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ARTICLE INFO ABSTRACT

Keywords: Tropical tropopause layer (TTL) clouds, defined as clouds whose tops are located above the tropopause level,
Tropical tropopause layer play important roles in Earth’s radiation balance and troposphere-to-stratosphere transport. Examining how
TTL cloud

different TTL cloud type gives influence on the radiative heating, we classified TTL clouds into three types (i.e.,
deep convective cloud, optically thick convective anvil cloud, and optically thin cirrus cloud) over the con-
vectively active four tropical regions (i.e., Central Africa and South America continental regions and the Central
and Western Pacific oceanic regions), using the combined Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) and CloudSat data. Using the classified cloud data, we first examined characteristics of
the macrophysical and microphysical properties of the classified cloud types. Amongst three types of TTL clouds
over selected four regions, thin cirrus clouds are most abundant (almost four-fifths), and approximately 7% and
17% of TTL clouds are deep convective cloud and thick convective anvil clouds, respectively. It is noted that the
land-ocean contrast in TTL clouds appears weak in spite of well-known land-ocean contrast in the convection
intensity, suggesting that TTL cirrus clouds may be dominated by in situ cirrus clouds. We further examined
radiative heating over the TTL altitudes by each cloud type and the associated radiatively-driven upwelling
motion. It is revealed that the dominant contribution to the overall radiative heating is from thin cirrus clouds
(~48.4%) because of their abundance. Nevertheless, convective anvil clouds and deep convective clouds are also
found to give significant contribution to the radiative heating. Such cloud radiative heating tends to lower the
level of zero net radiative heating rate found in the clear sky by ~400-900 m. The TTL clouds play an important
role in the secondary circulation in the TTL by inducing the upwelling motion throughout the TTL, supporting
the mechanism that the radiative effect of TTL clouds can enhance the mass flux from the troposphere to the
stratosphere.

Cloud property
Cloud radiative heating
Cloud-induced upwelling

1. Introduction (DCCs), convectively detrained optically thick anvil clouds, optically

thin cirrus clouds from dissipating anvil clouds, and optically thin in situ

It is well known that the tropopause separating the turbulent
troposphere from the stable stratosphere is a transition layer rather than
a material surface (Fueglistaler et al., 2009). Over the tropics, this
transition layer extending from the upper troposphere to the lower
stratosphere is called the tropical tropopause layer (TTL). Over the
tropics, deep convection reaches the TTL, providing cloud hydrometeors
as well as water vapor to the TTL, playing as an important source of TTL
clouds. In general, TTL clouds are composed of deep convective clouds

cirrus clouds (Lawson et al., 2019; Garrett et al., 2004). Thus, the TTL
cirrus clouds are from two sources, and their contributions to the total
cirrus clouds are nearly same (Heymsfield and Donner, 1990; Luo and
Rossow, 2004).

The TTL also corresponds to the transition layer from radiative
cooling in the troposphere to radiative heating in the stratosphere
(Haladay and Stephens, 2009; Gettelman et al., 2004), and the TTL
clouds play an important role in shaping the vertical radiative cooling/
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heating structure in the TTL, especially by lowering the level of zero net
radiative heating rate (Corti et al., 2005, 2006). In addition to the ability
of TTL clouds to alter the heat balance in the TTL, they can also induce
cloud lofting (i.e., diabatic lift of the cloud layer) (Jensen et al., 1996)
and facilitate the upwelling motion in the TTL through enhanced cloud
radiative heating, helping to transport trace gases from the troposphere
to the stratosphere (Corti et al., 2005, 2006). Thus, characterization of
cloud properties and cloud-induced radiative heating should be impor-
tant for understanding the mechanism to control the physical processes
in the TTL. However, despite recent findings regarding TTL clouds, the
detailed cloud structures (both horizontally and vertically) are not well
described partly because of the lack of observations.

Recent advances in satellite measurement technologies and remote
sensing capabilities have enabled the examination of more detailed
features of TTL cloud properties. In particular, the Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO) data have
provided detailed information on cloud properties in the TTL (Virts and
Wallace, 2010; Virts et al., 2010; Yang et al., 2010; Tseng and Fu, 2017).
However, most of those studies are based on relatively crude definitions
of TTL clouds. For example, Tseng and Fu (2017) examined the spatial
and temporal features of TTL cirrus clouds using CALIPSO-only obser-
vations, and cirrus clouds were defined as clouds with bases higher than
14.5 km in altitude. However, the lidar signal of CALIPSO is depleted
quickly in cloudy conditions; hence, the reflected lidar signal becomes
quickly saturated in the case of optically thick clouds, such as anvil
clouds and DCCs. The maximum optical thickness of cloud that can be
measured by the CALIPSO lidar is only approximately 3-5 (Winker et al.,
2010). Thus, the cirrus clouds determined by the cloud base from
CALIPSO observations only may include convectively-driven anvil
clouds and deep convective plumes because CALIPSO lidar is likely to
measure only the uppermost part of those clouds. Meanwhile, the use of
fixed tropopause height (TH) for determining TTL clouds over different
regions and seasons is also questionable. Therefore, how much/where
each type of TTL cloud exists, how their vertical structures appear, how
those TTL clouds are linked to convective clouds below the tropopause
level, or how much the individual cloud contributes to the net cloud
radiative heating are less known.

