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ABSTRACT

Based on the 12-yr (1998–2009) Tropical Rainfall Measuring Mission (TRMM) precipitation feature (PF)

database, both radar and infrared (IR) observations from TRMM are used to quantify the contribution of

tropical cyclones (TCs) to very deep convection (VDC) in the tropics and to compare TRMM-derived

properties of VDC in TCs and non-TCs. Using a radar-based definition, it is found that the contribution of

TCs to total VDC in the tropics is not much higher than the contribution of TCs to total PFs. However, the

area-based contribution of TCs to overshooting convection defined by IR is 13.3%, which is much higher than

the 3.2% contribution of TCs to total PFs. This helps explain the contradictory results between previous

radar-based and IR-based studies and indicates that TCs only contribute disproportionately large amount of

overshooting convection containing mainly small ice particles that are barely detected by the TRMM radar.

VDC in non-TCs over land has the highest maximum 30- and 40-dBZ height and the strongest ice-scattering

signature derived frommicrowave 85- and 37-GHz observations, while VDC in TCs has the coldest minimum

IR brightness temperature and largest overshooting distance and area. This suggests that convection is much

more intense in non-TCs over land but is much deeper or colder in TCs. It is found that VDC in TCs usually

has smaller environmental shear but larger total precipitable water and convective available potential energy

than those in non-TCs. These findings offer evidence that TCs may contribute disproportionately to

troposphere-to-stratosphere heat and moisture exchange.

1. Introduction

The transition of mass and energy between the upper

tropical troposphere and lower stratosphere is of great

importance on the maintenance of the general circula-

tion. Newell and Gould-Stewart (1981) termed the re-

stricted region of entry of troposphere air into the

stratosphere as the stratosphere fountain and found that

it is related to areas with very strong convection. Other

studies have further suggested that one of the most es-

sential agents for heat andmoisture transportation is the

existence of deep tropical cumulonimbus clouds (Riehl

and Malkus 1958; Simpson 1990; Holton et al. 1995;

Dessler 2002). When these tall cumulonimbus clouds

reach or penetrate the tropopause, they are usually re-

ferred as ‘‘hot towers’’ or overshooting convection. Part

of the overshooting convection in the tropics and sub-

tropics occurs in tropical cyclones (TCs). Ebert and

Holland (1992) documented a case of overshooting

convection in Tropical Cyclone Hilda (1990) with min-

imum infrared (IR) brightness temperature of about

173K, whichwas the coldest cloud-top temperature ever

recorded.

An interesting question in TC research is: what role do

TCs play in the heat and moisture transportation be-

tween the troposphere and stratosphere? Because of the

large size of the moist ascent regions in TCs, it is rea-

sonable to speculate that deep convection in TCsmay be

subject to less entrainment drying as those in other

mesoscale systems, therefore having a higher percentage

of convection that is very deep and penetrates a level

near or reaching the tropopause. Using one year (1999)

of the Tropical Rainfall Measuring Mission (TRMM)

satellite radar data, Cairo et al. (2008) roughly estimated

the fraction of TC-related convection that is penetrating

14 km, a level usually considered as a good proxy for the

lower edge of the tropical tropopause layer (TTL;

Sherwood and Dessler 2001). This fraction was 3.5%,

close to the 1.2%–1.8% value obtained by Alcala and

Dessler (2002) for the overall convection in the tropics

using the 4 months of TRMM radar data. By using

a much longer term (11 yr) of TRMM radar observa-

tions, Tao and Jiang (2013) found that the fraction of
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precipitation features (PFs; defined as at least four adja-

cent pixels with near-surface rain rate greater than zero)

in TCs that have 20-dBZ radar echo penetrate 14km was

1.6%, a value close to the 1.4%value obtained by Liu and

Zipser (2005) for all PFs in the tropics using 5-yr TRMM

radar data. These TRMM radar-based studies seem to

indicate that TCs are not a preferred location for TTL-

penetrating convection. However, all these studies used

the TRMM data from different periods of time, which

may introduce uncertainties when drawing conclusions

by comparing their results. In addition, TCs and non-TCs

are not compared in a same study: that is, Cairo et al.

(2008) and Tao and Jiang (2013) only studied TCs, while

Alcala andDessler (2002) and Liu andZipser (2005) only

studied the overall convection in the tropics.

Using 23 years of IR brightness temperatures from the

International SatelliteCloudClimatologyProject (ISCCP),

Romps and Kuang (2009) defined overshooting convec-

tion as convectionwith cloud-top temperatures below the

monthly averaged tropopause temperature. They ana-

lyzed both TCs and non-TCs and evaluated the contri-

butions of TCs to convection that penetrate a various

range of levels from cloud-top temperature 40K warmer

than the tropopause temperature to 15K colder than that.

They found that TCs account for only 7% of the deep

convection (cloud-top temperature 40K warmer than

the tropopause) in the tropics but 15% of the over-

shooting convection (cloud-top temperature colder than

the tropopause temperature). This suggested that TCs

contribute a disproportionately large amount of con-

vection reaching the stratosphere. However, compar-

ing with radar-based studies, one potential problem

with using IR temperature alone is that cirrus clouds

might be included as convection.

This study will take a different approach. The TRMM

satellite does not only have a precipitation radar (PR)

but also a Visible and Infrared Scanner (VIRS). Both

radar and IR observations in the same platform will be

used to investigate the contribution of TCs to very deep

convection in the tropics and to compare radar-derived

and IR-derived properties of very deep convection in

TCs and non-TCs. Two types of very deep convection

will be defined. The first one will be PR based, defined as

20-dBZ radar echo penetrating 14 km. The second one

will be IR based, defined as IR cloud-top brightness

temperature colder than the tropopause temperature

(see section 2b for details). To avoid semantic confu-

sions, in the following text, both types will be referred to

as very deep convection in general, while ‘‘overshooting

convection’’ will be reserved for the second type only.

However, the word overshooting will be used for both

types when referring to overshooting properties, which

include overshooting distance, area, volume, and ice

mass by following Liu and Zipser (2005)’s definitions

(see section 2c for details). In overshooting properties,

‘‘overshooting’’ means overshooting 14 km for the PR-

based very deep convection definition and overshooting

the tropopause for IR-based definition. This study is

confined within the global tropics between 368S and

368N, which are the TRMM observation boundaries.

One obvious reason of having two definitions of very

deep convection using data from the same platform and

same time period is to avoid or be able to clarify po-

tential uncertainties that previous PR-only and IR-only

studies had. More importantly, various instruments

respond to deep convections in different ways. Cloud-

top brightness temperatures from the VIRS IR obser-

vations provide a reliable measure of cloud coverage

with a 3-km horizontal resolution (Kummerow et al.

1998), while PR gives observations of vertical profiles

of radar reflectivity with a high vertical resolution (;250m)

and direct indications of the intensity of convection.

Liu et al. (2007) quantified the relationship between

PR-observed and IR-observed convective properties in

tropical deep convection. Their results were helpful to

explain the discrepancy between IR- and PR-retrieved

rainfall. However, there is no documented study, at

least to the authors’ current knowledge, to compare

radar-observed and IR-observed very deep convection

in TCs. It is hoped that this study will fill in the gap and

produce results that will feedback on the global pre-

cipitation studies. Another motivation of this study is

to provide a geographical distribution of very deep

convection in TCs and non-TCs. This distribution can

be used to evaluate the simulation output of global

atmospheric models.

There are two main goals of this study: 1) to quantify

the contribution of TCs to global very deep convection

in the tropics and 2) to compare the overshooting

properties and convective proxies for very deep con-

vection in TCs and non-TCs. The key questions to be

addressed are the following: 1) What is the fraction of

global very deep convection that are associated with

TCs? 2) Does very deep convection in TCs have a higher

than average chance to reach the lower stratosphere?

3) Does very deep convection in TCs have greater over-

shooting properties and stronger convective intensity

compared with its counterparts in over-land and over-

ocean non-TCs? 4) What kind of environmental condi-

tions might be responsible for the differences, if any,

between properties of very deep convection in TCs and

non-TCs? In section 2, the data and methodology used

in this study are described. The main results are pre-

sented in sections 3 and 4, and conclusions are given in

section 5. A list of acronyms and abbreviations are

shown in the appendix.
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2. Data and methodology

a. Florida International University and University
of Utah TRMM Tropical Cyclone PF database

This study utilizes 12-yr (January 1998–December

2009) TRMM satellite data from the University of Utah

(UU) TRMMPF database (Nesbitt et al. 2000; Liu et al.

2008), which is generated by grouping continuous pixels

satisfying certain criteria into a single entity (e.g., a PF).

The database contains nearly 30million PFs observed by

TRMM during the 12-yr study period. There are three

levels of data in the TRMM PF database (Liu et al.

2008). Parameters in level-1 of this database are collo-

cated pixel-by-pixel observations and retrievals from

TRMM Microwave Imager (TMI), PR, VIRS, and

Lightning Imaging System (LIS). All TMI, VIRS, and

LIS observations are collocated with the PR data at the

PR’s pixel size of 5.0 km 3 5.0 km (4.3 km 3 4.3 km

before the TRMM orbital boost in August 2001). Because

both VIRS and PR scan through nadir, the brightness

temperatures from VIRS at each PR pixel are calculated

from radiances at the nearest-neighbor VIRS pixel (Liu

et al. 2008). The original VIRS pixel size is 2.4 km 3
2.4 km (2.2 km 3 2.2 km before boost). Level-2 data of

the TRMM PF database consist of statistics-based pa-

rameters for each identified feature, such as maximum

heights of 20-, 30-, 40-dBZ radar echo (called maximum

Z20dBZ, Z30dBZ, and Z40dBZ, respectively); minimum IR

10.8-mm brightness temperature (TB11); minimum 37-

and 85-GHz polarization corrected brightness tempera-

tures (PCT; Spencer et al. 1989), etc. Currently, this

comprehensive database contains 13 different PF defini-

tions according to various grouping criteria [for a detailed

description of the UUTRMMPF database, see Liu et al.

