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ABSTRACT 

Objective techniques foX' identifying and tracking , 
individual storms by radar are described, using digital 
weather radar data with space resolution of approxi- . 
mately 1 n mi. The minimum time interval between opser ... 
vations required for deriving storm centroid velocity 
is 2 to 3 minutes. The optimum signal threshold for 
defining storm "cores"for tracking is 103 to 104mm6m .. 3 
for isolated storms and 102 to 10~6m~3 for squall lines. 

A technique is suggested for the extrapolation of 
arrival of a thunderstorm core into a control ~one of 
an airport. The degree of confidence in the extrapo~ 
lated path is measured in terms of timing and distance 
errors resulting from the variance in storm velocity. 

Analyses of the wind fields associated with several 
severe squa11 lines show narrow zones of high winds that 
veer sharply \-li th increased speed and contain strong 
gusts that also increase with mean wind speed. The appli
cation of the Pm'ler Law to the assessment of vertical 
wind shear is reviewed. 

Operational implications for processing and dissem
inating severe \'leather advisories are discussed. 

1. INTRODUCTION 

This report summarizes research applications of radar for the 
identification of turbulence and weather echo analysis techniques 
appropriate to aviation operations. 

Four types of storm data collected during the 1969 spring season 
were analyzed. These observations were provided by a weather radar, a 
surface mesoscalenetvlOrk, an instrumented tCJJJer, and aircraft turbu
lence measurements. Individual storm motions were studied using digita,]. 
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radar data for several of the major severe weather occurrences in the 
1969 spring season and for several previously observed storm periods .. ',' 
in 1967 and 1968. The tower and surface network data were extensively 
analyzed to determine the intensities and patterns of the squall lines 
ahead of three severe storms that occurred in the 1969 season. Some . 
of the aircraft pilot reports of turbulence during penetrations through 
and flights around thunderstorms during the 1969 season are tabulated 
in appendix A. 

The movement and predictability of radar observed precipitation 
areas have been studied by numerous investigators. Most studies have 
involved analysis of radar film (Ligda, 1953; Boucher, 1961; Boucher 
and Wexler, 1961J Newton and Fankhauser, 1964) with time intervals 
between data generally varying from 1/4 to 1 hour. Since digital 
radar data became available, it has been possible to process data much 
more thoroughly and rapidly. Kessler and Russo (1963a) discuss the 

.. ,' ,assembly pf .:>u,ch .. c;l,ata, and investigate.d the. properties of weather radar, 
. echoes using various statistical techniques. Kessler and RUSSO, (19b3b) 

Noel and Fleisher (1960) and Noel (1962) have studied linear prediction 
using multiple regression techniques. Most of the radar data used in 
these studies were "digitized" manually from 35 mm film and referred 
to a Cartesian grid with a mesh scale of 2.5 to 5 miles. 

A brief history of radar data collection at NSSL is relevant to 
the description of the digital radar data used in this study. 

In 1967, the linear WSR-57 radar receiver with step attenuation 
was replaced with a log receiver and'signal integrator that provided 
multiple contours simultaneously on the PPI. This integrator averaged 
the received signal at 200 range intervals of 0.65 n mi for every 2 
degrees of azimuth, with output in six levels for contouring (Lhermitte 
and Kessler, 1965). A digital translator was then designed and con
structed to record this quantized data on magnetic tape. Observation 
time, azimuth, and elevation in digital format were also recorded. 
Eighty sampling gates at range steps of 1. 4 n mi \'1ere generated in the 
translator. These stored levels of intenSity, depending on the quan
tizer output, were in discrete BCD integers of 1 through 6. The clock
ing rate of the 80 sampling gates matched the input speed of an NCR 735 
buffer recorder. The 80 sampling gates occur every 2 degrees of azi
muth; hence, one radar scan consists of 14,400 discrete values of inten
Sity, ranging from apprOXimately Z = 10 to 106mm6m- 3• The recording 
format of the NCR 735 is compatible with most computers and can be used 
with a data phone for long line transmissions to computers or remote 
·Planned Position Indicator (PPI) receivers. In 1967 and 1968 the digit
izing intervals were about 15 min, with the minimum time of 2.5 min 
between observations governed by the slow data acquisition rate of the 
buffer recorder (Wilk, et al., 1968). 

'it' . 
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After 1968, acon1;iI1uou,s magnetiq,tape r~corder was obtained that 
greatly reduced :the samp.;;t;in~rtim~ s.o·:th~'t;: $iigital data during 1969 was 
available at 40 sec intervalswhEm required. The word length was in
creased to l2l sampling gates of l n mi lengths and the quantizer 
output modified to present,~ levels of intensity. 

Cross-correlation techniques have been used by Wilson (l966) to 
measure the movement and predictabilitY.of radar echo patterns •. These 
techniques were tested at the National Severe Storms Laboratory (NSSL) 
anQ found to be good for storm areas but somewhat lacking in applica
tion to the motion of individual thunderstorms. 

. An interesting technique for studying echoes or elements of 
echoes, but one which neglects details in the echo "field," is the 
"tracking" of individual echo centroids. The possible use.of PPI 
centroids to track the motion ofaradar echo was discussed by Boucber 
and Wexler (l96l) but was not developed by them in detail. Since the 
technique can be readily programmed for a computer, routines.have been 
developed at NSSL to compute echo centroids directly from digital 
radar data and to analyze the centroid motions. The automatic isola
tion of individual thunderstorms within an echo field serves as a data 
base for all the prediction characteristics obtained in this study. 
The velocities of the storm centers have been investigated with a view 
to predicting thunderstorm pOSitions for intervals of l to 30 minutes. 

An important aspect of pOSition predictability is the stability 
of echo area. The areas of complete echoes and areas for various 
levels of reflectivity in these echoes have been computed for s~veral 
cases that showed consistent movement. Echo predictability has been 
defined by linear interpolation "best fit" of echo centroid tracks, 
a,nd for selected storms, the spatial and temporal variability of storm 
motion is summarized as a guide for identifying the areas where severe 
thunderstorms are likely. A scheme is outlined to state the probabil
ity that severe turbulence depicted by a chosen echo intensity will 
pass through' a control zone of an airport or air route. Techniques 
to automatically process echo motion by computer were given consider
able attention; however, further refinement is indicated for use in 
operational analysis and several possible improvements are suggested. 
From a statistical analysis of digital radar data, estimates of the 
"computer load" likely during severe weather situations are presented. 

The surface network and tower data have been used as bases for 
space and time analyses of the maximum wind gusts. The importance of 
the surface wind events associated with the gust front prior to the 
heavy ~onvective precipitation in squall lines is discussed. 

""Jit Finally, some comments and suggestions are presented on the dis-
semination of "severe turbulence" information to the air traffic con
trol system. 
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2 • CONPUTER PROCESSING TECHNIQUES FOR 
DIGITAL WEATHER RADAR DATA 

2.1 Echo Isolation and Echo Centroid Calculations 

Techniques for identifying specific echoes from the digital "B" 
scan data (fig. 1) and calculating their individual motions were devel
oped in two phases. Initially, echoes were isolated by scanning the 
digital field in range and azimuth and classifying contiguous areas 0 
with digits of a specified level as pertaining to one echo. These iso
lated echoes were identified and transferred to another magnetic tape. 
The area centroid of each echo was then computed and listed with the 
echo area. The computation of the intensity-weighted echo centroid 
involves combining the azimuthal centroid and the range centroid, as 
given by equations (1) and (2), respectively. 

' .. ~ 

Azimuthal centroid 
L' (I x A x azimuthal line) 

= L (I x A) 
, (1) 
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Figure 1. Portion of B-scan listing of the NSSL W8R-57 radar 
digital recording for the storm of 31 May 1969 at 
2145 CST. ) 
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where I is the log ofth,e iIl.teIl~·j,"ty in the individua:lgates making up 
the echo and A is thega.te 4~a" in. ~quare nautical miles" 

Range centroid 
I (I x ~ x gate ~umber) 

I (I x A) 

The azimuth and range of the centroid then became, 

Azimuth = AZBEG1N + (2 x azimuthal centroid) 

Ra R + (range _ 1) gate nge . - 0 .. centroid . x length 

, (2) 

(3) 

• (4;.) 

AZBEGIN and Ro are the beginning azimuth and range of the first 
gate, respectively. The "2" in (3) is a consequence of the B scan 
data being obtained in 2 degree azimuthal increments. 

2.2 Computer Matching of Radar Echoes 

The identification and matching of individual storms on consec
utive PPI's are prerequisite to determining their velocities and 
gxtrapolated tracks. If the interval between PPI's is large compared 

. with the lifetime of the individual echoes or weather system being 
tracked, then the PPI pattern may change enough to prohibit matching, 
and only the statistical properties of the display can be·extrapolated. 

Statistically, the matching of echoes on consecutive PPI's should 
be possible if the echo size distributions are not significantly dif
ferent (i.e., if the standard deviations of the echo sizes on both 
PPI's are about the same, a reasonable number of cells will match and 
provide a reliable velocity measurement). 

The isolated storms, which have a few intense echoes, and the 
continuous line cases, with rapid cell growth and decay, present the 
most difficult patterns to match. Figures 2 and 3 show the number 
and size distributions of echo areas with intensity Z ~ lO3mm6m-3 for 
three storms in 1968. The squall line case of May 31, 1969, which is 
not shown, had significantly more echoes (Z ~ lO~6m-3) but contained 
a similar relative size distribution. 

Since the-number of these echoes is generally small, their sam
pling distribution will not be normal. To teSt the significance of 
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the differences between the standard deviations of the sizedistribu
tions on consecutive PPI1s, the transformation 

-2 N o = 
N - 1 

was made, where 1-12 is the sample variance, and 52 is the unbiased esti-
mate of the population variance. Fisher's "z test of significance" 0 
(Croxton and Dudley, 1939) was used to compare the variance in echo 
sizes from PPI to PPI. 

This test, defined by 
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gave values of z of about 0.5 for a PPI sampling interval of 15 min, 
which indicate the variances of the echo distributions on the two PPI's 
are not significantly different at the 95 percent confidence level and 
are probably drawn from the same precipitation system. 

Further inspection of the size distributions suggests that the 
rapid growth and decay of small areas cause most of the change. Of 
course, echoes affected by the scope boundary also .coi1fuse the pattern 
agreement. To illustrate. the increase in confidence level when echoes 
with small number of digits were removed, the echo size distributions 
were filtered to sequentially remove cells of one digit up to cells of 
9 digits, and the z valu~s were recomputed. With all cells of 9 digits 
or smaller rejected, the z values approached 0.25, which indicates an 
increase in confidence level for the larger echoes. . 

To further show that matching should be possible during an entire 
storm period,.··when the criteria ·for pair,ing ·echoes from one PEl tQ ,the. 
next included weighting by size, the "criterion for likelihood" test 
(Croxton and Dudley, 1939) was applied to 45 consecutive PPl echo size 
distributions for the storm of 16 April 1969. This test, which com
bines the echo size distribution variances of all the PPI's considered, 
is defined as 

l/K 
(2 2 2 ----oK 

2 
) 

L = 
01 x 02 x 03 , 

l/K (°1 
2 2 2 2 

+ °2 + °3 ---0 ) K 

222 
where 01 ' 02 ,°3 --- are the 
variances of echo size on K con
secutive PPI's. 

Figure 4 shows values of L 
obtained for each of the 9 size 
filters and, as with the z test, 
shows that weighting the larger 
cells will aid in matching the 
PPI's. 

Considering the stable char
acter of the echo statistics, it 
seemed appropriate to develop 

. matching logic so that individual 
echo velocities could be deter
mined automatically. Ouput from 
the echo isolation/echo centroid 
program is used in this routine, 
which can be run on either the 
IBM 360/40 or IBM 1620. 
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Each echo is characterized by its centroid, area, and intensity, 
and a "reliability factor" Rp is canputed for each echo at each obser
vation considering Ca) the degree of isolation from its neighbors, 
(b) echo area, and (c) intenSity. 

. In essence, the larger the area of echo j, as compared to echo i, 
the larger Rp becomes. The premise behind the reliability factor is 
that a large, isolated echo should be more reliable in movement, and 
more easily'matchedthan a field of small echoes~' Equation (5) can
bines these factors in an arbitrary weighting function, 

, (5) 

where D, E, and F are constants chosen empirically from the analysis 
of actual digital data and give Rp values between zero and 250. 

