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AN ANALYSIS OF THE CLEAR AIR PLANETARY BOUNDARY LAYER WIND 
SYNTHESIZED FROM NSSL'S DUAL DOPPLER-RADAR DATA 

* Myron I. Berger and R. J. Doviak 

Clear air dual Doppler-radar experiments conducted at 
the National Severe Storms Laboratory have /defined wind 
fields in the planetary boundary layer through detection of 
the motion of the atmosphere's diffuse intrinsic scatterers. 
Acquisition of wind data and synthesis of the data to grid 
pOints are discussed, and it is shown by correlation techniques 
that the theoretically estimated velocity variance at a grid 
point caused by measurement technique is small enough to detect 
true kinematic features in the perturbation wind fields. 

The kinematic structure of these perturbation wind fields 
is analyzed and compared to results produced by analytical and 
numerical models. Spatial spectrum analysis and band-pass 
filtering of the Doppler synthesized winds are used to aid in 
interpreting the structure of the wind fields. It is shown 
that the data reveal horizontal roll vortices roughly parallel 
to the mean wind, with a ratio of horizontal roll spacing to 
roll depth of slightly under 3:1. This is consistent with model 
predictions for a convectively unstable and moderately sheared 
PBL that existed during data collection. In addition, the . 
spatial spectra of Doppler data show statistical agreement with 
tower wind measurement assuming the Taylor hypothesis. 

Finally, it is shown that the wind perturbations are 
IIfrozen ll with a lifetime of about 60 minutes. 

1. INTRODUCTION 

Our purpose is to evaluate the meteorological significance of clear 
air dual Doppler-radar data collected at the National Severe Storms 
Laboratory (NSSL) on 27 April 1977. First, to evaluate the radar system's 
precision in measuring perturbation winds we theoretically estimate, 
at each grid point, the interpolated Doppler velocity variance that is 
generated by the measurement technique (Sections 3.4, 3.5). This theoret­
ically estimated measurement variance is compared with those obtained from 
data by autocorrelating a dual Doppler-radar wind field for different spatial 
lags (Section 5.3) and cross-correlating wind fields collected at different 
times (Section 5.2). The kinematic structure of dual Doppler-radar wind 
fields are compared to those theoretically predicted (Section 4.2). Spatial 
spectral analysis and filtering of data aid interpretation of the struc­
ture of the Doppler wind fields. Also, the spatial spectra of the 

* Present affiliation National Weather Service, Minneapolis, Minnesota. 



Doppler winds are compared to temporal spectra of tower wind measurement 
assuming the Taylor hypothesis (Section 4.3). 

2. HISTORICAL PERSPECTIVE 

Reflectivity (n) from diffuse backscatter returns in clear air has been 
studied for about 30 years. There are two sources of this reflectivity. One 
source is the spatial distribution of pOint targets such as insects, birds, 
planes, and particulate. Returns from these scatterers were first obtained 
by Crawford (1949) and Plank (1956). The second source is the sharp gradients 
and fluctuations in the refractive index of the clear air produced by turbu­
lent mixing. The interpretation of wind fields would be most accurate from 
the second source of backscatter since the scattering is from the air itself. 

Whenever turbulence mixes air in which there are gradients of potential 
temperature and water vapor density, the turbulence causes spatial fluctua­
tions in the refractive index (n). The fluctuations are small (e.g., 10-6). 
Nevertheless, sensitive microwave radars detect the very faint echoes 
returned from these irregularities in what otherwise (without turbulence) 
would be a smoothly changing value of n with negligible backscatter. Clear 
air reflectivity due to refractive index fluctuation was first observed by 
Gordon (1949) and subsequently by Plank (1956), Hay and Reid (1962), Saxton 
et~. (1964), and Atlas (1959), among others. Fluctuations in temperature, 
humidity, and pressure need to be described in a statistical manner. Thus, 
correlation and its Fourier Transform, the power density or spectrum, are 
used to characterize the spatial variability of n. Tatarski (1961) related 
the velocity spectrum of turbulence scales to the correlation and spectrum 
of refractivity scales. Furthermore, Tatarski demonstrated that although 
there is a hierarchy of scales that prevail in turbulent flow, that scale 
equal to one half the radar wavelength (~/2) contributes mostly to backscatter. 

The statistical parameter needed to obtain the backscatter cross section 
from refractively turbulent media is the structure function D6n defined as 

(2.1) 

where r is a spatial location and 6r a lag separation and <> denotes ensemble 
average. Whenever D6n is assumed independent of r (i.e., the statistical 
properties of 6n are spatially uniform), we refer to the refractivity fluctua­
tions as being "locally" homogeneous. Tatarski (1961) has shown for scales 
within the inertial subrange of PBL atmospheric turbulence (i.e., scales 
from a few millimeters to tens or sometimes a few hundred meters) that 

D = C2(6r)2/3 (2.2) 6n n 

where C~ is the refractive index structure constant and is related to nand 
~ by Hardy et ~. (1966) : 

2 



(2.3) 

Thus if we know the structure constant of refractivity, we can through use 
of radar equation determine the echo power scattered by refractive index 
irregularities. Berger (1978) has determined echo power, for NSSl's radars, 
using theoretical estimates of C~. 

Chadwick, Moran and Morrison (1978) have monitored C~ values in the 
planetary boundary layer and have concluded after one year of observation 
that winds can always be measured to several hundred meters with moderately 
sensitive radars. Clear air wind measurement has practical significance 
because pulse-Doppler radars under development by the FAA also could measure 
PBl wind shear hazards near airports under all weather conditions. Strongest 
fluctuations in refractive index occur where turbulence mixes large gradients 
of mean potential temperature and specific humidity (Yaglom, 1949). Gage, 
Birkemeyer, and Jasperson (1973) showed that the measured height distribution 
of forward scattered signal strength correlates well with gradients of poten­
tial temperature at high altitudes, where water vapor contributions can be 
ignored. More recently Van Zandt et al. (1978), using backscatter results 
from a vertically pointed VHF raQa~ obtained consistent agreement between . 
rawinsondeinferred C~ and radar measured C~ for the clear air above the moist 
boundary layer. 

In the 1960's ultrasensitive incoherent radars were used to remotely 
detect and resolve clear air atmospheric structure,and these studies are 
well reviewed by Hardy and Katz (1969). These radars showed meteorological 
phenomena such as convective thermals (Katz, 1966; Konrad, 1970), sea and 
land breeze (Meyer, 1970) and Kelvin-Helmholtz waves (Hicks and Angell, 1968). 
In these early experiments ultra sensitive high-powered radar with large 
diameter antennas were needed to detect the weak echoes at distances of tens 
of kilometers as shown by Hardy et ale (1966), Ottersten (1969), Hardy and 
Otters ten (1969), Konrad (1968, 1970~ and others. 

Single Doppler experiments with these radars were first performed by 
Dobson (1970) and Dobson and Meyer (1972) with S-band wavelengths. They used 
the radial velocity azimuth patterns to deduce horizontal winds. Earlier 
work of this type was done by lhermitte (1966) and Browning and Atlas (1966) 
using X-band radars where a high percentage of the scattering was from very 
small insects (referred to as atmospheric plankton) drifting with the wind. 

Clear air wind fields in the PBl already have been synthesized from dual 
Doppler-radar measurements (Gossard and Frisch, 1976; Kropfli and Kohn, 1976). 
In these experiments chaff was dispersed over large areas (~100 km2) to 
provide quasi-uniform distribution of scatterers whose echo intensities are 
sufficiently strong to be detected by moderately sensitive pulse-Doppler 
radars. There are several techniques whereby chaff can be injected into the 
atmosphere so that it fills a large volume of space (McCarthy et~. 1974; 
Hildebrand, 1976). 
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However, chaff and its dispersal have limitations and sometimes it's 
not desirable to cover large areas with these metalized fibers. When 
coherent processing techniques are used to improve (by an order of magnitude) 
weak signal detection (Hennington et al. 1976), it becomes possible to 
accurately map clear air PBL dual DopPler-radar fields using moderately 
powered radars. Doviak and Jobson (1979) demonstrated the feasibility of 
using NSSL's weather radars to map clear air wind in the PBL. Mean wind 
fields at a low height gave qualitative agreement with mean wind measured 
(with conventional anemometers) near the surface. Furthermore, mesoscale 
wind features showed coherency from one scan to the next and synthesized wind 
fields appeared consistent with theoretical models. 

Detection of clear air echoes from refractive index fluctuation was 
also accomplished using FM-CW radars (Hardy and Katz, 1969; Richter, 1969). 
Recently Chadwick et al. (1976) made significant advances in obtaining single 
Doppler winds in the PBL with FM-CW radars, where high spatial resolution of 
radial winds close to the radar was obtained. 

3. THE DUAL DOPPLER-RADAR CLEAR AIR EXPERIMENT 

3.1 The Environmental Setting 

Figure 1 shows the locations of the radars at Cimarron Airport (CIM) 
and Norman (NRO), as well as the KTVY instrumented tower. The 25 km x 25 km 
region (solid lined area) is where synthesized dual Doppler-radar winds 
were analyzed in detail and is referred to as the primary synthesis region. 
However, dual Doppler winds can be obtained in the entire area enclosed by 
either circle (but not in the small area enclosed by both), and winds over 
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this area are synthesized to grid pOints in Figure 2 at a height of 500 m. 
The winds were fairly uniform from the southwest on this day, but there were 
small perturbations from the mean wind having a magnitude of about one order 
less than the mean wind itself. As is evident in Figure 1, the x direction 
and u component of wind are along the mean wind and the y direction and v 
component normal to it. 

The data were collected from 1400-1530 Central Standard Time (CST). 
Figure 3 shows soundings from Ft. Sill (located 100 km and 2300 from NRO) 
just before and after the clear air experiment. . The PBL depth Zi appears 

Figu,x'e 2. Winds are shown 
for the entire dual 
Doppler-radar area at 
a height of 500 m. Winds 
are not synthesized in 
the area immediate ly 
surrounding the radar 
because ground clutter 
contamination causes 
excessive errors. 
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to have increased from about 1.0 km to 1.5 km from the time of the first 
to the second sounding. This is evident from the growth of the moist layer 
(as indicated on the dew point plots) and the lifting of the stable capping 
layer. 

