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ABSTRACT

Dimension characteristics in precipitation properties of cumulonimbus clouds are basic parameters in
understanding the vertical transport of water vapor in the atmosphere. In this study, the dimension char-
acteristics and precipitation efficiency of cumulonimbus clouds observed in the Global Energy and Water
Cycle Experiment (GEWEX) Asian Monsoon Experiment (GAME) Huaihe River Basin Experiment
(HUBEX) are studied using data from X-band Doppler radars and upper-air soundings. The maximum
echo area (EA,,,,) of the cumulonimbus clouds ranged from 0.5 to 470 km?, and the maximum echo top
(ET,,.x) ranged from 2 to 19 km. The total number of cells (TNC) within the cumulonimbus clouds over
their lifetime was from 1 to 25.

The ET,,,,, TNC, area time integral (ATI), and total rainfall amount (R,,,) strongly correlate with the
EA, .« of the cumulonimbus clouds. The cell-averaged ATI (ATI., = ATITNC), maximum rainfall
intensity (RI,,,,), and cell-averaged rainfall amount (R..; = R,,/TNC) increase when the EA_,, is smaller
than 100 km?. On the other hand, they are almost constant when the EA ., is larger than 100 km?. The rain
productivity of small clouds (<100 km? in EA_,,,) increases not only by the increase of the TNC but also
by the intensification of cells, while that of large cumulonimbus clouds (>100 km? in EA,,,,) increases by
the increase of the TNC rather than by the intensification of cells.

In the present study, precipitation efficiency (g,,) is defined as the ratio of the total rainfall amount (R,,)
to the total water vapor amount ingested into the cloud through the cloud base (V). The ¢, was calculated
for six clouds whose vertical velocity data at the cloud-base level were deduced by dual-Doppler analysis
throughout their lifetime. The &, ranged from 0.03% to 9.31% and exhibited a strong positive correlation
with the EA .. This indicates that more than 90% of the water vapor that enters the clouds through the
cloud base is consumed to moisten the atmosphere and less than 10% is converted to precipitation and
returned to the ground. The cumulonimbus clouds in the region far south from the mei-yu front over the

Region Far South from the Mei-Yu Front over the Eastern Asian Continent

eastern Asian continent efficiently transport water vertically and humidify the upper troposphere.

1. Introduction

A cumulonimbus cloud converges water vapor from
its surroundings in the lower troposphere and trans-
ports it to the upper atmosphere. Some parts of the
water vapor return to the ground as rain, and others

* Current affiliation: Okinawa Subtropical Environment Re-
mote-Sensing Center, National Institute of Information and Com-
munications Technology, Okinawa, Japan.

Corresponding author address: Yukari Shusse, Okinawa Sub-
tropical Environment Remote-Sensing Center, National Institute
of Information and Communications Technology, 4484 Aza-
Onna, Onna, Kunigami, Okinawa 904-0411, Japan.

E-mail: shusse@nict.go.jp

© 2006 American Meteorological Society

humidify the atmosphere. This water division by the
cumulonimbus clouds is a fundamental element in at-
mospheric water circulation. Rainfall amount of cumu-
lonimbus clouds is an essential product in this water
circulation.

Several factors that have a close relationship with the
convective rainfall amount have been reported in vari-
ous regions, such as South Dakota (Dennis et al. 1975),
North Dakota (Doneaud et al. 1981, 1984), Florida
(Gagin et al. 1985), Thailand (Rosenfeld and Woodley
2003), and Israel and South Africa (Rosenfeld and Ga-
gin 1989). For example, the horizontal and vertical di-
mensions have been shown as a dominant factor in the
determination of the rainfall amount of cumulonimbus
clouds (e.g., Dennis et al. 1975). Lopez (1978) sug-
gested that the average size and duration of the cumu-
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lonimbus clouds depend on the instantaneous number
of convective cells in the cloud and the total number of
cells during the lifetime of the cumulonimbus cloud.
Gagin et al. (1985) showed that rainfall intensity, maxi-
mum precipitation area, duration, and total rainfall
amount of convective cells strongly depend on the
depth of convective cells. It has also been reported that
the convective cells composing multicellular cumulon-
imbus clouds produce a larger amount of rainfall than
those of single-cell clouds (Lopez 1978; Rosenfeld and
Gagin 1989). These studies suggest that the dimension
of the cumulonimbus clouds, which is good indicator of
rainfall of the cumulonimbus clouds, have a close rela-
tionship with the number and precipitation properties
of convective cells constituting the cumulonimbus
clouds. In this study, precipitation properties of cumu-
lonimbus clouds and those of convective cells included
in the clouds are investigated and summarized as di-
mension characteristics of cumulonimbus clouds.

