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PREFACE

This joint research report presents the results obtained by the

Soviet/American exchange program between the U.S. National Science

Foundation and the U.S.S.R. Hydrometeorological Service aimed at

studying aerosol and cloud effects upon radiative processes in the real

atmosphere as part of working group 8. The team of Soviet scientists

from the Main Geophysical Observatory and Leningrad State University,

headed by Professor K. Va. Kondratyev, have supplied field data measured

in the CAENEX observational program. A radiative transfer model deve

loped by Dr. Welch has been used for the intercomparison studies between

observations and calculations. It is the authors' hope that this timely

exchange of scientific results will facilitate research progress in

atmospheric radiation studies throughout the world.
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ABSTRACT

This report summarizes the results of a joint Soviet/American ex

change program to compare calculations with observations in the real

atmosphere for determination and study of diabatic processes that are

important for tropospheric energetics. Complete spectral measurements

of the radiation field and aerosol optical properties under turbid con

ditions have been supplied. Using these data, radiative transfer calcu

lations have been performed in order to provide an independent check on

the accuracy of previous measurements as well as provide recommendations

for improved observations.

The effect of a small amount of highly absorbing material, such as

hematite, upon the radiation field has been demonstrated. Theoretical

results indicate (1) that the effects of variations of the solar zenith

angle during observations is not an important consideration, (2) that

variations of surface albedo do not contribute significantly to the

radiation fields in highly turbid conditions, (3) that ozone absorption

variations are not important in the troposphere, and (4) that variations

in the size distribution with height were surprisingly ineffective in

determining radiation fluxes. On the other hand it was shown that

variations in aerosol concentrations had a major impact upon radiation

fluxes, and particularly upon the flux divergences.

Extensive data are presented giving spectral shortwave radiation

flux and flux divergence values as a function of height in the atmo

sphere. Furthermore, the complete aerosol data used in the inter

comparison studies are also presented along with the theoretical

calculations.
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ABSTRACT (Continued)

It is shown that no "best fit" over all spectral regions was possible.

Therefore, further studies have been performed to test the sensitivity

of results to small variations in input parameters. It is a normal

procedure to assume that contributing aerosol particles share a similar

size distribution function, even if variations in height are included.

However, preliminary results indicate that it may be necessary to pro

vide size distributions for the various components of aerosol, or at

least for such optically active particles as hematite.
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INTRODUCTION

Extensive experimental investigations have been carried out in

recent years as part of the Complex Atmospheric Energetics Experiment

(CAENEX) program. The data have been obtained from simultaneous surface,

airborne, and satellite measurements of the shortwave radiation field

for various geographical and atmospheric conditions. In addition, those

surface and atmospheric parameters which determine the radiation field

have also been measured. From these data taken in the real atmosphere.

it is now possible to more fully understand both quantitatively and

qualitatively the contribution of shortwave radiation aerosol absorption

to the atmospheric heat budget through radiative flux divergences. In

particular, previously detected "res idual absorption ll in those wave

lengths where molecular absorption is low has now been identified as

absorption of shortwave radiation by aerosol. The radiation measure

ments during the 1970 CAENEX and the 1974 GATE field observations both

showed strong aerosol absorption by ferric oxides,

Detailed analysis of the experimental results can be performed

only on the basis of numerical modelling of radiative transfer under

measured atmospheric conditions. In order to properly simulate the

radiation field observations, it is necessary to develop a theoretical

model capable of reasonably accurate reproduction of radiative fluxes,

net fluxes and flux divergences.

A great number of different techniques for theoretical description

of radiative transfer in the atmosphere are known. As applied to the

experimental results of the CAENEX program. it is reasonable to use

approximate calculation methods which do not require extensive computer
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time since the accuracy of both the measurements of radiative fluxes

and flux divergences as well as optical parameters are rather limited.

The present work is the result of combined efforts of Soviet and

American specialists brought together through an exchange program between

the U.S. National Science Foundation and the U.S.S,R. Hydrometeorological

Service. The goals of this exchange program are (a) to calculate spectral

radiative fluxes, net fluxes and flux divergences in the free atmosphere

from measured optical atmospheric and surface parameters for one of the

observational days of the CAENEX program, 25 October 1975, and (b) to

compare measured with calculated results. While further and much more

extensive intercomparisons are continuing, the purpose of the present

paper is to discuss preliminary results along with the specification of

the calculational scheme and optical parameters used in this study.

Part I. EXPERIMENTAL DATA

1. Results of the observations of spectral fluxes, net fluxes and radi

ative flux divergences in the free atmosphere on 250ttober 1970.

Experiments included within the ICAENEX-70" program are described
1-5in detail in the literature. Therefore, the present paper refrains

from descriptions of observational technique and data processing. The

observational program has been conducted aboard the flying laboratory

IL-18 of the Main Geophysical Observatory, Leningrad, over the Kara Kum

desert in the Repetek region of the USSR. The 25 October 1970 data were

taken both in the surface layer at the ground and in the troposphere from

aboard the IL-18 flying laboratory.

In the surface layer the aerosol number density, size distribution, and

chemical composition were measured. On board the IL-18 the following

observations have been carried out during the CAENEX-70 program:



1. Spectral distribution of upward and downward fluxes of short

wave radiation using a diffraction spectrophotometer, K~2

(spectral range O.4-0.9~m, spectral resolution 0.02~m; re

cording time is 10 sec,).

