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ABSTRACT

Assuming that cloud reaches static state in the warm microphysical processes, water vapor mixing ratio
(qv), cloud water mixing ratio (qc), and vertical velocity (w) can be calculated from rain water mixing
ratio (qr). Through relation of Z-qr, qr can be retrieved by radar reflectivity factor (Z). Retrieval results
indicate that the distributions of mixing ratios of vapor, cloud, rain, and vertical velocity are consistent with
radar images, and the three-dimensional spatial structure of the convective cloud is presented. Treating qv

saturated at the echo area, the retrieved qr is about 0.1 g kg−1, qc is always less than 0.3 g kg−1, w is
usually below 0.5 m s−1, and rain droplet terminal velocity (vr) is around 5.0 m s−1 in the place where radar
reflectivity factor is about 25 dBz; in the place where echo is 45 dBz, the retrieved qr and qc are always
about 3.0 g kg−1, w is greater than 5.0 m s−1, and vr is around 7.0 m s−1. In the vertical, the maximum
updraft velocity is greater than 3.0 m s−1 at the height of around 5.0 km, the maximum cloud water content
is about 3.0 g kg−1 above 5 km and the maximum rain water content is about 3.0 g kg−1 below 6 km. Due
to the assumption that the cloud is in static state, there will be some errors in the retrieved variables within
the clouds which are rapidly growing or dying-out, and in such cases, more sophisticated radar data control
technique will help to improve the retrieval results.
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1. Introduction

The water phase transition and concomitant dy-

namic and thermal effects, generally called wet pro-

cess, are very important to numerical weather pre-

diction (NWP). Conventional observation is incapable

of measuring mesoscale information and hydromete-

ors are not the direct observational elements. Thus

hydrometeors are usually not analyzed in initial field

but are created by model integration for a period of

time. This causes the model precipitation behind the

realization. With the development of high resolution

numerical forecasting and observation techniques, as

well as the progress of cloud-resolution model, espe-

cially with the increasing of radar and other indirect

meteorological data, exploitation of indirect meteoro-

logical data is becoming a new direction of data as-

similation technology (Chen and Xue, 2004).

Lin et al. (1993) developed the procedure of us-

ing radar data into initializing cloud-resolution model,

and found that observation within 15 min is consis-

tent with the prediction. Xue et al. (1998) utilized

retrieved cloud water from radar reflectivity factor to

the initial field and discovered a positive impact on the

simulation of squall line. Guo et al. (1999) used radar

data to change the humidity of initial field and ame-

liorated the prediction result of precipitation. Li et al.

(2004a) made a prediction for 1 h with the cloud phys-

ical elements retrieved from radar reflectivity factor.

Sheng et al. (2006) made experiments to compare the

relative importance between assimilating radar data

and increasing model resolution. Zhang et al. (2006)

estimated wind using radar echo. However, other re-

searches indicated that changing dynamic factors or
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thermodynamic factors of initial field separately could

not make obvious improvement of prediction (Ni-

nomiya and Kurihara, 1987).

Takano and Segam (1993) and Aonashi (1993)

conducted experiments to enhance initial dynamical

field and thermal field at the same time using radar

data. Takano and Segam (1993) based on radar reflec-

tivity factor to adjust the vertical profiles of tempera-

ture and humidity. Hu and Yan (1987) acquired initial

hydrometeors by running model for a period of time

under the condition of keeping dynamic field as con-

stant, then used this initial field to restart model, im-

proved rain prediction, and ameliorated the phenom-

ena of precipitation lag at the early stage of prediction.

But the applicability of the method entirely depended

on the initial dynamic field. Sun and Crook (1997) de-

veloped a four-dimensional variational Doppler radar

analysis system (4D-VDRAS). Xu et al. (2004) con-

ducted numerical experiments using 4D-VDRAS. Li

et al. (2004b) assimilated radar reflectivity factor by

the relation with rain water mixing ratio adopted a

three-dimensional variational technology. The advan-

tage of variational methods lies on adopting nonlin-

ear observational operators, extending the applicable

field of observation. But these methods have rigid de-

mands on operators while using tangent linear tech-

nology, whereas physical processes used in the varia-

tional method were largely simplified and could not

describe the whole physical process. Because of the

complexity in the method and its high computational

cost, variational technologies are not irreplaceable in

the operational application of radar data assimila-

tion.

