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The localized rain rate maxima (RM) of the inner core region of intense tropical
cyclones (TCs) are investigated using Version 6 of the Tropical Rainfall Measuring
Mission Multi-satellite Precipitation Analysis data-set from 1998 to 2010. Specifi-
cally, this study examines the probabilities of RM exceeding 25 mm h−1 (P25) in
intense TCs. The 25 mm h−1 RM is the 90th percentile of all RM observations during
the study period. The descending order of P25 observed from intense TCs for the
six major ocean basins is: the North Indian Ocean, the Atlantic Ocean, the North-
west Pacific Ocean, the South Pacific Ocean, the South Indian Ocean, and the East-
central Pacific Ocean. The six major basins have been subdivided into 29 sub-basins
to discern regional variability of RM. P25 increases with increasing TC category in
all major basins, except for the South Pacific. Sub-basins with intense TCs that
produce extreme rainfall rate maxima include the Bay of Bengal, the South Philip-
pine Sea, the East China Sea, the north coast of Australia, southeast Melanesia, and
the Northwest Atlantic. Sub-basins with a higher proportion of category 5 (CAT5)
observations than category 3 (CAT3) observations tend to have a greater P25
beyond 60 km from the storm center.

Keywords: climatology; Ocean/atmosphere interactions; precipitation; remote
sensing; tropical cyclones

1. Introduction

A significant increase in the frequency and proportion of categories 4 and 5 (CAT4 and
CAT5) tropical cyclones (TCs) on the Saffir-Simpson scale were identified from 1970
to 2004, particularly in the North Pacific Ocean, the Indian Ocean, and the Southwest
Pacific Ocean (Webster, Holland, Curry, & Chang, 2005). Of the 21 intense TCs (those
with maximum sustained wind speeds exceeding 50 m s−1) that formed in the North
Indian Ocean between 1980 and 2009, 16 of them made landfall (Hoarau, Bernard, &
Chalonge, 2012), making coastal residents highly vulnerable to their effects. During the
Atlantic TC seasons of 1851–2010, 14 of the top 15 deadliest hurricanes were also
intense TCs (Blake, Landsea, & Gibney, 2011). Intense TCs also generate extreme
rainfall events (Shepherd, Grundstein, & Mote, 2007) with climate models predicting
an increase of mean precipitation rates near the TC center under the influence of
anthropogenic climate change (Knutson et al., 2010; Knutson & Tuleya, 2004).
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The azimuthal mean rain rates of TCs have been studied using the Tropical Rainfall
Measuring Mission (TRMM) Microwave imager (TMI) (Lonfat, Marks, & Chen,
2004). Lonfat et al. (2004) used the TMI to find that maximum azimuthal mean rain
rates in TCs of CAT 3–5, CAT 1–2, and tropical storms contribute 12, 7, and 3 mm h−1,
respectively. The rainfall intensity ratio of weak TCs to strong TCs increases with
storm intensity (Prat & Nelson, 2012). Strongest convective signatures typically occur
in the inner core of a TC; however, the outer region of TCs can occasionally produce
an even stronger convective signature than those in the inner core (Jiang, Ramirez, &
Cecil, 2012). Globally, the highest frequency of occurrence in overshooting convection
prevails in the North Indian Ocean (Tao & Jiang, 2012).

Understanding the absolute localized rain rate maxima (RM) is an alternative
method of studying the vigor of TCs’ deep convection. This study explores the abso-
lute rain rate maxima in the inner core region of intense TCs. Another aim of this study
is to discern the regional contribution of extreme localized TC rainfall across the globe
at a finer geographical scale. To achieve this goal, we subdivide each major ocean
basin into several sub-basins to survey the heterogeneity of extreme localized rainfall
within the inner core region of intense TCs.

2. Data-sets

Version 6 of the TRMM Multi-satellite Precipitation Analysis (TMPA) research product
is used to examine RM of the inner core regions of intense TCs during 1998−2010. The
TMPA is distributed by the National Aeronautics and Space Administration (NASA)
Goddard Earth Space Flight Center (GSFC) Sciences Data and Information Services Cen-
ter (GES DISC), with high spatial (0.25 × 0.25°) and temporal resolution over the global
belt between 50° N/S (40° N/S before 2000) latitude. The data-set, by international
agreements, is structured at three-hourly synoptic times (0000, 0300, … , 2100 UTC)
(Huffman et al., 2007). The TMPA is preferred over TRMM Level 2 products such as the
precipitation radar (PR) and the TMI for the present study since the TRMM satellite tra-
verses in a precessing orbit within the tropical oceans (38° N/S) (Kummerow, Barnes,
Kozu, Shiue, & Simpson, 1998). With a repeat cycle of ~48 days and a swath width of
only 247 km for PR and 878 km for the TMI (DeMoss & Bowman, 2007), the TRMM
satellite would not overpass near the center of each intense TC that exists. In contrast, the
TMPA guarantees to provide rainfall estimates provided that an intense TC exists within
50° N/S. Using this data-set would also provide the maximum amount of sampling to
collocate with the best track data for computing a climatology of extreme rain rates in
intense TCs.

