
Dear Reviewers,

Thank you very much for your time and efforts on reviewing our manuscript. We considered all
comments and suggestions, and provided our detailed point-by-point responses below.

Reviewer #1

General Comments

This is an interesting paper examining the frequency and distribution of clouds in the lower-
most stratosphere over North America from many years of satellite-based lidar observations.
It is generally demonstrated that stratospheric clouds are found commonly over the central
Great Plains of the United states during the warm season and over the northwestern portion
of North America and Atlantic Ocean during the cool season. It is further argued by com-
paring with satellite-based classification of deep convection that most of the stratospheric
clouds are closely located (or juxtaposed) with convection. Much of the remaining clouds
identified are linked with gravity waves (which are in large initiated by deep convection).
These linkages are made somewhat loosely, as is common in a lot of prior work, but the asso-
ciation is logical and mostly appropriate. Some attempts to deal with spatial offsets between
ongoing deep convection and stratospheric clouds are carried out and shown to have a minor,
but important, effect on the results. Examining the frequency of stratospheric clouds is im-
portant and justified well in the paper, but some efforts to strengthen the evaluation and
messaging throughout are recommended below.

Answer: Thank you very much.

Comment ∗ 1

On the characterization of stratospheric clouds as ”cirrus”: based on my evaluation of the
paper, I expect a great deal of the stratospheric clouds identified are indeed overshooting
cumulonimbus clouds rather than distinct (or mostly separate) cirrus clouds. To avoid con-
fusion or misenterpretation of the focus of this work, I would recommend that the authors
refer to clouds examined here as stratospheric clouds (or stratospheric ice clouds).

Answer: Thank you for your suggestion. The term ”stratospheric ice clouds (SICs)” would be more
appropriate in this work. We have revised them all in our revised manuscript.

Comment ∗ 2

One theme of the paper that I think needs a bit of work is the messaging throughout on
the potential sources / formation mechanisms for the stratopheric clouds examined. Deep
convection is discussed as only delivering water vapor to the stratosphere (e.g., see lines
74-86; 195-196; 328-330 as examples), when in fact many of the studies the authors cite
demonstrate that the primary pathway for delivering water to the stratosphere is via ice.
Thus, much of the clouds examined (especially those linked to deep convection) are very
likely residual cloud material from previous injection. The stratosphere is often far too dry
otherwise to enable in situ cirrus formation, for which some requested additions to the paper
below may help sort out.

Answer: Yes, both water vapor and ice particles would possibly be injected into lower stratosphere
by deep convection. We revised those related sentences in the revised manuscript. Please also find the
revisions below.

”Considering the pathways of air into the midlatitude stratosphere, deep convection, especially
tropopause-penetrating convection, could produce direct injection of water vapor and ice particles into
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the middleworld and even the overworld stratosphere (Weinstock et al., 2007).”

”As convection injections reach to 2 – 4 km above the tropopause (Homeyer et al., 2014a), deep
convection is a vital pathway for transporting ice particles, water vapor, and other pollutants into the
lowermost stratosphere.”

Comment ∗ 3

There is some analysis given to demonstrate sensitivity of linkages between convection
and stratospheric clouds to the thresholds used for deep convection classification, which is
helpful. For broader context of the occurrence of stratospheric clouds and their potential
impact, I would recommend the authors add a figure to show the tropopause-relative altitude
distribution of stratospheric clouds identified (by season). It would also be helpful to know
what these distributions looked like for populations linked with deep convection and gravity
waves. Because the background stratospheric water vapor concentration is 3-6 ppmv (with
higher concentrations sometimes found within 1 km of the tropopause), I would expect the
gravity wave process to be largely confined to the lowest kilometer of the stratosphere. This
would also help to provide confidence in some of your linkages and their seasonality and
allow you to assess potential sensitivity of your results to the tropopause-relative altitude
threshold used.

Answer: We added the occurrence frequency of ice cloud at different altitude ranges with respect to
tropopause in Figure 2 and Figure 7.

”The vertical occurrence frequencies of ice cloud top heights with respect to the tropopause in Fig. 2c
and Fig. 2d show that, most ice cloud top heights over North America are observed around the tropopause
(7 – 8 %). The occurrence frequencies of SIC over North America are about 2 % both in summer and
winter.”

