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ABSTRACT

This paper introduces a variational assimilation technique for the retrieval of wind fields from Doppler
radar data. The assimilated information included both the radial velocity (RV) and the movement of radar
echo. In this assimilation technique, the key is transforming the movement of radar echo to a new radar
measuring variable− “apparent velocity”(AV). Thus, the information of wind is added, and the indeterminacy
of recovering two-dimensional wind only by AV was overcome effectively by combining RV with AV. By means
of CMA GRAPES-3Dvar and CINRAD data, some experiments were performed. The results show that the
method of retrieval of wind fields is useful in obtaining the construction of the weather system.
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1. Introduction

With widespread application of Doppler weather

radar in the monitoring of mesoscale weather systems,

information of the wind field observed by Doppler

weather radars (abbreviated to the Doppler) has been

received increasing attention. Retrieval of atmospheric

wind field from Doppler observations has evolved from

a hot research topic to a series of techniques.

Included in the first kind of technique are some

retrieved wind fields that have been restrained with

assumptions. As the Doppler can only measure the

radial component of the wind vector relative to the

radar, uncertainties exist in the wind field determined

singly by the radial wind. By setting simple assump-

tions and restraints, the technique transforms uncer-

tainties to certainties to derive mesoscale wind fields.

VVP (Volumn Velocity Processing) is one of the

methods (Waldteufel and Corbin, 1979; Koscielny et

al., 1982). Fitting the linear wind field with the

least square method, it generally does not satisfy

the requirements of mesoscale analysis (Koscielny et

al., 1982). Following the mathematical relationship

between the wind vector and radial vector, other

approaches compute with some assumptions. The

first of them is VAP (Volume Azimuth Processing)

(Tao, 1992; Lhermitte and Atlas, 1961; Browning and

Wexler, 1968), which is, with the assumption that the

wind vectors equal between any two points in con-

tiguous direction angles on the same distance circle, a

retrieval technique that is sensitive to changes in the

radial wind to result in relatively large errors. The

second is VAD (Velocity Azimuth Display), which as-

sumes that the wind field varies homogeneously or

linearly. The method was quite popular before and

a number of improved schemes have been developed

based on it (Scialom and Lemaitre, 1990; Shapiro et

al., 1995; Jiang and Ge, 1997; Liu and Liu, 2000; Ma et

al., 2000; Lang et al., 2001). For instance, the MAN-

DOP by Scialom and Lemaitre (1990) is applicable for

precipitation areas by both convective and stratiform

clouds, GBVTD by Ma et al. (2000) is useful for vor-

tex systems, etc. Highly depending on assumptions,

all of these methods are limited in applicability and

some of the assumptions are difficult to use in prac-

tice.

The second kind of technique involves some meth-

ods of variation and assimilation that combine with

governing atmospheric equations. They are the same

in essence with the 4-D variation and assimilation
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approaches of atmospheric data. Among them there is

the simple adjoint function method (Qiu and Xu, 1992,

1996; Xu et al., 1994a,b; Laroche and Zawadzkii, 1994;

Xu and Qiu, 1995; Qiu et al., 2000), which turns prob-

lems into issues of parameter estimation by retrieving

low-level mean velocity fields in a temporally averaged

field radar-scanned for a number of times, based on

reflectivity and/or radial velocity conservation equa-

tions and its adjoint equations. For areas where there

is lack of radar measurement, difficulty occurs with

governing equations and their adjoint ones and the in-

terpolation in places distant from radar scanning (Qiu

et al., 2000). Some representative work is the study

on 3-D wind and thermodynamic fields as retrieved

with singular Doppler data using the 4D-VAR tech-

nique based on cloud models (Sun et al., 1991; Sun,

1994; Sun and Crook, 1994). On its basis, the VDRAS

system is built by NCAR. Specifically, Sun and Crook

(1997) developed a warm-cloud model of VDRAS, and

Wu et al. (2000) developed a mixed-phase model of

VDRAS. Afterwards, Sun and Crook (2001) developed

an operational system that could be used in the analy-

sis and application of mesoscale synoptics. It is noted,

however, all of these techniques have used models (or

equations) that are independently designed and differ

from the NWP system now in place for routine run.

Greatly relying on the simplification of the governing

equation sets for the atmosphere, they cannot be put

into routine NWP operation as they are now. With

the perfection of dynamic models, this kind of method

will be useful.