Over the tropics, TTL clouds are largely confined within specific
regions, i.e., Central Africa (CA), South America (SA), and the Central
and Western Pacific (CP and WP) (Yang et al., 2010). Note that the CA
and SA represent the continental deep convective regions, and the CP
and WP represent the oceanic deep convective regions. Aircraft and
satellite observations indicate that continental convection intensity is
much stronger than that over ocean (Matsui et al., 2016; Heymsfield
et al., 2010; Lucas et al., 1994; Zipser et al., 2006). The convection in-
tensity over land can be 2 to 3 times stronger than that over ocean (Lucas
et al., 1994). Even in the upper troposphere, the updrafts within clouds
over land are stronger than those over ocean by a factor of approxi-
mately 1.5 (Jeyaratnam et al., 2021). Given the fact that the WP warm
pool region is the dominant source region for the tropospheric air
entering the stratosphere (Fueglistaler et al., 2004), a natural question
might arise, such as what role does the oceanic convection play in the
TTL circulation and mass transport. It is also interesting to examine how
cloud property and radiative heating are in contrast between land and
ocean in TTL because there is strong land—ocean contrast in convection
intensity and thus we may expect the similar contrast even in the TTL
layer.

Moreover, clouds are byproducts of underlying atmospheric circu-
lation, while the resultant clouds themselves can modify the circulation
through changes in the radiative heating field (Sohn, 1999; Hartmann
et al.,, 2001; Gettelman, 2004; Mauritsen et al., 2013; Harrop and
Hartmann, 2016). Thus, TTL clouds can provide feedback on the un-
derlying circulation that is responsible for their existence. How TTL
clouds can alter the radiative heating fields and their consequences for
circulation and mass transport have been examined (Fu et al., 2018;
Corti et al., 2005). With the concept of cloud’s radiatively driven
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circulation change, Corti et al. (2006) further proposed a mechanism
that cirrus-induced radiative heating in the TTL can enhance the up-
welling there, supplying sufficient air to feed the low branch of the
Brewer-Dobson circulation. Given the importance of cloud-induced
radiative heating in the TTL circulation, it should be worth examining
how radiative heating is maintained or how much radiative heating is
contributed by different cloud types (e.g., DCCs, anvil clouds, and cirrus
clouds).

With all the aforementioned importance of TTL clouds in the radia-
tive heating and associated upwelling in TTL, this study intends to
separate the TTL clouds into DCCs, convectively detrained optically
thick/thin anvil clouds, and optically thin cirrus clouds over the selected
four tropical convection regions (CA, SA, CP and WP), to document the
climatological features, such as the vertical extent, cloud height, and
occurrence frequency for different cloud types. In doing so, CALIPSO
and CloudSat data are combined to obtain the vertical structure of each
TTL cloud type. The vertical radiative heating distributions for different
cloud types are also obtained and converted into their respective vertical
motions to examine how the radiative heating induced upwelling mo-
tion in the TTL might be linked to the mechanism of transporting air
from the troposphere to the stratosphere. This approach is thought to be
novel because the climatology of various physical properties for
different TTL cloud types and their link to the TTL upwelling have not
been studied, despite their importance.

The rest of the paper is organized as follows. Section 2 introduces
observations and methods for TTL cloud classifications and their radi-
ative heating. The results of the averaged properties of different kinds of
TTL clouds are presented in Section 3. Section 4 discusses cloud radia-
tive heating and induced vertical velocity and reveals the corresponding
results. Section 5 summarizes and discusses this work.

2. Data and methodology
2.1. Observational and reanalysis data

Satellite observations from the A-Train constellation (Stephens et al.,
2002) are used to obtain TTL cloud properties and to extract cloud
vertical profiles; we use four years of observations from 2007 to 2010
from two active instruments, i.e., the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP; Winker et al., 2010) onboard CALI-
PSO and the CloudSat Cloud Profiling Radar (CPR; Stephens et al.,
2008). CALIOP observations with a 5 km pixel resolution are used, and
their vertical resolutions are 60 m and 180 m below and above 20.2 km
altitude, respectively. The CPR footprint size is 2.3 km along track and
1.4 km cross track (Winker et al., 2010), and the CPR product gives
oversampled profiles with a vertical resolution of 240 m. More impor-
tantly, CALIOP detects only optically thin clouds while CPR is not
designed for detecting such optically thin clouds but rather for optically
thick clouds. Thus, this study considers both CPR and CALIOP obser-
vations of four years from 2007 to 2010 for the TTL classification and
cloud property studies, which are described in detail in the following
subsection.

