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Development and Testing of the Gust Front Algorithm

Arthur Witt and Steven D. Smith
NOAA, Environmental Research Laboratories
National Severe Storms Laboratory
Norman, Oklahoma 73069

March 1987

1, INTRODUCTION

The initial design and development of the gust front altgorithm was done
by Uyeda and Zrnic' (1985, 1986). Through limited testing on several cases,
they showed that the algorithm could accurately detect and track strong gust
fronts that commonly occur in Oklahoma during the Spring. However, further
developmental work and testing was necessary to bring the algorithm from its
semi-automatic research stage to a routinely functioning, fully automated al-
gorithm ready for operational use. The purpose of this report is to document
changes and additions that have been implemented thus far, and to present ini-
tial test results for the latest version of the algorithm. Additional refine-
ments will undoubtedly occur after real-time testing in Denver and No-man in
1987, and these results will be reported at a later date. Readers not famil-
iar with the algorithm are advised to first read the report by Uyeda and
Zrnic'(1985).

2. NEW THRESHOLDS

The most important changes to the previous thresholds affected those used
to determine whether or not to save a pattern vector. A gust front pattern
vector is a multi-dimensional vector that quantifies radial convergence (a
sequence of decreasing velocities) and has the following attributes: azimuth,
beginning range ry, ending range r,, beginning velocity vy, ending velocity
Va» peak shear, and location of the peak shear. Testing by Uyeda and Zrnic'
(1985) indicated that the best parameter to use for determining the strength
and position of a gust front was the maximum velocity gradient, or peak shear,
within a pattern vector. It was therefore decided to use the peak shear
(Eq. 1 in Uyeda and Zrnic', 1985) as the primary means of determining whether

or not to save a pattern vector, in place of the previous high and Tow grad-



jent and "flux" thresholds. To eliminate those vectors having a high peak
shear, but low radial convergence (i.e., a small velocity difference), a
minimum velocity difference threshold (min av) has been added, with the velo-
city difference given by av = VpVas The peak shear and min Av thresholds
have initially been set at 4 m s71 km™! and 10 m s’l, respectively, which
should allow for the detection of moderate to strong gust fronts based on
tests with Oklahoma data. If it is also desired to detect weak gust fronts,
these thresholds will likely need to be reduced, noting however, that as the

thresholds are reduced, the false alarm rate will likely increase.

The criteria for grouping pattern vectors into possible gust front fea-
tures have also been changed. Initial tests with the old thresholds resulted
in some major grouping problems. Therefore, the threshold values were reduced
by about one-~half. The maximum azimuthal separation between v.:ctors is now
2.2°, so that a gap of no more than one radial is allowed if consecutive rad-
ials are separated by i°. The maximum range separation between consecutive
vectors is now 2.0 km, with the range of a vector being given by the location

of the peak shear.

In place of a height threshold, it was decided to process only two low-
Tevel scans below an elevation angle of 1.5° out to a range of 60 km., Test
results using up to four elevation scans at close ranges resulted in a 1érge
increase in the false alarm rate for some cases, with no significant improve-
ment in the detection capability. The decision to process data to distances
of 60 km was made to provide at least a 20 min advanced warning of gust front

passage over any airport close to the radar site.

Because it is distinctly possible that a feature with a large number of
vactors could in fact cover only a small distance if it is located very close
to the radar, a minimum length threshold was added. Initially, a feature must
have a minimur of five vectors to be saved. Then, after the length of a fea-
ture is calcuiated, if its length is less than 5 km, it is discarded.

A Tist of the new threshold values is given in Table 1.



TABLE 1. List of Thresholds.

Threshold Numerical Valu:
Peak shear 4m sl km!
Minimum velocity difference ' 10m st
Minimum length 5 km
Minimim number of vectors in a feature 5
Maximum azimuthal separation between 2.2°
vectors
Maximum range separation between vectors 2 km
Minimum reflectivity | -15 dBZ

3. SIGNIFICANT ADDITIONS

a. Curve Fitting in Cartesian Coordinates

Previously, the location of a gust front was approximated by fitting a
second-order polynomial r{8) to the individual vector locations of the peak
shears {see Eq. 17 in Uyeda and Zrnic', 1985). Tracking and forecasting were
performed by translating the fitted position according to the latest estimate
of propagation speed. While this procedure performed well in tracking gust
fronts some distance away from the radar, it may not be suitable for fronts
that are close to the radar site. This is because the second-order polynomial
in 6 approximates well the gust fronts' parabolic shape only at appreciable
distances from the radar. Therefore, it was decided to perform curve fitting
and tracking in cartesian coordinates, so proximity to the radar would cause

no problems.

The procedure by which curve fitting is done is shown in Figure 1,
First, a local coordinate system (x', y') is established with its origin at
the center of a feature. Next, a line is formed by connecting the two end
points of the feature, E; and Ej. The local coordinate system is then rotated
until the x' axis is parallel to Tine E{E,. This establishes a second local
coordinate system (x", y"). The vector locations of the gust front feature
are then converted from the original coordinate system to the (x", y") system,
and a least-squares fit of the second-order polynomial



yn = bO + hl)(" + bz(xu)z (1)

is performed. It is this fitted curve which is used for plotting and track-

ing. ¢
y

i
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Figure 1. Geometry of curve fitting in cartesian coordinates. C is the cen-
ter of the gust front feature.