Apart from the above work, the moving prop-

erty of radar echoes is used to locate relevant cloud

clusters to derive the wind field (Smythe and Zrnic.,

1983; Tuttle and Foot, 1990; Tuttle and Gall, 1999),

which is low in accuracy in meso- and micro-scale sys-

tems. A number of techniques and procedures have

also been developed both at home and abroad that

use dual Doppler data to retrieve wind fields, ther-

modynamic variables, and microphysical parameters

of clouds. In view of the deployment strategy for the

next-generation of weather radar in China (as in most

other countries) that usually do not meet the needs

of a dual-radar algorithm in terms of the distance be-

tween radars, they are not realistic to use with the

current operational condition in China. No more cases

will be introduced of retrieving with dual Doppler.

The prediction skill of a mesoscale NWP system

depends much on whether the Doppler information is

efficiently used. In NWP systems that use the above

techniques to acquire atmospheric wind fields, there is

failure of working integration between the techniques

and existing assimilation and analysis systems (like

those of widely used 3-D and new-developing 4-D),

making the radar observation and data from other

types of equipment two independent processes. In

other words, information from other sources of obser-

vation cannot be used to improve the radar-retrieved

wind field. Here, a technical scheme is put forward

that acquires the atmospheric wind field by incorpo-

rating into the system of variation and assimilation

two special items of temporal and spatial variation

of radial wind velocity and echoes of the Doppler,

which are part of the wind-field observation. It com-

bines the radar-retrieved wind field integrally with the

formation of model initial values, which can be used

in both synoptic analyses and numerical prediction.

With radar observations for South China, our tech-

nique was experimentally studied by incorporating it

into the 3-D variational and assimilating system of

GRAPES-3Dvar (Zhang et al., 2004), developed by

the Numerical Prediction Research Center of the Chi-

nese Academy of Meteorological Sciences.

2. Brief description of technical scheme

2.1 3-D variation and assimilation of atmo-

spheric observations

It is assumed that the atmospheric dynamic and

thermodynamic feature can be denoted by the vector

of state x and the observed atmospheric feature by the

vector of observation y. The relationship between the

two vectors y and x is expressed by

y = H(x), (1)

where H is the operator of observation. In addition

to the observation, specific background information

about the atmosphere is also known, which is called
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the background or guess fields. The assimilation of at-

mospheric observations is achieved by correcting the

background field based on the observation to make the

latter agree with some basic patterns of atmospheric

variation. Mathematically, it can be summed up as

the issue of seeking solution to the minimization of

the functional as follows.

J(x) =
1

2

[

(x − xb)TB
−1(x − xb) + (y − yo)

T
O

−1

(y − yo)
]

, (2)

where the subscript b is the background, yo is the ob-

servation, y is the observation calculated from x based

on Eq.(1), and B and O are the matrices of covariance

of the background and observational errors, respec-

tively. The superscript T and -1 are the transposition

and inverse of the matrix, respectively. Equation (2)

is the target function of 3-D variation and assimila-

tion. Given the condition of observation, background

field, and statistics of relevant errors, the target func-

tion is tuned towards a minimized vector of state, or

the analyzed value required. The operator of observa-

tion represented by Eq.(1) can be general. y can have

physical attributes different from x. In other words,

they can be physical quantities of different types so

long as they are connected explicitly. It is then known

from the angle of 3-D variation and assimilation that

the difference between radar and conventional data is

only in the operator of observation, which will be dis-

cussed below for its use in assimilating radar data.

2.2 Observation operator of radar-derived wind

field

With the information of Doppler-derived wind

field that has been assimilated with the 3-D vari-

ational technique in acquiring analyzed atmospheric

wind field, the relationship between the wind field and

radar observations needs to be known. As what has

been said in the introduction section, two types of in-

formation are used in this work, temporal and spatial

variations of radial velocity and echo of radar. They

will be discussed separately here. The three compo-

nents of wind, u, v, and w, are part of the vector of

state in Eq.(1).

The relationship between the radial wind velocity

and wind vector is expressed by

S(VR) =
x − xc

R
u +

y − yc

R
v +

z − zc

R
(w − wd), (3)

where VR is the observed radial wind velocity by radar,

R is the distance from an observation point (x, y, z) to

the site of radar (xc, yc, zc), u and v are two compo-

nents of the horizontally analyzed wind field, w and

wd are the vertical velocity of air and the terminal ve-

locity of cloud droplets, and S is the selected operator

for the representation of the observation. According

to scale analysis, the characteristic value of horizontal

wind in synoptic systems is 1000 times as much as that

of vertical wind and the characteristic value of horizon-

tal wind in mesoscale systems is 100 times as much as

that of vertical wind. The characteristic value of ter-

minal velocity of cloud droplets is comparable to or

a little larger than that of meso- and micro-scale sys-

tems. In view of the relatively small elevation angle of

radar detection (the maximum is 19.5◦ with the latest

generation of weather radar WSR-88D in China), the

contribution of vertical velocity to the radial wind can

be ignored. Only the horizontal wind field is studied

here. Projecting Eq.(3) onto the horizontal plane, the

third term disappears.

