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ABSTRACT

Precipitation radar data derived from the Tropical Rainfall Measuring Mission (TRMM) satellite
are used to study precipitation characteristics in 1998 over East Asia (10◦–38◦N, 100◦–145◦E), especially
over mid-latitude land (continental land) and ocean (East China Sea and South China Sea). Results are
compared with precipitations in the tropics. Yearly statistics show dominant stratiform rain events over
East Asia (about 83.7% by area fraction) contributing to 50% of the total precipitation. Deep convective
rains contribute 48% to the total precipitation with a 13.7% area fraction. The statistics also show the
unimportance of warm convective rain in East Asia, contributing 1.5% to the total precipitation with a
2.7% area fraction. On a seasonal scale, the results indicate that the rainfall ratio of stratiform rain to
deep convective rain is proportional to their rainfall pixel ratio. Seasonal precipitation patterns compare
well between Global Precipitation Climatology Project rainfall and TRMM PR measurements except in
summer. Studies indicate a clear opposite shift of rainfall amount and events between deep convective and
stratiform rains in the meridional in East Asia, which corresponds to the alternative activities of summer
monsoon and winter monsoon in the region. The vertical structures of precipitation also exhibit strong
seasonal variability in precipitation Contoured Rainrate by Altitude Diagrams (CRADs) and mean profiles
in the mid-latitudes of East Asia. However, these structures in the South China Sea are of a tropical type
except in winter. The analysis of CRADs reveals a wide range of surface rainfall rates for most deep
convective rains, especially in the continental land, and light rain rate for most stratiform rains in East
Asia, regardless of over land or ocean.
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1. Introduction

In the Asian monsoon system, the structure of the
circulation system in East Asia is different from that
in the Indian sub-continent. These are respectively
called the East Asian monsoon system and the Indian
monsoon system (Krishnamuti and Bhalme, 1976; Tao
and Chen, 1987; Chen et al., 1992). Both systems also
have different rules of interaction between the coupled
ocean/atmosphere systems (Lau and Li, 1984; Lau et
al., 1988; Yasunari, 1990, 1991; Fu and Huang, 1997).
Associated with the activities of the monsoon, the dis-
tributions of precipitation and heavy rainfall events,
especially during summer, have been studied by many

authors (Ding and Reiter, 1982; Matsumoto, 1985;
Lau et al., 1988; Ninomiya, 1984, 2000; Ninomiya and
Murakami, 1987). Inside the East Asia monsoon, a
special weather system over East Asia known as the
“Meiyu” front (or “Baiu” front in Japan) and its pre-
cipitation, has been given importance from scientists,
and many experiments, such as TAMEX (Taiwan Area
Mesosclae Experiment) (Kuo and Chen, 1990) and the
recent GAME/HUBEX (Huaihe Basin Experiment)
(Ding et al., 2001), have been made in the region. Al-
though features of clouds in East Asia have been an-
alyzed by IR (Infrared Radiation) data of GMS (Geo-
stationary Meteorological Satellites) (Murakami, 1983;

*E-mail: fyf@ustc.edu.dn, **E-mail: liug@met.fsu.edu

ass



512 ADVANCES IN ATMOSPHERIC SCIENCES VOL. 20

Takeda and Iwaski, 1987), our knowledge of character-
istics of precipitation in East Asia, such as distribu-
tions of precipitation types (convective or stratiform
rainfalls) and vertical structures of precipitation (pre-
cipitation profiles), is still limited by our ground based
and space based observations.