b. Vertical Continuity

The initial version of the algorithm operated on only one elevation scan
of radar data. This, unfortunately, resulted in a very high false alarm
rate. Consequently, the algorithm was changed to operate on two lTow-level
scans, and with the heip of vertical continuity requirements, to attempt to
discriminate true features from false features. In order for two features at
different elevation scans to satisfy the vertical continuity requirement, it
is necessary for the center of one feature to be within the "vertical contin-
uity box" of the other feature. The "vertical continuity box" of a feature "3

described by a rectangle extending 5 km either side of a line connecting tne



two end points of the feature, then aligning the center of this box with the
center of the feature (Figure 2). The reason that the vertical continuizy box
extends the full length of a feature is that, while the radar may detect all
of the gust front at one elevation scan, it is possible that at the other
scan, only a small portion may be detected, due to either scanning above most
of the gust front, or blockage by ground clutter, If this is the case, and we
were to use a smaller box, it is also possible that the smaller feature would
be off to one side of the larger feature, and therefore, the vertical contin-
uity requirements would not be met. Preliminary testing shows that using two
low-level scans to identify only those features having vertical continuity,
results in an ~ 80% reduction in the false alarm rate over just using one low-

level scan, with no 1oss in detection capahility.

— GUST FRONT
LOCATION

v

Figure 2. Geometry of the vertical continuity box. Initially determined
size 18 dashed and the solid line box is its final locatiom.



c. FEstimates of the Wind Velocity Ahead and Behind the Gust Front

Incorporated as part of the gust front algorithm is a separate algor-
ithm to estimate horizontal wind, ahead and behind the gust front, from radial
velocities obtained by a single radar. The algorithm is a modified version of

-a procedure known as the Sectorized Uniform Wind (SUW), and is thoroughly dis-
cussed in the report by Smith (1986). A cursory discussion of its use in the
gust front algorithm is given in the following paragraphs.

As implied by its name, the SUW algorithm relies on the assumption of
uniformity of the wind, over spatial sectors, to estimate the horizontal
wind. We will refer to these sectors, which are later to be specified, as
data windows. Within these data windows, the assumed relationship between the

horizontal wind and the radial velocity is

N
~—

v _=usingcosé+ v cosb cosé ({
r 0 0

is the radial velocity, u, and Vo, are the east-west and north-south

where v. 0
components of the vector wind, 6 is azimuth angle measured relative to north,
and ¢ is radar elevation angle. For reasons made apparent by Smith (op.
cit.), the mean vertical component of the wind, Wy, has been neglected in
(2). The unknown quantities Uy and v, are estimated from a matrix of radial
velocity measurements, dimensioned in range and azimuth, using the method of
least-squares. More precisely, the measurements of radial velocity, Vpios
within a data window are regressed on the spatial varying functions
(sineicos¢) and (coseicos¢) to obtain the estimates Jo’ J;. It is assumed
that the processed radial winds are from the lowest elevation angle of each
volume scan,

We choose two data windows over which we apply (2) based on the de-
tected position of the gust front in range and azimuth relative to the radar
(see Figure 3). The detected position is the least-squares fitted curve
through the points of maximum convergent radial shear, for all pattern vectors
which describe the gust front (see Uyeda and Zrnic', 1986). We see that these
data windows, which are located on either side of the gust front, are speci-
fied by distarce from the gust front, &, their range width Ar (same for ail
radials), and azimuthal width, A8 . All parameters may be adjustable with
optimal di@enslons yet to be determined. Because the magnitudes of random

errors in Uy v, are principally controlled by A6 and inversely related to it,
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a minimum threshold on A8 keeps these estimation errors tolerable. Random
errors in least-squares estimates arise because errors are made in the mea-
surements of radial velocity. Typically, we assume all measurcments have the
same expected uncertainty. Then, the data window geometry determines a
scaling factor which multiples this measurement uncertainty to obtain the est-
imate uncertainty. A further reduction in the uncertainty of wind estimates
.15 realized when radar data are analyzed over a range interval as well (i.e.,
over Ar). Processing in range has the same effect as averaging. Finally, the
data windows are displaced in range by an amount (8r) from the detected pos-
ition of the gust front. This is to avoid "mixing" Doppler velocity data
across the zone of maximum radial shear when applying the SUW algorithm. It
has been found that large departures of the wind from uniformity introduce
targe systematic errors in the SUW estimates. An in-depth ercor analysis can

be found in Smith (op. cit.).

\
A

. GUST FRONT

k.

|

DATA WINDOWS

Schematic showing detected gust front and the two data windows

Figure 3.
over which we estimate the horizontal wind. The adjustable pa-

rameters Ar, A8, and & are identified.



The designated locations of th:se data windows relative to the detacted
gust'front can best be illustrated wi:h examples. Figure 4 shows schematics
illustrating possible orientations of gust fronts relative to the radar (lo-
cated in the center of the figure) ani the data windows where Doppler data are
processed to obtain mean wind estimat:s. (The present version of the gust
front algorithm does not have the capibility of measuring azimuthal shear and
hence detecting gust fronts parallel o radar radials., Consequently, we will
only concern ourselves with those gust fronts with orientations nearly perpen-
dicular to radar radials.) For example, in Figure 4a, the center azimuth of
the gust front is at a range neareh the radar than its end points. In addi-
tion, let's assume that the azimuthal width is found to be less than the mini-

mum threshold we imposed on A6. Ther2fore, data at an equal number of

il
.mnmmmummﬂﬂ:\\ mmw

42 v Yo -
,..mnmnnu|||||llII"""'“|m|||||||lll'

