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1.0 PROLOGUE
1.1 FUNCTI ONAL DESCRI PTI ON

The Vel ocity-Azimuth Display (VAD) algorithmis used to obtain the
vertical profile of horizontal wi nd speed, direction, divergence
and vertical velocity for the region of the atnosphere surrounding
a Doppler radar. Velocity data at different azinuths collected
from a Doppl er radar scanning the atnosphere at a constant

el evation angle about a vertical axis is used. This algorithm
perfornms a harnonic analysis along with a best fit test on the
Doppl er velocities around the circunference of a circle at a
specified slant range to obtain these paraneters. The vertical

wi nd velocity is obtained through a series of steps involving the
rel ati onshi p between horizontal w nd speed and conservation of
mass through a constant el evation surface above the radar.

1.2 SOURCE

The Vel ocity-Azimuth Display algorithmis the result of
theoretical studies first perforned by Lhermtte and Atlas (1961).
Rabi n and Zrnic (1980) applied the VAD technique to an environnent
void of precipitation (clear air) with excellent results. The

al gorithm descri bed here was devel oped at the National Severe
Storns Laboratory (NSSL) at Nornman, Okl ahoma, by Rabin and Zrnic.
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1.3 PROCESSI NG ENVI RONVENT

This al gorithmuses the data obtained by direct neasurenent of
reflective power and Doppler velocity froma Doppl er weat her

radar. The only preprocessing required before use is the
elimnation of bad data. The kinds of preprocessing include
ground clutter elimnation, anomal ous propagation elimnation, and
el imnation of data when echoes beyond the unanbi guous range of
the radar fold into the desired VAD analysis range. For clear air
situations, Doppler velocities from adjacent sanple vol unes shoul d
be averaged to reduce scatter of Doppler velocity estimtes caused
by weak echoes. The velocity values should be thresholded on a
signal-to-noise ratio (e.g.3dB) that is UCP adaptabl e.
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2.0 I NPUTS

2.1 | DENTI FI CATI ON
AZl MJTH

HEl GHT( Radar)
DENSI TY

(At nospheri c)

DENSI TY (At nos-
pheric G adient)

ELEVATI ON

FI T TESTS
REFLECTI VI TY FACTCR
(ZE)

THRESHOLD ( Begi n
i n Azi nmut h)

THRESHOLD ( Dat a
Poi nt s)

THRESHOLD ( End
Azi mut h)

THRESHOLD
(Symmetry)

THRESHOLD
(Vel ocity)

TI ME ( Scan)

VAD ( Anal ysi s
Ranges)

Azi mut hal position, in radians.

The radar hei ght above sea level, in
kil onet ers.

A set of density values for each
altitude, in kg/knt.

A set of density gradient val ues at
each altitude, in kg/knt.

El evation angle, in radians.

The nunber of tines the fit test
procedure is to be run (2).

The effective radar reflectivity factor
of a SAMPLE VOLUME, in m¥/ nt.

Starting azinmuth for VAD anal ysis,
radi ans.

The m ni mum nunber of data points all owed
for the Fourier |east squares fitting,
unitless (25).

Endi ng azinmuth for VAD analysis, in
radi ans.

A value for determ ning symetry, in
km hr (25.2).

A RMS velocity threshold (18), in knihr.

The beginning tinme of a scan, in hours.
Precise to 1/3600 hr.

The set of specific slant range(s) for
each el evation angle at which horizontal
w nd estimates are conputed. The VAD
Range is included in the VAD (Anal ysis
Ranges), in 1/4 kil oneters.
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VAD RANGE = The subset of VAD (Analysis Ranges) used
to conpute estimtes of vertical velocity
and divergence, in 1/4 kil oneters.

VELOCI TY ( Doppl er)

Doppl er velocities in a SAMPLE VOLUME, in
km hr.

2.2 ACQU SITION

DENSI TY (At nospheric) and DENSITY (Atnospheric Gradient) are
acquired through direct neasurenents or standard tabl es.

FIT TESTS is a system supplied paraneter

VELOCI TY (Doppler) is acquired by direct Doppler radar
nmeasur enent .

ELEVATI ONs and AZI MJTHs are obtai ned by direct neasurenent of
radar antenna pointing direction.

REFLECTIVITY FACTOR (ZE) is acquired directly fromthe Doppl er
radar hardware

HEl GHT(Radar) is a scientifically determ ned paranmeter which is
site specific.