Physical variables of hydrometeors are main pur-

poses of radar data retrieval. Precipitation not only

is the main object of NWP but also plays an impor-

tant role of direct feedback in atmosphere thermal,

dynamical, and radiation processes via phase trans-

form releasing latent heat, hydrometeor loading, and

air density change (Liu and Hu, 2001; Liu et al.,

2003; Lou et al., 2003). If only partial information

of radar data is used, microphysical process may not

match with dynamic process. For instance, while in-

troducing hydrometeors based on observations into the

descending domain of model, subsidence will be en-

hanced because of the evaporation of hydrometeors

which leads to air cooling and cannot produce pre-

cipitation, then observations are rejected by model

and even deteriorate model. Therefore, there are two

important problems that the initialization of cloud-

resolution model is facing, one is the initial value of

cloud physical elements, and the other is the initial

structure of mesoscale weather system. Retrieving-

nudging method is used in this paper to initialize

model. Cloud water, rain water, and vertical veloc-

ity retrieved by a one-dimensional steady model are

used as the original value firstly, and then nudging

technology is introduced to push this original value

into a three-dimensional time-varying model. Eventu-

ally a physics-harmonious and observation-consistent

atmospheric state is gained.

2. Water balance equations in cloud

Water exists in cloud in gaseous, liquid, and solid

states. The liquid water can be further divided into

cloud water (qc) and rain water (qr), and the solid wa-

ter can be divided into ice crystal (qi), graupel (qg),

snow (qs), hail (qh), etc. Water balance equations are

generally written as the following (Sheng et al., 2003).

dqm

dt
=

1

ρ

∂

∂z
(ρvmqm) + pm + Dqm, (1)

where variable qm is the mixing ratio of certain kind

of hydrometeor in air, vm is the mean terminal falling

speed of hydrometeors, pm is the transfer rate between

different kinds of hydrometeors, ρ is air density, and z

is height. On the right of Eq.(1), the first term is hy-

drometeor’s drop term, the second is source/sink term,

and the third is diffusion term. Drop term can be with-

out consideration for cloud droplet and ice crystal and

other small particles owing to their turbulence nature,

raindrop and other larger particles can omit the diffu-

sion term. Consequently, Eq. (1) can be rewritten as

follows in Euler coordinates:

∂qm

∂t
= −V · ∇qm +

1

ρ

∂

∂z
(ρvmqm) + pm + Dqm. (2)
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The first term on the right of Eq.(2) called advec-

tion term, and V is a three-dimensional vector wind.

For warm rain process without ice phase, equations of

vapor (qv), cloud water (qc), and rain water (qr) can

be written as

∂qv

∂t
= −V · ∇qv + PRE − PCON + Dqv, (3)

∂qc

∂t
= −V · ∇qc + PCON − PRC − PRA + Dqc, (4)

∂qr

∂t
= −V · ∇qr +

1

ρ

∂

∂z
(ρvrqr) + PRC + PRA

−PRE + Dqr, (5)

where PRE is the rain evaporation rate in unsaturated

air, PCON is the condensation rate from vapor to cloud

water, PRC is the autoconversion rate from cloud wa-

ter to rain water, PRA is the accretion rate of cloud

water by colliding rain, and vr is the terminal falling

velocity of raindrop. These terms are generally called

microphysical conversion terms, positive or negative

signs before these terms are used to identify the tran-

sition direction of hydrometeors, and the expressions

of these terms are always gained by parameterization

methods or microphysical schemes.

