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ABSTRACT

This report presents a summary of a joint Soviet/American exchange program to compare
calculations with observations in the real atmosphere, in order to determine and study the
diabatic processes that are important for tropospheric energetics. The primary purpose of the
present investigation was to determine the effect of aerosols upon radiation characteristics
in the real atmosphere. Spectral measurements of the radiation field as a function of height
have been made in 0.01 #m increments from 0.4 um to 0.9 um along with aerosol optical
properties. . Using these data, radiative transfer calculations have been performed using the
4-term expansion of the spherical harmonics method in order to provide an independent
check on the accuracy of the previous measurements as well as provide recommendations for
improved observations.

The effect of a small amount of highly absorbing material, such as hematite, has been
demonstrated. Extensive data are presented giving spectral shortwave radiation flux and flux
divergence values as a function of height in the atmosphere. Because no “best fit” overall
spectral regions were obtained, further studies were performed to test the sensitivity of the
theoretical results to small variations in the input parameters. The results indicate that
the major reason for discrepancies between measured and calculated radiation fields is
difficulties with the radiative and aerosol measurements, rather than shortcomings of the

calculational scheme.

1. Introduction

Extensive experimental investigations have been
carried out in recent years as part of the
complete 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 locations and atmospheric
conditions.

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 use a theoretical model capable of
calculating radiative fluxes to approximately 1%
accuracy.
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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 cloud-free atmosphere from
measured optical atmospheric and surface para-
meters for one of the observational days of the
CAENEX program, 25 October 1970, and (b)
to compare measured fluxes and flux divergences
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.
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2. Experimental data

2.1. Observational results for spectral fluxes, net
fluxes, and divergences of radiative energy
on 25 October 1970

The experiments carried out within the frame-
work of the CAENEX-70 program are
thoroughly described in the literature (Kondratyev,
1972, 1973a, b, ¢, 1975; Kondratyev and Ter-
Markaryants, 1976). They were performed over the
Kara Kum desert in the vicinity of Repetek,
U.S.S.R. The data obtained on 25 October 1970,
were taken immediately after a major dust storm
and are representative of extremely turbid
conditions.

The following observations were made on board
the flying laboratory IL-18 of the Main Geo-
physical Observatory, Leningrad:

(1) Up- and downward flux spectral density by
means of a K-2 diffraction spectrometer
(spectral range 0.4-0.9 um, resolution of
0.02 um, and registering time of 10 s) at
altitudes ranging from 300 to 8400 m.

(2) Aerosol number density and size distribution
by means of a continuously operating impactor
measured on the ground and on the IL-18
aircraft.

(3) Sampling of aerosol matter for further
chemical analysis in the surface layer by
means of a filter.

K. YA. KONDRATYEV ET AL.

The measured data for the up- and downward
fluxes were statistically processed so that
smoothed spectral characteristics  resulted.
Statistical processing is necessary in order to
compensate for aircraft pitch-and-roll as well as
for horizontal variations in aerosol concentrations.
These curves are given in 100 mb intervals
(interpolating between measured values ranging
between 350 and 950 mb, and extrapolating
values outside of this range) in graphical form by
Kondratyev (1972, 1973b). They are also used for
intercomparisons with calculational results and are
given in a later portion of this report.

The aerosol particle number density and size
distribution for two levels in the atmosphere are
given in Table 1.

As a result of spectral analysis of the surface
aerosol samples the presence of various elements
in the aerosol matter was determined (Table 2).

It should be pointed out that Table 2 does not
include the only elements in the aerosol samples.
In addition, electron microscopy of the same
aerosol samples revealed that together with large,
evenly mixed particles described in Table 2,
separate spherical compact particles were observed.
On the basis of chemical analysis and the
photographic image character of these samples,
these particles were identified as ferric oxides.
Of the metals found in the aerosol samples, only
Fe has the atomic weight and concentration
large enough to produce the observed frequency

Table 1. Particle size distribution (um) of tropospheric aerosol

% of aerosol in various size distribution intervals

Concentration
Height N (cm™) r<025um 0.25-030 0.30-0.60 0.60-1.20 r> 1.20um
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
Table 2. Contents of various elements (ug/m?) in the measured aerosol

Si Ca Fe Mg Al Ni Cr Pb Mn Cu

Average 135 72 50 28 09 035 03 03 005 O
Minimum content 120 65 30 07 05 03 02 02 003 O
Maximum content 150 78 70 50 12 04 04 04 007 O
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of such dense spheres and the deep blackening
in the images. However, the impossibility of
separating these particles ifrom the principal
aerosol mass made it impossible to measure the
size distribution for such particles. It was only
determined that these spheres: are practically of
uniform size with an average-radius of 0.1 um.
The observations carried out immediately following
a severe dust storm suggest that the chemical
composition of the aerosol particles was uniform
throughout the region of measurement.