Setting

Rx =
x − xc

R
, Ry =

y − yc

R
, VsR = S(VR),

the relationship between the wind field analyzed with

the variational and assimilation technique and the

radar observations as expressed in Eq.(3) is trans-

formed to

VsR = Rxu + Ryv. (4)

On the other hand, continuous changes in the in-

tensity of radar echo can reveal the movement of cloud

clusters with wind. For relatively short spans of time,

especially, the echo intensity of clouds can be assumed

to be in conservation, following Qiu et al. (1992, 1996,

2000), Xu et al.(1994 a,b, 1995), and Laroche and

Zawadzkii (1994), when local changes of the echo in-

tensity are attributed to cloud advection. Meantime,

the results of scale analysis indicate that the charac-

teristic quantity of horizontal velocity in meso- and

micro−scale systems is 100 times as much as that of
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the vertical velocity while the characteristics of hor-

izontal spatial scale are comparable to those of ver-

tical one (for micro-scale) or one order of magnitude

larger (for mesoscale). Following the estimation, the

characteristic values of the vertical advection term for

the echo intensity is at least one order of magnitude

smaller than the horizontal advection term. Then, for

mesoscale assimilation, the following simplified con-

servation equation of echo intensity is based to locate

and study the other relation between the wind field

and radar observation. The equation can be written

as

∂S(I)

∂t
= −

∂S(I)

∂x
u −

∂S(I)

∂y
v, (5)

where I is the intensity of radar echo, S is the se-

lected operator for the representation of the observa-

tion and other symbols follow conventional meteoro-

logical meanings.

Equation (5) can indicate the dimension of wind

speed. For this purpose, we introduce the following

IsD =

√

(∂S(I)

∂x

)2

+
(∂S(I)

∂y

)2

,

Isx = −
∂S(I)

∂x

/

IsD , Isy = −
∂S(I)

∂y

/

IsD ,

Vst = −
∂S(I)

∂t

/

IsD.

Then, we have

Vst = Isxu + Isyv, (6)

where Vst is the quantity reflecting the temporal and

spatial variations of echo, which equals the component

of wind field in the direction of gradient vector, indi-

cating the velocity of echo movement with wind. If the

gradient at a given point is vertical to the wind vec-

tor, no movement of echo will be evident there and Vst

equals zero. If the gradient is parallel to the wind vec-

tor, the echo can be seen moving at wind velocity and

Vst equals the wind speed. Here, Vst, the new “mea-

sured quantity of radar”, is called the “apparent wind

velocity” of radar. It is evident that the apparent wind

velocity has definite physical meaning, which helps de-

termine observational errors and control the quality of

data.

Compared with the direct use of Eq.(5), advan-

tages are obvious in employing the relation between

the analyzed wind field and radar observation as ex-

pressed in Eq.(6) for reasons listed below. For areas

where there is significant spatial change in echo in-

tensity (where the given threshold value for horizontal

gradient is satisfied), the local change in echo intensity

within the short duration is contributed by advection

more than cloud clusters; the “apparent wind veloc-

ity” exists and accurately depicts the wind field, which

is then incorporated into the assimilation system. For

areas where there is insignificant spatial change in echo

intensity, the local change in echo intensity is con-

tributed more by cloud clusters but does not reflect

the information about the wind field. No “apparent

wind velocity” can be calculated using Eq.(6), which

is treated as lack of observation. It automatically pre-

vents data incapable of describing the wind field from

being included into the assimilation system. In con-

trast, the application of Eq.(5) does not rid the system

from the effects of cloud clusters as it does not filters

out inadequate data as Eq.(6).

In our work, the operator S follows the Barnes

interpolation-filter scheme for radar measurements at

different time and location to obtain grid point values

for a given time and spatial resolution. Meantime, it is

also necessary to run selective filtering for representa-

tive scales. The weighting function for interpolation-

filter is given by

W (∆x, ∆y, ∆z, ∆t, α, β, γ) =

e
−4(∆x2+∆y2

α2 +∆z2

β2 +∆t2

γ2 )
, (7)

where ∆x, ∆y, ∆z, and ∆t are the spatial distance and

temporal deviations from designated gridpoints, re-

spectively, α, β, and γ are selection parameters of hor-

izontal, vertical, and temporal scales, respectively.

The scheme of variation and assimilation with the

radar wind-field data put forward in this work takes

VsR, the radial wind velocity, and Vst, the “apparent

wind velocity” as the observed quantity to determine

the atmospheric wind field using the variational and

assimilation technique. Then, from Eqs.(4) and (6),

the vectors of transformation operators for the two
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observed quantities are respectively

R =

[

Rx

Ry

]

, (8)

Is =

[

Isx

Isy

]

. (9)

It is found that R is the radial unit vector of radar

and Is is the unit vector of echo intensity (which has

been selected for representation) in the horizontal gra-

dient.

