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Abstract. Congestus cloud convective features are exam-1 Introduction
ined in one year of tropical oceanic cloud observations from

the CloudSat/CALIPSO instruments. TV,VO types of CONVEC- 35hnson et al. (1999) noted that tropical oceanic convective
tive clouds (cumulus and deep convective, based on classisj,qs can be grouped into three categories: shallow cu-
fication profiles from radar), and associated differences inmulus with cloud-top heights near the trade inversion 1—
radar reflectivity and radar/lidar cloud-top height are €ON-5 | \m above the surface; mid-level cumulus congestus clouds,
sidered. Congestus convective features are defined as CoWith cloud tops near the @ melting level; and deep cumu-
tiguous gonyect|ve cloudg with h.elghts be_tween. 3 aqd 9 km1onimbus clouds, with cloud-tops near the tropopause. While
Three criteria were used in previous studies to |dept|fy CONghallow and deep convection have long been acknowledged,
gestus: (1) CIogdSat and CALIPSO cloud-top heights lessyo 1e of mid-level cumulus congestus has only recently
than 1km apart; (2) CloudSat 0 dBZ echo-top height lessyeqome recognized. Kikuchi and Takayabu (2004) identi-

than 1km from CloudSat cloud-top height, and (3) Cloud- fie the cloud types with different stages of the Madden-
Sat 10dBZ echo-top height less than 2km from CIoudSatJu"an Oscillation (MJO) as (1) a “suppressed stage” with

cloud—top height. A majority of .congest.us convective fea- few clouds; (2) a “shallow convective stage” with shallow
tures satisfy the second and third requirements. Howeverclouds; (3) a “developing stage” with cumulus congestus
over 40 % of convective features identified had no associate@louds. (4) a“mature stage” with deep convective clouds, and
CALIPSO cloud-top height, predominantly due to the extin- 5) a “decaying stage” with anvil clouds. Similarly, Mapes
guishment of the lidar beam above the CloudSat-reporte t al. (2006), Chen and Del Genio (2009) and Tromeur
convective CIOUd', For the remainiqg cells, approximate!yand Rossow (2010) noted increased occurrence of conges-
56_% of these satisfy a!l th_ree_ requirements; when CorlSId'tus clouds prior to peak rainfall events associated with deep
ering the lidar beam-extinction issue, only 31 % of congestus,,\ action. Despite the observational evidence of conges-

convective features are identified using these criteria. ThistuS clouds, however, they were not accurately reproduced
implies that while previous methods used to identify conges-, yaneral circulation model parameterizations until recently

tus clouds may be accurate in finding vigorous convection ., ider and Majda, 2006; Sherwood et al., 2010).
(such as transient congestus rising toward the tropopauses, . ’ ’ . T e

these criteria may miss almost 70% of the total observed The spatla_ll coverage of satellites allows for identification
congestus convective features, suggesting a more general an_ characteristics of congestus clouds globally. Low-earth

proach should be used to describe congestus and its Sup_rbit satellite observations, as from CloudSat and Cloud-
rounding environment. Aerosol Lidar and Infrared Pathfinder Satellite Observation