The wind versus height is displayed in Figure 4a. Although the change 
of wind direction is not ~arge, considerable speed shear is evident in the 
lowest 100 meters. The winds plotted from 0.5 to 1.5 km were determined from 
the Doppler radar. Th2y represent the spatial average over the primary 
synthesis area (625 km). The two lower curves in Figure 4a are each 
determined from averaging winds at the KTVY tower for 30 minutes. The dotted 
curve corresponds to the same time at which the radar winds are presented 
yet the winds appear discontinuous near 0.5 km. If, however, the position 
of the tower is considered, the air over the synthesis area at radar observa­
tion time will advect to the tower 75 minutes later. The solid curve corre­
sponds to this latter time. The winds appear nearly continuous with height 
when this curve is compared to the radar winds 75 minutes earlier suggesting 
that mesoscale wind features are being advected by the mean PBL flow. 

However, caution must be exercised in making a comparison between a 
spatial average and a temporal average at a point. The existence of station­
ary helical circulations make the wind comparison at a point unrepresentative 
for an area. Using a numerical model, Brown (1970) has shown significant 
spatial variability due to perturbation flow distortions to the mean wind 
profile. The wind speed varied up to 1.6 times and the direction up to 100 
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Figure 4a. Mean wind speed and direc­
tion versus height from tower and 
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when the point of observation was moved 1 km perpendicular to the longitu­
dinal roll circulations. Plank (1966) has measured wind fluctuations as 
large as 50% with pibals in the- vicinity of small cumulus rows. The power 
spectrum of the v wind component as a function of wavelength in the y direc­
tion (see Section 4.1, Figure 12) shows the root mean square of velocity 
fluctuations near wavelengths of 4 km at about 1 m.s- l . This isin agree­
ment with the maximum • secondary' flow velocities calculated by Brown (1970). 
Hence, the perturbation wind field can also contribute to the difference 
between spatially averaged radar winds and those temporally averaged at a 
point. 

Further, the effect of thermal mixing contaminates temporal averages of 
winds at a point. Figure 4b contains hourly hodographs from the KTVY tower 
for which winds are averaged over 15-minute intervals. The wind speed at all 
levels increases significantly during the first two hours shown. The winds 
decrease during the third hour before increasing again during the final hour. 
The directions generally veer with time at each level. All of these time 
changes in wind may be due in part to thermal mixing. Positive upward 
sensible heat flux must be associated with downward horizontal momentum 
transport when stronger winds exist aloft. Thus, the wind at a given level 
at the tower will increase in speed and turn towards the direction of the 
wind aloft, (in this case, veering with height). The variation of wind with 
time at a point is also due to advected turbulence (see Section 5.2). 
While the spatial variations due to turbulence will average out in time, the 
main perturbation wave circulation is nearly parallel to the mean wind and 
will travel much slower if at all. A longer temporal average might erase 
their spatial variations. 
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Figure 4b. HourZy sequences of 
hodographs f or tower wind 
averages over 15-minute intervals. 



Finally, the general shape of the hodographs in Figure 4b is the same 
for each hour despite the changes in speed and direction. Wind backs between 
levelland 2, veers between 2 and 4, and backs again between level 4 and 5. 
Brown (1970) derives exactly the same phenomena from theoretical models, 
which also compares favorably to other observed data. He shows the departur~ 
from the Ekman profile are the result of the secondary helical circulations 
which have grown in magnitude until no additional energy can be drawn from 
the mean flow. 

li/L values (L ~ Obukhov length) are approximately -2.25, indicating 
that the convective instability is slight due to the strong shear in the 
lower levels (Appendix E). 

3.2 Experimental Procedures 

Figure 5 is a simplified block diagram of the major components of the 
Doppler radars in use at NSSL, and Table 1 shows the operating parameters 
for each radar on this day. Reflectivity is estimated from digitally 
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Table 1. Dual Doppler-Radar Parameters (4/27/77) 

Transmitted power, Pt(l) 
Pulse width, T 
Wavelength, A 
Beamwidth~ 81 
Gain, G(2) 
Receiver Bandwidth(3) (6 dB), B6 
Pulse Repetition Time T~ 
System Noise Figure(lj(4J, NF 
Receiver Noise Power(l), N 

(1) At calibration port 

NRO 

750 
1.2 

10.52 
0.81 

45.8 
0.85 
768 
4.7 

-110.5 

(2) Measured gain includes all losses from antenna port 
to points outside radome. 

(3) Gaussian band-pass filters 
(4) Includes estimate of noise from antenna as well as line 

plus radome losses. 

CIM 

500 KW 
1.0 ].lS 

10.94 cm 
0.85 Deg 

45 dB 
0.85 MHz 
768 ].lS 

4.5 dB 
-110.5 dBm 

averaged log-video samples at 762 contiguous resolution volumes along the 
beam. Doppler velocities are measured for each of these volumes using the 
pulse-pair autocorrelation algorithm (Zrnic ' , 1977; Miller and Rochwarger, 
1972). Radial velocity estimates were obtained from 256 time contiguous echo 
samples. Thus, 5 radials of 762 resolution values each are acquired every 
second, and with the rotation rate of 20 per second, there are about 2.5 
independent data points per azimuthal degree for each range location spaced 
150 m apart. 

Elevation stepped and azimuthally scanned sectors from each radar 
encompass the primary synthesis region (Figure 6). Each beam scanned the 
same sector six times, starting at 0.50 elevation, ~nd tilted up in 0.50 

increments to 3.00 elevation. With each radar, the tilt sequence of sector 
scans was begun at the same time. The initial azimuths are 2750 at NRO 
and 1700 at CIM and, although the beams intersect simultaneously only at a 
few points in the area of common radar coverage, the time differences in 
data interpolated to Cartesian grid points are small. The largest difference 
is for the grid points in the northwest and southeast portions of the 
primary synthesis region. Since each tilt sequence took about 3 minutes, 
this would be the largest time difference possible. But with a small 
maximum vertical influence distance (0.3 km) used to interpolate data to 
grid points, the maximum time difference is less than 90 seconds for any 
horizontal plane. However, positions of the data points are rectilinearly 
translated by an amount equal to the product of the mean wind and time 
difference between their acquisition and a common reference time in order 
to compensate for mean advection of kinematic features. 
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Figupe 6. Regions scanned by the 
dual Doppler-radars. Block area 
shows the region wherein Doppler 
data were synthesized to obtain 
wind components. 
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The intrinsic scatterers in clear air that contribute most significantly 
(ignoring point targets such as birds, aircraft, etc.) to the atmosphere1s 
reflectivity on 27 April 1977 are those small scale (5 cm) spatial fluctua­
tions in the refractive index that result from mixing strong mean gradients 
of water vapor and potential temperature. Results from Hennington et al. 
(1976), Crane (1970), and Gossard (1977) indicate that, under conditions 
simila2 to the afternoon of 27 April 1977 when there is maritime tropical 
air, Cn in the layer due to these diffuse scatterers generally is in the 
range 10-14 to 10-13 m-2/3. Thus radar reflectivities at A = 0.1 m will be 
in the range 10-14 to 10- 13 m-l. Given the receiver noise levels N for the 
NSSL radars (see Table 1), we expect signal-to-noise ratios (SIN) at a 
slant range of 40 km to be between -13 dB to 0 dB (Berger, 1978). SIN for 
the range of 30-50 km on 27 April 1977 fell mostly between -5 dB to +5 dB, 
indicating that C~ is in or slightly above the estimated range of values for 
a maritime tropical air mass. SIN on this day should be sufficient to 
obtain accurate Doppler velocity estimates if we average several contiguous 
data points. 

The other types of scatterers (e.g., aircraft, birds, high speed insects, 
and ground targets) cause errors in air velocity estimates. However, as 
pointed out earlier, insects that are weak fliers could be favorable targets 
for mapping clear air wind. Before we interpolate data to grid points, 
the data are edited along radials to remove apparent anomalous velocities. 
The editor is described in Appendix B. The anomalies that can be removed 
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in this manner are those that deviate most from the mean along a radial 
segment. Assuming that anomalous targets are few, the remaining errors 
(due to these targets) will be reduced by averaging these data with valid 
ones. Furthermore, if SIN is less than -7 dB,we do not accept data because 
Doppler velocity standard deviation becomes too large to be reduced 
adequately by spatial averages of data points. 

Figure 7 shows a Plan Position Indicator (PPI) of echo power return. 
Areas of higher returns appear to be aligned along bands parallel to the 
mean wind. Konrad (1968, 1970) observed similar clear air returns associ­
ated with convection. This banded structure is investigated in detail 
in Section 4. 

3.4 Mean Doppler Velocity Estimate Precision 

Because of the diffuse nature of clear air scatterers and turbulence 
in the PBL, target echoes are not fully coherent. Thus, there is variance 
in the Doppler velocity estimates for each resolution volume. Also, 
receiver noise contributes", to variance. The Doppler velocity estimate 
standard deviation, S.D. [V] as a function of SIN is Zrnic ' (1977). 

?(2mJ T 11.. )2 {4'1f3/2 cr T 2 2 } 1/2 
S.D.[V]= e- v s A v s + ~2 + 2~(1-eXp[-8(2'1fcrvTs/A) ]) 

Ws~ ( ) 3.1 
and is shown in Figure 8, where Gv is the true Doppler velocity spectrum 
width, M is the number of pulse-pair samples, and Ts is the sampling 
interval (i.e., pulse repetition time). When spectra are narrow, as can be 
e~p~cted in the clear air PBL, the 6-pit velocity word length sets the lower 
llmlt to the S.D. no matter how high the SIN is. For the SIN observed in our 
experiments, spatial averaging of velocity data reduces Doppler velocity 
standard deviation at grid points to a few tenths of a meter per second. 
This should be sufficient to measure true perturbation velocity fields. 
Reduction of variance by spatial averaging is further discussed in the next 
section. 

Another source of error, identified in the NRO data, was the presence 
of an anomalous signal at a Doppler frequency of about 80 Hz. This signal 
was quite coherent, and although it had a power 15 dB below the receiver 
noise, it was annoying because it significantly biased the velocities 
associated with some of the weak echoes that were being received. Berger 
(1978) discusses a method used to unbias the Doppler velocity 'estimates. 

