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Figure la.

Figure 1b,

Figure 1c.

Figure 2.

Figure 3.

Figure 4.

LIST OF FIGURES

Gust front of April 26, 1984, Velocity color categories in me°s~
are indicated on the right. Reds represent velocities away from
the radar; dark blue indicates regions where echoes are overlaid
in range.

Spectrum width; color categories at right are in mes-1.

Effective reflectivity factor in dBZ. Range marks are 40 km
apart, and the cursor indicates the location of Will Rogers

airport.
Flow chart of pattern recognition algorithm.

(a) Doppler velocities along a radial showing aliasing that
cannot be corrected with a simple continuity check. The
unambiguous velocity Va = 25.6 m's'l.

(b) The same velocities dealiased. The gust front convergence

region extends from about 18 km to 27 km.

The logic of dealiasing. The three straight lines indicate
possible relationships between input (aliased) and output
(dealiased) velocities. As long as the dealiased velocities
along a radial are on a single line, convergence measurements

will be correct.
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Figure 5.

Figure 6a.

Figure 6b.

Figure 6¢.

Figure 7.

Figure 8a.

The procedure for the construction of pattern vectors. Dots
represent the boundaries of segments that are joined by the

algorithm,

Profiles of equivalent reflectivity factor, mean velocity and
Doppler spectrum width along radials for a gust of April 13,
1981. Both raw and nine-point averaged mean velocities are
shown. The spectrum width is a nine-point running average. The
beginning, B, and ending, E, of the pattern vectors are

indicated.

Profiles as in Fig. 6a, for the gust of May 9, 1981.

Profiles as in Fig. 6b; the radial is now tangent to the frontal
discontinuity. The arrow indicates a subjectively deduced
location of the front from the spatial continuity of the mean

velocities (see Fig., 1).

Two features of pattern vectors identified by the algorithm for
May 9, 1981. The azimuthally elongated feature at 40 km is a

genuine gust front.

Profiles as in Fig.6a, at a different azimuth. Beginning and

ending of each pattern vector are indicated; g is gradient and f

is "flux".
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Figure

Figure

Figure

Figure

8b.

10.

11.

Four features of pattern vectors identified by the algorithm for
April 13, 1981. The first and second features are produced by

the primary and secondary surges.

Detection region for pattern vectors in the gradient - "flux"
plane. Data are for the April 13, 1981, portion of the front
extending over 10° in azimuth that was (a) perpendicular to the

radials and (b) almost parallel to the radials.

Detection region for pattern vectors in the gradient - "flux"
plane. Data are for the May 9, 1981, portion of the front
extending over 10° in azimuth that was (a) perpendicular to the

radials and (b) almost parallel to the radials.

Twisting downburst of May 30, 1982. The center of this downburst
is at -80 km, 18 km from the Norman radar. Wind vectors were
obtained from data of two Doppler radars, and the scale vector is
indicated in the lower left corner. This downburst is imbedded
in strong reflectivities as seen from the extent of the 50 dBZ
contour. The leading edge of the outflow NE of the center (thick
line) would exhibit anticyclonic shear to any radar located north
or south of it. Parallel to this line and about 3 km west of it
the radars would detect a cyclonic shear. (Courtesy Mike Eilts,

NSSL).

viii



Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16a.

Detection region for the pattern vectors in the shear momentum
plane applicable to the mesocyclone shear algorithm. Data are
for the indicated portion (azimuth, range) of the front of April

10, 1981.

Doppler velocities for the gust front of April 13, 1981.
Elevation is 1.3°, range marks are 20 km apart, and red
represents velocities away from the radar. Patches of red in the
middle of green are aliased velocities, most likely due to

outflow produced by intense downdrafts,

Contours of mean Doppler velocities for the gust front of
April 13, 1981. The contour interval is 10 m's'l. Objectively
determined location of the front (thick line) is superposed. The

square next to C is at the center (rc, azc) of the front.

Detected gusts at an elevation of 0.8° for the front of April 13,
1981. The locations of maximum gradients and their five-point
running averages are plotted. Superposed also are the least
squares fitted lines. The primary gust is labeled with 1 and the

secondary surge with 2,

Detected gust lines at a constant elevation of 1.3° at three
consecutive times. The lines are five-point running averages. of
maximum gradient locations. Numbers 1, 2, and 3 identify

features with time continuity.
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Figure 16b.

Figure 17a.

Figure 17b.

Figure 18a.

Figure 18b.

Figure 19a.

Figure 19b.

Detected gust lines in one volume scan Numbers 1, 2, and 3
correspond to the same features as in Fig. 16a, which are

continuous through four heights

Three consecutive positions of the front (April 13, 1981). The
smooth curves are least squares fits to the data and the
forecast position is indicated. The range mark is at 40 km from
the radar. Centers of the pattern vectors were used to trace the

gust. Squares indicate the centers of these three front lines.

Consecutive positions of the front, as in Fig.l7a except that

locations of maximum gradients were used to trace the gust.

RMS error between the fitted curve (primary gust) and (1) center
of pattern vectors and (2) locations of maximum gradients. Data
are from three consecutive times (ranges) for April 13. 1981.
The range is to the centers of features, which differ slightly

for the two methods.
Full circles are RMS errors as in Fig. 18a, plotted versus
height. Open circles are RMS errors for the gust front at other

than 1.2-1.3° in elevation, these are not plotted on Fig. 18a.

Area, average "flux", average gradient, and average of maximum

gradients versus range for the gust of April 13, 1981.

Parameters as in Fig.l19a, plotted versus height.



Figure 20a. Detected gust fronts. Dashed line is a five-point running
average of maximum gradient locations (from convergence
algorithm, same as "1" on Fig. 16a) and the solid line is a five-
point running average of pattern vector centers (from

mesocyclone-shear algorithm).

Figure 20b. Actual positions of the gust and a forecast position obtained

from the mesocyclone-shear algorithm,

Figure 21. Doppler velocities for the gust front of May 9, 198l1. Range
marks are 40 km apart, elevation is 1°, and the cursor is near

the center of the front.

Figure 22. Contours of mean Doppler velocities for the gust front of
May 9, 1981. The contour interval is 10 m's‘l. Objectively

determined location of the front (thick line) is superposed.

Figure 23. Detected gust lines at a constant elevation of 1°. The curves
labeled "1" are part of the same gust. Locations of maximum
gradients, their five-point averages, and least squares fitted

positions are plotted.
Figure 24. Three consecutive positions of the front on May 9, 1981. The

smooth curves are least square fits to data, and the forecast

position is indicated.

X1



Figure 25.

Figure 26.

Figure 27.

Figure 28a.

Figure 28b,

Figure 29.

RMS error between the fitted curve and gust positions determined

by the location of maximum gradients for May 9, 1981.