The sununation of the log of the reflectivity times ar.ea of the 
digital field making up the individual echo is d = L log Z x area, an4 
i and jare separate echoes observed at the same observation. In com
puting the reliability factor for echo j, the summation in the denomin
ator of (5) is reiterated for all pair combinations observed at that 
time. Sij is the distance between the centroids of echoes i and j. 

Pigure Sa illustrates the effect that echo area and distance 
between echoes have on RF conSidering only two echoes. 

An error (fig. 5b) is calculated for the displacement point to 
each echo centroid in the second of the two B scans by (6). 

IRFk - ~J·I ) 2 2 ERROR = (1 + K - (DX + DY ) RFj 
, (6) 

2 2 . where DX and DY are the squares of the X and Y displacement canpo-
nents of the distance between the projected centroid and the actual 
echo centrOid, and Rpj and ~Fk are the reliability factors in the 
first and second B scan, respectively. The error is proportion?lly 
weighted (con,stant Kchosen empirically) by the difference in reli
ability factors for the two echoes with respect to the echo from which 
the displaoement is.JIlaq,e. This error,therefore, increases if a: large 
echo is matched with a 'smaller one, : but no emphasis is given to the 
absolute· diffe~n<:!e, ~r:t,reliabi:L:i.tyfactor. Hence, small differences 
in reliability factors for, echQes wi,th ,low reliability factors will 
be the ~?me as.aproportional,J.y larger difference between echoe;s with 
larger reli~pility f~ctors.. ' , 
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After the m2n~mum errors for each displacement point to echo 
centroid have been computed, a "fit index" (F.I.) is calculated using: 

F. I. = , , (7) 

where TDX and TDY are the X and Y displacement components for the trial 
match of echo centroids from the first to the second B scan. 

Substituting (6) into (7), 

F .I. = • (8) 

(1 + 
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Equation (8) gives preference to echo matching over shorter dis
tances corresponding to short time intervals between observations. 

The F.I. is summed for each of five echo displacements. These 
echo displacements are obtained from the matching of the echo with the 
highest reliability factor in the first B scan, in turn, to the echoes 
with the five highest reliability factors in the second B scan. If 
the ratio of the best to the secohd best fit index is greater than 3, 
then the displacement associated with the best fit index is used for 
an estimate of the pattern displacement. Each echo of the first B 
scan is then projected with the pattern displacement and matched with 
the best fitting echo of the second B scan. If the ERROR is less than 
a chosen value (determined empirically using known matched echoes), 
the match is recorded as the appropriate displacement. 

3. ECHO MOVEMENT OF STORMS ANALYZED 

It is noted that the motions of the echo centroids were not smooth; 
many minor and occasionally same major changes took place in the appar
ent centroid direction and speed of movement (fig. 6). The excursions 
from a straight line illustrate the natural variability of the weather 
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echoes ~ " In addition, there is a small variability cau~~q:R¥ the 
electrond,c:'teehnique of sampling the intensity in each 'gate' 'from 
one qbservation to the next (Le., the observational accuracy , 
of the system). 

From the storms analyzed'w~ththe computer procedures'out
lined in the previous section, the following general conclusions 
were reached: 

(1) Echo centroids based on the low reflectivity 
levels (log Z ,.... 1, 2), in general, show 
smoother movement, but because of the large 
areas of these low levels, an occasional 
large change in area or shape, when two echoes 
join or separate, for example, will make a 
dramatic change in the echo centroid location. 

(2) At the higher reflectivity levels the behavior 
of the echo centroid movement is variable be
cause of cell lifetime. With a well organized 
frontal type storm there is good continuity in 
the centroid movement at the log Z ~ 4 level, 
but in the air mass and poorly organized 
frontal type storms the centroid motion is 
erratic. 

To illustrate the possible extreme variation in centroid motion, 
a single-cell type severe storm (fig. 7), with which a tornado was 
associated, was hand digitized so that intensity and positional 
information was available at ~pproximately 1 1/2 min intervals. 
Echo centroids for Z ~ 10, 10 , 103 , and 104mm6m-3 are shown in 
figure S. There was considerable rotation in this echo, which is 
illustrated by the back and forth motion of the Z ~ 103 , 
104mm6m-3 centroids (fig: 8b). In th~s case the movement of the 
echo is best depicted by the Z ~ 10mm m-3 centroid motion (fig. Sa). 

An analysis of echo area showed that when motion was obtained 
from successive centroids, the area of the echo or portion of the 
area used to compute the centroid remained fairly constant. Figures 
9 and 10 illustrate echo centroid path and associated echo areas. 

The fact that the area remains constant is Significant. The 
consistency of echo area is a factor in the computer analysis of 
echo matching. 

3.1 Minimum Temporal Resolution of Echoes for Extrapolation Purposes 

In an effort to determine \<1hen the irregular motion of the echo 
centroids was reduced to a minimum level, a study was made of the 

11 



Figure 7. NSSL WSR-57 radar contoured display of the severe 
thunderstorm. on June 10,1967. A tornado was 
located at approximately 290 degrees at 85 n mi. 

variation in direction and speed of successive centroid positions 
for echoes that showed good movement. Results are graphed in 
figure 11 and show that the standard deviations of speed (as) 
and direction (aD) are reduced for observations timed at intervals 
greater than about 2 1/2 min. One implication of this is that 
even with the capability of obtaining a digital picture at 40 
sec' intervals, the error in using a's and aD for any echo extra
polation calculations cannot be significantly reduced by making 
observations more frequently than 2 1/2 min intervals. 

Although movement over such small time intervals is rarely 
required, and in general not practical when using tracing techniques 
directly from the PPI, it is of some importance in this study of the 
extrapolation of echoes associated with severe turbulence in a 

. terminal area for a 1 to 30 min time frame. 
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3.2 Extrapolation of Echo Path 

Once the echo has been identified by its centroid, the next 
problem is the extrapolation of its path with respect to time. 
Observations by Ligda (1953) show that the motion of small pre
Cipitation areas can be either rectilinear or curvilinear, with 
divergent and parallel flow possible in both cases. Forshort 
time intervals, rectilinear motion is adequate to describe the 
motion of small areas. 

Computer techniques were developed at NSSL to extrapolate the 
position of the echo centroid given the time and position of two or 
more centroids. The polar coordinates (r, Q) of the given centroids 
(the number of which can be varied) were converted to cartesian 
coordinates x, y, with x and y as a function of time. Linear least 
square approximations x(t) and yet) were computed for x and y values 
as a function of time. Tnese functions were used to extrapolate 
the position at given later times. After the x and y coordinates 
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are computed, they are converted to equivalent polar coordinates. 
The best fit equation can be used to trend the echo centroids for 
prediction purposes. 

Figure 12 shows the actual echo centroid path of the log 
Z ~ 1 centroids and the extrapolation path for various input 
centroids for the tornado bearing storm discussed earlier. To 
assess the error of extrapolation, a program was developed which 
calculates the error in both time and distance of the extrapolated 
position in terms of the actual observed position. Figure 13 
illustrates the errors measured, namely ot and od. These errors 
are summed for each observat"iontime (I::ot and I::od). 

Of particular importance to the operational application of 
the echo path extrapolation using centroids is the problem: how 
long should past centroid position data be consulted in order 
to minimize the position and time error for future time extra
polation? 

By increasing the number of input centroid positions progress
ively, and computing mean,maximum and standard deviation values 
of at and od for various input, the mean, maXimum, and variance 
of the temporal and spatial errors in relation to period of 
extrapolation were obtained. 

Graphs of the above values are p4.otted in figure 14 for the 
tornado bearing storm using log Z ~. 1 to compute the centroid path. 
It was fortuitous, in this example, that both the distance and 
time. errors were small using the first two centroids. . (The line 
througn these two centroids closely approximated the best fit 
path of all the centroids.) 

In this case, after eight centroid observations at approxi
mately 1 1/2 min intervals, the mean values of the distance and 
time error have reached values of 0.5 n mile and 2.2 min, 
respectively, and after 16 observations these values were reduced 
to O. 25 n mi and 1. 2 min., 

In summary, one should emphasize tha't track extrapolation 
analysis ,can be operated in real time •. · Thereflectivitythres,:;, 
hold level representing the best'motion, and the number 'of ' 
centroid observations tha,t shoUld be 'used to reduce the error 
to an acceptable value can be programmed for determination by 
the computer. 
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3.3 Application of C~ll Track Extrapolation 

Newton and Fankhauser (1964) suggested a semi .. objective approach 
to forecasting the likelihood of thunderstorm occurr,ence. at a specific 
point (such as a point on .an airway or an air terminal) lying in the 
general region of the projected path of an existing thunderstorm. This 
method of probability forecasting uses the'mean echo direction and the 
standard deviation, ad' derived from a study of many similar storms. ' 
Figure 15 shows the geometrical relationship among the angle ad, an echo' 
core of diameter D, and a point distanceR downstream. As illustrated, 
R~ 28D/ad where the standard deviation of direction, ad, is in degrees. 

A modification of this technique uses the distance and time errors 
obtained from the linear approximation of the centroid motion of the 
individual echo (fig. 14). Maximum initial values of 6t and 6d (corres
ponding to 3 input centroids) for extrapolation over a 30-minute time 
period, are about 30 minutes.and 6 n mi. Assuming normal'distribution 
of the echo speed variation from centroid to centroid position, there is 
a 68 percent chance that the error in timing the arrival of the thunder
storm at point P is less than 30 minutes. If echo centroid directions 
are distributed normally, the direction of movement should be within the 
limits ±ad, 68 percent of the time. A value of ad corresponding to the 
6 n mi error (6d) would be approximately 22 degrees over a distance of 

-----------.--
T 
o 

1 
------- --- __ _ _ -j Most ",obob/~ 

~----~--------------------~,.~~--~2Ud ,. -- p -- -- __ dlrtICtlon of storm 
_ - -- -- mov~m~nt -----~,.------R ------.,.-~)j 

---- ---- ---- ------- -- --
Figure 15. The standard deviation of storm direction is ad' and 

there is a 68 percent chance that a portion of the 
model storm will pass over point P. The percentage 
is larger for points interior to the dotted region 
between the storm and P, less for points at greater 
distance than R. (After Newton and Fankhauser, 1964.) 
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15 mi (a likely distance moved in approximately 30 minute movement pre
diction time). When ad is 22 degrees, the prediction distance R is 
approximately 1.3 times the diameter D. 

As shown in figure 14, both 6t and 6d decrease as more centroid 
positions are added. In this example, after 12 input centroids, the 
maximum errors in extrapolation over the next 15 minutes are about 
5 minutes and 1 n mi. However, this represents the final "degree of 
fit" to a linear path after most position data are available. 

4. DIURNAL VARIATION OF SEVERE WEATHER 

The extent of operational analy~is of echoes for such purposes 
as cell track extrapolation is sensitive to the load imposed on the 
'computer in' handling all the data. Also· the frequency of this load 
is to be considered. The marked diurnal variation of severe storms 
has been known and studied for many years. House (1963) points out 
that the frequency of tornadoes in the United States is strongly 
correlated with solar insolation (i.e., about 50 percent of the 
tornadoes in the past four decades have occurred between 3 and 8 pm). 
There is some sectional variation; for example, Oklahoma and Kansas 
experienced 62 percent of their tornadoes in this 5-hour period 
compared to only 36 percent in the region from Florida to Mississippi. 
Although no definite cause of the relatively large number of nocturnal 
occurrences in the Southeastern U.S. is known, recent studies 
(Pitchford and London, 1962) link these severe thunderstorms to the 
nighttime intensification of the low-level jet. Whatever the cause, 
the diurnal distribution of severe thunderstorms is an important 
consideration for radar operations and data processing systems. 
Automatic weather depiction, such as that planned for the National 
Airspace System (NAS,), will obviously result in highly varying data 
loads on the computer and can be a major consideration in system 
design. 

An insight into the. magnitude of this problem is obtained from 
a review of a year's radar data (1966) collected at NSSL. Analysis 
routines were developed to give percent of echo coverage by intensity 
for each hour. These data were further simplified for this project 
by consi~ering only those reflectivities equal to or greater than 
103mm6m-. This was done so the coverage would correspond to that 
expected on the less sensitive Air Traffic Control (ATe) radars 
(Wilk et al., 1965). 

Figure 16 shows the number of days versus the percent of echo 
detected b~ t~e NSSL WSR-57 weather radar that is equal to or greater 
than 103mm m-. These percentages indicate the amount of the echo 
displayed by the WSR-57, which is ~lso displayed by the less sensitive 
ATe radars operating with MTI and circular polarization. 