2. Spectral brightness distribution of the surface-atmosphere

system in different directions using a prism spectrophotometer,

SPI-2M (spectral range O.4-2.5~m, view angle is 30°; recording

time is 10 sec.).

3. Concentrations and size distributions of aerosol particulates

using a continuously operating impactor.

4. Spectral transmission of the atmosphere using the infrared

solar spectrometer IRSS-2 (spectral range 2-2.5~m, view angle

is 0.5°; recording time is 10 min.),

5. Integral upward and downward long- and short-wave fluxes using

pyranometers (spectral range 0.3-3.0~m and 3-30~m, view angle

is 180°; time of one measurement is 3 min.) .

6. Vertical py'ofiles of temperature, moisture, ozone concentra-

tion, and atmospheric pressure.

The Repetek 25 October 1970 observations showed for the first time

that aerosols as well as absorption by gases may lead to significant

radiative flux divergences in the real atmosphere. In some cases aerosols

can absorb energy of similar magnitude as the gaseous components. Fig-

ure la shows the difference in the net flux between 8.4 and 0.3 km as a

function of wavelength for gaseous and aerosol absorption. Figure lb

shows the net flux difference of Figure la divided by the average total

downward flux for this same height range. The spectral distribution of

radiative flux divergence has the same spectral variation as does the
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imaginary part of the refractive index of ferric oxide as shown in

Figure 2. The hematite component of the aerosol gives the reddish color

to desert sand in the Repetek region. It is interesting to note that

observations of radiative flux divergences in the town of Shevchenko in

1970 showed that aerosol absorption was highly variable, decreasing in

some cases to zero. Its value depends upon the location and conditions

under which the aerosol air mass was formed.

The 25 October 1970 observations were statistically processed and

smoothed, and atmospheric spectral optical characteristics were con

structed at 100 mb intervals (through interpolation from 350 to 950 mb

and through extrapolation outside of this interval), These data are

. h' 11·· 6-7 I th k th d tglven grap lca y ln prevl0us papers. n e present wor ese a a

are reproduced in Tables 1-6 and are later used for intercomparisons

with the calculational results. Observations indicated that under desert

conditions the aerosol was mainly generated at the earth's surface and

rose to a level of about 500 mb. In the higher layers there must be

another source of aerosol since in these layers the optical properties

differed considerably from the surface aerosol.

Using the two-flux radiative transfer approximation, extinction and

absorption coefficients Bext ' A and Sabs' A and the single scattering
5 8 9albedo w have been estimated at various heights in the atmosphere. ' ,o

In these simulations it was found that w < 0.85-0.90 in all cases.
o -

Therefore, it becomes clear that pure scattering does not exist in any

spectral interval. The given w estimates, being obtained from approxi
o

mate calculations, are rather tentative. However, since the true absorp-

tion Pabs' A is substantial, the conclusion about the lack of pure

scattering is beyond doubt.
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Conclusions derived from the 25 October 1970 observations are con-

firmed by observations made on 17 June 1970 in the region of the town

Shevehenko, USSR. Observations made simultaneously over the land and

sea in the region of Krasnovodsk, USSR, on 10 June 1971 provide similar

results. In all these cases the total spectral variation of radiative

flux divergence was similar. Hence, one may consider that the 25 October

1970 Repetek observations represent shortwave radiative characteristics

found over large regions in the Soviet Union with desert conditions. The

question of whether these results are representative of desert conditions

in other regions of the globe can only be answered with further observa

tions. Nevertheless, GATE results indicate a very strong absorbing

aerosol in the Saharan dust which has been identified as hematite. There-

fore, the present results should aid the interpretation of the GATE

observations.

2. Optical Model of the atmosphere from the results of the 25 October

1970 observations.

Atmospheric conditions in the observational region were character

ized by an extensive anticyclonic air mass with weak winds and high air

(above 20°C) and soil (up to 40°C) temperatures. The atmosphere was

extremely dry with relative humidity never exceeding 31%. Vertical pro

files of meteorological variables are given in Table 7, where H is

height, P is pressure, t is temperature, ~ is relative humidity, and

q is specific humidity. The corresponding vertical profile of ozone

concentration is given in Table 8. Since only the total ozone content

was measured, this table gives values calculated with respect to height

using the mean latitudinal ozone distribution curve. 10 Optical
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parameters necessary for numerical calculations were calculated for the

O.4-0.9~m spectral region. Since absorption coefficients were not avail-

able in the oxygen and some water vapor bands, the effects of these

gases were neglected in the present calculations. Ozone absorption was

only included within the Chappius band, Molecular scattering was taken

into consideration using Etterman1s model,ll

The primary purpose of the present investigation was to determine

the effect of aerosols upon radiation characteristics in the real atmo

sphere. Since the data are sufficiently complete it became possible to

provide calculations which reasonably simulate the experimental con

diti ons.

The aerosol content of such elements as Fe, Ca~ and Zn was extremely

variable, which points either to the existence of compounds of these

elements in the coarse disperse fraction of the aerosol or to the in-

stability of a particle source containing these elements. Chemical

composition of the tropospheric aerosol is rather similar to that of the

surface aerosol. The main difference in these two regions is a rel-

atively high content of Fe, Al and Mg in the tropospheric aerosol as

compared to the surface aerosol (the maximum concentration of Fe com

pounds was 7 ~g/m3.) The content of various chemical elements in the

atmospheric aerosol is given in Table 9. As a result of extensive

aerosol samples and their subsequent analysis, it was established that

quartz particles were the main aerosol component in the surface layer.

