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ABSTRACT 

We examine the feasibility of wind measurement in the lower atmosphere with 

centimeter wavelength (microwave) Doppler radars. Because it is assumed that 
only natural scatterers contribute echoes, their frequency and distribution 
over continental United States is presented. A method to retrieve 
environmental winds from radial velocity fields measured in isolated cells is 
developed and demonstrated through comparisons with winds synthesized from two 
radars and with rawinsonde observations. It is shown that 10 cm wavelength 
radars should be consistently capable of profiling winds in the planetary 
boundary layer. In the winter during stable atmospheric conditions, the 
echoes are primarily due to turbulent mixing of refractivity gradients whereas 
in warmer months convective mixing and insects are the main contributors. 
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WIND PROFILING OF STORMY AND QUIESCENT ATMOSPHERES WITH MICROWAVE RADARS 

Dusan S. Zrnic', Steven D. Smith, Arthur Witt, 
Robert M. Rabin, and Mangalore Sachidananda* 

1. INTRODUCTION 

This report investigates the feasibility of measuring winds in the lower 
atmosphere with microwave Doppler radars. It is assumed that natural 
scatterers such as hydrometeors and/or refractive index irregularities are the 
only ones present. Thus, techniques based on tracking balloons or on 
obtaining echo from chaff are not considered. Echo strengths from refractive 
index irregularities at microwave wavelengths are very weak or nonexistent 
above the planetary boundary layer (Doviak and Zrnic', 1984). Therefore, for 
measurements of winds outside the lowest 1 to 2 km of the atmosphere, radars 
may have to rely on the presence of clouds bearing hydrometeors. For that 
reason we examine the distribution of radar echoes in the continental U.S.A. 
and give typical reflectivity values for some cloud types. 

A technique to obtain environmental winds from measurements in isolated 
storms observed with a single radar is examined. Results are compared with 
those from two radars and from nearby rawinsondes. 

Echoes in clear air are examined and several case studies are dis­
cussed. Some of the measurements were made specifically for this task in the 
winter of 1985 when echoes were very weak. Other measurements were obtained 
in earlier experiments in the spring of 1983. Reflectivities are compared 
with theoretical values based on turbulent mixing of refractivity gradients 
and convective mixing driven by solar radiation. The Appendices discuss the 
theories and provide other calculation details. 

2. THE FREQUENCY AND DISTRIBUTION OF RADAR ECHOES OVER THE UNITED STATES 

The frequency and the distribution of radar echoes over the U.S. are 
highly variable. In order to investigate the seasonal and geographic varia­
tions, data from 31 WSR-57 radar stations for 1962 to 1964 were examined. 
Grantham and Kantor (19~7) determined mean monthly frequencies and proba­
bilities of radar echoes within 100 miles of the radar site in 3-hour time 
intervals for each of the 31 radar stations. In addition, the echo coverage 

*Dr. Sachidananda is a Postdoctoral Research Associate of the National 
Research Council and guest investigator at the National Severe Storms 
Laboratory. 
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probabilities were estimated from low-level pulse position indicator (PPI) for 
a six-station sample: Sacramento, Amarillo, Minneapolis, Kansas City, New 
York, and Key West. The lowest echo power that was used in obtai ni ng these 
statistics corresponds to 7 dBZ. Climates at the six stations are given in 
Appendix A. 

2.1 Frequency of Radar Echoes Across the U.S. 

The locations of the 31 radar stations are sh9wn in Fig. 2.1. For each 
station the probabilities that radar echoes existed between given height 
intervals were calculated. The data for four seasonal months - January, 
April, July, and October - are shown in Fig. 2.2. In January (winter), we see 
fairly low probabilities (10-25%) in California, th.e Southern Plains states, 
and the western portion of the Midwest. Somewhat higher probabilities (26-
45%) are found east of the Mississippi River, in western Montana, and along 
the Gulf Coast of Louisiana and eastern Texas. The highest probabilities (> 

50%) occur in southern Florida and at Buffalo (this being caused by lake­
effect snows). Unfortunately, large data void regions exist in the Pacific 
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Figuroe 2.2a.--Froequenay of roadaro eahoes (peroaent of time) within a 100 mite 
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Figuroe 2.2b.--Froequenay of roadaro eahoes (peroaent of time) within a IOO-mi. 
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Figu~e 2.2c.--F~equency of ~ada~ echoes (pe~cent of time) within a lOO-mi. 
~adius of the ~ada~1 fo~ JuLy. 

Figu~e 2 .2d.--F~equency of ~ada~ echoes (pe~cent of time) within a 100-mi. 
~dius of the ~ada~1 fo~ Octobe~. 
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Northwest, the Rocky Mountain states, the Northern Plains, New England, and 

the interior Southeast. 
For April (spring) the probabilities have risen slightly (<10%) in 

California and western Montana and also along the East Coast. Probabilities 
have risen considerably (>10%) in the Southern Plains and western Midwest 
states but are lower in Florida. 

In July (summer) most sites reach their maximum probabilities, with the 
exception of California, which is at a minimum. Almost three-fourths of the 
radar stations east of the Rockies have probabilities) 50%, with high proba­
bilities (> 75%) occurring along the southeastern coast. 

In October (autumn) most probabilities drop off significantly from their 
summer maximums, except in southern Florida where probabilities still remain 
high (--80%), and in California where they rise slightly from their summer 
minimums. A more detailed listing of radar echo probabilities for different 
heights above mean sea level is given in Appendix A. 

2.2 Diurnal Variations 

For six radar stations - Sacramento, Amarillo, Mirineapolis, Kansas City, 
New York, and Key West - histograms were constructed to depict the diurnal 
variations of echo probability by 3-hour periods for each season (Fig. 2.3). 

Variations in echo probabilities (Fig. 2.3) tend to be less in autumn and 
winter; greater in spring and summer. The smallest diurnal variation occurs 
at Amarillo and Kansas City in January; the largest occurs at Amarillo in 
July. The peak probabilities occurring during the afternoon and early evening 
hours are associated with the time of maximum convective activity. We note 
that generally low probability levels (~ 30%) occur for Sacramento (except 
between 1300 and 2100 local standard time (LST) in April), for Amarillo 
(except in July), and for Minneapolis and Kansas City during January and 
October. Moderate values (- 30 - 70%) occur for Sacramento in April between 
1300 and 2100 LST, for Amarillo in July, for Minneapolis and Kansas City in 
Apr; 1 and July ,for Key West in January and Apr; 1, and for New York year­
round. High values (>70%) occur only at Key West during July and October. 
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2.3 Echo Coverage Probabilities 

For the same six stations, probabilities of echo coverage of a radar PPI 
scope out to a 100-mile range are presented for four seasonal months along 
with the diurnal variations (Fig. 2.4). The amount of echo coverage is divi­
ded into four groups: no echoes, 0%; low coverage, 1-30%; moderate coverage, 
31-70%; and high coverage, 71-100%. Note that the probabilities of no echoes 
in Fig. 2.4 equal 100% minus the probabilities in Fig. 2.3. From Fig. 2.4 we 
see that, although the probabilities of at least low coverage reach a maximum 
in summer (except at Sacramento), the probabilities for high coverage remain 
roughly equal year-round, except in Key West where they are much higher in 
summer and autumn, and in Sacramento where they are near zero in summer. 

2.4 Average Number of Clear, Cloudy, and Precipitation Days in the U.S.A. 

NOAA data on cloudiness and precipitatio~ for 39 U.S.A. cities are listed 
in Appendix A (Table A.7) and are summarized in Table 2.1. We conclude from 
these data that on a national average, 110 days per year (or 30% of the time) 
are clear with no radar echoes. From Table 2.2 we see that 38% of the time 
echo tops exceed 10,000 ft. Of these 38%, about 12% of the time, there is 
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sufficient cloudiness and scattered light pre.cipitation to allow velocity 
azimuth display (VAD) analysis. The remaining 26% of the time rain is 
sufficiently widespread to expect rain at the radar site (or any other 
point). Thus we expect to be able to make wind measurements to at least 3 ~m 
(10,000 ft) above ground level (AGL) more than 38% of the time. 

Our summary of radar echo frequency data (Table 2.2) shows monthly varia­
bility of about 20-30%. The values in this table are averages of data from 
the 31 stations listed in Appendix A. We see that in late spring and summer 
more than 50% of the time, radars will be able to make measurements to over 
3 km. This drops to about 30% in winter. Overall we expect to make measure­
ments to at least 3 km 38% of the time. -

With sensitive Doppler radars we expect to be able to make some measure­
ments even in nonprecipitating clouds (see Appendix B). The cross section per 
unit volume for weakly reflecting clouds is given in Table 2.3 together with 
the effective reflectivity factor Ze (see Doviak and Zrnic', 1984). 
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Table 2.1.--Sllrnmilrv f)f Data on Clouds and Precipitatio'1 in ~'''(l U.S.A. 

Average number of days Mean % Standard deviation % 

110 cl ear days 30% tll% 

149 cloudy days 41% ±10% 

106 precipitation days 29% ±9% 

Table 2.2.--Summary of Radar Echo Frequency Data 

Month 
Height (kft above sea level~ 
0-4.9 5-9.9 10-14. 15-19.9 20-24.9 - 25-29.9 30+ 

Jan 33.47 32.63 28.23 19.68 ·10.27 3.90 1.50 
Feb 34.00 33.32 28.15 20.51 11.,97 5.39 2.90 
Mar 34.27 35.50 33.36 26.03 17.86 7.76 4.71 
Apr 38.57 38.52 36.55 30.36 20.88 12.77 8.17 
May 50.20 41.28 39.34 35.58 30.61 21.53 15.59 
Jun 51.80 51.87 51.53 49.18 43.35 35.17 26.01 
Jul 54.33 54.32 57.07 52.58 48.01 39.30 30.12 
Aug 52.83 52.82 52.49 43.80 37.64 35.72 28.31 
Sep 49.35 49.34 48.70 47.25 39.47 29.20 21.50 
Oct 33.39 33.36 32.34 28.57 21.15 13.58 8.18 
Nov 34.68 34.62 29.92 21.97 14.15 6.76 3.70 
Dec 32.72 32.05 27.20 17.58 9.53 3.·92 1.93 

Yea rl.l Av. 41.64 40.14 38.49 32.76 25.41 17.92 12.72 

Table 2.3.--Cross Sections for Various Cloud Types 

Cloud tl~e Cross section {m-~} tffective reflectivit.l factor ~dBZ ~ 

Fair weather cumulus 1.8 X 10-15 -32 
Cumulus congestus 2.6 X 10-12 

to 4.3 ! 10-14 -1 to -19 
Stratocumulus 9 X 10-1 -16 
Altocumulus 9 X 10-12 4 
Al tostratus 4 X 10-13 -11 
Ci rrus 9 X 10-13 2 

3. USE OF STORMS FOR ENVIRONMENTAL WIND PROFILING 

3.1 Methodology 

We estimate Cartesian wind components by analyzing single Doppler radar 

data. A Doppler radar samples only the radial component and therefore pro­
vides an incomplete description of the vector wind. If one can describe the 

10 



vector wind by some assumed model, it may be possible to deduce the parameters 

of such a model. For simplicity we describe the wind as being horizontal, 
invariant over the data acquisition time, and spatially uniform within some 
analysis domain. For a radar scanning a uniform horizontal wind, the radial 

component vr is related to the radar beam azimuth <jl and elevation angle Be 
through the following relationship (in matrix notation): 

where 
p = [cos B~ si n cp, cos B~ cos cp], (3.1) 

Uo andvo are constants denoting the east-west and north-south uniform wind 

components which must be estimated, and 8~ = Be + 8c is elevation angle cor­
rected for the earth's curvature (see Koscielny et al., 1982). The 

angle Bc is given by 

= n-1 [ r COSB~ ] 
Bc ta a +rslnB 

e e 
(3.2) 

where r is slant range and ae is the earth's radius adjusted for beam bending 
due to vertical gradients of refractive index (Doviak and Zrnic', 1984). 