,

2.2. Optical model of the atmosphere

On the basis of experimental data and analysis,
as well as various literature sources (Hanel,
1972; Kondratyev, 1972, 1973b, ¢, d), an aerosol
optical model was constructed representing the
dust loading during the measurement period. This
model incorporated the following assumptions:
(1) all of the particles are spherical; (2) the
particulate index of refraction is spectraily
uniform; and (3) the chemical compounds are
evenly mixed within each particle as well as
throughout particle ensembles. In desert aerosols
coated, two-layer particles are essentially not
encountered. The assumption of even mixing of
all -chemical components is reasonable for the
fine aerosol fraction but poor for the coarse
aerosol fraction, Nevertheless, it is at present not
practical to provide detailed calculations of highly
complicated multi-component systems. Due to the
fact that information concerning dispersion,
concentration and index of refraction would be
required for each individual particle, a number of
simplifications were necessary. The real part of the
complex index of refraction for the majority of
aerosol components varies from 1.5 to 1.7 in the
visible part of the spectrum. Therefore, the
scattering characteristics of the coarse aerosol
fraction are primarily determined by the particle
size distribution rather than by variation of the
value of the real part of the refractive index.
Furthermore, a mean value of refractive index is
justified for the fine aerosol fraction due to
strong mixing of the chemical components.
Variations of chemical composition observed
during this experiment lead to variations in the
mean value of the real part of the refractive
index of no more than 0.05.

In terms of aerosol model, optical aerosol
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characteristics are more sensitive to the
imaginary part of the refractive index than to the
real part. Due to the assumption of uniform
chemical composition, errors in aerosol optical
characteristics increase with the value of the

‘imaginary part of the refractive index. The

component of desert aerosol most differing in value
in the complex index of refraction during these
measurements was Fe,O; (hematite). For this
reason, and because of the almost uniform size of
these particles, this aerosol component was

- treated separately.

The elemental composition of aerosol matter
given in Table 2 closely corresponds to the relative
componeni composition of metal-containing
compounds in the Ivlev and Popova (1973) model.
For this reason, as well as the model assumptions
stated above, the Ivlev—Popova model was judged
adequate to represent the aerosol optical properties.
Applying this model the complex index of refrac-
tion for the 0.4-0.9 um wavelength region was
taken to be 1.65—0.005i. It is realized that the
value of the complex index of refraction is
wavelength dependent. However, such refinements

were not included in these preliminary results.
As can be seen from Table 1, rather restricted

experimental data on aerosol particle dispersion
and concentration were used. In order to calculate
attenuation coefficients, along with the scattering
phase function, the particle size distribution was
extrapolated over the 0.03—10 gm range. In
addition, it was assumed that the aeroso! optical
characteristics vary linearly with pressure within
the 1000 to 500 mb layer and were constant with
height above this layer. A more complete and
detailed aerosol model was not constructed due to
the complexities of a more advanced model as
well as a lack of complete experimental data from
which to produce a more realistic representation.
The present work represents a pioneering effort
of making detailed intercomparison studies of the
atmosphere under extremely turbid conditions. It
was one of the objectives of the intercomparison
studies to define more closely the accuracy
required in measurements and to identify those
areas where improvements are necessary.

Values of the absorption, scattering and
extinction coefficients as a function of wavelength
are given in Table 3 for the surface and at a
height of 5500 m. From the data of Table 3 it is
seen that the absorption, scattering, and extinction
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coefficients normalized by particle number 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 optically more active particles. This
phenomenon is related to coagulation of small
particles and fallout of the large particles at
great heights where particle residence times are
larger than in the lower atmospheric layers.

The effect of the previously described aerosol
model is primarily to scatter solar radiation.