These aerosol measurements have been carried out during the experi-

ment both in the surface layer at the ground reference point and in the

troposphere from aboard the IL-18 flying laboratory. Vertical profiles
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of aerosol number density, size distribution, and chemical composition

have been obtained.

Table 9. Contents of various 3 in the measured aerosol.elements (fl9!m )

5i Ca Fe Mg Al Ni Cr Pb Mn Cu

Average 13.5 7.2 5.0 2.8 0.9 0.35 0.3 0.3 0.05 0

Minimum 12.0 6.5 3.0 0.7 0.6 0.3 0.. 2 0.2 0.. 03 0Content

Maximum 15.0 7.8 7.0 5.0 1.2 0.4 0.4 0.4 0.07 0Content

Assuming that all chemical compounds included in the aerosol com

position are uniformly distributed both fractionally and internally and

knowing the optical constants of all constituents it is then possible to

determine the optical parameters for such aerosol matter. Such calcu

lations were performed for the aerosol model with the following approxi

mate composition: 5i02 - 35%, 504 - 18%, NH4 - 4%, N03 - 1%, c03+2 - 8%,

Fe203 - 6%, Fe-3(salts) - 1%, A1 203 - 5%, Ca+2 - 9%, Cl- l - 4%, Na+ - 2%

~ - 1%, crystallized water - 5%, C-O - 1%, and other elements - 1%. ThE

value of the imaginary part of the complex index of refraction for this

model is about 0.005 in the wavelength range 0.4 to 0.9 flm. The real

part of the complex index of refraction in this region was 1.65. The

size distribution of aerosol particles and the vertical concentration

profile is given in Tabl~ 10.
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Table 10. Particle size distribution (~m) of tropospheric aerosol.

Height Concentration %of aerosol in various size distribution intervals

(m) -3
r<0.25~m 0.25- 0.30-N(cm ) 0.60- r>1.20llm

0.30 0.60 1.20

0 200 0.70 0.14 0.08 0.045 0.035

5500 0.5 0.62 0.19 0.18 0.009 0.002

Using these data and applying Mie theory, phase function, extinc-

tion, absorption, and scattering coefficients were then calculated for

the surface layer and at the P=500 mb level. It was assumed that these

quantities varied linearly in the 1000 - 500 mb layer and were constant

with height above this layer. Values of the absorption, scattering and

extinction coefficients as a function of wavelength are given in Table 11

for the surface and at a height of 5500 m.

Table 11. Absorption, scattering, and extinction coefficients (in km- 1

for N=103 partic1es/cm3) as a function of wavelength at H=200 m
and 5500 m.

H=200 m
A(llm) ~abs ~scat ~ext

0.40
0.45
0.50
0.60
0.70
0.80
0.90

0.38 2.42
0.32 2.44
0.29 2.49
0.26 2.49
0.25 2.44
0.24 2.39
0.23 2.44

2.80
2.76
2.78
2.75
2.69
2.63
2.57

0.55
0.60
0.65
0.62
0.40
0.35
0.36

3.80
3.65
3.50
3.30
3.26
3.00
2.84

4.35
4.25
4.15
3.66
3.66
3.35
3.20

From the data of Table 11 it is seen that the absorption, scattering,

and extinction coefficients increase with height. This is a result of the

fact that the particle size distribution function varies with height. At

high altitudes there is an increase in the percentage of large, optically
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more active, particles. This phenomenon ;s related to coagulation of small

particles at great heights where particle resid,e-nee ti,mes are larger than

in the lower atmospheric layers.

The previously described aerosol model is primarily responsible for

the scattering of solar radiation. However, th,ere is a maximum II res iduaP

aerosol absorption due to hematite particles, Fe203, in wavelength rqnge

0.42-0.45~m. Therefore, for an accurate description of the radiation

field~ this aerosol yomponent should also be included separately.

In order to calculate the coefficients of absorption, scattering,

and extinction due to individual hematite particles not included in the

previously described aerosol model, the following assumpttons were made:

since the measured hematite particle distribution function is narrow

with a maximum at about O.l~m, a delta function size distribution with

radius r=O.l~m is used. The corresponding vertical distributinn of Fe203
particle concentration is given in Table 12.

Table 12. Vertical distribution of

° 1 2 3
1000800 500 300

4
250

particle concentration.
5 678

200 100 50 25

The above particle concentration profile was calculated based upon

data concerning the profile of mass concentration of Fe203 in the total

aerosol with the above assumption about hematite particle sizes.

Absorption, scattering, and extinction coefficients for Fe203 are

given in Table 13.



Table 13. Absorption, scattering, and extinction coefficients for
hematite (in km- l for N= 103 cm"*3L

A(llm) Sabs Sscat Sext

0.40 0.0245 0.046 0.071

0.45 0,0388 0.121 0.160
0.50 0.0044 0.143 0.147
0.55 0.0039 0.160 0.164
0.60 0.0074 0.194 0.201
0.65 0.0083 0.200 0.208
0.70 0.0020 0.078 0.080
0.80 0.0006 0.029 0.029
0.90 0.0003 0.016 0.016

All of the optical characteristics presented in this section are

the initial data used for further calculations and intercomparison. Data

on the spectral albedo of the underlying surface needed for tile solution

to the radiative transfer equation are presented in the column P=lOOO mb

in Table 6. Spectral data on the extraterrestrial solar radiation

entering the earth's atmosphere are presented in the column P=O mb of

Table 1.