To better identify TTL clouds, we use local THs from the CALIOP 5
km pixel resolution cloud profile product (05kmCPro product; Vaughan
et al., 2018), and the data are based on the Global Modeling and
Assimilation Office Goddard Earth Observing System Model version 5
(GEOS-5), whose uncertainties are reported to be approximately 140 m
for the TH (Pan and Munchak, 2011). Moreover, the atmospheric tem-
perature and specific humidity used for the vertical velocity calculation
are from CloudSat ECMWF_AUX product (Cronk and Partain, 2017),
which is based on the collocated European Centre for Medium-Range
Weather Forecast reanalysis data, i.e., AN-ECMWE.

2.2. TTL clouds and classifications

TTL clouds are generally referred to as clouds around the tropopause.
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We use the variable TH as a threshold to identify TTL clouds because TH
varies with latitude, region, and season (Tegtmeier et al., 2020). In this
study, TTL clouds are defined as cloudy pixels with the cloud top height
(CTH) above the local TH. Based on this definition, this study mainly
focuses on overshooting convective clouds and associated anvil and
cirrus clouds whose CTHs are above the local TH. Moreover, TH is
directly extracted from GEOS-5, and more details regarding the TH and
its accuracy are found in previous studies (Rienecker, 2008; Pan and
Munchak, 2011; Tseng and Fu, 2017). There may be inevitable bias due
to the vertical resolution of the observations in the TTL, i.e., approxi-
mately the order of ~100 m, leading to some TTL clouds being excluded
and some unreasonable pixels (high stratospheric feature or low middle-
level clouds) being included (Tegtmeier et al., 2020; Xian and Homeyer,
2019). To reduce bias, we remove some unreasonable pixels with TH
lower than 13 km and higher than 21 km, which account for less than
1% of all available data.

Collocated CALIOP and CPR cloud profiles are combined to give a
full picture of vertical cloud distribution for each pixel. In other words,
the vertical grid detected either by CALIOP (i.e., CALIOP vertical feature
mask) or CPR (2B-CLDCLASS product) is marked as cloudy, so both
optically thin layers missed by CPR and the lower layers of optically
thick clouds missed by CALIOP are accounted for. From this combined
cloud profile, it is now straightforward to determine corresponding CTH,
cloud base height (CBH), and cloud depth (CD, the difference between
CTH and CBH).

Moreover, cloud profiles and CALIOP-derived ice water path (IWP)
are used for classifying TTL clouds into three types. The classification
method that we apply is described by Sokol and Hartmann (2020). In a
convective system, it was assumed that the probability trend of the IWP
has a physical meaning; thus, the variable IWP could be used as a
benchmark to identify optically thick anvil clouds and optically thin
cirrus clouds. Sokol and Hartmann (2020) use the raDRA-liDAR cloud
(DARDAR-CLOUD) dataset assimilated by the combined CALIOP and
CPR observations (Delanoé and Hogan, 2010; Ceccaldi et al., 2013) to
obtain the key IWP parameter. Different from the DARDAR-CLOUD
dataset, we use the IWP only from CALIOP observations, which is
considered sufficient to distinguish thin cirrus clouds from optically
thick anvil clouds. Fig. 1 shows the probability distribution of the
CALIOP-derived IWP. The dashed line indicates the separation between
optically thick anvil clouds and optically thin cirrus clouds, so the cor-
responding threshold of IWP = 10 g/m? suggested by Sokol and Hart-
mann (2020) is used for separating optically thick anvil clouds from thin
cirrus clouds. Note that the CALIOP-derived IWP here represents only
that of the uppermost layer, but it is sufficient to extract those optically
thin cirrus clouds.

Cirrus mode Anvil mode

Probability (%)

102 10" 10° 10! 102 10% 104
CALIOP IWP (g/m?)

Fig. 1. Probability distribution of ice water paths (IWPs) based on the Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) from 2007 to 2010.
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After extracting all TTL cloudy pixels, the cloud classification is
achieved by following three steps. First, pixels with CBHs below 5 km in
altitude, i.e., corresponding to the average freezing level, are defined as
DCCs. Thus, the DCCs in our classification represent only those from
convective cores. Second, cirrus clouds are defined as those with IWPs in
the uppermost cloud layer smaller than 10 g/m? amongst pixels
remained after screening out DCCs. Lastly, the remaining pixels, whose
CBHs are higher than 5 km and uppermost layer IWPs are larger than 10
g/rnz, are considered to be optically thick anvil clouds. In this separa-
tion, since optically thick (IWP > 10 g/m?) clouds are counted as anvil
clouds, the thin cirrus clouds defined here are composed of in situ cirrus
clouds plus thin cirrus clouds from dissipating convective anvil clouds. It
has been noted that the TTL cirrus clouds originate from two different
sources: in situ cirrus clouds and thin cirrus clouds from dissipating anvil
clouds (Lawson et al., 2019).