It is easy to calculate the measurements−radial

wind velocity VsR and “apparent wind velocity” Vst.

In practice, however, quality control must be run of

the two radar measurements to delete unreasonable,

abnormal values. The following conditions must be

met for the selected point of measurement:

(1) For radial wind velocity VsR, R > R0 is se-

lected (with 0.01 long./lat.);

(2) For the “apparent wind velocity” Vst, | Vst |6

Vtm must be met (by taking 50.0 m s−1). At the same

time, the horizontal gradient for corresponding echo

intensity must satisfy Ido(= 0.0001 dBz m−1) 6 IsD 6

Idm (=0.005 dBz m−1). It must be noted that the

thresholds given here are for cases in which the volume

scan is 6 min with the horizontal gridpoint interval at

2 km in data processing (of selection for representa-

tion). The threshold is suggested to be adjusted for

cases other than it.

(3) For measurement points with radial wind ve-

locity, the “apparent wind” is deleted if the included

angle between its direction and the radial direction of

radar is less than 15◦.

From Eqs.(4) and (6), it is seen that the selected

VsR and Vst show linear relationship with the assimi-

lated wind field. Thus, the corresponding adjoint op-

erator is the transposition matrix for Eqs.(8) and (9).

In carrying out 3-D variation and assimilation,

errors of the observation must be specified, usually at

1−3 m s−1 for VsR and 1−5 m s−1 for Vst, respectively.

3. Experiments and analyses

The current work uses the 3-D variational and as-

similating system of GRAPES-3Dvar as research basis,

which has been proved in some experiments to have

good capabilities. Here, relevant observational opera-

tors and adjoint operator procedures are added to the

system following the scheme described in the previous

section to construct a 3-D variational system that is

able to assimilate wind field data measured by Doppler

weather radars.

During the analysis, the characteristics and errors

are studied on a contour chart. The technique is also

applicable for three dimensions.

The data used are all from the “Research on the

Monitoring and Forecasting Technique for Disasters

by Landing Typhoons in China” (2001DIA20026), a

key public-welfare project of the Ministry of Science

and Technology. Radar data taken in Hongkong are

used to study the technical scheme, owing to their wide

coverage and high-quality CAPPI data (including echo

intensity and radial wind velocity).

3.1 Single-point experiment

To understand the role and characteristics of VsR

and Vst in the variation and assimilation, a single point

(24.35◦N, 114.40◦E, 3 km in height, which is equiva-

lent to 700 hPa) is selected near the sounding station

(59096) for the experiment. The zonal wind is

-13.1 m s−1, meridional wind -9.2 m s−1, and Table 1

gives the relevant radial wind velocity and “apparent

wind velocity” measurements (which are selected for

representation).

Figure 1 gives the analyzed wind field with the

single-point data without the background stream (the

same below). Figure 1a is the wind field achieved by

Table 1. Radial wind velocity and “apparent wind velocity” at 02080205UTC (denoted as 0500 UTC, August 2,
2002, the same below; m s−1)

Observations Transformation Transformation Errors

(m s−1) operators operators (m s−1)

x component y component

Radial wind velocity -8.76 0.068 0.998 1.0

Apparent wind velocity -2.96 0.849 -0.528 1.0
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Fig.1. The analyzed wind fields with the data at single point in the case of no background stream. (a)

Radial velocity assimilated, (b) “apparent velocity” assimilated, (c) both radial velocity and “apparent

velocity” assimilated, and (d) radiosounding data assimilated.

assimilating the radial wind velocity, Fig.1b the wind

field obtained by assimilating the “apparent wind ve-

locity”, Fig.1c the wind field by jointly assimilating the

above two types of information, and Fig.1d the wind

field by analyzing the radiosounding data. The fig-

ures show that 2-D wind vector is determined by just

one observed variable whether the assimilation con-

cerns with radial or “apparent” wind velocity and the

wind vector is not accurate due to the effect of uncer-

tainty. They also reveal a common feature that the

two cases both have wind vectors with the same di-

rection as the transformation vector. It shows that

neither the radial nor “apparent” wind velocity can

secure the availability of wind fields that agree with

reality. If, however, the radial and “apparent” wind

fields are jointly assimilated, the wind field so deter-

mined will be consistent with the one obtained with

radio sounding data. It indicates that the “apparent

wind velocity” is an extra source of wind field observa-

tion that plays an important role in the determination

of atmospheric wind fields.

