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PREFACE

The Rand Corporation has been conducting a series of studies for

the Unitcd States Air Force that examine broad implications of the

development and employment of precision-guided munitions (PGMs). Atten-

uation due to atmospheric aerosols (e.g., haze, fog, cloud, and rain)

is an important factor in assessing the potential of sensors in many

applications, including target acquisition and terminal guidance for

PGMs.

This report assembles, under one cover, the values obtained by

many investigators for attenuation coefficients due to aerosols as a

function of wavelength, for both optical-frequency and radio-frequency

portions of the electromagnetic spectrum. The report is therefore usable

as a handbook, by which a quick estimate of the effects of these adverse

weather conditions on the sensors can be made. The report should be

useful to Air Force offices concerned with application studies of sen-

sors, such as ACS/Studies and Analysis and the Air Forcp Weapons Labor-

atory, and to all agencies involved in system studies of sensors.

The author is grateful to J. F. Digby, R. E. Huschke, and L. G.

Mundie for providing many valuable comments.

For their kind permission to use slightly modified versions of

figures originally appearing in their publications, the author thanks

John Wiley and Sons, New York (Fig. 1), the Proceedings of the IEEE

(Fig. 2), Applied Optics (Fig. 5), and The Journal of the Optica-

Society of America (Figs. 8, 9, 10, 13, 15).



SULMARY

To detect the presence of targets, terminal guidance sensors use

different parts of the electromagnetic (EM) spectrum ranging all the

way from visible to infrared (IR) to radio frequency (RF). But when

an EM wave propagates through the atmosphere, it is absorbed by atmos-

pheric gases such as 1420, CO2 9 02' and OP. and scattered and absorbed

by atmospheric aerosols, such as haze, fog, cloud, and rain. Both

actions somewhat degrade the performance of all sensors. The attenua-

tion of EM radiation due to aerosols is sometimes so severe as to render

the sensors useless.

Gaseous absorption is at a minimum in a few so-called "atmospheric

windows." The following are the window bands in the visible, IR, and

RF portions of the EM spectrum:

Visible: 0.4 pm to 0.7 lira

IR: 3 to 5 pm, 8 to 12 pm

RF: 0.32 cm (94 GHz), 0.85 cm (35 GHz), 3 cm (10 GHz).

Most sensors operate primarily in these bands.

This report assembles, under one cover, the values of aerosol at-

tenuation coefficients of these spectral regions containing the atmos-

pheric windows, to enable quantitative assessment of the sensors using

those windows during adverse weather conditions. Figures S1 and S2 are

sumnary plots of the attenuation coefficients due to haze, fog, cloud,

and rain, versus wavelength or frequency, useful for making quick esti-

. mates of the effects on sensors.

Figure S1 plots the attenuation of optical-frequency radiation.

Figures Sl(a) and Sl(b) plot attenuation due to haze and fog for selected

values of visibility, V2. It can be observed that attenuation due to

haze and evolving fog decreases rapidly with Increasing wavelength;

therefore, IR sensors are preferable to visible sensors in hazy weather.

The same is not true for transmission through stable fogs or clouds (see

Figs. Sl(b) and SI(c)). In general, IR attenuation due to stable fog
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and clouds is so scvere that IR sensors have little advantage over

visible sensors. Figure Sl(d) plots atten ation due to rairn for var-

ious precipi.ation rates. The attenuation is constant from visible

wavelengths tnrough middle IR wavelengths (15 pm) because the water

particles are mw'cn larger thai. the radiation wavelengths.