Precipitation efficiency (g,) is one of the important
parameters to evaluate the characteristics of cumulo-
nimbus clouds. Several definitions of &, have been used
in previous studies. Many observational studies of an
isolated cumulonimbus cloud defined ¢, as the ratio of
surface rainfall to the water vapor amount ingested into
the cloud through the cloud base (e.g., Braham 1952;
Auer and Marwitz 1968; Fankhauser 1988). In numeri-
cal studies such as Weisman and Klemp (1982) and
Ferrier et al. (1996), the &, is calculated as the ratio of
total rainfall to total condensation. In the present study,
the former definition of g, will be used because it gives
the partition ratio of the water vapor taken into cumu-
lonimbus clouds as rainfall at the ground and the hu-
midification of the atmosphere.

Foote and Fankhauser (1973) found that the ¢, de-
pends on the stage of development of cumulonimbus
clouds. Theoretically, the rainfall and water vapor
amount in the calculation of the g, should be integrated
over the lifetime of cumulonimbus clouds. However, it
is difficult to measure them with acceptable accuracy
because their time and space variations are very large.
For example, most previous studies calculating the g, of
isolated cumulonimbus clouds (e.g., Braham 1952;
Auer and Marwitz 1968; Fankhauser 1971, 1988; Foote
and Fankhauser 1973) used data obtained from re-
search aircrafts in the evaluation of the water vapor
flux. Using this method, it takes from ~30 min to 1 h to
observe the three-dimensional moisture and wind fields
of the clouds. These studies have determined the &,
using instantaneous or partial measurements of water
vapor flux with the assumption that the clouds are
steady during the observation and in their mature stage.

SHUSSE AND TSUBOKI

1943

Although there are restrictions in the observation
and assumptions in the analysis described above, the
dependence of the g, on the environmental factors, the
cloud dimensions, and the internal structure of the
cloud has been proposed. Marwitz (1972) showed that
the g, of cumulonimbus clouds on the High Plains is in
inverse proportion to the environmental vertical shear.
Fankhauser (1988) pointed out that the &, is not simply
in inverse proportion to the vertical shear. In his study,
the mixing ratio in the subcloud layer, the shear kinetic
energy in the lower troposphere, and the cloud-base
area all exhibit weak positive correlations with the ¢,
while clouds with high cloud bases have a tendency to
show a slight inverse correlation. Using a two-
dimensional cloud model, Ferrier et al. (1996) sug-
gested that the vertical orientation of the updrafts
within clouds is an important factor to determine the g,,.
These studies have shown many important properties
of the g, of cumulonimbus clouds under various ambi-
ent atmospheric conditions. However, the ¢, of cumu-
lonimbus clouds with various dimensions in the same
synoptic situation has not been sufficiently investigated.
We still do not fully understand the relation of the €, to
the dimension characteristics of cumulonimbus clouds.

Over continental China, cumulonimbus clouds often
occur in the region far south from the mei-yu front,
which is a significant subtropical frontal zone in East
Asia, and under the influence of the subtropical high
(Kato et al. 1995; Nakai and Kawamura 1998; Shinoda
and Uyeda 2002). The dimension characteristics and &,
of cumulonimbus clouds are basic parameters in under-
standing the vertical water transportation in the region
where the northward horizontal transportation of water
vapor to the mei-yu front is significant. In addition, the
atmospheric condition in this region is relatively simple,
that is, weak large-scale convergence, weak baroclinic-
ity, and weak vertical wind shear with abundant water
vapor, especially in the low levels. The clouds in this
region are suitable for investigating the general prop-
erties of ordinary cumulonimbus clouds.

In July 1998, during the Global Energy and Water
Cycle Experiment (GEWEX) Asian Monsoon Ex-
periment/Huaihe River Basin Experiment (GAME/
HUBEX) Intensive Field Observation (IFO), 23 iso-
lated cumulonimbus clouds were observed by three X-
band Doppler radars of Nagoya University and Hok-
kaido University installed in Anhui province, China.
The observation area was located in the region far
south from the mei-yu front during the study period.
The purpose of the present study is to evaluate the
dimension characteristics and &, of cumulonimbus
clouds in the humid subtropical air mass over the east-
ern Asian continent.
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a. Radar observations and data

