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1. INTRODUCTION

Hot towers play a crucial role on the maintenance
of global circulation (Yulaeva et al. 1994; Rosenlof,
1995). It is a very essential agent for heat and moisture
transportation as well as mass exchange between
tropopause and stratosphere (Riehl and Malkus, 1958;
Simpson, J. 1990). Recent theoretical studies using
satellite infrared (IR) cloud top temperature data
suggest that deep convection in Tropical Cyclones
(TCs) could have a major impact on the water vapor
budget of the stratosphere (Rossow and Pearl, 2007;
Romps and Kuang, 2009).

In the past decades, both the radar, passive
microwave observations, and IR images have been
used to investigate the global distribution and regional
variation of deep convection in the Tropics (Petersen
et al. 2001; Gettelman et al. 2004; Jiang et al. 2004;
Liu and Zipser, 2005). However, since existing studies
mostly focus on deep convection contributed by
general convective systems, questions still remain
concerning how the hot towers in TCs are distributed
geographically and seasonally.

With Tropical Rainfall Measuring Mission (TRMM)
satellite, the 3D rain structure can be obtained from the
space-borne radar. This provides a unique opportunity
to analyze the intensity of convection directly. The
objective of this study is to quantitatively investigate
the fractions of hot towers in TCs and its global and
seasonal variation in different TC regions, intensity and
intensity change stages.

2. DATA AND METHODOLOGY

The data used in this study include 11-year
(January, 1998 - December, 2000 and January, 2002 -
December, 2009) observations by TRMM. Considering
that the quality of radar data is questionable during the
orbit boost, we exclude the data from year 2001.
Grouping contiguous pixels satisfying certain criteria
into precipitation features (PFs), a University of Utah
(UU) TRMM database has been built (Nesbhitt et al.
2000; Liu et al. 2008) and successfully applied to many
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global and regional climatological studies (Cecil et al.
2002; Cecil et al. 2005; Zipser et al. 2006). Currently,
three levels of processing of the TRMM data are
constructed in the database, includeing various TRMM
observed properties such as the feature size, mean
rain rate, maximum 20-dBZ height, etc.

To focus on TCs specifically, a TC subset of the UU
TRMM PF database upon the collaboration between
Florida International University (FIU) and UU has been
generated (Jiang et al. 2010). This FIU-UU TRMM TC
precipitation, cloud, and convective cell feature (TCPF)
database is built by interpolating the global TC
best-track data into UU TRMM PF database. A TCPF
is identified when the distance between TC center and
the TRMM PF center is within 500 km. 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. This contains land/ocean flag of TC
center, storm 12-, 24-, 36-, and 48-h future intensity
changes, etc. Furthermore, distinct TC regions, i.e.,
inner core (IC), inner rainband (IB), and outer rainband
(OB) are sorted based on the FIU/UU TRMM TCPF
database (Ramirez, 2010).

Five reference heights are selected to subjectively
identify the TCPFs with overshooting tops (OTCPFs).
This includes 14 km, level of NCEP reanalysis
tropopause (Zyop), level of potential temperature equal
to 380 K calculated from NCEP sounding (Zssox), level
of neutral buoyancy calculated using NCEP sounding
and surface equivalent potential temperature (LNBsc),
and level of neutral buoyancy calculated using
equivalent potential temperature at 925 and 1000 mb
(LNBgzs&moo). Then the OTCPFs are found from
150,313 TCPFs when maximum 20-dBZ height
observed by TRMM precipitation radar (PR) exceeds
above-mentioned reference heights respectively. As a
result, 1.59 % of TCPFs have 20 dBZ radar echoes at
or above 14km, while only 0.09% of TCPFs are found
reaching the level of 380 K.

Four overshooting parameters, i.e., overshooting
distance, area, volume, and precipitating ice mass, are
also calculated for each OTCPF using the same
method as Liu et al. (2005). When analyzing the global
distributions of the population (as shown in Fig. 1) and
overshooting properties of hot towers in TCs, the
results show little sensitivity to different reference
levels. Therefore, in this study, the 14-km reference
height is applied to examine the global and seasonal
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distributions of OTCPFs in different TC regions,
intensity and intensity change stages.

3. Results

3.1 Global and seasonal distribution of population
and overshooting properties of OTCPFs

The geographical distribution of population of total
TCPFs, TCPFs without hot towers, OTCPFs, and the
fraction of TCPFs contributed by hot towers are
presented and compared in Figures 2a-d. Similar
patterns can be seen in Figs. 2a-c, indicating that both
TC and overshooting activities concentrate over
northwest Pacific (NWP) basin, followed by the south
Indian Ocean (SI10O) and north Atlantic (ATL). However,
the maximum percentage of OTCPFs is found over
north Indian Ocean (NIO) basin (Fig. 2d). Averaged for
basin wide, hot towers contribute, respectively, 2.10%,
1.96%, 1.66%, 1.47%, 1.20% and 1.13% of TCPFs in
NIO, NWP, south Pacific (SPA), SIO, east-central
Pacific (EPA), and ATL. This suggests that TCPFs
located in NIO basin have a higher possibility to
penetrate over 14 km.

The analysis of global distribution of overshooting
properties also shows that hot towers in NIO basin has
the highest percentage of OTCPFs with overshooting
distance greater than 1.5 km and greatest mean
overshooting distance. Two existing studies may help
explain this result: 1) NIO is lack of small features with
low maximum 20 dBZ echo height relative to other
oceanic basins (Jiang et al. 2011); 2) mesoscale
convective complexes (MCCs) are most common over
the Indian subcontinent (Laing and Fritsch, 1997).

