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ABSTRACT

The detailed kinematic structure of a heavy rain event that occurred in the middle reaches of the
Yangtze River was investigated using dual-Doppler radar observation. A variational analysis method was
developed to obtain the three-dimensional wind fields. Before the analysis, a data preprocessing procedure
was carried out, in which the temporal variation with the scanning time interval and the effect of the earth
curvature on the data position were taken into account. The analysis shows that a shear line in the lower
and middle levels played an important role in the rainfall event. The precipitation fell mainly on the south
end of the shear line where southerly flow prevailed and convergence and updraft were obvious. With the
movement and decay of the shear line, the precipitation moved and decayed correspondingly.
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1. Introduction

Heavy rain within the mei-yu front is the prime
weather disaster in summer which occurs in the middle
and lower reaches of the Yangtze River in China. The
initiation and development processes associated with
the phenomenon have been widely explored by means
of synoptic-dynamic meteorology and numerical mod-
els by many scholars (e.g., Feng et al., 2001; Wang and
Li, 2002; Chen, 1989; Zhao et al., 1998). However,
for lack of necessary observations, the knowledge of
the detailed kinematic and thermodynamic structure
is still scarce, which also hampers our understanding
of the physical mechanisms that initiate and maintain
mesoscale heavy rain.

Doppler radar is currently the most powerful in-
strument for observing the structure of mesoscale sys-
tems and has been applied widely in mesoscale stud-
ies (e.g., Brandes, 1977; Ray et al., 1981; Carbone,
1983; Kessinger et al., 1987; Parsons and Kropfli, 1990;
Atkins et al., 1995; Dowell and Bluestein, 1997). Dur-
ing the summers of 2001 and 2002, a field experiment
called CHeRES (China Heavy Rain Experiment and
Study) was performed to understand the physical pro-
cesses of the heavy rain within the mei-yu front. In
addition to routinely available synoptic data, multiple

radar networks in the middle and lower reaches of the
Yangtze River collected abundant observations. This
provides the possibility for investigating the precise
kinematic structure of the heavy rain occurring in this
region.

In theory, the three-dimensional structure can be
obtained by dual-Doppler observations in the precip-
itation area. However, because the observations of
two radars differ in location and time and the verti-
cal air component is determined basically by integrat-
ing the air mass continuity equation, in the classical
compound technique (Testud and Chong, 1983) the
raw data has to be interpolated to equally spaced grid
points and iterative procedures are required to mod-
ify the vertical velocity. These procedures introduce
errors and uncertainty into the analysis. Then a vari-
ational method can be used to unaffectedly combine
the interpolation with the analysis procedures (espe-
cially since the interpolation is from equally spaced
grid points onto observation locations) and can im-
prove the analysis. So the method has been used even
more in current dual-Doppler analysis.

In the present paper, a heavy rain event occur-
ring in Hubei on 22 July 2002 was selected as the case
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study.

2. Analysis techniques

Dual-Doppler analysis is a general term for the
process of constructing the wind field by using radial
wind observations from two Doppler radars. The tech-
niques have been developed since the late 1960s. Early
dual-Doppler analyses stressed the synthesis of two
independent Doppler velocity estimates in cylindrical
(COPLAN) coordinates (e.g., Armijo, 1969; Lhermitte
and Miller, 1970; Miller and Strauch, 1974). Subse-
quently, many dual-Doppler synthesized analyses were
performed directly in the Cartesian system of coordi-
nates instead of the COPLAN system (Brandes, 1977;
Ray et al., 1980, 1981). Recently, variational methods
that combine observations and physical constraints
have been explored to retrieve 3D wind structures (Sun
and Crook, 1997, 1998; Gao et al., 1999; Protat and
Zawadzki, 1999, henceforth referred to as PZ99).

The aforementioned methods often suffer from no-
table difficulties, including the setting of vertical ve-
locity boundary conditions, spatial interpolation er-
rors, discretizations, uncertainties in radial wind esti-
mates (due to sidelobes and ground clutter), and the
nonsimultaneous nature of the measurements, These
problems have been discussed in Miller and Strauch
(1974), Ray et al. (1980), Gal-Chen (1982), Testud
and Chong (1983), Chong et al. (1983a, b); Ziegler et
al. (1983), and Shapiro and Mewes (1999). Moreover,
since the microwave transmission curve is not straight
and the earth’s surface is not flat, the reliability of the
dual-Doppler radar retrieval is questionable (Zhang et
al., 2002).

