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ABSTRACT

 lSuspended particulate matter in the atmosphere, generated by natural

phenomena such as dust and sandstorms or by man-made near-surface explosions,

has been suspected as a cause of microwave and millimeter-wave communications
systems outages. An analysis carried out on the radio-frequency and optical
effects of such dust clouds and the results, coupled with available information
on particle-size distributions and suspended mass, indicates that the radio-
frequency effects should be essentially negligible. However, observed changes
in the atmospheric pressure, temperature, and humidity which accompany dust
storms (and explosions) can account for all of the observed effects on micro-
wave links. With the exception of water entrained in large explosions, most
such effects are, however, virtually frequency-independent; therefore, dust-
storm activity and clouds raised by detonations should not be considered a
threat peculiar to EHF SATCOM or other millimeter-wave based communications 1

systems.
. 1
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I. TINTRODUCTION

1.1 Rationale

In recent years there has been 1increased interest in the effects of dust
on millimeter-wave communications. In part this interest is the result of the
move towards 30/20 and 44/20 GHz as uplink/downlink frequency assignments for
MILSATCOM systems and the recognition that attenuation and phase-shift
produced by small suspended dielectric particles increases directly with
frequency. Also, measurements of propagation near ground-zero in simulated
nuclear explosions ([Burns and Crawley, 1979] and measurements on an 11-GHz
terrestrial link in Iraq [Al-Hafid, Gupta, and Buni, 1979; Al-Hafid, Gupta and
Ibrahim, 1980] seemed to {ndicate a pronounced effect on propagation loss by a
sandstorm located along the path or by the particulate matter and dust raised
by an explosion. 1In addition, other observations on microwave comaunications
outages during sandstorms in the Middle East have been made by US civilian and

military communicators.

Any attempt to model the effects of suspended particulate matter on
millimeter-wave communications must estimate the particle-size distributions,
suspended-mass densities and dielectric properties of the particles.
Fortunately, there is enough empirical evidence gathered in the literature so
that reasonable bounds on each of the parameters can be obtained. From these
studies a good estimate of the loss and excess phase shift due to anatural
events, such as sand and dust storms, or man-made events, such as nuclear
explosions, can be made. In addition, other concurrent meteorological

parameters which can affect radio propagation should be examined.

1.2 Report Description

Sections 2.2 and 2.3 analyze the optical and radio-frequency behaviors of
suspended particulate matter. The following section, 2.4, discusses the gross
morphology of dust storms and dust raised by large explosions and presents the

necessary statistical analyses of particle sizes and numbers. From these

PP




parameters and material-constant results from Section 2.5, theoretical values
for both optical and radio-frequency behaviors of dust clouds can be
obtained. Because water vapor often condenses on the smallest nuclei {n dust
clouds raised by large explosions and, at times, on dust raised in dust
storms, the comparlson between fog and dust glven in Section 2.6 seems
appropriate. Finally, in Section 2.7 the effects on propagation of the other
meteorological phenomena which accompany dust storms (and nuclear detonations)
are analyzed. Section III presents the conclusions aand recommendations that
result from this study; the major conclusions are detailed in the next section
(Section 1.3).

1.3 Major Conclusions

The literature on the effects of suspended atmospheric particulate matter
on radio propagation is sparse and confusing. However, "after the dust has
settled"” several facts stand out clearly. They are

a. Dust 1s a convenlent "tracer" for convective storms and allows the
time and space structure of the differential air masses to be examined in
detail.

b. Large explosions near the surface, elther nuclear or coaveantlonal,
raise dust clouds which rapidly decay {n density (in 10 seconds or so) to
densitles of the same order, or perhaps slightly greater, as those seen in
severe sandstorms or dust storms. Multiple detonations would probably
increase the total dust density somewhat; coupled with an 1increase in
total RF path filled with dust, multiple-event scenarios might result in
as much as an order of magnitude increase in effects of dust.

c. A careful examination of the visual and rf properties of the entrained
duyst in severe dust storms caanot uncover any effect, even at as high a

frequency as 44 GHz, other than a minor (0.04 dB/km) 1lacrease in path

*The reader must pleage forgive the author; the temptation was too great to
resist.




attenuation. It is unlikely that late-time dust densities eantrained by a
nuclear detonation or detonations will be more than an order-of-magnitude g
greater than a severe dust storm; {f so, the effects of guch dust on radio

propagatfon will be aminimal.

d. The observed propagation effects, which include path attenuation and
fading, noted during a sandstorm can be entirely accounted for by the
refractive 1index changes brought about by the temperature and humidity
changes and turbulence accompanying the storm.

e. Except for the first 10's of seconds on rf paths that traverse near
ground-zero, the dust entrained In large explosions, either nuclear or
conventional, will probably not have a significant effect on propagation
even at millimeter-wave frequencies. However, the changes in density of
the air caused by the thermal properties of the explosion will be several
orders-of-magnitude greater than the density of entrained dust. Such L
density changes, coupled with water-droplet nucleation in the cloud and
associated turbulence, will be the primary contributors to propagation
disturbances following large explosions.

f. The atmospheric refractive iadex changes due to temperature are

aggsentially frequency indepeadent. Although the relative humidity changes

L

markedly during a sandstorm, the total water content does not.

Consequently, in a dust storm environment whatever effects are present at
low microwave frequencies will not be exacerbated by a move to millimeter-
wave frequencies.

g. For large exnlosions over dry soll the major propagation effects will
be caused by the large changes 1in density of the air due to temperature
changes. Such effects should, therefore, be relatively frequency
independent. If the explosion takes place on a water surface, the
entrained water can be a significant attenuatovr, with an absorption (in
dB/km) lacreasing roughly as the square of the frequency. Little data
seems to be avallable, however, on the expected density of entrained water
in such cases. Rain, formed by nucleation on the high-altitude dust cloud

will also cause absorption and scattecring at millimeter-wave frequencies.




II. ANALYSIS

2.1 INTRODUCTION

The estimation of optical and radio-frequency properties of dust clouds
is complicated by the fact that the particle sizes are characterized by random
distributions of radii varying over several orders of magnitude.
Consequently, the cross-sectional areas and volumes are measured by _Ebe
expectations of the squares and cubes of the radius, :E and r3,
respectively. The determination of such factors requires knowledge of the
probability density distribution for the particle radius. Even the word
"radius” is used in a statlistical sense, since most dust particles are by no
means perfect spheres. 1Ia fact, various “"rules-of-thumb” have been developed
to scale from the mesh size of separation screeas to equivalent radit
[Bagnold, 1941), with the equivalent radii being somewhat less (~30%) than the

screen spacing. Similar corrections are necessary for size data obtained by

optical and electron microscopy.

Once the particle-size distributions are known, the scattering and
absorption properties must be determined. Exact solutions are impossible for
irregularly-shaped particles except in the limit where the wavelength of the
incident radiation 1is much 1larger than the average circumference of the
particle. If all particles are assumed to be perfectly spherical, the Mie
scattering formulation can be used ([Stratton, 1941]. For particles large
compared to the wavelength, simple optical-blockage calculations are adequate;
for particles small compared to wavelength, Rayleigh scattering can be
assumed. In the Iintermediate size range, difficult and involved computations,

with computer simulation, must be carried out.

