviewer), see section 5.2. We introduced a new Figure 12
(INP concentrations for T=-25 °C and T=-15 °C). We went through the entire text of Section 5.2 to
improve the discussion, after integrating Fig.12, along the reviewers suggestions.

20. Fig. 11: Comments to Fig. 11:

a. Why do you use the same temperature for 250 m and 2000 m in winter (-25 °C) but a different
temperature in summer (-10 °C/-15 °C)?

b. At which temperature were the in situ measurements conducted in winter? Please specify.
C. Why are some symbols filled/empty? Please specify the color-coding.

We improved the discussion and better explain Fig. 11. We used the temperatures of -25°C and -10°
to -15°C as realistic cloud top temperatures in winter and summer, respectively. We used these
different temperatures just to show how strong the differences in INP concentrations from winter to
summer are.

We provide now the mean INP values (and SD) for winter and summer seasons for surface, 250 m,
2000 m in the text, addition, as in the case of CCN discussions.

21. Line 689-693: Here you state that the INP concentrations of 1-20 L1 are in consistency with
MOSAIC retrievals of nICE and that 10 MOSAIC cirrus systems were analyzed. To support this
statement, | suggest to include the n|CE data points in Fig. 12.

We added a paragraph on this on page 24 in Sect. 5.3 (use of CAPTIVATE method, Mason et al., 2023)
and provide some results. Meanwhile we analyzed around 10 long-lasting cirrus events (from the
birth of the cirrus to the dissolution of the cirrus system) in November, December, January and
February of the MOSAIC year. But these results are still preliminary and are presently checked and
compared with results by using an alternative approach to obtain proper numbers for the
uncertainties in these ICNC retrievals. But these CALTIVATE results are at all in line with the INPC
values of 1-20 per liter. In most cases, the CAPTIVATE results indicate even lower ice crystal number
concentrations, 0.1-1 crystals per liter....

Technical comments

1. Line 8: cloud condensation nucleus (CCN) and ice nucleating particle (INP) concentrations

Done

2. Line 66: ‘question’ instead of ‘questions’

Done

3. Line 68-71: Long sentence. Please revise.

We re-phrased this part in the Introduticon.

4. Line 72: ‘Observations’ instead of ‘observation” ok!



5. Line 108: The acronyms SML and BWS are introduced but not used in the paper
They are removed.

6. Line 109: ‘midlatitudes’ instead of ‘midlatitudes latitudes’

ok!

7. Line 151: The acronym AOT was only introduced in the abstract. Should also be introduced in the
main text.

Improved!

8. Line 152: ‘Sect. 3.2 and 3.3’ instead of ‘Sect. 3’
Improved!

9. Line 158: ‘between’ instead of ‘betwee’
Improved!

10. Line 296: Add ‘above to surface’ to make it clear that the height levels of 250 m and 2000 m do
not refer to ‘below the tropopause’

Improved!

11. Line 332: Replace one ‘nINP’ by ‘nICE’

Improved!

12. Line 355: The acronym HULIS is introduced but not used in the paper
We removed HULIS.

13. Line 369: Not sure if the acronym DIN is needed.

DIN is needed!

14. Line 436: Please reference to figure Fig. 1: ‘... above 1.5 km height (Fig. 1)’
Done!

15. Line 450: add reference to figure Fig. 1 ‘... was observed (Fig. 1)’.
Done!

16. Fig. 4 caption: ‘smoke lidar ratio’ instead of ‘smome lidar ratio’
Done!

17. Line 475: add “... of the year-around backscatter observations ...’

Improved!



