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FOREWORD

The Institute for Atmospheric Optics and Remote Sensing
(IFAORS) is pleased to submit the final report on NA3A Contract
NAS8-35594. We take pleasure in acknowledging the assistance and
interest of Dr., D. E. Fitzjarrald, NASA~MSFC at all stages of
this work, as well as that shown by Dr. M. P. McCormick and Mr.
L. E. McMaster, ©NASA-LRC, in the analysis of the satellite

occultation data.
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SUMMARY

This 4is the final report o©n NASA~MSFC Contract No.
NAS8—~35594. The objective of this work was to improve our
understanding of the variation of the aerosol backscattering at
10.6 um within the free troposphere and to develeop a model to
describe this. The analysis combines theoretical modeling with
the results contained within three independent déta sets. The
data sets used are those obtained by the SAGE I/SAM 1I satellite
experiments, the GAMETAG flight series and by direct backscatter
measurements. The theoretical work includes use of a bimodal,
two component aerosol model, and the study of the microphysical
and associated optical changes occuring within an asrosol plume.
A consistent picture is obtained, which describes the variation of
the aerosol backscattering function in the free t:roposphere with
altitude, 1latitude, and season. Most data are available and
greatest consistency dis found inside the northern hemisphere.
The scarcity of data and lesser agreement within the southern
hemisphere indicates the need for further experimeuntal and

theoretical studies.
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1. INTRODUCTION

The increased interest, in recent years, in the developr nt
and deployment of a Global Wind Measurament Satellite System
(WINDSAT) (NOAA 198l), has led +o an awareness of our lack of
knowledge of +the global characteristics of the free tropospheric

aerosol. WINDSAT, as presently proposed, would use CO, doppler

2
shift lidar to measure wind velocity from the boundary layer to
the lower stiatosphere. It would rely on backscattering from the
atmospehric aerosol for its signal and thus a knowledge of the
global behavior of the aerosol backscattering function, 8002, iz
essential for the system design. In a previous study (Deepak et
al., 1982), a broad survey was made of the problems associated
with modeling the aerosol backscattering function and the
principal characteristics of its global variation were
determined. These included a decrease in ﬁcoz from the boundary

layer to the upper free troposphere and a strong latitudinal

gradient with minimum values occurring over the southern oceans.

The present study focusses on the use of three data sets to
develop & global model for ﬁcoz , dncluding variation with
latitude, altitude, and season. Although present experimental
work is exploring the use of alternative wavelengths between 3
and 11 pm, the work in this report concentrates on the use of the

standard wavelength, A = 10.6 pm. The data sets will include
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those obtained from the Stratospheric Aerosol and Gas Experiment
I (SAGE I) and Stratospheric Aerosol Measurement II (SAM II)
satellite systems, the GAMETAG experimental series and CO, lidar
measurements. Individually, each data set has important
limitations as £far as the present objectives are concerned.
Viewed collectively, as a data set which must be made
self-consistent, they enable a significant advance to be made on
previous global models. The SAGE I/SAM II data set is the result
of a direct global measurement of aerosol extinction at a

wavelength of 1 jm, {McCormick et al., 1979). The

°1.00
satellites were designed for measurement of the stratospheric
aerosol extinction but significant penetration of the troposphere
down to an altitude of about 5 km is found, enabling the
latitudinal and seasonal characteristics of the upper free
tropospheric aerosol to be mapped. This dinformation is for a
wavelength of 1 pm and to obtain the eguivalent map for the
aerosol backscatter function at 10.6 pum, B10.6” assumptions
concerning the aerosol size distribution and composition must be
made so that a conversion factor can be calculated. The GAMETAG
data set consists of previously unanalyzed data obtained during
two latitudinal £light surveys over the Pacific Ocean in 1977 and
1978 (Patterson et al,, 1980). Its analysis has been carried out
under subcontract by the Georgia Institute of Technology under
the directioﬁ of Dr. E. Patterson. These surveys measured the
aerosol size distribution and composition and the data has been

used to calculate the aerosol optical properties at 10.6 pm and
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other wavelengths. Its limitations are in terms of the small
range in £light altitude (boundary layer oxr 5-7 km for the
majority of the data) and +the fact that these flights represent
single +time and space cross-sections. Uncertainties also ezist
because of the limited sampling volumes of the instruments used,
resulting in significant statistical fluctuations in some of the
particle counts. The direct lidar measurements of Blo.ﬁappear to
offer the most accurate input into a global model.
Unfortunately, the amount of published data is very small; +this
situation may be expected to improve as several dgroups are
currently making or planning to make measurements. A1l of the
published data is confined +to the northern hemisphere, and,
although experiments are planned for the southern hemisphere,
data for that hemisphere are not yet available. In addition, all
these measurements have been made during or following a period of
significant volcanic activity. Since 1979, several volcanoes
have injected material into +the stratosphere (Kent & McCormick,
1984) and +the recent eruption of El Chichon {(McCormick et al.,
1984) is still profoundly influencing the stratospheric aerosol
content. As will be shown later in this xeport, this volcanic
influence extends into the upper troposphere as well as the
stratosphere. WINDSAT cannot rely upon volcanic aerosol for its

operation and present CO lidar measurements are thus not

2
representative of the conditions under which it may have to

operate.
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In addition to the use of the above data sets, this report
contains the results of further theoretical studies. In the
first of these, modeling has been carried out of the
microphysical processes and changes in optical properties
occurring in long~distance transport of an aerosol plume. The
aerosol in the free troposphere over the remote oceans originates
mainly from long-distance transport of aerosol injected over the
continents. Changes in the aercsol size distribution,
particularly for the larger particles which sediment, occur
during this +transport, resulting in corresponding changes in
BIO.G'The other modeling which has been done is of an improved
optical model in which a bimodal aerosol size distribution is
used in conjunction with a two component aerosol. The main
application of this model has been to the calculation of
conversion factors to derive B10.6 from the SAGE I/SAM II

extinction at 1 pm.

The organization of this repoxrt is as follows: Sections 2
and 3 present, respectively, the results of the analysis of the
SAGE I/SAM II and GAMETAG data sets. As the latter contains a
large number of plots representing the results of the analysis
for individual stages of the 1977/1978 flights, these have been
removed from Section 3 and placed in the Appendix to this
report. Bection 4 contains the results of the microphysical
modeling study and Section 5 presents the results of the bimodal

size distribution modeling, and its use in the conversion of the



SAGE/SAM II 1 pm extinction to the 10.6 pm backscattering
function. Section 6 describes the available CO. lidar data set
and B8Section 7 is an intercomparison of the results of the
previous sections. Section 8 summarizes the main results,

indicating the areas where further development is needed.
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2. ANALYSIS OF THE SAGE I/SAM II DATA SET

2.1 SBAGE T AND SAM II TROPOSPHERIC OBSERVATIONS

The SAGE I (Stratospheric Aerosol and Gas Experiment I) and
SAM II (Stratospheric Aerosol Measurement 1I) satellite
experiments contain sun photometers designed +to measure the
extinction produced by stratospheric aerosols at a wavelength of
1 pm (McCormick et al., 1979). 8BM II, which was launched in
October 1978, and which 4is still operational, consists of a
single channel sun photometer only. The orbit of SaM II is such
that its observations, which are made at satellite sunrise and
sunset, occur between latitudes of 64 S and 81 8 and 65 N and 83
N, two measurements being made on each orbit. SAGE I commenced
its observations in February 1979 and, owing to a faulty
satellite power supply, these were terminated in November 1981.
In contrast to SAM II, the SAGE I coverage is nearly global, the
latitude of observation moving during a six~week period through
about 120° of latitude, the latitude extremes being approximately
74 N & S. SAGE I also contains an aerosol channel at a
wavelengtbh of 0.45 pm in addition to the 1 pm channel. Useful
data on the former channel is limited to altitudes above 10 km
and, in this report, our analysis has been confined to the 1 pm
data only. The.SAGE I data set is also limited by the fact that
cbservations were confined to sunsets only, after the first few

months of observation,; in order to conserve satellite power.

As noted above, SAGE I and S5AM Il were designed £for the



measurement of stratospheric aerosols and it was anticipated that
tropospheric measurements would be hindered or possibly prevented
by the presence of high altitude cloud. The former is indeed the
case but significant tropospheric penetration does occur. An
example of a SAGE I profile showing penetraticn down to an
altitude of 6 km is shown in Fig. 2.1.(a). It may be noted that
the aerosol extinction increases smoothly  with decreasing
altitude, no apparent discontinuity occurring at the tropopause.
Fig. 2.1l{b) shows a different profile with a strong enhancement
at an altitude of 10 km, presumed to be due to high altitude
cloud. Table 2.1 shows the total number of observations made by
SAGE I over a 3-month period and the frequency of penetration to
various tropospheric altitudes for different latitude bands. It
can be seen that good penetration (> 50%) is obtained down to an
altitude of 8 kilometers or less. Greatest frequency of
penetration occurs in the southern hemisphere and, as might be
expected, least occurs in the equatorial zone with its higher
tropopause. This table shows that one might expect to obtain a
resonable description of the free troposphere aerosocl, on an
average basis, down to an altitude of perhaps 5 or 6 km. Below
this altitude, individual profiles, when available, will be
accurate but average values, which represent only 20% - 30% of
the total potential data set, may be expected to be biased toward

more transparent atmospheres and lower extinction.
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Table 2.1. Relative Frequency of SAGE Observations in the
Troposphere {March - May 1579}

Relative Frequency (%)

Altitude

{km) §0° - 20°8 20°S - 20°N 20°N - 60°N
20 100 100 100
18 100 96 100
16 100 78 99
14 08 61 98
12 89 53 89
10 73 18 68
8 58 45 52
6 i 36 34
4 30 17 15
2 6 0 5

TOTAL

OBSERVATIONS 827 290 455
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2.2 EXTINCTION PROBABILITY DISTRIBUTIONS AND USE OF THE MEDIAN

EXTINCTION

Examination of the SAGE I and SAM II data shows that
whereas, in the stratosphere, extinction values at a given
altitude and latitude are fairly +ightly concentrated about a
mean level, +the same is not true in the troposphere. In the
latter case, extinction values may vary over several orders of
magnitude, the higher values probably being due to attenuation by
thin (sub-visible) cloud. Under such conditions, the use of the
mean extinction as a measure of central tendency is of doubtful
value. In order to obtain a better description, we have
examined, in some detail, the extinction probability

distribution.

Figure 2.2(a) shows the result of binning three months of
SAGE I data by altitnde and extinction. The data has been taken
over the latituda band 20° - 60° N, between March and May 1979,
and the numbers on the diagram represent the numbers of
obscwrvations falling into each (1 km}) x (2 x ld-skﬁ"lj,
altitude~ertinction bin. In the stratosphere, the extinction
values are tightly bunched at a given altitude and there is no
problem about defining and using a mean level. In contrast, in
the troposphere below about 12 km, the wvalues are widely
separated and there is a significant number of very high values
(Extinction > 1073 km_l) which are shown in the bins at the

bottom of the diagram. These  values probably represent

attenuation by sub-visible cloud (Rao, 1975; Uthe & Russell,

L)



1877). Superimposed on the diagram are lines showing the
cumulative probability levels for  the extinction. In the
stratosphere they are close together, in the troposphere, they
are quite widely separated. Rather than averaging the extinction
values at a given altitude to form a mean value, we have chosen
to use the 50% probability level, or the median, as our measure
of central tendency. In the stratosphere, it approximates very
well to the mean level. In the troposphere, it defines an
aerosol level which is both useful and meaningful. The numerical
value of the median is not appreciably affected by the inclusion
of very high extinctions due to cloud and its relationship to the
extinction probability distribution makes it compatible with

published CO_ lidar backscatter observations, e.g. (Post et al.,

2
1882). A second example of binnned aerosol data and the
associated probability levels is shown in Fig. 2.2(b). This is
for the same time period as Fig. 2.2(a) and for the same latitude
band in the southern hemisphere. The marked difference bhetween
the two diagrams with less extinction occurring in the southern

hemisphere is a systematic feature of the SAGE I and SAM II

data.

Figure 2.3(a~e) shows cumulative extinction probability

distributions for five latitude bins and wvarious altitudes. The

data is for the period March-May 1979 and is for both SAGE I and

SAM II. The choice of axes and scales on these figures is such

that log normal probability distributions appear as straight
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lines. Although no detailed study has been made of these

distributions, several interesting points emerge.

(1) In +the stratosphere, +the probability distribution
appears to be log-normal. The only exception to this is the
distribution for an altitude of 18 km shown in Fig. 2.3(e). At
this time of vear, the stratospheric aerosol at this altitude is
strongly differentiated depending upon whether it is observed
inside or outside the polar vortex (McCormick et al., 1983). The
two slope nature of the probability distribution reflects *“his
division in the data, which includes measurements made both

inside and outside the vortex.

(2) Near the tropopause [e.g., at altitudes 14 and 18 km in
Fig. 2.3{(c)], the distribution shows a strong discontinuity in
slope. The lower section of the distribution is believed to be
due to aerosol, the higher and steeper section to the presence of

sub~visible cloud.

{3) The steeper slope and vague linearity of the probability
distributions at lower altitude in the troposphere indicates the

wide range of aerosol conditions included in the data set.
2.3 VARIATION WITH LATITUDE, ALTITUDE, AND SEASON

In order to study the variation of +the aerosol extinction
with latitude and season, the SAGE I data was grouped into seven

latitude bands and +the SAM II data in four latitude bands, as

2-12



shown in Table 2.2. Figure 2.4(a) shows the altitude variation of
the median SAGE I extinction for the six latitude bands covered
during the period March-May 1979. Apart from data in the 60 N -
75 N latitude band, there is a general decrease in aerosol
extinction with increasing altitude. In examining these and
other data presented in this section, it should be remembered
that below an altitude of 5 or 6 km, the fractional penetration
is leses than 50% and the data may have a systematic bias. This
is particularly so whepn the extinction is high, as in the 60 N -
75 N latitude band, and it is doubtful if in this case the
decrease in median extinction for altitudes below 5 km is
representative. It is more 1likely that observationg are being
made down to these altitudes only when the atmosphere is
relatively clean of both aercsol and cloud. A secondary feature
of the variation with altitude is the greater extinction observed
in the upper free troposphere within the equatorial belt (20 S -
20 N) as compared to the other latitude bands. This reflects the
higher tropopause level (~16 km against ~12 km for mid-latitude)
and must indicate +the effects of convection in raising the

aerosol to the higher levels.

Apart from the variation with altitude, the most important
feature is the marked latitude asymmetry. At an altitude of 6
km, the variation in extinction between 60 N - 75 N and 40 - 60 S
is approximately one order of magnitude. Alithough this asymmetry

is present at all +times of the vyear, it is at a maximum in

2-13
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TABLE 2.2, Latitude Bands Used in the Analysis of
SAGF. | and SAM 1l Data

(a) SAGE |
60 N - 75 N
BON - 60 N
29 N - 40 N
20 S - 20 N
40 S - 20 S
60S - 40 S
75 S - 60 S

(b) SAM 11
75 N - 90 N
60 N - 75 N
75 S - 60 S
80 S -75 S
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March~May, both din 1979 and in the following years. It seems
possible that the occurrence of particularly strong extinction in
high northern latitudes at this time of year may be connected
with the observation of arctic haze (Schnell, 1984) at somewhat

lower altitudes.

Figures 2.4(b)-{(d) show the eqguivalent aerosol extinction
plots for June-august 1979, September-November 1979, and December
1979~-February 1980. The features noted above are present in all
these plots, the latitude asymmetry is, however, less in Figs.
2.4(c}) and (d). The peak in aerosol extinction visible in the 20
8§ ~ 20 N latitude band in PFPig. 2.4{d) at an altitude of 19 km is
caused by the injection of material from <the eruption of the
Sierra Negra volcano on November 13, 1979 (Xent & McCormick,
1984). Figures 2.5(a) and (b) show the high latitude aerosol
extinction as measured by SAM II during March-May 1979 and
September-November 1979, The tropopause altitude is lower {(~10
km} and colder temperatures in the antaretic stratosphere have
produced an enhancement in the median aesrosol extinction. In the
troposphere, +the hemispheric asymmetry observed at lower

latitudes is still very evident.

Figures 2.4 and 2.5 may be used to study the seasonal
changes which occur in the aerosol extinction. An alternative
way of displaying this which shows the seasonal variation very
clearly is given in Fig. 2.6(a) and (b). In these figures, the

BAGE 1/SaM II extinction at an altitude of 6 ¥m has been plotted
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against latitude for the same four geasons as shown in Fig. 2.4
and 2.5, Both figures show +the hemispheric asymmetry; in
addition, they show a clear superimposed seasonal variation. In
both hemispheres, maximum aerosol extinction is found in local
Spring-Summer and minimum extinction in local Fall-Winter. As
most aercosol at this altitude 1s derived from continental
sources, the higher values in the northern hemisphere most likelwy
reflect the greater land surface as compared to the southern
hemisphere. The Spring-Summer maximum is most probably related

to the increased convection over land at that time of year.

Another way of displaying the data in Figs 2.4 and 2.5 is
shown in Fig. 2.7(a) and (b). In these figures, the aerosol
extinction is plotted in the form of a contour diagram as a
function of latitude and altitude. These figures will later be
converted to equivalent plots for the backscatter function at

10.6 pm.

2.4 VARIATION WITH SURFACE TYPE

Most of the aercsol in the free troposphere over the remote
oceans is derived, not by convection from the ocean surface, but
by long-range transport of aerosol from over the continental land
masses. Some modification of the aerosol optical properties
might be expected to occur during this transport and in Section 4
a microphysical model is presented which investigates this

variation theoretically. In the present section, we repsct the
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results of an examination of the SAGE I data set for experimental
evidence of such a variation. For the purposes of this study,
the global surface  has been  divided into 10~degree
latitude~-longitude squares and each square categorized according
to one of the five classes shown in Table 2.3. Two classes of
remote ocean have been defined as it was felt that the antarctic
continent was unlikely to be a major source of aerosols. A
global map showing the classification of each 1l0-degree
latitude=~longitude square on the surface of the globe is given in

Fig. 2.8.

Bach SAGE I observation has been classified according to the
surface type beneath the observation position, as well as for
season and latitude. Median extinction values have  been
calculated for each altitude. The analysis shows wvery little
variation of aerosol extinction with sub-surface type, typical
results of this analysis being shown in Fig. 2.9(a) and (b). In
these figures, it can be seen that any systematic difference
between the extinction over land or ocean 1is less than the error
in the median values as shown by the error bars ip the figures.
The only positive result to be obtained £from the analysis is for
the eguatorial region (208 -~ 20N ). Figure 2.10(a) shows
histograms of percentage departures from the =2zonal mean
extinction at an altitude of 6 km for the four surfance classes
found in the equatorial region. Individual data points in the

histograms are for the medians of 3-month data sets and the
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TABLE 2.3. Set of Surface Types Useu

Symbole

Type Used Definition

Land L More than 50% of the area within the 10 degreesquare to be land.

Coastal C Mixed land and ocean, with more than 50% ocean within the
square.

Ocean 0 Includes no land (other than small islands) and lying not
moire than 3000 km from the nearest land.

Remote 1 R1 Ocean lying more than 3000 km from the n=arest land excepting
the antarctic continent.

