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ABSTRACT

The use of one, two, three or more Doppler radars has become increasingly common in research
programs. The advantage in increasing the number of radars is in the increased area covered and the
accuracy with which wind estimates may be obtained. Although multiple-radar systems can yield special
quantitative insight, a great deal of information can still be determined in real time from a single radar. It
should be noted that the interpretation of radial velocity estimates from a single radar are not always
unambiguous. Color displays of single-Doppler radial velocity patterns aid in the real-time interpreta-
tion of the associated reflectivity fields and can reveal important features not evident in the reflectivity
structures alone. Such a capability is of particular interest in the identification and study of severe storms.
A display utilizing a S cm Doppler radar is used to illustrate the patterns seen from several tornadic
storms that occurred in central Oklahoma on 20 May 1977. Interpretation of some complicated or am-
biguous features is aided by including data from additional radars. Further explanations on such struc-
ture are given from an analysis based on a new dual-Doppler analysis technique for one of 16 tornadic
storms that occurred on 20 May 1977.

Several alternative analysis schemes for two to four Doppler radars are also demonstrated and com-
pared. These illustrate the major differences found in error propagation, use of information, and in dif-
ference quantities, such as divergence. It is shown that an analysis that specifies boundary values for w
is not strongly dependent on the number of radars.
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1. Introduction

There have been numerous papers which describe
pattern recognition techniques and criteria that may
be used in interpreting displays of single-Doppler
radar data. One approach is that described by
Burgess et al. (1976), where the velocity pattern is
displayed in rectangular (range, azimuth) format
with velocity at each location represented by a
vector whose length is proportional to received
power and whose orientation () with respect to an
arbitrary origin is given by

¥ = Va/Vima, )

where V is the mean velocity estimate (for economy,
usually from the argument of the autocovariance)
and V., (=X PRF/4) is the Nyquist interval (or the
velocity range in which all radial velocity estimates
are represented); PRF is the pulse repetition fre-
quency and A the radar wavelength. Another ap-
proach utilizes the resolution afforded by color dis-
plays such as the NCAR display system (Gray et al.,
1975). In this system velocities between +V ., are
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assigned one of 15 colors. Velocities extending be-
yond the Nyquist interval enter the scale of colors at
the opposite end. This process may be repeated if
the velocities are aliased more than one Nyquist
interval. This can be visualized by displaying the
color assignments in a circular pattern as in Fig. 1.
Here the transition of colors and the ambiguity of the
velocity is readily visualized as the velocities are
aliased. The displays technique, of course, is
perfectly general with the Nyquist interval de-
termined by the radar wavelength and PRF. The
unambiguous velocity range shown in Fig. 1 (+14.6
m s7') is obtained when the 5.45 cm wavelength
NCAR radar uses a PRF of 1071 s™! and a beam-
width of 1.1°. The other radars were ~10.0 cm
wavelength with 0.8° beamwidths, and operated at
a PRF between 1024 and 1302 s™!.

Baynton et al. (1977) have described how this
display may be used to interpret data obtained from
large-scale precipitation systems. Typical elevated
conical scan patterns in wintertime stratiform pre-
cipitation reveal an S-shaped zero radial velocity
contour as the mean wind veers with height. On
other occasions closed contours representing jets
are evident. This paper extends these and other
results to illustrate patterns obtained from observa-
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" TaBLE 1. Hlustrated multiple-Doppler analyses.

Analysis Number
scheme of radars Description

A 2 integration from lower boundary

A’ 2 integration from upper boundary

B 2 variational adjustment of A to satisfy
vertically integrated horizontal
divergence constraint from A

B’ 2 as in B except from A’

C 3 or more variational adjustment of D to satisfy
vertically integrated horizontal
divergence constraint

D 3 or more direct least-squares estimation of winds

E 3 ormore variational adjustment of D to satisfy
mass continuity

F 3 ormore downward integration of horizontal
divergence

G 3 or more upward integration of horizontal
divergence

tions of severe local storms. Combining data from
additional radar can provide a picture of the three-
dimensional wind field. The combining procedure
can be done in several ways. Different analysis
techniques illustrative of the spectrum of meth-
odologies in current practice and development are
compared. A new technique (analysis B and B’ in
Table 1) is used to interpret the results of pre-
tornadic storm structure as revealed in a single-
Doppler radial velocity color display.

