
REVIEW 1 

We thank the reviewer for thorough reading and very valuable and constructive comments.  

In the following the Reviewer’s text is cited in italic fonts, our answers in roman fonts. 

 

This paper takes advantage of the ACLOUD airborne observations, and partly also from 
PASCAL on RV Polarstern, to explore different Arctic cloud turbulence dynamics. It is a very 
useful contributions and although it doesn’t really reveal anything previously unknown, it is 
unique in the sense that it rests on actual in-situ profiling of turbulent properties whereas most 
previous studies has relies on either indirect evidence, based on the vertical structure of mean 
parameters, or on retrievals from remote sensing, both obvious limitations. The study uses both 
level flight legs in a traditional sense but also analysis of slant profiles which adds substantial 
value and I commend this choise. This is a welcome contribution and I have no doubt that it 
should eventually be published, however, it still needs some more work to become acceptable; 
hence I recommend that it is accepted after a major revision. 

Major concerns 

When reading the main part of the paper, there is plenty of references to previous studies of 
Arctic stratocumulus, but the physics of Arctic liquid-bearing stratocumulus is no different from 
the physics of subtropical stratocumulus. The differences lies in the mixed-phase properties often 
occurring in Arctic clouds and in the surface characteristics, but much of the turbulence 
dynamics studied here is not sensitive to the presence of ice - neither in or below the clouds. Both 
cloud-top cooling and the associated buoyancy generation and cloud-forced mixing and the 
presence of cloud decoupling are features also present in subtropical stratocumulus.  

1) It would therefore be much more useful to see the contrasting of these results to the wealth of 
data that exists from stratocumulus outside of the Arctic, e.g. in the subtropics. How is cloud-top 
cooling and mixing different here from that in the subtropical “cloud cousins” and how are the 
decoupling different? 

Answer: We agree with the reviewer and find this point important. In the completely rewritten 
Discussion section we address this issue (as well as summarize it in the Conclusions). In 
particular, several differences from the subtropical stratocumulus are stressed. The consequences 
of some of the differences for the ABL turbulences are analyzed with the help of the mixed-layer 
model. Below are the pieces from the Discussion addressing the differences: 

The first difference is related to the often observed multilayer structure of Arctic clouds: 

First of all, we can confirm their conclusion that one of the differences of the Arctic 
stratocumulus clouds as compared to their marine counterparts in lower latitudes is the frequent 
occurrence of multiple cloud layers. Curry et al. (1988) concludes that in such situations, strong 
turbulent mixing occurs in the uppermost cloud layer, which is decoupled from the surface. The 
lowermost cloud layer can occur as a kind of fog in a stably stratified boundary layer. Exactly 
such a scenario was observed also by us on 20 June and thus it represents a further hint that such 
cases might be typical for the summertime Arctic.  

 



The second difference is associated with the fact that the surface latent heat flux as well as the 
total humidity jump are small over the Arctic sea ice. The consequences for the latent heat 
release and buoyancy flux in the cloud layer and, in turn, for the turbulence intensity are 
demonstrated using the mixed-layer model: 

The mixed-layer model also highlights an important difference between the Arctic and subtropic 
stratocumulus. For subtropics, a substantial latent heat flux at the bottom of the mixed layer is 
typical, while at the top of the mixed layer dry air is entrained. In a mixed-layer model, this leads 
to an increased buoyancy and heat flux in the cloud layer and consequently to a stronger 
turbulence. This is illustrated by the sensitivity experiments with the mixed-layer model (Fig. 
15). The parameters of the experiments are the same as for the 5 June experiment, apart that we 
prescribe a gradual increase of the latent heat flux a the bottom of the mixed layer as well as an 
increase of the total humidity jump at the top of the mixed layer. The typical values for 

subtropical stratocumulus are ρLe(w′qt′)0 =115 Wm−2 and ∆qt =−7.5 gkg−1 (Duynkerke et al., 
2004; Stevens et al., 2005). In contrast, in the Arctic the surface latent heat flux is small. During 

the ASCOS campaign, latent heat flux in the surface layer did not exceed 5 W m−2 (Brooks et 
al., 2017). Furthermore, a humidity inversion often occurs at the top of the Arctic mixed layer, 
which leads to the entrainment of moist air. As a result, an increase of buoyancy due to 
condensation is much smaller in the Arctic stratocumulus. In other words, in the Arctic, the 
latent heat release during condensation in updrafts is compensated or can be even exceeded by 
the cooling during evaporation in downdrafts. 