In this analysis, separation is done at four regions showing abundant
TTL clouds (or four convectively active tropical regions), which are
referred to as Central Africa (CA: 20°S-8°N, 2°E-38°E), South America
(SA: 20°S-6°N, 46°W-82°W), Central Pacific (CP: 20°S-12°N,
153°E-163°W), and Western Pacific (WP: 20°S-4°N, 107°E-153°E).
Amongst them, CA and SA represent continental domains while CP and
WP represent oceanic domains. Analysis is done during the winter sea-
sons (December, January, and February) from 2007 to 2010 (i.e., total of
12 months) since there are abundant TTL clouds in the selected four
domains with a clear land-ocean contrast during the winter time, as
shown in Fig. 2 in the following Section 3.

2.3. Vertical velocity induced by TTL cloud radiative heating

Clouds can change the radiative balance and alter the existing ver-
tical motion in the TTL through radiative heating or cooling. Thus, we
investigate the cloud-induced radiative heating and derived vertical
motion in the TTL and examine different contributions from different
kinds of TTL clouds in different regions. Note that we investigate only
TTL cloud contributions. Although the latent heating (Huaman and
Schumacher, 2018; Chang and L’Ecuyer, 2019), eddy sensible heat flux
and horizontal temperature advection (Yang and Smith, 2000) may also
influence TTL, their magnitudes appear minor in comparison to the
radiative heating. On the other hand, horizontal sensible heat advection
is relatively small over the tropics because the horizontal temperature
gradient near the tropopause level is small (Sobel et al., 2001).

Because of the dominance of radiative heating in the TTL, cloud-
induced radiative heating is largely balanced with vertical motion (e.
g., Yanai et al., 1973; Mapes and Houze, 1995; Olson et al., 1999; Corti
et al., 2005), i.e.:

- Spwp = Q7 (1)

where S, is the static stability, w, is the pressure vertical velocity, and Q
is the cloud-induced radiative heating. In Eq. (1), S, can be defined as
follows:

T\ (06
s=(5) () @

where T and 0 are the temperature and potential temperature, respec-
tively, and p is the pressure. Thus, the vertical velocity can be readily
obtained for a given radiative heating profile for each TTL cloudy pixel.
Then, the average radiative heating rate and vertical velocity within a
given region are obtained as follows:

N

0y = S ®
N

Wayg = WA )

Here, N indicates the total number of pixels for a certain cloud type
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Fig. 2. Annual and seasonal spatial distributions of the tropical tropopause layer (TTL) cloud fraction given in a 2.5° x 2.5° grid resolution from 2007 to 2010. The
top panel is for the annual result, and the following four panels are for boreal winter (DJF: December, January, and February), spring (MAM: March, April, and May),
summer (JJA: June, July, and August) and fall (SON: September, October, and November).

within a given region, and Q(n) and w, (n)are the corresponding values of
the nth pixel. Thus, Qqyg and wq, can be calculated for either TTL cloudy
pixels or clear-sky pixels, and those values for TTL DCC, anvil and cirrus
cloudy pixels can also be obtained separately. Thus, cloud impacts are
obtained by taking the difference between cloud profiles and clear-sky
profiles. In this calculation, the radiative heating in the cloudy pixel
can be understood as the sum of clear-sky radiative heating and cloud-
induced radiative heating. Thus, the cloud-induced heating Qciq induced
within the cloudy pixel (i.e., the contribution due to the presence of
clouds) can be expressed as follows:

Oetd_induced = Qetd — Qeirs )

where Q.q is the radiative heating for cloudy pixels calculated by Eq. (3),
and Q. is for clear-sky conditions. Then, the vertical motion is inferred
from Eq. (1) for the given radiative heating shown in Eq. (5).

The TTL cloud radiative heating is obtained from the joint CPR-
CALIOP 2B-FLXHR-LIDAR product (Henderson et al., 2013), based on
the radiative transfer calculation using a two-stream plane-parallel
doubling-adding radiative transfer model with the vertical structure
from joint CPR and CALIOP as inputs. The meteorological data, i.e.,
pressure and temperature, used for Eq. (2), are from AN-ECMWF as
mentioned in Section 2.1.

3. TTL cloud properties

Fig. 2 gives the spatial distributions of annual and seasonal TTL cloud
fractions in the tropics. The cloud fraction is given as a ratio of the
number of pixels with TTL clouds to the number of total available pixels
within a 2.5° x 2.5° grid. The four black boxes in the DJF (i.e.,
December, January, and February) map represent the selected four re-
gions where TTL clouds occur frequently, i.e., CA, SA, CP and WP as
defined in Section 2.2, and our following discussions focus on the av-
erages over those four regions. The distributions in Fig. 2 show similar
spatial distributions to those reported by Tseng and Fu (2017), albeit the
fractional values are slightly different. The annual TTL cloud fractions
within CA, SA, CP, and WP are 17%, 16%, 18%, and 20%, respectively.
Clear seasonal variations are also noticed; during the boreal winter, the

regional average fractions are increased to 24%, 24%, 27%, and 32%,
respectively.

