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Whispering gallery et|fcts in the troposphere

/IIhci't I Halle

Exptnmentad data that rec:orded highe, *thati-pct[Wck sigmd. al jiW 't!~ Siff. tAr t'eC ,sd Iti

horizon in the presence of an cekvaild dudt arcexamied And 'otinpaild t re'ulls from Itim 1madw
ph> ýical optics tRR)) propagation mn• !d kiP ' ; l a ,angt -, delwodeni ?'. hnd i)io.ei th ,iibtiw'- a•
optics and parabolic equation mcthods Ilreviows m~ie.•'ng Mf hit Nsam ce•. stlud> using Aascguidr

methods for both the measured clevitcd (ij':t and hIjlN ethcl 1 c. a po.a•t~on du-1% 11s% , ecn

disappointing. However, when (he cle, ated duct is allo"Cd to rise som. 1> with )in•.easing range the

RPO results closely match the obser-.ed signal lesels, t.td a.ting that we;akl, attenuated L 'ath
detached, or whispenng gallery, modes were the dominant propagation mecthanism

INTRODUCTION %erc substantially below and above the elevated

Pappert and Goodhart [19771 presented a case duct.

study of propagation at 3087.7 MHz in the presence Figure 2, reproduced from Figure 17 of l'appert

of an elevated duct. In this case study the transmit- "nd Goodhart 11977] (with a legend correction).

ter and receiver heights were 21 and 914 m above compares path loss in decibels versus range for the

sea level, and measurements were made to about measured data with results calculated using a

700 km. The transmitter utilized a horizontally waveguide model and a trilinear refractivity profile

polarized standard gain horn antenna with a beam based on the measured profiles of Figure 1. Refer-
width of 320 on the coast of Point Loma in the city ence curves for freq.-space and standard atmosphere

of San Diego. The receiver utilized an open-ended losses arc also included in Figure 2. The wavyguide
waveguide feed antenna with a beam width of 85'. results match the measured data quite well at near-

The receiver and data collection systems were horizon ranges but overpredict the loss by more
flown in an aircraft on an entirely overwater path than 60 dB at the greater ranges. Pappert and
westward from the transmitter site. The case se- Goodhart observed that the measured data are

lected was May 28, 1974, and the measurements indicative of energy being transported by weakly
were made on an outbound flight from 1853 to 2140 attenuated modes and speculated that mode conver-

UT (1153-1440 PDT). Figure 1 shows modified sion processes from a range-dependent environ
refractivity profiles measured by radiosonde at the ment might be important in this case study. They
Point Loma transmitter site at 1909 and 2247 UT. also suggested that a strong low-level evaporation
Modified refractivity in M units is given by duct might account for the discrepancies between

M =106(n _ I + zla) the modeled and measured loss values.

Ifitney et al. [19781 reexamined this case study in

where n is the refractive index, z is height above sea terms of evaporation duct propagation. Since the

level, and a is the Earth's radius. Both profiles evaporation duct was not expected to affect the
indicate that an elevated duct existed from approx- relatively low microwave frequency of the experi-
imately 350 to 700 m above sea level. Figure I also ment, accurate meteorological measurements near
shows the transmitter and receiver heights, which the sea surface were not made in the 1974 experi-

ment. Therefore Hitney et al. used hypothetical
multilevel refractivity profiles representing moder-

ate. strong, and very strong evaporation ducts with
This paper is not subject to U.S. copyright. Published in 1992 duct heights of 12, 23, and 35 m. respectively, in

by the American Geophysical Union. their study. These profiles were used as input to a

Paper number 92RS01783. waveguide model similar to the one described by

893
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Fig. 1. Modified refractivity profile% measured b,, radisosnde model Is a ratige-dependent h% rind modl~C ltmtI corn-

on May 28, 11)74, sh"wing the elevated duct and the Iran~.nuticr bines ray optics (RO) and parabolic e quation Phý
and receiver heights, methods to prodUCe ai reCLOOCIiv fitsi-i nning. comn-

puter program. The IL mnode) is ha'.cd on mnethod,

Pappert and Goodharl 119771. and calculated re-
sults were compared to the experimental measure- t*,W
ments- Figure 3, reproduced from Figure 3 Of Ifil- i
ney et al. [19781, shows the results of these
comparisons. Figure 3 shows that evaporation
ducts can affect signal levels far above the surface.
However, only the very strong duct shows a rea-
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Fig. 2. Path loss versus range for May 28. 1974, .slioutig Fig. 3. [lath loss ver,ýus range for Mav 214 19~74. showing
experimental measurements (solid line) and calculations from experimental measurements (solid lines) and moderate. strong,

waveguide methods (dashed line), reproduced from Pappert and and very strong evaporation duct miodek ida~hcd iines) from
Goodhari 119771. waveguide methods, reproduced from Hirn, v ir al 119181.
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Fig. 4. 'he four radio physical optics (RN)) model regions

