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FM-CW RADAR OBSERVATIONS IN NORTHEASTERN COLORADO 
COMPARED WITH RAWINSONDE-MEASURED PROFILES 

OF REFRACTIVE INDEX

K. Cossard, R. Chadwick and D. Wolfe 
NOAA/ERIi/Wave Propagat ion Laboratory

ABSTRACT

This report deals primarily with a long period during which 
the FM-CW radar and a RAWINSONDE station were operated side-by-side 
in the NHRE program in 1974. The RAWINSONDE station and the FM-CW 
radar were colocated at Sterling in northeastern Colorado. Three 
balloons a day were launched while the radar operated in a vertically 
pointing, non-Doppler mode.

It is concluded that the radar is a reliable detector of 
elevated refractive layers. In fact it provides a better estimate 
of the height and persistency of such layers than do balloon sound­
ings because layers undulate and the refractive index distribution 
is often transient and patchy. Single balloon sounding data cannot 
provide the important persistency information.

Insects are shown to be an important contaminant in the radar 
observations. It is demonstrated that insect targets are adequately 
separated from the clear-air returns if the range resolution of 
the radar is good (typically 3 m in the case of the Sterling ob­
servations). This ability is needed in biogeographical areas 
such as the U.S. Midwest if the clear-air elevated layers of 
meteorological interest are to be distinguished from insect layers.
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1. INTRODUCTION

In this report radar backscatter from the optically clear air is compared 
with the meteorological structure as measured by RAWINSONDE. The radar used 
was a frequency-modulated, continuous-wave radar (Richter, 1969) with a 
Doppler capability to sense wind velocity (Strauch et. al, 1975: Chadwick 
et al., 1975). This report describes backscatter data acquired while the 
radar was operated for four weeks in a vertically pointing mode alongside 
a RAWINSONDE station that launched balloons 3 times a day at 07-08,
12-13, 15-16 MST. It is the longest continuous period of side-by-side 
data so far obtained. In addition, two well documented cases of frontal 
inversion layers recorded at Boulder, CO are included.

The strength of the backscattered signal from such a radar, pointing 
vertically, is clearly related to the turbulent structure and stratifica­
tion of the atmosphere (Richter and Gossard, 1970). It is obviously de­
sirable to establish this relationship as quantitatively as possible.
Potential applications include the use of radar backscatter to improve the 
height resolution and accuracy of the radiometric retrieval of refractive 
index profiles and to sense remotely the presence of elevated refractive 
layers that may cause radio and radar ducting or excessive tropo-scatter 
capable of jeopardizing the performance of secure military systems. In 
this report radar observations are compared with balloon soundings taken at 
about the same time at Sterling, Colorado.

2. OBSERVATIONS

The radar observations were acquired in a vertically pointing mode 
and, in this report, only range vs backscattered power are considered.
The radiosonde observations were a special series of soundings made during 
the National Hail Research Experiment in 1974 at Sterling in northeastern 
Colorado. We have plotted temperature, wind speed, wind direction and 
potential refractive index (J>. The potential refractive index can be ex­
pressed in terms of the potential temperature 0 and potential vapor pressure
e as follows:P



77 ft 4810e
4) = L!~ (1000 + --j—E) (1)

0where 0 = T(1000/p) * , e^ = (1000/p)e, T is temperature in Kelvin, e is
vapor pressure in millibars and • p is pressure in millibars. Potential 
refractive index is then related to the modified refractive index N - 
(n-1) x 10^, where n is refractive index, by (see Appendix A).

<f> = e0,714 [N f(Z) + 71.95(Z/H)e"Z/H] (2)

7where f(Z) - 1 - 0.286 -- ... and H is the local scale height of atmospheric 
density.

The quantity (f> is of interest because, like potential temperature, 
it is a quantity that is conserved in air parcels that are undergoing 
adiabatic motion. Much of the dynamic and kinematic formulation for the 
transport of heat and moisture can therefore be applied directly to poten­
tial refractive index.

3. DISCUSSION

Insects

From the radar records it is immediately clear that insects are a major 
source of radar return at the time of year when these observations were 
made. Therefore, such biological targets are an important concern for many 
applications in the U.S. midwest. Insects in this area become airborne 
at temperatures above about 10°C (50°F).