Then, monthly variations in the TTL CTH and associated TH are
examined. Fig. 3 depicts the time series of the monthly mean TTL CTH
(dashed lines) and corresponding TH (solid lines) over the four regions.
All variables show clear seasonal variations; THs and TTL CTHs are
higher during the boreal winter than in other seasons, and lowest THs
and TTL CTHs are found during the boreal summer. Such variations
further suggest the necessity and importance of considering more ac-
curate THs instead of using a fixed TH value for TTL cloud study. The
annual means of CTH and TH are approximately 16.83 km and 16.36
km, respectively, giving TTL CTH average higher than TH average by
~0.5 km.

Because of abundant TTL clouds over the selected four analysis do-
mains and clear representation of land and ocean by four regions during
the boreal winter, we consider the boreal winter period to examine TTL
cloud properties, radiative heating/cooling effect, and cloud-forced
vertical motion. Thus, hereafter, we present the results of four-year
boreal winter mean fields.

175+
::\ _CA CP .
= [ ST TN SA —WP =~ |
E 170 N :\ ,//
2 16.5} ]
(@)]
o) dashed: CTH
T 16.0} 50jig: TH '
15.5

JFMAMJI J ASOND
Month

Fig. 3. Monthly and regional average TTL cloud top heights (CTH, dashed
lines) and tropopause heights (TH, solid lines) over the four regions of interest.
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Fig. 4 illustrates probability distributions of CTH, CBH, CD, and
logarithmic IWP for different TTL cloud types. The top panels are for all
TTL clouds, and the remaining three panels are for TTL DCCs, thick anvil
clouds, and thin cirrus clouds, respectively. The CTHs for the total cloud,
which are mainly located between 15 and 19 km (Fig. 4a), show very
similar features amongst four regions although land areas (CA and SA)
show slightly lower occurrences between 16.5 km and 18 km. The slight
difference at those altitudes appears due to the more abundant DCCs
over ocean regions (Fig. 4b). The CBH shows two peaks (Fig. 4e). The
main peak located at approximately 16 km appears caused by abundant
TTL cirrus clouds (Fig. 4h) while the secondary peak shown between
0 and 2 km is due to DCCs (Fig. 4f). In the CD probability distributions,
anvil clouds and cirrus clouds show very similar distributions between
land and ocean whereas a clear contrast is noted in DCC between land
and ocean (Figs. 4i-1). Obvious differences are noticed between DCC CD
distribution over land and ocean. Figs. 4m-p illustrate the CALIOP-
derived IWPs probability distribution. In Fig. 4m, over the IWP range
between 0.02 and 2 g/m? IWP over the WP region is relatively lower
than other three regions, while, in the IWP range between 2 and 1000 g/
m2, WP shows higher IWP than others. Thus, over the WP regions, there
seem to be more DCCs and anvil clouds, and less cirrus clouds, which can
be explained by more frequent convections over the WP region. Noted
that Fig. 4 displays probability distributions for DCC, anvil cloud, and
cirrus cloud, representing their respective mean distributions. However,
the total cloud distribution takes into account the occurrence frequency
of each cloud type. Since the cloud amount of each type can differ, their
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respective weights must be considered to derive the total distribution.
Thus, the probability distribution of WP region shows to be different
from others.

As a summary, mean features of different types of TTL clouds are
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Fig. 5. (a) Absolute numbers of TTL cloudy pixels per unit area (within a 1° x
1° grid), (b) ratios of pixel numbers of different TTL cloudy types to their total,
and (c) CTH, CBH and CD values for different cloud types over the four regions
of interest in boreal winter from 2007 to 2010.
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Fig. 4. Probability distribution of regional mean CTH, cloud base height (CBH), cloud depth (CD) and logarithmic IWP for all TTL clouds (top panels), as well as
those for three types of TTL clouds (deep convective clouds, thick anvil clouds and thin cirrus clouds) in boreal winter from 2007 to 2010.
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provided in Fig. 5. The absolute TTL cloud occurrences (i.e., TTL cloudy
pixel numbers per unit area of 1° x 1° grid) are given in Fig. 5a for
different cloud types at four analysis regions. Their respective ratios are
given in Fig. 5b. Clearly, there are more TTL clouds over two ocean
regions than those over land regions and especially TTL clouds are most
abundant in WP (Fig. 5a), consistent with results from previous studies
(Pilewskie and L’Ecuyer, 2022; Wang and Dessler, 2012). Interestingly,
DCC and anvil cloud occurrences are more prevalent over the WP.