It ,will be shown that estimates of K2 are the solutions to a multivariate 

regression problem. Consider an analysis domain within which there are n 

radial velocity estimates. (This analysis domain is chosen to be either a 
circular arc of azimuthal width t.<jl or a sector of azimuthal width t.<jl and small 
range width t.r to keep contamination by vertical wind shear small). The i-th 
estimate can be expressed as the sum of two terms: 

(3.3) 

of which the additional term €i expresses that part of radial velocity vi not 
explained by the uniform wind model. Factors that contribute to €i are errors 

due to velocity measurement, nonuniformities of the wind, and (if the measure­
ments are taken in precipitation) raindrop terminal fallspeeds. Collecting 
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'" '" the n velocities into a column vector Vn, least-squares estimates K2 are 
gi ven by 

(3.4) 

The superscripts -1 and T indicate the matrix inverse and transpose respec-
T T T T tively (Draper and Smith, 1981), and Pn2 = (P1, P2, •••• , Pn). 

'" In general, K2 and the true K2 differ and these ",differences can be decom-
posed ",into bias and variance errors. The estimates K2 are biased 
if E[~J '* K2, which occurs when the uniform wind model (3.1) is inadequate. 
Raindrop terminal fallspeeds and nonuniformities of the wind are the major 

'" contributors to biases of K2• The degree to which wind estimates are biased 
depends on the geometry of the analysis domain and the magnitudes of the non­
uniformities of the wind. 

Variance errors depend on both the geometry of the analysis domain and 
velocity measurement uncertainty. The variances of the uniform wind estimates 

'" (i .e., u 0' vo) are given by the diagonal elements of the variance-covariance 
matrix 

(3.5) 

h 
2 . were (1 e: 1 S velocity estimate variance due to measurement error. If (12 is 

2 "T" e: 
unknown, an estimate is given 

'" '" '" 
by the residual variance s = En En/(n-2) 

where En = (Vn - Pn2 K2)· 

Expression (3.5) is useful in determining the appropriate geometry of the 
'" analysis domain so as to keep VAR(K~) tolerab~e. It can be shown that the 

trace of e22 (equal to the sum VAR(u o) + VAR(v o)) for a circular arc of data 
is gi ven (approximately) by 

12 sec2 \3~ 
Tr (C22 ) ~ 2 

n l!.cp 

2 (1 
e: (3.6) 

(Doviak and Zrnic', 1984). Equation (3.6) expresses the need for a large azi­
muthal width of data when single Doppler velocities are processed to obtain 
the uniform wind. Evaluation of (3.6) shows that accurate wind estimates are 
made .when tlcp > rr/6 radians (i.e., ) 30°) and (1 < 1m s-1. e: .... 

12 



Data acquisition schemes limit n for a given ~~ and therefore the minimum 
variance. To take further advantage of the n-1 dependence on estimate var­
iance, velocity data can be processed within a sector of range width ~r. Two 

... ... 

related methods can be used to retrieve Uo and Vo from such a sector. In one, 
the fit ;s done for each data point as just outlined. Alternately we can av~­

rage velocities over the range interval ~r and fit the resulting data on an 
arc (see Appendix C). Although fewer data are used in this type of analysis, 
there is an n-1 decrease in 0

2 (n r is the number of data averaged in range). r e: 
Two advantages of range averagi ng are that both computer memory requi rements 

... 
and the number of computations necessary to evaluate K2 are reduced. In order 
to constrain biases at higher elevations due to vertical wind shear, the range 
averaging interval must be kept less than 10 km; this also helps reduce the 
effects of differences of the angles between the beam and the local horizon. 

Above the planetary boundary layer (1.5 - 2.0 km AGL), backscatter at 
microwave frequencies from refractive index fluctuations is generally too weak 
for accurate velocity estimation. To obtain velocities at these higher 
levels, we must rely on radar targets of opportunity such as storms and con­
vective cells with sufficiently large backscatter. If these are unavailable, 

. artificial targets such as chaff or balloons must be introduced to the atmos­
phere.We do not consider these latter alternatives but rather attempt to 
profile the winds using storm data. 

Doppler data collected within storms on two days (June 19, 1980, and May 
17,1981) were processed to produce wind profiles using the uniform wind algo­
ri thin. On both days, vol ume scans a 11 owed sarnpl i ng of the in-storm wi nds up 
to heights of nearly 15 km with good spatial resolution (data spaced 1° in 
azimuth and 150 m in range). Prior to data analysis, radial velocities were 
edited to remove anomalous data resulting from weak signal (SNR < 5 dB) and 
overlaid echoes. Also to reduce as much as possible contamination of veloci­
ties by raindrop terminal fallspeeds, data within 40 dBZ contours were not 
used. When necessary, velocities were dealiased. 

The sectors over which the uniform wind components were estimated sub­
tended 30° in azimuth (primarily because of limitations on the availability of 
data) and approximately 10 km in range. For sectors this size, the maximum 
number of processed data, n, was ~ 2000. Because some data are missing after 
editing, a minimum threshold on n was set at one-half this value. In general, 

13 
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uniform wind estimates have unacceptably large variance when n decreases below 
this threshold (when processing velocity data in real-time, a minimum thres­
hold on the azimuthal extent of the data should also be imposed). 

The results of the uniform wind analysis for the two days are shown in 
sections 3.2.1 and 3.2.2. Also shown are profiles derived from dual Doppler 
reconstructed wind fields at various levels through the storms and storm 
proximity soundings. Comparisons between single and dual Doppler derived pro­
files are made to determine how well uniform winds represent the average flow 
within storms. A second comparison between rawinsonde and Doppler derived 
profiles helps determine whether in-storm winds represent the environmental 
flow. Figure 3.1 shows the relative positions of NSSL's Doppler radars and 
rawinsonde sites used for these comparisons. 

3.2 Results of the Uniform Wind Analysis 

3.2.1 June 19, 1980 

On this day, a storm first formed in west-central Oklahoma and was 
tracked on radar from 1942 to 2215 CST as it moved to the southeast (Vasiloff 
and Brandes, 1984). Early in the storm's lifetime (2016 CST) echo intensities 
were less than 50 dBZ and in-storm winds were relatively unperturbed. By 2215 
CST, maximum reflectivities exceeded 60 dBZ, peak updraft speeds were in 
excess of 60 ms- 1, and a mesocyclone had formed on the southwest flank of the 
storm both at middle and low levels. Maximum echo tops at this time were near 
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16 km AGL. Figures 3.2 and 3.3 show dual Doppler reconstructed winds within 
the storm and the reflectivity factor contours at 4 km AGLfor 2016 and 2215. 

Profiles derived from uniform wind estimates at 2016 CST for sectors 
30° x 2.5 km are shown in Figs. 3.4a and 3.4b. These figures illustrate how 
uni form wi nd est imatescan differ considerably even though they were deri ved 
from data separated by short range intervals. Although some of the variation 
between profiles can be explained by wind estimation errors, the larger dif­
ferences are the result of nonuniformities of the wind, which bias the uniform 
wind estimates to different degrees. As stated previously, bias errors can be 
reduced by selecting appropriate analysis volume geometry. However, the 
choice of analysis volume geometry must depend on the type and magnitude of 
the nonuniformities that cause these biases. Also, in many cases, variance 
errors are compromised when bias errors are reduced. Since the exact model of 
the wind field is unknown, we cannot reduce bias errors but must be aware of 
their presence. We can, however, reduce variance errors by processing datd 
over larger sectors (e.g., 30° x 10 km). 

Figures 3.5a and 3.Sb compare profiles from dual Doppler reconstructed 
wi~ds, a uniform wind analysis (single radar) over the (30° x 10 km) sector 
shown in Fig. 3.2 and the 2015 CST OUN rawinsonde (OUN is collocated at the 
Norman Doppler radar site). Figures 3.6a and 3.6b quantify discrepancies 
between the three profiles in terms of wind speed and direction differences. 

A second uniform wind analysis was performed at 2215 CST. At this time 
there was nearly 40 kmof useable data at each elevation, so for 30° x 10 km 
sectors there were four estimates of Uo and Vo in range. (The data used in 
this analysis are outside the boundary of Fig. 3.3). These estimates are 
shown in Figs. 3.7a and 3.7b. 

Comparisons similar to those in Figs. 3.5 and 3.6 are shown in Figs. 3.8 
and 3.9. A mean profile from the uniform wind estimates was obtained by ave-,. 
raging Uo and Vo over 1 km height intervals. The rawinsonde data are from OUN 
at 2215 CST. 

3.2.2 May 17, 1981 

On this day, two storms had developed in west-central Oklahoma in advance 
of a dryline! The northern cell was almost directly west and the southern 
cell southwest of the Norman Doppler. Dual Doppler coverage of both storms 
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began at 1445 CST and continued until 1525 when dual mapping continued only 
for the southern storm. 

During the first half-hour of radar coverage, the cells appeared narrow 
(each cell subtended no more than 15° in azimuth) and they were relatively 
weak. Maximum reflectivities at this time were still under 50 dBZ and updraft 
speeds approached 20 ms- 1 (Brewster, 1985). By 1535 CST, .the southern cell 
(referred to as the Tecumseh storm) had grown in areal coverage; maximum 
reflectivities were near 60 dBZ and updraft speeds were measured in excess of 
20 ms-1• Figures 3.10 and 3.11 are examples of the in-storm winds and 
reflectivity factor at middle levels of the Tecumseh storm for 1509 and 1535 
CST. 

For the first analysis time (1503 CST), the individual storm ~ells were 
too narrow in azimuthal extent for an adequate uniform wind analysis on each 
cell. Because the storms were in close proximity, we decided to use Doppler 
data from both storms to estimate the winds. The sector sizes chosen to 
encompass both storms were then quite large (70° x 10 km); however, the data 
voids between storms were near 40°. In this particular case the two cells 
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were at approximately the same range from the Norman Doppler so that the data 
had been incorporated into the uniform wind algorithm without any modifica­
tions. This technique can also be applied when storms are at different ranges 
but then data from different elevations may have to be combined to assure that 
they are from approximately the same height. The results of this single 
Doppler analysis along with dual Doppler analysis and rawinsonde are shown in 
Figs. 3.12 through 3.14. The dual Doppler wind profiles are from 1535 CST and 
the rawinsonde data come from TTS at 1516 CST (TTS is Tuttle, Oklahoma, 
located approximately 30 km west of Norman). 

