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Review of “frequency of deep convective cloudsha tropical zone from ten years of AIRS data” byrann and
Ruzmaikin

This paper investigated tropical deep convectioeidl(DCC) occurring frequencies (CF) during thet jfsyears
using AIRS L1 radiance data. With different defmits of DCC using different thresholds, consistégiicant
increasing (decreasing) trend is found for tropiaatl (ocean). The authors further correlated riéneds with ENSO
index and vertical velocity @ 500 hPa, and clairtied the trends reflected the decadal variability #hifted the
distribution of DCC in the tropics.

The entire paper is written in fluent, clear langu#tat is easy to follow. The logic and methodolagy in general
deliberative. Besides some minor issues thatistibelow, there are at least three major (genesggcts that may
be improved in the revised version:

(1) there are at least 5 definitions of DCC in gaper, some of which find overshootings while trs cerrespond
to cold cloud features (CCF). | think thresholdstslike DCC210 and DCCwO actually select many anaiid
cirrus features, as shown in Fig. 3.

As stated on p.10015 we compare five ways of D@Ctamns, three of them are defined by
legacy methods. Our focus is on DCCw0 and DCCwguriéi 1 shows that the DCC selected
with the condition TB11 (equivalent to our bt1281310K are much warmer than the
tropopause cold point temperature except near 30N 20S. Since they are far below the
tropopause and contain many anvils and cirrus fesguthey are not the focus of our paper.

As stated in Section 3.2 on p. 10018, line 8, 68K of the DCCwO, in contrast to 72% of the
DCCw4, are identified as deep convection usingti#ocated microwave AMSU-HSB data.
Since the AIRS and AMSU-HSB footprints were aligaedthin 0.2 degree of the 1.1 degree
FOV (p.10013, line 19), a 72% matchup should besictaned as very good. Thus some of
DCCwO0 and the majority of DCCw4 are deep conve@nedrding to microwave data.

As stated with the discussion of Figure 3 (p.161), 22% of the DCCwO0 and 39% of the
DCCw4 are matched up with AMSU-HSB overshootingection.

As discussed with Figure 3 (p.10018, line 10) aotkd by the reviewer, there is a high degree
of spatial correlation between DCCw0 and DCCw4.sTdiggests that DCCw4 are imbedded in
clusters of DCCwO.

As the rest of the paper use DCCwO to study thadteand interannual variabilities, | doubt if DCCigGsuitable to
represent “deep convective clouds” only. The awttstiould first spend at least a paragraph in se8tton
reemphasize the threshold sensitivity to diffeidatids (cloud clusters), and secondly, use anatineng threshold,
such as DCCw4 or DCCt2 in the trend and decadé#idity studies, unless otherwise the authorsqoréd alter the
title.

We included DCCt2 only for its legacy value. 39%hef DCCw4 are microwave overshooting
convection. In Table 3 we give trends for all fikefinitions. As noted in the discussion of trends



(section 5.1 p.10021, line 3-4) "Note that while th0 yr mean frequency of the DCC differ by
almost 2 orders of magnitude, the trends) are withfactor of two.”

We propose to change this sentence to clarify wdnds in DCCwO as used in the rest of the
paper:

“While the 10 year mean frequency of DCCwO is fiomes larger than the frequency of DCCw4
for the entire tropical zone (Table 2), neither Bas a significant trend. However, the trends
normalized to frequency for day/night ocean/land highly significant, they have the same sign,
but differ by about a factor of 2, with the DCCwalving consistently faster trends than
DCCwO0.”

Besides, the authors need to make sure the abtioengdeing consistent throughout the context.es@mple,
DCCwO0 & DCCw4 correspond to DTW in line 15 of pp1@)while DCCt2 is equivalent to DTR in the sanmeli

The abbreviations are consistent, but the many nicalevariables may be hard to follow.

DTR =bt900—Trop and DTW =bt1231-bt1419 are numerical values. Aba6t% of the area of
the tropical zone satisfies the condition DTW <@ythare thus identified as DCCwO0), but for
DTW=0 the average DTR is +12 K, i.e. the averagegO cloud tops is below the tropopause.

(2) Are these threshold applied to all 90 view-asgl
Yes.

Do you consider the lift of weighting functionssade-views would result more sensibility of overstiog clouds?
DCCwO0 & DCCw4 might suffer the least at the sidews as they are defined by channel differences.

Yes. This is why we used DCCw0 and DCCw4.