Figure S2 plots the attenuation of RF frequency radiation duc to

fog, cloud, and rain. Haze is transparent to RF radiation because haze

particles are much smaller than RF radiation wavelength. For both

coastal and inland fogs, it can be concluded from 7ig. S2(b) that atten-

uation is negligible at 10 GHz. tt 35 GHz, it is less than 2 dB/km,

-•th a 30-meter visibility for both kinds of fog. But at 94 GHz, it is

about 3 dB/km for inland fog and about 10 dB/km for coastal fog, with

a 30-meter visibility. Similar observations can be made for cloud atten-

uation. Instead of visibilit,, however, liquid water content (in gm/m )

is the parameter usually used tc characterize the cloud. It can be ob-

served from Fig. S2(c) that the attenuation of RF radiation by rain is

severe for the windows at 35 and 94 GHz, and is almost the same as the

attenuation at visible md IR frequencies. It is almost negligible at

10 GHz, however, being less than 2 dB/km even at a precipitation rate

of 50 mm/hr.
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I. INTRODUCTION

To ]ctect tOw presence of targets, terminal guidance sensors use

various pirts of thi electromagnetic (EM) spectrum, ranging all the

way from vi sil)le to Infrared (IR) to radio frequency (RF). The per-

formance of all sensors, however, suffers to a degree from absorption

of EM waves by atmospheric gases such as " 2 0, CO 2 , (2, and O,, and from

attenuation by atmospheric aerosols such as haze, fog, clouds, and rain.

tAttenuation due to atmospheric aerosols is sometimes so severe as to

render the sensors useless.

Gaseous absorption is at a minimum in a few so-called "atmospheric

windows." Figures 1 and 2 depict those windows in the visible, IR, and

RF portions of the EM spectrum:

Visible: 0.4 jim to 0.7 Pm

IR: 3 to 5 lpm, 8 to 12 pm

RF: 0.32 cm (94 Gllz), 0.85 cm (35 GHz), 3 cm (10 Gliz).

Most sensors operate primarily in these bands.

Weather effects on RF sensors have been treated thoroughly in

Refs. 3 to 5. The attenuation of visible and IR radiation due to atmos-

pheric gaseous absorption has been treated in some detail in Ref. 6 and

in most books on IR technology,(1,7,8) but attenuation of EM radiation

due to aerosol particles is usually glossed over quickly in such texts.

It is the purpose of this study to collect under one cover the

values of aerosol attenuation coefficients of these spectral regions

containing atmospheric windows, to enable quantitative assessment of

sensors using the-z, windows during adverse weather. Both calculated

and available measured values are presented. Consequently, the report

is more of a "handbook" than a theoretical treatise.
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II. ATTENUATION BY RAIN

Rain attenuate& EM radiation through both absorption and scatter-

ing, the relative amounts depending on the ratio of raindrop radius

to wavelength.( 9' 1 0 ) In the visible and IR portions of the EM spec-

trum, attenuation by rain is independent of wavelength because t .e

raindrop radius (typically, about 0.05 cm) is much larger than the wave-

length.( 9 ' 1 0 ) The reverse is true in the RF region, where the two

measures are comparable.

VISIBLE AND IR RADIATION ATTENUATION

According to measured values of the visible and IR extinction co-

efficients through rain,(11) any rain heavier than "medium," or rain-

fall rates greater than about 10 nun/hr, would render the visible/IR

sensors almost useless through a 1.8-km path because only about 6.7

percent of visible/IR radiation passes through.(11,12) Along a 10-km

path, the transmittance through a light rain with a rainfall rate of

2.5 mm/hr would be only 0.1 percent.

Figure 3 is a plot of measured values of rain extinction coefl ic-

lent at 0.6328 pm versus rainfall rate. Reference 11 demonstrates that

the measured values of rain extinction coefficient versus rain rate at

10.6 pm are about the same as those at 0.6328 pm. Figure 3 also presents

calculated values of visible/IR extinction coeffcients due to rain.(1 2)

The values were obtained by performing numerical integratioo over Laws

and Parsons rainfall data 13) together with the raindrop terminal

velocity values quoted by Goldstein. (3) It can be observed from Fig. 3

that the calculated values compare favorably with the measured values.