By the second analysis time (1535 CST), the Tecumseh storm was large 
enough in azimuthal extent for a uniform wind analysis. These results are 
given in Figs. 3.15 through 3.17. The dual Doppler wind profiles and the 
rawinsonde data are the same as before since they were the only ones 
available. 

3.3 Conclusions 

We have shown that it is possible to profile the winds up to 10 km AGL 
with a single Doppler radar using storms as targets. To assess the accuracy 
of the uniform wind algorithm in profiling the winds, comparisons between pro­
files derived from single and dual Doppler analysis and rawinsonde were 
made. From these, questions concerning the representativeness of single 
Doppler winds to in-storm winds and in-storm winds to the environmental flow 
can be addressed. 

As a general observation, profiles from all three techniques show a cer­
tain degree of similarity. Closer examination reveals differences in wind 
speed and direction between profiles generally less than 10 ms-1 and 30° 
respectively. Such discrepancies are to be expected when one considers the 
inherent errors in each technique. For example, dual Doppler reconstructed 
winds suffer from the vertical smoothing that occurs when data are interpo­
lated to constant height surfaces. Rawinsonde winds contain uncertainties 
resulting from elevation tracking errors. The expected wind vector errors in 
rawinsonde wind measurements are discussed by Ference (1951). More recent 
work by Hoehne (1980) found 3.1 ms-1 to be the standard deviation of the 
difference between winds measured by tracking with independent systems two 
sondes suspended from the same balloons. Bias and variance errors for single 
Doppler wind estimates have already been discussed. 
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In deriving the wind profiles t not all the data were common to both 
single and dual Doppler analyses. For a good dual Doppler analysis, the two 
beams should intersect at angles between 60° and 120°. In our single Doppler 
analyses, we have not included data with reflectivities above 40 dBZ, in order 
to avoid contamination by hydrometeor fallspeeds and the perturbations 
expected near the storm core. Only when the in-storm winds are relatively 
unperturbed, as would occur in weak cells, we expect single Doppler estimates 
to agree with dual Doppler estimates. 

FinallYt important philosophical questions must be addressed: What is it 
that the measurements represent, and what is it that we would like them to 
represent? The second question is easily answered -- we know that practically 

, 
every meteorologist has interest in the wind at various altitudes. A radar 
that can measure in clear air over large range intervals would then be the 
choice instrument. In environments perturbed by storms, we believe that 
either technique (radar versus rawinsonde) would be equivalent. As a matter of 
fact, the radar might have an advantage over a rawinsonde because it can 
obtain several profiles (in various directions and ranges where cells are 
located), each of which would be an average representation of winds in a given 
region. The rawinsonde winds are representative of conditions along the 
balloon path which may be considerably perturbed in the presence of cells. 

4. ECHOES FROM CLEAR AIR 

4.1 Reflectivity of the Planetary Boundary layer (PBl) 

Experience with 10 cm wavelength radars has shown that the mixed layer 
provides enough reflectivity that, even with modest performance, these radars 
can map velocities in the PBl. The exact nature of tracers is not always 
known but generally these are refractive index fluctuations, insects, and 
debris (airborne particulates). Our observations in Oklahoma during spring, 
summer, and autumn suggest that the boundary layer during daytime provides 
ample reflectivity to make meaningful measurements, often to more than 100 km 
in range. Sometimes the echoes extend to greater heights, and limited obser­
vations during storm days suggest that good measurements are possible in the 
evenings as well. These findings are summarized in Section 4.4. We briefly 
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examine the echoes in winter associated with arctic air masses since then the 
atmosphere is most stable and there are no flying insects. Under these condi­
tions we expect the weakest echoes and thus the most demanding performance of 
the radar. We have made measurements on several days and discuss three of 
these. 

There is no single theory to explain reflectivity at a 10 cm wavelength 
that we observe in the PBL. Rather, depending on the situation, it is pos­
sible to use appropriate models and obtain order-of-magnitude effects. When 
scatteri ng is from 1 ayers, the theory in Appendi x D can be used. It requi res 
measurement of thermodynamic variables: potential temperature through the 
layer, pressure, and mixing ratio. If on the other hand scattering occurs 
throughout the depth of the mixed layer, then the reflectivity can be 
estimated from heat and moisture fluxes (Rabin, 1983). It requires measure­
ments or estimates of fluxes at the earth's surface. Direct measurements of 
fluxes have limited accuracy and can suffer from horizontal variability. In 
either case there may be insects or other point targets that may make measure­
ment interpretation more difficult. 

4.2 Case Studies - Examples of Weak Reflection in January 

We have examined Doppler spectra from very cold days in January because 
then the atmosphere is stable; hence the reflectivity from refractive index 
fluctuations is lowest. Also, after cold front passage, there are no insects 
to contaminate the measurements (of course, debris could be present). We 
present results of measurements on three cold days of January 1985. 

4.2.1 January 16, 1985 

Several spectra were collected on this day in order to test wind 
mapping in clear air and nonprecipitating clouds. A cool front passed over 
the radar site before noon. The temperature at the surface was 4°C at 0600 
CST; it dropped to 2°C at 0900 CST after frontal passage, then warmed to 7°C 
at 1500 CST, and fell back to 4°C at 1800 CST. The rawinsonde wind soundings 
from 0600 and 1800 CST (Fig. 4.1) indicate strong shear between the surface 
and 600 m and considerable variability in the first kilometer both before and 
after the front's passage. Hence, extrapolation of wind data from near the 
ground «600 m) to higher altitudes would be difficult. 
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Figuroe 4.2 .--PotentiaL temperoaturoe froom t?J)O soundings on Januaroy 16, 1985. 

The potential temperature profile at 0600 CST (Fig. 4.2) suggests the 
possibility that the surface layer and a layer at about 1 km could have 
enhanced mixing and therefore increased reflectivity. A later sounding at 
1800 CST shows that the height of the mixed layer has grown to 1.2 km. 
Sixteen spectra from consecutive range locations are shown on Figs. 4.3 -
4.6. A cold front was moving through the data collection area north of 
Oklahoma City at the time the spectra in Fig. 4.3 were collected. Thus, 
spectra from the first three range locations were produced by the southerly 
winds. The spectral widths, crv' range from 1 to 2 ms-1 and the effective 
reflectivity factor, Ze' from -17 to -14 dBZ (see Appendix E for details of 
the calculations). The bimodal spectra from the fourth to ninth range loca­
tions are produced by the cold front air that is moving toward the radar and 
by the relatively warm environmental air overriding the front as illustrated 

in Fig. 4.7. The strong spectra have widths of about 2 ms-1 and reflectivi­
ties of 0 d8Z. Spectra from the environmental flow (Fig. 4.4) are enhanced in 
a layer between 300 and 500 m, spectral widths are about 1.5 ms-1, and reflec-
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~gu~e 4.3.--Sixteen consecutive spectpa collected at 0930 CST on 
Janua~y 16,1985. The distance to the fipst mnge gate is 63.3 km as 
indicated on the display, and the gates ape 1 .2 km apapt. Heights of beam 
~ente~ above gpound (km) ape also indi~ated next to the mnges. Spectpa a~e 
in logarithmic units with 16 dB/dive The velocity scale is f~oro -34 to 34 
ms-1

J and thepe a~e ~ spectml coefficients spaced about 1 ms-1 apapt. Fo~ty 
spe~tm we~e avepaged in opdep to obtain these plots. Azimuth is 12.6° and 
eLevation is 0.4°. 

I ~gupe 4.4.--Consecutive spe~tm ~oUe~ted at 09$5 CST (see ~g. 4.$). The 
aaimuth is 165.7°, the vepti~aL s~Le is 10 dB/div, and distance to fi~st 
mnge gate is 31 km. 
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Figupe 4.5.--Consecutive spectpa coLLected at 0945 CST (see Fig. 4.3). The 
azimuth is 165.7°~ eLevation is 2°~ and distance to fipst pange gate is 5.5 
~. 

Figupe 4.6.--Consecutive spectpa coLLected at 0948 CST. Azimuth and distance 
to fipst pange gate ape as in Fig. 4.5. ELevation is 4.1°. 
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~gu~e 4.7.--Measu~ement geomet~y. Sixteen ~ange gates a~e positioned so that 
seve~aZ of them sampZe both the f~ont and the envi~onmen~aZ ai~ motion. 

tivity is -14 dBZ. At this range (30-40 km) the signal below the layer is 
weak and not readily apparent. However, closer to the radar (5-12 km in Fig. 
4.5), we see that all the mixed layer contributes to the reflections and fur­
thermore, that there are weak echoes between 700 m and 1.25 km (Fig. 4.6). We 
do not know if these are from elevated layers or clouds. We estimate the 
spectral widths to be about 0.7 m s-1 (Fig. 4.5, 4.6) and the reflectivities 
vary from -23 to -28 d8Z. The strongest reflectivity (0 dBZ) occurs at the 
frontal interface. It could also be influenced by particles made airborne by 
the wind. We compute the Cn

2 for the more typical values of reflectivities 
(-14 to -28 dBZ). From (E.7) we find Cn

2 between 10-13 •2 and 10-14 •6 m- 2/ 3• 
We have more confidence in the lower values that we observed (-28 , Ze ' -23) 
because these were measured nearer the radar (5 to 15 km) where the resolution 
volumes are much smaller and therefore more likely to be uniformly filled with 
irregularities. Therefore more representative values for cn

2 range from 
10-14 •1 to 10-14 •6 m-2/ 3• This range of values corresponds to the lower end 
of Cn

2 observed by Gossard (1977) in maritime air. 

Because the soundings are not representative of the conditions in the 
boundary layer that existed during radar operations, we cannot obtain theore­
tical values for the reflectivity nor the structure constant. 
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4.2.2 January 18, 1985 

This was also a cool day after the passage of a cold front. Winds at the 
surface were northerly (Fig. 4.8) and the potential temperature profile sug­
gests a strong but shallow surface inversion layer at 0600 CST which is com­
pletely mixed out at 1800 CST (Fig. 4.9). Clouds were present over most of 
Oklahoma during our measurements (Fig. 4.10). The spectra (collected between 
1200 and 1300 CST) suggest that the surface layer was about 200 m deep 
(Fig. 4.11a) and that there was another region of enhanced reflectivity 
extending from 400 m to about 1.2 km (Fig. 4.11b). Measured values of Cn

2 and 
reflectivity factor for these two layers are: 

Lower layer Ze = -8.5 to -11 dBZ, Cn
2 = 10-12 •6 to 10-12 •9 m- 2/ 3 

Upper layer Ze = -12.5 dBZ, Cn
2 = 10-13 m- 2/ 3• 

Because it was cloudy we expect that the strong inversion near ground did not 
erode very much by 1200 CST when the measurements were made. Therefore the 
reflectivity of the lower layer is strong and compares poorly with the theore­
tical value of -17 dBZ (C n

2 of 10-13•5 m- 2/ 3) based on the 0600 CST sounding 
(Fig. 4.9). The higher measured values can be explained by the uncertainty in 
the gradients of potential temperature, which must have been weaker at 1200 
CST. For example, if we have a gradient that is one-half the value at 0600 
CST we get a Ze = -10 dBZ. We do not have the potential temperature profile 
of the hi gher 1 ayer and hence cannot compute its refl ect i vity. 

