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1-0) Preface

The cevelopment of the Space Shuttle will provide a unique vehicle
from which ilie global distribution of aerosols may be measured. The Shuttle
missions will occur at & time when the interests of the meteorovlogical
community are concentrating on a better understanding of the earth's climate.
Desert aeroa&ls are the most abundant atmospheric aerosols and it appears
that they will significantly affect the climate. A Shuttle-borne lidar
sy;tem can provide basic data about aerogol distributions for forthcoming
models of climate. '

Chapter 1 of-this report summarizes our present knowledge of the physical
characteristics of desert aerosols and the absorption characteristics of atmo-
spheric gas, Chapter 2 presents an analysis of radiative heating computations.
Computational simplicity and adequate accuracy are fundamental criteria which
any computational scheme must satisfy in order to be useful as part of a com-
prehensive ¢limatic model. Sample computations of the radiative heating effects
ﬁroduced by desert aerosols are also presented in Chapter 2. General circulation
models are insensitive :5 changes in heating rates less than 0.5°K/day; this
ultimately determines che accuracy with which the aerosol distribution must be
determined by the Shuttle-borne lidar. These considerations sare presented
in Chapter 3.

A high spectral resolution lidar can provide profiles of the aerosol
extinction ccefficient. Tables 3-1 and 3-2 establish criteria for height
resolution and the accuracy with which the lidar must provide aerosol extinction
coefficients. The analysis of Chapter & presents the characteristics of a
Shuttle-borne lidar that will satisfy the criterfa established in Chapter 3.
Chapter 4 also presents some laboratory atudies which seek to identify

schemes that might permig the implementation of a high spectral resolution

lidar system.
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1-1) Introduction

Climatic varfability 1s a major hazard which afflicts agricultural
production. Much attention has been devoted to the influcnce of atmospheric
constituents on the heat budget and 1ts possible long-term Impact cn climatic
trends, see e.g. SMIC report (1971). The distribution of radiatively active
constituents such as aerosols and clouds may produce changes in the distri-
bution of surface temperatures (duration of growing season) or precipitation
(drought or floods) before longer range trends such as ice ages become sig-
nificant. General circulation patterns are influenced by the vertical sta-
bility of the ar:c sphere. The temperature profiles which determine this
stability are affected by the vertical distributions of radiatively active
conétituents which may alter radiative heating or cooling rates.

Clobal measuremente of the vertical distributions of clouds and aerosols
will be required as input for models needed to study the influence of aerosols
and clouds on climatic variability. Lidar can be used to measure the vertical
distr?bution of aerosols and clouds; and the development of the space shuttle
provides a vehicle which may be used to transport a lidar system over much of
the earth. .

Cloud top heights are easily determined by lidar. The optical thickness
of cirrus clouds can also be readily determined by lidar. While these quanti-
ties are of considerable meteorological interest in their own right, we will
confine our attention to aerosols and their heating effect on the atmosphere.
The reasons for this choice are that desert aerosols are more wide spread
than anthroprogenic aercsols, they are found nearer to the equator where
they may interact more effectively with solar radiation, they frequently
appear in cloud free regions so that their radiative effects zre not obscured

by clouds, and they.are more difficult to measure with a lidar than clonds.
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1-2) The Desert Aerosol

1-2-a) Geographicas Distribution and Climatic Role of Desert Aecrosols

The desert aerosol is probably the most wide-spread natural aerosol.
Figure 1-1 shows the approximate global distribution of desert aerosol sources.
The largest source is the long band of deserts and steppes stretching froi
West Africa east through the Sahara, the Sahel, the Lybian and Egyptian
dese;ts, the Sudan, Saudi Arabia, Jordan, Israel, Syria, Iraq. Iram,

Pakistan, and India. The second source is located in the extensive Siberian

1
t

and éhinese desertg. Other sources, are located in South Afrfca, South
Ameﬁica, Australia:and the Western U.S. All together, deserts comprise about
eighé éercent of t}e Earth's surface or close to one third of the total land
surface. The tota& output of "long-lived" dust from this source is at least
: .
120 million metric tons annually according to Carlson and Prospero, (1972)
and Joseph et al.,\(1973) and it may reach more than four times this value,
see boldberg, (19;1). An upper bound to the global atmospheric aerosol load
of the order of 2000 million metric tons/year was cited in the SMIC report,
(1971).

There is evidence that overcultivation of marginal lands promotes the
developument of deserts. As population pressure places more marginal land
under cultivation, the aercsol density in the atmosphere may be expected to
increase.

One reason for the climatic importance of desert aerosol is that small
changes in climate or in man's activities may cause considerable dis=-
plaéement‘of arld zone boundaries. The more arla the.climate thus becomes,
the more desert aerosol will be introduced on a global scale into the atmo-

sphere. There might thus be an initial positive feedback mechanism between

desertification and a change in ra:..:tfon balance due to deser:i aerosol.
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Heavy desert dust deposition far awsy frum its source has been reported
extensively. North African dust has been réported in Northern Europe by
Morikofer, (1941) and Stevenson, (1969), in the West fn&ies by Prospero,
(1968); and Carlson and Prospero, (1971). Desert aerosole hsve been shown te
exist in the atmosphere at low and sub-tropical latitudes by Petersem, (1968);
Bryson and Wendland, (1970); Volz, (1970)}; Volz and Sheehan, (1971); SMIC
(1971); Joseph and Manes, (1971); Joseph et al., (1973); and Sargent and
Beckman, (1977;.

The cppearance of desert dust in large quantitfes over Japan and the
Western and Central Pacific 3s correlated in spring with the northward migra-
t;on of the 0°C isotherm in the Central Asian deserts. T. Kitaoka, (1971),
indicates that the turbidity over Japan may increase by }OOZ vhen this dust
appears. The wind-borne desert aerosol from Asia has also been found in
geologically and pedologically importart amounts on the islands of Hawaii
by Jackson et al., (1971). Heavy dust falls reported by ships in the Pacific
up to 3000 km from the source, have been cited by Ing (1972).

The horizontal distribution of aerosol in large scale air masses is

dense enough so that its presence is easily detectable in broadband satecllite

photographs obtained in reflected sunlight.

1-2-b) Vertical Distribution of Desert Aerosols

Desert aerosols are very dense over source regions. Surface concen~
trations are very frequently of the order of 1000 ug/m3 according to
Peterson, (1968). The average surface mass concentration in the desert
aerosol layer is between 30-300 ug/m3 away from the source, see Carlson
and Prospero, (1972), Reynolds et al., (1973) and Joseph et al., (1973).

These mas3 concentrations are comparable to those found where man-made
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pollution is severe. This is one reason why natural desert aerosols may be

more significant to the global energy balance than man-made aerosols. :
The presence of desert serosols is clearly evident in visibility measure-

/ . ments. In very dense desert haze (not a sand storm) the vigiblility may be less

than one k. In the Middle East area, days with vigibility less than about

Alremerire 2

10 km have a frequency of occurrence of about 50-200 per y-ar according to

Manes and Guetta, (1973), and Lentz and Hoidale, (1974).

S e

1

? Prospero, (1968), and Carlson and Prospero, (1972) found thet desert:

[

aerosols are uéually transported away from their source in an isentropic layer.

v
{5 ' !

1 .
[ i

. Over the Atlantic Ocean this layer 1is usually found between 8UU and 500 mb.

‘ Below this layér, the air contains very little desert aeroscl, Junge, (1972).
1 i i

'The same stable layers in which the desert aerosol is advected were also
found over the‘Middle East by Joseph, Ashbell end Eviatar, (1961). Howevcr,
wﬁl' the aerosol has been found well-mixed to high altitudes over the source region

by Peterson (1968}, and Peterson and Bryson, (1968).

1-2-¢) Physical Properties of Desert Aerosols

A study of the effect of a model aerosol, with properties similar to

et HEW e At P 2 SRRt A F IS S (V. fShhas S Th o 3 TOEPPR O 4n AAN AT B PR . 20

a desert aerosol, on total solar and infra-red radiative fluxes, flux-

divergence and radiative-convective temperature profiles has been published

P N

recently by Wang and Domoto, (1974). They found that the absorption of the
aerosol was equal to that of the water vapor in the solar spectral region.
Over regions of high albedo (e.g. deserts), an increase in the aerosol concen- . ’
tration will heat the earth-atmosphere system. Furthermore, conveciion is

suppressed by the presence of aerosol and in the case of a "dense" aerosol

(visibility £ 5 km), 2 temperature inversion leysr is formed. WNet heating :

rates in the lowest layers are changed by about 1.0°K day_l.
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An experimental study by Reynolds et al., (1973) shows that the presencc
of a layer of desert aerosol aloft in the tropical occanic atmosphere may

shift the net (solar + thermal infra red) radifation heating rate curve downward

L UUZE . AT TR

in altitude and licrease the heating at the altitude where the concentration is

e b g 3 Sor A SRATIT A By o & bR s &
-~

8 maximum.

The stabilizing effect of solar absorption by the atmospheric aerosol
and its greerhouse effect in the thermal infra-red may play a significant role
in maintaining temperature inversions over deserts and it may affect convection
over oceans. The peculiar height distributicn gf the desert aerosol over the
tropical oceans may increase the static stability enough to inhibit the -

-

rainfall during daylight hours.

Dl it BN RIS 2y e WA Bt e rh il eted ved S AR IT) pn e aars

Joseph, (1970), (1971), Stowe, (1971), and Jacobow.tz and Coulson (1973)

e

have shown that the presence of aerosol over a surface will also significantly

PR

affect the remote determination of thc surface temperature from a satellite.

.

It 1s thus extremely important to study the vertical distribution of

PR

re

¢ the desert aerosol on a global basis.

1-2-d) Composition of the Desert Aerosol
The composition of desert azrosols has been investigated by Junge, (1972),

Goldberg, (1971), Carlson and Prospero, (1972), Kondratiev, (1972), Volz,

(1571), Peterscn [1968), Lentz and Hoidale, (1974), Lindberg and Laude, (1375,

and Bullrich et al. (i973).

The largest fraction of the desert dust is a variety of silicate clays,

T M amemem e damct o

together with admixtures of calcite, quartz, sodium nitrate and organic matter.

BVRY [ AV e e rm i

Organ’ aatter or iron compounds may be necessary to explain the relatively high
measured absorptivity of the desert aerosol for visible solar radiation found

by Joseph and Wolfson (1975), and Kondratiev (1972); (1974).
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The composition by weight summarized in Table 1-1 is based primarily on

work by Lentz and Hoidale, (1974).

Table 1-1 Composition of Desert aerosol
Montmorillonite ) 352
Kaolinite 207
Illite ; 20%
Calcite . ) 4
Iron Compounds (ﬁimonite), Organic Ccmnouncs ' 5%
| Quartz a ' K 5%
} Socium Nitréte ‘ . 52
i !
L |
i
|

%, The silicaceous clays that comprise the bulk of desert asrosol und
possibly organic Qaterial tuat adheres to the clay particles, found by
Gillette et al., (1974), are excellent natural clcud seeding agents. This
fact way lead to a significant effect on cloud and rain formation and cloud
optical properties. This property of the clays may lead to & profound
diurnal change of the aerosol over deserts. During daytime, when the relative
humijity becomes quite low, aeruso.s may be dry and non-spherical. Such
aerosols absorb both solar radiation and thermal radiation. At night thex
relative humidity often approaches 100 percant; the aerosols may rapidly
change their optical properties, their shape and their size distribution as
water is adsorbed onto the aerosols. Such aerosols will absorb less in the
vigible in the early morning hours till the water~vapor evaporates. Some

experimental indications of such a phenomenon have been reported by

Vittori et al., (1974) for aerosols in Italy.

.. ¢ \ ‘ - Rt tend
s . N . .. .

~

Neld
R YRR

RIS AT

= ——— e t—g— s Ay R

P

PP

-4




.

.4
«

e e, R At > et W DA
e m et 6 e e e R RPN e U SNART TR S 4 +

g e e AT AW T LTS TR s TR
7 v eIy ML T LT T R

~,

RS IRG. Whk/ e

~ . - Tz 1

*

kY

7
- Lindberg, (1974) found that the hydroxyl bonds in clays have absorption

banda in the near infra-red and these may simulate the radiative effect of

water vapor. The absorption of solar radiation by desert aercsols is about

TS P A T

equal In magnitude to that of water-vapor according to Reynolds et al.,

el o

(1973); and Kondratiev, (1972,1973). Kondratiev et al., (1972), (1974).

RV R

1 1-2-e) Refractive Index of Desert Aerosol

-
(SRR S

(1) The Solar Spectral Region: .4 ywm < A < 1,1 ym,

Most measurements and theoretical evaluations agree that the real part of

the refractive index of “dry" (ambient relative humidity § 60%) desert aerosol

Vosm o abts I s

i 1s of the order 1.46 ing 1.54. This i3 the range of values appropriate

for both amorphous and crystallite quartz according to Day et al., (1974),

PRI "

and for siliceous clays like kaolinite according to Steyer et al., (1974).
It is too low for iron or organic compounds which comprise at moét 5% of

- desert aerorols. We suggest the vaiue of n = 1.54 in the spectral range

i _;4 um < A < 1.1 um.

There is much less agrecement on the value of the imaginary part of the

refractive 1n&ex, k, see Fig. 1-2. The highest values are those deemed

The lowest

( [
values are those of Lindberg and Laude, (1975), based on reflectivity measure~ L

~ appropriate for limonite, see Kondratiev ev al., (1972)(1974).

1 ments of a desert aerosol diluted in a powder matrix. Brinkworth (1972) o i

L

sugpests that such results may be too low by a factor of about 2. The values .

used by MeClatchey et al, (1970) are based on Volz's (1957) data. Joseph and

Wolfson (1975) deduced a mean value for the spectral region .3 tm < A < 2.5 ym

LY a1 Va4

of k = .03 * .02 on the basis of solar flux measurements. The curve 3K in
Figure 1-2 shows the Lindberg and Laude curve shifted upward by a factor of

3 to coincide with that reported by Kondratiev.

PUTRUREY

The range of uncertainties

for k thus seems to lie between that of limonite and the "desert dust'' curve
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. of Lindberg and Laude (1974), in which there is no limonite. It is impossible.
L F . to fix the value any better. The curves presented by Kondratiev et al. (1974)

are the most acceptable values.
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Figure 1-2. The absorption index of ‘esert

aerosols in the solarvr visible region.

Desert dust - Lindberg and Leude (1975)

3X desert dust - Lindberg and Laude (1975)
Desert dust - Kondratiev et al. (1974)

Average desert Qust ~ Joseph and Wolfson {197%)

Limonite - Egan and Becker (1968), Kondratiev (1972)

(2) The Solar Spectral Region: 1.1 pm < A < 2.5 1m

Lindberg and Smith, (1974), and Kondratiev, (1972) presented the most

recent data on the properties of desert aerosol clays in -this spectral region,

Their data show a continuous extinction with an extinction coefficient between

.01 cm.-1 and 1 cm_l, leading to 8 x 10-6 Rk 2x 10-7. Superimposed on this

are band-abszorption features centered on the water-vzpor absorption bands.
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The value of k in these bands may reach 1l x 107
«002 < k X .02 in the 2.7 um band. The sbsroption in these bapds depends
on the state of hydtati&n of the clay sample.

We recommend the sveraged values of n = 1.5 and k = .008. These valucs
are based on spectral averaging using the solar spectrum as a weighting func-

tion. The value of k may be twice as large (Brinkworth, 1972).

(3) The Thermal Ixfra-red Spectral Regilon: A > 2.5 um

All materjals that may be present in desert aerosols have strong ab-
sorption bands in this region and they may be bi~refringent. Peterson and
Weinman, (1969), and Steyer et al., (1974) present results for quartz, and

Lenti and Hoidale (1974), present results for silicate clays and carbonates.
i .

; { :

The ;maginary partiof the refractive index varies over .everal orders of
I i

ﬁagﬁicﬁde in the s&ortwave and the 8 ym < A < 12 ym parts of this spuctral
P !
region. The‘maximum extinction coefficient may be 15-20 times larger than
in thé solar range, Day et al., (1974). The same authors show that the
determination of the imaginary part of the refractive index by transmissometry
of samples dispersed in a matrix under-estimates the absorption at the peak
by about a factor of three due to saturation. However, the spectrally inte-
grated absorption as evaluated by Mie calculations based on the conventional
data, gives the absorption within 15 percent. It follows thus that a "band
model" for aercsol absorption based on these Mie calculations should have
reasonable success in simulating the infra-red optical effect of aerosols.
Evidence of the global homogenei.y of the desert aerosol is demonstraced
in Figure 1-3 which shows the imaginary part of the refractive index of desert
aerosol as found in the Western U.S. by Lentz and Hoidale, (1974). Two similar
gsets of the spectral determinations of the same quantity from the desert of

Israel are also shown. The large varisbility from dust storm to dust storm

and even in one storm is also evidant from the difference in the two sets

of measurements in the Israeli desert, which were taken by Fischer (197?7).
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SFISCHER 1972 (Southern tsraet)
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Figure 1-3. Imaginary part of the refractive index of desert
aerosols in the spectral region of the atmosphere's infra-red

window.
The real part of the refractive index may thus be taken as n = 2.45
and the imaginary part may be taken from Lentz and Hoidale's model of the

optical constants of the desert aerposcl.

1-2-f) Size Distribution of Desert Aerosols

The size distribution of desert aerosol has been investigated by Junge,
(1972), Bullrich, et al. (1973), Lentz aﬁd Hoidale (i974), Volz-(1970), Joseph
and Manes (1971), Joseph et al., (1973), Joseph and Guetta (1975), Prospero,
(1968), Carlson and Prospero, (1972), Peterson (1968), Bryson et al. (1964),
3ryson and Peterson (1968), Lindberg and Laude (1975), Lentz and Hoidale

(1974), Grams et al. (1972), Shaw et ai. (1973), Kondratiev (1972), Kondratiev

et al. (1972), Schutz and Jaenecke, (1974).
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On the average, the experimental size distributions may be represeated ;
3
by a sum of two inccmplete gamma~functions, one peaking between 1 and 10 ym, /|
L
| the other at radii less than 1 um 3
' n(r) = nlfr) + n,(r) ‘
= a,r! exp(-b ') + 212 exp(-b r'?) 1-2.1) E ;
1 1 2 2 3 4
& 3
5 -3 -3 - i
) a = 3.5 x 107, cm “um al = 2., b1 s 20, um ’Yl = .50 ’
- 5 -3 -11 - -1 - . :
82 = 2.9 x 107 cm “um R uz 10., b2 10, ym —, Y2 1.0 ‘ v A
; Assuming the mass density to be 2.0, the corresponding mass Ml is . 3 j
E: 1
1.25 ug/m3 and Mz is 299. ug/m3 for a “normal" desert aerosol. :
]
' The nl(r) is introduced because the desert clays cannot absorb solar ,
3
radiation in the amounts experimentally found. The simple way of providing % i
N k1
.
for the absorption is to add a small mass of limonite in the form of small § o
particles. Kondratiev (1973) also found that limonite is only in aerosols § !
f :
with r<l pm and that the larger aercsols are clays. g _.{
Not enough data are available to say much about the change in height f i
- of the size-distribution. Due to the efficient mixing by convection of the air g -
: :
over deserts we shall assume that the size distribution is (ndependent of height. i i
y i
An estimate of the parameters of the size distribution of desert aerosols "S;
can be obtained in the following way:
: The refractive indices, as presented previously, have been used to i
i
2
g compute the Mie optical depths for extinction in the solar spectrum, 0.4 um 2
i
g < XA < 1.1 ym, and in the 8.0 um < XA < 12.5 um thermal infra-red region for a
5
é range of values of the parameters of the size-distribution. 1In the infra-red, -
%
i nz(r) is the main contributor tv~ the optical depth whereas nl(r) and nz(r) are
? both important in the solar visible and near infra-red. .
& H
E Our comparisons show that the parameters cited for nz(r) vield 4
] .
g
i




Ry

»

e

12
a best fit between the optical depths computed from Mie theory in the
8.0 um < A < 12.5 um region with those reported by Lentz and Hoidale (1974).
We then take the optical depths in the visible, based oa this best-
fit size distribution, nz(r), and combine it with a set of extinction
optical depths for limonite with & size distripution nl(r). The paraneters
of the size-distribution nl(t) are then varied to obtain a best fir to the

spectral extinction of solar radiatien.

The best fits,znl(r) and nz(r), are compared with various size distri-
butioés in Figure 1-4. The sum of these two distributions constitute our

i
p;opoéai for the avétage size distribution of the desert aeroscl as found
overgéhe oceans or over deserts during calm conditions.

|

)

1-2-g) The Maximal Amounts of Desert Aerosol

In order to degcribe the extreme effects of desert aerosols on thermal
infra-red heating rates as measured by Bryson et al., (1964), for example,
quite large optical depths must be assumed (T v 3 - 6). Above "normal" optical
deéths are also needed to partially explain the decreased cooling in the lower
troposphere observed by Peterson (1968). This means that between 10 - 20 x
normal amounts of uz(r) are n2eded to explain the Bryson et al. case and
1 - 10 x normal are required to account for the Peterson measurements. Measuie-
ments of the concentration of large particles over the Sahara Desert by Schiitz
and Jaenicke (1974) indeed show concentrations of large particles which are

S - 10 times greater than were assumed in the derivation of our "normal" desert

- aerosol:

The average optical depth at A = 0.5 ym of the aerosol during Khamsinic
phenomena over Israel is .4, however, optical depths exceeding 1 occur about 10

percent of the time, Joseph and Manes (1971), Joseph, Manes and Ashbell (1973),
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5 higher. The water-content is about the same. The ozone-profile from the

i

v

b McClatchey model was used in both cases. :
5 :
g,

33 The optical properties of water-vapor at 8 Um < A < 13 um were taken i
N3

= ;
8 from the study of Cox (1973) and both continuous and e~type absorption 5
& s
B4
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- Joseph and Wolfson (1975), Grassl (1974).

13

The data on visibility over the

MJddle East collected by Lentz and Hoidale (1974) show that visibilities

less than 11 km occur about 50-150 days every year. This implies that the

visible horizontal extinction coefficient is larger than .35 km—l. 1f

typical aerosnl scale heights 1le between 1 and 3 kms, a vertical optical
depth between .35 and 1 occurs about 100 days every year. Carlson et al.
(1973) report a reduction of global solar rad’ation c¢qual to that of thin

clouds and a Linke turbidity factor of .3 at A = 0.5 um during the occurrence

of dust over the Atlantic. This value is equivalent to a vertical optical

depth of .69.
The range of masses of the desert aerosoi modelled in this study‘ is
therefore assumed to vary becween 30 and 3000 ug/m™ at the surface. We shall

denote a normal desert aerosol by BF = 1, signifying a surface mass-concentra-

tion of 300 ug/m3. Aerosol scaling factors of BF of 0.1 and 10 denote “1light"

and "heavv" desert aerosols respectively.

1-3 Models of the Clear Atmosphere

Two models were assumed for the clear atmosphere. The first is that of
a tropical atmosphere defined by McClatchey et al (1970), and the second
is that given. for April 24, 1966 over New Delhi, India by Peterson (1968).