RF RADIATION ATTENUATION

For millimeter wavelengths, according to Ref. 5, atteruation by

rain is by far the most dominant form of atmospheric attenuation. Fig-

ure 4 presents the measured values of attenuation by rain as a function

of frequency, for selected values of rainfall rate as quoted by Gold-

stein.(3)" For comparison, Fig. 4 also presents some calculated values

//
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of attenuation by rain under the same conditions as the measured values.(1 4 )

Attenuation by rain is severe for the windows at 35 and 95 GHz, almost

the same as the attenuation at visible and IR frequencies; but it is

almost negligible at 10 GHz, because even at a precipitation rate of

50 mw/hr, the attenuation is less than 2 dB/km.

The calculated values in Fig. 4 were based on values of the refrac-

tive index of water at 20%C. According to the Mie scattering theory,( 9 ' 1 0 )

tile extinction coefficient depends not only on the ratio of water droplet

"adius to wavelength but also on the refractive index of water, which is

temperature dependent. Thus, the values of attenuation are also tempera-

ture dependent. The correction factor ý(T) for other temperatures can be

/
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calculated accordingly, and is listed in Table 1. For wavelengths of

1.25 cm and lesz., the effects of temperature are small, less than 20

percent over the entire range, and can usually be neglected.

Table 1

TEMPERATURE-CORRECTION FACTOR •(T)

Correction Factor P(T)
Precipitation
Rate (mm/hr) X,cm OC 10C 18 0 C 30*C 400C

"0.25 0.5 0.85 0.95 1.0 1.02 0.99
1.25 0.95 1.0 1.0 0.90 0.81
3.2 1.21 1.10 1.0 0.79 0.55

10.0 2.01 1.40 1.0 0.70 0.59

2.5 0.5 0.87 0.95 1.0 1.03 1.01
1.25 0.85 0.99 1.0 0.92 0.80
3.2 0.82 1.01 1.0 0.82 0.64
10,0 2.02 1.40 1.0 0.70 0.59

12.5 0.5 0.90 0.96 1.0 1.02 1.00
1.25 0.83 0.96 1.0 0.93 0.81
3.2 0.64 0.88 1.0 0.90 0.70

10.0 2.03 1.40 1.0i 0.70 0.59

50 0.5 0.94 0.98 1.0 101 1.00
1.25 0.84 0.95 1.0 0.95 0.83
3.2 0.62 0.87 1.0 0.99 0.81

10.0 2.01 1.40 1,0 0.70 0.58

150 0.5 0.96 0.98 1.0 1.01 1.00
1.25 0.86 0.96 1.0 0.97 0.87
3.2 0.66 0.89 1.0 1.03 0.89

10.0 2.00 1.40 1.0 0.70 0.58

SOURCE: Ref. 3.
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III. ATTENUATION BY CLOUDS

It is a well-kno.n fact that cloud' in general are opaque to

v' ible and IR radiation, (9,15-21) but are partially transparent to

Rr radiation. (3,4,21,22) Agdin, attenuation of EM radiation by water

droplets in the cloud is due to both absorption and scattering. Accord-

ing to Refs. 19 and 20, the radii of cloud water droplets range from a

minimum of about 1 .im to a maximum of about 30 1Am, and the maximum

particle distribution occurs around 3 pm to 6 In. Thus, it ii expected

that clouds will attenuate visible and IR radiat ioi much more severely

than they will RF radiation. Only water clouds are considered here.

VISIBLE AND IR RADIATION ATTENUATION

Very few data are available concerning transmission in clouds high

in the atmosphere except those of Gates and Shaw,(18) who made some

measurements of IR transmission through very thin clouds. Theoretical

calculations using Mie scattering theory( 9 ' 1 5 - 2 1 ) show that attenuation

of visible and IR radiation is almost wavelength independent, except that

in certain cases attenuation is less at 10 pm than at shorter wavelengths.

Furthermore, the calculated values of extinction coefficient are equal

to or greater than 10 km-I (conversion factor km-I to dB/km: 4.343).