In the following sections, 1in the {nterests of simplicity, Rayleigh
scattering will be assumed to hold for all particle sizes at radio frequencies
aand simple optics will hold for all particle sizes at optical wavelengths. 1In
most cases the errors produced by such assumptions will be small. Probably

the only cases where significant error might exist in the radio-frequency




model would be in the early time histories at low altitudes ia the dust clouds

produced by man-made nuclear or conventional explosions or such natural events
as volcanlc eruptions. Such large particles generally have brief lives,
however, because updraft winds do not have sufficlent velocity to keep them

suspended once their explosively derived energles are expended.

2.2 Optical-Wavelength Attenuations: Visibility and Meteorological Range

If the wavelength of the incident radiation 1s such that X{<2mr over the

range of particle radii, r, then the attenuation coefficient becomes

a= 2N.m 2 . (2.2.1)

2

where NT is the total count of particles/m3 and r is the mean-square

radius. The inteasity versus distance, R, will become
-aR
I(R) = I1(0)e (2.2.2)

[Middleton, 1952]. The classical definition of meteorological range occurs

for a liminal contrast of 0.02, so
R =3 In &——o5 = ———- m (2.2.3)

Although there have been arguments raised for somewhat different values of
liminal contrast [see Middleton, 1952], in particular 0.031, in the following
sections the value used in (2.2.3) will be chosen. Using (2.2.1) in (2.2.3)

R =9'—i-i—3 m (2.2.4)

m
NTrz
The total material suspended in kg/m3 is glven by

W= NT'% wr3 o kg/m3 (2.2.5)




where o is the density of the individual particles in kg/m3.

Substituting (2.2.5) in (2.2.1) gives the attenuation coefficlent as

r—‘- n (2.2.6)

e

als

a=2
2

where the equivalent radius, r {s defined as

e,

o (2.2.7)

"
Nl 17l

Lo}

It is interesting to note that W/ o represents the fractlon of the a*.aospheric
volume filled by particles aand can be written Iln terms of r, and R, using

(2.2.6) and (2.2.3), as

e

r
n=Wo= 2.608 {; (2.2.8) (
m

From (2.2.3) and (2.2.6), it becomes clear why smokes are much more

effective than dusts at reducling visual range. The range can be written as

R = 2.608 re<-%) m (2.2.9)

Chemical smokes have values of r, one or more orders of magnitude smaller than
dusts, so much smaller amounts (in W/o) of smoke than dust can produce

equivalent losses in visual range. .

2.3 Radio-Frequency Effects - Attenuation and Phase Shift

Since very few long-lived dust particles will approach 10"3 m in radius,
for frequencles up to 44 GHz there will be little error 1n assuming Rayleigh
scattering. Some authors [for example, Thompson, 1978] have gone so far as to
solve the Mle scattering formulation fer the entire particle size range {
including the case where A~2nr. In the analysis to follow, classical Rayleigh

scattering will be assumed.
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For Rayleigh scattering [see Stratton, 1941, McCartuney, 1976; and/or
Van DeHulst, 1957]) the effective refractive index of the scattering medfum
becomes
YTy 3
n = 1-j S(0) ZNNTk (2.3.1)
where k=27/A and S(0) is the average forward scattering function:
e 3/e-1\ 3
= —_— 2.3.
S(0) Jk (€+2) r (2.3.2)
at the frequencies of interest. It 1is assumed that the particles are non-
magnetic (u-uo) and have the complex relative dielectric constant
€ = g'~je" = g'[1-Jtand] (2.3.3)
t

Therefore, with (2.3.2) in (2.3.1)

e-1\ 3
n=1+ ZuNT (EI?) r (2.3.4)

As 1Iin Section 2.2, the total suspended particulate mass W, given by
(2.2.5), can be rearranged and substituted in (2.3.4} to obtain

34 (e1)
n=1+% 7 5 \em2 (2.3.5)

Note that W/ o represeats the fraction of the volume filled by the dust
particles. The E-field propagates as e'jk"R/R; therefore, removing the free-
space behavior leaves an “"excess” behavior characterized by exp{-jk(n-1l)r}.
Congequently, the excess phase shift and attenuation can be written,
respectively, as

Re {%i%} radians/m (2.3.6)

k[Re{n-1]] = k% g

- e e S aani - orem,




and

-K [Im{n}] = =k % g Im {z—;.}} nepers/m (2.3.7)

These relations are 1identical to those derived by Chu [1979]. Expressed in
another fashion, (2.3.6) and (2.3.7) become, respectively,

W

e~-1 0
40 = 1800f, =~ = Re {5} /m (2.3.8)
and
W e-1
L =273, < Im {Zz} 4B/m (2.3.9)

where fGHz is the operating frequency expressed in GHz.

It is often useful to express the excess phase shift and attenuation in
terms of observables such as visible raange. From (2.2.8), the relations in
(2.3.8) and (2.3.9) can be written as

r
- 6 e e=l; o
86 = 4.69x10° £, —Rm Re {——e+2} /km (2.3.10)
5 re e~-1
L = -7.12x10° fg, R_m Im {;2-} dB/km (2.3.11)

Therefore, 1f the meteorological range 1in a dust or sandstorm is known,
together with the equivalent radius of the particle-size distribution and the
complex relative dielectric constant of the materials consituting the

particles, the rf path properties can be directly inferred.

2.4 Event Morphology: Particle-Size Distributions and Suspended Mass
2.4.1 Introduction

Aerosol dispersions in the atmosphere, either natural (sand or dust

storms) or man-made (debris and dust swept up and dispersed in a conventional




or nuclear explosion), have a statistical distribution of particle sizes. The

particle size distribution is often plotted as dN/dloglor per m3 against the

particle radius, r, 1in meters ([Junge, 1957; Cadle, 1966], where N(r) is the
number density of partlcles/m3- An analysis of the scattering properties of

these aerosols requires a knowledge of the first few moments of p(r), the

probability density distribution of the particle radius (in particular, r and
).
If f(r) is written as
-3

f(r) = dN/dloglOr m (2.4.1.1)
then

£(r) = dN/0.4343 dlnr n > (2.4.1.2) |
which can be rearranged as

an = 0.4363 L2 g w3 (2.4.1.3)

If f(r) 1is measured by sampling techniques over a range of particle sizes

r1<r<r2, the total number of particles within that range becomes
2
Ny = 0.4343/ 5O 4 o3 (2.4.1.4)
X
1

The probability density distribution of the particle radius then becomes

. L dN _ 0.4343 £(r) -1
p(r) Np dr ———-NT . m (2.4.1.5)

and the moments are

— T2 t2
rk = / rk p(r) dr = 0':;;43/ rk-lf(r)dr mk
1 (2.4.1.6)

%1




In many cases, solid-particle dispersions are characterized over two or
more decades of particle radius by

£(r) = cr * o3 (2.4.1.7)

with 3<wW4 (in comparison, many fogs are characterized by w2 [McCartney,
19761). One 1s tempted to assume for teleological reasons that natural
particles sizes should be log-normally distributed. 1In fact, Green and Lane
(1957] have suggested that the log-normal di{stribution 18 "adequate” for
dusts. However, over the entire aerosol size range the distribution {3 much
more complex [Junge, 1957]. Measurements on sand-grain size by Bagnold [1941]
indicate a number distribution varying as rP for r<0.3 to 0.5 mm and rd for
r>0.3 to 0.5 mm, with p and q varying more or less independently over the

range from 3 to 10.

