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PREFACE

This report was prepared hy Dr. Motoi Kumai, Research Physizist, Research
Division, Cold Regions Xesearch and Engineering Laboratory (CRREL). U.S. Amy
Tesrrestrial Sciences Center (USA TSC). Computer work was Jdone ry SPS Jack D.
Russell of CRREL.

The report covers the optical and physical studies of ice fog uncertaken by
CRREL as a FY€8 ILIR project with partial support from the J.S. Amny Arctic Test
Center. This report was published under DA Project 1T061:01A91A, In-Hons: Lab-
oratory indepeadent Research.

USA TSC is a research activity of the Army Mat«riel Command.
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ABSTRACT

Ice-fog crystals consisting of muny spherical particles, and some hexagonal
plates and columns, were observed at ambient temperatures of about —40C in the
Fairbanks, Alaska, area during mid-winter, The concentrations and the size
distributions of the ice-fog crystals were measured. The attenuation and back-
scattering of infrared radiation by ice-fog crystals were computed for optical
wavelengths of 2.2y, 2.7y, 4.5y, 5.754, 9.7y and 10.9y using the Mie theory. The
minimum attenuation coefficients and backscattering functions of ice fog were
found to be at 9.7 waveleagth in the observed wavelengths. Optical attenuation
coefficients and volume backscattering functions of water fogs were also computed
using the Mie theory. "he minimum attenuation coefficients and backscattering
functions of water fog were found to be at 10.9, wavelength in the region of 2.2y,
2.7y, 4.5y, 5.75y, 9.7y and 10.9y. Both the attenuation coefficients and back-
scattering functions of ice fog are within the same order of magnitude as water
fog for equivalen! fog concentrations and wavelengths.
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THE ATTENUATION AND BACKSCATTERING OF INFRARED
RADIATION BY ICE FOG AND WATER FOG

by

Motoi Kumai and Jack D. Russell

INTRODUCTION

By reducing visibility, ice fog hampers the normal flow of traffic during severe cold weather
conditions in subarctic countries. In addition, ice fog can cause extinction nf the infrared beam
in an infrared guidance syst2m. Because of this, the emphasis of CRREL's ice fog research is
being placed on the effects of ice fog on infrared transmssion. This report presents resuvlts of a
study of attenuation and backscattering of infrared radiation by fog in Alaska.

PHYSICAL PROPERTIES OF ICE FOG

The physical properties of ice fog in the Fairbanks, Alaska, area have been studied by Thuman
and Robinson (1954). The formation of ice fog and its nuclei have been studied by Kumai (1964)
and Kumai and O’ Brien (1965).

The optical properties of fog depend on the numher concentration and size distribution of the
particles, which can vary significantly during different meteorological conditions. Establishing
a representative fog model is not an easy task. Determination of the collection efficiency for fog
droplets with radii upprbaching the wavelength of near-infrared radiation is one of the problems in
fog sampling.

Ice-fog crystals and ice crystals are initial stages in the formation of snow crystals. Be-
cause their sizes and optical properties are quite different, it is convenient to consider them
separately, I[ce crystals have well-formed hexagonal plates and columns, They are often called
“*diamond dust’' hecause of the way they twinkle under a lcw sun or under nighttime illuminaticn.
Icecrystals form at about ~-25C and are 204 to 309y in diameter. They have much lower concentra-
tions and do not affect visibility as adversely as ice fog does. Ice-fog crystals consist of many
spherical particles, equart crystals with rudimentary faces, and some hexagonal plates and columns
of 2-y to 30-4 diameier formed at ambieat temperatures of about —0C by spontaneous nucleation
(Fig. 1).

1ce-fog distributions at air temperatures of -39C and -41C in the Fairbanks, Alaska, area are
shown in Figure 2 and Figure 3. The number of particles and the mass of fog per unit volume are
shown as a function of crystal diameter, Table 1 summarizes the important physical properties of
each fog spectruni,
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Figuie 1. Ice fog crystals formed at -39C anbient temperature.
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Figure 2. Size and mass distribution of ice-fug crystals formed at
-39C ambient temperature.
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Table 1. Physical properties of ice fog st Fairbanks, Alaska.