3 
The total number of days on which intensities equal or exceeded 

10 mm6m~3 occurred are shown under the time. The maximum number of 
occurrences (55 days) was at lSOO CST, with a strong secondary max
imum (53 days) at 0300 CST. The minimum number of occurrences (31 
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days) was at 0900 CST. The average percentage of the WSR-57 radar 
echo area equal to or greater than 103mmom-3 maximizes at 2100 CST; 
however, the shape of the distribution remains simi~ar for all times 
of day, and the most common value of echo area ~ 10 mm6m-3 is less 
than 10 percent. 

The distributions of hourly coverage are typically noisy and 
reflect the importance of a few intense storm periods on the annual 
distribution. In fact, most of the severe weather events in Oklahoma 
during 1966 occurred on only 31 days. 

ATC radars generally show only those storms of at least moderate 
intensity, and do not as yet have contoured displays to discern 
between moderate, strong, and very strong echoes. Because of this 
limitation, it is important to determine the agreement between the 
moderate threshold and severe weather. Figure 17 shows the severe 
weather;..events·as reported by, surface observers, plotted against 3 
the percentage of radar echo area equal to or greater than 103mm6m
and according to time of day. As expected, there is a preference for 
severe weather to occur between 1600 CST and 2200 ~STG !his corres
ponds to the 1500 CST peak in occurrence of Z ~ 10 mm m- echoes. 
There is a .poor correlation between the percentage coverage of 
moderate intensities and the number of severe weather events (i.e., 
the range of the percentage coverage 
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of 103mm6m-3 is broad, showing that with or without severe weather 
the amount of 10~6m-3 echoes relative to the total echo varies 
great!y and is not an indication of the storm severity)S Th<: coverage 
of 10 mm6m- 3 echo is not related to tlleexistence of 10 mm6m 3 cores, 
which are well correlated to severe weather events (Ward et al., 1965) ~ 
The agreement between maximum cell intensity and surface hail reports 
(fig. 18) shows the cumulative frequency· of hail reports against radar 
reflectivity factor measured at the position of the surface hail re
port. . 

5. SURFACE VJIND GUSTS ASSOCIATED WITH SEVERE STORMS 

The intensity of the radar echo provides a quantitative measure 
of the precipitation rate and a qualitative indication of hail. How
ever, little information can be derived about the extent and magnitude 
of wind gusts. This. is a serious limitation, since the cold air out
flow from severe storms spreads horizontally for several miles and can 
produce sudden changes in wind speed and direction far in advance of 
the radar echo. Fujita (1963) summarizes numerous mesoscale studies 
that document the complexity of the surface pressure, temperature, 
wind, and precipitation fields associated with thunderstorm ·systems. 
The Browning-Ludlam steady-state model of convection (Browning and 
Ludlam, 1962) and the study by Newton and Newton (1959) of the dynam
ical interaction of the storm with its environmental wind field have 
suggested that downdrafts are intensified and steadied by the vertical 
transfer of fast moving air downward to the surface. Although radar 
observations are used intuitively to support these and other theories 
of air motion, there is, as yet, no quantitative method for deducing 
the air flow associated with the echo intenSity fields. 

Occasionally, radar detects the boundary (high density gradient) 
line on the cold air interface. These "thin" lines are coincident with 
the wind shift and provide reliable information about its motion 
(Bigler, 1959). Until radar has the capability of routinely detecting 
and displaying the horizontal field of motion, we must rely generally 
on surface wind observations to delineate hazardous gust lines. The 
following sections describe the surface wind conditions associated 
with three squall lines observed in 1969. The radar data for two of 
these storms were used in the echo motion study discussed earlier. 

For the 1969 severe storm observational program, NSSL installed 
and operated a 29-station network in an 800 square n mi area to the 
southwest of Oklahoma City. These field sites were equipped with cup 
anemometers, hygrothermographs, microbarographs, and raingages. The 
data were recorded on strip charts as analog traces with a time reso
lution of 1 to 2 min. The anemometer chart speed was 3 in. per hour 
and recorded a severe storm gust 'event' typically as shown in figure 
20. These records were reduced manually by tracing the envelope of the 
maximum and minimum values and digitizing the smoothed traces at 1 min. 
intervals over the period of interest. The envelope values were then 
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averaged to find the mean, and the differences were taken as a measure 
of the variance. 

Within the gust front, the I-min mean and variance are strongly 
related. Figures 20, 21, and 22 illustrate this relationship for the 
storm of 29 May 1968. The stations show considerable variation in scat
ter, which may be caused by site exposure. Stations that were suspect 
were relocated in 1969 for the current study. Although equal station 
spacing was desirable for areal analysis, the sites were selected pri-
marily by the quality of exposure. Q 

An objective analysis technique developed by Barnes (1964) was 
used to. space interpolate the 5-min running average of the I-min mean 
values of the maximum wind speed data over a fine grid mesh within the 
mesonetwork. This technique assumes the distribution of the observed 
parameter is representable by the summation of an infinite number of 
independ~nt,. s,iI)e, ~?ves, and .that the interpolated value at a grid point 
is determined by the summed influence of all surrounding observations '. 
weighted according to their distance from the grid point. The weight 
function is 

. 2 
W = exp( -r Ic) , (9) 

where r is the distance from the observation site, and c is a constant 
that determines the rate at which the influence of the datum decreases 
with distance. The interpolated value at grid point (x,y) is given by 

N N 

g(x,y) = Iw(ri ) Vii I W(ri ) (10) 

i i 

where V is the wind speed and N is the number of observations. 

Usually, application of such a weighted averaging technique con
siderably smooths small scale variations (small in relation to the 
spacing between stations). However, it has been shown that an iter
ative procedure can be used to obtain an interpolated field that fits 
the observed data to any degree of precision desired (Barnes, 1964). . 
The degree of fit is determined from considerations of the accuracy of 
the observations and the application of the analysis. If the data are 
relatively accurate and one wishes to depict the smallest details of 
the distribution (i.e., waves twice the length of the average station 
spacing), then a close fit to the observed data is required. 

In the present analyses, variations with ""ave lengths of twice 
the station spacing (12 n mi) are smoothed to two-thirds their indica
ted amplitude, while waves three times the length of station spacing 
(18 n m,i) are represented to about 90 percent of their amplitude. 
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This is illustrated by considering a time-space analysis of a 
typical trace recorded during the strong gust front on 31 May· 1969 
(fig. 19)., The time between the, wind shift and the maximum gust is 
about one~half the period of the gust front disturbance •. The wave 
length is defined as 

A - V P/60 n mi ~ s ' 

where Vs is the translational velocity in knots and P is the period in 
minutes. For an average period of 34 min (fig. 19) and a translational 
velocity of 38 knots, the wave length is about 22n mi. This distance 
corresponds to about three and a half times the station spacing and 
should result in a gust amplitude smoothing of about 10 percent in the 
Barnes' objective interpolation. This logic was tested by comparing a 
'hand' analysis (fig. 23) of.a time to space conversion with the analy
sis by the objective technique •. The two sets of grid overlay values 
were plotted, as shown in figure24j comparison of the 'best fit' and 
the 1:1 line confirm that the high values are smoothed about 10 percent 
by the objective technique. 

In the first analyses, the times of the gusts were used as input. 
Three major squall lines that occurred on April 16, April 26, and May 31 
were analyzed in this manner. In addition, the May 31 case was analyzed 
in detail to study the temporal development and motion of the gust front. 
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5.1 Gust Characteristics 

The storm of the 16th was an organized squall line with several 
strong centers of convection easily located on the WSR-57 radar dis
plays. Figure 25 shows the horizontal sections at 0, 1, and 2 degree 
antenna tilt. Initially, the.boundary of the cold air was in juxta
pOSition with the leading edge of the echo and then gradually accel
erated ahead of the storm as it moved through the network. 

The squall line on April 26 was similarly well organized, as 
, shown in figure 26. The perturbation marked by the arrow is probably 

a tornado cyclone. An associated funnel caused considerable damage ' 
near Chickasha, Oklahoma, at 1702 CST. There were at least two dam
aging funnels reported in the squall line, but the high winds covered 
a very small area; since they were not detected by the mesonetwork, 
this did not affect the analysis of the mesoscale data. 

The squall line of May 31, illustrated in the radar display in 
figure 27, differed from the other two cases in that it occurred near 
midnight, had less intense precipitation, and was not as well organized 
(as displayed by the radax-). The surface wind gusts, however, were 
more severe and better organized than in the other two cases. The cold 
air outflow was ahead of the precipitation (marked by the arrow on fig
ure 26) when it entered the network. The gust front had moved well in 
advance of the echo by the time it reached Oklahoma City. 

The overlay grid used in the objective analysis is superimposed 
on the network map shown in figure 28. The 20 x 20 matrix covers the 
800 sq mi area of the network with a mesh size of 1.7 n mi. The inter~ 
polated grid values were used to determine the areal probability histo
grams shown in figures 29, 30, and 31. On April 16 about 38 percent of 
the area experienced gusts of a magnitude between 35 to 40 knots. On 
April 26 the range of gusts was similar, but the 30 to 40 knot interval 
was even more dominant, covering nearly 75 percent of the area. The 
data for the May 31 storm showed higher maximum values but again the 
35 to 40 knot interval was most common. In degree of severity (over 
the network) the storms are ranked in the order of the 26th, 16th, and 
31st, having corresponding 10 percent probability values greater than 
40, 45, and 50 knots, respectively. 

It is important to note that these wind speed values are 5-min 
averages of the smoothed envelope. There were many 'spikes' in the 
wind traces which exceeded these values by 5 knots. Another 5 knots 
of suppression results in the objective analysis, so that local expur
sions of the order of 10 knots occurred instantaneously throughout the 
network, and the probability of Singular values should be adjusted 
accordingly. 

The gust front on May 31 was especially interesting because of its 
continuity in time and space. The gust records for the 29 stations 
were 'digitized' over the same 90 min interval, and the 5-min running 
averages were then objectively analyzed. (The 5-min wind speed maps 
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(e) 

(b) 

(a) 

Figure 25. WSR-57 radar contoured 100 n mi. display for 16 April 1969. 
The first intensity level, Z = 10mm6m-3; bright cores, Z = 10~6m-3. 
(a) antenna tilt is zero degrees (mean beam altitude of 2400 ft at 
60 n mi.) (b) antenna tilt is one degree, (beam altitude of 8700ft 
at 60 n mi.) (c) antenna tilt is two degrees, (mean beam altitude 
of 15,200 ft at 60 n mi.) 
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Figure 26. WSR-57 radar contoured display for 26 April 1969. Range 
marks are 20 n mi. The intensity levels are approximately 10 db 
steps and correspond to radar reflectivity factor (Z) values 
from 10 to 10~bm-3. The arrow points to a small scale circu-

.lation probably associated with a reported funnel. 

Pi~re 27. WSR-57 radar contoured display for 31 May 1969. Range 
marks are 20 n mi. The arrow marks the precipitation best cor-

: related with the orientation and motion of the strong gust front ~ 
32 
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for a 25-~;i.n period are shown in appendix B). Changes in the frequency 
distributibn.of maximum wind gusts in the network area during the_ffil..st 
front passage are shown in figure 32 (see also figs. 33 through 36). At 
2327 CST, the network was under the pre-squall southerly airflow with 
over 50 percent of the area experiencing gusts between 10 and 15 knots. 
By 2332 CST, the gust line was entering the western edge of the network, 

pand, by 2342 CST, a bimodal distribution was evident, with 30 percent of 
the area exceeding 40 knots. The network was most aff~cted by the gust 
line at 2357 CST, with over 70 percent of the area experiencing sustained 
gusts in excess of 30 knots. After 0030 CST, the gust spectrum again 
narrows to reflect the 'cold air mass' environment and the mean gust 
speed has subsided to less than 30 knots. 

Figures 34 and 35 are objective analyses of the wind speed and 
direction at 2332 CST. By mentally overlapping these fields, one c~n 
see the band of strong shear about 4 miles in width, that constitutes 
the gust hazard to aviation. A plot of the directions of the gusts 
versus magnitudes in the overlap area (fig. 33), shows the strong Neer
ing that occurred as the average gust speed increased. First and. second 
degree "best fit" functions were obtained as a possible operational 
guide to prediction of cross wind magnitudes. Obviously, the degree of 
fit will vary from storm to storm, but these data suggest that real time 
analysis of this type are practical. l 

The thunderstorm project and later studies (Fujita, 1963) have 
shown the passage of the discontinuity with the cold air outflow is 
characterized by a sequence of pressure rise, wind shift, maximum gust, 
temperature fall, and rain, in chronological order. This is typical of 
the squall lines observed in 1969. 