A better knowledge of precipitation types and their
vertical structures is important both for understand-
ing cloud dynamics and microphysical processes in-
cluding latent heating release (Fujiyoshi et al., 1980;
Houze, 1981; Szoke et al., 1986; Hobbs, 1989; Liu and
Takeda, 1989; Zipser and Lutz, 1994), and for improv-
ing satellite precipitation algorithms (e.g., Wilheit et
al., 1977; Petty, 1994; Kummerow and Giglio, 1994).
Physical retrieval of precipitation on the surface from
satellite microwave measurements requires the knowl-
edge of vertical distributions of hydrometeors because
microwave brightness temperatures are very sensitive
to these profiles (Smith and Mugnai, 1988; Adler et
al., 1991; Fulton and Heymsfield, 1991; Fu and Liu,
2001). The knowledge is also helpful in developing pa-
rameterization of rain processes in numerical models.

In previous studies (Liu and Fu, 2001; Fu and Liu,
2001), the authors investigated characteristics of pre-
cipitation profiles over the tropics using TRMM (Trop-
ical Rainfall Measuring Mission) PR (Precipitation
Radar) observation data. As a continued work, we
have two objectives in this study. The first is to inves-
tigate horizontal distributions of precipitation events
in East Asia on a seasonal scale, and the other is to
generalize precipitation profile patterns in the region.

2. Data

The data, 2A25, used in this study are a standard
TRMM product derived from TRMM PR. According
to the properties of the PR, the data of 2A25 supply
rainfall intensity with a horizontal resolution of 4.3 km
at the nadir and a vertical resolution of 250 m from the
Earth’s surface to 20 km altitude. Furthermore, the
data also contain information on rainfall types based
on the vertical pattern of the profiles (we used the clas-
sification based on the TRMM V method; Awaka et
al., 1998). A rain profile is classified as stratiform if
PR detects a bright band near the freezing level. If no
bright band exists and any value of radar reflectivity
in the beam exceeds a predetermined value of about 39
dBZ, the profile is classified as connective. Profiles are
labeled as “others” when they do not meet the defini-
tions of either stratiform or convective rain. Among
convective rains, we can group warm rains (or shal-
low convective) and deep convective rains. The warm
rain’s echo top is below the freezing level. The deep

convective rains are convective rains with the echo top
above the freezing level.

The data of 2A25 in each swath cover a region be-
tween 38◦S and 38◦N, and there are nearly 16 swaths
everyday. For convenience, a sub-dataset of precipita-
tion profiles is generated in the East Asia region (10◦–
38◦N, 100◦–145◦E) from the 2A25. In the dataset, we
pick all precipitation profiles at each scan along swaths
from 1 January to 31 December 1998. We also define
the precipitating case (or pixels) as having a nonzero
rain rate at 500 m above the surface in each profile
to keep the retrieved rain rate of the low atmosphere
uncontaminated. The total number of pixels in our
sample dataset is 129,432,120, and of them 70,822,301,
or about 5.5%, are precipitating.

To reveal details in East Asian precipitation, three
regions are selected. They are the mid-eastern main-
land of China (25◦–35◦N, 110◦–120◦E, called continen-
tal land for short, which covers the Huaihe River basin
and Yangtze River valley), the East China Sea (25◦–
35◦N, 122◦–130◦E), and the South China Sea (10◦–
20◦N, 110◦–120◦E). The three regions in East Asia
are regarded as key representatives where rainfalls are
affected greatly by the East Asian monsoon. During
summer, precipitation intensities over the continental
land and the East China Sea are always associated
with states of Meiyu, while during winter, activities
of cold fronts also induce variations of precipitation in
both regions. Close attention is also paid to the re-
gion of the South China Sea, considering strong activ-
ities of deep convective rains over there. Knowledge of
characteristics of precipitation is limited in this region
because of poor observations. Precipitation character-
istics over the continental land and the East China
Sea represent rainfall information in the mid-latitudes
of East Asia. On the other hand, precipitations in the
South China Sea are possibly of tropical features. It is
helpful to understand features between the land and
ocean, and between the mid-latitudes and the tropics,
when comparing precipitations in the three regions.