We also used this opportunity to estimate the cloud thickness. For that 
purpose a signal was transmitted through a shrouded, vertically pointing 
antenna. Spectr~ at two different times present definite evidence of a cloud 
layer (Fig. 4.12a and 4.12b). 

At 0905 CST the layer extends between 4 and 5.5 km; surface observation 
from Oklahoma City put the cloud base height at 4 km. At 1200 CST the surface 
observation estimates the cloud base to be at 2.6 km, and we see in Fig. 4.12b 
that the radar estimated base is at 2.2 km. So on days like this, spatially 
continuous profiles of velocities could be obtained from the surface to about 
6 km. 
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.P'iJu:Y'e 4.8.--Wind 8peed and dir'eation fr'om two 8ounding8 on Januar'Y 18, 1985. 
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Figu~e 4.9.--PotentiaL tempe~atu~e f~om two soundings on Janua~y 18, 1985. 
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Figu~e 4.10.--SateLLite pieture of 
OkLahoma, Janua~y 18, 1985, at 1030 CST. 



Figu~e 4.11.--Sixteen consecutive spect~a cottected at 1221 CST on Janua~y 18~ 
1985. The ~ange to the fi~st gate is 4 km and the gates a~e spaced 1.2 km 
apa~t. (aJ Ve~ticat scate is 16 dBl div; one hund~ed spect~a we~e ave~aged in 
o~de~ to obtain ptots on this figu~e. Azimuth is 164.2° and etevation is 
·0.8°. (bJ Ve~ticat scate is 8 dBldiv; azimuth=165.6° and etevation = 3.1°. 
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Figuroe 4.12 .--Dopplero spectroa at verotical incidence. (a) Time is ·09·06 CST and 
roange gates aroe spaced 300 m aparot. The spectroal coefficient at zeroo Dopplero 
velocity has been roeplaced with the adjacent left value. Thiroty two spectroa 
weroe averoaged and the verotical scale is 16 dB/dive (b) Time is 1201 CST, 128 
SP(3ctroa weroe averoaged, and gate spacing is 600 m. 
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4.2.3 January 21, 1985 

On this day temperatures were -10°C at the surface, and winds were from 
the northwest; there were high cirrus clouds over part of Oklahoma (Fig. 
4.13), but these did not produce measurable echoes. Height profiles of wind­
speed and direction from the morning (0600 CST) sounding show considerable 
shear in the low levels, indicating again that radar measurements from near 
the ground would not extrapolate correctly to higher altitudes. Note that an 
abrupt change in speed occurs 1 km above ground, which is slightly above the 
height where radar measurements were possible on this day (Fig. 4.14). 

Doppler spectra collected at 1200 CST (Fig. 4.15) show an enhanced layer 
between 500 and 800 m. Because the antenna was pointing in the downwind 
direction, we can compare the windspeeds with rawinsonde observations. Radar 
winds varied from about 4 ms-1 to 7 ms-1• These values are about 4 ms-1 lower 
than the rawinsonde observations at 0600 CST and are equal to or greater than . 
the observations at 1800 CST. But if we average the two rawinsonde observa-
tions we obtain a very good comparison with the radar measured winds. The 
reflectivity factor and cn

2 in the middle of this layer are estimated to 
be Ze = -25.6 dBZ and cn

2 = 10-14•4 m- 2/ 3, which are comparable with the lower 

Figuroe 4.13.--Visible sateLLite pieturoe at 0930 CST on Januaroy 21, 1985. 
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Figupe 4.14.--Wind speed and dipeotion at 0600 CST and 1800 CST on Januapy 21~ 
1985. 
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Figur>e 4.15.--DoppLer> 8peotr>a on Januar>y 21, 1985. Number> of aver>aged 8peotr>a 
i8 200, eLevation angLe i8 3.1°, azimuth is 154.6°, and the 80aLe i8 4 
dB/dive The time i8 1109 CST. 
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Figur>e 4.16.--PotentiaL temper>atur>e pr>ofiLe8 at 0600 and 1800 CST on Januar>y 
21, 1985. 
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values seen on January 16th. With time, the height of enhanced reflectivity 
grew to about 1 km but the values of Ze and cn

2 did not change appreciably. 
Plots of potential temperature (Fig. 4.16) show that the inversion was very 
weak at 0600 CST near the ground and that the mixed layer extended to about 
0.8 km by 1800 CST. 

Results of the measurements for the three winter days are summarized in 
Table 4.1. Reflectivities in clear air were less than -10 dBZ and were pro­
duced by turbulent mixing of refractive index gradients. These were confined 
to a few relatively thin layers, one of which was from the ground to a few 
hundred meters. The higher layer had a weaker reflectivity (less than -20 
dBZ) and extended from about 0.5 km to an upper height that grew with time to 
about 1.2 km. Spectral widths in all cases were between 0.6 and 1.3 ms-1• 

Table 4.1.--Measured Reflectivity Facto~ of Clear Air 

Reflectivity Structure 
Range Height factor con2j~nt 

Date Time (km) (km) (dBZ) (m- } Comments 
Jan. 16 0900- 6 <0.6 -28 10-14•6 Two 1 ayers 

1000 CST 
10-14•1 10 0.7-1.2 -23 Ahead of 

cold front 

40 0.3-0.5 -14 10-13 •2 Behind the 
cold front 

Jan. 18 1200- 8 <0.2 -10 10-12 •8 Strong 
1300 CST inversion 

10 0.4-1.2 -12.5 10-13 Cloudy; 
clouds had 
measurable 

Jan. 21 1100 CST 11 0.5-0.8 -25.6 10-14•3 Cloudy but 
no measure-
able Z from 
clouds 
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Figu~e 4.17.--ReZative position of 
inst~uments used toobse~ve the 
quies~ent atmosphe~e on May 27~ 1983. 

4.3 Example of Strong Reflections on May 27, 1983 

We have conducted an experiment for the purpose of relating the radar 
reflectivity factor Z to the integrated water vapor content as measured by a 
ground-based radiometer. Results of this experiment that are pertinent to 
measurement of velocities in clear air are presented in this section. So far 
we have analyzed only one day of data. Besides the radar and radiometer there 
was a lidar at Chickasha (40 km SW of Norman) operated by the University of 
Wisconsin, and a set of rawinsonde measurements. The relative positions of 
these instruments with respect to the Norman Doppler radar are shown in 
Fig. 4.17. 

Doppler radar data collection began at 0800 in the morning, local stan­
dard time (LST), and volume scans (PPI) were collected every 30 minutes there­
after until 1600 LST. Radar parameters during this data collection are listed 
in Table 4.2 

We have calculated the equivalent reflectivity factor from histograms of 
the reflectivities in an annulus between 40 km and 50 km from the radar. 
First a modal value of the histogram was found, then three digital categories 
on either side of the peak were used for a weighted average (first moment) 
calculation. This allowed us to edit some data automatically and also to 
obtain a considerably better resolution than the 1 dB width of 'our digital 
categories for reflectivity. 
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Table 4.2.--Radar Parameters on May 27~ 1983 

Peak power 

Pulse repetition time 

Pulse length 

Beamwidth (one-way 3 dB) 

Number of samples for 
velocity (pulse pair) 
estimation 

Equivalent number of samples 
for reflectivity estimation 

Antenna rotation rate 

600 kW 

2.3 ms 

1 ~s 

64 

64 

Vertical profiles of reflectivities obtained in this manner are shown in 
Figs. 4.18a and 4.18b. Note that the lowest observation height is about 400 m 
because the lowest elevation angle was 0.40 and the average distance to the 
resolution volumes was 45 km. A 4/3 earth radius model for bending of rays in 
a stratified atmosphere was used in our calculations. The reflectivity values 
and the height profiles typify non-stormy spring days in Oklahoma. The 
gradual increase of reflectivities at all heights until about 1130 LST is most 
likely caused by the rise of the mixed layer under the influence of solar 
heating. From 1130 until about 1500 the profile develops a peak in reflec­
tivity that is slightly below the top of the mixed layer. The growth of the 
mixed layer is witnessed from the rawinsonde data (Fig. 4.19a). At 0600 the 
layer top deduced from the potential temperature is at about 300 m~ and by 
0900 it reaches 600 m. The mixing ratio profiles for this day show a definite 
increase after 1430 LST and there is a steady increase in total precipitable 
water measured by the microwave radiometer (Fig. 4.20). This may be partly 
responsible for the increase in reflectivity~ which at 10 cm wavelengths is 
influenced both by temperature and humidity irregularities. The lidar­
determined heights of the mixed layer (Fig. 4.21) are consistent with the 
rawinsondes~ and show that the thickness of the entrainment zone was about 200 
to 400 m. The location of the peak reflectivity coincides with the bottom of 
the ent~ainment zone in Fig. 4.21. We propose that this increase in 
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reflectivity is caused by the temperature fluxes that tend, later in the day, 
to build maximum value away from the earth's surface. 

However, it is instructive to compare the measured reflectivity with 
theoretical values. First we use the theory based on temperature and moisture 
flux values (Rabin 1983) and later a theory based on turbulent mixing of shear 
layers (Appendix D). Comparison with thermal flux theory is seen in Fig. 4.22 
for a ratio of sensible heat flux (H) to surface evaporation (E) (i.e., Bowen 
ratio) of e = 0.002. The theoretical curve of reflectivity versus incoming 
solar radiation (S) in Fig. 4.22 does not change for small Bowen ratios 
(e <0.02). For larger Bowen ratios the curve shifts toward lower reflectivi­
ties. The theoretical value of reflectivity shown in the figure is an upper 
limit because we have assumed that all incoming solar radiation is transformed 
into fluxes (i.e., S = H + E), mostly moisture flux. Thus, reflection and 
long wave radiative loss from the earth's surface are neglected, as well as 
heat diffusion into the earth. The general trend of the measured reflectivity 
at 500 m agrees well with the theoretical model. This reinforces our belief 
that the mixed layer driven by solar fluxes is mainly responsible for the 
reflectivity through fluctuations of the refractive index. This finding does 
not exclude contribution from insects, which may also be distributed 
throughout the mixed . layer. Reflectivity change at two heights in Fig. 4.23 
definitely demonstrates the connection with solar radiation. As expected, the 
maximum at a height of 1 km lags (by about 2 hours) the maximum at 0.5 km. 

Calculated values of cn
2 and reflectivity from the theory of turbulent 

breakdown of shear layers (see Appendix 0 for calculation details) are listed 
in Table 4.3 for three different times and four discernible layers. 