The GAME/HUBEX IFO was carried out in June
and July 1998 in the Huaihe River basin and its sur-
rounding area in China. Three X-band Doppler radars
were operated during the GAME/HUBEX IFO. Two
Doppler radars from Nagoya University were installed
at Shouxian and Fengtai, China, and the Doppler radar
from Hokkaido University was installed at Huainan,
China (Fig. 1). The maximum quantitative observation
range of each Doppler radar was 64 km. The sampling
resolution of the radar data was 250 m in the radial
direction and 1° in the azimuthal direction. Doppler
radars were operated in plan position indicator (PPI)
scanning mode at the following elevation angles in less
than 7 min: 0.5°, 1.1°, 1.8°, 2.6°, 3.7°, 4.8°, 6.6°, 8.8°,
11.6°, 15.4°, 20.2°, 26.3°, 33.7°, and 40.9°. Radar reflec-
tivity data from the Shouxian radar provide the distri-
butions of precipitation in this paper. Three-
dimensional wind fields were derived from the Shoux-
ian, Fengtai, and Huainan radars.

The reflectivity values for the Shouxian radar were
corrected for the attenuation due to precipitation using
the following K-R relationship (Doviak and Zrni¢
1984):

K = 0.01R"?!, 1)

where K is the attenuation rate (dB km ') and R is the
rainfall intensity (mm h™'). The R values were evalu-
ated using the Z-R relationships

where Z is the radar reflectivity factor (mm® m~?). The
adequate values of B and B in this study will be dis-
cussed later.

Doppler velocities and corrected radar reflectivity
factors were interpolated to grid points with vertical
and horizontal intervals of 500 m in Cartesian coordi-
nates using the Cressman weighting function (Cress-
man 1959). A correction related to the movement of
radar echoes was made using Gal-Chen’s method (Gal-
Chen 1982). The vertical velocity was determined by
the upward integration of the anelastic continuity equa-
tion using the boundary condition of 0 ms™' at the
ground. The vertical velocity w used in the present
analysis was only at the cloud-base level (1.5 km AGL
as defined later). The error of w is not serious at this
level when using this evaluation method.

Upper-air sounding data at the Fuyang Meteorologi-
cal Observatory, which is located 100 km northwest-
ward from the Shouxian Doppler radar site, was used to
describe the general environmental characteristics.

b. Radar rainfall estimates

For the rainfall estimation, the radar reflectivity fac-
tor Z (mm® m~?) was converted into rainfall intensity R
(mm h™") using (2). In this study, the Jones (1956) re-
lation Z = 486 R'*7 for cumulonimbus clouds in Illinois
was used in the rainfall estimation. This Z-R relation
was chosen because the geography (over the continent)
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and type of rain (convective) are similar to those of the
present cases.

3. The atmospheric conditions

Figure 2 shows the surface weather map at 1400 LST
(LST = UTC + 8 h) on 10, 11, and 13 July 1998. On 10
July, the mei-yu front was located about 500 km north
of the observation site and extended zonally (Fig. 2a).
The mei-yu front shifted eastward on 11 July (Fig. 2b).
A low appeared near 40°N, 105°E on 12 July (not
shown). The center of the low was located near 44°N,
113°E on 13 July (Fig. 2c). Its trailing cold and warm
fronts extended southwestward and southeastward, re-
spectively. Doppler radar observation sites were lo-
cated about 1000 km away southward from the low
center. Geostationary Meteorolgical Satellite (GMS)
infrared imagery shows that the observation area of the
Doppler radars was not covered with a synoptic-scale
cloud system around 1400 LST on 10, 11, and 13 July
(not shown).

Figure 3 shows the vertical profiles of temperature
and dewpoint temperature observed at 1400 LST on 10,
11, and 13 July at Fuyang, China. During the 3 days, the
air temperature reached 35°C, and the water vapor
mixing ratio was about 20 g kg”' (not shown) at the
surface. The relative humidity was less than 30% at 6
km on 10 July, less than 50% at 5 km on 11 July, and
less than 40% at 3 km on 13 July. Some parameters of
the profiles in Fig. 3 are summarized in Table 1. The
lifting condensation level (LCL), the level of free con-
vection (LFC), and the convective available potential
energy (CAPE) were determined by a parcel of the
lowest 50 hPa of the soundings. The LCLs during the 3
days did not show large differences and ranged from
1350 to 1510 m. The LFC on 13 July was 2200 m, some-
what higher than those of the two other days, 1530 and
1380 m. The CAPEs were 940, 2730, and 2230 J kg’l on
10, 11, and 13 July, respectively. The freezing level and
precipitable water (Pwat) amount ranged from 5270 to
5880 m and from 55 to 59 mm, respectively. The low-
level vertical wind shear between the surface and 5 km
AGL was weak, less than 2.0 X 10~% s~! during the 3
days. The atmospheres observed at Fuyang during the 3
days were generally almost the same and were convec-
tively unstable enough for cumulonimbus clouds to de-
velop.

