TEEE TRANSACTIONS ON GEOSCIENCF AND REMOTE SENSING, VOL. GE 25, NO. 5. SEPTEMBER 1987 591

Airborne Dust Size Analysis for Tropospheric
Propagation of Millimetric Waves into Dust Storms

ABOBAKR S. AHMED, senior MeMBER, 1EFF, ADEL A. ALl, MEMBER, IEEE,
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Abstract—This paper presenis a study of five dust storms that oc-
curred in Rivadh together with their effect on millimeter-wave propa-
gation. Meteorological parameters are given and airborne-dust’s per-
mittivity is estimated using relative humidity data. For large particles,
the size distribution and its height dependence are investigated exper-
imentally and 1he findings are presented as a functional relationship.
Based on actual measurements and analysis, attenuation at 37 Gllz is
ealculated using a newly derived expression in terms of optical visibil-
ity as a storm parameter. It is found that the fitted probability distri-
hutions are best described by normal or lognormal and vary with dust-

storm conditions. The average effective sizes and the 37-GH7 atlenua--

tion decreases with the increase of antecnua height following a power
law,

1. INTRODUCTION

HE IMPORTANCE of detection and evaluation of

dust storms using remote sensing stems from the fact
that arid and semiarid regions comprise approximately onc
third of the earth’s surface. The complexity of modeling
the effect of a dust storm is increased due to the comphi-
cated interaction of factors affecting the mechanism of
dust storms [1]. The low rainfall rate in arid regions sug-
gests the use of millimeter-wave radar for dust storm de-
tection since long propagation (of the order of 10-30 km)
is feasible. However, unlike precipitation, there is still
uncertainty in many arcas of predicting the effect of mil-
limeter-wave propagation into a dust storm, such as par-
ticle size distribution. Muost size distribution data in the
literature |2} are concerned with the low particle size range
(10 pm), which is important for pollution [3] or optical
extinction studies [1], [4]. |5]. At millimeter wave, the
larger particle size ( 10-100 pm) has a profound eflect on
propagation; however, such data are lacking or uncertain.
For example, Chu {6] assumed an unrealistic cquisized
distribution and Ghobrial {7] reported an exponential dis-
tribution for only one sample.

Based on actual measurements of sand-storm parame-
ters in Riyadh, Suudi Arabia, this paper presents dust-
storm data relevant to millimcter-wave propagation. First,
the functional relationship of the exccss attenuation due
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to dust storms is sunmimarized and used to derive a relation
between optical visibility, particle size, and attenuation at
millimeter-wave length. It is shown that attenuation var-
ics as the ratio of the third to second monmcnis of the par-
ticle size. An estimate of dust’s permittivity at 37 GHz as
a function of relative humidity is presented as well. Mea-
sured size distributions are analyzed and best fit functions
are found, The height dependence of average and effec-
tive radii is discussed. Attenuation at 37 (GHz based on
visihility, size distribution, and relative humidity is ad-
dressed and its potential for remote sensing of dust storms
is discussed.

I1. RecaTioN or Dusr STorRM ATTENUATION,
ParticrLies EvFecrivi Rapius AND VISIBILITY

The effects of dust storms on wave propagation are es-
timated generally by solving the forward scattering am-
plitude function of a single particle. The solution may be
carried out using the Raylcigh approximation or exact Mie
equations or numerical methods. The method depends
largely on the factor kr (where & is the wavenumber 2% / X
and r is the particle radius). For randomly distributed par-
ticles in air, the single scattering approximation or mul-
tiple scattering theory is applicd according to the concen-
tration of the particles in air [8]. For dust-storm airborne
dust, sizes are usuvally less than approximately 50 um,
with a typical refractive index m = 1.5-j0.005 |9] and
thc number concentration N is less than 10°/m’ [10].
These values—at millimeter-wave frequencies—satisfy
Rayleigh and single-scattering approximations (kr <<
0.3, k|m|r << 1 and volume fraction of particles v, <<
1 percent, respectively {81, {11]). It can be shown [3] that
the spccific attenuation o (in decibels per kilometer) of
millimeter waves——even in a severe dust storm—is ex-
pressed by

N .
a = 1.029 x 10“(»);)((;)E,P,r;1 (1
{
where
A is the wavelength (in meters),
G =¢" /e +2) + ¢,
e¥ = ¢ — je" the airhorne dust’s relative permittiv-

ity, and
P; is the probability that a particle of radius r; {in me-
ters) lics within the range Ar,, t.e., P, = An; /N
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where An, is the number of particles with radius
r,in the range Ar,.