(CALIPSO) (Stephens et al., 2008; Winker et al., 2009) can
provide fine spatial resolution measurements of congestus
cloud features despite the limitations of analyzing convective
life-cycle (Luo et al., 2009). Automated methods for iden-
tifying congestus would simplify understanding of regional
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differences in congestus populations, connections to surfac&om the Cloud-Aerosol Lidar with Orthogonal Polarization
and environmental conditions, and applications to tropical(CALIOP) lidar onboard CALIPSO. This product interpo-
climatology and many other important areas of research.  lates CALIPSO high-resolution data onto the CloudSat foot-
Methods for identifying congestus, however, have var-print. As CALIPSO passes over the same location 15 s after
ied. Johnson et al. (1999) identified congestus as precipiCloudSat, the measurements can be assumed to be simultane-
tating convective clouds with cloud-top heights between 5ous. The latest version of the 2B-GEOPROF-LIDAR product
and 9 km. Rossow et al. (2005) used a cloud-clustering algoas of the time of this paper’s resubmission (R24) will be
rithm of joint frequency distributions of cloud top pressure used here.
and optical thickness, defining 2 of the 6 obtained convective Finally, the cloud classification (2B-CLDCLASS) product
“weather states” as associated with congestus. Jensen amdll be used. Two types of convection are identified using
Del Genio (2006) defined convective clouds with cloud-top the 2B-CLDCLASS algorithm (Sassen and Wang, 2008); a
heights between 3 and 9 km as congestus, including convec'cumulus” flag that identifies areas of low- to medium-level
tive cells in the lower free troposphere identified as shallowconvection, and a “deep convection” flag that identifies con-
clouds by Johnson et al. (1999). vective cells with cold cloud-topg(< 258 K) using reanal-
Recently, Luo et al. (2009) have identified congestus usingysis temperatures. As we are interested in tropical oceanic
reflectivity and cloud-height information from CloudSat and regions, we limit our study to areas betweeti $5nd 18N
CALIPSO. Congestus observations were defined as cloudkbelled as ocean by the CLDCLASS product.
with cloud-top heights (CTH) between 3 and 9km (Jensen Congestus clouds are defined here by two criteria. First
and Del Genio, 2006) and with continuous radar echo fromis a cloud-top height (CTH) between 3 and 9 km, utilized in
CTH to near the ground which satisfy three criteria: (1) dif- Jensen and Del Genio (2006). We impose a second require-
ference between CloudSat and CALIPSO CTH of less tharment of cloud base to be within 1 km of the surface; this en-
1 km, (2) difference between CloudSat CTH and 0 dBZ echo-sures the cloud in question is related to surface-driven pro-
top height (ETH) of less than 1km, and (3) difference be-cesses while taking into account the ground clutter issues in
tween CloudSat and 10 dBZ ETH of less than 2 km. Thesethe lowest 1 km of CloudSat data (Tanelli et al., 2008). Three
values were identified in Luo et al. (2008) as cloud andlevels of radar-detected CTH are considered, based on the
echo characteristics shared by a majority of deep convectivelegree of certainty of cloud detection in the 2B-GEOPROF
clouds. Luo et al. (2009) also included a method for deter-product: cloud mask =40 marks the most certain cloud de-
mining the convective buoyancy of CloudSat-viewed convec-tection, while cloud masks 30 and 20 mark decreasing areas
tion; this approach is useful for determining whether an ob-of certainty. A comparison of these three cloud mask values
served convective cloud is “terminal”, remaining at conges-is included in this study to see how the choice of cloud mask
tus heights, or “transient”, rising to become deep convectioncan affect the cloud statistics obtained from CloudSat. If a
However, this method has not been verified with indepen-field-of-view has a cloud mask of 20 and 30, but not 40, this
dent observations, and as such this paper will not include thigonvective area will be included in the cloud mask 20 and
method. 30 statistics, but not in the cloud mask 40 statistics. Because
This study relates the CloudSat-provided cloud classifica-Of this, more convective fields-of-view will be considered for
tion data to radar and lidar characteristics of mid-level trop-cloud mask 20 statistics than cloud mask 40. As CloudSat

ical oceanic convection. We then compare these statistics tf1easurements are reported on a distance vs. Height grid,
those utilized by Luo et al. (2009), and assess how well the¢hese three CTH values are calculated from the reported 2-

Luo et al. (2009) criteria capture congestus. D cloud-mask grid (more information in Marchand et al.,
2008).
A fourth CTH, as identified in the GEOPROF-Lidar prod-
2 Methodology uct as being observed by CALIPSO, is also considered. As

will be made clear in the next section, not all observed con-
Clouds are identified using data measured in 2008 (full year)ection contains a concurrent CALIPSO CTH, even when
from two A-train satellite instruments. The Cloud Profil- the CALIPSO lidar is operational. This is due to one of two
ing Radar (CPR) onboard CloudSat (Stephens et al., 2008ctors; (1) CALIPSO does not always report a cloud when
transmits at 94-GHz (W-band) and had a verified beginning-CloudSat sees one. This is most likely due to an issue with
of-life sensitivity of —30dBZ (Tanelli et al. 2008). Itis a the averaging of multiple CALIPSO FOVs onto the CloudSat
nadir-viewing instrument with an effective horizontal res- FOV in the case of broken cloud cover. (2) The lidar beam
olution of 1.4x 1.7km. Three data release R04 products may be extinguished by clouds above the convection. If this
provided by the CloudSat science team will be used. Firsthappens, or if the remaining signal-to-noise ratio on the con-
the main 2B-GEOPROF (Marchand et al., 2008) productvective cloud as observed by CALIPSO is low, the convec-
gives cloud mask/certainty information as well as radar re-tive cloud is flagged in the 2B-GEOPROF-LIDAR product
flectivity values. Next, the 2B-GEOPROF-LIDAR product as being observed by CloudSat only.
(Mace et al., 2009) combines CPR data with measurements
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Table 1. CALIPSO minus CloudSat CTH differences for individual congestus fields-of-view, and mean differences between CloudSat CTH
and ETH, separated by the six cloud classification/mask categories. Column 4 also lists the percent of cases where CALIPSO identifies a
cloud top for the same convective cloud viewed by CloudSat; columns 5 and 6 list the percent of cases where a 0 or 10 dBZ echo, respectively,