Area, average "flux", average gradient, and average of maximum

gradient versus range for the gust of May 9, 1981.

Doppler velocity display for the gust front of May 29, 1980.
Range marks are 40 km apart, elevation is 0.9°, and the cursor is

near a low-level vortex.

Contours of mean Doppler velocities of the gust front of May 29,
1980. The contour interval is 10 m's'l. Objectively determined
location of the front (thick line) is superposed. The small
circle indicates the core of a mesocyclonic vortex, and the

dashed circle has a diameter three times larger than the core.

Three consecutive positions of the front on May 29, 1980. The
smooth curves are least squares fits to the data, and the
forecast position is indicated. The range mark is at 40 km from

the radar.

Area, average "flux", and average gradient versus range for the

gust of May 29, 1980.

xii



Figure

Figure

Figure

Figure

Figure

Figure

Figure

3la.

31b.

31c.

32a.

32b.

Display of mean velocities for the gust front of April 10,
1981. Range marks are 40 km apart, elevation is 0.8°, and the
cursor locates the front. The area NW of the white square is

contaminated with second-trip echoes.

Shear lines detected by the mesocyclone-shear algorithm at

2300 CST on April 10, 1981, at 0.8° elevation. The data, their

five-point average and the least squares fitted curves are drawn.

Shear lines as in Fig.3la, at 2306 CST.

Shear lines as in Fig. 31b, at 1.2° elevation.

Shear lines detected by the gradient algorithm for April 26,

1984, The data, their five-point average, and the least square

fitted curves are drawn.

Three consecutive positions of the front. Five-point running

average, least squares fitted curves, and a forecast position are

shown., Square indicates the center of each curve.

Algorithm for detecting weather hazards near the ground.
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AUTOMATIC DETECTION OF GUST FRONTS

Hiroshi Uyeda and Dusan S. Zrnic'

1. Introduction

Earty displays of Doppler spectral moments demonstrated that many
hazardous weather features produce characteristic signatures that human
observers can readily interpret (Wood and Brown 1983). Among the most
dramatic signatures are those of mesocyclonic circulations (Sirmans and
Doviak 1973): tornado vortex signatures (Brown et al., 1978); divergence
signatures (Zrnic' and Gal-Chen 1983; Doviak and Zrnic', 1984; Wilson et al.,
1984); and shear lines associated with gust fronts (Zrnic' and Lee, 1983).
Although recognition of these signatures by trained human observers 1is not
complicated, there are strong reasons to develop automated techniques that
would help or in some cases even replace the human operator It is well known
that humans excel machines by far in recognizing patterns. Yet when several
patterns need to be examined. quantified, and remembered for correlations in
space or time, the machines become superior. Furthermore, a machine's
performance is consistent regardless of the environmental conditions and is
not subject to the boredom and fatigue that affect humans. With procurement
plans for Next Generation Weather Radar (NEXRAD) well under way, a need exists
to provide as much assistance as possible to interpretation of radar
displays. So far, several algorithms have been developed and tested to serve
that purpose (NEXRAD Algorithm Report, 1984). This paper concerns algorithms
that detect and track gust fronts. Our procedure is based on gradients of

radial velocity. These are grouped by features, whose shapes are examined-

2.  Gust Front Characteristics

An intense gust front propagating toward or away from the radar produces
at low levels a very well defined line of convergent radial velocities
(Fig. la). The frontal position is also detectable from the Doppler spectrum









ahead of the front is weak (less nan 9 dBZ) and probably does not result from
raindrops, but instead from refractive index gradients of the air and discrete

particles caught up in the wind.

The velocity display color code (at right) shows radial flow components
toward the radar as green to yellow and away from the radar as red to orange
values are in meters per second (multiply by 2 for approximate value in
knots). In regions where the re¢ velocity exceeds the maximum unambiguous
velocity measurable by the radar (+ 34 m's'l), the velocity aliases on the

color scale. Strong outbound flow is displayed as bright red up to 34 mes~1

but as bright yellow to green when it exceeds 34 mes1.

Such a pattern is
visible to the north of Norman where bright red surrounds many small areas of
bright yellow. Blue is reserved for regions where velocity parameters cannot

be estimated because of overlay ¢ echoes.

A meteorological feature | >minent on the velocity display is a
convergence boundary or gqust fror extending from north at 80 km to west at
40 km. The strong southerly winds ahead of the gust front (bright red and
yellow) apparently identify a Tow-level jet associated with t : storm
system. The rapid changes from red to yellow reveal that the flow is not
constant but posesses strong shei s. These features are verified from wind
measurements recorded on the KTVY tower. Strong south winds e gusting up to
25 mes~! at the surface and gusting higher than 35 mes~L1 at the topmost level
(444 m or 1500 ft). Velocity data at other elevation angles confirm that the
strong flow extends up to the aircraft altitude (6000 ft) and beyond.

The spectrum width is a mea: re of the spread of velocity about the mean
velocity at each sample location. Large widths are produced by strong wind
shears and turbulence. The display shows extremely turbulent flow in bright
blue, yellow, and red (widths greater than 8 m°s‘1). Note th . the disp ay
ir cates large widths ahead of - e tower. This is confirmed by high
variability in the recorded tower winds, which change by as much as 14 mes=1
in 10 seconds. The gqust front position shows up as a narrow zone of large
widths to the west and north of i e tower by a few kilometers (same region as

that shown on the velocity disf ay).

The aircraft may have encountered severe turbulence in a low-level jet
ahead of the gust front. The me orological explanation for the extreme
turbulence of the Tow-level jet is not obvious. The frequency of occurrence



of such flows as hazards to aircraft is not well known either. On the other
hand, the aircraft may have crossed the gust line; its altitude was such that
it would not have penetrated the gravity current but would have been in the
turbulent storm inflow just above it.

Characteristics like the ones on Fig. 1 have been documented for several
fronts (Zrnic' and Lee, 1983), and a detailed discussion of their dynamics in
the lTower 400 m can be found in the report by Goff (1975). It was observed
that the lengths of these fronts were from 12 to 90 km. On the basis of these
observations and our previous experience with the divergence algorithm (Zrnic'
and Gal-Chen, 1983), we decided to attempt detection of the convergence line
in the Doppler velocity field. Thus, we have applied the principles from the
divergence algorithm, to detect convergence lines instead. The convergence
occurs about the frontal discontinuity because fluids with two different
velocities are moving toward each other. The cool outflow air is flowing
underneath the warm moist inflow. Ahead of the outflow the environmental air
has a strong velocity component toward the front. For most orientations of
the gust front except when it is parallel to a radial, a Doppler radar would
detect convergence as a decrease in the velocities along a radial. Our
algorithm capitalizes on this simple fact. However, fronts parallel to
radials do not produce radial convergence signatures. To detect such fronts
the mesocyclone-shear detection algorithm must be used. We show, by means of
two examples, how and with what thresholds the mesocyclone-shear algorithm
works in detecting low-level azimuthal shear.