To take into account the influence of the various parameters des

cribed above, these values were varied within small limits. These

variations are described in more detail in the second part of the pre

sent report.

Part II. Calculation of Radiation Characteristics of the Atmosphere.

3. Method of Spherical Harmonics.

There are a large number of techniques available for the solution of

the radiative transfer equation in the literature. A preliminary report

of the International Radiation Commission on "Standard Procedures to

Compute Atmospheric Radiative Transfer in a Scattering Atmosphere" gives

a rather comprehensive description of the various procedures in
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general use. However, intercomparisons of these radiative techniques

for accuracy and computer processing time requirements remains incomplete.

Simplified radiation treatments used in general circulation models

do not give sufficient accuracy in either a highly polluted or cloudy

atmosphere: even if the radiative fluxes at the earth's surface could

be determined with reasonable accuracy 9 flux divergences would remain

highly inaccurate. On the other hand, the observational measurements

are not sufficiently accurate to warrant extremely precise radiative

transfer treatments requiring large amounts of computer time. It is

precisely this state of affairs to which the present effort is directed.

It is expected that theoretical calculations will help to determine in

which areas more thorough measurements are required. Therefore, in the

present investigation a reasonably accurate approximate solution of t~e

radiative transfer equation is required including both scattering and

absorption in the vertically inhomogeneous atmosphere. A number of

theoretical models which meet the above requirements are available. In

particular, the adding or doubling method, the discrete-ordinate method,

and the spherical harmonics method all provide rapid numerical evaluat:ion

and accuracy commensurable with the quality of the input data.

The following description will outline the spherical harmonics

approach as developed by Zdunkowski and Korb. 12 This technique has bElen

applied to cloud models by Welch, et al 13 and has been extended to in

clude the infrared window region by Korb et al~4 In addition, the

spherical harmonics approach has also been applied recently by Welch and

Zdunkowski,15 Canosa and Penafiel,16 Dave and Canosa,17 and Deuze et i1l~8

It should also be pointed out that the discrete-ordinate approacll

as developed by Liou19 leads to the same solution of the radiative
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transfer equation when fluxes are calculated as does the spherical

harmonics approach.

The mathematical treatment follows the method of Chandrasekhar2l

in which the radiative intensities are expanded into the cosine series

in order to remove the azimuthal dependence. Therefore~ we begin with

the azimuthally independent radiation transfer equation;

S
l

= I(m)(. ) l-k
L~ll - 2

-1

._ (2-~ ) l-k E -L/v. N ('1) P ( ) ( 1)1
u 4 e 0 E al P~ , 'Q )10 -o,m 1T 0 1=0 ..\ ,I,

where L - optical depth measured from the top of the atmosphere

)1, ll; II - cosines of the zenith angles of scattered, incident, ando

direct solar radiative intensities

I(m) the II m-th ll component of intensity expanded in the cosine

series

(1)

k - total absorption coefficient divided by the total extinction

coefficient

a~ - phase function expansion coefficient

P1(1l) - Legendre Polynomial

E - incident intensity of solar radiation at the top of the earth'so

and <5 o,m

atmosphere

Kronecker delta function.

Due to the fact that only fluxes and flux divergences were needed

in the present investigation, only the m=o component will be retained.
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In the following development the m=o superscript has been deleted for

convenience. The angular variables in the phase function are separated

using the addition theorem of spherical harmonics.

The radiation intensity was then expanded into a series of Legendre

polynomials in order to separate the dependency of optical pathlength

and zenith angle

N
= L 1. (or) PJo (11)

j=o J
( 2)

In the present study N=3 was chosen. However, this restriction does not

influence the generality of the procedure.

The radiative transfer equation now takes the following form after

applying the orthogonality condition for Lengendre polynomials

(3)

where aj are the phase function expansion coefficients. Next the

integral operators

5
1

(----) III dIl

-1

with II = O. 1 ---N
~ J' (4)

are applied to equation (3). An alternate scheme is to apply the

operators
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as suggested by Canosa and Penafiel. 16 A matrix differential equation

of the following form results

-;;/lli =13-1 AJr (;;) tID (;;) e 0

where 1 , 13, lA, and iD are matrix quantities.

In particular for the case N=3 we have

(5)

where ~ and \B are constant matrices.

(5) is given by

The formal solution to equation

SL -1 I -s/]1
e-B O-\\1:-s) e 0\0 ds =IN(;;) tC +~(;;) (6)

o

where

t =

are the integration constants.

The evaluation of the exponential matrices follows the method of
2'Putzer. i In addition a complete analysis and analytical solution for
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k=o (absorption) and k~o (non-absorption) in both resonance and non

resonance cases is given by Zdunkowski and Korb. 12

In the case of N=3 the integration constants of the general

solution are found by specifying the mean intensity and f'lux for upward

and downward radiation both at the top of the earth's atmosphere and

at the surface. The mean intensity (I) and flux (F) are l~ecognized as

the zeroth and first statistical moments of radiative intl~nsity and may

be given in the following form:

For upward radiation

M1(0) h) = 2TIS1

I h ,u) u0 du = 2TI I, h)
o

M, (1) (.r) = 2TI 51 1(,,]1) 1 d]1 Fl h)]1 =
0

For downward radiation

M/ 0) (-r) 2'IT r Ih,]1) 0 d]1 2'IT 12h)= ]1 =

-1

M (1) (-r) 2'IT
SO Ih,]1) 1 du =-F2h)= ]12
-1

Further we considered a horizontally homogeneous atmosphel~e above a

diffusely reflecting surface of uniform albedo which is illuminated by

parallel solar radiation. Using the above expressions, the boundary

conditions take the following form:
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Top of the atmosphere, ,=0:

M/l) (0) = a

Earth's surface, ,=T:

M(0) (T) = 2M (1) (T)
1 1

When a vertically inhomogeneous atmosphere is considered, then

boundary conditions are required at each interface. The zeroth and

first statistical moments of radiative intensity are required to be

continuous for both upward and downward radiation at each interface.