The most pronounced difficulty is severe error ac-
cumulation in the vertical velocity when using the clas-
sical upward integration of the continuity equation.
And this may affect the retrieval of the full 3D wind
field. Therefore, many attempts have been proposed
to improve the integration of the continuity equation.
A recently proposed analysis technique for reducing
vertical velocity errors comes from PZ99 and Gao et.
al. (1999). PZ99 present an alternative to the con-
straining technique of Lateef (1967), O’Brien (1970),
and Ray et al. (1980) for combating accumulating di-
vergence errors. In this technique, the vertical velocity
field at a given level is a linear combination of upward
and downward integrations of the continuity equation.
However, this technique requires the vertical velocity
boundary conditions to be specified at both the top
and bottom of the analysis domain. In particular, Gao
et al. (1999) applied the anelastic mass conservation
equation as a weak constraint, and the severe error

accumulation in the vertical velocity was reduced be-
cause the explicit integration of the anelastic continu-
ity equation is avoided.

In this paper, a technique based on a variational
approach is used to retrieve the complete wind field.
Before the processing of dual-Doppler analysis, a cor-
rection was performed to alleviate the errors associ-
ated with the nonsimultaneous nature of the measure-
ments, the curvature of the earth, and the microwave
transmission curve. The procedure proceeds as fol-
lows. First, the ranging of the radar observations
is performed. Then, two successive volume scans of
radar data are selected and the measurements are lin-
early interpolated to a single reference time. The pro-
cessed data is then used as the input data for the dual-
Doppler analysis.

The basic idea of the variational method is to ad-
just the analysis variables under some constraints so
that the output variables match the observations as
closely as possible. Now the wind components u, v,
and w̃ in Cartesian coordinates are analysis variables.
Here w̃ = w − wt, where wt is the terminal velocity
of precipitation. Thus, we define a cost function as
follows:

J(u, v, w̃)=
∑
m

p1[R(u, v, w̃)−vr,obs]2m+
∑
i,j,k

p2C
2
i,j,k

+
∑
i,j,k

p3S
2
i,j,k +

∑
i,j,k

p4B
2
i,j,k . (1)

Here pi (i = 1, 2, 3, 4) are the weightinged coefficients.
The index m represents the observation point for both
radars; i, j, and k represent grid point indexes in
Cartesian coordinates; vr, obs is the observed radial ve-
locity; R stands for a function that maps the analysis
variables (u, v, and w̃) from the analysis grid to the
observed points. Here R has two components. The
first component maps the analysis variables onto the
data grid (m) by making a linear interpolation. The
second component maps the analysis Cartesian veloc-
ity components onto the analysis radial velocity vr,m,
and is given by

vr,m = αmum + βmvm + γmw̃m , (2)

where αm, βm, and γm are the direction cosines of the
m th observation point, in the x, y, and z directions
respectively, of the radar beam. Obviously the first
term of the cost function represents the distance be-
tween the observed and analyzed radial velocity.

The second term of the cost function imposes a
mass conservation equation constraint on the analyzed
wind field. Here, we use

C =
∂u

∂x
+

∂v

∂y
+

∂w

∂z
− qw , (3)
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where q = −∂ ln p/∂z, and the value of q is 10 −4 m−1

for the standard atmosphere. In the present paper, we
have specified the value of w at the lower boundary,
namely, ws = 0.

The third term of the cost function is a smoothness
constraint where S2 is defined as follows:

S2 = S2
u + S2

v + S2
w , (4)

S2
u =(ui+1,j,k + ui−1,j,k + ui,j+1,k + ui,j−1,k

+ ui,j,k+1 + ui,j,k−1 − 6ui,j,k)2 , (5)

The equations for S2
v and S2

w are similar to the equa-
tion for S2

u. This smoothness term can reduce the
effect of observational error on the analysis results.

The fourth term of the cost function is a back-
ground constraint and is defined as

B2
i,j,k =(ui,j,k − ui,j,k,b)2 + (vi,j,k − vi,j,k,b)2

+ (w̃i,j,k − w̃i,j,k,b)2 , (6)
where subscript b denotes the background field. To
extend the region of the analysis field and reduce the
observational error, three steps of analysis were car-
ried out. First, a double grid interval is used in our
analysis with no background (p4 = 0). Then the orig-
inal grid interval is used with the above results as the
background field. Finally, some missing areas are filled
by internal interpolation in the analysis field.

The problem is then to minimize the cost func-
tion J , and the quasi-Newton algorithm (Gilbert and
Lemaréchal, 1989) is used to find the minimum. In
our method, the iterative number of each analysis is
30, and the root-mean-square error (rms) between the
analyzed velocity and observed velocity often reaches
1–2 m s−1.