But I'm concerned about a fixed threshold such a€PID and DCC200, and a threshold defined baseddin na
tropopause climatology.

We agree. This is why the legacy DCC210, DCC200C0@t2 are included only for
comparison with legacy work.

(3) The authors mixed together the concept of clfwedjuency” and “area” throughout the paper. As thotprint
size of AIRS vary with scan-angles and clouds aneinogeneous within a single footprint, one camintctly
infer the cloud-covered area from dividing the D@@nber by the total pixels.

The AIRS footprint diameter at nadir is 13.5 kmsil6.5 km at the Earth’s surface when
averaged over the full cross-track swath. We ddif@otprint averaged DCC. There is no
guestion that for any footprint identified as DCCtiére could be sub-pixels within the footprint
in which dw < 0 (most likely due to anvils and osj. But these sub-pixels are compensated by
subpixels with dw << -4, such that for the averagyer all sub-pixels dw < -4.

We use cloud frequency of occurrence and fractidhearea covered by DCC as synonymous,
although this could be confusing at first glancet us clarify the situation. We infer the mean
DCCw4-covered area fraction. Every day we searehttbpical zone for DCCw4 using N non-



overlapping footprints. The N footprints don’'t hawecover the entire tropical zone, but they
have to be a spatially unbiased sample. If n ofNHeotprints are identified as DCCw4, then

n/N is the fraction of the tropical ocean covergddCCw4 on that day. This is what is shown as
one dot in the top of Figure 4. There is a highiaditity, but 10 years of data show a stable
pattern. If we consider the tropical zone as aneacevered with 16.5 km diameter footprints, the
probability that any one footprint is a DCCw4 isuaded to the fraction of the area identified as
DCC. If this probability increases, then the freqag of occurrence of DCCw4 increases. In this
sense the faction of the area of the tropical zomesred by DCC4 and the frequency of DCCw4
in the tropical zone can be treated as synonymous.

We changed the sentence on line 16 10017 to “Ttie o the count of footprints selected by the
thresholds divided by the count of all footprinisaigiven area and multiplied by 100 represents
the percent of the area covered by these objects.”

(4) omega500 can be interpreted as a proxy foetaogle convective cloudiness. However, the quedétived
from AIRS data is convective cloud occurring fregey not the area.

We derive the fraction of the area associated W@Cw0 and DCCw4. Since we know the area
of interest in square miles, and we know the faactf the area covered by DCCwO0 or DCCw4,
we can compare it with the area covered by omega500

A changing climate could cause changes in DCC otmufrequency, DC spread area, DCC strength, etc.

We agree. The inverse correlation between clouddogperatures and rain rate was the basis of
the GOES precipitation index (Joyce and Arkin 198@sed on the larger fraction of DCCw4
footprints associated with microwave overshootiogwection than for DCCwO, we can argue
that a DCCw4 is “stronger”, i.e. likely more heaxgin, then a DCCwO. This is shown in
Aumann et al. 2011. We noted (Section 5.5 p.10025}the less frequent DCC (DCCt2 and
DCCw4 types) show in the past 10 years consistéadter decreases in the frequency over
ocean and larger increases over land than the ni@guency ones (DCCw0 and DCC210
types). A changing climate could cause changesd€ frequency at a given detection
threshold, the mean spacing between DCC, or agdamthe ratio of frequency of
DCCwO0/DCCwA4.

We propose to add the following text at the en8eaftion 5.3: “Since a changing climate could
cause changes not only in DCC frequency but alemges DCC strength or changes in the
spatial relationships between DCC, there is no ogai® expect the same trends in the decrease
of area occupied byxsgo < 0 and the DCC occurrence frequency.”

Minor issues

(L123pp10010 means Line 123 at page 10010).

Abstract: L10-14pp10010: As the three definitiorsd/idifferent % of CF, it is not clear to me wh thuthors
chose to emphasize DCCw4 in the abstract, whil@#per used DCCwO the most. | suggest to alteseéhéence as:
“We find that DCC occur 0.06% - 0.8% of the timeading to different definitions and thresholds”.

The suggested sentence is inserted. We emphasigdS€ifce they are associated more with
overshooting convection than DCCwO. In terms ofnaaly trends DCCwO0 and DCCw4 are



highly correlated, but since DCCw4 are less frequdre anomalies of DCCw4 are also more
noisy, which increases the uncertainty in the angrtrands, as seen in Table 3.