3.2 Multiple-point experiment

If the radial and “apparent” wind velocities mea-

sured by radar at all spatial points are incorporated

into the variation and assimilation system, what will

come out of it with variational restraints?

The observations for tropical cyclone “Kammuri”

as measured by the Hongkong radar at 02080500 UTC

were used. For the time, the center of the storm was



NO.1 WAN Qilin, XUE Jishan and ZHUANG Shiyu 7

at 23◦N, 115◦E, and had intense vortex structure for

it just made landfall.

Figure 2 gives the radial wind velocity by radar at

the altitude of 3 km. Specifically, Fig.2a is the radial

velocity that has been through selection for represen-

tation, and Figs.2b and 2c are two components of the

transformation operator for the quantity. The figures

show that the data are quite complete and clearly de-

scribes the radial component of the tropical cyclone

circulation. Meanwhile, the operator shows radiative

state. As the storm is to the east of the radar and

within the center of the vortex, the x component has

larger share so that the radar detects strong radial

wind velocity and large radial wind shear.

Figure 3 gives the echo of radar intensity and “ap-

parent wind velocity”. Specifically, Fig.3a is the ra-

dial velocity that has been through selection for rep-

resentation, and Figs.3b and 3c are two components

of the transformation operator for the quantity. The

figures show that the data are quite complete and

clearly describes the radial component of the tropi-

cal cyclone circulation; corresponding radar “apparent

wind velocity” and the two components of the associ-

ated transformation operator distributed over most of

the area covered by the echo. Some points of the “ap-

parent wind velocity” are blank, resulting from screen-

ing for quality control. The blank points are actually

those with small gradient of echo and the contribution

from wind advection cannot be isolated from that from

cloud clusters. They are thus deleted. The “appar-

ent wind velocity” retained suggests that the points’

gradient of echo is so large that echo changes can be

viewed as the consequence of wind advection for short

intervals of time, which is just what wind field analysis

needs. In addition, the blank points do not bring diffi-

culty to processing, as the data, in the form of random

points of measurement, are incorporated into the 3-D

variational system, which is restrained by some phys-

ical and mathematical relation.

Figure 4 gives the analyzed wind field with

Fig.2. Data of radial velocity. (a) Radial velocity (m s−1, the same below), (b) x-component of observation

operator, and (c) y-component of observation operator.
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Fig.3. Processing of radar echo intensity. (a) Echo intensity after selection of representation (dBz), (b)

“apparent velocity” (m s−1), (c) x-component of observation operator, and (d) y-component of observation

operators.

multi-point variation and assimilation without the

background stream. Figure 4a is the wind field

achieved by assimilating the radial wind velocity,

Fig.4b the wind field obtained by assimilating the “ap-

parent wind velocity”, Fig.4c the wind field by jointly

assimilating the above two types of information, and

Fig.4d the wind field by analyzing the radiosounding

data. It shows that vortex circulation can be obtained

for the tropical cyclone with the control of variational

restrains, whether the radial or “apparent” wind veloc-

ity is assimilated. If, however, the radial wind velocity

is assimilated, the location of vortex center is deviated

from the observation and the azimuth is not reason-

able for the high-wind area; if the “apparent wind ve-

locity” is assimilated, the location of vortex center and

distribution of high-wind are quite reasonable but the

vortex intensity is much weaker. Only with joint as-

similation of the radial and “apparent” wind velocity

can the location of vortex center, distribution of high-

wind areas, and vortex intensity be more reasonable

than the previous two choices. Besides, the shape of

vortex circulation obtained with radio sounding data

is less realistic, which is associated with the scarcity

of radio sounding data.

Figure 5 gives the radial component retrieved

with the scheme in relation to the radar without the

background stream using multi-point data. The figure

reveals the following findings. With the radial wind ve-

locity (Figs.5a and 5c) assimilated, the radial compo-

nent of the obtained wind field is consistent with that

measured by radar. Assimilating the “apparent wind

velocity” (Fig.5b) will only obtain a much smaller ra-

dial component. Analyzing with the sounding data

will result in a horizontal distribution of radial com-

ponent in large discrepancy with radar measurement.

From the statistical analysis of errors for the

wind field determined with the scheme without the

background stream using multi-point data (Table 2),

the mean square deviation and relative error can be

smaller than any other choices if the radial wind
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Fig.4. The analyzed wind fields with no background stream. (a) Radial velocity assimilated, (b) “apparent

velocity” assimilated, (c) both radial velocity and “apparent velocity” assimilated, and (d) radiosounding

data assimilated.

velocity is assimilated or the error can be much larger;

only with both the radial and “apparent” wind veloc-

ities assimilated, can the mean square deviation and

relative error be smaller than any other choices; with

only the radial wind velocity assimilated, the error is

the largest for wind field versus radio sounding; the

error of radial component is the largest for wind field

versus radar if the wind field is analyzed with radio

sounding data.