Experimental particle-size data plotted as dN/dloglor versus logigr is
relatively easy to analyze. The number of particles between two radii, r; and
ry, can be obtained by multiplying the value of dN/dlogigr for r=vrjr; by the
difference between the log radii, logigra-logiory or logyig(rz/ry). That is,

log, . r./r o2 (2.4.1.8)
r=/t, 1,

The empirical data can then be broken up into K small segments and Np obtained

AN, = [ [dN/dloglor]

as

K

Ny = 22-:1 P m (2.4.1.9)

With dr=rg.,-ry, the probability density distribution for the radius can then
be obtained, using (2.4.1.5), as a series of points

1 W w1 -1
S r— m

Pz(r) = ﬁ" r T (2.4-1.10)

T 41 %2




and the moments obtained as

— K .. AN
k. p kLA a® (2.4.1.11)
e Np

A

where £, = /ri+1r2 .

Particles injected into the atmosphere by any mechanism will remain aloft
indefinitely only if the vertical component of the winds 1s sufficlent to
override the terminal fall velocity of the particle. From Stokes Law and the
physics of aerodynamlc drag, the terminal velocity of spherical particles in
air can be obtained [Green and Lane, 1957]. This terminal velocity and
consequent time to fall 1 km (at sea level) 1is shown in Fig. 2.4.1.1. 1t
should be noted that the terminal velocity for small particles at higher
altitudes will be much higher than the sea-level values {Cadle, 1966].

Since the general “rule-of-thumb” gives a lofting or vertical wind
velocity averaging about 1/5 of the horizontal value [Bagnold, 1941}, surface
winds of 180 km/hr (113 mph) are required to give a vertical component of
10 m/sec and support and loft particles up to 10—3 w in radius. More
reasonable values of surface wiads {n stormy coaditions are {n the order of
45 mph or 72 km/hr. For this value of surface wind velocity the 1lofting
velocity would be about 4 m/sec and the maximum particle size observed would
be about 2x10-4 m (0.2 mm). In fact, this maximum value 18 very close to that
observed in desert dust storms [Schitz and Jaenicke, 1974; Ghobrial, Ali, and
Hussien, 1978].

On the other hand, large nuclear explosions can generate very strong
updrafts which loft quite large particles to high altitudes. Some estimate of
the vertical component can be gained by dividing the flreball stabilization
altitude, typically on the order of 10-13 km, by the time to rise to that
altitude of ~10 minutes. Thus, average vertical velocities of 20 m/sec are
likely 1in nuclear explosions. Cousequently, particles of radii much greater
than 3x10-3 m would probably not be lofted to the fireball-stabilization
altitude. It should be noted that the density and viscosity of air at the
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higher altitudes is less and the lofting of a given size particle requires a
higher vertical velocity than at sea level; therefore, the larger particles
will not stay at altitude for loag and most of the dust cloud will be composed
of particles with radii less than 1073 o*.

2.4.2 Sandstorms and Dust Storms

Sandstorms and dust storms are two quite different phenomena. What are
often called sandstorms, because they occur in arid reglons, are really dust
storms. Where the surface is alluvial, and not sandy, such as in Iraq or the
Sudan around Xhartoum, storms called "haboobs” will produce vast Aust clouds
rising more than 1000 meters into the air and obscuring the sun for long
periods [Bagnold, 1941; Lawson, 1971, Idso, Ingram and Pritchard, 1972]. True
sandstorms, on the other hand, seldom rise above 2 meters and often, except at
the beginning of the storm, the air will be clear and the sun shining on the
heads of those who are walking around in what appears to be a "sea of sand”

[Bagnold, 1941}.

The movement of the sand in a true sandstorm is primarily by saltation
[Bagnold, 1941], a mechanism in which the sand grains are propelled forward by
the wind and, upon impacting the rough surface material at a shallow angle,
rebound upwards to be driven further down wind. One would expect a very
proaouaced density gradient with alti{tude in a sandstorm. Ef fects upon
propagation should be 1limited to terrestrial paths and, in addition, only
those paths at extraordinary low heights above the earth would be expected to

show substantial effects.

Measurements by Chepil ([1957] confirm the expected altitude deasity
gradient for the larger particles. During dust storms in Kansas and Colorado
in the 1954-55 time frame, rvroughly an order of magnitude drop 1in percent
composition of particles with diameters ranging from 2-5x10‘a to 10‘4 meters

was observed in increasing the sampling height from 2 to 20 feet. At the same

*The "internal velocities assoclated with torus rotatlon and turbulence can be
sigatflcantly higher; however, few of the large particles will "survive" to

the stabilization altitude.




time, smaller particles showed virtually no change in representation with
sampling altitude. 1In fact, the smallest particles, with diameters less than
2x1076 meters actually tncreased with increased sampling altitude. Chepil
[1957] also confirmed the "power-law" behavior of particle size distributions
originally observed by Bagnold [1941].

Recent measurements oan particle-size distributions duriag Libyan Sahara
sandstorms have been made by Schutz and Jaenicke [1974]. Thelr measurements
for 1light-wind, moderate-wind and sandstorm conditions are shown 1in
Fig. 2.4.2.1. Because otaer evidence [Cadle, 1966; McCartney, 1976; Junge,
1957] indicates that the wvalue of dN/dlogjgr continues to Iincrease for
aerosols down to nea=i- 10'7 meter rad{us with very nearly the same exponent
as {t had at 10_6 mever, the measured distribution of Schutz and Jaenicke
[19741 have been extiap-.ated as shown. By carrying out the manipulations
duscribed earlier in this section, the probability density distributions for
the particle radii ian be determined. The three probability densities are
glven in Fig. 2.4.2.2.

Although Bagnold [1941) states that sand and dust particles of all sizes
become alrborne at any wind velocity, it is easy to see from Fig. 2.4.2.2 that
this statement 13 not strictly correct. The maximum particle size observed in
the aerosol Increased by a factor of about 4 from very light wind conditions
to sandstorm condittons. Moreover, the proportion of larger particles in the

aerosol increased with increasing wind, much as one would expect.

With the suspended wass, W, defined by (2.2.5) as

4 3 3
L 3"r 0 kg/m (2.4.1.12)

and 022600 kg/m3 (see Section 2.5), and with the meteorological range defined
by (2.2.9), the varfous moments and resultant parameters of the dust aerosol
can be obtained from Fig. 2.4.1.2. The results are glven in Table 2.4.1.1.
Note that, although the mean radius does not change much with wind conditions,
the higher moments do exhibit pronounced changes. As a result, the equivalent
radius, ra, and the suspended mass, W, both increase with increasing wind.

They are mathematically coupled in the following relation:

14
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r = 8.9x107% (3)0'19 (2.4.1.13)
e o
so the meteorological range can be written, using (2.2.9), as
2.3x107
R, =T m (2.4.1.14)
(W/o) "~

It i{s interesting to note that the Schutz and Jaenicke [1949] data imply
substantially greater values of suspended mass than measured by Lawson [1971]

during haboobs fn Khartoum. Lawson [1971] also quotes Russian measurements on

e e e

dust storms in the Mangyshalk Peninsula as confirming his observed upper limit
for W of 4x107 kg/m3. It seems 1likely that the Libyan measurements of
suspended mass by Schitz and Jaenicke [1974] were taken at relatively low
elevations [l to 2 meters] whereas Lawson's were made at an altitude of
10 meters. The Russian sample altitude was 3 meters [Lawson, 1971}. If
Chepil's [1957] measurements are correct, however, it 1is not 1likely that
particles above 5x10”° meters in radius constituted a significant proportion t

of the sample taken by Lawson. For radio propagation purposes, therefore, the

suspended mass densities given in Table 2.4.1.1 should be considered upper

bounds.