4. Dimension characteristics of convective echoes

In this paper, convective echoes stronger than 10
dBZ at 0.5 km AGL were used for the analysis. During
the 3 days, 23 convective echoes were observed, and
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Fi1G. 2. Surface weather map at 1400 LST on (a) 10, (b) 11, and
(c) 13 Jul 1998. The frame of Fig. 1 is shown by the rectangle in the
figure.

they corresponded to cumulonimbus clouds. All con-
vective echoes occurred in the afternoon. Each convec-
tive echo was tracked within the observation range.
Most convective echoes were observed from their ap-
pearance to their disappearance. One exception, which
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TABLE 1. Characteristic parameters of the soundings shown in

Fig. 3.
LCL LFC Freezing Pwat CAPE
(m) (m) level (m) (mm) T kg™
10 Jul 1490 1530 5900 55 940
11 Jul 1350 1380 5270 56 2730
13 Jul 1510 2200 5880 59 2230

went out of the observation range before its dissipation,
was the most vigorous and largest convective echo
among the echoes observed during the 3 days. The de-
tailed three-dimensional structure of this convective
echo is described in Shusse et al. (2005). For this con-
vective echo, the 1.5-h period of observation, which
contains the developing and mature stages, was used in
the present analysis.

A typical convective echo in the present analysis is
illustrated in Fig. 4a using a sequence of horizontal
echo distribution at 0.5 km AGL. The convective echo
was observed first at 1245 LST on 10 July. In this study,
convective cells are defined as reflectivity maxima at
0.5 km AGL. One to three convective cells were found
within the convective echo at each time. The total num-
ber of cells (TNC) during the lifetime of the convective
echo was five. They are labeled from 1 to 5 in the order
of their formation and tracked in Fig. 4a. The convec-
tive echo did not show the regular formation of new
cells. This is an ordinary evolution of cumulonimbus
clouds under a weak vertical wind shear condition. The
convective echo did not accompany the broad strati-
form precipitation at low levels.

Figure 4b shows the time variation of the echo area at
0.5 km AGL and the echo-top height of the convective
echo shown in Fig. 4a. Both the echo area and the
echo-top height gradually increased and then de-
creased. The maximum echo area at 0.5 km AGL
(EA,,..x) Was 69 km? at 1320 LST. The maximum echo
top (ET,,.x) was 10.5 km AGL at 1306 LST. The EA .«
was observed following the ET,,,,. These features were
common to almost all the analyzed convective echoes.
The lifetime of the convective echo was 63 min. The
lifetime was estimated by adding 3.5 min before the first
observation and after the last observation of each con-
vective echo.

Figure 5 shows the scatterplot of the EA
ET

max and
of the 23 convective echoes. The EA, and

max max

«—

indicates the path of a moist-adiabatic ascent of the air having the
averaged properties of the lowest 50 hPa of the individual sound-
ings.
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FIG. 4. (a) Time series of the constant altitude PPI (CAPPI) display of the radar echo of
a convective echo at 0.5 km AGL observed on 10 Jul 1998. The contours of the radar echo
intensity are drawn every 5 dBZ from 10 dBZ. Areas from 20 to 30 dBZ are shaded.
Convective cells are labeled from 1 to 5 in the order of their formation and tracked in the
figure. (b) Time variations of the horizontal echo area above 10 dBZ at 0.5 km AGL (solid

line) and the echo-top height (dashed line) of the convective echo illustrated in (a).

ET,,.x ranged from 0.5 to 470 km? and from 2 to 19 km,
respectively. They showed a linear relationship on the
logarithmic plot. The open circles on the dots in Fig. 5
indicate convective echoes with a single cell throughout
their lifetime. They are, hereafter, referred to as
“single-cell echoes.” Nine of the 23 convective echoes
are single-cell echoes. The largest single-cell echo
showed an EA,,,, of 41 km? The ET,,,, of the tallest
single-cell echo was 8 km AGL. All of the echoes
reaching 10 km AGL were multicellular echoes. In
other words, deep cells reaching 10 km AGL developed
only within multicellular echoes. The lifetimes of
single-cell echoes were less than 40 min. The open
squares in Fig. 5 indicate convective echoes that were
maintained for more than 1 h. Most multicellular ech-
oes were maintained for more than 1 h and lasted less
than 2.5 h.