In summary, joint assimilation of the radial and

“apparent” wind velocities can yield good overall re-

sult of the wind field with the minimum error, which

is also a scheme strongly recommended in this

work. Meantime, in another experiment with the

Table 2. Statistic analysis of errors of wind field analyzed with the variational and assimilation scheme with
multi-point data and absence of background stream

Compared with radial wind Compared with radiosounding wind
velocity of radar (4 points)

(6384 points)
RMS deviation Relative error RMS deviation Relative error
(m s−1) (m s−1) (%) (%)

Radial wind velocity of radar 3.9 39 10.7 73
“Apparent wind velocity” of echo 5.7 57 6.4 46
Radial and “apparent” wind velocity 4.0 39 3.1 21
Radiosounding wind 6.7 59 2.1 17
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Fig.5. The radial component of analyzed wind field with no background stream. (a) Radial velocity

assimilated, (b) “apparent velocity” assimilated, (c) both radial velocity and “apparent velocity” assimilated,

and (d) radiosounding data assimilated.

background stream conducted by the authors, results

in that completely resemble to those without the back-

ground stream are found (figure omitted). It shows

that the scheme proposed in this work is comparable

with the background stream. In addition, as the assim-

ilation system is able to assimilate data of sounding,

surface observation, and satellite remote sensing, the

inclusion of radar data in this scheme does not have

conflicts. The presence of all these types of data in

the same assimilation system acts to supplement and

restrain each other.

4. Real cases

To further verify the operational usefulness and

applicability of the scheme, experiments will be done

with the following few cases. It should first be noted

that the experiments use the data now in operational

runs in the new generation of weather Doppler radar

system in Guangdong Province, and data processing,

which includes the selection for representation of mea-

surements, processing and quality control of the radial

and “apparent” wind velocities, etc., is conducted on

the cones volume-scanned by radar.

The basic state of atmospheric circulation con-

sists of vortex flows and straight flows (the troughs,

ridges or shear lines can be seen as their transforma-

tions and combinations). Their real cases are used in

the study. For the vortex flow, particularly, different

locations have to be isolated from the vortex center

relative to the radar.
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4.1 Type one: vortex center in the neighbor-

hood of radar and radial wind velocity with-

out well-defined shear

Figure 6 gives the 3-km measurements at

02091118 UTC taken by a radar in Yangjiang city,

Guangdong Province. Figure 6a gives the echo of radar

intensity, and Fig.6b the radial wind velocity of radar

after the selection for representation. It shows that

both of them have complete datasets that clearly de-

scribe the spiral system of the tropical cyclone and the

radial component of the tropical cyclone relative to the

radar. In the vortex area, however, the field of radial

wind velocity does not have significant information of

wind shear and the entire field has characteristics sim-

ilar to the radial component of southeasterly straight

flow. No information of strong vortex circulation is

available only from the radial wind velocity field of

radar.

Figure 7 gives the wind field analyzed with

variation and assimilation using the radar data in

Yangjiang, Guangdong Province at 02091118 UTC.

Figures 7a and 7b are the wind fields acquired by as-

similating the radial wind velocity and the radial com-

ponent relative to the radar. Figures 7c and 7d give

the wind field obtained by assimilating the “apparent

wind velocity”, and the radial component relative to

the radar. Figures 7e and 7f present the wind field de-

termined by jointly assimilating the radial wind veloc-

ity and “apparent wind velocity”, and the radial com-

ponent relative to the radar. The figures show that if

only the radial wind is assimilated, the radial compo-

nent of the wind field obtained is consistent with that

measured by radar, but displays itself as quasi-straight

southerly wind for the lack of vortex circulation of the

tropical cyclone. It is obvious that no correct wind

field is determined if the radial velocity of radar is as-

similated. It fully reflects the uncertainty of 2-D wind

vectors based on single measurements and shows that

it is very necessary to include information about the

wind field other than the radial wind velocity. If the

“apparent wind velocity” is assimilated, vortex circu-

lation for the tropical cyclone can be determined with

3-D variational restrains and realistic location of vor-

tex center is obtained for the wind field, but with much

smaller radial component. It shows that the shape of

the wind field circulation is right but with large nu-

merical deviation, unable to depict strong winds with

the tropical cyclone. The location of vortex center and

vortex intensity are more reasonable when the radial

wind velocity and “apparent wind velocity” are jointly

assimilated and its radial component is also close to

that measured by radar.