In terms of the ratio of each cloud to the total cloud occurrence, 76%
of TTL clouds are thin cirrus clouds, and 17% are thick anvil clouds
(Fig. 5b). Thus, in average sense, ~6.8% of TTL clouds are DCCs. While
similar ratios are found CA, SA, and CP regions, the DCC fraction is the
largest over the WP region, i.e., ~9.3%. At the same time, thick anvil
clouds are the most abundant over the WP region, compared to other
three regions (compare 24.3% for WP vs. 17% on average). As previ-
ously discussed, the classified thin cirrus clouds occupying about 76% of
TTL clouds should be contributed by both in situ cirrus clouds and
dissipating anvil clouds.

Vertically aligned geometrical feature of each type of TTL clouds is
examined at four analysis domains (Fig. 5c). The vertical color bar
represents the vertical extent of each type of cloud, and its top and
bottom indicate CTH and CBH for each cloud, respectively. Thus, the
difference (i.e., CTH minus CBH) represents the cloud depth CD. The
mean values of four CTHs, CBHs and CDs are also provided in Fig. 5c. It
is shown that CTHs of TTL cirrus clouds (i.e., 17.18 km) are slightly
higher than those of TTL DCCs (i.e., 16.70 km), and also higher than
those of anvil clouds (i.e., 16.71 km). It is interesting to note that the
CTHs over the ocean regions are slightly higher than those over the land
regions, especially for DCCs and anvil clouds, although the CTH differ-
ences between land and ocean are mostly small, i.e., < 0.2 km.

The CBHs for DCCs over land are higher than those over ocean,
which is largely due to the topographical effects over the land. The mean
CDs for thin cirrus cloud, thick anvil cloud and DCC are 1.94 km, 6.60
km and 15.47 km, respectively. It is noted that anvil clouds classified in
this study are geometrically thick (6.60 km) as well as optically thick
(IwcC > 10 g/mz), and therefore thick anvil clouds here are considered
not cirrus clouds but convectively-driven anvil clouds. Since the
convectively-driven anvil clouds eventually dissipate into optically and
geometrically thinner cirrus-type clouds, the cirrus clouds defined in this
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study should be consisted of in situ cirrus clouds and cirrus clouds
dissipating from anvil clouds. However, considering that the mean CTHs
of the cirrus clouds are higher than DCCs and anvil clouds (17.18 km vs.
16.70 km and 16.71 km), the cirrus clouds should be dominated by in
situ cirrus clouds. It is because the CTHs of cirrus clouds from dissipating
anvil clouds are likely similar or lower due to the subsiding environ-
ment, compared to those for DCCs and anvil clouds.

4. Cloud-induced radiative heating and associated vertical
velocity

In order to examine the impact of TTL clouds on the radiative heating
in the TTL and then on the upwelling motion, shortwave (SW) and
longwave (LW) radiative heating rates generated by DCCs, anvil clouds,
and cirrus clouds are illustrated in Fig. 6, along with radiative heating
rate profile for the clear sky. Note that Fig. 6 is only for the daytime, and
the radiative heating rates in Fig. 6 represent the mean radiative heating
rate over the area occupied by each cloud type or clear sky. During the
daytime, the largest radiative heating rate for SW (up to 15 K/day) can
be generated in deep convection conditions over the land (DCCs for CA
and SA) at approximately 15.5 km level. Meanwhile, the radiative
heating rates over the ocean regions are approximately half at the land’s
peak heating level. Such large difference in the radiative heating is likely
due to the convection intensity between land and ocean; stronger con-
vection over the land can carry more of cloud’s hydrometeors upward to
the tropopause level, allowing more solar absorption over the land.

Compared with DCCs, radiative heating rates for anvil and cirrus
clouds are much smaller, i.e., around 1.5 K at approximately 15.5 km
level (Figs. 6b—c). It is noted that cloud-induced radiative heating rates
are consistent amongst three cloud types, i.e., broad radiative heating
throughout the TTL and around the tropopause. In contrast, radiative
heating magnitudes in clear-sky conditions are much smaller, suggesting
that the SW radiative heating for the cloudy conditions are mainly from
the solar absorption by clouds.

For LW radiative heating rates during the daytime (Figs. 6e-h), the
DCC-induced radiative cooling pattern is somewhat opposite to warm-
ing patterns for anvil clouds, cirrus clouds and clear sky conditions in the
TTL, despite the LW radiative cooling below approximately 15 km under
these circumstances. The LW daytime radiative cooling by DCCs is found
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Fig. 6. Average radiative heating rates of shortwave (SW) and longwave (LW) components during daytime for three different cloud types, i.e., DCCs, anvil clouds,

and cirrus clouds, and for the clear sky in the boreal winter from 2007 to 2010.
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to be also opposite to the SW radiative heating by DCCs, but with a much
smaller magnitude.