According to Ref. 19, typical cloud thickness ranges from 1 km to 6 km.

Therefore, it is obvious that clouds are opaque to visible and IR radia-

tion because the vertical transmittance through such clouds would be

less than 0.005 percent.

To show the relative wavelength dependence of the calculated extinc-

tion coefficients for visible and IR radiation, eight major cloud models

were chosen for sample calculations;(20) their drop-size spectra are

presented in Fig. 5. Figure 6 presents the calculated extinction coef-

ficients as functions of wavelength for the eight cloud models as shown

in Fig. 5. These calculations were made in Ref. 20 using the exact Mie

theory. Using modified Deirmendjian distributions to approximate

the d~op spectra of these eight cloud models, we also made calculations

of these extinction coefficients as functions of wavelength. These values

are also presented in Fig. 6 for comparison.
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RF RADIATION ATTENUATION

In the RF range, the cloud water droplets are much smaller than

the radiation wavelength; thus, it is expected from Mie theory that

attenuation will be much less than that of visible/IR radiation. Us-

ually, in this case, attenuation is expressed a:s a function of liquid

water content, which in clouds generally ranges from I to 2.5 gm/m 3 (23)

It was found empirically that in the wavelength region from

S= 0.5 cm to A 10 cm, the attenuation coefficient by small water

droplets, y, can be written as

0.438• M dB/km , (1)

3
where M is the liquid water content in g/m , and X is the wavelength

in cm. Equation (1) is valid for both clouds and fog in which the water

droplets are small, with diameters of the order of 10 pm to 50 pm..

Figure 7 presents calculated attenuation coefficients by small droplets

of water at 18*C versus wavelength. The correction of these attenuation

coefficients for other temperatures is needed here again because of the

temperature dependence of the index of refraction of water. Table 2

lists the correction factor q(T) defined such that y(T) = cp(T) y(18'C).

Table 2

CORRECTION FACTOR p(T) FOR y(T)

4(T)

A,cm O°C IO°C 18 0 C 20 0 C 30 0 C 40 0 C

0.5 1.59 1.20 1.0 0.95 0.73 0.59

1.25 1.93 1.29 1.0 0.95 0.73 0.57
3.2 1.98 1.30 1.0 0.95 0.70 0.56

10 2.0 1.25 1.0 0.95 0.63 0.59

SOURCE: Ref. 3.
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It can be observed from Fig. 7 that the attenuation of RF radia-

"tion by clouds is much less than that of visible and IR radiation. In

fact, for any sensor whose wavelength is greater than 0.5 cm, the atten-

uation by cloud- is only about 1 dB for any 1-km-thick cloud with 1 g/m 3

liquid water content.

"N
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IV. ATTENUATION BY FOG

Fog is very similar to clouds except that fog coatacts the ground

and clouds do not. Therefore, EM radiation attenuation by fog is ex-

pected to be the same as that by clouds. Fog •s usually described in

terms of visibility because reduced visibility is the characteristic

feature of fog. Visibility in general is a very vague terrm, however.

To make it more concrete, we define visibility as the meteorological

range used by Middlcton:(24)"

V2  3.92, (2)
yop

where yop is the extinction coefficient at optical frequency, e.g.,

about 0.5 According to Middleton, fog is defined Fuch that the

visibility V2 is less than 1 km (0.62 ml); for V2 greater than 1 km,

the atmosphere is defined as hazy.

VISIBLE AND IR RADIATION ATTENUATION

Arnulf, et al.(25) performed a series of measuremerts of trans-

mission through haze and fog in the spectral region 0.35 lim to 10 jim.