”Vertically, the highest fractions of ice cloud top heights unrelated to deep convection are also located
at tropopause region (Fig. 7c, d). The fractions of SIC are about 1 % over North America, which decrease
by 50 % compared to Fig. 2.”
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Figure 2: Nighttime seasonal mean occurrence frequencies of SICs from 2006 to 2018 in a) MJJA
and b) NDJF on a 4◦×6◦ (latitude × longitude) grid size. detected by CALIPSO are cirrus clouds that
have a cloud top height being at least 500 m above the tropopause derived from ERA-Interim. c) and d)
are the corresponding occurrence frequencies of ice cloud top heights in the altitude range from −4 to
4 km with respect to the tropopause over North America. Occurrence frequencies of deep convection are
shown in e) MJJA and f) NDJF. Deep convection events measured by AIRS are defined as a difference
of the 8.1 µm brightness temperature and the ERA-Interim tropopause temperature below 7 K. The red
contour lines in a) and b) show the occurrence frequencies of deep convection and blue contour lines in
e) and f) are occurrence frequencies of SICs.

Figure 7: Occurrence frequencies of SIC observations that are not directly related to deep convection
for MJJA (a) and NDJF (b). The red contour lines show the occurrence frequencies of deep convection
and blue dotted contour lines are the occurrence frequencies of SICs. c) and d) are the fractions of ice
cloud top heights relative to the tropopause, which are not directly related to deep convection.
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Comment ∗ 4

The potential significance of poleward transport of water from the TTL to aid in strato-
spheric cloud formation is a bit overstated in my opinion. While there has been some evid-
ence that this can occur, much of the broader analyses conducted (especially those look-
ing at double-tropopause versus single-tropopause regions; e.g., see Schwartz et al 2015
- http://doi.org/10.1002/2014JD021964) have demonstrated that such transport is typically
far drier than the extratropical lower stratosphere. Thus, I expect such a stratospheric cloud
source to be exceedingly rare. I recommend the authors expand the discussion to point out
this limitation.

Answer: As the poleward transport of water vapor from TTL to midlatitudes is presented in both Spang
et al. (2015) and Schwartz et al. (2015), we considered it as a potential mechanism for the formation
of cirrus at midlatitudes, which are not explained by deep convection and gravity waves. But yes, the
moistening effect of this transport is limited (Schwartz et al., 2015). We have rephrased related sentences
in the revised manuscript. But as the fractions of isentropic transport and double tropopause on the
formation of ice clouds is uneasily to be quantified, we are not going to discuss them in detail in this
study.

”Moreover, other factors may contribute to the occurrence of high altitude ice clouds, such as, pole-
ward transport of water vapor from the TTL to the extratropics(Dessler et al., 1995; Pittman et al., 2007).”

Comment ∗ 5

Much of the remaining uncertainty in the association of stratospheric clouds with convec-
tion comes from the lack of an exploration of time offsets between convection occurrence
and stratospheric cloud detection. This is explained somewhat generally as ”atmospheric
transport” in the paper, but I believe it should be given more attention/discussion. I suspect
much of the residual could be linked to convection with more trajectory analysis and con-
sideration of time offsets between storm occurrence and stratospheric cloud detection. The
lifetimes of clouds in the stratosphere following convective injection (as summarized in the
paper) and the downstream offsets of distributions shown certainly support the argument that
much of those clouds that do not directly coincide with convection are linked closely in time
with prior tropopause-reaching/overshooting convection. I am not necessarily suggesting
the authors conduct such trajectory analyses, but they could do so for the instances where
they don’t have a clear linkage between stratospheric clouds and deep convection/gravity
waves as they already demonstrated this conceptually in Figure 9 and it would be a nice
addition to the paper. Improving the discussion throughout to emphasize a potential timing
offset would help clarify the sources of uncertainty mentioned and contrast well with the
spatial offsets which are given a fair amount of attention.

Answer: Thanks for the suggestion. Trajectory analyses are very interesting to investigate the lifetime
of ice clouds and the time offsets between convection and ice cloud occurrence. We would conduct this
analysis in our future works as this task is complex and computationally expensive for 13 years of input
data. However, we added two sentences to the discussion of the revised manuscript.