Figure 8 gives the comparison between the merid-

ional circulation of a wind field analyzed with radar

data from Yangjiang, Guangdong Province (going

Fig.6. Radar data in Yangjiang, Guangdong Province, at the height of 3 km (02091118UTC). (a) Echo

intensity, and (b) radial velocity (m s−1).
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Fig.7. The analyzed wind fields with radar data in Yangjiang, Guangdong Province. (a) Radial velocity

assimilated, (b) radial component corresponding to that in Fig.7a, (c) “apparent velocity” assimilated, (d)

the radial component corresponding to that in Fig.7c, (e) both radial velocity and “apparent velocity”

assimilated, and (f) radial component corresponding to that in Fig.7e.
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Fig.8. The vertical section along 112◦E (passing through the radar). (a) The meridional component of

analyzed wind (m s−1), (b) vertical velocity (×10−3 hPa s−1), (c) radial velocity (m s−1), and (d) radar

echo intensity (dBz).

through the radar site on a vertical cross-section along

112◦E with the radial wind velocity and “apparent

wind velocity” jointly assimilated) and the radar mea-

surements. Figure 8a is the meridional component

obtained for the wind field, Fig.8b the vertical ve-

locity of wind field, Fig.8c the radial wind velocity

measured by radar, and Fig.8d the intensity of radar

echo. The figures show that the meridional compo-

nent obtained for the wind field corresponds well with

the radial wind measured on the cross section, which

agrees with the horizontal distribution. It shows from

another angle that wind fields determined with the

variational and assimilation scheme have reasonable

3-D structure. Meantime, judging from the vertical

velocity (as diagnostically derived from the horizon-

tal wind field and continuity equations), it is known

that the wind field can depict the systematic updraft

in the tropical cyclone and corresponds well with the

intensity of radar echo. The eye area is not picked

up, which is linked with scale selection. In addition,

the assimilated wind field is relatively poor in upper

tropospheric levels (above 9 km), which is associated

with the ways the radar works.

4.2 Type two: vortex center some distance

away from the radar and radial wind ve-

locity with well-defined shear

Figure 9 gives the 3-km measurements at

02080500 UTC taken by a radar in Meizhou city,

Guangdong Province. Figure 9a gives the echo of radar

intensity, and Fig.9b the radial wind velocity of radar,

after the selection for representation. It shows that

both of them have complete datasets that clearly de-

scribe the spiral system of the tropical cyclone and

the radial component of the tropical cyclone relative

to the radar. Particularly, there is obvious shear in
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Fig.9. Radar data in Meizhou city, Guangdong Province at the height of 3 km (02080500UTC). (a) Radar

echo intensity (dBz), and (b) radial velocity (m s−1).

the vortex area of the radial velocity field.

Figure 10 gives the comparison between the

meridional circulation of a wind field analyzed with

radar data from Yangjiang, Guangdong Province (go-

ing through the radar site on a vertical cross-section

along 112◦E with the radial wind velocity and “appar-

ent wind velocity” jointly assimilated) and the radar

measurements. Figure 10a is the meridional compo-

nent obtained for the wind field, Fig.10b the vertical

velocity of wind field, Fig.10c the radial wind velocity

measured by radar, and Fig.10d the intensity of radar

echo. Figures 10e and 10f are the wind fields deter-

mined by jointly assimilating the radial and “appar-

ent” wind velocity and the radial component relative

to radar. The figures also show that the vortex circu-

lation for the tropical cyclone can be determined with

3-D variational restrains, whether the radial or “ap-

parent” wind velocity is assimilated. If the radial wind

velocity is assimilated, the derived radial component of

wind agrees with the radar-measured radial wind ve-

locity but with more southward location of the vortex

center. If only the “apparent wind velocity” is assim-

ilated, the derived location of vortex center is more

realistic but with loose and weak circulation in addi-

tion to much less realistic horizontal distribution and

magnitude of the radial component. Only with joint

assimilation of both the radial and “apparent” wind

velocity can we obtain reasonable location of vortex

center and vortex intensity and consistent with the ra-

dial wind velocity measured by radar. In other words,

joint assimilation of the two types of information gives

the best result and adding the “apparent wind veloc-

ity” will benefit the acquisition of atmospheric wind

fields through variation and assimilation.

Similar results are found in the analysis of other

cases and will be omitted here.

