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ABSTRACT

The methods employed in recent years to retrieve vector wind information from single-Doppler radar
observation are reviewed briefly. These methods are based on a linearity hypothesis for the wind field, so
the retrieved wind field is sometimes negatively affected by the non-linearity of wind. This paper proposes
a new method based on a non-linear approximation technique. This method, which relies on the piecewise
smooth property of the wind field and makes full use of the radar velocity data, is applied to two cases of
the Huaihe River Basin Energy and Water Cycle Experiment (HUBEX) in 1898. Checked against the wind
field observed by duab-Doppler radar, the retrieved wind field by the method presented in this paper yields
a relatively accurate horizontal vector wind field with high resolution, as well as a reasonable estimate of

the magnitude of vertical velocity.
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1. Introduction

Modern Doppler radars have the ability to scan
large volumes of the atmosphere at high spatial and
temporal resclutions, but the direct measurement is
limited to the velocity component in the direction of
the radar beam. In brief, the difficulty is that one
would like to know the three-dimensional wind field,
but single-Doppler radar observation yields only the
wind component along radius. The velocity perpen-
dicular to the axis of the radar beam is often criti-
cal in some hazardous weather situatjons (especially
low-level wind shear associated with convective down-
bursts). The complete wind fields are necessary to
allow initialization of & numerical model that could
predict hazardous weather conditions in advance.

Every attempt to obtain the vector fleld from a
single-Doppler radar observation must handle the data
field with additional hypotheses or simplifications. In
a study by Peace et al. (1969), the main hypothesis
is that the echo region moves across the radar field of
view with little modification of the wind field struc-
ture, to such an extent that two radar explorations
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separated in time can be viewed as a simultaneous ex-
ploration by two distant radars. Many other meth-
ods assume a simplifying property of the wind field
itself, rather than its time variation. Lhermitte and
Atlas (1961) suggested the VAD (Velocity Azimuth
Display) method and showed how the mean horizontal
wind magnitude and direction can be retrieved from
radial velocity data around horizoutal circles centered
along the vertical axis of the radar site. This and other
similar techniques, such as volume velocity process-
ing (VVP)} (Waldteufel and Corbin, 1979), extended
VAD ({Srivastave et al., 1986; Matejka and Srivastava,
1991), and double VAD (Scialom and Testud, 1986) as-
sume linearity in the observed wind fields and are best
suited for the estimation of large-scale wind fields in
a stratiform cloud system. Bai et al. (2001) analyzes
the Error of expanded VAD technique and illustrates
that the fitting harmonic curve of half VAD technique
and TVAD technique can give the characteristic of the
large-scale wind field in the caleulated area. The band
velocity processing (BVP) technique is a modification
of the VVP technique that can be employed to exam-
ine the three-dimensional wind fields of phencmena
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remote from the radar, assuming that the feature is
two-dimensional. BVP analyses have been successfully
performed on cold-frontal rainbands (Johnston et al.,
1990), snow bands (Marwitz, 1990), and a severe squall
line (Klimowski and Marwitz, 1990). The velocity az-
imuth processing method (VAP) is provided to retrieve
the horizontal wind field (Tao, 1992), assuming that
the wind vector is equal at a neighboring azimuth. Bai
and Tao (2000) medified the data pre-processing tech-
nique of the VAP method, Wel et al. (1998) provided
a feasible algorithm to solve the problem of ill matri-
ces in the linear equations of the VVP method and
to improve the degree of accuracy of the method. Lin
and Tao (1999), using a polar coordinate divergence
method, retrieve divergence from single-Doppler radar
velocity data in polar coordinates.