is identified.

Cloud Cloud AH AH AH
classification mask  Counts (CALIPSO-CloudSat) (0dBz) (10dBZ)
Cumulus 20 245740 480.6m (23.0%) 673.4m(83.1%) 1673.3m (36.1%)
30 215675 2178.4m (24.8%)  291.0m (90.4%) 1456.7m (41.8%)
40 207853 2281.3m (24.7%) 241.6m (91.4%) 1419.9m (42.8%)
Deep convection 20 109582 429.8m (40.5%) 1610.4m (92.4%) 2592.8m (51.1%)
30 127164 2681.2m (47.3%)  838.9m (95.2%) 2255.2m (54.7 %)
40 134588 3249.5m (49.2%) 572.6m(95.6%) 2117.2m (55.2%)
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Fig. 1. Relative frequency of convective CTH, separated by cloud
classification and radar mask cloud top height.

Finally, two levels of radar-reflectivity echo top height
(ETH) are identified: 0 and 10dBZ. As mentioned in the in-
troduction, these values were noted in Luo et al. (2008), an
applied in Luo et al. (2009) to identify congestus clouds.

3 Results

3.1 Field-of-view analysis

Figure 1 shows the relative frequency of convective CTH,
separated by cloud classification and cloud mask. Cumulus-
20 refers to the highest vertical bin with a cloud mask value
of 20 or higher for a cloud identified as cumulus; similar def-
initions are used for cumulus-30, deep convection-20, etc.
A vertical delineation between the two cloud types is appar-
ent; the peak for the three cumulus curves lies around 4 km,
while the deep convection peaks lie near 14-15km. Cloud
class does not uniquely distinguish deep and shallow clouds,
however. Some clouds flagged as deep convection are seen to
have CTH heights of 2—3 km above the surface. In addition,
a weak cumulus-20 peak is noted at 14km; no such peak
is noted in cumulus-30, suggesting some are areas where
the difference in height between cumulus-20 and cumulus-
30 may exceed 5km. Only slight differences are noted be-
tween cloud masks 30 and 40; the curves for cumulus-30 and
cumulus-40 are nearly indistinguishable.

Table 1 lists CTH and ETH differences for congestus
(CTH of 3 to 9km and radar cloud base below 1km), sep-

Oarated by the six cloud classification/mask categories. The

third column lists the number of fields-of-view. More con-
gestus fields-of-view are identified as cumulus by the 2B-
CLDCLASS algorithm than as deep convection, at a rate of
nearly two to one. Also, more cumulus-20 are identified as
congestus than cumulus-40; this suggests a situation where

Analyses of the convective echo characteristics are groupethe cumulus-20 CTH is greater than 3 km while cumulus-40

in three sections. The first looks at statistics compiled
from single CloudSat fields-of-view; this allows for profile-

is below 3 km, or, a cumulus-20 cloud has no areas reporting
a cloud mask of 40. Conversely, more deep convection-40

specific comparisons. The second section looks at coherendre identified as congestus than deep convection-20; this may
convective features along the CloudSat path; here identifibe due to a deep convection-20 CTH greater than 9 km and
cation focuses on the characteristics of specific cloud typesdeep convection-40 CTH less than 9 km (and thus identified

Finally, we will look at the applicability of the mean statis-
tics obtained here for identifying congestus, similar to Luo et
al. (2009)’s application of the Luo et al. (2008) means.

www.atmos-chem-phys.net/12/1587/2012/

as congestus here).