(c)

Fijure 4. I%Zustr’ations of" poss -ble gust front orientations and the data
windows over which we estimate the horizontal wind.
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azimutihs on either side of its end points are used to construct an appropriate
data window (i.e., so that the azimuthal extent of the data window is at

least A6 wide). In Figure 4c, the azimuthal extent of the gust front is below
the imposed minimum threshold and its orientation is such that the range at
one end point is closer to the radar than its center range and other

endpoint. In this case, the data window is extended in azimuth, at constant
range, from the end point of the gust front closest to the radar. Fur:iher
examples (Figures 4b and 4d) show differing orientations of gust front- and
the resulting data windows. The important point is that when the gust fronts
are of azimuthal width at least equal to the minimum threshold (i.e., 46),
data over the entire az'muthal width of the gust front are used to estimate
the mean horizontal winds; otherwise, the azimuthal width of the analysis

region must be extended.

4. PRELIMINARY TEST RESULTS
a. Test Results for the Gust tront Algorithm

To be classified as a significant gust front, a radial velocity differ-
ence, Av, of at least 5 m s‘1 and a radial shear of at least 2 m s'l km'1 mis=
extend over an azimuthal length of 5 km or more, and persist at least
10 minutes. We further classify the strength of a gust front based on the
average radial velocity difference ovar its azimuthal extent as follows:

1

weak, Av = 5-9m s‘l; moderate, Av = 10-14 m s‘l; strong, Av = 15-25m s™+;

and severe, &v > 25 m s7l. The determination of correct and false algorithm
detections was hased on the single Drppler radar:reflectivity and velocity
fields. Most false detections occurred in the ground clutter as the Tow-leve®
winds and gqroirnd clutter interacted io produce false shear zones. Occasion-
ally, a non-gust front shear zone war detected in an area of active convection
(p.g., secondary surge or obstacle fiow). These were considered as neutral
detections, and not counted as either correct or false detections. Because
the purpose of the algorithm is to d:tect and track only those gust fronts
that are approaching or receding fro: the radar, gust fronts with orientation.
nearly parallel to the radar beam wi'l likely not be detected, or may be
classified as weaker than they actuaily are.

Preliminary tests were run for the latest version of the gust front
algorithm on the following cases fro.: the National Severe Storms Laboratory
(NSSL), FAA/Lincoln Lab, and the Nat onal Center For Atmospheric Research



(NCAR). They are:

4/13/81, 2105-2127 CST, five volume scans
1) 3 NSSL cases 5/9/81, 0006-0048 CST, four volume scans
4/26/84, 2028-2052 CST, five volume scans

Data for each of these cases encompassed strong to severe gust fronts
(maximum radial velocities behind the gust front were 25-30 m s"l)
lengths varied from 15 to 55 km. Using the thresholds shown in Table 1, the
algorithm worked very well in detecting and tracking the gust fronts. For the
4/13/81 and 5/9/81 cases, there were no false alarms. For the 4/26/84 case,
there was either zero or one false alarm per volume scan, with the average
being 0.6 per volume scan. The algorithm outputs for these three cases were
in agreement with the results of Uyeda and Zrnic' (1985).

whose

2) 1 FAA/Lincoln Lab Operational Weather Study (FLOWS) case:
5/28/85, 1558-1651 CST, eleven volume scans

This case started out as a small, narrow, weak gust front (maximum rad-
jal velocities behind the gust front were 6-9 m s"l). It Tater develéped into
a broader, more diffuse outflow. In order to detect this feature, it was nec-
essary to reduce the minimum velocity difference threshold (min Av) to 5 m
s'l, the peak shear threshold to 2 m 571 km'l, and the minimum length
threshold to 3 km. Even then, detection occurred only about half of the time,
due to the weak nature of this front. Surprisingly, even with this
significant reduction in the thresholds, there were no false alarms. An
example of algorithm output for one of the times when the gust front was

strongest is shown in Figure 5.

3) 1 NCAR Classify, Locate, and Avoid Wind Shear (CLAWS) case:
7/25/84, 1621-1728 MST, fourteen volume scans

This case consisted of one long, weak to moderately strong convergence
line and several small, weak to moderately strong gust fronts (maximum radial
velocities behind the gust front of 6-12 m s'l). Initial.tests with the
thresholds in Table 1 (set for the strong Oklahoma cases) resulted in the de-
tection of about half of the convergence line during the times it attained a
moderate strength; weaker portions were not detected. None of the small scale
gust fronts were detected, and there were no false alarms. The thresholds for
min Av and peak shear were then reduced to 5 m s7land 2 m st km'l, respec-
tively, duplicating two of the reduced thresholds in the FLOWS case. With

10
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this change we were able to detect all of the converg:nce line and the small
scale gqust fronts. However, this brought about an increase in the false alarm
rate to an average of one per volume scan. Figure 6 shows algorithm output
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gence line. 28 MAY 1985 1615 CST

[N

30

TTT T T TT T {107

Y-DISTANCE (km)
o

_30 {—
Figure 5.  Algorithm output for the .
Memphis gust front of May E
28, 1985 at 1615 CST. -
Range marks are at 30 km -60 Lo
intervals. -6
X-DISTANCE (km)
25 JULY 1984 1702 MST 25 JULY 1984 1702 MST

60

- : - 60 e e
@ & N
" ’ A

30

/—»—2
Lddet P (0l a0 s L b1ty

30

T T T T T 1T T
Lol ay g L1y

T T T T T T T T 77T

l

Y-DISTANCE (km)
o
1

F‘“L\\\\l\‘
\\\\\

-60 -30 0 30 60 -6
X-DiSTANC'Z (km) X-DISTANCE (km)

AN A IV B I

TTr T T Ty rrriy

T T W 00 S S B I A

Fijurz 4. Llgorithm output for th. Denver gust front of July 25, 1981 ac
1702 MT for peak shear ind min & thresholds of a) 4 m s—1 jon1
and 10 m 3‘1, and b) 2 ns L wnl and 5 m s-1. Range marks are

at 30 im intervals. An 'F” indicates a false featura.