Remote 2 R2 Ocean lying more than 3000 km from the nearest land.
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R1 - Remote Ocean |
R2 - Remote Ocean ||

Division of the global surface area by surface type:

L - Land
C - Coastal
O - Ocean

Figure 2.8.
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eleven points within each histogram represent the entire 33~month
SAGE I operational period. The median values of all the data
within each histogram shows a small but steady shift from +9.7%
for land to -9.3% for remote ocean. This very small change is in
the expected direction and is indeed comparable +to the
statistical errors. At other latitudes, no such systematic
variation is observed and it is likely that this difference is
related to the magnitude of the =zonal wind velocity. Figure
2.10(b} shows the time averaged zonal wind at the 500 mb level as
a function of latitude {Lorenz, 1967). The lowest velocities are
observed within +the equatorial belt giving greater transport
times for movement of aerosol from over lLand to over ocean.
Correspondively, greater changes in microphysical properties and

related optical extincticn are thus likely to occur.
2.5 VOLCANIC EFFECTS

It is well known that volcanic eruptions inject solid and
gaseous materials into the stratosphere and that aeroscls formed
and deposited there have 1lifetime of months or years
(Deirmendijian, 1973: Deepak, 1982; Kent and McCormick, 1984).
Solid particles are also injected in the +troposphere where the
majority of them are presumed to be fairly quickly removed by
sedimentation and washout. Examination of the SAGE I and SAM II
data set show that +the upper troposphere, as well as the
stratosphere, has a long«lived enhancement in aerosol

extinction. Examples of this enhancement are presented in Figs.
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2.1l (a) +*thru (d4), which shows wvertical median extinction
profiles for the four seasons between March 1980 and February
1981. In 1979 the only wvolcanic eruption of significance was that
of Sierra Negra on November 13, 1979, for which the major
stratospheric effects were not felt until early in 1980. The
stratosphere (and upper troposphere) in 1980 was. affected not
only by the after-effects of the Sierra Negra srupition but also
by the eruptions of St. Helens (46 N, May 18, 1980) and Uluwun (5
Sy October 7, 1980). The 1980-8l seasonal extinction profiles
(Fig. 2.11) may be compared with their equivalents for 1979 (Fig.
2.4}). Those for March thru May are similar, except for the
stratospheric emnhancement produced by Sierra Negra and visible in
the 20 8§ - 20 N latitude belt in March thru May, 1980. Those for
June +thru August are very different. In 1980, the free
troposphere between 40 N — 60 N and 60 N - 75 N is profoundly
modified following the eruption of St. Helens. In the case af the
60. N - 75 N band, the 1980 increase is <visible down to an
altitude of about 5 km, well beneath +the tropopause altitude.
Similar differences are observed within the same latitude bands
for September—~November and in the 40 =~ 60 N latitude band for
December-February (no data is available for +the 60 N - 75 N
latitude band during northern winter); in all cases the
enhancement appears to occur in the free troposphere down to an
altitude of about 5 km. The stratospherié enhancement during
this period and within these latitude bands is produced by the

injection of material from the St. Helens eruption which was the
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Figure 2.11. Median 1 pm aerosol extinction profiles fer SAGE | data at a time of volcanic activity.
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largest of the four eruptions discussed above. There seems
little doubt, therefore, that the free tropospheric enhancement
is related to the same source., It 1is noticeable that the
enhancement reaches to maximum amplitude close to the tropopause
(~10 km at 60 N, see Fig. 2.7) and it is possible that the
aerosol in the stratosphere is acting as a reservoir from which
material is being fed into the upper troposphere by sedimentation
and stratospheric-tropospheric exchange processes. The data
shows many interesting and puzzling features which will be the
object of future study. For example, the data shows that the
maximum transfexr of aerosol from +the stratosphere to the
troposphere occurs at high latitudes, whereas no such transfer is
evident at low latitudes, although volcanic material is clearly
present in the stratosphere (Fig. 2.11(a), (b), and (d)}). These
differences may help resolve the relative importance of
sedimentation, stratospheric—~tropospheric exchange and general
circulation as mechanisms for transfer of material £from

stratosphere to troposphere or vice-versa.
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3. ANALYSIS OF THE GAMETAG DATA SET

3.1 INTRODUCTION

Section 3, along with Appendices A and B, are based on the
Final Report submitted by Georgia ZInstitute of Technology,
Principal Investigator, Dr. E. M. Patterson, under IFAORS sub-
contract F-520.

The Global Atmospheric Measurement Experiment of
Tropospheric Aerosols and Gases (GAMETAG) has as its objective
the coordinated measurement of those atmospheric trace species
(gases and aerosols) that are necessary to gain an understanding
of atmospheric chemical properties and processes. In particular,
the aerosol measurements of the phase I GAMETAG program were
designed to measure the levels and types of tropospheric aerosols
both in the planetary boundary layer and at mid-tropospheric
altitudes in the free +troposphere under a variety of remote
conditions, to study aerosol chemical processes, and to study the
optical effects of the aerosols as an indication of possible

climatic impactk.

The aerosol measurements during the GAMETAG program have
provided the most extensive data set available for
mid-tropospheric remote area measurements., A detailed
description of these aerosol measurements, emphasizing the
aerosol chemistry, has been reported by Patterson et al. (1980),
but only a limited analysis of the optical properties has been

reported.
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It is the purpose of this chapter to present in considerably
greater detall some calculated visible and infrared optical
properties of the measured aerosol in both the free troposphere
and the boundary layer. The visible wavelength calculations were
made for A = 0.63 pm for comparison with on-board in-situ
scattering instruments. Since one of the major aims of this work
is the determination of aerosol properties in the 10 pm
wavelength range for the analysis of the expected signal fxom an
orbiting doppler lidar, the infrared calculations were made for )
= 10.6 pm. Calculations were made of extinction and backscatter
coefficients for each of these two wavelengths; ratios of
backscatter to extinction were also calculated for each of these

wavelengths.
3.2 GAMETAG FLIGHT PROFILES

There were two series of GAMETAG flights. One took place in
August and September of 1977; the other occurred in April, May,
and June of 1978. The GAMETAG flight patterns for +the 1977 and
1978 operations are shown in Figure 3.1. A 1listing of the data
and location for each flight is given in Table 3.1; analysis was
done for those days marked with +’s. Generally, the two flight
seriles consisted of flights over continental and adjacent marine
areas of North America and flights across the Pacific Ocean that
were designed to cover as wide a latitude range as possible. 1In
general, the flights consisted of sampling legs 4in both the

mid-tropospheric region (5-6 km altitude) of the free troposphere
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Figure 3.1. Flight tracks for the NCAR Electra aircraft
during 1977 (solid line) and 1978 (dashed line).
(From Patterson et al., 1980.)
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TABLE 3.1. Detailed Flight Tracks During the 1977 and 1978
GAMETAG Flight Series

DATE INITIATION DESTINATION
1977
Aug. 7 + Denver Portland
Aug. 8 + Portland Anchorage
Aug. 9 Anchorage Anchorage
Aug. 11 Anchorage Churchill
Aug. 12 Churchill Denver
Aug. 22 + Denver San Francisco
Aug. 23 + San Francisco Hilo, Hawaii
Aug. 25 + Hilo, Hawaii Johnston Island
Aug. 26 + Johnston Island Pago Pagoe
Aug. 28 + Pago Pago Pago Pago
Aug. 31 + Pago Pago Pago Pago
Sept. 1 + Pago Pago Johnstori Island
Sept. 2 + Johnston Island Hilo, Hawaii
Sept. 5 Hilo, Hawaii San Francisco
Sept. 6 San Francisco Denver
1978
April 27 + Denver San Francisco
April 28 San Francisco Hilo, Hawaii
May 2 + Hilo, Hawaii Johnston Island
May 3 Johnston Island Canton Island
May 4 + Canton Island Fiji Island
May 6 Fiji Islands Christchurch, N.Z.
May 10 + Christchurch, N.Z. Christchurch, N.Z.
May 11 + Christchurch, N.Z. Fiji Islands
May 12 + Fiji Islands Canton Island
May 13 Canton Island Johnston Island
May 14 + Johnston Island Hilo, Hawaii
May 17 Hilo, Hawaii San Francisco
May 18 + San Francisco Denver
May 27 + Denver Great Falls
May 28 + Great Falls Whitehorse
May 30 Whitehorse Whitehorse
May 31 + Whitehorse Great Falls
June 1 + Great Falls Denver
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{(that portion of the troposphere not directly influenced by the
surface) and in the planetarv boundary layer ({0-2 km altitude)
with sounding data taken on the ascents and descents available to
link the measurements in the two regions. The detailed £light

tracks for each flight are shown in Appendix A.

The data were taken during two seasons, with most of the
flights centered around local noon for maximum photochemical
activity. Because of the scientific objectives of the program,
the flights were planned to avoid regions of strong convective
activity and to avoid cloud penetration as much as possible.

Thus the measurements emphasized clear air data.
3.3 INSTRUMENTATION

The size distributions discussed here were determined by
means of single particle optical counters. As discussed in
Patterson et al. (1980) the inferences from these optical
particle counters were tested by comparison with filter and

cascade impactor measurements.

Two optical particle counters manufactured by Particle
Measurements systems (PMS) of Boulder, Colorado, were used on the
National Center for Atmospheric Research (NCAR) Electra aircraft
during GAMETAG. A qombination active scattering aerosol
spectrometer and ciassical scattering spectrometer probe
- (ASAS~CSS8P) was mounted within the aircraft, and it sampled air

from an aerosol inlet manifold, which also supplied the sample




air for the filter samples. The aerosol inlet manifold was
designed to sample air isokinetically from the outside of the
aircraft, to have a diffuser section to reduce the air speed
within the sample tube, and to have a series of intakes for each
of the aeroscol measurement devices. All intakes were operated
approximately isokinetically, and the entire system was
wind~tunnel tested for sampling efficiency. such testing showed
sampling efficiencies of ~1 for particles with r £ 0.75um.
Sampling efficiency decreased for the larger particles, and so an
externally mounted probe, the forward scatter spectrometer probe
(FSsP), was use to measure the larger particles. Each of the
probes has been extensively calibrated by the manufacturer and by
the GAMETAG experimenters by using polystvrene latex spheres and
glass spheres for the particle ranges used. Our determination of
sizes from the optical particle counter data is based on the
polystyrene and glass sphere calibration, with no explicit use of
calculations for the differing response of +the instruments to
particles with differing refractive indices. Our calculations of
the Mie scattering functions appropriate to the PMS optical
geometry, as well as those reported by Pinnick and Auvermann
{1979), indicate that for +the range of sizes and refractive
indices encountered in this experiment, the differing
instrumental response characteristics will have no significant

T
v

effect on our measured size distribution.

The data from the PMS probes were transferred to the Electra
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Electronic bata Management system +tape every 2 s, but for
analysis, these second-by-second averages were converted to
longer +time averages to reduce statistical fluctuations. One
minute accumulations were used as the standard archived outpLc

from the particle probes.

Although each probe is a multi range device (for a complete
description see the ASAS and FSSP manuals, available from PMS),
only one of the ranges for each probe was used in the analysis of
the size data: the nominal 0.25 pm § ¥ £ 3.0 um for the FSSP and

nominal 0.15 pm  r € 0.75 pm for the ASAS-CSSP.

The response calculations fo? these optical particle
counters exhibit double valuedness, and so the ASAS and the FSSP
size data were combined into a smaller number of larger
intervals. Nine combined size ranges were used in the

calculations, six ASAS size ranges and three FSSP size ranges.

The same ASAS size ranges were used for both the 1977 and
the 1978 data sets. The FSSP data £ r the two data sets was
handled somewhat differently, however. For the 1977 data, the
FSSP data was combined into three ranges consisting of Channcl 1
(FSSP Range 7}, Channels 2 - 9 (¥3SP Range B}, and the rest of
the FSSP Channels (FSSP Range 9). Range 7, which overlapped the
ASAS data,; was not used and Range 7 consisted of Channels 2 - 5,
Range 8 consisted of Channels 6 - 9, while Range 9 consisted of

the rest. These ranges, size limits, and mean radii are shown in
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Table I of Appendix B.
3.4 DATA ANALYSIS

The earlier analyses by Patterson et al showed that the
typical size distribution exhibited a bimodal nature a shown in
Fig. 3.2. Analysis of the filter and cascade impactor samples
showed that these modes had different composition over land, with
the submicron mode composegzof sulfate and other secondary and
combustion aerosols, and the supermicron mode composed of
soil-derived aerosol particles. The marine free tropospheric
aerosol was similar to +the continental aerosol:; the marine
boundary layer aerosol, ky contrast, was dominated by a sea salt

aerosol.

Consequently, we have used more than one set of optical
constants to describe the aerosol. Over continental areas, and
in the marine free troposphere the particles with »r > 0.5 um were
described by optical constants appropriate to scoil aerosols,
while the smaller particles with r < 0.5 pm were described by
optical constants appropriate to ammonium sulfate. Optical
constraints appropriate to a wetted sea salt aefosol were used
for the total size distribution in the marine boundary layer.
The optical constants used in these calculations are shown in

Tanle 3.2.

Calculations of the extinction coefficient ¢, (expressed in
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Table 3.2. Optical Constants Used in Calculations
Wavelength 0.63 um 10.6 pm
(N%hgz SOu 1.5 - 0.005% 1.98 - 0,06i
Soil~Aerosol 1.9 - 0.005i 1.74 - 0.4
Sea Salt (Wetted) 1.4 - 0.0 1.38 - 0.057i
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~1
terms of m ) and the backscatter coefficient B (in units of

=1 -1
m sr ) were made for 0.63 pm and 10.6 pm. A Mie scattering

routine availlable at Georgia Tech was used for the calculations.
The calculation procedure involved a calculation of the optical
quantity of interest using appropriate optical constants for each
size range. These average efficiency factors were multiplied by
tﬁe average particle cross sectional area for the interval and by
the number density of the particles to determine g, orf for each
size interval. Values for the individual size intervals were

then summed to determine G, org for the entire distribution.

Calculations were made for the basic one-minute data set

3
that consists of counts/cm in each one of the nine channels.

These one-minute averages were combined into five minute averages
which are plotted, together with the standard deviation
calculated for each set. These one-minute and five-minute dJdat:

are plotted for each of the days analyzed.

The time averaging corresponds to a spatial averaging alon,
the aircraft flight tracks as well. A one-minute averags
corresponds to a distance of ~9 km at high altitudes and " 7 ku

at low altitudes. Five minute averages correspond to a spatial

averaging over ~50 km at high altitudes and ~35 km at low
altitudes.
In addition, 1longer +time averaging was also done. The

ORIGNAL PAGT 5
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one~minute particle averages were combined into 20 minute
averages to produce a series of size distributions which are
presented in Appendix B. The one-minute optical data were also
average over flight legs or portionsg of flight legs ({(generally
100-200 km) and plotted as a function of latitude to determine

latitudinal profiles along our f£light tracks.

We will discuss the calculated optical properties in terms
of the daily flight data and the latitude profiles. We will not

further discuss the size distribution data.
3.5 DAILY FLIGHT DATA

Detailed optical calculations were made for twelve of the
1978 f£flights and +en of the 1977 flights. These calculations
were made as described above for +the optical properties of
interest: extinction ccecefficients at visible and infrared
wavelengths, backscatter coefficients at these wavelengths, and
backscatter—extinction ratios. These guantities have been
plotted against +time into +the flight for each of the days
analyzed. This data set is shown in Appendix A, arranged by
flight days. In this Appendix, each data set consists of ten
pages including a table and nine figures (Figures a-i) arranged

as follows:

1. An initial table giving date and location of the day’s flight

with a list of significant points keyed to a detailed altitude
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and location plot for the flight.

A detailed plot of altitudes and locations as a function of

time after takeoff, with significant points indicated on the plot.
A plot of the extinction,; calculated for ) = 0.63 pm using the
assumed optical properties for the particles discussed above for
the one-minute optical particle data. These and other optical
data are plotted against time after takeoff for each flight.

A plot of the extinction, calculated for A = 0.63 pm as above
except for the five-minute optical particle counter data.

A plot of the backscatter coefficient in mﬁ1 srn1

calculated for A = 0.63 um based on the measured size
aistribution with five ~minute resolution and assumed
refractive indices.

A plot of the ratio of the calculated backscattering

coefficient to the calculated extinction coefficient

for X = 0.63 pm.

A plot of the extinction coefficient calculated for A = 10.6

nm using the measured size distribution (one~minute averages)

and assumed refractive indices.

A plot of the extinction coefficient calculated for A =

10.6 um as above for the five-minute averages.

A plot of the backscatter coefficient calculated for ) = 10.6
pm using the measured size distribution (five-minute averages)
and assumed refractive indices.

A plot of the ratio of the calculated backscattering

coefficient to the calculated extinction coefficient
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for A = 10.6 pm.

In addition, a numerical listing of +the dN wvalues (in
cts/em) for each size interval, presented as 20 minute averages,
is shown in Appendix B. Although the complete series of plots is
shown in Appendix A, we will discuss some points of interest in

the data.

A representative comparison of the total distribution
volume, calculated in a manner analogous +to that of g and 0,
with the extiiction is shown in Figures 3.3 and 3.4. This
comparison indicates that the variation in particle volume is
quite comparable +to the wvariation for G - Although no formal
statistical tests have been made, the variation within flight
legs that is shown in the figure appears to be separable into a
random variation that is a statistical fluctuation due +to the
small number of particles sampled and a2 larger scale variation
that reflects differences in aerosol concentrations on time sales
of the order of 30 minutes, which correspond tec distance scales
of 200-300 km. There is also, of course, the large variation in
concentration that is seen in going from the troposphere to the
boundary layver; this concentration variation results in different
calculated optical properities for the free troposphere and the

boundary layer.

The calculated P values also show a variation that is

similar +to that shown by +the o_. values; a consideration of

€

extinction to backscatter ratios for these distributions, such as
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the calculations shown in FPigure 3.5, shows much less variation
in calculated ratios. This relative uniformity is due +o the
similar variation of each of these quantities with particle size,
and to the importance of the submicron particles in all of our
measured distributions. The major difference that is seen is
associated with the transition between boundary layer and free
troposphere. The 10.6 pm wvalues of B and o, are generally
significantly lower than the 0.63 wvalues, as expected.
Calculated B/’cE ratios for 10.6 pm are near 0.0l and are
generally somewhat less than those calculated for visible

wavelength data.
3.6 LATITUDINAL PROFILES ALONG ATRCRAFT FLIGHT TRACKS

The A = 0.63 pm extinction data from the individual £lights
were grouped into boundary layer and free tropospheric data and
plotted against latitude for each of the flight series (1977 and
1978). The 1978 data were further divided into marine and
continental data. We note, however, that the separation into
boundary layer and free troposphere was not always as well

defined over the continental areas as over the ocean areas.

The boundary layer data is shown in Figures 3.6 (1977 data),
3.7 (1978 oceanic data), and 3.8 (1978 continental data). The
1977 boundary layer data consists entirely of oceanic data. for
these figures, the symbol 0 represents data between 100 and 200

m, & data between 200 and 300 m, + data between 300 and 400 m, *
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data between 400 and 500 m, and , data between 500 and 1000 m.
The 1977 and the 1978 data are consistent; each suggests a marine

-5 -1
boundary layer extinction somewhat greater than 10 m at0.63

pm, with slight decrease south of ITCZ (which was about 5-10 N
for both of the flight series. There are no clear differences in
the northern and southern hemisphere data, there are, however, a
few data points in which the extinction is very low, ~2-3 x

-6 -1
10 m , which corresponds to very low concentrations of sea salt

aerosol.

The free tropospheric data is shown in Figures 3.9, 3.10,
and 3.11. The 1977 free tropospheric data is shown in Pig. 3.9.

Q
For this data set, +the data for latitudes north of ~ 35

represent data collected over continental areas; the data for

o
latitudes south of 35 are octeanic data. The 1978 free

tropospheric data 1is separated into continental data (Fig. 3.10)
and marine data (Fig. 3.11). The lack of data for latcitudes north

o
of 20 N in Fig. 3.11 corresponds to missing data between San

o
Francisco and Hawaii (20-30 W) which a separate analysis has

shown to be similar to that measured in 1977.

For this free tropospheric data, the A’s represent data at
all altitudes between 2 and 3 km, the +“s between 3 and 4 km, the

*“s between 4 and 5 km, and the (s for altitudes greater than 5

km.
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Figure 3.9. Latitudinal profile along the GAMETAG flight
tracks in the free troposphere for the A = 0.63 um
extinctiion data determined during the 1977 flights.
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A comparison of the free tropospheric data for the 1977 and
the 1978 flights indicates that the continental data for each of
the two years are consistent, with each exhibiting a similar

-7
(though wide) range of observed values between ~2 x 10 and 1 x

-4 ~1
10 m . Both of the marine free tropospheric data sets show a

decrease in extinction from north to south. ILooked at in detail,
however, there are some significant differences in the +two data
sets. in the latitude region where there is considerable overlap

0!
of data (25 8 to the equator), there appears to be a greater

extinction 4in +the fall of 1977 than in the spring of 1978 by a
factor of ~ 2. The 1977 data alsoc show more very high values of
extinction. While some of these north of the equator may be
influenced by clouds, others are associated only with increases
in the submicron aerosol population. The marine data north of

the eguator appear to be consistent for the two years.

The lowest values of extinction measured in +the southern
hemisphere are lower than the corresponding northern hemisphere

o)
low wvalues. The 1978 data for latitudes south of 20 S suggest

that we are measuring a mid-tropospheric background aerosol. The

o -7 -1
average for 9. for latitudes south of 20 S is ~1 %10 m . If

we look at the variation about this average, we see +that the
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lowest values measured in the southern hemisphere are 6-7 =x

-8 =1 .
10 m with +the 200 - 300 km spatial integration of Fig. 3.1l1,

-8 ~1 -9 -1
decreasing to 4 x 10 m for the 50 km data set and 4 x 10 m

for the 9 km data sets.

As an additional comparison, we have calculated similar
latitudinal averages of O for the 1977 data set for A = 10.6
pm. These values, shown in Fig. 3.12, are significantly lower
than the visible wavelength extinction data. The continental

-8 -1 -5 -1
10.6 pm data range between 1 x 10 m and 10 m ith the

-6 ~1
majority less than 10 m . The oceanic data shown on this figure

-9 -1 -5 ~1
ranges from 4 x 10 m to 10 m , although almost all of the

-8 ~1
oceanic values are less than 6 x 10 m . The average for the

o
oceanic data south of about 15 N appears to be in the range of

-8 -1
10 m . Because of the greater dependence of the 10.6 pm data on

the larger particles, and the greater variability of these
particles, there is more variation in this IR data than in the
visible data. Based on the data, however, we can estimate that
the 10.6 pm extinction is lower than the 0.63 pm extinction by a
factor of about 30. For the more southerly latitudes measured in

-9 ~1
1978, the 10.6 pm mid-tropospheric extinction is ~10 m with

3-27



C1/7M)

A 1.E-7

EAT.