The third difference is the shallowness of the mixed layer over sea ice as compared to lower 
latitudes. This leads to smaller sensible heat flux maximum in the cloud layer and weaker 
turbulence, as shown by the mixed-layer model: 

To understand why turbulent heat flux can be much smaller than ∆LW it is important to consider 
the following property of the mixed layer. Namely, the total flux of the conservative variable θl 
has to change linearly with height as expressed in equation (C3). There, the total flux is the sum 
of LWnet and w′θl′. Due to the fact that usually LWnet changes nonlinearly with height (Figure 
B1), some amount of turbulent heat flux is needed to compensate for this nonlinearity. The 
needed amount of turbulent heat flux is proportional to how far from linear the LWnet profile is. 
Obviously, for a very thin layer (e.g. a layer between z/h = 0.8 and z/h = 1 in Figure B1) LWnet 
alone is already close to linear so that the cloud layer would cool almost uniformly with height 
even with a small amount of turbulent mixing. This is not the case for thick mixed layers, where 
the strong longwave cooling close to the cloud top generates a strongly nonlinear profile of 
LWnet. For a uniform cooling the loss of heat at cloud top has to be redistributed throughout the 
mixed layer by strong turbulent motions. In such clouds, the maximum of the turbulent heat flux 
would be closer to ∆LW. Apart from this, the presence of a negative entrainment flux also leads 
to a decrease of the turbulent heat flux maximum in the cloud. Thus, we can conclude that in 
shallow or thin mixed layers, indeed, turbulent heat flux can be substantially smaller than the 
longwave cooling expressed by ∆LW. This explains why not the whole amount of ∆LW is used 
to force the mixed-layer convection.  



2) The analysis of the mean profiles (Figures 3, 7, 11 & 14) and for the turbulent properties 
(Figures 5, 8, 12 & 15) are different and I wonder why? I would suggest that these plots are 
made exactly the same, with the same variables/properties in the same spots so they can be put 
side by side for comparison. 

Answer: We agree with the reviewer’s point. In the revised version of the manuscript, the 
figures presenting turbulence profiles (Fig. 4, 7, 10, 13) as well as the mean-profile figures (Fig. 
3, 6, 9, 12) have exactly the same structure.  

3) I also wonder why the four different case studies are not chronological, starting with 2 June, 
then 5 June and finally 14 and 20 June? 

Answer: We have included the following explanation in the revised version before Section 3.1: 

The description of cases does not follow a chronological order but starts with two single-layer 
low-cloud cases and ends with multi-layer cloud cases. A weak-wind single-layer case is 
described first in detail because it serves as a reference case where the cloud effect on the ABL 
structure was clearly dominant throughout the ABL.  

4) While the logical structure is based on dynamics characteristics, the text is very case oriented 
and I recommend that the two cases with multiple cloud layers are merged into one sub-section 
and analyzed together, following the logical narrative: cloud-driven, surface-driven and dual-
layer cases. Or perhaps drop the second two-layer case all together if there’s not enough data; 
having two separate cases is just a bit awkward. 

Answer:   The structure of the whole paper has been improved and some sections of the paper 
were shortened, so that we find it possible to keep the description of the two multi-layer cloud 
cases in separate sub-sections. We find it important not to drop the second case, as we want to 
stress the important effect of stability on the ABL turbulence structure. To our knowledge, such a 
comparison has never been presented elsewhere.  