3. Pattern Recognition Algorithm

3.1 Detection of Radial Convergence

Our gust front pattern recognition algorithm is modeled after the
mesocyclone and divergence algorithms (Zrnic' et al., 1984; Zrnic' and
Gal-Chen, 1983). Therefore only a brief description is given here. The
algorithm starts by searching along a radial for runs of decreasing
velocities, which characterize radial convergence. This search is done by
comparing consecutive velocities. When a run terminates, a pattern vector is
formed; its six components are beginning velocity vy, ending velocity ve,
beginning range rp, ending range ro, azimuth, and maximum gradient g, defined
by



Vn-4 = Vn+4
“n+s = "n-4

) (1)

g, = max (

where v,. is a smoothed (i.e., nine-point average) velocity corresponding to a

n
range r, between beginning and ending ranges of a pattern vector. We estimate
this gradient from data spaced nine points apart because (see Section 3.2) the
spacing further smoothes the gradient over the same (matched) length as the

one used for averaging the velocities.

Before the pattern vector is saved for further processing, its gradient

defined as
V.-V
b "e
9 = ———Q— (2)
re ™
and "flux"

are checked against a set of thresholds (Fig. 2). If the vector fails low

gradient L, or low "flux" L¢ thresholds, it is discarded; otherwise, a check

g
against high thresholds is made. If the vector passes either high "flux" He

or high gradient H, thresholds, it is saved for later sorting. We caution the

reader that the tegm "flux" used here is a carry-over from the divergence
algorithm. It has physical meaning only if the flow in a plane has a point
source or sink with significant influence over a circle with diameter R
In addition to the already listed thresholds, data are processed only if
reflectivities are larger than -15 dBZ and heights are less than 2 km. All
the thresholds and their values used in the present study are summarized in

Table 1.

After the completion of a scan, all saved pattern vectors are sorted into
features according to their proximity. Two vectors belong to the same feature

if the range and azimuth centers Feis AZcj satisfy

(Irei=resl < 2.) and (lazg-az;| < 2,) (4)

5l

where Lp is a threshold for radial distance and 24 for azimuthal distance.
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Figure 2 Flow chart of
pattern recognition
algorithm.

Features with very few pattern vectors are immediately discarded; the

remaining features are further processed.

computes the following:

Azimuth center

-1

For each feature the algorithm



Range center

Average radial convergence

Vb~ Ve

1
CONV = % ().
M Fo = My 1

Maximum radial convergence

Vb = Ve

MAXCONV = max ( )

r -or i
e b

Average of the maximum gradient
G == I 9
Average velocity difference
DELV = —i (v, - v.)s
™M e b’i
Maximum velocity difference
MAXDELV = max (ve - Vb)i
Average "flux"
F=closQ(v -v) (r, -r)l,
M b e e b’-i
Maximum "flux"
MAXF = max [(vb - ve) (re - rb)Ji

Area

m
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"o )41



Length

m 2 1
L= ¢ (Tgpg- (azypg-azy) (ryrr) ;T + Llrgir) iy - (nying) 3774} 72 (15)

Average width

where M is the number of pattern vectors in a feature.

TABLE 1

Thresholds for Detecting Radial Convergence Lines

THRESHOLD NUMERICAL VALUE
High Gradient Hg = 0,65 mes~Lekm~1
Low Gradient Ly = 0.50 m*s~lekn!
High "Flux" He = 100 mes~1ekm
Low "Flux" Le = 30 m*s~1km
Max. azimuthal separation La = 4°
between vectors
Max. range separation 2 = 4.0 km
between vectors
Reflectivity Threshold -15 dBZ
Height Threshold 2 km (and below)

Features with azimuthal length L, larger by a factor of 2 from average
width W, are classified as fronts (F). Features with smaller azimuthal
lengths are classified as shear lines (S). We have often observed that
pattern vectors representing secondary surges are classified in the same
feature as the primary gust front. This is because pattern vectors are
statistical and our distance criterion is liberal. Therefore pattern vectors
in a feature that lie on the same radial (i.e., have the same azimuths) are



separated. So if the gust front is approaching the radar, all pattern vectors
along common radials with centers farthest from the radar are taken out of the
feature and classified as belonging to a secondary surge. Contrary to this
when the front is receding, pattern vectors along common radials that are
closer to the radar are classified in a secondary surge feature.

3.2 Velocity Dealiasing

Dealiasing of velocities is not an inherent part of the algorithm.
Nevertheless, we found it necessary to dealias the velocities. When intense
gust fronts are propagating toward the radar, there are many regions where the
velocities exceed their unambiguous interval, 2 v,. In order for this or any
other algorithm to perform properly, the input velocities must be valid. Our
first attempt at dealiasing consisted of checking the continuity of radial
velocities and making corrections whenever a difference between two
consecutive velocities exceeded the unambiguous value v,. This procedure
works well whenever the discontinuity is an abrupt step. However, we have
often found that the discontinuity is less abrupt. For example, in Fig. 3a
the discontinuity at 25 km extends over three consecutive range bins and is
such that the difference between any two consecutive velocities is less than
Va. Consequently, the simple continuity check fails. Rather than build an
extensive continuity check with look-ahead capability, we compared a nine-
point running average with the first nonaveraged value outside the nine
points. The choice of a nine-point running average is an expedient one
because we are using a nine-point average for gradient measurements anyway
(see’Section 3.3). When the velocities are 150 m apart, the nine-point
average extends over 1.35 km, which is less than the width of the convergence
zone in the gust front. For the analyzed gust fronts our dealiasing procedure
has performed well so far. As seen in Fig. 3b, all velocities are correctly
dealiased except the one near zero, which can be considered an outlier.
Outliers can be easily eliminated by checking the spread of velocities about
the running average. We do not check for outliers because our procedure to
build pattern vectors is immune to bursts of outliers that span less than six
consecutive values (see Section 3.3).

Measurement of convergence is sensitive only to the difference of
velocities and therefore is not affected when all the velocities along a
radial are dealiased consistently though wrongly. This is illustrated in
Fig., 4.

10
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3.3 Construction of Pattern Vectors

Figure 3 (a) Doppler veloc-

ities along a radial ehowing
aliasing that cannot be cor-
rected with a eimple contin-
uity check. The unambi?uous
veloeity v, =35.6 mg .
(b) The same velocities
dealiased. The gust front
convergence region extends
from about 18 km to 27 km.

Figure 4 The logic of

dealiasing. The three
straight lines indicate
possible relationships
between input (aliased) and
output (dealiased)
velocities. As long as the
dealtiased velocities along a
radial are on a single line,
convergence measurements
will be correct.