The surface temperature was assumed in each case to be equa’ to that of the air

at the surface. The main difference between the two is the higher air tempera-

sures below 700 mb in the New Delhi case. The alr temperatures at the surface,

at 900 mb and 800 mb, are about 10°K higher. That'at 700 mb is two degrees
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Figure 1-4 Size distributions of desert aerosols (a) Rajasthan desert - i
H 3
: Peterson (1968), (b) Colorado - Whitby (1974), (c¢) Texas - Gillette et al. i
f (1972), (d) Rajasthan desert - Bryson et al. (1964), (e) Sahara sand §
: i
i storm - Schlitz and Jaenicke (1974}, (f) Camp Derji Sahara, sand storm - }
% Schlitz and Jaenicke (1974), (z) Mean of Sebha, Sehara - Schiitz and ?
3 ' :
‘ Jaenicke (1974), (h) Atlantic Ocean - Schltz and Jaenicke (1974), ;
% (1) Grams et al. (1974), (J) and (k) de.uisi, private communication. f
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. vere taken into account. All calculations were done in spectral intervals '
AN = A
- of = 0.5 um in that spectral region. The data used were linearly inter- g
i
polated from the ds*a summarized in Table 1-2. Temperature and pressure ' ,
, dependence of the absorption coefficients were taken into account as shown ‘
o in Equations 1-3,1 to 1-3,6. 3
. ‘ 3
. L Tablel-2 1 Optical Properties of Gaseous Atmosphsric Absorberz
.- / . (a) Mster-vapor .
. ! VWevelength, (im) .00 6.35 8.70 9.10 -9.55 10.00 10.55 11.10 11.80 12.50 13.35 ‘
; K, (293°K), gl .05 .080  .074 .069 .062 .068 090 .100 .J02 .168 .113 ,
: x: 291°0), [e/ew'T]19.80 17.00 16.50 12.00 9.30 9.30" 9.50 10.00 12.00 14.00 20.00 !
. etype
" ! I :
b, (b) Ozone g i
IR .
3 o G’uungm.wa) 8.00 8.20 68,40 B8.50 8.80 9.00 9.20 9.40 9.0 9.8 10.00 10.20 10.40 a
E i Ky, (atm—em)”’ 0.000 0.000  .015 .079 .128 .105 .08) 1.016 2.303 2.65% 1.609 .63 .0S1
3 3 t 2
: : Waveleuxth, (im) 10.60 10.80 11,00 11.20 11.40 11.60 11.80 12.00 12.20 12.40 12.60 12.50 13.00 *‘;‘
% (LB 0.000 0.000 0.000 0.000 0.000 0.030 0.000 0.000 0.000 0.000 .008 .020 .05l j
1] 3
: ' i
- El
; . i
BN i
o The ozone amounte are calculated, in units of atm-cm, reduced to i
' ] S.T.P. £, .
| P (L)
2P0 | (W T () 1.4
- u, (£ ,2.) = 9,32x10° — L a2 1-3,1
4 0, %1042 g | oM T M (%) ) ¢ g
- % .
N 21 ~
{McClatchey et al 1970). H
3 The numerical factor reduces the ozone amount to S.T.P. '
: >
3 L =
j p/p,
£ P, is surface pressure in dyne cm
;:.
?é g the gravitational constant in cm sec !
3 |
i ¢ the ozone concentration in g/m
£ -
0 p the air density in g/m” E
f(’ |
£ !
; |
& i
b |
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Hater-vapor amounts were modelled by
£
. . 2
A pa(p,) {r(z,) 1/2
““z° (2.1, 2.2) - —8-—— c(e) TN) L f(i)_?& 1-3,2
g, \ p(L)
f
i %,
ut ,%) pya°(2) (T 2 *
*7 -
E,0, e-type 6278 czazey T a4 13,3
) | L,
- '1; where p_ = 1.01 x 106 dyue—cm'.;z
f q(l) = 1.63x1072 F
i -
- g = 981 cm sec2
B
- ©
? T, = 273°K
’§ T = temperature, °K
e = 2 +x(D - [@2+x ? - 412 1-3-4
‘ _ 2622 exp { - €1 = (c2/T)} -
| (M 9@y D 1-3-5
i
{ g3:36 A3 <2 <1
£(L) =~ (.130)3'56 .001 < £ < .130 1-3-6
0 £ <.001
¢, = 13.01
(Cox 1973)
c., = 2878.2°K
2
The models for absorption by gases outside the 8.0 pm < A < 12.5 im
window are based on those of Rodgers and Walshaw (1966), and Rodgers (1967)
and used conventionally in the manner cited by R. Bursztyn (1974), to evaluate
fluxes in 65 pressure intervals from the surface to 1 mb,
; References: Chapter 1
! .
i Brinkworth, B. J., (1972): Interpretation of the Kubelka-Munk Coefficlents
: in Reflection Theory, Appl. Opt. 11, 1434.
!
£ .
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% 2-1 Heating Rates due to Desert Aerosols ;
- \&’E ’ ;
p 2-1-2) General Discussion :
. 4

The role of aerosols in the general circulation of the atmosphere and

”

.
[ IV SRRy e

in climate has been the subject of extensive discussion. The problen of

aerosols arises in two ways:

-

The first problem is the determination of the impact of aerosols on

-

atmospneric and surface heating. The second problem is the determination

e,

= of their indirect role on the energy balance of the atmosphete throwgh their
. effect on the formation and the properties of clouds. We shall concern ! :

ourselves solely with the first probhlem. A

2-1-b) Heating Rates for Numerical Models of the General Circulation ‘

Random errors in heating-rates have little effect on General Circulation i é

st ma
-

Models according to Joseph (1966), and Washington (1971). It is important,
| however, that the heating rate aeparts systematically from a suitable stan- a

dard and that ite trend is known. Systematic changes in radiative properties

Woarle tar el w e

of the atmosphere have quite significant effects, see Joseph ibid, Fels and

Kaplan (1974), Manabe and Wetherald (1975). For example, systematic pertur-

Wi ha

L m:ﬁ-:nb-it.‘am e
o

cttend

tations of the heating rate greater than 0.5°K day-l affect the NCAR G.C.M.

.
.

according to Washiugton (1974).

i

An important requirement that any radiative heating rate scheme must
: satisfy to be useful in numerical modelling of the atmosphere is speed of

: computation. We address ourselves now to the development of fast and rela-

R Y S

tively accurate radiative transfer model to compute the heating rate of the

s

A
PRI

desert aerosol in the atmosphere.
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2-1-c) Heating Kates in the Solar Spectrum due to Aerosiias

Several studies of solar heating due to aerosols are available 2. the
i literature e.g. Yamamoto et al., (1974), Dave and Braslau, (1974) and Braslau
and Dave (1973, (a), (b)). /
/ An important problem in modelling heating by an aserosol i1s the variation ! :
of its mixing-ratio with height in the atmosphere. This leads to the need
for many layers im order to adequately model the variation of the albedo faqr »
single scattering w.ith height. ;? o
A second problep is the spectral integration of fluxes and heating

rates. The extinction of the aerosol usually decreases slowly with wavelength

(.

and it is small, in the appropriate spectral ranges, compared to the absorp-

tion by water-vapor and other gases' absorption bands. Rayleigh scattering

is small compared to absorption in the solar infra-red. We therefore divide

T PP

the solar spectrum into two regiomns. One‘contains the range .3 um <A< .8 um
and all "windows" between gaseous absorption bands; aerosols are assumed to
be optically active and Rayleigh scattering by molecules pust also dbe con-

sidered. The second regica is that of all gaseous absorption bands; there ) _,Z
, we assume that only gases are opticaliy active.

2-2 The §-Eddington Approuximation

A simple model for atmospheric radiative heating rates due to the

presence of aerosols will now be developed: “gb'{

The direct use of the Eddington approximation in calculating solar

fluxes and heating rates leads to large errors for optically thin aerosol laden

atmospheres. The reason foir this is chat single-scattering is usually dominant

11 N S m—s Sy o, —

SSTTERRE o WAL 4P AL

i *
: due to the relatively small total optical depths, T < 1. In this case,

the actual phase-function is strongly peaked, while the Eddington approxi-

e A
-

mation assumes that the peak in the scattering function is relatively small.

IAPVET S

PANANY

:
H
|
% The Eddington phase functicn is
{
]

P(8
_l%rl v 1+ (nlcose, : 2-2,1




t

. ‘

s

The forward to backwefa ratio 18 thus

. il= P(0°) m1+w1 - :
TFA80Y) I- o 1 2-2,2
Van de Hulst (1971) showed that w - 3g, vhere g n‘% P(8)cosd d(coal)
-1

is the as;mmetry factor. In the solsr spectral ramge, g ~ .7 for aerosols.
Therefore, R =~ ~ 2.8 while its actusl value may be of the order of a 1000

and positive.

'This difficulty can be redvced 1f \ %2 forward peak of the phase

function is replaced by a suitably weighted Dirac delta-function. The phase
| H

funcéion can be apﬁroximated by:
¢ ! .
|

[l By = 4nes(n - 1)680) + (1 - £) (1 + 3g"W)

’
’

¢

5 ? ' 2-2,3

. . i
.

_ where | = cosf, f is a weighting factor defingd belew and g' 1is the

asymmetry-factor of the truncated phase function.

o The application of this approximation of the phase-function leads to
; scaling of the optical depth, albeép for single scattering, and the
agymmetry-facror

' = (1 - wf)T

W= TTeEY 2-2,4
g' = 8= £
1 ~-f
The factor f may be found by
P(6 -
Zero Moment: I —é;i dl = 1 2-2,5a)

I3

4m

First Moment: } 2@ cosh d2 = g = £ + (1-f)g’

I3 Z'Z,Sb)
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Then the second moment: o ;

b}
3594-P2(case)dn =t

4n z‘zisc)

7
P
¢

4

vhere Pz(coae) is the second order lcgendre polynomial.

Any phase-function may be approximated by a Henyey-Greenmstein functionm. 4
Van de Hulst (1971) showed that the Henycy-Greenstein funition may be expressed j
v as: ;7
! L ;
" P@) =] (22 + 1)g %P, (cos8) {
8 L d 2‘2,6 3
£=0 :
§
Therefore, it follows that A
H
2 .
f= '
8 2-2,7 ,
e We can derive fluxes from an Eddington approxiwmatfon which employs the

transformed quantities defined in Eqs. 2-2,4 and 2-2,7. The quantities I° é

and Il are given by Shettle and Weinman, (1970). :
3
1, =~ exp(-Kt') + c, exp(Kt') - a exp(-1'/u ) - 2-2,8 ;
. i ?
‘ I, = P[C; exp(-Kt') - C, exp(Kt')] - Bexp(~T'/i ) 2-2,9 >
; ) T
H 5
£ where §
3 z
: K=131 ~-w)Q-w' g"l HE
: P=[31-0")Q1- w'g')1¥
é 1,2 J \ 7 5 ) )
i .- 3w uo 1l+g'1-w )]Ic §
: o p2,2 !
{ 4v (1 = K'ug) i
f . !
H ] | U R NYY - i
§ - 3wy (1 438" Q-] 1 5
; 4 (1 - K32) :
& ° v
§ :
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The bouundary conditions at the top and bottom of the layer (atmosphere)

are

RS 1)

: [
/ a+Ze +a-Be,=a+is 2-2,10
! * ~ ! E
n-E-Z2a+De* c+rn-i+Fa+bi ¢, - L
o I -T'/u ! f
- [(1-_1)a-%?(1+§) + “° le ° 2-2,11 t 'f;
‘i where A is the surface albedo, %' is the optical depth at the surface and g ;
o M is the solar zenith angle. z é
i The downward, F¥ (1'}, and upward, F+ (1), fluxes are equal to : 2
. i
’ F +(x*) = uo;'o exp {-t'/u }.+n(1 +2/31,) 2-2,12
- 4
i F 4(1") = m(I, - 2/3 L) 2-2,13 ’
In order to test the accuracy of this method, the fluxes and flux :
differences were extensivély compared to similar calculations using doubling .é
mettiod, see Hansen and Travis (1974). Table 2-1 8ho§a sample comparisons :
for the most stringent demands on the 6-Eddington method, namely small -
optical depths, T* = ,N282 and .282, a surface albedo of zero and a range 'k‘ %
of scular zenith angles 1.0 > L > 0.;. All fluxes and flux differences are -”ﬂbj

given in units of the normal incidence solar incident flux at the top of the
aerosol layer, T = 0.

The total downward flux, computed using the §-Eddington approximation,‘
is usually equal to that evaluated by the doubling method to two or three
significant digits. The same can be sald for the diifuse upward and the net

fluxes. The net flux differences, which are proportional to the heating-

rates at any level, indicate a systematic error in the §-Eddington method.
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s For the smallest optical depth corsidered, .0282, it is ~15 percent and -
-, -11 percent for the upper and lower half of the aeroscl layer respectively.
K s
In the case of an optical depth ten times larger, namely .282, the same -
| errors are -22 percent and -7 percent respectively. The larges'. error among
I
; those enumerated above, namely ~22 percent in the upper half of the aerosol
z layer with a total optical depth of .282, leads to an error in heating rate
o .
S of -.07°K dey . L
‘“E It is thus clear that the 6-Eddington method presented in this study /
: is adequate for the calculation of monochromatic fluxes and heating rutes -
b in an absorbing and scattering layer of aerosol. ' )
We now treat the parameterization of the monochromatic hrating -{n an f é
atmosphere containing absorbing and scattering aerosols embedded.in an '
! ambient Rafleigh*acattering atmosphere.
- The scattering phase-function for the mixture of a Payleigh-scattering
o
! molecvles with a Mie-scattering aerosol, may be expressed by s weighted sum
? of the separate phase functions, see Deirmendjian (1969). .
. . () . ® ]
. ! 3 ~ a N S 2-2,14
. P (o) = P(6) + P _(8) ‘
i : ’ B(h) + B(h) a o (h) + B(h) o . -
; a m a m . L
3' (h) S
: where: 88 i8 the scattering coefficient of the aerosol; -
!
! (h)
: 8 i8 the scattering coefficient of the molecules;
) and: P(O), Péﬂ) arc the phase functions for the aerosol and molecules
8
regpectively. ~
The asymmetry factor of the mixture 1s:
- 5, " 8, 2-2,15 )
| 8T Twm T, , ™ : ' :
1 a B
|
]
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Because:

8 =0 2’2’16

Consequently, ths amount of energy scattered into the forward peek is:

2
- 2 . 2-2,178)
£ (h) = 8, ’ .
1 + x(h)
The albedo for single scattering of the composite medium is:
w (1 + x(h))
Q (h) = -8
i “ A+ =)o) 2-2,17b)
: h h
! x(h) = Bm( )/sa (h) 2-2,17¢)

Where @ 1s the albedo for single acattering of the aerosol. The
a

(h)
o

molecular scattering coefficient g is proportional to pressure:

e (h) | gm(O) exp {- h/H } 2-2,18

The height profile oi tlie aerosol extinction roefficiert may be approximated

by an exponential profile with a scale height Ha = 1.0 km for the case con-
sidered by Dave (1975).

sa(h) - sa(o) exp {-n/H,} 2-2,19

We now parameterize this composite atmosphere by evalua}ing '; ﬁressure—

welghted average albedo for single-scattering @ and asymmetry-factor g :
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- - . P(h P(h ’
& = r a(n) 2 4 r LACH RN -
y : (h) F(o) h : (o) 2-2,20a) /.
t N -~
1
) - P(h) I” PQ) _
. 8" 8, [ T IORR IO IO ¢h 2-2,20%)
- ,[ . | i 4
) '? ;[ /z
¢ j ! ’ )
3 ! These equations;were evaluated in the two spectral regilons 0.3 um <A< J.8 pm
t l.; N i '
. and 0.8 um <A< 2.5 um. Only in the first reglon is this correction of the : . -
+ ‘ 1 i . . ¢ .
! . .
scattering paraveters of importance.
} ;
Table 2-2 summarizes the results oi this approximation for the scattering ' ) '/
- parametera for r mparison to Dave and Braslau'e (1974) work. The molecular N 1,
I3
scattering coe!.ficient at the surface was taken to be .019 m? ‘ ] ﬁ—/
Table 2-2 The Effect of Molecular Scatte.ing on an . /
i ’
derosol Laden Atmosphere in Spectral Range ¢ -
h 0.3 ym < XA < 0.8 pm.
Aerosol Only Aerosol + Molecule ¢
i Dave Cl (1974) :
(0) -1 (0), (0) -1 o
8 = 096 km B 748" =115 km
* a a n
! w, = 910 w = .978
; 8, = .700 g = .143
) £, = .490 T - .021
{ .
j -

The resulta of this comparison are shown in Table 2-3.
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! Table 2-3 - Comparioccn of 4-Eddingtor Computations with Those of Dave (1974)
- Lo 1\v ;
. Soler Angle .3- 8un 8 -2.51m .8 - 2.5 (Bands)
R e v Met Flux|Het Flux F«u nu;lun n.uTn'- n x {et Fi
. “."““) ° To Bottom | T Vg x| Botton |Total Absorption |Totsl Abeorpeicn (Dave C1}
I : s (w-0" iv-n'_ll (u—n’z)‘ [ J (v-a ) [(w-n=4) 2 2
i () Absorption, Surtacc Albedo = O
/] 1 -717.1 -715.8 !-65.8 | ~64.2 ~527 ~347 13 13
n\’ 13 .966 |, -690.0 -688.7 -62.5 ~62.4 ~509 ~334 13 1)
. " 30 .866 ~610.8 -679.5 | ~56.0 ~55.9 -465 -304 14 14
v . 60 . 500 ~323.8 -322.6 ; -31.% ~31.8 ~263 ~153 16 17
M 80 L174| - 85.3 | - 84.5 | -10.4 | -10.3 |- 91 - 38 22 24
(b) Absorption, Suvfasce Albedo = .05
- ] i 1 ~686.5 -685.1 | ~42.4 -47.2 ~508.1 { -341.0 12 14
. i, 80 w174 - 81.7 |- 80.9 |- 9.3 - 9.7 - 90.9 - 37.0 23 23
{(c) Absorption, Surface Albedo = .20
. ) 1. | -svz2.0 | -s90.2 !-:x.e P-s1.6 | -s2s.6 | -ns.e 1s 1s
) 80 L1764 =706 1-69.2 1-87 |-86 |-91.0])-35.0 24 b3
. (d) Reflection, :urfsce Albedo = O
[ l1. 82.6 799.2 | .i78 64.7 o. $27.6 s.
|
Solsr Angle 3~ .8um .8 - 2.3 im -8 -~ 2,.5(bands) Aldedo
] M Flux Up Flux Down Flux Up PFlux Down Flux Up Flux Down Raylefgh Present | Cave (Cl)
—— ° ° Top Tep Top Top Top Top z 3 z
- - -2 - - -
(degrees) (vo z) (v z) (va ") (v= ) (va z) (va 2)
(e) Reflection, Sirfece Albedo =-0
) . 82.6 (199.7 }.218  les.7:2 o. $27.6 s 6 s
15 .966 82.4 172.5 294 62.52 0. 509.6 b é L]
30 .866 81.8 692.6 .336 56.06 0. 456.9 6 7 [
60 . 500 6.0 399.9 .483 132.36 0. 263.8 9 10 9
so  [aze| sas ‘ies 776 Tma 0. 91.6 v 22 2
(£} Reflection, Sut{sce Albedo = .05
1
4] 1. 113.2 799.7 17.3 164.7 14.5 527.6 9 10 8
80 . 174 57.1 138.9 1.9 ;ll.l 1.9 91.6 21 23 23
{ (g) Reflection, Surface Albedo = .20
! 0 . 207.7  l199.7 3.0 64.7 54.31 s21.6 2 20 19
80 174 167.5 138.9 1.6 11.2 6.0 91.6 » 32 30
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Table 2-3(a) shows the results for three separate spectral

rarges .3 Um <A< .8 Um, .8 Um <A< 2.5 Im between the gaseous absorption bands

\

and .8 um <A< 2.5 um in the gaseous absorption bands. Spectrally averaged net

fluxes sre expressed in units of watt/mz, at the top of cur atmosphere and at

its bottom. From this set of data we calculate the totai absorption in units

of the incident solar flux to be compared with the exact results of Dave.

given by Dave (his ﬁodel B), as a function of the solar zenith angle. Ve used

the water-vapor profile given by Dave. The resulting equation for the combined

transmissivity of all absorbing gases in a Rayleigh scattering atmosphere

for water-vapor amounts up to 6 g/cm2 and for the whole solar spectrum, is

N ok 1/2
T(&L) = .94 exp{-.063 () } 2-2,21
u
o o
where h
) v
(h) p(h)
® re
u (hl’hi) I Puater (p(o))dh’
By
18 the '"reduced" water-vapor mass between two altitudes when the sun is
at a zenitan angle *ﬂa-lpo. The transmitted intensity at a given height
is
UL 2-2,22
F(u ) Iouo T(u ) ’

o o

where the incident solar flux 1s that over the whole spectrum. This trans-

ission function is similar to many other empirical equations derived in the

literature, see e.g. Kondratiev (1972) 2xcept for being a transmissivity for

the whole solar spectrum and the inclusion of the effect of Reyleigh scattering

' i -
M..._.—/., PRIV UPRIEPIPT NI JUUUPIPUE VDI VRSP S

-

The

gaseous abosrption was modelled by fitting a 'best-fit" curve to the absorptivity
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on the absorption. It ie interesting that a nquare-roo% dependence fs found,
even though we modelled the total absorption by all gases throughout the solar

:i f' spectrum by just that of the water-vapor.

The laat step in the epproximation of sbsorption by gases is the

asgumption

- i - - ‘ u* A uk

I, (band‘s)uo a - 'rbands(u‘) ) = Lu Q- T(”o) ) 2-2,23
L. {’ ‘g Ii
R I thqé the total energy, throughout the sclar spectrum, absorbed by the

:
’ ' P

{ . .
c {. gases may be thought of as being concentrated in the absorbing bands of

water-vapor at .8 pu £ XA £ 2.5 um.
' \

1

The net fluxes in the water-vapor absorption bands are calculated

with- the help of Eq. 2-2,17 by using the following equations

: F(top)= - I Gands)u (1 -~ TEDT(1.67u%)A) 2-2,24a)
baunds ° e uo

: A . _ ,
F(bottom) = - I (bands) u, T [1 - A] 2-2,24b)
bands Yo

vhere A 1s the surface albedo and Io(banda) = 4255 Io'

A Drgar 73

On cowparing the last two columns in Table 2-3, (a), (b) and (¢), it is

seen that atmospheric absorption is accurate enough to be used in a general

circulation model.

PISIY oian s A e nm e g

General circulation models slso need fluxes at the top and bottom of

P

the atmosphere to determine energy balances. We therefore also compare

the reflection by ths eerosol-molecular atmosphere with that of the
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more exact results. The results are shown in parts (d),(e) and (f) of Table 2-3.

The application of this method yiel:3 albedos that are in good agreement

with those obtained from more accurate models as is shown in the last two

columns of Tgble 2-3 (d), (e) and (f).

The same ideas may be applied to the calculation of the downward flux

at the surface. A compariscn of the §-Eddington approximation to the "global"

flux at the surface with the "accurate" results is given in Table 2-4.

A~

Table 2-4. The Downward Fluxes at the Surface in Units of uol ~ Comparison
with Dave and Braslau (1974) and Dave (1975).

u i Dave Results Transmission at Surface Present Corrected

() Direct Diffuse Total Total Down
1.000 ]0.0 .097 723 .819 .810

. 966 .099 717 .316 .807

.8¢6 .107 .698 .806 .803

.500 .152 .587 .739 .736

174 .240 .313 .554 .551
1.000 (0.05 .100 .723 .823 .811

174 .243 .313 .556 552
1.000 {0.25 .112 .723 .835 .863

174 250 .313 .563 . 544

The comparisons of our computations with mcre exact computation shown

in Tables 2-2, 3 aud 4 indicate that it is possible to describe the effect of

aerosol on the solar heating raie of a clear atmosphere in a way that is

simple, fast and with a predictable systematic error not larger then a few

percent.
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We now address ourselves to other physical errors in computing heating
rates in an atmosphere containing a mixture of absorbers and scatterers
throughout the solar spectrum. We defined three spectral intervals
Jum < A < ~.8um, .8 um < A < 2.5 um between bands, and .8 um < A < 2.5
in bands, and averaged the effect of the Rayleigh atmosphere.

The division into two main spectral regions does not result in large
errors, see Joseph (1966), (1971ia),Lacis ard Hanson (1974), and Dave (1975).
/?he neglect of ozone in the troposphere is not serious. The vertical optical

_depth of ozoneatkzo.q ym, the center of the Chappuis band is of the order of

' H .

f .04 for normal ozome amounts (.384 atm-cm) and more than 90 percent of the
i

ozone ié[above 1c km.f The effect of ozone in the stratosphere on troupospheric
i T
o {

fluxes may!uzmodelled@by decreasing the solar flux at the tropopause by the

i

P J
ozone transmission, gee Joseph (1966).

Molecular scatteying in the spectral region 0.8 um < A < 2.5 ym can be
neglected because it is insignificant. The fact that we do not account for
absorbers other than water-vapor in this latter spectral region does not lead
to large errors, e.g. Figure 8 of Braslau and Dave (1973) and Table 2-3,

The neglect of the over-lap of the water-vapor and aerosol spectral
characteristics in the spectral region .8 pm < A < 2.5 um will lead to errors
of about 2% in the heating-rate. The error is due to the over-lap in the
wings of the water-vapor bands and {s small because there is little solar

eunergy in this optical range.

. The heating rate ias evaluated directly through the use of

dF. L T 2-2,25
] ] —— -

O A - e (1Y) + e ] '

and
3T S U | dt')d? ) A 2-2,26
3t (e Vg AT =00y © (d 5)art (T Mo A ’
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‘ The calculations of the heating-rate have been made by ueing an "average"
optical depth, weighted by the solar spectrum, Io ),
.8im .Sum

T = ,//( t(A) ;o(A)dA IO(A)dA 2-2,278)
.Jum . 3um

iq the range N.3 um < A < .8 um, and

h 't - Zi Ali T(X)Io(k)dkl/éi IAAilo(l)dk 2-2,21b)

- where the AA are all spectral intervals in the solar spectrum between .8 and

2.5 um where there is no gaseous absorption. (.80-.88, 1.00-1.10, 1.18-1.28,

et

1.52-1.68 um).

Models of the general circulation are insensitive to errors in the
heafing-rates whach are less than .5°K —day-l, Washington (1974). The )
error in our approach is acceptable whereas the additional time réquired
to rigorously compute the heating-rate in an atmosphere with two mixed

' scatterers would not nermit the inclusion of aerosols in a model of the

general circulation

2-3 The Atmospheric Heating Kate Models in the Solar Spectral Range for

Application to G.C.M.'s and Climate Models.

The technique outlined in the previous section has been applied to
models of the desert aerosol over land and over sea.

The optical characteristice at the surface are shown for a "ncrmal"

desert sercsol in Table 2-5 &8s used in our model.