A quick comparison with measured values in Fig. 4.18a reveals that the 
computed effective reflectivity factors from strong layers are generally 
higher. However, the spread of cn

2 values is just too large for a definite 
conclusion. Because the mixing ratio profile (Figure 4.19b) is very noisy we 
have also used the average gradient of the mixing ratio (2 g kg-1 km-1) over 
the 1 km depth to compute the Cn

2• Using this smaller value of the mixing 
ratio gradient means that most of the contribution to cn

2 comes from the 
potential temperature gradient. We see that the agreement is better and that 
the theoretical values of the reflectivity factor are about 2-3 dB lower than 
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Table 4.3.--Computed Reflectivity Factor and cn
2 on ~1ay 27, 1983 From 

Rawinsonde Data 

Stat ion OKC OKC SNL SNL 

Time (LST) 6 6 9 13 

Mean height (m) 250 500 500 900 

Cn 
2 (m- 2/ 3)* 9.8 x10-14 3.7 x 10-13 1.7 x 10-13 1.1 x 

Reflectivity factor -12.1 -6.3 -9.6 -1.7 
(dBZ)* 

Cn 
2 (m- 2/ 3) t 9.3 x 10-14 5.1 10-14 5.9 x 10-14 4.6 x 

Reflectivity factor -12.3 -14.9 -14.3 -15.4 
(dBZ)t 

*) From maximum gradients of mlxlng ratio 
2 g kg-1 km-1 t) From an average gradient of mixing ratio of 

.10-12 

10-14 

measurements because the moisture contribution has been neglected. Nevertheless, 
if there were no other mechanisms controlling the reflectivity (for example, 
clouds), the layers would be detectable since they have larger Cn

2 than the ones 
measured during the three winter days. 

Our measured reflectivities (Fig. 4.18a and b) at 500 m above ground imply a 
cn

2 between 10-12 •8 and 10-13 •4, and we have no evidence of distributed layers 
either from rawinsonde or radar measurements. Furthermore, later soundings do 
not shm'l isolated layers. So if refractive index irregularities dominate the 
scattering process they must be associated with temperature and moisture fluxes 
originating at the ground. Note on Fig. 4.22 that our measured reflectivities 
are below the upper limit imposed by a realistic Bowen ratio. Even though 
convective mixing can account for the reflectivity as witnessed by the similarity 
of the data to the theoretical curve in Fig. 4.21, we must bear in mind that 
enhanced convection will also bring more insects to higher altitudes. Thus the 
trend of reflectivity increase with time would be the same for both mechanisms 
(insects or refractive index fluctuations). 

There are two factors that point toward significant contribution from 
insects. First, the reflectivity profiles with height (Rabin, 1983) based on 
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increased insect distributions should fall exponentially (linearly on the log 

scale) just as is the case for most of our profiles. Second, (a) our values of 
Cn

2 inferred from measured reflectivity are at least two orders of magnitude 
higher than values measured with an FM-CW radar by Chadwick and Moran (1980); (b) 
they are two orders of magnitude higher than the ai rcraft measurements of Ochs 

and Lawrence (1972); (c) they are about two orders of magnitude larger than 
Gossard1s (1977) estimates based on radiosonde measurements; and (d) about one 

order of magnitude larger than values in the center of an inversion measured with 
a spaced refractometer by Bean et al. (1971). 

An example of a velocity azimuth display (VAD) for this day is shown in Fig. 
4.24. The data used were in the range interval from 40 to 50 km. Altogether 45 

consecutive (in range) velocities were averaged along each radial. To eliminate 
outliers, only those velocities within 12 m s-1 of the modal value were 

averaged. The least-squares fit was made to the zeroth, first, and second har­

monic over the 3600 circle. The wind profile from such a VAD is shown in Figs. 

4.25a and 4.25b. Winds from three nearby rawinsondes (see Fig. 4.17 for 

locations) are a1so included, and we note a very good agreement between all these 
instruments. 
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F~gu~e 4.24.--A veZocity azimuth dispZay (VAD) on May 27, 1983. Data fo~ this 
d1"spZay we~e coZ Zected between 1 51 0 and 1 5.3 5 LST. The smooth cu~ve is a 
Zeast-squa~e8 fitted 8um of th~ee ha~onic8. 
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4.4 Summary of 1983 Experiments 

The Interim Operational Test Facility (IOTF) of the National Weather Service 
conducted a test in the spring of 1983 in Norman, Oklahoma. One of the 
objectives was to obtain from the VAD the vertical profiles of wind. Altogether 
there were 24 operational days in April and May and 18 days in June. These 
observations were conducted between 1200 and 2100 CST. On 3 out of the 24 days 
in April and May (after cold frontal passages) the reflectivities were below -15 
dBZ so that reliable winds at 1 to 2 km above ground could not be obtained. In 
June, winds through the boundary layer were always obtainable. During these 
tests pulse pair derived velocities were analyzed, which, at low signal to noise 
ratios, are more prone to contamination by ground clutter and point targets. If 
spectral processing were used, we believe that we would have obtained profiles of 
winds in the boundary layer on these days as well. 

Another noteworthy observation was that the days of little echo were also 
fair weather days. Strong low-level winds brought stronger signal. All the low­
level jets that occurred were detectable. The average difference between the VAD 
and the rawinsonde winds was less than 1%. On most days, wind velocities were 
measured reliably to about 4 km above ground level with little or no cloud cover 
present. 

4.5 Measurements at Wallops Island 

Measurements made in the early seventies at Wallops Island are in accord 
with our findings. The Wallops Island radar has a 60 ft diameter antenna and 
peak power of 3 MW, which translates to a power-aperture product that is about 17 
times larger than the one for the Norman radar. The wavelength is also 10 cm, yet 
observation of reflectivities on an RHI display (Fig. 4.26) show layers extending 
to 4 km and no more. Actually at the earlier time there seems to be only one 
layer at 8 km and the rest are below 1 km. Later in the day the layers appear at 
most heights below 4 km and are especially strong at 4 km and below 1 km. 
Recently, NSSL scientists repeated measurements at Wallops Island and used 
coherent processing (pulse pair) to display velocity fields in an RHI format. 
Again there was no echo above 6 km but the radar did not operate at peak 
sensitivity. We must conclude then that measurements between 1 and 4 to 6 km are 
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Figupe 4.26.--RHI display of pefle~tivity on 2 June 1970 fpom Wallops Island 
rodaP. The height ma"f'k is at 6.1 km and "f'ange ma"f'ks ape 9.3 km apan. (a) at 
0735 CST; (b) at 1335 LST. 
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not always possible. At higher altitudes they may be rare if the radar 
wavelength is 10 em. 

5. CONCLUSIONS 

It has been our experience from the limited measurements in Oklahoma and 
Colorado that radars with a 10 em wavelength will always measure some echo to 
about a few hundred meters above ground. These weak echoes are from refractive 
index irregularities and are weakest in winter months and when the atmosphere is 
very stabl e. In order to measure winds under these conditi ons it is necessary to 
employ Doppler spectral analysis. We have shown examples of Doppler spectra from 

which values of the structure constant c~ and effective .reflectivity factor Ze 
were calculated. The Ze ranged from -10 to -28 dBZ in January and could be 
expl a i ned wi th the theory of turbul ent mi xi ng of 1 ayers. Refl ect i vi ty factors in 
the spring are typically larger than -15 dBZ and for the one case analyzed could 
be explained by convective mixing of humidity and potential temperature 
gradients. The presence of insects is also Significant during the warmer months 
in Oklahoma. Until recently we had no independent means to discriminate between 
insects and refractive index fluctuations. However, a radar having dual 
polarization capability may help us to discriminate between the two mechanisms. 

It is important to note that during warmer months measurements are possible 
through the bounda ry 1 ayer and very often above it. The presence of a 1 oW-l evel 
jet (2 to 4 km above ground) was always detectable. 

Our results for 10 cm wavelength radars cannot always be extrapolated to 
shorter wavelengths. If turbulence is in the inertial subrange and all other 
radar parameters are equal, then signal to noise ratios are proportional 
to ,,5/3 for clear air. If particles are scatterers, the proportionality is ,,-2 • 

To extrapolate our clear air data to a wavelength of 3 cm would require tur­
bulent eddies of size Aj2 = ,1.5 em to be in the inertial subrange. It is not 
known how often this is the case in the planetary boundary layer. As a matter of 
fact not enough data are available for us to ascertain how often turbulent eddies 
of size 5 cm are in the inertial subrange above the boundary layer. Our own 
experience and that of others is that there may be intermittent layers below 6 km 
within which there are energetic eddies that produce echoes for 10 em radars. 
Most often, turbulence,on scales of 5 cm at these heights is in the dissipative 
regime so there are no detectable echoes or there are big gaps between layers. 
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Thus, routine measurements above the boundary layer at centimeter wavelengths are 
not possible and other means must be sought to make such measurements. 

One possibility is to take advantage of other natural scatterers. This 
prompted us to examine the occurrence of precipit~tion and clouds in the 
continental U.S.A. Overall, 38% of the time there are enough clouds to allow 
measurements to at least 3 km. There is scattered light precipitation 12% of the 
time, and the remaining 26% of the time rain is reaching the ground somewhere 
nea r the rada r. 
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APPENDIX A 

TABLES OF RADAR ECHO 

A.1 Climates1 for the Six Stations 

Sacramento - Mild climate with an abundance of sunshine year-round. 
Cloudless skies prevail during the summer and also largely during the spring and 
autumn. The summers are dry with warm days. During the winter "rainy season" 
(December through February) over half of the annual precipitation falls, yet rain 
in measurable amounts occurs only on about 10 days each month. 

Amarillo - Wide-ranging climate with large departures from normal precipita­
tion and large and rapid temperature changes, especially, in winter. Amarillo 
generally has cool winters and warm summers. Three-fourths of the annual preci­
pitation falls between April and September during thunderstorm activity. 

Minneapolis - Continental climate with wide variations in temperature, ample 
summer rainfall, and scanty winter precipitation. f4inneapolis generally has very 
cold winters and mild summers. 

Kansas City - Climate similar to that of Minneapolis. However, it is not as 
cold in winter and warmer in summer. 

New York - A mild climate with continental influence predominating although 
oceanic influence is by no means absent. Since weather systems approach from the 
west, New York City experiences higher temperatures in summer and lower ones in 
winter than would otherwise be expected in a coastal area. Precipitation is 
moderate and distributed fairly evenly throughout the year. Most of the rainfall 
from May to October is from thunderstorms. 

Key West - Tropical marine climate with long, warm summers and mild 
winters. The marine influence is evidenced by the low daily range in 
temperature. During summer and autumn, rainfall is abundant with fairly dry 
conditions occurring dJring winter and early spring. 

1From Ruffner and Bair (1977) 
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Tables of Radar Echo Frequency Data 

Table A.!, Percentage frequency of radar echnp.~ within 100 nautical miles 
of the radar si te for January. An * refers to probabilities 
less than 0.1%. 

