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Airborne Dust Size Analysis for Tropospheric 
Propagation of Millimetric Waves into Dust Stonns 
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Ab.(tract-This paper presents a stlldy of five dust storms that oc­
('lIrred in Rivadh tORether with their effect on millimet .. r-"'·an~ propa­
Ration. Met~orologlcal parameters are Rinn lind airborne-dust's per­
mittivity is estimated usinR relative humidity data. "or larRe parlil'ies. 
the si~e distribution and its heiRht dependence are invesligated eXJler­
im('ntallv and Ihe IIndings are presenl{'d as a functi"nal rdatinn~hip. 
Based o~ artual measurements and analysis, attenuation at 37 (;111 is 
calculated usinR a n('wly derived exprl'SSIOIl In t('rms of optkal visihil­
itv as II storm parameter. It is found Ihat th(' IItted probahility distri­
b~tions are best IIt'scribed by normal nr IORnnrmal and vary "'ith dust­
storm conditions. The average e/redive Sill'S and the -'7-(;117 allelllla-­
lion decrellsl's with the increasl' of antell08 height folluwin!: II ptlwer 
law. 

I. INTRODUCTION 

THE IMPORTANCE of detection and evaluation of 
dust slonns using remote sensing stems from the fact 

that arid and semiarid regions comprise approximately one 
third of the earth's surface. The complexity of modeling 
the effect of a dust storm is increased due to the compli­
cated interaction of factors affecting the mechanism of 
dust stonns 111. The low rainfall rate in arid regions sug­
gests the use of millimeter-wave radar for dust stonn de­
tection since long propagation (of the order of IO~~30 km) 
is feasible. However, unlike precipitation, there is still 
uncertainty in many areas of predicting the effect of mil­
limeter-wave propagation into a dust stonn, such as par­
ticle size distribution. Most size distribution data in the 
literature 121 are concemed with the low panicle size range 
(to J,tm), which is important for pollution 13} or optical 
extinction studies 111, [4]. r5]. At millimeter wave, the 
larger panicle size ( 10-100 Jtm) has a profound effect on 
propagation; however, such data arc lacking or uneenain. 
For example, Chu 161 assumed an unrealistic equisized 
distribution and Ghobrial 171 reported an exponential dis­
tribution for only one sample. 

Based on actual measurements of sand-stonn parame­
ters in Riyadh, Saudi Arabia. this paper presents dust­
stonn data relevant to millimeter-wave propagation. First, 
the functional relationship of the excess attenuation due 
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10 ('usl stonllS is summarized and used to derive a relation 
between optical visibility. panicle size, and attenuation at 
miJlimeter~wave length. II is shown that altenuation var­
ies as the ratio of the third to second mOlllen! ~ of the par­
tide size_ An estimate of dust's pennittivity at 37 GHz as 
a function of relative humidity is presented as well. Mea­
sured size distrihutions are analyzed and best fit functions 
arc found, The height dependence of average and dfee 
tive radii is discllssed. Attenuation at 17 (;Hz bas!.'" on 
visibility, sil,e distribution, and relative IlIllllidily is ad­
dressed and its potential for remote sensing of dust storms 
is discussed. 

II. RELATION OF DlJST SrORM ATTENUATION, 

PARTlCI.ES EFFECTlVF RADIUS AND VISIBILITY 

The etfects of dust storms on wave propagation are es­
timated generally by solving the forward scattering am­
plitude function of a single panicle. The solution may be 
carried Ollt IIsing the Rayleigh approximation or exact Mie 
equations or numerical methods. The method depends 
largely on the factor kr (where k is the wavenumher 211' I X 
and r is the panicle radius). For randomly distributed par­
tides in air, the single scattering approximation or mul­
tiple scattering theory is applied according to the concen­
tration of the panicles in air [8]. For dust-stonn airborne 
dust, sizes are usually less than approximately 50 J,tm, 
with a typical refractive index m == 1.5--j0005 19] and 
the number {'oncentration N is Jess than I OR I m' 110\. 
These values-~at millimeter·wave frequencies-satisfy 
Rayleigh and single-scattering approximations (kr « 
0.3, kim I r « I and volume fraction of particles flf « 
I percent, respectively [81, [II]). It can be shown 131 that 
the spccific attenuation 0: (in decibels per kilomet~r) of 
millimeter waves-~-even in a severe dust stonll--IS ex­
pressed by 

where 

(
N , 

1.029 x Hi' X) (G) r Pi r? 

is the wavelcnb!,th (in meters), 
for If(f' + 2l + (,,,21. 