Another single-Dappler analysis technique has
been proposed utilizing the temporal correlation of re-
flectivity and velocity signatures to indicate horizontal
wind {Smythe and Zrnic 1983; Tuttle and Foote 1990).
This method is known as Tracking Radar Echoes by
Correlation (TREC), which indicates the motion of
the correlated property, which may be the result of
advection or propagatiown, and not necessarily the true
wind. Although the results from TREC analyses indi-
cale that it is a viable analysis technique of wind fields,
it requires a short interval between two radar observa-
tions, or else the precision of the retrieved wind fields
will be much degraded. ’

Recently, single-Doppler analysis techniques with
integrated dynamic models have been developed for
the retrieval of thermodynamic parameters in addi-
tion to the full wind, such as retrieval by the ad-
joint technique with a full numerical model (Sun et
al., 1991; Liou et al,, 1991), retrieval by the simple ad-
joint method (Qiu and Xu, 1992; Xu Qin et al., 1994.
1995) ete, and others. These methods contribute to
the advancement. of single-Doppler wind retrieval and
show promise for increasing the amount of data re-
coverable from single-Doppler datasets, but they bring
extra assumptions associated with the numerical mod-
els, which may degrade the accuracy of the retrieved
wind.

Of the above methods, the VVP method is used
most extensively. But as we know, the VVP method
does not work properly when the samples of one vol-
ume nutnber less than a few hundred and the VVP
method has & low resolution. Furthermore, it is much
affected by non-linearity in the wind field and it has a
large error for the vertical speed.

In order to improve the wind retrieval precision
and resolution, this paper proposes a new method
based on & nonlinear approximation technique (NA)
with the assumption that the wind field is piecewise
smoeoth. The NA method was initially applied to a
signal process field by Coifman et al. (1992); since it
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has been extended by many scholars such as Chapelle
et al. (1999), Cohen and d’Ales (1997), Gorodnitsky
and Rao (1997), Girosi (1998}, Eveeniou {2000), Vap-
nik and Chervonenkis (1971} , Vapnik (1995, 1998a,
b), and Vapnik and Mukherjee (2000}. Here, we apply
this method to two cases of the HUBEX experiment
in 1998, and the retrieved wind ficld is compared with
dual-Doppler radar data. The results show that better
retrieval and higher resolution of the three-dimensional
wind field can be obtained with the method given in
this paper. The experiments provide useful observa-
tional information for studying the inner flow struc-
ttre.
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Fig. 2. Horizoutal section of storm-relative wind and re-
flectivity flelds at the 3 km level. This figure covers the
area enclosed by the rectangle in Fig. 1.
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Fig. 3. The distribution of vertical speed w (m s™') at
the 3 km level. Positive values stand for upward fiow. This
Figure covers the same area as Fig. 2.

2, Nonlinear approximation method

Let z be a vector in a finite dimensional space H.
An approximation of % is usually defined by the ac-
tion of a certain operator Ay on z such that Az is
close to x in some sense (for example, in the sense of
a norm defined on H) and can be characterized by N
parameters.

The approximation is said to be nonlinear if Ay is
not a linear operator. In this paper, we are interested
in the following nonlinear approximation technique.

Suppose that H is a Hilbert space and {ex}y > D
is an orthonormal basis of H. We define for all x € H
and N > 0,

Anz =) (2 ex)es,
kEEx
where Ey = En{x) represents the set of indices corre-
sponding to the N largest coordinates of , i.e., Card
(Ex) =N and
ke En,l€ Ex = |(2,e)| < [{z,8)]

The Reproducing Kernel Hilbert Spaces (RKHS)
plays a central role in solving the function approxima-
tion problem. A RKHS is defined as a Hilbert space of
funetions defined over some domain @ ¢ R® with the

property that for each z € £, the evaluation functional
F,, defined as

Fx[f] =j(1)ivf eH

i3 a linear, bounded functional. Tt can be proved that
we can associate to every RKHS, a positive definite
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funetion K (z,y), which is called the reproducing ker-
nel of H. This kernel of H has the following reproduc-
ing property
f(ﬂ:) = (f(y)u K(y'x»ﬂavf el :

where {.,.} ;7 denotes the scalar product in H.