(2008)]. In this study, a PF is defined with TRMM PR

rainfall product 2A25 (Iguchi et al. 2000) near-surface

rain rate greater than zero. To remove small features and

include only convective features, each PF selected for this

study must have total PR 2A25 raining area $1000 km2

and at least one pixel with 85-GHz PCT #225K. Ac-

cording toMohr and Zipser (1996), 85-GHz PCT#225K

suggests that the rain is convective with a rain rate of at

least 10–12mmh21. The environmental sounding for

each PF is obtained by interpolation from the 6-hourly

1.58 3 1.58 resolution European Centre for Medium-

Range Weather Forecasts Interim Re-Analysis (ERA-

Interim; Simmons et al. 2006).

To separate PFs associated with TCs and non-TCs, the

Florida International University (FIU) and UU TRMM

tropical cyclone precipitation feature (TCPF) database

(Jiang et al. 2011) is used. In this TCPF database, a

TCPF is identified when the distance between TC center

and the TRMM PF center is within 500 km, a distance

that is commonly used in previous studies to separate TC

and non-TC rains (Frank 1976; Lonfat et al. 2004). The

best-track data are obtained from National Hurricane

Center (NHC) hurricane database (HURDAT; Jarvinen

et al. 1984) for the Atlantic and eastern central Pacific

basins and from the Joint Typhoon Warning Center

(JTWC; http://www.usno.navy.mil/JTWC/) for all the

other TC-prone basins. Only TCs that reached tropical

storm intensity level or above (maximum wind speed

$34kt; 1 kt ’ 0.51m s21) are included in the TCPF da-

tabase. Besides existing TRMM-observed properties in

the UU TRMM PF database, a series of storm-related

parameters are calculated and linearly interpolated into

TRMM observation time. For example, land/ocean flag

of TC center, storm 12-, 24-, 36-, and 48-h future intensity

changes, etc. TCPFs are subjectively classified into three

subregions: that is, inner core (IC), inner rainband (IB),

and outer rainband (OB) by Jiang et al. (2013) based on

convective structure, such as the horizontal fields of radar

reflectivity and passive microwave ice scattering. TCPFs

are also divided into six TC-prone basins following Jiang

and Zipser (2010), which include North Atlantic (ATL),

east-central Pacific (EPA), northwest Pacific (NWP),

north Indian Ocean (NIO), south Indian Ocean (SIO),

and South Pacific (SPA). After separating TCPFs from

non-TCPFs, non-TCPFs are further separated into over

land and over ocean categories based on the location of

the PF center. It should be noted that more than 90% of

the TCPFs in this study are over ocean.

b. Definition of very deep convection

As mentioned in the introduction, very deep convec-

tion in this study will be defined from two different

perspectives by using the TRMM PR and VIRS obser-

vations, respectively. Using PR reflectivity profiles, PFs

with the maximum Z20dBZ $ 14 km are defined as PR-

based very deep convection. Because of the sixth-power

dependence of radar reflectivity on particle size, 20-dBZ

echoes are considerably stronger than anything ob-

served in cirrus clouds. The definition essentially assures

that there are large, precipitation-sized particles present

at 14-km altitude, which is an evidence of deep con-

vective updrafts (Liu et al. 2007). Therefore, in the

following text, the PR-based very deep convection PFs

are referred to as deep convective updrafts (DCUs). It is

noted that the tropical tropopause is usually located at

the 16–17-km layer (Liu and Zipser 2005; Tao and Jiang

2013), a level much higher than the 14-km reference

height used here. There are two reasons that 14 km is

selected: 1) PR detects more readily the larger parti-

cles. Therefore the sample size of very deep convection

decreases dramatically when using higher reference

levels. Previous studies using PR to define overshooting
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convection or ‘‘hot towers’’ all leaned to use 14km as the

reference height (Alcala and Dessler 2002; Liu and

Zipser 2005; Cairo et al. 2008; Tao and Jiang 2013). 2) The

base of the TTL, which is also known as the level of zero

net radiative heating (Sherwood and Dessler 2001), is

around 14km. Several studies suggested that TC-related

convection penetrating into the TTL could play an im-

portant role in the moisture transportation between tro-

posphere and stratosphere. The PR’s minimum detectable

signal is approximately 18dBZ, which varies before and

after the boost of the TRMM satellite orbit in August

2001. Here 20 dBZ is arbitrarily chosen for keeping

a constant lower limit of PR reflectivity by following

Liu and Zipser (2005).

Using the VIRS data, PFs with minimum TB11 colder

than the tropopause temperature are defined as IR-

based very deep convection. The tropopause tempera-

ture for each PF is obtained by interpolation from the

6-hourly 1.58 3 1.58 resolution ERA-Interim data. The

tropopause is defined as the cold point tropopause. Since

the IR brightness temperature is just an indicator of how

cold the cloud top is, the IR-based very deep convection

PFs are referred to as extremely cold cloud tops (CCTs)

in the following text. The CCT definition is very similar

to the overshooting convection definition by Romps and

Kuang (2009), except that, in the CCT definition, cirrus

or cold nonraining anvil clouds are excluded because

CCTs are the extreme cases of PFs and the PF definition

used in this study requires nonzero surface rain and at

least one convective pixel with 85-GHz PCT colder than

225K. Figure 1 shows an example of a PF in a TRMM

overpass of Hurricane Hanna (2008). In this case, the PF

satisfies the definitions of both DCU and CCT.

An important question regarding to theDCUandCCT

definitions is how these two types of very deep convec-

tion are related to each other. Using all DCUs and CCTs

identified from the 12-yr TRMM data, Fig. 2 shows the

scatterplots of maximum Z20dBZ versus minimum TB11

FIG. 1. Examples of (a) PR 2A25 near-surface rain rate (mmh21), (b) PR reflectivity at 14 km (dBZ), (c) VIRS TB11 (K), (d) TMI

85-GHzPCT (K), and (e) TMI 37-GHzPCT (K) fromHurricaneHannaTRMMorbit 61513, at 1416UTC1 Sep 2008. The cross at the center

of (a)–(e) is the storm center location. The dashed line in each panel is the edge of the PR swath. The thin black contour in (a)–(c) outlines

the area with PR 2A25 near-surface rain rate.0. The raining area enclosed in this contour is a PF (demoted as ‘‘A’’ in the figure) satisfying

the criteria of PR 2A25 raining area greater than 1000 km2 and minimum 85-GHz PCT lower than 225K (please see text for details).

The thick black contour in (b) outlines the area with 14-km reflectivity $20 dBZ. The thick black contour in (c) outlines the area with

TB11 # Ttrop (Ttrop 5 195K in this case). Feature A is an example of both DCU and CCT in TCs defined in this study.
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for all DCUs, DCUs in TCs (TC DCUs), DCUs in non-

TCs over land (land DCUs) and over ocean (ocean

DCUs), all CCTs, CCTs in TCs (TCCCTs), and CCTs in

non-TCs over land (land CCTs) and over ocean (ocean

CCTs). There are more overshooting cold cloud tops

than deep convective updrafts in each category, except

that there are slightly more land DCUs than land CCTs.

DCUs that are not CCTs and CCTs that are not DCUs

are indicated in red. It is clear that the PR-based and

IR-based very deep convection is not the same phe-

nomenon, although a generally good correlation is seen

between themaximumZ20dBZ andminimum TB11 for all

categories. Overall, 27% of DCUs have cloud tops

warmer than the tropopause temperature, while a larger

percentage (45%) of CCTs havemaximumZ20dBZ lower

than 14 km. Amuch higher fraction (26%–29%) of non-

TC DCUs has cloud-top temperature warmer than tro-

popause than that of TC DCUs (12%). On the other

hand, a much higher percentage of ocean and TC CCTs

(53%–57%) has maximum Z20dBZ lower than 14 km

than that of land CCTs (27%). This seems to indicate

that TC DCUs are easier to generate very small ice

particles that can overshoot the tropopause than non-

TC DCUs, while land CCTs are easier to have very in-

tense convective updrafts to lift large, precipitation-size

particles to 14-km level or above than oceanic and TC

(note that more than 90%TCPFs are over ocean) CCTs.

The correlation coefficient for all DCUs is lower than

that for all CCTs mainly because the sample size of

CCTs is larger. The correlation coefficients among

TC, land, and ocean categories for DCUs are similar.

Interestingly, the correlation coefficient for TC CCTs

(0.47) is much lower than that for non-TC land and

ocean CCTs (0.79 and 0.84, respectively). The main

reason is that all TC CCTs have the maximum Z20dBZ

greater than 7 km and most of them have the minimum

TB11 colder than 220K, while non-TC CCTs have a

much wider range of these two parameters.

c. Selection of overshooting properties and convective
parameters

As mentioned previously, although DCUs are not

referred to as overshooting convection, the word over-

shooting is used to define overshooting properties for

both DCUs and CCTs. By following Liu and Zipser

(2005), four overshooting properties, including over-

shooting distance, area, volume, and precipitating ice

mass, are estimated as follows: For each DCU, the

overshooting distance is how high themaximum 20-dBZ

echo height exceeds 14 km. The overshooting area of

each DCU is calculated by multiplying the number of

PR pixels with 14-km reflectivity greater than 20 dBZ by

the size of each pixel (;17.92 km2 before the TRMM

boost and;20.35 km2 after the boost). The overshooting

volume of each DCU is calculated by summing all pixels

above 14km with reflectivity .20dBZ and multiply-

ing the unit volume of each pixel (;4.48 km3 before the

TRMM boost and ;5.09km3 after the boost). The over-

shooting precipitating ice mass is calculated by in-

tegrating the precipitating ice mass of PR pixels above

14 km. The precipitating ice mass of each PR pixel is

obtained using the same radar reflectivity–ice mass

FIG. 2. Scatterplots of maximum 20-dBZ echo height (km) vs minimum TB11 (K) for (a) all DCUs, (b) TC DCUs, (c) land DCUs,

(d) ocean DCUs, (e) all CCTs, (f) TC CCTs, (g) land CCTs, and (h) ocean CCTs. (top) DCUs that are not CCTs and (bottom) CCTs that

are not DCUs are shown in red in each panel. Correlation coefficients betweenmaximum 20-dBZ echo height andminimum TB11, sample

size, and samples and percentage in red are also indicated in each panel.
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relation described by Carey and Rutledge (2000). For

CCTs, only overshooting distance and area are esti-

mated. The overshooting distance of each CCT is es-

timated as the temperature difference between the

cloud-top TB11 and the tropopause temperature Ttrop:

that is, Ttrop 2 TB11. The overshooting area of each

CCT is calculated by multiplying the number of PR

pixels with TB11 colder than Ttrop by the size of each

pixel (same as the above).