3. Results

3.1 Sample statistics

Two variables, area fraction and rain fraction, are
defined to discuss the precipitation statistics. The area
fraction is the number ratio of rain pixels of a spe-
cific rain type (stratiform or convective) to the raining
pixels, which represents the occurrence frequency of a
specific rain type. Similarly, the rain fraction is the ra-
tio of rain amount generated by a specific rain type to
total rain amount, which represents the contribution
of a specific rain type to the total rain amount.
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Table 1. Statistics of sample radar precipitation

Rain Type Number of Precipitation pixels Area Fraction Rain Total Fraction Average Rainfall Rate

Stratiform 5,579,720 78.8%(83.7%)∗ 50.1% 1.7 mm h−1

Deep Convection 903,676 12.8%(13.6%)∗ 47.5% 10.2 mm h−1

Warm Convection 180,669 2.6%(2.7%)∗ 1.5% 1.6 mm h−1

Other 418,236 5.8% 0.9% 0.4 mm h−1

∗ Percentages in the parenthesis indicate the fractions without counting “other” as precipitating profiles.

The characteristics of the precipitating samples
used in the analysis are shown in Table 1. Of the pre-
cipitating profiles, only 5.8% are classified as “other”,
which is very different from what happens in the trop-
ical ocean (about 44.8%; Liu and Fu, 2001), perhaps
due to the use of version 4 TRMM data in our pre-
vious work. Such type of rainfall is too light to meet
the threshold for convective rain, and its contribution
to total rainfall is very small (only ∼0.9%) because
this type is all light rains. If we do not count these
profiles, the area fractions for stratiform, deep convec-
tive, and warm convective rain are 83.7%, 13.6%, and
2.7%, respectively. Warm convective rain contributes
to about 1.5% of the total precipitation. It is obvious
that warm rainfalls are not important rain events in
East Asia. We do not discuss warm convective rains
in this study.

Table 1 also clearly shows that the contribution to
the total precipitation by deep convective rain (47.5%)
is comparable to that by stratiform rain (50.1%) al-
though the former only has 13.6% in area fraction,
whereas the latter has 83.7%. In the tropics, the con-
tributions by stratiform rain (79.9% area fraction) and
deep convective rain (11.5% area fraction) are almost
equally important, i.e., about 45% by stratiform and
42% by deep convective rain (Liu and Fu, 2001). As for
averaged rainfall rate of stratiform and deep convec-
tive in East Asia, these values are 1.7 mm h−1 and 10.2
mm h−1, respectively, which are greater than those in
the tropics (1.3 mm h−1 for stratiform and 8.6 mm h−1

for deep convective). This feature exposes the stronger
precipitation intensity in East Asia than in the tropics.

3.2 Horizontal distribution of rain events

Precipitation characteristics of seasonal variations
in East Asia can be found in the horizontal distribu-
tion of precipitation as shown in Fig. 1. The left panel
of the figure is generated from the Global Precipita-
tion Climatology Project (GPCP) archived by NASA
(Huffman et al., 1995), and the right panel is aver-
aged rainfall rate from 2A25 data that is calculated for
each 2.5◦×2.5◦ box in four seasons. Precipitations in

GPCP are a merged product (with 2.5◦ horizontal res-
olution) of raingauge measurements, satellite retrievals
and numerical model outputs. Here, we define con-
ventionally December, January, and February as the
winter season, March, April, and May as spring, June,
July, and August as summer, and September, Octo-
ber, and November as autumn. Generally, the rainfall
patterns from the two outputs are very close in winter,
spring, and autumn. However, in summer there exists
a relative difference in rainfall pattern and amplitude
between the two datasets. It seems that the magni-
tude of surface rainfall estimated by GPCP is larger
than that by TRMM PR detections. It is hard to say
which one generates more accurate precipitation. We
are not going to say too much on that complex prob-
lem here. Figure 1 gives us the reliability of TRMM
PR observations in East Asia as well as in the tropics.