3. Microphysical parameterization process

Microphysical process is an important portion in

cloud model. Given the spectra of condensation nu-

clei and hydrometeors and graded according to the

size or quality standards, some empirical or statisti-

cal parameters are imported to express the conversion

among hydrometeors and the interaction between mi-

crophysics processes and macrodynamic and thermal

processes. According to warm rain scheme (Kessler,

1969), the autoconversion rate term, PRC, can be rep-

resented as

PRC =

{

α(qc − qcrit) qc > qcrit

0 qc < qcrit.
(6)

The accretion rate term, PRA, is (Miller and Pearce,

1974)

PRA = γqcq
7/8
r . (7)

The evaporation rate term, PRE, is (Kessler, 1969)

PRE = β(qvs − qv)(ρqr)
0.65. (8)

According to pseudo-adiabatic process, if liquid drops

fall out of air parcel as soon as generated, the conden-

sation rate term, PCON, can be written as

PCON = −
dqvs

dt
= −C

dp

dt
= −Cω, (9)

where C is a condensation function defined as (Tao

and Xie, 1989)

C = −
dqvs

dp
=

qvsT

p

( LvR − cpRvT

cpRvT 2 + (qvs/1000.0)L2
v

)

. (10)

Hydrostatic relationship is assumed in back-

ground fields and based on the first order approxi-

mation of vertical movement equations, the relation-

ship of vertical speed between p-coordinate (ω) and

z-coordinate (w) can be written as

ω = −ρgw. (11)

Substituting Eq.(11) into Eq.(9), we can derive

PCON = ρgCw. (12)

Saturation mixing ratio in Eq. (10) is given by (Sun

et al., 1997)

qvs =
380000

p
exp

[17.27(T − 273.16)

T − 35.86

]

. (13)

The unit of vapor mixing ratio, cloud water mix-

ing ratio, and rain water mixing ratio is g kg−1, and

the unit of PRC, PRA, PRE, and PCON is g kg−1

s−1. The parameters mentioned above are as fol-

lows: α=0.001 s−1, β=0.0486 s−1, γ=0.002 s−1, and

qcrit=1.5 g kg−1. The latent heat of evaporation

Lv=2.5×106 J kg−1. The unit of air density is kg

m−3, temperature (T ) is K, pressure (p) is Pa, ω is

Pa s−1, w is m s−1, condensation function (C) is g

kg−1 Pa−1, and gravity acceleration g=9.81 m s−2. cp

is the specific capacity of air at constant pressure, here

the specific capacity of dry air cpd= 1005 J kg−1 K−1

is adopted. Vapor constant Rv=461.51 J kg−1 K−1.

4. Derivation process of retrieval scheme

4.1 Relations between radar reflectivity factor

and hydrometeors

Under the effect of gravity, the speed of a falling

drop increases until the air resistance equals the pull
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of gravity quickly. As the drop continues to fall, it

begins to fall at a constant speed, which is called ter-

minal velocity. By definition, radar reflectivity factor

and terminal velocity both have relations to the type of

precipitation and the spectrum of hydrometeors. For

the warm rain process only considering liquid water,

where assuming a Marshall-Palmer drop-size distribu-

tion, the Z-qr relation is (Sun et al., 1997)

Z = 43.1 + 17.5log(ρqr). (14)

The vr-qr relation is

vr = 5.40α · (ρqr)
0.125, (15)

α = (p0/p)0.4. (16)

The unit of air density is kg m−3, radar reflec-

tivity factor (Z) dBz, rain water mixing ratio g kg−1,

basis pressure p and surface pressure p0 Pa, and rain-

drop terminal velocity (vr) m s−1.

Getting pressure (p) and temperature (T ) from

model forecast or observation firstly, air density can

be calculated from the equation of state

ρ = p/RT, (17)

where R is air constant, and the dry air constant

Rd=287.05 J kg−1 K−1 is adopted here. By rewriting

Eq.(14), rain water mixing ratio can be gained from

radar reflectivity factor in the form

qr = 10(Z−43.1)/17.5/ρ, (18)

and then the raindrop terminal velocity vr can be cal-

culated by substituting qr into Eq.(15).

4.2 Simplification of water balance equation in

warm rain process

Precipitation is a complex mutual influence pro-

cess among dynamics, thermodynamics, and hydrom-

eteors occurring in the atmosphere. When the phys-

ical properties of precipitation keep stable, variables

do not change with time, which is called static state.