Since the TRMM satellite cannot directly provide

information on vertical motions, six convective param-

eters are selected as proxies of convective intensity for

very deep convection in TCs and non-TCs over land and

ocean. These include the maximum Z20dBZ, Z30dBZ,

and Z40dBZ from the PR, minimum TB11 from VIRS and

minimum 85- and 37-GHz PCT from the TMI. The

maximum Z20dBZ, Z30dBZ, and Z40dBZ are indicators of

storm heights and maximum Z30dBZ and Z40dBZ are ar-

guably related to the strength of low to midlevel up-

drafts. Heymsfield et al. (2010) showed a relationship

between the height of the 40-dBZ (30 dBZ) reflectivity

and maximum vertical velocity, with a correlation co-

efficient of 0.6 (0.5). The minimum TB11 indicates the

cold cloud-top height that a convective cloud reaches,

which is always higher than the maximum Z20dBZ. This

parameter is associated with both the convective in-

tensity and the level of neutral buoyancy or tropopause

height (Liu et al. 2007). The microwave brightness

temperatures at 85 and 37GHz respond to scattering of

upwelling radiation by precipitation-sized ice particles,

which reduce the observed brightness temperature. To

remove the ambiguity that the low brightness tempera-

ture attributable to ice scattering could be confused with

the cold sea surface temperature, the PCT at 85

(Spencer et al. 1989) and 37GHz (Cecil et al. 2002) is

defined so that PCTs are cold for ice scattering and

warm for the sea surface. Both 85- and 37-GHz PCTs are

inversely related to the vertically integrated ice water

path above the freezing level. The 85-GHz channel re-

sponds to both small and large precipitation-sized ice

particles, while the 37-GHz channel is influenced more

by larger precipitation-sized particles (Cecil et al. 2002).

3. Contribution of TCs to global very deep
convection in the tropics (368S–368N)

Table 1 summarizes the population and characteristics

of TCPFs and non-TCPFs, and very deep convection

(DCUs and CCTs) in TCs and non-TCs. It is seen that in

general, TCs contribute only 2.1% of total convective

precipitation features with size $1000 km2. The rest

(97.9%) are non-TCPFs with 33% over land and 64.9%

over ocean. This study is feature based, similar to Liu

and Zipser (2005). To compare with pixel/area-based

studies such as Alcala and Dessler (2002), Cairo et al.

(2008), and Romps and Kuang (2009), area-based per-

centages are also calculated in Table 1. The fraction of

total surface raining area of PFs that are associated with

TCs is 3.2%, only slightly higher than that of the feature-

based fraction. As for the population of DCUs and

CCTs, it is seen that the number of DCUs is about 1.5

times less than that of CCTs for both TC and non-TC

TABLE 1. Population and characteristics of very deep convection (VDC) defined by PR maximum Z20dBZ $ 14 km (DCUs) and IR

minimum TB11 colder than tropopause temperature (CCTs) for TC and non-TC over land and ocean categories.

TCPFs

Non-TCPFs

Land Ocean Total

Population (No.) 17 088 274 729 539 760 814 489

Contribution to total PFs (%) 2.1 33.0 64.9 97.9

Total raining area (105 km2) 2484 20 024 55 858 75 882

Contribution to total raining area (%) 3.2 25.6 71.3 96.8

VDC DCUs CCTs DCUs CCTs DCUs CCTs DCUs CCTs

Population (No.) 3323 5908 72 333 66 840 61 677 100 234 134 010 167 074

Total overshooting area (105 km2) 9 211 156 505 76 873 232 1378

Fraction of total DCUs or CCTs that are

associated with TCs or non-TCs (%)

2.4 3.4 52.7 38.6 44.9 58.0 97.6 96.6

Fraction of total overshooting area that is

from TCs, or non-TCPFs (%)

3.8 13.3 64.7 31.8 31.5 54.9 96.2 86.7

Percentage of TCPFs and non-TCPFs that

are VDC (%)

19.5 34.6 26.3 24.3 11.4 18.6 16.5 20.5

Total overshooting area divided by total

raining area (%)

0.4 8.5 0.8 2.5 0.1 1.6 0.3 1.8

Mean raining area (km2) 18 716 18 187 7899 10 324 14 557 17 877 10 963 14 856

Mean overshooting area (km2) 275 3622 216 761 123 871 174 824

Mean overshooting area/mean raining area (%) 1.5 19.9 2.7 7.3 0.8 4.9 1.6 5.5
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over ocean categories, while the number of land DCUs

is slightly more than that of land CCTs. Only 2.4%

(3.4%) of total DCUs (CCTs) are from TCs, while

52.7% (44.9%) are from non-TCs over land and 38.6%

(57.9%) are from non-TCs over ocean. The population

of very deep convection over land is higher over ocean

when using the PR-based definition, while the reverse is

true when using the IR-based definition. This is consis-

tent with Liu and Zipser (2005)’s results, which showed

that over land systems produce more very deep con-

vection with PR 20-dBZ echo penetrating 14 km. This

also indicates that oceanic systems tend to producemore

small ice particles around the cloud-top layer that are

not detectable by the PR. For the contribution of TCs,

2.4%–3.4% contribution to very deep convection is not

much higher than the 2.1% contribution of TCs to the

total PFs. This seems to be consistent with previous

TRMM PR–based studies that suggested that TC is not

a preferred pathway for TTL-penetrating convection

(Alcala and Dessler 2002; Cairo et al. 2008; Liu and

Zipser 2005; Tao and Jiang 2013) but contradictory to

Romps and Kuang (2009)’s results, which suggested that

TCs contribute a disproportionately large amount of

convection that reaches the stratosphere. Keep in mind,

however, that the fraction of overshooting convection in

Romps and Kuang (2009) was pixel/area based and

based on IR data only. From row 13 of Table 1, the

fraction of total overshooting area of CCTs that is from

TCs is 13.3%, while the fraction of total raining area of

PFs that is from TCs is only 3.2%. In another words, TCs

account for only 3.2% of the convective precipitating

area in the tropics (368S–368N), but they contribute

13.3% of overshooting convection. This result is very

similar to Romps and Kuang (2009), who showed that

TCs account for 7%of the deep convection in the tropics

(308S–308N) but 15% of the overshooting convection. It

is interesting to notice that this increased contribution of

TCs is only seen from the IR-based CCTs but is not

obvious in PR-basedDCUs. This indicates that TCs only

contribute disproportionately large amount of very deep

convection containing mainly small ice particles that are

not detected by the PR.

Similar results are seen when looking at the percent-

age of TCPFs and non-TCs that are DCUs or CCTs.

From row 10 of Table 1, the feature-based percentage of

TCPFs that are DCUs is 19.5%, which is lower than that

of non-TCPFs over land (26.3%) and only slightly

higher than that of all non-TCPFs (16.5%) and non-

TCPFs over ocean (11.4%). However, the percentage of

TCPFs that are CCTs (34.6%) is much higher than that

of all non-TCPFs (20.5%) and non-TCPFs over land

(24.3%) and over ocean (18.6%). For the area-based

percentages (11th row of Table 1), a similar trend is

seen, but the differences are larger. Overall, non-TCPFs

over land have the greatest chance to have 20-dBZ radar

echoes penetrating 14 km (0.8%), while TCPFs have the

highest percentage with minimum TB11 colder than Ttrop

(8.5%). As for the size of DCUs and CCTs, it is found

that the mean surface raining area (12th row of Table 1)

of TC DCUs is a little larger than that of ocean DCUs

but about a factor of 2 larger than that of land DCUs.

Themean surface raining area of land CCTs is alsomuch

smaller than those of TC and ocean CCTs. TCs have the

largest mean overshooting area (13th row of Table 1) for

both DCUs and CCTs. The mean overshooting area of

TC CCTs is about a factor of 4 larger than that of non-

TC CCTs. For non-TC cases, overland DCUs have

larger mean overshooting areas and overland CCT have

small mean overshooting areas versus those over the

ocean. As for the fractional overshooting area defined

by mean overshooting area divided by the mean raining

area (last row of Table 1), TC DCUs have slightly

smaller (higher) fractional overshooting area than land

(ocean) DCUs, but TC CCTs have a factor of 3 (4)

higher fractional overshooting area than land (ocean)

CCTs.

The geographical distribution of number density of

total DCUs, non-TC DCUs, TC DCUs, and the fraction

of DCUs associated with TCs are presented in Figs. 3a–d,

respectively. To remove the sampling bias, the pop-

ulation of DCUs in each 58 3 58 box is normalized with

TRMM product 3A25 total pixel numbers. Consistent

with Liu and Zipser (2005), very deep convection is

foundmainly over the west Pacific, central Africa, South

America, the intertropical convergence zone (ITCZ),

and the South Pacific convergence zone (SPCZ) (Fig. 3a).

The global distribution as well as the locations of high

number density are very similar between total DCUs

(Fig. 3a) and non-TC DCUs (Fig. 3b), which indicates

that themajority of DCUs in the tropics (368S–368N) are

from non-TCs. The geographical distribution of TC

DCUs (Fig. 3c) is very similar to that of total TCPFs

(Tao and Jiang 2013, their Fig. 2) and TC rainfall (Jiang

andZipser 2010, their Fig. 5). The highest number density

of TC DCUs is seen in the NWP basin over a large area

east of the Philippine Islands.