THRESHOLD (End Azi nuth), THRESHOLD (Begi n Azi nuth), THRESHOLD
(Symmetry), THRESHOLD (Vel ocity), THRESHOLD (Data Points) and VAD
RANGE are operator supplied paraneters.

TIME (Scan) is acquired by direct neasurenent.

VAD Anal ysis Range is a system supplied paraneter derived fromthe
reporting altitudes of the VAD Wnds product.
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3. 0 PROCEDURE
3.1 ALGORI THM

BEGI N ALGORI THM ( VAD)

1.0 DO FOR ALL ( ELEVATI ONs)
DO FOR ALL (VAD Anal ysis Range at each

ELEVATI ON)

1.1

1.
1

2
.3

DO FOR ALL (FIT TESTS)

COMPUTE ( CCEFFI CI ENT (Fourier, #1))
COMPUTE ( CCEFFI CI ENT (Fourier, #2))
COMPUTE ( CCEFFI CI ENT (Fourier, #3))
COMPUTE (DI RECTI ON (W nd))
COMPUTE ( ROOT MEAN SQUARE)
COMPUTE ( SPEED (W nd))
DO FOR ALL (AZI MJTHs between THRESHOLD (Begi n
Azi mut h) and THRESHOLD (End Azi nmut h))
COMPUTE (FIT)
IE (FIT is greater than zero)
THEN
IE (FIT mnus the current VELOCI TY
(Doppler) is greater than ROOT MEAN
SQUARE)
THEN (set current VELOCI TY (Doppl er)
as m ssing)

END | F
ELSE
IE (current VELOCITY (Doppler) mnus FIT
is greater than ROOT MEAN SQUARE)
THEN (set current VELOCI TY (Doppl er)
as m ssing)
END | F
END | F

VWRI TE ( COEFFI ClI ENT (Fourier, #1))
WRI TE ( COEFFI Cl ENT (Fourier, #2))
WRI TE ( COEFFI Cl ENT (Fourier, #3))

END DO
COVMPUTE ( SYMVETRY)
COMPUTE (HEI GHT (VAD Wnd Estimate))

IE (ROOT MEAN SQUARE is | ess than THRESHOLD
(Velocity) AND FIT is symmetric (SYMVETRY) and
NUMBER (Data Points) is greater than
THRESHOLD (Data Points))
THEN COVPUTE ( Speed Horizontal Wnd))
WRI TE (HEI GHT (VAD Wnd Estimate))
WRI TE (SPEED (Hori zontal Wnd))

VELQOCI TY- AZI MJUTH DI SPLAY [007/30] - 4



WRI TE (RANGE (Sl ant))
VRI TE ( ELEVATI ON)

IF (VAD Anal ysi s Range equal s VAD Range)

THEN

COMPUTE (VELOCITY (Precipitation Fall))
COMPUTE (DI STANCE (Earth Center))
COWUTE ( AREA (Surface))

COWUTE ( AREA (Surface Change))
COMPUTE ( SPEED (Vertical Wnd Change))
COMPUTE ( SPEED (Vertical Wnd))
COMPUTE (DI VERGENCE (Hori zontal))

WRI TE (DI VERGENCE( Hori zont al ))

WRI TE ( SPEED( Vertical Wnd))

END | F

END | F
END DO
END DO

END ALGORI THM ( VAD)
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3. 2 COVPUTATI ON

3.2.1

ALT

CFI

CF2

CF3

VD

RMVS

SHW

SPW

FI'T

NOTATI ON

ALTI TUDE, the hei ght above sea level, in km
Precise to 0.1 kil onmeters.

COEFFI CI ENT (Fourier, #1), the Fourier series
coefficient #1 that allows for the best possible
approxi mation of a function, in kmhr. Precise to
0.1 knt hr.

COEFFI CI ENT (Fourier, #2), the Fourier series
coefficient #2 that allows for the best possible
approxi mation of a function, in kmhr. Precise to
0.1 knt hr.

COEFFI CI ENT (Fourier, #3), the Fourier series
coefficient #3 that allows for the best possible
approxi mation of a function, in kmhr. Precise to
0.1 knt hr.

| NDEX (Azimuth), the index for AZI MJTH.

VELOCI TY (Doppler), Doppler velocities in a SAMPLE
VOLUVE, in knmhr. Precise to 0.1 km hr.

AZI MJTH, azimuthal position, in radians. Precise to
102 radi ans.

DI RECTION (Wnd), the horizontal direction from
which the wind is flowng, in radians. Precise to
102 radi ans.