Precipitation usually lasts for several hours or more

than ten hours, in which its formation and dissipation

phases take a relatively short time, and mature stage

maintains for a long time and approximates a steady

state. Hu et al. (1996) used the typical updraft dis-

tribution data which were observed from all kinds of

rain bands occurring in extratropical cyclonic cloud

systems, to calculate hydrometeors respectively with

a one-dimensional model. Results indicated that the

vertical distribution of precipitation flux at static state

was consistent with observations in most situations.

This demonstrated that the one-dimension static state

hypothesis can reflect the real state of mature cloud

properly. Therefore, under the assumption of static

state, taking no account of turbulence and horizontal

advection of cloud water and rain water, Eqs.(3), (4),

and (5) can be rewritten as

∂qv

∂t
= −V · ∇qv + PRE − PCON = 0, (19)

∂qc

∂t
= −w

∂qc

∂z
+ PCON − PRC − PRA = 0, (20)

∂qr

∂t
= −w

∂qr

∂z
+

1

ρ

∂

∂z
(ρvrqr) + PRC + PRA

−PRE = 0. (21)

If rain water falling fluxes decrease with increas-

ing of height, then the air is assumed to be saturated

in this level and no evaporation occurs, i.e., PRE=0. In

this case, super-saturation is not permitted, and con-

densation occurs as soon as the air reaches saturation.

From Eqs.(12) and (19), we obtain

dqv

dt
= −PCON = −Cρgw. (22)

Adding Eqs.(20) to (21) and with the aid of Eq.(22),

we can derive

w(
∂qr

∂z
+

∂qc

∂z
− ρgC) =

1

ρ

∂

∂z
(ρvrqr), (23)

namely

w =
1

ρ

∂

∂z
(ρvrqr)/

(∂qr

∂z
+

∂qc

∂z
− ρgC

)

. (24)

Adding Eqs.(6) to (7), the term of PRC+PRA can be

written as











PRC + PRA = γq0.875
r qc qc 6 qcrit

PRC + PRA = (γq0.875
r + α)qc

−αqcrit qc > qcrit.

(25)
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Substituting Eq.(25) into Eq.(21) leads to

qc =



































−

[1

ρ

∂

∂z
(ρVrqr) − w

∂qr

∂z

]

·(γq0.875
r )−1 qc 6 qcrit

−

[1

ρ

∂

∂z
(ρVrqr) − w

∂qr

∂z

−αqcrit

]

(γq0.875
r + α)−1. qc > qcrit

(26)

Numerical solutions of vertical velocity (w) and

cloud water mixing ratio (qc) can be gained by use of

the iteration method from Eqs.(24) and (26).

The first and second terms in the denominator on

the right side of Eq.(24) are far less than the third

term, and thus we neglect the second term. PRC is far

less than PRA and can also be omitted. Then, we can

derive the directly solvable equations as below:






















qv = qvs

w =
1

ρ

∂

∂z
(ρvrqr)/(

∂qr

∂z
− ρgC)

qc = −[
1

ρ

∂

∂z
(ρvrqr) − w

∂qr

∂z
]/(γq0.875

r ).

(27)

The solution of Eq.(27) can be used as the initial value

of iteration method.

Now, under prerequisite that hydrostatic relation

is satisfied in background fields, and precipitation re-

mains a stationary state, ignoring horizontal advection

and turbulence, and based on the warm rain process,

we may extract the microphysical fields (qv, qc, qr) and

dynamic field (w), using radar reflectivity factor data

with the help of pressure and temperature in back-

ground fields. It should help to release the physical

variables inconsistent problem, caused by only retriev-

ing one of them, in the initial field of model to a certain

extent.