The meteorological morphology of sandstorms has been discussed in detail
by Lawson [1971] and by Idso, Ingram and Pritchard [1972). Visibility

estimates vary widely from the 100-meter values quoted by Al-Hafid, Gupta and
Buni [1979] for a "severe” dust storm in Iraq, to a minimum “"visibility" of
100 meters by Lawson [1971] in a Sudan haboob, to 400 meters by Idso, Ingram
and Pritchard ([1972] 1in an Arizona “haboob". It appears that quoted
visibilities in the literature are quite subjective and depend strongly on the
incident light {ntensity. Since sandstorms are often the result of downdrafts
from thunderstorms, the reduction in solar flux from the existing clouds may

bias the visibility estimates during the dust storm which precedes the

thunderstorm. (In fact, many haboobs terminate in a thunderstorm.)




SE°0 y-O1XET1"6 ¢-OTXLY gr-01*0°1 5, 01XZ°2 [-0TXy°Y g01€"8 (o988 /w ¢

03 dn)

WIOLSANVS

199 ¢-01¥%9°¢ ¢-0TX0"¢€ (1-01%¥9°€ S 01x2°1 (-0T*TY [01*¥%°6  (P98/m 21-9)

AIVHEAOR

’° L8 o..o?ﬂ.a msoﬁxma.ﬁ chd&.o nTc?o.o Todﬁ.q noﬁco.a (d9s/m ¢~)

IHOI

(wa) ™ Ame\mxv M (v) 2 (¢®) ¢? ANav e (w) 2 Annav IN  SNOILIGNOD
- || QNIM

4LVLS QGNIM 40 NOILONNA V SV SHIALAWVIVd WMOLS-1SNd ANV ~ONVS
1°1°%°¢ 218vl '




The specific meteorological conditions surrounding a "sandstorm” are

discussed in detail in Section 2.7. As a final comment here, there does exist
data on the probability of occurreace of dust storms [Hoidale, Hinds, and
Gomez, 1977]. An example of the diurnal and yearly probabilities of
occurrence of blowing dust (defined as visibilities less than 11 km) and dust
storms (visibility less than 1 km) are given in Figs. 2.4.2.3 and 2.4.2.4. 1In
addition, in much the same fashion as rainfall [Rafuse, 1980], the duration of
the dust storms seems to be lognormally distributed; an example corresponding
to the Kuwait data in Figs. 2.4.2.3 and 2.4.2.4. 1s given in Fig. 2.4.2.5. 1t
seems quilte apparent from the data that the probabilties of occurrence are
strongly linked to the expected convective weather patterns which peak (in the
Northern Hemisphere) in the summer and in the afternoons.
2.4.3 Conventional and Nuclear Explosions

2.4.3.1 Nuclear Explosions

Dust and suspendec particulate matter are produced by several different
mechanisms in a nuclear detonation. If the detonation height is low enough, a
crater is formed and ejecta are produced. As the fireball expands, portions
of the crater ejecta are entrained and vaporized. The bomb casing and other
nearby materials also contribute to the suspended debris. The thermal pulse
from the fireball "popcorns” the first few millimeters of soil into the air as
the absorbed water and water of hydration are vaporized. This popcorned dust
is raised further by the shock wave from the detonation. As the fireball
expands and rises, a stem is formed and the 1inrushing winds scour material
from the surrounding ground and crater and introduce it into the stem. If the
stem and fireball region are connected, the stem material contributes to the
condensed particulate matter in the fireball, as the fireball cools and rises

to its stabilization altitude.

From Glasstone [1962] and Thompson [1978] the general characteristics of
pedestal, stem and fireball-created cloud can be described in terms of the

normalized burst altitude

19
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1/3
HBO HB/Y m (2.4.3.1)
where HB is the burst altitude and Y is the weapon yield in Mt*. The fireball
equilibrium radius will be

Rgq = 804 /3 o (2.4.3.2)

Using these definitions, the dust characteristics are identified 1in
Table 2.4.3.1. Once stablized at maximum altitude, the so-called "10-minute”
cloud radius is [Cadle, 1966]
1
RIO = 16,000 Y /3 m (2.4.3.3)
0f course, the high altitude cloud behavior 1is strongly influenced by the
upper-altitude winds.

Various models for the dust eantrainment behavior have been generated.
From Thompson [1978], a model for the final yleld-normalized radius and height
of the pedestal 1s given 1in Fig. 2.4.3.1. The resulting yleld-normalized
density of suspended particulate matter 1s given in Fig. 2.4.3.2. A model for

the yield-normalized stem radius {is

r
488, 0 < t/v*3 < 60
R /YM3 - 63(—1%-)1/2, 60 < t/v'/3 < 1000 S e
Y
2000, 1000 < t/y'/3
) (2.4.3.4)

with a stem dust density described as

L R 2
W (t) = Max {Z.leo‘ze't/‘”“, W (—i—%) } kg/a® (2.4.3.5)

*Megatons (of TNT). 23
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Fig. 2.4.3.2. Normalized pedestal dust density versus nor-
malized burst height.




with t in secoads and

5.2x10'“¥1/3, 0<Y<S
W = kg/m3  (2.4.3.6)
8.9x10™%, Y55
and
Ry = 732 yl/3 o (2.4.3.7)

As an example, consider the dust generated by a 100~kt detonation at a
height of 100 meters. The normalized burst height is 215 meters so a crater
with some ejecta 13 formed and the pedestal, stem, and fireball are all
connected with substantial mixing. The equilibrium radius for the fireball
will be 373 meters and the 10-minute cloud radius will be 7.4 km at an
altitude of 13 km [Glasstome, 1962] and with probable thickness of about
1 ka.

The pedestal will be about 1900 meters in diameter and 97 meters high
with a suspended dust density of 4.6x10'4 kg/m3. The stem radius behavior
with time will be

227, 0<t<28
1/2
Ry ={ 42.9t ’ 28 < t < 464 a (2.4.3.8)
928, 464 < t

with a suspended dust density versus time given in Fig. 2.4.3.3. Fireball
dust densities must be equal to or lower than those of the stem because the
stem 1s the major sgource of particulate matter for the fireball. As the
fireball expands, rises, and reaches its stabilization altitude, the density

of suspended dust will drop. However, because of geometric factors, the path-
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integrated dust density would be expected to show a slower drop with time,

unless fallout is able to keep up with the geometric factors.

If dust densities {n a nuclear or conventional explosion become too high,
the particles no longer behave as individuals. 1In this case, the particles
entrap the air and fall as a single mass and the i{ndividual particle terminal
velocities cited 1in Section 2.4.2 no 1longer hold. This mechanism 1is
responsible for a phenomenon known as "base surge” [see Cadle, 1966] and was
partlicularly evident {n the Bikinl underwater bursts and the Jangle

underground shot in Nevada.