The distributions of times between wind and rain events as recorded 
at the 29 stations are shown in figures 37 and 38 for the storms of 
April 16 and May 31. On the 16th, the differences between wind shift 
and rain were small at the start but increased to as much as 50 min 
(which resulted in the sk~wed distribution). On the 31st, none of the 
stations experienced a difference less than 20 min, with the mean being 
greater than 30 min. The gust fronts with both storms were preceded by 
a sudden pressure rise. Figures 39 and 40 show average differences of 
5 to 6 min and 2 to 3 min for the 16th and 31st storms, respectively. 
The magnitudes of the rises were much larger on the 31st, ranging from 
0.17 to 0.27 inches. This corresponds to an average change in altimeter 
of about 200 ft. 

5.2 \'Jind Shear and Aircraft Operations 

Surface weather hazardous to aircraft operations, particularly 
during flight at our near terminals, includes strong winds, strong 
wind shear, and gustiness. The vertical distribution of the rapid 

lye Sasaki, UniverSity of Oklahoma, has applied variational techniques 
to the objective analysis of this case (unpublished manuscript, 1970). 
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Figure 34. Wind speed ana~ysis 
obtained by Barnes' technique· 
for 2332 CST, 31 May 1969. 

Figure 36. Wind direction analy
sis obtained by Barnes' tech
nique for 2332 CST,' 31 May 1969. 
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changes in both direction and speed which occur along wind shift lines 
is illustrated by the instrumented tower wind readings during the 
31 May 1969 squall line shown in figure 41. 

Browne (1961) discusses the effect of wind shear on airspeed of 
aircraft. Traversing a strong wind shift line on a landing approach can 
affect landing precision; landing short if the pilot underestimates the 
shear associated with the line, and landing long if he overestimates 
the shear. The aircraft can encounter considerable IIbuffeting" caused 
by the turbulent energy associated with strong wind shear. Traverse 
of a wind shift line can also cause an aircraft to stall because of a 
sudden decrease in airspeed. Since the wind usually changes in a cy
clonic sense within the narrow wind shift zone, the problem may be 
amplified during a left turn of an aircraft, whose course is changed 
to avoid thunderstorms. Por example, a rapid drop in airspeed may be 
accompanied by a sudden increase in bank angle owing to the pressure 
of the side component of the new wind on the aircraft wing; downdraft 
outflow of cold air may also be encountered. 

Because vertical wind shear and associated ustiness are important 
to aircraft operations, we have taken a preliminary look at this prob
lem using the NSSL instrumented tower data. Singer and Smith (1953) 
discuss in considerable detail the relationship of gustiness to other 
meteorolOgical parameters such as lapse rate, wind speed, radiation 
and cloud cover, and concluded that gustiness (fluctuations of hori
zontal wind speed and direction) is most closely related to lapse rate. 

Wind shears were computed fram the NSSL instrumented tower data 
for levels 1, 2, and 3 for April and May 1967. These levels are at 
heights of 146 ft, 296 ft, and 581 ft, respectively. 

Five-minute average winds were obtained at hour~y intervals. A 
reasonable representation of the wind speed profile ~n the boundary 
layer (up to approximately. 1000 ft) is given by the power law, 

, (11) 

where a is a non-dimensional exponent that depends on the thermal sta
bility and normally lies between a and 1. V and VI are the averaged 
wind speeds at heights of Z and Zl' respectively. Horizontal shear is 
represented by 

, (12) 
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De Marrais (1959) has treated 
the behaviour of a with stability: 
a tends toward unity when the air 
is very stable and becomes small 
under the influence of turbulence 
accompanying unstable lapse rates. 

The NSSL results for April and 
May 1967 are graphed in figure 42 
which reproduces the general trend 
of De Marraisf results. In un
stable conditions (super-adiabatic 
lapse rate) the wind is highly tur
bulent, and there is a rapid ex
change of momentum between levels. 
A few feet above the ground, wind 
speed tends to became uniform with 
height. Under these conditions, a 
approaches zero. Under more stable 
conditions vertical exchange of 
momentum is reduced and the wind 
profile exhibits an increase of 
speed with increase in height. 
With temperature inversions, ~ 
approaches 1 and strong wind shear 
conditions exist. 

The application of this sim
plified analysis of the parameter 
~ to airport operations appears 
feasible when vertical shear re-
gimes are identified. It would 
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Figure 42. Power law exponent 
(a), versus temperature lapse 
rate (AT), degrees C per 100 m 
for averaged hours data col
lected in April and May 1967. 

require two-level wind and temperature measurements and "real time solu
tion of the power law and 'shear equation. Climatological data for a, 
as shown in figure 42, would aid in lapse rate and surface roughness 
normalization. Additional research is needed to relate a to turbulence 
experienced by aircraft. 

6. SEVERE TURBULENCE ADVISORIES FOR AVIATION OPERATIONS 

There are many significant problems associated with supplying prac
tical severe weather information to the aviation services. En route 
flying generally permits time to monitor aircraft weather radar, naviga
tion aids, and the regularly issued weather info~ation, allowing adverse 
weather to be circumnavigated. This is altered at the commencement and 
end of a flight where traffic patterns are designated. Near airports, 
thunderstorms cause traffic congestion and sometimes close airports for 
extended periods. Provisions are required for timely severe tu~bulence 
warnings for botn air traffic control and pilots during these periods. 
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Exper~ence in Australia with the Joint Approach Control Meteor
ological Advisory Service (JACMAS) has shown that air traffic con

.trollers can be assisted in advising pilots of routes free of severe 
turbulence on the approach and take-off phases of operation (i.e., they 
are given the precise location of severe weather l.n the controllers 
frame of reference). This reference is that of air routes and distances 
as used on the Air Traffic Control Center (ATC) bright display. Areas 
of likely severe turbulence are actually displayed on a closed circuit 

.. TV screen above each ATC bright display. 

It is essential to have continuity in the presentation of likely 
severe turbulence areas (this involves a degree of interpretation, 
predictability, and consistency in presentation) so the controllers 
will have confidence in the information; it must be current, accurate, 
and updated regularly, as warranted by changing circumstances. A major 
difficulty, therefore, is the preparation and dissemination of the 
severe weather information. It is firmly established that severe tur
bulence (and hail) is associated with high radar reflectivity. Turbu
lence, but not necessarily severe turbulence, may be-encountered outside 
high reflectivity areas (FAA Circular, 1968). There has been a consid
erable amount of work associating radar reflectivity and turbulence 
experienced by aircraft, with varying assessments as to how far away 
from the high reflectivity echo turbulence may be experienced (Burnham 
and Lee, 1969). 

Currently, JACMAS operations in Australia (Barclay, 1968) define 
the severe turbulence area as the Z= 10~6m-3 radar echo area plus a 
S-mile "buffer" area around it, provided the echo has reached a height 
associating it as a storm likely to produce severe turbulence. Echo 
structure is also considered and potentially severe turbulent areas 
such as those between adjacent strong echoes or associated with tor
nadic hook echoes or hail "fingers" are also marked for avoidance. The 
controller operates around. this area, routing aircraft up to but not 
through them. Hence, the meteorologist provides a degree of interpre
tation and modification to the observed Z = 10Smm6m-3 echo area and 
provides a 10 min prognosis to cover expected movement. This informa
tion is passed to the ATe using closed circuit TV, with air. routes and 
distances marked for direct reference with the controllers bright 
display. 

Another phase of the Australian system that needs to be vigorously 
explored, is the "self-help" to pilots obtained by the broadcast on 
navigational aids of continuously updated areas likely to contain 
severe turbulence; advisories which are referenced to deSignated air 
routes and distance from the airports. 

Efforts must continue to provide controllers and pilots with 
improved severe weather information. Practically, the type of infor
mation required is the location and prediction of likely severe 
turbulence areas so that controllers can provide pilots with a passage 
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through non-severe turbulence areas. Information must be given to 
allow them to plan how many aircraft may take off and land before a 
thunderstorm reaches the airport and then where to hold and vector 
incoming aircraft until approaches clear again. 

Another important factor is the interpretation and use of vJeather 
echoes, as displayed on the controller's radar. The air traffic 
control radars normally use receivers or limited dynamic range. This 
range is further reduced by the scan conversion used for remote IIbright 
displays.1I Gradations in intensity important for weather echo inter
pretation are therefore not displayed. Only the echo shape and areal 
coverage are available. The Moving Target Indicator (MTI) circuit, 
which eliminates fixed ground targets \\lhile alIa-ling detection of mov
ing aircraft, and circular polarization, which rejects the return from 
spherical precipitation particles, combine to produce an uncertainty 
in the threshold of the displayed precipitation echo~ 

6.1 V.O.R. Dissemination 

During the late spring of 1969, an attempt \'las made to provide 
real time severe turbulence advisories by extracting data from the 
NSSL vJSR-57 radar and disseminating it to the VJiley Post Flight Serv
ice Station (FSS). The technique was a simplified version of the 
operations in Australia described by Barclay (1968). Its purpose was 
to relay precise positional information of severely turbulent areas 
of thunderstorms to the FSS for dissemination to pilots over the VOR 
system. 

TWo I-hour tests were conducted in \'lhich observations were given 
to the FSS at approximately 10 min inte~vals. Positional information 
of likely turbulent areas vias extracted from the radar in VOR direc
tion and range coordinates, the message compiled in the format belm." 
and telephoned to the VOR controller. 

Message Format VALID TO TTTT Z SEVEP£ TUP~ULENCE ADVISORY 

AREA AAHILE DIAH CENTERED RR MILE DDD DEG OKC .. 
LINE L1 NILE WIDE CENTEP.ED RR MILE DDD DEG OKC 

Affect (air route identification)and(air route) etc. 

The difficulties encountered during the very brief experiment 
vlere largely organizational ones. On both occasions the radar at NSSL 
was being used for "cha:Ef" trackingviith frequent changes in antenna 
elevation angle making access to the 'radar for systernatic echo anal
y$is difficult. No video 'map overlay; was available to conveniently 
read orf the" VOR 'direction and distance, 'and the radar room telephones 
were being shared with other projects that caused frequent delays in 
communication \·dth the FSS. 
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The scheme is obviously feasible and should be. beneficial to pilots, 
particularly light aircraft pilots, but further experimentation should 
be done at an operational radar statiqnwhere normal radar operations 
allow the experiment to proceed smoothly and quickly. The reaction of 
pilots to this kind of service might be evaluated with the help of the 
FSS VOR controllers and ARTC personnel. r 

7. CONCLUSIONS 

This study has shown that the radar echoes associated with severe 
squall lines usually have a regular motion that can be extrapolated for 
at least 30 min. The accuracy of the extrapolation can be estimated by 
computer in real time. Large isolated storms can be identified auto
matically in the computer and used as a base for matching consecutive 
PPI displays for velocity computation. 
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The study has shown that the applications of both radar and sur
face observations in real time analysis and prediction of severe 
weather can be greatly improved by the speed and objectivity of a dig
ital computer. Because of the diurnal variation of severe weather in 
the central United States ; the maximum computer loadw.illoccur between 
1600 and 2200 hours, with a secondary maximum centered at 0300 hours. 

One of the most serious problems associated with aviation opera
tions is the interpretation of severe weather events. The intensity 
and height of the radar echo is evidence of the relative magnitude of 
the convection, but the computer analyses must be augmented by knowl
edge of the stability, moisture content, and airflow (convergence and 
shear) in the storms environment. It has been demonstrated repeatedly 
that high reflectivity is i,ndicative of hail and turbulence and that a 
geographical area covered by an echo of corresponding intensity should 
be circumnavigated by air traffic •. 

·The most serio'Us limitation of non-coherent radar measurements is 
in the interpretation of the wind hazard associated with severe storms. 
Research is needed to develop technology for detecting, identifying, 
and extrapolating low level shear and gust zones , which constitute a 
hazard to aviation. until this is done,. excessive areas around severe 
storms must be declared suspect and avoided by air traffic. 
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APPENDIX A - Analysis of a Few T33 Aircraft Flights During Spring 1969 

A.l Aircraft Flights 

On Friday, 16 May 1969, a Canadian T33 aircraft made seven indi
vidual passes through, or beb~een, thunderstorm cells. The pilot's 
comments are summarized for each run and the aircraft track related to 
the radar echo on the CPN-18 (control radar) and the calibrated, ~'JSR-57 
radar. Pilots comments are timed in hours, minutes and secorids, central 
standard time, with an accuracy of:l: 30 sec with relation to the radar 
photographic times. 