11



Y-DISTANCE (km)

Since the above results from the FLOWS and NCAR cases showed that a re-
duction in the thresholds, in order to detect smaller, weaker features, did
not result in a large increase in false alarms, a check was made to see the
effect such a reduction would have on one of the stronger Oklahoma cases.
Therefore, a secnnd test using the 4/26/84 case was run with the min av

L and the peak shear threshold at 2 m s~ kml.

threshold at = m s~ This tims,
however, a larje increase in false aliarms did result, with the average
increasing from 0.6 per volume scan to 3.6 per volume scan. What this seems
to show is that, for the dynamically stronger weather environments associated
with long, intense gust fronts, it i< necessary to retain the thresholds at
their original values in Table 1 to k=ep the false alarm rate low, whereas,
for the dynamically weaker weather environments associated with smaller, less
intense gust fronts, it may be possitle to reduce the thresholds and s:ill
have a low false alarm rate. Figure 7 shows algorithm output for both sets of

thresholds at 2037 CST.

26 APRIL 1984 2037 CST 60 26 APRIL 1984

60 e

—— Z

ﬁ"?—-&-—i_L[Mll]llllll[lA
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Figure 7. Same as Figure 6, exc. ot for the Oklahoma gust front of April 26,
1984 at 2037 CST. '
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What the above results show is that the performance of the gust front
algorithm depends largely on what type of feature it is to detect, which in
turn determines the values of the thresholds to be usad. With the original
thresholds, the algorithm works very well at detecting the larger scale,
stronu gust fronts associated with fast-moving squall Tines and bow echoes;
false alarms are few, if any. As the thresholds are reduced to detect weak to
moderate gust fronts, the number of false alarms generally goes up. There-
fore, 1 decision must be made as to what the proper balance should be between
trying to detect increasingly weaker gust fronts with a corresponding poten-
tial increase in the false alarm rate, bearing in mind that Towering the
thresholds in the more dynamic weather situations is much more deleter2o0us to
the false alarm rate than similar reductions of the thresholds in less dynamic
weather conditions.

b. Test Results for the Sectorized Uniform Wind Algorithm

Three gust front cases in central Oklahoma were chosen to test the SUu
algorithm; April 13, 1981, May 9, 19:1, and April 26, 1984, These, as well as
some other cases, are documented in :2tail in the report by Uyeda and Zrniz'
(1985). Dopp]ef velocity displays fir several of the analysis times can ba
found in the above cited report.

We compared the wind output from the SUW algorithm with other supple-
mental wind data such as that availai le from 5tationary Automated Mesonetwork
(SAM) sites. When available, winds 'rom rawinsonde and those measured by an
instrumented tower were used to judge SUW results.. Comparisons of rawinsonde
data with SUW estimates are best made ahead of the qust front since both these
measurements represent to some exteni the ambient environmental wind. Fur-
thermore, the wind ahead of the froni tends to be fairly uniform and thus com-
plies with the basic assumption of tt= SUW algorithm.

For these three analyzed case-, the following values for the parameters
descri»ing the data window size and !ocation were used: A8 = 40°, Ar ranged
between 2.25 km and 3.15 km, and &r ranged between 450 m and 630 m, depending
on the radar setup. The radial spacing of the velocity data was either 150 m
corresponding to the first set of values for ar and or, or 210 m corresponding

to the second set of values.

13



April 13, 1981:

Figures 8a and 8b illustrate the wind comparisons made at 2111 CST and
2123 CST, respectively. At approximately 2120 CST, a rawinsonde was released
trom Tuttle, Oklahoma (TTS). TTS is located almost due west of the NSSL radar
(NRD) near 36 «m range. The rawinsonde winds up to 1 km above ground level
(AGL) are shown on Figure 8b. Mesonetwork wind data recorded at analysis time

are superimposed on the figures.

At 2111 CST,‘genera1 agreement batween SUW estimated wind direction and
those of the mesonetwork data is apparent (Figure 8a). On the other hand, the
wind speeds for the SUW estimates tend to be higher. This is most evident
ahead (east) of the gust front. However, the radar data used to compute the
SUW estimates are from near 750 m AGI, whereas the mesonetwork data are repre-
sentative of winds near the ground. Furthermore, examination of Doppier dis-
nplays indicate radial velocities nea: 11 m 51 immediately ahead of the gust
front and near 19 m s-1 immediately iahind. Thus the SUW estimates of wind

magnitude agree reasonably well with the largest measured radial winds.