Consider a given observation set of N data points
{x,h,yk}i‘;l with input data 2,€R"™ and output yeR.
The unknown function f(z) is recovered or approxi-
mated from the given data. We assume that the func-
tion f underlying the data can be represented as

f(ﬁ) = chﬁbn(z) +6 )
n=1

where the linearly independent basis {unctions
{6n(x)}32., are called features, and ¢, and & are pa-
rameters to be estimated from the data. The problem
of recovering the coefficients ¢, and b from the data D
is clearly ill-posed, since it has an infinite number of so-
lutions. In order to make this problem well posed, reg-
ularization theory was proposed by Tikhonov and Ars-
enin (1977). Given a kernel K, the empirical risk min-
imization regularization theory framework suggests to
minimize the following functional,

1 l
HIf =237 Nw— S I3, =21 £ 1%
i=]

where || - ||k is the norm in RKHS. Minimizing the
first term is to guarantee a small actual risk with the

error function 7 i1 llsi— f(2:) |2, and the sec-

ond smaoothness, while «y controls the trade-off between
these two terms.

3. Analyses for retrieving the wind field

We simply use the radial basis function (RBF) ker-
nel,
K(z,z;) = exp(~ || = — z: || /6) ,

where § is & given parameter. Let the kernel fune-
tion K define the inner product in some implicit fea-
ture space with the associated transformation ¢, which
need not be computed explicitly. Hence,

K(z,y) = ¢(z) - ¢(y)

We adopt a Cartesian reference frame {r,y, 2}
where the radar is the origin (0, 0, 0} and z the verti-
cal coordinate, and assume the vector representation
of the motion of scatters V = (u, v, w), which varies
piecewise smoothly around its value (ug, vo, wp) at a
point (zo, ¥, 20)- That is, the component of the wind
vector will be expanded with respect to the basis func-
tion ¢ about the point (2o, yo, ),

(1)

u=a"$(z ~ w0,y — 4o, 2 — 20)
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Fig. 4. (a) Horizontal section of storm-relative wind and
reflectivity fields at the 3 km level by dual Doppler radar.
(b) The distribution of vertical speed w {m s™*} and re-
flectivity fields at the 3 km level. (c) Horizontal section
of storm-relative wind by VAP method, elevation—1.5°
These figures cover the same area as Fig. 2..

where v is the corresponding coefficients vector and
the same for » and w. Then the retrieved V; can be
obtained as following equation,

v, = —ucosfcosd — vsinfeosd — wsing,  (2)
where # and ¢ are the azimuth and elevation respec-
tively. The radial velocity measured by the radar is

Vi. Our purpose is to obtain a V, such that
| Vo = Vi [|= min.. (3)
The problem of recovering the coefficients of Equa-
tion (1) from the radar radial measurement V, is
under-determined, so directly retrieving the wind field
is impossible. However, with the piecewise smooth
assumption of the wind field, it will be possible to re-
trieve the wind field. In fact, we can add the constraing
as follows,
| e |/=min.

(4)



NO. 2 ZIIAO KUN. LIU GUOQING. GE WENZHONG. ET AL.
1 ¢ ht=¢ Wm 1854 1€ July Fen bk ghi =2
s '-f "hi 16 July Flﬂl:l.l._lﬂ_l_;l_t__'_‘ 2 il

23+ .

A0 =10

i (ka} [€}] I [kn) idi
QB4 16 July Fengtai height=1. 8 <n 18:54 18 July “ergtai height=3. 5 kn
18pm 5= e I Mol
-0
]
-
=24}
e
=20
-2
-39
=38
a T T 10 -
I (sn) (k) LANLT S e
18 24 i€ July Fengtai Felghts kn 18.5%4 16 July Fergial haight=3 km

M, ey
s
§ooin e W

Tl -

iek E fan) {1
L+ 1) —10

L=

B B B E & & 8
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4, Experiment
0

Now we use the method illustrated in sections 2
and 3 for two scvere convective cases, and compare
with the results previcusly obtained by dual or triple
Doppler radar data.