5) The turbulence profiles are shown in scaled heights using the total boundary-layer top and 
indicating the cloud layer with gray shading. However, while incorporating the slant profiles 
covering substantial geographical distance means that there is no single cloud geometry and I 
suspect that the increased spread in some turbulence statistics around the cloud base is in fact 
due to the cloud bases – or rather the base of the cloud-mixed layer - for the different individual 
profiles is different. I would therefore suggest a two-layer scaling where the cloud layer is scaled 
separately from the sub-cloud layer. 

Answer: This is a good suggestion and we followed it by using such a two-layer scaling for the 
5 June case where the cloud bottom height differed between different profiles. This improved the 
presentation of turbulence profiles.  However, it was not useful in other cases because there 
cloud base was the same at different positions and/or we had just one measurement height below 
cloud base. Also this is mentioned in the revised paper. 

6) The total manuscript is made rather long by the addition of two appendices and I wonder if 
these are really necessary. Obviously, one need to trust the observations before trusting the 
analysis but I wonder why this is accounted for here and not in a separate paper or report. This 
type of tests should be standard background information for the platforms and should not need to 
be repeated differently in different papers. 



Answer: First of all, we shortened some sections of the paper and improved its structure. 
Although indeed, there is the overview paper and data report, but we bring more details here and 
address especially the accuracy in clouds which received little attention in the literature. Also the 
second reviewer stressed the importance of the uncertainty estimates. Thus, we decided to keep 
the Appendices, but as a compromise, shortened the first one addressing the accuracy 
considerably. 

7) Also, no amount of filtering or correlation while flying up and down in slant profiles trough 
the top of the cloud changes the fact that different parts of a profile is flown in dynamically 
completely different domains and analyzing turbulence incorporating both is questionable. 

Answer: First of all, we excluded from the time series used to obtain turbulence statistics the 
parts where the aircraft crossed the cloud top. Secondly, in the revised manuscript, we further 
stressed the difficulties concerning slanted profiles. We cannot get rid of this uncertainty and 
only once more stress this fact. From the revised version it should become very clear to the 
reader that the most reliable information is based on the horizontal sections, but the comparison 
with the slanted profiles shows that the latter are clearly within the scatter of the horizontal legs 
and everything can be well interpreted physically.  

8) The same is the case for the mixed-layer model; surely there are references to mixed layer 
models that could be used; moreover, the concept of a single mixed-layer is questionable when 
there may in fact be two different mix-layers on top of each other when the cloud-mixed layer is 
completely or partly decoupled from the surface-mixed layer. 

Answer: We are applying the mixed-layer model to the case and, in particular, to the well-mixed 
part of the atmospheric profile where we believe the mixed-layer model represents a simple and 
adequate approach. Moreover, in the new version of Discussion we base several of our 
conclusions on the mixed-layer model results. Thus, we find it important to write out the exact 
equations that we are using. This is justified also because existing mixed-layer models differ in 
details. Our model is using the simplest representation of the capping inversion and of the 
entrainment parametrization. Moreover, we moved some equations related to mixed-layer scaling 
to the Appendix, so that all the equations related to the mixed-layer model are there and they do 
not interrupt the narrative.   

9) Finally, I would wish for the paper to be more concisely written with a clearer narrative and 
there are also some language issues here an there. 

Answer: This is an important point. We dropped many unnecessary details and tried to make the 
narrative as clear and concise as possible. 

Minor comments 

Page 5, lines 17-19: What about LWP from the remote sensing on Polar 5? 

Answer: Reliable LWP estimates from remote sensing on Polar 5 are not available yet. Current 
retrieval of LWP from microwave radiometer and solar spectral imager often suffer over sea ice 
surfaces and in the presence of cloud ice particles. LWP Data so far are published only over open 
ocean. Advanced improved retrieval are in development but not available at this point. 