In interpreting the photos one must remember that the volume sam
pled by the radar beam averages a large area that increases with range 
and because of this, and the elevation angle, the precise reflectivity 
the aircraft passes through cannot be determined. Pilots were asked to' 
report turbulence qualitatively using the "Turbulence Reporting Criteria 
Table" shown in Table 1. 

Run No. 1 at 

14.25 
14.26:22 

14.26:52 
14.26:52 
14.27:06 
14.27:21 

1425 to 1428 CS~ at a flight level of 18,000 ft: 

Data on 
In cloud 
Moderate to severe vertical turbulence 
Intermittent moderate rain 
Light turbulence (at eastern edge) 

Smooth 
14.28 Data off 

Figure 43 (CPN-18 PPI) shows the track of the aircraft with the 
aircraft being positioned to the southwest of the cell. Figure 44 
(CPN-18 PPI) sho~:IS the aircraft just after it has passed through the 
main cell but still in an area of rain of reflectivity, Z, of between 
1.4 x 102 and 1.4 x 103mm6m-3 (as indicated in figure 45, vJSR-57 log 
contour PPI). The maximum reflectivity of the echo through \'1hich 
penetration was made was between 1.5 x 104mm6m-3 and 1.7 x 105mm6m-3. 

Run No.2 at 1430-1436 CST, at a flight level of 18,000 ft: 

14.30 
14.30:53 
14.31 
14.31:15 
14.31:30 

Data on 
Entering cloud 
Light turbulence 
Light turbulence 
Light turbulence 
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l4.32:ll 

14.33:02 

14.33:44 

Very light turbulence 

Light turbulence 

Light turbulence 
14.33:59 Trace of ice on wings 

14.34:11 Heavy turbulence, in precipitation 

14.34:57 Intermittent heavy turbulence 
14.36 Data off 

Figures 46 and 47 (CPN-18 PPI) show the echo before and after the 
run. The aircraft track is shown in figure 46. As indicated by fig
ure 48, toward the end of the run the aircraft passed through the echo 
with reflectivity between 1.4 x 103 and 1.5 x 104mm6m-3• 

Run No. 3 at 1639-1643 CST, at a flight level of 10,000 ft: 

16.39 Data on 
16.39:51 Very light turbulence 
16.40:42 Light chop 

16.40:55 Moderate turbulence 
16.41:06 Light precipitation 
16.41:24 In clear 
16.42:02 Data off 

Figure 49 and 50 (CPN-18 PPI) show the echo penetrated, with air
craft track shm'/I1 in figure 49. Figure 51 (WSR-57) indicates penetra
tion through the edge of a small area reflectivity between Z = 1.5 x 104 
and 1. 7 x 105• 

Run No. 4 at 1643-1645 CST, at a flight level of 10,000 ft: 

16.43:30 

16.44:36 

16.44:56 
16.45:07 
16.45:18 

Data on 

Very light turbulence 

In clear 
In clear, very light turbulence, cell decaying 
Data off 

Figures 52 and 53 (CPN-18 PPI) ~how the echoes between which the 
aircraft penetrated • The aircraft track is shown in figure 52. No 
WSR-57 radar log contour photo is available, but intensities derived 
from the CPN-18 radar indicate that the small cell north of the aircraft 
had a small area of reflectivity between 1.4 x 102 and 1.4 x 103mm6m-3, 
while the echo to the south of the aircraft probably had a small area 
whose reflectivity was between 1.4 x·l03 and 1.5 x 104mm6m-3• 

so 
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Run NO.5 at 1648-l6?1 CS'l',. at a'flight leVel of 10',0'0'0 ft: 

16.48 

16.49:23 

16.49:34 

16.49:58 

16.50':11 

16.50':26 

16.50':49 

16.51:23 

Data on 
. ", :" " 

Smooth, light precipit!3tion, in cloud 

Light ~recipitation, light turbulence 
Light chop, no precipitation 
Very light turbulence south end of cell, 
light precipitation ' 

Almost ,smooth, very light precipitation 

In clear 
Data off 

Figures 54 and S5 (CPN-18 PPI) show the cell penetrated before 
and after the run, wi th the track shown in figure 54. : Figure 56 
(WSR-57) indicates the track passirig through a small area of reflec
tivity between 1.4 x 10'3 and 1.5 x lO'4mm6m-3. 

Run No. 6 at 1653-1657 CST, at a flight level of 10',0'0'0' ft: 

16.53:30' Data on 

16.54:20' At south end of cell 

16.55:0'7 Light chop only up western edge of cell 

16.56:43 Data off 

Figure 57 (CPN-18 PPI) and figure 58 (~vSR-57) indicate the track 
of the aircraft d~~n the western edge of a cell whose maximum reflec
tivity is about 1.4 x lO'3mm6m-3. 

Run No. /' at 170'9-1712 CST, at a flight level of 10',0'0'0' it: 

17.0'9:15 

17.0'9:46 

17.10':0'2 
17.10':30' 

17.10':49 

17.10':58 

17.11:11 
17.11:20' 

17.11:50' 

17.12:0'2 

Data on 

Smooth, light precipitation 
Light to moderate chop, heavier precipitation 

Light to moderate chop, light precipitation 
Slight jolt 

Still in cloud 

Light chop, still in cloud 
Light chop, in and out of cloud 

In clear 

Data off 
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Aircraft passed approximately 5 mi northeast of Z = 10 Saun6m-3 • 
Figures 59 and 60 (CPN-18 PPI) show the storm penetrated before and 
after the run with the aircraft track indicated in figure 61. Figure 
61 (WSR-47) indicates the track through a reflectivity of Z between 
1.5 x 10 and 1.7 x 10~6m-3. 

A.2 Conclusions 

Interpretation of these few flights cannot be generalized, and 
must be considered indicative only of the conditions that may be 
expected if one were flying a T33 aircraft in the vicinity of similar 
types of thunderstorms. 

In these flights moderate to severe turbulence as estirIlated by 
pilots was found within approximately S mi of areas with intensities 
above. 1.5 . ~ 104mm6m-3 and light :t:urbulence occurred with maxill!~ .. 
reflectivities below 1. S x 104mm6m-3. . . 
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Intensity 

Turbu~ 
lence 

Chop 

. Aircraft Reaction 

.Turbulence that momentar
ilycauses slight changes 
in aircraft attitude " 
altitude or heading. Re
port as "Light TUrbulence';" 

TUrbulence (light bumpi
ness) that caus~s slight 
aircraft fluctuations at 
rapid intervals without 
appreciable change in· 

'.' --

Reaction Inside Aircra·ft· 

. Occupants may fe~l a slight 
. strain '.against s~at belts 
. or shoulder straps. Unse'
cured objects remain at 
rest,food.servicemay be 
conducted,.and little or 
no difficulty is enc6un-

.tered in walking. 

Report:i.ng Term'::'" . 
. Definition; 

Occasional - Less than 
1/3 of the 
time. 

Intermittent-1/3 to 2/3. 

Continuous - More than 
2/3 

f 

altitude, roll or yat'l. Note 
Report as "Light Chop." l. Pilots should report 

------~---Tur---b-U--~-Tur---b-u-l-e-n-c-e-·-t-h-a-t--i-s-s-~-·m------~Oc--c-u-p-a-n-t-s--f-e-e-l-d-e-f-~-·n-~-·t-e----; location(S), time, 
lence ilar to Light Turbulence strains against seat belts intensity, altitude, 

Moderate 
Chop 

Severe 

Extreme 

. type of aircraft ani, 
but of greater intensity. or shoulder straps. Un- when applicable,dur-
Changes in aircraft atti- secured objects are dis- ation of turbulence. 
tude, altitude or heading lodged. Food services and 
occur but the aircraft walking are difficult. 
remains in positive con-
trol at all times. Report 
as "l1oderate Turbulence." 

Turbulence that is simi
lar to Light Chop but of 
greater intenSity. It 
ca1lses rapid bumps or 
jolts without appreciable 
change in aircraft alti
tude, roll or yaw. Report 
as "Hoderate Chop." 

Turbulence that causes 
large changes in aircraft 
altitude, attitude, or 
heading. It may cause 
large variations in indi
cated airspeed. Aircraft 
may be momentarily out 
of control. Report as 
"Severe Turbulence." 

Turbulence in v/hich the 
aircraft is violently 
tossed about and is prac
tically impossible to 
control. It may cause 
structural damage. Report 
as "Extreme Turbulence." 

Occupants are forced vio
lently and repeatedly 
against seat belts or 
shoulder straps. Unsecured 
objects are tossed about. 
Food service and walking 
are impossible. 

2. Duration may be based 
on time between two 
locations or over a 
single location. All 
locations should be 
readily identifiabla 

. .!, 

Examples: 

a. Over Onaha, 1232Z, 
Moderate Turbul~nce, 
Flight Level 300, 
B707. . 

b. From 59 miles south 
of Albuquerque to 
30 miles north of 
Phoenix, l235Z to 
l250Z, occasional 
Moderate Chop, 
Flight Level 320; 
DCB. ' 

*An ATCA Staff report, reprinted fran Journal of ATC, courtesy of Ail' Traffic Control Assn., Inc. 



Figure 43. CPN-18 radar contoured 
display, 1425 CST, 16 May 1969. 
Start of aircraft data run No.1 
at 18,000 ft. The dotted line 
is approximate track. The con
tours are not range normalized 
and represent only relative 
values of reflectivity. 

Figure 45. WSR-57 radar range nor
malized contoured display, 00 

antenna tilt, 1427 CST, 16 May 
1969. The dotted line repre
sents the track obtained from 

' .. the CPN-18 radar display. Range 
, marks are 20 n mi. 
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~Figure 44. CPN-18 radar contoured 
display, 1427 CST, 16 May 1969. 
End of aircraft run No.1. 
Range marks are 50 n mi. 

Figure 46. CPN-18 radar contoured 
display, 1430 CST, 16 May 1969. 
Start of aircraft run No. 2 at 
18,000 ft. 
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Figure 47. CPN-18 radar contoured jFigure 48. WSR-57 radar contoured 
display, 1434 CST, 16 May 1969~ display, 1434 CST, 16 May 1969. 
End of aircraft run No. 2 at Start of aircraft run No. 2 at 
18,000 ft. 18,000 ft. 

Figure 49. CPN-18 radar contoured 
display, 1639 CST, 16 May 1969. 
Start of aircraft run No. 3 at . 
10,000 ft. 
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Figure 50. CPN-18 radar contoured 
display, 1641 CST, 16 May 1969. 
End of aircraft run No. 3 at 
10,000 ft. 



Figure 51. WSR-57 radar contoured 
display, 1641 CST, 16 May 1969. 
End of aircraft run No.3. 

Figure 52. CPN-18 radar contoured 
. display, 1643 CST, 16 May 1969. 
Start of aircraft run No.4. 

f~9ure 53. CPN-18 radar contoured· Pagure 54. CPN-18 radar contoured 
>~ display, 1644 CST, 16 May 1969 display, 1648 CST, 16 May 1969. 

End of aircraft run No.4. Start of aircraft run No.5. 
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Figure 55. CPN-18 radar contoured 
display, 1649 CST, 16 May 1969. 
End of aircraft run No.5. 

Figure 57. CPN-18 radar contoured 
display, 1653 CST, 16 May 1969. 
Start of aircraft run No.6. 
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Pigure 56. WSR-57 radar contoured 
display, 1649 CST, 16 May 1969. 
End of aircraft run No.5. 

Figure 58. WSR-57 radar contoured 
display, 1655 CST, 16 May 1969. 
End of aircraft run No.6. 



Fi~ 59. OPN-18 radar contoured 
cli sp1ay , 1109 CST, 16 May 1969. 
Start of aircraft run no. 7. 

'.:;; 
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Figure 60. CPN-18 radar contoured 
display, 1711 CST, 16. May 1969 •. 
End of aircraft run no. 7. 

.... ~ 

Figure 61. WSR-57 radar contoured 
display, 1710 CST, 16 May 1969. 

.. ~ ... .. . 
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APPENDIX B - Objecti ve Ana~yses of Surface vJind Speed during Gust 
Front Passage, 3~ May ~969. The 3-digit values are 
5-min average va~ues of wind speed interpolated to 
the nearest tenth of a knot. The alpha characters 
(A's, B's, C's) are used to annotate the 0-10, 20-30, 
and 40-50 knot zones, respective~y. The computer 
printouts are at 5-min interva~s. 