Same lines: 72%+39%=101% (?) For AIRS data, DC@des overshooting, while
here the authors treat them as different concepts.

We actually mean the following: 72% of the DCCwd associated with microwave deep
convection. A subset of these DCC (39% of all DOGwe identified using the microwave data
as deep convection and overshooting convectiorayfése that this needs to be reworded since
this amount of detail is not needed in the abstré@ change the sentence on p 10010, line 10
starting with “We find that “ to the following segrice: Simultaneous observations of these DCC
with the Advanced Microwave Sounding Unit-HSB (AMEB) using 183 GHz water channels
provide a statistical correlation with microwaveagpeconvection and overshooting convection.

In the past 10 years....

L18pp10010: why do you associate tropical DCC Wiflobal” precipitation? The regime shift and dedada
variability you talked here seem to only associgith ENSO and Walker circulation, both of which arepical
phenomena.

We agree and remove the misleading term ‘globalgeswe in this paper we only discuss DCC
in tropics. Most DCC are located in the tropicahzo

L21pp10010: “This” -> “The consistent trends of D&Mrecip”.

Corrected

L25: “past events”: what events in particular? ENSO

‘past events’ is replaced with ‘past ENSO events’

L10pp10014: “22000 CCF" -> “22000 pixels of CCF'hdy are not individual events.

Corrected to “.. each day on average 22000 footisrassociated with CCF are found...”
L3ppl0017: “Gettelman” -> “Gettleman”.

The correct spelling is “Gettelman”.

L18ppl0017: “percent of the area” -> “percent @& ttcurrence frequency”. General question abotiose8.2:
this part of work demonstrates that none of thesholds here select DCC only. All of them includleeo upper-
troposphere clouds, which are not always origin&teah local convections. For example, the charéstierand
formation mechanisms of cirrus are completely défe from DCC. How do you know the trend and CFfeoen
DCC instead of from other UT clouds?

We agree that strictly speaking none of the thriekbeed in this paper select DCC exclusively.
Some of the “DCC” are false alarms, i.e. other uppr@eposphere clouds, which are not always
associated with local deep convection. Our arguneestatistical: Since 72% of the cold clouds
identified as DCCw4 with AIRS are also identifiesihg the collocated microwave AMSU-HSB



data as deep convective, the frequency may be stiraeged, but it seems unlikely that the
observed trend in the frequency anomaly is duantmerease in the fraction of false alarms.

L13pp10018: “200000 DCC210" -> “200000 DCC210 pKel.20pp10019: why do you show night data instefd
day+night averaged data? Section 5.3: how did etecs“day” and “night” scenes from daily 4-time€HNP data?

Unfortunately Figure 9 has the right caption, batthe type setting process Figure 8 was
inserted into the space for Figure 9. This caubesabserved discrepancy. The correct Figure 9
(reproduced below) shows the anomaly of the dailynt (day + night overpasses) of 2.5-degree
cells identified withwsgg<O.
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Figure 9. Overlay of anomalies of the daily(daygtmi overpasses) count of the 2.5 degree cells
identified withasoe<0 for ocean (bold) and land, smoothed with a 9§-danning average.

L2pp10024: “equally significant”: what do you meantbat? same p-value?
We mean that both trends are statistically sigaiiic The sentence is corrected.

L26pp10024: you mentioned the trend in precipitaseveral times in this paper (e.g., abstract,, lseramary). But
no references have been given. More importantyyjrtbrease in precipitation frequency? strengthrateéhn?
Increase in DCC occurring frequency may result niicrguent but less vigorous precipitation, or magorous but
less frequent precipitation. It's hard to prove EeC trends through precip trend.

We refer to the model-based work by Allan and S¢2ed7). We agree that DCC trends can’t
be derived from precipitation trends based on nadel

Table 4: What does the last line mean?

It looks like a table creation artifact. The rowofi Table 4 must be deleted.
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Aumann and Ruzmaikin present an analysis of deapemion in the tropics as observed by AIRS. Frocliraate
science point of view, the focus of the paper ishanpartitioning of deep convection between landl acean, and
the question whether there is a trend in this fiantng over the period of AIRS observations anatyhere
(2002-2012). From a methodological point of vielae paper provides substantial information on whay tre
classified as "deep convection", or "overshootingveation" in remote sensing data. | welcome theuwdision of
different metrics, as this is a constant sourceooffusion in the literature. However, | think it wid be possible to
somewhat improve the organization of the papeitsipresent form, it is occasionally jumping backl dorth
between science results and methodological asp#its, together with the large number of acronytesds to
confuse the reader. | leave it to the authors Hey tvant to address this issue; a possible strasegyfocus first
on the "scientific question" (namely the partitiapivetween land and ocean) based on the indicatciefep
convection the authors consider the most relewant,then have an extended discussion how thesiésrdepend
on the definition of "deep", or "overshooting" coatien. Below | list some minor comments. | thinkre® further
exploration of the connection between seasonatititeends (details below) would be interesting.