Note that absorption is usually less than 15% of .

extinction in Table 3. However, there is a maximum
observed “residual” aerosol absorption which is not
accounted for the present aerosol model in the
wavelength region 0.40-0.50 um. Presumably the
strong aerosol absorption observed in this region

was contributed by hematite, Fe,O,, which was
included separately.

Coefficients of absorption, scattering, and
extinction due to hematite particles, not included
in the previously described aerosol distribution,
were calculated for a number of models. Since
the hematite particles had an extremely narrow
size distribution with radii of approximately 0.1
um, a delta-function size distribution was con-
structed initially. However, due to oscillations in
the Mie efficiency curves, small variations in
particle size may lead to large variations in
attenuation parameters. Therefore, a number of
hypothetical narrow size distributions were
constructed with the following properties (with
corresponding attenuation coefficients given in
Table 4):

A: N= 111 222 333 222 111 Particles/cm?
| | 1 1 ]
T T T I |
r= .08 .09 .10 11 12 um
B: N= 111 2%2 3?3 222 1}1 Particles/cm’
| ]
T | | | |
r= .01 .05 .1 .15 2 m
C: N= 111 222 333 222 111 Particles/cm?
1 ] | ] 1
| 1 I | T
r= .10 .11 12 .13 .14 um
D: N= 50 100 200 300 200 100 50 Particles/cm?
l 1 ] 1 1
——t——t+—1
r= .04 .06 .08 .1 12 .14 .16 am

Table 3. Absorption, scattering and extinction
coefficients (in km=' for N = 10° particles/cm®)
as a function of wavelength at H=0 m and
5500 m for the observed size distribution of
aerosol particles

H=0m H=35500m

A (”m> ﬁlbs ﬂsclt ﬂ ext ﬁ abs ﬁscn ﬂcxt

0.40 0.38 242 280 0.55 3.80 435
0.45 032 244 276 0.60 3.65 4.25
0.50 029 249 278 0.65 3.50 4.15
0.60 0.26 249 275 062 330 3.66
0.70 025 244 269 040 326 3.66
0.80 024 239 263 035 300 3.35
0.90 023 244 257 036 284 320

In contrast to the highly variable Mie calcu-
lations for monodisperse aerosol, the attenuation
coefficients in Table 4 for the various size
distributions are surprisingly similar. Model A
considers a narrow size distribution centered
about particle radius r=0.1 um, while model B
considers a much broader distribution also centered
about r = 0.1 um. Extinction coefficients are quite
similar for these two models. However, absorption
coefficients are considerably larger for model B
than for model A, particularly for the larger
wavelengths. Model D, which has a size
distribution intermediate between models A and B,
also has attenuation coefficients intermediate in
value between those of models A and B. The
extinction coefficients for models A, B and D are
roughly similar, indicating that the Mie values are

Tellus 31 (1979), 1
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Table 4. Absorption (B,) and extinction (B,) coefficients for hematite (in km™"' for N =10° cm™3) as a
Sunction of wavelength (1) for several size distribution models (see text)

Model A Model B Model C Model D

A(pm) B, B. B, B. B, 8. B. B.

0.40 352—-2 1.00-1 338-—-2 104—-1 507—-2 L1L10-1 342-2 971-2
0.45 224—-2 122—-1 301—2 130—-1 334-—-2 118—1 255-2 1.14-—1
0.50 856—3 144—1 184-—-2 130-1 139-2 139—-1 972-3 123-—-1
0.55 632—-3 160—-1 156-—-2 144—-1 1.19-2 L71—-1 9.06—3 1.21—1
0.60 559-3 162—-1 103—-2 121-1 954-—-3 214—-1 723-3 145-1
0.65 471-3 157—-1 149-2 170-1 516—3 231—-1 472-3 1441
0.70 283—-3 129-1 537—-3 136—-1 394-3 249-—-1 351-3 134-1
0.75 1.63—3 889-2 190-3 125—-1 376—3 251—-1 204—-3 134-1
0.80 124 -3 520—-2 206-3 109-1 469—-3 213—-1 199-3 1.04-1
0.85 702—4 3.10—-2 419-3 138-—-1 425-3 165—-1 1.79-3 899-2
0.90 396—4 210—2 467-3 174-1 261—-3 1L13—1 169-3 845-2