”Further investigation of the lifetime of SICs and the temporal offsets between the occurrence of
convection and the detection of SICs by means of Lagrangian trajectory models would help to identify
the sources of some unexplained SICs. As the trajectory analyses with large input data would be complex
and rather computationally expensive, we foresee it for future work.”
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Comment ∗ 6

The summary of past ground-based (and some satellite-based) analyses of overshoot-
ing convection over North America is good, but there are several recent GPM stud-
ies of overshooting that should be listed here and would help round out the discus-
sion: Liu Liu (2016) - http://doi.org/10.1002/2015JD024430, and Liu et al. 2020 - ht-
tps://doi.org/10.1029/2019JD032003.

Answer: Thanks for those helpful references. They were included in the revised manuscript.

”Based on one year (March 2014 to February 2015) (Liu and Liu, 2016) and 4 years (April 2014
to March 2018) (Liu et al., 2020) of Global Precipitation Measurement (GPM) Precipitation Feature
(PF) data, larger area and higher occurrence of 20 dBZ radar reflectivity at and above tropopause were
observed in northern middle and high latitudes than over tropics. As the 20 dBZ radar reflectivity above
the tropopause is defined as overshooting convection in Liu and Liu (2016) and Liu et al. (2020), the
high occurrence of it means lots of air and ice particles were directly injected above the tropopause in
midlatitudes.”

Specific Comments / Technical Corrections

Lines 37-38: ”two-third” should be ”two-thirds”, and ”actually was” should be ”is”
Lines 59-60: What is meant by ”kind of controversial” here? It doesn’t follow the argument-
ation leading this, so please be more explicit.
Line 62: ”direct injection of air” and ice!
Line 67: ”central” should be ”central Great Plains”
Line 82: ”up to 1-6 km” should be ”up to 6 km”. When specifying a maximum possible
altitude, specifying ranges should be avoided.
Line 83: ”convective system” should be ”convective systems”
Line 90: ”lead” should be ”leads”
Line 133: ”cirrus clouds top” should be ”cirrus cloud top”
Line 177: ”” should be ”m”
Lines 238-240: I would recommend also pointing out duration!
Figure 4: caption says ”purple lines”, but these appear blue to me.
Figure 5: why is the green line in the top panel a different color here?
Line 319: ”up to 1-4 km” should be ”up to 4 km”, though note earlier it was stated that this
could be up to 6 km (see line 82 comment above).
Line 322: ”are averagely about”. What exactly do you mean here? Please clarify.

Answer: Done in the revised manuscript. And please also find them below.

1. However, as shown by Dessler et al. (2013), two-thirds of the stratospheric water vapor feedback
actually was from water vapor increasing in the stratosphere in extratropics.

2. Even though the actual numbers of occurrence frequency are different from study to study, the occur-
rence of SICs at midlatitudes is notable.

3. Considering the pathways of air into the midlatitude stratosphere, deep convection, especially tropopause-
penetrating convection, could produce direct injection of water vapor and ice particles into the middle-
world and even the overworld stratosphere (Weinstock et al., 2007).

4. Cooney et al. (2018) and Solomon et al. (2016) found that the overshooting events are most common
in the north-central part of the United States.

5, 6. Homeyer et al. (2017) found gravity wave breaking was the primary source for above-anvil cirrus
plumes, which could reach to 1 – 6 km above the tropopause in extratropical convective systems.

7. it turned out that poleward isentropic transport from the upper tropical troposphere to the extratropical
stratosphere leads to the occurrence of SICs in these observations.
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8. To reliably estimate ice cloud top heights, only high-feature-type-quality cirrus cloud and deep con-
vection data from the CALIPSO V4.x Level-2 Vertical Feature Mask data product are used in this study.

9. Gravity wave events are detected based on a threshold of 0.05 K2 for the noise-corrected 4.3 µm
brightness temperature variances.

10. However, as the rate at which SICs are formed depends on several parameters, such as the intensity,
the spatial extent, and the duration of the deep convection events, the simple linear correlation coefficient
of the nobs of SICs and deep convection is not necessarily the best indicator for correlation.

11,12. Please find new figure and revised texts below.

13. As convection injections reach to 2 – 4 km above the tropopause (Homeyer et al., 2014), deep convec-
tion is a vital pathway for transporting ice particles, water vapor and other pollutants into the lowermost
stratosphere.