+xkNOLLENBERE DRTH 1977 %4k

10000 g p lec vl ! LML L T T | M S T
= (ASAS.CSSA)+FSSP T T
. FREE TROPOSPHERE .
1000 & IR DATA i
i . ]
<
100 3 N _g
; :
. + :
iD ;Er A o .T::
- A ]
B o ]
i -
TN
1 E %o .
,:. O * o * & E
3 / ) ]
| e 9 S ]
-1 — . 0"_-. > o ”:
a % & og LR o] E
" X gs ]
: ]
.01 1 e boe e b b e boev b v by v b b Ly e b

I
-9G -7% -40 -45 -30 ~-15 .0 15 30 45 60 75 90
LATITUDE (DEG.)

Figure 3.12. Free tropospheric latitudinal profiles along GAMETAG
flight tracks for the A = 10.6 um extinction data.
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-10 -1
lowest values (50 km averages) of the order of 3 x 10 m . The

-7 -1
corresponding 0.63 um extinction is ~ 1 x 10 m , roughly 2

orders of magnitude higher. For the average free tropospheric

B/UE ratio of less than 0.0l calculated for the 10.6 um data,a

=11 -1
average B ‘s will be approximately 10 m and lower.

3.7 CONCLUSIONS

We have used measured particle size information and assumed
refractive indices to calculate the aerosol extinction and
backscatter coefficients along aircraft flight tracks for A =
0.63 pm and A = 10.6 pm. These calculations show that
mid-tropospheric extinctions over the Pacific are significantly
higher in the northern hemisphere than the southern hemisphere.
The data indicate that the average A = 0.63 pm extinction is ~1

-7 ~1
x 10 m in the southern hemisphere at the mid-tropospheric

flight altitudes. The 10.6 pum extinction is between 1 and 2

-5
orders of magnitude less, decreasing to ~1 x 10 at the

southernmost latitudes of the GAMETAG measurements.
Corresponding calculations of g show that the ratio of § to O is
in the range of 0.0l to 0.]l for the 0.63 pm data and in the range
of 0.01 and lower for the 10.6 pm data. The ratios appeaf to
decrease at southern latitudes over the Pacific due to the

decreased importance of particles with r > 1 pm,
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4. MICROPHYSICAL PROCESSES IN AN AEROSOL PLUME

4.1 BACKGROUND

A moving aerosol plume may spontaneously undergo different
microphysical processes. These microphysical processes, in
addition to condensation and evaporation, include coagulation,
sedimentation, and diffusion. In our previous work we examined
the possible effects of growth and evaporative processes on the
backscatter of radiation traversing an aerosol medium (Deepak et
al.,, 1982). In this report, the analysis is focused on the
effects of coagulation, sedimentation, and diffusion on the
aerosol size distribution and backscattering coefficient at 10.6
pm wavelength. In general, a discussion of these microphysical
processes in an aerosol plume requires a time dependent 3~D
model. Detailed modeling like this 1is beyond the scope of this
analysis., Instead, we will use a 1-D model in this study. This
simplification allows us to examine these microphysical processes

in considerable detail.

4.2 NUMERICAL MODEL

To achieve the objective of this investigation, a ten~layer
model has been developed for study of the effect of coagulation,
sedimentation, and diffusion processes on aerosol size
distribution and backscattering at 10.6 wpm wavelength. Figure

4.1 shows schematically the model layers. It includes ten 1 km
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Figure 4.1.

ALTITUDE, km

A Z(km) LAYER

10.
e i0
S.
o 9
8.
L 8
T
. 7
6.
&6
5. - ~
N e
q. - '
a
3.
° 3
2. -
s e
I -
° i

Schematic diagram shows the 10-layer model used
for numerical study of the aeresol transport. The
arrows indicate the interaction of aeroscl size dis-
tribution between successive layers through the
effect of gravitational sedimentation.



thick layers above the earth’s surface. A description of the
basic equations governing the microphysical processes are given

below.

4,2.1 Coagulation

Coagulation is the process under which aerosol particles
come into contact and coalesce or adhere +to one another. In
other words, coagulation leads to the increase in the number of
large particles at the expense of +the number of smaller
particles. Coagulation can arise as a result of Brownian motion
of the aerosol particles--the so~called thermal coagulation. In
addition, it can be also produced by hydrodynamic, electrical,
gravitational, or other forces (Fuchs, 1%964). In this
investigation, we shall assume that the Brownian motion is the
major cause of the coagulation processes and only the thermal
coagulation is considered in the analysis. A brief theory of

this coagulation is given as follows:

The coagulation eguation can be written as

a—at—n(v,t)= - f X (V,u) n(V,t) n(u,t)da
0 (4.1)
. V -
1
+ 5 I K(ui,uj) n(ui,t) n(uj,t)dV

0

where K(V,u) is the coagulation kernel, which is the frequency of
colligsions per unit volume between particles of volume V and

particles of volume u, n (V,t) is defined so that the number of
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particles per unit volume with volume between u and u+du at an
instant t is given by

u+du

#f n{u, t) du.

u
The first term on the right-hand side of Eg. 4.1 describes the
reduction in number of particles with wvolume V by coagulation
processes between particles of this particular size with all
particles of other sizes. The second term on the right-hand side
of Eq. 4.1 gives the production of new particleswith volume V by

coagulation processes between particles with volumes u and u ,
i ]

so that u and u are related by the equation
i j

To calculate the coagulation kernel K(V,u), we have employed the

formulation derived by Fuchs (1964), which is given by

4Dij -1
K{u,,u.} = 47 r,.D, . +  —_—— (4.2)
1] 137137 Gijrij
with r , D , § , and G defined as
ij ij i3 ij
x =r +r
ij i 3
D =D + D
ij i j
2 21/2
G,. = (G, + G, )
13 1 J

and
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2 2 1/2
8 = (8§ + § )
ij i i
where r and r are the radii of ith and Jjth particles with
i J

volume u and u respectively; D 1is the diffusion coefficient,
i | i

and can be determined from the Einstein relation. That is, D =
i

kTB , where k is the Boltzmann constant, T is the absolute
i

temperature, and B is the mobility that can be calculated by
i !

_ _ 0.87
By, = gr o [1 + 1.246 K+ 0.24 K exp { K_ )}

where is the viscosity of air; and K is the Knudson number
m n

and is defined as the ratio of the effective mean free path of

air molecules (g) to the radius r . G is' the average kinetic
i i

velocity of a par+icle,

1/2
G, = (G}{T]
1

T m,
1

where m is the mass of the particle of volume u; - 6i is a
i

correction factor given by

3

3/2
2 2
- (4ri + 22) ]— 2ri

6i = Frr [(2ri + Rb)
i'h

where -
zb 8Di/(WGi)

The analytic solution of BEg. 4.1 is very difficult. In this
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modelling analysis, it is solved numerically. The approach is

given as follows.

First, the integration on the right-hand side of Eq. 4.1 is
achieved by binning the particle volume spectrum into discrete
bins. In this analysis, the bins are chosen so that the volume
of a bin is twice that of the preceding bin. To assure the

conservation of mass as coagulation takes place, it 1is assumed

that,

s
1A
[

(4.3)

Note, £ = o, in the case i = j.
1

Equation 4.1 can now be rewritten in the form

N 1 2
T - "L Kyg Ny Ny - 5Ky N
3Fi
+ ) F..K,.N,N. + = K N2 o+ ] (1-f IR, LN, . N. (4.4)
i<i 13713717 2 7i-1,1-1 Ti-1 ' i-1,3'71-1"i-1"3 -

jei-1

By applying Eg. 4.4, the rate of change of aerosol concentration
with time in each bin can be calculated, and the change in the
aerosol size distribution with time caan than be determined. In
the model, the volume range corresponds to a radius range

of .01 pm to 1.29 pm. The number of bins used in the calculation

is 32.
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4,2.2 Theory of Differential Settling - Sedimentation
Assume the aerosocl particles are spherical in shape. The
terminal wvelocity Vg is ggverned by the Stokes law

2

Ve, =% == (g -p) T (4.5)

where o and p are densities of the particle and air,
P m

respectively, and r is the radius of the particle. Since the
terminal velocity is a function of particle size, sedimentation
results in differential settling, and thus in changes of the
aercsol particle size distrihution. Furthermore, the settling of
the particles leads to irteraction between different levels. In
the present analysis, the fraction of the total number of the
same size of particles falling out of a given layer is determined
by
£, =4t

where T is the mean time required for a particle of a given size
to fall out of the layver and is given by

L
Vi

and At 1is the time interval used in the numerical integration.

3
In the model computation, we have specified pp = 1,001 gm/cm ,

and wused U.S. Standard Atmosphere (1976) as the background
atmosphere. Table 4.1 gives the terminal velocity as a function

of the particle size.
4.2.3 Vertical Diffusion

In one~dimensional models, the vertical movement of
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Table 4.1.

Terminal Velocity Vt

Y (pm) Vt (in/sec)
1 1.00E-02 1.48E-06
2 1.26E-02 2.35E-06
3 1.59E-02 3.72-E-06
4 2.00E-02 5.91E-06
5 2,52E-02 9.38E-06
6 3.17E-02 1.49E-05
7 4.00E-02 2.36E-05
8 5.04E-02 3.75E-05
9 6.35E-02 5.96E-05
10 8.00E-02 9.45E-05
11 1.01E-01 1.50E-04
12 1.27E-01 2.38E-04
13 1.60E-01 3.78E-04
14 2.02E-01 6.00E-04
15 2. 54E-01 9.53E-04
16 3.20E-01 1.51E-03
17 4.03E-01 2.40E-03
i8 5.08E-01 3.81E-03
19 6.40E-01 6.05E-03
20 8.06E-01 9.61F-03
21 1.02E+00 1.52E-02
22 1.28E+00 2.42E-02
23 1.61E+00 3.84E-02
24 2.03E+00 6.10E-02
25 2.56E+00 9.08E-02
26 3.23E+00 1.54E-01
27 4,.06E+00 2.44E-01
28 5.12E+00 3.87E-01
29 6.45E+00 6.15E-01
30 8.13E+00 9.76E-01
31 i.02E+01 1.55E+00
32 1.29E+00 2.456E+00
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stratospheric minor constituents is generally described by eddy
diffusion processes. For small particles this can be an
important transport mechanism. However, for relative large
particles the gravitational sedimentation is perhaps the dominant
transport mode. Generally, the vertical flux at the kth level of

the aerosol particles due to eddy diffusion can be written as

n
- - 9 (R 4.8
¢k~ Dnmaz(nm) ¢ )
wherr n is +the concentration, and o and.p denote the air and

aerosol, respectively; D Is the eddy diffusion coefficient. 1In
the model analysis, the set of diffusion coefficients given by
Liu et al. {1984) is adopted for the computation. They derived
the vertical diffusion coefficients for tropospheric application
based on the results of Radon 222 tracer observations. They also
showed the seasonal dependence of the diffusion coefficients.
With the vertical flux given by Eg. (4.8), the increase of the

aerosol particles with size u in the layer between the kth and
i

(k =1)th levels in a time step At can then simply be calculated
by
An, = (¢k—-¢k_1) At . (4.9)

In the calculation, the profile of n is adopted from the
m

U.8. Standard Atmosphere (1976).

4,2.4 Backscattering Coefficient

The general expression for the volume  backscattering

coefficient B of aerosol particles illuminated with 1light of



wavelength ) is

B (180°) .—_J G(A,r,m,180°) f(r)dr (4.10)
0
where r is the radius of the particle, m (=n-ik) the complex

refractive index, f(r)dr the number of particles per unit volume

o)
with radius between r and r+dr, and o(A, ¥, m, 180 } is the

backscattering cross section

2 il(l,r,m,180°) + iz(l,r,m,180°)

g =2 . = (4.11)

where 1 and i are the Mie intensity distribution functions for
1 2 .
light scattered at 180 . In the model, the integration over the
particle size in Eg. 4.10 is carried out numerically. In doing
this, the computated size spectrum is first fitted by a single
log-norwal or a bimodel aercscl distribution depending on the
size spectrum. Then, the backscattering coefficient is
determined with the size parameters obtained fram the fitting
processes. It will be shown latter that a bimodel aerosol
distribution is a better description in many cases, especially

when the mixing of aerosol particles of two quite different size

distributions is taking place.

4.3 NUMERICAL RESULTS AND DISCUSSION

The model described in the preceding section has been used
to examine the evolution of aerosol size distribution and the

backscattering of an aercosol plume invelving coagulation,
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sedimentation, and diffusion processes. The plume is assumed to
extend from an altitude of 2 km to 4 km. In the regions below 1
km and between 4 km and 10 km, only the background aerosol
particles are introduced in the model. The initial aerosol size
distributions in various layers are given in terms of parameters
of log~normal size distributions. (Table 4.2)

th
In the analysis, it is assumed +that the +top layer (10

layer) is steady. In other words, the aerosol size distribution
in the top layer does not change with time. In the calculation,
a time step of 0.65 day is used. The solution from this time
step has been compared with that of a time step of 0.1 day. It
is found that the differences between fhe°results obtained with
At = 0.1 day and that with At = 0.05 day are less than 0.5% in
all the layers considered. The discussion on the computed
results of the first ten time steps using a 0.05 day increment

are given below.

The time evolution of the aerosol size distribution in the
first layer is given in Figure 4.2. In the £figure, +the initial
size distribution is given by the solid line. Only the results
of every other +time step computations are shown. It is
interesting to note that the concentration of the aerosol
particles with size greater than about 0.05 pm show a sequential
increase during the calculated ten steps. On the other hand, a
decrease in the concentration of-particles with size less than

0.05 pm is also noticeable. This decrease in the concentration

4-11
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Table 4.2. Initial Aerosol Size Distribution

No. (particles/cm3), rg (mode radius), o (width of log~normal curve)
Laver No. Altitude (km) No. rg(um} g
1 0-1 7.0 0.3 2.512
2 1-2 10.0 1.0 2.0
3 2-3 10.0 1.0 2.0
4 3-14 10.0 1.0 2.0
5 4 - 5 3.1 0.151 1.5
6 5-6 3.1 0,151 1.5
7 6~ 7 3.1 0.151 1.5
8 7-8 3.1 0.151 1.5
9 g8-95 3.1 0. 151 1.5
10 9 - 10 3.1 0.151 1.5
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of smaller size particles can be attributed to coagulation,
sedimentation, and diffusion processes. As to the increase in
the number concentration of larger particles in the first layer,
sedimentation and diffusion must be the main mechanisms since
there is a dust layer right above this first model layer. The
time evolution of the size distribution of the second layer is
shown in Fig. 4.3. The main feature of this figure is the
increase in number concentration of particles with radius smaller
than 0.05 pm. Very little change is found for larger particles.
The increase in concentration of smaller particles is mainly due
to diffusion piocesses which bring in these smaller particles
from the layer immediately below. The corresponding time
evolution of the size distributions of layer No. 3 is given in
Fig. 4.4. It shows that little change has occurred in the first
ten time steps. However, a slightly increase in the number
concentration of small particles is noticeable. Fig. 4.5 shows
the time variations of the size distribytions fer the layer No.
4, which is the upper part of the entire dust layer of this model
computation. The noticeable features of Fig. 4.5 are the
enrichment of small particles (< 0.03 wpm), and reduction of
larger particles. These features c¢an only arise through
sedimentation and diffusion processes; not aerosol coagulation
processes, since the 1at£er will cause the changes in opposite
directions. By inspection, one may find that the increase in the
number of small particle in the layer No. 4 can be linked with

the background aerosol particles in the layer No. 5 (Fig. 4.6).
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Fig. 4.6 displays the time wvariation of the aerosol size
distribution in the layer No. 5. The increase in large size
particles (r > 0.04 pm) are clearly shown. By inspection of the
aerosol size distributions in the layer No. 4, it is clear that
the appearance of the larger size particles is primarily due to
diffusion processes which bring in these particles from the model
dust layer. From Fig. 4.6, a slight reduction in the number of
background aeroscl particles is also noticeable, which <c¢an be
linked to the increase of the number concentration of particles
of the corresponding size in the layer No. 4. Since, like the
layer No. 5, the aerosol particles in the layers above No. 5 are
specified as background aeroscols with the same sigze distribution,
the behavior of their aerosol size distributions (not shown)} are
found to have similar features to those of layer No. 5, but of
much less intensity. It should be mentioned +that, as clearly
shown in Figs. 4.5 and 4.6, there is mixing of aerosol particles
with two quite different size distributions taking place in the
layers No. 4 and 5 as a result of sedimentation and diffusion
processes. For this reason, a bimodel fitting process is
introduced in the model computation. This is done by fitting the
aerosol size spectrum with a single log-~normal mode first. Then
the differences in the differential aerosol concentrations
between the original size spectrum and the fitted curve at the
assigned particle radii (Table 4.1) was determined. A scan
procedure is then applied to search the maximum difference. A

second curve fitting process is performed if this maximum
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obtained by fitting to the curves in
Fig. 4.2.
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Table #.3. Results of Curve Fitting at the Tenth Time Step
lh-l?.’er o rc_:j o o rg g
1 7.85(0) 3.822(-1) 2.667(0) - - -
2 9.36(0) 9.804(-1) 2.020(0) 3.65(~1) 1.876(—-1) 1.906{0)
3 9.88(0) 9,986(-1) 1.993(0) b,34(~2) 1.628{-1} 1.653(0}
) 8.73(0) 9.946(-1) 1.987(0) 3.76(-1) 1.532(-1} 1.519(0)
5 3.11(0) 1.491(-1) 1.652(0) 9.56(-1) 1.025(0) 1.904(0)
6 3.10(0) 1.508(-1) 1.509(0) 5.45(-2) 1.012(0} 1.939(0)
7 - 3.10{0) 1.510(-1) 1.500(0) - - —
8 3.10(0) 1.510(~1) 1.509(0) — - -
9 3.10(0) 1.510(-1) 1.500(0) e - —
10 3.10(0) 1.510(-1) 1.500(0}) - - -
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difference is greater than 5 x 107° (cm™3). Table 4.3 presents the

results of this £fitting processes after ten steps of
computation. Figs. 4.7 to 4.11 are the plots of the fitted size
distributions for model 1layers £from No. 1 to No. 5,
respectively. By comparing them with the corresponding Figs. 4.2
to.4.6, one can see that the fitted size distributions correspond

closely to the original size distributions.

As mentioned earlier, (Sec. 4.1), one of the objectives of
this study is to examine the possible effects of the coagulation,
sedimentation, and diffusion processes on the aerosol

backscattering at CO wavelengths (10.6 pm). The time evolution
2

of the vertical profile of the aerosol backscattering
coefficients is given in Fig. 4.12. In Fig. 4.12, the symbols O,
D s A, D, ard D correspond to the computed results at time
steps of 0, 2, 4, 6, 8, and 10, respectively. It shows high
values of the coefficients in the layers No. 2 to No. 4,
corresponding to the model dust layer. 1In this dust layer, Fig.
4,12 shows no noticeable changas in the backscattering
coefficients. On +the other hand, changes can be found in the
layers immediately below and above this dust layer. It is
interesting to note that the layer No. 6 does not show any change
until after the 4th time step of the computation. In addition,
the changes taking place in layers No, 5 and Ne. 6 are mainly due
to the vertical diffusion processes which bring up the large

particles form the model dust layer.
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4.4 DISCUSSION AND REMARKS

The aerosol plume model described in this chapter is able to
simulate the uassential effect of the coagulation, sedimentation,
and vertical tramnsport, on the aerosol size distributions and the

aerosol backscattering at CO wavelength (10.6 pm). Although the
2

model does not include the aerosol growth effect of condensation
and evaporation processes {(Deepak et al., 1982), an attempt has
been made to apply the developed model to an observational case
study. A transport of Asian desert aerosol during the spring of
1979 has been reported by Shaw (1980), based on observations over
the Hawaiian Islands and trajectory analysis. A dust layer of 1
km thick was observed with the layer centered at 3.5 -~ 4 km
altitude. BSAGE sampling (sunrise measurements} swept gradually

o o]
over the Pacific Ocean from latitude about 12 to 44 N during the

period from April 21 to 28, 1379 which coincides with the
observed Asian dust event. SAGE profiles during this peried have
then been examined at altitudes 4 and 6 km. Unfortunately, it
was found that many of the SAGE profiles stop at higher
altitudes. As a result, there is not enough aercosol information

to give an appropriate picture of this particular dust event.