Thompson [1978] suggests a probability density distribution for the
suspended particle radius which is a hybrid between lognormal for small raditi
and power-law for large radii. As a result of an examination of the optical
and radio properties of his dust model and with knowledge of the ability of
the natural aerosol-~size power law to extend to submicron sizes, the use of
the power-law model alone becomes quite attractive. There will, of course, be
some coadensation and agglomeration taking place as the fireball cools, plus
some nucleation rain formed if atmospheric parameters are favorable. Both of
these effects will tend to reduce the particle number density with radii less
than 1 m. However, for the purposes of this study a simple -3.5 power law
probability density function will be chosen as representative of the behavior
of cohesive soil [Thompson, 1978].

Since the fall time from a 1l-km altitude of a 0.05-m radius particle is
less than 10 seconds [see Fig. 2.4.1.1), Thompson's [1978] upper limit for
particle diameter of 0.1 meter will be assumed to hold only for the early time
period in the explosion (i.e., the first 10 to 30 seconds or so). After that
initial period, much of the larger debris has fallen out and the particle
sizes will be assumed to truncate at a radius of 3x10™3 meters. This "late-
time” truncation radius value is indicated by a rough bound on the vertical
velocities in the stem region of about 20 m/sec (set by an assumed
astabilization altitude of 13 km reached in about 10 minutes).




Y

Under these assumptions, the probability density function for the radius

of the suspended particles in a nuclear (or conventional) explosion will be*

15 -3.5 -1

p(r) = 2.5x10 ¢ o (2.4.3.9)
for
-6 -1
EARLY TIME 10 = < r < 10 m
-6 -3
LATE TIME 10 ~ < R < 3x10 o

The pdf in (2.4.3.9) will have virtually the same mean and mean-square radii
in either early or late time periods. Only the values of r3 will be much
different. (Note that the rapid fallout of larger particles from the stem
region is mirrored in the first term in (2.4.3.5).)

The radial moments and suspended mass densities for the stem and pedestal
reglons of a 100-kt, 100-meter-altitude detonation are shown 1in
Table 2.4.3.2. The models are very crude and do not 1include such effects as
smoke generated by detonation-induced fires and water-vapor condensation in

the nuclei~-rich cloud.

If the smallest particle size stays at 10-6 meter (radius) and the
exponent changes to -4.5 to represent fine sandy/silty soil [Thompson, 1978],
then the pdf 1is changed significantly. The moments for late- and early-time
behavior are essgsentially equal and the value of re drops to 3x1076 n for each
case. This is to be expected for the fine, dusty soll characteristics of, for

example, the central US.

*Note that the contribution from particles with radii lying between 3x10'3 and

10~1 meters 1s so small that the form of p(r) in (2.4.3.4) does not change
significantly with time.
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2.4.3.2 Conventional Explosions

Conventional explosions also raise clouds of dust. ‘lowever, the thermal
effects are much reduced, over the nuclear counterpart, and most of the
particulate matter is generated by the shock wave and the inrush of alr as the
hot gases rise to produce a mini "mushroom cloud”. Surface bursts of large
charges of conventional explosives produce dust clouds not unlike those of a
nuclear explosion [Burns and Crawley, 1979; Burns, 1977]. However, because
there is ao true fireball, the thermal effects are reduced and the "scouring”

effect of inrush winds is less.

On a much smaller scale, the explosion of a conventional weapon produces
a smoke cloud composed of particulate matter from the combustion products.
The smoke cloud, because of the small effective radius of the particles, will
be optically quite dense even though the suspended mass fraction, W/o, might
be rather small. The rf effects should be negligible.

2.4.4 Comparisons

A comparison of the radial pdf's for sandstorms (in reality, dust storas)
and nuclear detonations over cohesive soll or rock (-3.5 exponent) and fine
sandy/silty gsoil (-4.5 exponent) are shown in Fig. 2.4.4.1%. Of more interest
{s the suspended matter density and equivalent radii for the various
processes. Using a density of 2600 kg/m3 for the particle material, the four
nuclear-detonation states are compared with the sandstorm from Section 2.4.2

in Table 2.4.4.1.

As one would expect, the late-time behavior of a nuclear burst over
dusty, fine soil is sensibly the same as that of a dust storm. Over cohesive
or rocky soil much less particulate matter is swept up in the fireball. One
should note that the rf path length through a dust storm would extend for

several kilometers (2 to 10) whereas, in the stem region at least, the rf path

*An exponent of -4 would be expected for the fine, alluvial soils
characteristic of desert regions.
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through the nuclear-generated dust will be much less. A better comparison

might be the praduct of path length and suspended mass, WD, in kg/mz.

For example, in the stem region of the 100-kt example in Section 2.4.3
the stem diameter (see (2.4.3.8)) 1increases from 454 to 1860 meters as time
progresses. The maximum integrated density still occurs for t small and
amounts to 1ll.4 kg/mz, then the 1integrated density drops rapidly to a final
value of 5.95x1072 kg/mz. A 10-kilometer path through a typical sandstorm
would have an {ntegrated density of 9.1 kg/mz. Congequently, due to the
suspended dust, the initial rf performance of a path through the stem of a
nuclear detonation dust cloud would be virtually the same as through a
gsandstorm and, as time progressed, the effects of the stem dust would become
much less than those in a sandstorm. In similar fashion, the total iategrated
dust 1in a path through the fireball should drop as the fireball expands,
because the entrained mass of dust 1s essentially constant and 1its density

must drop as the cube of the cloud radius.

It should be noted that the rf effects of a dust cloud are proportional
directly to the fractional mass lofted, W/ o (see Section 2.3). The optical
effects, however, are proportional to the product of mass fraction and the
reciprocal of the equivalent radius, re (see Section 2.2). Consequently, the
same mass fraction with the same rf attenuation and phase shift can have very
different optical properties. Very fine soil with re~3x107% meters wili
produce an order-of-magnitude greater optical attenuation for the same mass of
dust as that produced by alluvial desert-region solls and two orders-of-
magnitude greater optical attenuation than dust produced by explosions over

rock and/or highly cohesive soils.

2.5 Material Constants

Typical values for the density, o, are 2600 kg/m3 for terrestrial
materials such as sand. Since sand 1s mostly silicon dioxide (quartz) this
figure compares Cfavorably with the quoted density for quartz of 2650 kg/m3.

On the other hand, clays contain significant amounts of alumina with a density
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of 3800 kg/m3 but also contain more water, both of hydration and trapped in
interstices, so the density of clay grains will be less than that of pure
alumina, but much greater than the 1000 kg/m3 for water. For the purposes of
this section® clay particles will be assumed to have the same density as sand,
022600 kg/m3. Note that the volume fraction, W/o, for dry soil, either loose
or compacted, is significantly less than unity and the density and dielectric
constant of bulk soil would not be the correct value to use for the density

and dielectric constant of the individual particles which make up the soil.

The relative dielectric constant of sand particles was assumed by Chu
[1979] to be the same as the bulk value for soil quoted in the Reference Data
for Radio Engineers [1968]. The value chosen of 2.5 ([1-30.01] 1is not
representative of quartz. From the same handbook the relative dielectric
constant of fused quartz is 3.78[1-j2.5x10'“] at 25 GHz. However, the water
trapped 1In the terrestrial sand particles will raise the microwave 1loss

tangent substantially.