Height (kft above sea level) 

STATION 0-4.9 5-9.9 10-14.9 15-19.9 20-24.9 25-29.9 30+ 

Sacramento 23.4 23.4 22.9 15.6 6.8 1.7 0.5 

Santa Catalina 16.4 15.7 7.1 2.8 0.4 * * 
Missoula 40.0 40.0 32.8 9.8 0.6 0.1 * 
Minneapolis 24.7 24.4 20.2 9.6 1.9 0.2 * 
Des Moines 22.6 22.6 18.7 9.6 2.4 0.3 0.1 

Chicago 33.7 25.4 1~.2 6.1 1.4 0.5 0.2 
Detroit 36.2 34.6 25.5 12.7 3.5 0.5 0.1 
Kansas City 25.2 25.2 23.3 13.4 5.0 0.7 0.4 
St. louis 24.8 24.8 22.8 12.4 3.7 1.8 1.2 
Wi cnita 16.9 16.9 15.8 12.0 5.7 0.7 0.1 
Amarillo 12.5 12.5 12.3 8.8 3.1 0.3 * 
Oklahoma City 11.7 11.6 11.4 7.0 3.1 0.7 0.1 
Little Rock 28.0 28.0 24.5 18.3 8.9 3.2 1.6 
Fort Worth 20.6 20.6 19.4 16.5 9.0 3.0 0.5 
lake Charl es 40.2 40.1 38.8 32.3 25.5 13.1 7.2 
New Orleans 40.3 40.3 38.6 33.3 24.3 10.5 6.4 
Gal veston 36.8 36.7 34.6 28.5 20.2 10.9 4.9 
Brownsville 18.6 18.6 15.4 8.1 2.5 0.4 0.2 
Evansville 33.5 32.1 25.3 15.1 4.5 1.9 0.9 
Cincinnati 35.4 34.5 28.9 18.0 7.8 2.2 0.7 
Buffalo 65.6 53.9 21.2 10.0 3.1 0.3 * 
New York 41.7 41.6 38.8 29.1 13.4 3.3 0.8 
Atlantic City 36.3 36.2 33.1 25.5 10.5 3.2 0.4 
Washington 37.2 37.1 34.8 25.8 17.0 4.8 0.4 
~H 1 mi ngton 37.8 37.8 31.6 22.6 11.2 3.1 1.2 
Charleston 39.1 39~0 37.7 31.6 19.1 6.9 3.3 
Daytona 44.9 44.9 42.1 35.0 22.3 10.3 2.6 
Apalachicola 34.9 34.7 34.2 29.0 19.6 9.6 3.7 
Tampa 43.4 43.3 40.1 31.4 19.9 9.2 3.0 
Miami 56.6 56.5 52.3 37.5 18.5 6.6 1.7 
Key West 58.5 58.5 55.8 42.8 23.5 11.0 4.3 
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Table A.2. Percentage freyuency of radar echoes for Apr; 1. 

Height (kft above sea level) 
STATION 0-4.9 5-9.9 10-14.9 15-19.9 20-24.9 25-29.9 30+ 

Sacramento 31.8 31.8 31.7 27.3 17.5 5.6 1.2 
Santa Catalina 17.4 17.1 14.1 7.4 4.8 1.7 0.4 
Missoula 43.7 43.7 42.7 24.8 7.3 1.6 0.5 
Minneapolis 44.1 44.1 41.8 32.9 19.2 9.6 5.3 
Des t~oi nes 49.7 49.7 47.7 41.1 27.8 17.6 12.3 
Chicago 35.1 35.0 31.9 23.7 15.8 9.4 5.6 
Detroit 42.4 42.4 38.2 28.3 14.2 7.7 4.5 
Kansas City 44.7 44.7 44.3 41.4 30.5 21.4 14.9 

St. Louis 44.4 44.4 43.7 39.9 28.2 18.2 11.3 

Wi chita 35.4 35.4 35.4 34.6 28.5 19.8 13.6 

Amari110 20.1 20.1 20.0 18.5 12.3 7.4 3.5 
Oklahoma City 29.6 29.6 29.6 28.5 22.7 17.1 13.6 

Little Rock 42.8 42.7 42.2 39.2 32.4 21.9 14.7 

Fort Worth 34.9 34.9 34.8 33.5 30.2 23.8 18.4 

Lake Charl es 39.0 38.9 37.8 34.5 29.4 20.5 14.1 

New Orleans 44.9 44.9 44.6 42.1 35.9 27.3 20.1 

Gal veston 26.3 26.3 26.3 23.6 20.3 15.2 10.0 

Brownsvill e 15.6 15.6 14.7 12.5 8.7 5.6 3.5 

Evansville 53.8 53.5 49.2 38.0 19.5 11.3 6.8 

Ci nci nnat i 49.2 49.2 45.6 32.6 20.3 13.7 8.9 

Buffalo 50.0 49.9 34.5 20.7 8.4 2.5 1.2 

New York 48.3 48.2 46.0 38.3 24.6 9.7 3.3 

Atlantic City 38.1 38.0 36.0 31.5 20.4 5.8 2.3 

Washington 42.7 42.7 40.9 32.4 21.2 9.2 3.3 

Wi 1 tOi ngton 40.2 39.9 36.2 25.7 15.9 8.3 4.0 

Charl eston 42.5 42.5 41.8 38.7 27.6 16.1 9.1 

Daytona 32.7 32.7 30.8 25.3 18.2 12.1 8.2 

Apalachicola 23.8 23.8 23.7 20.5 15.3 10.0 7.6 

Tampa 25.2 25.2 24.9 21.2 17.3 11.3 8.2 

Miami 56.5 56.4 52.8 41.9 27.3 18.5 13.3 

Key West 50.8 50.8 49.2 40.4 25.7 15.8 9.4 
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Tabl e A.3. Percentage frequency of radar echoes for July. 

Hei ght (k ft above ~~~ __ 1 e~~ n __ 
STATION 0-4.9 5-9.9 10-14.9 15-19.9 20-24.9 25-29.9 30+ 

Sacramento 13.2 13.2 13.2 13.2 13.1 10.8 7.6 

Santa Catalina 3.0 3.0 2.9 2.2 1.2 0.3 0.1 

r~i ssoul a 43.7 43.7 43.5 41.3 35.8 25.2 17.1 
Minneapolis 49.6 49.6 49.6 48.8 43.8 31.4 22.9 
Des Moines 50.1 50.1 49.8 49.4 45.7 36.8 27.3 
Chicago 34.9 34.8 34.1 31.6 25.8 18.5 14.6 
Detroi t 46.7 46.7 46.2 44.9 37.6 26.1 16.8 

Kansas City 52.2 52.2 52.2 52.0 49.3 41.7 32.5 
St. Louis 47.1 47.1 47.1 47.1 44.0 35.8 25.1 
Wi chita 52.8 52.8 52.7 52.5 50.9 42.6 29.7 
Amari 11 0 54.5 54.5 54.5 54.2 52.3 43.3 ". ",-r. U 

Oklahoma City 43.0 43.0 43.0 42.9 40.0 31.5 23.0 
Little Rock 54.2 54.2 54.1 53.8 51.3 44.5 35.4 
Fort Worth 32.1 32.1 32.1 32.1 31.2 27.0 20.7 
Lake Charles 59.8 59.8 59.8 59.4 57.5 53.1 44.5 
New Orleans 79.8 79.8 79.7 79.2 76.8 68.7 58.3 
Galveston 51.5 51.5 51.5 51.3 48.8 41.3 33.1 
Brownsville 38.7 38.7 38.6 35.8 27.4 17.0 9.5 
Evansville 52.2 52.2 51.7 49.2 40.3 28.5 20.7 
Cincinnati 51.8 51.8 51.3 49.1 41.8 33.6 24.0 
Buffalo 45.9 45.9 44.8 39.1 29.8 19.3 13.5 
New York 51.3 51.3 51.0 87.5 44.9 35.9 24.0 
.l\tl ant i c City 43.1 43.1 42.3 41.0 35.8 26.9 17.5 
Washington 52.9 52.9 52.4 48.2 39.3 26.8 17.0 
Wi 1 mi ngton 70.0 70.0 68.7 60.5 50.3 37.3 25.3 
Charleston 75.7 75.7 75.5 73.9 68.6 59.7 47.2 
Daytona 83.7 83.7 83.7 82.0 76.5 65.6 52.5 
Apalachicola 81.1 81.1 81.0 79.6 75.2 64.7 53.6 
Tampa 90.1 90.1 90.1 88.8 84.1 75.9 65.2 
Miami 91.6 91.6 91.5 90.7 87.0 76.3 62.5 
Key West 87.8 87.8 87.7 86.6 82.2 72.1 58.6 
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Table A.4. Percentage freguencL-Qf rada r echoes for October. 

Height (kft above sea level) 
STATION 0-4.9 5-9.9 10-14.9 15-19.9 20-24.9 25-29.9 30+ 

Sacramento 25.0 25.0 24.4 22.5 16.4 6.2 1.2 
Santa Catalina 11.8 11.4 9.8 7.0 3.1 0.6 * 
Missoula 36.2 36.2 35.8 29.8 9.5 3.2 1.0 
Minneapolis 23.9 23.9 23.1 18.9 10.0 4.3 1.8 . i 

I 
Des Moines 25.7 25.7 25.6 23.2 17.7 11.1 7.0 
Chicago 25.1 24.8 19.9 13.4 7.8 3.4 1.3 
Detroi t 36.2 36.1 31.7 23.2 13.2 6.0 2.4 
Kansas City 26.9 26.9 26.8 24.7 17.3 8.5 5.2 
St. Louis 26.9 26.9 26.S 24.9 17.0 9.7 3.4 

Wichita 20.5 20.5 20.5 19.3 15.4 10.2 5.0 

Ama ri 11 0 13.6 13.6 13.6 13.6 12.6 8.2 4.1 

Oklahoma City 17.2 17.2 17.2 16.4 13.4 9.7 5.5 

Little Rock 25.1 25.1 24.9 22.6 15.2 10.1 7.1 

Fort W·orth 22.3 22.3 22.2 21.9 19.6 15.3 10.6 

Lake Charles 33.1 33.1 33.1 32.5 28.6 22.5 15.1 

New Orleans 37.2 37.2 37.1 36.0 31.2 23.5 15.5 

Galveston 33.6 33.6 33.6 33.0 30.0 23.0 15.7 

Brownsvill e 54.1 54.1 53.9 46.5 31.4 16.4 8.9 

Evansville 27.5 27.5 26.7 22.8 12.S 6.6 3.1 

Cincinnati 26.9 26.9 26.1 23.0 14.9 7.7 4.2 

Buffalo 29.8 29.7 22.7 10.8 4.3 1.0 0.3 

New York 35.2 35.2 35.2 32.0 21.9 10.4 5.0 

Atlantic City 26.7 26.7 24.8 20.7 13.4 6.1 1.9 

~Jashi ngton 29.0 29.0 28.6 24.7 16.4 6.9 2.7 

\~i1mington 38.3 3S.3 37.3 27.7 16.8 8.8 4.2 

Charleston 39.7 39.7 38.8 34.3 26.0 18.8 13.6 

Daytona 58.9 58.9 57.8 53.5 42.2 30.5 19.6 

Apalachicola 23.7 23.5 22.4 20.0 16.4 11.0 7.1 

Tampa 45.1 45.0 43.6 36.9 28.0 17.8 10.3 

Miami 78.9 78.9 77 .9 72.7 65.9 51.8 34.5 

Key West 81.1 S1.1 SO.7 77 .2 67.3 51.7 36.3 
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Table A.5. Diurnal Variations in Radar Echo Frequencies. 