3. Data availability and analysis result

3.1 Data availability

A heavy rain occurred in the middle area of the
Yangtze River on 22 July 2002, with which the associ-
ated synoptic situation was an upper trough and warm
shear line in the middle and lower levels of the atmo-
sphere. From 0800 LST 22 July to 0800 LST 23 July,
six surface stations in Hubei Province reported more
than 100 mm of rainfall. A dual-Doppler radar net-
work also captured this mesoscale precipitation event.

One of the radars was an S-band Doppler radar lo-
cated at Yichang (30.70◦N, 111.29◦E), and the other
was a C-band Doppler radar located at Jingzhou
(30.327◦N, 112.192◦E). The volume scanning mode for
the Yichang radar consists of 14360 azimuth sweeps
performed in ∼ 6 min, with an azimuthal resolution
of 1.0◦ and gate spacing of 250 m/1000 m (veloc-
ity/reflectivity) over a maximum range of 230 km/460
km (velocity/reflectivity). The elevation angles are

0.5◦, 1.5◦, 2.4◦, 3.4◦, 4.3◦, 5.3◦, 6.19◦, 7.5◦, 8.69◦,
10.0◦, 12.0◦, 14.0◦, 16.7◦, and 19.5◦. The operation
mode for the Jingzhou radar consists of a sequence of
14512 azimuth sweeps obtained in ∼ 6 min, with an
azimuthal resolution of 0.7◦ and gate spacing of 300
m over a maximum range of 150 km. The Jingzhou
radar, which has a Nyquist velocity of 12.4 m s−1, was
operated in coordination with the Yichang radar. The
distance between the two radars was about 96 km. Fig-
ure 1 shows their locations in the observational area.

At 1108 LST 22 July 2002, precipitation moved
over the dual-Doppler lobes. Two convective cells as-
sociated with this heavy rain appeared in the south
of Yichang in the radar images (not shown). The cells
moved from southwest to northeast. After three hours,
the left reflectivity cell evolved into stratiformis, while
the right one evolved into a convective cloud band. In
this case, a posterior convective cloud played a major
role in the intensification of the right cell. At the mo-
ment, this cell became weak and gradually moved out
of the observational area.

To provide a better insight into the three-
dimensional airflow structure of this system in the
limited dual-Doppler coverage area, we examine the
evolutive process of a strong reflectivity in southeast
Yichang (the right cell). A square domain was selected
as our analysis area (shaded part in Fig. 1). The grid
is 41×41 × 21 points with the origin 10 km east and
120 km south of the Yichang radar site, and the grid
interval is 2000 m in the horizontal and 500 m in the
vertical.

3.2 Data resolution analysis

To show the accuracy of the analysis result, the
resolution of the radar observations is analyzed. As

Fig. 1. The locations of the radars and the retrieval do-
main (shaded). Ych is Yichang and Jzh is Jingzhou.
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Table 1. The averaged vertical resolution (AVR) at some given levels (units: m).

Altitude 500 1500 2500 3500 5500 4500 6500 7500 8500

AVR 759.31 1338.75 1300.61 1291.05 1377.50 1328.53 1420.57 1473.82 1567.40

described in the previous section, the radial resolution
is 250 m or 300 m. In the dual-Doppler analysis do-
main, the radial distance between the radar site and
the observed points reaches a peak of 150 km, and
the tangential resolution comes to a climax of 2618 m
with an azimuthal resolution of 1.0◦. In most of the
analysis gridpoints, the tangential resolutions of the
two radars are within the horizontal grid interval (2
km). This indicates that the horizontal resolution of
the radar measurements is quite high.

However, since one volume scan of a radar mea-
surement only includes 14 elevation angles and its un-
even compart, the averaged vertical resolution in the
analysis levels decreases with altitude (see Table 1)
and it is over 1000 m at most levels. The above anal-
ysis indicates that the refined vertical structure of a
mesoscale system may not be completely covered by
using the radar data, though data gaps can be filled
by the smoothness constraint in the cost function.

3.3 Result analysis

First, a series of horizontal sections of 3D wind
fields and reflectivity are presented in Fig. 2 in order
to illustrate the major changes of the heavy rain struc-
ture and flow characteristics. One can see that the
change of the three-dimensional structure of the wind
fields is not obvious in our analysis area from 1136 to
1236 LST. In the middle and low levels, a southwest-
northeast direction shear line, which was formed by the
confluence of the weaker easterly airflow and a stronger
southerly inflow, emerged in our analysis domain and
moved slowly to the northeast. During the period, this
system was in a developing stage. The precipitation
mainly occurred at the rear of the shear line where the
southerly flow prevailed and strengthened with time.
A vertical cross section of wind fields at 1236 LST (Fig.
3a) also shows that updraft was stronger in the area
where southerly airflow occurred, and reached a peak
within the high reflectivity area. Aloft, southwesterly
flow was predominant and expanded gradually to the
north.