The method by which pattern vectors are obtained in the gust front
algorithm is somewhat different from that used in the mesocyclone algorithm.
Namely, a nine-point running average of the velocities along a radial is first
performed so that the effective range resolution is 1.35 km. This equals the

11



minimum width of a 2-dBZ gust contour (Zrnic' and Lee, 1983). Averaging
reduces the fluctuations due to estimation errors and turbulence. But even
with this smoothing, we observed that deviations of velocities about a linear
fit in range were enough to break up what seems to be a single, continuous
pattern vector.

We contrast these results with those of mesocyclone algorithm where
comparisons of adjacent velocities are sufficient to yield valid pattern
vectors. The reason for the difference is twofold: (1) Resolution volume
weighting function in the azimuthal direction is broader than in the range
direction, and the overlap is more from one azimuth to the next than from one
range location to the next. Therefore, the increase of velocities through the
mesocyclone core is more likely to be monotonic with azimuth than the decrease
of the velocities through a gust with range. (2) Range locations are only
150 m apart whereas adjacent azimuthal distances are of the order of a
kilometer. Therefore, for equal shear the percent deviation of incremental
velocity (due to noise) with respect to the mean between two adjacent range
locations is considerably larger than the corresponding percent deviation
between two adjacent azimuths.

For these reasons we have added a seven-point look ahead capability to
our vector construction routine. The procedure looks at seven adjacent (in
range) velocities and selects the maximum of the minima, which is less than or
equal to the current velocity. Thus, the algorithm leaps from a maximin
location to a next maximin point and connects the segments until there is an
increase (over more than seven consecutive points) of velocities with range.
This principle is illustrated in Fig. 5 where dots indicate boundaries between
segments that the algorithm has connected.

In the tested examples, our procedure has provided very good performance,
but the computing time for pattern vector generation is larger than in the
mesocyclone algorithm. We believe that increased computational speed would be
possible without sacrificing accuracy if coarser range resolution were used.

Next we show several examples of Doppler spectral moments along radials
that are cutting through gust fronts (Figs. 6a, b) or are tangential to the
front (Fig. 6¢c). An increase in reflectivity is evident for the two cases
shown in Figs. 6a and 6b where the radials are perpendicular to the fronts,
However, these increases are not displaced by the same amount from the
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Figure 6(a) Profiles of equivalent reflectivity factor, mean velocity and
Doppler spectrum width along radials for a gust of April 13, 1981. Both raw
and nine-point averaged mean velocities are shown. The spectrum width is a
nine-point runmning average. The beginning, B, and ending, E, of the pattern
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Figure 6(c) Profiles as in Fig. 6b; the radial is now tangent to the frontal
discontinuity. The arrow indicates a subjectively deduced location of the
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location of maximum gradients. For the gust of April 13 the reflectivity
increases about 10 km ahead of the maximum velocity gradient whereas on May 9
the increase coincides with the maximum gradient of velocities. Note that
when the radial is tangent to the front (Fig. 6c), no clear signatures are
obtainable from the spectral moments along a radial. Otherwise the smoothed
mean velocities clearly exhibit a region of large gradient, which is included
in pattern vectors whose beginnings and endings are indicated in Figs. 6a and
6b. It is apparent in these figures that the Tocation of maximum gradient is
a better indicator of the front's position than the midpoint of the pattern
vector (see Section 4.1). From the plot of Doppler spectrum width we cannot
easily locate the fronts although slight Tocal maxima coincide with the

maximum gradients.

Pattern vectors for the scan at 1° in elevation (May 9, 1981) were
classified into two features (Fig. 7). The closer feature is spurious and has
resulted from ground clutter contaminations. The velocities at the beginning
of pattern vectors (i.e., closest to the radar) are not representative of the
environmental flow but are heavily biased toward zero by echoes from the
ground. Farther away at the pattern vectors' end, the velocities are more
representative of the environmental flow with a component toward the radar.
Hence, artificial gradients are created, but because its length to width ratio
is less than 2, the feature is not classified as a gust front. The azimuth-
ally elongated feature at 40 km is correctly classified as a gust front.

Often behind the front there are secondary surges (Goff, 1975) and
convergence regions produced by small downdrafts. In Fig. 8a the primary
(B1-E;) and secondary (By-Ep) gusts have about equal maximum gradients whereas
the other three convergences are characterized by maximum gradients at least
five times lower. Only the pattern vectors (By-E;), (Bp-Eo), and (B3-E3) pass
the first screening thresholds and are saved for later sorting into
features. The feature to which (B3-E3) belongs is not long enough and hence
is discarded, and only two gust features are identified at this elevation
(Fig. 8b).

3.4 Gradient and "Flux" Thresholds

Because our detection algorithm relies heavily on kinematic properties of
gust fronts (i.e., gradient and "flux"), we present here some statistical data
concerning these quantities that influenced the choices in Table 1. We had
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Figure 7 Two features of pattern vectors identified by the algorithm for
May 9, 1981. The azimuthally elongated feature at 40 km is a genuine gust
front.
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examined the gradient versus "flux" data for two gust fronts in order to
obtain the detection region in the gradient - "flux" plane on Figs. 9 and

10. This region is also described by the thresholds in Table 1. The gradient
"flux" points on Fig. 9a for pattern vectors belonging to a gust front of
April 13, 1981, are well separated from the points belonging to other
convergence regions because the front is perpendicular to the radials. When
the front is almost tangential, the separation between pattern vectors is not
as striking (Fig. 9b), yet in this example, there is little overlap. For the
gust front of May 9, 1981, we see again (Fig. 10a) that the separation is
excellent when angles between the radial and the front are nearly
perpendicular. In the other extreme, where the front is almost along the
radials, the separation is poor and the chosen thresholds (Fig. 10b) are
optimized to distinguish between pattern vectors belonging to the gust and the
ones from convergence zones. From Figs. 9 and 10 it is evident that detection
is not very sensitive to small variation of thresholds about the chosen
values; a 20 percent variation in one of the thresholds would result in a
couple of missed pattern vectors or in a couple of false pattern vectors.
Since the detection algorithm sorts pattern vectors according to proximity
with rather conservative distances (Table 1), we note that a loss of several
vectors does not affect detection. Similarly, false vectors are extremely .
unlikely to form elongated features and thus are rejected by the sorting
routine. Therefore, we expect our thresholds to work well for a variety of
gusts having orientations similar to the radar beam as was the case for
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April 13, 1981, and May 9, 1981. They did work well for two other cases that
we analyzed.