Table 5. Vertical distribution of Fe,0, particle concentration

H (km) 0 1 2 3 4 5
N (cm™?) 1000 800 500 300 250 200

6 7 8

100 50 25

particularly sensitive to the peak or center of the
distribution rather than the width of the
distribution. However, the absorption coefficient
appears to be more sensitive to the width or the
large particles in the distribution. Model C
considers the same distribution as model A, but
with the center of the distribution shifted to
r=.12 um. Even this small shift leads to
significantly larger attenuation parameters, particu-
larly at the larger wavelengths. The results in
Table 4 show that much more accurate measure-
ments of size distribution are required. Due to the
variability of these results an ambiguity exists
which cannot be resolved within the framework
of the present measurements. Model D was
chosen as the “standard” hematite model used in
the intercomparison studies. However, results were
obtained with each of the other models and
compared.

It should be noted that due to the strong
variation of Mie efficiency factors with small
variations in size parameter, a small increment
in size parameter (AX ~ .1) is required to eliminate
errors from calculations involving polydispersions.
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The hematite models A, B, C and D have
been calculated with a larger increment of size
parameter. However, more detailed sample calcu-
lations with a finer increment do not substantially
change these values nor the interrelationships
between the models. Due to the fact that these
models only represent hypothetical situations, with
the lack of direct measurements of the hematite
size spectrum, and for the sake of economy, more
detailed calculations were not performed.

The vertical distribution of Fe,O; particle
concentration is given in Table 5. This particle
concentration profile was calculated based upon
data concerning the profile of mass concentration
of Fe,0, in the total aerosol assuming an average
hematite particle radius of r = .1 um.

Due to a lack of data on vertical profiles of
water vapour and oxygen, gaseous absorption was
neglected in the present investigation. Only
absorption by ozone in the Chappuis band was
accounted for. Since only total ozone content was
measured, the vertical profile was obtained from
mean latitudinal vertical distributions (Kondratyev
and Vasilyev, 1975; Vasilyev and Fedorov, 1975).
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Molecular scattering was taken into account
according to Etterman’s model (Kondratyev,
1969).

3. Calculation of radiation characteristics
of the atmosphere

3.1. Method of spherical harmonics

The calculation method follows the spherical
harmonics approach as developed by Zdunkowski
and Korb (1974). This technique has been applied
to cloud models by Welch et al. (1976) and to
polluted urban atmospheres by Welch and
Zdunkowski (1976), and has been extended to
include the infrared window by Korb et al.
(1975). However, an extension of this model has
been used in the present calculations.

In the delta-Eddington model developed by
Joseph et al. (1976), the peak of the scattering
phase function is replaced by a delta function.
This technique has been shown to provide
significantly more accurate values of radiative
fluxes. Wiscombe (1977) has extended this
approach for higher order terms and Welch and
Cox (1978) have applied this approach to the
spherical harmonics technique. Comparison of the
delta-spherical harmonics and adding techniques
for clouds (Welch and Cox, 1978) shows that
this approach provides accurate values of both
radiative fluxes as well as flux divergences. The
reader is referred to the literature for details of the
calculation procedure.

The vertically inhomogeneous atmosphere was
divided into ten horizontally homogeneous
layers. Optical properties were assumed constant
within each of these vertical layers, and fluxes
and mean intensities are continuous at each
interface.

The atmosphere is horizontally inhomogeneous
and the observations have been statistically
averaged at each observational height to
provide the horizontally homogeneous average
values necessary for the computational procedure.
The present theoretical calculations, likewise,
represent the average radiative flux values at a
given height in the atmosphere. When very detailed
horizontal measurements become available, hori-
zontally inhomogeneous radiation calculations
using a technique comparable to the Monte Carlo

method would be desirable. At present, however,
shortwave flux measurements require 10 s to sweep
through the spectral range 0.4-0.9 um during
which the aircraft will have encountered various
horizontal inhomogeneities. Furthermore, it is not
possible for the aircraft to follow the identically
same track at various altitudes. In addition the
solar zenith angle changes during the course of the
observations. Therefore, the present theoretical
procedure assuming an averaged horizontally
homogeneous atmosphere appears to be a reason-
able compromise for these preliminary calculations.