The above equation requires data for the number concen-
tration N (or volume fraction), which statistically is very
scarce and difficult o measure accurately. On the other
hand, statistical information on dust-storm visibility is
available, and it can be measured sunply by an unaided
person. Therefore, we express attenuation « in terms of
casily measured dust parameters. Assuming that at optical
wavelength the intensity decays exponentially with dis-
tance | 5], the visud vange Vy is defined quantitatively by

W

;,,;(‘i
Oy = 3.343 ‘V
Y]
where g is dust-storm aticnuation at optical wavelength
and C s the contrast ratio between a bluck object and a
bright background. However, the value of C is not stan-
dardized worldwide, i.e., C = 0.02 |4] or 0.031 [6], for
which

wy = 15/V (3)
At the same time, o« is related to N and P, [11] by
ay = (4.343 X 10%)2aN 2 Pirl dB/km.  (4)

Eliminating g and substituting in (1), we get

o« = 566.97 (é) (%) (G) (s)

¢

where

(6)

is the ratio of third to second moments of size distribu-
tion, which can be interpreted as the effective particle size
in a dust storm, and the ratio {r./ A} is the effective size
index. The permittivity of airborne dust is estimated from
avatlable soll data, and the size distribution is measured
as explained in the next paragraph.

Equation (5) is an alternative way of predicting the ex-
cess attenuation due to dust storms when the storm is
gauged by optical visibility. This information is usually
available in meteorological records data. Hence, the at-
tenuation due to a dust storm can be found, provided the
availability of r, and G. 1t may be noted that the use of
(1) for attenuation prediction requires knowledge of the
particle number concentration, rather than visibility,
which may not be available in standard meteorological
data.

Hi. EsTiMATE OF AIRBORNE-Dust’s Permitrivity

A survey of the published dielectric constants of moist
soils has revealed the lack of such data at frequencies in
excess of 37 GHz. However, direct application of soil

permittivity o predict atmospheric propagation effects due
to dust storms | 12] is unjustified. 1t has been claimed | 13}
that the gravimetric moisture uptake mp % (where mp is
the percentage weight of moisture in the airborne particle)
by dust does not exceed Y percent at relative humidity
higher than 90 percent. Assuming a linear relationship be-
tween mp % and RHY%, the atmospheric dust permittivity
e* at certain RH% can be estimated from the permittivity
of sandy clay loum ¢* published by {14} for 37 GHz and
different moisture contents.

IV. MEASUREMENT OF SiZE DISTRIBUTION

In the preceding section, the relation between specific
attenuation and size distribution s established. To mea-
sure the size distribution during dust storms, samples of
dust are collected using passive collectors [15], which has
the advantage of collecting a wide range of particle sizes
since no limiting filters are used. To enable automated
and accurate size analysis, a sedimentation technique is
employed using the Cahn electrobalance system. The sys-
wem consists of a sensitive electrobalunce (0.05-pg sen-
sitivity}, a sedimentation accessory, a controlling uanit,
and a churt recorder as shown in Fig. 1. The collected
dust sample is dried and a slurry is prepared using a few
drops of distilled water. About 100 ml of diluted slurry 1s
boiled to remove air bubbles and then stirred to get a ho-
inogencous suspension [16]. In accordance with Stokes’
law, solid panticles of density p, setle under gravity g in
water of height A and dynamic viscosity # through a time
t; related to panicle radius r, as

, (0.3111; x 10* 1y
= | = | min,
' (p, — 0.99) g/ \2r, "

Substituting for the constants of the system, the time of
settling is related to particle radius as

(7)

(8)

The fraction weight A w, is calculated from a chan record
of accumulated settled weight M; viz elapsed ume 1, and
total sumple weight M, using Oden’s equation {17]

] L AM,»}
— M, —;—"|.
M,

t

" Ay
For mean interval 7, and {raction weight Aw;, the number
of particles (An; ) is

(9)

“/i o

Aw;
An; = - (10)
— 3
p.3m(F)

The probability density function (PDF), is the traction of
the number of particles (An, /¥ An;) per unit radius in-
terval Ar;, so that ¥ (PDF), = 1 over the range of r;, 1.e.