Over the Atlantic and the east-central Pacific Ocean basins, TC best track data files
are acquired from the National Hurricane Center (Jarvinen, Neumann, & Davis, 1984).
The Joint Typhoon Warning Center archives the best track data for TCs of the North-
west Pacific Ocean, the North Indian Ocean, and the Southern Hemisphere (Chu,
Sampson, Levine, & Fukada, 2002). These data-sets contain six-hourly TC information
at 0000, 0600, 1200, and 1800 UTC. Thus, only the TMPA data that correspond to the
best track times are used. For this study, storms with wind speeds above 50 m s−1 are
analyzed. Specifically, CAT3 TCs are defined as storms with winds between 50 and
58 m s−1; CAT4 TCs are storms with winds between 59 and 69 m s−1; and CAT5 TCs
are storms with winds ≥ 70 m s−1. Note that a TC season in the Southern Hemisphere
spans two years, whereas the Northern Hemispheric season is confined to one year.
Intense TCs in the Southern Hemisphere that occurred after 1 January 1998 are
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Table 1. Number of tropical cyclones of at least category 3 intensity in the major ocean basins
and the best track data for each TC category during 1998−2010.

Basin(Storm count) CAT 3 CAT 4 CAT 5 TOTAL

Atlantic (49) 205 226 41 472
Northwest Pacific (110) 423 558 126 1105
East-central Pacific (36) 168 151 24 343
North Indian (11) 23 28 7 58
South Indian (70) 259 239 21 519
South Pacific (31) 100 106 32 238
Total (307) 1178 1308 251 2735

Figure 1. Locations of intense TCs over the ocean during 1998–2010 according to the best
track information and boundaries of each major ocean basin.

Figure 2. The designated sub-basins for the Atlantic Ocean and the east-central Pacific Ocean
and mean monthly SSTs between June and November during the study period (i.e. 1998–2010).
In each sub-basin, the first (second) number represents P25 (in %) for Region N(F). P25 values
for Region N and Region F are obtained from Figures 9 and 10, respectively. (To view this figure
in colour, please see the online version)
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examined since the TMPA data were only available as of this date. However, an intense
TC did occur in November 1997 in this region. In this study, the occurrence of intense
TCs ended in March 2010 and there were no intense TCs later that year in the South-
ern Hemisphere. During the study period, a total of 307 intense TCs occurred around
the globe, rendering 2735 TMPA instantaneous observations where intense TC centers
are over the ocean (Table 1). Storm centers are neglected upon making a landfall. Loca-
tions of intense TCs during the study period are presented in Figure 1.

The National Oceanic and Atmospheric Administration (NOAA) Optimum Interpo-
lation (OI) Sea Surface Temperature (SST) V2 (Reynolds, Rayner, Smith, Stokes, &
Wang, 2002) at 1 × 1° spatial resolution is collocated with intense TCs in the defined
sub-basins during the study period. Figures 2–4 illustrate boundaries of the 29 sub-
basins with mean monthly SSTs during intense TC months. Despite the inclusion of
landmasses in sub-basins shown in these figures, only TCs over water bodies are exam-
ined. Note that SST is only one of several factors determining the magnitude of RM

and does not fully explain the causality of the spatial distributions and magnitude of
extreme rainfall rates. Environmental variables such as the total precipitable water, hori-
zontal moisture convergence, vertical wind shear, and ocean surface flux can also
impact a TC’s azimuthal mean rain rates (Jiang, Halverson, & Zipser, 2008), which
ultimately are linked to the magnitude of RM.

3. Methods

Molinari, Moore, and Idone (1999) categorized TCs into three separate regions, namely,
the eyewall, the inner rainband, and the outer rainband regions. The eyewall region is a
quasi-circular ring of precipitation around the storm center. Immediately outside this
region is the inner rainband region, where stratiform rain and weak convection prevail.
This feature resembles the secondary rainband as delineated by Willoughby, Clos, and
Shoreibah (1982). The most vigorous TC convection occurs in the eyewall region;
however, the inner rainband region can also generate convective precipitation despite
being dominated by stratiform precipitation (Cecil, Zipser, & Nesbitt, 2002; Hence &
Houze, 2012). Molinari et al. (1999) distinguished the inner core, the inner rainband,
and the outer rainband by examining cloud-to-ground lightning characteristics using the
National Lightning Detection Network (NLDN) data. It was found that moderate
cloud-to-ground flash density maxima occurred within 60 km from the storm
center, which was termed the inner core region. A weak flash density occurs over the
next 80–100 km from the storm center and was named the inner rainband region.