2. Observational setting

Soundings, taken the morning of 20 May 1977,
revealed a very unstable air mass (lifted index of
—6) with strong vertical wind shear (4 X 1072 s™!) in
central Oklahoma. Southeasterly low-level flow con-
tinued to bring warm moist air into southwestern
Oklahoma and northern Texas. A major shortwave
approaching from the southwest reached western
Oklahoma by early afternoon. A total of 16 tor-
nadoes occurred in the afternoon and evening of 20
May and early morning hours of 21 May. Observing
modes and operation times are given in the Program
Summary by Ray and Weaver (1977).2

3. Single-Doppler analysis

As illustrated in a growing number of references
(see Gray et al., 1975; Burgess et al., 1976; Baynton
et al., 1977), it is possible to infer storm struc-
ture from only the radial component of wind from
one radar, although not always unambiguously.
However, certain patterns or signatures are indica-
tive of recognized flows. A few of these are il-
lustrated in a series of reproductions of the NCAR
color display obtained from data taken on 20 May

2 Ray, P. S.,J. Weaver, and NSSL Staff, 1977: Spring Program
Summary. NOAA Tech. Memo. ERL NSSL-84, 173 pp. [NTIS
PB-284953/AS].

MONTHLY WEATHER REVIEW

VoLUME 108

1977. Reference may be made to Fig. 1 for assign-
ment of velocities.

The first reproduced scan was obtained at 0.8°
elevation about 1640 CST 20 May 1977. This was ap-
proximately 6 min before a tornado destroyed an
NSSL surface observational site. The reflectivity
pattern is shown in Fig. 2a. The radar position cor-
responds to the top of the page with the 40 km range
mark displayed near the bottom. Near the range ring,
a classical ‘‘hook echo’ often associated with
tornadoes is evident. In this case, the velocity in-
formation presented in Fig. 2b serves to confirm the
imminent tornado. Here, white (location A) repre-
sents radial velocities <2 m s~! toward or away
from the radar. Proceeding south from the radar at
~195° we see weak flow away from the radar as in-
dicated by the brown color (see letter B). This be-
comes stronger as we move further south along the
195° radial going from yellow to red and then
abruptly to blue at location C (indicating velocity
aliasing) and maximizing at ~25 m s™! at ~35 km
range. Following the white contour around the west
side (A-D-E) of this brown area (low away from
the radar), is a region near the range mark which
indicates air motion toward the radar (indicated by
F). Entering that region and going east the colors go
abruptly from blue to red (at G) indicating aliasing
again (but in the opposite direction from the prévious
example). Near the hook there is an area of white (at
H) which indicates velocities >30 m s~!. There ap-
pears to be shear in the radial wind component of
~60 m s”'over2kmor3.0 X 102 s71, or an implied
vorticity of 6.0 x 1072 s™!, These areas of radial
velocity maxima indicating large azimuthal shear
can be interpreted as arising from rotational flow in
this case with a diameter of ~5 km.

An hour later data were collected on another
storm which eventually produced a tornado. The
reflectivity field from this storm at 1736, about an
hour before the tornado was formed, is shown in
Fig. 3a. No hook is evident yet in the reflectivity
data. However, the velocity field in Fig. 3b indicates
the storm’s increasing intensity. The blue at ~60 km
range (location denoted by A) at the figure’s top in-
dicates velocities toward the radar. Proceeding
south, the velocities exceed —16 m s™! and are in-
dicated by red and then yellow. Near the 60-75
km range at about 135° azimuth, some blue, green
and a spot of white on the west side of the echo are
evident at B. These velocities are not aliased and are
between —14 m s™! (blue) and 0 m s™! (white).
Directly east of the white gates are more velocities
coded white (at C) on the eastern side of the echo.
These are aliased and represent velocities of ~30
m s~ '. Hence, this is a region of very large shear.
The blue area along the same azimuth as the —30
m s~! velocities but closer to the radar indicates
probable strong convergence and strong updrafts.
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This supports the likelihood of this storm’s inten-
sification. The reflectivity at a higher elevation (5°)
in the same volume scan is shown in Fig. 4a. The
notch in the southwest portion of the storm is also
evident in the 40 dBZ contour in Fig. 8 which will be
discussed later. The radial velocity maximum in the
storm core is about —28 m s™! toward the radar and
is represented by two yellow areas surrounded by
red in Fig. 4b (see arrows). In fact, in the storm
center there are two areas of velocity maxima
toward the radar, separated by a relative minimum
which coincides with the notch location. It is not
obvious here what kinematic storm structure is
responsible for this notch or how the reflectivity and
wind field are related in this feature. Additional
information is brought to bear in Section 5 of
this paper. )