Chservations N ; Tmode Foin P Ar Air temp L.w.C.
(a0./cm’) (1) (ul (w (w (c) (8/m’)

No. 1 (F1g. ) 140 3.0 1.5 12.0 0.5 -39 0.08

No. 2 (Fig. 3) 90 1.5 ‘1.5 12.0 0.5 —41 0.02

N = total concentiration

Tmode = mode radius = radius corresponding to the maximum number of ice-{og crystals
= inim: radi

Tmin minimim radius

Tnay = Waxinum radius

Ar = radius interval conlaining n(r) crystals, where N = 2 n(r)
r
L.W.C. = liquid water conteat.
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MIE SCATTERING COMPUTATIONS

The Mie theory is 2 exact solution of Maxwell’s electromagnetic theory for spheres:; it
describes the ficld inside and outside < sphete for any scattering angle, size, and index of refrac-
tion.

For backscattering, the scattering angle equals = radians. The particle size parameter is
X « k'a where k' = 2a/A, a is the radius of the sphetes, and A is the wavelength of incident fadia-
tion.

When dealing with actual particles. scattering due to the sphere’s dielectric properties alone
is not sufficient to define fully the intens:tv of the hackscattered ragiation; the contribution due
to absorption within the sphere must also be included, This requires a complex irdex of refrac-
tion of the form m - n - ik, where m - (¢« ~ 4mio/w) ¢ being the dielectric coustant, o the
conductivity, and « the angular frequency of the electromagnetic wave,

The computational method as outlined in Carrier et al. (1967) appears quite simple at first
glance. In the present study we are interested in the attenuation coefficient due to scattering, b,
and the volume backscattering function, S(n). The quantity b is the coefficient in the relatior:ship

I = I,exp (-bt) 1)
defining the decrease in light intensity while passing througn a medium uf length §.

According to the above-mentioned paper,

3

ax

b - n(r)drar’K . (x,m) {meter™’] (2)
r .
min
and
2 r
A max .
Blm = ip 3 n(r)dri, (m x,m) (3)
4 r .
min

where n(r) is the number of particles per unit volume per &r radius interval, K , 1s the total
extinction cross section of one particle, and i, is the Mie intensity function of a scattered compo-
nent whose electric vector is either perpendicular or parallel to the plane of observation. When

0 = theri, =i,

The problem becomes more difficult, however, when we examine the work by Deirmendjian and
Clasen (1962), which outlines a compututional scheme to derive values for Xy, and i,. The method
involves the use of ordinary Bessel functions, and circular and hyperbolic functions with complex
argument. Although the functions may be reduced to fairly simple recursion formulas, the presence
of complex quantities in the denominator of most of the terms requires long and tedious algebraic
manipulation to make the problem programmable. It must also be kept in mind that a computer
deals with pure numbers and that the real and the imaginary parts of a complex number must be
dealt with individually.

The greatest consurier of computer real-time is the evaiuation of the recursion formulas which
consist of very slowly converging infinite series. It is not unusual to find that 300-350 terms are
required to solve for just one value of the quantities K ., and i, of which there are as many values
as there are radius intervals. We must then multiply the number of radius intervals by the number
of wavelengths in question when estimating total run-time,
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In Figures £ and 3, the radius interval, Ar, 18 0.54. Particie concentrations for each fog
radius ner, ) were punched on paper tape for subsequent entry into the computer. Computer calcula-
tions of the attenuation coelficient and backseattering functions from eq 2 and 3 were made for
the fog size distributions of Figure 2 and Figure 3, using the optical constants of ice by Kislovskii
(1959) and the optical constants of water by Centeno (1941).

The recent irivestigations on the optical properties of ice were done by Hornig et al. (1958),
Ockman (1958), and Zander (1966). However, their papers do not present the values of the refrac-
tive index (n) and extinction coefficient (k) of ice. Due to the experimental difficulties, our
present knowledge of the optical constants of ice in the infrared region is inexact compared with
our knowledge of those of water. The optical constants of ice and water used for this computer
calculati~ are preserted in Tabdle 1l (Centeno, 1941; Kislovskii, 1959).

Table II. Optical constants of ice and water.