Figure 6 shows the TNC as a function of the EA ..
The TNC of individual convective echoes ranged from

1 to 25. All convective echoes smaller than 10 km? in
EA,,., were single-cell echoes. Roughly, the TNC in-
creases with the EA ...

The area time integral (ATI) is a measure of the
rainfall area coverage and duration. This has been pre-
sented as a useful parameter for the total rainfall
amount of an individual convective echo (e.g., Do-
neaud et al. 1981, 1984; Atlas et al. 1990; Rosenfeld et
al. 1990; Johnson et al. 1994; Li and Senesi 1997). The
ATI is defined as

ATI = j A(0) dt, (3)

where A(f) is the area of the convective echoes at 0.5
km AGL. Here, ATI is used as a parameter that shows
the scale of convective echoes. To clarify the relation-
ship between the scale of convective echoes and the
averaged scale of cells within convective echoes, the
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ATI is divided by the TNC. This is referred to as a
cell-averaged ATI (ATI., = ATI/TNC). Figure 7
shows the ATI and ATI,, (km? h) as a function of the
EA,, ... The ATI has a linear dependence on the EA .
on the logarithmic plot. The ATI,, also increases with
an EA_,,, smaller than 100 km? On the other hand,
the ATI.., approaches a constant value of about
20 km? h with an EA ., larger than 100 km? This
indicates that there is an upper bound of the ATI_,
while the ATI increase with the EA ., throughout the
range.

Figure 8 shows the scatterplot of the maximum rain-
fall intensity (RI,,,,) with the EA,,,,. The RI,, ranges
from 0.06 to 35.0 mm h™'. On the logarithmic plot, the
RI,,, increases with an EA_,, smaller than 100 km?.
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F1G. 6. The TNC within convective echoes over their lifetime as
a function of the maximum echo area at 0.5 km AGL (EA
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The RI,,,, is almost constant with an EA,
100 km?.

An estimation of the total rainfall amount (R,,,) was
made from the radar rainfall data at 0.5 km AGL ac-
cording to

larger than

max

R = Po f f R dA d, @)
TJA

where R is the rainfall intensity and p,, is the density of
water. The integration in (4) is performed over the en-
tire area and over the lifetime of each convective echo.
The R, of the convective echoes ranged from 3.5 X 10°
to 9.0 X 10® kg. Figure 9 shows the relationships of the
R, to the EA, .. (Fig. 9a), ET, . (Fig. 9b), and ATI
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FIG. 8. Scatterplot of the maximum rainfall intensity (RI,,.,)
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(Fig. 9¢). The R, is well correlated with these three
parameters. The correlation coefficients between the
R and EA .., ET, .., and ATI are 0.97, 0.94, and
0.99, respectively. These high correlation coefficients
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F1G. 10. Relationship of the cell-averaged rainfall amount
(Reen = R /TNC) to the maximum echo area at 0.5 km AGL
(EA,,.x)- The total rainfall amount (R,,,) is also plotted.

indicate that the R, strongly depends on the dimen-
sions of the convective echoes.

The R, is divided by the TNC in order to investigate
the averaged rain productivity of cells within each con-
vective echo. This is referred to as the cell-averaged
rainfall amount (R.). Figure 10 shows the relationship
between the R, and the EA,, ... The R, increases
with an EA,,, smaller than 100 km? On the other
hand, the R, approaches a constant value of about
4.0 X 107 kg for an EA ., larger than 100 km? There
is an upper bound of the R of the convective echoes.

In summary, the maximum echo height (ET,,,,),
TNC, ATI, and total rainfall amount (R,,) are strongly
dependent on the maximum echo area (EA,,,,) of con-
vective echoes. On the other hand, the cell-averaged
ATI (ATI,,), maximum rainfall intensity (RI,,,), and
cell-averaged rainfall amount (R,.;) increase with an
EA,, ., smaller than 100 km? while they show almost
constant values with an EA_, larger than 100 km?.