3.5 Synthesized Wind Fields 

The horizontal grid surfaces parallel a plane tangent to the midpoint 
of the great circle path between the radars. The distance above this 
plane is referred to as the height (z) . Interpolation to grid points . 
spaced 500 m in both the x and y direction (nearly the beamwidth at 40 km) 
is done with the Cressman weighting function (Cressman, 1959) for data points 
in an oblate spheroid volume centered at the grid point. 
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Figure 7. PPI contour display 
of reflectivity x~2 (R is 
range) from NRO Doppler. 
Bright area of higher reflec­
tivity is aligned parallel to 
mean wind and the bands are 
spaced about 4 km apart. 
Range marks are 20 km apart. 
Elevation angle = 1.6°. 
(April 273 19773 7447 CST). 
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R? - D~ 
W(Ri,Di ) = 1 1 Di::;R i R~ + D~ 

1 1 

W(R; ~Di) ::: 0 D;>Ri (3.2) 

where 0; is the distance from the grid point to the data point location 
and Ri 1S the distance from the grid point to the outer boundary of the 
oblate spheroid along the line from the grid pOint to the data point. 
The oblate spheroid is determined by rotating an ellipse in the y-z plane 
about the z axis with a semi-axis length of 0.5 km in the horizontal direc­
tion and 0.3 km in the vertical direction. 

As mentioned earlier, the spatially interpolated Doppler velocity 
estimate errors must be less than a few tenths of a meter per second so that 
true velocity perturbation patterns can be observed. It is ,shown by 
Doviak et~. (1976) that the Doppler velocity error variance (af) at a grid 
point is given by 

(3.3) 

A 

where a2 (Vi) is the error variance of the mean Doppler velocity estimates 
(i.e., the square of Eq. 3.1). An estimate of 01 was computed at grid 
points in the observational volume using (3.3) inwhich1a2 (Qi) was estimated 
from (3.1) for measured SIN and an aSfumed 0v of 2 m· s-. For both elM and 
NRO 01 ranged between 0.1 to 0.3 m's- for all the tilt sequences. Variations 
of 01 (in time and space) are due to different data densities and echo power 
return. a~;s the Doppler velocity variance introduced by the Doppler 
spectrum wldth and finite processing time and assumes true mean Doppler 
velocity within the interpolation volume to be constant while ignoring other 
measurement errors (e.g., positioning errors). Therefore, a1 represents the 
least error we can "expect in interpolated Dopoler velocity estimates. As 
shown in Section 5, data imply an interpolated Doppler measurement 
error of about 0

1
36 m.s-1 which is a little outside the th:oretical range 

(0.1 to 0.3 m's-), Thus other error sources may be enter1ng the data. 

4. EVALUATION OF DATA 

4.1 Interpretation of Spectra 

Figure 9 shows a dual Doppler-radar wind field at a height of 1.0 km 
within the primary synthesis region and Figure 10 shows the perturbation 
wind field where an estimated mean layer wind U,v for the PBl in this region 
is subtracted out. In order to evaluate (objective1y) the dominant scales 
of motion, power densities (or spectra) of the synthesized u and v components 
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Figure 10. Dual Doppler-radar wind field with mean PEL wind removed. 
Synthesized wind fields were low-passed once in both the x and y direc­
tion with a Shuman filter. 
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in both the x and y directions were examined for scales of 1 to 16 km wave­
length. 

The spectra S(K), as a function of wave number (K = ~ where A is wave­
length), are displayed in Figure 11 for synthesized data from 1 tilt sequence 
at the indicated heights. The only filter acting on the data set used for 
spectral analyses is the Cressman interpolation filter. Because it might 
alter the spatial spectral shape at the short wavelength end, it is necessary 
to estimate its influence. This is done in Appendix 0 and Section 5.3. 

The values of S(K) shown in the graphs are averages of 32 individual 
spectra in the x and y direction obtained by a fast Fourier transform. 
S(K) is defined as the power (or mean square velocity) at wave number 
K=j~K divided by ~K (wave number interval), where j is an integer and 

2n m- 1 
6K = 16xl03 . Plots of S(K) vs. K on the log scales follow the -5/3rds 
slope very closely for the tilt sequence indicated in Figure 11 and all 
other tilt sequences. There does seem to be some hint of a spectral peak 
at 4 km for v in the y direction. 

In order to get a better indication of which scale sizes in the x and 
y direction are significant, K.S(K) vs. log K is plotted in Figure 12 for 
6 tilt sequences at heights 0.75, 1.0, and 1.25 km. Figure 13 also shows 
this display for the same tilt sequence as Figure 12.e, but data are 
interpolated to different heights. The differential area under these curves 
is proportional to power (i.e., velocity variance) per waveband ~K. Thus 
equal areas have equal power and is the reason why we plot KS(K) vs. log K. 
The most consistent and prominent feature in time is the large amount of 
power for v in the y direction centered around A = 4 km at heights of 0.75, 
1.0, and 1.25 km. From Figure 13, this feature doesn't appear above the 
PBL at z = 1.5 km, or at z = 0.5 where the data is noisy and may be 
obscured at this low level by spurious targets. 

This 4 km wavelength phenomenon is most likely a result of the banded 
structure seen in Figure 7 with streets roughly parallel to the mean wind 
and spaced 4 km apart horizontally. The predominance of power in the v 
component for this feature would suggest possible horizontal roll vortices. 
As a matter of fact, the absence of the 4 km wave in spectra at 0.5 and 
1.5 km heights (see Figure 11) suggests that the roll is centered at about 
0.5 km and has peak v wind at about 1 km. Other peaks in these spectral 
plots appear, but with less consistency in time or height and thus are 
difficult to interpret. The next sections describe in more detail the 
kinematic structure of the 4 km wavelength phenomenon and explain some 
ways this feature might originate. 

4.2 Banded Structure in the PBL 

4.2.1 Physical Characteristics 

As mentioned earlier, 27 April 1977 in Oklahoma was a day with moder­
ately strong winds in a PBL that had considerable speed shear in the lower 
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Figure 11. Averaged power density S(KJ 
along the x and y direction for u 
and v components synthesiz,ed from 
Doppler velocities. Spectra are 
shown for winds synthesized at 
heights of O.?5~ 1.0~ and 1.25 km 
in (aJ and O.5~ LO~ and 1.5 krn for 
(bJ. The horizontal lines through 
the base of the spectra are esti­
mated noise levels at z=1.0 krn 
(see Section 5.4). A is the wave­
length of wind. 
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Figure 13. Same as Figure 12(e) 
except that u and v components are 
at heights of O.5~ 1.0~ and 1.5 km. 

500 m and slight convective instabil­
ity. Cloud streets have been consis­
tently observed under these conditions 
by Kuettner (1959, 1971), Plank (1966), 
and Durst (1933). However, streets 
of cloudless convective cells have 
been observed on radar by Konrad 
(1968, 1970) indicating that conden­
sation is not a requisite for this 
phenomenon. Deardorff's (1972) three­
dimensional numerical model of the 
PBL showed II streets li in the direction 
of wind shear for kinematic fields 
when 0 ~-Zi/L ~ 5, a condition exist~ 
ing on 27 April 1977. 

Examination of the reflectivity 
streets (Figure 7) shows that they 
are aligned roughly 10-200 clockwise 
from the mean PBL wind direction of 
2100 • Further supportive evidence 
that these rolls are aligned clockwise 
from 2100 is obtained by examining 
the K.S(K) spectra in Figure 12. There 
is a consistent but small power in u 
at the wavelength of about 4 km in the 

y direction. Alignment of rolls clockwise to the PBL wind could account for 
this wavelength component. Estimates of roll aliqnment from relative r.m.s. 
roll (square root of variance) velocities (ur and vr) , in the y direction . 
sU9gest roll a~ighment about 200 clockwi~e *~om the PBL wJnd: 

In order to~eveal more closely the kinematic structure of the streets, 
the synthesis domain was rotated clockwise 200 from the PBL wind and 
synthesized u· and v· fields were band-passed in the new y direction (y') and 
low passed in the new x direction (x') using Shuman filters (Shuman, 1957; 
Shapiro, 1970). A band-passed kinematic field is shown in Figure 14. The 
band-passed filter was designed using 2 low-pass filters (Doswell, 1976) and 
its derivation is discussed in Appendix C. The only difference from Ooswell·s 
formulation is that he used Barnes· filters instead of Shuman filters. The 
response function vs. wavelength Ax· in the x' direction and wavelength 
Ay • in the y·direction is shown in Figure C.2 in Appendix C. 

The convergence and divergence patterns in Figure 14 suggest updrafts 
and downdrafts elongated in the x' direction. Thus secondary circulations 
(in a y·-z cross section) are in a plane somewhat perpendicular to the mean 
wind shear vector (Figure 4b). However, this phenomenon is not as continu­
ous and uniform in the x' direction as theory would show (see Section 4.2.2.) 
Kuettner (1959) also showed a flight report in his cloud street studies in 
which updrafts and downdrafts are not continuous in the direction of the 
mean wind. His report described turbulent zones embedded in the drafts. 
Konrad and Kuettner have described some of their observations of streets as 
cells line up like IIpear1s on a stringll. Therefore, the streets may actually 

19 



27 APR 1977 DUAL DOPPLER WINOS 144645-144935 CST 
HEIGHT l,OOKM 
lOMPS ~ ,S-MERN FLOW 

-~o,o -47,S ~~5,O -42,S -40.0 ~37,5 -35,0 -32.5 1-30,0 -27.5 -25.0 
X~DISTANCE (KM) I 

Fig-u.:x>e 14. Band-passed dua~ Dopp~er-radar winds at height of 1.0 krn. The 
straight dashed line is the location of the crOSB section (Figure 15) 
where wand v' wind; aornponents are displayed. This synthesis CU'ea is 
rotated cloakuJise by 200 from the one shown in Figure 1. 
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be viewed as long but fragmented horizontal roll vortices or longitudinal 
rolls aligned roughly parallel to the mean shear vector, and we will refer 
to them as such. The secondary circulation mentioned above is revealed more 
clearly in the band-passed perturbation winds in a yl-z cross section (see 
Figure 15). Roll depth, which is the vertical extent (from the surface) of 
the secondary circulation, is very nearly equal to Zi (and thus vertical 
velocity w is approximately equal to 0 at z = Zi). The ratio of horizontal 
roll spacing to depth is approximately 2.7 to 1 for the data, which compares 
closely with most theoretical and observational values (see Table 2). Figure 
l5b displays the x-sectional perturbation wind field without filtering 
(except interpolation) showing a noticeable transverse (v')wind shear. This 
shear, when superposed on the counterrotating vortices seen in Figure 15a, 
causes rolls to appear as if rotating only in the counterclockwise (ccw) 
direction. 