The fourth column of Table 1 lists the mean difference be-
tween CALIPSO and CloudSat CTH. Because the CALIPSO
lidar is more sensitive to smaller particles than is the Cloud-
Sat radar, CTH is expected to be higher from CALIPSO.
The mean CTH difference ranges from 0.4 to 3.2km in
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Table 1. As expected, the mean CTH difference between
CALIPSO and radar cloud mask 40 CTH is higher than be-
tween CALIPSO and radar cloud mask 20 CTH. For cloud
mask 20, the distance is smaller above pixels identified as
deep convection than pixels identified as cumulus; for cloud
masks 30 and 40, the distance is smaller above cumulus.

Column 4 also lists the percentage of cases with the ap-
propriate cloud mask/classification where CALIPSO reports
a cloud-top for the convective cell. This only occurs for
about 24 % of cumulus cases and 45 % of deep convective ) .
cases. The majority of these missed pixels (see Appendix [T T = it BECCETLCe
A) are due to the “extinguishment” of the lidar beam, where
CALIPSO reports a_CIOUd hlgh_up inthe gtmosphere b‘%t Can'Fig. 2. Top: sample returned power scan from CloudSat. Bot-
not see the convection below it. Appendix A also details theyo - associated 2B-CLDCLASS classification of the returned cells.
differences in missed observations between the current angy = cumulus, deep=deep convection. Both images taken from
previous versions of the merged CloudSat/CALIPSO prod-the CloudSat online quicklook archiventtp://www.cloudsat.cira.
uct, most notably the decrease in false detections in the lategblostate.edu/dpcstatusQL.php
version.

The fifth column of Table 1 lists the difference between
CloudSat CTH and 0 dBZ ETH. The percentage values inWwww.cloudsat.cira.colostate.edu/dpcstatusQL)pffmough
this column show that a majority of convective pixels for multiple narrow cells can be identified in the top panel, the
both cloud types contain a 0dBZ echo within the cloud. cloud classification groups these all together into one cumu-
This height difference ranges from 200-1600 m, with higherlus feature (identified in orange on the bottom panel). The
cloud mask values of CTH located nearer the 0dBZ ETHhighest CTH among all the profiles in one convective feature
than lower values. The 0dBZ ETH is on average closer toiS considered the convective feature’s CTH.
cumulus CTH than to deep convective CTH. The final col- Figure 3 shows the regional distribution of convective
umn is similar to column 5, except shows results for thefeatures identified using the CTH criteria described above.
10dBZ ETH. As with 0dBZ ETH, the 10dBZ ETH is closer They seem to mirror the expected convective distribution
to the cumulus CTH than to deep convection CTH. The mearin the tropics (Sassen and Wang 2008), with the exception
height difference is around 1500 m for cumulus-identified Of fewer congestus convective features noted over the West
pixels, and around 2300m for deep-convection-identifiedPacific/maritime continent warm pool region. The lower
pixels. This is greater than for the 0dBZ ETH. However, amounts of congestus in this region are also reported in
less than half of cumulus-identified fields-of-view contain Rossow et al. (2005). Sassen and Wang (2008) also con-
reflectivities greater than 10 dBZ, while S||ght|y more than firm a relative Maritime Continent void in both cumulus and
half of deep-convection-identified fields-of-view do. This deep convective clouds using one year of data. No difference
may reveal the extent of the edges of convective clouds seeas noted when plotting in terms of occurrence frequency

by CloudSat; non-precipitating edges of convective featurednot shown) instead of total counts, suggesting no regional
would return smaller echoes. differences in congestus convective feature size.

perspective of congestus clouds. We now turn to atures, separated by the same six cloud classification/mask

convective-feature analysis of the CloudSat cloud classificac@tegories used to characterize individual fields-of-view in

tion and mask. Table 1. Only convective features made up entirely of
cumulus- or deep-convective-identified pixels are included in
3.2 Convective feature analysis Table 2, to allow for comparison of the two cloud type iden-

tifications; about 1.4 % of the total convective features iden-
Here we define “convective feature” as a continuous swath ofified are made up of a combination of cumulus and deep-
fields-of-view along the CloudSat path for which the cloud convective pixels. As before, more features are identified as
class is identified as either cumulus or deep convective. Thigumulus than as deep convection. Dividing column 3 in Ta-
definition does not distinguish individual convective cells; if ble 1 by column 3in Table 2, itis clear that the ratio of cumu-
two or more cells are located next to each other, this classifilus fields-of-view to cumulus-convective features (6 to 1) is
cation treats them as one continuous convective feature. Afess than the ratio of deep convective fields-of-view to deep
example of a convective feature can be seen in Fig. 2, whicigonvective features (10 to 1). This is because deep convec-
shows the returned radar power (top panel) and associatelive features are larger horizontally than shallower cumulus
2B-CLDCLASS classification (bottom panel) for a sample features (Johnson et al., 1999).
scan (orbit 2680, section 31) over the Pacific Ocdwtp(//
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Fig. 3. Regional distribution of congestus convective features, contoured by the total number of observations dver2z62.§rid box.
White areas mark regions where fewer than ten congestus convective features are observed.