At 2123 CST (Figure 8b), consid rable differences are observed not only
between SUW estimated winds and the “AM winds but also hetween the SAM winds
and those measured from the rawinsonde. For example, the surface measurement

1 in wind speed from a SAM mea-

at the rawinsonde site differs nearly 10 m s~
surement, even though this network station is located only a few kilometers to
its north. In general, however, the network stations consistently indicate

weak, westerly winds in advance of tie gust front, which veer to the northwest

hehind the gust front with speeds ne.r 15 m sl

From inspection of the Doppler elocity disb]ay at this same time (see
Figure 13 in Uyeda and Zrnic', 1985) we conclude that the SUW estimate of
wind direction ahead of the front is reasonable. It not only agrees well with
| the rawinsonde winds at the same altitude (radar beam height about 400 m AGL),
but the line of zero Doppler velocit; is aligned nearly perpendicular to the
estimated wind direction. From the -\agnitudes of the Doppler winds ahead of
the front, we can not easily assess :he accuracy of the estimated wind magni-
tude but we note general consistency between the two: the Dbppler winds are
relatively weak (magnitudes less tha 10 m s'l) and so is the SUW wind. Be-
hind the front, mean wind direction s difficult to determine because of the

diverging nature of the outflow. Ho ever, velocity aliasing has occurred, in-
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dicating winds in excess of 23 m 9'1, which is again consistent with the SUW

wind of /4 ms-*r.
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April 13, 1981 Oklahoma gust front case showing detected position
at a) 2111 CST and b) 2123 CST. SUW estimates are denote! by ar-
rows with arrow length proportional to wind speed and arrow orien-
tation indicating wind direction. Mesonetwork wind data are plot-
ted as barbs with flags next to their wnumerical values. [Long
flags indicate 10 m 3—1, short flags indicate 5 m s~ rhe

2120 CST TTS rawinsonde winds up to 1 km AGL are shown in (b).

The rawinsonde launch site is indicated with a balloon. The line

lobeled AA' describes the location of the horizontal cross-section

sr.owm in Figure 9.
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Figure 9 illustrates a horizontal cross-section fhrough the gust front at
2123 CST showing reflectivity factor and radial velocity along the 310°
radial. Radar beam elevation angle is 1.2°. The det=cted position of the
gust front (G), and the beginning (B) and ending (E) range of the pattern
vector are indicated. The range limits of the twn data windows are also
shown. As illustated, the region outlined as the pattern vector is character-

ized hy convergent radial shear.
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Figure 9. Horizontal cross-section a.omg line AA' shown in Figure 8b. Re-
flectivity factor 7 (dBz), radial velocity (m s71), and a nine-
point average mean velocit; are given. "B" and "E" denote the
beginning and ending range of the pattern vector. "G" is the
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An ohserved characteristic of many thunderstorm outflows is a wind maxi-
mum immediately behird the gust front [Figures 12 and 13 in Eilts (1986a) are
good examples]. Goff (1976) attributes this to a solenoidal circuiation near
the boundary batween cold outflow and warm inflow, which accelerates the flow
in the cold air immediately behind the gust front. In Figure 9, these peak
inbound winds occur where the radial shear is zero, some 5-7 km benhind the
gust front. Behind this wind maximum, there is a region of moderate divergent
radial shear, beyond which the winds remain fairly steady but still relatively
strong. As illustrated, the data window behind the gust front encompasses,
for the most part, this region of maximum winds. Therefore, it is not sur-
prising that the SA"! winds, measured well behind the gust front, are weaker in
magnitude. Furthermore, as pointed out earlier, the SUW estimate represents
the winds near 400 m AGL. FEilts (1986b) observed that measured outflow winds
at heights abovse 200 m tend to be, on the average, 1.6 times larger than winds
measured at the surface. If we multiply the surface wind speeds by a factor
of 1.6, they agree quite well with the speeds measured aloft.

May 9, 1981:

Figures 17a and 10b illustrate the SUW output for 0018 and 0032 CST, re-
spectively. Very little supplemental wind information is available, primarily
due tn the far range of the qust front (i.e., it is outside the range of tne
surface mesonetwork). In addition, there was no proximity rawinsonde re-
lease. Therefore, much of our assessient of the accuracy of the SUW estimates
relies on inferences drawn from the Mppler velocity displays.

At the earlier time (0018 CST), SUW output indicates a pronounced wind
shift across the front of nearly 90° /195°/13 m s to 282°/17 m s‘l). Unfor-
tunately, all available surface observations occur well to the east. We did
find, however, that the 1line of zero Joppler velocity ahead of the front
agrees quite well with the SUW estimé:e of wind direction. Fortunately, by
0032 CST, the gust front position was near the western edge of the SAM net-
work. At this later time, the SUW estimate ahead of the gust front compares
extremely well with the surface observations both in speed and direction.
There is no surface wind information availahle for comparison behind the gust
front. The 0033 CST Doppler velocity display (see Figure 21 in Uyeda and
Zrnic', 1985) indicates near 20 m s™' radial winds immediately behind the gust
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front. The strength of these winds are in close agrecment with the horizontal

wind estimated from the radial velocity measuremonts.

80 km
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20 m s™! 20 m s~

40 km
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* NRO * NRO

Figure 10. May 9, 1981 Oklahoma gust front case showing detected position at
a) 0018 CST and b) 0032 CST. Symbols are as defined in Fijure 8.