P,‘ An,‘ l -1
0% LA L Y . (1
(PFD), =+, (L An,) (A:’,) um (1)
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Fig. 1. Block diagram of Chan electrobalance with sedimentation unit,
control anit, and chart reeonlder,

TABLE 1

98

METEOROLOGIC AT, PARAMETFRS AND ESTIMATED RELATIVE PERMITTIVITIES

or DUsT Stors Fvextsin Rivany

Muststorm Hoteorolngical Pararoters _ Latimated Permittivities
- -
Date
Event we wiel 5 o i i Ve ap el 5
(1) fm7a) | (7} (mh) (oly ] ey () (b)) (1)
I 23.3.85 18 270 ] 956 4.2 ) an 1.6~2.00 | A 3.7-10.9 0.0252
{19~01)
I 22.4.8% 16.5 270 | 956 a.8 26 7 toe~2.0 | 7 l.0-30.4 0.0159
{15~15,30)
[T} 23,4.85 8.2 2701 56 4.8 36 adl 5.0-6.0 | 8 3.0-30.1 N.0159
(1h~1R])
Iy n9.7.86 18 1] 4R 1.6 19 o L0001 A8 3.7~30.2 0,n7Ra
{17~1
v 25.3.8% 20.6 350 43 A a7 17 N.6-1.0 1 3.7 ] 2.8-40.7 0.0N%
{11.50-73}

LT : loral fime, ws, wd
Poe: barometric amd vapour pressurp. £
RH o relative humidity. VY,
mp o particle moisture uptakn,

e* o particle relalive permittivitv., ¢

cowind yolocity and directinn,
foemperatuare,
Cooptical visihility,

2 e

ety e e

Although Stokes™ taw is usable for 1 um < 2r, < 100
um, it is most accurate for the range 10 um < 2r; < 60
pm and the accuracy is better than 2 percent [17].

Dust samples are carefully poured into the sedimenta-
tion column to settle down against the distitled water vis-
cosity. Larger particles reach the weighing pan faster ac-
cording to (B), to be registered by the sensitive
clectrobalance. The accumulated settled weight M, is au-
tomatically recorded vis r;, and (PDF); is found using
(R)y-(11).

V. RESULTS AND DISCUSSIONS

Table 1 summarizes measured meteorological parame-
ters during five dust storms that occurred in Riyadh, Saudi
Arabia. Date, local time L7, extreme values of wind ve-
locity and direction (ws and wd ), pressure P, temperature
t, relative humidity R, mean vapor pressure ¢, and range
of visthility V,, are shown. The cstimated atmospheric
moisture uptake of dust particles, the permittivity, and the

calculated parameter G are also given. Generally, the pa-
rameters vary from storm to storm.

Fig. 2(a)-(e) shows ihe measured probability density
function (FDF), and the corresponding hest fit function
for the 16 samples. The tested functions are lognormal
(LN, non AL (N), exponential (E ) and power law (P ),
Using teast squares method of fitting, # is found that, out
of the 16 sumples, 14 arc best described by normal and
lognormal functions, while the remaining two samples are
best described by power law, For the same event, the par-
ticle-size distributions are found to vary with height as
well. Our finding of normal and lognormal distributions
is in agreement with [3] and [18]. However, the exponen-
tial distribution employed by other investigators [7], [12]
does not describe our samples adequately. This may be
attributed to the dependence of the size distribution on the
geographical location and storm conditions. In any case,
it is evident that no single size distribution can be applied
globally. The dependence of the fitted distribution of dust-
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Fig. 2. Particle size distribution at sliffesent beights tor tive dust stonms in
Riyadh (Events 1o V). s#: swinple nuber; A height; o, standird de-
viation; PLDF: probabitity density tunchion; r,, - average radius; 7,0 radis
of tndex i; N aormal, LA: fognormal;, P power law: 4. measured Jata,
* fited data. (Continued on page 598.)

storm parameters is confirmed by [19]. Moreover, it has
been claimed [2] that the shape of the size distributions
of wind erosion aerosols (2 pm < r < 10 pm) is fairly
constant with wind speed. This suggests that different par-
ticle modes behave differently during a dust storm. Par-
ticles in the saltation mode (10 pm < r < 100 pin) fali
down faster than the suspension mode (1 pm < r < 10
um), which tend to reach a constant distribution with wind
speed [ 1], [18].