I­
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Figure 15. a) Vertical cross section display of band-passed v' and w 
components. b) Vertical cross section display of unfiltered vIand w 
components. 
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Table 2a. Theoretical Ratios of Horizontal Roll Wavelength to Roll Depth 

Models 

Convection with vertical shear in u only 
Kuo (1963) 
Kuettner (1971) 

Ekman instability models 
Faller and Kaylor (1966) 
Lilly (1966) (neutral thermal stratification) 
Brown (1970) (" II 

II 

Brown (1972) (stratified conditions) 

Ratio 

2.83:1 
2.83: 1 

2: 1 
2: 1 
2: 1 

?.5:l 

Table 2b. Previous Observations of Horizontal Roll Wavelengths and Ratios 
of Horizontal Roll Wavelengths to Roll Depth. 

Observations Wavelength (km) Ratio 

Plank (1966) 0.3-5 2: 1 
Ours t (1933) 2: 1 
Kuettner (1959) 2-8 2: 1 
Konrad (1968) 1.5 1 .8: 1 
NSSL (1978) 4 2.7:1 

4.2.2 Theoretical Predictions on the Banded Structure 

Many different mechanisms have been proposed for the formation of 
horizontal roll vortices parallel to the mean wind. LeMone (1973) has 
shown that rolls can obtain energy from buoyancy, from vertical shear of 
the mean cross roll component of horizontal wind (v shear) and, through the 
Coriolis terms, from vertical shear of the mean horizontal component of wind 
parallel to the rolls (u shear). This latter energy source can usually be 
neglected for the high Reynold's numbers characteristic of mesoscale PBL 
flows (LeMone, 1973; Lilly, 1966). The models in which buoyancy is the 
only energy source produce longitudinal rolls because secondary circulations 
not normal tQ the mean wind are suppressed by u shear (Asai, 1970 a,b) and/or 
gradient of u shear (Kuettner, 1959, 1971). Inflectional instability models, 
requiring only the existence of an inflection point in the vertical profile 
of the mean v component (v), were proposed by Lilly (1966), Faller and Kaylor 
(1966), and Brown (1970, 1972). 
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It is difficult to isolate one of these mechanisms most responsible 
for the formation of longitudinal rolls. leMone used tower data to analyze 
the various terms in the kineti·c energy equation on the roll scale. The 
objective here is limited to showing that, under the atmospheric conditions 
on 27 April 1977, the longitudinal banded structure observed in the dual 
Doppler-radar wind fields is plausible when considering mechanisms that may 
have existed for formation of such structures on this day. 

The inflectional instability models mentioned earlier use the Ekman 
profile for mean flow. These models produce ratios of horizontal roll 
spacing to roll depth similar to that seen on 27 April 1977. Since the 
mean wind profile had little resemblance to the Ekman profile and because 
the instability in the model is dynamic rather than convective, as expected 
on this day, comparison of rolls in these models to those seen in the Doppler 
data was not made. It's possible that the rolls have perturbed the Ekman 
profile considerably and the resultant profiles (Figure 4b) have inflection 
points as can be seen in wind component in a plane transverse to the mean 
PBl. However, further study is required to determine whether inflectional 
instabilities produce a larger growth rate than other mechanisms described 
below. Doppler data are compared with models which resemble the environment 
of 27 April 1977 closely in that they have strong u shear and produce convec­
tive instability. Since many previous observations (Kuettner, 1959, 1971, 
and Konrad, 1968, 1970) have shown that horizontal rolls occurred with nearly 
unidirectional shear parallel to rolls, the environmental conditions similar 
to those on 27 April 1977 favor formation of rolls. 

Gossard and Moninger (1975) 
modelled the PBl analytically with a 
three-layer model assuming the 
Boussinesq approximation (i.e., speed 
of sound is much larger than the 
wave's phase velocity) with the sur­
face layer superadiabatic and shear-
less, the middle layer neutral with 
constant u shear, and the upper layer 
stable and shearless. The Coriolis 
effect is neglected in the model. 
There is a capping inversion at the 
interface of the middle and top 
layer (see Figure 16). The eigen­
solutions for the perturbation 
variables {of the form A.exp[i(Kx·x+ 
+Ky·y)+~tJ where ~ is complex fre­
quency (~ = ~r + i~i)' t is time, Kx 
and Ky are wave numbers in the x and 
y direction respectively, and A is 
amplitude) satisfy the kinematic and 
dynamic boundary conditions of wand 
pressure p being continuous across 
the interfaces between the layers 
and w = 0 at z = O. They obtained 
two types of instability, one 

LAYER 3 

LAYER 2 

U(Z)- 9-

Figure 16. Mean wind and potential 
temperature profiZe used in the 
modeZ of Gossard and Moninger 
(1975). 
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inertial and the other convective. The convective instability is a longi­
tudinal disturbance (Kx«Ky) and the inertial instability a transverse 
disturbance (Kx»Ky). Thus the Doppler data resemble the convective insta­
bility in this model because of the longitudinal rolls seen on 27 April 1977. 
There does appear to be at least a stable capping layer at the top of the 
PBL on 27 April 1977, and the surface layer is superadiabatic as it is in 
the model. However, the wind prQfi1e in their model, chosen so as to keep 
the eigensolutions simple, bears little resemblance to the profile on this 
day. Therefore, we compare the dual Doppler-radar data with results from 
Asai (1970a,b) and Kuettner 1..1959, 1971) who modelled PBL flows where mean 
flow parallel to the rolls (u) vs. height is continuous for at least the 
first order derivative. 

Asai numerically solved a set of PBL equations governing the perturba­
tion variables in a buoyantly unstable stratification using several different 
vertical mean wind profiles (see Figure 17). These included Couette flow 
and the symmetric wind profiles (Poiseuil1e flow and flow with pOints of 
inflection). He extended his results (without changing his conclusions on 
PBL motions) to anti-symmetric profiles such as the hyperbolic tangent 
profile which shows more resemblance to the profile on 27 April 1977. The 
Boussinesq approximation was used along with the boundary conditions of 
w = a2w/3z2 = 0 at z = 0 and z = Zi. The Corio1is effects were neglected. 
Asai also isolated a convective instability modified by the shear flow and 
inertial instability modified by the thermal stratification when computing 
growth rates of the perturbations A·exp[i(Kx·x+Ky·y)+~t] vs. Richardson 
number Ri, and wave numbers Kx and Ky. The inertial instability occurs in 

Figure 1? Profiles of the basic flow 
for four cases modelled by Asai 
(19?Ob): (a) a shear flow with 
points of inflection (indicated by 
circles), (b) a plane Poiseuille 
flow, (cJ a plane Couette flow, 
and (d) flow with a vertical profile 
of speed having a hyperbolic tangent 
distribution. 

~----------------------------u 
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very strong shears where Asai's Ri (of opposite sign to that conventionally 
used) is less than 10-2, while convective instability is associated with 
Ri > 0.1. Amplification rates (equal to Qr) for the inertial instability 
increase with decreasing values of Ky/Kx while the opposite is true of 
convective instability. Therefore, inertial instability favors disturbances 
to be aligned in the y (or transverse) direction while convective instability 
favors disturbances to be aligned in the direction of mean flow. Again, the 
data on 27 April 1977 suggests that convective instability is dominant. 

As Asai has shown, transverse disturbances. are damped in the convective 
case because kinetic energy of the perturbation· flow is transformed to that 
of the mean flow by upward momentum flux, while the opposite occurs for 
longitudinal disturbances. His results show that this effect is most 
strongly reinforced by the Couette flow. Asai doesn't predict any ratios of 
horizontal spacing of longitudinal rolls vs. depth of rolls, but Kuo's 
(1963) analytical results for Couette flow show spacing to height ratio equal 
to about 2.5 to 1, which is close to the estimated value from Doppler data 
on 27 April 1977. 

Since the wind profile on 27 April 1977 has considerable curvature and 
Asai's model stresses the effects of constant shear, the data on 27 April 
1977 are now compared to the analytical results of Kuettner, in which the 
effects of curvature of the u shear on convection are investigated. 
Kuettner's model, which neglects the influence of constant shear, incor­
porates the effects of vorticity forces, thermometric conductivity, and 
viscosity on convection. In his model, the horizontal vorticity gradient 
is negative (d 2U/ az2 < 0) as was the case on 27 April. He points out that 
an air parcel displaced from a lower level upwards by buoyancy conserves its 
vorti city and constitutes a II superposed vortex II havi ng excess vorti ci ty 
over that of its new environment. The superposed vortex is that circulation 
or vorticity added (or subtracted) to the mainstream vorticity to obtain 
the one which results at the displaced parcel. Now Lin (1945) has shown 
that, for inviscid two-dimensional flow, the vertical acceleration az 
averaged over the "superposed vortex" (or vertically displaced air parcel) 
in a stream having a horizontal vorticity !;;o(z) is 

(4.1) 

where r is the circulation 

(4.2) 

of the "superposed vortex", and w is the vertical velocity. Thus, if a 
parcel is displaced upward in a stream having a negative vorticity gradient 
(see Figure 18), r is positive and Eq. 4.1 shows a force restoring the 
parcel to its original position. If the fluid element is displaced down­
ward, it produces a region of lower vorticity and hence the "superposed 
vortex" has negative circulation and az is then positive. Thus vertical 
motions are suppressed and the flow is stable. 
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Figure 18. Illustration used to 
demonstrate that under strongly 
cUPVed flOUJ, perturbations in the 
y-z plane are favored. u(z) is the 
mean wind profile and ry is the 
circulation of the "superposed vor­
tex". 