April 26, 1984:

Like the April 13, 1981, gust front case, there is an abundance of sup-
plemental wind data on this day. Ficures 1lla and 11lb illustrate the wind com-
parisons for 042 and 2052 CST, resprctively. A rawinsonde release from CHK
(Chickasha, Oklahoma) occurred at 20:7 CST. The CHK launch site is located
approximately 40 km southwest of Noriian (NRO). The rawinsonde wind data is

plotted in Figure 1llb for the lowest kilometer.
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At 2042 CST, the leading edge of thebgust front is located around 40 ki
northwest of NRO, well within the SAM network. WYe see excellent agreement be-
tween the SUW estimated wind directions and those measured at the surface.
Again the magnitudes of the SUW estimates are slightly larger. The line of
zero Doppler velocity on the 2037 CST display indicates south-southwest winds
ahead of the qust front, which is in excellent agreement with the SUW estimate

of direction.

Comparisons made at 2052 CST (Figure 11lb) show generally small differ-
ences. The SUW estimate ahead of the front indicates a relatively strong,
southerly wind (20 m s71 at 179°). Tne rawinsonde measured winds near the
same height (approximately 300 m AGL) are more southeasterly and much weaker
(10 m 5‘1 less), which is expected because the SUW estimates are derived from
radar -data very near to the front where accelerations of the environmental
flow o:cur. Behind the gust front, the SUW estimate indicates a westerly wind
of 18 n 5'1, whereas the surface values are more northwesterly and quite a bit

weaker.

In addition to the rawinsonde, there were wind measurements from the in-
strumented KTVY-TV tower located in Oklahoma City, some 36 km north of
Norman. The tower is instrumented at seven heights, the highest level is at
444 m AGL, Onc minute averages of wind speed and direction at the seven. re-
cording levels are shown in Table 2 for 2042 CST (several minutes prior to
gust front passage) and 2100 CST (approximately 4 minutes after the gust front
passed the tower). .

The wind speeds recorded at the tower, above 177 m and prior to gust
front passage, are in better agreement with the prefrontal wind speeds esti-
mated from the Doppler radial winds than those measured by the rawinsonde near
the same heights (see Fig. 1la and b). Furthermore, the wind directions matcn
the SUY estimates extemely well. Following gust front passage of the tower,
around 2100 CST, an overall westerly wind 1sv1ndicated, which is in better
agreement with the SUW estimates of wind direction than those from SAM mea-
surements. This is not surprising since the tower recorded winds at 226 m and
444 m are near the heights represented by the radar data used in the SUW anal-
ysis. MWhat is somewhat surprising i< that the SUW estimates of wind speed
overestimate, by 50%, the wind speed:< measured at the upper levels of the
tower. This might well be explained by the fact that the tower is located a



minimun of 20 km from the centroid of the qust front where the SUW estimates
are most representative. We believe that the SUW estimates are reasonable
hecause the Doppler velocity fields, at the times of the SUW analyses, indi-
cate winds behind the gust front much stronger than the tower winds recorded
at 2100 CST.

Table 2. Towe~ Data at 2042 and 2100 CST for the April 26, 1984

Gust Front Case.

Time 2042 CST f 2100 CST
Direction (°)/Speed (m s'l) Direction (°)/Speed (m s“l)

Level

SFC 168/13.9 274/11.1

26 m 170/15.6 ’ 278/11.3

45 m 175/15.9 278/12.0

89 m 171/15.9 276/12.3

177 m 169/19.3 274/13.4

266 m 171/23.7 272/12.8
444 m 170/27.0 244/10.0

c. Comparison of SUW Estimatec With the Propagation Speed of the Gust

Front

The propagation speed of the qust front can readily be determined if
its position is known at two consecutive times, %1 and t,. Because parts of
the gust front may move relative to cach other, thus causing a change in
shape, a mean speed is calculated over some time interval At = to-t; from the
displacement of its centroid. The centroid is defined by the gust front's

.center range and azimuth (Eqs. 5 and 6 in Uyeda and Zrnic', 1985).

The three analyzed cases present opportunities to compare the propaga-
tion speed with the SUW estimates of wind. Various relationships between tnhe
propagation speed of the gqust front and the mean wind components ahead and be-

hind the gust front, and normal to the frontal boundary, have been proposed.
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Goff (1976) suggests that the winds in the warm air (i.e., ah:ad of the gust
front) have little influence and that the propagation speed can be described
quite accurately as two-thirds of the peak wind measured behind the gust
front. In Table 3, we list the estimated propagation speed along with the SUW

estimates of wind behind the front.

Table 3. Gust Front Propagation Speeds Obtained From Two Consecutive (In
Time) Centroid Positions Along With SUW Estimates of the Wind Behind
the Gust Front for the Earlier of the Two Times.

DATE CENTROID TRACKING SUW ESTIMATE BEHIND GUST FRONT
DIRECTION (°) SPEED (m s~1) DIRECTION (°) SPEED (m s™1)
4/13/81 288 18 289 18
5/09/31 303 19 282 Y
4/26/84 28 12 284 16

For the two cases in 1981, the SUW estimated winds and the propagation
speeds agree reasonably well, i.e., no scaling factors are required to match
the SUN estimate with the speeds determined from centroid tracking. A large
discrepancy exists for the 1984 case, however. Although the displacement of
the centroid 1nd1cates a movement to the south-southwest, Figures 8a and 8b
clearly show movement to the southeast. We believe, in this case, that the
SUW estimate of wind agrees better with the actual propagation speed than that
obtainad from centroid tracking. A problem that plagues the tracking of
larger gust fronts, such as the one on 4/26/84, is that the centroid position
can change dramatically in the direction along the front, for relatively small
changes in gust front position. Furthermore, if at some time part of the gqust
front becomes aligned along radar radials, propagation speeds obtained from
tracking centroid positions may be totally unrepresentative of the true propa-
gation speed. More reliable estimates of propagation speed might be obtained
if relationships such as those found by Goff (1976) are used.
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d. Gzneral Comments on the SUW Algorithm

One of the objectives of incorporating the SUW algorithm into the gust
front algorithm is to estimate the wind shear across the front. As is well
known, this is invaluable information to pilots because it quantifies the
hazard and thus aids in aircraft safety. Surface-based sensors can always
provide wind information near airport runways. However, Doppler radar can
supply the winds some distance from the airport, possibly well in advance of
gust front passage. This wind information can aid air traffic controllers in
decision making for changing runways. With the three cases presented, a
sample of the performance of the SUW algorithm was given. Quantitative com-
parisons were limited by the availability of wind data from the SAM network,
rawinsondes, and the tower.