4. Comparison between the calculated and
experimental data

4.1. Comparison between the calculated and
measured radiation characteristics of the free
atmosphere for three models

Fig. 1 shows both calculated (solid lines) and
measured (dashed lines) values of the upward
(F1) and downward (F!) fluxes at four levels within
the atmosphere. Fi refers to the combination of
direct and diffuse components of the radiative
flux. Label 1 refers to the uppermost level of
measurement (8400 m) and label 4 refers to the
lowest level of measurement (300 m); label 2
refers to a height of 3000 m while label 3 refers
to a height of 1300 m. Both aerosol and
hematite (Model D) are included in the calculations.
Input data for the calculations consist of Fi at
level 1; therefore, the solid and dashed lines at
level 1 are constrained to be identical for plots
of Fl. There is reasonable agreement in the values
of Fl except near the surface, indicating that the
aerosol concentration in the lower layer is too
large. However, the discrepancies in Ft between
calculated and measured values are large. Calcu-
lated values of the upward flux are significantly
larger than measured values. Fig. 1 also shows
calculated and measured values of the net flux
(Fy=F! — F?) and spectral heating rates (86/01).
Computed values of F, and (86/df) also show
large disagreement with measured values. It should
be noted that values of the spectral heating
rate are particularly sensitive to accurate
measurements of upward and downward fluxes,
heating rates being calculated from net flux
divergences. The wild fluctuation of measured
values of heating rates may be attributed to
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Fig. 1. Values of the upward (Ft), downward (F!) and net (F,) fluxes (in MW/m?) along with heating rates
(98/0t in °C/h) as a function of wavelength (in um). Calculated values are given by solid lines and measured
values are given by dashed lines. Labels 14 refer to altitudes of 8400, 3000, 1300 and 300 m, respectively. This

model includes aerosol, hematite (model D), Rayleigh scattering and gaseous absorption.

horizontal inhomogeneities in aerosol concentra-
tion, pitch and roll of the aircraft, and the fact
that the same flight path is not followed
exactly at the various vertical levels.

The purpose of this paper is to analyze these
discrepancies shown in Fig. 1 more thoroughly
and to offer possible reasons for such dis-
crepancies with the idea of improving the
accuracy of future measurement programs.

One possible cause of such discrepancies
between measured and calculated values is the
accuracy of the calculational scheme. The
original calculations were made using the four-
term expansion of the spherical harmonics
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technique. However, all of the solutions presented
in this report have utilized the delta-spherical
harmonics technique. Detailed calculations using
these data have shown only small differences
using these two calculational approaches. As a
further check detailed calculations using the
adding method (Wiscombe, 1976) substantiate
the accuracy of the present approach. Therefore,
it is safe to assume that no theoretical
errors or calculational instabilities are responsible
for the discrepancies shown in Fig. 1.

One is led to the conclusion that there are
some errors either in the measurement of fluxes
or in the aerosol analysis. Measurements were
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Fig. 2. Same as in Fig. 1 except only upward and downward fluxes are given. This model substitutes the

hematite r = .10 um delta function for hematite model D.
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Fig. 3. Same as in Fig. 1 except only upward and downward fluxes are given. Rayleigh scattering has been

neglected.

taken with a mean solar zenith angle of 54°,
however, during the measurement process the solar
zenith angle was changing. Calculations using
‘solar zenith angles ranging from 50° to 58°
show that such variations lead to flux differences
of several percent. However, variations of this
amount are not sufficient to account for the
large discrepancies between calculations and
measurements. Calculations also show that 25%
errors in the assumed Rayleigh or gaseous
absorption parameters likewise lead to only small
variations in calculated fluxes.

Another possibility for error exists in the

assumed hematite model used in the calculations.
Table 4 shows the variation in hematite
attenuation parameters for various delta function
and size distribution models. All of these various
models were run, but with only small variations
in fluxes. Results obtained using models A, B, C
and D were so similar that plots using these models
will not be shown here. Variations in the spectral
fluxes did not exceed 2% for such models.
However, the delta function models did show
slightly more variation, with sharper maximum
values. Fig. 2 shows FTt and F! applying the
r=.10 gm hematite delta function model along

Tellus 31 (1979), 1
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Fig. 4. Same as in Fig. 1 except only upward and downward fluxes are given. Both hematite scattering and
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Fig. 5. Same as in Fig. 1 except only upward and downward fluxes are given. Hematite has been deleted from

this model.