Ii!. 3l.. .. .RMAll .. 1.6 •. ,00. .. _ . 

.... ------ _ .. -. -.. _... .- ... __ .'-----_.-.- _'_' .. _-.,.,--_ .... ' -- -- -_ ...• _--
0 __ Q;_ .. _'O""_~--'O""--.Q-. .0. ... 0. .... . _D __ .. l.lS .U.lL __ lZ9-_ 111. --138 1~6 _ .. HS 143 U6_. UO __ .12.1 
MA.AM"J,AAMA!JAAAAAA..AAAA~ A~AAAA/J.AAAAAI!AAAA4_ _ _. __ ._. u _ _ ___ • _ 

___ AAA"U~AAUUAAAAAAAAAAAAAAAAAA.AAAAAAAA!L-_._. ____ ---'--'-0--.- ...... -.-. __ ... .. -., .. -.. -.-- .... . 
_ .. .0 .. _._lL __ Q .. __ --'l ___ 0 __ . __ (1.. _ .• _0 ... ___ 11.111...1"6. __ .13~JL6. .. _._~ __ UO_.-.. 1.:l'L 1'U.. 13B. 132 __ .12.8 116 
__ ..AAAAAAAI<.AAAAAAAAAAAAAAAAAAAAAAAAAAAAA __ . _______ ... _________ " ___ " . .-
_._AAAA"_AAAAA.AAJ,A-'~~AA~.AAAAAAAAAAAAAA- _______ . ___ ._. ___ . __ . __ ~ ___ .. __ .... _. __ . . _._.... ._ .... 

. ....0 .. ___ 11.. ___ 0.,-.---,0- __ .. ~'-o' ___ I1_.2ll-2Qq_._.J.tl.8 __ .13L __ UlL .liZ __ 121 _128 .. 135. 133 130 1.28 .126 
_---A!AA1\UA!UAAAA.AAAAAAAAAA. __ ~BB1L__ .. _,, _____ . _____ . __ . _ _,_ __. 

____ AAAAAAAAAAAAAAAAAAAAAAAAAAA.AA_nn_. 888a888888 .. _______ ._._ ... _ ... _ ... __ ... _ ... 
. _ . .lL _ ._O_ .... _,JL:._ . __ ~ .. _.Q_. __ .. 0 .z~ ___ .~.---Z.ll.._l.8.Q _.--In ... ll't. __ ll't._ .120 .l2.1. 113 _ 13~ __ .13-'-_ HL .. 130. 

___ AAAAAAUAAAAAAAAAAAAAAAAAA . __ ._ ... .8888.888888888JL_ .. _. ______ ._.__ _ 
_ .AA.A.MAAAAAAAAAAAAAUAAA_.-- .. S88.88..8JlB88Ba8BBIL ___ -____ .. _ . . __ .. _ _. __ ... 
__ 0 __ 11 ._ .. __ . .0 __ _ Q. __ JL._~2...~L.2.l.L_.2ll_._--1.8!L_l3S- __ 115.. 111_ . .121_ .131 1(05 H4. ____ l't1L _.L.Ja. ... U]. 

AAA...AAUAAlUAA.6AAAAA ___ Jl.81188tlB.8.88888.8.e..BB8.B _. __ ... _. _ . 
. AAAAA UAUUA AAAAA .. tlBlla.8.II.8.B.1ItlB118 8.88.888.88 
O. __ IL. ____ Jl._._.--.D ... ...l_l.L_2.95 .. _l't5 .... 2.l3. 19).1.09. ·J.36:lu._-izl __ .l.42 155.162156 H6_ l.'t4 .HZ. 
AAAAAUAAAAAAAA _.88.8 ... _ 881188888.aB88 _ . _ ... 

.. AAAAAAAA.AAAAA--.BJiJlB .. _._._ .. ___ .88.11.8111111.888. _ .. __ .. .. __ ... ____ . __ ~ .. __ _ 
0. .. Ou_ .. _.lL.~ .. _ . .l.lL . ..lO.iL-.2~.1 .. 185...._U8.. _lIt6 _ .. 1..11_·132 1't3. 161 _ 115 11.8 165 .153 .. 147 . 14.4 

__ .AAlIAAAAAAA. _Jl.e..B ______ JlB88.888B.l1 ___ . __ ._ .... __ .. 
_ . ..AAAAA..A.AA.. __ ..JI.BaB ___ . ______ .. _888.88aB88 __ _ 
.. _0 __ 1L.lllL......l2L __ .l.ZZ... ___ Z9A.. __ 2.lL .. 168 ..... l3.L.13.5 .. __ .139.143 156 114 182 182 .110 __ 155 .. !!t!L.l.45 . 
. . .A.A.AAAA..---BA8.8. _____ ._ ... .81111.81lB81l88 

_. __ AAAA ____ lIJUIJUi88B88881188118868B8B.88.. _____ .. _. __ . ___ u_ ." __ • __ 

..0 225.. __ .25.1L 2.1L_ .. 2.8~_-2.1i_22.1._.J.b2. __ .13L. 138_ .. 11.7 .15.0. 153 156 151 158. 155 lIt9 .. 145.._. 144 
_. A.L -.BB8.B.B.BllJlB888RB8888aB8.8811B..8IL ________ ._. _ __ __ .. _______ _ 
. _ .A ___ . ____ . __ .-.11 88 8888888.8.8.8.8 88AB.888.. _. _____ . __ .. ____ . __ ._ u .. . -
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AAAAAAAAAAAUAAAAAAAAAAAAAA 
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AAAAAAAAAAAAAAAAAAAAAAAAA 
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AAA AAA AAAAAAAIt.AAAAAA. 
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CATE 053169 TI ME 2332eS T FAe TOt< 10. ,,~ 64. B. 32. 'R~AX 16.00 

o 0 0 0 0 0 0 0 0 412 400 378 330 240 157 
AAAAA"A"A"AA"AAAAAAAAAAAAAAAAAAAAAAAAAA Bb ee BBB6~6 
A~AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA BBB BBBBBBB 
Q 0 0 0 0 0 0 0 413 387 363 3)4 286 2Z3 162 
AAAAAAAAA"AAAAAAAAAAAAAAAAAAAAAAAA 6 ee d86SB88BB6 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA B6 ee BBBe6~BeB6BBBB 
o 0 00 0 0 0 437 408 353 296 259 230 201 170 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAA BB eceeee BUBB6BBB8d6BBBB 
AAAAAAA.AAAAAAAAAAAAAAAAAAA BB eeceeee BBBBBBBBBBBBBB 
o 0 00 0 0 445 434 403 334 247 2Q4 190 180 167 
AAAAAAAAA.AAAAAAAAAAAAAA 86 eeeeeceeeee BBBBBBBB 
f<A.AAAAAAAAAUAAAAAAAAA B6 eccececeecc BBBBB6B 
o 0 0 0 0 432 435 424 393 324 229 180 167 162 156 
AAAAAAAAAAAAAf<AAAAA S eeceeeeeeeec' BBBBB68 
AAAAAAAAAAAAAAAAA 80 eeeeeeeeeeee 8BBBBBB 
o 0 0 0 415 415 415 404 372 303 213 164 152 152 153 
AAAAAAAAAAAAAA 6 eccececceeccce BB6lHSB 
AAAAA,""A"A" BEB ~eeeceeeeee OBBBBB 
o 0 0 401 401 403 395 377 336 261 179 140 143 156 163 
AAAAAAAAA 86 eeeeeceeee 60BB08B 
AAAAAAA 888 BBBB88B 
o 0 316 385 391 390 380 354 301 218 144 112 131 160 170 
AAAAA 8B 8BBBBB 
AAA .BB86 saOBaB 
o 306 32~ HO 355 364 361 333 211 18.6 124 114 142 148 
A BBBBBd BBaBBDB 

BBBBBBBffleBBBB .. BB8B.BBBB 
.242 252 264218 294 310 .. 319 300 238 J.09 127 109 108 110 108 

BBBBBBBBBBB888B8BBBBBBBB68BB68B8BBSBB886BBB 

122 113 114 116 117 

128 .111:\ 117 117 Ll7 

140 126 121 119 119 

149 134 127 124 1.22 

IH 139 132 128 121 

15.3 146 138 133 131 

165 154 142 136 133 

170) 159 144 137 134 

149 141 139 135 133 

108 110 115 122 127 
AAAAA AAA 

B BB B B BB BB B B 8E B.BBBB B.BBBB8B BB.BS.BBBB BBB66BBBB AAAAAAAAAAAAAAAAAAAAA AAAAA 
2.08 _ 2.J..6 . 222 lis 2.35 2103 249 2itl 205 114 J.56 Ilt3 .124 100 

BBBaBBSBBBBBBBBBBBBBBBBBBBB66BSnB8B8BB 
BBBBBaBBB8B88B8BBBBBB8BBBB 

17.3_ ... 182 181 19.0 190. 188. 181 188 184 176 168 157 141 118 

81 81 '80 83 92 0 
AAAAA·AAAAAAAAAAAA".AAAAAAAAAfI. 
'AAAAAAAAAAAAAAAAAAAAAAAAAAA 
95 !l0 11 68 0 0 

AAAAAAAAAAAAAAAAAAAAAAAA 
. ... .. .. . _ AAAAAAAAAAAAAAAAHAAAA 

.H L. l.It.7 .. 150 .. 15.1.. li9. 150 151 168. 176 1 N 171 162 150 136 120 101 83 0 0 0 
AAAAAAAAAI>AAAAAAAAAA 

AAAAAAAAAAAAAAAAAAA. 
121.._ 12'1 : uo.._.12.8 _121._ .1.310. 150 166 116 .. 1.19 175 .165 154 145 136 125 0 0 0 0 

AAAAAAAAAAAAAAAAAAAAAA 
._ ... _ _ __ AAAAAAAAAAAAAAAAAAAAAAA 

.119 .122 l2..l. .12.0\ .l2.b 137_ 156 112. 181 _185 182 112 160 150 144 0 Q 00 0 
..... ' _. _ .. __ . _._ ._.. AAAAAAAfJ.AAAAAAAAAAAAAAAAAA. 

.. ______ ., ____ .. AAAAAAAAAAAAAAAAAAAAAAAAAAAA 
10.10 _ .1.l!L.. .. .120 __ ,12'0. _.1.32 .. 1'.8. .. 169 .183 .. .188.. 1.9.0 .. _ 18.9 182 169· 151 0 0 0 .0 0 0 

. .A.A._ .. _ .... _ .._ .... _ . __ " AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
. .AA.AA. AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

.. U. 'l.7. .....l.13_12.5 ... U8... __ .15.I. .17.8. J.91 193 193 193 189 laO 00 .. 0 0 0 0 0 
__ .J.AAUAAA..._ .__ ._ .... _._ .. _. . AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAMAA 
_ .... AAllWll ... _. _' .. _ ._. _ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
_.65 .. _U _10.3._.123.... ~Q. 1.5.9 . ..l.1.1... 190. i93 194 .1'14 .1'll_ .. _0 O· _0 0 Q' 0 0 Q 

AAAAAAAAAA __ .. __ ..... __ ._._._ ... ....: .... __ ._ . . AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
. ,.A.AA.AA.A.AA4AA ... _. _____ ._:.:~.~ _. .. .. AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
._59 ... 7,2 ... -_,9A._.120 ___ .l.40.._._lSB..._ 1.Z2 .. _1BL 181 '190193 0 0 0 d 0 0 0 .0. '0 
.. .AAA.4AAAAAAAA.....--
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o 

TIME Z337CST FACTQK 10. Aft. 64 • Bli 32. RMAl( 10.00 

. , 
a . Oi" 0:',:,0" OO'",()': ;'Q."O'~:.331'. 325 3Z3""'3'lY i 269:'iot; '180 196 234 264 230 
AAAAA~A:AA·A~A.A.AAAAAAA4AAAAMAA~~AAAAA.~AA: .. I··fJ6., .... " ;,t,) ,' .. L ·~'ll3fjBtHif.\8· 8illl~lIi~flr I'fl I} B', [It' '3~:~3 
AAAAM'fAAAA'~IiAAA~'A;.AAA,A~AAAA4UMAAAA 68 ,.. .• , ,. 6600BBtl66B6BB66BBBBBBBBB!3B!lB 
o 0, .0.. . 0 .0·. 0 .0 '" :.0.H4 ' .. 383' ·366·, 314 )<)0' ;·;J'6e·· !282': 226' .' 232 '2513 275 23ft 
A/1AA,kAAl4HAA/;,AAAAAAAAAAAAAAAAAAAA .. ,,6 ·:ccccceeccc'·';"; eeceectecc':' "\ 'SBBBSSB68BfJf·BB8BBBBBBB6B 