The area fraction distributions of deep convective
and stratiform rains in the four seasons are shown in
Fig. 2. It reveals that stratiform precipitations in East
Asia are the dominant form of precipitation in each
season. Basically, the area fraction of stratiform rains
can reach to more than 90% in East Asia. For deep
convective rains, its area fraction does not exceed 30%.
The figure indicates large values of stratiform rain area
fraction in the northern part of East Asia, in contrast
to the high frequency of deep convective rains in the
southern part. It is clear there is a northward shift of
deep convective rains in the area fraction map of East
Asia from winter to spring, and a southward movement
from summer to autumn. Such movement is opposite
to the stratiform rain movement. This illustrates the
seasonal variation of precipitation in East Asia, i.e.
deep convective rain accompanying the summer mon-
soon northward extension at the end of the winter sea-
son, while at the end of summer and activities of the
cold front, deep convective rains withdraw from the
continent of East Asia, and startiform rains are dom-
inant in the region. This means the activity of deep
convection may be regarded as a good index for the
summer the monsoon, and that of stratiform rains for
the winter monsoon, in the mid-latitudes of East Asia.
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Fig. 1. Distributions of seasonal mean rainfall rate (mm d−1) in 1998 produced by using
GPCP (left panel) data and TRMM PR (right panel).
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Fig. 2. Horizontal distributions of the area fraction for deep convective (left panel) and
stratiform (right panel) to total rain numbers.
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Fig. 3. Horizontal distributions of the rain fraction for deep convection (left panel) and
stratiform (right panel) to rainfall total.
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Fig. 4. Number ratio of stratiform pixels to deep con-
vective pixels, and rainfall ratio of both rain types in four
seasons.

As mentioned in section 3.1, deep convective rain
contributes almost an equal amount to total rain as
stratiform rain although the former’s area fraction is
only one-sixth of the latter’s. The distribution of rain
fraction can be found in Fig. 3. It shows that sea-
sonal variations of these precipitations in East Asia are
also clear on alternating domains of rainfall amount in
space. Basically, stratiform and deep convective rains
contribute majority rainfall (more than 50%) to to-
tal rain in northern and southern East Asia respec-
tively. This feature is more remarkable in autumn and
winter. However, both stratiform and deep convective
rains produce almost equal amounts of rainfall to total
rainfall in the middle part of East Asia, especially in
middle-eastern China, and this feature is more clear in
spring and summer.

The relationship between area fraction and rain
fraction in East Asia is plotted in Fig. 4. We define in
the figure the number ratio as the ratio of stratiform’s
area fraction to that of the deep convective rain, and
the rainfall ratio as the ratio of stratiform’s rain frac-
tion to that of the deep convective rain. Although
there is variation of the number ratio and rainfall ra-
tio with the seasons, the ratio of the number ratio to
the rainfall ratio is almost a constant, about 6, in each
season. That means that the ratio of surface rainfalls
produced by stratiform and deep convective rains is
proportional to numbers of both rain types. Such a
feature can be seen in the three regions, continental
land, the East China Sea, and the South China Sea.

3.3 Vertical structures of precipitation

Yuter and Houze (1995) successfully used a statisti-
cal method, the Contoured Frequency by Altitude Dia-
grams (CFADs), to display the statistical distributions
of the storm properties. However, the CFAD method

has a side effect of increasing the percentages at the
top of the storm where there are fewer data points.
In order to overcome such weakness, we designed an-
other statistical method, the Contoured Rainrate by
Altitude Diagrams (CRADs), to reveal the averaged
vertical structure of precipitation. The CRAD is con-
structed with height on the y-axis and rainfall rate
on the x-axis. Contours describing rainrates normal-
ized by total numbers of precipitation profiles for a
given rain type are then plotted in this domain. We
found that the differences in vertical distributions be-
tween convective and stratiform are very clear at the
CRADs.