This is a complicated subject. In an earlier dnaé had the paper organized as suggested, but it
required forward and back referencing which werstjas confusing. The major focus was the
trend in the tropical DCC, and when none was fowednoted the cancelling trends for land and
ocean and the correlation with the MEI. To bettatlime the science goal we add two sentences
following the first sentence of the abstract: “Thus important to look for changes of DCC in a
changing climate. Ten years of data collected byaSpheric Infrared Sounder (AIRS) allows us
to identify decadal trends in frequency of occucenf DCC over land and ocean.”

Minor comments/suggestions

Abstract: The abstract, lines 10-14, illustratesphoblem with the various thresholds: While "tinad 2" is
defined (line 6), the subsequent statement is uncideat is meant when you say that "72% of themdeatified as
deep convective, 39% are overshooting ..." - whaescriterion for "deep convective", "overshooting
understand that these definitions are then givéneitext, but as it stands, the information indbstract is
ambiguous.

We actually mean the following: 72% of the DCCwd associated with microwave deep
convection. A subset of these DCC (39% of all DCCwe identified with the microwave data
as overshooting deep convection. We agree thah#gds to be reworded since this amount of
detail is not needed in the abstract. We changeé¢mtence on p 10010, line 10 starting with
“We find that “ to the following sentence: Simuleus observations of these DCC with the
Advanced Microwave Sounding Unit-HSB (AMSU-HSB)qu&B3 GHz water channels provide
a statistical correlation with microwave deep coctven and overshooting convection. In the
past 10 years....

Abstract/L28: Same problem - the range ("0.06%-0)d%0a full order of magnitude, we should be giwame
information on what the criteria are, else theiinfation is not really of much use to others.

We propose to replace the sentence “Depending eselected threshold, the frequency of DCC
in the tropical zone ranges from 0.06% to 0.8%hefarea.” with the sentence “The area of the
tropical zone identified as DCC is typically muelsd than 1%".



Abstract/last sentence: This statement is not ¢tean the context of the abstract. | understandithafers to
P10025/L16ff, but in the context of the abstrastinclear what you mean (I also have some questioncerning
the P10025/L16ff section, see below.)

The last sentence in the abstract will be deletatte with more explanation, as given in Section
5.4., its meaning is unclear.

P10011/L10ff: It is assumed here that the readendly knows exactly what these wavelengths imm@yhaps help
the reader with a quick reminder here.

“was first noted in 11pnthermal infrared images...”

P10015/L12: Which tropopause - lapse rate or coldt Note that it is known that NCEP drifts masspat
tropopause levels; overall, | would argue that gadicular level is also a fairly arbitrary refaoe level.

We agree that there are many definitions of thpdpause. We use the tropopause cold point
temperature as defined by NCEP, see
http://www.esrl.noaa.gov/psd/data/gridded/data.nbépl.We include the tropopause cold point
climatology-based definition of DCC only for itgéey value.

P10016/L15: Explain what "DTR" and "DTW" stand fbgving an association makes it easier to keep\theview
over all the acronyms.

The acronyms are explained as follows: (P100165) TR is the difference between the
brightness temperature measured by the 908 atmospheric window channel, bt900, and the
tropopause cold point temperature. (P10014, L19YDi§ the difference between the brightness
temperature measured by the 123I'atmospheric window channel, bt1231, and the
brightness temperature in the strong water vafzsaabing channel at 1419 ¢mbt1419.

Figure 2 illustrates the relationship between thERD= bt900-T,, and DTW = bt1231-bt1419
in a scatter diagram for all CCF collected in Septeer 2002 with DTR<20K.

This sentence is the new caption for Figure 2.

P10018/L21: 20S-20N?

Yes, 20S-20N is what TRMM uses. There is no untfjommthe discussion of DCC. We use 30S-
30N to contain the seasonal motion of the ITCZ.