A hook became evident about 1.5 h later (1807)
and 1.5 h before a tornado occurred. The reflec-
tivity field at 1.0° elevation is shown in Fig. 5a with
the 40, 80 and 120 km range marks evident. The
corresponding velocity display is shown in Fig. 5b.
Here the blues and greens near the page top repre-
sent winds toward the radar. Near the figure’s left
border, as one proceeds south, the abrupt change to
red indicates the transition from —15to —16 m s™!
and the velocity component toward the radar con-
tinues to increase, reaching —29 m s™!' near the
lower left corner of the display. Near the 70 km range
and 107° azimuth the velocities toward the radar
increase from 15 m s™! (blue-violet) to a maximum of
~—25 m s~ ! (through red to yellow at A). Almost
directly south about 5 km is an area of white denoted
by B representing zero wind component. Further
east at C a flow maximum of ~16 m s~ away from
the radar is reached. This pattern, although asym-
metric due to storm motion, represents strong shear
and the likelihood of a mesoscale cyclonic circulation.

At the higher elevation of 5.0° and at about 1809
CST there appears a ‘“hook’ in the reflectivity as
illustrated in Fig. 6a suggesting anticyclonic rota-
tion. This is nearly directly above the obviously
strong cyclonic circulation at low levels. This is
partially explained in the corresponding radial
velocity field presented in Fig. 6b. The white con-
tour extending to the southeast represents the zero
radial velocity contour, with flow toward the radar
from south of this line and flow predominantly away
from the radar to the north and east of this line.
The blue area located ~75 km range and 107° (shown
by an arrow) represents a velocity component ~20
m s~! from the west and an azimuthal shear ~9

u = R\Vi(y —y:) —RVo(y —y1) — Villz — z)(y —
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x 1073 s71. Although at a different time, a similar
hook or indentation in the reflectivity field is evident
in Fig. 4 and Fig. 8. The smoothing effect of the
analysis presented in Fig. 8 should be noted. At this
time there is also a local maximum of the westerly
wind component near the reflectivity minimum.

4. Multiple-Doppler analysis

In order to compare the single-Doppler interpreta-
tions with multiple-Doppler techniques, several
methods of multiple-Doppler analysis are discussed
and applied to the storm of 20 May. In all the tech-
niques described below, the radial velocity com-
ponent and reflectivities are interpolated to a
Cartesian grid in accordance with the expression

R2 — D2

R - D7 , D,<R
W(D;) = y R* 4+ Dj?

0, D, >R,

where W(D;) is the Cressman weighting function, R
the radius of influence, and D; the distance from
the jth data point to the grid point. The grid spacing
and R have been chosen to be 1.0 km. The emphasis
is on new dual-Doppler techniques with other mul-
tiple-Doppler approaches discussed for comparison.
Table 1 lists the nine analyses to be examined.