3.5 Detection of Azimuthal Shear

It is possible to detect fronts that are tangent to radials if the
mesocyclone algorithm (Zrnic et al., 1984) is used. This is because the
converging winds on either side of the line are not perpendicular to the line;
the environmental flow usually has a component along the gust; behind the gust
the flow has a cyclonic curvature so that a cyclonic shear is seen in the mean
velocity display. Anticyclonic shear may also characterize the transition
between the environment and the outflow, especially if the wind shear vector
progresses counterclockwise with height; at times there may be two almost
parallel shear lines--one cyclonic, the other anticyclonic as produced by a
downburst (Fig. 11).

We decided to adapt the mesocyclone shear algorithm so that it can detect
azimuthal shear near the ground. Because cyclonic shear is prevalent and
because of time constraints, we made modifications to detect only cyclonic
shear. The main changes needed for low-level shear are the thresholds listed
in Table 2. These were obtained after several trials with a Timited number of
data. Note that the reflectivity threshold is -15 dBZ and that shear and
momentum thresholds are about half those for detecting mesocyclones and shears
aloft. An example of the detection region in the shear momentum plane (Fig.
12) shows the expected distinction between pattern vectors of gust shear lines
and other shears. Even though there is some overlap, the additional criteria
such as proximity (for sorting) and shape of sorted features eliminate most of
the false or insignificant shears. In order to reduce memory storage and
speed up the computations, we examined azimuthal shears at every fourth range
location (gate). This, together with the minimum number 10 (Table 2) of
pattern vectors in a feature, means that only shear lines at least 4 km long
are considered. Maximum radial distance for classifying adjacent vectors in
the same feature is also 4 km, and the azimuthal separation is 3.3°. This
last value was obtained by considering the separation between radials, which
for our data is 1°. So the vector centers may be misaligned by at most three
radials. As in the gust front algorithm based on convergence detection, a
feature should not contain more than one pattern vector at a fixed range.
Thus, if more than one such vector is sorted into a feature, it must be

separated and put into a new feature.
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TABLE 2

Thresholds for Detecting Azimuthal Shear Lines

THRESHOLD NUMERICAL VALUES
L Low shear 1.5 mes™Lekm- "1
Hg High shear 2.0 mes™Lekm-1
Lm Low momentum 25 m°s'1'km
Hp, High momentum 50 mes~Lekm
Dr/Da Ratio of feature
length, D., to feature >3
width, Da
M Minimum number of
vectors allowed in a 10
feature
]a Maximum distance
between the azimuthal
centers of two vectors 3.3°
for classification
in the same feature
]r Maximum radial distance
between two vectors 4 km
Zy Reflectivity threshold -15 dBZ
h Height threshold < 3 km
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3.6 Tracking of Gust Fronts

Once the gust front feature has been identified, there are several
options for displaying and tracking it. In order to display the front at
sites remote from the main computer, it is desirable to characterize the
front's shape with a small number of parameters. We have found that with a

convergence algorithm a least-squares fitted curve,
P
r=As +Be+C, (17)

can be used very effectively both to display the front and to extrapolate its
position into the future. 1In (17) 6's are azimuths of pattern vectors and r's
can be either the average value, (ry + rgo)/2, of the pattern vector range or
the range to the maximum gradient of a pattern vector. It is shown in later
sections of this report that the locations of maximum gradients characterize
better the frontal discontinuity. To test the goodness of fit, the root mean
square (RMS) or standard error between the fitted curve and data is

computed. In order to track the front, its range center (6) and azimuth
center (5) at two consecutive times t;, tp are needed. Then, assuming that
the front's propagation velocity equals the velocity at which the center is
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This is done

by advecting the curve (17) at a time tp with the estimated propagation

velocity.

For azimuthal shear lines detected by the mesocyclone-shear

algorithm, it is natural to regress 6 on r because © has a quadratic

dependence (arc) on r.

So we use

o = Ar2 +Br +C

(18)

where the data pairs (ei’ ri) are the centers of pattern vectors.
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4. Case Studies

In this section we examine the performance of our algorithm on five
different cases. As ground truth we use the positions of the gust as
indicated by the velocity discontinuities on color displays and on contour
plots. We also show examples of tracking and outputs such as feature area,
"flux", and gradient as a function of range.

4,1 April 13, 1981

A very intense front developed in a squall line that passed by some
surface stations and over the Cimarron radar site on this day (see Fig. 10 in
Zrnic' and Lee, 1983). We applied the algorithm to seven scans (Table 3) and
chose three consecutive scans at 1.2° in elevation to illustrate detection and
tracking. The mean velocities for the last scan (2123 CST) are shown in
Fig. 13. Note the arc shape of the frontal discontinuity in the velocity
field and the richness of velocity structure suggestive of turbulent eddies,
which are also present in the spectrum width display (see Zrnic' and Lee,
1983). We superposed the gust front position on the velocity contours to
obtain Fig. 14, There the deduced front's shape follows quite well the
-10 mes-! velocity contour and is at the locations that one would subjectively
determine from the color display. Note that the arc stops at 40 km to the
west of radar and about 30 km to the north. From the color display we infer
that the front extends beyond these ranges, but because it becomes tangential
to the radial, it cannot be detected with radial convergence measurements.

In Fig. 15 we show the fronts detected at an elevation of 0.8°.
Locations of maximum gradients and their five-point running averages are
plotted. Also superposed are the least-squares fitted positions. There are
four frontal Tines, but only two (labeled 1 and 2) had time and height
continuity. The longer line closer to the radar (1 in Fig. 15) is the primary
gust, and the one behind (number 2) is a secondary surge. We made these
deductions by examining time and height continuity (Figs. 16a and b). At 1.3°
in elevation (Fig. 16a) there are three gusts that have temporal continuity
(labeled 1, 2, 3) over three scans. These gusts exhibit also height
continuity as seen in Fig. 16b, where the secondary surges (2 and 3) are found
at four elevation angles and the primary surge is present at all five
elevations examined. The other unmarked shears are transient and must be
eliminated from displays. It suffices to check the continuity of range and
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TABLE 3

Parameters for the April 13, 1981, Front

AVERAGE
RANGE HEIGHT OF AVERAGE

ELEVATION OF OF MAX OF RMS
TIME ANGLE CENTER CENTER GRA IENT1 "FLTX" LENGTH ERROR
(CST) (deg) (km) (km) (mes™=+km™*) (m*s”™*<km) (km) (km)
2111 1.3 39 0.97 6.4 234 30 0.8
2116 1.3 33 0.82 6.5 217 39 1.0
2123* 0.4 25 0.21 5.9 221 21 1.2
26 0.22 6.2 365 21 1.5

2123 0.8 25 0.38 5.4 352 38 1.
2123 1.2 26 0.58 5.3 305 44 1.5
2124 2.0 24 0.88 6.0 262 32 1.1
2124 2.8 25 1.23 5.6 83 12 1.5
AVERAGE 28 5.9 255 30 1.3

*In this scan the algorithm separated the gust into two lines.

azimuth centers (Eqs. 5, 6) of gust lines. The continuity should extend
through two to three lowest elevations. In order to establish track the front

must be detected at least in two consecutive scans at the same elevation.