During the period between 1108 and 1300 LST, the
reflectivity also took on an intensifying trend. As we
can see from Fig. 2a and Fig. 2c, the reflectivity field
was stronger at 1236 LST than an hour previously,
with values in excess of 40 dBZ. This strong reflectiv-
ity signature is linked to intensification of the updraft.
The primary reason for this was the formation of a

back-building reflectivity. About at 1119 LST, this
back-building reflectivity emerged in the southeastern
part of the analysis domain, and rapidly developed and
achieved maturity at about 1300 LST. It led to the
development of the origin reflectivity cell and an in-
crease in local precipitation. The precipitation pattern
observed at the surface stations also reflected this sig-
nature. For instance, the precipitation rate increased
from 5.9 mm h−1 at 1200 LST to 18.5 mm h−1 at 1300
LST in Gongan, Hubei. Moreover, it is evident that
the movement of the reflectivity field was consistent
with the movement of the shear line.

After 1400 LST, the reflectivity had become weaker
and moved out of the analysis domain gradually. At
this time, the system was in the decaying stage. At a
2-km altitude, the southerly inflow had become south-
westerly flow at the rear of the shear line at 1447 LST
(Fig. 2e). The precipitation also weakened. A uniform
southwesterly predominated at a 5-km altitude (Fig.
2f). And updraft became weaker in the south of the
analysis area (Fig. 3b). The vertical cross section also
indicates that the vertical vortex in the north of the
analysis domain was weaker than before.

Further, Fig. 4 and Fig. 5 give horizontal sections
of the divergence field and vorticity field at 1236 LST,
respectively. Convergence and a positive vorticity sig-
nature appeared in the strong reflectivity area at a
2-km altitude. Aloft, divergence can be found in the
strong reflectivity area at the 5-km level.

The above analysis indicates that the change of
southerly flow played an important role in this rainfall
event, which was closely linked to the development of
the system. In this mesoscale system, the location of
the mesoscale shear line was consistent with the lo-
cations of the high reflectivity area, convergence, and
positive vorticity. In this case, a “back-building” re-
flectivity come easily into being behind the original
reflectivity band. The emergence of back-building is
the reason for the increase in the rainfall.

4©©©Conclusions

A variational method of synthesizing the three-
dimensional wind field from dual-Doppler radar obser-
vations is presented and applied to study the kinematic
structure of a heavy rain event herein. The analysis in-
dicated that a southwest-northeast-oriented shear line
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Fig. 2. Horizontal cross sections of airflow (arrows), vertical wind component (contours every 0.5 m s−1)
and reflectivity (shaded) at (a) 2-km altitude at 1136 LST; (b) 5-km altitude at 1136 LST; (c) 2-km altitude
at 1236 LST; (d) 5-km altitude at 1236 LST; (e) 2-km altitude at 1447 LST; (f) 5-km altitude at 1447
LST 22 July 2002.
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Fig. 3. Vertical cross section of airflow and reflectivity (shaded) at x = 60 km at (a) 1236 LST, (b) 1447
LST (vertical velocity is magnified 5 times).
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Fig. 4. The divergence (contours) and reflectivity (shaded) at (a) 2-km altitude, (b) 5-km altitude at 1236
LST. Contours are displayed every 2 × 10−4 s−1.
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Fig. 5. Vorticity (contours) and reflectivity (shaded) at (a) 2-km altitude, (b) 5-km altitude at 1236 LST.
Contours are displayed every 3×10−4 s−1.
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in the lower and middle levels, which was formed by
weaker easterly airflow and southerly flow, played an
important role in this rainfall event. The precipitation
occurred in the area where the southerly wind pre-
vailed and where convergence and updrafts were obvi-
ous. With the movement and development of the shear
line, the precipitation field moved correspondingly. In
the developing stage of this system, the emergence and
merging of a back-building reflectivity resulted in the
intensification of this rainfall system and an increase
in precipitation as reported by the surface stations.

It was noted that the horizontal scale of heavy rains
within the mei-yu front, as different from a supercell
storm, is relatively large, therefore the limited dual-
Doppler coverage area impedes our ability to view a
panorama of the system. The lower vertical resolu-
tion of the radar observations also influences also our
analysis for the detailed vertical structure of the sys-
tem. Perhaps combining dual-Doppler analysis with
the retrieval technique from single radar will be an
effectiveual approach to partly overcome this defect.
Thus, it is a topic of future work.
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