Using the TRMM PR, the TMI, and the Lightning Imaging Sensor (LIS),
Yokoyama and Takayabu (2008) defined the inner core as the range between 0 and
60 km from the storm center, which is the region with vigorous convective activity
accompanied by large lightning frequencies. They also emphasized that the inner
rainband occurs between the 90 and 140-km radii for TCs with winds greater than
128 knots (66 m s−1). Since eyewall sizes vary significantly from storm to storm, the
60–90 km radii are considered a transitional zone between eyewall and inner rainband.
Furthermore, eyewall sizes do not correlate with storm category of intense TCs as seen
in Table 2 of Marks (1985).

This study examines RM of the inner core region of intense TCs. The inner core is
partitioned into two regions, namely, the near-from-center (Region N) and the far-from-
center (Region F) regions. Region N occupies the inner 60-km radii from the storm
center, while Region F occupies the 60- to 150-km radii from the storm center
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(Figure 5). The areal coverage of Region N(F) is ~11,310 km2 (~59,376 km2). As a
result, Region F is 5.25 times larger than Region N. RM in Region F could be associ-
ated with secondary eyewalls via the process of eyewall replacement cycles as primary
eyewalls collapse (Willoughby et al., 1982). However, our goal here is only to analyze
the localized rain rate maxima near TC centers. Note that this study does not aim to
differentiate the RM associated with the secondary eyewall from convection in the inner
rainband. The main purpose of this study is to assess the localized rainfall rate in
different portions of the inner core.

RM is obtained by identifying the maximum pixel value of each defined region at
the time of observation. Thus, for each TMPA snapshot, a total of two pixels are cap-
tured, one in Region N and one in Region F. For cases where the border separating
these two regions intersect RM, they will fall under the region that occupies the larger
portion of the pixel. Thereafter, we determine the probability of RM exceeding
25 mm h−1 (P25) in intense TCs. RM amounts of 25 (45) mm h−1 are approximately
the global 90th (95th) percentile of all observations identified in the TMPA data-set
during the study period. The P25 is further stratified into three RM categories:
25–34 mm h−1 (moderate maxima), 35–44 mm h−1 (high maxima), and ≥45 mm h−1

Table 2. The defined sub-basins within each major ocean basin, including the number of
TRMM TMPA snapshots of intense TCs used in this study.

Major ocean
basin Sub-basin Abbreviation

No. of
observations

Atlantic Gulf of Mexico (GMEX) 55
Western Caribbean (WCAR) 90
Eastern Caribbean (ECAR) 35
Central Atlantic (CATC) 92
Northwest Atlantic (NWATC) 110
North-central Atlantic (NCATC) 90

East-central
Pacific

Extreme Eastern Pacific (EEP) 98
Eastern Pacific (EPAC) 100
East of Hawaii (EHAW) 79

Northwest
Pacific

South China Sea (SCS) 54
East China Sea (ECS) 59
Northwest Philippine Sea (NWPNS) 141
Southwest Philippine Sea (SWPNS) 133
Northeast Philippine Sea (NEPNS) 254
Southeast Philippine Sea (SEPNS) 280
Minamitorishima region (MINA) 87
Micronesia region (MICRO) 75
Marshall Island region (MARSH) 72

North Indian
Ocean

Arabian Sea (ARAB) 28
Bay of Bengal (BENG) 30

South Indian
Ocean

Mozambique Channel (MOZAM) 36
Western South Indian Ocean (WSIO) 191
Central South Indian Ocean (CSIO) 113
Eastern South Indian Ocean (ESIO) 58
Northwest Australian basin (NWAUS) 86

South Pacific Timor Sea, Arafura Sea, and Gulf of
Carpentaria

(TAG) 44

Coral Sea (CORAL) 25
Southeast Melanesia (SEMLA) 89
South Polynesia (SPOLY) 108

Physical Geography 5
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(exceptional maxima). Note that P25 refers to the accumulated probability of the three
RM categories.

The initial analysis commences by calculating the P25 for intense TCs occurring in
the six major ocean basins among each category, namely, the Atlantic Ocean (ATC),
the east-central Pacific Ocean (ECP), the Northwest Pacific Ocean (NWP), the North
Indian Ocean (NIO), the South Indian Ocean (SIO), and the south Pacific Ocean (SHP)
(Figure 1). Subdivision of the major basins into 29 sub-basins (Table 2) allows for the
inter- and intra-comparison of the variation of P25 worldwide. The percentage distribu-
tion of storm categories within each sub-basin is shown in Figure 6. The division of
several basins in this study is critical in identifying the relative magnitude and location
of extreme rainfall rates in intense TCs.