5. Precipitation efficiency

In the present study, precipitation efficiency () is
defined as

RtOt
P Vi ®

where V,, is the total water vapor amount ingested into
the cloud through the cloud base over its lifetime, which
is the main water source for cuamulonimbus clouds. The
Vot 1S given by

Vtot = pa‘]vf j w dA dt7 (W > 0)7 (6)
TJA
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FiG. 11. Relationship of the total water vapor inflow at the
cloud base (V) to the maximum echo area at 0.5 km AGL
(EA,,.)- The total rainfall amount (R,,) is also plotted. Solid and
dashed lines indicate the regression lines for V,, and R, respec-
tively.

where p, is the atmospheric density, g, is the water
vapor mixing ratio, and w is the vertical velocity derived
from dual-Doppler analysis. The integration in (6) is
performed over the area of w > 0 within the convective
echoes and over the lifetime of each convective echo.
The p, and ¢, in (6) were derived from the upper-air
sounding data at Fuyang, and it is assumed that they
were horizontally uniform around the observation area.
This assumption is considered to be reasonable because
the surface weather maps at 1400 LST on 11 and 13 July
1998 in Fig. 2 show that no significant synoptic-scale
disturbance was present within the observation area of
the Doppler radars. The vertical velocity data at cloud-
base level were obtained for six convective echoes on
11 and 13 July almost over their lifetime, and their V,
was calculated. Since the LCLs were 1350 and 1510 m
AGL at 1400 LST on 11 and 13 July at Fuyang, respec-
tively, the w, p,, and g, at 1.5 km AGL were used in the
calculation of the V,, under the assumption that the
cloud-base levels were comparable with LCLs.

Figure 11 shows the relationship between V., and
the EA,,... The R, and its regression line are also
shown in the figure for reference. It is found that the
Vit has a linear relation with the EA ... The regres-

MONTHLY WEATHER REVIEW

VOLUME 134

sion line of the V,,, and that of the R, approach each
other as the EA,,,, increases. This indicates that the
ratio of the R, to the V,,, increases with an EA_ ., in
the range of the convective echoes presented here.
From this relationship between V,,, and R, &, is ex-
pected to increase with the EA ..

The ¢, is calculated for the six convective echoes
whose V, is presented in Fig. 11. They were labeled
from “a” to “f” in the order of their EA . In the
estimation of the ¢, for each convective echo, various
Z-R relationships were used to examine the variations
of g, due to the Z-R relationships. Table 2 summarizes
the g, of the six convective echoes by each Z-R rela-
tionship and their averages. The variations associated
with the Z-R relationships tend to increase with the
EA,,.. and they are 0.02% and 5.3% in the smallest
and largest convective echoes (a and f) among the six
convective echoes, respectively.

The g, is plotted in Fig. 12 as a function of the EA,,.
The error bars in the figure indicate the range associ-
ated with the choice of Z—R relationships listed in Table
2. Solid circles indicate their averages. The &, generally
becomes large with the EA,,,,. The averaged &, ranges
from 0.03% to 9.31%. These precipitation efficiencies
in the present study indicate that more than 90% of the
water vapor that entered the clouds through the cloud
base is consumed to moisten the atmosphere and less
than 10% is converted to precipitation and returned to
the ground.

6. Discussion

a. Dimension characteristics of cumulonimbus clouds

As summarized in section 4, the maximum echo
height (ET,,.x), TNC, ATI, and total rainfall amount
(R, are strongly dependent on the maximum echo
area (EA,,,,) of cumulonimbus clouds. On the other
hand, the cell-averaged ATI (ATI,,), maximum rain-
fall intensity (RI,,,,), and cell-averaged rainfall amount
(R.ep) increase when the EA . is smaller than 100 km?
and are almost constant when the EA, is larger than
100 km?. On the basis of these relationships, the cumu-
lonimbus clouds studied in the present paper are clas-

TABLE 2. Precipitation efficiencies (%) of convective echoes a, b, c, d, e, and f derived from each Z-R relationship.

a b [ d e f
Jones (1956) 7 = 486R'Y 0.02 0.34 2.49 6.08 5.24 7.47
Fujiwara (1965) Z = 450R"4° 0.02 0.39 2.49 5.92 5.01 7.18
Doviak and Zrni¢ (1984) Z = 400R'* 0.02 0.40 2.82 6.85 5.89 8.40
Imai (1960) Z = 200R'? 0.04 0.71 422 10.26 8.75 12.52
Marshall and Palmer (1948) Z = 200R'® 0.04 0.73 3.87 9.12 7.60 10.97
Avg 0.03 0.51 3.18 7.65 6.49 9.31
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FIG. 12. Scatterplot of the precipitation efficiency (g,) and the
maximum echo area at 0.5 km AGL (EA,,,,). Error bars indicate
the range associated with the choice of Z-R relationships listed in
Table 2. Solid circles indicate their average.

sified into two scales according to the EA . : small
cumulonimbus clouds (<100 km? in EA,,,,) and large
cumulonimbus clouds (>100 km? in EA ).