The measurements were carried out in the following atmospheres: hazes

(V2 t 1 km); small-drop fogs (Y 0 25 km- 1); selective fogs (Yo0  70 km-);

evolving fogs (those with changing distributions of drop-diameters); non-

evolving, slightly selective fogs (constant shape of the extinction co-

efficient versus wavelength curve); and artificial smokes. They found

that transmission through haze increases markedly with increasing wave-

length, from the visible to 10 pm, but this is not true for fogs. In

small-drop, selective, and evolving fogs, some increase in transmission

was observed with increasing wavelength, from the visible to 10 pm.

Figures 8, 9, and 10 present the measured attenuation of visible/IR

radiation as a function of wavelength for various forms of fogs. It can

be observed from these figures that the attenuation of visible/IR radia-

tion by fogs is very complex, and is all the more so because fogs change
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their characteristics with time almost constantly. But it can be con-

cluded in general that fogs are opaque to visible/IR radiation except

for small-drop fogs, where mos, of the IR radiation may get through

(see the lower curves of Fig. 8). The unit D, density per km, ,an be

related to the extinction coefficient y through the following expression:

y = 2.3 D . (3)

The values of visibility for these curves can be obtained very easily

by using Eq. (2).

It can be observed from these absorption measurements by fogs that

it is very difficult to calculate these values theoretically. Eld-

ridge(26) developed a so-called synthetic droplet distribution method

to calculate spectral attenuation through haze and fogs. In essence,

this method uses successive synthetic droplet distributions to calcu-

late spectral attenuations and then compare them with those measured

experimentally. When the two spectral atternuations are similar, the

resulting synthetic distribution is considered to be the "best fit."

The attenuations thus calculated compare favorably with those measured

in Ref. 25, but the practical utility of such calculation is doubtful

since it requires measured values for comparison in the calculation

procedure.

RF RADIATION ATTENUATION

Since fogs resemble clouds, the values of y/m presented in Fig. 7

can be used here. But the maximum liquid water content of fog is about
3 (3)1 g/m , with the possible exception of heavy sea fogs. M is usually

less than 1. Visibility caa be related to attenuation in coastal fogs,

through the following empirical relationship:(3)

V2 = 59.4M-0. 7  (4)

3where V2 is in meters, and M is in g/m . For lack of more definite

information on M, such a relationship as Eq. (4) may prove very hclpful.
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For inland fogs, the empirical relationship between V2 and M can be

represented by the following expression:(26)

V2 = 24M- , (4a)

3where V2 is in meters and M is in g/m . Equations (4) and (4a) are
plotted in Fig. 11. Table 3 presents some values of attenuation at

three different wavelengths in a coastal fog at OC temperature.

Table 3

ATTENUATION CAUSED BY FOG

"(Temperature = OC)

Attenuation in dB/km

A= 1.25 cm A = 3.2 cm X = 10 cm
Visibility
in Meters (a) (b) (a) (b) (a) (b)

30 1.25 1,42 0.2 0.235 0.02 0.0238
90 0.25 0.3 0.04 0.0495 0.004 0.005

300 0.045 0.053 0.007 0.00875 0.001 0.000885

aFrom Ref. 4.

bFrom Fig. 7 and Eq. (4).

Note again that attenuation varies with temperatures. It also

decreases with both increasing visibility and increasing wavelength.

The decrease with wavelength is dramatic: an order of magnitude less

'I at 10 cm than at 3.2 cm, and nearly another order of magnitude between

3.2 cm and 1.25 cm. Using the values of y/M in Fig. 7 and Eqs. (4) and

(4a), we can calculate the values of atttnuation due to both coastal and

inland fogs as functions of frequency. These values are presented in

Fig. 12.

It can be observed from Fig. 12 that, at a visibility of 30 meters,

a sensor at 0.32 cm will suffer a transmission loss of almost 10 dB/km

by coastal fog. A sensor at 0.85 cm will suffer 2 dB/km loss, whereas

at 3.0 cm it will suffer only 0.13 dB/km loss.
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V. ATTENUATION BY HAZE

The term "haze" refers to small particles dispersed throughout the

atmospheric aerosol. Haze particles consist of tiny salt crystals, ex-

ceedingly fine dust, or products of combustion, with radii varying up

to 0.5 pm. In regions of high humidity, moisture can condense on these

particles and may form large drops; the particle is then said to act as

a condensation nucleus. By far the most important nuclei are salt part-

icles, since they are naturally hygroscopic. Fog is formed when the

condensation nuclei grow into water droplets or ice crystals with radii

exceeding I jim.