4. Results and discussion

4.1. TC category comparison

P25 occurrence at various intense TC categories in the six major basins is shown in
Figure 7. Region N of intense TCs in all basins have an increasing P25 as TC intensity
increases except for SHP. TCs in NIO have the highest P25 among all basins of the
respective storm categories (Figure 7(a)). A large increase in the probability of high
rainfall maxima with increased TC intensity occurs over ATC, NIO, and SIO, which
demonstrates a strong relationship between localized deep convection near storm cen-
ters and storm intensity. As noted earlier, maximum azimuthal mean rain rates in TCs
increase with storm intensity (Lonfat et al., 2004). Thus, azimuthal mean rain rates pos-
sess a relationship with RM in this study.

In Region F, only ATC, ECP, and NIO show an increase of P25 with TC intensity
(Figure 7(b)). In the SIO and the SHP, P25 of CAT4 storms is smaller than those of
CAT3. This finding suggests that RM is not necessarily positively related to storm inten-
sity in all basins. Nevertheless, CAT5 storms in both the SIO and the SHP still possess
a higher P25 than CAT3 intensity. Additionally, TCs in Region N in all basins have
higher P25 than those in Region F of the same category, except for those in SHP.

4.2. Major basin rainfall extremes

Stratified P25 of the six major basins are shown in Figure 8. NIO has the highest prob-
ability of extreme rainfall rates in all three maxima categories in Region N (Figure 8(a)).
The exceptional maxima is about the same as ECP’s and SIO’s moderate maxima, illus-
trating the elevated potential for extreme rainfall rates in NIO. Furthermore, NIO is the
only basin where the moderate maxima are equal to the exceptional maxima. All other
basins have higher moderate maxima than the exceptional maxima. ATC, NWP, and
SHP have similar P25, while ECP has the lowest P25 with the majority of RM falling
in the moderate rainfall rate maxima category. These trends are similar to the azimuthal
mean rain rates among the major oceans previously identified (Lonfat et al., 2004).

In comparison to Region N, NIO, SIO, and ECP basins experience a decrease of
P25 in Region F (Figure 8(b)). NIO (ECP) decreases by 17% (9%), while SIO only
decreases by 2%. P25 in the remaining three basins (ATC, NWP, and SHP) increases
by 1%, primarily due to an increase in the moderate rainfall rate maxima category. TCs
in NIO clearly have the highest P25 in Region F, while those in ECP contain the low-
est (Figure 8(b)). Intense TCs in ECP also have the lowest probabilities of high and
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exceptional maxima. Comparatively, exceptional maxima in NIO are slightly higher
than the moderate maxima in Region F, which highlights the vigorousness of convec-
tion adjacent to the storm center in NIO.

4.3. Regional variation: near TC centers

The next two sections focus on the variation of P25 and categorized RM (i.e. moderate,
high, and exceptional maxima) among the sub-basins. P25 statistics are compared with
mean monthly SSTs during prominent months of intense TC occurrences. Although
mean monthly SSTs are only one of numerous factors that affect RM magnitude and
their spatial distributions (Jiang et al., 2008), they serve as a reference in this study.

The discrete spatial distribution of mean monthly SSTs for intense TC occurrence
in NIO (Figure 3) is associated with the monsoonal cycle. Monsoon-induced vertical
wind shear hinders TC existence for most of the summer. Therefore, most TCs tend to
form during the pre-monsoon (May–June) and the post-monsoon (October−November)
when vertical wind shear is minimized (Evan & Camargo, 2011; Hoarau et al., 2012)
in NIO. Mean monthly SSTs during months of prominent TC occurrence over the Ara-
bian Sea are cooler than that over the Bay of Bengal. The surging of cooler water from
upwelling takes place in the western Arabian Sea during August (Benestad, 2009;
Brock & McClain, 1992; Hoarau et al., 2012), which lowers SSTs in this sub-basin in
the later part of the year.

Figure 3. As in Figure 2, but for the Indian Ocean. Mean monthly SSTs for north (south) of
the equator consists of April, May, June, October, and November (December–April) during the
study period. (To view this figure in colour, please see the online version)
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The highest frequency of occurrence in overshooting convection prevails in NIO
(Tao & Jiang, 2012). NIO also has the highest P25 and the exceptional maxima among
the six major ocean basins. Thus, evidence suggests that a relationship exists between
the frequency of overshooting convection and RM. Dividing major ocean basins into
several sub-basins enables the identification of the precise region of high or low RM. In
this study, the Bay of Bengal (BENG) is responsible for the high P25 in NIO with a
P25 of 0.7, suggesting that 70% of TCs would produce extreme rainfall rates in Region
N when attaining an intense TC strength (Figure 9). The highest RM during the 13 years
also takes place in this sub-basin, which, according to the TMPA, was 83.46 mm h−1

produced by Cyclone Sidr (2007) on 14 November 2007 at 0600 UTC (Figure 5). All
three extreme rainfall maxima categories in the BENG sub-basin produced the highest
probabilities among all 29 sub-basins (Figure 9). The Arabian Sea (ARAB) sub-basin
only has a P25 of 0.17. However, ~60% of this P25 is attributed to the exceptional
maxima, which still demonstrates the high potential for strong localized convection to
prevail in this sub-basin. Although the results for NIO are computed from six intense
TCs, only one TC did not produce an extreme rainfall rate maxima during its intense
TC stage.