It is important to consider situations wh%ch, when they arise, may make
it difficult to estimate the horizontal winds from single Doppler radar mea-
surements. As is well known, the minimum height at which the gust front can
be detected by radar depends on several factors, many of which the radar oper-
ator has little or no control over. For instance, the earth's curvature sets
a lower limit to the observation height at any range. At near ranges, the
earth's curvature may not be of great concern. However, the gust front can
become "lost" in the ground clutter. Ground clutter cancellors should allevi-
ate this problem somewhat and allow tracking véry near the radar site. [t is
at these close ranges that the accuracy of SUW estimates degenerates if track-
ing is accomplished by increasing the elevation angles of observation, Sm th
(op. cit.) shows that random errors in wind estimates are inversely related
to cosz¢. In addition, artifacts such as range overlaid echoes and velocity
aliasing need to be considered. Velocity aliasing may make SUW estimates use-
less.

Furthermore, we need to consider the parameters which describe the data
window and its position relative to the detected gust front. Although we used
40° a5 the minimum threshold for A8, we can tolerate azimuthal widths as small
as 30°. Random errors in SUW estimates do not increase substantially for this
smaller value. One advantage of processing Doppler data over smaller sectors
is that more reliable estimates of the winds behind the smaller gust fronts
may be possible, particularly for those gust fronts which are of azimuthal
width Tess than the minimum threshold imposed on A8. This is because less
data "outside" the bounds of the gust front would be used. In addition, t

he
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effects of nonuniformities of the wind on SUW estimates tend to be less over
these smaller sectors (see Smith, op. cit.).

Although the range width Ar was chosen arbitrarily, we need to place an
upper Timit on this value as well. As the elevation angle increases; the
rardar Hjeam traverses an‘increasing increment in height for a given range in-
terval. Conversely, for a given elevation angle, increasing the Fange inter-
val increases the height increment. This may present problems if vertical
wind shear is large. Vertical shear, as well as other nonuniformities such as
secondary surges and downdrafts, contaminate SUW estimates. Therefore, the
range widths must not be excessive; otherwise, the basic assumption of a uni-
form wind over the analysis area are likely to be violated. We believe range
widths less than 10 km are acceptable.

Finally, the range displacement of the data windows from the detected
range of the gust front dr may need to be adjusted. As discussed earlier, the
strongest winds are displaced somewhat behind the gust front. Presently, the
data window behind the gqust front encompasses, for the most part, the strong-
est winds. It may be necessary to use two data windows so that we not only
estimate the strongest winds, but also the more sustained winds well within
the thunderstorm outtflow. The data window ahead of the gust front may need to
be further displaced so that it is situated some distance away from the up-
draft region, which generally occurs in the warm air as it 1i1s -1ifted over the
cold outflow. Goff (op. cit.) has found this updraft region to be narrowest
in the horizontal direction near the surface, typically no more than a kilome-
ter wide; the updraft region then broadens with height to, at most, several
kilometers. Displacement of the data window by at least 5 km would assure
that the estimated winds are not influenced by the pre-frontal updraft.

5. VERIFICATION OF GUST FRONT ALGORITHM OUTPUT

a. Comparison of the Gust Front Position with Surface Stations

To determine how well the location of the gust front, as indicated by
the algorithm, compared with its location as indicated by surface stations,
algorithm output for the three NSSL cases was compared with the surface wind
direction ohtained from several NSSL surface stations. Since it is not possi-
ble to determine the exact location of a gust front from a group of scattered
surface stations, we decided to compare the time of passage of the wind-shift

24



line over the available surface sites. This was done by either interpolating
or extrapolating, in time and space, the Tocation of a detected gust front
such that it coincided with the Tocation of a particular surface site. A com-
parison was then made between this algorithm indicated time of passage and the
actual time of passage as indicated by the change in wind direction at the
surface site. The results are as follows:

May 9, 1981 case (Figure 12)

The gust front algorithm was run for three times: 0006, 0013, and
0032 CST. Unfortunately, no surface stations had the gust front pass over
them from 0006 through 0032 CST. Therefore, in order to do a comparison, the
position of the gust front was linearly extrapolated ahead in space and time

to the nearest three stations. The results are:

Station Actual time of qust Extrapolated time of
number front passage (CST) gust front passage (CST)
1 0035 0038
2 | 0043 0044
3 0043 0042

The extrapolation was based on the average speed of the gust front from 0006
to 0032 CST. The wind shift at all three stations was swift, with the wind
direction going from SE to NW in one minute (the lowest time scale resolution

for NSSL surface stations is one minute).