ROOT MEAN SQUARE, the square root of nmean squared
devi ati ons of Doppler velocities froma Fourier

| east-squares fit curve, in kmhr. Precise to 0.1
km hr.

SPEED (Horizontal Wnd), horizontal wi nd speed, in
kmhr. Precise to 0.1 kni hr.

SPEED (W nd), the horizontal wi nd speed not
corrected for the elevation angle of neasurenent, in
kmhr. Precise to 0.1 km hr.

FIT, the Doppler velocity value at a given azinuth

angle on the Fourier |east squares fitted curve, in
kmhr. Precise to 0.1 knihr.
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PHI #

HVAD

RS

RE

VPF

ZE

HR

DV

DEC

AS

ASC

SVvC

Pl #

RHO#

ELEVATI ON, el evation angle, in radians. Precise
to 10 radi ans.

HElI GHT (VAD Wnd Estinmate), the height above the
ground |l evel from which data was collected in
kilometers. Precise to 0.1 kiloneters

RANCE (Slant), the slant range to the center of a
SAMPLE VOLUME, in kil oneters. Precise to 0.1
kil oneters.

RADI US (Earth), the radius of the Earth (6371), in
kil oneters. Precise to 10* kil oneters

VELOCI TY (Precipitation Fall), the precipitation
fall velocity, in kmhr. Precise to 0.1 knl hr.

REFLECTIVITY FACTOR (ZE), the effective radar
reflectivity factor of a SAMPLE VOLUVE, in m?¥/ n?¥.

HEl GHT (Radar), the radar hei ght above sea level, in
kil oneters. Precise to 0.1 kiloneters

DI VERGENCE (Horizontal), horizontal divergence, in
1/hr. Precise to 102 hr-t,

DI STANCE (Earth Center), the distance fromthe
Earth center, in km Precise to 0.1 kil ometers.

| NDEX (El evation), the index for ELEVATI ON

AREA (Surface), the surface area in the plane above
t he radar bounded by the VAD anal ysis range, in knt.

AREA (Surface Change), the rate of change of AREA
(Surface) with respect to height, in knt/km or
kilonmeters. Precise to 0.1 kiloneters

SPEED (Vertical Wnd Change), the rate of change of
the vertical wind speed at a specific altitude, in
(km'hr)/kmor 1/hr.

Pl, a mathematical constant (3.1416), unitl ess.

DENSI TY (Atnospheric), a set of density values for
each altitude, in kg/knf. Precise to 10° kg/kn?.
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DRHO#

SVW

ND

SYMM

Not e:

DENSI TY (Atnospheric Gradient), a set of density
gradi ent val ues at each altitude, in kg/kmi.
Precise to 10°g/ knt

SPEED (Vertical Wnd), the vertical w nd speed
(positive upward), in kmlhr. Precise to 10 %kmn hr.

NUMBER (Data Points), the nunmber of non-m ssing data
poi nts between THRESHOLD (Begi n Azi muth) and
THRESHOLD (End Azinmuth) that went into the Fourier

| east squares fitting.

SYMVETRY, a flag value that is positive if the
absol ute val ue of COEFFI Cl ENT( Fourier, #1) is |less
than the THRESHOLD( Symmetry) and the absol ute val ue
of CCEFFI Cl ENT( Fourier, #1) mnus SPEED(Wnd) is

| ess than or equal to zero.

Precision is equivalent to the units unless
ot herw se stated.
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3.2.2 SYMBCLI C FORMULAS
COMPUTE ( CCEFFI CI ENTS (Fourier))

CFl = [(1/ND) EVD]-2REL{[(Q-(QQ)Y
(1-1Q2P)1Q4} |
CF2 = REL{(QI-(Q2)(Ql)**")/(1-|Q2P)}
CF3 = IM{(QI-(Q2)(QI)**")/(1-|Q2[*)}
where IM isthe imaginary part of acomplex variable, REL is
Q1 ={[(ND) X VD] - (Q3)/[2(Q4)**]}/
{Q4-[1/(4 (Q4)JC°M)]}
Q2 = { Q4°M-[(Q5)/(2(Q4) )]} { Q4-[1/(4(Q4) ™)1}

Q3 = (IUND) X VD, [cos(AZ)) - (-1)°° sin (AZ))]
]

Q4 = [1/2ND] X [cos (AZ) + (-1)°° sin (AZ)]
j

Q5 = [1/2ND] X [cos (2AZ) - (-1)*° sin (2AZ))]
]

Where COM denotes a complex conjugate, ND is the number of non-missing data points between

the real part and

THRESHOLD (Begin Azimuth) and THRESHOLD (End Azimuth) that went into the Fourier |east
sguares fitting, and j varies between THRESHOLD (Begin Azimuth) and THRESHOLD (End

Azimuth).