Over the Atlantic basin, the Northwest Atlantic Ocean (NWATC) has the highest
P25 in Region N followed by the Gulf of Mexico (GMEX) (Figure 9). However, the
highest exceptional maxima in the Atlantic basin takes place in the GMEX, partly due
to TCs’ interaction with the Loop Current and warm core rings (Hong, Chang, Raman,
Shay, & Hodur, 2000; Scharroo, Smith, & Lillibridge, 2005; Shay, Goni, & Black,
2000). The high SSTs from the surge of the Gulf Stream into the NWATC supplies
ample heat and moisture, enabling intense TCs to generate heavy rainfall (Bright, Xie,
and Pietrafesa, 2002; Cerveny & Newman, 2000; Glenn & Ebbesmeyer, 1994). The
lowest P25 takes place in the NCATC, characterized with relatively lower SSTs.

An increasing eastward trend in P25 takes place in the east central Pacific, with
the extreme Eastern Pacific (EEP) having the highest probability in all three maxima
(Figure 9). In the east of Hawaii (EHAW) sub-basin, only three of 79 observations
reached exceptional maxima, while only two observations reached the moderate
maxima. Although the EHAW has the lowest P25 in the east central Pacific, the
exceptional maxima override the moderate maxima in this sub-basin. EHAW is the
only sub-basin where no observed instances of high rain rate maxima occurred, but
moderate and exceptional maxima were recorded in the Region N. This result demon-
strates that RM in the EHAW is highly variable and can potentially produce localized
rain rate maxima above 45 mm h−1. Elsewhere, when no observed instances exist in
the high maxima, the exceptional maxima also has no occurrences (e.g. the South
China Sea and the Coral Sea sub-basins). Mean monthly SSTs in Figure 1 reveal that
the highest SSTs occur in the EEP sub-basin and decrease eastward by a sub-basin
mean of ~1 °C.

Over the South Indian Ocean, P25 in Region N ranges only between 0.11 and 0.17
among the sub-basins. The lowest P25 prevail in the Mozambique Channel (Figure 9),
possibly due to the interaction of intense TCs with land, including Madagascar and the
east coast of Southern Africa, where RM is sampled from the landmass. Moreover, none
of the intense TCs that occurred in this sub-basin reached CAT5 intensity, with 75%
reaching only CAT3 (Figure 6). Interestingly, the ESIO has the lowest mean monthly
SSTs during the prominent intense TC seasons, yet it has a higher P25 in Region N
than the three sub-basins to its west. This finding confirms that other factors play a role
in extreme rainfall over this region.

8 I. Chang et al.
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The Indonesian throughflow transports large masses of warm water from the Pacific
Ocean to the Indian Ocean (Bray, Hautala, Chong, & Pariwono, 1996; Gordon, 1986;
Qu & Meyers, 2005; Qu, Du, Strachan, Meyers, & Slingo, 2005; Quadfasel &
Cresswell, 1992), supplying high ocean heat content for water bodies adjacent to
Northern Australia. The surface heating elevates SSTs in this region as well. Moreover,
SSTs in the Indonesian seas are almost uniformly distributed at around 30 °C between
November and April (Kida & Richards, 2009). Region N of intense TCs in the Timor
Sea, Arafura Sea, and Gulf of Carpentaria (TAG) sub-basin have the second highest
exceptional maxima and P25 following the Bay of Bengal. TAG is also the only
sub-basin in the world where P25 increases with the rainfall rate maxima categories.

In the South Pacific, probabilities of the categorized RM in the southeast Melanesia
(SEMLA) are nearly evenly proportioned across all three rainfall rate maxima
(Figure 9). The sub-basin with the lowest P25 in Region N among the three South
Pacific sub-basins is the Coral Sea (CORAL). The CORAL only has RM in the moder-
ate maxima category, with no CAT5 presence during the study period. Mean monthly
SSTs for this sub-basin (Figure 4) reveal that other factors besides seasonal SSTs con-
tribute to the relatively lower P25. TCs in this sub-basin tend to traverse toward the
Australian landmass, so the entire TC circulation and the intersection of the inner core
region with the landmass inhibit TCs from generating rain rates at higher categories.