By dividing the number of TCDCUs to total DCUs in

each 58 3 58 bin, the geographical distribution of the

fraction of TC DCUs is quantified and shown in Fig. 3d.

Although 97.6% of DCUs in the tropics (368S–368N) are

from non-TCs (Table 1), there are geographical regions

where TCs do contribute a disproportionately large

fraction of total DCUs. It is found that TCs contribute

about 35% to total DCUs in a region south of the Baja

California coast (158–258N, 1058–1258W) in the EPA

basin, with a maximum fraction of DCUs associated
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with TCs exceeding 55%. Over large areas (between 158
and 208S) to the east of Madagascar and northwest coast

of Australia in the SIO basin, about 33% of DCUs are

from TCs. In the northwest ATL basin (158–208N, 258–
608W), approximately 26% of DCUs are from TCs.

Moreover, a higher fraction of TCDCUs (about 22%) is

detected in a region around the island of Taiwan and

northeast of the Philippine Islands (158–258N, 1208–
1358W). In general, the pattern of fraction of DCUs that

are from TCs is similar to the percentage of total rainfall

contributed by TCs as shown in Jiang and Zipser (2010).

For comparison, Fig. 4 shows the geographical distri-

butions of number density of total CCTs, non-TC CCTs,

and TC CCTs and the fraction of TC CCTs. The general

pattern of the number density of total DCUs (Fig. 3a)

and total CCTs (Fig. 4a) are quite similar in most re-

gions, except that in the north ATL, to the west of Sin-

gapore, and south of Sri Lanka in the Indian Ocean the

number density of CCTs is greater than that of DCUs

and in central Africa and Madagascar the number den-

sity of DCUs is larger than that of CCTs. Consistent with

the results of DCUs, the geographical distribution of

number density of total CCTs (Fig. 4a) and non-TC

CCTs (Fig. 4b) are very similar, indicating that the ma-

jority (96.6%, as seen in Table 1) of very deep convec-

tion with TB11 lower than the Ttrop are from non-TCs.

Moreover, similar patterns are found between TC

DCUs (Fig. 3c) and TC CCTs (Fig. 4c).

As seen from Table 1, very deep convection defined

with IR (CCTs) has higher fraction attributable to TCs

than that for very deep convection defined with PR

(DCUs). However, the geographical distribution of the

fraction of TCDCUs (Fig. 3d) and that of the fraction of

TC CCTs (Fig. 4d) show very similar patterns. The

maximum percentage of TC DCUs is in the same region

as the maximum percentage of TC CCTs. TCs account

FIG. 3. Global distributions of number density (ppm) of (a) total DCUs (number), (b) DCUs in non-TCs (number),

(c) DCUs in TCs (number), and (d) fraction of DCUs in TCs (%). Number density is defined as total number of

DCUs in each 58 3 58 bin divided by TRMM3A25 total pixel numbers to remove sampling bias. Borders of six basins

(ATL, EPA, NWP, NIO, SIO, and SPA) are indicated.
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for the majority of convection in the trade wind regions.

The contribution of TCs to total CCTs is approximately

43% to the west of the Baja California coast (158–258N,

1058–1458W) in the EPA basin, which is 8% higher than

the contribution of TCs to total DCUs. Over the east of

Madagascar and the northwest coast of Australia in the

SIO basin (108–258S, 508–1258E), over the northwest

ATL basin (between 158 and 258N), and around the is-

land of Taiwan and northeast of the Philippine Islands in

the NWP basin (158–258S, 1108–1508E), about 35%,

27%, and 24% of total CCTs are from TCs, respectively.

To further study the contributions of TCs to total

DCUs and CCTs in six TC-prone basins, Table 2 dis-

plays the population of total DCUs (CCTs), TC DCUs

(CCTs), and the basinwide mean feature- and area-

based fractions of DCUs (CCTs) that are from TCs for

each basin. No matter which definition is used to define

very deep convection (either DCUs or CCTs), the NWP

basin always contains the highest population of total

very deep convection and TC very deep convection. The

greatest fraction, both feature based and area based

(6.1% and 11.4%, respectively), of DCUs associated

with TCs is observed in NWP basin. The greatest area-

based fraction of CCTs associated with TCs is also found

in the NWP basin (44.8%), while the greatest feature-

based fraction of CCTs associated with TCs is detected

in EPA basin (9.9%). The SPA basin has the lowest

fraction of CCTs that are from TCs, and the lowest

(second lowest) feature-based (area-based) fraction of

DCUs that are from TCs. The NIO basin has the lowest

area-based fraction of DCUs that are from TCs.

By lowering the threshold temperature for defining

very cold cloud, Romps and Kuang (2009) found that

TCs’ contribution to very deep convection increases

disproportionally as the temperature threshold de-

creases (increasingly colder than the tropopause tem-

perature). A similar result is found in this study. Table 3

shows the feature-based and area-based fractions of

DCUs with maximum Z20dBZ $ 14–18 km that are from

TCs and non-TCs over land and ocean. It is obvious that,

FIG. 4. As in Fig. 3, but for CCTs.
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as the height threshold increases from 14 to 18 km, the

feature- (area) based fraction of DCUs contributed by

TCs increases from 2.4% (3.8%) to 5.2% (5.7%), while

the fractional DCUs from over land non-TCs increases

from 52.7% (64.7%) to 85.5% (85.7%) and the frac-

tional DCUs from over ocean non-TCs decreases dra-

matically from 44.9% (31.5%) to 9.3% (8.6%). Table 4

shows the feature-based and area-based fractions of

CCTs with Ttrop 2 TB11 $ 0–10K that are from TCs and

non-TCs over land and ocean. Similar to Table 3 for

DCUs, as the temperature threshold decreases from 0 to

10K colder than the tropopause, the feature- (area)

based fraction of CCTs contributed by TCs increases

from 3.4% (13.3%) to 5.0% (17.9%), while the frac-

tional CCTs from over land non-TCs increases from

38.7% (31.8%) to 50.7% (61.2%) and the fractional

CCTs from over ocean non-TCs decreases from 57.9%

(54.9%) to 44.3% (20.9%).

4. Comparison of the overshooting and convective
properties in very deep convection in TCs and
non-TCs

a. Overshooting properties

In sections 4a and 4b(1), the overshooting and con-

vective properties will be compared between TC and

non-TC DCUs/CCTs. Previous studies have found that

the convective intensity in different TC regions is dif-

ferent. Szoke et al. (1986) found that the mean radar

reflectivity profiles are similar above the freezing level

for convective cells in hurricane rainbands and in gen-

eral tropical oceanic rainfall systems, but the mean

eyewall reflectivity profile above the freezing level

shows stronger convective intensity. Jorgensen and

LeMone (1989) and Black et al. (1996) found that inner

rainbands exhibit weaker updraft magnitudes than do

eyewalls. Cecil et al. (2002) and Cecil and Zipser (2002)

showed that the convective cores within the eyewall

region have the highest reflectivity compared with those

in the inner and outer rainbands. Therefore, here TC

DCUs and CCTs will be further separated into IC, IB,

and OB DCUs and CCTs. The IC region includes

complete eyewalls, incomplete or partial eyewalls, con-

centric eyewalls, and near-center convection for storms

without an eye. The IB region includes banded or

bloblike precipitation immediately outside of the IC

boundary. The OB region includes outward spiraling

banded precipitation and any precipitation features as-

sociated with the cyclone located beyond about 150–

200 km from the storm center. Please refer to section 2a

of Jiang et al. (2013) for details of separation of IC, IB,

and OB regions. Non-TC DCUs and CCTs will be sep-

arated into land and ocean DCUs and CCTs.

Probability density functions (PDFs) of overshooting

distance, area, volume and precipitating ice mass for TC

DCUs in the IC, IB, andOB region (called ICDCUs, IB

DCUs, and OB DCUs, respectively) and non-TC land

and ocean DCUs) are shown in Fig. 5. The PDF distri-

bution of overshooting distance for IC DCUs is wider

and shifted toward higher values than those for other

TABLE 2. The population of very deep convection (number), very deep convection in TCs (number), and the feature-based and area-based

fraction of very deep convection associated with TCs (%) in six TC-prone basins.

Basins

DCUs (max Z20dBZ $ 14 km) CCTs (min TB11 # Ttrop)

Total No.

No. of

TC DCUs

Fraction of

DCUs associated

with TCs

Fraction of

overshooting area

contributed by TCs

Total

No.

No. of

TC DCUs

Fraction of DCUs

associated with TCs

Fraction of

overshooting area

contributed by TCs

ATL 14 655 521 3.6 4.5 25 176 1064 4.2 20.1

EPA 5573 296 5.3 8.6 7181 708 9.9 40.3

NWP 21 518 1319 6.1 11.4 27 042 2404 8.9 44.8

NIO 8254 213 2.6 3.9 8293 265 3.2 23.7

SIO 15 219 682 4.5 8.9 16 730 988 5.9 28.0

SPA 15 655 292 1.9 4.1 21 624 479 2.2 12.2

TABLE 3. Feature-based and area-based fractions of DCUs that are from TCs and non-TCs over land and ocean according to different

maximum 20-dBZ echo height thresholds.

Z20dBZ (km) $14 $15 $16 $17 $18

Feature-based fraction of TC DCUs (%) 2.4 2.8 3.3 3.8 5.2

Feature-based fraction of land DCUs (%) 52.7 58.9 68.0 77.6 85.5

Feature-based fraction of ocean DCUs (%) 44.9 38.3 28.7 18.6 9.3

Area-based fraction of TC DCUs (%) 3.8 3.9 4.3 4.9 5.7

Area-based fraction of land DCUs (%) 64.7 68.1 73.7 79.6 85.7

Area-based fraction of ocean DCUs (%) 31.5 28.0 22.0 15.5 8.6
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categories (Fig. 5a). From the statistics (including mean,

median, standard deviation, mode, and skewness) of

overshooting distance, area, volume, and precipitating

ice mass shown in Table 5, ocean DCUs have the lowest

mean andmedian values of overshooting distance, while

DCUs in the inner core region produce the highest

overshooting distance. The distributions of over-

shooting distance for OB, IB, and landDCUs are similar

with same median value. From Table 5, the modes of

overshooting area, volume, and precipitating ice mass

for IC (and IB for overshooting area only) DCUs are the

greatest, followed by those of IB, OB, land, and ocean

DCUs. IB DCUs have the highest mean and median

values of overshooting area, followed by IC, OB, land,

and oceanDCUs in decreasing order. ICDCUs have the

highest mean and median values of overshooting vol-

ume and precipitating ice mass, followed by IB, OB,

land, and ocean DCUs in decreasing order. Overall, TC

(including IC, IB, and OB regions) DCUs has slightly

higher overshooting distance, area, volume, and ice mass

than land DCUs but much higher than ocean DCUs (not

shown). The differences of overshooting properties

among IC, IB, OB, land, and ocean DCUs as shown in

Fig. 5 are statistically significant at the 99% level.