described by Tappert t1977] and Dockery 119881. There are three primary advantages of the hybrid
One disadvantage of PE models applied to micro- RPO model, as discussed by Hitney 119921. First, it
wave problems is that inclusion of elevation angles has proven to be from 25 to 100 times faster than
above a fraction of a degree can result in very long pure split-step PE methods for many practical
computer execution times and large memory re- cases, with no loss in accuracy. Second, RPO can
quirements. RPO overcomes this disadvantage by be applied to very wide elevation angles, whereas
using a variety of RO methods above a small pure PE methods are generally restricted to small or
limiting elevation angle to compute propagation moderate angles due to practical limitations on
loss, thus keeping the larger angles out of the PE memory size. The third advantage is that the total
solution. In the RO methods, full account is given to memory requirement of RPO is quite modest, need-
focusing or defocusing along both direct and re- ing only 160K on IBM/PC-compatible computers.
flected ray paths and to the integrated opti'-al path
length difference between the two ray paths to give COMPARISONS OF RPO TO MEASUREMENTS
precise phase difference and hence accurate coher-
ent sums of the RO components. To further en- The RPO model was applied to the case study of
hance the speed of computation, the fast Fourier May 28, 1974, using a combination of the measured
transform size of the PE model is variable but profiles shown in Figure I and assuming horizontal
limited to a maximum of 1024 points. This implies a homogeneity. The exact refractivity profile used by
maximum receiver height for the PE model that RPO is given in Table I in terms of M units versus
depends on frequency, transmitter height, and re- height. The results are presented in Figure 5 as
fractivity profiles. For typical applications at 3 GHz
the maximum PE receiver height is about 2500 m.
For points above this height, but beyond the RO TABLE I. Modified Refractivity Versus Height Profile
region, an extended optics model has been devel- Based on a Combination of the Two Measured Profile" of

oped that uses ray optics methods that are initial- Figure I
ized by the PF solution. Finally, for elevation Height. m Refractivity. M units

angles above 5* or ranges less than 2.5 km, a 0 o30
flat-Earth model is used that ignores all refractive or 594 403
curved-Earth effects. Figure 4 summarizes the rel- 681 368
ative location of the four RPO regions. 2000 5.30
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Fig. 5- Propagation loss versus range from RPO ior the Fig 6. Propagaton ••' versus tangc fiom PRI) Ilo the

homogeneous elevated duct environment of May 28, 1974 (solid elevated duct environment of May 2h, 1974. %, th duct ris•nig at a

line), compared to experimental measurements idolted line). slope of I IVW0 (solid line) compared to eyperimcnrtai measure-
ments Idotted line).

propagation loss versus range at 914 m compared to served in the San Diego area. A discussion of the
the measured radio data. In this paper, path loss meteorological conditions that result in these rising
and propagation loss are equivalent, both being the ducts is given by Guinard ei al. A few cases of range
ratio, in decibels, of the transmitted to received dependency were therefore modeled by RIO with
power assuming loss-free isotropic antennas. The constant slopes up to 1:800 using the same refrac-
RPO results were calculated assuming an omnidi- tivity profile at the transmitter as was used for
rectional antenna for consistency with the Figure 5. The best fit of these range-dependent
waveguide results, but there would be virtually no cases was one with a slope of 1:1500, the results
difference in loss at the greater ranges if the actual from which are shown in Figure 6. This case used
transmitter antenna pattern had been used. Refer- the profile from Table I at range zero and the profile
ence lines are also included in Figure 5 for free- from Table 2 at 750 km. Note the modeled loss
space and receiver-threshold loss values. These levels at the far ranges are in good agreement with
RPO results show a strong similarity to the results the measured data, even though at the near over-
of Pappert and Goodhart presented in Figure 2, the-horizon ranges they are not much better than
which indicates that the RPO and waveguide mod- the homogeneous case. In this case, allowing the
els are equivalent for the homogeneous case. Un- duct to rise very slightly has increased the signal
fortunately, the exact profile used by Pappert and levels by about 50 dB compared to the homoge-
Goodhart could not be determined. Hitney 119921 neous case.
has shown that RPO and waveguide methods give The reason why the range-dependent modeled
identical results when applied to identical profiles. signals are much higher than the homogeneous case

Since no refractivity measurements were made is apparent in the coverage diagram of Figure 7,
away from the transmitter site in the 1974 experi- which represents the same case as Figure 6. Figure
ment, there is no way to ascertain how the refrac-
tivity profile may have changed along the propaga-
tion path. However, Figure 19 of Hitney et al. TABLE 2. Modified Refractivity Versus Height Profile

[19851 shows a duct similar to those of Figure 1 that Assumed at 750 km for the Rising Duct Case With Slope of

rose with a slope of 1:800 (that is, I m in height for I 500

every 800 m in range) on an overwater radial away Height, m Refractivity,. M units

from Point Loma. Also, Figure 4.24 of Kerr [1951] 0 330
shows a layer with a slope of about 1:1000, and 1094 465

Figure 3 of Guinard et al. [ 19641 shows a layer with 1181 430
2000 537a slope of about 1:1700, both of which were ob- 20 537
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Fig. 7. Coverage diagram from RPO for the elevated duct environment of Ma, 28, 1974. %ith duot rising at a
slope of I -1500.