Ice Water
Wavelength Extinction Refraction Extinction Relraction
in microns coelficient index coelficient index
A k n k n
2.2 0.0005 1.29 0.0005 1,293
2.7 0.03 1.12 0.0183 1.218
4.5 0.01 1.33 0.0184 1.341
5.75 0.01 1,24 0.0427 1.273
9.7 0.08 1,13 0.0579 1.230
10.9 0.20 1.12 0.0993 1.150
RESULTS

Optical attenuation coefficients and volume backscattering functions were computed for the
observed Alaskan ice fogs for optical wavelengths of 2.2y, 2,7y, 4.5y, 5,75y, 9.7 and 10,9y using
the Mie theory. The caiculations were made for ice-fog crystal concentrations of 70, 140, 280 and
420/em® wiih size distribution shown in Figure 2; and ice-fcg crystal concentrations of 90, 180,
270 and 360/cm® with size distribution shown in Figure 3, The sttenuation coefficients bm='y and
the backscattering functions B(a)(m'sr-') of ice-fog crystals are presented in Tables III and IV.
The minimum attenuation coefficient and backscattering function are found to be at 9.7 wave-
length for the computed wavelength range of 2.2y, 2.7, 4.5+, 5,75y, 9.7y and 10,9y, The optical
wavelengths of 2.2y, 9.7y and 10.9. are those corresponding to atmospheric windows, The wave-
lengths of 2,7y and 4.5y fall within the absorption bands of both water vapor and carbon dioxide,
and the wavelength of 5.75u is within the absorption band of water vapor,

When the air temperatures were ahove —15C, supercooled fogs were observed in the Fairbanks,
Alaska, ares during mid-winter, Optical attenuation coefficients and volume backscattering func-
tions of water fogs were computed for optical wavelengths of 2.2y, 2,7y, 4.5y, 5.75y, 9.7 and
10,9y using the Mie theory. The calculations were done for fog-droplet concentrations of 70, 140,
280 and 420/cm’ with size distributions shown in Figure 2, and fog-droplet coneeni.ations of 90,
180, 270 and 360/cm’ with size distributions shown in Figure 3. The attenuation coefficients
b(m') and the backscattering functions B(7Xm™'sr-') of water fogs are presented in Tables III and
IV. Both the attenuation coefficients and backscattering functions of ice fog and water fog are
within the same order of magnitude for the same fog concentrations and wavelengths. The
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Table Il. The attvasation coufficieats Wx™).

Coacesuzation Liquid watar

dimribetion cof fog droplets  costenc Waveiesgd, u
pe.cr’ un' 24 } A 4 3 373 | & & 16.¥

lcsdog
Fig. 2 70 0.039 1.168x107 1.218x107 1.321x10” 1,304x18” 5.130x 107 €.795x10°
Yig. £ Ho 0.077 2308107 2.424x107 2.642¢107 2.608x10 1.0P6x107 1,350« K07
Fig. 2 £50 0.15 4.611x10"° 4.848<10° 5.283x10”7 5.218x10"* 2.052x10” 271107
Fig. 2 420 0.23 8.91710"  7.272<10°7 7.926x107 7.824x10°° 8.078x10°? 4.G76x107
Fig. ® 90 0.023 6.932¢10” 6.684x10"" 9.719x 10" 7.939x10”" 3.046x107* 4.208« 107
«ig. 8 180 0.047 1.788¢ 107 1.780x1077 1.944xi107 1,588x10™ 6.092.10" 8.816r 10
Fig. 8 270 0.070  2,830x10° 2.608x10°* £.918x107 2382107 9.138.107 1292107
rig. ® 300 0.093 $.573x107 S.478x107* $.88% 197 8,174«107 1.218x10"° [723.107