4-23



5. CONVERSION OF SAGE I/SAM II EXTINCTION TO 10.6 [JM BACKSCATTER
5.1 INTRODUCTION

Conversion of a 1 pm SAGE I/SAM II extinction cross section
to the equivalent backscatter function at 10.6 pm requires
knowledge or assumptions concerning the aerosol size distribution
and composition, or alternatively of their general optical
behavior. In an earlier report,. Deepak et al (1982) modeled the
ratio 810.6 /01_00 as a function of aerosol composition for
log-normal model of varying mode radii. A summary diagram,
~howing the results of this modeling is reproduced in Fig. 5.1,
The range for the conversion factor B10.¢ /01'00 shown here is
three orders of magnitude, sufficiently wide to make it of little
practical value. This range may be reduced somewhat if we
restrict ourselves to the free troposphere and take account of
the fact that the bulk of the smaller aerosols are water soluble
in composition and that the larger aerosols consist mainly of
dust. We may then suppose BHLG kﬁuoo to lie between 10 and
162 sr7t. 7o improve on this range of wvalues, which is still
too great, we have chcsen to develop a bimodal model to describe
the aerosol. This has been combined with the size distributions
measured during the GAMETAG experiments and described in Chapter

3 of this report.
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5.2 BIMODAL SIZE DISTRIBUTION AND FITTING TO THE GAMETAG DATA

BAerosol size distributions measured during the GAMETAG

flight series have been fitted to a bimodal model of the form

dN (r)/d bg{x) = A exp(—k En (r/r 1

+ A, exp (-szn (r/rgz) {5.1)

2

where k1=l/(22n20g1_) and k,=1/(24n"0,_)

92

In this eqguation, r is the particle radius and N(r) the

comulative particle number. Al’ A ‘G and 0g2 are

2’

constants describing the 1log normal gélséglbuEEOns. Computer
software has been written which will fit BEg. (5.1) exactly to six
data points which may be in the form dN(r)/d log(r) as a function
of r or N{r}) as a function of r. The program output contains the
six constants that describe the bimodal distribution. An example
of its application to simulated data is shown in Fig. 5.2 where
the experimental points are shown by round dots, the individual

fitted curves by dashed lines and the total fitted bimodal

distribution by the solid line.

The experimental size distributions used are those listed in
Appendix B and described in Chapter 3. They represent particle
counts obtained for twenty-minute flight segments, the nine size
intervals being as listed in Table B.l, covering the size range

0.128 =~ 2.34  pm. Forty-two flight segments were chosen,
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measurements being made at altitudes between approximately 5 and
7 kilometers and representative of the whole rangs of latitudes
covered by the two flight series. Data segwents where the
particle counts were obviously enhanced due to the presence of
haze or cloud were avoided. Three additional size distributions
were added from earlier published data (Patterson et al., 1980).
Size distribution data are available for these flight segments at
a maximum of nine radii, although inspection of the data in
Appendix B shows that the channels representing the largest
particle sizes were frequently empty, particularly over the
southern hemisphere. The remaining seven or eight data points
are nevertheless still in excess of the number required to solve
Eg. (5.1). In order to obtain the best estimate of the log-normal
constants, the size distributions were plotted and the six data
points {from the possible maximum of nine) most representative of
the distribution were used as input to the fitting program. In
almost all cases, an exact fit was either obtained directly or
after making a small adjustment to the counts 4in one channel
only. Two cases were rejecicd where reasonable fits could not be
obtained. Figure 5.3 shows histograms of the resultant values of
g ;0 s r +and r_ . It can be seen that, for the accumulation
91 92 91 2
mode, values of 091 lie between 1.1 and 2.0 while rgl lies
between 0.06 and 0.20 pm. For the coarse particle mode, the
distribution is somewhat narrower, most values of ¢ lying

92

between 1.0 and 1.5 with rg2 values peaking at around 0.6 pm.

The somewhat greater imprecision for the accumulation mode is at
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least partially due to the fact that the experimental size ranges

did not cover particle sizes less than 0.126 pm.

5.3 BIMODAIL OPTILCAL MODEL AND COMPARISON OF SAGEI/SAM I AND

GAMETAG DATA

The bimodal model described in the previous section has been
used in conjunction with the AGAUS Mie scattering program to
calculate the  optical properties of  the GAMETAG  size
distributions. We have assumed the log normal mode of smallest
radius (accumulation mode) to consist entirely of water soluble
aerosol and the mode of greatest radius (coarse particle mode} to
consist entirely of a dust-type aerosol. The refractive indices
at 1.00 pm and 10.6 pm are those used previously Dby Deepak et
al. (1982) and are listed in Table 5.1l. This model is very
similar to, but not identical to, that used by Georgia Institute
of Technology to calculate the optical data presented in Chapter
3 and Appendix A. In the latter case, a two-composition model is
used, the division between the two components being made at a
particle radius of 0.5 pum  rather than in terms  of
independently-fitted log-normal functions. Comparison of optical
properties calculated by the +two alternative models shows good
agreenent, any differences being much less than observed changes

due to natural aeroscl wvariation.

In order to compare the GAMETAG and SAGE I/SAM II data sets,

the forty-three size distributions described in Section 5.2 have
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Table 5.1. Refractive Indices Used for Mie Scattering Calculations

Wavelength
Aerosol
Material 1.00 um 10.6 pum
Dust-like 1.520 - 0.008i 1.620 - 0.120i
Water 1.520 - 0.017 1.760 - 0.070i
Soluble
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been used in conjunction with the above model to calculate
corresponding equivalent extinction values at 1 pm. The results
of these calculations are shown in Fig. 5.4(a) and (b) for the
1977 and 1978 flights, respectively. As the 1977 €£lights were
made in May and June and the 1978 flights in August and September
(September 1st and 2nd only), the data in these £figures may be
compared with that shown in Fig. 2.6(a) (March-May, 19279) and
Fig. 2.6(b) (June-August, 1979). The 1 pm extinection wvalues
calculated for the 1977 flight data (¥ig. 5.4(a) agree well with
the direct SAGE I/SAM II measurements for June-August, 1979 (Fig.
2.6(b). The absolute magnitudes of the extainction values are very
close and a similar 1. citude variation occurs in both data sets.
The 1978 GAMETAG flight data extends over a wider latitude range
thar the 1977 data and shows greater latitudinal variation.

Among the caleculated values for ¢ the northern hemisphere

1.00 '
values [Fig. 5.4(b)] agree well with the direct SAGE I/SAM II
measurements [Fig. 2.6{a})l; the southern hemisphere wvalues are
somewhat lower than the direct measurements by about a factor of
two. This difference between the two GAMETAG data sets for
latitudes south of the equator has been noted in Chapter 3. Tt
is believed to be due to a genuine variation in the aerosol

characteristics observed in the two years and does not reflect

any instrumental uncertainty.

Bearing in mind the fact that the GAMETAG data was obtained

during two cross-sectional flights limited in time and longitude,
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the agreement between the calculated 1 pm extinction wvalues and
the SAGE I/SAM II direct measurements must be considered to be
within +the range of expected variations. Based on this
agreement, we have used conversion factors for 810.6 /01.00
calculated from the GAMETAG data to correct the 1 pm SAGE I/SAM

IT data to the equivalent backscatter at 10.6 pjm.
5.4 DERIVATION OF A CONVERSION FACTOR AND ITS APPLICATION

The forty-three bimodal size distributions taken from the
GAMETAG data set, as described in the previous section, have been
used to calculate values for the conversion factor 610.6/01.00
The calculated values are shown in the form of a scatter plot as
a function of 91 .90 in Fig. 5.5. The majority of the wvalues lie
between 10”2 and 1073 sr”! and there is a small but definite
vrend in the data, larger values of 810.6/01.00 being associated

with larger values of This is to be expected as

°1.00
distributions containing relatively more 1large particles will
show increased values of both 510.6/01.00 and 91 00 A regression

line for R /o (as the dependent variable) omn Ul (as the
10.6 1.00 -00

independent variable), using logrithmic coordinates, has been

calculated, and is shown in the figure. Seventy-five percent of

the calculated values lie within a factor of two of this line.

The data shown in Fig. 5.5 has been obtained at altitudes of
5-7 km and is strictly applicable only to this altitude range.

In spite of this, we have chosen to apply it to all SAGE I/SAM II
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tropospheric data above about 4 km. Some error may be expected
at 4 km (and below) because of relatively increased numbers of
large particles; these will increase B8 /o faster than they

10.67 1.00
will increase ¢ At the higher altitudes near the tropopause,

1.00
the aerosol composition will most likely contain a high
percentage of sulfuric acid and its optical properties will merge
into those 0of the stratospheric aerosol. The size distribution
will also be strongly dependent wupon volcanic input and the
conversion factor likewise highly wvariable (Kent et al., 1984).
Despite these limitations, it is felt that the regression line
ghown in Fig., 5.5 4is a good approximation for use, during a

volcanically quiet period, in the middle and upper free

troposphere.

Table 5.2 contains a list of conversion factors
corresponding to the regression line in Fig. 5.5. This has been
applied to the contour plots of 1 pm extinction shown in Fig.
2.5. The results of this are shown in Fig. 5.6{(a) and (b} for the
March-May and September-November, 1979 seasons, respectively. We
see that, in the middle and wupper free troposphere, southern

~11

hemisphere values for BlO g range between 3 x 10 and 2 x
~10 )

In the northern hemisphere, values are greater at all
-10

10

altitudes becoming as large as 7 =x 10

in March-May, 1979 at 5
km and 70N. The latitudinal and seasonal variation is very
pronounced, as is the wvariation with altitude. It must be

emphasized that these are seasonal median values and daily values
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Table 5.2. Conversion Factors Used with the SAGE |/
SAM 1l Free Tropouspheric Data Sets

91.00 B16.6/%1.00
(a7 mh (107 %sr Y
1.0 1.34
1.5 1.53
2.0 1.67
3.0 1.89
4.0 2,07
5.0 2.22
6.0 2.35
8.0 2.57
16.0 2.75
15.0 3.12

20.0 3.42
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would be expected to depart considerably from them. In addition,
they correspond to a volcanically quiet period; during the
present, more veolcanically active period, upper tropospheric

values would be considerably increased.
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6. CO, LIDAR MEASUREMENTS OF %0.6
6.1 PUBLISHED MEASUREMENTS

Published measurements of aerosol backscatter cross sections

in the free troposphere using CO lidar systems are scarce. The
2

most extensive data series is that made at NOAA in Boulder,
Colorado (Post et al.; 1982; Post, 1984a). Measurements have also
been made at NASA-MSFC, Huntsville, Alabama (Weaver, 1983; Jones,
1983) and JPL, Pasadena, California (Menzies et al., 1984).
Updates to these data sets have recently been presented at the
Third NASA/NOAA Infrared Lidar Backscatter Workshop,; Lake Tahoe,
Nevada, January 14, 1985. These data sets have all been obtained
over, or close to, the continental U.S.A. There is, in addition,
an extensive unpublished data set obtained by the Royal Signals
and Radar Establishment, United Xingdom over the United Kingdom

and Europe (Vaughan, 1985).

The earliest published data that extends to altitudes above
4-5 km (Post et al., 1982) was taken in the Spring and Summer of
1581 when the atmosphere was affected by aerosol produced in
recent volcanic eruptions. The only earlier data, which shows
conditions prior to these eruptions is that of :Schweisow et al.
(1281)., This data, taken in 1978, does not extend above 5 km (4
km for most of the data) and thus does not describe conditions in

the middle and upper free troposphere. Data, since 1981, has

6-1
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been very strongly affected by the eruption of El1 Chichon in
April, 1982 and we therefore have no direct measurements of
background non-volecanic aerosol scattering cross sections in the

upper free troposphere.

6.2 VARIATION OF B WITH ALTITUDE AND SEASON

10.6

Figure 6.l summarizes the measured variation of 310.6 with
altitude. Figure 6.1(a) shows eight seasonal averages for 610.6
measured by NOBAA (Post, 1983; Post, 1984a), Figure 6.1(b) shows a
single seasonal average obtained by JPL (Menzies, 1984) and
Figure 6.1{c) and {(d) show individual profiles measured Dby the
NASA-MFC airborne system over California in 1981 and 1982,
respectively (Jones, 1983). Table .1 summarizes the main
characteristic of the RSRE measurements (Vaughan,1983). Although
these data have been obtained by several different instruments
and at different times and locations, several general features

nay be identified.

1. Maximum values for 810.6 occur in +the boundary layer

where 810 p is greater than 1078

2. Above the boundary layer, B1g .6 falls rapidly to a rather
breoad minimum between about 5 and 10 km altitude. Values in this
minimem lie mainly in the range 3 x 10711 - 3 x 10710 y~! sr“l,

3. Above the minimum, values rise into +the stratosphere

-1

where peak values of the order of 1072 m ! sr may be found
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Location

United Kingdom

United Kingdom

North Atlantic

Table 6.1. Roya! Signal and Radar Establishment

B Measuremenis (D. M. Vaughan, 1983}
COZ

Season
Spring,
Summer,
Fall

Winter

June, July
1982

Altitude
Sea Level

to 13 km

.5 km
to 13 km

Bc02 (m-Tsr_lj

> 3 X 10—”
952 of the time

s3x 150

60% of the time
> X 10-‘H
100% of the time



(post~volcanic).

Apart from these general characteristics of the vertical
profile, more specific characteristics of 810 g Shown by one or

more data sets are as follows.

1. There exists a day to day variation (up to 5 km at least)
of an order of magnitude or more, combined with pronounced

vertical stratification.

2. Geophysical differences exist between California and
Colorado. Over the former, the decrease in 810.6 ocecurs at a
lower altitude than over the latter. This is most likely
associated with the higher altitude of the Colorado plateau and

greater vertical convection,

3. A seasonal variation is observed by NOAA and by RSRE. At
an altitude of 6 km minimum values OfBIO gr are seen by NOAA in

Fall and Winter ( “10_10 nfl srrl, maximum values occur in

Spring and Summer ( ~16% mt srrl). RSRE observed minimum g;, .

in Winter.

4. A decrease occurred in the peak altitude of the
stratoupheric volcanic layer over NOAA (from 23 km in Fall, 1982

to 17 km in Fall, 1983).

5. Lowest mean values for BlO 6in the upper stratosphere (2

X ld-ll mhl) were observed by NOAA in Spring and Summer of 1982.

This was after the decay of material injected by the eruptions of



St. Helens and Alaid and before the arrival of material injected

by El Chichon.

6.3 PROBABILITY DISTRIBUTIONS FOR BlO 6

Cumulative probability distributions for 8., . have been
published by NOAA (Post et al., 1982; Post, 1984a). These show a
good fit to leog~normality and the best-fit straight lines to the
data sets at five altitudes and on two occasions are reproduced
in Fig. 6.2(a) and (b) (Post et al., 18982; Post, 1984a,b). The

lower spread values at stratospheric altitudes, as

‘8 B1o.s
opposed to tropospheric altitudes is shown in Fig. 6.2(b) and is

to be noted.
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7. DATA INTERCOMPARISON
7.1 VARIATION WITH LATITUDE AND SEASON

Figures 7.1(a) and {(b) are composite figures on which
theoretical and experimental values for$;, . at an altitude of
about 6 km have been plotted as a function of latitude. The
altitude of 6 km has been chosen for several reasons. It is
close to the mean £light altitude for much of the GAMETAG
measurement series and it is an altitude at which good (> 40%)
SAGE I/SAM I1 penetration is found, and for which the median
values may be considered to be without serious systematic bias.
It is also close to the Ilevel at which minimum values for By ¢
are found experimentally and it thus represents a compromise
aititude that is not too affected by ground topography below and

volcanic fallout from above.

Data for Spring and Summer have been plotted in Fig. 7.1(a),
the much more limited data for Fall and Winter is plotted in ¥Fig.
7.1(b). In Fig. 7.1(a), the GAMETAG data points reprresent median
values for 810.6 observed over flight segments for which the
flight altitude was between 5 and / km. Data for 1977 and 1978
have been distinguished by different symbols. The lines
representing the SAGE I data are the March-May and
September-November median values in Fig. 7.1{a) and 7.1(b},

respectively.

7-1



L

Q_mo
oI
T T cl.l'.""{e_
(o]
S o
% &

(a)

BACKSCATTER FUNCTION
(m !
g

10

5r—1]

T T TFTTrm

 TTFTIT]

LATITUDE

(a) Northern hemisphere, Spring-Summer

!

-

1277 GAMETAG data, 57 km
1978 GAMETAG data, 5-7 km
SAGE [/SAM il, March-May, 1979, 6 km

Range of NOAA Spring-Summer seasonal
averages, 6 km

Median NASA-MSFC Summer value, § km

JPL mean Spring-Summer value, 6 km

(b)

-
o
1
—
o
1

] ODID|D[

BACKSCATTER FUNCTION

(m} se )

1078

1 Iillli]

1072

Ll Illll‘]

(b}

LATITUDE

Northern hemisphere, Fall-Winter

SAGE i/SAM |1, Sepiember -
Nevember, 1979, 6 km

I Range of NOAA Fali-Winter seasonal

——

averages, ¢ km

Figure 7.1. Comparison of modeled and directly measured values of BIO 6 for altitudes between 5 and 7 km.



Seasonal averages for JPL and NASA-MSC are shown by single
symbols (no data is available for Fall-Winter). The larger amount
of data from NOAA is shown by vertical lines in Figs. 7.1(a) and
7.1{b} which represent the range of seasonal mean values found
[five Spring-Summer seasons in Fig. 7.1l(a) and three Fail-winter

seasons in Fig. 7.1(b)}.

Examination of these figures shows that, apart from the 1978
GAMETAG data in the southern hemisphere, agreement is quite good
between the different data sets. Comment has already been made
concerning the difference hetween the 1977 and 1978 GAMETAG data
sets and without further evidence we must regard this as a
sampling fluctuation. In the northern hemisphere, most of the
measured and modeled values for 810.6 lie between 16-10 and 2 x
10~9 m~1 srﬁl When judging +the goodness of fit betweern these
data sets, it must be remembered that they refer +to different
years and geographical regions and to different degrees of
stratospheric volcanic contamination. There is apparently still

a very considerable need for direct measurements of B3 ¢ in the

southern hemisphere.
7.2 VARIATION WITH ALTITUDE

Figure 7.2 shows the altitude variation of 310 6 for three
early NOAA seasonal averages, the 1983-1984 JPL Spring-Summer
average and the SAGE I modeled values for 40 N. One of the NOAA

averages (Summer 1981) and the JPL average show a clear
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stratospheric volcanic enhancement which is mnot present in the
other profiles. Between altitudes of 5 and 9 km, the agreement
between SAGE I and JPL is good. The agreement between both of
these and the NOAA data is quantitatively poor. It is guite
possible that much of this difference may be due to the location
of Boulder high on +the continental plateau. There will be
increased convective activity and the boundary layer will extend
to a considerably greater altitude above sea-level. The low
values observed by NOAA at a height of 9 km in Spring and Summer

of 1982 do not fit well with the modeled data.
7.3 PROBABILITY DISTRIBUTIONS

Examples of the probability distribution for 91 .00 and 810.6
have been shown in Figs. 2.3 (a)-{e) and 6.2(a) and (b). Certain
similarities exist in these fiqures. All the NOAA data shows
clear log-normal characteristics. This is also shown by the SAGE
I/58M II data in the stratosphere. 1In the upper troposphere, the
distribution is clearly <two-component and we believe the higher
estimation component to be sub-visible cirrus (cirrus xreturns
have been omitted from the NOAA data). In the middle free
troposphere, the SAGE I/SAM II data is once again approximately
log-normal for some of the latitude bands. In order to make a
more guantitative comparison of the distribution, Table 7.1 shows
the extinction and backscatter changes corresponding to the 5% -~

50% probability range, i.e., the departure of the 5% probability

level from the median level. Values are shown for similar



latitudes (20 N - 60 N for SAGE I and 40 N for ©NOAA) and for
altitudes above 5 km. The range of the optical parameter has
been expressed as the ratio of its value at the 50% probability

level to its value at the 5% level.

Table 7.1 shows that for both ¢y gg and Byg.g . the ratio
decreases with altitude by roughly comparable amounts. The
absolute magnitude of the ratio in the two cases is nevertheless
very different. Part of this difference can be accounted for by
the fact that the conversion factor 810.6/01.00 itself depends
upon the value of 91 00" This is, however, not sufficient to
account for most of the observed difference. It is more likely
that the explanation for this 1lies in the different geometry of
the two measurements. The 10.6 pm backscatter function is
measured over horizontal dimensions of a few meters only and the
probability distribution will reflect all changes with horizontal
scales greater than this. The 1 pm extinction function, on the
other hand, is derived from a measurement made over a 200-300 km
long horizontal path. Fluctuations with horizontal scales less
than this will be smoothed. The major part of the difference in

ratio observed in Table 7.1 almost certainly arise from these

different measurement geametries.
7.4 VOLCANIC EFFECTS

Volcanic effects have already been discussed in Sections 2.5

and 6.2 and the details will not be presented again here. The

7-6



L-L

TABLE 7.1. Range of Observed Extinction and Backscatter Values
{SAGE ! and NOAA Data from Figs. 2.3(d} and 6.2)

Altitude 1 um Extinction at 50% Level 10.6 um Backscatter at 50% Level
(km) { pm Extinction at 5 % Level 10.6 um Backscatier at 5 % Level

6 3.0

7 13.0

8 12.7

10 2.1

12 1.5

13 3.2

14 1.3

18 1.2

19 3.2




nmost obvious point of comparison to note is the stratospheric
enhancement observed in both cases (Figs. 2,11 and 6.1). A more
subtle peint of comparison is the enhancement in the upper
troposphere. Figure 2,11 shows that the upper troposphere,
following volcanic injection into the stratosphere, has a raised
1 pm extinction which extends from the tropopause down +to 5-6
km. Figure 6.1l(a) shows similar effects, post-volcanic 10.6 um
back-scattering, following volcanic injection, is enhanced from
the tropopause down to an altitude of 7-8 km. The fact that this
altitude is somewhat higher than that given above for SAGE I1/8AM
1T is, as discussed earlier, most likely due to a gecgraphic

effort associated with the location of Boulder, Colorado.
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8. CONCLUSIONS

In the work described in this report, the obhjective has been
fo improve our understanding of the global behavior of the
aerosol backscatter function in the free troposphere at a
wavelength of 10.6 pm. ‘Three experimental data sets have been
used; each with certain limitations in either wavelength or
temporal and geographical coverage. In addition to the wuse of
these data sets, modeling has been carried out on the
microphysical and optical changes to be expected within an aerosol

plume.