P · t d' 13-15 h . d' d h d' t' f1reVlOUS S u les ave In lcate t at ra 1a lve uxes are

accurate to within 1-2% and that flux divergences are accurate to within

10-15% .

4. Preliminary Results of Calculations

The present investigations use 10 horizontally homogeneous vertical

layers. Within each layer, all input data is assumed constant with

height. Input parameters include: aerosol absorption and extinction

coefficients (km-'), Rayleigh scattering coefficients (km-'), phase

functions, aerosol concentrations (particles/cm3), water vapor density

(gm/cm3), ozone concentration (cm/km), pressure (mbar), incident solar

flux (watts!cm2~m), surface albedo (%), zenith angle, and wavelength.
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Output (calculated) data include downward and upw~rd diffuse flux,

total downward flux, net flux, and flux divergence,

Several calculations were made in order to obtain a preliminary

"best fit" with observations and to determine the contributions of various

input parameters. However, the primary purpose of th.ese preliminary

calculations is to properly account for the large absorption observed in

the hematite region 0.42-0.45~m where there is no gaseous absorption.

Intercomparison of calculations and measurements for three wavelengths

(0.45, 0.60, and 0.85~m) and two atmospheric levels (p=O and 1000 mb) is

shown in Table 14. It should be remembered that measurements are es

timated to be accurate to within 2-5% for fluxes and 30-40% for flux

divergences.

The first calculation assumed an aerosol primarily of $i02 (Table 9)

which had small absorption coefficients: this will be called the llmean"

aerosol in subsequent discussion. The calculations gave poor agreement

with observations, particularly in the region 0.42-0.45~m. The experi

mental data refer to the layer from 350 to 950 mb. Observed values

given in Table 14 for 1000 and 0 mb have been extrapolated below 950 mb

and above 350 mb. The second theoretical study used the same aerosol

concentration as before but arbitrarily increased the absorption para

meters by a factor of three. In this case, much better agreement was

obtained between observations and calculations, particularly for wave

lengths ~ 0.60~m. However, these intercomparisons showed that absorp

tion would have to be mulitp1ied by a factor of 4 or 5 to obtain any

kind of reasonable agreement in the strong hematite region, 0.45~m,

Therefore, it seems clear that Si02 and other low-absorption aerosols

are not of primary importance in determing the characteristics in the
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0.4-0.5~m wavelength region. Within this spectral interval aerosols

may have their maximum impact upon the radiative heat budget since the

solar intensity reaches a maximum in this region.

The third model assumed only the hematite (Fe203) aerosol which has

strong absorption properties in the visible part of the spectrum. The

hematite calculations showed better agreement with observations, indi

cating that the very strong absorption in the region 0.4-0.5~m is largely

due to this aerosol. Actual data indicate absorption exceeding 20% near

0.45~m. It appears safe to conclude that hematite has the greatest

impact upon solar radiation in the spectral region 0.4-0.5~m for these

observations. However, in the Near-Infrared regions without gaseous

absorption (O.75-0.90~m), the Si02-type of aerosol gave better agreement

with measurements than did hematite alone.

Since both hematite and other aerosols coexist in the atmosphere,

the next investigations included both sources. The fourth model included

hematite and II mean aerosol ll absorption and II mean aerosol ll scattering,

neglecting hematite scattering. The fifth model included both hematite

and II mean aerosol ll absorption and scattering. While these latter two

models provide a better average fit over all wavelength intervals, it

can be seen that no one model is completely adequate in all spectral

intervals.

The worst percentage agreement in net flux divergences occurred in

the region between 0-500 mb where experimental data on aerosol parameters

are non-existent. It seems either that a much larger aerosol ~bsorption/

extinction ratio exists in this region or that extrapolations of flux

measurements from the lower atmosphere are in error.
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In subsequent analysis~ only the first, fourth, and fifth schemes of

Table 14 will be used (renamed Models Is II, and III). Results of cal

culations for these models are given in Tables 15-27, and should be

compared with Tables 1-6. More detailed discussion is found in the next

section.

Part III. COMPARISON BETWEEN THE CALCULATED AND EXPERIMENTAL DATA

5. Comparisonbetweenthecaltulated and measured radiation character

isticsofthefreeatmosphere"f6r three models.

The intercomparison between the experimental and calculated data

should begin with the comparison between the adopted optical model of

the atmospheric aerosol and the optical characteristics calculated by

an approximate formula. 9-10 Figure 3 shows curves of the absorption

coefficient Sabs' and Figure 4 shows the corresponding curves of the

extinction coefficient Sext obtained from the 25 October 1970 data. To

calculate optical characteristics, it is necessary to multiply the

corresponding coefficients of Tables 11 and 13, by particle concentra

tions from Tables 10 and 12 for three atmospheric levels corresponding

to 500, 700, and 900 mb (for which reliable measurements are available).