with the standard aerosol model. Comparison of
Figs. 1 and 2 shows that variation of the assumed
hematite particle size distribution has only
slight influence on the calculated radiative fluxes.
The relative contribution of various components
to the radiative fluxes is shown in Figs. 3 and 4.
Fig. 3 shows the Ft and F! spectral fluxes
neglecting Rayleigh scattering. Comparison of
Figs. 1 and 3 shows that the large peak in
upward flux at short wavelengths is due to
Rayleigh scattering. Fig. 4 shows the Ft and F!
spectral fluxes neglecting Rayleigh scattering and
hematite. Comparison of Figs. 3 and 4 shows
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the relative contribution due to hematite, while
Fig. 4 shows the contribution by the aerosol alone
(Table 3). Using the aerosol alone (no hematite
or Rayleigh scattering) provides better agreement
between the measured and calculated upward
fluxes, but leads to large errors in the downward
fluxes. For completeness Fig. 5 shows the Ft and
Fl spectral fluxes using the aerosol and Rayleigh
scattering, but neglecting hematite entirely.
Comparison of Figs. 1 and 5 shows the effect of
hematite alone. The effect of hematite is to increase
the upward spectral fluxes somewhat; the effect on
the downward spectral flux shows that hematite
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is responsible for about 15% of the total aerosol
optical thickness. Neglect of hematite (Fig. 5)
shows somewhat better agreement with measure-
ments (than Fig. 1), although with major
differences remaining. This set of calculations
indicates that an overestimate of hematite concen-
trations could, in part, be responsible for some of
the discrepancies between measurement and
calculations, but not all.

Another possibility for error lies within the
measurement of the spectral fluxes. The upward-
looking spectrometer mounted on the roof of the
IL-18 aircraft measures primarily the direct
solar beam. However, the downward-looking
spectrometer (measuring Ft) receives only diffuse
flux. It was theorized that perhaps the design of a
flat-plate instrument might lead to underestimates
of diffuse flux due to reflections at angles larger
than the Brewster angle. Such errors would be
greatest for isotropic scattering in highly turbid
atmospheres. An analysis of the instrumentation
indicated that a combination of shielding factors
could have reduced the measurement of diffuse
flux by a maximum of 25%. Fig. 6 shows the
results of increasing the measured values of Ft
by 25% using hematite model C. The measured
values of surface albedo have also been scaled
upward by 25%, since these values were
measured from the aircraft. As can be seen from
Fig. 6 significantly improved agreement now results
between measurements and calculations using this
25% scaling. Similar errors in the upward-
looking (measuring Fi) instrument may have also
been present. At the top of the atmosphere
(8400 m) there is essentially no diffuse flux so
that the measurements taken here are exact. At
low levels in an extremely turbid atmosphere
there is an increase in diffuse flux along with a
decrease in direct solar flux. Therefore, similar
errors in measurement might be expected for the
values of Fl at lower levels in the atmosphere.
However, such corrections at level 4 for Fl
leads to more disagreement between the dashed
and solid lines. Of course errors in measurement
of diffuse flux would be quite significant in highly
turbid atmospheres in which the radiation is
nearly isotropic (i.., clouds in particular). Fig. 6
also shows the spectral net fluxes and spectral
heating rates. Heating rates of up to 0.5°C/h are
predicted using this model for wavelengths of
<0.45 um. However, these values appear to be too

large. In any case, there appears to be a strong
spectral dependence in the heating rates, with
maximum values at the shorter wavelengths.

There was one other study completed in which
hematite scattering was neglected while including
hematite absorption. Such a model assumes that
the hematite is embedded in the main aerosol
particles and does not exist independently in the
atmosphere. Hematite, however, showed up in the
sample analysis as independent particles. In order
for this model to be valid it must be supposed
that the impactor shattered all of the large aerosol
particles in order to provide the individual
hematite particles, all roughly of the same size,
which were observed. Fig. 7 shows the spectral
upward, downward and net fluxes along with the
spectral heating rates. As shown, this model
provides reasonable agreement between calcula-
tions and measurements. Heating rates of 0.4 °C/h
are predicted at the shorter wavelengths (0.45 ym),
decreasing to 0.15°C/h at the longer wavelengths
(0.8 um). This mechanism provides the most
realistic simulation of the measured results.