Three consecutive positions of the front are shown in Figs. 17a and b.
Both the fitted curve and the centers of pattern vectors that were used as
data for the fitted curve are drawn in Fig. 17a. In Fig. 17b we used the
locations of maximum gradients to trace the front and perform the fitting.
From the visual comparison of the two figures it is obvious that the maximum
gradients produce a smoother trace, which is also confirmed from the standard
error between data and the fitted curves (Fig. 18a, b). These errors are at
least two times lower when maximum gradients are used and do not exceed 1.5 km
(Table 3). With the dashed line we have indicated errors when the pattern
vectors belonging to a secondary surge were not separated from the feature and
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Figure 17(b)
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the center of vectors was used to locate the front. Similar increase in
errors (not shown) occurs when the secondary surge is not separated in the
maximum gradient method. It is not surprising that the maximum gradients are
better locators of the frontal discontinuity than centers of the pattern
vectors. Physically it is the maximum gradients that define fronts whereas
the centers of pattern vectors only approximate frontal discontinuities. Our
main reason for trying centers of pattern vectors was ease of calculations.
Finding maximum gradients requires an additional pass through the velocity
data contained between ry and r. of a pattern vector. Because in this and
other tested cases detection and tracking based on maximum gradients of
pattern vectors outperformed the method based on centers of the pattern
vectors, we consider only the former in the remainder of this report.

The forecast position of the front (Fig. 17b) is in reasonable agreement
with the actual position; maximum displacements between the two are less than
4 km. To improve further the forecast positions would require intervals
shorter than 5-7 min between scans. The values of average gradient, average
“flux", average of maximum gradients, and area depend on the development stage
of the front (Fig. 19a). The area may tend to increase closer to the radar if
elevation is constant because more pattern vectors that would otherwise fall
below the beam can be detected. Average gradients between 1.5 and
2 m's'1°km‘1, maximum gradient larger than 5 m-s'l-km'l, and f]dxes between
100 and 400 m-s~l-km are typically encountered in strong gusts; this is
illustrated in Table 3 and in Fig. 19b where these attributes are plotted
versus height. The lengths in Table 3 were measured along the least squares
fitted line, and we note that they exceed 20 km at the lower elevations. This
observation may be useful for discriminating significant fronts.

Because the frontal discontinuity on this day extended also along a
radial (Fig. 13), we ran the modified mesocyclone shear algorithm to see how
it would detect and connect the azimuthal shear to the radial convergence.
Results for the three scans are extremely promising (Fig. 20a). Gust
positions estimated from convergence and from azimuthal shear join smoothly
and even overlap a bit. In this example the forecast position (Fig. 20b)
differs considerably (2 to 10 km) from the actual position of the front;
however, the forecast from the convergence algorithm is very good (Fig. 17b)
so that the overall error with the two algorithms working together is much
less.
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Pigure 19(a) Area, average "flux", average gradient, and average of maximum
gradients versus range for the gust of April 13, 1981.
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Figure 19(b) Parameters as in Fig.19a, plotted versus height.
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average of maximum gradient locations (from convergence algorithm, same as
"1" on Fig. 16a) and the eolid line is a five-point running average of
pattern vector centers (from mesocyclone-shear algorithm).
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Figure 20(b) Actual positions of the gust and a forecast position obtained
from the mesocyclone~-shear algorithm.
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4,2 May 9, 1981

This front had a well-defined thin line at the leading edge, thought to
be generated by debris made airborne by the strong gust winds immediately
behind the front (see Fig. 12a in the report by Zrnic' and Lee, 1983). In
this case the strong shear regions were 10 km ahead of the higher reflectivity
regions associated with precipitation. The frontal boundary in the mean
velocity display (Fig. 21) is quite distinct, but it becomes dit uised in the
spectrum width display because the width is more susceptible to contamination
from the ground clutter (Fig. 12d in Zrnic' and Lee, 1983).

A large portion of the front is detected by the algorithm (Fig. 22), and
its shape follows faithfully the -10 mes™1
of the front that are aligned along radials are not detectable. Several gust

velocity contour. Again, portions

lines detected at an earlier time are shown in Fig. 23. Only those numbered 1
meet the time and height continuity criteria. They are part of the same
front, but the algorithm fails to connect them because they are separated by a
region of weak gradients of radial velocities. The feature beyond 80 km could
be a shallow gust that dissipated before subsequent scans were made.

The results of least squares fitting this front (F 3. 24 and Table 4) and
tracking it are very similar to the April 13 case. Noteworthy is a very tight
fit at farthest range. The forecast position deviates from the true position
by at most 2 km even though the time interval between scans are twelve and
fourteen minutes. Standard errors (Fig. 25) and area, average flux, average
gradient, and average of maximum gradients (Fig. 26) show very similar
behavior as for the April 13 gust, not only in general trends but also in
values. This reinforces our belief that the algorithm is consistent and will
reproduce similar results on other bow-sShaped gusts.

4.3 May 29, 1980

We chose this gust (Fig. 27) for two reasons: (1) It was moving away
from the radar, and we wanted to see how the algorithm would perform in such a
situation. (2) It had a "line echo wave pattern”" with a cyclonic couplet.
This front is also discussed by Zrnic' and Lee'(l983), who show the three
moments on their Fig.7. The gust front algorithm has no provision for
circulation detection, but in an operational setup several algorithms that
detect and track hazardous weather features must be used concurrently. Thus,

a composite of hazards needs to be presented to operators for further
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Figure 23 Detected gust lines at a constant elevation of 1°. The curves
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their five-point averages, and least squares fitted positions are plotted.
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Figure 24 Three consecutive positions of the front on May 9, 1981. The
smooth curves are least square fitse to data, and the forecast position is
indicated.
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TABLE 4

Parameters for the May 9, 1981, Front

AVERAGE
RANGE HEIGHT OF AVERAGE
Elevation of of Max of RMS
TIME ANGLE CENTER CENTER GRA IENT1 "FL?X“ LENGTH ERROR
(CST) (deg) (km) (km)  (m*s™**km™*) (m®s”™**km) (km) (km)
0006 0.5 83 1.13 5.5 138 64 1.7
0006 1.0 80 1.77 6.4 79 13 0.8
0018 0.5 65 0.81 4.9 411 62 2.7
0019 1.0 63 1.33 4.6 205 45 3.3
0032 1.0 47 0.95 4.6 321 58 1.8
AVERAGE 68 5.2 231 48 2.1
5.0
9 MAY 198]
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Figure 25 PRMS error between the fitted curve and gust positions determined by
the location of maximum gradients for May 9, 1981.
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interpretation and warnings. Therefore, we also subjected these data to the

mesocyclone algorithm (Zrnic' et al., 1984).