( I ) 

= f jf /I, the airhome dust's relative pennittiv-
ity, anti 

is the probahility that a panicle of radius ri (in me~ 
ters) lies within the range llri' i.e., Pi = 11lli /N 
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where All, is the number of panicles with radius 
r, in the range A r,. 

The abuve equation requires data for the number I:onl:en­
tralion N (or volume fraction), which stUlistically is very 
scarce and ditlkult to measure accuratcly. On Ihe other 
hand, statistical infonnation on dust-storm vi~ibility is 
available, and it can be measured simply by an unaided 
person. Therefore, we express attenuation u ill terms of 
easily measured dust parameters. Assllllling thaI at optical 
wavelength the intensity decays exponentially with di~­
tance 151. the vislI.11 lange Vo is defined quantitatively by 

(2 ) 

where Uo is lhl,~t·SlOnll aHenuation at opti..:ill wavelength 
and C is the contrast ratio between a black objed and a 
bright background. However, thc value of C is not stan­
dardized worldwide, i.e., C 0.02 [41 or 0.031 [6), for 
which 

Un = 15 / ~~)' ( 3 ) 

At the same time, 0:0 is related to Nand P, r I I} by 

0:0 (4.343 x 101)211'NL.:Pir~dB/km. (4) 
I 

Eliminating 0:0 and substituting in (l). we get 

0: = 566.97 (:0) (~) (G) (5) 

where 

(6) 

is the ratio of third to second moments of size distribu­
tion, which I:an be interpreted as th~ ctrective panicle size 
in a dust stonu, and the ratio (r,./ A) is the dfecti ve si/,e 
IIldex. The permittivity of airborne dust is estimated from 
available soil data, and the size distribution is measured 
as explained in the next paragraph. 

E4uation (5) is an alternative way of prediding the ex­
cess attenuation duc to dust storms when the sWnn is 
gauged by optical visibility. This infomlation is usually 
available in meteorological records data. Helll:c, the at­
tenuation due to a dust stonn can be found, provided the 
availability of r, and G. It may be noted that Ihe use of 
(L) for attenuation prediction requires knowledge of the 
particle number concentration, rather thall visibility, 
which may not be available in standard meteorological 
data. 

Ill. ESTIMATE OF AIRBORNE-OUST'S PlkMITTIVITY 

A survey of the published dielectric constants of moist 
soils has revealed the lat:k of such data at frequencies in 
excess of 37 GHz. However, diret:t application of soil 

pennit! i v ity 10 predict atmospheric propagation effects due 
to dust Slllrms 1121 is unjustified. It has been claimed 1131 
that the gravimetrk moisture uptake mp% (where mp is 
Ihe perl.':entage weight of moisture in the airborne particle) 
by dust does nor exceed 9 percent at relative humidity 
higher than 90 perl:cnt. Assuming a linear relationship be­
tween mp% and RH%, the atmospheric dust permittivity 
i* at cenain RII% can be estimated from the permittivity 
of sandy clay loam tt published hy (14J for 37 GHz and 
different nloisture t:Olllents. 

IV. MhASUREMENT OF SIZE DISTRIBUTION 

In the preceding section, the relation between specilic 
alh.:lluation and Sill' distribution is established. To ltlea­
~url' lIu: sil.l' Jj~lflbutiuJl dUring du~t storm:-., salllpks or 
dU~1 arc culll'cteJ u:-.illg rassive collcl:tors [15], which has 
the advantage of collecting a wide range of panicle si.lcS 
since no limiting filters are uscd. To enable automated 
and accurate size analysis, a sedimentation tel:hnique is 
employed using the Cahn electrobalance system. The sys­
tem consists of a sensitive electrobalance (0.05-J~g sen­
sitivity), a sedimentation accessory, a controlling unit, 
and a chan recorder as shown in Fig. I. The collected 
dust sample is dried and a slurry is prepared using a few 
drops of distilled water. About 100 ml of diluted slurry is 
boiled 10 remove air bubbles and then stirred to get a ho­
mogeneous suspension [161. In accordance with Stokes' 
law, solid particles of density P, settle under grav ity g in 
water of height II and dynamic viscosity 11 through a time 
I, related to particle radius r, as 

(~~~I 0~9~~~g) Ci~ Y min. (7) 

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

r, ~ ~~993=" "m. 
2 I, 

(8) 

The fraction weight A w, is calculated from a chart record 
of accumulated settled weight Mi viz elapsed time I, and 
total sample weight Me using Oden's equation [17] 

Wi ~ r M 1 AMi 1. ( 9 ) 
Me L I 'Ati J 

For mean interval ri and fraction weight A Wi' the number 
of panicles (A Iii ) is 

( 10) 
4 (_)3 

P. '1'1r r, 

The probability density function (PDF), is the fraction of 
the number of panicles (A It,/E Alii) per unit mdius in­
lerval A ri' so that 1.: (PDF), = lover the range of r" i.e. 