T 4.1 A deeply developed, long-lived cumulonim-
f bus cloud
The first retrieval experiment is made by Doppler
radar data of Shouxian during 1517 LST 1523 LST on
13 July 1998. During this period, a deeply developed
and long-lived cumulonimbus cloud was observed by
3% triple Doppter radars, which were installed at Shoux-
8 ik ) ian, Fengtai and Huainan in Anhui Province. Figure
& il ik 1a 1 shows the horizontal plane of the radar analysis for
thons i VRl Aot e i bt the cumulonimbus cloud. This convective radar-echo
E’x d ‘ ) moved north-northeastward with a speed of 8ms=?. It
2 I was composed of several convective cells, among them
.p:-['n'-" the cell on the west side of the echo developed very
£ deeply. Its echo-top height was maintained at higher
M::-,.'__ than 14 km for about 1.5 h with a maximum height of
- 18.5 km, Meanwhile the intensive echo above 30 dBZ
1) ‘ in the most developed cellular echo was found even
i o above 15 km without change in the horizontal plane.
a0, S In addition, this convective echo produced quite a large
! amount of precipitation. Takeda et al. (1999) and
ol Shusse et al. (2000) revealed the three-dimensional
=Ty kinetic structure of the cumulonimbus cloud by dual-
ol Doppler radar analysis and retrieved the wind fields
| i completely.
_ml i

We use the NA method for retrieving the three-
dimensional wind field from a single-Doppler radar ob-
servation, Figure 2 shows the horizontal section of
storm-relative wind and reflectivity fields at 3 km of
height at 1519 LST. The structure at this time is cho-
sen as a typical one in the most intensive stage of this
cumulozimbus cloud. From Fig. 2, we can see that the
northeast wind prevails in the echo area and a conver-
gence region exists along the west side of the intensive
echo band, which implies an updraft area. Figure 3
shows the vertical speed 1 (m s~1) at 3 km of height.
The maximum speeds reach 14 m s~! and 12 m 5~!
respectively in Fig. 3 with Fig. 2, the most intensive
echo region corresponds with the most intensive up-
draft region where the cumulonimbus cloud exists.

i By comparing the results of the NA method (Figs.
3 2 and 3) with those of the dual-Doppler radar analysis
in Fig. 4, it can be seen that the horizontal wind field
retrieved by the NA method (Fig. 2) is very similar to
the one by the dual-Doppler radar data (Fig. 4a). As
Fig. 7. Honzomal section of wind ficlds and reflee- §0r the vert\cal.mohon, the updraft flow re.:gmn.s (Fig.
tivity by dual Doppler radar at 2 km (a), 3.5 km (b), } agree well with the dual—l?opp!er analysis (Fig. 4b),
and 6 km {c) height. while the downdraft flow regions in the eastern part of

£3 Fii 1% 1J
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Fig. 8. Vertical velocity by the NA method at (a) 3.5 km and (L) 6 km; Vertical velocity observed by dual Doppler

radar at () 3,5 km and (d) 6 km.

Fig. 3 (NA method) are weaker than those in Fig. 4b,
although the downdrafts are an order of magnitude
smaller than the updrafts. In order to compare the
NA method with the VAP method, Fig. 4¢c shows the
storm-relative horizontal wind retrieved by the VAP
method, where the elevation equals 1.5°. This com-
parison reveals that the convergence region exists on
the western edge of the echoes, but the convergence
band from the northeast to the southwest is not as
clear as those by the NA method or the and dual-
Doppler analysis. This implies that the results from
the NA method are to some degree better than those
from the VAP method.

4.2 A squall line
The second case is a squall line observed by the

Fengtai radar from 1847 LST- 1834 LST on 16 July
1998, The squall line formed earlier outside of the
Doppler radar observation range and then entered the
radar-covered area from the southwest around 1800
LST 16 July 1998, It passed over the radars at 1930
LST and moved northeastward as it decayed. The
squall line extended from the northwest to the south-
east with a width of a few tens of kilometers. Figure 5
shows that the squall line consisted of intense convec-
tive cells and its leading edge was clear. Most of the
convective cells were located along the leading edge
with reflectivity above 40 dBZ, and sore of the cells
reached a height of 17 km. A box in the figure encloses
the area for retrieval.