.1anuary ----_._---- --.---.--~. 

Station 1-3 4-6 7-9 10-12 13-15 16-18 19-21 22-24 LST -
Sacramento 20.B 20.5 21.2 20.8 25.6 26.3 27.6 27.6 

Ama ri 11 0 12.9 12.2 12.2 11.6 10.2 10.8 14.4 15.8 

Minneapolis 1B.3 16.5 24.3 29.9 28.5 30.7 27.4 21.9 

Kansas City 20 21 20 23 25 22 21 22 

New York 45.9 40.6 44.1 43.3 42.4 39.2 3B.0 40.1 

Key \~est 57.3 57.7 62.2 67.3 65.7 55.4 50.7 52.0 

April 

Sacramento 27.4 26.7 25.9 27.5 36.4 41.B 39.2 30.0 

Ama ri 11 0 20.4 15.6 17.1 14.9 16.4 27.0 25.7 23.3 

Minneapolis 43.2 37.5 43.6 50.2 45.0 4B.9 44.9 40.1 

Kansas City 39.B 41.5 46.3 45.5 50.0 49.0 46.9 39.8 

New York 41.1 42.7 43.5 45.B 50.4 53.2 57.3 52.2 

Key West 43.1 52.1 53.0 56.8 5B.2 51.5 48.3 44.0 

July 

Sacramento 6.8 6.9 6.6 10.1 22.7 2B.9 12.2 6.3 

Amarillo 50.9 42.3 40.3 38.3 53.5 74.0 73.8 62.4 
Minneapolis 45.9 49.4 52.1 47.7 57.0 55.5 47.6 41.5 
Kansas City 48.7 57.3 58.7 56.3 53.7 60.4 43.4 40.1 
New York 45.5 41.6 43.0 46.3 59.7 64.1 57.6 51.8 
Key West BO.8 85.5 85.1 88.8 94.1 96.7 92.7 78.5 

October 

Sacramento 23.1 24.1 24.7 19.9 24.9 33.3 26.0 23.7 
Amari 11 0 11.5 11.5 12.2 12.0 13.7 17.6 16.8 13.6 
Minneapolis 23.3 18.5 22.9 20.5 24.9 27.4 27.3 25.B 
Kansas City 25.1 24.8 28.6 25.7 22.7 28.0 30.5 29.3 
New York 34.2 33.3 32.9 32.1 37.8 42.7 35.8 32.4 
Key West 78.8 82.0 81.8 83.1 83.0 80.9 82.4 76.8 
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Table A.6. Radar echo coverage probabilitie~ for a six station sample. An * 
refers to erobabilities less than 1%. 

SACRAMENTO 

Januarl 

Echo 
Coverage % 1-3 4-6 7-9 10-12 13-15 16-18 19-21 22-24 1-24 LST 
0 79 80 79 79 74 74 72 76 77 

1-30 6 8 6 6 6 6 9 7 6 
31-70 4 6 4 8 6 8 8 8 7 
71-100 10 8 11 8 13 12 10 9 11 

April 

0 73 73 74 72 64 58 61 70 68 

1-30 8 8 7 8 13 14 13 9 10 

31-70 8 5 7 4 7 10 15 13 9 

71-100 12 14 12 15 18 19 10 7 13 

~ 

0 93 93 93 90 77 71 88 94 87 

1-30 4 7 5 11 21 24 9 4 11 

31-70 1 1 2 * 4 3 * 1 2 

71-100 2 1 0 0 0 0 2 2 1 

October 

0 77 76 75 80 75 67 74 76 75 

1-30 10 8 6 5 12 14 7 7 9 

31-70 8 11 10 4 6 9 7 5 7 

71-100 6 6 7 11 8 12 11 10 9 
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Tabl e A.6 (continued) 

AMARILLO 

Januarl 

Echo 
Coverage I 1-3 4-6 7-9 10-12 13-15 16-18 19-21 22-24 1-24 LST 
0 87 88 88 88 90 89 86 84 88 

1-30 6 6 8 5 4 5 4 6 5 

31-70 3 5 3 3 4 5 7 5 4 

71-100 4 2 2 4 3 3 4 5 3 

April 

0 ' 80 84 83 85 84 73 74 77 80 
1-30 13 11 15 10 9 18 15 16 14 
31-70 6 5 4 4 5 6 7 7 6 
71-100 1 1 * 2 4 5 3 2 2 

~ 

0 49 58 60 62 46 26 26 38 46 
1-30 23 24 25 28 34 40 42 38 32 
31-70 15 12 10 8 17 21 22 15 15 
71-100 12 8 7 3 5 13 9 11 8 

October 

0 88 88 88 88 86 82 83 86 86 
1-30 6 6 5 7 6 11 10 7 7 
31-70 5 '3 6 1 4 5 4 5 4 
71-100 2 4 3 5 3 4 4 2 3 
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Table A.6 (continued) 

MINNEAPOLIS 

Januart 

Echo 
Coverage % 1-3 4-6 7-9 10-12 13-15 16-18 19-21 22-24 1-24 LST 
0 82 84 76 70 72 69 73 78 75 

1-30 8 6 7 6 6 4 6 4 6 

31-70 4 4 6 10 8 7 7 4 6 

71-100 8 8 12 15 16 21 15 14 13 

April 

0 57 62 56 50 55 51 55 60 56 

1-30 11 9 13 15 12 14 10 14 13 

31-70 12 13 10 9 11 13 12 11 11 

71-100 21 18 21 25 22 22 23 17 21 

Jult 

0 54 51 48 52 43 44 52 58 50 

1-30 25 24 22 22 32 25 25 25 25 

31-70 12 17 16 16 9 16 10 9 14 

71-100 10 9 16 12 16 11 13 9 12 

October 

0 77 82 77 80 75 73 73 74 76 

1-30 11 6 11 12 9 10 13 13 11 

31-70 5 8 5 5 5 7 6 5 5 

71-100 8 6 8 5 11 12 10 10 8 
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Table A.6 (continued) 

KANSAS CITY 

Januar,l 

Echo 
Coverage ~ 1-3 4-6 7-9 10-12 13-15 16-18 19-21 22-24 1-24 LST 

0 80 79 80 77 75 78 79 78 78 

1-30 4 5 4 4 11 3 5 3 5 

31-70 4 5 6 7 5 6 5 6 5 

71-100 13 12 11 11 9 13 13 13 12 

April 

0 60 58 54 54 50 51 53 60 55 

1-30 16 16 14 17 18 19 17 16 17 

31-70 14 18 16 14 18 16 19 14 16 

71-100 11 10 18 17 16 15 13 12 14 

Jul,l 

0 51 43 41 44 46 40 57 60 48 

1-30 21 25 27 29 31 43 33 26 29 

31-70 17 20 18 16 12 9 8 11 14 

71-100 11 14 16 13 11 10 4 5 11 

October 

0 75 75 71 74 77 72 70 71 73 
1-30 10 13 15 11 7 10 17 9 12 

31-70 6 5 7 10 7 11 10 10 8 
71-100 9 9 6 4 9 8 5 8 7 
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Table A.6 (continued) 

NEW YORK 

January" 

Echo 
Coverage % 1-3 4-6 7-9 10-12 13-15 16-18 19-21 22-24 1-24 LST 
0 54 59 56 57 58 61 62 60 58 

1-30 12 10 16 17 18 12 14 18 15 

31-70 12 12 11 9 7 13 9 8 10 

71-100 22 20 18 18 19 14 17 16 18 

A~r11 

0 59 57 56 54 50 47 43 48 52 

1-30 15 14 13 17 13 11 17 18 14 

31-70 11 11 13 10 14 15 23 13 14 

71-100 15 17 16 18 24 28 18 19 19 

~ 

0 54 58 57 54 40 36 42 48 49 

1-30 25 25 22 25 25 25 30 32 26 

31-70 13 12 12 10 17 23 13 10 14 

71-100 10 7 10 13 20 18 15 11 13 

October 

0 66 67 67 68 62 57 64 68 65 

1-30 12 17 18 14 14 18 16 13 15 

31-70 8 8 8 9 11 10 9 9 9 

71-100 12 6 8 10 12 15 11 9 10 
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Table A.6 (continued) 

KEY WEST 

January 

Echo 
Coverage ~ 1-3 4-6 7-9 10-12 13-15 16-18 19-21 22-24 1-24 LST - -
0 43 42 38 33 34 45 49 48 42 

1-30 23 20 26 28 39 30 28 23 27 

31-70 22 22 24 23 15 15 16 19 19 

71-100 14 16 14 15 13 12 9 11 13 

A~ril 

0 57 48 47 43 42 48 52 56 49 

1-30 20 28 31 39 42 38 31 26 32 

31-70 12 12 13 10 8 12 11 7 10 

71-100 11 12 8 6 6 2 7 11 8 

July 

0 19 14 15 11 6 3 7 22 12 

1-30 22 21 15 21 24 35 35 27 24 

31-70 16 23 25 25 30 35 27 19 25 

71-100 44 42 47 44 41 29 31 34 40 

October 

0 21 18 18 17 17 19 18 23 19 

1-30 13 13 18 23 21 22 23 15 19 

31-70 26 27 31 33 28 26 26 31 29 

71-100 38 43 35 29 35 34 31 32 34 
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Table A.7. Average number of clear, cloudy and precipitation days per year. 

City Clear1 Cloudy2 No. Yrs. 3 Prec i p. 4 
(at a et.) 