However, Kuettner (1971) made 
the point that if parcels along the 
direction of flow organize them­
selves so that they move upward 
simultaneously, then there is no 
differential vorticity between them 
and hence the restoring force 
vanishes. If the circulation is 
completed in the y-z plane so its 

Y vorti ci ty is orthogona 1 to the 
mainstream's vorticity, there is no 
force inhibiting the motion. Thus, 
vorticity gradients tend to favor 
perturbation flow in the y-z plane 
and organize convection in longi-
tudinal rolls. It is therefore 
reasonable that variance of the 
transverse velocity component is 
larger than variance in the longi­
tudinal velocity, a result seen in 
the Doppler synthesized winds (see, 
for example, Figures 11 and 12). 
Kuettner derives this mechanism 
theoretically by introducing a 
constant negative vorticity gradient 
(a 2u/az 2

) = negative const.) into 
his model and obtains amplification rates (~r) for convective disturbances 
as a function of wave numbers Kx and Ky and eddy viscosity v. As with all 
the other models, perturbation variables are of the form A·exp[i(Kx·x+ 
Ky·y)+~t]. The Prandtl number was set equal to one. Small perturbation 
theory and the Boussinesq approximation were utilized. When w is set 
proportional to sin(TI/Zi) (to satisfy Rayleigh's boundary conditions that 
w = a2w/az

2 = 0 at z = U and z = Zi), the model yields the approximate 
positive root 

a2u 2 1/2 
9S(K2 + K2) 

( Kx ) x Y ~ 2 
~r = a z'- _v(K2 + K2 + ~ ) 

(K2 + K2 + TI2/z~) - 2(K~ + K2 + TI2/Z~) x y Z~ 
x Y 1 Y 1 1 

Y (4.3) 

aPa _ 
where S = --- ~ Pa with Pa = air density, g = gravitational acceleration, 
and overbafi denoting mean values. The Coriolis effect is neglected. 
The first term in Eq. 4.3 within the brackets is the buoyancy term and the 
second, y, is the vorticity term. Maximum amplification occurs when Kx = 0 
and the vorticity term vanishes. Thus, longitudinal rolls are the preferred 
mode since they have maximum amplification for a buoyantly unstable strati­
fication. 
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Kuettner showed that Rayleigh's equation that predicts optimum 
dimensions of cellular convection for marginal stability (Dr = 0) also 
applies to this situation. In terms of wave number, the relevant re1ati'on 
is 

rr2 _ 2 
2 - '3 

Z2(K2 + K2 + ~) 
i x y Z? 

1 

(4.4) 

However, if Kx = 0 so the vorticity term vanishes and Zi is known, the 
uncertainty of cell shape and size present in Rayleigh's theory (i.e . , values 
of Kx and Ky) is eliminated. Equation 4.4 then shows theoretical horizontal 
cell spacing for marginal stability to be 

A (Kx=O) = 2rr = 212 Zi 
y Ky 

(4.5) 

which compares closely to the observed values on 27 April 1977. 

Longitudinal roll convection exists only if vorticity forces are 
strong enough to suppress the secondary convective circulation in the x-z 
plane. This occurs if the order of magnitude of the vorticity term is 
comparable to ~r or, in other words 

O(y) "" O(~ ) (4.6) 
r 

For atmospheric convection, the combined buoyancy and viscosity term 
typically result in ~r = 10-3 S-1. This requires Id2U/dZ21~ 10- 7 cm- l ·s- l 
to suppress circulation in the x-z plane, which was met or exceeded for 
many days that Kuettner observed streetingo The mean curvature in the lower 
500 m on 27 April 1977 is about -4x10- 7 cm-los-l, which meets this criteria 
also. Because of this pronounced curvature, Kuettner's model resembles the 
conditions on 27 April 1977 the closest of all the models considered. 

4.3 Comparison with Tower Measurement 

Tower wind temporal spectra were obtained from the KTVY instrumented 
tower during the experiment (see Figure 1 for location). Data were recorded 
every 10 seconds and the record length is 8,560 seconds. Figure 19 shows the 
smoothed spectra computed by weighting the autocovariances with a Tukey 
window (Jenkins and Watts, 1968). The window length was 85 lags (850 
seconds). The frequency interval ~F chosen in Figure 19 corresponds to the 
wave number interval used in analyzing Doppler data assuming the Taylor 
hypothesis. 

In comparing the slope of the spectrum plots for the u and v components 
from the tower with spectrum plots for the Doppler wind data, Figure 19 shows 
that the tower wind spectra ~rea1most as steep as the -5/3rds slope shown 
by the Doppler wind spectra (see Figure 11 ). Also, spectral densities 
and total variance of winds from both tower and Doppler data agree within 
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Figure 19. Spectra in the x direction of u and v from tower data. 
~F = 1/1060 s-:-l. 

a factor of tv/Q. Thus, in a statistical sense, there is agreement 
between the Doppler and tower data, assuming the Taylor hypothesis is valid. 
Under this hypothesis, tower data show spectra in the direction of the 
mean wind, and thus spectral peaks corresponding to the spacing of longi­
tudinal rolls in the y direction cannot be detected by analyzing tower data. 

5. WIND ERROR ESTIMATES FROM CORRELATION FUNCTIONS 

5.1 Introduction 

To evaluate the quality of the synthesiz~d kinematic fields, an estimate 
is made of the ratio of true wind variance (at) to the synthesized data 
variance (a~) caused by measurement error. TrUe wind variance can be des­
cribed as tne part of the total data variance which is d~e sole~y to the 
weather signal .. The total variance (crf) is related to at and as by 

2 2 2 ( ) aT = at + a s5. 1 

As we discussed in Section 3.4, some contribution to a~ comes from receiver 
noise and spectrum width, but there are other sources such as errors in 
resolution volume location from radar ranging and directional inaccuracies . 

. Furthermore, mean velocity estimates are made from reflectivity weighted 
velocities within the radar's resolution volume. Thus, if reflectivity 
is not symmetrical about the center of the resolution volume, the mean 
velocity estimate will have an error. 
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There are several possible ways to obtain estimates ~~ and ~~ (Adenotes 
estimate). If noise correlation is an impulse (i.e., noise is wh,te) the 
direct method consists of correlating data fields using various spatial 
and/or temporal lags and extrapolating to a correlation coefficient ro at 
zero lag. Because of the measurement error, ro is less than unity. The 
relevant relation is 

(5.2) 

From (5.1) and (5.2), it is easily shown that 

(5.3) 

which is an estimate of the "s ignal-to-noise ll ratio of the synthesized wind 
fi e 1 d. 

5.2 Temporal Correlation 

To determine the temporal correlation of the perturbation winds, it is 
necessary to follow the advection of kinematic features while correlating 
fields at various temporal lags (O'Bannon, 1978). That is, we need to 
spatially lag each pair of time displaced wind fields to maximize the 
cross correlation function (ccf). These ccf maxima (cmax) determine the 
temporal correlation of the advected kinematic structure. The spatial 
lag that maximized the ccf always nearly equaled the displacement due to 
mean wind advection. Figure 20 shows values of the cross correlation 
coefficient (c) and its dependence on spatial lag, from which we obtain 
the maximum. 

cmax is plotted vs. (6t) in Figure 21 and a least squares fit of 
Cmax vs. ro{l-(6t/to)2/3} is made to obtain ro and time scale to of the 
turbulent wind. This 2/3rds law is appropriate for power spectra following 
a -5/3rds slope (Tatarski, 1961~, w~iCh was the cas2 for this data. Table 3a 
shows the resulting estimates at' aE , to' and a~ /aE • 

Of particular ~ignificance in Table 3a is the time scale to of wind 
perturbations. Both the u and v components show lifetimes that are almost 
an hour in duration. Thus turbulence does appear to be "frozen ll for periods 
of at 1 east a few tens of mi nutes . . Simil ar resul ts are found by 0 I Bannon 
(1978) for data collected on another day. Therefore, if one Doppler radar 
resolves its radial wind perturbations, we should be able to track the peak 
correlation of radial winds within a small domain (e.g., 10xlO km) to 
measure the IImean PBL" wind in this domain. Simultaneous application to 
other contiguous domains would produce, from a single Doppler radar, a map 
of the wind field over a larger area than can be achieved using the dual 
Doppler-radar technique. However, wind perturbations may travel at speeds 
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Figure 20. Cross correlation function vs. horizontal spatial lag of (aJ the 
u component and (bJ the v component for two wind fields at 1.0 km height 
and synthesized 3-1/2 minutes apart. Data on grids have only been 
smoothed by the Cressman interpolation filter. The mean wind speed is 
14.8 m·s-1 and the medium times for the two fields are 1448:10 CST and 
1451:40 CST. A spatial lag nearly corresponding to mean wind advection 
during the 3-1/2 minute time interval ~t gives a maximum value of 
c(=CmaxJ in both cases. 
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Figure 21a. Cmax of u VB. temporal lag. Solid curve is a least squares 
fit with a 2/3rds power law. 

b. Scone as Figure 22a except Cmax of v. 

30 

16 

x 



lag 

~t 

Table 3a. Temporal correlations 

Total Variance 02 Averaged Over the Time Interval 142636 - 145354 CST. 
Wind, Error VariAnces, and Time Scale t are Obtained from Fitting 
Cross-correlation Function Maxima (Cmax~ vs lag ~t. Z = 1 km. 

A A A A A A 

at 2 a 2 at2/a 2 to(min.) at 2 a 2 at2/a 2 to(min.) 
e: e: e: e: 

0.54 0.11 4.9 56 0.90 0.29 3.17 64 

different than the mean wind,and these waves must be differentiated from 
IIfrozen ll turbulence. 

5.3 Spatial Autocorrelation 

Another method of determining true wind variance and unexplained 
variance a~ is to compute the autocorrelation function (acf) of synthesized 
data fields (Heymsfield, 1977). The acf is the normalized autocovariance 
function (Jenkins and Watts, 1968, p. 182). The application of the direct 
method to the spatial acf has been made by Berger (1978) who noted signifi­
cant discrepancies between 0~ computed via temporal correlation and those 
obtained from spatial acf. we account for these discrepancies by fitting 
the correlation data with a 112/3rds ll correlation function that is smoothed 
by the lag window associated with the interpolation filter. Because there 
is no equivalent interpolation in time, the direct method, outlined in 5.1 
and applied in 5.2 gives reasonable estimates of at and a2 from temporal 
correlations. This is not true for spatial correlations 6ecause of spatial 
interpolation. 

The interpolation filter used here is the Cressman one (Eq. 3.2). The 
filter's three dimensional (3D) spectrum transfer II(K)12 (Appendix D) and 
the lag window function D(F) are Fourier Transform pairs: 

(5.4a) 

+00 
- 1 J 1 - 12 -iK·r D(r) = T2TIT3 I(K) e dVK 

_00 
(5.4b) 
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where VK and Vr are volumes in wavenumber K and lag r space. The smoothed 
acf Rs(F) is the convolution 

Rs (r") = R (r) * ON Cr) ( 5 . 5 ) 

of the theoretical acf R(r) with the normalized lag window function ON, (r), 
where 

(5.6) 

and * denotes convolution. Our data field is filtered by the 30 Cressman 
weighting function to produce a smoothed spectrum 

(5.7) 

where ¢(K) is the un smoothed 3D spectral density for the vector wavenumber 
K and IIN(K)I i~ the normalized amplitude transfer function of data having 
spatial period K. 