In Table 11, the size distribution analysis and percent-
age decrease of attenuation with height are summarnized.
It 1s shown that the average and etfective radii decrease
with the height increase above ground. This variation can
be described by a power law as shown in Fig. 3

A\ 5
Tap = Ty h—u , Yu T 0.15 (l")
RN
r, = ru,(;l— Ly =004 (13)
L]

where r and ry are radii at heights 4 and hy, respectively.
It is interesting to note that a similar power law has been
found for the varnation of aerosol concentration N with
height 2]

AN
N = N‘,(;'—) , I'>029 (14)
{

where I' is a constant that depends on a particle’s sedi-
mentation and Iriction velocities.

Fig. 4 shows the variation of calculaied attenuation A
in decibels with height A, visibility ¥, and relative hu-
midity RH% for a 50-km hop and 37 GHz using (5). Gen-
erally, the variation of A with A follows a power law sim-
ilar to the dust-size vanation. The rate of the decrease of
A with the h increase may be of the order of 20-percent
dB for a 10-m increase in height. The relative influence
of V, and RHY% on attenuation can be interpreted by com-
paring events I and Il, which reveal that relative humidity
has a dominating effect on 4 for a moderate dust storm
(0.5 < V¥, < 1.5 km). Comparing events Il or IV with

e et S o . s e m e e e s el
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TABLE 11
DusT SIZE ANALYSIS AND PERCENT DECREASE OF ATTENUATION VERSUS
HEIGHT £OoR Five Dust StorMm EVENTS

Dust~ (ust size analysis % decrease of
storm attenuation Height
eyent with height
POF [ re % h
(vin) {um) a8y {m)
LH 9.2 15,45 344 z1
1 2] 9.8 19.9 15% 15
LK 14.0 24,0 - 1
H 8.5 13.2 53% 21
i P 9.0 15.7 44 15
P 18.5 28.0 - 1
N 8.0 11.4 31% 2l
11 LN B.5 15,5 11% 15
LN 10.5 16.3 - 1
LH 7.2 16.8 193 Z1
v H 7.5 11.8 15% 15
H 8.5 12.3 - 6
LN 8.3 13.0 51% 21
LH 9.2 14.6 45% 15
v
LK i5.3 19.8 26% 6
] 21.3 26.8 ~ 1

LN : Lognorma, N : normal, p : power.
POF @ Probability density function,
ragy . average particle radius.

re 1 effective radius,

V indicates that visibility has more influence than RH%
fur severe dust storms. The relatively low attenuation at
37 GHz suggests the feasibility of using millimeter-wave
radar for tropospheric detection of dust storms over large
distances ( > 20 kin) and near ground. The proximity of
typical dust storms to the ground is considered one of the
difficulties of automatic detection. Morcover, higher fre-
quency terrestrial radar (e.g., 95 GHz) in the atmospheric
second window appeurs 1o be promising. burther studies
are needed lor comparison with satetlite technigues of
dust-storm remote sensing {20].

VI. CoNCLUSIONS

The attenuation of millimeter waves in dust storms var-
les with optical visibility, the particles’ permittivity, and
the ratio of third to second moments of the airborne size
distribution. Measurements during five dust stormns ia Ri-
yadh reveal that the size distributions of large particles
(10100 pm) vary with height above ground and with
dust-storm conditions. Analysis of meusured distributions
shows that normal and lfognormal functions fit more ade-
quately than power law or exponential functions. A de-
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Fig. 3. Height dependence of the particle’s average and effective radii, r,,,
and s, respectively.
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Fig. 4. Height dependence of attenuation 4 (in decibels) at 37 GHz for
frve dust storms (1 o V) over 50-kim hop.
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creasing power law is found to relate the average and ef-
lective radii of dust with height increases, which is similar
to other findings of the variation of concentration of aero-
sols, but with a diffcrent exponent, Millimeter-wave at-
tenuation varies with antenna height according to a power
law as well. Remote sensing of dust storms using milli-
meter-wave radar seems to bhe a promising approach over
long distances and near ground.
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