Inspection of Figure 3 shows that the absorption coefficients used

in Models II and III and similar to those obtained from the approximate

formula in the hematite absorption region. Agreement is better in the

region below 700 mb. As to the extinction coefficient, values obtained

from the approximate formula9-10 are between the values corresponding

to Models II and III. The difference between calculated and observed

extinction coefficients is about a factor of 2, As will be seen from

further comparisons, a model intermediate between Models II and III gives

best agreement.
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The short analysis of the calculations made for the different

aerosol models gives an estimation of the impact of aerosol parameters

upon the radiation field. A more detailed analysis will permit one to

judge the applicability of the models to properly describe the radiation

characteristics in the real atmosphere. In addition, results from such

analysis may be used to help determine how representative are experi

mental data on aerosol composition and concentration.

After the preliminary analysis mentioned in the previous section,

the following aerosol models were chosen for a more detailed treatment:

(a) Model I - the "mean ll aerosol, whose optical characteristics

are given in Tables 10 and 11. This model is predominantly

characterized by scattering; absorption is small.

(b) Model II - the II mean ll aerosol plus absorption and scattering

due to hematite in the wave length range 0.4-0.5~m. Hematite

was detected in the form of separate small particles with a

narrow size distribution range centered about O.l~m. There

fore, it appears reasonable to include hematite as an additional

scattering and absorption aerosol to the "mean!! aerosol. Due

to the small size of the hematite particles, the hematite

phase function was assumed to be approximated by Rayleigh

phase function.

(c) Model III - the "mean ll aerosol plus absorbing hematite alone.

This model is intermediate between the first two models. It

suggests that hematite is included in the composition of

aerosol particles. Scattering properties of this model

correspond to the II mean ll aerosol ensemble of Model I. Such

representation of the absorption coefficient is based upon the
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(c) fact that ferric compounds generally exist as one of the com,..

ponents of aerosol particles. The concentration profile of

hematite particles in Table 14 was estimated from data on the

mean mass hematite concentrations in aerosol samples.

Results of calculations of atmospheric radiation correspondinsr to

the Models I, II, and III along with experimental data are given in

Figures 5,..9. Comparison between measured and calculated values of

downward fluxes (Figure 5) shows the best fit for Models II and III in

which hematite is included. Once again the poorest agreement is for

Model I which is connected to the fact that aerosol particles in this

model have low absorption.

In the case of upward fluxes (Figure 6), the best fit of calculated

and measured values corresponds to Model III. Again, the worst agree,..

ment is for Model T. Model II overestimates the role of scattered

radiation as compared to absorbed.

Comparison between calculated and measured values of the spectral

net flux for two levels (P=O and 1000 mb) shows (Figure 7) the best

fit for Model III. Model I underestimates absorbing properties of the

aerosol. Calculations using Model II yield even smallEr values of net

flux at the P=O rnb level since the upward flux is overestimated. There

fore, there is an overestimation of scattered radiation as compared to

absorbed radiation. It should be recalled that the highest altitude at

which measurements were taken is approximately 400 mb so that extra

polations to 0 mb may be in error. Likewise the lowest altitude at

which measurements were taken is approximately 975 mb so that extra

polations down to the 1000 mb level through a dense aerosol layer may

also be in error.
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6. Sensitivity Studies

A "best fit" between observations and calculations is difficult to

obtain simultaneously for all spectral regions. Therefore, further

studies have been made to test the sensitivity of calculations to small

variations in input parameters. Model III was adopted in which hematite

absorption was included without hematite scattering. Table 28 shows

concentrations of aerosol and hematite for each of the ten vertical

layers used in the sensitivity studies. Data given in the previous

sect ions have been i nterpo1ated, extrapo1ated, and smoothed. In the

sensitivity studies, calculations were performed only at selected wave

lengths and only at those heights where measurements were taken.

Table 28. Aerosol and hematite concentrations (particles/cm3)
and layer thicknesses (m) for ten vertical layers:
the left column corresponds to the layer closest to
the surface.

I'
i

Thickness (m) 200 150 525 1000 1050 1175 1375 2925 7850 13750
-----
A~;}'oso1 160 42 30 17 8 4 2 0.25 0.03Concentration

Hematite 1000 900 700 550 350 200 150 20 2Concentration

Applying the model adopted above, intercomparisons are shown in Table 29

at heights of 8400, 2830, and 300 m for which actual measurements were

made. As can be seen, reasonable agreement exists for fluxes at A=0.42

~m, even though the flux divergence disagrees by a factor of 2. At other

wavelengths, disagreements between observations and calculations of flux

divergences may reach a factor of 4. Therefore, the flux divergence and

atmospheric heating rates are extremely sensitive to small variations in
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fluxes. A discussion of possible errors and recommendations will

follow later.

Surface albedos were obtained from extrapolations of the observa

tions through a thick dust layer of 300 m. Therefore an albedo

sensitivity study was performed. Results are shown in Table 30 with

albedos scaled as indicated. The upward fluxes are most strongly

affected by albedo variations. With increasing albedo~ the flux diver

gence increases since there is additional radiation available to be

absorbed. However, differences resulting from albedo variations of 50%

are negligible. Similar results hold for other wavelengths.

Aircraft observations took place over a span of 20 minutes at

various altitudes. Therefore, the solar zenith angle of 54° adopted in

this study represents a mean value. A sensitivity study of fluxes as

a function of zenith angle is shown in Table 31. With increasing zenith

angle, the flux divergence increases since the optical path length

increases. Variations of zenith angles between 50° and 58° lead to

corresponding variations in net flux divergence of less than 10%. Similar

results hold for other wavelengths.