Table 2. CTH and ETH differences for contiguous congestus convective features, separated by the six cloud classification/mask categories.

Cloud Cloud AH AH AH
classification mask Counts (CALIPSO-CloudSat) (0dBZ) (10dB2)
Cumulus 20 37679 262.9m (50.2 %) 756.2m (79.9%) 1315.1m (59.1%)
30 32895 1132.6 m (53.0 %) 610.9m (86.8%) 1217.0m (68.9 %)
40 32144 1213.4m (53.4%) 573.0m (87.5%) 1184.6m (70.1%)
Deep convection 20 12552 288.1m (58.6%) 1124.1m (89.5%) 1949.2m (70.0%)
30 12714 1204.6m (61.1%)  868.7m (90.0%) 1756.2m (74.6%)
40 13186 1508.3m (61.8%) 817.8m (89.0%) 1711.4m (74.2%)

According to Table 2, about 60 % of deep convective fea-distance in CTH for cumulus-identified convection is about
tures are associated with a CTH observed by CALIPSO;1.2km, and for deep convective features is about 1.8 km.
the number is slightly lower for cumulus features (52 %).

This is to be expected since a cumulus feature, being close$-3 Quantitative identification of congestus

to the ground, would have more space between it and the o ) )
tropopause than a deep convective feature, and thus mord/e now return to the three criteria used to identify congestus

room for another cloud such as thin cirrus or anvil clouds N Luo etal. (2009), as described in the introduction. Rather
detectable by CALIPSO. The difference in height betweenthan comparing all three cloud-mask values, we will only use

CloudSat and CALIPSO is lower than in Table 1: about & cloud mask =30 for this section, as this was the value used
900 m for cumulus and 1 km for deep convection. in the Luo et al. (2009) study. The mean values in Table 2

) ) appear to corroborate the criteria values; the mean difference

The distance between the top of the convective feature anfletween CTH and 0 dBZ ETH is less than 1 km, and between
the highest 0 dBZ height (column 5 in Table 2) is higher thancTH and 10dBZ ETH is less than 2km. The mean deep
for the single field-of-view comparison. The convective fea- convective radar-lidar difference is slightly more than 1 km,
ture algorithm saves the smallest distance between CloudS#jowever. For the Luo et al. (2009) identification method to

CTH and ETH for all pixels in the feature as the distance pe considered effective for congestus clouds in general, there

between these levels for the feature. The fact that the dismyst be a majority of features that satisfy all three require-
tance is higher for convective features than individual pix- ments.

els, therefore, suggests that small convective features with a total of 46 276 congestus convective features were iden-
larger CloudSat CTH-ETH differences are more numerousfied using the cloud mask 30 criteria (including 677 with a
than large features with smaller CTH-ETH differences. This combination of cumulus- deep-convection-identified FOVs).
distance averages about 600 m for cumulus and 900 m fofjgwever, 6993 of these (15.1 %) contain no CALIPSO mea-
deep convection. Fewer convective features contain 0 dBZyrements in the column at all, and for 11 864 of the remain-
echoes than individual fields-of-view summarized in Table 1.jng (25.6 %) CALIPSO sees a separate cloud above the con-

Finally, when comparing convective feature cloud height vectve feature, but not the convective feature itself. Includ-
to 10dBZ ETH, we see that more convective features tharind these missed-cloud cases (over 40 % of total congestus
individual fields of view contain 10-dBZ echoes, in contrast convective features) would dominate the following results,
to the relation between 0-dBZ echoes. Unlike for the fields-and as such Table 3 and Fig. 4 only include the remain-
of-view analysis, a majority (60—70 %) of cumulus convec- iNg 27419 congestus convective features (59.3%) where
tive features contain a 10-dBZ echo; 72 % of deep convecCALIPSO views the same convective feature.
tive features contain echoes greater than 10 dBZ. The average

www.atmos-chem-phys.net/12/1587/2012/ Atmos. Chem. Phys., 12, 19%B5 2012
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Table 3. Number of cells that satisfy Luo et al. (2009) requirements. Only convective cells whose cloud-tops were identified by CALIPSO
(about 59.3 % of total observed cases) are included.