7 shows propagation loss in 10-dB increments on a Many other combinations of range-dependent
gray scale on a height-versus-range display. It is ducting could be modeled, and perhaps a fit to the
apparent that an aircraft flying level at 914 m would measured data better than Figure 8 could be
intersect the duct at ranges greater than 400 km, achieved. however, since definitive meteorological
where the received signals would be dominated by measurements we-- not made. it will never be
the Earth-detached modes, or whispering gallery possible to determine with certainty what propaga-
effects, associated with the elevated duct. The
Earth-detached modes in the elevated duct are
clearly excited by the source that is well below the 100
duct and propagate with very low attenuation rates.

A few other range-dependent refractivity envi- i I'
ronments were modeled by RPO to see if the =" |"----FR _

measured signal levels between about 150 and 300 o- FREE.SPACE _
km could be better matched. The best match was z .. MEASURED
found using a duct with an upward slope of 1:750 RPO -- .
between 0 and 250 km and no slope beyond 250 km. '0 ...
Again, the refractivity profile at the transmitter was 0- RECEIVER0the same as used in the homogeneous case. The M 220 - THRESHOLD

results for this case are presented in Figure 8 as
propagation loss versus range at a receiver height of 250 - -- -

914 m. The overall comparison of this modeled case 0 ,so 300 450 600 750

and the measurements is quite good at all ranges. RANGE (kim)
Similar range-dependent refractivity structure, 8. Propagation loss versus range from RPO for theFig. g rpgto osvru ag rmR• o h
characterized by a duct that rises for a few hundred elevated duct environment of May 28, 1974. with duct rising at a
kilometers and then levels out, has also been ob- slope of 1:750 to 250 km and no change beyond 250 km (solid
served in the San Diego area. line) compared to experimental measurement% (dotted hne)-
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tlion mechanisms were responsible for the relatively Guinard. N. W.. J. Ransone. I). Randall. C. Purves. and P,
high signal level,, measured. The modeling pre- Watkins, Propagation through an elevated duct: rradewinds
,ented here appears to confirm the conjecture of 111, IEEE Trans. Antennas Propag.. 12'4). 479-490, 1964.

Pappert and Goodhari that the high signals resulted Hitney. H. V.. Remote sensing of refractivity structure by directradio measurements at UHF. in Remote Sensing of the Prop-
from weakly attenuated modes associated with the agation Environment, AGARD Conf. Proc., 502. 1-1 to 1-6,
elevated duct. but modified by mode-conversion, or 1991
range-dependent, effects. These results also con- Hitney, H. V.. Hybrid ray optics and parabolic equation meth-
firm a proposal by Wait 11968] that the usually ods for radar propagation modeling, lEE Conf. Publ., in press,

neglected whispering gallery modes can substan- 1992.
tially contribute to the total field in transhorizon Hitney, H. V., R. A. Pappert. C. P. Hattan. and C. L. Goodhart,
propagation. In any case, the modeling presented Evaporation duct influences on beyond-the-horizon high alti-

here seems to be a much more likely explanation of tude signals, Radio Sci., 13(4), 669-675, 1978.

the high signals than the evaporation duct model Hittcy, H. V., J. H. Richter, R. A. Pappert, K. D. Anderson,
and G. B. Baumgartner, Jr., Tropospheric radio propagation

presented by Himney et at. [19781. assessment, Proc. IEEE, 73(2), 265-283, 1985.
This study suggests that elevated ducts may be Kerr, D. E., Transmission along the California coast, in Propa-

more important than often considered at ranges far gation of Short Radio Waves, edited by D. E. Kerr, pp.
beyond the horizon. A recent investigation by Hit- 328-335, McGraw-Hill, New York, 1951.
ney [19911 used RPO in a parametric study of Pappert, R. A., and C. L. Goodhart. Case studies of beyond-
elevated ducting scenarios to infer trapping layer the-horizon propagation in tropospheric ducting environ-

height from long-term over-the-horizon propagation ments, Radio Sci., 12(l), 75-87, 1977.

measurements at 547 MHz, with quite good results. Patterson, W. L., C. P. Hattan, H. V. Hitney, R. A. Paulus, A.
E. Barrios, G. E. Lindem, and K. D. Anderson, Engineer's
refractive effects prediction system (EREPS) Rev. 2.0, Tech.

CONCLUSIONS Doc. 1342, 193 pp., Nay. Ocean Syst. Cent., San Diego, Calif.,
Feb. 1990. (Also available from Artech House, Boston. Mass.,

It is concluded that the signal levels measured on 1990).
May 28, 1974, at the greater ranges most likely Tappert, F. D., The parabolic approximation method, in Wave
resulted from whispering gallery effects in an ele- Propagation and Underwater Acoustics, edited by J. B. Keller
vated duct that sloped upward with range away and J. S. Papadakis, pp. 224-287, Springer-Verlag, New York,

from the transmitter. 1977.
Wait, J. R., Whispering-gallery modes in a tropospheric layer,

Electron Lett., 4(18), 377-378, 1968.
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