The daytime net radiative heating rates are obtained by taking an
average of SW and LW radiative heating rates given in Fig. 6, and are
presented in Figs. 7a—d. Also provided in Fig. 7 are clouds and clear-sky
induced vertical velocities (Figs. 7e-h). Note that the vertical velocity is
the p-velocity given in unit of Pa/s. As described in Section 2.3, the
positive radiative heating corresponds to upwelling motion, i.e., nega-
tive vertical velocity in the p-coordinate. It is noted that net radiative
heating induced by any TTL cloud is positive during the daytime. The
DCC-induced radiative heating (Fig. 7a) mainly occurs below approxi-
mately 16 km, and magnitudes are much larger over land (up to 10 K/
day) than that over ocean. Anvil cloud tends to generate relatively larger
radiative heating below 17 km. The radiative heating by cirrus cloud is
relatively smaller than 1 K/day and situates broadly over the entire TTL
layer. Interestingly, the maximum radiative heating contribution layers
(i.e., the level of maximum radiative heating) become lower from clear
sky to cirrus clouds, anvil clouds, and DCCs in order, indicating that all
TTL clouds can lower the zero heating rate level shown in the clear sky at
approximately 15 km.

The vertical velocities for three cloudy conditions and clear sky
(Figs. 7e-h) show that the largest vertical velocity is from DCCs, whose
magnitudes are in the range of 0.01-0.03 Pa/s (0.002 Pa/s is equivalent
to ~1.5 mm/s). Anvil-induced vertical velocity appears one order
smaller than that for DCCs, and vertical velocities induced by cirrus
clouds and clear sky appear to be much smaller during the daytime. It is
interesting to note that the magnitudes of both radiative heating and
vertical velocity are larger over ocean than those over land within most
of the TTL, consistent with the result of Pilewskie and L’Ecuyer (2022).
This is probably due to the more frequent development of convective
systems over ocean, compared to more isolated convection systems over
land. However, as expected, there is less discernible clear-sky radiative
heating between land and ocean.

Nighttime radiative heating and vertical velocity induced by clouds
and clear sky are obtained and given in Fig. 8. Compared with daytime
LW radiative heating distributions (Figs. 6e-h), radiative heating rates
for nighttime LW are very similar to those found in daytime, although
DCC-induced radiative cooling during the nighttime is slightly smaller at
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approximately 16 km. Compared with daytime net radiative heating
results (Fig. 7), because of absent solar radiation, cloud-induced vertical
distribution is quite different below 15 km, where downwelling motions
are generated by all three clouds. In particular, large changes in DCC-
generated velocities are shown with a sign change (from strong up-
draft to downwelling), when daytime and nighttime are compared.

So far cloud-induced radiative heating and vertical velocity are the
values for cloud-occupying areas only. Since TTL cloud occurrence fre-
quencies vary with region, the regional radiative heating and associated
vertical motion are estimated by taking the occurrence frequencies of
TTL clouds into account. Obtained radiative heating distributions and
associated vertical velocities for averaged nighttime and daytime are
given in Fig. 9.

The regional average of radiative heating in the cloudy conditions
(Fig. 9a) indicates radiative heating above approximately 14.5 km, with
a maximum at approximately 15.5 km (with a radiative heating rate of
about 0.7 K/day). Radiative cooling is dominant below the altitude of
about 14.5 km. These features establish an overall radiative heating
layer between approximately 14.5 km and 18 km. Compared to the
clear-sky radiative heating distribution in Fig. 9b, it is clear that cloud
can lower the zero net radiative heating rate level at 15.5 km shown in
the clear sky. The lowering of the zero net radiative heating rate level
should have been achieved by dominant radiative heating influences of
TTL clouds below about 17 km (Fig. 9¢). We further note that compar-
atively larger magnitudes of radiative heating are found over oceanic
regions than those over land counterparts (Fig. 9a), mainly because of
more abundant anvil and cirrus clouds in the ocean regions (see Fig. 5a).
The derived vertical velocity distributions suggest that the upward
motion revealed in the clear sky above approximately 15.5 km (Fig. 9e)
can be intensified by cloud-induced upward motion given in Fig. 9f.
Because of the cloud influence on vertical motion, the upward motions
in the cloudy conditions are established with a stronger magnitude
above approximately 14.5 km.