Figures 5a and 5b plot CRADs for deep convective
and stratiform rains, respectively, in the continental
land, the East China Sea, and the South China Sea
at each season of 1998. Obviously different patterns
between deep convective and stratiform rain can be
found by comparing both figures, which shows differ-
ent distributions of hydrometeors in the vertical for
both rain types. For each rain type, the seasonal vari-
ation is clearly shown in distributions of CRADs in
mid-latitude East Asia, continental land, and ocean,
due to the seasonal variation of the freezing level. In
the South China Sea, the CRAD patterns for each
rain type are nearly the same except in winter. So,
the seasonal variability in the South China Sea can be
neglected from spring to autumn, which is also clear
in Fig. 7. For stratiform rains, they have a narrow
CRAD below the freezing level if comparing with con-
vective rains. The contour of 0.25 mm h−1 covers the
range only from 0.5 mm h−1 to 3.5 mm h−1 at 2 km.
The maximum CRAD occurs between 1 mm h−1 and
2 mm h−1 at 2 km. The CRADs of deep convective
distribute very wide below the freezing level. The 0.25
mm h−1contour ranges from 2 mm h−1 to more than
20 mm h−1 at 2 km. These differences between the two
rain types express a wide range of surface rainfall rate
for most deep convective rains, and a light rain rate
for most stratiform rains in East Asia, regardless of
being over land or ocean. These differences also reveal
distinctive latent heating structures between convec-
tive and stratiform, i.e. a bell-shape heating profile
of convective rains with maximum heating in the mid
troposphere while a dipole heating profile of stratiform
rains with heating in the mid and cooling in the lower
troposphere (Tao et al. 1993). Differences among deep
convective rains also display their wider range of sur-
face rain rate over the continental land than over the
oceanic region (Fig. 5a). For stratiform rains, their
surface rainfall rates are wider in the South China Sea
than in the mid-latitude region (Fig. 5b).
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Fig. 5 CRADs of rainfall rates in the vertical for (a) deep convective and (b) stratiform rains from spring to
winter. Number at the right top in each diagram is total numbers of profiles for a given rain type and season.
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Fig. 5 (Continued)
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It is noted in Figs. 5a and 5b that the maximum
CRADs of deep convective rain occur near the sur-
face over the ocean region, both the East China Sea
and South China Sea. However, over the continen-
tal land the maximum appears at about 2.5 km alti-
tude for deep convective rain at each season except in
winter, and about 3 km for stratiform rain except in
winter. This may be comprehended as an evaporation
process occurring in the low altitude of precipitating
cloud similar to tropical profiles (Liu and Fu, 2001)
and discussed by Fujiyoshi et al. (1980), Hobbs (1989),
and Liu and Takeda (1989). Another important point
in Fig. 5a is that we can find a much greater ice com-
ponent above the freezing level inside deep convective
precipitating clouds over the continental land at each
season.

In search for regularities of precipitation profiles,
we used the method of principal component (PC) anal-
ysis in the tropics (Liu and Fu, 2001). Our results
showed the first leading PC component can explain
more than 80% of the variations in the profiles, and
the reconstructed first principal components closely
resemble the mean profiles. The mean profiles for
deep convective and stratiform rains over the tropi-
cal ocean are shown in Fig. 6. Characteristics of the
mean profiles were addressed (Liu and Fu, 2001). We

find the same regulation for deep convective and strat-
iform rains in the three regions of East Asia (see Ta-
bles 2a and 2b). The predominance of the first PC
implies that the mean profile is statistically meaning-
ful enough to represent the characteristic pattern of
vertical precipitation profiles. In other words, given a
rain type (convective/stratiform) and a surface rainfall
rate, the rainfall rate profile tends to follow the mean
profile with statistically significant likelihood. This
finding is interesting in the following two ways. First,
it implies that there is a common physical process at
work in the East Asia cloud systems that determines
the general pattern of the rain vertical profiles. Sec-
ond, it provides a constraint, at least in a statistical
sense, to formulating models of vertical hydrometeor
structures that can be used in satellite rain retrieval
algorithms, or even to guiding the parameterization of
rain processes in numerical models.