Watex-fog
Fig. 2 7 0.039 11581077 1.217x 10" 1.814x10°7 1.282¢10"" 7.848~10" 5.455x107"
Fig. 2 140 0.077 2.306x10” 2.434x10” 268107 2.564x10” 1.568x10 1.091x10”
Fig. 2 280 0.15 4.611x10” 4.868x10°* 5.258.107 5.127x10™ $,187x10” 2,182:107?
Fig. 2 420 0.23 8.916<10" 7.303x 10" 7,888x10” 7.69110” 4.705=10"° 9,273x10™*
Fig. 8 90 0.023 6.919x10"" 9.054x10° 9.675x10™* 8.2568x10"" 4.504x10°* 8.255x107°
Fig 8 0 0.047 1.784x10°7 1.811x10'* 1.9835x10"* 1L651x10°* 9.008x10™* 6.509x107*
Fig. 8 210 0.070 2.673x10°7 2718x0°7 2.902x10°% 2.477x10"7 1.351x20° 9.764x107°
Mg & 9n0 0.093 8.568x10°* 8.622x177? $.870x10° 3.303x10"7 L802«07* 13020

Table IV. Tho backscitterizg fmnctions SlzNm-sar-t)
S:e Coaceaustios Liquid water
distsipution of fog droplets  coatent Wavelength, u

po./cm® _g/m’ 22 2.7 4.5 5.75 9.7 10.9

Jco-fog
rg. 2 ! 0.039 4.804x10™ 9.188¢10°* 1.251x10"* 2.60Bx10°’ 264x10"* 5.450x10°*
Fig. 2 190 0.077 9.009x 107 1.827x10°° 2501x10°* 5.369x10°? 5H.9Z7xW0°*  1.080x10°*
Fig. 2 280 0.15 1922107 8.864x10”* 5.002x10™* 1.078x10°* 1.185xi07? 2. 180xW)*
!‘i:.! 40 0.28 2.888x10°" 5.481x10™* 7.502x10™* 7.502x1C* 1.773x10°* 3.271x107?
Fig. 8 90 0.023 R74xP™ 5.794x10™* 7.515x10™" 1,996 10 2485x10°° 4.589xW0
Fig. 8 180 6.047 5.489x10°* 1.188x10"* 1.508x10™ 8.87'x10°* 4.970x10™* 9.179x10°*
¥ig. 8 £% 0.070 8.288¢16™* 1.788x10°* 2.266.10"* 5.PU8x107" 7.455x10"° 1.377x107?
Fig. 8 960 0.008 1,008x10"* 2.818x10°* 38.006x10™ 7.745x10°* 2.340x10°* 1.888x10°*

Watee-fog
rig. 2 7 0.039 S 980x30™* R.698x10” 9.400:.10"° 1.535x107* 1,170%xi0"* 4.108x10°¢
Fig. 2 19 0.077 9.960x10™* 5.397x10°* 1.88x10°* 3,070x10°* 2.3%9x10°* 9.206x107*
Fig. ¢ 280 0.15 1.992¢10°*  1.079x10"* 8.740x10™* 8.181x10°* 4.679x10°* 1641x10°*
Fig. 2 40 0.23 2.988x10"? 1.819x10°* 5.640x10"° 9.271x10°* 7.018x10° 2.482x10°*
Fig. 8 90 0.023 2.873x10™  1.673x10" 5.990x10 1.816x107 8.933x10™ 6.485xK™
Fig. 8 180 0.047  5.745x10™ 3.848x10” 1108x10™ 2.632x10°* 1.783x10°* 6.981x10™
Fig. 8 210 0.070  8.818x10™ 5.01H:x17"° 1.796x10°° 8.948x10™ £.880x10" 1.040x10™*
rig. 8 8680 0.088 1.148x10°7 8.892 10" 2.395x10™ 5.265x10°* 8.573x10"° 1.388x10°?
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mnimum 4dttenuation coefficient and backscattering functions of water fog were found to be at
10.9y wavelength for the observed wavelengths of 2.2y, 2.7y, 4.5y, 5.75y, 9.7y, and 10.9y,

These calculations desciibe only the effect of water droplets and ice crystals on the attenua-
tion and scattering of radiation. For computatioas of total attepuation and scattering, the effects
of the atmospheric absorption bands, especially water vapor and CO,, would also have to be
considered.
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be at 10. 9 wavelength in the region of 2. 2u, 2.7y, 4. 5ps75. 75y, 9.7 and 10.9.
Both the attenuvation coefficients and backscattering functions of ice fog\u'_e within

the same order of magnitude as water fog for equivalent fog concentrations ind-.
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