April 26, 1984 case (Figure 13)

The algorithm was run for three times: 2037, 2042, and 2047 CST. For
this case, two surface stations are located along the detected position of the
gust front at 2037 CST. The time of passage at both stations was around
2035 CST. The time of passage for this case could not be estimated as pre-
cisely as in the previous case because at both stations it took about four

minutes for the wind direction to shift from S to WNW,
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Figure 12. Plot of the qlgorithm output for the Oklahoma gust front of May 7,
1981 along w?th the locations (1,2,3) of the NSSL surface statiois
used for a time of passage comparison.
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Figure 13. Same as Figure 12, except for April 26, 1984.
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April 13, 1981 case (Figure 14)

The elgorithm was again run for three times: 2111, 2116, and 2123 CST.
Three surface stations (No. 1-3) are located on or very near to the detected
qust front positions. In this case, as in the 4/26/34 case, the surface winds
shifted gradually from a SSE direction to a SW direction, and finally to a NW
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Figure 14. Same as Figure 12, except for April 13, 1981.

directinon. [f we use the time when the wind diraction shifted past 270° for
comparison, we get time differences of +1, +1, and -2 minutes for the three
stations, respectively, with a positive difference meaning the algorithm indi-
cated time of passage was ahead of the surface station indicated time of
passage. For three additional sites (No. 4-6), we can extrapolate ahead in
space and time the position of the gust front, as was done for the 5/9/81
case. For these three sites, the time differences are -1, -4, and -5 minutes,
respectively.

What these results show is that, in most cases, there was fairly good
agreement between the alyorithm output and the surface stations, with the tim=

difference being < 5 minutes for all comparisons, and < 2 minutes for 73% of

the comparisons.

27



RANGE FROM NORMAN (km)

N
(=]

b. Comparison with a Second Doppler Radar

A second comparison of algorithm output was done by comparing the over-
lapping lccations of qust fronts as determined from two different Doppler
radars (the NSSL radars located at Norman and Cimérron (CIM), which is about
40 km NW of Norman) looking at the same gust front. The comparison was made
for eight different elevation scans on 4/13/81, with the gust front Tocated
between 10 and 30 km away from each radar for the times considered. The
results are given in Table 4. (There are two entries at 2127 CST and 0.4°
becasue of a gap in the gust fronts detected position, as seen by the Normar
radar, due to ground clutter.) The root mean squéred (RMS) distance errors
were calculated by using the shortest distance batween any two points of the
estimated gqust front locations. We see that the average RMS distance error is
Tess than 1 km, which indicates good position agreement. Figure 15 shows the
algorithm output for each radar at 2127 CST for approximately the same ele-
vation angle. From Table 4 we see that the position correlation for this par-

ticular comparison was very good, with an RMS distance error of only 0.5 km.
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Figure 15. Algorithm output for two different radars; a) Norman (NRO) and
b) Cimarron (CIM), looking at the same gust front (April 13,
1981).
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Tahle 4
Results of the Gust Front Position Comparison
for the Norman and Cimarron Radars.
Time (CST) Elevation Angle RMS distance error (km) No. of points

2116 0.8° 1.4 18
2116 1.3° 1.1 23
2123 0.4° 0.7 15
2123 : 0.9° 0.6 27
2123 1.3° 0.7 31
2127 0.4° 1.4 28
2127 0.4° 0.5 12
2127 0.9° 0.8 76
2127 1.3° 0.5 72

Average = 0.88 33.6

6. SUMMARY

The gust front algorithm originally proposed by Uyeda ahd Zrnic' (1985)
was fully automated and made ready for real-time operational testing. Several
changes have been incorporated in order to simplify the algorithm, and speed
up its running time. Of substantial impact to operational users is our
finding that it may be necessary to operate the algorithm with more than ane
set of thresholds. For instance, we have determined that higher shear (4 m
51 km'l) and velocity difference (10 m s‘l) thresholds are needed for
strongly-dynamic weather environments, whereas lower thresholds (2 m s-1 km‘l,
5m s‘l) are more suited for dynamically weaker conditions. All three
OkTlahoma gust fronts on which the algorithm was tested belonged to the former
category, whereas one case from Denver and one from Memphis were associated
with weaker weather conditions. When appropriate thresholds were used, there
were very few false alarms (on average less than one per volume scan). But
when lower thresholds were tried for one of the Oklahoma cases, the false
alarm rate increased substantially (to about four per volume scan). Most of

these were due to problems with ground clutter.

Other changes to the algorithm involved: 1) the inclusion of a routine
for fitting a second-order polynomial to the gust front vector positions in
cartesian coordinates, 2) inclusion of an automated vertical continuity check
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using data from two low-level elevation scans, and 3) inclusicn of a sector-
ized uniform wind procedure to determine winds ahead and behind the front.

The outputs of the algorithm were checked for consistency and compared to
data from other sources. For instance, vector winds from the uniform wind an-
alysis were compared with surface and rawinsonde observations, as well as with
genera]ytrends of the Doppler velocities. Agreement was beyond our expec-
tations; moreover, the uniform wind analysis proved, on at least one occasion,
to be a better indicator of gqust front motion than tracking of the centroid.
Times of gust front passage over surface stations were generally within two
minutes of interpolated or extrapolated positions by the algorithm. Also, in
the only intercomparison between the positions obtained from two spaéed
Doppler radars, the average RMS errors were less than 0.9 km. We emphasize
here that these good comparisons are for strong, single, well-defined gust
fronts. It remains to be determined if these impressive results will be re-

peated in situations where multiple, weak gust fronts are present.
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