Based on the principal component analysis above,
characteristics of mean precipitation profiles inthe sea-
sons are presented according to rainfall type and sur-
face rain rate. Figure 7 displays a seasonal variability
of precipitation profiles for both deep convective rain
of 10 mm h−1 and stratiform rain of 5 mm h−1 at
2 km altitude in the three regions. It shows obvious
differences in profiles between the summer and winter

Table 2a. Contribution to total variance (in %) by the first leading PCs for deep convections

Land East China Sea South China Sea

R N PC1 PC2 PC3 N PC1 PC2 PC3 N PC1 PC2 PC3

5 2585 71.8 14.0 5.2 2516 78.6 10.5 3.5 2577 76.8 11.0 4.0

10 2245 75.3 11.4 4.8 1698 82.8 7.8 3.1 1748 83.4 7.4 2.7

15 1686 81.3 8.2 3.3 938 83.7 7.0 3.0 595 83.2 7.3 2.8

20 1116 82.5 7.3 3.3 484 86.2 5.3 2.9 517 85.7 5.6 2.7

25 667 82.9 7.1 3.0 263 88.5 4.1 2.4 314 87.0 5.5 2.2

30 423 82.5 6.3 3.3 182 86.8 5.6 2.4 180 87.5 4.2 2.9

R: Rainfall rate (mm h−1)
N : Number of profiles

Table 2b. Contribution to total variance (in %) by the first leading PCs for stratiform rains

Land East China Sea South China Sea

R N PC1 PC2 PC3 N PC1 PC2 PC3 N PC1 PC2 PC3

1 2972 76.9 8.1 3.3 2800 78.2 8.0 3.1 1207 80.0 6.7 3.1

5 7081 85.6 4.7 2.2 7084 86.2 4.8 2.0 4543 88.1 4.2 1.5

10 1193 85.7 5.5 2.1 1475 87.8 4.2 2.0 599 89.2 3.7 2.5

R: Rainfall rate (mm h−1)
N : Number of profiles
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Fig. 6. Yearly mean profiles for deep convection (left panel) and stratiform (right
panel) rains in the tropical ocean.
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Fig. 7. Seasonal variations of mean profiles for deep convection (upper panel) and stratiform rains (blower
panel) from spring to winter.
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Fig. 8. Mean profiles from spring to winter in continental land, the East China Sea, and the South China
Sea. (a) Deep convective profiles plotted at rainfall rates of 1, 5, 10, 15, 20, 25, and 30 mm h−1 at 2 km, (b)
Stratiform profiles at rainfall rates of 1, 3, 5, 7, and 9 mm h−1 at 2 km.
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Fig-8b 
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in the mid-latitude region, especially in the continental
land. The amplitude changes of profiles in spring and
autumn are located between the summer and winter
profiles. In the South China Sea, the differences are
relatively small, except in winter. The feature is con-
sistent with Figs. 5a and 5b. We conclude that the
strongest seasonal variability of precipitation in ver-
tical structures occurs over the continental land even
though region of the East China Sea has the same lat-
itude as the land. Such seasonal variability can be
neglected over the South China Sea regardless of rain
type (not including winter), i.e., the precipitations are
basically of a tropical type in the region from spring
to autumn.

For comprehensive seasonal characteristics, we
present the mean profiles for deep convective and strat-
iform rains in each season in Figs. 8a and 8b, and the
root mean square distributions in Figs. 9a and 9b. In
these figures, deep convective profiles are plotted at
rainfall rates of 1, 5, 10, 15, 20, 25, and 30 mm h−1,
and 1, 3, 5, 7, and 9 mm h−1 for stratiform. Due
to limited samples, stratiform profiles for rain rates
larger than 10 mm h−1 are not processed. For conve-
nient comparison, we plot the mean rainfall rate on a
logarithm scale.