Each radar’s location is denoted by the coordinate
triple (x;,y;,z;) with a grid point’s location denoted
by (x,v,2). If u, v and W(=w + V,) represent
particle motion in the x, y and z directions, then
the measured radial velocity (V;) is related to the
Cartesian wind components by

ulx —x) vy —y) Wk —z)
R; R; R;

where V, represents particle terminal velocity and
Ri=[x —x)* + (y =y)* + z — z)T" (3)

+ Vi, 2

a. Two radar integration from a boundary

It is possible to derive the Cartesian wind com-
ponents by combining observations from two radars
with a reflectivity-terminal velocity relationship and
the anelastic mass continuity equation

ou dv
ax dy
where « is logarithmic spatial rate of change of
density with height. Using Eq. (2) and the measured-

Doppler velocity values V, and V; from two radars,
u and v can be written

4

y2) — (2 — z2)(y — yu)]

(x —x)(y —y2) — (x —x)(y —y1)

[ —z)(y —y2) = 2~ 2)(y —y)] _

C, — wC,, (5a)

(x —x )y —y2) — (x —x3)(y — y1)
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_ RoValx = x)) = RiVi(x — xp) — Vilz — 25)(x — x)) =~ (2 — 2)(x — x3)]

(x = x)(y —y) = (x — x)(y — y2)

[ - z)(x —x1) — (2 — 2)(x = x)] _
. _

C; — wCy. (5b)

(x —x)y —y1) — (x —x )y —¥2)

The vertical air motion w may be obtained from the
linear inhomogeneous partial differential equation
(Armijo, 1969)

ow ow ow (6C2 aC, )
—Cy——-Cy—+ — = + + Kk
ox ay 0z ax ay
_((')Cl OCS). ©)
ax ay

The boundary condition w = 0.0 ms ' atz = 0 is
generally employed with Eq. (6) solved by upward
integration. If observations exist near the tropo-
pause level the boundary condition w = 0.0 m s™!
at storm top may be employed, assuming that the
storm is in a steady state and that the hydrometeor
terminal velocities at storm top are small. As dis-
cussed in a later section, results are relatively insen-
sitive to this choice of upper boundary condition.
Eq. (6) is then solved by integrating downward.

Solution of Eq. (6) results in an anelastic wind
field synthesis in Cartesian coordinates with the
horizontal wind components being determined
generally more accurately than the vertical wind
component. This is because the errors in the hori-
zontal wind components used to compute the
vertical wind component accumulate during integra-
tion. Other error sources particularly important in
the vertical wind computation include the effects of
combining inappropriate divergences resuiting from
an uncertain estimate of storm motion and a finite
data collection time. The effects of storm evolution
over the data collection interval are greater for the
vertical wind component.

An alternative solution procedure is to solve Eq.
(5) with an initial estimate of w, refine the w estimate
through Eq. (4), and recompute u# and v through
Eq. (5). This procedure is repeated until the solution
converges. This analysis is referred to as analysis
A when the integration is upward and is complete.
Analysis A’ corresponds to the solution of Eq. (4) by
downward integration, given an appropriate kine-
matic upper boundary condition. The algorithm
employed is analogous to that of analysis A; the
u, v and w components at each level are determined
by iterative solution of Egs. (4) and (5). A discus-
sion showing the increased accuracy of wind
estimates obtained from downward integration over
those obtained by upward integration appears in the
Appendix.

These analyses can be extended as considered

below. These extensions are founded on the prin-
ciple that an improved analysis will result with
physical constraints applied, when the constraints
represent additional information on the behavior of
convective storms.

b. Two radar variational integral constraint

The first, analysis B, taken from Ziegler (1978),
employs the Boussinesq approximation applied to
the vertically integrated horizontal divergence as an
integral constraint:

Zr §
_ J W 42

Zy
P 4

@)
0 ax dy

requiring that the integrated horizontal divergence
be equal to a constant C, chosen here to cause the
vertical wind to vanish at storm top Z;. Although
the anelastic equation is more appropriate in theory,
the resulting constrained w profiles are very similar
because two boundary conditions have been im-
posed. The use of the Boussinesq form is made fur-
ther attractive because computational time is reduced
an order of magnitude. Here Z; is required to be
above the tropopause. Presented in variational form,
the functional incorporating the integral constraint
to be minimized is

E = U ” [e?(u — u®? + B*v — v°)%]dz

ou ov
+ }\U (Fx_ + 5y_)dz + C”dxdy, ®)

where A is the Lagrange multiplier, the superscript
o denotes an observed quantity, and the weights «
and B are determined from an error analysis and are
related to the Gauss-Precision Moduli, e.g., a?
= (20,7, where ¢,? is the variance of the u-com-
ponent uncertainty. The necessary error variances
are obtained by an iterative solution of Egs. (4) and
(5) where grid-point values of V,, V,, V, and w are
assumed independent and o2(«) and o*(v) vary
linearly across a grid element.