Cloud type Total With lidar With 0dBZ With 10dBz All three

AH <1km AH <1km AH <2km requirements
Cumulus only 17446 14357 (82.3%) 14710(84.3%) 12052 (69.1%) 10611 (60.8%)
Deep convection only 7769 5624 (72.4 %) 5701 (73.4 %) 4231 (54.5 %) 3371 (43.4%)
Combination 468 343 (73.3 %) 399 (85.3 %) 333 (71.2%) 272 (58.1%)
cumulus/deep
convection
Total 25683 20324 (79.1%) 20810 (81.0%) 16616 (64.7%) 14254 (55.5%)

Table 3 shows information for features meeting these cri- Also, more convective features fit any combination of cri-
teria. Appropriate statistics for convective features made ugeria over the central Pacific than over the maritme conti-
of a combination of cumulus and deep-convective fields ofnent/West Pacific in Fig. 4. Zonal differences are apparent,
view are also included in this table. A majority of features but no strong pattern appears over these regions in the merid-
satisfy at least one individual requirement, and a majority ofional direction. On the other hand, zonal and meridional
cumulus and mixed-cumulus-deep convective features satpatterns are noted in the total count distirbutions in Fig. 3,
isfy all three. However, less than half (43.4 %) of featurescorresponding to well-known areas of enhanced convection
for the deep convective cloud type satisfy all three. The(Intertropical Convergence Zone, South Pacific Convergence
main limiting factor appears to be the 10dBZ ETH thresh- Zone, etc.). Comparison of Figs. 3 and 4 suggests that con-
old. Table 2 shows that only 60—75 % of contiguous convec-gestus convective features meeting the convective criteria of
tive features contain a 10dBZ ETH; only 55-70 % of con- Luo et al. (2009) may be related to a zonal phenomenon such
vective features have a 10dBZ ETH within 2km of Cloud- as the Walker circulation. Further investigation is warranted
Sat CTH (Table 3). (While a 10 dBZ echo may be important to identify the large-scale dynamic features that could affect
for determining active convective cores, or convective areaghe strength of observed congestus in comparison with the
producing precipitation, this study focuses on all convectiveLuo et al. (2009) method.
congestus clouds, and as such a 10dBZ echo would not be
expected in all convective features). The low performance
of the deep-convection-only convective features is especialld Summary and conclusions
confusing, given that this cloud type is typically associated
with more vigorous convection than the cumulus cloud type.This study describes characteristics of cloud- and echo-top
Finally, when including the convective features not observedheight associated with tropical oceanic congestus clouds.
by CALIPSO, the number of features satisfying all criteria In addition to checking three different cloud masks derived
plummets to 31%. Overall, these results suggest than afrom the CloudSat GEOPROF product, we looked at the dis-
identification scheme based purely on thresholding on lidatance from CTH to CALIPSO CTH, 0dBZ ETH, and 10 dBZ
CTH and radar ETH values may miss over half of all ob- ETH. These three heights were used in Luo et al. (2008) to
served congestus. describe tall convective cells.

Figure 4 shows the regional distribution of convective fea- In a profile-by-profile analysis, a majority of cells of both
tures that satisfy the Luo et al. (2009) criteria. Blue and greercloud types contain a 0 dBZ echo; however, less than half of
colors mark areas where a majority of features satisfy thecumulus-identified fields-of-view have echoes greater than
given criteria; purple and red mark where less than 50 % ofl0 dBZ. A majority of contiguous convective features con-
features satisfy. Comparing Figs. 3 and 4, it is again cleartain a 10-dBZ echo. A majority of features also satisfy one
that the 10dBZ ETH threshold is the main limiting factor of the three requirements for congestus clouds used in Luo et
in determining the existence of congestus cloud; applyingal. (2009).
this criterion alone misses over 50 % of congestus convective When applying these criteria, however, only about 31 % of
features over parts of the maritime continent/West Pacific.convective features satisfy all three requirements. The largest
(Near the islands of the Maritime Continent, the fraction of contributing factor is the CALIPSO CTH requirement, with
congestus satisfying each criterion appears to decrease; aser 40 % of convective features not observed by CALIPSO.
this study looks at ocean-only scenes as identified in the 2B55 % of the remaining cells satisfy all three criteria. Anal-
CLDCLASS algorithm, no data is available over the larger yses of convective features using this identification would
islands in the Indonesian region, and this decrease should baerefore be skewed toward the more vigorous congestus
considered an artifact). convection (i.e., higher radar reflectivities) rather than being
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a) Satisfies Criteria 1