Bi rmi ngham, AL 99 154 (32) 118 
Mobil e, AL 100 146 (27) 124 

Flagstaff, AZ 168 100 (26) 75 

Phoenix, AZ 213 70 (38) 34 

Little Rock, AR 121 147 ( 33) 104 

Eureka, CA 78 188 (65) 118 

Fresno, CA 202 93 (26) 44 

Los Angeles, CA 185 74 (33) 34 

Sacramento, CA 190 102 (27) 58 

San Diego, CA 151 . 98 (35) 41 

Colorado Springs, CO 129 114 (27) 86 

Denver, CO 115 116 (41) 88 

Hartford, CT 76 178 (2l) 128 

Wil mi ngton, DE 94 164 (28) 116 

Washington, DC 102 158 (27) 112 

Miami, FL 76 117 (26) 129 

Daytona Beach, FL 93 135 (32) 115 

Atlanta, GA 108 146 (41) 116 

Chicago, IL 91 168 (33) 123 

Indianapolis, IN 90 174 (44) 123 

Des Moines, IA 102 168 ( 26) 106 

Topeka, KS 112 156 (29) 95 

New Orl eans, LA 109 134 (27) 114 

Ca ri bou, ME 57 207 (34) 160 

Boston, MA 99 161 ( 40) 128 

Detroi t, MI 80 177 (32) 131 

Duluth, MN 75 186 (27) 135 

Jack son, MS 108 151 (12) 113 

St. Louis, MO 101 160 (27) 110 

Helena, MT 82 180 (35) 96 

Omaha, NE 113 147 (40) 100 

Las Vegas, NV 216 66 (27) 24 

Albany, NY 71 184 (37) 135 

Buffalo, NY 56 204 (32) 168 

New York, NY 107 133 ( 42) 121 

Asheville, NC 99 157 (11 ) 129 
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Oklahoma City, OK 140 

Portland, OK 69 

Philadelphia, PA 91 

Providence, RI 102 

Charleston, SC 102 

Rapid City, SO 110 

S i ou x Fall s, SO 105 

Memphis, TN 118 

Amari 11 0, TX 161 

Da 11 as, TX 140 

El Paso, TX 196 

Houston, TX 93 

San Antonio, TX 110 

Sa lt Lake City, UT 128 

Burlington, VT 58 

Richmond, VA 103 

Seattle, WA 56 

Spokane, WA 90 

Charleston, WV 58 

Milwaukee, WI 96 

Cheyenne, WY 107 

Average = 110.5 

Standard Error = . 39.4 

128 

229 

160 

161 

151 

142 

156 

150 
. 100 

132 

71 

166 

136 

132 

203 

55 

228 

189 

190 

169 

131 

149 

37.4 

1 number of days when cloud cover is 0.3 or less 
2 number of days when cloud cover is 0.8 or more 
3 number of years used to compute data 

(27) 

(27) 

(30) 

(30) 

(30) 

(30) 

(30) 

(30) 

(30) 

(30) 

(30) 

( 30) 

(30) 

(30) 

(30) 

(30) 

(30) 

(30) 

(30) 

( 30) 

(30) 

4 number of days when measured precipitation is 0.01 inches or greater 

71 

82 

153 

116 

125 

115 

95 

107 
107 

68 

79 

45 

108 

80 
88 

152 

114 

161 
115 

149 
123 

97 

105.6 

32.8 

I 
I 
I 
~ . 
I 
.' 
I 



APPENDIX B 

MAXIMUM UETECTION RANGE OF WEATHER RADAR 

The back scattered signal power received from a resolution volume at range 
ro is expressed as [Doviak and Zrnic ' , 1984J 

1T 510 -1 7 g 2 P t (W) R. 
2 

R.r 's ( ).IS ) 91 
2 ( d e g ) 1 Kw 12 Z e (mm 6 m - 3 ) 

6.75 x 214m2 r
0
2(km) ,,2(cm) 

(B.1 ) 

where Pr is the average received power, Pt is the transmitted peak power, R. is 
path attenuation including waveguide losses, !r is receiver loss due to finite 
bandwidth, LS is pulse width, 91 is the one-way 3 dB beamwidth of the antenna, 
g is antenna gain, "is wavelength, and Ze is the effect~ve reflectivity 
factor. The symbols in parentheses indicate the units of measure. 
IKwl2 = 0.93 is a constant. 

For a circular aperture antenna we can approximate the 3 dB one-way 
pattern beamwidth 91 with 

9 - 1.27>-
1 - D ( ra~ians) (B.2) 

where D is the diameter of the aperture. To obtain a relation between maximum 
detection range rm and power aperture product (PtA),we define a quantity Pz 
as the ratio of minimum detectable signal Pmin and reflectivity factor Ze; 

Pmin(mW) 
log [ 6 -3 ] 

Ze(mm m ) 
Pz (dB) = 10 (B.3) 

= N (dBm) + SNRmin(dB) - Ze(dBZ) 

where N is the noise power and SNRmin is the minimum signal-to-noise ratio for 
measurement. 

An empirical R~Ze relation of the type 

Z = 200 R1.6 
e (B.4) 

can be used to relate rainfall rate R(mm hr-1) to the reflectivity factor. 
The antenna gain is expressed as 
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where A is the aperture area and na is the aperture efficiency. A typical 
value for the aperture efficiency of an antenna with -25 dB sidelobe levels is 
0.58. 

For a properly designed radar system, the loss in waveguides, radome, 
etc. is of the order 6 dB. Assuming a matched receiver, a loss of 2.3 dB can 
be expected in the receiver. The loss due to atmospheric path attenuation is 
small (~0.5 dB) when the propagation medium between the resolution volume and 
the radar antenna has little precipitation. At shorter wavelengths (A<3 cm) 
path attenuation increases, thus affecting the maximum detectable range. In 
our calculation we neglect this path loss. Using a total system loss of 8.3 
dB, aperture efficiency of 0.58 and pulse width of 1 j.JS we arrive at a rela­
tion between rm and PtA. Substituting (B.2), (B.3) and (B.5) in (B.1) we have 
the maximum detection range as 

1.21 x 10-16 PtA (kW.m2) 

rm = [ A4(m) 10(0.1 x Pz) 
J1/ 2 (km) (B.6) 

Figures B.1, B.2, and B.3 show the dependence of rm on the power aperture 
product PtA at 10, 5, and 3 cm. Pz is shown as a parameter. The relations 
(B.3) and (B.4) are combined in Fig. B.4 to facilitate easy calculation of Pz 
as a function of rainfall rate R and minimum detectable signal by the 
receiver. As an example, consider a radar that operates at a wavelength of 10 
cm and has a 10 m diameter parabolic dish with peak power Pt = 100 kW. We 
find PtA • 10-4 ~ 0.78, and if the noise level is at -110 dBm and SNRmin = -0 
dB we find from Fig. B.1 that a cloud with a reflectivity of 10 dBZ would be 
detected up to about 100 km in range. A cirrus cloud with a reflectivity of 2 
dBZ would be detectable only to about 45 km. 
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APPENDIX C 
LEAST-SQUARES FIT OF RANGE-AVERAGED VELOCITIES 

For radial velocity data processed within a sector, the least-squares 
estimates of the uniform wind components are 

[i:] 
~~ ~r 2 2 1 

~ ~ sin ~o cos 8 0 

= i j 1 eJ 

~~ ~r 2 
~ ~ sin~icos~ocos 81

0 

i j 1 eJ 

t.~ t.r" ~ o 1 
~ !: v,ooSln<pocoS8 0 

o 0 J 1 eJ 
1 J 
t.~ t.r,. 
o 0 1 J 1 eJ , J 

-1 

x 

(C.1) 

~ !: v 0 0 cos <po cos 8' o~ 

Assuming a flat e~rth and no beam bending, ~ is independent of range (i.e., 
of j) and constant (and equal to 8e) so that (C.1) can be rewritten as 

M 0 2 
!: s, n ~i 
i 
M 
~ sin <Pi co s <Pi , 

t.~ 

~ sin <Pi cos <Pi , 
M 2 
!: cos <Pi 

-1 

si n ~i 
(C.2) 

co s <Pi 

t.r 
where vi = n~l~ vij • Therefore, estimates obtained from processing range 
averaged veloc~ty data along an arc (C.2) are equivalent to those obtained 
from processing data within a sector (C.1) if the earth's curvature and beam 
bending can be ignored and u is sufficiently small so that effects of verti­
cal wind shear can be ignored. 

Because the earth is spherical and radar beams are refracted, a suffi­
cient and necessary condition for (C.1) and (C.2) to be approximately equal is 
that 8c be nearly constant over the averaging interval. Evaluating (3.1) for 
typical values of r, Be' and assuming a 4/3 effective earth's radius 
model, ec is on the order of 5 x 10-3 radians. (Typical values are r = 50 km 
and 8e< 10°.') For a symmetric averaging interval of length t.r, the maximum 
variation of Bc from its value at the midpoint of the averaging interval is 

aec 
so - t.r/2 ar 
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which, for an averaging interval of length 10 km is on the order of 10-4 

radians. Because relative changes in ~ are small (,2%), to a good approxima­
tion 6c can be considered constant and equal to its value at the center of the 
averaging interval. 
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APPENDIX D 

STRUCTURE CONSTANT FROM TURBULENT MIXING IN SHEAR LAYERS 

We briefly explain calculations of the cn
2 for turbulent layers. The 

pertinent formula can be found in Doviak and Zrnic (1984, Eq. 11.149) and it 
reads 

where K,(KH ~ 1 when shear is the main turbulence genera~or, T1 is the mean 
temperature of the turbulent layer, and c is the eddy dissipation rate. For 
light turbulence s is about 3 x 10-3 m2s-3• Rf is the flux Richardson number 
taken to be 0.25, and a2 is a dimensionless constant between 3.2 and 4. The 
acceleration due to gravity is g, and the quantities d<3>/dz and d<~>/dz are 
the gradients of potential temperature and potential refractive index at the 
height of observation. This last quantity can be written as 

(0.2) 

where Pwo = Pw(Po/P) is the potential water vapor pressure, P is atmospheric 
pressure, Po = 1000 mb, and Pw is the water vapor pressure. Pw is related to 
the mixing ratio m by 

P = mP (b) w m+0.622 m ar (0.3) 

Height profiles of 6 and m provide all the information needed to evaluate 
(0.1). We identified layers from obviously large changes in a with height and 
have used the center of a layer to evaluate the gradients. 
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APPENDIX E 

ESTIMATION OF THE REFLECTIVITY FACTOR AND THE STRUCTURE 
CONSTANT FROM DOPPLER SPECTRA 

If the weather signal has Gaussian spectrum shape and the receiver noise 
is white, the reflectivity factor can be estimated as follows: 

First one must determine the signal to noise ratio (SNR): 

where a is the distance between spectral peak and the noise level, va is the 
unambiguous velocity and crv is the spectrum width (Fig. L1). From the 
width, ~, of the spectrum 4.3 dB below the peak we find 

(E.2) 

Now the radar equation (Appendix B) with the parameters from Table E.1 yields 

Ze(dBZ) = 10 log Pr(mW) + 20 log r(km) + 70.4 (E. 3) 

From E.1 and the known noise power (-114 dBm) the received power becomes 

4.3Is I 
a (dB) 

NOISE 

IIIIIIIEE:---.------ 2 va ---------....;~~I 

~gu~e E.l.--A Gaussian signaL speat~um in white noise. Measu~abte quan­
tities a and t:. a~e indiaated;. va is the unambiguous veLoaity. 
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10 log Pr(mW) = SNR - 114 (E.4 ) 

so that 

Ze(dBZ) = SNR + 20 log r(km) - 43.6 (E.5 ) 

The effective reflectivity factor Ze can be related to the structure con­
stant cn

2 by means of the equation for unit volume reflectivity (i.e., cross 
section per unit volume): 

where all units are in the MKS system. So for Ze in dBZ, IKwl 2 = 0.93, 
a nd A = 0.1 m we get 

TABLE E.1--Norman radar parameters 

Transmitted power Pt 

Antenna ga in g 

One-way (3 dB) beamwi dth 91 
Pulse length '! 

Wavel ength A 

Waveguide and radome losses l 
Receiver filter loss 

Pulse repetition frequency Ts 

80 

750 kW 

46.8 dB 

0.80 

1 ~ 

10.52 cm 

4 dB 

2.5 dB 

76811S 

(E.6) 

(E.7) 
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