Examples of radar return from insects are shown in Figs. 1, 2, 3 and
4. The observations in Figs. 1, 2 and 3 were acquired on the night of 19 
July 1974. We have chosen this particular record from many others with 
comparable numbers of insects because of the interesting wave event on the 
nocturnal inversion displayed by the insects. The wave event displayed by 
the insects is very similar to that reported by Gossard and Richter

2



(1970) from clear-air returns and shows the same nonlinear wave shape. The balloon 
sounding was taken at 0655 Mountain Standard Time the following morning, and it is 
shown with the record in IMg. 3. The insect distribution in the early portion of 
the record suggests that the insect population, whose source is presumably the 
surface, is strongly confined to the surface layer by the strong thermal stratifi­
cation; although there are insects above the surface layer, the relative numbers 
above the inversion become greater as the night progresses. There is in fact some 
suggestion in waves 4, 5 and 6 of Fig. 1 that the waves may play a role in entrain­
ing insects (or rather projecting them) into the region above the inversion. As 
the night progresses the insect population near the surface decreases, leaving 
a substantial elevated layer of insects apparently bearing little relation to the 
temperature profile revealed by the balloon sounding at 0655 MST (during lowest 
frame of Fig. 1). No attempt has been made to correct for the larger volume inter­
cepted by the beam at greater heights nor to account for the fact that the side-by- 
side transmit and receive antennas used in this type of radar have beams that only 
partially intercept near the ground because of their spatial separation. The 
record summarized in these figures suggests that insects may produce elevated 
layers of radar return unrelated to the temperature-humidity structure at the 
time, and any radar without resolution good enough to resolve the individual 
insect point targets will not be reliable as a tool to aid radiometric retrieval 
in some geographical areas; they may, in fact, lead to mis-interpretation unless 
judgment is exercised. This was probably a major problem with the PHOENIX data 
when the FM-CW radar was not operating at high resolution.

Often the insect targets and clear-air return occur in the same record, as 
seen in Fig. 4. Human judgment can then distinguish the clear-air return at a 
height of 1400 meters from the discrete (and sometimes diffuse) return from the 
insects. But such a separation would be extremely difficult to automate.

Figure 4 shows an afternoon case in which insects dominate the return, al­
though a clear-air return associated with the capping inversion seen in the 
balloon sounding appears at the upper edge of the insect layer. Superficially, 
this record looks much like the nighttime record of Fig. 1, but the scale in 
Fig. 1 is 0-750 m whereas that in Fig. 4 is 0-3000 m. In Fig. 4 the insects are 
being convectively mixed more-or-less uniformly through the whole depth of the

3



0145-0730 MST (0245-0830 MDT) 19 July 1974

t A

' > a* :*&//'
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Figure 1. Example of point targets, that are probably insects, typical of many 
summer nights in the U.S. midwest. Note the non-linear gravity waves dis­
played by the insects near the beginning of the series. The trochoidal shape 
shows that the waves are very long compared with the layer depth (see Gossard 
and Richter, 1970). In the third frame from the top a series of Kelvin- 
Helmholtz shear instability features are seen, resembling breaking waves. Note 
elevated layer of insects that begins to form in frame 4 and the suggestion 
in the records that the insects are being entrained into the layer above the 
inversion at least partially by the wave motions. The resulting elevated 
layer of insects is not associated with a corresponding elevated layer in 
the temperature/humidity structure (see sounding in Fig. 3).

4



Fi
gu

re
 2

. D
et

ai
l 

of
 f

ir
st
 f

ew
 w

av
es

 o
f 

Fi
g.
 1.

 Wa
ve

 p
er

io
d 

is
 9 

mi
nu

te
s.



6

Fi
gu

re
 3.