4.3 Type three: straight basic airflow with

mesoscale convection

Figure 11 gives the 3-km measurements at

03061012 UTC taken by a radar in Yangjiang, Guang-

dong Province. Figure 11a gives the echo of radar in-

tensity, and Fig.11b the radial wind velocity of radar,

after the selection for representation. The figures show

complete data of radar echoes that clearly describe

an arc-shaped convective cloud band running from

north to south; the data of radial wind velocity are

also quite complete, which describe the radial compo-

nent of a southwesterly straight flow relative to the

radar. At that time, a consistent southwesterly wind

(at 700 hPa) was prevailing over the area of Guang-

dong Province.
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Fig.10. The analyzed wind fields (m s−1) with radar data in Meizhou, Guangdong Province. (a) Radial

velocity assimilated, (b) the radial component corresponding to that in Fig.7a, (c) “apparent velocity”

assimilated, (d) the radial component corresponding to that in Fig.7c, (e) both radial velocity and “apparent

velocity” assimilated, and (f) the radial component corresponding to that in Fig.7e.
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Fig.11. Radar data in Guangzhou city, Guangdong Province at the height of 3 km (03061012UTC). (a)

Radar echo intensity (dBz), and (b) radial velocity (m s−1).

Figure 12 gives the wind field acquired with the

variational and assimilation scheme using radar data

from Guangzhou city, Guangdong Province (at the

height of 3km). Figures 12a and 12b give the wind

field and divergence field of assimilated radial wind

velocity (in contours, the same below) and the radial

component in relation to the radar. Figures 12c and

12d give the wind field and divergence field of assim-

ilated “apparent wind velocity” and the radial com-

ponent in relation to the radar. Figures 12e and 12f

give the wind field and divergence field of assimilated

radial wind velocity and “apparent wind velocity” and

the radial component in relation to the radar. Figures

12g and 12h give the wind field and divergence field an-

alyzed with radiosounding data. Although the deter-

mined radial wind velocity agrees with that measured

by radar, the southwesterly is the dominant wind over

the analyzed area and realistic wind field is obtained,

the location of convergence center does not correspond

well with the area of intense radar echo. If only the

“apparent wind velocity” is assimilated, largely accu-

rate wind fields can also be determined but with much

smaller radial component in the southwest sector and

poor corresponding relationship between the conver-

gence center and the area of intense echo. Only with

joint assimilation of the radial wind velocity and “ap-

parent wind velocity” can we have the most realistic

wind field−not only the radial component of wind field

is close to that measured by radar but the divergence

center corresponds well with the area of intense radar

echoes. In other words, the result is the best when the

radial wind velocity of radar and information about

the “apparent wind velocity” are jointly assimilated

and its mesoscale convergence matches well with the

area of intense radar echoes. Meantime, one must note

that the wind field analyzed with radiosounding data

(Figs.12g and 12h) cannot have mesoscale convergence

that match the area of intense radar echoes.

Figure 13 gives the cross section at 113.35◦E

(through the radar). Figure 13a gives the vertical ve-

locity determined by jointly assimilating the radial and

“apparent” wind velocity and Fig.13b gives the inten-

sity of corresponding radar echoes. The figures show

that two areas of ascending motion in the determined

wind field are corresponding to intense radar echoes,

indicating that the wind field acquired with the vari-

ational and assimilation scheme reflects well an ob-

served convection and mesoscale wind field structure.

5. Conclusions

The following conclusions can be drawn from the

analyses above:

(1) The “apparent wind velocity” proposed in this
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Fig.12. The analyzed wind vector (m s−1) and divergence (10−6s−1) with radar data in Guangzhou city,
Guangdong Province. (a) Radial velocity assimilated, (b) the radial component corresponding to that in
Fig.7a, (c) “apparent velocity” assimilated, (d) the radial component corresponding to that in Fig.7c, (e)
both radial velocity and “apparent velocity” assimilated, (f) the radial component corresponding to that in
Fig.7e, (g) radiosounding data assimilated, and (h) the radial component corresponding to that in Fig.7g.
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Fig.13. The vertical cross section along 113.35◦E ( passing through the radar). (a) Vertical velocity

(10−3 hPa s−1), and (b) radar echo intensity (dBz).

work is very useful in acquiring the atmospheric wind

field.

(2) By using either the radar radial wind veloc-

ity or “apparent wind velocity”, the wind field incre-

ment obtained with the assimilation analysis will have

an advantageous transformation vector in the obser-

vations.

(3) Assimilating the radial wind velocity or “ap-

parent wind velocity” only may not obtain realistic

wind fields because of the presence of uncertainty.

Joint assimilation of the radial wind velocity and “ap-

parent wind velocity” can greatly improve the result.

(4) As shown in the case experiments, the pro-

posed scheme in which radar-measured wind field

measurements are directly used in the analysis of

mesoscale systems taking place in the vortex and

straight basic flow can achieve satisfying results.

(5) The proposed scheme is able to be run oper-

ationally and can be combined naturally and directly

with other types of observations. It makes it useful in

the generation of initial values of NWP. The scheme

is also applicable under the existing data condition of

the new-generation Doppler weather radars in China.
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