P6, l5: I think “accuracy” is the wrong word here; data from slant profiles is as accurate as any 
other data. The question instead is what they represent. 



Answer: we reformulated the sentence and explained in more detail what the slanted profiles 
represent, namely:    

Turbulence statistics were calculated using a moving window of about 100 s width 
corresponding to a layer of 100 m thickness and to a flight distance of about 5-10 km. Within 
each moving window a polynomial trend was removed. One can interpret the obtained profiles in 
a way that every point represents an approximation of the true values averaged over the 
corresponding height interval. Thus, this method provides continuous vertical profiles but suffers 
from two drawbacks: 1) Relatively short time spent at a certain height resulting in a higher 
statistical uncertainty; 2) smoothing of the vertical profiles. It should be stressed that the 
obtained statistics from slanted profiles do not strictly approximate the values from horizontal 
legs, except the cases when turbulence statistics change with height very slowly. It is important 
that the flight segments crossing the inversion at the ABL top are excluded from the analysis of 
slanted profiles so that the considered profiles start below the ABL top and steep jumps of 
quantities like temperature and wind components in the capping inversion are not misinterpreted 
as turbulence effects.  

 

P7, l1-16: Are all the formulas really necessary? 

Answer: We skipped some of the most obvious ones and included the rest in the text rather than 
writing each formula at a new line. 

P7, l4: Why is a (positive) scalar momentum flux used instead of the PBL-traditional along- and 
across-wind momentum flux? 

Answer: In the revised version we rotated the coordinate system along the mean ABL wind and 
present the components of the momentum flux as the along- and across-wind. The same we do 
for the variances of u and v. 

P7, l21: Either it is partly transparent or it isn’t. If it “appears to be”, then it is; the eye’s 
doesn’t lie. And I don’t understand what “almost transparent” means. 

Answer: We have reformulated this place to make it as clear as possible and avoided the word 
“transparent”, namely: 

On the MODIS image one can see the contours of sea ice floes (Figure 2) through the cloud 
layer, however, the clouds found during the flight, two hours after the satellite overpass, turned 
out to be rather solid (Fig. 3f).  

P7, l23: How can it be “rather solid” if it at the same time “appears to be almost transparent” 

Answer: see the answer above 

P9, l10: The potential temperature doesn’t have a defined freezing point. The real temperature 
has, but depending on pressure the potential temperature can very well be above 273.15, while 
the temperature is below and vice versa. For example, with a zero degree near-surface 



temperature, the near-surface potential temperature may well be above zero and will remain 
above zero even when real temperature drops below zero with height. 

Answer:  We agree with the reviewer. We shortened the description of mean profiles and avoid 
using “freezing point” with respect to potential temperature. 

P9, l33: Why is net LW defined positive; this is different from most other studies where it is 
defined as incoming minus outgoing, becoming negative at the cloud top. Moreover, what is the 
meaning of “positive upward” and how is that different from “negative downward”? 

Answer: We choose to use the same convention for turbulent and radiative fluxes: we define a 
flux positive when it is directed along the z axis upward. We find such a convention useful 
especially when considering the turbulent and radiative fluxes together, e.g. in the mixed-layer 
model framework. We follow in this some of the earlier studies and textbooks, but we agree that 
there are also many studies where a different sign is used. We refer to this issue in the revised 
version as follows: 

We assume here that LWnet is positive, when the net flux is directed upward (as in, e.g., Nicholls 
and Leighton (1986), their Fig. 7).  

 

P10, Figure 3 and elsewhere: very different cloud thickness even when the cloud top, and hence 
PBL depth, are much more similar. Think about other ways to do the scaling of the turbulence 
profiles. 

Answer: As discussed above, we followed the suggestion and used a different scaling. 

P11, l1: At what level is the heat flux significant, or do you mean “substantial” here? I have 
found it useful to only use “significant” when actually discussing significance. 

Answer: we followed the suggestion and replaced significant with substantial wherever it was 
relevant. 