A measurement of the real part of the refractive index and the 1loss
tangent of the refractive index of air suspensions of sand and clay grains was
made by Ahmed and Auchterlonie [1976]**. From their measurements at 10 GHz
with values of Re{n} and Im{n} given as functions of W and by assuming a value
of ¢=2600 kg/m3, the following relative dielectric constants for sand and clay
can be found using (2.3.5):

*For most purposes, o=2600 kg/m3 is an adequate value for almost all suspended
soll particles. Vegetative particles might well be lighter. For this report
the density of all dust particles will be assumed to be that given here.

**additional measurements on sand and caliche (calcium carbonate) samples were
made by Burns and Winkelman and reported by Burns and Crawley [1979]. Their
sand results gave somewhat larger values of &' and tand than those quoted
here, perhaps because of a higher moisture content in the Burns and Winkelman
samples. Their caliche results were somewhat less than those quoted here for
clay.
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e' = 3.36 + 0.19

SAND
tand = 0.025 £ 0.011

e = 7.09 £ 0.88
CLAY
taad = 0.29 &+ 0.05

Generally, the 1loss tangents and dielectric constants are almost constant
above 3 GHz, so these 10-GHz values could be expected to be valid to 44 GHz
and beyond.

The real part of the dielectric constant for fused quartz is 3.78 and
that for alumina is 8.8. The measured values of Ahmed and Auchterlonie [1976)]
are 1in good agreement with the values for the pure ingredients. The sand
grains have a much larger loss tangent than fused quartz because of water with t
some dissolved solids trapped in the surface and volume cracks 1in the
graians. Similarly, the clay particles measured would be expected to have
substantial water content, both of hydration and trapped in interstices, and
this water would be expected to reduce the deasity of the clay grains below
that of alumina (3800 kg/m3), reduce the relative dielectric constant (8.8 for
alumina), and greatly increase the loss tangent. All three effects are, in
fact, observed (as well as the expected slight reduction in ¢' for sand

relative to fused quartz).

2.6 Comparison of Fog and Dust

Because fogs are probably at least as prevalent as dust storms (although
aot usually in the same geographical location) and because nucleation clouds
are a common occurrence in large nuclear-weapon detonations, it is of interest
to compare optical and millimeter-wave attenuations and phase shifts due to
dusts and fogs. For a fog, as for dust, the meteorological range is given by
(2.2.9) as
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R, = 2.608 re(%) n (2.6.1)

In much of the literature the term W/o, which represents the suspended mass
fraction, 1s often written as £fw, the 1liquid water content [McCartney,
1976]. Properly speaking, however, ameasured %w 1is given the dimensions of
gm/cm3 or kg/m3 and great care must be taken to normalize with respect to the
proper density, 1 gn/cm3 or 1000 kg/m3 depending on the units (for f&w in
gm/m3, a aultiplication of 106 1is necessary to achieve a correct value of

w/o).

The rf behavior is determined by the complex dielectric constant of
water. Table 2.6.1, taken from Koester and Kosavsky [1971]), gives the
temperature dependence for the constants inserted in the Debye formula for

relative dielectric constant {

€ = Eg-o'l'—:zi;-t)' + €<¢’) (20602)
1+}—X
For this example, a temperature of 10°C 1s chosen, so the relative dielectric

constant for the fog droplets can be written as

c = 78.5 + 5.5 (2.6.3)

-2
1+37.47x10 fGHz

where fgy, is the operating frequency in GHz. 1In this case, -
2

g 7138+0.188 £, 17.584 £,
Ty ——— Ry S (2.6.4)
7396+0.3136 £, 7396+0.3136 £,

Assuming Rayleigh scattering, the excess phase sghift aund loss can be
obtained by inserting (2.6.4) in (2.3.8) aad (2.3.9). The results are

6 3
10 = 1.737x10 fGHz + 45.75 fGHz [

25773 5] O/km (2.6.5)
1+4.24x10 ° f

GHz
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2
649 £
L= e [g] dB/kn (2.6.6)
144.24x10 > £
GHz

In a fog, in much the same manner as in a dust storm (see Section 2.4.2),

the meteorological range is given as [McCartney, 1976)

. 3.02x107

R —_— m (2.6.7)
[W/ o]

m 0.65

The reason for the fractional exponent on W/ o for a fog, however, is different
from that used to obtain the fractional exponent on W/o for dust storms. For
dust storms an increasing wind sweeps up larger and larger particles, so as Np
facreases so does r, (but at a slower rate). For a fog, the number of nuclei
remain sensibly constant with time, but the droplet radii increase to increase
W/o; thus, r, is approximately proportional to (W/o)0‘33.

By substituting (2.6.7) into (2.6.5) and (2.6.6), the excess phase and
loss can be written as
-3.3

231 £ — 6.1x10 °f

20 = GHz _.5 2 GHz __i__%_z. olkm (2-6-8)
1+4.24%x10 ~ f R °
GHz m
and

8.6x10 "2 féuz )
L= -- 55 R dB/kn (2.6.9)

1+4.24%x10 f R °

GHz m

where Ry is given in meters.
Using the material constants for sand given in Section 2.5, the dust-

storm value for Rayleigh scattering becomes

-1 -3
- 0.44 - 38.8x10 (2.6.10)

and, from (2.4.1.14), the meteorological range in a dust storm becomes
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-3
2.3x10
Rm = 0.81 m (2-6011)

[W/o]

These two values, inserted into (2.3.8) and (2.3.9) give the dust storm excess

X GHz (

and

1.23
]

where, as before, Rm 18 in meters.

A severe sandstorm might have vigibility reduced to 100-200 meters while
thick fog would have a visibility reduced to 20-50 meters. The greater
effectiveness of fog 1ian reduclag visibility comes about in part from the
smaller exponent in the size distribution (-2 for dN/dloglor versus r) and in
part from the smaller density giving a larger value of mass fraction for a
given suspended wmass. It seems reasonable to compare worst-case values.
Table 2.6.2 compares the 11-GHz and 44-GHz excess phase shifts and
attenuations due to the particulate matter in a worst~case fog and a worst-

case sandstorn.

From the tabulation, it can be seen that at 11 GHz the worst-case fog and
worst-case dust storm have virtually identical effects. At 44 GHz, the excess
phase shifts for the fog and dust are essentially the same, but, as one might
expect, the dB loss per km 1in the fog 1s almost an order-of-magnitude

greater.

2.7 The Forgotten Parameter: Changes in Atmospheric Refractive Index Not

Connected with Dust Conteat

If the potential effects of a severe sandstorm (dust storm) at 1l GHz are

computed, the measured values of W/o, r_  and R, from Section 2.4, coupled with

e
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the measured dielectric constant values from Section 2.5, yield an excess

phase shift of ~3.1°/km and a loss of 9.3x1073 dB/km under nominal sandstorm
conditions with Rm=0.35 km. For a microwave link with terminals elevated 50 m
at each end, the useful maximum path would be 1limited to about 40 km.
Consequently, roughly 120° of phase shift and 0.37 dB of attenuation would be

expected during a sandstorm.