~-~

v -t - - 1T m s e e b mmnis D —>~-—~1

.,
N
3

b
\

e e e e as et ne o e S S pvar e %4 o oA o Sadm
4

B o d e v e et ta vere s e

S|
Ll

LS RSP PP P LGN GPRIVE. SO A )

et

P AN

12U wama el detiven bt R A Lkt e ik s lden b 8 o dnt semmat dosn e T e fukhe o

[N
\\\l»



T

¢
i
H
:
!
¢
[
L
4
:
i
t
A
i
£
¢
i
{
{
b

N

33

Table 2-5. Optical Characteristics of "NORMAL" Desert Aerosols

-~

Io - 1392 w/mz, Solar Constant (GIOIIO) in percent.

A [um] ek b=.5  5=.6  .6-.7 J1-.8 3-.8  .8-2.5

'8_(0) (™2} .230  .230  .19¢  .175  .155% 193 .055

.93 .95  .970  .975  .976 970 .920

g .670  .670  .670  .670  .670 .670  .670
§1/1 (2) 7.8 14.4 13.8  11.8 9.6 $7.4  42.6

Several model distributions with height of the desert aerosol were

used and these are shown in Table 2-6.

Tahle 2-6: Desert Aerosol Distributions as a Function Height

B?iz?m {le Scal?k:§16u~ Notes
0 7.3 1.31 Overland -~ Normal
0 7.3 2.8 Overland - Dust Storm, Khamsin
2 5 « Over Ocean;"'ﬁa (h) = cons:

*7This distribution is required as input for G.C.M.s; however, lidar -
parameters are computed from the overland normal model only.

The inclusion of the effect of Rayleigh scattering on the heating rates
over land is similar to that applied to the aerosol model Cl of Dave.
The results are shown in Table 2-7 (a) for 0.3 ym < A < 0.8 um

and should be compared to those in Table 2-5,
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Optical Characteristics of Atmosphere Containing Desert Aerosol

(a) Overland Light (BF = .1) Normal (BF = 1.) Heavy (BF = 10.)

Bio)fen(‘o)(km'l) - .038 .211 1.949
a - S 87 .974 .970
. : .176 .491 -645
(b) Over sea

‘ (In laeyer) .

BlSo) ”?n(;O)(km-l) 031 .205 1.942
3 , ;‘.981 .972 .970
5 098 .153 .162

: {
Note that BF 1s defined in section 1-2g).
|

The analysis of the desert aeroscl aloft, in a layer between
i

2 and 5 km, involves the same averaging technique as before, but applied

only in the layer itself. The results are shown in Table 2- 7 (b).

The more difficult problem is the adaptation of the boundary conditions, in
the\é-Eddington solution necessary tc take into account the existence of
Rayleigh gcattering above and below the aerosol layer. This is handled in
the following way:

The downward flux of solar radiation at the top of the aerosol layer at

S km is modelled by

~ -1 (5)/u -1.661 (5)
- m o, ,1l-e m
FH(5) = T u {e + 2 ]
~ -.07/uo
- Iouo [e + .05])

where the solar flux incident on the ztmosphere is decreased by the
-1,(5)/u

- e

2-3.1

direct trans-
1.661m(5)

mission, e , and enhanced by the diffuse transmission, 3

through a Rayleigh atmosphere down to S km.




The lower boundary condition, now applied at 2 km, has to take into

account the existence of the Rayleigh scattering between O and 2 km. The

upward flux at 2 km 15 approximated by

-1. . h ]
A b0, 1.6641_(0.2 |
F82) = (u X exp{-1'(2,5)/u) {exp( - ” + 3 )} 2-3.2] ¢
o g
: -1.664T_(0,2) ~1.66At (0,2) i
o 2 1L+e o - d+e m 3
: +TI ) +5 L@ L 5 SIS 5 }

~

vhere 1 ,
C

10(2) and 11(2) include the corrected upper boundary condition

v cetldos ata -

(Equatlon 2--3.1) and ATm(O,Z) is the spectrally averaged vertical optical depti

—_—
A S (A 208 R I P R T N e T A U ST O R
i LN (A - >

"ot bk

of the Rayleigh stwosphere between the surface and 2 km, namely .03, A 18 the

surfac~ alhedo. An analysis of the first two expressions in curly brackets,

involving Atm, showa that one may equate the two with an error of less than

v 0 = aniamnan be

.03, and express the l~wer boundary condition by ;

FA2) = FH(2) (.975)% _ _ 2-3.3

= 2~
Aoffective - (.975)"4,

-

where Fi(2) 1g the downward flux at 2 km.

e

,
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2-4 Results - Desert Agrosol Over Land

Atmospheric solar heating rates due to desert aerxosols were evaluated

es a function of height for various values of the solar zenith angle, and

the surface albedo in 2ach of the two spectral ranges (.3 uym < A < .8 um,

8 ym < A < 2.5 ym). The height increments were 0.5 km and 1.0 km. The

AR PR BT T g et TR 4 AT
4 g o e e I A 47 £ S

]
heating duve t~ water-vepor in the same tropical atmosphere was also available, ;

28 was the totsl heating.

< g e e m ey

¥We shall only present a few examples of our results:

Figure 2-1 compares the heating rates due to aerosol in the soler spectrum with

J e

that due to water-vavor. The atmospheric profiles uf temperature and humidity
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HEATNG RATE, *Kaoy ™

Figure 2-1. Comparison of solar heating rate due to aerosols with that

due to absorption by water vapor in the interval 0.3 ym < A < 2.5 um.
Water vapor absorption function {s frum Kondratiev (1972). Numbers
identify the total opticel thickness, T*. Surface albedo, A= .15,
uo = .6, Ha = 1.3 k.

are taken from Peterson (1968) and they are typical for a desert atmosphere
over India. Increasing total amounts of desert aerosols are indicated by
the optical depth, t*, at the surface. The curve marked t* = .395 ie for>an
average amount of desert aerosol in a cliear atmosphere. The average amouPt
of desert aerosol leads to & heating tnat 18 about one half of that due to
water-vapor at the surface and decreus;s with height due to the aerosol
scale height, namely Ha = 1.3 km, vhich is for the descert aerosol over the
Indian desert. A dense desert acrosol may have a vertical optical depth
larger than one. The curve marked 1% = 3.?5 illustrates probably the ex-

treme effect of a desert aerosol. In the lower troposphece, the heating

due to this amount of aerosol is much larger than that due to water-vapor

and a peak in the heating rate develops aloft.
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-5 Desert Aerosol Layer Aloft in a Moist Tropical Atmosphere over the Ocean.

A layer of desert aerosol between about 2 and 5 km over the tropical
Atlantic Ocean may significantly affect the transfer of solar radiation, the
heating-rate profilé, and the stability of the atmosphere. We have therefore
modelled the effect of a desert aerosol layer aloft over the ocean. As an
example of our results we s%ow here in Figure 2-2 the results for a thin
(BF = .1) and a normal (BF =1, 0) desert aerosol. The optically thin model
aerosol, with an optical depth at A = .5 um of 0.06 has a constant mass-

concentration of 30 ug/m in the Jayer. For a normal(desert aerosol, these
i y
Auantities should be mulciplied by a factor of 10. The amblent tropical

H l r

2
atmosphere has a water content of 3.57 g/cm” and a mixing-ratio at the sur-

i
¢ ’2

face of .016 g/g.

It {s seen that a thin desert aerosol layer aloft has only a minimal
effect an the solar heating rate. A normal (BF = 1) desert aerosol increases

the heating in the layer by more than .5°K day-l at its bottom aad by

.82°K day-l at its top. This 1s a very large change in heating, wvhich will

s:rongly affect atmospheric stability.

In Figure 2-2 Part (b) we compare our theoretical in;rease in solar heating
due to the aerosol over an ocean with the difference between mecasured and
calcula:ed clear-air solar heating rates, as given by Reynolds et al (1973).
Unfortunately, the measured data have a large scatter, and comparison of
individual days is difficult. The comparison with our results shows that
in the aerosol layer, the theoretical differences between the effect of
layers containing 30, and a 300 ug/m3 cover the measured differences
(30 to 160 ug/m3). It 18 seen that the experimental differences reach a
maximum near 3 km where the presence of aerosoi is usually detected. The

difference below 2 km is near zero and in the lowest kilometers chere is

another relative maximum, which -might be due to marine haze or sea-spray.
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Figure 2-2, Solar heating profile for desert aerosol aloft over the ocean.

(——-) Computed BF = 0.1;T(2) = .06, mass concentration 30 ug/mB.BF = 1.0,

: 1(2) = .58, mass concentration 360 ug/m3 (—). Troptcal atmosphere
- [McClatchey et al. (1971)], A= 0.05, uo = 0.6. Part b: Difference between

) heating ir Dusty and Clear Atmospheres. Mean of eight observed profiles, -
: RMS error ¢ 0.5°K day_l (---).

It thus seems that a desert aerosol aloft over the ocean may signifi-

cantly affect the distribution of solar heating.

2-6 The Toral Daily Solar Radiative Heating Over a Desert '

S
‘ The total dally solar heating over a desert 1s a quantity of interest ;3& d
for a model of desert climate or of the role of the desert in the general ‘
circulation of the atmosphere. —
We modeiled this quantity by integrating the solar heating of
a typical desert over the hour angle of the sun for the case of a desert -,
— ;;rosol with a scale-height of 2.8 km distributed up to 400 mb in a clear
atmosphere. The surface albedo was A = ,25. L
The results are shown in Table 2-8 for the dust, the water-vapor and i
tor their sum for three different amounts (BF = .1, 1.0, 13.0).
~.
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For a thin layer (BF = .1), the heating due to water is dominant. A

normal desert aerosol (BF = 1.0) will add approximately 50 percent of the

heating due to water up to a height of threc kilometers and be slightly

less significant at higher levels.

BF = 10. will more than triple solar heating.

The very dense aerosol case described by

Table 2-8 . The Daily Solar Heating Rate Over a Desert (°K day—l)

Aerosol Heating Rate

H,0
ht Q&atzin%BF = (1 BF = 1.0 " BF = 10.|| TOTAL (B=.1) TOTAL (BF=1.0) TOTAL (BF=10.)
(km)| Rate :

o |.63 | .04 .33 1.65 .67 .96 2.28
.5 .60 | .03 .28 1.22 .63 .88 1.82
1.0 { .57 |.03 .26 1.73 .60 .83 2.40
1.5 | .54 | .02 .23 1.68 .56 .77 2,22

l2.0 | .52 | .02 .20 1.61 .54 .72 2.13

: 2.5 | .49 | .02 .18 1.52 .51 .67 2.01
3.0 .47 | .02 .16 1.42 .49 .63 1.89

P35 j.as |01 .14 1.30 .45 .59 1.75

AETCIE T S N 13 1.20 .44 .56 1.63

Pa.s | .6l .01 .11 1.09 .42 .52 1.50

x s.c |.39 |.o1 .10 58 || .40 .49 1.37
5.5 .37 po09 .88 1 .37 46 1.25

6.0 1 .35 N N LR .35 43 1.14

Les L3 ; 07 1 0| .36 .41 1.04

RN W6 b ' .32 .38 .95

7.5 1.30 O .30 .36 .87

8.0 L2 os | .50 || .27 .32 .77

| a5 .22 .04 ; 45 11 22 .25 .67

5.0 1.1 041k {* .14 .18 .54

3
}
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1
;
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2-7 Heating Rates in the Thermal Infra-red Spectrum

2-7-a) Introduction

The calculation of heating rates in an absorbing, scattering and
emitting atmosphere in the thermal infra-red poses some problems to the
f modzller. The main éroblem is that spectral fluxes and heating rates
must belintegrated o;er spectral regions in which the albedo for seingle
| ‘-.

scattering varies markedly, see Sargent and Beckmun (1973) and Warng and Domoto

i
T

(19?4)7? Furthermore,;the sources of radiation are both inside and outside of
the medium. An addigional consideration is that the treatment of the fluxes
and he;ting-rate shoJld be as close as possible to that acconded to 1ibsorbing
gases, in order to avail one-self of the techniques developed over the years
for treating the transmission of black-body radiation through the atmosphere.
Our aim i'. this section is to develop a method of calculation that is adequate

for use in a numerical model of the general circulation.

2-7-b) The Radiative Transfer Equation in the Thermal Infra-red Spectrum

The complete monochromatic radiative transfer equation in the thermal

infra-red is

it

"3
?‘ " %

.~\

ANV WO PRI I - W)

R N

—

e

K

U, w9 = (w9 - (- w()B) '

- SO e, e, 01T, U, 61)dR" 2-7,1
4n
where all parameters have the usual meaning at&.B is the local Planck source -
function.
The phase-function for aerosols in the thermal iufra-red is somewhat

peaked with an asymmetry fact;r 2 < §a< .6, see Peterson & Weirman (1969), -
Deirmendjian (1969), and Sargeant & Beckman (1973). We shall again reduce the ‘
T na i R
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problem to a more isotropic scattering case by removing the forward peak from

the phase function in the manner described in section 2-2.

The radistive transfer equation is thus reduced to:

T
u a - I- y= ! P'(B)I dQ' - (1 ~ w')B 2-7,2
4T .

where the albedo for single scattering and cptical depth are redefined by

Eqs. 2-2,4, and 2-2,7.

Table 2-9 shows typical values of the parameters w' and T' for three amounts

of aerosol at A = 8 um and 11 pm.

Table 2- 9. Typical Values of the Reduced Optical Depth and Albedc for Single
Scattering in a Humid Tropical Atmosphere

("top" of aerosol 400 km, scale height:2.8 km)

Pressure Light Light Normal Normal Heavy Heavy
(ub) An8um A=11lym A=8um A=1lym A= 8um Xlum
T' wl T' m’ T' wl‘ . .[.' wl T' w' T' w'

1000 1.25 .004 .78 .004 [[1.47 .040 .20 .033 [i3.13 .273 1.92 .21é
920 .63 .005 .41 .00 || .80 .051 .50 .Q42 ||2.04 .323 1.27 .250
840 .31 .009 .21 .0070ff .43 .081 .28 .G63 [l1.27 .42 .83 .311
760 .15 .01 .11 .010 || .23 .122 .15 .089 .80 .509 .54 .366
680 .07 .024 .05 .0l16 { .12 .189 .08 .130 || .49 .597 .34 .420
600 .03 .042 .02 .026 )| .06 .282 .04 .184 || .28 .666 .20 .464
520 01 .074 .01 .043 )} .02 .400 .02 ‘.253 14 716 .10 .498
440 .004 .132 .004 .072 ) .01 .525 .060 .334 .06 .748 .03 .523

Representative values for g' in the truncated phase fuuction of the

desert aerosol in the 8 im < A < 12 ym spectral 'window" region are given

in Table 2-10.
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Table 2-10. Values of the Asymmetry Factor in the Infra-red Spectrum

H

AA(um) 8.00 8.40 8.60 8.80 9.00 9.20 9.40 9.50 10.00 11.30 12.10 12.50

8' .40 .16 .09 .04 .06 .06 .10 ,12 .15 .27 .49 .17

It may be inferred, from the material in Table 2-10 that the truncated
phase functions are nearly isotrcpic.
Sargeant and Beckman (1973) found that the heating rate, even at the

surface, was in error by less than .1l out of 1.9°K day-l

if they assumed
iéottopic scattering. Thelr error decreased strongly in relative value
with height for a quartz aerosol over the Indian desert.

For the sake of simplicity, we assume that the truncated phase function

is isotropic, i.e. g' = 0. The aerosol is assumed here to be optically

active only in the 8 - 12.5 um region. Outside of this region, w' = 0.

2-7-¢) Solution of the Radiative Transfer Equation

The solution to Eq. 2-7,2 may be separated into two parts - one for the

emit’‘ed intensity, Ie’ and one for that scattered, Ia' Thus

L=1,+ I 2-7,3a)
dIe

Mg =L - (1 -wh)B 2-7,3b)
dIs

H HT = Is - w'Jo 2"7t3c)

For later reference let us also define
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1 |
- vhere 1
I () = 3 | PG, wHI(T', u)dy' 2-7,3e) E
. _1 )
(- i
- L {
and I, = I, (' =0) 2-7,3f) }
l 1
f The solutions to Eq. 2-7,3b) and 2-7,3d) are immediate, however the equation -
for the scattered intensity must be solved by an iterative process or by ‘
¢ other numerical methods. E
-_" 3 [ - We hLave chosen to approximate the n-th order ox scattering in the l )
% . ; )
¢ , following way i i .
B 1 lerey = 0L (2t 2-7.4 .
i H sn ,8) zuw Ie(‘r »0) =/ i
‘ f'g ; % ;
i S | ’
where Ie('r'.e) is the incident emitted intensity at level T' from direction 8, ‘
Then the total scattered intensity 1s set equal to
! o .
I(',0) = § o™ (t',8)z1I 5,9 2-7.5
8 a=0 e e l-u)'
The equation of transfer for the scattered intensity thus becomes .
1
d1
st . _w ' uNdu - ' ' -
3 N I(t',u")du Ia 1-0) Jo(t )y 2-7.6
-1
1 v
where J (t') = lj I (t',u')dy’ 2-7.7 LT
] 2 e %
-1 P
; The solutions for the upvard, Isf. 2ad downward, Is+. scattered intensities are
e ) :
§ 4 T w' (! St g,
: ' - wi(t’) ' ot .
: Ie(t WH) I 1d(e ") Jo(t e u 2-7.8a NS
; T' .
] i
¢ i
! ' L _(.,v_t')/lul S.
i w' (e') : d {
! L'y = I WLE) 5 (ete Tgl 2-7.8b ;
! 1-w(t') u i
i
- ..I{:’....— S PUPPIC. e FELFRRY TR PP Y WA SPPs St TN .u.._uo'c-.:,...;;-‘:ua.“_n-._x_.,nb».m S AU S ...,-...-..-«..;.L‘!x mran S
T / ' ﬂ\’/// \/ - -



B+ Yo

TR

1
t

S
"
é
.
%
B
s
7
B

B e

PRV NN

- , - e e R R s :""1,1‘:-;’.“7,‘;::1" l-;/;_:j
3
44 ;
The corresnonding fluxes are !
-4 /
L/
F+(t') = 2n WD) 5 (eNE, (e'-1")de! 2-7.8¢
8 [T} o 2
L1wl(e?)
T
1
\ w' (¢ ' Yog! t
F(t') = 2n ) Jo(: )EZ(T ~-t')de 2-7.84d
8 . '
o 1-d(en) _
The net flux
+ * ’ + t
Fn(r') = Fs t') - Fs (")
The function J° may be expressed
‘?' 7! 2-7.9

21 (') = B(T) gz(¥'-r') + [ J(eNE ([e'-1")de + | J(£)E (J'-t"[)at
T' o

" where J(t') = (1~w'(t'))B(t")

The numerical treatment of Jo(t') is accomplished in the following

manner:

The main contribution to the integral is from the layers very close to
v itself, due both to the variation in J(T) and »f El(t-T). The function J(T)
varies much more slowly with*aistance from T than El(t—r). We shell therefore
approximate the integrals in JO(T) by putting J(t) equal to J(T) aund removing

it from underneath the integral sign. Making use of the relations
dEZ(x) -5
El(x) i and ZEz(x) s Se x' vhere § = 1.67, the diffusivity
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factor, one then gets for JO(T) R
B 6 -s(ti-1") 5 St 5!
JO(T) = e + (1-d(r"))B(T") (1 - 7 (e +e )]

¥*
The first term represents the surface intensity B , singly scattered,
reaching level 1, the second represents the intensities reaching level T
from the atmosphere below and above level T, respectively.

2-7-d) Simple Approximation to the Scattering Term

t

l .

An even simpler agproximation to the scattering source function term,
' .

2-7.10

,@'Jo(t').{may be based}on an analysis of the ratio, R, between the scattering

i
! i

i [
1
i

éwhcrcE it E
H H *
? : * B -8t
6 St' -1tY) 1
REE') = w1+ = [e (- ———-l-e ]}
') = '@ 2 B Qetc)

|

On substituting representative values for the parameters,

®
1<t g3

d<w(T)c .8

*®
.58 < B(t") <B ,

one finds that
R(1") = g(1")u(x")
where
.8 < g(1') < 2.3
and g(7') 1s a function of .T' that may be empirically determined.
The complete equation of transfer may be approximated by

a1
H at'

n

han = 1(w - @ - g(THWXT)) (A - ' (T))B(TY)

!'source function term, énd the source function for emission, (1 - w'(t'))B(t').

2-7.11

2-7.12
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2-7-¢) The Integrations with Respect t¢ Height and Wave-Number @
| i
q .
Several schemes were tested for use in the integration with respect to i }'
‘ .{ "’7
height. It was found that an integration in the optical depth, T, in 26 steps 4 /
1/
of equal intervals using Simpson's rule gave numerical ac:uracies of the order Tj‘if
N
of .1 percent in the fluxes. The fluxes were then interpolated parabolically //
".
in order to crrive at values for the fluxes at fixed pressures from the surface ‘ :
in 40 mb steps. i
The spectral cooling rates at wave number,v,are evaluated by use of the -
‘ ]
{ following equation .
aT IF(T () 9F  (1(p :
AV} l‘ n & _6 T )) \\
— = 8.64 * £ _nyv n,v -1 i
e 8.64 * 10 <P 3(P/P)) 8.34 x 10 8(?}? ) °K day 2-7.13 T
i po o o ) i
r
i The flux divergences are computed numerically. 3,<i7
; The integration over the spectrum between 800 and 1250 cm_l, the spectral 3 7
f region where we introduce the desert aerosol, is done numerically using the
' trapezoidal rule. The results of this integration are then added to those of
H 3
the non-gaseous atmosphere in other spectral ranges, to obtain the total *:lh\;
heating tate. - b y,
t‘# 23.- \
2-7-f) Comparison of Infra-red Heating Rates with Previous Computations - : )
We now test our approach by comparing our fluxes and heating-rates P
for a quartz aerosol to those found by Sargeant and Beckman (1973). The i} ; ok
latter evaluated theoretically the i.r. heating due to a quartz aerosol N v -

.

J

, embedded in a tropical desert atmosphere over Rajasthan, Iudia. Tempesature,

2

A s
ot et s 02 o ihnen st coemsrlesd e =

|
|

)
W

tumidity and aerosol profiles were all measured by Peterson (1968) on April

]

24, 1966 over New Delhi as was the total mass,

s
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The comparison is shown for the heating rates in Figure 2-3. The differ~-
ence in the heating rates for the clear atmosphere between the previous and

present results is due almost entirely to the different models for spectral

gaceous absorption used. In the previous study of the effect of quartz

serosols it was assumed that in regions of weak gaseous absorption, one could

reglect the latter compared to the effect of the quartz aerosol.
of the aerosol and gas optical depths as given in Table 2-11, shows that one
should not neglect the gaseous absorption in the 'window" regionms.

In the present study, we did not neglect the gaseous absorstion and most

importantly took into account the so-called e-type absorption, suppcsedly due

to dimers, see Cox(1973). This leads to an increase in cooling near the

surface and to the velative maximum between 950 and 850 mb. This change in

the heating~rate profile is als, raflected in the heating of our dusty atmo-

sphere. The relative minimur in the cooling near 800 mb in the dot-dashed

curve is due in part to the rapid decay of the effect of e~type absorption
of the water-vapor and in part to the presence of the aerosol. The profile

of the composite albedo for single~scattering is very differenr from that
of the aerosol alone which is constant with height. Tnese are the reasomns
that the previous authors could not reproduce this behavior of the heating
rate profile, which is shown by the profiles measured by Bryson et. al.(1964),
Peterson (1968), and Sy de Luisi (1975).

At the higher levels, where the effect of water-vapor abosrption is
small, Our’results over-lap those of Sargeant and Beclkman and both merge
with the cooling of a clear atmosphere ahove 400 mb. .

When we neglect the gaseous absorpticns in the 8.0 ym < A < 12.5 ym

region, we get for quartz a curve (cashed in Figure 2-3), which is very

close to that of the previous study. This shows that under the same assump-

tions, our method gives the same result as that ci Sargeant and Beckman.

A comparison
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: Figure}':2-3 Comparison of aerosols on theimal infra-red heating rates found :
i by Sar‘g'eant and- 62ckman (1973).  (~-—) gaseous absorbers only. (« * +) gas~ ;
! eous absorption, wifh e-type water vaper absorption. ) quartz from
Sargeant and Beckman, (—-—— —) quartz present analyois, no gaseous ebsorp-— -
tion for 8.0 um < A < 12.5 u-o(—-—) demer: aerosol: BF = 1. o
. Table 2-11. The Opticel D2ptha at the Surface of & "Normal" Atmosphere .
Containing Decert Aerosols and of the Gasecus Abgorbars. E
T~ Waveleagth Asrosol Gases Po-
' {im} LT
i 4"
8.0 .34 .38 o
8.6 .29 .30 Ko
8.8 .32 .28 %' e
9.2 .29 .24 :
9.4 .28 .25
9.6 .30 .27
9.8 .28 .29
10.2 .22 24
10.8 .17 .26 -
11.4 .15 <28
11.6 .12 .29
12.0 .11 JI1 N
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The remaining smaller differences between the two models for quartz are

due to our different treatment of the forward peak. The previous study as-

signed the area under the phase-function between cos@ = .75 and cogd = 1 to
the forward peak, while we used gz for this area. The areas at a wavelength
of 10 um are .40 in the present case and .46 previously. Secondly, we
assign a best-fit scale height Ha = 2.8 kilometers and a cut-off at 400 mdb
to the height-distribution instead of the actual distribution. Thirdly, we

assume that the aerosol effect may be neglected outside of the spectral

window of water-vapor between 8.0 pm < A < 12.5 um.