Similarly, PDFs of overshooting distance and area for

IC, IB, OB, land, and ocean CCTs are presented in Fig. 6

and the statistics are shown in Table 6. The mode, mean,

and median values of overshooting distance for IC CCTs

are the highest, followed by that of OB, IB, ocean, and

land CCTs in decreasing order. As for overshooting area,

themodes for IB and ICCCTs aremuch larger than those

for OB, land, and ocean CCTs (Fig. 6b and Table 6). IB

CCTs produce the largest overshooting area, closely fol-

lowed by IC CCTs. Mean and median values of over-

shooting area for TC (including IB, IC, and OB) CCTs

are about a factor of 4–5 larger than those of land and

ocean CCTs. The differences of overshooting properties

among IC, IB, OB, land, and ocean CCTs as shown in

Fig. 6 are statistically significant at the 99% level.

To summarize Figs. 5 and 6, for very deep convection

defined by either PR- (DCUs) or IR- (CCTs) based

definition, the TC inner core region has the highest

overshooting distance, while the TC inner rainband re-

gion has the largest overshooting area. For DCUs, the

overshooting characteristics are similar between the

non-TC land and TC outer rainband regions. For CCTs,

the overshooting area in TCs is much larger than that in

non-TCs. In general, the oceanic non-TC systems have

the weakest overshooting characteristics.

b. Convective proxies

1) COMPARISON BETWEEN TCS AND NON-TCS

Figure 7 shows the PDFs of six selected convective

parameters for TC DCUs in the IC, IB, and OB region

and non-TC DCUs over land and over ocean. The sta-

tistics of these parameters are shown in Table 7. From

Fig. 7a and Table 7, IC DCUs have the highest maxi-

mum height of 20-dBZ echo, followed by OB and land

DCUs, which are closely grouped together. The third

TABLE 4. Feature-based and area-based fractions of CCTs that are from TCs and non-TCs over land and ocean according to various

differences between tropopause temperature and IR brightness temperature.

Ttrop 2 TB11 (K) $0 $2 $4 $6 $8 $10

Feature-based fraction of TC CCTs (%) 3.4 3.7 4.1 4.4 4.7 5.0

Feature-based fraction of land CCTs (%) 38.7 40.0 41.9 44.4 47.4 50.7

Feature-based fraction of ocean CCTs (%) 57.9 56.3 54.0 51.2 47.9 44.3

Area-based fraction of TC CCTs (%) 13.3 15.1 16.8 17.9 18.3 17.9

Area-based fraction of land CCTs (%) 31.8 37.1 43.3 49.6 55.6 61.2

Area-based fraction of ocean CCTs (%) 54.9 47.8 39.9 32.5 26.1 20.9

FIG. 5. PDFs of overshooting (a) distance, (b) area, (c) volume, and (d) precipitating ice mass for IC, IB, OB, land, and ocean DCUs.

Numbers in parentheses in (a) indicate the sample size.
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highest maximum Z20dBZ is found in IB DCUs, while

ocean DCUs have the lowest maximum Z20dBZ. The

mode of maximum Z30dBZ for land DCUs is 13 km,

which is much higher than those for other categories

(Fig. 7b and Table 7). The same is true for the mean and

median values of maximum Z30dBZ. IC, OB, and ocean

DCUs have similar maximum Z30dBZ mean and median

values, which are smaller than those of land DCUs. IB

DCUs have the lowest maximum Z30dBZ. Figure 7c

shows that the distributions of maximum Z40dBZ are

narrower than those of maximum Z30dBZ. Land DCUs

have the highest mode value of 6.5 km, while the modes

of other categories are only 5 km. The greatest mean and

medianmaximumZ40dBZ values are found in landDCUs,

followed by IC, OB, ocean, and IB DCUs (Table 7).

TC DCUs are skewed toward lower minimum TB11

than non-TC DCUs (Fig. 7d). IC DCUs have the lowest

mean and median values of minimum TB11, followed by

IB, OB, ocean, and land DCUs in increasing order

(Table 7). The minimum 85-GHz PCT of land DCUs

peaks at 130K, while that of IC DCUs has a double

peak, one at 150K (which is the mode) and the other at

90K (Fig. 7e). A single 140-K mode value is found all

other DCU groups. From Table 7, land DCUs have the

smallest mean and median values of minimum 85-GHz

PCT, followed by IC, OB, IB, and ocean DCUs, al-

though the differences are very small. The PDFs of

minimum 37-GHz PCT for land and ICDCUs skewed to

lower values than other DCU categories (Fig. 7f). Land

DCUs have the lowest mean and median values of

TABLE 5. The mean, median, standard deviation (STD), mode, and skewness for each parameter shown in Fig. 5.

DCUs Category Mean Median STD Mode Skewness

Distance (km) IC 1.60 1.5 1.10 0 and 1.25 0.34

IB 1.14 1.0 0.92 0.25 1.02

OB 1.25 1.0 0.92 0.50 0.66

Land 1.26 1.0 0.97 0.25 0.72

Ocean 0.92 0.75 0.78 0 0.93

Area (km2) IC 359 204 428 316 3.15

IB 411 244 514 316 2.96

OB 218 102 346 100 5.26

Land 216 122 302 100 6.17

Ocean 124 72 171 56 5.78

Volume (km3) IC 530 214 815 562 3.69

IB 471 188 839 100 4.76

OB 284 94 617 100 7.15

Land 277 107 521 100 7.25

Ocean 130 51 259 18 7.78

Mass (g) IC 35.0 17.3 48.0 31.6 3.23

IB 30.0 14.9 46.3 10.0 4.12

OB 18.1 6.9 34.6 5.6 6.32

Land 15.8 6.7 28.1 5.6 7.13

Ocean 8.6 3.8 15.3 3.2 6.74

FIG. 6. PDFs of overshooting (a) distance and (b) area for IC, IB, OB, land, and ocean CCTs.

Numbers in parentheses in (a) indicate the sample size.
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minimum 37-GHz PCT, followed by IC, IB, OB, and

ocean DCUs in increasing order (Table 7). Significance

tests show that the differences among different DCU

categories for each convective parameter are statisti-

cally significant at the 99% level.

For comparison, PDFs of the six selected convective

parameters for CCTs are shown in Fig. 8. Different from

DCUs, broader distributions of the maximum Z20dBZ

are found for CCTs (Fig. 8a). IB CCTs are skewed to-

ward lower maximum Z20dBZ, while land, IC, OB, and

ocean CCTs are skewed toward higher values. The

mode of maximum Z20dBZ is the highest for land CCTs

and the lowest for IB CCTs. The mean and median

values of maximum Z20dBZ are the highest for land

CCTs, followed by OB, IC, ocean, and IB CCTs in

decreasing order (Table 8). This is different from DCUs

in which IC DCUs have the highest maximum Z20dBZ.

Similar patterns are found for the maximum Z30dBZ

(Fig. 8b) and Z40dBZ (Fig. 8c), in which land CCTs are

skewed toward higher values, while IB, IC, OB, and

ocean CCTs are skewed toward lower values. Also, the

PDFs for IC, OB, and ocean CCTs are closely grouped

together. For the maximum Z30dBZ and Z40dBZ, the

mean and median values are the highest for land CCTs,

followed by OB, IC, ocean, and IB CCTs in decreasing

order (Table 8). Same as DCUs, TC CCTs are also

skewed slightly toward lower minimum TB11 compared

with land and ocean CCTs in non-TCs (Fig. 8d). Smaller

differences of the minimum TB11 in TCs and non-TCs

are found for CCTs compared with DCUs. IC CCTs

TABLE 6. The mean, median, standard deviation, mode, and skewness for each parameter shown in Fig. 6.

CCTs Category Mean Median STD Mode Skewness

Distance (km) IC 5.96 5.47 3.73 7.94 0.38

IB 4.46 3.95 3.16 5.01 0.73

OB 4.71 4.14 3.30 6.31 0.64

Land 4.22 3.55 3.20 5.01 0.87

Ocean 4.26 3.58 3.21 5.01 0.86

Area (km2) IC 4176 1506 6525 1778 2.74

IB 4997 2340 7098 3162 2.53

OB 2612 305 5694 18 3.65

Land 755 102 2540 18 9.74

Ocean 871 90 2872 18 10.00

FIG. 7. PDFs of (a) maximum Z20dBZ, (b) maximum Z30dBZ, (c) maximum Z40dBZ, (d) minimum TB11, (e) minimum

85-GHz PCT, and (f) minimum 37-GHz PCT for IC, IB, OB, land, and ocean DCUs.
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have the coldest minimumTB11mean andmedian values

in general, followed by OB, IB, land, and ocean CCTs in

increasing order (Table 8). As for the minimum 85- and

37-GHz PCT, the lowest mean and median values are

found in land CCTs, while the highest are found in IB

CCT. Other CCT categories are in between. Similarly,

Figs. 8e,f show that land CCTs are skewed toward lower

values, while IB CCTs are skewed toward higher values.

Significance tests show that the differences among dif-

ferent CCT categories for each convective parameter

are statistically significant at the 99% level.