5. Preprocessing of radar volume scan data

Calculation is convenient in the Cartesian coor-

dinate system, and then it is needed to transform

radar volume data into constant altitude levels. Mohr

and Vaughan (1979) designed an economic coordinate

transformation method; Zhou and Zhang (2002) and

Liang et al. (2004) also did research in this area. The

coordinate transformation and quality control method

used in this paper will be described below based on

the needs. The radar volume data employed in this

paper are from “Research on the Formation Mecha-

nism and Prediction Theory of Hazardous Weather of

China”, the National Natural Science Foundation of

China (973 Project). This S-band Doppler weather

radar situates at Hefei (31.867◦N, 117.258◦E), Anhui

Province with an antenna altitude of 165 m. The res-

olution of reflectivity data in a radial direction is 1

km, the 14 elevations in vertical are: 0.5◦, 1.5◦, 2.4◦,

3.4◦, 4.3◦, 5.3◦, 6.2◦, 7.5◦, 8.7◦, 10.0◦, 12.0◦, 14.0◦,

16.7◦, and 19.5◦, with about 360 radial spacing ap-

proximately 1◦ apart on each level.

5.1 Coordinate transformation

Set radar horizontal situation on the sea level as

the coordinate origin, x-axis pointing to east, y-axis

pointing to north, and z-axis pointing upward, then











x = rcosθsinϕ

y = rcosθcosϕ

z = h0 + rsinθ + 0.375× (rcosθ)2/Re,

(28)

where (x, y, z) is the grid point in the Cartesian coor-

dinate system, (r, θ, ϕ) is the corresponding site (slant

range, elevation, azimuth) in the spherical coordinate

system, h0 is the elevation of radar antenna, and the

earth’s radius Re=6378150 m.

5.2 Interpolation of radar reflectivity data

Giving the grid spacing (d) of every direction

based on requirement, we can construct a cuboid grid-

ding with the origin at radar antenna situation, and

then fix the grid point (xo, yo, zo) gained by Eq.(28)

on the gridding (i, j, k).











i = nint(xo/d + Ia/2 + 1)

j = nint(yo/d + Ja/2 + 1)

k = nint[(zo − h0)/d],

(29)

where set d=500 m in every dimension, Ia and Ja are

the total grid number of x-axis and y-axis, respec-

tively, and “nint” means rounding off to the nearest

integer.

The radar observation density and reliability de-

crease with the distance increasing both in horizontal

and vertical directions, at the place 150 km away from

the radar situation, the spacious resolution enlarges

to about 4 km, thus, it is necessary to perform further
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smoothing process. In this paper, the average value

of all points within horizontal 5-km and vertical 3-km

ranges is taken as the value at central grid point of the

cuboid.

5.3 Simple quality control

Quality control is necessary before the use of

radar data. This paper mainly treats with the follow-

ing points. Firstly, remove the isolated points in the

horizontal directions. If the total number of observa-

tion point is less than 3 within 2 km of a point, then

this point will be removed as a discrete observation.

Secondly, get rid of clutter on levels near the ground.

If there is no observation echo at a point on the level of

4 km above the antenna, but the corresponding point

below 4-km levels has, then these data on low levels

will be abandoned.

5.4 Results of the preprocessing

Figure 1 shows the reflectivity images on the 4-

km level above radar antenna which are calculated

through the method presented above, at 0201 BT 5

July 2003 at Hefei radar station. It can be seen that

the two pictures are very similar. The contours are

smoother on the picture gained by the technique of

this paper, and weak echo at the rim of echo area is

slightly enlarged due to taking the average of several

points, but this will not influence the successive anal-

ysis, because we do not calculate cloud water content

and vertical velocity at a point with echo intensity

less than 20 dBz, and only set the vapor at this point

to be saturated. We did not compare them on other

levels because there is no image provided by radar sta-

tion. The quality of processing result becomes worse

at the place far away from radar site on account of the

sparse observation, thus only the data below 10 km

and within 150-km range from radar site are utilized

in the subsequent retrieval and experiments.