The small cumulonimbus clouds are single-cell clouds
or small multicellular clouds whose TNC are no more
than 5. In the small cumulonimbus clouds, both the ATI
and ATI_, increase with the EA ... This indicates that
the area and lifetime of small cumulonimbus clouds
have a close relationship with those of cells within small
cumulonimbus clouds. The R, also increases with the
EA, .« The rain productivity of small cumulonimbus
clouds increases not only by the increase of the TNC
but also by the intensification of cells.

The large cumulonimbus clouds are large multicellu-
lar clouds whose TNC are more than 5. In the large
cumulonimbus clouds, there is an upper bound of the
ATI,;. This indicates that the area and lifetime of large
cumulonimbus clouds depend on the TNC rather than
on the average scale of cells within the clouds. The R
also show almost constant values in large cumulonim-
bus clouds. These facts indicate that large cumulonim-
bus clouds increase their rain productivity by the in-
crease of the TNC rather than by the intensification of
cells.

Rosenfeld and Gagin (1989) showed similar results
that a significant change in cell area-time integrated
rain volume was not found in cell cluster with much
number of cells, while cell area-time integrated rain
volume tends to depend generally on the number of
cells in the cluster in which the subject cell resides. It
seems to be the common property that there is an upper
bound for an increase in rainfall amount from cells with
the expansion of an area of cell-clustered clouds. The
significance in the present study is that these precipita-
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tion properties of convective cells are summarized as
dimension characteristics of cumulonimbus clouds.

b. Relationship between the precipitation efficiency
and dimension characteristics

There have been few studies examining the relation-
ship between the precipitation efficiency (e,) and di-
mension characteristics of cumulonimbus clouds based
on the observation results. Fankhauser (1988) showed a
weak positive correlation of the g, and cloud-base area
of cumulonimbus clouds observed in various atmo-
spheric situations. In the present study, the clouds de-
veloped under almost the same synoptic condition. The
difference in the g, among the cumulonimbus clouds
shown in Fig. 12 is considered to be mainly due to the
dimension characteristics of the clouds.

The ¢, exhibits a strong positive correlation with the
EA,,.,, as shown in Fig. 12, and ranges from 0.03% to
9.31%. This positive correlation is attributed to the fact
that the dilution rate of the air within the clouds by
entrainment is generally inversely proportional to the
radius of clouds, as stated in Braham (1952) and
Fankhauser (1988). From another viewpoint, it can be
said that the g, increases with the TNC because the
TNC increases with the EA ... A cell that preexisted in
a multicellular cloud locally humidifies its surrounding.
This humidification would reduce the effect of the en-
trainment of dry air for subsequent cells in the cloud. In
addition, when several cells exist simultaneously in a
multicellular cloud, a cell located in the central part of
the cloud is defended from the entrainment of dry air
by the surrounding cells. These local modifications
within and around the multicellular clouds seem to be
important for the increase of the ,. This local humidi-
fication could be one of the reasons that cells reach 10
km AGL only within multicellular clouds.

The cumulonimbus clouds in the present study be-
come large with the TNC, and the EA ., of the largest
cumulonimbus cloud was 470 km?. This is likely to be
the maximum extent for isolated cumulonimbus clouds
under the present atmospheric condition. It is inferred
from the relationship between the regression lines for
the Vi, and R, in Fig. 11 that the ¢, (the ratio of the
R, to the V) is about 15% for a cumulonimbus cloud
with an EA,,, of about 470 km?. It is reasonable to
suppose that the g, of isolated cumulonimbus clouds in
the region far south from the mei-yu front over the
eastern Asian continent is at most 15%.

c¢. Comparison with previous studies of
precipitation efficiency

The precipitation efficiency (e,) of cumulonimbus
clouds has been investigated in various areas. Braham
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(1952) calculated an &, of approximately 10% for small
airmass cumulonimbus clouds with a typical lifetime of
25 min in Florida and Ohio. Marwitz (1972) summa-
rized the g, of cumulonimbus clouds over the Great
Plains, which was 5%-120%. The ¢, higher than 100%
in his study is probably caused by using instantaneous
or partial measurements and owing to insufficient time
to integrate observation data. Fankhauser (1988) esti-
mated an g, of about 20%-50% for cumulonimbus
clouds with a cloud-base area ranging from 100 to 1000
km? observed in Montana. Ferrier et al. (1996) showed
the g, in simulated midlatitude and tropical squall lines,
which ranged from 20% to 50% in terms of rainfall
divided by condensation.