'AAA4AAA'AUUAAAAI\AAAUAA'AAP-:AAAAA 8 eeec eccce(lcacccc'cccee'ccct'cccccc fl8BB[\BB6~BBBB!3ee6B!3B!3t1 
· 0 .' 0 .. ··· 0 .. o· .0, o· 0·, 568:. 532 ,1t14:.-.440 .. .IfS4':;' 4.15' 461 '389294' 263 '269 . 216 281 

AAAA"'A:A'~/"",~'~AAAAAAA4AUA.AAA,A 8 CC;; ,CCCCCCtE)CCCCCCCCCCCCCCc.ccc·· ilBBt!Bflli(lOiH!BElB£lBB3I3BB 
~'A'4AIiAA)'AI{A'A4A·A1i,AAAAAAAAAAAA8. eee eccccllccceecccccccc'Ceceec BBBBB!3BBElBIlBBE'BBBB!lB 
0-' 0"'0 "0.0 0!i6",.5.68 551 n~:4!7,2:.:'4Ijt';;%1;'44'3 386'j6't'i~9 25.2 254 257 
AAAAId,"A.,. "AAAAAAAAAAAAd, ,ce .,' .'.c.ecccoCcccecctt.cccc . ·C." BBBBBB8BBE'BBB8BIlBB88B!I 

· AAAAAA~AAAAA.AAAAA~AAAA 6& cC ccceecc()cce.eecccc· 886BB868BBIlBIHlIlBBtlBBE'3B!38 
,.0',' .0 .. ··;,.0'. 0 0 50b 535 54~, 534 50r'..tt55 ,.tt26,,)A}~::;~44 214 ,213 'r95 19-i 199: 201 
. 'AAAAAAliAAAfiAN:AAAAA aB ecec·."eeeceeccccecc ';.' ! ··a8BBIHi8BS 
AAA"AAA.AAAAAAAAAA" 8B eeeccceec eeeeeecceeocc ,'··BSBB6BB8B' 
0"0 ',' 0".0, .. 438 455' 47·8 491.,.485456:;4U·;·368·,,':jO]:Z'}ii!. 173 145 [54 161 162 164 
AAAAAAAAAAA/lAA .. 8 cccececcceececcce.ecec.ecCCC<ice,,1 ,- i'.,::.'-,8·SB-BilffB6 
AAI-AUAAAAAA .' B~. cececccccecccecccececc;cccc ," .. i .IHt666:lB'3 .,' 
o 0 0 . 42Q. 't23' 425 421 ~'Ft ... 4U, 311:1'; ,343' 300,2-30 ·",1'65 133 128 lito. 14ft .150 151 
Itt"AAAAAAA e tcc;ccccccecceceee'-CCc.CL. ' .. ) .' ..... ·.·BBB.tl8BIiBB' .-
"'''!<AAAA BBB ,_ £tcc.cccc.ccccccecce.e .. ,' ",", 8116886S'8:8B 

.' /, . ,0. 0' 405 '4011 410 '408.· 3,91 319 353.' 3.1i8·":·28'3: ··Z4ft.. i ·18d 143 ll7 126 133 141 145 IH 
A.AAA B8 cec.ecc.cec.eec.c.cecc :fIlIe Ba.SB.Baaa 88' 

, 1.'(" 8B8 eeC .,'. 8a~ElB.SBB8!1oBBB·· 
.'" .0,',18.6390 393 394 392 317 349 314 216 ·242 201,.164 130 115 113 119 130 139 144 

:'118.' . 80B1388BBBBSB88 
BS'a" . ;', . . ,BttB.8BB68e:BB8B88'· '. AA 

:J59 . .3b..6, H.l 3.15311 .313. "353 )1), .2:1,1<: 2H".:'201 179 141 109 95 'l2 9~ lQ6. 123 135 
'. ~c' '.:.:; ... ". ,. ;6B8Ba886BS68Bas; . c' AAIl.AAAAAAAAAAAAAAA.4.A 

BBtl88i1I3BBit&S8118 L:.." .. AAAAAAAAAAAAAAAAAAAAAA,_. AMAA 

32,6. :33~, ;){t3, 3't~. 3"6. ,l313~:BB ~~!BB!~~ 19ft 118. 1;59'~,~~O,~ 9\AA!! O\M!!A.AA:!AAJ!AAAi!AAAA~ 
',::'8'&86' . B6!18S86111)tl6.!1" .,' '!',AAAA,AAAAAAAAAAAAAAAAAAAAM\AAA 
, 26,'1 • 2.8,9 . .302 :306 304285 . 240 las 111 166 159 148 129, ,107 88 76 71 69 0 Q 

, .aA8SBB8S8886BBSB.8SBBBB.888S88B8B88 AAAAAAAAAAAAAAAAAAAAAAAAAAA 
B8BBflS6fiU8BBBBBtlB6iJliBB688BBtlB6B8 .AAAAMAA·AAAAAAO\AAti.AAAAA,AM 

. 201 22.5 •.. 244..25.1. 256 234 191 i5S' 153 155 153 IH 131' .•. ill 104 90 18 0 0 0 
· 6e:BlieBBeeep.eee:888BB8BB888BBB ' .• ' . AAAAAAAAAAAAAAAAAAll.AAA 

8B8BBBBBBB68888B868B8,i. AAAAAAAAAAAAAAAAAA4A 
115 16'" 196.·2022.14 201170 149 148. '153' 153 145 13.3 122 114 106 0 0 . 0 0 

, ,. .. 8888BB ; " AAAA'AAAAAAAAAAAAAAAAAAAA 
, .AAAAAAAAAAAAAAAAAAAAAAAA 

.12<\ .16.l .168. 116. 183 180 164. 151 152 158 159 151 138. 126- 119 0 0 0 0 .0 
AAAAAAAMAAAAAAAAAAAAAAAMA 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAA . 
..l.2,'t., 131 145 150. 15.1 165.· .166 163 163 166 161 161 147 132.._ ... 0. .... 0 .. (l n._..o __ !l 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
A ,'. '. AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA. 

8.,*, ... 10.3.,119 .129 140 J,5S 168·1'13' 173 112· 112 169 15.9 .0 a 0 O. 0 .. _..D._ ._ .. 0. 
AAAAAAA . AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
A.AAAWAAA '" ,., .. i!, '.,. -' AAAAA'AAAAAAAAflAAAAAAAAAAAAAAAAAAAAAAA 

.. ..59,,: ... 15 95, __ 113 .lZ9 .. H 1 16.It'l14 176 115 175 173 0 0 0 0 0 0 _ .0,,0 
: AAAAAJ..AAAAAAA .. '; AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA .. 
, _.AAAAAAAAAU,u.l,·" AAAAAAAAAAAAAAAAAAMAAAAAAAAAAAAAAAAAAAAAA 
_U .6.1 8.0 . .lQ.l _ 1~3 H3 159 .. _.169 113.,' 175 . 175 0 0 0 0 0 0 0 0 0 
AAl~. __ .__ __.:.~ ... '! .J.".~ ':... • AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA. AAAAAAAAAAAAAA 

..... UaUaUUAUU.,. '. ..,. '" 1tA~,~A/l..AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
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DATE 053169 TIME 2342eST . FACTO~ 10. All 64. tH 32. kMAX 16.00 

o 0 0 0 0 0 0 0 0 45~ 459 lobO 463 469 475 481 489 499 505 50d 
4AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 86 teeeeeetceeeeeeeeeececcecccececeececece(e 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA iI eececcecccecccccccccccccctcccecccccccccceec 
o 0 0 0 .0 0 0 0 .59 464 466 4&8410 472' 473 479 489 ~97 502 504 
A fl.A AAAAAAA AA AAAA,AAAAAAAAA AAAAAAAAA BB ceeeeeee eeeeeeeeeeeeeeeeeeeececceceeeece cc ceeeee.eeee eecc 
AAAA~.'AAAAAAAAAAAAAAAAAAAAAAAAAA 6 ecccececeecteceeeeeececeeeeeeeeeececeeeceeeceeeeeeceeeeee 
o 0 0 0 0 0 0 451 461 418 491 490 483 474 467 466 472 477 480 482 
AAA AA AAAA" AA A A AAAAAAAAAAAAAAA 66 eeccceeceeeeeeeececeeeeececeeccecccceeceeecec ee eee ec eec ceeeee 
AAAAAAAA4.AAAAAAAAAAAAAAAAAA liB Gcececeeccccceee eeeeeeceecceecceecceeccCccccccccccccccee 
o 0 0 0 0 0 440 _44ij 459 482 51U 507 487 46' 446 427 ~09 40j 403 ~D5 
AAAAAU.AAAAAAf.AAAAAAAAAA B ceccccccccec.cccceec eeeccceecceceecceccc 
AAAAAf.A"~IAAAAA~AAAAAA BS eceeeecceccectcceccc eeeceeeceeeeecccc 
o 0 0 0 0 416 432 443 454 477 508 507 480 446 410 362 
AAAAAAAAAAAAAAAAAAA 6e eccceccec(.cccccececccecee eeeee(.eecceccc 
AAAAAf..f.AAAf.AAAAA aee eeeeccceccceecceececcccccccccececccceeceeee 

BIH!BJe 
296 257 246 2~5 
BB!3FBBB~BBBfBBBB3!3 

BBBBBBBB 
o 0 0 0 )84 402 424 439 44. 465 490 4dB 455 40ij jS3 
AAAAAAAAAAAAAAA llil ccceecccceeecceeceecece(;eceeeceeeeeccc 

295' 216 165 '143 Ij6 
BBB6B138 

AAAAAAAAAAAAA eBa eeeceeecccceceeeecceeecceeeeCcccee'cec 
o 0 0 369. 317 392 416 431 445 449 455 446 406 349 
AAAAAAAAAA ee eecceccceccceeceeec(.eecceeecece 
AAAAAAAA Bea ccccceeeceeecccecceecceccccce 

St!SBBtlP.U 
296 239 117 132 110 101 
3BO~£ln6~BB A 

BBBBBIISBSB 
o 0 l62 365 371 385 408 430 .435 427 415 392' 339 
AAAAA 8D ceecccccceececccccccec' 

275 229 192 15] 120 
BBBBBBBBBB . 

AAA .BB8 ceccccccceececcce 
o 373 369 367 369 377 397 415 412 393' 368 

BB ce 
6!!lltH18ijBB 

333 266 197 164 
66666866 

BBB 
312 374 376 376 37~ 373 374 374 354 

66BllBBB£l3 
322, 291 253 IB8 
S611BBBBtltl8BBBS'!l 

6BB6BBBB611BbIl6B06 

AAA 
101 9Z 

AAhAh 
AAAAAA 

145 128 109 96 as 
AAAAAMhA 

I,AAAAAAAAAAA 
130 107 qa 94 9C 86 63 

AAAAAA~AAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAtAAAAA~~AAAAAAAAAAA 

353 360 365 367 366. 357 332 284 2102 21:5 195 111 134 
6B6B6BBB88BB 

94' 74 61 65 66 68 a 
AAhAAAAAAAAAAAhAAAAAAAAAAAAAAAA 
AAAAAAAAhAAAAAAAAAAAAAAAAAAAAAA BBS8SB6BB 

95 72 S<.l 51 49 0 0 .316 .. 333 344 349 346 327 214 201 164 1~1 142 132 117 
B.BBBBBBB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

AAAAAAAAAAAAAAAAAAAAAhAAAAAAAA 
127 122 116 105 90 73 570 6 0 

AAAA~AAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAA 

13l 126 119 III 103 ~3 d C 0 Q 
AAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAA 

86B. 666B86611 
277 292 .310 325. 326 299 .232 168 141 132 
.... BB6B66BB66B B6BBBB6BB 

. BBBB61!BBJl.lI.BBBB..B.8 BBBBB8BB8BB 
249 257 269 2.8~ .2.92. .267 207 156 138 134 

BBBBBBBB8B666BBBBBBBBBBB66B8B88 
BB8BBBBBB.BBBBBBBBBBBBdBB6BBBBB 

221 229 232. 236 238 223 184 151 143 146 
BeeB8BBBB86BBBBBB.BBBBB88BBB 

. BB88B.BBBB8BBBBBBBBBB 
195 .lli19 193' IB.S .... 179171 157 148 152 160 

H2 168 . 15.7 US 138 136 138 14.3 156 168 

157 1.52 l~O 127 122. 124 130 138 153 168 

152 :lil 1.36 12", .. 120 .125 133 139 148 161 , 

.151 1~7 dl'12S 12), ~ .·13I.:~J41·· ill lS2 

·~:·2 

146 139 126 116 109 0 a 0 0 . D 
AAAAAAAAAAAAAAAAAAAAAAAAAAAA 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
163 15d 141 123 0 a 0 0 a D 

AAAAAAAAAAAAAhAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

172 . 170 159 0 O. 0 Q . ..o~ . 0 .. 0 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
115 17b 0 0 0 0 0 ob 0 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

173 0 0 0 0 0 0 00.0 
. AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAilAAAAAAAAAAAAAA 
AAAAAAAAAAAAAUAAAAAAAAAAAUAAAAAA AA AU AAA AAliAA. 