teria 1 an 2
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Fig. 4. Percentage of convective features in"Adngitude by 2.8 latitude boxes that satisfy the three Luo et al. (2009) criteria: (1) difference
between CloudSat and CALIPSO CTH of less than 1 km, (2) difference between CloudSat CTH and 0 dBZ ETH of less than 1 km, and (3)
difference between CloudSat and 10 dBZ ETH of less than 2km. White areas mark regions where no congestus convective features are
observed.

representative of congestus as a whole. The criteria appear {2006) to separate congestus from shallow and deep clouds.
do a better job of identifying congestus convection over theTogether, these methods identify both weaker and stronger
eastern and central Pacific than over the Western Pacific andongestus convective features, yielding a larger set of con-
Maritime Continent regions. This may relate to the role of gestus clouds for analysis.

subsidence in the Walker Circulation, capping strong cells

that would otherwise rise to become deeper clouds (Sher-

wood et al., 2010). Appendix A

This paper examines the conditions for applying the meanChange in results based on using
threshold statistics from Luo et al. (2008) to identify con- 2B-GEOPROF-LIDAR versions P1.R04
gestus. The applicability of the method, of course, dependand P2 R04
on the phenomena of interest. The quantitative method from
Luo et al. (2009) identifies strong congestus features; i.e.,
those with high & 10 dBZ) reflectivity and small differences The Atmospheric Chemistry and Physics Discussions
between CTH and ETH. These may be more useful in identi-version of this paper was submitted in January 2011 using
fying transient congestus (mid-level convection rising to be-data from 2B-GEOPROF-LIDAR data release_R@4. In
come a deeper cloud). Identification of congestus features ifDctober 2010, the CloudSat science team released version
general may be better accomplished by the CLDCLASS al-P2 R04, following the release of a new version of CALIPSO
gorithm of Sassen and Wang (2008), as well as using the 8lata products. The intent of the new version was to reduce
to 9 km height characteristics used in Jensen and Del Genithe number of false cloud detections (Lidar Level 2 Vertical
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Table A1l. Comparison of values from Tables 1 to 3 affected by unchanged, on the order of tens of mettirs. .
using version PRO4 instead of PRRO4. As discussed in Sect. 3.3, only 59.3 % of convective fea-

tures identified contained a CALIPSO CTH usingR@4. In
using P1R04, this number climbs to 75.5 %, meaning thou-
sands of convective features that had concurrent CALIPSO
CTHs in P1LR04 are no longer visible from CALIPSO. The
effect of this change is shown in Table Al in its compar-
ison with values from Table 3. Though the percentage of
viewed cloud-top heights changes, the number of convective
features with CALIPSO CTH less than 1km (Table 3 Col-
umn 3) only changes slightly, lowering the percentage that
satisfies this criteria from 72—-82 % to 59 %. Including more
cells in PLR0O4 does not change the percentage of features

Table, Row, Column Values using P1 Values using P2

Table 1, Row 3, Column 4  4576.8m (64.6%) 2178.4m (24.8 %)
Table 1, Row 3, Column 6  4467.6m (80.5%) 2681.2m (47.3%)
Table 2, Row 3, Column 4  1127.5m (54.5%) 1132.6m (53.0%)
Table 2, Row 6, Column4  1225.0m (62.3%) 1204.6 m (61.1%)
Table 3, Row 2, Column 3 14213 (59.2 %) 14357 (82.3%)
Table 3, Row 2, Column 4 19832 (82.6 %) 14710 (84.3%)
Table 3, Row 2, Column 5 15879 (66.1 %) 12052 (69.1 %)
Table 3, Row 2, Column 6 10498 (43.7 %) 10611 (60.8 %)

Table 3, Row 3, Column 3 5461 (59.0 %) 5624 (72.4 %) S A

Table 3. Row 3. Column 4 6759 (73.0%) 5701 (73.4%) satisfying the 0 and 10 dBZ criteria (Table 3, Columns 4 and

Table 3. Row 3. Column 5 5014 (54.2 %) 4231 (54.5%) 5); the number of cells satisfying the criteria increases at the
Table 3. Row 3. Column 6 3283 (35.5%) 3371(43.4%) Samerate as the number of total cells with a CALIPSO CTH

Table 3, Row 4, Column 3 326 (59.8 %) 343(73.3%) IMCreases. . . .