In the present analysis, the &, was integrated over the
lifetime of the cumulonimbus clouds using the Doppler
radar data resolved at interval of 7 min. The g, ranged
from 0.03% to 9.31%. This indicates that more than
90% of the water vapor that entered the clouds through
the cloud base is consumed to moisten the surrounding
atmosphere. It seems that the entrainment process is
dominant in these clouds because the dry air was
present above LCL in the environment during the pe-
riod as shown in Fig. 3. The large mixing ratio at the
lower levels was also important for the supply of water
to the upper levels. Abundant water vapor at the low
levels and relatively dry air at the upper levels results in
the low precipitation efficiency of clouds in this region.
It can be said that cumulonimbus clouds in the region
far south from the mei-yu front over the eastern Asian
continent work very efficiently to transport water ver-
tically and humidify the upper atmosphere.

7. Summary

The dimension characteristics and precipitation effi-
ciency of cumulonimbus clouds observed during 3 days
in July 1998 in Anhui province, China, were studied
mainly using reflectivity and wind data of X-band
Doppler radars and upper-air sounding data during the
GAME/HUBEX IFO. During the 3 days, the observa-
tion area was situated in the region far south from the
mei-yu front and to the west of the subtropical high.
The air temperature reached 35°C in the daytime and
the water vapor mixing ratio was about 20 g kg ' at the
surface. The lifting condensation levels were 1.3-1.5
km. The vertical wind shear in the lower level was
weak, less than 2.0 X 1072 s~'. The atmospheric con-
dition was convectively unstable enough for cumulo-
nimbus clouds to develop.

Twenty-three cumulonimbus clouds were identified
and tracked over their lifetime. The characteristics of
the cumulonimbus clouds are summarized as follows.
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The maximum echo area (EA,,,,) ranged from 0.5 to
470 km?. The maximum echo top (ET,,,,) ranged from
2 to 19 km. The cumulonimbus clouds comprised one to
several convective cells at the same time. The total
number of cells (TNC) within the cumulonimbus clouds
over their lifetime was from 1 to 25. Cells reaching 10
km AGL developed only within multicellular cumulo-
nimbus clouds. The durations of single-cell clouds were
less than 40 min. Many of the multicellular clouds were
maintained for more than 1 h and lasted less than 2.5 h.
The maximum rainfall intensity (RI,,,,) ranged from
0.06 to 35.0 mm h™ !, and the total rainfall amount (R,,)
ranged from 3.5 X 10° to 9.0 X 10® kg.

The ET,,,,, TNC, area time integral (ATI), and R,
were strongly dependent on the EA ... In contrast, the
cell-averaged ATI (ATI.,; = ATI/TNC), RI,,,., and
cell-averaged rainfall amount (R, = R,,/TNC) in-
creased with an EA_, smaller than 100 km? and were
almost constant with an EA , larger than 100 km?. On
the basis of these relationships, the cumulonimbus
clouds studied in the present paper were classified into
two scales according to the EA,,,: small cumulonimbus
clouds (<100 km? in EA,,.,) and large cumulonimbus
clouds (>100 km? in EA_,,).

In small cumulonimbus clouds, the area and lifetime
of the clouds have a close relationship with those of
cells within the clouds. The rain productivity of small
cumulonimbus clouds increases not only by the increase
of the TNC but also by the intensification of cells. On
the other hand, in large cumulonimbus clouds, the area
and lifetime of the clouds depend on the TNC rather
than the scale of cells within the clouds. The large cu-
mulonimbus clouds increase the rain productivity by
the increase of the TNC rather than by the intensifica-
tion of cells.

The precipitation efficiency (&,) is defined as the ra-
tio of surface rainfall to water vapor inflow in this pa-
per. The g, was calculated for six clouds whose the
vertical velocity data at the cloud-base level were de-
duced throughout their lifetime. The g, of the clouds
ranged from 0.03% to 9.31% and exhibited a strong
positive correlation with the EA ., of cumulonimbus
clouds. This indicates that more than 90% of the water
vapor that entered the clouds through the cloud base is
consumed to moisten the surrounding atmosphere and
less than 10% is converted to precipitation and re-
turned to the ground. The cumulonimbus clouds in the
region far south from the mei-yu front over the eastern
Asian continent efficiently transport water vertically
and humidify the upper troposphere.
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