. 0 0 0 0 0 0 -0 . 0; L_I!. 
.~~ ----~--- .. 



0, 

OAlE 0531t19 TIME 2347esr ·FAC TOR 

o 0 0 0 0 0 0 0 0 331 
4AAAAAAAAAAAAAAAAAAAAAAAAAAAAA4AAAAAAAAA BBB 
AAAAA"'AAAAAAAA4AAAAAAAAAAAAAAAAAAAAA BBBS 
o 0 0 0 0 0 00 355 346 
AAAAAAAAAAAAA'AAAAAAAAAAAA4AAAAAAAA SB 
AAAAAAAAAAAAAA4AAAAAAAAAAA4AAAAAA ~88 
o 0 0 0 0 0 0 372 37~ 378 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA BD 
AAAAAAAAAAAAAAAAAAAAAAAAAAAA ~88 

10. 

32B 328 339 

33b 325 

36S 336 301 

o ~ 0 0 0 0 3~7 J7S 3~l 
AAAAAAAAAAAAAAAAAAAAAAAAA 88 
AAAA~AAAAAAAAAAAAAAAAAA 888 

~Ol ~12 377 32~ 
eeeeeeeee 

cccccceeteCt 
o 0 0 0 0 333 361 375 385 
AAAAAAAAAAAAAAAAAAAAA BB 
AAAAAAAAAAAAAAAAAA BBBB 
o 0 0 0 ~e3 313 352 377 389 
AAAAAAAAAAAAAAAA BSBbBB 
AAAAAAAAAAAAA aSBBB8B 

407 ~3l 412 3~4 
eeceecceeecce 
eecceeeeeeeeee 

405 429 42~ l&~ 
eececeeeecceec 

eceeecceece 
394 398 387 o 0 0 26b 277 302 345 3S2 395 393 

AAAAAAAAAAA BSBBBaB6~BB 
AAAAAAAA BeBBBBSBBBBBB 

8/1 32. RMAX 1&.00 

376 

331 

~23 445 447 437 428 423 
ecceceeeccccccccececceeeee 
eececeeeceeecccccceccecee 

381 419 429 423 419 ~16 
eeeeeeeteeeeeeceeecee 

eeecccceeeceeecee 
367 394 398 397 396 289 316 

SDBB8 
BB~8811 

Z9lt291 l10 
lIasS 

327 328 32e 328 
ssseeeSSBBBSBBHS 

UB9DB~BBeeBOabC&BBB~B 
327 III 292 240 199 184 lSO 

11111:1(18 !HI GO 
BSBBOBBB 

356 335 291 201 130 96 8S 
BBBBBB AAAAAAA 
nBSUDS AAAAAAA 

3b8 347 299 202 119 77 58 
nBbBB AAAAAAAA 
BBBBB AAAAAAAA 

o Q l14 273 279 299 340 3BJ 393 377 
AAAAA BaeSSBBBBBS8B8SBB 

358 352 359 35B 343 305 223 133 ao 55 

AAA eBfBBaBSBBBBBBBBBBBB 
o 318 3C7 297 294 304 338 379 385 362 

888 
BB88 

34B 346 342 335 32~ 327 341 371 314 356 

BSSBBBS AAAAAAA 
BBCBCDSBS AAAAAA 

339 323 319 318 317 287 239 159 96 62 
ESBIIBeBBaDDBBBII8UIIB AAAAA 

8BB88BB8BBBBBB6BUBBBB8S8 AAAA 
337 312 277 253 245 24Q 225 IBb 124 78 

BBBSSIIIIBBBBS88BBBBSBBBBSBB AAA 
B88S11116BBBaB8SBSBBBaSSaHSS AAA 

344 349 351 351 350 349 351 358 361 359 344 307 238195 191 194 195 187 IbO 0 
BS8BllbB8 AAAAA 

611BBBBB AAAAAAA 
319 332 342 349 l5l 354 354 341 330 332 322 273 191 142 140 1~4 Ibb 171 0 J 

BIIBIIBBBB AAAAAAAAAA 
8 SBBBbBBBBB AAAAAAAAAAAAA 

287 301 318 334 346 352 349 327 300 291 280 221 140 100 92 101 129 0 0 0 
BBBBBBB BBBBBBB6BBB8BBBBB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
BSBBBSBBBB BBB8BBSbB8BBBBBBB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

2b9 219 293 312 330 339 335 310 215 248 228 180 114 75 62 61 0 0 0 0 
BBBBBBBBBfOBB8 BIIB8BBBBBBBBBBeB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
SSSBSBSBBBBBbBBB BtlBBIIBBBBDB88BB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

257 264 276 292 306 311 304 280 239 202 174 140 94 b2 41 0 0 0 0 0 
BB88BBBBBBBBSBBBBBBBBBBBBB8BBBBBBBOBBBBB8BSB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
BSBBb.BBBSBBBBSBBBBBSBBBBBB8bBBB8BB8BB8BBBB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

246 251 lbO 212 219 212 255 231 1~2 157 133 110 83 51 0 0 0 0 0 0 
BBBBseS8SbSBedSBB8B8BBBBBSBBBBBBBBBBBB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
BB8BBBBBBBBBB8BB888BBBBBBBBBBBB6tlBB8 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

241 236 235 238 238 226 201 18b 153 125 108 94 7B 0 0 0 0 0 0 Q 
BBBBBCOBBBBBBBBBB8888888BBBBB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
BBB BB.BB Bes B BB B B BBBS8BB AA AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

232 221 201 IBb 182 118 110 159 135 109 95 86 0 0 0 0 0 COO 
BBB8BS8BBB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
aBBeSBBB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

227 212 181 1~7 13b 141 14b 14b 137 111 90 0 0 0 0 0 0 0 0 a 
BBBBSSS8 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
BBBBSBB AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

.az..b __ UJ_u..1 __ U.l __ 1.1.7. _ll..6 __ U4 .. l1.1_. _ U.b __ .. lZ..8_ ........ 0 .. _ ._ . .0 .. _ .. .. _0 ... __ ..fl. __ .J) __ ._.JL ... _9 .. __ 0 .. _ . . D_._ ._0. 



No. 26 Probi~ Air Motion by Doppler Analysis of Radar Clear Air Returns. Rager M. Lhermitte. May 1966. 
(PB-I70636) 

No. 27 Statistical Properties of Radar Echo Patterns and the Radar Echo Process. L~ Armijo. May 1966. The 
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No. 33 On the Continuity of Water Substance. Edwin Kessler. April 1967. (PB-175840) 

No.34 Note an the Probi~ Balloon Motion by Doppler Radar. Rager M. Lhermitte. July 1967. (PB-175930) 

No. 35 A Theory for the Determination of Wind and Precipitation Velocities with Doppler Radars. Larry Armijo. 
August 1967. (PB-176376) 

No. 36 A Preliminary Evaluation of the F-l00 Rough Rider Turbulence Measureme'nt System. U. O. Lappe. October 1967 •. 
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No. 40 Objective Detection and Correction of Errors in Radiosonde Data. Rex L. Inman. June 1968. (PB-I80284) 
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NATIONAL SEVERE STORMS LABORATORY 

The NSSL Technical Memoranda, beginning with No. 28, continue the sequence established by the U. So 
Weather Bureau National Severe Storms Project, Kansas City, Missouri. Numbers 1-22 were designated NSSP 
Reports. Numbers 23-27 were NSSL Reports, and 24-27 appeared as subseries of Weather Bureau Technical Notes. 
These reports are available from the Clearinghouse for Federal Scientific and Technical Information, 5285 Port 
Royal Rood, Springfield, Virginia 22151, for $3.00, and a microfiche version for $0.65. CFTSI numbers are given 
be low in parentheses. 

No. National Severe Storms Project Objectives and B~ic Design. Staff, NSSP. March 1961. (PB-168207) 

No. 2 Ihe Development of Aircraft Investigations of Squall Lines from 1956~ 1960. B. B. Gaddard. (PB-168208) 

No. 3 Instability Lines and Their Environments as Shown by Aircraft Soundings and Ouasi-Horizc;ntaITraverses. 
D. 1. Williams., February 1962. (P&0168209) 

No.4 On the Mechanics oithe Tornodo. 'J. R. Fulks. February 1962., (PB-168210) 

No. 5 A Summ~~ of Field Operations and Data Collection by the National Severe Storms Project inSpri'ng 1961. 
J. 1. Lee, March 1962. (PB- 165095) 

No.6 Index to the NSSPSurface Network. T. Fujita. April 1962. (P&0168212) 

No. 7 TheV~rtic'al Structure of Three Dry lines as Revealed by Aircraft Traverses. E. L. McGuire. April 1962. 
(P&0168213) 

No. 8 Radar Observations of a Tornado Thunderstorm in Vertical Section. Ralph J. Donaldson, Jr. ,< April 1962. 
(P&0174859) 

No. 9 Dynamics of Severe Convective Storms. Chester W. Newton. July 1962. (PB-163319) 

No. 10 Some Measured Characteristics of Severe Storms Turbulence. Roy Steiner and Richard H. Rhyne. July 1962. 
(N62-16401) 

No. 11 A Study of the Kinematic Properties of Certain Small-Scale Systems. D. T. Willi.ams. October 1962. (P&0168216) 

No. 12 Analysis of the Severe Weather Factor in Automatic Control of Air Route Traffic. W. Boynton Beckwith. 
December 1962'; (P&0168217) 

No. 13 50o-Kc./Sec. Sferics Studies in Severe Storms. Douglas A. Kohl and John E. Miller. April 1963. (P&0168218) 
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No. 17 

No. 18 

No. 19 

Field Operations of the National Severe Storms Project in Spring 1962. L. D. Sanders. May 1963. (PB-168219) 

Penetrations of Thunderstorms by an Aircraft Flying at Supersonic Speeds. G. P. Roys. Radar Photographs and 
GUst la'ads in Three Storms of 1961 Rough Rider. Paul W. J. Schumacher. May 1963. (P&0168220) 

Analysis of Selected Aircraft Data from NSSP Operations, 1962. T. Fujita. May 1963. (P&0168221) 

Analysis of Methods for Small-Scale Surface Network Data. D. T. Williams. August 1963. (PB-168222) 

The Thunderstorm Wake of May4, 1961. D.T. Williams. August 1963. (P&0168223) 

Measurements by Aircr~ft of Condensed Water in Great Plains Thunderstorms. George P. Roys and Edwin Kessler. 
July 1966. (P&OI73048) 

No. 20 Field Operations of the National Severe Storms Project in Spring 1963. J. T. Lee, L. D. Sanders and D. T. 
Williams. JanuQry 1964. (P&0168224) 

No. 21 On the Motion and Predictability of Convective Systems as Related to the Upper Winds in a Case of Small 
Turning of Wind with Height. James C. Fankhauser. January 1964. (Ps.l68225) 

No. 22 Movement and Development Patterns of Convective Storms and Forecasting the Probability of Storm Passage at 
a Given Location. Chester W. Newton and James C. Fankhauser. January 1964. (PB-168226) 

No.23 Purposes and Programs of the National Severe Storms Laboratory, Norman, Oklahoma. Edwin Kessler. 
December 1964. (PB-166675) 

No.24 Papers on Weather Radar, Atmospheric Turbulence, Sferics, and Data Processing. August 1965. (AD-621586) 

No. 25 A Comparison of Kinematically Computed Precipitation with Observed Convective Rainfall. James C. Fankhauser. 
September 1965. (PB-168445). 