 De
ta

il
 o

f 
ra

da
r 

re
co

rd
 n

ea
r 

ti
me
 o

f 
ba

ll
oo

n 
so
un
di
ng
. T

ai
l 

on
 v

el
oc

it
y

po
in

ts
 (

ci
rc
le
s)
 i

nd
ic

at
es

 w
in

d 
di

re
ct

io
n.
 Fo

r 
no

rt
h 

wi
nd

 t
ai
l 

is
 s

tr
ai

gh
t 

up
.



m oj »-

(UJ>|) *H

\wm

Fi
gu

re
 4

. R
ec

or
d 

fr
om
 1

22
9 

- 
12
49
 M

ST
 o

n 
af

te
rn

oo
n 

of
 1

4 
Ju

ne
 1

97
4 

sh
ow

in
g 

di
st

ri
­

bu
ti
on
 o

f 
in
se
ct
s 

in
 d

ay
ti

me
 c

on
ve

ct
io

n 
bo

un
da

ry
 l

ay
er
. R

ao
b 

re
le

as
e 

12
25
 M

ST
.

7



planetary boundary layer. It is perhaps significant that the insects reveal 
very little evidence of any entrainment through the capping inversion.

Convective Boundary Layer Capping Inversion

Figures 5, 6, 7, 8 and 9 show a clear relationship between the height of a 
layer of radar backscatter and a substantial negative gradient in potential re­
fractive index.

Figure 11 is marginal. The radar record suggests a patch of clear-air return 
about 1/3 of the way through the record at a height that may correspond with the 
lower shaded layer on the sounding of (J>. Toward the end of the record (left-hand 
side) a patch of clear-air return may represent the capping inversion shown as the 
upper shaded region on the sounding. Clearly the momentary structure of the time 
of balloon launch determines what the raob looks like in this case, and in this 
case the balloon probably passed between the regions containing layers.

Figure 10 shows examples of the convective domes so characteristic of the 
clear-air FM-CW radar returns previously described by Gossard et al. (1971) and 
Richter et al. (1974) and also seen in the Wallops Island records (in a quasi­
horizontal pointing mode) reported by Konrad (1970). In these cases, it is clear 
that the radar provides a better picture of the height and variability of the 
capping layer than does the balloon which provides only an instantaneous nsnap shot."

Figures 11 and 12 reveal in detail the way insects are swept up and entrained 
into convective features and illustrate the complexity that must characterize any 
analysis of such features using a radar with lesser resolution. The presence of 
insects contaminates the radar returns in such a way that predictions of wavelength 
dependence based on Bragg backscatter are seriously in error. Particulates such as 
insects produce a A ^ wavelength dependence for backscattered power, if they are 

Rayleigh scatterers, whereas clear-air Bragg backscatter should have a dependence 
of about A

Frontal Inversions

Figures 13-19 deal with cases recorded at Boulder, Colorado when frontal 
discontinuities were important features in the atmosphere above the radar. The
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case shown in Fig. 14 has been studied in detail previously, and an analysis of 
the Doppler velocity spectra through and above the inversion layer was carried out 
by Gossard et al. (1978) to obtain the profile of turbulent dissipation rate (e) 
shown on the ligure. Turbulent energy dissipation rate (e) is calculated from the 
re lalion

e = 6~lf0ir/1,35 A(1 - Y2/15)]3/2 (3)

where 2 26 = a, y = l-(b/a) for b/a < 1
<$ = b, y2 = ^[1—(n/b)2] for a/b < 1.

The quantities a and b are the (Gaussian) beamsize and range cell size respectively, 
and o^ is the variance of the longitudinal velocity component within the pulse 
volume obtained from the observed width of the Doppler velocity spectrum. Using 
this expression for e, the height gradient of refractive index within elevated 
layers can be measured with a Doppler radar as shown in Appendix B.

In this report we emphasize the enhanced backscatter from the elevate layer 
in Fig. 14. The radar obviously does an excellent job of detecting and monitoring 
the height of this type of atmospheric layer because of the large contrast in tem­
perature and humidity across the layer that leads to a correspondingly large gradient 
in radio refractive index, <p. The synoptic situation for this event is shown in 
Fig. 15.