The previous analyses may be considered as
sensitivity studies as well as intercomparison
studies. Surface spectral albedo was measured from
the aircraft at a height of approximately 300 m.
However, due to the turbid atmospheric conditions,
these measurements may have been somewhat in
error.

As a final sensitivity study the surface albedo
was varied to determine the resulting variation
in spectral fluxes. However, downward spectral
fluxes were only slightly affected by even major
variations in surface albedo. Fig. 8a shows upward
spectral fluxes with the surface albedo set to zero,
while Fig. 8b shows upward spectral fluxes
with the value of surface albedo doubled. These
large variations in surface albedo were chosen to
more clearly illustrate its effect upon the upward
spectral fluxes. Measured values of the surface
spectral albedo measured at a height of 300 m are
given in Table 6. As shown there is a strong
increase in the value of surface albedo with increas-
ing wavelength in the 0.4 to 0.9 um wavelength
region.

Fig. 8 shows that even for this highly turbid
atmosphere large variations in surface albedo
strongly affect the upward diffuse flux at all levels
in the atmosphere. At a wavelength of .5 um
Ft =335 mW/m? (Fig. 1) at an altitude of
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Fig. 6. Same as in Fig. 1. Hematite model C is used and the measured values of Ft have been increased by

25%.

8400 m. Decreasing surface albedo to zero
reduces this value to 255 mW/m? (Fig. 8a) while
doubling the surface albedo increases this value to
415 mW/m?2 In this case a variation of 15.3% in
surface albedo led to a variation of upward
diffuse flux of 80-90 mW/m? or about 5-6
mW/m? per 1% variation in surface albedo. At a
wavelength of 0.8 um F* =160 mW/m? at an
altitude of 8400 m; decreasing surface albedo to
zero reduces this value to 85 mW/m? while
doubling the surface albedo increases this value to
245 mW/m?2 In this case a variation in surface
albedo of 24.5% led to a variation in upward
diffuse flux of 75-85 mW/m? or about 3 mW/m?
per 1% variation in surface albedo. These values
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suggest that variations in surface albedo have a
larger impact at the shorter wavelengths.

Values in the upward diffuse flux intermediate
between those of Figs. 1 and 8a might be suggested
for heavy dust loading over a water surface
(albedo of about 5%), while variations in upward
diffuse flux suggested in Fig. 8b might be
representative of heavy dust loading over a
highly reflective surface such as snow. It is
realized that the actual surface spectral reflect-
ance over water and snow may be quite different
from those values given in Table 6. It is merely
suggested that these figures give a qualitative
description of the variation of upward diffuse flux
over such surfaces.
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Table 6. Surface spectral albedoes (%) at selected wavelengths as measured from

an altitude of 300 m
Wavelength (um) 42 47 52 57 62 67 .12 .77 .82 .87
Surface albedo 9.2 136 167 200 225 23.1 234 243 248 26.0

5. Conclusion

The present research indicates how close
cooperation between those involved in theoretical
modelling and those involved in measurement and
analysis of observational data can benefit both
sides in providing deeper understanding 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 such models with real data
to simulate the real atmosphere. Likewise, com-
parison of accurate theoretical models - with
observational data helps those involved in field
studies better appreciate which data are critical
for proper evaluation of the radiation field and
where increased resolution is required.

Due to saturated impactor samples taken under
highly turbid conditions, measurements of aerosol
concentrations, size distributions, chemical com-
position and optical properties are unreliable
to an unknown degree. Studies concerning the
hematite size distribution show that a delta
function approximation is not sufficient to model
hematite absorption. However, various narrow
hematite size distributions provide similar optical
properties. In any case, the discrepancies between
observed and calculated spectral fluxes cannot
be resolved from any variation of the hematite
optical properties. Furthermore, reasonable varia-
tions of solar zenith angle, Rayleigh scattering
parameters and ozone parameters are also too
small to correct for the observed discrepancies.

The present analysis was able to indicate two
possible mechanisms large enough to account for
such discrepancies. The first possibility is that
the spectrometers are underestimating the diffuse
flux. As discussed, this kind of error would be
most serious in the measurement of the upward
flux. Increasing the measured upward fluxes by
25% brings the calculations and measurements
into rough agreement. There are some indications
that the instrumentation may have errors of this
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magnitude, but until thorough analysis is made, no
estimates will be available. The second possibility
is that the particle impactor thoroughly pulverized
the large aerosol particles. The hematite may
have been totally contained within the large
particle conglomerate rather than existing as
independent particles. In this case, one might
reasonably neglect hematite scattering while still
including hematite absorption. Such an eventuality
also brings the observed and calculated values
into rough agreement. In fact, a combination of
these two possibilities may be responsible.