P11, l3: “cloud base” is better than “cloud bottom”. 

Answer: We replace cloud bottom with cloud base throughout the text. 

P11, l4: One flight leg agrees with the mean of the slant profiles while one is much larger; could 
be anything. And what is entrainment(?); just another word for turbulence! 

Answer: The differences between slanted profiles and results of horizontal legs are largest close 
to cloud top and in the capping inversion. There, we have several possible sources of errors. The 
observed stratocumulus cloud top was not smooth but rather inhomogeneous with cloud towers 
reaching into the capping inversion. Sometimes, the aircraft is in the clouds sometimes slightly 
above the cloud top. Such inhomogeneity is seen especially by the horizontal legs and 
fluctuations may depend very much on the aircraft track. Also the aircraft might sometimes cross 
the capping inversion, which also leads to artificial effects. This is the reason why results should 
not be overinterpreted  above z/h > 0.8. The slanted profiles represent more the local conditions 
so that the scatter is smaller also because the region above cloud top is excluded in the 
calculation of turbulence statistics from slanted profiles (see also below).  

 



P11, l8: The slant profile TKE is height constant, but not that from the flight legs. 

Answer:  See above, the region near cloud top has lower accuracy. Nevertheless, we did not want 
to skip these results since at the capping inversion there might also exist intermittent turbulence 
so that the fluctuations along horizontal legs might point also to this physical phenomenon.  

P11, l13-14: Change order in the sentence “The difference … upper part”. Start with what you 
see here and then how that is different from Lenschows old results. Then conclude on the 
difference… 

Answer: We reorganized the manuscript and now the Lenschow parameterization is addressed in 
the Discussion 

P12, F5 and elsewhere: The outlined cloud is only valid for one location; consider a two-layer 
scaling or indicate how the normalized-base height varies for the different profiles. 

Answer: We did this 

P13, l6: How is a “negative downward transport” not an upward transport? 

Answer: Reformulated 

P15, l11: Awkward “However, the … 5 June“; consider revising text. 

Answer: Revised 

P16, l7-8: Awkward “sw shows … 2 June”; consider revising the text, e.g. “The cloud layer 
values of “sw shows …”. 

Answer: Revised 

P16, l11: The wind speed increases with decreasing altitude in all the profiles but more in T5 & 
T6 than in the other profiles. However, the reduction in these profiles closer to the surface, 
probably giving rise to the mentioning of a low-level jet, is only due to the fact that these profiles 
reaches lower than the other. If you want this to be a “low-level jet” you’ll have to be more 
distinct in what you mean and how you can be sure none of the other slant profiles does not also 
have one, albeit weaker. 

Answer: A definition of what we consider a low-level jet is given and obviously the low-level jet 
was present over sea ice on 2 June.  

P16, l29-34: Might as well drop this; adds nothing of value to this paper. 

Answer: we dropped this part 

P17, F8: How do you explain that the crosswind variance is larger than the alongwind variance 
ner the surface, when the stratification is stable and the wind direction nearly constant with 
height? 

Answer: After the suggested coordinate rotation, the alongwind variance is larger than the 
crosswind variance, especially in the slanted profiles. 

P20-21, F11-12: In the first figure the potential temperature seems to be linearly increasing with 
height below the capping inversion, while in the second figure it is constant up to z/h ~0.6-0.7? 



Answer: The observations during descent and horizontal legs are combined in one Figure 9. A 
slight increase is indeed obvious. The cloud field in the ABL was inhomogeneous and at some 
locations cloud base height was lower, so the potential temperature profile switched from dry to 
moist adiabatic one at lower heights, and at some locations – at higher heights.  

P22, l1: Is it more interesting to compare with 5 June than with 2 June? Both have a similar 

O(10 W/m2) heat flux at the cloud top, driven by cloud-top cooling, absent in the two layer case. 

Answer: In the revised manuscript, a comparison to both 2 and 5 June is included. 