6. Retrieval results

Figure 1 displays a typical precipitation echo con-

taining stratus and cumulus on the Meiyu front, and

there are several meso-γ cells embedded in a meso-β

weather system. Based on the introduction of Zhang

et al. (2001) to the Meiyu front precipitation echo,

the echo whose density below 30 dBz is usually stra-

tus, and there are always several cumulus, whose hor-

izontal scale is about 5–30 km and echo density ex-

ceeds 40 dBz even beyond 50 dBz, spread on the broad

stratus system. By the definition of Rutledge (1990),

mesoscale convective system (MCS) means the precip-

itation weather system with a horizontal scale ranging

from 100 to 500 km, live time at least several hours

and generated prominent convective activities in its

duration. In the different life stages of MCS, there is

obvious change of the coverage of stratus and cumu-

lus. In the initial stage, convective precipitation is at

the dominating situation, the stratus area is usually

as large as that of cumulus in a short time, and

Fig.1. Comparison of 4-km height reflectivities (dBz) between (a) CAPPI image (range 150 km, Hefei
radar, 0201 BT 5 July 2003) and (b) output treated by this paper’s technique (grid spacing 1 km) at Hefei.
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then at mature stage, stratus area always spreading

three times cumulus coverage, finally, precipitation

is mainly caused by stratus at the dying out stage.

Therefore, the whole echo images in Fig.1 can be con-

sidered as an MCS.

In the following experiments, the echo area is set

saturated, and calculation will not be made at the area

where echo density below 20 dBz (no precipitation) or

beyond 55 dBz (hail), retrieved results at 4-km height

are shown in Fig.2. Comparing Figs.2b, c, e with

Fig.1b, we can see that the spacial distributions of rain

water, cloud water, and vertical velocity are consistent

with radar echoes, and the magnitudes of variables in-

crease quickly with intensification of echo. Cloud wa-

ter and rain water have the same order of magnitude

and below 0.5 g kg−1 in most areas, the maximum is

about 3.0 g kg−1, and therefore the superior limit of

rain water is set as 5.0 g kg−1. Ascending velocity

in most areas is less than 0.3 m s−1, the maximum

is about 3.0 m s−1, then the upper limit of vertical

velocity is set as 5 m s−1. Figure 2a indicates that

the raindrop terminal velocity is rarely beyond 10.0 m

s−1, and the distribution of magnitude is according to

echo density. Just as mentioned by McDonald (1958),

Fig.2. The 4-km height physical variable fields of (a) rain droplet terminal velocity and (e) air vertical
velocity in m s−1, and (b) rain water, (c) cloud water, and (d) water vapor mixing ratio in g kg−1, at Hefei
(grid spacing: 1 km).
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Fig.2. (Continued)

typical raindrop has a radius of about 1000 µm, num-

ber density is about 103 m−3 with the terminal ve-

locity of 6.5 m s−1. Figure 2d shows vapor field set-

ting saturated. The analysis above indicates that the

magnitudes of physical variables are rational, and the

different characteristics between stratus and cumulus

as depicted by Zhang et al. (2001) and Sheng et al.

(2003) are as follows: The convective cloud is thick

with intense ascendant current and the great water

content inside, the average ascending velocity is

several centimeters per second. The maximum upward

speed can reach 20–30 m s−1 commonly in the middle

of intensive convective cloud. Mean water content in

convective cloud is about several grams per stere, with

the maximum exceeding 10 g m−3. Convective cloud

top usually reaches 7–8 km, even stretches into the

stratosphere. Convective cloud generally causes heavy

precipitation, and the rainfall intensity can reach 20–

30 mm h−1, even beyond 50 mm h−1. However, as-

cending speed in stratus is only several centimeters

per second usually, and precipitation can last for more

than several hours. Nimbostratus has a relatively

bigger precipitation intensity and longer precipitation

time among all kinds of stratus. The water content in

stratus is close to adiabatic water content. It is gen-

erally one to two orders smaller than that of cumu-

lus, about 10−2–10−3 g m−3. Stratus generally causes

weak precipitation, about 0.7–2.7 mm h−1.