Ar, = (1:inJ (~~..) pm-I. (II ) 
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Fig. I. Block diagram ,>r Chan ~lcctrohalan{T with sedimentation unit, 
control unit. and l hart rcrookr. 

TABIY' 
MEI'I'OROLOIJICAJ. PARAMFTFR, AN!! I'STlM~TFn RFl.ATIVI PLRMlTTIVITIf;S 

01 011'1 ST()R~j F,VI.NIS IN RIYADH 

~~rM_Pt(>orolr:HJi(1l1 Prlrrll1()t;:rs 

(~~ (m;)--r(~b)' ... Date 

(I T) 

23,),RS 113 271) 9S6 ·1.3 71) '10 1.6-2.0 3 .. 7-';0 .. '1 O.oZil1 
(19-01 ) 

II 22.4.ilS 16.5 270 ?~,6 ilJl, 00 <u IfJ LIl,,-(.(I J. n-jO. 4 0.0153 
( IS-IS"lUj 

III 73.4.8S fl.? 36 J.O-jO.~ (J.O!'? 
(I ~-IR i 

I 
I V 09. ?il6 18 020 : 'HW 1.6 

(17-IiI) 

_.--'-___ ~ ____ :J"i' 17 11 

II : 10(131 timp. wc,~ wrl \<.dnrl v(llolity >3nd riin'lr:tirHL 
rtf": barfJM~tri( and v.::,pour prf'c,,)llrf:. , !J'f'1(1f'r·ltHre. 
RH rf'la~"'/P humidit.v. optir<ll v'si!,iliLv. 
mp pdr t irle moi').tur,::> 
c" ; p(Htir1c rpla1 iVI? P0rrrittivitv. (~: f"/('··~/)? + t,? 

~-~-~-~--------.-... ~.-----------~------.. -.--- .... ---... -.---.-

Although Stokes' law is usable for I Itm 5 2r, :s; 100 
Itm, it is most accurate for the range 10 Itm -:;; 2ri 5 60 
Itm and the accuracy is better than 2 percent [171. 

Dust samples are carefully poured into the sedimenta­
tion column to seuk down against the distilled water vis­
cosity. Larger particles reach the weighing pan faster ac­
cording to (8). to be registered by the sensitive 
electmhalance. The accumulated settled weight M; is au­
tomatically recorded vis fi' and (PDF), is found using 
(RH 11). 

V. RESULTS AND DISC\lSSIONS 

Table r summarizes measured meteorological pantme­
ters during five dust storms that occurred in Riyadh, Saudi 
Arabia. Date, local time LT. extreme values of wind ve­
locity and dircetion (ws and wd). pressure P, temperature 
t, relative humidity RH, mean vapor pressure ('. and range 
()f visibility Vo arc shown, The estimated atmospheric 
moisture uptake of dust particles, the permittivity. and the 

calculated parameter G arc also given. Generally, the pa­
rameters vary from stonr. to stonn. 

Fig. 2(a)--(e) shows the measured probability density 
function (rOF)i and the corresponding hest fit function 
for the 16 ,amplcs. The tested functions arc lognonnal 
(LN), non "I (N ). exponential (f"' I and power law (P J. 
Using leas! ;quares method of filling, il is found thaI, out 
oflhe 16 samples, 14 are besl descrihed hy normal and 
lognormal functions, while Ihe remaining two samples arc 
hest descrihed by power law. For the same event. the par­
ticle-size dislributions arc found 10 vary with height as 
well. Our linding of nomlal and lognormal distributions 
is in agreement with 131 and [181. However,the exponen­
t ial distribution employed by other investigators [71. ll21 
does not descrihe our samples adequately. This may he 
nllrihuted In the dependence of the size distrihution on the 
geographical location and storm conditions. In any caSl~. 
it is evident thaI no single size distrihution can he applied 
~loh'll1y. The dcpcndl'l1l.:e or I he fiHcd (h,trihution of dust-
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stonn parameters is confirmed by [19). Moreuvcr, it has 
been claimed [2] that the shape of the size distributions 
of wind erosion aerosols (2 p.1ll < r < 10 P.IH) i::. fairly 
constant with wind speed. This suggests that diJfcrent par­
ticle modes behave ditferently during a dust storm. PHr­
tides in the saltation mode ( 10 p.m < r < 100 p.tn) fall 
down faster than the suspension mode ( I P.1Tl < r < 10 
j!m), which tend 1O reach a constant distribution with wind 
speed [I], (USJ. 