Similar to the drawings in Figs. 5a and 5b, obvi-
ous, different profile patterns between deep convective
and stratiform rains also appear in Figs. 8a and 8b
regardless of which region. In the South China Sea,
the features of mean stratiform profiles are the same
as those discussed for the tropical ocean (Fig. 6) (but
the difference between winter and the other seasons
is not clear in Fig. 8b), i.e., the bright band near 4.5
km separates generally two totally different variation
regimes. Below the bright band, the rain rates are al-
most constant in this layer (liquid water layer, or rain
layer). In this layer, rainfall rates slightly decrease or
increase toward the surface, implying that raindrops
experience further growth by coagulation or evapora-
tion processes. Above the bright band, a sharp down-
ward growth of rain rates occurs within a layer about
1.25 km in depth, and is followed by a slower growth
above. The 1.25 km depth layer should be one with a
mixture of ice and water (the mixture layer). Above
the layer, the profile reflects ice information, i.e., an
ice layer with the slowest microphysical growth mode
(e.g., Houze, 1993, Chapter 6). The mean stratiform
profiles in the mid-latitude region have similar fea-
tures. The only difference is that the three layers shift
with the seasonal changes of the freezing level, and a
little bit of thickening of the mixture layer occurs in
spring and winter, especially over the continental land.

The mean profiles for deep convections in the South
China Sea also display the same characteristics from

spring to autumn as in the tropical ocean as discussed
in our previous paper (Liu and Fu, 2001). There are
two rain layers below the freezing level. One layer,
the coagulation layer, is from the height of the strat-
iform bright band to the maximum of the rain rate
(about 2.5 km altitude); the other very thin layer,
the evaporation layer, is below the maximum rainfall
rate. In winter, only the coagulation layer exists be-
low the freezing level. Above the freezing level, the
mixture layer and ice layer are clear in each season as
they appear in the stratiform profiles. But the mix-
ture layer of deep convective rain (about 1.5 km) is
deeper than that of stratiform rain. Of course, the
profile slopes above the freezing level between the deep
convective and stratiform profiles are different, which
should mark different microphysical processes in both
precipitating clouds. We will address these features
and their impacts on microwave brightness tempera-
tures in the future.

In the East China Sea, the evaporation layer near
the surface does not exist except in summer. The layer
divisions (the rain layer, the mixture layer, and ice
layer) are close to those in the South China Sea in
winter, and their altitude varies with the seasons. In
summer, the evaporation layer is clear near the sur-
face. The situation is complex in the continental land,
and profiles show the strongest seasonal variability. In
summer, the layer divisions in the region are close to
those in the South China Sea in the same season, i.e.
deep convective rains over the continental land are of
a tropical type in summer. However, we must note a
deeper evaporation layer over the continental land due
to strong activities of convective rains. In spring and
autumn, the evaporation layer seems unclear, which
is different from the CRADs figure. That may be the
weakness of comparing mean profiles with CRADs. In
winter, the three layers (ice layer, mixture layer, and
rain layer) are depressed toward the surface due to the
decrease in air temperatures.

Finally, we plot profile deviations from the mean
profiles with root mean square (RMS) errors in Figs.
9a and 9b. One striking feature is the maximum value
of RMSs appearing at the freezing level regardless of
rain type,location,and season.The RMSs become larger
when the surface rainfall rates increase.The maximum
error is about 5–8 mm h−1 for a 10 mm h−1 surface
rainfall rate, and 8–12 mm h−1 for 20 mm h−1. The
above implies a very complicated rain formation pro-
cesses within the freezing level. In the near future, we
will discuss the effects of these errors on microwave
brightness temperatures when using mean profiles in
a radiation transfer model.
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Fig. 9. Distributions of profile RMS (Root Mean Square) errors from spring to
winter. (a) deep convective rain, (b) stratiform rain.
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Fig-9b 
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4. Conclusions

In this study, we analyzed the seasonal character-
istics of precipitations in East Asia with data observed
by TRMM PR in 1998. We intended to regularize the
horizontal distributions of precipitation events in East
Asia on a seasonal scale, and the vertical structures of
precipitation in the region.