To summarize Figs. 7 and 8, DCUs in the TC inner

core region have the highest maximum Z20dBZ, which

implies that the IC region produces the height radar

echo top statistically. Land DCUs have the highest

maximum Z30dBZ and Z40dBZ, which implies that over

land non-TCs produce the strongest low to middle level

updrafts. However, the highestmaximumZ20dBZ,Z30dBZ,

and Z40dBZ are all found in land CCTs, which may imply

that CCTs over land produce the strongest updrafts in all

levels. For both DCUs and CCTs, the very deep con-

vection in TCs (especially in the inner core region) have

the highest cloud-top height, while very deep convection

over land produce the strongest ice-scattering signature

as indicated by minimum 85- and 37-GHz PCT. This

suggests that deep convection does not necessarily rep-

resent intense convection. As concluded by Liu et al.

(2007), for the deep cold clouds reaching the same

heights, they can be generated from various convective

intensities. The result here is consistent with several

previous studies. Szoke et al. (1986) found that generally,

oceanic convection had lower reflectivity than continental

convection. Using high-resolution measurements of verti-

cal velocities in intense convection from the nadir-viewing

high-altitude ER-2 Doppler radar (EDOP), Heymsfield

et al. (2010) studied the characteristics of different

groups of deep convections (i.e., tropical cyclone, oce-

anic, land, and sea breeze) in the tropics and subtropics.

They showed that the tropical cyclone cases had the

weakest midlevel updrafts and had peak updrafts at

about the 12-km level.

2) COMPARISON OF TC DCUS AND NON-TC
DCUS IN SIX SELECTED REGIONS

Liu and Zipser (2005) demonstrated that there are six

geographical locations in the tropics having frequent

TABLE 7. The mean, median, standard deviation, mode, and skewness for each parameter shown in Fig. 7.

DCUs Category Mean Median STD Mode Skewness

Max height of 20 dBZ (km) IC 15.60 15.50 1.10 14.00 0.34

IB 15.14 15.00 0.92 14.00 1.02

OB 15.25 15.00 0.92 14.50 0.66

Land 15.26 15.00 0.97 14.00 0.72

Ocean 14.92 14.75 0.78 14.00 0.93

Max height of 30 dBZ (km) IC 10.46 10.00 2.72 7.00 0.56

IB 9.40 9.00 2.37 8.50 0.96

OB 10.56 10.25 2.42 8.50 0.54

Land 12.57 12.75 2.28 13.00 20.30

Ocean 10.27 10.00 2.29 8.50 0.44

Max height of 40 dBZ (km) IC 6.52 6.25 1.32 5.00 1.76

IB 5.94 5.75 1.18 5.00 0.71

OB 6.44 6.25 1.28 5.00 1.73

Land 8.10 7.50 2.32 6.50 1.04

Ocean 6.12 6.00 1.23 5.00 2.00

Min IR (K) IC 185.7 185.5 5.6 185 0.14

IB 187.4 187.0 6.0 185 1.97

OB 188.3 188.2 5.6 185 0.16

Land 191.7 191.7 6.0 190 0.08

Ocean 191.1 191.1 5.5 190 0.02

Min 85-GHz PCT (K) IC 136.4 138.9 29.7 150 20.23

IB 143.5 145.5 28.5 140 20.21

OB 141.0 142.5 27.1 140 20.21

Land 135.9 135.2 30.7 130 0.10

Ocean 145.1 145.4 26.7 140 20.07

Min 37-GHz PCT (K) IC 243.4 246.9 17.2 248 21.56

IB 247.1 250.9 16.6 248 22.01

OB 248.0 251.4 16.0 248 21.70

Land 240.0 244.6 22.0 248 21.32

Ocean 251.3 254.2 15.2 256 22.00
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cold IR cloud tops. These locations are over Africa,

South America, Indonesia, west Pacific Ocean, east

Pacific Ocean, and SPCZ. Figure 9 shows the locations

of all DCUs identified in this study. Frequent non-TC

DCUs are found in the same regions. Therefore, the six

regions outlined with boxes (same regions as in Liu and

Zipser 2005) in Fig. 9 are selected to further compare

convective properties in non-TC DCUs in these regions

with those in TC DCUs over the tropics (368S–368N).

The PDFs of the convective parameters for TCDCUs

and non-TC DCUs in six selected regions are displayed

in Figs. 10a–f. From Fig. 10a, TC DCUs and non-TC

DCUs over continental regions (including Africa, South

America, and Indonesia) exhibit similar broader maxi-

mumZ20dBZ distributions and are skewed toward higher

values compared with non-TC DCUs over oceanic re-

gions (including west Pacific, east Pacific, and SPCZ).

The mode of maximum Z20dBZ is the highest for TC and

South America DCUs, which is only 0.25–0.5 km higher

than that for other categories (Table 9). The PDF curve

of TC DCUs is closely grouped with that of non-TC

DCUs over Africa, while the curve of non-TC DCUs

over South America is closely grouped with that of

non-TC DCUs over Indonesia. Non-TC DCUs in con-

tinental regions have broader distributions of the max-

imum Z30dBZ (Fig. 10b) and Z40dBZ (Fig. 10c) that

become positively skewed and have higher modes. Non-

TC DCUs in Africa have the highest mode values for

both maximum Z30dBZ and Z40dBZ (Table 9). For the

maximum Z30dBZ, the distributions for non-TC DCUs

over the west Pacific and east Pacific are similar, while

the distributions for TC DCUs and SPCZ DCUs are

similar. All oceanic DCUs (including TC DCUs) have

smaller mode values of maximum Z30dBZ and Z40dBZ

than continental DCUs (Table 9). ThemaximumZ40dBZ

distribution of TC DCUs is similar to that of non-TC

DCUs over Indonesia, while the curves for non-TC

DCUs over oceanic regions are closely grouped (Fig.

10c). TCDCUs are skewed toward lowerminimum TB11

compared with all non-TCDCUs, with the coldest mode

value (Fig. 10d and Table 9). For the minimum 85-GHz

PCT (Fig. 10e) and 37-GHz PCT (Fig. 10f), non-TC

DCUs over Africa have the coldest mode values. Non-

TC DCUs in continental regions and TC DCUs have

broader distributions and are skewed toward lower

values compared with non-TCDCUs in oceanic regions.

The PDFs of TC DCUs are similar to those of non-TC

DCUs in South America, except that DCUs in South

America have higher fraction of minimum 37-GHz PCT

greater than 250K.

From Table 9, TC and Africa DCUs have similar and

the highest mean and median values of maximum

Z20dBZ, followed by the non-TC DCUs over South

America, Indonesia, west Pacific, SPCZ, and east Pacific

in deceasing order. Non-TC DCUs over Africa have the

highest mean and median values of maximum Z30dBZ as

well as Z40dBZ, followed by non-TC DCUs over South

America and Indonesia; TC DCUs; and non-TC DCUs

FIG. 8. As in Fig. 7, but for CCTs.

1 JUNE 2014 J I ANG AND TAO 4327



over SPCZ, west Pacific, and east Pacific in deceasing

order. The maximum Z30dBZ and Z40dBZ of TC DCUs

are lower than or similar to those of DCUs in non-TCs

over Indonesia but are higher than that in oceanic re-

gions, respectively. The lowest minimum TB11 is ob-

served for TC DCUs. Only small differences of the

minimum TB11 distributions are seen among non-TC

DCUs in different selected regions. As for the minimum

85- and 37-GHz PCTs, Africa DCUs have the lowest

mean andmedian values. Comparableminimum 85- and

37-GHz PCTs are detected for TC DCUs and non-TC

DCUs over South America, which is lower than those of

non-TC DCUs in the other regions. The highest mean

andmedian values ofminimum 85- and 37-GHz PCT are

seen in west Pacific DCUs. Significance tests show that

the differences of each convective parameter among TC

DCUs and non-TC DCUs in six selected regions are

statistically significant at the 99% level. Similar results

were seen when plotting the same figure as Fig. 10 but

for CCTs, except that CCTs in the three continental

FIG. 9. Locations of DCUs in TCs (red dots), non-TCs over land (yellow), and non-TCs over ocean (blue dots).

Also shown are the boundaries of six selected regions with frequent non-TCDCUs, including Africa, Indonesia (the

dashed-line box), west Pacific Ocean, east Pacific Ocean, SPCZ, and South America. Numbers in parentheses in-

dicate the total sample size.

TABLE 8. The mean, median, standard deviation, mode, and skewness for each parameter shown in Fig. 8.

CCTs Category Mean Median STD Mode Skewness

Max height of 20 dBZ (km) IC 13.67 14.00 2.33 14.00 20.17

IB 12.28 12.25 2.23 10.50 0.32

OB 13.77 14.25 2.15 14.50 20.45

Land 14.52 15.00 2.16 15.50 21.27

Ocean 12.73 13.50 2.72 14.50 20.59

Max height of 30 dBZ (km) IC 8.87 8.00 2.74 7.25 1.19

IB 7.58 7.00 2.02 5.75 2.05

OB 9.24 8.50 2.59 7.25 0.95

Land 11.96 12.25 2.92 13.25 20.53

Ocean 8.78 8.50 2.67 7.25 0.52

Max height of 40 dBZ (km) IC 5.94 5.75 1.68 5.25 1.79

IB 5.31 5.25 1.41 5.25 2.10

OB 5.97 5.75 1.38 5.25 2.38

Land 7.82 7.50 2.65 6.00 0.48

Ocean 5.50 5.50 1.63 5.25 1.03

Min IR (K) IC 188.8 188.5 6.4 185 0.42

IB 190.2 189.7 5.9 185 0.62

OB 189.4 189.1 6.0 185 0.75

Land 192.6 190.8 8.8 185 1.36

Ocean 197.6 193.7 12.0 190 0.83

Min 85-GHz PCT (K) IC 160.5 163.6 35.3 150 20.43

IB 176.5 182.0 31.6 180 20.70

OB 157.5 157.9 32.0 140 20.16

Land 138.4 135.8 33.9 120 0.31

Ocean 158.8 158.2 32.1 150 20.07

Min 37-GHz PCT (K) IC 251.1 255.4 15.1 256 22.01

IB 256.0 259.2 11.5 256 22.74

OB 252.9 256.4 13.9 256 21.98

Land 238.6 243.2 21.4 248 21.20

Ocean 252.4 255.9 14.2 256 22.09
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regions have higher maximum Z20dBZ than that in TC

CCTs, which is higher than that in CCTs in the three

oceanic regions.