In Table II, the size dbtribution analysis and percent­
age decrease of attenuation with height are summarized. 
Il is shown that the average and etkctive radii decrea~e 
with the height increase above ground, This variation can 
be described by a power Jaw as shown in fig. 3 

T,w = rtk, (~) -1", 'Yu ::; 0.15 ( 12) 

I '-~)'1" 

rut, rlff(:'J ' 'Y< := 0.04 (13 ) 

where rand ro are radii at heights hand ho, respectively. 
It is interesting to note that a similar power law has been 
found for the variation of aerosol com;entration N with 
height [2] 

r > 0.29 (14 ) 

where r is a constant that depends on a panicle's sedi­
mentation and Iriction velocities. 

Fig. 4 shows the variation of calculated attenuation A 
in decibels with height h, visibility V(J, and relative hu­
midity RH% for a 50-km hop and 37 GHz using (5). Gen­
erally, the variation of A with h follows a power law sim­
ilar to the dust-size variation. The rate of the decrease of 
A with the h increase may be of the order of 20-percem 
dB for a IO-m increase in height. The relative influence 
of Vo and RH% on atLenuation can be interpreted by com­
paring events I and IJ. which reveal that relative humidity 
has a dominating effect on A for a moderale dust stoml 
(0.5 < Vo < 1.5 km). Comparing events 1Il or IV with 
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TABLE II 
DUST SIZE ANALYSIS AND PERCENT Or.CREASE Of ATTENUATION VERSUS 

HEIOHT FOR FIVE OU~'T STORM EVENTS 

Oust-
storm 
event 

III 3U 21 

II 19.9 151 15 

IN 24.0 

N 13.2 531 21 

II P 9.0 15.1 44~ 15 

P lB.5 28.0 

N 8.0 11.4 3U, 21 

111 III B.5 15.5 11\ 15 

LH 10.5 16.3 

LH 7.2 10.0 191 21 

IV It 1.5 11.8 15~ 15 

U 8.5 12.3 6 

til 8.3 13.ll 51% 21 

III 9.2 14.6 45~ 15 
V 

Ltl 15.3 19.8 261 6 

II 21.3 26.8 

LN Lognorma. N : norma 1. P : power. 
PDF Prooabil itt dens ity funct jon. 
r dV dverdge particle radius • 
re effeel ive radius. 

V indicates that visibility has more inlluence than RJI% 
for severe dust stonns. The relatively low attenuation at 
37 GH1. suggests the feasibility of using millimeter-wave 
radar for tropospheric detection of dust storms over large 
dlSI.lIl~eS ( > 20 km) and ncar ground. The proximity of 
lypi~al dust storms to the ground is l.'ollsidcred one of the 
dilhcuIties of automatic detedioll. Moreover, higher fre­
quency terrestrial radar (e. g. , 1)5 GHf ) ill the atlllospheric 
second window appcars 10 he prollli~illg. Funhcr :studies 
are needed 11)1' c,)mparison with satell ite techniques of 
dUsl-stOlTII fl:lIlote sensing 120 J. 

VI. CONCLUSIONS 

The attenuation of millimeter waves in dust stonns var­
ies with optical visihility, the panicles' penniuivity, and 
the ratio of third to second momeIlls of the ;urhorne size 
distribution. Measurements during live dust stonns in Ri­
yadh reveal that the sile distributions of large panicks 
( 10·-100 JAm) vary with height above ground and with 
dust-storm conditions. Analysis of measured distributions 
shows that nomtal and lognormal functions tit llwrc ade­
quately than power law or exponential functions. A de-
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Fig. J. Height dependence of the particle's average and eHeclive radii, 'UP 
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creasing power law is found to relate the average and ef­
rective radii of dust with height increases. which is similar 
to other findings of the variation of concentration of aero· 
sols. but with a different exponent. Millimeter-wave at­
tenuation varies with antenna height according to a power 
law as well. Remote sensing of dust stonns lIsing milli­
meter-wave radar seems to he a promising approach over 
long distances and near ground. 
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