






120 Y. N. Takayabu and H. Masunaga 

gather moisture as effectively, daily extremes consist of intermittent recovery 
of mesoscale systems.

Intense Thunderstorms Observed from TRMM

Short-term extreme precipitation is considered to be associated with intense 
thunderstorms. Employing various kinds of indices obtained from the precipi-
tation features (PFs) database, Zipser et al. (2006) used satellite observations 
from  TRMM to describe the global distribution of extremely intense thunder-
storms. Figure 5.7 shows the distributions of extreme (uppermost 0.01% fre-
quency) PFs with different indices. It is indicated that the most extreme PFs 
are observed over Equatorial Africa, southeastern U.S., and southeast South 
America. During the months of March–May and June–August, extreme PFs 
are found in the southeastern area of Africa, northern and eastern areas of India 
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Figure 5.7 Seasonal cycle of the extreme categories with a threshold of 0.01 % oc-
currences for different parameters obtained from the precipitation feature database. The 
top two panels are based on minimum precipitation from TRMM microwave observa-
tions with the frequency of 37 GHz and 87 GHz, respectively. The third panel is based 
on the TRMM precipitation radar refl ectivity with a threshold of maximum height of 40 
dBZ > 14.2 km. The bottom panel is based on the TRMM LIS observations with fl ash 
rate > 126.7 min–1. Adapted from Zipser et al. (2006).
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and Indochina, and eastern China, whereas from December–February PFs are 
found in the northern part of Australia. Extremely intense thunderstorms are 
distributed very differently from total rainfall amount for which regions (e.g., 
Amazon and the Maritime Continent) would be dominant. These distributions 
of extreme events correspond instead to the distributions of intense mesoscale 
convective complexes.

Takayabu (2006) calculated  rainyield per fl ash (RPF) values with the 
 TRMM precipitation radar and lightning imaging sensor (LIS) data. RPF is the 
total rainfall normalized with lightning fl ash numbers; thus, it represents the 
rainfall characteristics irrespective of the rainfall amount. Figure 5.8 presents 
the 8-year mean distribution of RPF and the average rainfall rate. Regions of 
most intense thunderstorms are indicated with dark shades of small RPF val-
ues. Above all, a strong contrast of RPF between land and ocean is seen, con-
sistent with the observations that most thunderstorms are observed over land. 
This feature is in contrast with the average rainfall rate, which exhibits rather 
continuous distribution of tropical rain bands over ocean and over land. The 
distribution of extremely small RPF values corresponds well to that of extreme 
PF events in Figure 5.7 over Equatorial Africa, southeastern U.S., southeastern 
South America, along the periphery of the Tibetan Plateau, and the northern 
part of Australia. It is also readily observed that regions of largest total annual 
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Figure 5.8 Global distributions of 8-yr mean rain yield per fl ash (a) and unconditional 
mean rain rate averaged throughout the period (b). Units for the color scales are 107 kg 
fl –1 for (a) and mm hr–1 for (b). Rain yield per fl ash averages are obtained by dividing 
the total precipitation amount by the total fl ash number for the averaging period.
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precipitation, such as Amazonia and the Maritime Continent, are secondary in 
terms of intensity of the thunderstorms with small  RPF values. This is consis-
tent with Zipser et al.’s (2006) conclusions. The overall correspondence of rain 
characteristics, represented by RPF and PFs, indicate that satellite observations 
effectively detect extreme rain associated with intense  mesoscale convective 
systems, the distribution of which differs from accumulation extremes which 
occur over a few days.

Discussion

Thus far, extreme rainfall addressed in climate models has been based pri-
marily on daily precipitation. However, recent satellite observations are able 
to detect effectively the extreme rainfall associated directly with the me-
soscale convective systems. As suggested by prior studies (e.g., Ninomiya 
and Akiyama 1978; Trenberth 1999; Knippertz and Martin 2005), extreme 
hourly precipitation corresponds to intense mesoscale systems, whereas ex-
treme daily precipitation is controlled by larger synoptic-scale systems. We 
must recognize that factors controlling the intensity of  synoptic-scale systems 
and mesoscale systems are entirely different. There has been a discussion with 
climate model simulations that increasing rate of the extreme rainfall is pro-
portional to the increase of atmospheric moisture. However, while the me-
soscale systems’ convergence can attain the amount of continuous atmospheric 
overturning, synoptic-scale convergence cannot maintain continuous overturn-
ing. Therefore, when daily extreme precipitation is considered, we must treat 
both the atmospheric moisture content as well as adequate representations of 
synoptic-scale systems as essential. Although the assumption may be correct 
that atmospheric moisture content affects extreme rainfall more directly than 
the total rainfall amount, quantitative conclusions with daily rainfall extremes 
require reexamination.