Table 3, Row 4, Column 4 460 (84.4%) 399 (85.3%) The result of these changes is apparent in the compari-
Table 3, Row 4, Column 5 380 (69.7 %) 333(71.2%) son of Table 3, Column 6 values, which seem to mirror the

Table 3, Row 4, Column 6 258 (47.3%) 272(58.1%) changes in Table 3, Column 3. That is, the number of cells

Table 3, Row 5, Column 3 20000 (59.1 %) 20324 (79.1%) Ssatisfying all three requirements in the two cases is about the
Table 3, Row 5, Column 4 27051 (80.0 %) 20810 (81.0%) Same, but since more clouds have an associated CALIPSO
Table 3, Row 5, Column 5 21273 (62.9 %) 16616 (64.7%) CTH in P1RO04, the percentage of cells satisfying all three
Table 3, Row 5, Column 6 14039 (41.5%) 14254 (55.5%) requirements drops from 55.5 % to 41.5%. When including
all cells, even those with no observed CALIPSO CTH, the
percentage of cells satisfying all three criteria is about 32 %,
close to the 31 % obtained using IR®4.

Feature Mask Product, CALIPSO nglity Statgmenta As mentioned above, these changes to Tables 1 through 3
http://eosweb.larc.nasa.gov/PRODOCS/calipso/Quality  coyid have two causes: either a cloud that was mistakenly

Summaries/CALIOR}L2VFMProduct$ }3.01.htm). compined in PIR04 is now accurately reported as two or
Q|ven that this study fo_cuses on active convection pnmanlymOre clouds in PR04, or a single cloud observed accurately
viewed by CloudSat, it was assumed that the change in, p1 R04 is now mistakenly reported as two or more clouds
product would not significantly affect the results of this i, p2> Ro4. The most telling result may be the difference
study. (or lack thereof) in Columns 4 and 5 of Fig. 3. While the
It is now clear, however, that this assumption was incor-number of clouds for which CALIPSO observes a CTH in-
rect. Table A.1 lists the changes in Tables 1-3 for cloudcreases, the percentage of cells satisfying the 0 and 10 dBZ
mask 30 that result from changing which version was usedcriteria remains the same. If one assumesR®% is correct,
(Changes in pixel/cloud counts are not listed, as small datahe lidar-radar difference criteria suggests that the cells iden-
gaps were present in our local copy of the RQ4 dataset tified as two or more clouds in PR04 are weaker cells. If
that were not in the latest version.) The percentage of prothat were the case, it would follow that fewer cells would sat-
files where CALIPSO sees the cloud-top of the convectivejsfy the 0 and 10 dBZ criteria as well, which is disproven in
pixel (Table 1) range from 65-80 %, compared to 25-47 %Table Al. This suggests that the interpretation of these cells
for the latest version. However, the average distance bein the latest version (where a cloud above the convective cell
tween CALIPSO CTH and CloudSat CTH increases by aboutextinguishes the lidar beam before reaching the convective
2km. These results suggest that what was considered a cogell) is more likely.
tl:’]UC:jUS glpud It?1 Pﬁ04tls ngw ;e(‘iognlzed as tWO. Sep::jat? AgknowledgementsThe resegrch described in .this. paper was
chu S mc_e ela e.s . product aiso INCreases MISSed el oy ot at the Jet Propulsion Laboratory, California Institute of
tions (Tanelli, 2011), it is unclear Whether the change fro,mTechnology, under a contract with the National Aeronautics and
one to more than one cloud layer is due to a false detectioRypace Administration. It was supported by the NASA Making
in P1.R04 or a missed detection in F204. Earth Science Data Records for Use in Research Environments
When considering convective features instead of pixels(MEaSURESs) project. © 2011 California Institute of Technology.
(Table 2), the use of the latest version decreases the nunf3overnment sponsorship acknowledged.
ber of features for which CALIPSO reports a CTH; however,
this change is slight, on the order of 1.5 % difference. TheEditedby: T.J. Dunkerton
mean difference between lidar and radar CTH is also mostly
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