Ozone concentrations as a function of height were taken from a

climatic model. Table 32 shows the influence of ozone concentrations

arbitrarily increased by factors of 2, 3, and 4 upon the radiation field

for three wavelengths. The flux divergence remains relatively in

sensitive to large ozone variations in the region A ~ 0.40 ~m to

A ~ 0.90 ~m, even in the spectral region of maximum ozone absorption.

Variation of the size distribution with height was included in the

original model. Aerosol absorption and extinction coefficients varied

by 50% from the surface to a height of 500 mb. It had been expected









-66-

that this effect had a major impact upon the atmospheric radiation field.

However, Table 29 shows that neglect of the size distribution variation

with height produced insignificant variations in the radiative fluxes

and flux divergences. It should be pointed out that the size distribu

tion variation was linear~y interpolated between the surface and 500 mb.

Inspection of Table 10 shows that a linear interpolation of values

between the 500 and 1000 mb levels is unjustified. Detailed Mie

calculations at intermediate levels would undoubtedly provide larger

attenuation parameters than given by the linearly interpolated values.

The impactor used in observations becomes saturated in highly turbid

conditions. Therefore~ a size distribution. particularly for small

particles, and concentrations tend to be underestimated. Table 33 shows

the impact of increasing aerosol concentrations by 50% and 100% while

leaving the hematite concentration unchanged. With increasing aerosol

concentrations, the total downward flux decreases, the upward diffuse

flux increases, and the net flux divergence increases. However. in all

regions the net flux divergence remains significantly smaller than the

observed values. Table 33 also shows the effect of increasing the

hematite concentration by 50% and 100% while leaving the aerosol con

centration unchanged. With increasing hematite concentration (neglect

ing hematite scattering) the total downward flux and upward diffuse flux

decrease, and the net flux divergence increases. Increased hematite

absorption has an influence out to a wavelength of A = .72 ~m but has

its maximum effect in the wavelength region below A = .50 ~m. While

increasing the hematite concentration by 100% leads to reasonable results

for wavelengths below A = .50 ~m, flux divergence values between

A = .52 and A = .62 ~m are not well approximated with this model.
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Hematite concentrations were calculated from measurements of the total

Fe203 mass assuming a delta function size distribution. The hematite

size distribution is extremely difficult to measure for these small

particles, particularly in saturated impactor samples. Due to these

difficulties, the present model assumed a delta function distribution

with a radius of 0.10 ~m. Tables 34 and 35 show the hematite absorption

and extinction cross-sections (~m2) as a function of particle radius and

wavelength. It is seen that even small variations in the hematite

particles radius lead to large variations in absorption and extinction

parameters. Therefore, it is clear that the delta function size dis

tribution approach used in the present study is inadequate.

It is a normal procedure to assume that all contributing particles

share a similar size distribution function, even if variations in height

are included. Nevertheless, indications are that it may be necessary to

provide size distributions for the various components of aerosol, or for

at least such optically active particles as hematite. Some of the

difficulties in providing reasonable fits between observations and cal

culations can be traced to the improper size distribution assumed for

hematite, particularly in the region from 0.50 to 0.70 ~m.

Table 36 shows the impact of increasing both aerosol and hematite

concentrations by 50% and 100%. In this case, increased net flux

divergences result which indicates that increased scattering as well as

absorption is necessary to provide a better fit with observations.

Nevertheless, for wavelengths larger than 0.50 ~m, the flux divergence

remains underestimated in the calculations.

While chemical analysis is relatively accurate, there may be errors

in the determination of the complex index of refraction. Furthermore,
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from the radiometer glass plate, incoming radiation at high angles is

underestimated, particularly the diffuse flux. Errors in the upward

looking radiometer, where the solar beam is the major component of the

measurement, are smaller than in the downward-looking instrument. This

is particularly the case for conditions in which the diffuse flux is

nearly isotropic. Under highly turbid or cloudy conditions in which

the solar beam is very weak, then the upward-looking radiometer is also

likely to provide underestimates of flux. Instrumentation errors of

this kind for the highly turbid conditions encountered in the observa

tions might (a) underestimate the downward flux in the lower layers,

thereby' indicating larger extinction and, therefore larger aerosol con

centrations than actually observed, and (b) underestimate the upward

flux. The result would be an overestimation of net flux divergences

which are very sensitive to flux measurements. No estimates of the

magnitudes of such errors are available at this time.

Finally, in order to determine the impact of aerosol upon the

total radiation field, calculations for a II cl ean li atmosphere have been

made with aerosol and hematite concentrations decreased by a factor of

ten. The effect of the aerosol is to decrease the, surface net fl ux

by approximately 20% which leads to decreased surface heating. The

upward diffuse flux is decreased by approximately 10% by the aerosol.

The corresponding net flux divergence ;s increased by a factor of

10-15 by the aerosol.
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PART IV. PROSPECTS FOR FUTURE STUDIES

The results from the present study indicate the very important in

fluence of aerosols on the visible part of the spectrum. In particular,

hematite (Fe203) was verified to be the strongest aerosol absorber of

radiation and the dominant aerosol influence on the net flux. Indeed

one sees that aerosol absorption exceeds gaseous absorption in some

cases. Strong hematite absorption was also observed during the GATE

experiment. These CAENEX results will aid in the evaluation of the GATE

data where similar aerosol conditions were observed.