The vertical distributions of physical variables are

clearly displayed in Fig.3, showing that intensive echo

area is mainly below 6 km, and the echo top is be-

yond the elevation of 10 km. The vertical structures

of rain water, cloud water, vertical velocity, and rain-

drop terminal speed are consistent with that of radar

echo. Because of temperature and pressure decrease

with the increase of altitude, saturated vapor mixing

ratio also reduces with height. Corresponding rain-

drop terminal velocity is about 5 m s−1, rain water

content is about 0.1 g kg−1 of the 25-dBz echo, the

cloud water content generally below 0.3 g kg−1 with a

higher situation opposite to rain water, and the ver-

tical velocity is commonly not more than 0.5 m s−1.

To the echo whose intensity is 45 dBz, the correspond-

ing raindrop terminal velocity is about 7 m s−1, rain

water content is about 3.0 g kg−1, cloud water con-

tent also reaches 3.0 g kg−1 but at higher situation

comparing to rain water, and ascending velocity even

may reach 5 m s−1. All these features are satisfied

with the description about the Meiyu frontal torren-

tial rain pattern by Zhang et al. (2001).

The vertical profiles of physical variables at one

point in intensive echo areas, where convective activ-

ity is strong, are plotted in Fig.4. We can see that

rain water is mainly located below 6 km and the max-

imum content occurs at the height of 4 km, ascending

speed reaches peak at 5 km, cloud water mostly at the
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height above 5 km, raindrop terminal velocity only

has slight alteration vertically with the maximum at

5 km. These characteristics verify that this is a Meiyu

frontal heavy rain, not a severe storm system, because

the height of extensive echo and existing maximum in

negative temperature area in cloud are the major fac-

tors to distinguish heavy precipitation thunderstorm

and hail-causing thunderstorm. In the Meiyu frontal

cloud system, intensive echo area is located below 0◦C

height and echo intensity rapidly reduces with the in-

crease of height above 0◦C level, indicating big rain-

drops are mainly concentrated in warm domain below

the height of 0 ◦C and precipitation is chiefly caused

through coagulation process. The moderate ascending

velocity in cumulonimbus in Meiyu front usually does

not exceed 3 m s−1 (Zhang et al., 2001).

The above analyses indicate that the spacial dis-

tributions of physical factors retrieved in this paper ac-

cord with radar echoes and their magnitudes are ratio-

nal, and displayed the features of Meiyu frontal precip-

itation, the distinctions between cumulus and stratus

are very clear. Especially to convective cloud whose

echo intensity greater than 35 dBz, cloud microphysi-

cal elements and vertical velocity are coordinated quite

well both in magnitude and position. The retrieval re-

sults must pass through further processing before used

as initial state, because they still do not match with

the horizontal winds, temperature, and pressure in the

initial field. Nudging technique is adopted to carry out

this task, and the details and related experiment re-

sults are presented by Liu et al. (2007).

Fig.3. x − z cross section of (a) reflectivity (shading; dBz) and raindrop terminal velocity (contours; m
s−1), (b) rain mixing ratio (shading; g kg−1) and vertical velocity (contours; m s−1), and (c) cloud water
(shadings) and water vapor (contours) mixing ratio (g kg−1) along y=135 (grid spacing: 1 km).
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Fig.4. Vertical profiles of various physical

variables (units are the same as Fig.3) at grid-

point (208, 135).

7. Discussion and conclusion

The processing of radar observations and the re-

trieval technique of vapor, cloud water, rain water,

and vertical velocity were presented in this paper.

The comparison results at 4-km height indicate that

the radar data processing method developed in this

paper is available within the radius of 150 km cen-

tered at radar cite. The magnitudes of retrieval of

hydrometeors and vertical velocity are reasonable,

and the spacial distributions are consistent with the

radar echo and compatible each other. The main

features of heavy rain occurring on Meiyu front are

exhibited obviously, and there are notable differences

between stratus and cumulus. Retrieval schemes are

developed under the assumption that precipitation

keeps constant, which could bring errors when used in

growing period or dissipating stage. Furthermore, the

density of observation has important impact on the

quality of retrieval results, the cone areal above radar

is disadvantage for data lacking at this area, the place

far away from radar should lead to very big values of

cloud water and vertical speed when derivating with

respect to height because of the sparse observation.

The joint utilization of neighboring radars’ data will

help to mend the deficient of data.
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