The SAGE I/SAM II data set has yielded a detailed picture of
the variation of 1 um aerosol extinction with latitude, season
and altitude above 5 km. This shows pronounced hemispheric
asymmetry, with minimum extinction occurring in high southern
latitudes. In both hemispheres, the aerosol extinction in spring
and summer is greater than that in fall and winter. Volcanic
enhancement of the aeroscl extinction above 5 km is also apparent
at high latitudes in the 1980-81 data. The GAMETAG data wets for
1977 and 1978 have shown a latitude variation 1in aerosol
concentration and optical properties, that is in overall
gualitative agreement with the SAGE I/SAM 1Y data, and in good
quantitative agreement in the northern hemisphere. Direct
measurements of By, -using CO, lidar are confined to a limited

latitude band in the northern hemisphere and have only been made



aran

since 1980, during a period of volcanic activity.

Comparison has made of the direct measurements with values
for 810.6 calculated from the other data sets. This comparison
has particularly been carried out for an altitude of 6 km, which
is close to the 1level at which minimum wvalues for Big. e are
currently observed. Median summer values for Bio.6 at this
level, in the northern hemisphere, vary from 1 x 10710 m-lgp-1
at the equator to 1l x 10'9m“1 sr_l at 60 N, Median winter values
at the same altitude are about 2 x 10710 at all northern
latitudes. In the southern hemisphere, the situation is less
clear. There are no Jdirect measurements and the 1977 and 1978
GAMETAG measurements yield significantly different values for
810.6‘ SAGE I/SAM II median values at 6 km altitude lie between 3
x 10-1lg~1g,-1and 2 x 10—10m_lsr—l; the range for median GAMETAG

1ang 2 x 10_1Q Both data sets show a

values is between 1 x 10~
decreasing aerosol concentration toward high southern latitudes.
Intercomparison of vertical profiles for 810.6 is difficult,
GAMETAG data has been obtained mainly between 5 and 7 km altitude
and it is not possible to derive a vertical profile with any
precision. Almost all the direct measurements of 810.6 are
affected by volcanic input, which enhances the vupper £free
troposphere. Reasonable agreement is obtained between the direct
measurements of 810.6 and values modeled from SAGE I/SAM II at

altitudes between 5 and 10 km but any exact comparison is not at

present possible.



It is clear, from the analysis carried out and the data
comparisons made, that we naw have a reasonabhle quantitative
understanding of the principal features of free tropospheric
aerosol concentrations and optical characteristics and their
variation with latitude season and volcanic activity. We are,
nevertheless, still a considerable distance from being able to
supply a complete statistical description, particularly of the
optical characteristics at the longer wavelengths. This is
especially true in the southern hemisphere where there is a total

lack of direct measurements at 10.6 pm.
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Table A2. Significant times for August 8, 1977.
Portland, Oregon to Anchorage, Alaska.
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Table A3. Significant times for August 22, 1977.
Denver, Colorado to Moffett Field,
California.

Sidnificant Points
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PRECEDING PAGE BLANK NOT FILMED

A25



Ly

) WETT Conirvo€ ’
2 me . ME -
Lo o N
: PR 5
e e : 3 1
o & 35
' . - : i a3
e S PO : - SR
DEMVER MorFeF R i e
_ 3 _ o
AvgosT 22 L, 1977 S ) A
~
T

‘ mfe-s's vRe

Fig. A3 {a). GAMETAG flight data for August 22, 1977.

Altitude and location flight track plotted as a
function of time after takeoff.

PP S R PR e s SR



LE-7 CL/M)

1

X

EXT.

#xx KNOLLENBERE DATH % x
DATE= 8/22/1977

- (ASAS_CSSAYAFSSP E

- WAVE-LENGTH = 0.63 ]

1000 & ¢ =
100 £ -
10 = R . o
L i

t k- i
Lo E
_01 "'l[!:I'Illllli!llllili'f[!Ilil:l"f’llF|"l!lI||1||'|'il|'!|'l‘!!ll|
.G t 2 3 i 5 6 7

TIME (HOURS HAFTER THKE OFF)

Fig. A3 (b). GAMETAG flight data for August 22, 1977.

Calculated particulate extinction along the flight
track for one-minute data sets for A= 0.63 pm.

A28



JE-7 LMD

4
i

X

EXT.

*x % KNOLLENBERG DATRA%*x
DATE= 8/22/1977

10000 ATV T eTT TTTITTTTY TTFTTI Ty Vi T iTiI et P T3 1111 TV I TTrIT Illl!illl_
= (ASA5-CSSAY+FSSP | ‘ ' ' E

- WAVE-LENGTH = 0.63

1000 K f” =
; 3

100 ;%% f .
- & 8D ¢ ]

- % Oy 1

F 5.1. @f‘@@ J_{vm § % |

10 3 § % "‘S_[q%i i ) E

g G 0y Dasht ]

i |

b e 3

A F =
= 3

N T ETREEN VR ST RN U RN SO NF AN A AR AR ARRE ENRRCRUNER NS NRENREWE FRSNERRTTE
.0 t z 3 4 5 5 7

TIME (HOURS AFTER THKE QFF)

Fig. A3 (c}. GAMETAG flight data for August 22, 1877.

Calculated particulate extinction along the flight
track for five-minute data sets for A= 0.63 pm.

A29



(1/Mm . STRD

1 .==-7

X

BKSC.

#x«KNOLLENBERG DATR=%=
DATE= 8/22/1977

10000 =l T LB ETTT IlllilillllIIIiIIIIIIIlllI(IIlillllI.l.lllllllltllllllllli!ll:

E (ASR5-CSSRY+FSSP ;

" WAVE-LENGTH = 0.63 ]
1000 L .
100 -
- D .

3 ﬁ i

L .T 3
3 A :

] T ﬁff’mm §F i

1 o :

I OFT A g

L 1 e b by _ -

S 2 L Py :

o 985 i ﬁ

A E 1 T E
.Dl i!lJLlli‘J‘l|'l"'l|'lrll‘ll!!['lll1l[ll!i"'l'i'l'l[f!!lll!l[‘ll!l(i

.0 1 2 3 4 5 6 7
TIME (HOURS AFTER TAKE OFF)

Fig. A3 (d}. GAMETAG flight data for August 22, 1977.

Calculated backscatter coefficient along the flight
track for five-minute data sets for A= 0.63 um.

A30



AKSC/SIGMAS

RAT . 3¢

*xxKNOLLENBERG DRATRA***
DATE= 8/22/1977

1000 o T T T T T NP T T T [T T T T T T [ T e T T T
- (ASAS-CS5A) +FSSP 7
N WAVE-LENGTH = 0.63 ]
100 & =
E a
- 4
10 B =]
)k i
g ]
I ]
R -
F o Dy iy - Peo Do mn ° :
T : 7 T dp” @ ]

- ; . - .
i E%ﬁi D%§ qﬁgm % @%E_i@ i
.01 & =
i z
N ) B TYAN NIV T] RN R RN IR T ANUNERE RN ] N RSN RRR N A EE TR NNNDE SRR RE AN KN ARRNES S
.0 i o S ! 5 & 7

Fig. A3 (e}.

TIME (HOURS AFTER TAKE OFF

CAMETAG flight data for August 22, 1977.

Calculated ratios for backscatter to extinction for
five-minute data sets for A= 0.63 um.

A3l




1. E-7 C1/M3

by
LAY

ENT.

wx e KNOLLENBERG DRTR# ==

DATE= B/22/1977

1000 :II'IIIIII;'_I1IIII||i IR A Y AR L AR A A R
= (ASAS-CSSAYAFSSP A 7 3

¥ WAVE-LENGTH =10.60 .
100 .
10 E" 'I..:‘-:" -_-"_
2 A E

i = .- =
i g : .

. == “ - , K =
.0t j
: ]
o0 (I l"‘i.:llxl‘-lLL“il_!I‘-Il"5<‘II'|"£__I_Ilr“" (] 1.LA—1.L-..A—E-J—'—J
.0 1 2 3 4 5 & 7

TIME (HOURS RFTER TAKE OFF)

Fig. A3 (f).

GAMETAG flight data for August 22, 1977,

Calculated particulate extinction along the flight
irack for one-minute data sets for A= 10.6 um.

A32



{1/7M)

1L E-7

¥

EXT,

1000

wx#kKNOLLENBERG DRTH##*
BATE= B8/22/1977

7T ] ’TTTT'!TI—ITTTI—FH Ty I T T I T I T T v g T TS

- (ASAS_CSSA) 1FS5P s | | ]

- WABE-LENGTH =10.60 -

; .

100 6 f .
10 ﬁ =
gh% T 5 :
= T ) % ]

S o1 -

1 = i_._ % '_[' ;E =
H . o, i

~ . I' R A

B I’;‘.I{i: 1: ‘-|-rT . I )
aF g iﬁ“%f i E
z £P % S -z
.0t | .
OO1 loeez '?il'r"ttl-x]lllIl:!"I'l"'i"'_L;L"";‘LL‘II'!!IIILI_I_LJ.L-..L.
.G i 2 3 I3 5 & T

Fig. A3 (g).

TimME (HOURS RETER THKE OFF)

GAMETAG flight data for August 22, 1977,

Calculated particulate extinction along the flight
track for five-minute data sets for A= 10.6 um.

A33




STR>

£

7 (1/M

F—

I.

#xxKNOLLENBERG DATRA»**
DATE= B/22/1977

100 LA ] Ty T T TTFr117 TIT T I Ty oI T
E (ASAS-CSSRYLFSSP | ! a ! E

- WAVE-LENGTH =10.60
10 =
5 ]
L E % =
" 1d .
ih 5 ]
1 --”f S 1 y
: A A ;
i oA - . E
ﬁ R K E
) L. , :
3 il § 2 ]

. N% ﬁ

M E_ i y _E
- § E
i .
.oDat L ioave o lvpeegsesg by e b e vneadggyiue e by gaveesren gy
.0 i 2 3 4 5 b 7

TIME (HOURS AFTER TRAKE OFF)

Fig. A3 (h). GAMETAG flight data for August 22, 1977.

Calculated backscatter coefficient along the flight
track for five-minute data sets for A= 10.6 um.

A3l



*kx(NOLLENBERG DATA®*=
OATE= B/22/1977

[ J{BKSC/STGEMAD

i

RAT

Fig. A3 (i).

GAMETAG flight data for August 22,

Calculated ratios for backscatier to extinction for
five-minute data sets for A= 10.6 pm.

A35

~J

10 prrrrrm T T T [ O T I T R T T [ T T v T T T T T T T T e T3
= (ASAS-CSSR)+FSSP :
i WAVE-LENGTH =10.60 ]
L g E
R E
-;E@ e Egil*(_l& ﬂm@ﬂfa %ﬁiﬁ o g'm.:oe@#% iy 7
.01 = :
g ]
L A
i i
L0811 =
0001 k& 4
00001 sereres gdo e boprrggagebypyae eyt R INEN TS RSN NN,
.0 { e 3 4 S 5
P IME (HOURS AFTER TRKE OFF)



Table A4, 'Significant times for August 23, 1977,
Moffett Field, California to Hilo, Hawaii.

Significant Points

# TIME
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Altitude and location flight track plotted as a
function of time after takeoff.
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Table A5. Significant times for August 25, 1977.
Hilo, Hawaii to Johnston Atoll.

Significant Points

& TIME

1 20:51 Hilo
2 21:07

3 22:03

4 22:19

5 22:41

6 22:54

7 23:09

8 23:47

9 23:59

10 00:32

11 01:14

12 01:33

13 02:36

14 02:48 Johnston Atoll
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Table A6. Significant times for August 26, 1977.
Johnston Atoll to American Samoa.

Significant Points

# TIME

i

20:00 Johnston Atoll
20:35
22:37
23:01
23:47
00:06
00:41
00:50

O T N Y B W N

00:52
02:20

e ped
= O

02:39

poars
ra

02:48

e
(S8

02:55 Pago Pago, American Samoa
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Altitude and location flight track plotted as a
function of time after takeoff.
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Fig. A6 (f). GAMETAG flight data for August 26, 1977.
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Fig. A6 (g). GAMETAG flight data for August 26, 1977.
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track for five-minute data sets for A= 10.6 um.
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Table A7. Significant times for August 28, 1977.
Pago Pago, American Samoa ahd Return
{North). . ‘

Significant Points

¢ _TIME_
21:02 Pago Pago
21:35
22:30
23:00
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01:24
01:57
02:18
02:20
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Table A8. - Significant times for August 31, 1977.
Pago Pago, American Samoa and Return

($0uth}.

Significant Points

& TIME

1 20:58 Pago Pago
2 21:30

3 22:32
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7 01:14

8 01:35

9 01:53

10 02:07

i1 02:25

12 02:33

13 02:39

14 0z:45

15 03:19

16 03:24

17 03:39

18 03:49 Pago Pago
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Table AT1. Significant times for April 27, 1978.
Denver, Colorado to Moffett Field,
California.

Significant Points

# TIME

[T

17:00 Denver
17:21
19:23
19:24
19:54
20:19
20:25
20:28

W O O~N o T P oW N

20:52
21:14
22:36

=
= O

22:53 Moffett Field

—
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PRECEDING PAGE BLANK NOT FILMED

Ai121



ORIGIVAL PACE IS
OF POOR QUALITY

FRECEDING PAGE BLANK NOT FILMED
A123

I 27, 1978.

pri

GAMETAG flight data for A

Fig. A11{al.

20ff.

tHaht track plotted as a
taks

Altitude a2nd location
function of time after



el 2, TS N BT Al A B e iR i ¥ i i MR e e W T e T e

X 1.E+7 (1/MD

EXT.

***Knollengerg Dototkk
OATE=APRIL 27.1978

10000 UL I L I R N R R R R N R N NN R R NN

5
- WAVE LENGTH = 0.63

1000 | =
100 Ty =
10 | L : . .
:'-' . E.r - hd * :

- - . ., ., ..:-‘ 7]

1 B = - i * -

» s ]
-1 E

- ]

-Di l!ll!lllliil!llll!lt!lllll‘l!l‘lliiliilllilll!lll{lllll!'!lllll‘llllll
.0 1 2 3 4 5 é 7

TIME (HOURS AFTER TARKE OFF)

Fig. A11{b}. CAMETAG flight data for April 27, 1978.

Calculated particulate extinction along the flight
rack for one-minute data sets for A= 0.63 um.

ATZ4



X 1.E+7 C(L/7M)

EXT.

1000

100

io

.01

.00t

Fig. A1l {c}.

**¥Knol lenberg Dotoxxs
DATE=APRIL 27,1978

L:ifi|¢LTITIT|{‘|ll‘1rl‘1ri§7TlijTlTﬂiiﬁlj‘llj\'li1llimrllllr‘l‘l‘llll;
4 . . 3
- I WAVE LENGTH = 0.63 ]
] so J
- ® 0]

§ f § ;mm‘ﬁ %ﬂi %
- ' @ ]
b g f i
n . @ §
E—% % (i1} § ® % _5
- 2 ﬁ@f %‘ # :
= @ =
F ]
i ]
- .
- i
3 E
- 3
UJ.ILU.!JLL!!!'J.II!EJI!!|il|!llI_lle!IlLlilL]l!Llt!J(l!JllL‘!ll_ltfl_ll
.0 i 2 3 4 5 b 7

TIME (HQURS AFTER TRKE OFF)

GAMETAG flight data for April 27, 1978.
Calculated particulate extinction along the flight

track for five-minute data sets for A= 0,63 ..

A125



. STR>

{1/M

X 1.E+7

BKSC.

1060

100

10

.01

. 001

*¥xKmol lenberpg Dotokkx
DATE=RPRIL 27.1978

;nl‘rl'i1llrl]ll|]r|‘l|?||l||l||iTrliiTlr|||||llllllll|lI.‘llllllll‘ia
- WAVE LENGTH = 0.63 -
) )
] s
; b e ‘gt ]
; pi T 4
R
il 5 i
- 71 ﬁ # ‘
- II f 'g_r: =
i s : f
3 . éﬁ | i
- §
—Qllli.i';!_ltli"i'lLJ_'Il!l_lltl(llI‘lJI(L;J_lltllll'Lfliﬁlll'T!l!!ll_sl_Ll{H
.0 i 2 3 4 5 P 7

TIME (HOURS RFTER TRXZ OFFD

Fig. A11(d). GAMETAG flight data for April 27, 1978,

Calculated backscatter coefficient along the flight
track for five-minute data sets for A= 0.63 um.

A126



ORIGINAL PRGE IS
OF POOR QUALITY,

skkKnol lenberg Dotaxks
DATE=RAPRIL 27,1978

1000 -:-illillll(lullillllllllllalilllltllllllllllIilllilllinllillltllllln'i"rr-_:
- WAVE LENGTH = 0.63 7

100 =
10 & d
¢ i

} = ]
lgmj:m‘ E

- .'2.4:: . ﬂ% N

L ,g_‘; q\j; ‘*‘r_]/mii ﬁim% - ..

- o ity s , -

.00 NN A AR RN NN RER AN ] PR RRE NS RER N RR SRR RENEEERRER ANNNERR RN
.0 i c 3 4 & & 7

T1IME (HOURS AFTER TAKE OFF)

Fig. A1l {e}). GAMETAG flight data for April 27, 1978.

Calculated ratios for backscatter to extinction for
five-minute data sets for A= 0.63 um,

A127



X 1.E+7 C1/M)

EXT.

xx%Knol lenberg Dotoxsk

DRTE=APRIL 27.1978

10000 T T T T[T T O T T T e T T T [T A T T r [T A T [ T T v

- WAVE LENGTH = 10.6 -
1000 | -
i00 =

- i

10 :— .1=~?'-o- L 20 - —:

:"_ s ‘b'.r ‘..'-"'. i

—a$ - '. -

1 :_.-.-,' 2 : -
e - R : E
.Di 11!lll_lilL!llllll-lJ_'l!LLlllllililIIEIIIIIDIIL(IIJ_LIIllllll!llllll!l’!l
.0 1 2 3 4 5 6 7

TIME (HOURS RFTER TRKE OFF)

Fig. A11(f). GAMETAG flight data for April 27, 1378.

Calculated particulate extinction along the flight
track for one-minute data sets for A= 10.6 um.

Al128



R

X 1.BE+7 (1/M)

EXT.

1000

100

i0

.01

. 001

Fig. A11{g).

xk%Knal lenberg Datetkkx
DATE=APRIL 27.1978

ElllllllillIllll‘llllllll!lllllllllltlllllllIllllllil!lllllllllllI!iIIIE
- MAVE LENGTH = 10.6 ]
; D |
i ® E
- % @mﬁ—“@ 3
Ky 5 ]
u ©
= B I =
; ¢ 5 :
L B o T i
3 ﬁ e -
- AR ?
Il!l’li'll'!lI'J','I|lIlll!lllilll‘lll!l'!lllllllllIIIIlllll!Illllll!(!l!ll
.0 1 2 3 4 5 & 7

TIME (HOURS RFTER TAKE OFF)

GAMETAG flight data for April 27, 1978.

Calculated particulate extinction along the flight
track for five-minute data sets for A= 10.6 pm.

A129



{(1/M . STR)

=7

i E

ORIGINAL PAGE &
OF POOR QUALITY

¥k%Knot ienberg Dotaksks
DATE=RPRIL 27.1978

10 :lllll!illllllllllll[lll‘lillil]lllllllllll]‘i1lilillnlllllllllillllilll:
- WAVE LENGTH = 10.6 1
1 B -
- Dy ]
ﬁ -
~ % @ i
1k

T
e =]
s = |

L IIIIIHl

]

5 o
.01 _
E - 'r]' i g
-9 T j B = ]
_fimn ? ﬁf{%#TﬁéL T ?
L0001 -
angot !I'Ill!lI!IlIll'rl'l‘!‘!llIl'l_!_}_:_l_!'!'ll’l"l!llll,E__i_i_l_'._.}_]_LIJ_J‘J,[_LE_]_L[_L_L[_
.0 i < 3 4 5 6 7

FIME (HUURS AFTER TAKE OFF)

Fig. A11 (h).

GAMETAG flight data for‘_ April 27, 1978.

Calculated backscatter coefficient along the flight
track for five-minute data sels for A= 10.6 um.

A130



IGMA)

39

/

(@]
(M
N

I (B

——

RAT ]

x¥xKnol lenberg Dotaxsx

DATE=APRIL 27,1978

1000 :llﬂllllll‘llllllii_f]_lIllllll[rllrlllrlllllllllrllilllll'lTII’_lllTlllII:
- WAVE LENBTH = 10.6 1

100 |- .
10 <

L ¥ .

o |

2 3

: A

i ]
e 3
Foge S & eSOty @egl aesieos -

o1 b @9@@%&% S & i
= .

.Oa‘{ "l"'ll"_L!__[LlIl!'l!!lllffll'#ll__l_;_l_l_Ll!lli"l_l_;:!_'ll_&l'["liLl_ll'l"l
U L Z 3 4 5 b 7

Fig. A11 (i).