If the total phase shift amounted to many radians then natural turbulence
and the resulting refractive 1nhomogeneities could be 1invoked to produce
multipath fading. Such, however, is not the case. How, then, can one explain
the 2~ to 4-dB median signal reduction and 10~ to 15-dB fades observed in Iraq
on an 11-GHz microwave link during a sandstorm [Al-Hafid, Gupta, and Buni,
1979; Al-Hafid, Gupta, and Ibrahim, 1980]? It does not seem as 1f the

measured suspended—-mass densities can produce the effects observed.

The papers by Lawson [1971] and Idso, Ingram and Pritchard [1972] on
haboobs provide the clues. Since most dust storms are produced by downdrafts
from thunderstorms, even though no rain may reach the ground, rain-cooled air
is thrust down from the storm and out along the ground under the warm, dry,
pre—existing air mass. The mini-frontal structure moves forward at a velocity
approximately one-half the maximum wind speed behind it [Lawson, 1971]. The
division between the advancing molst, cool air and the warm air 1is very
marked, with temperature differences of up to 15°C observed within a distance
of less than 50 m [Lawson, 1971]. Very often, because of the manner in which
the lobes of the advancing mini-front are generated, mature, and then slow,
with new lobes appearing to either side, large warm patches of air are found
imbedded 1in the cool air behind the front [Lawson, 1971]. The dust fills in
the lobes, giving them excellent visibility and allowing detailed observations

of the time structure to be made with ease.

The vertical structure of the 1lobes, which agrees well with tank
experiments in the laboratory, and with observations on haboobs, 1is shown in
Fig. 2.7.1. Typical maximum heights average between 1000 and 2000 meters.
The haboobs in Khartoum have a maximum speed of advance of 70 to 80 kph (19 to
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22 m/sec) so maximum wind velocities behind the front can be expected to range
up to 140 to 160 kph (39 to 44 m/sec). Similar characteristics have been
observed in Arizona haboobs by Idso, Tngram and Pritchard [1972].

As 1s well known, the refractive lndex of the atmosphere is a function of
the temperature, pressure and water coatent Chumidity). From the Handbhook of

Geophysics [1961], the excess refractive lndex at radio frequencies, defined

*
as
6
N = {(n-1) x 10 (2.7.1)
is 3
3.7x10” P
N = 0.776 P + wv (2.7.2)
T 2
T
where

P is the pressure in N/mz**,
T is the temperature in kelving, and

Puy 1s the partial pressure of water vapor in N/mz-

The density of the air 1is given by

oair 3'_5?"" kg/m3 (20703)
RT

where
R* 1s the universal gas constaat, 8.31439x107 JK‘l(kg)'l,
T {s the tempecature in kelvins (X),
M is the molecular weight, 28.966, and

P 13 the atmospheric pressure, in N/m>.

*Sttictly speaking, as noted in Section 2.6, there is a frequency dependence
to the water-vapor coantributfon at frequencies above 10 GHz. 7.t this example,
since the water vapor content did not change, the 44 GHz chauges are still
correct.

**1000 millibars is 109N/m2.
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For the Arizona haboob the following meteorological parameters were

measured:

EXTERNAL INTERNAL
Atmospheric Pressure, mb 972 972
Temperature, °C (°F) 34.4 (94) 20.6 (69)
Relative Humidity, 7% 33 81
Visibiliey, km ~10 ~0.4

It will be assumed that the dust density required to produce the
~400-meter visibility 1is the same as that measured in sandstorms by Schutz and
Jaenicke [1974] and gilven in Table 2.4.1.1 as 9.13x10~% kg/m3, even though
Lawson [1971] measured a much smaller value of 4x107> kg/m3. Al-Hafid, Gupta,
and Buni [1979] estimate 2x10~2 kg/m3 of suspended dust required to produce a
100- to 200-meter visibility. From (2.2.9) this would require an effective {

radius, of re=2.9 to 5.9x10"%m. Since these represent the maximum size of

particles 1likely to become alrborne 1a a dust storm (at any signiftcant
altitude) [see Schutz and Jaenicke, 1974; Ghobrial, Ali, and Hussien, 1978},
it seems they made an assumption, as did Chu [1979], that the dust particles
are all the same size and equal to the largest observed. This assumption
would 1{ncrease the radio-frequency effects by over one order-of-magnitude;

unfortunately, it 1s wrong.

The value of & for sand 1is that given in Sectioa 2.5, €~3.36{1~-3j0.025];
the value of o {s assumed to be 2600 kg/m3. The attenuation can be computed
from relations detailed in Sectioan 2 of this report.

The various atmospheric characteristics external and 1internal to the
haboob are detatled in Table 2.7.1. Using the relations ian (2.7.1), (2.7.2)
and (2.7.3), together with Section 2.3 and other calculations, the effects of
the atmospheric changes on N, loss due to oxygen and water vapor, and
visibility can be computed. The results are given in Table 2.7.2. Finally,
the resultant effects of the dust alone and the atmogpheric changes (P, T and
humidity) alone are detailed in Table 2.7.3.
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It seems that, aside from a small, direct attenuation, the effects of the
dust content of a sandstorm are negligible compared to the other
meteorological changes taking place. The change in the density of the air is
about 57-times greater than the density of the suspended dust (a similar ratio

was noted by Lawson [1971]). The excess phase shifts produced by atmospheric

changes are over 100-times greater than those produced by the dust alone.
Approximately 65% of the change in attenuation at 11 Ghz is due to dust; at
44 GHz the proportion drops to less than 35%.

Finally, how does one account for the 2- to 4-dB reduction in median
signal 1level observed by the Iraqis? It 1s assumed that the “patchy”
character of the haboob alr mass coupled with the very large excess phase
shifts due to atmospheric density changes can easily produce the 10- to 15-dB
deep multipath fading observed. The Nasiriya-Baghdad link stretches 300 km.
Therefore, many repeaters will be required. It is 1likely that only 1 or
2 members will be affected by a single haboob, because the individual "hops"
will be about 40 km and storms with diameters much larger than 40 km would be

unusual.

It 1is possible that some of the drop in median signal power occurs
because the fade statistics for a signal with unchanged mean value can have a
lower median (characteristic, for example, of lognormally distributed signal
amplitudes). Rainfall accompanying the storm may also produce some 11 GHz
signal-level reductions. Howevef, there 1s another even more 1likely

mechanism. .

Tf the repeater path lengths are D meters, the first Fresnel-zone radius

at midpath 1is
/ D
f = ) n (2.7.4)

For normal atmospheric refraction, the effective earth radius can be

considered to be 4/3's larger than the physical radius. In order that the

first Fresnel zone clear the midpath surface of a smooth 4/3's-earth, 40-km




path at 11 GHz, the terminal elevations must be greater than 46.9 m. For a
path passing through a haboob, the lapse rate at low altitudes no longer holds
and the effective &4/3's~earth radius reverts to the physical earth radius.
(In fact, under certain path conditions the refraction can reverse and the
effective earth can be smaller than the physical earth.) As a result, the
midpath point no longer clears the earth's surface by 23.36 meters, but only

by 15.5 meters.

From Bullington [1957], this effective partial depression of the first
Fresnel zone "below ground” gives a loss of about 4 dB over a smooth spherical
earth with unity reflection coefficient. The situation in a real-world
wmicrowave link 1s, of course, much more complex. However, the marked changes
in atmospheric refractivity accompanying the dust storm would be expected to

produce measurable median signal loss, in additioa to multipath fading.