Figure 16 shows an event similar to that in Fig. 13 with prominent buoyancy 
waves on the inversion layer. The synoptic situation is shown in Fig. 17, and the 
similarity of the two cases is striking. The wave event is presently the subject 
of case studies, but for present purposes we emphasize the distribution of C 2

4>across the inversion layer and the relation of the radar backscatter to the gra­
dient structure. (The horizontal streaks are ground clutter and the occasional 
vertical streaks are probably birds in the beam.)

This case was also recorded on an acoustic sounder (SODAR) and the record for 
the interval from 0630 - 0740 MST (0730-0840 MDT) is shown in Fig. 18. The wave 
event is clearly recorded in the CT2 structure seen by the SODAR as well as the 
C4> structure observed by the radar. From the SODAR record it is possible to

17



2calculate C^, and from the radar record C can be calculated. It is readily
shown (Gossard, 1978) that

2a 2ab C2
Te * (4)

In Eq. (1)

7.76 x 10
e2 + 7.46 x 10

5 i
b = 3.73 x 10~

e2
where 0 is potential temperature and e^ potential vapor pressure. For the tern-
perature and humidity at the time this case was recorded, a =1.2, b = 4.6. C2

Tedepends on the cross-covariance of temperature and humidity (Gossard, 1960).

From the acoustic and radar observations CT 2 and 2 can be calculated. They
are shown in Fig. 19 for "typical*1 profiles through the records of Figs. 15 and
17. Note that such "typical" profiles differ significantly from the average pro-

2files as shown by the solid curve of superimposed on the typical profile in 
Fig. 18.

From Eq. 4, can be deduced if the correlation between temperature and
humidity is known. For the case of 18 September the gradients of temperature and
humidity are large and of opposite sign within the inversion layer. Therefore,
it seems reasonable to suppose that mixing will create perturbations that are
strongly negatively correlated. Assuming a correlation of -1, C 2 can be calcu-

2 2 ebated from the observed values of C. and C . The results are. shown with the 
2 . r 1C values in the left frame of Fig. 18. This is possibly the first measurement 

2of in the atmosphere.

These data provide convincing evidence that clear air radars are able to 
detect reliably the important frontal type of layer structure when there are sub­
stantial contrasts in temperature and humidity across the front.

Conclusions

The radar is a reliable detector of elevated refractive index layers. In 
fact it provides a better estimate of the height and persistency of such layers

18



than do balloon soundings. The persistency is especially important because it 
allows transient and random apparent layers to be rejected. The one-shot balloon 
sounding cannot provide persistency information.

Insects can be an important contaminant to the records and must be reliably 
identified and rejected in geographical areas such as the U.S. Midwest.
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Appendix A

For purposes of relating the refractive index to atmospheric physics, 
the most useful refractive index parameter is the potential refractive 
index (J) which is more-or-less analogous to potential temperature and poten­
tial vapor pressure. In fact it is related to them as

<|) = 77.6
0

4810e
(iooo +.-e---) (1A)

R/C
where 0 = T (1000/p) ^ is potential temperature and e^ = e (1000/p) is
potential vapor pressure*. The temperature T is in Kelvin and the pressure p 
and the vapor pressure e are in millibars. Thus the potential quantities 
are the values of temperature, vapor pressure and refractive index character­
izing an unsaturated air parcel if it were taken adiabatically from its 
level in the atmosphere to the 1000 mb level. These quantities are thus 
conserved during motions that are adiabatic, and they are useful because 
short-term (a few hours) atmospheric movements can usually be considered 
adiabatic.

Therefore it is useful to express the refractive index and refractive index
2structure constant in terms of (j) and C, . Flavel and Lane (1962) have derived

*

a relationship between $ and N as a function of pressure, This is done
simply if we recall that

77.6 , , 4810eNN = —— (p + —“—) (2A)

analogous to (1A). Then dividing (1A) and (2A)

<j> = N e°‘714(l + 4810 e/p0)/(l + 4810 e/pT) (3A)

Then, writing 0 in terms of p and T, cf) is expressed in terms of pressure, 
temperature and N. However, we are often given temperature and humidity 
as functions of height, so the Flavel and Lane expression is inappropriate.