In summary then it may be said that our method of computation compares

well with the previously described method when applied to the same data.

2-7-g) Infra-red Heating Rates in _a Desert Aerosol Layer Aloft Over the Ocean

We have modelled the effect on thermal infra-red heating rates of a

desert aerosol overlying a tropical ocean in a layer between 2-5 km. This

is close to the situation existing from late spring to late summer over the

tropical Atlantic Ocean. The amounts or masses cf aerosol that wz luave used

are close to those which have been observed for the light and noiral cases

(BF = .1 - 30 ug/m> B,(.5 um) = .019; BF = I. . 299 ve/md, B (.5 um) = .193)

in the Western Atlantic. The heavy desert dust (BF = 10.) may occasionally

be found over the eastern tropical Atiantic off the coast of Africa. The
heating rates caused by this latter aerosol constitute an upper limit on
the possible effects of the desert aernsol.
Figure 2~4 shows the location of the layer between 2 and 5 km. The
full line and the dotted line show the cooling in a clear tropical atmosphere

with and without e-type absorption, showing the possible importance of

this effect in the lowest 200 mb of

this humid atmosphere. A thin aerosol
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(BF = .1) will reduce cooling by about .1 to .2°X day'1

50

below the aerosol

layer and in its lower part, and by about the same amount of additional cooling

in the upper-part of the layer. The normal case (BF = 1.) will reduce cooling

up to 1°K day-l

-t
below 750 mb and increase it up to .75°K day in the upper

levels of the dust layer. A heavy dust fall (BF = 10) will have a very large

effect on the heating rate, leading to strcng heating around 800 mb and large

cooling in the upper part of the dust layer.

In every case, the resulting cooling profile would lead to a

HEATING RATE (X Soye
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Figure 2-4 Infra-red heating rates for an aerosol cloud over the ocean
Desert aerosol aloft between 2 and 5 km indicated by shading. Tropical
atmosphere, McClatchey (1971). (——) gaseous absorbers oniy. (***) gas- :
eous absorbers only without e-type absorption for water vapor. (—e++e—)
BF = 0.1 light desert aerosol. {(-——-). BF = 1,0 normal desert aerosol. “

(— =~ - —/) BF = 10 heavy desert aerosol. i
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2-8 The Total, Solar and Infra-red, Heating Rates

D T

Combining the considerations presented in sections 2-6 and 2-7 yields

PR PR
e

the total heating rate due to solar and infra-red radiation. These computa-

tions are applied to vertical aeroscl distributions described by the parameters

cited in Table 2-6.

v 2-8-a) Desert Aeroanl Over Land

| Figure 2-5 shows the total daily heating, evaluated for three
! ‘ §
amounts (BF = .1, 1., 10. ) of desert aerosol over New Delhi using the t

] l
it atmosph°ric’and aerosol profiles for April 24, 1966 measured in the evening

R
IR CUETRE S AP L VI

by Peterson (1968), and for a surface albvedo of .25. Most of the effect of !

J

»
f I

the aerosol is to be found in the lowest 3 kms of the atmosphere in the
]

i

case cf s light and a normal desert aerosol. The main result of the presence

N ek et st o

of a light aerosol is an increase in cooiing between 2 and 3 ku of the order

of .5°K Aay—l. A normal aerosol will strongly reduce the cooling between
.5 and 3 kms by 1.5°K day-l_and slightly increase it by .25°K day near the
surface. A very large amount of dust will lead to strongly increased cooling i
;ear the surface, strong heating between 1 and 4 kms and reduced cooling all ¢

the way to 10 ‘ms, leading to a stabilization process.

The average cooling per day for the atmospheric column between 0-10 km

omery s
'
- i

is -1.68°K day"1 in the clear atmosphere and -1.86, -1.41 and -.18°K day

for the case of a light, a normai and a heavy aerosol, respectively. The

A A A ot

results show that it is dangerc:is to make generalized predictions about the

N

effect of aerosols on atmospheric heating. One must take into account not

only the surface albedo and the amovnt of aerosol, but also its vertical i\

distribution and the amounta of the absorbing gases.
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(km)
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, HEATING RATE (°k day )
figutc 2-5 Total daily heating rate profile over a desert. New Delhi, April 24, 1966

N - - UV ’ )

‘:; O;ZS, H = 2.8 km (—) clear atmosphere. (**+*) BF = 0,1, light aerosol ()

s = 1.0, normal aerosol. (- « =) BF = 10, heavy aerosoil.

2-8-b) Desert Aerosol Over Ocean

Figure 2-6 shows the results of similar calculations for the

case of a desert aerosol aloft between 2 and 5 kms overlying a tropical ocean
with a surface albedo of .05. Again, tpg effect of a light (BF = .1) aerosol
is small (.15 - 2°K day-l) but systematic. A normal desert aerosol has a
much larger effect. The daily cooling is reduced by .5°K day—l in the lowest
km, there is an actial heating of .9°K day-‘1 at the bottom of the aerosol
layer ;nd a oroad increase of cooling of about .4°K day"1 in the upper part

of the aerosol layer.
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The daily cooling from the ocean surface to the bottom of the aerosol
layer is -1.45°K &ay-l in the clear case, -1.36°K day'-1 for a light aerosol
and -.78°K day_1 for the normal case. Inside the dust layer itself, the
change in cooling is small -.91, -.83, -.89°K day.1 for the light, normal
and heavy aerosol loads respectively. The important effect thus seems to

be the reduction in cooling helow the dust layer and in the latter's lower

. part.
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-
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w
x
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(19 -
i
-3 2 3

DAILY HEATING, €k doy~))

Figure 2-6 Totel dally heating rate profile over the

s

ocean. Ar aerosol layer betweer. 2 and 5 km is designated

by shading (****j clear atmosphere, (---) BF = {.1 light

e gvanaen g

aerosol. (—) BF = 1.0 normal aerosol.

It is of great interest to measure the aerosol concentration in those

PR N ]

regions of the atmosphere where one might expect heating retes that are
. ol )
diiferent by .5°K day = from those of the clear atmospvere. Such measure-

ments can in pcinciple be achieved by a Shuttle-borne lidar.
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3-0 Sensitivity Requirements for the Determination of Desert Aerosols frum 2

Shuttie~borne lidar

We will address ourselves tc the determination of the accuracy with which
the aerosol extfinction coefficient must be measured and the vertical resolution
with which such measurements must be determined. It may be recalled from the
discussion in section 2-1,b) that G.C.M.s are insensitive to heuating rate
perturbations less than 0.5°K day-l. The aerosol concentration must there-
fore be determined so that the computed heating rate profiles are defined
within those tolerances. The Shuttle-borne lidar will measure profiles of the
aerosol extincfion coefficient; we assume that -Ssuch measuremente are obtained
at A = 0.5 um and that these profiles are uniquely related to aerossl con-

centration as predicted by the aerosol model defined in Ch. 1.

The aerosol extinction at A = 0.5 ym and the accuracy required to stay
within the heating rate tolerances were computed as a function of altitude.
Although 0.5°K day.1 is a tulerable heating rate uncertainty for a G.C.M.,
we also present results for 0.2°K day_l perturbation. W; will show in Ch. 4
that the p ‘'sent state of technology can yield extinction coefficient profilas
which are consistent‘with heatirg races defined within 0.5°K day-l. The
advance of tecunology may render it feasible to define heating rates within
0.2°K day“l by the time that the Shuttle is launched; the corresponding
extinction coefficients are therefore also presented for that cace.

Calculated heating rate profiles are presented as a function of altitude
for various aerosol models characterized by parameters cited in Table 2-5.
Resulis are presented for aerosol yrofiles characterized by scaling factors

BF = 0, 0.1, 1, 5 and 10. It is notewvorthy that BF = 1 and 3 ave similar to

the clear and hazy tropicsl model atmospheres of McClatchey et al. (1971).
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(
These models yield visible ranges at the surface of 22 and 4.5 km. respectively.
Although results for total and sclar heating rates are presented for various
aerosol models in Tables 3-1 and 3-2, the analysis of Ch. 4 will be confined

to the BF = 1 and 5 cases.

We carried out another test in order to detet;ine whether a8 resolution
3f‘1 lan 1& the determination of the extinction coefficient will change the
étmospheric heating rate, by more than .2°K day. An example of our results
; | ;
iis shown %n'Fig. 3-1. ?art (a) of the Figure shows the heating rates in the
solar,§i§¥bie spectrum ?.3 pm < X < .8 uym) for the casee of a light, a normal
;and a heaQy desert aeroéol (BRF = .1, 1 and 10 respectively). Part (t) of the
_same Figure shows the error in degrees per day when the average heating rate
in successive layers of§1 km thickness is applied at the center of each layer.
\The error, as typified by the difference between the average heating rate in
a one km layer and the actual heating rate at the mid-point of the layer, 1is
larger than 2 percent only very near to the surface for a normal and a lieavy
desert aerosol. The largest absolute value of the error is only .055°K day-l.
It seems therefore that a resolution of one km in the lidar measurements is

adequate for the determinaticn of the extinction coefficient with an accuracy

that is required by the G.C.M.s.

References: Chapter 3
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Figure 3-1: (a) Heating rates due to desert aerosol ’,/.\
, in the solar spectral region .3 - .8 um. T% = ,031 ~ - .

BF = ,1; T™* = ,305 - BF = 1.0; T* = 3,052 - BF = 10.
Surface albedo = ,25; Cosine of solar zenith angle = .6;
j Aerosol Scale Height = 2.8 lm. .
' (b) Difference between heatingz-rates !
‘ averaged over layers of 1 km thickness and the heating
rates at the mid-point of the layer in degrees per day.
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4-0 Lidar Methods to Measure Aerosol Profiles - Introduction

The criteria required to define the spatial distributions of tropo~-
spheric aerosols for input into atmospheric general circulation models were
identified in Tables 3-1 and 3-2. We will now describe several schemes in
which lidar configurations are used to measure the spatial distribution of
gerosol optical»depth. Error analyses and model atmospheric calculations
are présented in an effort to ascertaia whether these schemes can provide

spatial distributions of aerosci optical depth from Shuttle missions.

4-~1 General Discussion of Expected Lidar Signals -

4-1-a) Generalized Lidar Equation

The lidar equation for the number of photons collected by the receiver

telescope due to single backscattering from a horizontally homogeneous atmo-

sphere in che presence of J distinct extinction components Bj (=1, J) at
an angle @ to the vertical is
X
dN EA P, (r W 4
2 ‘J(X) - 2K *j( ‘ 61 k1 exp] ~2 secH g 8 b
'
c dc heo 4n sec?f x? yra1 j'd‘

;hete x = equivalent vertical path length as measufed from the lidar platform
¢ = speed of light
Eo = energy of optical output
hco = photon energy, where 0 = 1/X 18 the optical wavenumber and h is

Planck's constant

A_ = recelver area
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mj - aj/(aJ + aj) = albedo for single scattering, where s 5

extinction due to scattering and absorption, respectively
P, ()
5 D

e = normalized backscattering phase function and

Bj - sj + aj « the extinction coefficient of the jth component.
E}(ﬂ) and BJ are general functions of equivalent vertical path length x.

The geometry.of Eq. 4=1,1 is shown in Figure 4-1.
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Figure 4-1 Lidar equation geometry for the case
of a horizontally homogeneous atmosphere.

A lidar detection system integrates this signal over a finite time
n
icterval At, so that the number of singly scattered photons collected by the

receiver telescope from the equivalent vertical range X, to x, 4+ u is

N . - . —
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xo +u
dN_ (x)
2 -
Nj(xo.u) -'f ry —d‘}:—_— secH dx 4-1,2
*s
xo +u " ° 3
EA P () W
- _0__!_____ —J——— —J-—J. exp -28eca Z Bj'dx' dx
hco sec® 4w x2 3'm1
X °
é? .
where u = 523535 +» The number of photons collected by the receiver telescope
dN, (x)
——§2—~ is approximately constant in the range interval u if u is sufficiently

small. Equation 4-1, 2 then reduces to the more common form

X

- )
4 3
EA u xrj(w) B.w g " 1,
Nj(xo’ ) = {co sece 4n x 2 exp | ~2sech jn.gj'
°
o

This chapter presents investigations of lidar returns from an atmosphere
composed of Rayleigh (molecular) and Mie (aerosol) scatterers, which are

referred to by the subscripts m and a, respectively.

4-1-b) Lidar Returns from a Model Atmosphere

Lidar returns are presented for a downward viewing lidar using the (lear
and Hazy Troplcal atmospheres of McClatchey et al. (1971). Example height
profiles of Bm«and Ba for two Tropical model atmospheres at 48808 are
plotted in Figure 4-2. The height profiles of ﬁa for the cases of Clear
and Hazy model atmospheres differ only in the lowest 5 km.

Figures 4-3a and 4-3b present lidar returns from the HMcClatchey Clear
and Hazy Tropical model atmospheres, respectively, for a 11da£ plétform height
h° of 185 km. The lidar platform is located at a height of 185 km to simulate

8 Shuttle borne lidar system. The returns are given in units of photons per

millijoule output at the wavelengths 3371, 4880 and 6238%. The returns are

\
\

\
4

+

ORI ——— e
N L YT, e A B PR PRV R A POV o

v

o

A Y
. st e i B

- '
A
A LR Sl b o hknre et e
VU S gvon: SR
)
'

-

Bl o aiialh 98 it

NPTV AP S

A

. 4 e
P SRR DUy SRR P

s bt Dbl
1

P

%

R g
et et = e ks e din oo Lt S
' N

v

s Ak can s W i e &

P

/0

Iy

./

[PENIHTSEVINRUVE SR



! : [
/ ~ ‘ .\ i

w ! \ -
# {

N i - . |
A\ . _ ~ ) L .
: , o B, i e rpee NS ap o moTTv pfemts] PN Rt U .
: PR SRR e Al F N e v A d Ve Plaan e > =7 i
. veo i P T g ..
P LA et e
AR DT Ay S T 5 - A . )
v , .
e . | :
.. - ]
RN ‘ ., . ) y
P . | ..
[ . ) |
: T T _
ﬁ ot NE i DA WL TN . . . -
a "
“ s
~r
o
s

¥ 088y 28 (TL61) "T® 32 £2422eT39H 30
saxaydsouwie Tedtdoay Azewy pue 1eaT) 9YI Wory ¢ .mm pue am Jo sayyjoad 34839y 7-» 2an8yg

Sl ALASINGR BRI WL SRy s ST

Cwy] IN3I9I34300 NOILONILX3

o Ol -0l -0l £.01 +-0!

! T - 7

Rt ST

fwy] 30nLtiv

Veasb=Y 3YIHISOWLY
IVOIOYL A3HILVIOOW

e A s S Naimaba e o e P ST e e e e e o T AT # AR TS A



f
{ ;
‘ ey e T L S
R l - ! . 65 i « \}
‘ .
Q] A A vl ' % !
MCCLATCHEY TROPICAL CLEAR . i i
10l h, =185 km, u=500m i ;
: : y i i
~ QL E ! :
- : ] b
[ : : '
S e . i ]
: | -
< oL — 33704l ; ’i
3 «ma 4880 A - : e
ee. 62384 - { §
2 b
Y -1 B
Y § ¢ !
5 0 L1 1 i {
- pe lc’ . b 17
{ ‘ 10 ! 3
[ . PHOTONS PER MILLIJOULE OUTPUT ‘ ; ;s
i 3 z
‘ Figure 4-3g Lidar returns N and N from the Clear Tropical é 2
] ; § model atmoaphere of McClatchey et al. (1971) at 3371, f :
| i .
; }| 4880, and 6238 2. The lidar platform le located at a i i
,! N ¥ , H j
' ; [ height of 185 km to simulate a Shuttlz-borne lidar é i
{ D i H N
} £ system. The receiver area Ar - 1.0 mz. i :
, {
‘ { .
iy ‘ :
\ R H
- “ —
¥ T 71 T ' Lo
McCLATCHEY TROPCAL HWALY ’ "
10}, e 83km u=300m : ‘
o . \ 3 ;
/ ;’ P | ‘
. 1 4
8 H . ! N
L—( ’ 1 : l“ ~4 *
's‘ é S e—Nu—s *
RS ‘. . P
[+]
s '{ f
- 1 — 2 k. 1
‘ 5 sl ] / 33mA = 3
o -~-4gs0k i ;
}/..‘ e+ 62384 H
2 “' = X “
i . \"'.. N
[ :
E 0 ! ’Y‘” el { J' b L ‘! P
, 10° o 10 10" 10 :

PHOTONS PER MILLIJOULE OQUTPUT

Figure 4-3b Lidar rerirne N, and M, from the Hazy Tropical
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gseparated into the quantities Nm and Na' which represent the number of photons
collected by the receiver telescope duc to single backscattering from molecules
and aerosols, respectively. The returns of Figures 4-3a and 4-3b were calculated
using & vertical range interval! u = 500m and a receiver area Ar = 1.0 mz. Fig-
ures 4-4a and 4-4b present lidar returns in the same format but with a platform
height ho of 10 km to characterize returns aeasured from an aircraft. The
returns of Figures 4-4 were calculated using a vertical range interval u = 200m
and a receiver area At = 0.1 m2. The optical ptopeities ]Pa(n) and wa used

for these calculations are given in Table 4-1.

Table 4-1 The Model Atmosphere Properties
lPa(ﬂ) and w, tor Figures 4-3 and 4-4
Wavelength LN (m) w,
3371 8 0.40 1.0
4880 § 0.40 1.0
6238 0.35 .98

4-2 Signal and Noise Considerations

4-2-a) Safety Standards _

The Department of the Army and Navy have set guidelines for the
Maximum Permissible Exposure (MPE) to laser radifation, see Pressley (1971).
The Army and Navy staudard maximal exposure level which is not expected to
7

cause detectable ocular injury (measured at the cornea) is about 1 x 107

j t:m"2 for a Q-switched laser at a1l wavelengths between 0.4 and 1.5 Um.

A safety factor of 2 1s recommended for use in field evgluation.
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Figure 4-4a Lidar returns N and N, from the Clear Tropical
model atmosphere of McClatchey et al. (1971) at 3371, 4880,

and 6238 %. The lidar platform is located at a height of

10 km to simulate an aircraft-borne lidar system. The

receiver area Ar = 0.1 m2.
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Figure 4-4b Llidar returns Nm and Na from the Hazy Tropical
model atmosphere of McClatchey et al. (1971) at 3371,
4880, and 6238 &, The lidar platform is located at & height
of 10 km to simulate an aircraft-borne 1lidar system. The

receiver area At = 0.1 mz.
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The ANSI (1973) standard MPE values for direct ocular intra-beam

viewing of single pulse exposures are summarized in Table 4-2, The ANSI /

standards for visible and near infrared exposure are based on a 7 mm diam-
eter limiting aperture.l The ANSI MPE values are below known hazard levels,

yet it is noted that these exposure levels may be uncomfortable to view.

1
B

¢

H
r i

Table 4-2 The ANSI (197)) Maxious Parmisuible Exposure (MPE) for Direct Oculer lntrebesm Viewing

| |
o j
-lav'alte’n;th Exposure time WP 2
AGu) b etoee) 3 Uoule e

Rotes

1 = liofting sperture
(1o no cace shall the

| total frredfance, over

{ a1}l wavelengths vithin

i the UV region, be -2
greater then 1 vatt e )

.32 to .40 1072 o 10° 1.

40 o 1.4 1067 o 2 x 1073 sx10

5 to 10 1.0 x 207334

- 7 s linitiug sperture
2x10

lAs stated in Moses (1970), the diameter of the normal human adult
pupil under ordirary room light levels is between 3 and 4 mm. It is further
noted that retinal sensitivity under daytime exposure levels is consider-
ably less than for a normal dark adapted eye. We therefore infer that the
ANSI MPE values for visible and near infrared radiation are conservative
for daytime laser exposure in the outdoor environment. However, the ANSI
Standard section 8.5.1 states that no corrections are to be made for the
intrabeam viewing MPE when the limiting aperture (pupil) size differs

from 7 mm,
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4-2-b) The Impact of Safety ConsiJerations on the Lidar Field of View

The following calculations provide estimates of the minimum allowasble
laser transmitter beam divergence for 0.4 um < A < 1.4 ym. The ARSI (1973)
maximum permissible exposure per pulse of 5 x 10"7 joule cm-z at the Earth's
surface is chusen aa the eye safe value for lidar operation in an ougdoor
environment.

The instantaneous radiant exposure at a distance from a laser trans-
mitting‘energy through the atmosphere will be determined by
1 1) atmorpueric attenuation due to scattering and absorption,

2) the distribution of opticul energy within the transmitted beam,
and 3) atmospheric scintillation, whi-:h cause random and possibly hazard-

ous radiant exposure maxima.
Atmospheric usttenuation cen be neglected for the purpose of obtaining a worst
case estimate of surface radiant exposures.
) The distribution of optical snergy within the transmitted beam i8 not
un;form over the entire field of view Qo. If the emitted energy vere
' distributed uniformly over the beam area, the mean radiant exposure per
pulse Jmax at range x, would be
12

] Jmax = EOQO X, 4-2,1

TRITRE

where Eo is the total energy emitted per pulse within the solid angle Q .
o

ey

The Gaussian is a more realistic model of the energy distribution within
the beam area, see Figure 45. The Caussian energy distribution E(%),

where [ is the half-angle from the transmitter optic axis, is specified

R e gt

xy

by the requirement that the full beam divergence is that solid angls
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Figure 4-5 A comparison of the uniform and saussian
models for the angular distribution of output laser
energy. The shaded arca represents that portion of
the Gaussian distribution (86.5%) which falls within
the full angle beam divergence.
which contains 86.5% of the transmit’ed energy. E(Z) is then given by
Ena )
E(C) = —~— exp(-ay’) 4-2,2
y 4
for a = ?221 . 4-2,3
(]
The energy per unit solid anglc at the center of this distribution is
2n t;o
[ a0 [ e
J - 1im 2 ) x 2e2E @ "1y 72 4-2.4
max -TO 2n 3 ° oo ‘o ’
% [“ae [ cac
o o
A comparison of Eqs. 4-2,1 and 4-2,4 shows that the more realistic
Gaussian energy distribution yives a peak mean radiant exposure which 1s
twice as great as that due to the uniform energy distribution.
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The instantaneous radiant exposure will depart significantly from its
mean value due to scintillation of the beam during transmiesion through the
atmosphere. A useful estimate of the probabilities for encountering
hazardous radiant exposures due to random beam fluctuations is given by
Dabbert and Johnson (197i). 7Their experimer:tal work determinéd the effect

of range, laser wavelength, awmospheric thermal turbulence intensity and

'

.path geometry on the magnitude of laser scintillation. Figure 38 of

Dsbberﬁ and Johnson,'which is itself a conservative estimate, shows that
H )
! s -
the instantaneous probability for eye damage will be less than 10 2 when

. i f _ . -
the mean radiant exposure is an order of magnitude less than the eye safe
: i

value; The results of Dabbert and Johnson are given in Table 4-3. We con-

clude that a radianc exposure which is a factor of tem below the ANSI (1973)

MPE limit 1is adequate for eye safety.
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Table 4-3 Worst Case Instantaneous Probability for Eye Damage due to

Atmospheric Scintillation as Calcuiated by Dabbert and Johnson (1971).f

Instantaneous probability for
exceeding the eye safe value

Ratio of eye safe to mean-
value of radiant expcsure

> 10 < 107
25 1073
50 107"
200 167°
200 107
B tThese results are based on a 5 mm limiting aperture
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We conclude from the above that the instantancous radiant exposure

which 18 eye s2fe at the Earth's surface is

L-2¢.5 _ x10} 4-2,5

J - 2EoQo o safe

sfc

Using the ANSI MPE value Jsefe =5x 10--7 Joule cn‘z(See Table 4-2), we find

that the laser transmitter beam divergence must exceed the following minima:

-1 -1 -2 -7 -1
ﬂo,minEo 2 ZOJsafeho ¥ 1.2 x 10 ° steral joule = for ho = 185 km 4-~2,6a

]

n

v

4 x 10 0sterad joule ! for b« 10 km 4-2,6b

The practical limit for laser transmitter bean divergenéé‘is

* - .
Q = 1x 10 9 ater, which occurs at
o,min

*
Eo =8.3mj for ho = 185 km 4-2,6¢
~0.025mj for h =10 im 4-2,6d
Note that Eys. 4~2,6 imply a safety factor whicn is two times safer than the

Army and Navy field evaluation criterion given in section 4-2-a).

Arsuming that the laser output is axially symmetric, the full angle divergence

equivalentis to Eqs. 4-2,6 are

1’

Eo
.38 VI—:'}—OII_].; mrad for ho = 185 km 4-2,7a

f Eo
=7.1 T Joule mrad for h = 10 km ) 4-~2,7b

The practical limit for the full angle divergence of the laser output is

cfull,min

*
Cfull,min = 0.036 mrad 4-2,7c

which is independent of trensmitter cltitude.