P10019/L20: Is "overlaid" the best word here? Peshaalculated separately"?

We will replace the word "overlaid" with "calcuéatt separately” as suggest&tie white traces
in Figure 2 represent the mean, the 16% and 84@&-ulf the distribution of the data within each
one degree K wide DTW bin.

P10019/L21: Although I think | understand what yweant to say, the sentence as it stands makessitise: How
can ocean/land partitioning be "consistent” with ‘tdiurnal cycle ..."?

The sentence will be corrected to



“This observation is consistent with rain radar aseirements of precipitation in the tropics (Liu
and Zipser 2005)”

P10019/24/Figure 4: Can you inform the reader whigseseasonality comes from? (l.e. the tropicahme
hydrological cycle has very little seasonalitywtiuld be helpful to know whether the observed seal#ty arises,
e.g., from seasonality in the thermal structurthen TTL, from seasonality in land/ocean partitiapior whether
there is a genuine increase in deepest convectienland and ocean independent of TTL temperafures.

The 30S-30N tropical zone seasonal cycle in DC&riall. As shown in the daily DCCwO record
shown in Figure 4 (and the similar DDCw4, not shptihre seasonal variability is overwhelmed
by the random nature of clouds and the deep comreptocess. With a 3 month smoothing
filter the peak seasonal signal varies by less th@% of the mean, with clear minima for the NH
winters, not so clear maxima in the NH summer. pbists to the seasonal signal as being
related to the solar input. Superimposed on theageal variability is a bigger ENSO signal.

The question of the seasonality is also highlyvahe for your subsequent analysis of anomaliestfeil hat is -
you find little trend in the tropical average (Sentb.1) because of compensation in changes overaad ocean,
yet this seems to not work on a seasonal badise Ifeasonal variations would arise from differesrindand/ocean
convection, then a shift in land-ocean partitionshguld also give a trend in the total. Hence -tvdues your result
imply?

Figure 4 shows that there not much seasonality.intéepret the absence of a trend for the
tropical zone, compared to the clear trends of gijeosign for land and ocean as a part of a
multiannual oscillation, where latent heat is congel, and its redistribution and release as rain
oscillates between land and ocean.

P10021L2: Clarify - if | understand correctly, thentence should state that "the absolute DCC dregjess *using
different criteria to define DCC* differ by ... tiieends are very similar".

We plan to change this sentence to be more spéetifitile the 10 year mean frequency of
DCCwaO is four times larger than the frequency of2 (Table 2), for the entire tropical zone
neither set has a significant trend, while the treormalized to frequency for day/night
ocean/land are highly significant and differs bgdehan a factor of 2, with the DCCw4 having
consistently faster trends than DCCwO.

P10024/L9: No, mass conservation cannot be invotkednumber of deep storms is not a conserved ifpant
(which is also nicely illustrated by the seasogaliThe mass associated with each DCC can varyttenthdiative
cooling can vary (i.e. more ascent can be balabgedore descent - the question is whether the caigaergy
budget allows this to happen).

You are correct. Mass is not conserved. The avklktent heat is conserved, but the its
redistribution and release as rain shows what maylmulti-decade oscillation between land
and ocean, superimpose on ENSO effects. The sentéhcorrected to “...can not be caused
by mass conservation, i.e. an increasing (decrgpastent balanced with increasing
(decreasing) descent., due to the complexity ...”

P10025/L16ff: | think | understand what that sta¢erefers to, but please write it out explicidys of now, it's too
vague. If | understand you correctly, you thinktttiee fact that the rates of change differ somehmplies that
more extreme events respond stronger. However,i@raure whether | would believe that; but | ddmibw
whether you really mean this since the text isviague.



From Table 3 we note that the less frequent DCCGER2CGand DCCw4 types) show consistently
larger decreases in frequency for ocean and laigereases over land than the less frequent
ones (DCCwO0 and DCC210 types). This very consigiaiern there is worth noting, but not
enough to write a paper on. This is why we legbinhewhat vague. Since the frequency of
occurrence of DCCw4 is much less than 1%, DCCw4beaconsidered as extreme events.
Slow change in mean climate variables can lead tamstronger change in extremes as the
values in the tail of probability distribution futhens. We will change this sentence to:

“This finding may fit into a framework of how weather extrenaes expected to respond to
climate change (c.f. Allen and Ingram 2002; Emari&8rown 2005), based on the distribution
functions of non-gaussian distributed events.”