The Northwest Pacific Ocean encompasses the highest annual intense TC frequen-
cies worldwide (Lin et al., 2005, Lin, Wu, Pun, & Ko, 2008; Webster et al., 2005).
The Southeast Philippine Sea (SEPNS) sub-basin contains the highest probabilities of
extreme rainfall rates (P25 of ~0.3) in the Northwest Pacific (Figure 9). The South

Figure 4. As in Figure 2, but for the Pacific Ocean. Mean monthly SSTs for north (south) of
the equator ranges from April to October (December–April) during the study period. (To view
this figure in colour, please see the online version)
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China Sea (SCS) contains the lowest probabilities at approximately 0.06. Mean
monthly SSTs for the Northwest Pacific (Figure 4) show that high SSTs prevails in
sub-basins of lower latitudes. The South Philippine Sea coincides with the western sub-
tropical gyre (10°−21°N, 121°−170°E), where deep warm upper surface ocean tempera-
tures (26 °C isotherm ~110 m) and high upper ocean heat content (~100 kJ cm−2)
persist throughout the warm season (Lin et al., 2008).

P25 in Region N in the East China Sea (ECS) is only ~1% lower than that in the
SEPNS. However, intense TCs in the ECS did not produce any RM beyond the high
maxima. Mean monthly SSTs show the presence of warm water bodies in the southern
sector of the ECS sub-basin as a result of the transport of warm water from the South
East China (SCS) sub-basin to the ECS sub-basin via the Taiwan Strait (Yang, 2007).
The northern sector of the ECS, however, is relatively cooler. Region N of intense TCs
in the SCS sub-basin have the lowest P25 in the Northwest Pacific with no observed
occurrences beyond the moderate maxima category. Nonetheless, Hainan Island, part of
the SCS sub-basin, receives a third of its total annual rainfall from TCs and is infamous

Figure 5. A TMPA image of Cyclone Sidr (2007) over the Bay of Bengal on 14 November
2007 at 0600 UTC. The inner (outer) circle represents Region N(F) applied for this study. In this
snapshot, Region N has an RM of 82.43 mm h−1, which falls into the exceptional maxima.
Region F contains an RM of 15.49 mm h−1, which is below the minimum threshold for a P25
contribution.
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for encountering frequent TC-related flooding (Wu, Wu, & Zhai, 2007). The
Micronesia (MICRO) sub-basin, part of the South Eddy Zone (Lin et al., 2008),
encompasses the third lowest P25 in the Northwest Pacific (0.12). The sub-basin with
the second lowest P25 occurs in the Minamitorishima (MINA) sub-basin (~0.09), which
is the sub-basin to the north of the MICRO. The mean monthly SSTs are also lower in
the MINA sub-basin than in the MICRO sub-basin, partially accounting for the
observed differences in P25.

4.4. Regional variation: far from TC centers

As previously discussed, the areal coverage of Region F is 5.25 times greater than that
of Region N. The regional variation of the P25 and the three maxima for Region F is
depicted in Figure 10. The strength of the Region F convection within TCs of the SEP-
NS sub-basin is exemplified by having both the highest P25 and the highest exceptional
maxima in the world. The P25 in the SCS are also comparable with the three weaker
Philippine Sea sub-basins. As part of the western subtropical gyre, the MARSH and
the MICRO sub-basins produce the second and the third highest Region F exceptional
maxima in the Northwest Pacific, respectively.

The NWATC has the highest P25 in the Atlantic basin and the second highest
among all sub-basins in the world (Figure 10). Its exceptional maxima are only ~2%
lower than the SEPNS, which exemplifies the role that the Gulf Stream plays on pro-
moting deep convection in this sub-basin. The NCATC has the lowest P25 (~0.02) in
the Atlantic basin since it is located in the higher subtropical latitudes and has a rela-
tively cooler mean monthly SSTs than other Atlantic sub-basins (Figure 10). During
the study period, only two of 90 TMPA observations produced rain rates in the excep-
tional maxima in NCATC, namely, Hurricanes Isabel (2003) and Karl (2004). Isabel
was centered at 21.6°N 57.4°W, and Karl was centered at 22.3°N 48.3°W when pro-
ducing these exceptional rainfall rates. Note that both storms occurred along the south-
ern edge of the NCATC sub-basin, which are areas with SSTs over 27.5 °C.

The EPAC has the highest exceptional maxima in Region F among the three east-
central Pacific sub-basins with a P25 of 0.12 (Figure 10). The EEP has a P25 of ~0.09,
but its exceptional maxima are comparable to that of the EPAC. The EHAW only has
one snapshot that has RM≥ 25 mm h−1 from the 79 snapshots in this sub-basin, yielding
P25 of ~0.01. This event was attributed to Hurricane Daniel on 22 July 2006 at 1800
UTC, centered at 14.0°N 131.4°W with a minimum pressure of 935 hPa and a maxi-
mum sustained wind speed of 64 m s−1. At that time, Daniel underwent its second eye-
wall replacement cycle with an RM of ~53 mm h−1, reaching the exceptional maxima.