The smoothed correlation Rs(r) is the inverse transform of ¢s(K) 

(-) - 1 f (- -iK'r Rs r - (2W)3 ¢s K) e dVK 
v 

(5.8) 

Now the correlation function along any direction r is, for a homogeneous _ 
random field, esual to the correlation of data along any line parallel to r. 
Thus Rs(r) for r=X (orY) is equivalent to the one dimensional (10) lineal 
correlation of smoothed data along the lag directions X (or Y). Thus for 
a spherically synnnetric lag window and isotropic turbulence (5.5) r,educes 
to the 10 form 

(5.9) 

where DN (X) is obtained from (5.4b) by integrating the window spectrum 
II(K)1 2 over the spherical angles e,~ and then normalizing . Substituting 
the Gaussian (Appendix 0) that approximates the Cressman transfer function 
into 5.4b, we derive the lag window 

e-(X/Ri )25/3 
ON ( X) = ( 5. , 0 ) 

Ril O.6w 

As before we assume the unfiltered data has a correlation 

R{X) 2 1 (X )2/3 () I I = crt [ - ~ ] + Co 8 X; X <Xo (5.11) 
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where o(X) is a Dirac delta function, Coo(X) is the correlation of the 
assumed additive white noise due to measurement errors, and Xo is the outer 
scale of turbulence (Tatarski, 1961, p. 18). 

The convolution of Coo(X) with DN(X) gives the smoothed noise corre1a-
tion 

C e-(X/Ri)25/3 
o 

Rns(X) = ------
R; 10. 6n 

(5.12) 

For Ri=0.5 km it is apparent from (5.12) that Rns(X) has little influence 
on the acf for lags 1.0 km or greater. Thus we could obtain a better value 
of &~ using the direct method if we ignore fitting the acf at lag 0.5 km, 
assuming the lag window dimensions are small compared to the outer scales 
Xo,Yo· 

The lag window of (5.10) is convolved with (5.11) and analytically 
evaluated by approximating (5.10) with a triangular function having a 
base 12 Ri. This estimated smoothed correlation Rs(X) is fitted to the 
data in Figure 22. The fittings in Figure 22 are limited to the first 
5 lags (2.5 km) of data in a 25 x 25 km 2 area because the 2/3rds law would 
be followed by the smaller scales of motion. No fit of v vs. lag Y was 
made because we felt the strong 4 km wavelength perturbation causes the 
velocity field to have a correlation function that departs significantly 
from the 2/3rds law for lags larger than 500 m. 

The estimates, crt and o~, obtained by fitting RsiX) to data are listed 
in Table 3b. We note with satisfaction that cr~ and a~ from fitting spatial 
correlation are in reasonable agreement with those from temporal correlation 
fits (Table 3a). 

Table 3b. Spatial CO"rrelations 

Total Variance ITT2, Estimated Wind Variance ~t2, Error Variance IT 2 and 
Outer Scale Po for SynthesizeC: Winds at z = 1 km e: ' 

TIME: 144645 - 144935 CST 

lag ITt2 IT 2 ~t2/~ 2 po(km) ~t2 
A 

~t2/~/ IT 2 po(km) 
E: E: E: 

X 0.55 0.09 6.1 5.2 1.02 0.17 6.0 3.4 

Y 0.55 0.09 6.1 2.6 - " NO FIT" 
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Figure 22a-d. Autocorrelation of u and v components (at a height H=1.0 kmJ 
vs. spatial lags. Solid curves are least squares fits to a correlation 
function with a 2/5rds power law smoothed by the interpolation filter's 
lag window. 
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Note that ;E(V) is larger than ~E(U). Larger error in v can be 
attributed to differences in errors caused by the dual Doppler-radar syn­
thesis technique. Using the error solutions of Doviak et al. (1976), we 
find the ratio 

(5.13) 

when errors are averaged over the synthesis region depicted in Figure 1. 
Therefore, there is consistency between experiment and theory. The solutions 
of Doviak et al. are applied to de9uce a measured value of interpolated 
Doppler error a l of about 0.36 m·s- when averaged over the synthesized 
region. As mentioned in Section 3 this is somewhat outside the range 
theoretically estimated by Eq. (3.3) (i.e., 0.1 to 0.3 m·s- l ). But, the 
theoretical estimates of crI account only for signal processing errors. 

The error ;E(V) from temporal correlation (Table 3a) of crosswind 
velocity is larger than that obtained through the spatial acf, but this 
difference might be accounted for by the 4 km roll wavelength that has been 
ignored in the fitting of correlations (Figure 21b). Bear in mind that the 
rolls are oriented 200 clockwise from the mean PBL wind and cmax is 
obtained by spatially lagging in the direction of mean flow. 

The quality of data is measured by the ratio of ~f/a~ and is seen to 
be about 5. The outer scale of turbulence along the x direction for u is 
about twice that in the y direction. Surprisingly, the outer scale along 
x of the v component is smaller than the u component. However, some of the 
rapid decorrelation of v along x may be related to the fact that the rolls 
are aligned about 200 clockwise from the mean wind giving a roll wavelength 
along x of 12 km. Thus, for a 6 km lag, the roll component of perturbation 
would be completely out of phase so significant decorrelation would be 
expected in a few kilometers. 

The characteristic velocity scale is Po divided by to which gives 
approximately 1 m·s- , consistent with the perturbations seen in the 
synthesized wind field (Figure 10). 

We can also estimate the measurement error in the vertical wind by 
using the experimentally deduced value of aI' and the theory of Doviak 
et al. (op cit). Thus 

(5.14) 

is the spatially averaged error in the vertical velocity estimates computed 
via the continuity equation and height z is in meters. For example, our 
vertical velocity estimates at qrid points for 1 km heights have an uncer­
tainty of about 0.5 m·s- l if a

l 
(= 0.35 m.s- l ) is height independent. 
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5.4 Noise Level in Spectra 

We can deduce the noise level in the spectra plotted in Figures
A
ll-13 

using our results. Assuming the noise is white, the error variance 0[ will 
be uniformly distributed across the Nyquist interval 0 to 2rrxlO-3 m- l 
because noise components outside this interval are aliased into it. The 
spectral noise level falls well below the power spectra of wind fluctuations 
in Fig. 11, and we conclude that wind spectra shown in Figs. 11-13 do 
indeed represent the spectra of the wind smoothed by both the radar's 
resolution volume and the interpolation function. 

6. CONCLUSION 

. The feasibility of using NSSL's dual Doppler-radar to study kinematic 
structure in the optically clear and convectively unstable PBL has been 
demonstrated. The value of interpolated Doppler velocity variance at a 
grid point has been shown to be small enough to observe perturbations in 
the wind fields. Furthermore, spatial spectral analysis and band-pass fil­
tering of the synthesized radar data show that the observed kinematic 
structure contains longitudinal bands or roll vortices. This phenomenon is 
consistent with theoretical predictions for a convectively unstable and 
moderately sheared PBL. 

The spatial spectra of the dual Doppler-radar data are in statistical 
agreement with temporal spectra of tower data if the Taylor hypothesis of 
frozen turbulence is assumed. The variance of the measurement error in the 
data, generally under 0.2 m2s-2 for the u and v components, agrees well with 
the theoretical estimates of interpolated variance at a grid point obtained 
from Eq. (3.3). Also, ratios of true wind variance to variance from measure­
ment error are large (i.e. greater than ~ 5)~ 

The turbulent structure of the PBL follows closely the 2/3rds law of 
turbulence theories and has a lifetime of about 1 hour with scale sizes 
of about 2.5 and 5.0 km in the directions perpendicular and transverse to 
the mean PBL wind. 

Future experiments of this type will incorporate changes in radar data 
collection to give greater sensitivity in wind measurements andto yield data 
more frequently for the clear air PBL. Pulse width increase by a factor 
of three will provide an order of magnitude of improvement in SIN, without 
loss of much spatial resolution (Doviak and Zrnic', 1979). Such information 
may increase our ability to detect the triggering impulses of severe storms, 
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and these kinds of experiments can have future application to air ~ollution 
dispersion modelling and air traffic safety procedures. 
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Appendix A 

COMPUTER PROGRAMS FOR DATA SYNTHESIS 

The radar's weather echoes are processed in real time to generate 
digitally recorded estimates of Doppler shift, spectrum width, and signal 
power. The editing program (Figure A.l) uses the daily calibrations and 
radar constants to convert these digital data to reflectivity (m~ll,radial 
velocity (m.s- I ), spectrum width (m.s- l ) and signal-to-receiver noise 
ratios. Raw data are processed in blocks of 32 gates (or resolution volumes) 
along a radial in order to conserve computer storage. The editing program 
also removes weak signals and anomalous radial velocities (as described in 
Appendix B), and can correct for spurious signals that could bias radial 
velocity estimates (Berger, 1978). The correction for spurious signals was 
needed for the NRO data. Ultimately, the editing program records the con­
verted data on an archive tape which is used in the synthesis program to 
interpolate values of the radar variables to the grid points. 

The essence of the synthesis program (Figure A.2) (i.e., the Cressman 
interpolation scheme, the selection of the maximum influence radii, grid 
position and spacing, and mean wind adjustment) are described in the text. 
The maximizing of the correlation between the synthesized NRO and elM 
reflectivity fields (see box in Figure A.2 with asterisk) is done to find 
small corrections in the azimuth, range, and elevation and is only done 
before the edited data are synthesized and analyzed in detail. These cor­
rections become input parameters used in the later data synthesis. 
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DEFINE RADAR VARIABLES: 
Threshold level for digital integrator (to eliminate weak echoes) 
Calibration curve (Received power vs. digital integrator number) 
Receiver noise power estimate 
Range-gate correction 
Radar "constants" 

~ 
DEFINE LIMITS of DATA to be EDITED 

Beginning gate number 
End gate number (must be a multiple of 32 from beginning gate) 
Beginning - Ending time limits 

+ 
READ ONE RECORD From RAW DOPPLER TAPE 
(762 sets of digital numbers representing 

'" radial velocity, received power, spectrum , 

width, time, azimuth, elevation for each 
qate alonq radial 

W 
f Throw out VELOCITIES having J 

large spectrum widths (noise threshold) .. 
EDIT ANOMALOUS VELOCITIES (1) (2) 
1) Velocity integer at a gate deviates from ~L more than 2 S.D.[VJ

5 [VJ s 2) Velocity integer at a gate deviates from Vs by more than 2.5 S .. 
3) Velocity very small (could be a ground target) 

'" 
I Throw out 

EDIT REFLECTIVITIES 
ve 1 oc ity has been ed ited ~~ received power integer at gates where .. 