As expected, the gust fror algorithm detected the southern and northern
portions of the wave (Fig. 28a) but failed to connect the two. The azimuthal
limits of the radar antenna were such that the southern portion of the line
was not covered during the f ~st two scans and that is why the front from 10°
to 180° was ;ected only in the third scan (F 3. 28b). The northern part of
the line tracks as well as in the previous examples, with the standard error
between the fitted curves 1d the data below 1 km (Table 5). From the
position of the center at three consecutive elevations (Table 5, case b) and
plots (not shown), we deduce that the southern portion of the gust had a ¢ >pe
of about 7.5°, which is quite close to the slope of 8.5° that Zrnic' and Lee
(1982, Fig. 6) show in a cross section of another gust. In Fig. 29 and Table
5 we show that the area, average shear, avera @ gradient, average of maximum
gradient, and RMS errors are also consistent with the previous two examples.

The mesocyclone algorithm detected mesocyclonic shear (M) between the two
lines (Fig. 28). It estimated 1e azimuthal extent (diameter) to be 2.3 k
and the radial 2.4 km, which enabled us to draw the core with the small
circle. The outer circle has a diameter three times larger than the core
because that is where the cyclonic circulation usually merges into the
environmental flow (Lemon et al., 1977). Because the circulation associated
with fronts of this type is shallow (here less than 2.8 km) and because at low
levels contamination with clutter may be substantial, height continuity should
be used for confirmation of »w level (less than 2 km) circulations only if
the radar has a ground clutter canceller. But in either case, time continuity
should be checked.

4.4 April 10, 1981

We chose the gust front from this day because the frontal discontinuity
is parallel with radials (Fig. 30); hence, there is an ideal opportunity to
test the new role of the mesocyclone-shear algorithm. Three volume scans were
collected when the front was essentially parallel to the radial as in
Fig. 30. The first two scans were about a minute apart and the third was six
minutes after the second. The algorithm detected six shear lines at 2300 CST
(Fig. 3la). Only the SE line (No. 1) is associated with a front. We
emphasize that this line was broken into two segments when the radial

distance, zr, between vectors for feature classification was 3 km and the
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Figure 28(a) Contours of mean Doppler vilocities of the gust front of May 29,
1980. The contour interval is 10 m's ~. Obgjectively determined location of
the front (thick line) is superposed. The small circle indicates the core
of a mesocyclonic vortex, and the dashed circle has a diameter three times
larger than the core.
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Figure 28(b) Three consecutive positions of the front on May 29, 1980. The
smooth curves are least squares fits to the data, and the forecast position
is indicated. The range mark is at 40 km from the radar.
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TABLE 5

Parameters for the May 29, 1981, Front

AVERAGE
RANGE HEIGHT OF AVERAGE
ELEVATION OF OF MAX OF RMS

TIME ANGLE CENTER CENTER GRA ENTl FLTX" LENGTH ERROR
(CST) (den\ ) /[,".‘) (km) (m-c' elm*~ ) /r[l:c— elm) /I/m\ (l/ml
0150 0.8 a, 24 0.37 8.5 303 12 0.2
0152 0.8 a, 26 0.40 9.3 373 20 0.4
0153 0.8 a. 27 0.42 9.5 355 19 0.2
0156* 0.5 a, 30 0.31 7.9 317 28 n,8
b. 48 0.55 9.8 438 33 0

0156 0.9 a. 30 0.52 8.4 339 26 0.7
b. 46 0.85 9.8 302 32 0.8

0157 1.3 a. 30 0.73 9.0 304 26 .0
b. 44 1.11 9.9 108 27 0.6

AVERAGE 34 9. 335 25 0.6

~-nfter this time the scan secuur 1imits were increased and the algorithm

detected both sides (a,b) of the line echo wave pattern.
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Figure 29 Area, average "flux'", and
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azimuthal separation was 2.2°. Also with these thresholds the total number of
shear lines was eight. After changing the thresholds to 4 km and 3.3°

(Table 2) the two segments connected and the total number of shear lines de-
creased. The long shear line farthest north (No. 6) is also genuine although
it does not represent a strong gust but rather a weak transition between the
environmental flow and the storm system. Its noisy appearance is due to the
fact that pattern vectors from secondary surges at the same range are included
in the feature. These could be separated in the same manner as that in the
convergence algorithm. Other shear lines are spurious, caused mainly by the
presence of second trip echoes that were overlaid in the NW quadrant. Only
two of these spurious shears (No. 4 and 5 on Figs. 3la,b, and c) had time and
height continuity (i.e., the centers were within 10 km). Thus, checks of time
and height continuity must be made in order to reduce false alarms.

The shape and length of the detected front (No.l in Fig. 3la and b)
reproduced fairly well the discontinuity seen on the color display (Fig.
30). We were not able to track this front because the first two scans were
very close in time, and the antenna was moving clockwise in one and
counterclockwise in the other. So the front barely moved and the servo
backlash errors and the apparent beam position error (Doviak and Zrnic', 1984)
were comparable with the azimuthal displacement of the front. Such a problem
is not present when the scans are in the same direction because the bias
errors are canceled by the tracking procedure.

In Table 6 we summarize some of the parameters obtained from the
algorithm. Comparing Table 6 with Tables 3 to 5 and Figs. 15, 16, 22, and 25
we conclude that the average shear is very similar to the average of maximum
gradients, which is to be expected for fronts of similar intensity. The
average flux is higher than the average momentum, by about a factor of 2 to 3,
and the rms errors for this example are equal to the average value of the

other cases.
4.5, April 26, 1984

Because the winds ahead of this front (Fig. 1) were very turbulent and
disrupted flights from and to the Will Rogers Airport in Oklahoma City, we
included this case in our tests. The frontal outflow was rather shallow
(<1 km) and the discontinuity could be seen clearly only at 0.5° in
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TABLE 6

Parameters for the April 10, 1981, Front*

CENTER AVERAGE AVERAGE RMS
TIME r az SHE%R -1 MOMENTUM LENGTH ERROR
(CST) (km) (deg) (mes™*°km™ ") (mes™*<km) (km) (km)
2259 57 218 5.1 68 70 1.2
2300 55 218 4.6 64 70 1.2
2306 52 211 5.5 66 79 2.2
Average 55 5.0 63 73 1.5

*Elevation = 0.8°

elevation. At the next elevation, 1.5°, it was not visible. Of the detected
shears at 2042 CST (Fig. 32a) No. 1 is the primary front and No. 2 a secondary
surge; Nos. 3 and 4 are spurious shears that did not have time continuity.
The shape of the primary front depicted by a five-point running average of
maximum gradient location in Fig. 32a reproduces very well the pattern of
Fig. la. The forecast position (Fig. 32b) agrees with the actual location of
the front even though the forecast center and the actual center are displaced
by about 10 km. Their displacement is along the frontal discontinuity and
thus does not affect the front's position in range but only influences its
azimuthal extent. Tabulated parameters (Table 7) are generally consistent
with previous cases. The RMS error is on the high side because the front is
long and has kinks; therefore, a second-order polynominal is not a best model

for its shape.