The P25 in Region F of the BENG is ~37% lower than its Region N, correspond-
ing to the greatest drop of all sub-basins. Yet, its Region F still produces the third high-
est P25 among all sub-basins (~0.33). The large drop in P25 between Region F and
Region N is due to the very high P25 found in Region N. The P25 in the ARAB sub-
basin is about 12% lower than the BENG. In the ARAB, the P25 of 0.21 resulted from
six out of 28 observations having attained RM ≥ 25 mm h−1. Cyclone Phet (2010) con-
tributed to four of the six snapshots while the other (unnamed) cyclone in 2001 contrib-
uted the other two. Of the six snapshots, four of them produced RM in the exceptional
maxima, and they were all associated with Cyclone Phet. Although the probabilities in
this sub-basin are derived from limited sample sizes, these results demonstrate that TCs
reaching CAT3 or higher in the Arabian Sea are capable of producing RM in the
exceptional maxima.
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In the Southern Hemisphere, both the CORAL and the MOZAM reveal low P25
(<0.1) in Region F and are only contributed from the moderate maxima (Figure 10).
The ESIO and the NWAUS show similar maxima categorical patterns with a P25 of
only 0.1. The WSIO, CSIO, and TAG contain intense TCs with the highest P25
(0.2–0.23) in Region F in the South Indian Ocean. In the WSIO and the CSIO, a third
of the TC’s P25 fell within the exceptional maxima. Nearly, one-half of the P25 results
from the exceptional maxima in the TAG. The SEMLA has the highest P25 in the
Southern Hemisphere (~0.27).

4.5. Inner core comparison

The mean P25 for Region N in the Northern and Southern Hemispheres is ~0.21 and
0.185, respectively (not shown). Therefore, the difference between the two hemispheres
is only 0.025. However, Figures 9 and 10 reveal that the P25 of intense TCs vary
regionally when the major ocean basins are partitioned into smaller sub-basins. The
mean P25 for Region N and Region F for all 29 sub-basins is ~0.20 and ~0.19, respec-
tively. However, as shown, distinct variations between the two TC regions exists in
multiple sub-basins.

P25 differences for the 29 sub-basins can be found in Figure 11. The highest posi-
tive (negative) P25 differences between Region N and Region F occur in the BENG
(SEPNS). BENG TCs exhibit P25 differences of ~0.37. In contrast to the BENG,
intense TCs in SEPNS exhibit P25 differences of −0.23 owed to its Region F having
the highest P25 in the world. During the 1998–2010 TC seasons, the SEPNS had 49
(188) out of 280 TMPA observations of TCs that attained CAT5 (4) intensity. More-
over, the percentage of CAT5 observations exceeded CAT3 observations during the
study period. CAT5 TCs in the SEPNS make up 17.5% of observations, while CAT3
storms encompass ~15% of the observations (Figure 6). The Northwest Pacific has the
highest frequency of TCs to undergo eyewall replacement cycles when storms reach
CAT4 or 5 intensity (Hawkins et al., 2006). Since the maximum rainfall expands out-
ward away from the center during such an event, this finding explains why P25 in
Region N would be lower than that in Region F.

In the Northwest Pacific, the ECS and the MARSH produce higher P25 in Region
N than in Region F. Sub-basins in the Northwest Pacific that contain greater P25 in
Region F include the entire Philippine Sea sub-basins and regions south of 20°N,
except for the MARSH sub-basin. Only two other sub-basins have a higher percentage
of CAT5 TCs than CAT3 TCs. The MICRO has ~19% of CAT3 TCs and ~23% of
CAT5 TCs. In the WCAR, ~14% of CAT3 TCs and ~23% of CAT5 TCs were
observed. All three sub-basins have negative differences between the intense TCs P25
in Region N and Region F. In contrast, all ECP sub-basins have positive difference
between the two TC regions.

The P25 of intense TCs in the MINA and the CORAL sub-basins is nearly identical
in both Regions N and F (Figure 11). However, the exceptional maxima in Region N
of the MINA sub-basins contribute 37.5% toward the P25, while Region F has no
observed exceptional maxima. P25 for TCs in the CORAL sub-basin only produce P25
in the moderate maxima. Note that the results for the CORAL sub-basin are only com-
puted from 25 observations (or three TCs) and that only two TMPA snapshots have
RM ≥ 25 mm h−1. Results in Figures 6 and 11 suggest that sub-basins with a higher
proportion of CAT5 observations than CAT3 observations tend to have TCs with a
greater P25 in Region F than in Region N. The presence of secondary eyewalls likely
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accounts for the higher P25 in Region F of this study. Secondary eyewalls typically
form beyond 70 km from the TC center, and the genesis radii increase as the system
expands (Zhou & Wang, 2011). A TC with a large eye diameter would also likely
produce the strongest convective rainfall signature outside the 60-km radius.

Figure 6. Percentage distributions of TMPA observations in each sub-basin for each TC
category. The sub-basins are arranged with increasing percentage of CAT5 TCs from left to right.

