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Letters

A Quantitative Comparison of the Refractive Index
Structure Parameter Determined from Refractivity

Measurements and Amplitude Scintillation
Measurements at 36 GHz

medium between scale sizes 10 (inner scale of turbulence) and
Lo (outer scale of turbulence). In the scale range 10 to Lo,
the refractive index will have a structure function given by:

Dn(r)= [n(r1)- n(r1 +r)]2 C2r2I3 10< r <Lo (1)
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Abstract-Results are presented of the determination of the atmo-
spheric refractive index structure parameter C2,, deduced from ampli-
tude scintillation measurements made on a 36-GHz radio link and also
from refractivity measurements using a turbulence probe. These mea-
surements were made in a town environment (central London) and
covered a range of atmospheric conditions. The two methods of mea-
surement give good agreement, particularly in convective conditions,
and provide further experimental evidence of the applicability of Tatar-
ski's wave propagation theory in a turbulent medium to millimeter
wavelengths.

I. INTRODUCTION
The use of millimeter wavelengths for civil and military pur-

poses for both active and passive systems is receiving increasing
attention and the ability to predict the effects of atmospheric
turbulence on these systems is of considerable interest. The
use of millimeter wavelengths for atmospheric remote sensing
is also of interest to the meteorologist. Millimeter wave fluc-
tuations depend on the refractive index structure parameter
C2, the wavelength of the signal, and the path length. It is
useful to be able to correlate directly measured meteorological
parameters with their effects on radio wave propagation al-
though, in practice, it is often only possible to monitor these
parameters directly at a single or a few locations along the
path of a link.
This paper extends a previous preliminary study [1] to a

range of atmospheric conditions and compares values of Cn,
derived from the scintillations occurring at 36 GHz on a 4.1-
km path across central London, with directly measured values
of C2 obtained at a single location at the receiving end of the
link. The direct measurements were made by a turbulence
probe [21 which provides simultaneous values of tempera-
ture, water vapour pressure, and wind speed and direction
fluctuations.

II. THEORETICAL BACKGROUND
A. Measurement of C2 From the Amplitude
Scintillations of an Em Wave

The effect of atmospheric refractive index fluctuations on
electromagnetic waves has been studied theoretically by Tatar-
ski [3]. He assumed a locally homogeneous and isotropic
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where r is the separation between two points in the medium.
Tatarski showed that the log amplitude variance (U2) of the
amplitude scintillations of a plane wave propagating through a
turbulent medium, in which the refractive index fluctuations
obey the two-thirds law, is given by

a2 = 23.39C2k7I6L 116(db2), Lo >VAT > lo (2)
where X is the wavelength, L the path length, X - is the first
Fresnel zone size of the link, and k is the wave number 27r/X.
The validity of the above inequality was tested for all the ex-
periments by calculating, from the refractivity temporal spec-
tra, the minimum frequency of the inertial subrange which ap-
proximately represents the input scale of the turbulence. To
avoid possible errors in the calculation of the input scale (Lo),
the autocorrelation function method [4] was used. The two
methods, however, produced similar estimates.

B. Cn Measurement Using an Atmospheric Probe

Assuming the two-thirds law (inertial subrange), the one-
dimensional spectral density function of the refractive index
is

Vn(K) = 0.124C2K-5/3 (3)

where K is the spatial wavenumber. In order to relate the one-
dimensional spectral density function to the temporal spectral
density function Wn(f) which is measured in practice, use is
made of Taylors hypothesis of "frozen turbulence" [5]. The
temporal spectral density function of the refractive index can
then be expressed as

Wn(f) = 0.0367C2fn 213 (4)
where f is the spectral frequency and V is the mean wind ve-
locity of the path. In practice the one-sided spectral density
function Sn(f) is calculated and this is related to Wn(f) by

Sn(f) = 2W(f), 0<f <00

Hence
= 2/3

C2n 13.62 V fSn(f)

(5)

(6)

The refractivity N is related to the refractive index n and the
basic atmospheric parameters by [61

6 77.6 ( 4810e
N- (n - 1).106 T~ V+ T (7)

where T is the temperature in degrees Kelvin, P is the atmo-
spheric pressure in mbars, and e is the partial water vapour
pressure in mbars. e is normally calculated using the differ-
ence between the dry and wet bulb temperature (T - T') from
the relation

(8)10(94051 2353)1e = ta0t94051 _ 23spe 0p666 (T - T m)

assuming that the atmospheric pressure is I 000 mbars.
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Fig. 1. Chart record of the 36-GHz link amplitude scintillations for the
period between 09.00 and 21.00 on October 7, 1979.
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III. EXPERIMENTAL ARRANGEMENT AND RESULTS