The area per unit energy of the flluminacted "spot" on the Earth's surface is
-1 2 -1 -1

- - 3" -1 _
Asurfaceto 8, ninPo Eo 203, = 4 x 107 joule 4-2,8a

which is independent of transmitter altitude.. The préctical limit for the

crea of the “spot" is
*

2 . 2 - * . -
Qo,minho 340" for h, = 185 lm 4~2,8b

= 0.1 mz for ho = 10 km 4~2,8¢c

o b o et




4~-2-c) The Solar Background ané Signal to Noise Ratio

The worst case daytime solar signal can be estimated by scattering all E :f;é

of the available solar radiation from a Lambertian surface which completely % *ﬁ’jg

E fills the receiver field of view Qr' The worst case solar signal estimate, ; .‘:i;Efif

g given in number of solar photons collected by the receiver teleccope, is ' % LR
-2 . Lo 4

..i o 4

: 3 L N I

i B ;gs = ( heo cosﬂs)Ar QrAt 4-2,9 i i ]

| 1§here ;A %s the solar ;Pectral irradiance at 1lAU, AX is the receiver band ; gzg%%%

{pass at w%venumber o, B; is the solar zenith angie, A% is the range gated % %j:;;“

signal aé;raging time, ? is the albedo of the Lambertian scattering surface, ; é:Eﬁ;

H
;
/
]

i i
"¢ 18 the speed of light, and h is Planck's constant. Atmospheric attenuation I

t

of solar radiation has been neglected. A tahulation of the solar spectral ]

jrradiance at 1AU is given in Table 4-4.

A 1re At P e e Jyaer | L A @ e

\\

The backscattered signal N 1s estimated by subtracting an independent
measurement of Ns from the total lidar signal. The signal to noise ratio

(SNR), considering statisticsl variations in the backscattered and solar {

R RN R IR X i

signals but neglecting noise contributions due to system electronics and

Favecs o

optical processing, is given by N+(N + Ns)—ai Since N « Eo and

_T_

*

>0 vhen the lidar is operated at the worst
,min - "o,min

N = « E for Q
[ o,min o ()]

AT IT s ot

case eye safe limit, the signal to noise ratioc 1s effectively proportional

N
k3 H o
. ¢ <

to E - f
o] - .
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Worst case estimates for “a at representative wavelengths are given in

Table 4-5. Since R is proportional to E , these N estimates are given
o,min [¢] 8

in units of nurbers of photons per millijoule output. The High Spectral
Resolution Lidar system has a bandpass GAD or GOD - GAD . A-z. Values for
GAD at an atmospheric temperaturc T = 250°K, and the solar sigunal which ie

. *
passed by such a filter are also given in Table 4-5. For E < E , I
o o,min

*

cannot be reduced teyond the practical operating limit Qo ain and the solar
»

signal assumes its minimum value N . Shuttle case values for the worst

8,min

#
case solar signal at minimum practical beam divergence Qo oin &Y€ aleo given
3

in Table 4-5.

4-2~d) Reduction of the Solar Signal through Lidar Operation in a

Fraunhofer Line.

The Table 4-5 values for the solar signal can be reduced through lidar
operation within a Fraunhofer line. A partial list of suitable Fraunhofer
lines is given in Table 4-6. Included in this table are:

1) peak line depths in percent of the solar continuum, as measured at the
Earth's gurface for direct solar radiation, and

2) the line width measured at twice the peak line de?ch.

Figure 4-6 presents the location of several of these lines with respect to

the output of a commercially available dye léser.
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N Table 4-3 Typical Velues for the Soler Signal st Representstive Wevelengths -~ Shuttle Ca.e“) . A ~-
; E -~
1 -K
Bt -1 21 ) ®) : g
A . . o N
L N oo B o) “u “D “n .-.-ln . LA
%) [Joule aecqa-zu-.l) fphotons .,"X“n {photons .]"] =) lca'll [pbotons] e -, ’
5, 1N .108 23 0.3 1.2 | .28 13 I S N
i RN
* Coucarin 2 J =
L 1se-e250 X |50 .20 58 ‘ 1.1 18.9 | .09 46 o
+ .
- Az 4880 .195 [>] 1.2 20.5 .086 30 ' A —
. . t
.- AY 5145 .183 60 1.3 21.6 .082 55 4 -
Rhodaxine 6G T
“ ) « 4500-6500 & | 3390 113 61 1.6 23.1 | .0%6 s8 :
i " heNe 6238 .160 64 1.7 6.2 .067 n . ‘7
; Ruby 6943 .140 62 1.8 9.2 | .08 % §L /-
i (1) The soler sigoal velues ave calculated for afnimum eyesafe bean divergence, and sre glven in units ..
' ! !
1 of photons per millijoule !of transeitted lsser energy. Tae solar signal is that mumber of solar photons ]
I a.
’ collected by che roceiver telescope. The calculsations use the following Shuttle case values: . -
s P ‘- '
{ It N
% ! cos 0. - Qr -1l.2x 10-’ ster jwh—loutput \2q. &-2,6a) :\“~ .-
N N N
"a  e1d 8% = 0.33 x 107 sec (L - s00) 4 -
H - l-' ;
b - 165 ¥ i=1 X
o ~.
AY
The values for N. 'M“ and u. . M-I-Mn are based on single sanples for eye safe operstion st 1 mJ b DU
leser output. For total solar signal bascd on an aversge of N samples with & laser cutput of B {joules], - ; .
Y - [ .
multiply thess valuas by ﬁ!oll w). The following values are used for the atrcreft cese: f = Sz
b, - 10 ke o -4x 1077 ster Joule™ output (Eq. 4-2,6p) - RN
2 [ =
0.1 g
A 0
Por the sirces{t cuse, divide the scler signel velues by 3, Lidar operstion in s Praunhufer 1ina ssy :j
teduce the solar signal by sn order of magaitude. . #
K
by - 0 Y N
1) From Teble V of NASA SP-800S, May, 197%. [ dek ® 1333 vatts u ,. b E .
(3) The Doppler width (FWiM) for photons which ere backscattered by mclecules ta :
: o, - o o 2 A
t . 3 o
{ viere & 1a Soltzoenn’e constant, m {¢ the mren sulecular mase and T {s the atmoephertic temperature 4 L
¢ (1 was chusen to be 250°A). Note thet ﬂcr' - 61‘, . l-l. ~_‘
. ~a
(&) Tne tra-*mitter bean divergence wnd seceiver 1feld of view have the practical limic § g -
. o,uin t,min L
: =3 x 1077 cior. This Liaft fs resched when I S 42 af for the Shuttle case, aad when I_ < .13 #§ for the ' ]
: T
' atrcralc case. For the sircraft case, divide the l...h values by 10. g) :
! 4.7
i -
i .
t ““’f
i
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A numger of observers have noted that therFraunhofer lines seen in
atmospheric diffuse radiation are relatively less deep than in direct solar
radiation, Th2 filling—in of the Fraunhofer lines 18 not fully understood,
and the effect is given the generic label "Ring effect" for convenience, see
Grainger and Ring (1962). The Ring effect is thought to be primarily due to
flourescence of air or airborn aerésols(or toth). A portion of the effect
could also be expléined by rotational Raman scattering by Nz and 02.

As cited Sy Barmore (1975), the magnitude of the effect 1is
reported to be a few percent of the adjacent 3o0lar continuum:

Grainger and Ring (1962) find the H Fraunhofer line

at 3968_3 filled ia to the extent that the Ring effect

\would be approximately 5% of the adjacent‘continuum.

Noxoun and Goody (1965) note that for observations taken

near noon, the Ring effect is about 3% at 4300 R and

1.5% at 6563 &!

The Ring cffect shows variations with wavenumber, solar zenith angle, the day
and time of cbserva:ion, and the surface albedo, see Hunten (1970). To our
knowledge, neasurements of the Ring effect with downward viewing spectrometers
have not been conducted. In the absence of measnrements, we assume that the
Ring effect 18 comparable 1nrmagn1tude in Soth the upward and downward direc-
tioﬁa. We conclude that‘the S;Iér background radiation can be reduced by

at most a factor of 10 through the operation of lidars within Fraunhofer lines.

4-3 Migh Spectral Resolution Lidar

4~3-g) Introduction
The conventional elastic backscatter lidar measures

Nm(xopu) + Na(xo’u)-

 purmore (1975), pp. 1491-1492.
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A high spectral resolution lidar system, or HSRL, which is capable of
measuring Nm(xo,u) and ﬂa(xo.u) separately 1s investigated.

The spectral distribution of

backscattered photons near the out- %.
25,000¢
put laser wavenumber is due to
. 20,000
1) spectral distribution of trans- 3
. 3 15,000
4]
mitted laser light, 2) Doppler 10,000
btoidening of the Rayleigh scattered %07  wogpve S
: ! ' 0 e 48Gl — "
photons due to thermsl molecular Frequenty
0 H K
! i i
motion, 3) Brillouin scattering from Figure 4-7

]

Spectrum of echoes from air.
Contributions of molecules from
serosols can be separated, from
liocco et al. (1971).

de?sity 1nhoéqgeneities (s%und waves)
ané 4) rotaéional Raman sc;ttering
from polyatomic molecules.\

Figure 4-7 shows the elastically scattered aerosol return maximum, and
the Doppler broadened return from atmospheric molecules. This data was obtained

by Flocco er al. (1971), who measured the spectral distribution of laser echoes

about the output laser frequency using an Ar+ laser (A = 4880 R). The Ar+

" laser oucput was ctable to * 50 MHz (* .0016 cm-l) at 0.5 watts. The pilezo-

electrizally scunned Fabry-Perot interfercmeter had a free spectral range Q of

4.8 GEz (0.16 cmhl) and a finesse n, ot about 12.l see Mack et al. (1963).

1 The resolving width (full width at half maximum, or FWHM) 1is therefore

-1
6g = Q/nt = .013 cm 7, i.e. about 8 times the output wavenumber stability.
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4-3-b) Characterization of Atmosoheric Scattering of Laser Light

y

e e e —————

The distribution in one dimension of molecular velocity for a gas at

e e o e i ol e WY T s
~

ctmospheric pressures is appruximately Maxwellian, such that

dnm o Evz ]
: v " tazmr P L g ] 4-3.1 ot

- where n_ = molecular number density !
m = mean molecular mass

v = molecular velocity
k = the Boltzmann constant

and T = atmospheric temeprature. ~

According to Fiocco and DeWolf (1968), Eq. 4-3,1 holds throughout the atmosphere
as ac approximetiun with about a 4% correction needed at surface molecular

densities due to Brillouin scattering. The Doppler shift for backscattering is

) S ‘
.0_.— < - ﬂo) - 2 % 4-3'2 E
0 : :
i k
such that A
b
dv 1 c _ e
— T = & e 4‘3 3 i
do 2 oo 4 i E

where ¢ is the speed of light, 0 is the backscattered signal wavenumber and O ! 1
o

_ 18 the wavenumber of waximum emission by the laser. The spectral distribution

of photons scattered by molecules is therefeore

FFIRr T

dN - 2 - 2 - :
1 m 1 il mc 2 :
= = f— exp} ~— (3 -0)) 4-3,4
Y 49w Veolkr 802KkT o ’

where Nm is the total number of photons backscattered by molecules. .
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For purposes of thie die~ussion, the laser output is assumed to

follow a gaussian diastribution in wavenumber, such that the spectral distri-

bution of photons elastically scattered by aerosols is

.

wor

1 a b 2 2
= = m = exp _b(g-g)
Na do . «ﬂ' o

- 4-3,5
!
¢ where Na is the total number of photons backscattered by aerosols, and the
g full spectral width of the laser is 630 - Z—ngi . The definition Eq. 4-3,5
{A
-? assumes that spectral dispersiun due to scattering by aerosols is character-
g ized by a Dirac delta function. Note that by definition
b L o
: daN dan
7' l . ._...!.n. L - --]—'— . -——a- L4 - -
: T % do Na 30 do = 1 4-3,6
o 0
; L dH . AN .
i where ' -—5% and ;L —E;- are defined by Eqs. 4-3,4 and 4-3,5, respectively.

-

Maximal tropospheric aerosol vertical velocities may typically be

vim sec—l. This corresponds to a Doppler shift which is approximately 1/100

of the laser output resolution of a typical HSRL; see Table 4~9. Therefore,
the Dirac delta function approximation for the spectral dispersion due to
scattering by aerosols is good for the case of a nadir pointing HSRL. Caution

nust be exercised, however, that the HSRL does not operate at some non-zero

angle to the nadir, or that there is a sizable vertical velocity in the plat-
form trajectory.

4-3-¢) Brillouin Scattering

The spectral intensity of light scattered by a gas assumes the charac-

teristic Doppler gaussian shape whenever the interactions between gas molecules

can be disregarded. In this case (pressure << 1 atm), the molecular velocity

distribution is dominated by the diffusion of thermal energy, giving rise to

a central component in the scattered energy spectrum.

As the gas pressure is
increased, molecular velocity correlations arise from molecular interactions

which spectrally redistribute the scattered energy.

o e A mopes o ar AR SaeRAAT AW ALY S ape S Bwer s SR S
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In this case (pressure > 1 atm),
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symmetrically shifted Brillouin doublet. i : % “

H
i -

the ﬁropagation of pressure waves through the scattering medium gives rise to a

Yip and Nelkin (1964) have calculated the spectral response of a fluid

model in which particle number, momentum and energy is conserved. The shape

of the fluid model response is & function of the parameter : i

" i 2mK (’) o P

\

;which represents the ratio of the fluctuation wavelength to the collisior mean : -—Z

f free path. K 1s the wavenumber associated with the momentum transfer in the
) ! M

: !

| scattering

il
A ET
:

G R L,

'

s 2 ~— A"

> PRI 0 e

E ' . L
P K =20 ein (8/2) 4-3,8a
=

i
where o, is the wavenumber of the incident radiation and 0 is the scattering

. angle. The effective collision frequency & can be approximated by

kZT

(o4

© 5
a =20 4-3,8b

)

]
4
g
i
3
where p is molecular density (cm-3) and kT is thermal conductivity of the gas P :_if{
-1 -1 ,,-1 ) v
erg cm sec K . .
(erg e ) ‘ #
In terms of the parameter y, the pressure fluctuations are collision
dominated hydrodynamic processes when y >> 1. For y << 1. collisions are no -
longer important and the fluid behaves as a system cf independent particles.
The results of Yip and Nelkin for the spectral intensity of light scattering
from an ideal gas are presented in Figure 4-3. Valuer for the paramerer y

at several altitudes for the McClatchey et al. (1971) Tropical model atmosphere v

are given in Table 4-7,




Figure 4-8.

The spectral intensity of light
scattered from an ideal gas for
various values of the parameter
y. The abscissa 1s expressed
in terms of a noriwalized wave-
pumber shift 60/60,,, where

Sop is the wavenumber FWHM for
pure Doppler acattering. The
parameter y v 0.3 at_surface
atmospheric densities.
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Table 4~7 vyalyes for the Parameter y at Saveral Altitudes for the ;l
Model Tropical Atmosphere of McClatchey et al. (1971), A = 48808 )

altitude pressure temperature parameter y(z)
[ im]) [mb] [°x]
0 1013 300 .273
2 : © 805 288 .229
"5 559 270 .173
10 285 237 .105
20 57 207 025

(1)

and 4-3,8a give y = A,

(2)The thermal conductivity for air can be approximated by kT = Epch. where

To compute the parameter y at other wavelengths, note that %gs. 4-3,7

cpfis the specific heat at constant pressure and the self-diffurion

coefficient -

temperature and pressure by the relation D & T1‘81p-1

D = 0.18 cxnzsét:-1

Meteorological Tables (1949), Table 113.

, 8ee Smithsonian

for air at 0°C and 1000 mb, D varies with
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Restating Fiocco and DeWolf (1968), Yip and Nelkin's results indicate
that the departure of the spectral scattering profile froem a Gaussian profile
for an ideal gas may be as large as 4% at surface atmospheric densities
(y ~ 0.3). It follows from Table 4-7 that the effect of Brillouin scattering
is even less important at higher altitudzs. The relatively small departure
of the molecular scattering profilc: ¢:om s Gaussian due to Brillouin scattering
at atmospheric densities gill cause an even less significant departure of
HSRL signal magnitudes from their expecced values. The HSRL system Jerives
two spectral integrals from the return signal. The values of these inte-
gra;s are insensitive to small uncertainties in the shape of the molecular
‘ret;rn. This is shown in Figure 4-14 (Sectiog 4-3-g), where an uncertainty
in atmospheric teuperature of * 25°K results in a measurement error which
is less than 1X.

Even though the impact on HSRL operation is insignificant, the spectral
intensity departuree due to Brillouin scattering can Le accounted for by
theoretical correcticns. Yip (1971) has 1ncorporatea kinetic models for
polyatomic molecules into the Brillouin scattering theory. The results of
Yip agree with the experimental results of Greytak and Benedek (1966)

for scattering by polyatomic molecules at atmospheric pressures.

4-3-d) Rotational Raman Scattering

Recent experimental work by Penney et al. (1974) and Fenner et al.(1973)
has established the absolute cross sections for rotational Raman scattering
20 O2 and COZ' The RRS for
these simple linear molecules i{s determined by tne allowed transitions

(RRS) frcm atmospheric gases, particularly for N

J+J * 2 where J 18 the initial rotational-angular-momentum quantun number.
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‘\ﬁ- The RRS apectral shifts AG Jagt 8re approximately %
g ;
) bo,,3 42" U3 +6B 4-3,% % ,i -
d 3 8
- - - x L -
AOJ+J -2 + (4J 2)30 4 3.9b ;
L t , g : i
' [ 4
-k vhere B is the rotational constant for the lowest vibrational level, see g k
4 ! ' ! 3
2 i i
E "l‘able 4-8{. Values for :(the lowest possible energy shift 'A°0*2| |A02 +Ol - 630 2 .
T | » . b
{  are also given in Table 4-8. A comparison of |As, .| from Table 4-8 and |60] ] ‘
g ] % ’ ' :
from Table lo 5 shows “hat RRS from Nz, 02 or CO2 is not spectrally coincident ¢ ‘}\.
} i Iy
.with the Rayleigh apecttal scattering region of interest, and will therefore ? : A
1
' not be a concern for the HSRL system. § ..
{ ’f N
{ H N
R
- foT
i N
: ~ Table 4-8 Values of the Rotational Constant for the Lowest Vibratioral % i -
4 Level for N2’ 02, and COz. from Penney et al. (1974) 3 - % .
i i
;) ~ ‘
1 ’2 i S
: - ~1 . 1L
i gas B (ca ) {80q,,| = 68 (™) ; i/ |
i
4
; N2 1.990 11.94 { é ~
. . | S —
t ) 3
: 02 ] 1.438 8.64 PO /
3 . % .
¥ co, 0.390 2.34 i 7
! P
3 E
} oot
E 4-3-e) The HSRL Polyetalon Receiver System : i}« N
3 N [
§ The HSRL receiver system is diagramed in Figure 4-9. To achieve the N %_-“g;
T
: high contrast needed for an operatiunal HSRL, a three Fabry-Perot etalon train ¥ ;3\
é‘ : " : ,(_/'
;v (FP1, FP2, FP3 in Figure 4-9) is used to suppress background radiation outside i - .
5 : 3
S i Kot
2 of its passband of full width at half maximum (FWHM) 60123 at or’ the wavenumber 3 2
1 i
g T
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g ’ —
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of maximum recei’er transmission. The etalon FP4 is used to achieve very high
resolution with Fw'l. 604 at o . When O, =0 where o, is the laser output
wavenumber maximum, most of those photons scattered by aercsols reach deiector
#2, and a large fraction of those photona scattered by molecules (Dqppler
shifted) reach detector #1.

As cited in Mack et al. (1963), the instrumental functioua1 W, and W

1 2
for detectors #1 and #2 are
» A'ZR' A' 6
W (0) = W pa(@)+{ (1-K) (L - W,@)] + Ggpry2 ¥, (@} (- 1) 4-3,10
and
A 8
where ot 1 o
1 2 123 .
W1,4(0) - 5,5 (11(1203-do 4-3,12a
1
o- 7 69123
o+ —160
1 24
W, (o) = —-( Q ,do’ 4-3.12b
g~ -60}.
and a, o = {1+ 4R sinz(Zﬂn'R, g coee)}-l 4-3.12
1 (1-RTY 1 »12¢

The notation is as follows:
A' = etalon coating absorption coefficient

R' = etalon coating reflection coefficient

1The term "instrumental function" denotes the receiver spectral transmission
function as seen by each detector.
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n' = refractive index of etalon gap

li = ith etalon gap spacing
0 = angle of ray path to the optic axis
f. ¢11(0) = the "Airy" function.
§0123 ard ﬁqéaxe the théoretical resolutions of the PEPSIOS (Poly Etalon Pressure
‘épanned g;cerferometriq Optical Spectrometer.) spectrometer and the high
vresol&tidi etalon, resp;ctively. The integrals in Eqé. 4-3,12 account for the

i
H

;decrease in resolution caused by the fiuite instrumental apertures. Any effects

t

due to etalon surface defects have been neglected.
The maximum angular receiver field of view is given by A8/(1.31R s Where
R = g/8c 18 the effective {actual) resolution of the polyetalun system. The

solid angle field of view of the PEPSIOS (FP1, FP2, FP3 in Fig., 4-9) 1is therefore

: so . -
- oen-l . 123 '
n123 21R 2n( o ) 4—3,1?

The high resolution etalon must have a smaller field of view to secure operation

'.1 within one free spectral range, such that

504

Q= 2n (—o:) 4-3,14

The effective receilver fileld of view can be decreased without a corresponding
sacrifice in signal luminance by the addition of a receiver telescope of area

Ar' The final "telescopic" receiver solid angle Rr is then defined by the

constraint that etendue 1s conserved, such that

Y ‘ -
8 =8 A _ 43,15

vherc Aa is the area of the etalon plates.
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4-3~f) Signal Calculation and Solutions

Let Nm and Na reprzsent the total number of laser photons which ere

backscattered by molecules and serosols, respectively, and gathered by

the receiver telescope. Also let ﬁa represent the total number of solar
photons which are gathered by the receiver telescope. The quantities ﬁm, ﬁa
and ﬁa are ‘.ntegratzd over the range gated time interval E%. The signals §1

and §2 at detectors #1 and #2, respectively, are iinear combinations of ﬁm,

N and ﬁa such that

a -—
Sy ™ il ¥ Hiafa * N, 4—3f163
SZ - uZmNm + u2aNa + qu“a 4-3,16b
whete1
1 de 1 dNa
= afoe —m—m A ) -
Mim ™ | %1% R® o5 N do) "0 4-3,17a
o ‘ L -
» © L 9N, dN S
- - o= —— k= ) .
L T B Tt 4=3,17b
) m a
[o]
e o
; . Hiq ™ | que‘(ia- 3 +do ) 4~3,17¢
! o]
dN
w, = | Woq e+ —2)edo ¢-3,17d
2a 2% Na do ’

The operator * denotes "“convolution product,' such that

‘ . ) ' x(oo) =Y *2Z -j Y(o) - 2(0-0 ) *do
<]
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and
u., - que°d0 4-3,17e
o
Uy ™ que°do 4-3,17¢
0

The instrumental functions W, and W, are defined in Egs. 4-3,10 and 4-3,11,

1 2

respectively, and 9, i8 the detector quantim efficiency.

1 m ‘1 a 1 d a
= Byl _8 - =2
N Ng 3o and N 30 represent the spectral distributions

of photons scattered by molecules and aerosols, respectively, which are
gathered by the receiver telescope. Since the aerosols are considered to be
elastic scattering centers, the spectral dispersion due to scattering by

aercosols 18 characterized by a Dirac delta function and the spoctral distri-
- 1 dN,
bution of the laser output is identically — —— .
N, do
Let the signals measured at detectors fl and #2 in the time interval

", ~ ~ - - ~ -
At be denoted by S, and SZ’ respectively. In general, S1 $ S1 and 52 # S2

1
due to statistical fluctuations ian the photon count. Estimates ﬁm and ﬁn of

the quantities im and ﬁa can be derived from the measurements S1 and S2 by

means of BEqs. 4-~3,16 as follows:

~ ~ 1 A 1
N, - c]mS1 + c2m52 4-3,18a
~ A0 a~at
Na - claS1 + czasz 4-3,18b

.
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for
At A .Y
S =8 -n N 4~),18¢
) At A ' Q
. 527 55 7 Mgl 4-3,184
where - ‘ ; !
e L el -
; ; TP TP 4 3,19
! :)‘ “, . g 1 ',‘ .
; TR U ... 4-3,19%
/ N [ PR
E € " " “Zm'g . 4-3,19¢
) c, = +‘u‘ £l 4-3,19d
. 2a 1lm Loy
\, ) . - .
and y & = ulmu2a - uZmula 4-3,19

Note that for best results, we require- that the crosstalk terms Som and ©1a

should b2 much less than both 1 and €t The quantities uls“a and

~ ~ ~
- uzBNa can be estimated ly time aversged values of S1 and S2 during the periods

between lager firings. . e

A ~ - -
The estimates Nm and Na are not equal to the actuel values Nm and Na

due to two types of error when ﬁm and ﬁa are derived by means of Egs. 4-3,18.