TIMEL (HOURe RFTER TRKE GFF)

GAMETAG flight data for April 27, 1978.

Calculated ratios for backscatter to extinction for
five~-minute data sets for A= 10.6 1.

A131




Table A12. Significant times for May 2, 1978.
Hilo, Hawaii to Johnston Atoll.

Significant Points

# TIME
1 20:03 Hile

2 20:19

3 20:36 (Long.) = 20:42 {ATt).
4 20:57

5 22:05 |

6 22:28 (Lat.} = 22:36 (Alt.)
7 23:17

8 23:48

9 00:47

10 01:18

11 02:21 Johnston Atoll
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Table Atl4. Significant times for May 10, 1978.
Christchurch, New Zeaiand to
Christchurch, New Zealand.

Significant Points

3 TIME
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3:18
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10 4:28
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Table A15. Significant times for May 11, 1978.
Christchurch, New Zealand to
Nandi, Fiji lslands

Significant Points

A _TIME

* Computer on out of Christchurch
1 22:34

2 22:52

3 23:50 _
4 00:27 (Att.} = 00:30 {Long.)
5 01:12

6 01:33

7 03:39

8 03:46

9 04:03

* Data gap 04:04 - 04:11

10 04:20 Nandi
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Table A16. Significant times for May 12, 1978.

Significant Points
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Table A21. Significant tiems for May 31, 1978.
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Table A22. Significant times for June 1, 1878.
Great Falls, Montana to Denver,
Colorado.

Significant Points

# ' TIME

15:50 Great Falls
16:05
16:37
16:44
17:36

52 B C S A

oy

17:45 Denver
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Table B1. Combiried Size Ranges for GAMETAG
- Optical Particle-Counter Data

Instrument

ASAS

(ASAS

 ASAS
ASAS
ASAS
ASAS
FSSP
FSSP
FSSP

Range #

W o N O 4T W e

ASAS - Same as 1978

FSSP
FSSP

FSSP

7
8
9

1877

0,126

0.170

0.274 -
| 0.385
6.500

0.625
0.750
1.10

1.73 .

1978

BIL.

0.25
0.75
1.73

-

- Radius Interval (um}

0..170

0.274
0.385

0.500

0.625

0.750
1.104

1.73
2.34

0.75
1.73

2.38

fean
Radius {pm)

0.146
0.216
0.325
0,439
0.521
0.685
0.1
1.38
2.01

0.43
.14
2,01
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STARTING TINE =21:17%30
ENDING TIME =21:36:39
. = .irot a2 L3L1T 01 L1200 31 .229C 00 L17%F 09 .127C 99 <78%F Q0 «349F 0N 2953E~01 5
ST T T En - 88
. o= <3570 317 T LL51E ot .21CE an <59EL-71 W27 =1 «199E~0] L198E 109 .8317-01 WPPET=02 G £
STARTING TIF[ =21:54:37 Eg &
ENNING TI#E 232:14139 2=
v e P 204F Bl L1330 o1 L1509 JSrar-a1 P 721701 «10Ar=n1 ?8°F AN < T1&F=01 LSORE=n2 7T |
STERTISG TIPL =22:00138 B 2T
CHROIMGE TINE =22:37331 : y;.
W= L1741 31 21770 ot L559L 30 22EL~01 LY T WSAnL =08 L1097 09 2ar 01 107F “1§§§2
SR 1 g . 3
iy SIRAL Y 24320 uf L1250 5 1= 31 W170r=T «921.4-07 <1267 ac 1061201 J7ear-a1To S0
'“'::77?7':"371"”:;T§'772 """"" cEmemEmmT TETEETT T ST e messsSeeSm———
21t 3 3202 3
‘&211.5 4144 ’53 20 e 0o 269 0 LTHTE-01 RTLI ST L1210 =01 £ 77261 L TA0T -0 nr ot



Table B2,

2T TTTTIATA FILL = KRastan T

STARTING IiF -L7=11=3ﬁ

‘Size Daﬁ_a '[d;j; - _'_cts‘lc'm3;]' for 1977 Fiights (con'_{_inue'd)' '

- -

ERD LG TIAL =1 7258 ' _ v
= :UI‘“‘ILbsc"JL_;_'Enzin-a;.. - 148201 L1276 04 .267T 49 .1wir 90 .0A0F 9% LORCE 98 C.Aner 60
-,raagguu ;['E ai? gl 37 - ' B v ) i ' L
ENDING 311479 ; o : N o e
S T " SOl ONeTE 0L, _<SICE 91 .13cn 08 a7770-01 EARFan] JEARE=DL .?szrrn? L1704
TTTSTAATING, T:r -11:!3:3ﬂ o ' B ) -
EYTING TINC k19232220 o . . a
LA GNEL 00T Vet oo .324::on <ARAC- GI .ﬁ17r n1 JHAE AL AGTE- or .4bqr 0? wARTF=04
STAKTING TIRE =16:342 47 E - - - PR -
ENDING TEML =14193239 L : o L :

b SHHUL 0D JEOSE 90 2070 a0 Y. F-01 L FT0E =01 W3nr=a1 S1921 N0 L127F=n1 Jdare-n

T STARLING TIRL =1R:857dn 0 ' ST es s T TTTTTmmmeTE e
- EhD!NG rrv;rslq 14339 - 3 : - o - ‘ .
; < T16L IB3L GO 164K cu .sﬂrc—oi £I09E=-01 $1236~01° o128 0f JANTE=nT .14~smnz-
STARTLHb TIuC PICE Lo 33 - : B T
EMDING TIXE (93 _ _ o .
O & - HGTE 6 uzzr 00 . W lu4T oa ,4125—01 _-.11n1 . w156L=-01 ;.lﬁnr nn; 22108201 732r-
ST&ﬂal%ﬂ T[f&,:l?::? 30 ) ‘ ' B : _
NG TIME =19:196333 , K s _
4RL 907 "LGCAE 00 +120E 0P «&PME-0T ,zrer-qt .z7at—n| LIS1E Of . .244C-R1 W2M2E=N1 -
*5=3‘§9§§2: e : _ .
00 T LSL9E 60 .1&5: 60 J&6IC-01. _,43zc¢91' .1s4t~o= S 16ZF 0N .?nze-oz «213E-01
INEox20209030% , . T - R : _ , .
IW[ =20:36:30 ; ) : . :
J1720 DL b?ﬁﬂ&*co-;h..l?0£ 09 _ .qazc =L 234CE-OL  L2168-01 «172F 00 .39!5—01 © JI08C-02
IHC=20z40235 . - o ' _ o
FIFE-=203:591 30 e . . = - o .
WZL0E. 02 7. .3955.an. . «117E.00. ..ﬁb?[—ul TWTBE=0T  LIANL-01 .155: 00 s28KE=01 73CE~01
TINE =213 1730 0 B S o e , ' S
TINE w2l:20:730; o _ o : o _ " L
309661 L13RE OL e T0SL 00 uzasua? -_,15«5-01; S926E~02 .104[ BN W22KE-02 JNOAE oC
CYINE a31t22:30 RN . ' ' - L
CTIME =31341330. ' _ _ -~ _ : :
S Q1EFEDD .IHﬂE cn «&4E-DL «I2£E-02 -;30??-01 .1k1r~ut .lnlt ao v2 L9E-02 +283F-04
TUSTAFTING TIPC =21353:30 = ; i ' - . N A
' anxu Yo w224 2230 . B : - : _ .

LD L6000 08 T L4208 a0 ~.,.1u £ 00 -3408-01 _  ,1270- L .155;-31 L1995 an . W2%70-02 000F NC
= STAPTIRG‘T!WE-?ZZ=~i=3ﬂ- a _ - .

O OFRDIYG TING . =32:23z3n0 . o : :
S | T 15 T ) 4 S49RE 01 L 241E uu «1056-q1 .ozfc—n? .qﬁqr—n? .1&45 no - .szwrwnz ANIE-04
TITSTARTING. FI¥0 222325237, _ _

ERDIHG TIHr"E?P=a3£31 B o o _ o
WET . e 0490700 .2£1L 06 ,ﬁ.lant b} LAOL-01 . 154T-01 .fl?F-ﬂ’ 2zmEon LAA2F-N] 2 3577=01
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Table B2. Size Data (dn - cts/cm’) for 1977 Flights {continued)

STARTILG TIML =22:45:130
n‘c:olvc "}[ttgé: *:3361[ 00 +1050 00 .4320-C1 «21E0=01 154E=01 L2470 0N +3950-01 . 241E-0)
. AT e e S s N LA PR b R
2[Ea'q" '546[‘5?:25.3h£05 o1 L1260 01 .25Ct 09 L1512 no 1197 0n «1%%E 20 «2516=-0n2 «IN&L=-NA
TTSEABTING TISC sadieqzid A I s LT ras i LAk s s A,
ahtrnlnc '5;[.'2;:~° 3?77L _m L1260 01 «15°C 0n «31F7 60 L2777 a0 L1510 01 «144F N1 «4H17=01
TUUSEIRIING TIRT sEbesmrAs B S e i SR e Ay
"1t"°'"c Ilv, ’5?: ’:3Qu?r 1 o322 N S LA R LI L) JTU1F 00 AT N1 «37727 N «227F or
g e e S S R R s N S e ke i i e ik TR
nq[?3'"° I;;;'-g?:zu: B aia A KPR Lrees e iy ; care an PERT I R L

STRRTING TINL =24:70:30
ENNINC TIML =2%:4):30
DY = $TITL_ U0 J94hE 09 <1700 G0 2707=01 R U T B «0=N1 1777=-91 197792 L1797 =n4
STAATING Tire =243712 40 P
DATA FILD = K. 25.0
H?' " Y34 n
e l H "r 51- 3:35
L1921 01 54997 00 Jluur 31 <1141 0N .5257=01 L1591 01 <1497 01 «211F nC
START v -’1. n
rcu ﬁ }l -21 21 %o
.ul 00 «725E 00 .223E 00 H1TC=01 2477=11 .2731-01 5557 =01 «7277=07 .10Cr=01
STARTINC TIML =21:75:3)
ENDING TIME 221:44:3)
Nt = «T44E 01 e147C G2 249 Q1 1827 00 <2460-01 326F=02 H53T=01 «142E=N2 .0NCE 0C
Stnnr]uc TINL =21:402)0
NOING TIME =22: 5:130
D! = «S4LE G0 «679C 00 219 00 «309(=31 V261 =12 «154C-C1 HOLTF=01 «251=02 J171C-04
STARTI%G TIME =22: 7:30
EKDING TIME -z;:ro::a
% = «407C 20 489E 00 .167C 00 .617C0=01 <407 =11 <214E=01 «551E-01 «60RC=0? <1G50F=N4
STARTING TIML =22:28:)33
ERDING TINE =22:47:3)
D% = «241L 20 3278 00 117¢ 00 e 46IE-0N1 «34CC-01 .127£-01 ST9F-01 «231E=N2 «4620-04
sr:nr 10 TIME =22:49: go
EOINC TIME =238 8139
nn - «lusL an 213C 00 -1238E 00 <IN9C-01 «273F=-01 «2477=0] «55%5[=01 «779F=N4% «0N9F 0C
START 1
BKTING TIAF 143108 3«
N = «152C 90 <425F 0N .173C 00 «401C=01 .340r-01 <1070 -01 «121C 00 «JMRE=-01 «145F=-01
STAFTING Y =23:31:30
ENDING T wt 223:50: 39
DN = .125L 01 L1150 01 <4570 00 .21CC 90 «1791 20 1497 00 «192F 01 «100E 01 «319F-01
STARTING TIME =21:5%2:130
EADING TIMF =24:372:3)
Ny = 2560 22 .2HTE O1L .781C 00 «225C 00 +247C NN .251E on «131F 11 «135F 01 «.13&4C 00

B b T g g S ——
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Table B2. Size Data (dn - ctslcm3) for 1977 Flights (continued)

Slhnt NG TIPD =224:143730
NG TIME 224:%3:39
X 440 00 LO54C On .119€ 00 L279F-01 W2470-01 L154F=01 +S79F=-01 144F=01 .000f 0C
iiifer S
h . m2%h3 :
Dis . 259 00 L219E 00 LT72E-01 L2160=-01 +1547=01 L1276-01 ARTE=D1 «126C-01 .00%F 0C
START T 23216172
eanlE T 3R 3 '
04 = . 105¢ )' 31E 01 L9217 20 L2484E 00 .2%1r 0N L2410 00 J147F 01 9726 A0 L215E-01
“‘”I"E FIRE 232:3
3% & 4 T e TR «244F 1 L2991 01 L1000 01 LA17E NN SSP0L 31 LA50F 01 .117€ oC
STARTIXC TIMr =25:%8:30
*i TI¥0 =26:16: 130
s .J43C 01 LALTE 01 .227C ©1 JTULT AP «2917 0N NIIC_ 66 L5270 O1 L4097 €1 .114F OC
START N “26:16230
N . 'on
nstt"l"s fELF SR iurvc a1 L2577 a1 L1002 91 L1157 1 L9%77 a0 L5107 N1 4I5F F1 L1247 OC
SEARTSNE TEPC »26230830
CATA ]IL: ol '(no;':o'l
TSR FE e
= : H
D% = £215C 12 J179€ 0N 7721 -0l SITRT=02 L 494F =1 L1158=91 L1860 91 2 1 L1307 m
LR
i JIEE BB CSANE 9B L2880 J0 . JSNATSTY <1077 =41 2801 166F 00 9VI=FL  JSSPE-M?
SIS T{EE 3
h = H H
S T8 "84 +515C 00 .247C 20 4063E-01 -4320-01 L2710-01 .590C=11 2230-07 LNOGF 0c
TTTSTARTING TINE =21:49:31 kit
EADIYC TIPE =203 130
Vg .125c 52 L63SE 01 .297C 00 WP1EE-01 .1230-01 W1547=01 #23r=01 «90KE=N] .090F 0r
TTTSTARTING TIN[ =22:10:30 ok
NDING TIME =22:29:30
DN = L 734 G0 L457L 90 L1200 00 .170E-01 .1950-01 6177 =02 .291r=01 «1740-13 JN0RF NC
STARTING TINC #22:31:3) ' T R e el
ENDING TIAE =22:50%10
D = L1390 91 JL04E 01 «T10E-01 L21AC-01 L926T =02 +677C 00 .1107=01 .135r=-01 «T2%E-04
STARTING TIAE 22:52:30 i T e i
FADING Tike 223:11:30 :
on = S4V4E C1 231C 01 +£6CC 00 .302C 0n .34CT 00 L2947 00N L169F 01 L1407 01 L247E-01
STAKTING TINC 223:13:37 L
ERDTHC TIFE 23332130
. «356€ 01 J1USE 01 .%61C 00 .330C 00 .39CE 09 L3777 0N «214F O1 J18&F 01 «3I0EF-01
R TIRETTIRE TIII g e e
ENDING TIME =23:53:30
oK s $224C O1 .10 01 L7910 00 .296C 91 L0 N0 L2751 nn L207F 01 «167E 01 «281F=01

Slll\fl'lc TIRL =23:%5:13
E4DIMG TIKE =24:14:3)0
Di¢ = «2200 02 «602E 00 «222E Q0 «+h79E~-D1 «34CL-N1 «1540=-01 «530C=01 «8T7T0E-N2 «M03r-01
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Table B2. Size Data (dn - ctslcm3) for 1977 Flights (continued)

7% 00 «74lE~-01 .185L 0l «hHLTE=N2 «92hF=C2 .Sdﬁf -01 «253C-01 .NocE oc

END(%C TIME =24:54:30
dh = «1640C 01 «315E N0 «710C=-01 «120E-02 «216E-01 «3J0E=N2 «T5AC=N1 «94NE=0T) «NONE NO

STARTING TINC =24:58:30 s
ENDING TIPL 225:17:30
on = 4 75C 00 -46EE 00 L114E 00 L2167=01 N266-02 «1230=01 757701 «920E-01 .00CE nC
o R
NODI ‘f = r H
O = AnRe"58° 2% 43¢ 00 .0130-01 -307C-01 26 =02 .CONF 20 L712€-01 «2026-02 .000F 00
STARTING TINE =25:40:30
EMDINC TIME =25:59:30
Dii - %610 00 .102€ 09 340 00 .117C 00 -102C 90 LAN2E-N1 JSLAE 0N +32F on «413E-02
STARTING TI“E =263 1:19 2
ENDISG TINME 226:20%30
N = LSHIC 31 LJ64E 01 O66F 00,3241 0N -4147 00 670 0N L2047 01 .169F 01 «279E-01
STARTING TIf =26:22:19 S ek v L
ENDING TINE =26:41%30
nil_ _.lo5c 02 L618F 01 L1778 01 5991 00 L6320 10 L5HIT /A 2201 01 .330€ 01 +ER4E-N1]
STARTING TIFC =26:43:30 SR s G S S R R s b e LR i e woiiiol i i it i
""" DATAERD s Wm o0
STARTING TIFL =17:45:3%
ENDING TIHE 220 4337 :
Nos LI124E 02 S*02€ 01 L4410 0N «93IE~01 «412E-01 $43120-01 L7070 €1 JRTEC A1 L2077 01
STARTVING TIMLD =20: £:17
ELDINC TIME =20:25:130
DIl = L4u5¢ 00 LI4EC 00 .119C 0% L4LIC-01 L2100 «1547=01 .3190-01 L1097-02 .ANCE 0C
STARTING TINE 220:27:30
CRIING T{FE =20:i46:30
DA > 191 82 L136E 00 6176-01 «216E-01 WI2LE-7 2160-C1 HO0F-01 +490F=-51 LTt
STARTING TIFE =20:48:30
ENDING TINE =21: 7:139
D = .204C 00 L157C 00 2556L=G1 _ .1090-01 L1540=01 L121E-01 JA50F =01 +I15E=01 .noec oc
STARTING TIMC 2213 93130
ELDING TIFE =21:28:37
DN = «037E Qv L105C 01 «IHSE 00 SSHLE=D1 L4060 -91 3401 =01 0770=01_  .144[-02___ .00Cr OC
STARTING TIML =21:39:39
CADING TIME =21:49:39
N s L8397t 01 L415E 01 .225¢ 00 L412E-01 L2780 =91 .309r-02 2799€=01__ .315F=01__ .000r or
STARTIMG TI® =21:51:19
ENDINC TIME =22:18%3)
on L1868t 09 L194E 00 «710E-01 L216E-01 «154E=-01 C1HSF=-01 -115E_00 J7140=-02 .0er oc
STARTING TIML =22:12:30 :
ERDING TIPE =22:31:39)
LN = LH56C 01 L728E o1 L1860 01 .R83C 00 +699C 70 WB2iC 00 +340F 01 LI18F 01 «TARE-01
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Table B2. Size Data (dn - ctslcm3) for 1977 Flights (continued)
S T
Dl = 4CE ol L207E 01 «133E 0l L651E 00 .531C 10 .&35C 00 ____=219F C1_ ___:ﬂgg_f_'_l__-__:ggor-OI
B TR T
et EREIL U IR R UL R O )b A RIS 5L S b SN 8 s TR PRI .. o Ol
STRROINE Tihe 33133i33
Dt = 4HE 22 +748E 01 «213E 00 «58E-04 .nN0cc oe
TTUSTERTING TIPT +21:75:30 e sl Lu s G e e el e e
EADING TI®C =23:%3:20
04 = 00 J117€ 00 .278E-01 .000F OC .00CF 0C
TUTSEABTANG TREE s2a:zupian . RS s ey SR SR L R e Ll e S el G
ERDIAG 242162139
Dy = 02 .A5%F 01 .219C_90 «TORE-04 «00CE NC
TTTSTERTING TIC S e g R e S ity b bR A R S e Bl S ead e
ERCINC 234317233
B« LR RS, LR 4 S SRR G 5 SOOI ek b, BB o, SO . RN ok N, Lt
TR 15 3
v = 32 J11%E 02 J36C 00 LIS4E=01  .9260=02  .1990-02  .919€-01 _ +111E-02 .1130-03
e L R e
D = < an .1L0L 00 874601 LAL170-02 o aBP6E=92. - S30NE=DY . sMIBE N0 _sTIF=02  LR21E-N4
R
Div = el 02 .99¢E ©1 275 02 ___sbL70-02  .6171-07  ,9976-01  .142€-02  .00Cf OC
. E e
D il ol .139C 00 +55L7-01 ____s92n0=02  .94%T-01__ .AGIF-02 _ .90CF nc
o UL e e s R R s e
e NIRRT
STAEE T T
4.1 T R D T L IR, 5k SN 0 4. 5.6 .. SRR, ... 5501 SOUBGLY. e SO, L ol b, (|, i L 0 2 0 o
TN T
oN = .110f ot -710€ 00 <2D7€ 00 e 144E-~02 «NOOE 0C
U s e T etk i niiiei e e
e ! :St‘sé"“ 31145 00 <10%€ 00 0 998E-03  L000L GG
R [ e i e e S e s s s et slaRse et s
ol b e e €0 .413C-91 21650 _.287C=02  noep nc
R N R e i
e 59 18 a1 on .10 STT4F=01 .3%9F 00
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Table B2. Size Data (dn - cts/cm” ) for 1977 Flights {continued)
"'E?Eigi'é'????‘iiﬁ?gi?§3"' """"""""""""""" LA e
N ML =13:1%:2
Dt = «244L 01 22620 01,127 01 «543L 00 <4970 09 <6276 00 «373€ 41 $2477 01 LT 1
STARTING TIFL 218341330
{nd | #: alf: :
safe e I M Gl .173C C1 «100F 91 7120 20 «7441 00 -4h1F 01 «395F N1 Wh30F-01
STARTINC TINML =17%: 2:30
ENDING 11H4C =19:21:30
o «251€ 02 «750E 01 .336L N1 «149C 01 «138C 01 e1577 C1 <7291 01 .£32C €1 «291F 0C
STARTING TIML =19:23: ]0
ENDING TIME =19:42:3
N® « T40E 31 .521: oL .3%3C ol «1712 91 .1381 01 «145F 01 L7521 01 «BSTF N1 J11CC oC
STARTING TIPE =17:44% 39
ELDING TIME =20: 3:30
Dy = e297C 02 .977L o1 .475C 01 £173C o1 1070 91 <1350 01 .2021 01 <1597 01 «1747 oOf
R T e
N vE i) e . 1242
N o= «249¢ 01 .L11E 01 -130€ 00 .3700-01 L127F=01 1541=01 LEIF-01 «4C5E-01 aner oc
STHIRETE R
DLl =2N:4%5:
IR RRE ¥ Y 2247 00 .957r-01 $2470=01 026502 2160=01 -452£-01 BTSN «N00F 0C
SRR e T,
: all: :
e T TR 2590C 00 .133C 39 «3090-11 201 =02 1547 =01 652701 «SHETE=04 «NN0E nC
STARTING TI¥CL =21: E:31
ErOLSE TIoC 221:27:37
Dx = «3%3C 00 .%49C 00 2540 02 26501 +5250-01 «2167=01 ST0F-01 $226F-01 0001 nc
STARTING TIFM =21327:30
&\D[‘JC TIFE =2(:47:30
L «454E T +441F 00 «14BC 00 649501 .2470-01 L195C-01 740=-01 JTAAL=NT .A0cE oc
STARTING TI17L =21:49:37
FADING TI¥E =22: B:39
D, = <3550 00 L173C 69 «L40F=01 «123E-C1 £1950-01  L123E-01 «2h4F=91 «IR2F=07 «N0CE O
STARTING TIFL 222:10:30
ENDINC TIFE 222:29:30
hos -151C 92 674 00 2757 €O .5250-01 $2477-01 22797=01_ 1257 -01 L2017 =11 «NI9F e
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Table B3. Size Data (dn - cts/cm3) for 1978 Flights.