\. LOOP for GATES 
• 

I CALCULATE 9_ate I s SLANT RANGE in Km I .. 
OBTAIN SIGNAL TO NOISE RATIO from the digital inteqrator SIN (dB) I 

i. 
I CALCULATE REFLECTIVITY in dB + 130 from SIN I 

• SCALE RADIAL VELOCITY - convert from djqital number to m·sec- l f(PRT,+FREq) 

rCorrection of radial velocity due· to sDurious sianal (if n~-~qedl 
• 

~CALE SPECTRUM WIDTH - convert from d i gita 1 no. to m ·sec- l f (PRT, + FREQ) I .. 
I CALCULATE SIGNAL to NOISE RATIO from spectrum width J .. 

l+ EDIT REFLECTIVITIES - throw out values qreater than spetifiea llmlt. ,. 
WRITE ON EDITED TAPE: 

- Station No.; Time, Azimuth, Elevation, Slant range, Velocity, Spectrum 
Width, Reflectivity, SIN for 32 gates 

(1) First edition - Edited velocities replaced by local mean;S.D.[VJ s calcu­
lated from all gates considered along radial. 

(2) Second edition - Edited velocities thrown out, S.D.[VJ s= constant. 
+ Step appears only on Second edition of program. 

Figure A-l. Edit Routine. 
44 

I 

I 



* 

READ INPUT PARAMETERS: 
radius of influence 
grid position, orientation, dimension and grid spacing 
parameter to be analyzed (VEL, REFLECTIVITY, etc. ) 
reference time and PBL mean wind velocity 

~ 
... LOOP for EDITED TAPES 

NRO, CIM 

L I READ TIME and AZIMUTH from edited tape records I 
,J, 

J READ 1 BLOCK of 32 Gates from Edited Tape J 
"I including radial vel., reflectivity, spectrum width 

J, 
CONSIDER EARTH'S CURVATURE" 

Change elevation and azimuth angles to that 
at midpoint along baseline between radars 

~ 
~ LOOP for each GATE in block 

J, 

I 
DETERMINE COORDINATES of gate on 

grid on or~gin at NRO, x-axis parallel to flow 

~ I ADJUST POSITION of gate to the reference I 
time usin~ PBL mean wind 

I • FIND CLOSEST GRID POINT to the data point 
CHECK if DATA is within radius of influence and 

GET WEIGHT of data using Cressman formula 
KEEP RUNNING TOTALS of: 

Data points, weights, weighted parameters 
at this grid point .. I 

~ 
I For each grid point - GET WEIGHTED MEAN of PARAMETER J 

in question 
.,. 

. . . 
J
AdJust aZlmuth, elevatlon and range of the edlted data to maXlmlze the 
correlation of s nthesized NRO and CIM reflectivit fields. 

If parameter is wind - GET u and v WIND 
COMPONENTS and WRITE ON 'PLOT' TAPE 

PRINT GRID VALUES WITH 1) No. of data pts. used (inverted y-axis) 
2) Parameter 

Figure A- 2. Synthesis Program - uses edited tapes. 
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Appendix B 

EDITING OF DATA ALONG RADIALS 

The editing scheme for radial winds removes anomalous data resulting 
from ground targets, weak echoes having low values of SIN, and point targets 
moving at velocities far different from air motion. 

If the width of the composite signal plus noise spectrum a(S+N) is 
greater than 14.73 m's- 1 for NRO and 15.25 m's- 1 for elM, that data point 
is not used in the analysis. These large values of a(S+N) occur when SIN 
is less than -7 dB, or when strong echoes are incoherent (Doviak, 1977). 

The data that remains is further edited to remove the anomalous radial 
wind values caused by the ground and airborne point targets. Thus, a second 
editing routine is done along radial beams and is illustrated in Figure B-1. 
First the mean radial velocity Vs and standard deviation of radial velocity 
S.D.(V)S are calculated for a segment of the beam from 24 km to 58 km range 
using the values not removed by the first editing procgdure. Next, any of 
the first six valugs nearest the radar are changed to Vs if they fall out­
side the range of VS±2[S.D.(V)S] or within ±2 m.s- 1 from zero. The second 
criterion was included because both NRO and CIM had average radial veloci­
ties with magnitudes above 10 m·s- 1 , and values of radial velocity close to 
o probably indicate strong biases due to fixed ground targets. These six 
values are then used to compute a local mean of radial velocity VL' If the 
~adial velocity V7_of the next outward data point (not removed earlier) falls 
ln the ranges of VL±2·S.D.(V)s and VS±2.5·S.D.(V)S' and IV71>2 m's- 1 the _ 
value is not changed1 but if V7 does not meet ea~h criteria, V7 is set to VL' 
Then, new values of VL are calculated with V7 (=VL if that data point was 
edited) and the five preceding values, and this process is repeated for the 
next outward data point. The process continues until the end of the radial 
segment is reached. 

About 10% of the Norman radar wind data and 30% of the Cimarron radar 
data is removed because of large values of a(S+N). The higher percentage of 

Figure B.l. Schematic illustration 
of the second editing procedure. 
An x denotes radial velocities 
removed by the first editing 
process. 
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rp.moval from Cimarron data is due to the lower power output (Pt) which 
results in lower signal power return and thus lower SIN values. A large 
part of the data removed is at levels above the PBL and thus doesn't inhibit 
analysis of PBL kinematic structure. Five percent of the remaining data 
from each radar is altered by the second editing routine which is close to 
what would be expected if the radial velocities were normally distributed 
about Vs or VL' Radial velocities along the beam are shown before and after 
the editing process in Figures B-2a and B-2b. 

TIME 11.13116 CST 4/27177 
ELEV= 1.1.1 .AZ= 211.7 .STN NO 2 
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Figure B-2a. Distribution of Doppler velocity~ signal plus noise spectrum 

width~ and digital integrator values (proportional to logarithm of power) 
along a segment of the beam. This figure shows values before editing. 
Point target echoes are distinguished by anomalous velocity~ large 
integrator values~ and small spectrum width of composite signal plus noise. 
b) Same as B-2a except shows values after velocity editing. 
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Appendix C 

BAND-PASS FILTER DESIGN 

The purpose of the band-pass filter is to isolate features with certain 
scale sizes in order to observe their structure more clearly. In this case, 
the convective streets with a scale size of 4 km in the y'direction are to be 
isolated. The wind component fields, fj' interpolated to grid points using 
the Cressman scheme, are band passed uSlng Shuman filters (Shuman, 1957). A 
single application of the filter in one dimension is the operator 

where the overbar represents the smoothed value. When the operator is 
applied to the harmonic form 

f = A·exp(iK·x) (C.2) 

where K is wave number, x = j~x, ~x is grid spacing, and A is a constant 
which may be complex, the result is 

-
f = r(K)f 

where r(K) is the response function, given by 

r(K) = cos2(K~x) 
2 

(C.3 ) 

(C.4 ) 

(Shapiro, 1970). For repetitions of the smoother, the total response is 
obviously 

(C .5 ) 

where m is the number of repetitions. 

Linear combinations of the operator may be used to isolate a particular 
band of wave numbers, resulting in a band-pass filter. The response function 
of such a filter would be rb(K) - ra(K) where a>b. A particular band of wave 
numbers can be isolated by appropriate choices of a and b. 

The method of designing a band-pass filter follows that of Doswell 
(1976), and is illustrated in Figure C.1. First 

(C.6 ) 
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, , / r(b) 

1 '-. 

Figure C.l. Schematic illustration of 
development of band-pass filter as 
difference between two low-pass 
filters (from Doswell~ 1976). The 
hand-pass filter used to show hori­
zontal roll structure in the ana­
lyzed data fields (as part of a two 
dimensional filter) has a=7 and h=5. 

which is the response change be­
tween wave number Ka and KS when 
the filter is applied m times. If 
K2 is the wave number where the 
band-pass response function is to 
be maximized, we must simultane­
ously maximize 

(c. 7a) 

(C.7b) 

subject to the constraint 

A (a) _ Ar(b) 
Llr12 - LI 23 (C.8 ) 

Note that K1<K2 <K3' As Doswell 
points out, K1 and K3 are not true 
cutoff wave numbers in the sense 
that the response attains specific 
values (e.g., e- 1 times the peak 
response) . 

The conditions (C.7) and(C.8)are illustrated in Figure C.l. 
response change is achieved when 

Maximum 

L(l'!.r(a)] = 0 
aa 12 

Upon using (C.5) and (C.7) in {C.g), it is easily shown that 
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The constraint (C.8) when applied to (C.5) and (C.7) yields 

K, = .~ . cos -'![-CDS
2b

(K2M/2) + CDS 2a (K2M/2)+ CDS 2a (K 3M/2)) -taj (C.ll) 

Having chosen the wave number Kz at the center of the band and some value for 
K3 , it is possible to solve (C. lOb) for b ahd using (C. lOa) and (C.ll) to 
iterate on Kl and a until the system is solved. Convergence is rapid. In 
applicati~ns, a and b must be positive integers, so the solutions for a and b 
are rounded off to the nearest whole number. If the band-pass response is 
normalized to unity at the center of the band, the response is 

As pointed out by Shapiro (1970) and Haltiner (1971), these smoothing 
procedures can easily be extended to two dimensions. For the harmonic func­
tion 

f = A·exp[i(K ·x+K .y)] x y 

sequential application of a filter in one direction and then the other gives 
the total response 

(C.·14) 

where Rx(Kx) and Ry(Ky) are the response functions of the filtering applied 
in the x and y directlons respectively. The response for the two-dimensional 
filter used to illustrate the longitudinal rolls is shown in Figure C.2. 
This two-dimensional filter consists--oftwo applications of the Shuman filter 
in the x direction and the band-pass filter in the y direction. 
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Appendix D 

TRANSFER FUNCTIONS OF THE INTERPOLATION FILTER 

In order to obtain data on a regularly spaced rectangular grid, the 
Doppler data within a certain influence radius are interpolated using the 
Cressman weighting function Wi (Di, Ri) i.e., Eq. (3.2). Because interpola­
tion smooths the data and modifies its covariance and spectral density 
estimates, it behooves us to determine the effect of the interpolation 
filter. This is necessary in order to properly assess the relative values 
of wind variance and measurement noise as shown in Section 5. 