3) DISCUSSION

Table 5 summarizes the mean characteristics of

DCUs and CCTs in TCs and non-TCs over land and

over ocean. The areas of 20-, 30-, 40-dBZ echo

reaching different height levels are derived from the

TRMM PR observations, as well as the mean 20-, 30-,

and 40-dBZ echo height and the area of PR 2A25 rain.

The IR cloud-top height is calculated from the mini-

mum TB11 using the ERA-Interim temperature pro-

file. The tropopause height and temperature, vertical

wind shear, total precipitable water (TPW), and con-

vective available potential energy (CAPE) are de-

rived from the ERA-Interim. The vertical wind shear

is defined as the difference between the horizontal

wind fields at the 200- and 850-hPa levels. The CAPE

calculated here is the pseudoadiabatic CAPE assum-

ing total fallout (all condensates are removed from the

parcel immediately upon formation; Molinari et al.

2012). Because of the coarse resolution (1.58 3 1.58) of
the ERA-Interim data and the small size of very deep

convection, it is assumed that the ERA-Interim-

derived parameters interpolated to the location and

time of each precipitating and convective feature

represent the environmental factors of the very deep

convection.

Based on the mean statistics given in Table 10, the

schematic of the structure of ‘‘typical’’ TC, land, and

ocean DCUs and CCTs are constructed in Fig. 11. TC

DCUs (Fig. 11a) and CCTs (Fig. 11d) have a much

larger surface raining area than ocean DCUs (Fig. 11c)

and CCTs (Fig. 11f). Land DCUs (Fig. 11b) and CCTs

(Fig. 11e) have the smallest surface raining area. The

widths of 20-, 30-, and 40-dBZ echo outlines are based

on themean area reaching different levels listed in Table

10. Areas of 20-dBZ echo reaching 6–14 km are larger

for TCDCUs than landDCUs, which are larger than for

oceanDCUs. However, this order is only true for area of

20-dBZ echo reaching 6 km for CCTs. At 10 and 14 km,

the area is larger for land CCTs than TC CCTs, which is

larger than for ocean CCTs. Both land DCUs and CCTs

have the largest areas of 30-dBZ echo reaching 6–14 km

and 40-dBZ echo reaching 4 km. The mean 20-dBZ

heights of TC, land, and oceanDCUs are similar but that

of land CCTs is about 1 km higher than that of TCCCTs.

As for the mean 30- and 40-dBZ heights, very deep

convection over land always have the highest values,

about 2–3 km higher than those for TCs and oceanic

non-TCs. Comparing DCUs with CCTs, DCUs always

produce larger area of 20-, 30- and 40-dBZ echo reach-

ing different heights than their corresponding CCTs.

The only exception is that land DCUs have a slightly

smaller area of 20-dBZ echo reaching 6 km than that of

land CCTs. Furthermore, DCUs usually reach greater

mean IR top height and 20-, 30- and 40-dBZ echo top

FIG. 10. As in Fig. 7, but for TC DCUs and non-TC DCUs over Africa, South America, Indonesia, west Pacific, east

Pacific, and SPCZ. The sample sizes for DCUs in each region are indicated in parentheses in (a).
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heights than corresponding CCTs. This implies that the

very deep convection defined by maximum 20-dBZ ra-

dar echo reaching 14 km is deeper andmore intense than

that defined by minimum TB11 colder than tropopause

temperature. From Table 10, DCUs always have higher

mean tropopause height, colder mean tropopause

temperature, lower vertical wind shear, higher (or

same) TPW, and higher CAPE than those of corre-

sponding CCTs.

Liu and Zipser (2005) compared the overshooting

convection over land and ocean and indicated that the

convection over land is more intense than that over

ocean, with the IR tops closer to the 20-dBZ tops. In

Table 10, the mean distance between the IR cloud-top

(ZIR) and the 20-dBZ echo top is given for each category.

It is found that TC DCUs and CCTs have the largest

distance between the IR top and 20-dBZ top, while land

DCUs and CCTs have the smallest distance. This again

indicates that very deep convection over land is more

intense than that in TCs and non-TCs over ocean.

One would expect that environmental conditions,

such as vertical wind shear, TPW, CAPE, and entrain-

ment, would play an important role on the structure of

very deep convection. Of all these parameters, the ver-

tical wind shear probably exerts the greatest effect on

the organization of deep convection (Corbosiero and

TABLE 9. The mean, median, standard deviation, mode, and skewness for each parameter shown in Fig. 10.

CCTs Category Mean Median STD Mode Skewness

Max height of 20 dBZ (km) TC 15.31 15.25 0.98 14.50 0.66

Africa 15.37 15.25 0.99 14.25 0.57

South America 15.14 15.00 0.88 14.50 0.71

Indonesia 15.09 15.00 0.86 14.00 0.78

West Pacific 14.92 14.75 0.74 14.00 0.73

East Pacific 14.70 14.5 0.63 14.00 0.88

SPCZ 14.85 14.75 0.73 14.00 0.92

Max height of 30 dBZ (km) TC 10.39 10.00 2.51 9.25 0.58

Africa 13.34 13.50 1.92 13.00 20.34

South America 11.48 11.50 2.48 12.25 20.03

Indonesia 10.86 10.75 2.33 9.25 0.31

West Pacific 9.17 8.75 1.83 7.75 0.88

East Pacific 9.13 9.00 1.84 7.75 0.58

SPCZ 9.94 9.75 2.06 8.50 0.39

Max height of 40 dBZ (km) TC 6.39 6.25 1.29 5.50 1.62

Africa 8.83 8.25 2.18 7.50 1.00

South America 6.86 6.50 1.63 6.00 1.58

Indonesia 6.45 6.25 1.19 6.00 1.61

West Pacific 5.63 5.50 0.68 5.50 20.43

East Pacific 5.44 5.50 0.79 5.50 0.17

SPCZ 5.75 5.75 0.89 5.50 20.26

Min IR (K) TC 187.6 187.5 5.8 186 0.40

Africa 190.7 190.8 5.8 190 20.09

South America 191.2 191.3 5.3 192 20.03

Indonesia 189.6 189.6 5.4 188 0.09

West Pacific 189.6 189.5 5.1 188 0.22

East Pacific 191.2 192.0 4.7 192 20.07

SPCZ 191.5 191.7 5.4 194 20.19

Min 85-GHz PCT (K) TC 140.3 141.9 28.0 145 20.23

Africa 132.1 130.2 29.1 125 0.25

South America 141.9 140.7 28.3 135 0.13

Indonesia 145.7 145.6 26.0 145 0.04

West Pacific 154.4 153.9 23.1 145 0.13

East Pacific 148.7 148.0 22.4 145 0.17

SPCZ 149.3 148.1 25.7 135 0.17

Min 37-GHz PCT (K) TC 246.8 250.4 16.5 255 21.70

Africa 234.8 238.0 19.9 240 20.86

South America 248.9 251.9 15.7 255 21.07

Indonesia 251.0 253.2 13.3 255 21.20

West Pacific 257.4 258.4 9.4 255 and 260 20.85

East Pacific 254.5 255.5 10.5 255 21.06

SPCZ 254.8 256.3 11.6 255 20.94
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Molinari 2002; Kaplan et al. 2010; Hence and Houze

2011, 2012a,b; Nguyen and Molinari 2012). Lack of in-

tense updraft storm systems with strong vertical wind

shear would be highly titled. Also, updrafts that are ti-

tled are more adversely affected by entrainment and

therefore difficult for ice particles to penetrate over

tropopause. The mean shear value is the highest for

ocean CCTs (Table 10), which correspondingly have the

lowest IR cloud top and 20-, 30-, and 40-dBZ echo

heights. From Table 10, it is seen that very deep con-

vection in TCs usually has smaller shear value than that

in non-TCs. This might partially explain why TCs con-

tribute a disproportional amount of very deep convec-

tion in the tropics and subtropics. Both TC DCUs and

CCTs havemuch higher mean TPW than non-TCDCUs

and CCTs. Very deep convection in TCs has the largest

mean value of CAPE, which is 1000 and 919 J kg21 for

TC DCUs and CCTs, respectively. Land DCUs and

CCTs contain the second greatest values of CAPE, fol-

lowed by ocean DCUs and CCTs. The value of CAPE

decreases dramatically when there is entrainment.

Considering that TC DCUs and CCTs have lower ver-

tical wind shear and higher TPW, it is likely that very

deep convection in TCs is less tilted as a result of less

entrainment and therefore has larger values of CAPE

compared with very deep convection in non-TCs.

Higher TPW and CAPE can provide more moist con-

vective energy for very deep convection to penetrate

tropopause or TTL more easily.

Using the ERA-Interim data, mean skew T–logp

diagrams for TC, land, and ocean DCUs and CCTs are

displayed in Fig. 12 with the mean values of pseudoa-

diabatic CAPE, convective inhibition (CIN), lifted

condensation level (LCL), and level of neutral buoy-

ancy (LNB) listed. From Fig. 12, it is seen that the

shape of CAPE area in very deep convection in TCs is

‘‘skinny’’ but extends to higher LNB, while the shape of

the CAPE area in very deep convection in over land

systems is ‘‘fat’’ and ‘‘short.’’ This may explain why

very deep convection over land is more intense, while

very deep convection in TCs overshoots the tropopause

more easily.

5. Summary

Based on the 12-yr TRMM tropical cyclone pre-

cipitation feature (TCPF) database, both radar and IR

observations from TRMM are used to quantify the

contribution of TCs to very deep convection in the

tropics (368S–368N) and to compare TRMM-derived

properties of very deep convection in TCs and non-TCs.