Figure 7. Probabilities of P25 occurrence for intense TCs of various categories in (a) Region N
and (b) Region F.
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The results presented in Figure 11 validate the greater propensity for Region N to
produce extreme rainfall rates when compared to Region F despite the 5.25 times larger
areal extent of Region F. If the areal size differences of the regions skewed the results,
then it would be expected that intense TCs in all sub-basins would have a higher P25
in Region N than in Region F. Since 44 (41) % of the sub-basins have a higher (lower)
P25 in Region F than in Region N (the other 7% had no significant change, which are

Figure 8. Major ocean basin probabilities of occurrence for intense TCs producing localized
rain rate maxima of 25–35 mm h−1 (in black), 35–45 mm h−1 (in white), and ≥ 45 mm h−1 (in
gray) for (a) Region N and (b) Region F during 1998–2010.
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Figure 9. Probabilities of occurrence in Region N for each of the 29 sub-basins with the same
rain rate maxima categories as Figure 8. The appended parentheses denote the number of TMPA
observations in the sub-basin. The dashed lines separate the major ocean basins with “N” denot-
ing the North Indian Ocean.

Figure 10. Same as Figure 9, but for Region F.

Figure 11. Differences of P25 for intense TCs between Region N and Region F within each of
the 29 sub-basins. The sub-basins are ranked from the highest positive differences (i.e. largest
decrease in P25 from Region N to Region F) to the highest negative differences.
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the CORAL and the MINA sub-basins), these results show considerable global
variability. Given that RM increase with storm intensity in most ocean basins, notably
in the eyewall region, results in this study do not contain systematic differences of P25
among intense TC categories.

5. Conclusions

Probabilities of extreme rainfall in the inner core region of intense TCs are examined
using Version 6 of the TMPA data-set during 1998–2010. The inner core region of TCs
is partitioned into Region N (0–60 km from the storm center) and Region F (60–
150 km from the storm center). The highest pixel value of each TMPA snapshot is
extracted for each inner core region and only the probabilities of RM ≥ 25 mm h−1

(P25) during a TMPA snapshot are examined. The 25 mm h−1 RM is approximately the
mean hemispheric 90th percentile of all RM observations during the study period; the
45 mm h−1 RM approximates the mean 95th hemispheric percentile and is the cut-off
for the exceptional rainfall maxima category.

The probability of rainfall rates is also stratified by RM magnitude. The maxima cat-
egories are defined as: 25–34 mm h−1 (moderate maxima), 35–44 mm h−1 (high max-
ima), and ≥ 45 mm h−1 (exceptional maxima). The six major ocean basins around the
globe are subdivided into 29 sub-basins to discern regional variability of P25 and cate-
gorized RM. The summary and conclusions for the analyses are as follows:

(1) The P25 increases with increasing TC category in all major basins except in
the South Pacific where CAT3 extreme rainfall rates slightly exceed CAT5.
Besides South Pacific TCs, all basins have a higher P25 in CAT5 than those in
CAT3 in Region N. The North Indian Ocean has the highest P25 in Region N
globally in the three RM categories (moderate, high, and exceptional).

(2) The descending order of the probability of extreme rainfall rates in intense TCs
is as follows: NIO, ATC, NWP, SHP, SIO, and ECP. Although TCs in NIO
record the greatest decrease in P25 from Region N to Region F, they maintain
the highest rainfall rate intensities in both inner core regions. Intense TCs in
ECP and SIO also experience a decrease in P25 from Region N to Region F.
Regional variability of P25 is evaluated by partitioning the six major basins
into 29 sub-basins. Among the 29 sub-basins, the BENG has intense TCs with
the highest P25 in Region N while the SEPNS has the highest P25 in Region F
in the world.

(3) Sub-basins with a higher proportion of CAT5 observations than CAT3 observa-
tions tend to have a greater P25 beyond 60 km from the storm center. High RM

outside the 60-km radii could arise from heavy rain associated with the second-
ary eyewall, which typically develops around 70 km from the TC center (Zhou
& Wang, 2011). Other possibilities for higher probabilities of extreme rainfall
rates outside the 60-km radii include the contribution of ice particles from the
outflow of the primary eyewall (Hence & Houze, 2012), or heavy rainfall as a
result of hot towers between the 60- and 150-km radii (Tao & Jiang, 2012).

Since 1998, the TMPA data-set has provided unprecedented capabilities for
studying tropical and subtropical rainfall. The Global Precipitation Measurement
(GPM) mission will further improve the monitoring of oceanic rainfall characteristics
by providing calibrated precipitation measurements around the globe once every 2–4 h
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(Hou, Skofronick-Jackson, Kummerow, & Shepherd, 2008; Liu, Ostrenga, Teng, &
Kempler, 2012). The high temporal resolutions during the GPM era will advance our
observational efficacies and knowledge pertaining to TCs’ localized rainfall magnitudes
and their temporal evolutions.
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