5. Summary and Conclusions

The procedure we have developed to automatically detect and track gust
fronts does not rely on a single method but requires simultaneous operation of
several related algorithms. These algorithms process one or two radials of
Doppler velocity data in real time. We have not incorporated in
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Figure 32(a) Shear lines detected
by the gradient algorithm for
April 26, 1984. The data, their
five-point average, and the least
square fitted curves are drawm.
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TABLE 7

Parameters for the April 26, 1984, Front

AVERAGE
RANGE HEIGHT OF AVERAGE
ELEVATION OF OF MAX OF RMS
TIME ANGLE CENTER CENTER GRADIENT "FLUX" LENGTH ERROR
(CST) (deg) (km) (km)  (mes~lkm™l) (mes~lekm)  (km)  (km)
2037 0.5 49 0.57 9.7 437 91 2.6
2042 0.5 45 0.51 9.0 361 80 1.6
2047 0.5 41 0.46 9.5 351 77 1.8
Average 45 9.4 383 85 2.0

our programs the simultaneous operations but have separately tested the
various subsets of a general low level (less than 3 km above ground) hazard
detection algorithm. The flow chart in Fig. 33 depicts the low level hazard
algorithm as we envision it. In order to discriminate between gust fronts and
short convergence lines, a convergence algorithm developed in this report is
used., Calculations commensurate with radial update rates are required on one
radial at a time for constructing pattern vectors that are later (at the end
of a scan) sorted into features. Our convergence algorithm measures the
radial convergence, and hence only gusts propagating along radials can be
readily detected. For detecting gusts that are aligned along radials, we have
employed the mesocyclone-shear algorithm, which requires storage and operation
on two consecutive radials of velocity data. The long shear lines that this
algorithm detects are classified as gusts whereas symmetric shear features are
rejected if their shears and momentum are insignificant or are classified as
low-level vortices that are known to accompany wavelike gusts. Shears of
intermediate length (10 to 20 km) may be classified as spurious.
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(Downdraft) and tornado vortex signatures (TVS) represent lTow level
hazards that can be detected with the same basic technique of building pattern
vectors, and that is why they are included in the flow chart (Fig. 33) even
though they have not been developed yet. Other low-level hazards such as
turbulence and hail require spectrum width and reflectivity data as well as
different algorithms for identification; that is why they are not included in
the chart.

After sorting of pattern vectors, the resulting features are classified
and tracked. It appears that convergence lines (i.e., lines obtained from the
convergence algorithm) shorter than 10-20 km can be discarded. Distinguishing
by length and symmetry between hazardous and spurious features is not unique
with the mesocyclone-shear algorithm because mesocyclones are symmetric and of
small extent as are spurious shear lines. Therefore, checking the length and
continuity in time may be a most effective means to eliminate spurious shears.

For tracking we used the center of gust lines and projected a second-
order least squares curve fitted in range or azimuth. This simple procedure
gave very satisfactory performance as can be seen from the summary of rms
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errors in Table 8. About half the errors are produced by the statistical
uncertainty in the locations of maximum gradients, and the other half are due
to true deviations about the assumed second-order polynomial.

The distances between the radar and the centers of fronts ranged from 28
to 68 km, and the front's lengths were 25 to 85 km (Table 8). The variation
in the average of maximum gradients is less than a factor of 2. Even less
variation is evident in the average "flux". The low value of 63 mes~! km for
April 10, 1981, is actually "momentum” obtained with the mesocyclone algorithm
at constant ranges and along azimuths. At the ranges of observation,
azimuthal smoothing by the beam extends over longer distances than the
smoothing by the range weighting function and is therefore responsible for the
lowest shear and momentum in Table 8.

Overall detection of gust fronts from measurements of radial velocity
gradients and azimuthal shear is feasible. The results exceeded our
expectations; there was no undetected front among the test cases. However,
spurious shear and false alarms due to overlaid echoes were inevitably
present. These can be significantly reduced by checking their length as well

as time and height continuity.

TABLE 8

Average Parameters for Five Gust Fronts

AVERAGE
RANGE OF AVERAGE
OF MAX OF RMS
DATE CENTER GRADIENT "FLUY" LENGTH ERROR
(km) (m*s™ 'km'l) (m*s™**km) (km) (km)
April 13, 1981 28 5.9 255
May 9, 1981 68 5.2 231 Zg %'i
May 29, 1981 34 9.1 335 25 0.6
April 10, 1981+ 55 5.0 63 73 1.5
April 26, 1984 15 8.4 383 8 2.0
Average for
five fronts 46 6.7 253 52 1.4

*This fron@ was detected with the mesocylone-shear algorithm; the rest were
detected with the convergence algorithm,
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APPENDIX A
Measurement of mass flux with a Doppler radar

The air mass flux of a purely divergent flow can be estimated from
measurements of radial velocities by a single Doppler radar. Consider a
divergent symmetric flow in the azimuth range plane as on Figure A.l, and let
the divergence extend over a depth larger than the angular extent (in
elevation) of the resolution volume (rel); r is range to the divergence source
and 6, antenna beamwidth. The air mass flux F, through a cylinder of height

re, and diameter D is:

Fa = mro, «vep (A.1)

where o is air density and v the magnitude of velocity at a distance D/2 from
the source center. The radar with its beam centered on the divergence
measures velocities vy and v,. Even if there is a uniform flow superposed on
the divergent flow the difference vg-vy = 2v. Thus the radar estimated flux
Fpro 1s:

Fr = n(re-rb)(rb+re)(ve-vb)61p/4 (A.2)

Because we have assumed that the depth of divergent flow is larger than
(rb+re)el/2 we normalize (A.2) with respect to this quantity:

2Fr/(r‘b+re)e1 = n(re-rb)(ve—vb)p/Z (A.3)

Furthermore, wp/2 is a constant of no consequence in the algorithm so that
(ro-rp)(ve-vp) is the only term proportional to flux. It is important to bear
in mind that this physical explanation is valid for a symmetric divergent
flow.

Gust fronts are modeled as convergent lines so that the "flux" looses
it's physical meaning. Nevertheless, it has proven useful in detecting these

phenomena.
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Figure A.1. Geometry of a mass [flux measurement with a single Doppler radar
for a purely divergent [flow.
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