In addition, it is also noted that oceanic radiative heating due to
clouds is larger than the land counterparts, especially for the WP.
Considering that clear-sky radiative heating is not so different between
the land and ocean (Fig. 9b), it is the cloud presence that shapes the
differences noted in the cloudy-sky radiative heating distribution.
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Furthermore, as indicated in the individual cloud proportion (Fig. 5b)
and the associated radiative heating distributions (Fig. 7), anvil and
cirrus clouds should have contributed the most to the radiative heating
distribution in the cloud conditions since their radiative heating rate
behaves similarly to that of cloudy radiative heating (Fig. 9a). Amongst
TTL clouds, the radiative heating induced by cirrus clouds is found to be
the largest because its largest proportion to total TTL clouds (i.e., 76% of

the total TTL clouds as shown in Fig. 5b).
5. Summary and discussion

This study examines statistical properties of TTL clouds as well as the
radiatively induced vertical motions by classified TTL cloud types, using
combined active spaceborne lidar (CALIPSO) and radar (CloudSat) data
over four years (2007-2010). We focus on four regions of CA, SA
(continental regions), CP and WP (oceanic regions) over the tropics
during the boreal winter. In this study, TTL clouds are defined as cloudy
pixels whose CTHs are located above local THs. Those selected TTL
clouds are classified into three types (i.e., DCCs, thick anvil clouds, and
thin cirrus clouds) based on CALIOP-estimated IWP and cloud geomet-
rical structure. This classification resulted in clear differences in the
mean cloud depth, i.e., 1.94, 6.60, and 15.47 km for cirrus cloud, anvil
cloud, and DCC. Since the TTL cirrus clouds are from in situ as well as
from dissipating anvil clouds, the anvil cloud defined in this study
should be convectively-driven thick anvil clouds. Thus, the cirrus clouds
here are composed of in situ cirrus clouds and thin cirrus clouds from
dissipating anvil clouds.

About 76% of the total TTL clouds are found to be cirrus clouds, but
the proportion by each cirrus cloud type cannot be directly estimated.
However, considering that the mean CTH of cirrus clouds is 17.18 km
while mean CTHs for anvil clouds and DCCs are 16.71 km and 16.70 km,
respectively, the cirrus clouds are dominantly contributed by in situ
cirrus clouds. It is because the dissipating anvil clouds are generally
subject to sinking environmental conditions, and thus the cloud CTH of
the anvil-originated cirrus clouds should be similar to or lower than
16.71 km. Only way to explain higher CTH (17.18 km) should be
abundant in situ cirrus clouds whose CTHs are higher than anvil-
originated cirrus clouds. Previous studies indicated that in situ cirrus
clouds occupy slightly more than half of the total cirrus clouds (Luo and
Rossow, 2004; Heymsfield and Donner, 1990). However, this study
suggests that in situ cirrus is far dominant in cirrus cloud in TTL over the
tropics.

In order to examine the TTL cloud influences on the upward motion,
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radiative heating profiles contributed by different types of TTL cloud
and their derived upwelling velocities are obtained. The radiative
heating rates indicate that thin cirrus clouds are the most dominant
contributor to the overall radiative heating rate (~48.4% on average for
the layer of approximately 15.5 km) due to abundant cirrus clouds. Note
that, amongst classified three types of TTL clouds, cirrus clouds occupy
nearly 76% of the total, and approximately 17% and 7% are anvil clouds
and DCCs, respectively. In spite of the dominance of cirrus cloud
contribution, it is also clear that the contributions by anvil clouds and
DCCs to the total radiative heating are significant.

The overall radiative heating by TTL clouds indicates that TTL clouds
can lower the level of zero net radiative heating rate shown in the clear-
sky condition, by approximately 400-900 m (400 m over land and 900
m over ocean). The lowering effect appears to establish broad radiative
heating layer from the upper troposphere to the TTL. Such changes in
radiative heating distributions further indicate that upwelling can be
induced by the presence of TTL clouds themselves despite the fact that
the TTL clouds are produced with underlying circulation. The TTL up-
welling magnitude in the 14-18 km layer reaches 0.002 Pa/s (equivalent
to ~1.5 mm/s at 100 hPa) over the WP, where the TTL clouds are most
abundant. Considering that the mean upwelling at 100 hPa level over
the tropics is ~0.5 mm/s (Randel et al., 2008; Kim et al., 2016), cloud-
induced upwelling in the TTL is thought to be significant to maintain the
continuous updraft motion in the TTL. It may take approximately
~10-15 days to move those gas in clouds from approximately 15.5 km
to 16.8 km (averaged CTH shown in Fig. 3) inferred from only vertical
velocity induced by radiative heating rate. The radiation-driven up-
welling motion is a rather slow process, and it may be masked by
stronger adiabatic processes (i.e., wave). Since cloud-induced radiative
heating is attributed not only to cirrus clouds but also to anvil clouds and
DCCs, upwelling should be understood collectively but with different
types of clouds.

In addition, the cloud-induced upwelling obtained in this study may
help to understand the role of the WP as a dominant contributor in
transporting air to the TTL and to the stratosphere (Fueglistaler et al.,
2004). The results may support the role of TTL clouds in transporting air
from the troposphere to the stratosphere by linking the fast ascending
convection regime to the slow ascending Brewer-Dobson circulation
regime above the TTL (Corti et al., 2006).
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