The Euler-Lagrange equations in tensor nota-
tion are

_6_ o1 +—6-I—:0, €))
dx; (%) 8fi

an
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where fi = u, fs = v, x; =x, x, =y and I is the
integrand over area in Eq. (8). The analysis equa-
tions are then

1 oA
Uu=uy’+ —— (10a)
2a% dx
= 10 + _l_g)l , (10b)
2% dy
J" (_ai + fi)dz +C=0. (10¢)
s \Ox ay

The elliptic partial differential equation resulting
from the solution of Egs. (10) is

rT[ 0 1 oA a 1 oA
22 L2
o L8x\2a? 8x dy \28% dy

[ [ r (Bu" av°
= - +

o \Ox oy
which is solved by successive overrelaxation (SOR).
Care must be exercised to use consistent differ-
encing schemes in Eqs. (10) and (11). Adjusted u
and v components are obtained from Eqs. (10a) and
(10b), with w obtained by vertically integrating the
continuity equation. Analogously to B we may de-
rive an analysis B’ which adjusts the dual-Doppler
analysis A’.

A special case of analysis B and B’ will now be
examined. If « is allowed to be only a function of
y and B only a function of x, then by taking 8/8x of
Eq. (10a) and d/8dy of Eq. (10b), and substituting
into Eq. (11), we obtain

)dz + C} , (11)

d 9
—w —u)y+ —(@w -1
x Oy

2 [ 0
JT(Zu + Zv)dz-i-C
S A4 . (12
Zr
This is
o 0
D-po=2"" (13)
Zy

where w' is the kinematic upper boundary condition
with the assumption w = 0 at the earth’s surface,
and D represents the horizontal divergence. The
divergence correction is constant at all heights.

The adjustment of w at level z; may be written
. "
w; — wi = —J (D — D%dz, (14)
0
which yields
wp — wf = — -z—l(w’ - w%). (15)
Zr

The w adjustment increases linearly with altitude.
This is identical to the result obtained if the mass
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continuity relation is made second order (requiring
two boundary conditions), essentially the problem
discussed by O’Brien (1970).

c. Three or more radars and variational integral
constraint

Analysis C uses the horizontal wind components
as determined from analysis D described below and
the constraint (boundary condition) formalism of
analysis B. The boundary conditions may vary
horizontally.

d. Three or more radars and direct solution

Analysis D consists of directly determining the
particle motion components by measurements from
three or more radars. We have used the interpola-
tion from Step 1 as described in Ray er al. (1978).
These results include continuity as a weak constraint
applied locally (subgrid scale) and an expanded form
for the field variables. When the coefficient matrix is
ill-conditioned, it is made diagonally dominant with
an attendant minimization of the field derivatives.
The vertical air motion can be determined by as-
suming a known reflectivity-terminal velocity rela-
tionship. However, this is not necessary; an alterna-
tive solution is to assume a boundary condition,
integrate the anelastic continuity equation and treat
the residual as the terminal velocity. This may
provide insight into microphysical processes, al-
though it is possible to obtain physically unrealistic
results including positive terminal velocities.

e. Three or more radars and variational adjustment

The next procedure (analysis E), is a multiple
(three or more) radar analysis which utilizes the
anelastic continuity equation as a strong constraint
as in Ray er al. (1978). Here the functional may
be written in continuous form as

E:J”[ﬂ”—WV+Ww~WP+WW—WW
ou dv ow
+ }\(—67 + r + e Kw)}dxdydz, (16)

where o?, 8% and y? again are related to the Gauss-
precision modulii. The A equation may now be

written
1 8% 1 32A 132)\+6)\ 8(1)
a? dx2  BEAy? 2 90z2  Ox dx\a?