As for the seasonal variation of hot towers in TCs, it
is found that monthly distributions of hot towers
population as well as overshooting properties are
driven by the monthly activities of TCs in each basin.
For example, both the number of TCs and number of
hot towers in TCs peak in September in ATL, and
August in EPA.

3.2 The distribution of population and
overshooting properties of OTCPFs as a
function of TC regions, TC intensities, and TC
intensity change stages

a. TC regions

The global distribution of fraction of TCPFs
contributed by hot towers is calculated in various TC
regions and presented in Figure 3a-c. Regardless of
different TC basins, the TCPFs within the IC region
have the highest opportunity (10.05%) to be with
overshooting tops, with the IB (1.92%) and the OB
(1.19%) region followed.

Figure 4a-d present the cumulative density
functions (CDFs) of overshooting properties, i.e.,
overshooting distance, area, volume, and precipitating

ice mass of OTCPFs in the IC, IB and OB region. It is
observed that the largest overshooting distance (Fig.
4a), volume (Fig. 4c) and ice mass (Fig. 4d) are all
found in the IC region. This is consistent with the
results of previous studies that the IC region has the
strongest and deepest convection compared to the IB
and OB region (Cecil et al. 2002; Jiang et al. 2011).
The only exception is the overshooting area (Fig. 4b),
which is the greatest in the IB region globally. As for
different TC basins, the result varies. That is, the
largest mean overshooting area is observed in the 1B
for ATL, NWP, SIO and SPA while in the IC region for
NIO and EPA basin. This may be due to 1) the
OTCPFs in the IB region are much larger than that in
the IC and OB (Jiang et al. 2011); 2) the method used
in this study to separate TC regions may lead to IC
contamination in IB (Ramirez 2010).

b. TC intensity stages

Similarly, the contribution of hot towers to TCPFs
(in the IC region only) is calculated in various TC
intensity stages, i.e., tropical depression (TD), tropical
storm (TS), category 1-2 hurricane (CAT 1-2), and
category 3-5 hurricanes (CAT 3-5). The percentage of
OTCPFs is found to be 11.22%, 6.96%, 13.00%, and
12.41%, respectively.

Overshooting properties of OTCPFs are then
investigated and tremendous discrepancies are
detected between CAT 1-2 and CAT 3-5 hurricanes.
The greatest mean overshooting distance, the highest
percentage of overshooting distance over 1.5 km, and
the largest overshooting area are all found in TS
category, followed by CAT 1-2 hurricanes only slightly
lower. The mean overshooting volume and ice mass
are the greatest in CAT 1-2 hurricanes. CAT 3-5
hurricanes are observed to have the lowest
above-mentioned overshooting properties. This may
be because TCs reaching CAT 3-5 hurricanes have
mostly fully developed thus a higher chance to weaken,
which leads vertical convection within the IC region to
decrease in this TC intensity category. In general, the
relationship between the fraction and overshooting
properties of hot towers and TC intensity stages is not
obvious.

c. TC intensity change stages

Some previous studies suggest that hot towers in
the eye region may be related to TC intensity change
(Steranka et al. 1986; Simpson et al. 1998). Applying
the same criteria as Ramirez (2010), identified TCPF
hot towers are divided into four groups based on
different TC intensity change categories. That is,
OTCPFs in rapidly intensifying (RI), slowly intensifying
(SI), neutral (N), and weakening (W). Globally, the
opportunity for TCPFs to overshoot above 14 km is
highest in Rl (16.97%), with Sl (10.55%), neutral
(9.40%) and weakening (8.07%) following. Besides,
the overshooting properties are also analyzed (in the
IC region only), but no definite conclusion can be
drawn from the result. This suggest that hot towers
within the IC region and TC intensity change
categories may be associated with each other to some



degree. However, the connection is not significant.

Considering that both RI and hot towers are very
rare cases in TCs, sample size in this study may not be
large enough. To clarify the exact relationship between
these two and assess whether hot towers can be used
as a good parameter to predict Rl events, further
research will need to employ several cases studies as
well as modeling work.

3.3 Convective properties of OTCPFs

Four convective parameters, i.e., minimum 11 um
brightness temperature (Tg11), minimum 85/37 GHz
Polarization Corrected Temperature (PCT), and the
maximum heights of PR 40 dBZ, are selected to
examine the convective properties of OTCPFs. The
coefficient correlation between convective parameter
and overshooting distance is found to be -0.61, -0.55,
-0.52, and 0.46, respectively. As expected, the higher
the overshooting top, the stronger the convection is
observed. The closest association between the
convective parameters and overshooting distance is
found in minimum Tg11, which indicates the height a
convective cloud can reach. This may be due to the
definition of hot towers used in this study.

4. Conclusion

Globally, the TCPFs over NIO basin are found to
have the highest chance to penetrate above 14 km,
and they have the strongest overshooting properties.
The monthly distribution of hot towers in TCs shows
that such variation is driven by the activities of TCs.

Hot towers in TCs are distributed very differently in
distinct TC regions. Both the highest fraction of hot
towers in TCPFs and the greatest overshooting
properties are observed in the IC region. The variation
among different TC intensity and TC intensity change
is not obvious. Results in this study suggest that hot
towers in the IC region are associated with Rl in TCs to
some degree, since the highest fraction of TCPFs
contributed by hot towers is found in RI category.
However, to clearly understand the physical process of
hot towers in TCs and to clarify whether hot tower can
be used to better predict Rl events, further study need
to base on some cases studies as well as modeling
work.
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region.