NATA FILY = NKYN,APO27

STARTING (I¥F =]14252: D
EANIMG TIME =] 7:11: N
D2 . +117E 01 «37%E 00 +117C 0N .ﬁﬁﬁ[ -01 «N0NF 00 .170F 02 «979F N0 <799 on «179E 00
SYARTING TIYE =17:12: 0
ENTING TINE =17:31: 0
Ny = «103E 00 L1360 00 +117€ On 1997 =01 «189r=-11 .I%QE OI .&lﬁr -n1 ?76F -n2 «4317F=013
STARTILG T1ue '17:12: g
FNOING TINE =217:5%1: D
' = «H32E L «713E 01 .QAOI nl «294% 01 «251F 01 «210F NV «50hE=-02 «251E-01 «INNE 00
STAHYIHG T'"f =17:%2: 9
CaN146 Yl“ =111 0
‘| = MKE 920 «239F 90 «IRS=N1 «1A7C=-D1 « THRF =02 «114C0=-01 «169F=-02 «ABIE=-C4 «N1M0E 90
STARTING TIBC =18:12: 3
ENTIMG TIMF =]a:3]1:
N o= «23F 00 «20%C 00 «N07: =01 «2270=71 « 7597 =02 «754F=N? .I!lE -N2 145 7=0% «NONE N0
STARYING TI™C =1Fz22: °
ENVIIG TT%F =11:51% n
Qi = « 1691 01 A0 9N .7'°r~n1 1160 =N1 .15?'-01 «114F-01 <97IE-01 «147C-03 «149E-04%
STAPTING TI%r =]9:52: n
ERDING TI4T =121l N
5! = 1110 91 « 76 09 hG&T =01 e ?h51 =91 .|"qr -1 2277 =01 «12iF=02 «175F =03 «l44F=DN&
srnurllc TIW =17312: 2
FROIYIG TIPEF =19331: 1
by 1] R « 1211 01 «?H4T 0N «102F 0 .1RIF 71 11410 =-M « 7531 =N2 1217 =02 « 1737 =0T «14F=N4
STAPTING TIMF =2({7:12: N
fM?lNG Tlﬂ =]17:51: n
N g g L1190 01 «12KE 0N .hQPf nl LA71r=n1 HNF=-1 «5160= Ol «TA9F=-n2 «SHARF=NT
e e S S e ol s it st o i P sk o b ba bl e steeld s Ty S
FMNIYG TI%F =20:11: 0
ne = + 273 0OF¢ <7281 21 <1560 01 .kﬂﬂr an «¥%2C MM 2unr 0N 4797 00 «AN4E=N] «1I6E=-N2
STARTING TIvF =20:12: N
FEOING TIML =20:71: D ]
neg = «2¥2F 37 «A7TNE Nl .IOTF 01 «Z214F 0ON J197F 9" «INSFE=01 «240F 00 «1IAE=-N1 «40KhE=02
STARTING TIHMr =29:712: 1
FINING TI4F =20:51: 9
N = «?249F 22 «104E N2 .lZ?f 01 .ZSRF 0n «+159F N1 «127¢ 09 -??5f 00 .100E-ﬂl «1ARE~-02
STARTIYG ;!ur =2N:52: 0
F NN MF =21:11: 0
= b .AQ!F al : «337E 01 «&9GF 00 «121C 01 « 1957 =N «341E-01 « IR = 01 +B55F=N2 «154F=01
STARTING TINFE =21:12: 0O
ThﬂING TIME =21:31: 9
«1257 O1 «126E NO « 110€ 00 «103F-01 «227F=n1 «152E=-01 «TINF=02 «2I85-N7 «ONNE 00
SYAET!%G TIMIr =21:32: 9
FNOIMG TI4r =21:53: n g
M = «416E 01 +136HF D01 «SINE 90 «Z2N5E 0N 1021 nO «hA2F=D1 .070? n1 «h4TE=-D2 «528F=03
STARYING TI™r =21:5%4: 0
FANING TINF =22:13: n
oy = ¢ TF 01 «47%E 01 +139E 01 «383F N0 «114F 01 .250‘ 0n «237F 0N «153E=-01 -l?%F 02

STARTING TINM =22:14: 9
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Table B3. Size Data (dn - cts/cm3) for 1978 Flights (continued).
TTTTDATA FILT = MAN.UAY2
-'s?KI?TnE ;I"T =20: 3: 0
ELDING TIvr =2n:22: 0
% = .b06L 0! <187C 01 « 746 DO «?05F 00 .173c 00 «729(-01 «370F 00 «7T4RE-D1 «.553E-02
—’Srnnrlwc TINr =20:23: 9
DIMG TIMI =20:42: O
Ny = <4360 D1 <1920 20 «H17C 09 LE5F np «114F 01 « TAS5F=01 of 44F=-N1 « JINF=N? «172E-03
STYARTIMG TINF =20:43: N
EUDING TIMI =21: 2: 0
ny = P01 91 430 0N ~189F on AB?F~N1 <AH177=-01 <2657 =01 «179E=-01 <AVRF=-01 <9RNE=D4
TSTARTING TI%F =218 3:. 9 daiglais Sk e e R e SRR B s iy,
FLOIMG VTINM =21:22: 0
7 s 2260 01 <1220 01 L216E 00 <1147 NN « 1 0BL=01 «5101 =01 «74TE-01 «126E-02 «ABSE-04
START['G TI™F =21:23: 0
FXOI0G TI%F =21:42: 0
ny = 197 ol L1737 o1 «25&C Q0 L121F nO «117¢ 90 27537 ~01 «421F-01 «215FE=0? «1N1E=D)
STARTIMG TI®F =21:43: N ;
FEOIMNG TINE =223 2: 0 \
Ny = +211C 01 +124F 01 .230F ne «R7T1E-N] « T5RF=N1 «hB2[ =01 «24KF=01 «13?2E=-02 «STLF=04
sr\a'lnc TI®F =22: 32 n
E*N MG TIPM =22:22: 9 i
N = . 1317 N1 1447 C1 +310F an <155F 00 «1313F a0 «141F=01 « TH4E~-01 «415F=0? «344C=-0)
STARTIMNG TIwr -2;:71: n
EVOINGC TINF =22:42: 1
D= L770F N1 .352€ 01 «998E 00 «215€ ON . .322F 00 «345F NN .TLNF 0N «130€ 00 «450E=-D2
STARTING TIMM -57:«1: 2
EADING TIAF =23: 2: N
i = «112E 02 «331F 01 .l?bF 01 «3309E o0 +572F 00 «JAIF 0N «117€ 01 «211E OO o T2TE=02
STAPTI'IG TINE =23: 3: O
nATL FlLr = HKH MAY Y4
TTSTARTING TINF =20:51: N i
FEOIMG TI4F =31:10: 0 :
Ny = L2978 01 .12AE 01 +439F 00 LS10F=01 «189F=-91 «227F~01 «355F 00 «112F DO «203E=-01
STARTIMG YIF =21:11: N
FLAMIG TINMF =21:30: N
ny = «131F 02 «26H5F NN «178C 00 ¢ INIC = ﬂl «265F=01 «227F-01 «A29E=-04 +NNNDE 0N «NONE ON
STACY[YG TIMF =21:%1: 9
ENNIIG TIWF =21:5%0: 9
Ny = «2648E 07 «IL2E 01 «174F 0N «141F=N1 227001 227001 «43IF-04 <ONOF O <N00E 0N
STARTING TINF =21:51: 0
ENNINMG TIME =22:10: 0
nY = L1305 91 «?27€ ON «HNKF=01 «3410=91 1141 =01 3797 =02 «115F=-N13 <NNNE N0 «NNAE 00
SrA?rlﬂc TI4r =22:11: n
EHNING TINF =22:33: 0
0 = 5178 00 <1590 00 «4925-01 «139F=01 «114{=01 «177F =02 «115F=-01 ~0N0F 00 <NNNE 0N



Table B3. Size Data (dn - cts/cm3) for 1978 Flights (continued).

STARTING TINF =22:%1: 1 s M R el R R R S B e
FLOING TInr =32:60: 9
5? = <779 0? «27T7F G0 « 7957 =01 .1&1'—11 1520 = Ol « 371 =N2 «JA17E-01 +0NNE NN N00E 00
o e e L ek S s i T s A e S s D LR e
rnnlwa TIMF =23:10: N0
e .151r 31 ST 0N L2770 90 L1377 -ny LAr=n1 e LR =01 «?246F =01 2940 =0? LN00F 0N
L T T e by e g s e il S st R R s b e AR R s s S L T
Fi. ')I'C T'r‘r 241:‘0: 7 |
ny = AHLAE 07 «J4F 02 JA628 02 «2RTIT 37 -1!%' a2 « 1527 N2 Ja44F DN «462F N0 «154F 00
STIEKRTING TIwr =23:112 9
FONING TIHr =23:50: 0
ny = « 9740 01 «217F 01 .1nor 00 « 7950 =11 L7261 =71 .50‘!-0! .1asr 0n 22795 =01 +h49F=D1
STARYIMG TIMF =223:515 N
FEOING TIvF =24:10:2 0
nN - <¥3Lr ol +185F 31 .?ﬂﬂf 09 w4177 =71 «455F=N1 .151‘»01 .lhO‘ 0n +249C+N1 «5ARE-NT
STLRYING TIVE =242113 D
FLDIMG TIMF =24230: D
N = « 721 0N «+780GE 0N «HB7C 00 «227C-01 .1“1[ -71 «1397F=01 «55HF=0N1 «107E-01 «591F=-N1
STAPTING 1°MT =24311: °
ESNING TIF =¢24:50: 0
nyN = «2N3E 20 «734C 0D «472E-01 .2?7F -921 e THRI=N? «17°9E=-02 -7455 01 NODF 0N «NNNF 00
STAPTING Ti4f =24:51: 0
NG TIYF =25:102 9
Ny = .557L nn «352f 0D «ATLE~- nl «T52€E=N2 21141 =91 0INE ﬂD .“HRE n? .49ar-n? «174E~0?
"Y!-H'l'lf. TIMF =25:11: N
rwnlﬂo TIVL =25:30: O
N «354T 90 «428%C nr « T20E-D1 « 753%F=N2 « THAF =12 +114F=-01 «136E~-D1 «+618E=-02 «2315=01
St'LTI” TIME =25:%1¢ 9
FfAninGg Ti4C =25:50: 0
iy = <220 9N « 199F 0N «T41F=01 « 7587 =02 «1527=04 « 379502 «I41E- 01 «02F NN JONNE 00
STASTING TI¥r =25:%1* 0
FDING TIAF =252102 9
Y = S 0 b <3710 0N «AH5E=-01 «750F=N2 N0 1N «NN2Z 0N «B54NE=-07? «H49E-NT «NN0E 00
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Table B3. Size Data (dn - cts/cma) for 1978 Flights (continued).

NATH FILS = Nub MaylLn

-

STALTING TI4F =203 5: 9
FAAING TINF =22:241 N
" os L1150 01 L155¢ 01 .572F 00 LAN9E=01 +ORGF =N «b0AE=N1 JT14E=01  .125E=01 «24BE=D2
STASTING 11 =2732%: 0
FADING TIWE =22:164% 9
W os L2758 09 L2911 00 A1 =01 LTSHE=N2 L1R9F=01 L1527=01 «119F=0? «919E-N4 «I45E-04
STARTING TIN[ w22:45% N
FNOING TINF =212 43 9
ny s L2956 00 L1748 00 23417 =61 .114£-01 L0007 00 C179F =02 132E-01 L00NE 00 <00%E 00
STARTING TIAT =23: 5: N
FYNING TIF =21:24: 9
Ny = «bubE 0D JAbAT 00 L4 TE=01 .1790-01 L1R9F=01 1797-02 L1507 =01 L0072 no «000E N0
STARTING TIMF =21:2%: 0
FUDING TINT =23:44: 0
ny = _edkhE (0 INSE=01 L455F =01 L114E=0] <3797 =12 «753F =07 L101F=03 .000E N0 .020F 00
STAZRTING TT¥F 221:45:
FNDING TIHE =243 42 9
0% = 2290 DF W75 =01 «75AT =02 - 7581 =22 «3797 =07 .N99r 09 W143F=04 .NONF 0N L900E 00
STARTING TIiF =242 52 0
FNDING TINT =24:24: 0
oM = $26 00 0N (hhL=n1 L1895 =91 L000L 20 W1521 =01 2377:-02 L0001 0n .N0NE 0O NNNE 00
STARTING TI1F =24:25% 9
FuDING TIH™ 2243441 9 ,
nY s ST LI69C=01 L2651 =01 LTHer=n? L1790 =92 LN9F 00 JL44C=N4 .N0Nr 0N «0I0E 00
T STARTING ?t:r--Q«?qZ:'ﬁ
FL0I%G TIMF =3%: 41 A i
N o= 2Ol O 670 00 JHANE =01 162101 W1521 =01 L1577 =01 JET4F =04 LN0NF N0 LN0NE 00
iy~ TR pp e S R b
Th1%s TI7L 2473248 0
Ny = L1400 10 L758F =01 < 149F=0] L7507 =02 L0091 A0 L0907 An «NINL 00 .N00E N0 «NI0F 00
SIAKTING TI%F =¢5:25: 9 T e
[0L21%C TI4T 22%:44t 0
Ny = LAZ0E 9N L LATLE=DL SLIAE=01  L3796-02 L3714 29991 91 1427 =4 .N0NF 0NN .N09r 0n
e Mg L i dadea i Re s B ek il e Sl SR gt s e
FUDING TIME =243 4% 0
ny_= o203 33 REISOL L3410-01 W1527-91 .1901 99 +0277_09 LN3F 09 .a00f 00 L000F 00
GTANTING TI%1 =2h: £ A bissa kR e S
EROTAG T14T =226:25%F 9
Ny = L2350 30 L1020 00 2 3410-21 W114E-01 sl1ag-a1 L3795 =02 <222 _00 <009F 00 ND9E N0
R e et e i st itaiblbaa s Al sl ska Bl eo R R e S s R i e
EANG Tioe =2ni45: 9
a = W F0hE L102L @9 L189E-01 LTSHL=02 LT7S8F =02 0007 00 L151F-04 +00NF 0N LNA0F 6N
STARTING TILE 226346t 0 e
CWNING TIZE =27: 5: 9
DN = o563L I3 LJU79E 00 163 09 «152E-01 4152r-01 .000E 00 CT6HC=91 +134E-03 .NI0F 06
STAKTLYNG VIYE =27: &3 n T e TR oy
EV1NG TIVE =27:25:
R L 1 263 01 «104E vl L2710 90 «244F 99 ,220C 00 L9791 30 +204F 0N ALIE=02
e e T e e R et tel b v S ke it retali Ty et —
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Table B3. Size Data (dn - cts/cm3) for 1978 Flights (continued).

DATA §ILLE = dNN.“arYll

srunrlwc TIOE wditier 8 T
£4DING TIME 2223533 0
L534L 3N 227 00 «4920-01 L152E-01 S1HIF=01 .759F=-07 WHEE=94 J167E=N4 000E 0N
lAnTl?G TINE 222:54: 9 iFiS R e ety
.Dlub TINE =23213: )
s «JZ6E 00 «121E 00O «3IN3E=01 o’??f -0? .755[-02 «NIDE Oﬂ «STTE=NG +NOJE DO «O000E 00
STARTING TIAL =23:14% 0 r
ENNIYG TI%F =33:33: 0
N = 341 30 .109C=01 «3103E=01 S758E-02  ,758E=02 «179F =07 <719E=04 .NOOE 00 .NNOE 0N
STARTING TIME =23:14% 0
EDING TisiF =23:53: A
Ny = L322t 90 .174E 00 22270-01 - 377€-92 -3797-02 ATA[-02 .00%E 00 <N0NE 0N .000E 00
- -ST:E;EMG Tia 223i%ai
ESNG TEVE 2242133
M = ; +311L 99 «2LSE )N .167} no «114E=-01 «116F=01 «T55F=02 «214E-01 «00NE 0N +0N0E 0N
Sl?P;{#g r{"r =£4=;ﬁ= 1
401%6 TINE =24333: 9
Ny = : of 3VE. D1 HLAL 00 L0020 0N +P33r=-nl «1271 01 « 470 =01 «+4KR1F NN «9R&C=-01 «+ANSE=02
STARTING TLil =243343 9
E500M5 TINT =24:H3: 2
o= Jahlt ol 157 0L LA4lE a0 L205F 00 LIN7E 79 .232F an L1967 01 <2297 00 .781E-02
T I g B FT I R T S T
ELOING TINE =26:13: 9
Ny H1%F Of <2400 01 L1078 01 L2840 00 -3101 69 L277F 00 «948F 00 .211F 0N «128F=01
STARTING TEGF =2%:l4: 0
FaDiNG TI:1 =2%:2332 9
o= L4070 02 o7 9%c Un «%32F 9N «2277=01 - L1521V =n] TN =02 «4330-01 « TIAE=N2 «2T1E=-03
STARTING TI™[ =2€:14: 7
FAMIG T11F =22%:63: 0
M = o TiL 0N «71E=-01 « 7650 =01 «A790=02 « 1791 =02 «N2 o0 «T17M=0¢% «ONNE NN «ONNE NN

STASTING Tl =2%:%4: n

FRIING TINE =20:113: n
Ny = 21031 D9 «75KE=01 L 179:-01 WATOE=(2 L1527 =01 LATIT=02 W 145T=04 £700E_on NINE 0N
STARTING TIMF 2263142 0
YNNG TLil =25313: D)
Ny = .110f on A17L=01 «?27F=01 JTHRE=9? 3797-12 1IN0 N9 L429F=04 L000F 0N LN00E 00
TTTSTARTING TINE 2262142 0
ENDING TIYC =263%3: 0
oy = .253C 99 .117¢ 0N L379C-01 1795 =07 3791 =12 S077F 00 L,1437=04 .000F 0N «NNAE 00
STARTIHG TINM =2R:54% 0
EHIIYG TINE =27:13: 0
Ny = L2957 09 L1147 00 .I030-01 .31795-02 L1797 =n2 21144 -01 J144F =04 .NONE NN .NNNF 0N
TSTROTING TINF 227:14: 9

FL2146 TIMPE =27:71):
"o «193F 0N SnhE=nl L189T=01 « 3797 =02 « 7T5RC=ND «3FIT=02 JNINF AN nnnr on NNNF NN

STARTIMNG TIAF =27:14: 4 ;