AN 8 1)
o
dy 6y(/32

K2 ou’
_K = —2( +
v? ox

ax o 1 /1
B2 en il
9z 0z \y? 9z \y?

ov° ow?°
+
oy az

- Kw") , (17
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with the Euler-Lagrange equations given by

~

. 1 oA
u=u’+ — —
20 dx
1 A
v=10" + — — (18)
2p% dy
. 1 oA K
w = +t——+ —
2y? Oz 22

f. Three or more radar integration of horizontal
divergence

Two special cases of method E are also examined.
The first, analysis F, consists of accepting the hori-
zontal wind and determining w by specifying an
upper boundary condition and integrating down-
ward. The synthesis G is the same, except for the
specification of the lower boundary condition and
upward integration.

Although analyses C, F and G utilize three or
more radars, they all represent limiting cases of
analysis E. The methodology employed to derive the
vertical wind in analyses F and G is that of analysis
A, and C is that of B. The improvement is in better
estimates of the horizontal fields and therefore
the horizontal divergence. The horizontal wind fields
for most regions are comparably well determined
for any analysis of two or more radars. It is the
additional information on the vertical wind struc-
ture that differentiates dual- and multiple-Doppler
analyses and can commend an analysis consisting of
three or more radars. All other approaches are
posed as boundary value problems, necessitating ob-
servations from only two radars and a kinematic
constraint or boundary condition(s).

g. Application and comparison of analysis tech-
niques

These techniques are now illustrated on a common
data set obtained near 1740 CST 20 May 1977,
about an hour before a tornado occurred in the
Oklahoma City area. This tornado was on the
ground for ~30 min with a path length of nearly
25 km. We have chosen the horizontal reflectivity
and wind analysis at 6 km altitude to illustrate the
various analyses along with selected vertical cross
sections. All fields are relative to storm motion
(10 m s7! toward 38°) as determined by visually cor-
relating successive reflectivity fields. The location of
the grid and the radars is shown in Fig. 7. The
Norman and Cimarron radars provide input data
for the two radar analyses.

The reflectivity (dBZ) and wind fields obtained for
several of the analyses listed in Table 1 are shown
in Fig. 8. The grid is Cartesian with north toward the
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Fi1G. 7. Location of the four radars used in this analysis: (1)
NSSL at Norman, (2) NSSL at Cimarron, (3) CHILL owned by
the University of CHicago and ILLinois State Water Survey and
(4) the NCAR FOF radar. The two-radar analysis used radars (1)
and (2). The location of the analysis grid used for comparison
is also shown.

top of the page and Norman at the origin. Although
at low levels the strong inflow is from the south
and southeast, at 6 km there is westerly flow near
the south end of the storm. The westerly component
increases with altitude except near storm top where
strong divergence dominates. Most evident is the
similarity in the horizontal fields among the various
analyses presented. Although not equivalent, the
differences are small in these figures. We can con-
clude that qualitatively the computed horizontal
wind components are comparable in regions which
are geometrically suitable for analysis by two or
more radars. However, difference fields, such as
horizontal divergence, exhibit greater variance in
the two Doppler analyses. This is illustrated in
Fig. 9 where the difference from analysis E in the
horizontal divergence has been compared for several
analyses at the 6 km height level. These are pre-
sumed to represent ‘‘errors’’ when compared to the
divergences obtained for four radars. The increased
structure and magnitude of the two Doppler di-
vergences is apparent. As suggested by theory, the
magnitude of the divergence difference increases
with altitude, although maintaining little apparent
coherence with height. This incoherence must be
the case since the difference in the vertical velocity
at the top and bottom is nearly the same in the
adjusted cases for either the two-radar or the four-
radar analyses. Thus, vertically integrated hori-
zontal divergences must be nearly equal and the
vertically integrated difference in horizontal di-
vergence must be near zero. These figures also il-
lustrate the motivation for spatial filtering to ob-
tain more physically reasonable vertical velocities.
They also clearly demonstrate that the integral varia-
tional adjustment can be satisfied with very little