The vertically polarized 36-GHz millimeter wave link is 4.1
km long and is over central London with almost one-third over
a park and the rest over and between tall buildings with a min-
imum path clearance in excess of the first Fresnel zone of
5.8 m. The average height of the link is 50 m above ground
level. Details of the system used are given elsewhere [71 . The
direct meteorological measurements were obtained from an at-
mospheric probe located at the receiving end of the link at
University College. In this work the probe was used to mea-
sure the dry and wet bulb temperatures, with a frequency re-
sponse of approximately 1 Hz, wind speed, and wind direc-
tion. The full details of the probe are given by Asimakopoulos
et al. [2]. Data processing was carried out on line with the
Modular I Computer and also, as a back-up facility, data was
recorded on a multichannel FM tape recorder. Spectra were
obtained using a Fast Fourier Transform (FFT) over 24 seg-
ments each of 256 data points sampled at 0.5-s intervals.
To produce an estimate of C2 using (6), it is necessary to cal-

culate the spectral density of refractive index at a frequency in
the inertial subrange. In practice an average value of C2 was
calculated from estimates obtained from the values of the re-
fractive index spectral density at four different frequencies
within the inertial subrange.
The refractive index structure parameter C2 varies signifi-

cantly depending on the time of day and season. Solar heating
of the ground, which initiates convective heating, causes C2 to
increase to a maximum value at early afternoon. Values of C2
and hence the amplitude scintillations reach their maximum
during the summer. A chart record of the diurnal variations of
the scintillations are shown in Fig. 1, where the effect of this
behavior on the amplitude scintillations can be clearly seen.
The comparison studies reported in this paper were carried

out over a five month period during the summer and winter of
1979, under different meteorological conditions. Mean values
of the probe and link estimates of C2, together with some de-
tails of the prevailing meteorological conditions are given for a
few typical examples in Table I. For convenience the results
are classified into two groups corresponding to convective and
stable conditions.
For all of the experiments, frequency spectra of tempera-

ture, water vapor pressure, and refractive index variations were
obtained. These clearly showed, in both convective and stable
atmospheric conditions, a -5/3 frequency dependence (e.g.,
Fig. 2). The outer scale of turbulence estimated from the re-

10

* * . AS_l

10 10 100
f (Hz )

6, 6 Fig. 2. Average spectrum of the refractive index for weak convective
4.2 conditions on October 22, 1979 (Run 5).
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Fig. 3. Time histories of C2 estimates for convective conditions from
the turbulence probe (s) and 36-GHz link (o) between 14.04 and
14.56 GMT on October 7, 1979 (Run 4).

fractive index spectrum is 100 m, which is much greater than
the first Fresnel zone size of 5.8 m (v'X7), which is a neces-
sary condition for the application of (2). This spectrum will
be discussed further in the following section. The atmospheric
stability was determined using the uo2 method [8].

IV. CONVECTIVE CONDITIONS

An example of an experiment under convective conditions is
illustrated in Fig. 3, (Run 4, Table 1), which shows the time
series comparison of C2 estimates, obtained from the probe
and link measurements. The mean wind speed was of the
order of 4 m/s with a direction along the propagation path.
The figure clearly shows that the estimates of CA in each case
follow similar trends and are in reasonable agreement, with
mean values of 6.6 X 10-14 m-2/3 from the link and 6.2 X
10-14 m-2/3 from the probe respectively. It should be noted
that the values obtained from the link are a path integrated
measurement, while the values from the probe are a point
measurement. Fig. 4 shows the average spectrum of the link
scintillations for Run 4 (Table I). The - 8/3 slope at the high
frequency end of the scintillation spectrum which character-
izes the scattering mechanism in a locally homogeneous and
isotropic medium [4] is clearly illustrated. The refractive in-
dex fluctuations spectrum for this case is similar to the spec-
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Fig. 4. Average spectrum of 36-GHz link scintillations for convective
conditions on October 7, 1979 (Run 4, see Fig. 3).
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Fig. 5. Time histories of the C2 estimates for stable conditions from
turbulence probe (e) and 36-GHz link (o) for the period between
18.15 and 19.10 GMT on October 1, 1979 (Run 2).

trum shown in Fig. 2. Similar results were obtained in the
other convective cases studied.
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Fig. 6. Average spectrum of the 36-GHz link scintillations for stable
conditions on October 1, 1979 (Run 2, see Fig. 5).