* R/C^ = 0.286 where is specific heat at constant pressure.
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However writing the denominator of (8A) as TN/77.6 it is evident that

,1000. '7 77.6 . . 4810c .1000,
* = ( p > r l|5 +“f“ ( p' ^

-.286

Combining the hydrostattc equation,

dp - - pg dz (4A)

with the equation of state,

P - |f (5A)

-2where p is density, g = 9.8 m s is gravitational acceleration and R =
22.87x10  2-1-1 m s deg is the (dry) gas constant, we readily find that

d(£n P) = “ dz .

Therefore

1000 (g/RT)(z zo)
----- = e (6A)P

where T is the value of T logarithmically averaged over the interval
z-z and z is the height at the 1000 mb level. Thus we define a function 

o of(z) such that

1000 ~~* ^86 _ i _ 1
(i^uu) = i - 0.286 (g/RT (z-zo) +~ [0.286 (g/RT) (z-zq)r ... S‘.f(z-)

which converges quickly because 0.286 ~ (z-z^) is fairly small (i.e.,
< 0.29) for heights less than about 9 km. The next term in the expansion 
would contribute less than 0.4 of one percent at a height of 7.5 km.

Finally, assuming an exponential density distribution of scale height 
H, equation (5A) gives
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= (p/RT)Po e
-z/H

so

9]1 =

3z g dz - (RT/H) p e"z/H 
o

or

H = RT (7A)

is the scale height for the height interval z-z . Therefore, in terms of N, 
H(T) and height z

$ = e°'714z/H [N f(z) + (77.6)(0.286)(p/T)z/H] .

However from (5A) P/T = Pq R e"z/H - 3.23 e_z/H for soundings at Denver 
(p - 850 mb) assuming the 1000 mb density p - 1.13xl03 gr m"3. (One
•* -2 A _o Omillibar is one dyne cm = 10 dynes m ). Therefore

<P = e0,714z/H[N f(z) + 71.95(z/H)e z/H] (8A)

and

ff = H 1e°’714z/H[f(z)H || + 71.95(l-z/H)e z/H - 0. 286N(0.286z/H)]+0.714H 1<j> (9A)

To develop an expression for C1 in terms of C^, note that the perturba­
tion <j>' is related to N’ as

<f>' d<f = |f dN

so from eq. (2A)

M, 0.814z/H .N'e f(z)

*
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Therefore

„ 2 l.A28z/H ,2 , v _ 2 . (10A)C = e f (z) C(jj n
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Appendix B.

A very general expression for is

2 2 -1/3
CA = a e e, (J) o <p

(IB)

where e is kinetic energy turbulent dissipation rate and E^ is rate of destruction 
of variance. The corresponding relation for temperature was given by Corrsin 
(1951). However, except under free convection which should not be relevant to 

elevated layers,

e - -«'«• (1 - *f> (2B)

and
Gd> ” - ^ W (3B)

where primes denote perturbation quantities, w is vertical velocity and is 
(flux) Richardson number. However, in terms of eddy coefficients

u!wf = -K 3u/3z 
m

<j)?wf = - 3<J>/3z (4B)

so from (IB) (see e.g., Ottersten, 1969; Gossard, 1977)

a V1'3 K,(|4)2o cp d z

If the mixing of momentum and the passive potential quantities is governed by 
similar physics, as is a good assumption in stable elevated layers, the Prandtl 
number is approximately unity so

K ~ K = - u’w1 (3u/3z) = c/(3u/3z) (1 - R^) •
(pm 1

(5B)

Then using Eq. (3)

2 = 1^35_A 
3z; 2

a o

,2/3 C±
(3u/3z)2 ?

---- (1-R )(]-Y /15) .°11 f
(6B)
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All quantities on the right-hand side ot (6B) can be measured by Doppler radar 
except There is now considerable evidence that - 0.25 within elevated layers
producing clear-air backscatter (Gossard et al. , 1970, Bean et al., 1972)*. There­
fore there appears to be little ambiguity in Eq. (6B) . Panchev (page 245) gives 
A = 1.35 + 0.06 as the best value for A. Gurvich et al. (1967) conclude that

o 2a - 2.8, while Wyngaard et al. (1971) find aQ - 3.2. We suggest A = 1.35 and 
2a = 3 as probable best estimates.
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