These are:

1) error due to a change or uncertainty in an HSRL system parameter.

Uncertainty in sampled volume temperature (T), uncertainty in laser transmitter

spectral width (FWHM wo = 660 = .693/b (see Eq. 4-3,5), and uncertainty in

trangmitter-receiver peak detuning (wr =0, - or) will affect the transmittances

Yy and Hea and hence the invergion coefficients Cim and Cla’ 1«=1,2.
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Type I error is calculated below in the following manner: If T,

A A
¥, and W: are perfectly known, then signals S, and Sz(no statistics) can be

inverted exactly to original g priori photon imputs ﬁa and ﬁm. Given change
in the parameters T, wo and/otr wr’ the inverted quantities are calculated

using the unchanged pargmweter values, and the departures of theese calculated

~

values “a » Nm from the a priori values ﬁa ’ Emarefound. The senaitivity of

A ~

“, » Nm to uncertainty in T, wo and wr is thereby found.

II) error due to independent statisticai fluotuations in che

photon count at each d~tector.

Type 1l error 18 calculated by first finding the total mean number

- of photons imncident on each detector. These totals are then given statis-

tical noise which 1s the square root of the total signal, and the corres-~

ponding maximal departure 2§€Fa’ Nm from the a priori valuea Nﬂ, Nm is

" found. This is sensitivity to number of'photona in signal, and this sensi-~

tivity is a function of the ratio ¢ = ﬁa/ﬁm and the a priori solar signal ﬁs'

Type 1 Exror - Uncertainty ia2 T, wo and wr

’The following analysis considers deviations of Nm’ Na from ﬁm, ﬁa due
to an uncertaiaty in the temperature T. The sensiti;itiea of ﬁm and Gé due to
uncertainties in the width of the emitted spectral lfne wo,ot the detuning
of the laser with respect to the receiver ¢r,ate also given by the followiug
analysis by simply replacing T with wo or ¢r.

The departure of gm from ﬁm i8 defined by Ggm, and cthe departure of
ﬁa from ﬁa is &efined by 6§a' The departures Ggm(T) and Gga(T) due to an
uncertainty in T can be found by partial differentiation of Eqs. 4~3,18 such

that _
~ ~y aclm -~ 3c
GNm(T) ’- S1 . 3T 6T + 82 . 5T 6T 4-3,20a
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and
A ~ 3c ~ aC
‘. _la .. ', _2a .
Gua('r) S 3T 6T + 82 3T ST &~7%,20b

~ 9 ~ g - -
Approrimating Sl and S2 by (S1 - ula

Eqs. 4-3, 16 into Eqs. 4-3, 20

- 3¢, 8c2m -
SN (T) = (uyy 37 ST + Uy, 57 STIN
aclm 3°2m ) &-3,21a
+ (ula oT 6T + l]2 oT GT)Na
and
- acla 3CZa a
SN (T) = (u > M STIN
a lm o©T 2 oT 5,21b
Bcla acZa
+ (ul 31 ST + Hou 5T ST)N

where it should be noted that actual values ﬁm and ﬁa are functions of atavepheric

properties, and are not functions of T, Wo or \Pr. The fractional error in the

measurements due to an uncertainty in T can be estimated by dividing Zes. 4-3,21

by Nm and Na’ such ghat
8N (T) 3¢ ac
n lm 2m
5 ° (g 3T 9T * ¥y 37 D
m ' -2 ,22a
3clm ac2m
ol BT ST+, 3T 9T
and A . 3
6N (T) ac c -
a la 238 smy a1
_%_._ a (“.lm 3T 6T + Hom 3T §T)*d
a &-2,22b
dc dc
la 2a
T STy, ST 6D
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vhere ¢ = N /N . Eqs. 43,22 allow us to estimate fractional errors in the
a m

measuremenis due to system parameter uncertainties independent of the absolute

values of the signals (§l'— ulsﬁs) and (§2 - u25§ )

The total type 1 error due to uncertainty in all three parameters T,

wo and ¢t can be estimated by
i .

ol f{enm2 N2 , Sl 2 /2
e e 7»( S ) 4-3,23a
I *'Nm !,: Nm : Nm . Nm .
- Lo P
and : - ;
{ - A B ~ ~
snl . eN(m 2 eN(y) 2 SN () 21 1/2
I N v TR G B )5 . 4-3,23b
N& , N& ) Na NB

The detector quantum efficiency 9, and the solar signal K do not enter into

either Eqs. 4-3,22 or 4-3,23.

Type 11 Error - Photon Statistics ) I i

The number of photons incident on detectors #1 and #2 have mean values

~

S1 and §2 given by Eqs. 4-3,16, We can expect that the measured signals §

1
and S2 reflect statistical fluctuations from these means, such that
6S. = \f§ 4-3,24a
1 1
and 8s, = \/ §2 4-3,24b
The effect of

these statistical fluctuations on the measurements ¥ and N can

be found by taking the differential of Eqs. 4-3,18 as follows:

2 ~ .2 ~ 2 2 2 2 2 PO ]
(GNm) - (c1m681) + (c, 65,)" + (c1n Hyg * Cop u2a)'(6"s) 4-3,25a

2 2
and (GN ) - (c 681) + (c, GS ) + (c "19 +c,0 uz ) (55 ) 4-3,25b
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The coefficienta of the solar terms in Eqs. 4-3,25are & sum of squeres aeince
the sratistical fluctuations of solar photons at the two dstectors are inde-
pendeunt of each other. Substituting Eqs. 4-3,16 and 4-3,24 into Eqs. 4-~3,25,

it follows that

L2 = = 2, = 4-
N " = ey e@uy Ko +uy B 4oy B+ u, §) | 3,26a
+(c 2u (A1, i+ ¢ zu (14, )] N
: Ia"1ls 1s 2m 28 28 8
and
o112 2 = . = _
.(BNa ) cla. (ulmNm 1 N ) te ("‘ZmNm uZa ) vl' 3,26b

2, 2 - -
Hleg My g tlH ¥ c) My (THI, )] °Ny

Again letting ¢ = ﬁr 'ﬁm, the fractional error in the measurements due to rxms

statistical fluct-.ations can be estimated by dividing Egs. 4-3,26 by ﬁm and Ea’

Lries Lo b S n,m»fﬂrwmw-—vyo- ?

H

such that . . s A T N P
Gﬁ 11 2 L oo . T o E .
12 -(czu +c2 )-f--(2 + 2
N Im "lm 2m V2m ¢ “1m M1a 7 C2q uza) 4=3,27a
- .
- ﬁc - 2, - . ‘\ -1 - ‘2 w7 A N ‘»vl R
+-E. (N )™
T [clm uls(lﬂxls) + €m l'129(]'*‘“2!!)]}\ (Nm)
m
N
a L . peg? -8, Deg ?
S Degm(¢) + - 2 Degma
N
m m
~ I
2 2'{(c2u + )+ o7h e :
5 1a'1a T C2aMp) YO To(eg iy ey i) 4=3,27b
a .
F:s 2 2 1
+==2 . “(N)~
i ('cleuls(lwls) + c2au28(1ﬂ"2n)l} (Na)
a T . ’ c
" ﬁ -
el . po? 8 . peq 2
a‘ a
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The factors Degm(¢). Dega(¢) man be interpreted &s those proportions
to vhich the "natural" fractional statisiical fluctuations ﬁ—k EJE
: m

changed (increased) oy the HSRL signal inversion process. The factors : é

Desm(¢). Desa(¢) are both proportional to the inverse square root of the

detector quantum efficiency 9.- The factors Degms’ Degas take into account b -

the statistical degradation due to a solar background continutm. ) 3

4-3-g) A Study of Two Example HSRL Systems

: < oo
e A, el 1 ot bttt i3

This section presents calculations of HSRLAsystem parameters cim and z
Cia’ i=1,2, and estimates of the sensitivity of the soiutions to the parameters
T, wo - 600 and wr = Oo - Or. The theory for these calculations was presented
in sectious 4-3-e) and 4-3-f), The calculations are performed for two HSRL :
systems which differ only in the fourth etalon spectral resolution, see Figure
4~9, The characteristics of both systems are given In Teble 4-9.

Drawings of the spectral profiles of the laser output and the two receiver ]

eystem passbands as seen by both detectors are given in Figure 4-10.

i,

A A
The expected values Nm and Na are calculated from the measurements

A A
S1 and S2 by means of Egs. 4-3.1?._ The inversion coefficients c¢

tm &84 Cqo R

- . Vo
{ =1,2 are functions of T, Wo and Wr only. The inverafon coefficient values T
are plotted versus departures of T from 250°K in Figure 4-11, versus depsrture ' ,j& 1

of ¢o from 600 = 1/10 600 in Figure 4-12, and versus departures of wr - |00-0r|
from zero in Figure -13. All four inversion coefficients are given for both

example systems. It should be noted from Figure 4-11 that these coefficients

/

are relatively insensitive to changes in atmospheric temperature.

’
f

Estimates of Type I error versus uncertainty in T, wo and wrkare

given in Figures 4-14 through 4-16. The ordinates of Figures 4-14 through

4-36 are given in fractional error in measurement a3 given by Eqs. 4-3,22,

30 T e oA At A 8 st ¢ St o e
]
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Table 4-9 Characteristics of the Two Example HSRL Receiver Systems
Wavelength 4880 %
PEPSIOS FWIM 60,,, = 80y (at 250°K) = .086 ca -
High resolution etalon FWHM: (GA n 20 md)
System one ' 604 = 1/5 Go = 017 em (SA'\JmX)
|- system two 60, = 1/2 60 = .043 em " (§}ni0nd)
Lcset ougput FWHM i 600 = 1/10 GUD = .009 cm’l(GANZ uX)
Etalon conting absotption A' = .01
tcoef£TCiT,F :
J Etalcﬁ ésating reflection R' = .01
" coefficient '
i Detector transmission
coefficients I
. Syétem one I ulm = 24 uZm -‘.66
Yig = +11 u, = .22
S?sfem two Y Wy = .17 My ™ J1
. M ™ 09 Uy, = o264
Solar degradation ccefficie!'.ta+ :
’—§ystem one Degms = 5,0 Degas = 2.8
System two Degms = 6.8 Deg, = 4.¢
fThe solar signal transmission coefricients ulq and uzB are approximated
by M. and By, » Tespectively.
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Type I error estimates are given for both exemple system.. The total type I
error due to uncertainty in T, wo and wt car be found by means of Eqs. 4-3,23.
Type Il error is a function of the ratio ¢ = ﬁalﬁm and the solar signal

ﬁa‘ The ratio ¢ 1s plotted as a function of height for the Clear and Hazy

Tropical McClatchey model atmospheres at 3371, 4880 and 6238 R in Figure 4-17.
The ratio ¢ at a given altitude for a giver model atmosphere is independeﬁt of
lidar platform height ho' The solar signal ﬁs is given ia Table 4-5.

1f ﬁm and ﬁa gould be independently measured in the absence of a soclar

signal, the Type II fractfonal error in their measured valueas would be

Em ‘ ﬁa

A and — , respectively. Type I1 error for a real HSRL is larger, lnowever,
N N
m a

since Nm and ﬁa cannot be independently measured. The factors Degm(¢), Dega(¢)

by which the fractional error in the estimates ﬁm. ﬁa are greater than

I

. :§ are plotted in Figure 4-18 for the two example HSRL systems versaus
a

¢ for 9, = 1. These factors are given by Eqs. 4-3,27, and note that

Deg($) « q -1/2

4-3-h) HSRL Solutions for Atmospheric Properties

Given the estimated returns ﬁm(xo.u) and ﬁa(xo,u). the lidar equations

to be solved are (let © = 0, and assume that u i{s small)

= 3 Bmwm %o

Nm =Yt n 7= exp[-2 (Sm + Ba)dx] 4-3,28a
o o

= IPa (m) 8ama %o

N = -Y U ————re— ———— .

a a 4 .xoz exp|--2 J (Bm + Ba)dx] 4-3,28b

0
fery - EoAr/hco. Note that ﬁm and ﬁa represent numbers of photons intercepted
by the receiver, and that Y and v, are calibration constants.

Various optical properties can be derived as follows:
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Figure 4-17 The ratio ¢ = ﬁa/ﬁm as a function of altitude for

the McClatchey et al. (1971) Clear and Hazy model Tropical
The ratio ¢ is independent of lidar platform

N atmospheres.
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1) average slab aerosol extinction coefficient
Lol Ooxy) - Ty Onxp) . :;.\29'
- - a
a x, xj 4
11) aerosol optical depth ‘ o e
Xo 0 - S B
) Ta(o’xo) o Ba dx ='T (O.xo) - Bm dx . 4-3,29!’ Y ,“ » :__
o o - : |
111) integrated optical depth
xo . o . -
T(O,xo) - j (B + B )Jdx = —{ln 7 Ym lnﬁm x: + R,n(Bm:uln u)] 4-3,29¢ . ‘; -
o HEN
iv) séattering ratio . : :
P (m) Ny R B
= a — » _.____a o N o
v [T, [ann ]l P I
Ny .
R 'a y:

v) aerosol volume backscattering ccefficient - I —
B (1) I, (1) R B
% " % Ba = (s-1) '-' Bm mm . 4-3,29¢ B

vi) average sleb aerosol phase function for backscattering - ‘ : ii B
B @O B m . -l ’ DT B
on == (w871  4-3,29f ]

R PSS
~ 3 .

The albedo for single scattering is approximately 1 at visible wave-
lengths, but departs significantly from 1 due to 03 absorption in the UV,

Typical values for 1 - w ~asa function of altitude for A = 33718 are

Doy a2 AR AL SR TN
"6
ol L 3o

given in Figure 4-19. The data of Figure 4-19 were computed using the . ; IR

et i

McClatchey Tropical model atmosphere. Assuming that the albedo for single 1’ :

scattering for aerosols and Rayleigh scatterers is a sufficiently well known

quentity below 10 km, then the above soluticns (Eqs. 4-3,29) determine thres

unknowns (8m ’Ba N ll"i (r) ) from two measurements (Nm N Ra ).. A third

P L O L R
/

measurement is required to solve these equations, and we therefore require

i
> - ,
o e v e W R e SRl L

s e mmnan Sade I
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that an independently measured temperature profile T be provided as s function

of height. As shown in Appendix 4-I, the profile of Bm can be drtermined from

88
T in a dry atmosphere with an accuracy ~EE-5 2 %} . The uncertainty {n the
m
calculated value for Rayleigh optizal depth
X
o
T (O,xo) - I Bm dx 4-3,30
o
is
‘ 2 6Bm 2 Yo 2 8T, 2 2
[6rm (O,xo)] - (—E;J *( Bm dx)“ & 4(1;0 '[Tm (0.x°)]

é
where it has been assumed that (—gﬂ) is & constant independent of height.
m

I i
molecular albedo for
50 | fingle scotlering —
McCLATCHEY TROPICAL ATMOSIHERE
‘ 40 | A*33TA 1
€
n.‘.l
- 30 |- -4
w .
o .
=]
jod
: Pr o 7
‘/'
10 1 - —
ol [/ i
| 1 -
10-? 10-2 - o
lrwm -—=

Figure 4-19 Typical values for the molecular albedo for
single scattering 1 - w asa function of altitude,from
the McClatchey et ai. (1971) Tropical model atmosphere
at 3371 &.
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The errors avre as follows: e
1) average slab aerosol extinction coefficient (from 4-3,29%) ‘
'-11 2 1 2 ! g ?
(68, 1* = 2 {181, (0,317 + tér, (0,%)1%) 4-3,3la 1
(‘1 - x,) - .w
\ j ,’. t
. ' 5
11) aerosol optical depth (from 4-3,29b) 3
P ‘. C . e
: ! : -3
' (61 (Ol.x )it - (Gr(O.x NP+ (et (0,2 )% » 6-3,31b .
P . E .
:Lii) htegrated optical depth (from 4-3, 29c) EE ;
, 4 [or, 2 i, 2 68 2 w2 1
(6t(0,x )}" = = |( ) +( ) +( )+ ( 4-3,31c ST B
° 4 Y N 8 w 3
N m N m n - A;
iv) scattering ratio (from 4—3.29d) . . 4
2 2 2 Ya_.s e
- + + + - ’ 3
& ) ('*N—-) (—ﬁ'—) ( T )"+ ( Y, 43,314 .
~, - - - . ;: _":::w
v) aerosol volume backscattering coefficient (from.lo -S.Be) ’ ’ . 9
6B (m) 48 é “ j
" w
a_ % (852, [ m? w2 Fd
Gm -6 rE ) 4-3,31e : 3
a m m
vi) average slab aerosol phase function for backscattering (from 4-3,29f) . i
13 -14 E
61? (n) 6B (n) 68 . 60) . 4-3,31¢ RO
¢ : ;3"(3(1:)’ ¢ u’*") 3
lP‘ ﬂ) B-; . : kj
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4-3,30, 4-3,31b and 4-3,31c into 4-3,3la, and letting

68
5 - ZQQ%) and (xi - xj) = u, then Eq. 4-3,31a can be written
m , . .
8y 6N Sw sk
e T G o R L (o,x)‘ - &P
o "W | a w e i
R, ol on 1t . _
where we substitute (——) = (——)  + (— )" from section 4-3-f). The
N N N
T . . m m . m ) GYm Gwm
factor T_ (o,x ) can be neglected since 41 (o,x )<< 1. letting — = —— ,
; m of T (4] Y €y
6N GN 8y
then 3745 is a function of u, —:E (or ———9, —= and g;-. such that
N . N Y )
- m . nm
. Do N 8
) " 6N 6N 6Y 6
2
R (e N e T ) +4h?) 4-3,32b
a =
. 2u” N N
m om
- 6“:1 -
" The RSRL instrumental exrror — , given by Eq. 4-3,23a, 18 due
T ~ ' . N . ‘ - N ) - .
m .

to the uncertainry in the parameters T, wo and wr.

] uncertainty in T,'wo

Figures 4-14 through 4-16.

- ¥

Partial errors due to

and wr are given for the example HSRL systems in

For example, these figures show the following

errors for Systems one and two (&8803):

‘Eﬁm(T)

N
m

5N_(y.)
—B_ 9% . 2.0%

5N (v.)
—B_L . .52

-4
]

= 9.10% (one),

{one),

(one), -

= 0,152 (two)

for 4T = + 5°K

= (,5% (two)
for &y =5 x 10° bat (= 0.1 uf)
= 0.12 (tvo)

forcw -5 x 10 %™ (~01nx)
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The HSRL calibration constant can be determined accurately, such vhat

-<I-3'
g le

= 0.5 .

Temperature profiles averaged over 2 1 %m vertical resolutior interval sau
be determined to a one percent accuracy from the inversion of infrared and
wicrowave satellite radiometer data, sece Westwater and Strand (1972). Hence,

the uncertainty in atmrspheric temperature is

8T
~ T - lﬂoz

oy snil
The quantity GBa is given for various values of u and —:E- in Table 4-10,
- N
- ~ I R
6N 8y 6T =
glven the above values for — B 4 80T
N, Y T

Table 4-10 Typlcal Values for 6§:13 (km-]) as a Fuaction of
éNm '
u= (x x,) and — .
J v
m
6ﬁm
= u=100m 200 m S00 m 1 km
N
12 .235 kn ! A7kt 067 mt 023 km Y
3% .308 - 154 .062 .031
102 . 742 371 .148 074
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Error due te atetiatical fluctuations is a function of the ratio ¢ = ﬁalﬁm ,
‘the nunber of photons which are backscattered by molecules ﬁm. and the number

. of solar photons ﬁa' The ra;io ¢ can be determined as a function of height
from Figure 4-17, the total number of collected photons which are scattered

: by molecules can be determined from either Figrres 4~3 or 4-4, and the solur
aignal can be determined from Table 4-5. The statistical degradation factor
Degm(¢) can be determined from Figure 4-18. The factor Deg is given in

Table 6-9.w The error due to statistical fluctuations 1s then
o “

z t
o [eq TI\2 | = ,
I §<su R ) ,
U] = 2epeg ) « 5 e ves ) . 43,33
R " N
= m . m -
S \
di .

‘ letting im - —5% . Atm, the signal integration time required to obtsin a

specified statistical precision in the moleculer return is

Peg? () + (R /R ) + Deg >
1 w me
Atm -—— 1IN 2 - ) o T §-3,34
. dN , (m
m -
dt =
\ Ny o )
6ﬁmn 2
The type II or statistical error — can be determined as a funcition of
N
m

GE;iJ from Eq. 4 -3,34.

The precision to which Gﬁzij must be determined ir. a 1 km vertical interval
in order to obtain an accuracy of * 0.2 °K day- and t 0.5 °K day -1 in the total
daily heating over land was escimated in Tables 3-1 and 3-2, respectively. These
results are used o obtain estinmates of the HSRL signal integration time for the
model HSRL gystems cne and two (Table 4~9) located at h = 185 km (Shuttle case)

and h = 10 i (aircraft cese). The signal integration times are givep as a function:
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of hefght in Table 4-11 for the'cases of a McClatchey Treopical Clear (BF = 1)
and Hazy (BF = 5) model atmosphere. The signal iutegration time, Atm s ia
most sensitive to the statistical degradation factcr Degm(¢). The HSRL model
systen one is defined to a greater spectral resolut:lon tharn system two, and it
has a correspondingly lower value for Degm(¢). System one cen therefore oper-
ate at lower laser power levels to attain a specified statistical precision in
the molecular return signal. The calculations of Table 4-11 were performed

. using the worst case solar background as given in Table 4-5. The solar back-
ground was reduced an érder of magnitude for the Shuttle case to characterize
HSRL operation within a Fraunhofer line. The values for Acm calculated with-
out a solar signal sare also given in Table 4-1!. The length of this sample
path on the Earth's surface, assuming that the Shuttle orbit is circular and
that the aircraft speed is 800 km/hr, 1s also given in Table 4-11.

4-4 Lidar Methods to Measure Aerosol Profiles

4-4-3) Syatem I: High Spectral Resolution Lidar

-The High Spectral Resolution Lidar (or HSRL) concept was presented in
Section 4-3. An envisioned HSRL system would employ an N2 laser to pump a dyg
cell, which is tuned to yield a narrow spectral line by means of Fabry-Perot
etalons. A high resolution receiver which employs Fabry-Perot etalons is also
required. Independently derived temperature profiles are required to provide

vertical profiles of the Rayleigh scattering cross section. Egqs. 4-3,32

- ——

suggest that temperature profiles derived from the inversion of data from

passive satellite borne sensors will suffice for this purpose.

Source: N2 superadiant (33712) laser pumping a dye (4000-5000 X) in a
laser-etalon-amplifier coafiguration with an on-axis etalon.
Spectral width of 0.002 2. Energy per pulse = 50 uJ. Repetition
rate = 60 Hz. Pulse durstion = 7ns. Energy conversion efficiency
= (0.1% Nz conversion) x (307 Nz-dye conversion) = 0.03%.
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Table 4-1i Signal Integration Time and Sample Path Length for Model HSRL System ONE Loceted at Shuttie and
Alrcrafe Altitudes.(l)

¢t 0.2°K d-y.1 Accuucyu) t 0.5°K dny-l Accuracy(z)

PRV VUi S0 T PR AP

Mtttde Shutele (h =185 kn)*?  Atrerate (h, = 10 k) ¥ shutele (b =185 k)P Atrerate (h_ =10 o) 4
() Atu(sec) A8 (km) Azu(sec) 48 (m) At-(uc) 89 (k) At-(uc) As(nj / ;
]
With Worst Case Solar Slg.:al(s) — i !
McClatchey Tropical Clear Model Atmosphere (BF = 1) ; §
) 8.3 62.8 077 17.1 .375 2.83 .003 668 ol
1 9.36 70.7 .138 30.7 49.1 3n. 614 136. 4
2 47.0 355. 1.15 256. 18.5 140. .72 82.7 't
3 5.95 45.0 .235 52.1 20.3 153. .635 141,
4 16.0 120. .781 173. 1.7 £5.8 445 98.8 ‘
s 41.5 313. 1.86 414, 2.22 16.8 .076 16.9 )
McClatchey Iropical Hazy Model Atmnsphere (BF = 5) %
° 23.7 179. .058 12.9 57.3 433, .123 27.2 ]
1 467 3.53 .002 .406 .041 .13 .001 .032
2 4.83 36.5 .035 7.72 6.55 49.5 040 8.97 i
3 1.46 11.0 .019 4.30 2.13 16.2 .023 5.u7
4 9.73 73.5 .233 51.7 5.73 43.3 107 23.8
[ 168 12.7 .061 13.5 1.01 7.66 .028 6.19 i
4
|
i
Hithout Solar Signal(s’ ‘
McClatchey Tropical Clear Hadel Atmosphere (BF = 1) ;
0 7.7 58.5 o1 17.0 .302 2.28 .003 664 i
1 8.63 65.2 137 30.3 38.3 290. 608 135, ©
2 42.4 321. 1.12 250. 13.7 103. 364 80.8 . i
3 5.29 40.0 225 49.9 14.3 108. 609 135 : }
& 14.0 106. 737 163. 7.98 60.3 .420 93.2 t !
3 36.0 272. 1.76 391. 1.47 1.1 072 16.0 : i
McClatchey Tropical Hery Model Atmosphere (BY = 3) i 1 é
0 22.2 "68. .058 12.9 46.9 354, 122 27.2 ; : 3
t 442 3.34 .002 .405 .035 .264 .001 032 | B !
2 4.49 33.9 .035 7.69 5.22 39.4 .040 B3 T
3 1.32 9.98 .019 4.24 1.58 12.0 .023 5.1 ’u :
4 8.57 64.8 .226 50.3 ° 3.95 29.9 104 23.2
s 1.46 11.0 .058 12.9 .666 5.04 .027 5.0 i
Lo
. }
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Table 4-11 (cont.)