According to Middleton, 24 ) the atmosphere is hazy if the meteor-

ological range V2 defined by Eq. (2) is greater than or equal to

0.8 km (i.e., a 0 4 km -1). His definition was based on experimental0
findings that the relative extinction coefficients for blue, green, and

red merged into one value at the mean extinction coefficient of approx-

imately 4 km

Attenuation due to haze is very complex becautse of the diversity

of the particles in a hazy atmosphere, attenuation being dependent on

the nature of the particles, e.g., their refractive index and whether

they are hygroscopic. But haze is transparent to RF radiation and,

in general, attenuates visible radiation more than it does IR radia-

tion because of the smallness of the haze particles.(9,10,15,17,24-31)

Usually, only scattering is considered in studies of attenuation

of visible and IR radiation due to haze. (10,24,27,28,30) But for IR

wavelengths, aerosol liquid water absorption can be high under condi-

tions of high relative humidity (R.H.).( 3 1 ' 3 2 ) Calculated results

saow that at 85 percent R.H., the percentage of the extinction coeffi-

cient due to absorption can be as high as 40 percent at certain IR
(31)

wavelengths. In general, however, the absorption is less than

20 percent in the 3 to 5 pm region, and about 20 percent in the 8 to

11 pm region. Thus, scattering is still the dominant attenuation'

mechanism.

W / M/
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For practical purposes, it is much more desirable to express the

scattering extinction coefficient by-only a few parameters, such as

the following,: (10)

Yscat(5

where ac= 4 is for Rayleigh scattering (e.g., for particles much smaller

than the radiation wavelengths), and a = 0 is for neutral extinction

(e.g., for particles much larger than the radiation wavelengths). In

general, the empirical values of a for atmospheric haze range from 1 to

2. (10) It is also suggested in Ref. 24 that the value of ai for a haze

with a visual range of 30 km is 1.3, and increases with the visual range

until the Rayleigh limit (ai = 4) is reached. Basing his conclusion on

the published atmospheric transmission data of Gebbie etal,(3

Gibbons (27) suggests that ai = 0.7 in the wavelength range from 0.61 to

11.48 pim regardless of the meteorological range.

Medsured values of y scat as a function of X for atmospheric haze

suggest that the value of at varies from about 0.4 to 1..(4 Thus,

no single value of a is adequate for describing atmospheric haze scat-

tering with respect to radiation wavelength. Figure 13 presents the

experimental curves of atmospheric haze scattering coefficients as a

function of wavelength. (2)From the measured values of y scat versus

in Ref s. 28 and 34, one can plot a versus the meteorological range V2

this relationship is presented in Fig. 14. As can be observed from

Fig.. 14, the data are so widely spread that there is no simple empiri-

cal relationship between a and V 2. In general, the dependence of y scat

on wavelength for atmospheric haze is more pronounced for heavy haze

than for light haze.

Figure 15 illustrates the total attenuation of visible and IR radi-

ation by atmospheric haze as a function of wavelength at V 2 - 0.923 km

(0.58 mi). (2 5 ) It reaches a maximum between 0.4 Uim and 0.55 jim, and

decreases rapidly with increasing wavelength. The attenuation at 10 Um

becomes 10 to 100 times smaller than at 0.5 jim. It can be also observed

that the 8 to 12 pm band is preferable to the 3 to 5 pim band for IR

systems operating In this kind of hazy weather.

In general, it can be concluded that IR sensors penetrate farther

through haze than visible optical sensors can.
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