The present CAENEX-70 observational pro-
gram may be viewed as a pioneering effort in
this area. At the time of the measurements, these
problems were not fully appreciated. The present
study indicates in particular that: (1) a much more
careful calibration of the spectrometers is neces-
sary, particularly at large angles; (2) the impactor
should not be allowed to become saturated,
thereby making accurate particle size distribution
counts difficult, and (3) there should be some other
method of taking particle counts so as to insure
that large particle conglomerates are not shattered,

_thereby giving an improper particle size distribution.
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PACYETBI KOPOTKOBOJIHOBBIX CIEKTPAJIBHBIX XAPAKTEPUCTHUK CBOBOHOM
ATMOC®EPBI HAJ IIYCTBIHEU. (IIO JAHHBIM K3H3KC-70)

JlaHHasi cTaThd SABJIAETCH HTOrOM COBMECTHOI
COBETCKO-aMEPHKAHCKOH MPOrpaMMEI CpaBHEHHI pa-
CYETOB C H3MEPEHHSMH B peaibHOH aTmocdepe ¢
HeJbIO ONpENesieHHA M MCCNeaoBaHHs HeaguabaTwu-
€CKHX NPOLIECCOB, CYIIECTBEHHBIX NJIS DHEPTETHKH
Tponoctepbl. I'MaBHO! Lienbl0 HACTOALIEIO HCCIEn-
OBaHHA OBUIO H3y4YeHHE BIHAHMA a’po3oJieil Ha
paOgMaunoOHHBIE XapaKTEPUCTHKH peanbHOM aTMOC-
depsr. Hapsoy ¢ onpenesieHMEM ONTHYECKHX Xa-
PAKTEPHCTHK a3p030J1A ObUIH MPOBEAEHBI CNEKTPalb-
HbIe M3MEPEHUA MOJS pajualiud B 3aBHCUMOCTH OT
BLICOTHI B Auana3zone ot 0,4 po 0,9 MxM ¢ warom

0,01 MxMm. C uenblo HE3aBHCHMOI MPOBEPKH TOY-
HOCTM BBILUEYNOMAHYTBIX M3MEPEHHH, a TakXe s
BBIPAGOTKH PEKOMEHIALHMH NO COBEPLUEHCTBOBAHUIO
HaOJIIONEHHHR ¢ MCTIONB30BAHUEM 3THUX OAHHBIX OBINH
BBIMIOJIHEHbI pAacyeThl TEpeHoca paaHalMd C TPH-
MEHEHHEM 4-X WIEHHOrO Da3JiOKEHHS IO METOAY
chepuiecKkux rapMOHUK,

Buit nposemoHcTpupoBaH 3ddexT npucyTCTBHA
HE3HAYUTENbHbIX KOJNHYECTB AKTHBHO IOTJOWIAOLI-
€ro martepuana, kak, Hanpumep, rematura. [Ipen-
cTaB/eHbl OGUIMPHBIE AAHHBIE NO BENWYAHAM ClEK-
TPajibHBIX MOTOKOB U NPHTOKOB KOPOTKOBOJIHOBOMH
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panmalMM Kax (YHKIMH BBICOTHI B aTrMocdepe.
IMockoneky He 6BUIO NONYYEHO HAWIYYLIETO COB-
TMaJeHUst BO BCEX CIEKTPaNbHBIX OONACTSX, ObLIM
NPOBENEHB! JaNbHEHIINE HWCCIENOBAHMA IO OlIeHKE
YYBCTBHUTEC/IBHOCTH TEOPETHYECKHX pe3yNbTaTOB K
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ManblM H3MEHEHHSIM BXOOHBIX mapamerpos. Ilpen-
BapHTENbHbIE PE3yIbTAThl YKA3BIBAIOT HA TO, YTO
TEOPETHYECKHE DPE3YNbTATHl YYBCTBHUTENbHBI K pa-
CTIpefIe/IERRIO PA3IHYHBIX KOMIIOHEHTOB a3p030s Ho
pa3mMepam,