(1) The model HSRL oystems are defined ia Table 4-3 (A = 4880 §).

| @

o)

ptremetere are as follows:

« 0,25 RN . {
:: « 1.0 m? (Shutle)
s 0.1 -2 {Alrcraft) -
t 0.2°c dny-l accuracy: ]
@ 60 Hz repitition rate-
@ 60 He repitition rate

T, =10e) aec': (Systen one)
® 20 m} .9:‘ (System two)
« =10k
$ 0.5°x d-y.l accuracy:

B, =3m sec}

.
&

(Systen one)
(System two)

i
The worst case solar signal froa Table 4-5 ie fncluded.

coh f

@ €0 Hz repitition rate
| = 6 m} see @ 60 Hs repitition rate

ul = 0.75 ka
i .

Values f;:: |A8‘| are tak‘en from Tables 3-1 and 3~2, and correspond to an uncertainty
of £ 0.2°K day » and £ 0.5°K day™! 1n the total daily hesting over lend. The model
stmosphere parameter BF = 1 and BY = 3 correspond to the McClatchey Clear znd Hegy

mcdel atnospheres, respectively. The valuss for IM.I and § = in,ﬁm are ss followo:

/ McCletchey Tropical Clear McClatchey Tropical Razy

Aleteude ol * s, 1° o leaf*  fes,I®
G) ) () @) =l

c 2.4 .08 1.1 10. .13 .25

LT | 1.3 .06 .08 4.4 .43 4.3

2 .62 .03 A1 1.8 .09 .23

3 ’ .31 .06 .10 .73 .13 .33

4 .18 04 <13 .29 03 .19

S .03 .30 14 .11 43

.13

% s0.2°x day-l accurscy
b

20.5°K dly-l accuracy

For the Shuttle case, the sample path lergth along the Earth's surfsce ll>A‘ - ilddt.
. GM;
vhere the angular velocity for a circulor orbit 4¢ § = -TZ
a
and aw &z + ho s
ig = mean Earth radfus = 6.4 x 10° ka
C - ~20 . 3 -2k -1
gravitational constant = 6.67 x 10 ka"sec kg
* nges of the Earth = 5.98 x 102‘ kg

for ho ® 185 km, 8 =12.5 K uc-l.
The sitcraft velocity over the Earth's surface 1s assumed to bs 800 ka ht-x.

Solar sigosl values are derived from Table 4-5 (X = 4880 %). Solar signal values
for the Shuttle case vere reduced an order of magaitude to charscterize HSAL oper-
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Receiver: Four etalon system for high resolutioa (0.002 R) notch and spike
and high rejection of scattered solar continuum. Transmittance

of inatrument = 35%. Quantum efficiency of photomultipliers = 30.

Overall Efficiency = .003X.

In order to achieve stable wavelength outputs as narrow as a few milli-
angstroms at high power it appesars necessary to use low feedback in the
laser system in order to avoid being locked into laser cavity wmodes. The
wavelength of the cavity modes depends critically oa inhomogeneities in the
dye cell and the separation of the laser cavity mirrors. The separation
needed between laser cavity mirrors is generally so large that a linewidth
much narrower than needed is produced. ‘

Wallerstein and Hansch (1975) recently re, trted that an Nz pumped dye
laser-amplifier system is capable of linewidths as narrow as 0.006 cm-l
(1.5 of at 4800 R) with pulse energies of 500 pj when pumped by a 10 mj,

10 nsec pulse from the N2 laser pump. Projecting this conversion efficiency
to the case of a 0.3 watt NZ laser (average power for 10 nsec pulse lengths

.t a 60 Hz repetition rate), it appears that high resolution (1.5 mX) output
from the d;e laser-amplifier may be feasible with an average power of 15 mw.
This would be adequate for the proposed HSRL system.

The envisioned laser system is configured as follows: The original
design of Hansch (1972) for en Nz pumped dyeylasef is employed. Ihis design
consists of a dye cell enclosed in a cavity which includes an uncoated flat
end window, the N2 laser éumped circulating dye cell, a beam-expanding tele-
scope, an intracavity etalon and a nigh blaze-angle echelle grating end
refluctor. The output of the dye laser {s coupled through & wide-spaced

confocal Fabry-Perot etalon into two amplifier dye cells in succes3ion. Each
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dye cell does not require a resonant cavity ¢nd each is pumped by a fraction
of the same Nz laser pulse which initlated the dye laser operation. The
output of this eyatem_has a spectral width determined largely by the width
of the transmission peak of the external wide-spaced etalon, and by the
effects of Hefsenberg broadening due to the extremely short duration of Nz
pump excitation. An attractive feature of this system is the absence of
cavity mod:s other than those of the external resolving etaloa, and precise
tuning of the laser-amplifier output to the high resolution PEPSIOS receiver
appears fessible.

Preliﬁinary uo;k has been carried out at the University of Wisconsia
Physics Depértmen;_to investigate tne possibility of using such a laser-
amplifier system for the HSRL project. Several dye laser-amplifier con-
figurations have becn tested. The most promising configuration employs an
N2 pumped dye laser of escentially the original Hinsch design, with the
cutput coupled through aun air-spaced plane Fabry-Perot etalon to a single
dye amplifier cell. The output of this dye laser amplifier configuration
is shown in Figure 4~20. The resolving (externsl) etalon used an etalon
spacing of 9 mm with u coating finzsse of 30." An amplified cutput of
3.5 owatt (éverage?pcwer with a 10 nsec pulse length at 80 Hz operation)
vas obtained using a 0.12 watt (average power) Nz laecer pump. The spectral
profile of the output closely follows the transmission profile of the 9 mm
spaced resolving atalon which nas & measured width of 5 of at 4800 R. we
expect that future work with a resolving etalon of wider spacing (higher
spectral resolution) will allow a reduction of the spectral width to the

requirements of thz HSRL system.
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N Figure 4-20. High resoluticn interferometer scan of Nz pumped 1
- dye laser output, showing spectral width of 5 ud (FYHM) at C
e Se -
7 4880 R. Average power of the amplified output was 3.5 mwatt C
_: with a2 10 nsec pulse length at a 60 Hz repitition rate. - H
.| T
: ‘ L 4
b We have not had an obportunity to investigate flashlamp pumped dye sys— T
tems to determine whether our requirements could be achieved with them. b
(I
Their generally much longer pulses (1N0ns or more compared to v 3 ns) may o
4
make it difficult tc attain efficient operation while avoiding ultra-narrow <
- but unstable cavity modes. Generally, the overall efficiency of conventional
flashlamp-pimped dye-systems is higher than for N2 laser-pumped systems.
Some considerations regarding this technique: h
. -
Pro: . 3
’ - T3
"1} The aerosol extinction coefficient Ba is uniquely determined at a parti- ) -.«
. cular wavelength. i !
! 3
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2) The instrumental requirements have been demonstrated in the laboratory.
3) The science of laser remote sensing of the atwosphere by means of ground
and, aircraft based lidars is promoted by research in this area.

4) Solar heating rate computations require information about Ba over a broad
wavelength range. If multispeciral imagery with high spatial resclution is
available, then the technique described in Appendix 1V-2 can be uged to derive
the total optical thickness of the aerosols as a function of wavelength. If
it is assumed that the serosol size and composition are independent of alti-
tude then B; can be inferred as a function of waveleégth for 0.3um 515 2.5um.
Passive polarization measurements such as those proposed for the iimbus G-ERB
experiment by Stowe aud Hilleary (1975) may also provide information on
aerosol sizes. It shculd be uoted, however, that the analysio of such data
may be ambiguous (see the remarks by Kuriyan in the reference cited above}.
Con:

1) Infrared heating rate computations require prior knowledge regarding
aerosol couposition and size distributions before the‘Ba values derived at
golar wavelengths can be iatroduced into a GCM. This problem is common

to all of the lidar techniques which are preseuted in this section.

2) Return optical power levels are marginal at Shuttle rsnges. However,

high resclution laser technology is expected to advance over the coming years.
3) Receiver optics 1s sophisticated, and may require frequent maintenance.
Engineering developments should assuse reliability by the time that the

Shuttle mission will occur.

These considerations render the HSRL technique most attractive for ground and
aircraft applications. The HSKL technique is somevhat marginal for Shuttle
applications, but the present limitations may become less compelling in the

near future.
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4 i-b) System II: Multi-Wavelength, Low Spectral Resolution Lidar

" This system employs an array of three or four flash lamp pumped dye
lasers, fired sequentially at a high repetition rate. It may alteraatively

employ an Nz lager to pump four dye cells. Photomultipliers measure returns

i
[ s

at each wavelength A, (§ = 1,...,4). Each wavelength band is defined within

, ) b
81 = 1R resolation. e I s
L o S :
Source:  Multiple wavelengths by sequential firing of flash lamp pumped
i dye cells. Alternatively, multiple wavelengths by superposition
"Fj - of output from multiple dye cavities pumped by a common N, laser.
. .~ - Spectral width of each line = lg. Energy per pulse (all wave-
; lengths) = 50uJ. Separatfon of lines = 1000 A i{n the range from
. 4000 to 7000 X. Repetition rate = 1 Hz (flash lamp), = 60 Hz(Nz).
".. Pulse duration = 20ns (flash lamp), = 7ns(N_ ). Energy conversiGn
.. efficiency = 0.3% (flash lanp), = 0.03% (Nzi
Receiver: One interference filter (1 R resolution) per wavelength. Filter
trensmittance = 507, Average quantum efficiency of photomulti-
o 77 pliers=30%. N ) . '
Overall Efficiency: = 0.01% for NZ punped system, 0.1Z for flash lamp
pumped system.

Theory: S U S e U e
' This scheme‘measdres ' i \ )
X
N x2 A (4] X
S N (m) 3 1.4 _ "1, 4
g T T ey Bayy T2 Ba G el | (B v By G D skl
? ° o

Four such measurements are taken at Aj (L <3 <4). The Rayléigh extinction
profile is independently measured (e.g. from radi{ometric inversions). The
aerosol backscattering phase functions and the extinction coefficient are

assumed to be of the form;

. (W) B - - e e T L
IPa.j - ‘ij . _ o » _ o 4’4'28.
and o X ‘
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Thus the method ylelds four numbers for each layer, viz A,B,C,D. If the
serosol size distribution and composition are slowly varying functions of

altitude, some of these numbers may be independent of altitude and the eque-
tions will be overdetermined. ‘

Pro:

1) The technology is relatively unsophisticated. Flash lamp pumped dye
lagers have been fiown on airccaft.

2) The power utilization efficlency of flash lamp pumped systems is approxi-
mately .)l%, whick 18 coavenient for remote stations with reatticte& pqver

v ’ bl

sources.

3) An estimate of aerosol size can be derived directly.

Con:

1) Prior knowledge of the optical properties of aerosols is required to

constrain the choice of solutions to power laws; i.e. the representation

"Ba 3 - CA? assumes that the aeroeol size distribution obeys a power law.
) -

2) Prior knowledge regarding aerosol composition is still required to incor-

porate results into GCM. ] ] L cpL e

3) The lifetime of the flash lamps or optical components subject to high

peak powers may be restrictive.

4) The aimultaneous,operation of four laser systems may be operationally

difficult.

5) The science of remote sensing of the atmosphere by means of lasers wil)

not he signifiéantly advanced.

4-4-c) System II1: Angular Scanning System

A lidar system is considered which.alternately fires toward nadir and
at an angle ahead of the vehicle which transports the 1id.c. The same vclume

of atmosphere is thus probed at two angles at slightly differeat times.
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DeLuisi et al. (1975) have explored a ground based lidar system which utilizes

a combination of the multiple wavelength and multiple .ngle approaches.

]

Theory:

Given a lidar system which measures ﬁe - ﬁm + Ra from the same atmo~

spheric volume at angles 91 and 62. the lidar equations to be solved are

Yo - 3 ma(“) ° '
u(ek) - (EF Bmwm + an Bawa) sexp[-2 eecek (Bm+ Ba)dx ] 4-4,3
x° secH
o k
o
T, K EOA n u
for k = 1,2 and Ye = ——E£3£~ . Assuming that the range interval u is
independent. of pointing angle, and that the atmosphere is horizontally
homogeneous on the average in the regfon of interest, the varlous optical
properties (analogous to Eqs. 4-3,2a) can be solved for as follows:
1) zverage slab aerosol extinction coefficient
_—y Ta(O,xi) - Ta(o’xj)
Ba = (x, - x,) b=b,4a
i ] .
i1) aerosol optical debth -
%o
Ta(O,xo) = T(O,xo) - Bm dx 4-4,4b°
o ;
i11i) integrated optical depth
1 secO, ° fq(el)
1(0,x ) = — — fn - . 44 4c
o 2[sec62 secell sech, ﬁ(ez)
iv) scattering ratio
N(8) x%secO
S = -—-——§J1—~—-— * exp [ZBecﬁ . T(O.xo) ] 4-4,4d
Yg¥ E?vammm
v) aerosol volume backscattering coefficient
B (m) . . :
B a5 -1) T 4= be
4m (s - 1) gy By ’
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vi) average slab phase function for backscattering 4
P (1) 13 B (m) ; -4
."a -8 =15j,-1
4n - a4 [ma Ba ] ) 4-4,4f
. T H - 5 i‘
It is very important in the error analysis that the quantity ¢ = |sec62— aecell s
. should be as iarge as pogsible. However, the aquations are physically unreal- ’
1 ; | : - ' :
istic as 61 or 92 approaches m/2 radians. A good selection would be 61 = zero -
3 M i 4
1 ; A - ;
radians (ver’t'ical) and 92 = 1/3 radians so that ¢ = 2. ;
L R ! »
The errors are as follows: ) . ;
1) average slab aerosol extinction coefficient (from 4-4,4a) «j
OB e L st 0,01 + [51(0,x )12 44,58 )
a 2 a i a B ] 4
R P ¢ S 3] ) . 3
i b i . - ;
11) aerosol optical depth (from 4—4 éb) i ) PR . ) -7 3
61, 0x 012 = [GT(O,xo)] + (61 O, 7 © 445b -3
’ 111) integrated optical depth (from 4~4,4c) ’ o
: ) 1 § §8(0,) 2 Lo
61(0,x )" = . : &4,5¢ -4
"o 4(sect) - secd )* 4o K(6,) ' »
A
iv) scattering ratio (from 4-4,4d)
3 §s.2  6(0).2 . SPn.2 2 ;
i (=) = [—L)'] + (7=)° + explbsecd ¢ T(0,x )} [81(0,x )] 4-4,5d k
f S = Bm o () .
i N(6)
] : . —
v) aerosol volume backscattering coefficient (from A-4,4e) 3
B ’ ) 7 “
e GB? 4 (o2 ‘ 44,5 f
(=] ( ) + ) + ( yJe .
B (M) B Wy .
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vi) éverage slab aerosol phase function for backscattering (from 4-4,4f)

§ #_(m) i B,(m c'é:“ . Se - -
¢ ) " G i D 4-t, 5
Fm a g4 a
’ o .. 'a .
Pro: R T T N SRS

11) The aérosol optical properties are well defined at a particular wavelength.
2) The laser and detection systems could be unsophisticated, f.e. lov resolu-
_tioﬁ flash lamp punped dye lasers and low resolution receiver systems could

' be employed. ' A - : - IS,

Con:

1) Figuring a 1 m. diameter receiver mirror to provide good opéics at N’i 30;
of f axis:appeérs‘to be expensive. The implementation of this scheme on a
Shuttlz épéears to be more difficult thgn the preceding schemes. A smaller
rotating mirror could be mounﬁed in a pod outside an aircraft, but Ehe gost

"of building an F.A.A. approved pod would be high. A multiple transmitter

ITr:
-

systém is also a high cost 1teﬁt ‘

:i) Prior knowledge regarding aerosol size and composition 1é feq;ired to é
incorporate the Ba profiles derived by this technique into a é.C.M.

-13) Although considerable technical effort would be required for mirror

engineering, the science of remote sensing by lidar from a Shuttle would

be negligibly advanced.
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spectral resolution is obtained as a function of angle.

~4~d) System IV: Broad Band High Resolution System

This scheme is similar in principle to System I (HSRL) except that all

of the light from an N2 laser is utilized directly. The broed spectral cut-

put of the laser 18 spread in angle as a function of wsvolength so that high

The receiver system

18 matched to the transmitter so that radiation which is received at a par-

tf{cular angle must arrive with the appropriate corresponding wavelength, see

Appendix  IV-3.

Source: NZ laser-etalon-amplifier combination with off-axis etalon to give
a“wavelength-encoded angular distribution of laser light with a

g at 3371 K. Energy per pulse = .003J. Repe~

recolution of 0.001
Enersry conversion

tition rate = 60 Hz. Pulge duration = 7ns.
efficiency = 0.1%.

Receiver: Off-axis three etalon system for high resolution (0.0012) notch
and spike and moderate rejection of scattered solar contigum.

Transmittance of instrument = 3Z. Quantum efficiency of photo-
maltiplier = 40%.

Overall efficiency = 0.001%.

Only useful over short ranges (ground or airplane based) due to
possible multiple scattering across wavelength encoded zones in
the field of view, which would effectively degrade the effective

spectral resolution of the system.

Limitation:

Pro:
1) The derived quantities are well defined at a particular wavelength.

2) The techniques have been demonstrated in the laboratory and the system 1s

reasonably straightforward to implement. (see Appendix 1V-3a.)

3) The power utilization efficiency lies betveen methods #I and #II.

4) The science of laser remote sensing from the ground and aircraft can be

advanced.

el s Wik v

e e e eetn Tl e e O



““‘?‘“IT:—E' Rt 31:""“ g ,.I;\j,‘ i
A PR+
s e .

122

Con: .
1) Multiple scattering in heavy hazes observed from the Shuttle is expected
. %o render it impossible to uniquely assign angles to wavelengths ir the

receiver system. However the scheme should not be subjected to this limita-

ti&n in ground and aircraft applications where the separ.tion between the

lioat and the atmosphete is smaller. (aee ‘ppendix IV-3b)

2) High efficieycy coatings for ultraviolet radiation are difficult to P '%
N Wt ,1: . - "_j
J? fgbticate.;»,. {

C - A : : .

3) Prior knowledge regarding aerosol size distributions and composition is . ;

‘required to-incorporate this data into a G.C.M. : s R
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Appendix IV-1

:§\ . On_the Derivation of Atmospheric Density from a Temperature Profile in a

Dry Atmosphere. : i

Using the equation of state for an ideal gas and the hydrostatic approxi-

mation, the derivative of pressure P with respect to height z 1s

[ : ', _ R

v
.o et

. ' LS g gD | _ ]
o § e ‘.-a'r‘hz + B0 _ | wv-1,1 ]
". 6 1 °K_1 . §

‘whete R “ 2. 87 x 10 erg gm
. e

.1," ! l

| the acceleration of stavity. Eq. 1 has the solution

2 ! . 1
' i

is the gas constant for dry air and g is 3

« . .
i t

) z ' ‘ i
' p(z) = p(t:) exp [- [ £(2)dz] v-1,2 :
;n \ N P
for . - g
S £(z) = T—l . %1 + gR.l'T-l é
z \Iv"l’s :%
where p(h) and T(h) are the atmospheric density and temperature at height h, ;
- respectivéiy; The error in this calculation is C o R -4
'ﬁ
. 2 - . 4’ ‘
& _eu _mz . [ .
Tgh) 2
T(h)

3
Breaking up the las: term of Eq. IV-1,4 into N layers of width u, and letting ’

%g-- g%%%; be constant throughout the atmosphere, then

Etalize @ty Maerhy - &

Iv-1,5 "3




::';.»; © TR YRR 4 RO § e e TS S a3 % el e e mesmmeai g ma At < n n nos g s o - JU— . . a0 il
i ‘ 126

R
" .

L Values of cdry as a function of height are plotted for various values of u«
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Figure IV-1,1. Values for cdrv plotted for several values of u as a function

of height.
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Appeadix IV-2 : Determination of the Dependence of the Optical Thickness

of Aerosgols on Wavelength

The total optical +hickness of aeroscl layers can be determined as a
function of wavelength by means of passive imagery of the earth's surface.
This appendix will outline a possible technique that may be employed for

this purpose.

IV-2.1 Insroduction

The contrast of images of the earth’s surface obtained with spectro-
rhotometric instrumentation carried on board aircraft and earth orbiting
séte;lites is frequently degraded by atmosphet}c haze. This problem has
been comprehensively reviewed by Duntley et al. (1964). The solution of
radiative transfer problems has advanced since Duntley et al. (1957)
identified the factors which affect image contrast degradation so that

. acceptable models of“conttast degradation can now be developed.

A method is presented to compute the degradation of countrast as a
functien of tﬁe following parameters:

1. Optical thickness of the haze

2. Scattering charactetistics.oi the haze particles

3. Solar zenith angle and viewing zenith and azimuth angles

4. Mean surface albedo

5. Contrast of surface features

The following analysis may be used tv determine the optical thicknesas

of the haze by measuring the radiences reflected from small objects.

Thie problem has been investigated by Breitling and Pilipowskyj (1970),

Van de Hulst (1971) and Kondratyev et al. (1973). These studies consilered
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surface features which are horizontally szmi-infinite 1.e. the mean free path of

photons is small compared to the scale of surface featuree. Such schemes are ap—? ‘

plicable to surfaces which have features on a ecale which exceeds A1 km.
However, much imaging over land masses concerns itself with features
which are on a scale which is smaller then V1 km, The present analysis

" addresses itself to the computastion of contrast of such featurey viewed

through hazes.’

- IV-2.2 Analysis

Consider a plane parallel hazy atmosphere of optical thicknesa,f,il-
‘luéinpted from above by a parallel solar 1rtadiance,ro,per unit area perpen-~
dicular to the incident beam. The radiances diffusely reflected and trans-~
yitted are IR and IT respectively and they can be expressed in stet-l for unit

incident  irradiance in a given spectral pass band. The reflection and trans-

mission functions, R and T are defined in termus of the radiances in the

manﬁer described by Irvine (1968)?

. - >. 1 ’ El -
IR(Af.A.u.uo.M 27 ¥oFo mzo 1+ GE'O)RE(“. Y )cos md 1v-2,1la
- 1 °
Io(AgsAsu,u o8) = 5= b F mzo A +8 T u)cos ob v-2,1b
1 1f m =g
Gm o "
’ 0 1fm¢ 0

-1 -
Where 90 = cos U, and 9 = cos lu are the golar and viewing zenith angles re-

spectively, and ¢ 18 the szimuth angle measured from the solar azimuth shown in

pigo IV-Z,]..

*The adding procedure is described in detail by van de Hulst (1962), A New Look

at Multiple Scattering Mimeographed Report N.A.S.A., Goddard Institute of Space
" Studies, New York. Unfortunately this report was not widely circulated.
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Fig.Iv-2,1, Schematic view of cosrdinates vhich define the reflected radiance,

I (A A, u, Uye 6), see IV-2,la.

The surfaces are assumed to Lambertian so that radiances reflected froa

the surface are azimuthally symmetric.

azimuthally dependent terms, Rh(“’ uo).

be characterized by an aibedo A

Specular refl~ctors would contribute to

The underlying surface is assumed to

£ for the small features ana by a mean albedo A

of the surface, averaged over a horizontal scale exceeding the ordsr ~ 1 knm.