Two types of very deep convection are defined. The first

one is radar based, defined as precipitation features

(PFs) with 20-dBZ radar echo penetrating 14 km. This

definition is referred to as deep convective updrafts

(DCUs). In this study, a PF is defined with TRMM PR

near-surface rain rate greater than zero, total PR raining

area $1000 km2, and minimum 85-GHz PCT #225K.

The second definition of very deep convection is IR

based, defined as PFs with IR cloud-top brightness

temperature colder than the tropopause temperature.

This definition is referred to as extremely cold cloud

TABLE 10. Mean characteristics of DCUs and CCTs in TCs, non-TCs over land, and non-TCs over ocean.

Definition of very deep convection

DCUs CCTs

TC Land Ocean TC Land Ocean

Area of 20 dBZ reaching 14 km (km2) 275 216 124 36 70 17

Area of 20 dBZ reaching 10 km (km2) 1437 910 731 287 564 251

Area of 20 dBZ reaching 6 km (km2) 18 893 3737 4672 4982 3968 3706

Area of 30 dBZ reaching 10 km (km2) 35 435 354 16 113 16

Area of 30 dBZ reaching 6 km (km2) 363 898 615 209 588 202

Area of 30 dBZ reaching 4 km (km2) 5255 2194 2944 5227 2081 2186

Area of 40 dBZ reaching 4 km (km2) 464 728 584 355 411 184

Area of PR 2A25 rain (km2) 18 716 7899 14 557 18 187 10 324 17 877

Mean min TB11 (K) 188 192 191 189 193 198

Mean IR top height (km) 17.1 16.5 16.6 16.8 16.4 15.7

Mean 20-dBZ height (km) 15.3 15.3 14.9 13.4 14.5 12.7

Mean 30-dBZ height (km) 10.4 12.6 10.3 8.7 12.0 8.8

Mean 40-dBZ height (km) 6.4 8.1 6.1 5.8 7.8 5.5

Mean distance ZIR 2 Z20dBZ (km) 1.8 1.2 1.7 3.4 1.9 3.0

Mean tropopause height (km) 16.04 16.05 16.01 15.89 15.51 14.60

Mean tropopause temperature (K) 193.3 193.2 194.6 194.4 197.3 201.7

Mean vertical wind shear (m s21) 10.7 11.2 10.6 10.9 13.9 15.8

Mean total precipitable water (kgm22) 61 46 56 61 44 48

Mean pseudoadiabatic CAPE (J kg21) 1000 748 564 919 661 351
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FIG. 11. Schematic of the structure of (a) TCDCUs, (b) landDCUs, (c) oceanDCUs, (d) TCCCTs, (e) land CCTs, and (f) ocean CCTs,

demonstrating differences among typical very deep convection systems in TCs and non-TCs over land/ocean. Heights of IR cloud top;

tropopause; 20-, 30-, and 40-dBZ echo; and coverage of radar echoes are from Table 10. Please see text for details.
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FIG. 12. Mean skew T–logp diagram for (a) TC DCUs, (b) TC CCTs, (c) land DCUs, (d) land CCTs, (e) ocean

DCUs, and (f) ocean CCTs. Mean values of CAPE, CIN, LCL, and LNB are listed above each panel.
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tops (CCTs). DCUs and CCTs are not the same phe-

nomena, although they have more than 50% overlap.

Overall there are more CCTs identified from the 12-yr

TRMM data than DCUs. DCUs are deeper and more

intense convection than CCTs. For very deep convec-

tion in TCs and non-TC over land and ocean categories,

TCs and oceanic non-TC systems produce more over-

shooting cold cloud tops, while land systems produce

more very deep convection with radar 20-dBZ echo

penetrating 14 km. TC DCUs have slightly smaller

(higher) fractional overshooting area than land (ocean)

DCUs, but TC CCTs have a factor of 3 (4) higher frac-

tional overshooting area than land (ocean) CCTs.

Based on the feature-based number count, only 2.4%

(3.4%) of total DCUs (CCTs) are from TCs, while

52.7% (44.9%) are from non-TCs over land and 38.6%

(57.9%) are from non-TCs over ocean. The feature-

based 2.4%–3.4% contribution of TCs to total very deep

convection in the tropics is not much higher than the

2.1% contribution of TCs to the total PFs. The area-

based contribution of TCs to total DCUs in the tropics is

3.8%, which is again not much higher than the 3.2%

contribution of TCs to the total raining area of all PFs in

the tropics. However, the area-based contribution of

TCs to total CCTs is 13.3%, which is much higher than

3.2%. In another words, TCs account for only 3.2% of

the convective precipitating area in the tropics (368S–
368N), but they contribute 13.3% of overshooting con-

vection observed by the IR. Moreover, as the height

threshold increases from 14 to 18 km and the tempera-

ture threshold decreases from 0 to 10K colder than the

tropopause temperature, both feature- and area-based

fraction of very deep convection contributed by TCs

increases nearly linearly. This result is very similar to

Romps and Kuang (2009), which showed that TCs ac-

count for 7% of the deep convection in the tropics

(308S–308N) but 15% of the overshooting convection.

Therefore, this study helps explain the contradictory

results between previous TRMM PR–based studies,

which suggested that TC is not a preferred pathway for

TTL-penetrating convection (Alcala and Dessler 2002;

Cairo et al. 2008; Liu and Zipser 2005; Tao and Jiang

2013), and a previous IR-based study by Romps and

Kuang (2009), which suggested that TCs contribute

a disproportionately large amount of convection that

reaches the stratosphere. This study indicates that TCs

only contribute disproportionately large amount of very

deep convection containing mainly small ice particles

that are barely detected by the TRMM PR.

Although the majority (above 96%) of very deep

convection in the tropics (368S–368N) is from non-TCs

(Table 1), there are geographical regions where TCs do

contribute a disproportionately large fraction of total

very deep convection. These regions include south of the

Baja California coast in EPA basin, east of Madagascar

and the northwest coast of Australia in the SIO basin,

and in the northwest ATL basin, where TCs account for

over 25% of very deep convection.

Overshooting properties of very deep convection in

the inner core (IC), inner rainband (IB), and outer

rainband (OB) regions in TCs and over land and ocean

non-TCs are compared. It is shown that IC DCUs have

the greatest overshooting distance, volume, and pre-

cipitating ice, while IB DCUs have the largest over-

shooting area. Ocean DCUs have the lowest values of

overshooting properties. Land and OB DCUs have

similar values of these overshooting properties, while IB

DCUs have smaller overshooting distance than land and

OB DCUs but higher overshooting area, volume, and

ice mass than land and OB DCUs. The distributions of

overshooting distance and area for land CCTs are sim-

ilar to those of ocean CCTs, which both have a little

shorter overshooting distance and a factor of 4–5 smaller

overshooting area than TC CCTs.

Six convective proxies derived from TRMM including

the maximum 20-, 30-, and 40-dBZ echo height (Z20dBZ,

Z30dBZ, and Z40dBZ); minimum TB11; and minimum 85-

and 37-GHz PCT in very deep convection in TCs and

non-TCs are compared. It is found that very deep con-

vection in non-TCs over land has the highest maximum

Z30dBZ and Z40dBZ and the coldest minimum 85- and

37-GHz PCT, while very deep convection in TCs has the

coldest minimum TB11. Oceanic non-TCs have much

weaker convective properties in general. Very deep

convection in TCs has the largest distance between the

IR top height and 20-dBZ top height, while over land

non-TCs has the smallest distance. All of these results

suggest that convection is much more intense in non-

TCs over land but is much deeper or colder in TCs.

This may further imply that very deep convection in

over-land non-TCs has stronger low- and midlevel

updrafts, but very deep convection in TCs has weaker

low- and midlevel updrafts and can reach higher IR

top height.

Environmental conditions including the vertical wind

shear, TPW, and CAPE are estimated from the ERA-

Interim data. It is found that very deep convection in

TCs usually has smaller shear value than that in non-

TCs. Smaller shear may cause the system to be less tilted

and therefore less entrainment to be involved. This

might partially explain why TCs contribute a dispro-

portional amount of very deep convection in the tropics

and subtropics. Very deep convection in TCs has much

higher mean TPW and CAPE than that in non-TC

DCUs. Higher TPW and CAPE can provide more

moist convective energy for very deep convection to
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penetrate tropopause or TTL more easily. From the

mean skew T–logp diagrams in Fig. 12, the shape of

CAPE area in very deep convection in TCs is ‘‘skinny’’

and ‘‘tall,’’ while the shape of the CAPE area in very

deep convection in over land systems is ‘‘fat’’ and

‘‘short.’’ This may explain why very deep convection

over land is more intense, while very deep convection in

TCs overshoots the tropopause more easily.

As pointed out by Romps and Kuang (2009), there is

the possibility that TCs lift and cool the tropopause more

than other mesoscale systems. If this is true, the higher

contribution of TCs to extremely cold cloud tops might

not imply a higher rate of overshooting. Future research

with higher-resolution sounding data in TCs is required

to assess whether this effect influences the results.
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APPENDIX

List of Acronyms and Abbreviations

ATL Atlantic

CAPE Convective available potential energy

CDFs Cumulative distribution functions

CIN Convective inhibition

CCTs Extremely cold cloud tops

DCUs Deep convective updrafts

ECMWF European Centre for Medium-Range

Weather Forecasts

EPA East-central Pacific

IB Inner rainband

IC Inner core

IR Infrared

ITCZ Intertropical convergence zone

LCL Lifted condensation level

LNB Level of neutral buoyancy

JTWC Joint Typhoon Warning Center

NHC National Hurricane Center

NIO North Indian Ocean

NWP Northwest Pacific

OB Outer rainband

PCT Polarization corrected brightness temperature

PDFs Probability density functions

PF Precipitation feature

PR Precipitation radar

SIO South Indian Ocean

SPA South Pacific

SPCZ South Pacific convergence zone

TB11 11-mm brightness temperature

Ttrop Tropopause temperature

TC Tropical cyclone

TCPFs Precipitation features in tropical cyclones

TRMM Tropical Rainfall Measuring Mission

VIRS Visible and Infrared Scanner
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