Finally, since the late-time dust conteat of the cloud produced by a
near-surface nuclear detonation 1is comparable to that of a dust-storm, similar
comments on atmospheric refractivity can be made. However, in a nuclear
detonation the temperatures are so large that very large density changes occur
in the atmosphere, amounting to significant fractions of the 1.225 kg/m3
dengity of the standard atmosphere. The resulting changes in refractive index
will be many orders-of-magnitude greater than that produced by the eatrained
dust. Consequently, all effects due to the suspended particulate matter,
except near ground zero and in the firsc 10-30 seconds*, are totally swamped
by gross changes in atmospheric refractive index. (One could make the same

statement about the dust raised by a volcanic eruption.)

*Ptobably only of academic interest to those terminals near eanough to grouad
zero to be concerned.
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III. CONCLUDING REMARKS

Although many 1nvestigators have assumed that the suspended dust
particles in sandstorms and in the clouds produced by large conventional and
nuclear explosions have significant effects on millimeter-wave propagation,
such 1s generally not the case. Only 1in the case where propagation paths
cross close to ground-zero in a large detonation, and even then only in the
very early stages of the explosions (first 30 seconds or so), are there likely
to be significant effects on radio propagation from suspended particulate
matter. Terrestrial microwave links whose paths are intersected by a ground-
burst or near-ground detonation wmight show brief effects. Because of the
elevation of the beam in satellite terminals, only those terminals close to
ground-zero would show propagation effects; 1t seems quite 1likely such

terminals will have other, much more significant worries.

The major cause of fading and median signal level reductions 1in
terrestrial paths traversing sandstorms 1is the significant refractive index
changes brought about by the teamperature and humidity differentials between
the "inside” and "outside"” of the sandstornm. In addition, there are
significant, swmall-scale (10 to 20 meters) inhomogeneities in the refractive
index inside the storm because of “"entrapped” outside air; coupled with the
large excess phase changes, such patches make multipath fading very likely on
long terrestrial paths. Since a satellite/terminal path would only extend a
few kilometers through a storm, such a path is less 1likely to exhibit
multipath fading.

Near the edge of the storm front, some apparent movement of the
satellite's radio position aight be caused by the large traveling
discontinuity 1in refractive 1index (due to temperature and humidity
differentials). However, the movement is small and would only be important
for large, fixed, ground-based apertures at millimeter-wave frequencies with
no correction capability for small deviatfons 1in apparent satellite

position. All of these problems, 1if they exist, would be noted in any

geographic area where such frontal situations occur. Moreover, the
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path at 11 GHz, the terminal elevations must be greater than 46.9 m. For a

path passing through a haboob, the lapse rate at low altitudes no longer holds
and the effective 4/3's-earth radius reverts to the physical earth radius.
(In fact, under certain path conditions the refraction can reverse and the
effective earth can be smaller than the physical earth.) As a result, the
midpath point no longer clears the earth's surface by 23.36 meters, but only

by 15.5 meters.

From Bullington [1957], this effective partial depression of the first
Fresnel zone “"below ground” gives a loss of about 4 dB over a smooth spherical
earth with unity reflection coefficient. The situation 1in a real-world
microwave link 1s, of course, much more complex. However, the marked changes
in atmospheric refractivity accompanying the dust storm would be expected to

produce measurable median signal loss, in addition to multipath fading.

Finally, since the 1late-time dust coateat of the cloud produced. by a
near-surface nuclear detonation is comparable to that of a dust-storm, similar
comments on atmospheric rvefractivity can be mnmade. However, 1n a nuclear
detonation the temperatuves are so large that very large density changes occur
in the atmosphere, auncunting to significant fractions of the 1.225 kg/vn3
density of the standard atmosphere. The resulting changes in refractive fandex
will be many orders-of-magnitude greater than that produced by the entrained
dust. Consequently, all effects due to the suspended particulate matter,
except near ground zero and in the first 10-30 seconds*, are totally swamped
by gross changes in atmospheric refractive index. (One could make the same
statement about the dust rvaised by a volcanic eruption.) 1If, however, the
explosion took place over water, the entralned water would be an important
contributor to attenuation and phase shift, particularly at millimeter-wave

frequencies.

*Probably only of academic interest to those terminals near enough to ground
zero to be concerned.
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path at 11 GHz, the terminal elevations must be greater than 46.9 m. For a
path passing through a habooh, the lapse rate at low altitudes no longer holds
and the effective 4/3's-earth radius reverts to the physical earth radius.
(In fact, under certain path conditions the refraction can reverse and the
effective earth can be smaller than the physical earth.) As a result, the
midpath point no longer clears the earth's surface by 23.36 meters, but only

by 155 meters.

From Bullington [1957], this effective partial depression of the first
Fresnel zone "below ground” gives a loss of about 4 dB over a smooth spherical
a2arth with unity reflection coefficient. The situation {in a real-world
microwave iink i3, of course, much more complex. However, the marked changes
{n atmospheric refractivity accompanying the dust storm would be expected to

produce measurable median signal loss, in addition to multipath fading.

Finally, since the late-time dust content of the cloud produced by a
near-gurface nuclear detonation 18 comparable to that of a dust-storm, similar
comments on atmwospheric refractivity can be made. However, {n a nuclear
detonation the temperatures are so large that very large density changes occur
{n the atmosphere, amounting to significant €fractions of the 1.225 kg/m3
density of the standard atmosphere. The resulting changes in refractive index
will be many orders-of-magnitude greater than that produced by the entrained
dust. Consequently, all effects due to the suspended particulate matter,
except near ground zero and in the first 10-30 seconds*, are totally swamped
by gross changes in atmospheric refractive index. (One could make the same
statement about the dust ralsed by a volcanic eruption.) If, however, the
explosion took place over water, the entrained water would be an important
contributor to attenuation and phase shift, particularly at millimeter-wave

frequencies.

*Probébly only of academic {interest to those terminals near enough to ground
zero to be concerned.
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refractive-index effects (other than dust-generated) are substantially
frequency independent and, therefore, present equivalent problems at any
frequency (aside from a small frequency dependence caused by the relationship
of the Fresnel =zone size‘to the scale of turbulence). The sand and dust
suspedded in éohé of the storms are "effécts", not "causes”, and seth a
useful purpose for meteorologlsts by acting as a convenient visual "tracer"

for the storm.

There are strong indications that the probability density distribution
for suspended-particle radii is a strong function of altitude, with a rapid
decrease 1in the population of larger particles {in only a few meters of
elevation. Slnce the effect of such an altitude dependence on the value of r?
{8 much more pronounced than the effect on rz, the changes in such optical
measures ag visibility are minimal, but radio-frequency effects are more
pronounced . Essentially, such a density gradient means that near-surface
terrestrial 1links. would show the most effect from suspended dust, while
elevated sites or sl&nt paths, such as those in SATCOM systems, would be less

affected.

Finally, even at frequencies as high as 44 GHz, the total contribution of
the dust in a dust storm or sandstorm to the attenuation of a radio signal is
of the same order as that produced by oxygen and water-vapor changes. For
slant paths the relative contribution of the dust would be reduced further by
the altitude density gradient. 1In a large nuclear explosion, the raia which
often forms on the smaller nuclei late In the history of the event would
produce much more attenuation at millimeter waves than would the suspended

particulate matter.
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