"

The reflection and transmission functions of the haze alone are designated

R; and T;; they can be found by the doubling method which is described by

Hansen (1969), for exemple. The reflection function R- is found by adding
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rJf together the reflection end transmission functions from the haze sand the ground
™~ - e
Y in the following way: LT e _ )
; ‘ Ql(u.luo) = 2A A R;(u, u')ﬂ'ﬂd“' N ) IV-2,2a
; . . , . . . - .
e C QG u) =2 ) Q( uhQ whu Jut dn’ - Iv-2,2b
‘-.‘ i ot i: i .- "y ..
Sad = 1 o, ou) : s Iv-2,3
i . . n=l . . ) L. :
o P P ; " :
& ‘ oy, : -1 J -
Vi js n(u.vuo) A (s Po) + Suy u e b +2 A s(u’u')rg(u;uo)ucduo 1v-2,4a
4 ' t - g 2 - : - . s C
; . Uu, uo) = Ae t/uo + 2AA£ D(p',w})u' aut' - i _ .Iv-2.4b
z o ‘ - |
P B ‘ + .
;- o R GLE)) = REGuu ) + 2 £ T * (W, u")UW" B )u'du’ + Afm‘.r.u.uo) v-2,5
~e - -r(—;—q‘l—) -t/ _
; V@&, 1,0, le o + 2e JD(A.T-U'-"‘,)“"‘“" . Iv-2,6
i - - ’ ° C
; "' s : . Lo T , - - ! - - .
Rm(u,uo) - R;(u.uo) form > 0 RTINS S

In IV-2,4a , D is proportional to the downward directed radiance striking

the ground, and in IV-2,4b , U i3 proportional to the radiance averaged over the

horizontal surface propagating upward from the ground. The azi:uthally averaged

reflection from the haze and the surface feature 1s Ro in IV-2,5. This qQuantity
is the sum of radiances reflected from;

1) the haze
41) the ground in the direction u'; the radiance is ccattered into the direc-
tion p by the haze. The ground albedo, A, is averaged over all features,
111) the surface feature in the direction H;the radiance 1s extinguished but
not scattered as it propagates in the direction u. The surface feature

has an albedo Af.

Eq. IV-2,7 is a consequence of the Lambertian characteristic of the surface.

" The quantity, ¢, in IV-2,6 {8 a contrast transmission function vhose values

lie between 1l for T o 0 and O for ¥ = «; {t is piopoftional to & sisilar quantity

defined by Dﬁntley et al. (1964). The difference between radiances reflected
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from pairs of surface features measured at a common zenith angles ia inde-

pendent of aziamuth angle, V{'A

P

W L AR, b 0)-T (AR, bl v-2.8
MFo(Ay ~ Ay - B C TR B

~1f an observer has prior knowledge regarding the albedos of recogniéable
features Al’ A2 and A and if he measures M, and Y, the difference in measured

radfances can be used to determine the optical thickness, T, of the atmospheric

haze trom the y function.

' The optical thicknees of a haze ca; be'determincd if no prior knowledge
:reéarding any surface featﬁres is availsble. The digierence, Glg,f’ between
radi;nces reflected from surface features which may be both shaded and unshaded

from direct sunlight by a large object,can be computed from IV-2,6:

1 1
~T( + =)
) quoAl oY,
61 . ——— N . . i . ) .
R,1 L L ‘ ~1 . T s T s e TV=2,9
L “TE )Y T e
6 A IUOFOA?. u uo 3 . - N .~ c - R
I - —— :
R,2 L C e e s

These quantities are proportional to the solar irradiance which is reflected from
the surface feature and which passes through the haze undeflected by scattering.
Coubining eqs. (8) and (9) yieldsan expression which 1s a function of optical
depth, the mean surface albedo, and the viewing and solar zenith angles only:

(1A A, u, M) -1 (A, A, u, b e®)] 1(%+_1_)
(6Ip 1 -9

] e Yo v@A,T,0,u)  1v-2,10

The optical thickness of the haze can be obtained from this expression because

¥ and po can be measured and A can be estimated.

IV-2,3 Numerical Examples:

Various mixtures of black earth and deciduous trees viewed &t wave length

A = 0.8 um are modelled to illustrate the degradation of contrast produced by
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za. fhis wavelength is selected for the example because Rayleigh scattering
and gaseous absorption may be conveniently neglected, however the present
method is applicable to other wavelengths if due artention 43 devoted to

thense considerations.

The haze is assumed to be represented by a water naze M defined by
Deirmendjfan (1969). This model assumes that the haze particle size distri-

bution is }epresented by:

“n(r) = 5.33 x 10° ¢ exp(-8.94r /2

3

) . .. w-z11

where r 18 in ym and n{r) is in cm um-l. It is assumed that the phase function

i
:

for A = 0.7 um'1is valid ai A = 0.8 ym, and that the albedo for single scattering is

o = .99999., The haze is assumed to have optical thickness values T = 0.5 and
o .

7 = 2.0. These optical thicknesses cocrespond to haze layers, which, if they are

1

~1.0 km thick, are characterized by visibility ranges of *3 km and Vv 2 kn respectively,

The albedo of trees at A = 0.8 um is At = .53 and the albedo of soil is

A.a = .05, see Krinov (1953). Four cases are illhstrated in Fig. IV-2,2:

1. A small isolated tare soil patch exists in a forest so that A = At'-53

A; - ,05. Table 1 ghows the rsadiances reflected from trees and

soll for several solar and viewing angles.

2. A small group of trees exists in a region of bare earth so thatZ-As-.OS, ] "3} :

At = .53. Table 2 shows the reflected radiances as described sbove. %
3. A broken forest covers half a region of bare soil A= .29, At = .53, :
A8 a ,05. Table 3 shows the reflected radiances.
4. A semi-infinite bare earth abutis asgainst a seni-infinite deciduous
forest Rt“ .53, Za- .05. The radiances euerging frca tree covered
areas Are presented in tables la, and lc and those emerging from bare

soilﬂaréas ére presented in tables 2a and 2c.
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Fig.IV-2,2 Schematic views of various cas:s showing trees and soil

. which are considered in this study. i ;

Predict=d radiances can be found by mult{plying the tabulated Qaiueo by

F (the incident solar irradiance in the bandpasa of the detector). For exampla, i:
if a apectrophotometer with a .01 um bandpass 1s utilized at A = 0.8 um, f
-
f Y
KondrACyev {1969) gives the incidenc solar irrsdiance F = 11. 35 va zatetad 1. 4 ’?
;5; n".‘/
Examples of the downward directed diffuse irradiance functioa . gﬂ*
P §
2!’ D(A, T, U Ho)u'du'. which appears ir IV-2,6 are presented in table 4. §
: i
5
- 1v-2.4 Discussion: g E
f : 1
E lnspection of tables 1 through 3 reveal a number of characteristicsy % 3
; _ 1.
Comparison of radiances computed for ¥, - .38 and U £ .38 in tables lc g B
. . * § 1
"and 1d, 2c and 2d and 3c and 3d show that if the sun is near the horizom, 3. "
i ground iékturey cannot be distinguished through a thick haze n.~r the hori- g -'? i
* ER
Z‘; ‘§
: _

-
PR SAEIRN | ) 4;3
e -
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- tered ac ¢>- 180° _can be alightly larger than those reflected at the golar .

|

i
R -

) these surfaces and it follows from IV-2,5 and 1v-2,6.

‘,
which are“eopropriate for variOus values of T, u’ and A can be obtained by 1nter-i».
‘npolation of the numbets presented 1n that table. lt should be noted that the f‘
eartn.; curvature renders results obtained for u 0 3 aonewhat unreliable. ‘:it~
Visual contrast is defined by Middleton (1952) as ':¥.~
Gy~ (g = /1R | . 1v-2,12 T
where IR is the radiance reflected by an object and Iﬁ is the radiance re- P
flected by the background., The distinction between object and background s i
not clear if an inhomogeneous surface is viewed from above. Duntley et al. ;
(1964) introduced a modulation coatrast function which avoids the need to :i":
distinguiah vhlch sutfece feature conptiaes an object and which 1is the backgtound ‘:
i*-'.‘-:x‘* cx"(-la"i)/(in*‘i) o <o IV=2,13 ’-j

zon even though such features may be evident near nadir.

All of the tables show that for uo -

*’the\haze at the solar azimuth angle are greater than those emerging at 180° ;i ¥

from the solar azimuth angle. This is consistent'wlth the observation thst

hazes produce a glare when Qieued in the direction of riaing or setting sun;

o

iy

¥

it 1is-
.o -

f
i
1

a consequence of the forward peaked phase function of the haze.

All of the tables/show that 1if u .83, the radiances which are scat- i

i

- LA

azimuth angle. The phase function ugsed in these computationa has a slight back- =~ 3

SN
acatteringpeak see Deirmendjian (1969),wh1ch causes this phenomenon.

It is noteworthy that 1, -1
2 Ryt

R.s’ the difference between radiances T
] H >y

reflected from trees and soil, for a given yu and Y, ie found to be indepen- o

dent of azimuth angle. This 18 a consequence of the Lambertian character of

A

&epresentacive values o1 the downward directed diffuse 1rradiance function ;

1

]

‘ vhich appeara in IV-2, 6 are presented in table 4. Values of this function

.38, the radiances reflected from _“Tf;

2 , - i Ae 1.0
P TR IR PRTIC TR PSSR SO

0 . : - . . . t. ., B
SIS 2 R AT - 12N YN Ly 30 S TAPLCS N SRR S L SPP= D LA cx i
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Ve wlll use CR in the follawlng discussion.

The contrast expected when the sun is high in the sky (u = ,83) and the
ground is viewed near nadir (u = .96) has been computed to illustrate the effect

of haze on a aatellite image obtained near nooa. This contrast, CR' is plotted

against optical deﬁﬁh for the four cases considered in Fig. IV-2,3. Note that in

the limit of ar optically thin haze, CR - (At-As)/(At+Ab)' The small objects
(cases 1, 2 and 3) are obscured much more rapidly by increasing the thickﬂesn

of the haze thsn are the large objects coneidered in case 4. This is due to the

veilins effect of the haze caused by light reflected from the surface,

especially in case 1 where A = .53.

1.0 ———— . ;
4 =.96

0.

0 l 2 3 4

Fig.IV-2,3. Modulation contrast function, C_, as a function of the optical

R
thickness of hazy atmosphere covering surfaces shown in Fig.lv-2,2.

The nunber‘on each curve identifics the case considered.
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Fig. IV-2,3 shows that the semi infinite representation of a horizontall

inhomogeneous surface (case 4) overestimates the modulation contrast if the

gurface is actually.heterogeneous on a horizontal scale which is smsller thaa

1 km. HMultiple reflections between the hazy atmosphere and the surfsce degrade

the modulation mos:_yevetely 1f the surface is highly reflecting (see case 1
with large Ki. i A | |
' Ifﬂshould ge noted fhst the visual Qodﬁlation contrast is proportional
g; the logatithQic response of the human eye; however much data obtained

from photoeléctric remote sensing instrumentation is ptéportionsl to reflected

radiances, 1 Such data is obtained in digital form g0 that the elgoritha

R.
which we have developed can be applied to digitized images even though it is
wmore sophisticated than logarithmic compression.

IV-2.5 Conclusion:

A method to derive the.total optical thickness of an atucspheric haze
h&s been developed from radiative transfer theory. ! A '

If two recognizable objects whose albedos are known to be A1 and Az are
found at zenith angle U, if the mean albedo of the extended surface, K, can be
éstimated and 1f the solar zenith angle u; c;n be measured, then the contrast

transmission function, ¥, car be determined. If no prior knowledge regarding

the albedos of surface features is available, but if some festures are observed

to be partially shaded from the direct solar radiation by & large object, then ¥ can

also be determined. The optical thickness which corresponds to the derived ¥ can be

found from table 4 and IV-2,6. Measuring the reflected radlances at various
wavelengths will therefore yield the optical thicknees as a function of the

corresponding wavelengths.
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hppendix IV~3: The Direct Use of a Nitrogen Laser for a Brosd Bund High

Resolution Lidar (System IV)

IV-3a) Experimental Consideratione of System 1V

In prelimi.ary experiments we showed that indf{vidual lines from the

2

is distributed among a large number of ‘ines covering an approximately 1 'S

N, lager output at 3370 % can be as narrow as about AmR; however the energy

bandwidth. COnsehuently, using conventional practices, an impractically

small fraction of the N, laser light is available for the high~resolution

2
schene.

It would be possible to make use of the full 6utput energy if the cutput
could be directed to obey the prooer wavelengrh vs. angle law. An explanation
and demonstration of this schemé is contained in the papers of Traugér and
Roesler (1972), Roesler and Stoner (1973), and Trauger et al.(1§73).

Basically the scheme is to match the change in wavelength with viewing angle
to the angular dispersion of the spectrometer. As shown in the references,
excellent results are obtained when the wavelengthvvs. angle is produced by
source motion. To apply this idea to the atmosphere, it is necessary to
illuminate the atmosphere with light having the proper A vs. 8 behavior.

What needs to be demonstrated is that one can force the lasgr output
to deliver its energy in the proper A vs 0 relationship. Since a special
Nz lager would have to be built for this purpose, we have investigated the

possibilities using an N, pumped dye cell. The A vs 0 function was obtained

2

using a wedge etalon as shown in Fig. IV-3,1. .-
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Fig. 1IV-3,1. Schematic view of a system IV transmitter.

e deae e

N Light passing through the top of the etalon has wavelength Xz. It reflects

from the mirror back through the same part of the etalon and is directed

by the lens through the active region of the dye cell at angle 62. Similarly

f

lightt of wavelenzth Al passes through the lower portion of the dye cell and

“e

. der e —

finaily emerges at angle 61; intermediate wavelengths are found at inter-

mediate angles. Figure IV-3,2 shows a photograph of the output light dis-

SR

persed horizontally by a coarse grating. Five grating diffraction orders

A VA U A R U g PR USRS SO VRS R

.

[ VPP U OIS S N

- —

Fig. IV-3,2. Output of laser system 1V prototypc. Output angle is
displayed vertically, while grating dispersjon is horizontal. Dis-
persion in nighest (right-most) order is ~5R/mm. Lower exposuce is
for a smaller wedge angle.
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of the active range of the dye are seen, each crossed by several Jiagonal

© € e

bands (one for each etalon order) demonstrating the change of wavelength

[T S

4 with angle. The picture is a double exposure in which the wedge angle has

b
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been changed between exposures, and consequently !ae wavelength difference
between top and:bottom of the etalon is different.” While this was a low
resolution experiment for demonstration purposes only, the application of
the principle to high resolution is straightforward. Fig. IV-3,3 shows

!
5
. . t
the set-up used to obtain the results.
!
!

e ity
VI gAY

N

Fig. IV-3,3. View of Nz—pumped dye laser system configured as
system IV type transmitter. Note cutput projected on wall.

2

different approach, the elements of which have been demonstrated. As shown

To make this scheme work with the N, laser one must use a slightly

above, to achieve the proper A vs.f behavior, the active medium must be

diracted. Since the dye cell is short and can awplify at any A within its :
range, an etalon is sufficient for this. The N2 laser is huighly super- -~
radiant and photons generated spontaneousiy at one end are amplified as

they travel down the discharge tube. In order to prevent this, properly

selected "leader photons' must be present in the laser tube before it

becomes active. This can be accomplished by the following proposed

. oscillator-amplifier scheme: Two lasers are tfiggered by the same spark N

gap trigger, the first laser being adjusted to become active 3-4 ns before

S CRILITY OF THE
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the second. The output of the first is filtered by an external passive

etalon to obey the proper A vs. 8 function and fills the second with leader .~ i

photons by the tiﬁe it becomes active. Thus a high output is obtained "
with about half the overall efficliency of a single, undirected laser output,
The oscillator-passive etalon-amplifier has been satisfactorily tested

using nitrogen pumped dye cells as shown in Fig. 1IV-3,4.

t
i

Avs. 6
dye dye output
1,
3‘“‘1“8 : iZns wedged etalon cyl. 3 ]
‘ lens 3 K .
Nz laser 4 .
2. 4
- ' &
> mirror :
output beam-splitter .
. E
g Fig. Iv-3,4., Siuwplified schematic view of oscillator-amplifier dye ; ]
E laser for system IV use. i 5 -
%. 7 -,
2 The experiments with the NZ laser-pumped dye cells have been conducted g I B
g to demonstrate the principles and gain experience with the various possi- { T~
Z\E . . '; N ‘\_\
£ bilities before desig..ing a spec’al N, laser system. The experiment P o
£ 2 é ‘\\
§ b ' b ks
5 illustrated in Fig. IV-3,4 has been conducted with a large gap etalon AL B
I »
& E i }
(‘V : .
H providing high resolution. We have also conducted experiments to determine % fj} g {
g the optimum timing of pulses in the dye laser - amplifier combinations. é § l
¢ Since the N, laser pulse is short, it is important that the pum;ing radiation % o
i i- -
; reach the amplifier dye cell properly timed so that maximum efficiency is 2
%’ obtained in amplifying the narrowed etalon output. The delays caused in 2 - :
# i I
: #° ~3
% narrowing the oscillator output by thte grating-etalon combination are § i e .
: - I
% significant, and the scheme shown in Fig. IV-3,4 is not optimum; greater ‘ 'é .
. - 3 - ~
£ .
f‘ 3 A .
g R R
“ i . . S e T .. R Y S . _"--:,-.5—.';1: D a _}L'u&ﬁ r s = -
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delay should be provided by lengthening the N

2 laser light path to the
amplifier dye cell. .

The status of experiments aimed at optimizing the timing {s as
follows: we hdvc noted the delays and the loss ;f efficiency when the

separation between the grating and dye cell is increased, and have made

" some attempts to inﬁrease the efficiency by adjusting the timing. e

3

efficiéncy experiments have been somewhat inconclusive. Partly there has
' i
H i

been insufficient time to do the careful experiments necessary and partly

b

i 1

“ IR N
there 'is a need to make several unew mountings, obtain new optics with
t

¢
¥ ¥

propef épeclficationé, and make modifications to the dye laser apparatus.
These‘experiments will continue, and progress may be expected in the

coming months.

Experiments aré also being made to determine the optimum dye cell

size and the optimum splitting of tie N2 laser light. Considerable progress

has been made, but more careful work under more carefully controlled

conditions is required. -

IV-3b) The;retical Limitations ofﬂszstcm iv,

The broad band h£gh spectral resolution lidar system is designed so
that the radiance which is propagated at an angle Y with respect to the
laser axls is a unique fﬁnction of the wave length. Similarly the radiance
which is backscattered ro the ifidar recelver is»expec:ed zo be a unique
function of Y, the angle between the propagated direction and the receiver

axis. The lidar system iIs designea so that:

wdy = y'dy’ and (1) = ' (A) 1v-3,1
The angle § 1s proportional to 6 and the ratio of the aperéures of

the lidar and the etaloq'system.

A spectrel resolution 6\ = 1()"3 4 at 3371 L éorresponda to -
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The ratio of apertures of the telescope and the etalon reduce this angle

8o that for a 5 ¢m diaw. etalon system and a 1 m diam. telescope which la
proposed for the Shuctle
¥ = 1.72 x 107% radian . 1v-3,6a

while an aircraft system with a 20 cm dismeter telescope has

$' = 6.90 x 107 ragians. v-3,6b
Conditions cited in Eq. IV-3,1 can be achieved if single scattering ie

the.ohly scattering mechanism; however, multigle<scat;ering:degrades the

" - angular and hgnce_thé spectral resolutfon of the proposed high spuccral-
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A g 6 3
R= -ST - —6-0— = 3.37 x 10 ) . :IV-J’Z :?
where ¢ 1s the wave number. N
The resonance condition in an etalon with spacing L and refractive é
index y requires . kD
2uloc cosb = k - '_E
where k is an integer, and 6 is the angle between the optic axis and the ;;
. L4
direction of propagation. For two adjacent angular zones a and ntl, . ;
oncasen - qn+1cosen+l ‘ . ;
wnich can be rewritten, for << 1,
» 2 2 L : ‘ ?é
o -0 . onsn _ °n+19n+1 ;
n  n¥l 2 2 ]
. . S P
’ | 200 _ 2 g2 2 : .
or -5 R= 6n+1 On , ‘ Iv-3,3 )
1 © 8, =0,8 ~7.7x10 'rad W-3,4 :
and 6 = /a6 -
n 1 o
X
If the etalon system is designed to accept 20 zones, i.e. n = 20, then the
maximum receiver field of view angle ‘s N ;i
.
6,0 = 3-45 x 107> radians “1V-3,5 LT
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resolution lidsr system.
The.theory developed by Weinman (1575) was used to estimate the magnitude
of multiple scattering. The hazes which we investigated were assumed to have
extinction coefficients 8 = 2 km-l and 0.2 km-l which are independent of
altitude. These models correspond to visibilities of 2 and 20 km respectively. .
These con&itions are found at the surface for the BF = 10 erd BF = 1 models
vteapectivqu; see Tables 3-1 and 3-2. The lidar is assumed to be located
distances h (1) from the haie; ho ; 185 km for the Shuttle case and ho = 10 km
for the aircraft case. The phase function is approximated by the parametera
applicable to Haze~C cited in Table 1 of the Weinman paper. Hﬁ ard M, are

1
the total and the singly scattered lidar return measurements.

Table IV-3,1. Ratio of Multiple to Single Scattering, (MN-HI)/HI, from

a System IV Lidar,

B=2knt B = 0.2 kn}
Shuttle (bo = 185 km) .213 .030
Afircraft (ho = 10 km) ..065 .008

The entries in Table IV-3,1 represent the proportion >f multiply scattered
lidar photons which both enter the atmosphere within the angle {' (Eqns. IV-3,6)
and return within the same angle. Since any multiply scattered photon has
roughly a .95 probability of being received in a different resolution zone,
this has the effect of degrading the high spectral resolution and nullifying

the potential advantage of this technique.

(1) The distance separating the: lidat from the haze. ho' is desiguated H'
‘by Weirman. . -
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ﬁ' In summary, the scheme presented here for producing a wavelength encoded ;
Vo I
< angular distribution of laser radiation, together with a properly tuned 1 j
b !
~ R !
-k PEPSI0S receiver, make it possible to use a larger propcrtion of the H} ;
< ) ' i
T available direct N2 ragiation in a proposed HSRL system. In the example Q N
. presented here, 2% of the available N, energy available across a 1 & band ‘; P
i « )
L ; width has been utilized at an effective resolution of 10 -3 L. However, ‘j ;
b /- 3
R . the solid angle of tha field of view has been correspondingly increased 20- L
o ‘ r 0§
- fold. 'Thus solar backgtound'radiation has also increased 20~fold. This f i
S & i R - 4 -
- ' gcheme'1is susceptible to degradation of the spectral resolution due to 3 ,‘\
A , - : 3 .
N i o ' . i B KN
ey / multiple scattering yithin the field of view, as discussed above. Finally, 4 \
*f. ' the tolerance in anéular alignment of the laser and receiver field of view k
- has been decreased by a factor of 1/2v20. ‘ . ;
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5-0 Conclusion

The most widely dispersed agrosol in the atmosphere originates over
deserts. Models of the desert aserosol were defined on the basis of the
varicd data presented in the literature. Radiative heating and cooling rates
(pgoduced by such model aerosols were computed using'computational achemes
- which are auffiéiently fast yet accurate enough to be incorporated into
General CIrculat;an Models. (The results obtained from General Circulation
Hodelq‘which include perturbations due to desert aerosols are not presentead
in this report.‘ The first results are emerying as this conclusion is being
written.) General Circulation Mcdels are inherently noisy due to the finite
" temporal and spatial increments which they employ. Such noise corresponds
to an uncertainty of 0.5°C/day in the heating rate. An analysis was con~
ducted to show how this uncertainty in heating rate ultimately manifests
itself on the aerosol optical extinction profile. This analysis provided
the foundation for the design of two specific lidar systems: omne which could
be flown on the Shuttle missione and the other on an aircraft.
High Spectral Resolution Lidar (or HSRL) systems may be used to sep-
' aiate the light scattered by aerosols from that scattered by molecules in
order to determine vertical profiles of the aerosol extinction coefficien:.
A1l HSRL systems considered were eyesafe for the unaided eye looking up from
the Earth's surface. : -
It was found that the HSRL dye laser experiment is feasible f;r air-
. Solar noise is not a problem due

craft deployment using present techaolugy.

to the relatively high returned powers, and comsequently BSRL operation in a

Fraunhofer line is not necessary.
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The simplest aircraft borne system would deliver 3 mw of optical

power @ 60 Hz from a platforu located at hc = 10 km above the Earth's surface.

" Such a system will provide values for the aerosol éxtinction coefficient in

vertical intervals of depth u = 0.75 km with suffiéient accuracy to determine

gtmosyheric heating due to aerosols within % 0.5°K~day-l.

! . The simplast Shuttle borne system would deliver 2 mw of optical power

'@ 60 Rz from a platform located at h = 185 lm above the Earth's surface.

!This syséem alseo deter%inea the aerosol extincti;n coefficient in vertical
o :

! intervals of depth u -i0.75 km with sufficient accurscy tc determine atmo-

] ‘ -
spheric heating due to aerosols within * 0.5°K day 1. This system ylelds

" solar background levels which are higher than the returnea signal strength;

i

however operation in a Fraunhoter line using z receiver field of vfew which

"is a practical optical (component) limit gives s feasible value for N /N .

Thue, the Shuttle borne HSRL is thesretically capable of providing the
desired information on E: » but it is at the limit of current technology.
| Solar noise could be reduced by employing a flash-lamp pumped

transmitter which would deliver 3 mw @ 1 Hz repitition rate with the desized
spectral resolution. This would eliminate the need for a very snall receiver
field of view and operation in a Fraunhofer line. However it would be diffi-
cult to attain both the high spectral resolution and high spectral stability
using a flash-lamp pumped transmitter.

It appears that a 15 mw @ 50 Hz dye laser is forthcoming. Our
analysis shows that HSRL operation from the Shuttle using such a &ye lasger
system, operating in a Fraunhofer line, is capable of yielding vertical

profiles of the aerosol extinction coefficienta both by day and’nisht,
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