Following the classification of precipitations in the
standard TRMM product, 2A25, firstly, we studied
sample statistics that shows about 83.7%, 13.6%, and
2.7% area fractions for stratiform, deep convective,
and warm convective rains, respectively in East Asia,
i.e. prevalent stratiform rains and unimportant warm
rain events in East Asia. Deep convective rain has
about one-sixth of the stratiform area fraction. How-
ever, it contributes nearly the same rainfall a mount
to total rain (about 48%) as stratiform rain (about
50%). This is a little bit different from the tropics. In
the tropics, the contributions to total rain by strati-
form rain and deep convective rain are almost equally
important, i.e., about 45% by stratiform and 42% by
deep convective rain while the area fraction ratio of
stratiform to deep convective rain is about 7. Studies
indicate that the ratio of surface rainfalls produced by
stratiform and deep convective rains are proportional
to numbers of both rain types on a seasonal scale.

Before exposing horizontal distributions of deep
convective and stratiform rains, we compared seasonal
rainfall and its distribution generated by TRMM PR
with GPCP output. Generally, the rainfall patterns
are very close to each other in winter, spring, and
autumn. In summer, however, there exists a differ-
ence in rainfall pattern and amplitude between the
two datasets. It seems that the magnitude of sur-
face rainfall estimated by GPCP is larger than that
by TRMM PR detections. We are not sure which one
is more accurate. Horizontal distributions of area frac-
tion and rain fraction reveal that much more stratiform
rain events and rainfall are located in the northern
part of East Asia, in contrast to the high frequency
and rainfall amount of deep convective rains in the
southern part. Seasonal variations of precipitation are
very significant in a northward shift of deep convec-
tive rain events and rainfall amount from winter to
spring, and southward movement from summer to au-
tumn. Such movement is opposite for stratiform rains.
In this meaning, the activity of deep convective rains
may be regarded as a good index for the summer mon-
soon, and stratiform rain for the winter monsoon, in
the mid-latitudes of East Asia.

The vertical structures of precipitations in CRADs
and averaged profiles illustrate significant differences

between deep convective and stratiform rains, regard-
less of location and season. The seasonal variability of
the structures is very remarkable in the mid-latitudes
of East Asia. However, we can neglect such variabil-
ity over the South China Sea regardless of rain type
except in winter, i.e. the precipitations are basically
of tropical type in the region from spring to autumn.
Distributions of CRADs illustrate a wide range of sur-
face rainfall rate for most deep convective rains, and
light rainrate for most stratiform rains in East Asia, re-
gardless of over land or ocean. They also show a wider
range of surface rain rate for deep convective rains over
the continental land than over the oceanic regions. For
stratiform rains, their surface rainfall rates are wider in
the South China Sea than in the mid-latitude region.
The mean profile analysis of deep convective rains in-
dicates that the vertical structure of precipitation over
the South China Sea can be divided into 4 layers, ice
layer, mixture layer, rain layer, and evaporation layer
from the top to near the surface except in winter. The
division is similar to that in our previous studies for
precipitation in tropics. We can find the four layers
in the mid-latitude, land, and ocean areas in summer.
In the other seasons, the evaporation layer is not ob-
vious. For stratiform rain, only three layers, ice layer,
mixture layer, and rain layer, exist regardless of season
and place. We also noticed that the mixture layer of
deep convective rain is deeper than stratiform’s. We
determined the maximum value of RMSs appearing
at the freezing level for both rain types in East Asia
in each season. The RMSs increase with surface rain-
fall rate. This implies very complicated rain formation
processes within the freezing level.
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