COMPUTE (DIRECTION (Wind))

DW =[ = -tan® (CF3/CF2)] fortan'=0ton
*if DW islessthan O:

DW (<0) =DW + 2%

NOTE: n =3.1416
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COMPUTE (ROOT MEAN SQUARE)

RMS ={1/ND X [-cos(AZ, - DW)(CF2* + CF3*)"
J

+ CFl - VD3 ¥

where ND is the number of data points on the VAD circumference and j (the summation
index) varies between THRESHOLD (Begin Azimuth) and THRESHOLD (End Azimuth).
COMPUTE (SPEED (Wind))
SPW = [(CF2)? + (CF3)9°®
COMPUTE (FIT)
FIT=[-cos(AZ; - DW)(SPW)] + CFI
COMPUTE (SYMMETRY)

Positive (symmetric) if |CH | islessthan THRESHOLD (Symmetry) AND |CHl| - SPW islessthan
or equal to zero.

COMPUTE (SPEED (Horizontal Wind))

SHW = (CF22 + CF3%)*2 Jcos(¢d)

COMPUTE (HEIGHT (VAD Wind Estimate))

HVAD = {RS + 2[(4/3)(RE)(RS)(sin($))]} {2(4/3 RE)}
COMPUTE (VELOCITY (Precipitation Fall))

For liquid precipitation,

VPF = 9.54 (ZE*"*) [1.01091 + (HVAD + HR)(0.02863) +
(HVAD + HR)? 0.00259]

For snow,

VPF = 2.94 ZE 00%3

For clear air,
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VPF=0
COMPUTE (DISTANCE (Earth Center))

DEC. = RE - E + E[1 + (RYE)? + 2RS/E sin $]°°
where: E = 4/3RE

COMPUTE (AREA (Surface))

AS =21 (DEC)31-cos Q6]

where:

E> + (DEC + RE/3)? - RS?

. =4/3 1
&, cos 2E(DEC + RE/ 3)

NOTE: DEC,=RE

COMPUTE (AREA (Surface Change))

_ 2AS, B(DEC)? sin(Q6,)
ASG = DEC {(RE) sin(3/4Q6,)
RS2 - E?2 }

1 +
(DEC. + RE/3)?

COMPUTE (SPEED (Vertical Wind Change))

CF1.
svcr = -3/2 (B)(RS) [DEC, + RE/3] —
i RE i AS
1 1
- ﬁ AS(;I + R DRHC)# i S\/Vv*l

(assume SVW,, =0fori=1)

* : Uselast good value of SVW,, if current valueis
not available.
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COMPUTE (SPEED (Vertica Wind))

Assuming: SVW,=0

COMPUTE (DIVERGENCE (Horizontal))

DIV = 2(CH,))/[(RS)(COS ¢))]

+[2VPF tan &, /(R9)]

Where:

*: Uselast good value of SVW,, if current value is
not available.
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40 OUTPUTS
4.1 IDENTIFICATION
DW is atable of horizontal wind direction as a function of height for this observation time.
SHW is atable of horizontal wind speed as a function of height for this observation time.
DIV isatable of horizontal divergence as afunction of height for this observation time.

SVW is atable of vertical wind speed (positive upward) as a function of height for this observation
time.

4.2  DISTRIBUTION

Outputs from the VAD algorithm can serve as inputs to awind shear algorithm and a turbulence
algorithm.
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5.0 INFERENCES
51 LIMITATIONS

This version of the VAD agorithm does not account for deformation (e.g., fronts). The successful
operation of this algorithm rests on the assumption that there are enough echoes to receive
coherent Doppler velocity estimates. When operating in the clear air mode the VAD agorithm
averages three sample volumes in range to reduce the scatter of Doppler velocities due to weak
echo returns. There are many equations relating equivalent reflectivity to precipitation fall velocity.
An incorrect relationship will cause errorsin the estimates of horizonta divergence and vertica
wind speed.

Compromises may need to be made in determining the optimum dlant range for the VAD. At short
ranges ground clutter can completely saturate data and at long ranges the resolution of the Doppler
radar decreases.

5.2 FUTURE DEVELOPEMENTS

The only future development regarding the VAD algorithm is the determination of the values for

velocity threshold and dlant range. Thiswill probably be done during the NEXRAD algorithm
testing phase.
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