FrO0C TIIF =27:53: 29
nn - L3116 on L1140 6 .3797 =01 L1897 =01 L1797 =72 JI140 =0 <5147 =94 .000F 00 .NANE 0N
STARTINIG T1wF 237:53:20
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Table B3. Size Data (dn - cts/cm”) for 1978 Flights (continued).
NATA TILE = “KY.¥AY1?
T STSRTING TINE apiinet &
FUDING TIMc =221 9: 0
W290E 01 W237F 01 .750f 00 LIN7E N0 L220F 00 134F 09 .174E 0N «593F-01 «305E=02
STARTING TISF =22:1n: A
FINING TINE 222329 0
n <429F 91 L4610 01 L9R9F 0N .I22F 0D L4470 0N 23170 00 .925F 00 J167F 0O h19E=02
STIRY[YG TIVE =222:719: )
FUYING TINE 222:49: 0
W - SGLE 01 L5117 01 +105F 01 L171E 00 .383F 79 110 L116E 01 .210E 00 hIF=02
G B R R T L e e i
FUAING TIME =232 92 0
N = JHIRE D1 L490F 01 L1050 0t .2849F 0N L&4TF 99 <1847 00 L1125 01 .234E 00 «80KE=02
v RTIMG TIwF 221:10% A
FRIIG TINE 2233003 0
N «?225F 01 L2010 01 .610F 20 L121F 00 +:59€ 01 .1297 00 ,522¢ 00 .100E 00 «17HE=02
.l’thlNlG TIve «29:30% 9
FAING TINT =23:49: N
N = 277F A L216F 0N L3797 =01 LITIE-N2 «379F =02 756-02  L351F=04 00NE 00 0N 00
STAKTING TIF =21:50: N bl g b PR e e s R e s el e
r-‘qlvgc TIWW =242 9: N
M = 390 0N L2200 00 L1470 =01 «227C-01 W 1527 =01 -157(-01 144004 .000E 00 .0N0E 00
STARTING T1%[ =24:10: N i i R AN A Wi i i il
[5704C TT41 224:29: 6
oa 417E 07 " L174E 00 1521 =01 L1521 =-01 .152r=01 JTSRE=07 -000F 00 L000E 00 NONE 0N
T O o T il i o
F14C TIWF 22643498 9
N = 1276 0 LH6AE=01 114E=01 _ .000E 00 - 7580 =02 L758F =02 «N07F 00 .NONE 00 NGNE 00
STARTING TIVF =24:50: 0 o i
FAOING TIMF 2253 9% N
Mo 144E 07 WH44E=01 1520 -01 J114E=0 «179r =02 L0907 0n .000F 00 .NONE NO .H0NE 00
STARTING T7=¢ =25:10% 9
FRIDING Tl =2%329%: 9
0% = 2776 40 L1217 00 . 265F =01 W 759E~02 000 On $3797-02  L425F=04 «00NE 00 +NNOE 00
sr-<r|wc TI%r =25:30% 9 bR S it P R i iR
EXNDING TIRE =25349: 9
Ny = L390E 34 L.178E 00 «1790-92 «7596-92  ,179(-02 I LNO0F 00 L00NE 0D «NDOF 00
ﬁTAnYIHG G ST O Bt =gy e LT S B e T i A it art Aol bt docloe g o —— PR ————
NENG T1at =203 93 O
i = JIGTE Q9 L1028 00 <307 =01 LTRUF=02 795 =07 NIV 00 +187F=07 L1 T2E=04 LOG0E 0N
T e e s s atiin Sl orohics el s el d st il b i el Ao Dot Moot i
EUNING TIPE 226329t 0
D4 = L277¢ 01 L731F 0N <557E 00 L125C 09 JL17E ND .9090-01__ .29°€ 00 «4S1F=01 «115E=02
STARTIYG TINE =226:30: 9
ELDING TIME =226:49: §
g = " o15%E 02 <438C 01 .146C 3% .523F 09 nB44E ) 5217 on L0 81 < 10SE NN +790E=n2
STAPTING VINE =26:5%0: 0
CADIHG TINT =273 93 0
0% = _elatt 52 L1B4E 01 L152F 01 LS9 90 621F 97 .549¢ 00 +195E 01 .315F 00 AT1E=02
STASTING TIME =27:10% 0
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Table B3. Size Data (dn - cts/cm”) for 1978 Flights (centinued).
DATA FILE = NKM.MAY L4
STLFTING TIvT = 2: Gz N
FUDING TIMC = 2:19: 0
- «JGLTE 01 137k N «+633E 00 «L44C 9D «+220E 00O 1700 00 +413F OO0 «HAIE=-NL «355E=-02
STARYIHNG TitL = 2:20: N
ENDING TIME = 2:39: 1
44 S «152f 01 «297E 0N «l63E 00 «417E=-01 «265F=91 -lﬂQE -01 «A17F=02 «%23F~03 «328F=04%
STARTING TIMIL = 2:40: 0
EXDING TIME = 2:59:2 .
. 287t 01 .5B2E 0N «159E 00 «3410-01 «1B9E=01 «L14E=-01 - 100E-01 «402E-N3 «122E=-04
srairlnc TI*C = 3: 0: 0
ENDING TIMT = 33195 0
: «135E 91 3440 00 <14PF 09 417C=01 L3797 =01 3706 =02 J117E-01 «352€=-0% 1862F=04
STARTING TI®C = 3:20: 0
ELDIYNG TIPS = 32392 9
w = <100t 01 «223E 00 «+B871lF=01 -3%1[*01 «227E=01 «115E=01 «hT77E=D? «240E=-01 «N0GE 0O
STARTING TIHL = 3:4u: 0
ENDING VINE = 3:9%9: n
Ny = «146E 01 «492E 00 «%73C 00 «IATIE=-T1 .758[-01 «548C=01 «112F nn «129E-01 «53AF=03
STARTING TIME = 4: D: 0
E-NING TIFE = 4:19: 0
LR L27F 02 «401E 01 <1376 01 <194E 00 .551F 09 «477C 00 <155F OL «220E nO «TIRE=D2
STARTING TIMF = 4:120: 0
EXNING TIME = 42392 0
Ny = «149F 02 «%33k D1 «9%5E 09 «J3I0F un «AATE 00 «375F 00 «127F 01 «1489F 00 «SO0KE-02
SIARTING T! = 4:40: 2 GRS AR s e e 3 kiAo
ENDENG TINE = 43593 0
b LA +107E 22 «231t 01 « 180E 01 +H&4BE 70 «H5%21 an «O12FE 06 « 74%EF 00 «14%9E 00 «282E~01
S'IR"'-‘G TI“C = &: Q0: 0 o SRR i ok i s e s bt bttt i oot bt s i M
E214C TI1M = %:19: 0
ot 0,_ « 735k 30 +137C 20 « 2L 0N .152[ 21 « 758F - 1? «INNE DN «A25FE=02 «103FE=03 «161E-04
STAPTING TI®E = 6:20: 0 e e R . S iR S o, o~
EINING TIAIT = %2333 1
0% = 4950 09 2160 00 .1313F 0n 2650=01 2276 -01 S 7547 =02 +151F=02 SITVE=04 «158E=04
STARTING TI“F = 5:49: il e i
E.DEMG TIML = 5:5%: 0 .
% s L1390 o1 L01L 01 5301 00 .189F 00 -2330 =11 L7255 =01 +?38£=01 «151E=01 620F=02
R AR N i ey e e T S e S R e e e AR R i i
SOING TIME = 2168 n
™ = L1Lf 9 L126E 0 JA17F 0D «30F =01 LRI =01 02275 =01 H70r=02 £1567-0% «?784F =04
STARTING TIFY = £:2): 2
FrOING TIMM = h3i4y: N
ey = LTLIL 0N 218 90 «®13; =91 193 =1 « 2551 =71 21297 0n «145FE=N? 141 =N4 .0N9F 0N
e b e e c Gt RSttt el A =
FLOI%0 T = 4359 0
9 L0 00 L1 78F 00 L9037 =91 CHERT =01 - 758712 J1erem P4 =02 SHEIT=N4 .000C 0o
e e e Sge-s i siagi Ul ikt et ok b Al oo ksl b et T il e b e

et T T ——————
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Table B3. Size Data (dn - cts/cm”) for 1978 Flights (continued).
NATA FILT = NKN,%AY1A
STARTING TIME =217:4%: 9
ENI1'IG TIME =19: 4: 0
nx = L1000 01 « 142 91 .6701 an .leE 09 .0%%‘«01 «751E=01 «1836-01 «R797 =071 «S44F =04
STAPTING TI~E =1Rr: 5: 2
FRIIMNG TIAF =183262 0
Ny = 073 D1 «191E 01 +617F 00 «155E 09 «137F T «795F=01 «7HNF=01 «198E~-N2 «295F=02
srrntlvc TiMFf =13:2%: 0
P0G TIMr =1Ri44: 0
. <AL Ul «229L 01 .386[ on +136E 20 .lO?l 00 .hl’f—nl «159F=0N1 «1729F=N? «I54FE=-04
STAKRT l'c TINE =1R:45: 9
FHOI%C TINE =19 4: 0 )
I = «H4TE 01 J131L 0l .3ﬂhE 00 «140E 0N <1021 00 «b0hE=-DL «4N4E=-01 « 2117 =02 «l1NE~03
STARTING TIMF =172 %: N0
FNOYLNG TIML =19324: 0O
L LTER 085 41 1791 21 .6«&L an «291f 00 «144L 09 «11%F NN .Ollr 01 KNI -N2 «1505=07
STARYING T4 =17932%: 1
ENTING TINF =173443 9
N o= «413E 01 «102E 01 «4h2F 00 «133¢ 0N «857=01 «hh4E=N1 .ﬁlhf nl «?ME=-N2 «137€-03
SIARTIhG TINE =17:45: 9 T §=
NOING TIME =203 4: )
Dﬂ = JOHAL Ul .179C 01 .&HlE on «201F no .lﬁﬂr nn .ﬂ!\r_nl «hINE-O1 «405F=N2 «153E-03
STARTI® C TIa€ =233 9: 9
ENDING TIME =20:24: N
ON = 1270 ul «1%6E 01 .ZBFL no «S6LAE=01 <1871 =01 .1«1r ﬂl .650F 0z «JRE-03 «2H2E=04
Slthl G TIZE =29:2%: 9
ERILNG TIAC =20:44: 0
2% = «161lE Ol «134E 0L Wblt OO .l??F on «R71r-01 «455E~ Ol «257E-01 «501E-02 < 198E-03
STARTIMG TINE =20: 45‘ 9
TATA FTILF = NKN.4AY27
STARTIMG TINFr =21:58: 9
ENDLING TIVF =22:17: N \
N = « 4731 N1 «717E 01 .100F no «ATLE-D1 «158C~-01 «255F =01 «RI4F~-01 «141€E-01 +247E~02
STERRHIE 1N 133031 3
i MqF =223 :
N = 552 01 «547E€ 01 «155C 01 «424E N0 <3227 00 «157F on «I4TE NN «A91E 00 «4?0E 00
STERT MG Ylhf -5?:10: 2
FALATHG TINr =22:87: 0
N = «242F 01 «Y0SE 01 .S?h; o0 .ZOIT 0o «INSE=N1 «ATLF=01 «972F 00 «B9TE OO +375F 00
STARTING YIMT =22:58: 0
ENNING TIng =21:ll: n
nu = «234E D1 ]hE Sl s 149E 00 117 NN .720‘-0! 2h5F=-01 +106E 00 « T4&NE-D1 «407E~01
STAthﬂG Tiaf =23:13:
POIMG YIME =23337: 0
ﬂu = H710 01 «417€ Gl «284F 00 «759C-n1 303 =01 «152F-01 «A0T7E-D2 «2B83F=-11 N0NF 00
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Table B3. Size Data (dn - cts/cm”) for 1378 Flights (continued).
e ey e R e i A Ay R
FLAIC TIF =21:%7: 0
0 o= <395 ol J288E D1 L2097 00 L3417 =1 2270 =01 L114F=-01 «511E=02 «5H5F=01 «A3ITE=D4
STARTING T =23:58: 0
FANING TINT =24:17: 0
o= .33%¢ 21 .197¢ 01 «341F 00 L729C=01 <4170=01 «301E-01 JTIE=OL «S9E =02 «I70E-03
STARTING TIWF =24:1R: 9, :
DATA FILD = NiN.%AY29
STARTING BINE wabt 9% %
ELOING TIMF =10:28: 9
i = L1260 D? 722 01 6597 90 L7490 LIL7F N - 3411 =01 L292F-01 W2 PRF=02 «189E-01
Tt e s S e e et T A i ik
FNO[NG TIYr =1hz4a: N
ny = 4510 91 JHBSE 5] <451 0N <A7IT =11 LA797=1 CIGLF=0] .2197-01 J112E-€2 «122F=D1
STARTING TIME =14349: 9
FIVNG T1AF =17: B: 9 4
a4 = L633F 01 J455E 01 L190F €0 haar=1 <5687 =01 2197701 ,222F=01 J143E-02 «45IE=04
STAPTING TIVF =17: 9% 3
FUNING TIME =17:28% A .
n; = L214L 01 J159¢ N 193¢ 0 WSINF =91 2H5F =0 .189c-n1 L136E-11 JO51F=03 «G7IE=N4
STAZTIYNG TIMC =17229: D
E CNOING TIME =17:4#2 2
s ny o= +47%E 01 J2E4T 01 <317 00 L106E 0N 303E=01 _ .1495-01  .21hE-01 W5&IE=N2 «4ASE=03
STARTIMG TIMF =17:49: 1
ELATNG TIMF =19: B2 0
"y s LA0NF 01 £499C 01 .297E 00 LATLE=O1 56RE-01  L152E-01 .I86E=-01 L01E=01 A24E~01
srrertuc TIM =19: 9: 9
AING TIC =18:28: 9
Ny = « 7456 01 175 o1 07 69 +HNAE-01 LA1TE=N1 W227E-01 L4330=- JATEF=02 W121E=02
STABTI®G TI¥f =12:79: A T 7 e G
FLOLNG TIMF =1R:4H: 9
o = L7517 91 LA78F 01 .227¢ on WAAARF=N] WHHIF=N] -75F-02 « 471701 L9KSE=02 950F=03
S . : i;’, g‘ e
Py = 192t 91 247F 01 IGTT 0N JIRSE=01 L2657 =01 «152F-01 1HBE=D1 2 TIE=N2 JH22E=01
TTTSTARTING TINF =19: 9: A AR b b i 5o do et et b SRR G R i suti T T
FEOIIC TINE =17:28: 9
ny = L3756 31 L219F 01 J216F 0N +519E-01 +2655-01 L7585-02 J2R4T =01 L111E=01 AS54F=D3
--’-—x;;-;;-;-:;---;:;;:-5-----'-‘---—'- -------- - ————— -~ -~ —— - -
STREOLNE FInr 213ia8: 3
Ny = S571F 0l L322 01 L2865 9N L720E-01 455F =01 L152F=01 L1527=01 J914F=03 ARKE=D4
e e s r s RO v S e 4, R . i RS
MOING TIVC =20: g3 0
D% = L7551 31 22270 61 .250¢ 00 L7750 =01 £4920=11  L,227E-01 _ L161F 09 +14RE 00 +B0IE-01
STERTING TIMF =20: 9 1
CENING TIMD =39:28: 0 :
W= L2231 51 L1776 01 L18HE 00 WHCAE=01 L1140=01 W152E-01 159 0n L151F 00 «A29E=01

R |
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Table B3. Size Data (dn - cts/cm”) for 1578 Flights (continued).
STARTING TI“F =20:29: 9 s imeiabiaiidan et ikt s R s B .
FANING TIYF =20:48: 0
e 2161 N .182¢ 51 <291F 00 +4556-01 - 5637 =01 «492F=01 J4311F 0N +4I0E 00 +246F DO
STERTING TI%F =27:¢9: 1 Sl i
FHOING TIMF =21: 8: n
Ny = SIAE 91 LICAE Ol .182€ 00 +4557=01 L1897 =01 «157F=01 -733E-92 2 THE=03 2 TRE=D4
STERTING TI¥F =21: 93 9
FSNING TIME =21228: 0
0% = L2090 91 141 01 +I57F N9 J114E 00 «3410 =01 +492E-01 J261F 01 142E 01 +144F 00
STARTING TIML =21:79: 0
DATA FILL = MC."AYI1
TTTGTAPTING TIMF =1m: 8: 0 i
FANING TIMF =[8:27: 0
DY = 592 91 «351E 01 L1149t 91 L7216 9n -152F 00 J125E 00 «422F 0N 147E 0O «44RE=D1
U e e e e et e T b R e s e Adeliirea g S0 o
ENDINE TIME =i8:47t 0
NG = 276 91 479 00 J144C 22 WEBERE=n] W 2651 =01 L7537 =02 I 10F=01 «244C=D2 <106E=02
T e e e b e s iR e St sl g e i s
FRND1%G TIME =19: 2: DO
DY = 6L U5 L2T7E 00 L7954 =01 W2270 =01 +152i =01 L7597 =02 J118F=01 «234F=02 +794E=03
AR O Saer e i B R Bl i T
EEYING TI®D =19:27: 1
q = J1u4E 61 LATTE GO L1397 50 L4170 =01 +5197 =01 L2450-01 <&47F 20 «399F 00 .199¢ on
b/ NP = 2239t 9
“’“3!38 {!vc -{3:%?: b 5
Dy = L3430 01 L123E 01 167E 00 «530E=31 L2277 =01 <1147 -01 L7577 =01 JABATHNY W252F=01
STE i cher s §
d ME = H H
Sl 4 My & L5910 01 5720 09 IR =T1 - 341091 -1527-01 +3103F =01 .4430-02 W275F=03
ST T e
NG T1F ag0s2ids
De = L1210 52 JIT5E 01 L4530 JATIE=01 JSHAF=01 «4177-01 H2T0=01 W1ALE=01 1 6AF=-02
---SF“E;I“E TInr =p0:28: 1
ELODING TIME 230:47: 0
0. = b T+ LA19C 01 L4020 90 «I797 =01 4170-01 +2276-91 L7400=01 .193F=n1 «?49E=02
TTUSTARTING TIAL =20:443: N i
ENDIME TINE =ol: 73 0
0y = Tl .330C 01 <4730 0N 6B2F=01 -5307=n1 L1R90-01 W299E=01 J49SE=02 «524E=03
STARTIYIG TIME =21: 43 D
ENNING TIMF =21:27: 0
D, = l26E 22 .577¢ 01 L3261 90 L7510 =91 <2657 =01 -31737=01 «141F=91 B1KF =07 4326 =04
STARTLI%G TI4C =21:28: 0
FAO[IG TIM =21:67: )
n: = . 739¢ 01 LI72E 01 L2777 90 $492F=01 2227F=01  L114F-01 «534E=02 «250E=N3 L0090 09
STARTING TIMT 221:48: 0
FHO15C TIME =22: 7% 9
pY = RUTTEE 170 09 JHTLE=D1 W2270-01 ITE=07 L70-07 JE55F=0? «359F =03 «1430-04
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Table B3. Size Data (dn - cts/cm”) for 1978 Flights (continued).

STERIING TIAF =273 a3 9

FHDLIC TIAF 2223278 0
N = AHOTL 9l 2090 01 210E 90 <4920=91__ ,199c-01 W152E-01 «?295E=01 121F-01 WA1IE=02
srnvt MG TPar =22:20: o

FLOluG TIME =33:67: 9
9y = 541 91 «411€ 01 21668 91,5490 10 .322F 90 J1176 00 L972f 01 J798E 01 .25%€ 01
srrv'twc TIML =272:48: 9 3

DATA FILD = MQUJUNTL

T SIECTINE TIOF siniher n e A

FA0196G TI9F atn: 1: 0
L D L9310 ol 4LIE O <1037 48 <179F 20 THAPF=0] RERITT L794F =01 23197 =01 «SIRF=02
U R s e et s e et et el s bl i

ENTING Ti0F sl 2k '0
Ny e L4501 D1 271 01 L2507 an - 2L5E-01 L3417=-01 «1477-01 <980 =02 794E-01 «43IE=04
STIRTINIC TIML =1h:p2: n el sl e e R e it i e

EAOI%C TIMC =Llhial: 0
o .372F 1 727 01 L1707 29 W4SHT=01 W2277=01 JTHR7 =02 S21F=02 L3I47E=01 .0N0F 00
B T e s i AP S A BRI 55 7 i B

ENOING TINT =17: 7: 9
L D o 8BRT 95 L171€ 04 2570 Ny A1IC 0% LG66F 02 <THHE. 04 L114F =01 «135F-01 «65SE=D2
STPRTING TiMf =17: Rt A i ps =

FRAIC TI#F =17:27: 3
A OTT Y LI 04 JT14F D4 BRI L1377 90 +995¢ 04 -3727=m 414F=02 N00E 0N
R g i v etk B i ol b et i b R i

FEVLING TIYE =13: 0: 9
O JHE0T 26 LANKE 04 1207 04 L1607 9% 1215 1 LTG0 04 EET T 455E-02 AITE=01
S'&UYIWE ]'q'-‘I“; ;: Rt oy e el bR oy sl ia b e R s ot T T LI e SRR il il e otk bl o i

FLAIMC TIMF =13:20% 9
9, = LACNE 90 «079F 0N 07 05 LY T L0929 99 .N39t 00 .A09F an a122¢-01 «HIRE=-D2
I I s T e N Y e LA Rl i ko i i g