14. Cooney et al. (2018) and Solomon et al. (2016) found the tropopause penetrating convection is
common over the central United States in later-spring and summertime, for example, at 0 UTC, the
average fraction of total monthly overshoots is about 8 % (Cooney et al., 2018) and the total annual
overshooting fraction is about 12 % (Solomon et al., 2016) based on NEXRAD network.

Answer to Point 11 and 12:
”The temporal correlations between SCCs and deep convection are further analyzed based on time-

series of daily detection numbers (nobs) over the Midwest United States (35°N – 45°N, 90°W – 100°W)
from May to August (Fig. 4). Data from three years, 2010, 2013, 2015, which have Pearson linear
correlation coefficients (rSIC−DC) of 0.66, 0.52, and 0.3, respectively, between the number of CALIPSO
SIC observations and AIRS deep convection observations, are shown here as representative examples
to illustrate the temporal correlation between SICs and deep convection. A visual inspection of the
time series in Fig. 4 shows that individual events or episodes of SICs and deep convection often occur
simultaneously.

However, as the rate at which SICs are formed depends on several parameters, such as the intensity,
the spatial extent, and the duration of the deep convection events, the simple linear correlation coefficient
of the nobs of SICs and deep convection is not necessarily the best indicator for correlation. Additionally,
we considered the number of days NOD with SICs and deep convection detections as a proxy for identi-
fying possible correlations. In Fig. 4, we see that even in 2015, which has the lowest linear correlation
coefficient, 87 % of the days with SIC observations are related to days with deep convection. SICs are
generally co-occurring with deep convection (>80 % for each single year from 2007 to 2018, not shown),
which indicates a high degree of correlation between deep convection and SICs on the temporal scale
over the Great Plains in summertime.”
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Figure 4: Daily numbers of nighttime observations of SICs (red line with no offset), deep convection
(blue line with offset of 300) over the Midwest United States (35°N – 45°N, 90°W – 100°W) in MJJA in
2010, 2013 and 2015. Number of days with occurrences of SICs (NODSIC), deep convection (NODDC)
and both of them (NODboth) are counted. Total detection numbers of SICs (nSIC), deep convection (nDC)
on each day and their Pearson linear correlation coefficients (rSIC−DC) are also shown above the plots.
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Reviewer #2

General Comments

This well-written article presents a good analysis of stratospheric cirrus clouds above North
America, and provides convincing explanations for the mechanisms responsible for the pres-
ence of these clouds. The data is well described, the figures support the results and the dis-
cussion is interesting. I am in favour of its publication in ACP, once the minor comments
below will be addressed.

A semantic issue I’d like to see addressed is the fact that the clouds described as ”SCC”
in the present article appear to be most often than not, according to the results presented,
overshoots of convective systems. Labelling them as ”stratospheric cirrus clouds” makes
me a bit uneasy, as they are most frequently not independent clouds but rather a small part
of a larger system, that happens to reach above the tropopause. Depending on the nature
of a stratospheric cloud (independent cirrus or upper part of a convective system), I sup-
pose the formation processes involved should be very different, as should be the impact on
stratospheric water vapour. It would be useful if the authors could address this issue, either
by proposing a way to avoid confusing independent cirrus with upper parts of convective
systems, or by demonstrating that the distinction is not important.

Answer: Thank you very much for your positive comments.
Yes, we considered the term ”stratospheric ice clouds (SICs)” would be more appropriate in this

work as it includes also the stratospheric part of deep convection. We have revised them all in the revised
manuscript.

Minor Comments

Comment ∗ 1

Introduction: this section is very good. The authors summarised very well the existing
literature on stratospheric cirrus clouds, the observational evidence for their existence, and
the mechanisms that might lead to their formation. It is an enjoyable read. L. 59: It is
unclear to me what you mean by ”kind of controversial”. Are you suggesting the results
from the previously cited works are incorrect, inconclusive, or unreliable? Maybe you mean
that existing evidence for stratospheric cirrus is circumstantial and imprecise by definition
(there are multiple definitions of the tropopause, etc). If that is the case, the presented results
could also be labelled controversial. Please be more explicit in your statement.

Answer: In this sentence, we intend to mention that even though the specific statistics of occurrence
frequencies of ice clouds in midlatitudes are different from study to study, the existence of those high
altitude ice clouds is well accepted. We have rephrased it in the revised manuscript.