The interpolation used(h~r~in is three dimensional (3D) and the wave­
number amplitude transfer I 3)(K) is 

(D.l) 

where dV is the differential volume. Because our data spacing ~Di is 
smaller than our influence radius (~Di/Ri~0.4), we assume the continuous 
data transfer function estimates well the transfer for our sampled data set. 
The effect of sampling is to filter somewhat more (Stephens and Polan, 1971). 
Although our interpolation volume is an oblate spheroid, we have, for ease 
of computation, evaluated the transfer for both a 3D spherical and 2D circu­
lar influence region. As will be shown, the respective transfers do not 
differ greatly and we surmise that the transfer appropriate to our weighting 
function is approximated by the spherical transfer function. 

Inserting (3.2) into (D.l) and performing the volume integration in a 
spherical coordinate system, we obtain the 3D amplitude transfer 

Ri 
I(3)(K) = 4~ J pW(Ri, p) sin Kp dp 

o 
(D.2) 

after doing the angular integrations where we have replaced Di by the con­
tinuous variable p and K = IKI. Eq. (D.2) is numerically evaluated and 
the normalized power transfer 

is plotted versus Ri/A = KRi/2n in Figure D.l. 1(3)(0) is equal to 
1. 20Ri 3. 

(D.3) 

The 2D circularly symmetric amplitude transfer obtained from the 
Fourier-Bessel transform (Stratton, 1941, p. 371) is 
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R· 
I(2)(K) = / W(Ri,P)P Jo(Kp) dp 

o 
(0.4) 

where Jo(Kp) is the Bessel function of order zero. Eq. (0.4) is also 
evaluated numerically and its power transfer is plotted on Figure 0.1. 
Superimposed on this figure is the normalized Gaussian transfer function 

g~(K) = exp {-(Ri/A)2/0.17} (0.5) 

which should be a reasonably good fit for the transfer of our data. 

It is important to note that these transfer functions cannot be 
app1ied directly to our spectra (e.g., Figure 11) to infer the power 
density before interpolation because those spectra are one dimensional 
and the transfer function is only appropriate for the 3D spectra. 
Nevertheless, (0.5) determines the lag window which smooths the data 
autocovariance functions, acf. The theoretically estimated smoothed acf 
is then fitted to the acf of our smoothed data to determine measurement 
error (Section 5). 

Figure D-l. Cressman fiZter power 
transfer functions for 2 and 3 
dimensionaZ interpoZation. 
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Appendix E 

DETERMINATION OF THE STABILITY PARAMETER (Zi/L) 

The computation of the stability parameter, 
mination of the Obukhov length L defined as: 

Zi/L, entails the deter-

-/ 
. U*3(wre'1o 

k(.9.) 
8 

L - - (L1) 

whereU*is the friction velocity, (w1.e')ois the kinematic heat flux at the 
surface and k the von Karman constant assumed to be 0.35 in accordance with 
Businger et al. (1971). We don't have direct measurements of the friction 
velocity and the heat flux; these have to be determined from wind and 
temperature data. 

A plot of the component of wind speed (Figure 4.b) in the direction 
of surface wind versus height shows that the logarithmic wind profile law 
holds good up to about 200 meters for the time interval 1400-1600 CST, in­
dicating that the stability is nearly neutral. From these logarithmic wind 
profiles U*can be calculated using the relation 

(E.2 ) 

U"* is determined to be about 0.67 m.s- l and Zo is a scale height. 

The kinematic heat flux can be computed using the 0e (standard 
deviation of temperature fluctuation) values. The variat"lon of 0e in the 
surface layer is given by (Tillman, 1972): 

(E.3) 

where Cl = 0.95 and C2 = 0.0549. 

Eqs. (E.3) and (E.l) can be solved simultaneously for Land (wrer)o. The 
solution gives 

L = - 671 m 

(w1ei)o = 0.0397 m·s-loK 
(L 4) 
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where e::: 304°K and ae =0.124°K are measured values at Z = 26 m. For ,an 
inversion height Zi of about 1500 m we see that the stability parameter is 

z· 1 

L 
2.25 

which according to Deardorff (1972) shows the PBL to be slightly unstable. 
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NATIONAL SEVERE STORr~s LABORATORY 

The NSSL Technical Memorandum, beginning with No. 28, continue the sequence established by the 
U. S. 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 National Technical Information Service, Operations Division, 
Springfield, Virginia 22151, for $3.00 and a microfiche version for $0.95. NTIS numbers are given below 
in parentheses. 

No. 

No. 2 

No. 3 

No. 4 

No. 5 

No. 6 

No. 7 

No. 8 

No. 9 

No. 10 

No. 11 

No. 12 

No. 13 

No. 14 

No. 15 

No. 16 

No. 17 

No. 18 

No. 19 

No. 20 

No. 21 

No. 22 

National Severe Storms Project Objectives and Basic Design. Staff, NSSP. 11arch 1961,16 p. 
(PB- 168207) 

The Development of Aircraft Investigations of Squall Lines from 1956-1960. B. B. Goddard. 34 p. 
{PB-168208} 

Instability Lines and Their Environments as Shown by Aircraft Soundings and Quasi-Horizontal 
Traverses. D. T. Williams. February 1962. 15 p. {PB-168209} 

On the Mechanics of the Tornado. J. R. Fulks. February 1962. 33 p. {PB-168210} 

A Summary of Field Operations and Data Collection by the National Severe Storms Project in 
Spring 1961. J. T. Lee. March 1962. 47 p. {PB-165095} 

Index to the NSSP Surface Network. T. Fujita . April 1962. 32 p. {PB-168212} 

The vertical structure of Three Dry Lines as Revealed by Aircraft Traverses. E. L. McGuire. 
April 1962. 10 p. {PB-168213} 

Radar Observations of a Tornado Thunderstorm in Vertical Section. Ralph J. Donaldson, Jr. 
April 1962. 21 p. {PB-174859} 

Dynamics of Severe Convective Storms. Chester W. Newton. July 1962. 44 p. {PB-163319} 

Some Measured Characteristics of Severe Storms Turbulence. Roy Steiner and Richard H. Rhyne. 
July 1962.17 p. {N62-16401} 

A Study of the Kinematic Properties of Certain Small-Scale Systems. D. T. Williams. October 
1962. 22 p. {PB-168216} 

Analysis of the Severe Weather Factor in Automatic Control of Air Route Traffic. W. Boynton 
Beckwith. December 1962. 67 p. {PB-168217} 

500-Kc./Sec. Sferics Studies in Severe Storms. Douglas A. Kohl and John E. Miller. April 
1963. 36 p. {PB-168218} 

Field Operations of the National Severe Storms Project in Spring 1962. L. D. Sanders. May 
1963. 71 p. {PB-168219} 

Penetrations of Thunderstorms by an Aircraft Flying at Supersonic Speeds. G. P. Roys. 
Photographs and Gust Loads in Three Storms of 1961 Rough Rider. Paul W. J. Schumacher. 
1963. 19 p. {PB-168220} 

Radar 
May 

Analysis of Selected Aircraft Data from NSSP Operations, 1962. T. Fujita. May 1963. 29 p. 
{PB-168221} 

Analysis of Methods for Small-Scale Surface Network Data. D. T. Williams. August 1963. 20 p. 
{PB-168222} 

The Thunderstorm Wake of ~lay 4,1961. D. T. Williams. A"ugust 1963. 23 p. {PB-168223} 

Measurements by Aircraft of Condensed Water in Great Plains Thunderstorms. George P. Roys and 
Edwin Kessler. July 1966. 17 p. {PB-173048} 

Field Operations of the National Severe Storms Project in Spring 1963. J. T. Lee, L. D. Sanders, 
and D. T. Williams. January 1964. 68 p. {PB-168224} 

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. 36 p. {PB-168225} 

Hovement 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. 53 p. 
{PB-168226} 
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No . 26 

No. 27 

No. 28 

No. 29 

No. 30 
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No. 32 
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No. 35 

No. 36 

No. 37 

No. 38 

No. 39 

No. 40 

No. 41 

No. 42 

No. 43 

No. 44 

No. 45 

No. 46 

No. 47 

Purposes and Programs of the National Severe Storms Laboratory, Norman, Oklahoma . Edwin Kessler. 
December 1964. 17 p. (PB-166675) 

Papers on Weather Radar, Atmospheric Turbulence, Sferics and Data Processing. August 1965. 
139 p. (AD-621586) 

A Compari son of Kinematically Computed Precipitation with Observed Convective Rainfall. James 
C. Fankhauser. September 1965. 28 p. (PB-168445) 

Probing Air Motion by Doppler Analysis of Radar Clear Air Returns. Roger M. Lhermitte . May 
1966. 37 p. (PB-170636) 

Statistical Properties of Radar Echo Patterns and , the Radar Echo Process. Larry Armijo. May 
1966. The Role of the Kutta-Joukowski Force in Cloud Systems with Circulation. J. L. Goldman. 
May 1966. 34 p. (PB-170756) 

Movement and Predictability of Radar Echoes. James Warren Wilson. November 1966 . 30 p. 
(PB-173972) 

Notes on Thunderstorm Motions, Heights, and Circulations. T. W. Harrold, W. T. Roach, and 
Kenneth E. Wilko November 1966. 51 p. (AD-644899) 

Turbulence in Clear Air Near Thunderstorms. Anne Burns, Terence W. Harrold, Jack Burnham, and 
Clifford S. Spavins. December 1966. 20 p. (PB-173992) 

Study of a Left-Moving Thunderstorm of 23 April 1964 . George R. Hammond. April 1967. 75 p. 
(PB-17468l) 

Thunderstorm Circulations and Turbulence from Aircraft and Radar Data. James C. Fankhauser and 
J. T. Lee. April 1967. 32 p. (PB-174860) 

On the Continuity of Water Substance . Edwin Kessler . April 1967. 125 p. (PB-175840) 

Note on the Probing Balloon Motion by Doppler Radar. Roger M. Lhermitte. July 1967. 14 p. 
(PB-175930) 

A Theory for the Determination of Wind and Precipitation Velocities with Doppler Radars. Larry 
Armijo. August 1967. 20 p. (PB-176376) 

A Preliminary Evaluation of the F-100 Rough Rider Turbulence Measurement System. U. O. Lappe. 
October 1967. 25 p. (PB-177037) 

Preliminary Quantitative Analysis of Airborne Weather Radar. Lester P. Merritt. December 
1967. 32 p. (PB-177188) 
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