P22, l3: “half as large” is better than “twice as small” 

Answer: revisited 

P22, l5-7: There are two things at play here the presence or absence of cloud-top cooling and of 
substantial surface friction (i.e. wind speed). 

Answer: We took this into account in the revised version. 

P25, l2-3: So how is the PBL depth defined; I seem to have missed that or it isn’t described. I 
would have though that z/h would be unity at the inversion base? 

Answer: revisited, the PBL depth in this particular case was first not correctly defined as the 
cloud top, but when we define it at the inversion base this leads to better scaling.  

P25, l11-14: Drop this; this is not the place. If you here feel a need to convince the reader that 
your turbulence data is actually accurate you need to go back and consider the whole 
manuscript. 

Answer: We decided to keep it as it is because we find it important to stress it exactly when the 
reader can see the results in the Figures. This piece is in the very end of the Results section and, 
to our mind, it does not interrupt the narrative. Also, we find this result impressing since the 
agreement of measurements from independent nosebooms in situations with very small signals 
has never been demonstrated.   

P27, l17-27: Too much text devoted to discussing and ascertaining the accuracy of the methods, 
especially the slant profiles. This has been tested and used before many times by other authors; 
nit needed any more! 

Answer: 

We partly agree with the reviewer that we are not the first who used the combination of 
horizontal legs and slanted profiles. Mahrt (1985) and Lenschow et al (1988) presented the 
comparison of both as well as the uncertainty estimates. Thus, our approach is not new and we 
decided to reduce the emphasis on  the agreement of the two methods in the Conclusions. 
Nevertheless, the above mentioned studies are based on flights in a stable boundary layer. The 
turbulent and mean structure of mixed layers in the presences of clouds is often quite different 
from a surface-based stable layer due to different eddy sizes. Thus, we still think that the 
comparison of the two methods demonstrating their agreement or disagreement is valuable, but 
probably should receive less attention in the Conclusions section. Therefore, following the 
reviewer’s comment we shortened the rather broad discussion of the agreement of two methods 
and instead stress that using both methods proved to be beneficial also in the cloud-topped mixed 
layers. 



P29, l3: So is it low here? Turbulence in the cloud is driven by cloud-top cooling; is that lower 
because the cloud is over sea ice rather than open water? 

Answer: 

In the revised version we clarify, that the cooling-driven turbulence is not weak, but that the 
values of sensible heat flux are much smaller than in a surface-driven convective ABL during 
cold air advection over open water. Previous estimates of accuracy for the turbulence probes on 
P5 and P6 were obtained only for the latter conditions and, thus, need to be reassessed. In the 
revised version of the considered paragraph, we also note that:  

Moreover, as in earlier studies (Curry, 1986; Finger and Wendling, 1990) it is important to quantify empirically the 
uncertainty of the derived turbulence statistics.  

P33, l19-29: Not quite sure what is going on here. Regardless if you fly in a vertical gradient or 
not, if you keep the same altitude you stay at the same temperature and therefore need no 
correction. Or you fly up and down, and then you’re not at the same place in the vertical 
anymore. Or the layer thickness varies along the flight. So explain this better. 

Answer: 

Also the best aircraft and best pilot will never be able to fly exactly over 10 Nm in one altitude. 
There is always fluctuation in height of plus/minus 10 m, sometimes more depending on the 
aircraft and turbulence. However, in the capping inversion, potential temperature has a strong 
vertical gradient so that a correction is useful. Since the effect is not large we shortened this point 
and do not show anymore the figure. We write now: 

Also during horizontal flight sections an aircraft cannot fly always exactly in one altitude. 
Especially in the uppermost part of the cloud with the capping inversion the remaining 
fluctuation of aircraft height of about ± 10 m is therefore correlated with changes of potential 
temperature caused by its vertical gradient. We corrected this impact on the temperature series 
based on the mean measured vertical temperature gradient along the flight leg. 

 

 