In the present investigation data were analyzed in the spectral

region from 0.42 to 0.90 ym. It would now be appropriate to complete

the solar spectrum by extending calculations to the regions 0.30 to 0.42

~m and from 0.90 ~m to 3.00 ~m. In addition, it is important to study

the aerosol influence upon longwave radiative transfer. The spherical

harmonics method described above is also available in the window region,

8-12 ~m, for which data are also available.

The present research indicates how close cooperation between those

involved in theoretical modelling and those involved in analysis of

observational data can benefit both sides in providing deeper understand

ing of those parameters necessary for a complete and accurate description

of the earth's radiation budget. In particular, actual data indicate

where deficiencies in current models need to be improved as well as

supply models with real data to simulate the real atmosphere. As pre

dictive models and observations can be shown to converge, understanding

of those physical parameters influencing radiative properties in the

atmosphere increases and results in increased confidence in model



-74-

predictions. Likewise comparison of accurate theoretical models with

observational data helps those involved in field studies better appreci

ate which data are critical for proper evaluation of the radiation field

and where increased resolution is required.

One of the most important results of this interaction has been to

familiarize the various groups with the data and requirements which

each of them share and contribute.

One great difficulty which has been exposed in the present inter

action is the lack of standardized data among the various parties

involved. Future efforts will be directed towards such a standardized

data format in order to facilitate utilization of the data~

As seen in the results~ the greatest problems seem to be associated

with measurements of aerosol concentration, size distributions. chemical

composition and optical properties. In addition, there is a lack of

adequate gaseous concentration measurements and a lack of sufficiently

reliable data on gaseous absorption coefficients in the visible region.

A more difficult problem is to determine the aerosol properties and con

centrations in the upper troposphere and lower stratosphere. These

regions show large relative disagreements between measured and calculated

values.

Further intercomparisons between the observational data from

different CAENEX expeditions and the results of numerical modelling

sould be valuable. Observations. for urban conditions and GATE observations

of· the Saharan dust with strong hematite concentrations are of particular

interest.

In each of the regions of interest it would be of particular value

to consider the following cases:
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1) "clean" atmosphere; background or light aerosol conditions

and cloudless skies~

2) II cl ean ll atmosphere with clouds~

3) poll uted atmosphere; turbid condi ti ons,

4) polluted conditions with cloudS.

At the first stage of analysis of cloudy conditions~ it is impor

tant to consider only horizontally homogeneous layer clouds. Broken

cloud conditions require statistical or Monte Carlo calculations which

are much more computationally expensive.

More extensive size distribution calculations as a function of

height are expected to be significant. However~ it was not possible

during the present investigations to consider the impact of different

size distributions since the more important aerosol concentrations are

known inadequately. Finally~ the impact of relative humidity upon

aerosol optical properties must be included for relative humidities

exceeding 60%.

More extensive measurements of the parameters characterizing atmo-

spheric dynamics during the radiation measurements would be extremely

valuable. In particular, recent measurements in urban regions indicate

that heavily polluted air tends to maintain those inversions, which are

responsible in turn for strong pol1ution episodes. Recent theoretical

investigations20 indicate that such inversions may affect surface

temperatures by as much as 10-15° C compared to non-polluted conditions.

A set of observations made several times during the day would provide

a sufficient data base to examine the magnitude of such effects.
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PART V. CONCLUSION

In conclusion, the following short summary of recommendations for

future complex investigations can be made.

(1) The impactor appears to have been saturated leading to under

estimates of the aerosol concentrations and probable errors in the size

distribution. Such effects will lead to erroneous opttcal characteris

tics. Perhaps this defect can be overcome by using a continuously

moving collector plate so as to smear the incoming particles and thereby

allow for more accurate particle counts.

(2) It is necessary to determine size distributions for highly

active substances such as hematite. It is not sufficient to merely

determine the percentage of total aerosol and assume either identical

size distributions or delta function distributions.

(3) A thin foil impactor or some other device would be most use

ful to determine liquid water contents and size distribution functions

under moist and cloudy conditions.

(4) The radiometers should be recalibrated.

(5) Since it requires 12 seconds to make one complete spectral

measurement during which the aircraft platform may roll appreciably,

at least several minutes worth of data at each altitude are required

to reduce flux measurement errors.

(6) A determination of errors associated with underestimates of

incoming radiative flux at high angles to the radiometers should be

made. Such errors may be particularly significant in near isotropic

conditi ons.
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(7) Data should not be smoot~ed, interpolated, or extrapolated.

Data should be clearly labelled as to the exact ti'me and h.eight at which

it was taken. If aerosol data are taken through a layer, then the height

ranges should be indicated.

(8) Theoretical calculations should be checked in order to deter

mine the errors associated with the current theoretical phase function

expansions.

(9) There should be closer cooperation among the scientists working

on different components of the observational program to insure that

aerosol measurements correlate with flux measurements.

It can be seen that such intercomparison studies can be beneficial

to both the experimentalist and the theoretical modeller in helping to

better understand the earth's atmospheric energy budget. Therefore,

more extensive and complete field studies, improved instrumentation,

and further intercomparison studies under a variety of conditions are

indicated. In future work these studies will be extended to a broader

spectral interval.

The experience acquired during the CAENEX and GATE experiments as

well as the results obtained from calculations have been fully considered

in working out the Global Atmospheric Aerosol-Radiation Experiment

(GAAREX) proposal. It is hoped that this report will provide additional

insight into the requirements for successful radiation transfer ob

servations in real atmospheres.

The authors express their sincere gratitude to M.A. Prokofyev and

to Edward Sorokin.
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