Figures 6a-c show the horizontal velocity at heights
of 2 km, 3.5 kin, and 6 km respectively, and Figs. 6d-f
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show the corresponding horizontal vclocily relative to
the squall line. 1t is clearly seen that the horizontal
velocity at the height of 2 km prevails from the south-
wester and the convergence exists on the north side of
the echoes indicated by the circle A. The southwest-
erly wind still prevails at 3.5 km, but at 6 km, the
divergence is evident in the area A. By comparing the
horizontal wind field from the NA method (Figs. 6a-
¢} with that from the dual-Doppler radar {Figs. Ta-c),
it can be scen that the two are similar. Figures 8a-b
show the vertical veloeity at 3.5 km and 6 km from
the NA method respectively. In the area A, where the
echo is strong from 2 km up to 6 km, the air flow con-
verges at lower levels and diverges at higher levels in
the tropospherc.

This means that upward motion evidently exists
in this area, which can produce strong convective
weather, and this structure is identical to the result
analyzed by Ogura and Liou (1980). Figures 8c-d show
the vertical velocity at 3.5 and 6 km respectively ob-
tained from dual-Doppler radar data. By comparing
Figs. Ba-b with Figs. 8c-d, it can be seen that the over-
all patterns are very similar to each other, especially
for the strong upward motions in region A. But the
downward motions located in the southwest of Figs.
&a-b are wesaker than those in Figs. 8c-d, although the
downdrafts are much smaller than the updrafts, as in
the first case. Probably one of the reasons is that in
the NA method, the continuity equation has not been
included, yet in the constraints, it is possible to restrict
the development of compensating downdrafts. This is
a problem to be studied in the future.
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5. Error analysis

In order to evaluate the NA method, we analyze the
retrieved result based on the following statistics: the
mean absolute percentage error of radial velocity (fy),
defined in Eq.(6); the mean radial velocity error (fz2),
defined in Eq.(7). Variable o; is the absolute differ-
ence of radar observation radial velocity and retrieved
radial velocity at point g, yo, z0)-

oy =| Ve, = Vi | (5)
1 - Ty .

h=g2 1y, (6)
1 n

fa= E:_Z]di (0

It is seen clearly in Fig. 9a that the mean abso-
lute percentage error of radial velocity decreases with
the increase of radial spced. When the radial speed is
below 4 m s, the error is above 30%; the maximum
reaches 84%, which illustrates that the small radial
speed has a higher error. From Fig. 9b, we cau see
that the mean radial velocity error is small (below 1.5
m 5~') compared with the precision of the Doppler
radar 1.0 mns”!, which means the NA method is ef-
fective and the retrieved wind fields are close to the
actual data. However, we find that both the mean ab-
solute percentage error and mean radial velocity error
fluctuate dramatically, which is probably due to the
poor quality of some sampling points and the large
sampling volume.

The Mean Radial Velocity Error (ms™)

o
i
P S
'
]
]

i
[ T
]

1
]

-,

v
i
'

—
R

-

T TTeTS e mym

0.8

Speed Error Bias (ms")

2 4 & B
Radial Speed (m 5™

Fig. 9. (a) The mean absolute perceniage error of radial velocity and (b) the mean radial velocity error as a function
of radial speed. Positive value: upward motion; negative value: downward motion.
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6. Conclusions

In this paper, the nonlinear approximation method
is proposed and applied to retrieve the three
dimensional wind from single-Doppler radar observa-
tions. This method depends highly on the nonlinear
(the small-scale irregularities) variation of the wind so
that the retrieved wind structure can be revealed. Fur-
thermore, the method can acquire a higher resolution
{a high radar sampling resolution) wind field compared
with previous methods such &s the VVP method.

By comparing the retrieved results from the NA
method with the observed wind fleld from dual-
Doppler radar, one sees that the overall patterns are
very similar between the two, especially for the ar-
eas of strong upward motion. But the magnitudes of
the downward motions are weaker in the figures of the
NA method than those of the dual-Boppler radar, al-
though the downdrafts are obviously smaller than the
updrafts in the dual-Doppler radar observations.

Sinee the nonlinear approximation method is newly
introduced and newly applied to the retrieval of single-
Doppler radar wind fields, thus, its advantages and de-
ficiences need further investigation and improvement
from this initial work.
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