*

44

-1
V. STABLE CONDITIONS

It is apparent from Table I that the agreement between
probe and link measurements of C2 is not as satisfactory as the
agreement obtained in the case of convective conditions. An
example is given in Fig. 5 (Run 2, Table I), where the wind is
transverse to the path. Here the C2 values from the link and
the probe are 1.2 X 10-14 and 2.1 X 10-14 m-2/3, respectively.
The variability with time observed by the probe is much greater
than that observed by the link. This is probably due to the
patchy structure of the turbulence which occurs in a stable
layer. In this case the probe follows the local inhomogenities
while the link integrates over the whole path. Similar results
were obtained in all the experiments made under stable condi-
tions. In all cases the refractive index spectra exhibited a - 5/3
slope (Fig. 6) and the scintillation spectra a - 8/3 slope (Fig. 7).
Fig. 6 shows a departure from the - 5/3 frequency dependence
of the refractive index spectrum at 0.4 Hz which was due to
the low wind conditions which results in a slower response of
the probe sensors, especially of the wet bulb.

10 lou
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Fig. 7. Average spectrum of the 36-GHz link scintillations for stable
conditions on October 1, 1979 (Run 2, see Fig. 5).

VI. ANOMALOUS CONDITIONS
Occasions were experienced when the results did not fall

into either of the two categories previously discussed and the
discrepancies between the probe and link estimates of C2 were
very large. This occurred in one experiment (Run 5, Table I)
with a relatively high wind speed having a mean value of 7.6
m/s along the path. The value of C2 obtained from the link
was four and a half times the value given by the probe. The
probe refractive index spectrum, clearly displayed the inertial
subrange with a -5/3 slope (see Fig. 2). However, the fre-
quency spectrum of the link scintillations did not show the
customary well defined -8/3 slope. This behavior was attrib-
uted to the presence of a building crane on the path, about
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1.5 km from the receiver, which was swaying in the wind thus
enhancing the scintillations due to varying reflections from the
crane structure.
On another occasion (Run 6, Table I), it was the probe

which gave the high value of C2 compared with a very low
value indicated by the link. This was caused by the steam out-
put of a heating system in the building located some 10 m
away from the receiving antenna. The wind direction was such
that hot moist air was blown towards the probe and the receiv-
ing antenna. The effect of this, was immediately detected by
the probe giving a value of C2 some ten times higher than its

previously recorded value. The link measurement, however,
showed no change, thus confirming the prediction by Lee and

Harp [ 91 that the region near the receiver contributes little to

the amplitude scintillations.

VII. CONCLUSIONS

This work has demonstrated that although the probe gives a

point measurement and the link a path integrated measure-

ment of C2, they produce average values of the same order

of magnitude for the path considered. This indicates that the

turbulence "seen" by the probe at a point, is a good represen-

tation of the turbulence along the whole path in this experi-
ment, provided no localized man-made perturbations are pres-

ent. The experiments carried out under convective conditions,
when the atmosphere can be considered to be isotropic and

homogeneous, show the best agreement as might be expected.
Under stable conditions this is not so, resulting in discrepan-
cies, although not very large, between the two methods of

measurement. Finally two cases of anomalous propagating
conditions are presented which were the result of man-made
interference on the ray path and show a considerable disagree-
ment between the two methods of measurement.

REFERENCES

[1] K. L. Ho, N. D. Mavrokoukoulakis, and R. S. Cole, "Determina-
tion of the atmospheric refractive index structure parameter from
refractivity measurements and amplitude scintillation measure-
ments at 36 GHz," J. Atmos. Terr. Phys., vol. 40, pp. 745-747,
1978.

[2] D. N. Asimakopoulos, D. P. Lalas, C. G. Helmis, and C. A. Carou-
balos, "An atmospheric turbulence probe," IEEE Trans. Geosci.
Remote Sensing, vol. GE-18, pp. 347-353, 1980.

[3] V. I. Tatarski, "The effects of the turbulent atmosphere on wave
propagation," U.S. Department of Commerce, Springfield, VA,
1971.

[41 H. Hodara, "Effects of a turbulent atmosphere on the phase and
frequency of optical waves," Proc. IEEE, pp. 2130-2136, 1968.

[51 J. L. Lumley and H. A. Panofsky, The Structure of Atmospheric
Turbulence. New York: Interscience, 1964.

[6] B. R. Bean and E. J. Dutton, Radio Meteorology. New York:
Dover, 1968.

[7] K. L. Ho, N. D. Mavrokoukoulakis, and R. S. Cole, "Wavelength
dependence of scintillation fading at 110 and 36 GHz," Electron.
Lett., vol. 13, pp. 181-183, 1977.

[8] I. A. Singer and M. E. Smith, "Relation of gustiness to other mete-
orological parameters," J. Meterol., vol. 10, pp. 121-126, 195 3.

[9] R. W. Lee and J. C. Harp, "Weak scattering in random media, with
applications to remote probing," Proc. IEEE, vol. 57, pp. 375-
406, 1969.

224