”Even though the actual numbers of occurrence frequency are different from study to study, the
occurrence of SICs at midlatitudes is generally notable”

Comment ∗ 2

L. 192: ”The example adds a further aspect... over North America” I’m not sure I understand
this sentence.

Answer: We have revised it in manuscript.

”Figure.1 shows a typical example of co-located stratospheric ice clouds and deep convection, a
situation which can be frequently observed over the Great Plains during the thunderstorm season.”
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Comment ∗ 3

Figure 4: A visual inspection of the time series presented here does not suggest to me a
good correlation between them. Spikes in NSCC (orange) are frequently paired with flat NDC

or BTmin curves, and vice versa. The text does not attempt to discuss short-scale variability
of these time series or of the correlation between the time series. The text does not really
discuss the contents of that figure. Because of this, I do not think this figure really brings
anything to support the paper’s argument. I would actually be more interested in a visual
representation of the annual evolution of the various indicators, NODSCC, NODDC, NSCC,
RSCC DC, etc. This would make a more interesting discussion in my opinion.

Comment ∗ 4

L. 233: ”Despite large day-to-day variations, the occurrences of SCC and deep convection
are generally correlated.” Again, looking at Figure 4, I’m not sure I see such a good correl-
ation. The correlation coefficient between SCC and convection is sometimes as low as 0.3.
Do the authors consider a 0.5 correlation coefficient high or low? I would be interested in
seeing a lengthier discussion of these parameters, hopefully helped with a figure.

Answer: Thanks, we would like to answer comment 3 and 4 together. Figure 4 and corresponding texts
have been revised in the revised manuscript.

In Fig.4, we want to show the high correlations between occurrence of stratospheric ice cloud and
deep convection. As the rate at which SICs are formed depends on several parameters, such as the in-
tensity, the spatial extent, and the duration of the deep convection events, the simple linear correlation
coefficient of the observation numbers of SICs and deep convection is not necessarily the best indicator
for correlation. Additionally, we considered the number of days with SICs and deep convection detec-
tions as a proxy for identifying possible correlations. And it is the method we used to calculate the
fraction of SICs related to deep convection in Section 3.3. Please find details below.

Yes, the annual evolution of deep convection and SICs is very interesting. But the long-term variation
analysis seems a little out of scope of this study, and we are doing it in our recent works.

”The temporal correlations between SCCs and deep convection are further analyzed based on time-
series of daily detection numbers (nobs) over the Midwest United States (35°N – 45°N, 90°W – 100°W)
from May to August (Fig. 4). Data from three years, 2010, 2013, 2015, which have Pearson linear
correlation coefficients (rSIC−DC) of 0.66, 0.52, and 0.3, respectively, between the number of CALIPSO
SIC observations and AIRS deep convection observations, are shown here as representative examples
to illustrate the temporal correlation between SICs and deep convection. A visual inspection of the
time series in Fig. 4 shows that individual events or episodes of SICs and deep convection often occur
simultaneously.

However, as the rate at which SICs are formed depends on several parameters, such as the intensity,
the spatial extent, and the duration of the deep convection events, the simple linear correlation coefficient
of the nobs of SICs and deep convection is not necessarily the best indicator for correlation. Additionally,
we considered the number of days NOD with SICs and deep convection detections as a proxy for identi-
fying possible correlations. In Fig. 4, we see that even in 2015, which has the lowest linear correlation
coefficient, 87 % of the days with SIC observations are related to days with deep convection. SICs are
generally co-occurring with deep convection (>80 % for each single year from 2007 to 2018, not shown),
which indicates a high degree of correlation between deep convection and SICs on the temporal scale
over the Great Plains in summertime.”

In Section 3.3:
”The fraction of SICs related to deep convection is defined as the ratio of day numbers with SICs and

deep convection both detected to the total number of days with SIC detections.”
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Figure 4: Daily numbers of nighttime observations of SICs (red line with no offset), deep convection
(blue line with offset of 300) over the Midwest United States (35°N – 45°N, 90°W – 100°W) in MJJA in
2010, 2013 and 2015. Number of days with occurrences of SICs (NODSIC), deep convection (NODDC)
and both of them (NODboth) are counted. Total detection numbers of SICs (nSIC), deep convection (nDC)
on each day and their Pearson linear correlation coefficients (rSIC−DC) are also shown above the plots.
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