Finally, we wish to discuss the relationship between  shallow convection and 
 deep and intense convection. Figure 5.9 shows the distribution of convective 
heating in terms of Q1–QR, defi ned by Equation 5.5, at 7.5 km and 2.0 km, 
respectively, for the December–February season averaged for nine years of 
 TRMM observation. This was calculated with the  spectral latent heating (SLH) 
algorithm introduced by Shige et al. (2004). Q1 is called as the apparent heat-
ing (Yanai et al. 1973),

1 ( )R
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(5.5)

where s = CpT + gz, overbars represent large-scale values and primes represent 
eddy values. L is the latent heat of vaporization, QR is the atmospheric radia-
tive heating, c is the condensation rate, and e is the evaporation rate, where 
Cp is the heat capacity for a constant pressure, T is the temperature, and gz is 
the geopotential. Note that these two altitudes are typical for cold and warm 
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rainfall, corresponding to two peaks appearing in the average heating profi le. 
From the  SLH tables, it is also known that the 2 km heating peak corresponds 
to the 4–5 km rain top height (not shown).

The distribution of the taller (7.5 km) heating looks similar to the familiar 
total rainfall distribution. The shallower (2.0 km) heating distribution corre-
sponds to that shown in Figure 5.4 for shallow clouds, and indicates some dif-
ferences from the distribution of taller heating. There is a more distinct land–
sea contrast, and shallow heating is observed almost exclusively over ocean 
and not much over land, except for over land in the Maritime Continent region. 
Many studies suggest the importance of preconditioning with the shallow con-
vection to moisten the lower troposphere, prior to the mature convection of 
oceanic large-scale organized convective systems. Over the Indian Ocean, the 
western Pacifi c warm pool, ITCZ, and SPCZ, it is apparent that tall and shallow 
convective heating coexist. In these regions,  shallow convection is considered 
to prepare the moist lower troposphere for tall convection to start.

There are, however, particular regions where shallow heating is ubiquitous 
but not the taller heating. These regions are found where the sea surface tem-
perature is relatively high and at the periphery of the subtropical high pres-
sure area latitudes. One region is located in the northern wing of the “butter-
fl y shape” of  shallow clouds, extending from the western Pacifi c warm pool 
toward the Hawaii Islands (discussed above). A corresponding northern wing 
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Figure 5.9 Global distributions unconditional mean Q1–QR (apparent heat source 
minus the radiative heating) averaged for December–February seasons of 1997–2005. 
Upper panel (a) shows those at the level of 7.5 km and the lower panel (b) is for the 2.0 
km. Unit in the gray scale is K d–1.
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without taller heating is also found from the western to central Atlantic. Since 
the 2.0 km heating peak corresponds to warm rain with 4–5 km rain top height 
in  SLH tables, the lower troposphere is moistened with this shallow convection 
over these regions, whereas tall convection is suppressed by the subsidence 
under the infl uence of subtropical highs. It is interesting to notice that the two 
tropical plume regions mentioned earlier, over the eastern Pacifi c and over the 
Atlantic, extend from the eastern ends of these northern wings to the arid and 
semiarid continents. It is reported that the axis of moisture transport by tropical 
plumes is 600–700 hPa and that it originates from moderate convection, which 
seems to correspond to the warm rain observed here. Tropical plumes bridge 
lower to middle tropospheric moisture from the warm rain region over the arid 
and semiarid continents.

In conclusion, these results suggest that a realistic reproduction of synoptic 
systems as well as a proper representation of  shallow convection and its inter-
action with  synoptic-scale systems are indispensable if we wish to reproduce 
extreme daily precipitation adequately.
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