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1. Introductlion

The purpose of the Skylab Cloud Physics Investigation was to assess
tho feasibility of inferring certuain cloud physleal propertlies by remotely
senuing reflected sunlipght in selected spectral intervals. These propor-
ties are: cloud rop pressure level, thermodynamic phase of the ¢loud
particles, optical thickness, a particle size parameter, and the densily
of the particles. The spectral intervals ordginally proposed were in
and just out of the oxypen A band at 763.0 and 754.0 nm respectively;

in and just out of 2.0 ym CO, band at 2.06 and 2.12 um respectively;

2
and 1.61 pm. The particular functions of the channels are summarized
in Table 1.

Table 1

Summary of Technique to Determine Cloud Physical IMarametors

Parametor Technique

Optical Thickness Reflectance at 0.754 um with theorctical rela-
tionship

Thermodynamic Phase Relflectance atio I (1.61)/I (2.125) as compared
to theory

Particle Size Reflectance ratio I (0.754)/1 (2.125) as compared
to theory

Cloud Top Altitude Agreement in macching 0.763 um altitude and 2,006

mm altitude with theory

Particle Density Agreement in comparison of 0,763 ym and 2.06 ym
altitude determination, optical thickness,
and particle size data



II. ‘Transmittance
Transmittance 18 & key parameter in determining cloud top pres-
sure level, The carbon dioxide (2.0 pm) transmittance surves as a
correction for cloud penctration for the oxygen transmittances.
A. Theoretlcal Results
1. 02

Transmission caleulations for the oxygen A band were performed in

Transmittance

two different ways. Line~by-line caleculations were performed using line
parameters derived by Burch and Gryvuakl:gj. The spectral bandwidth of
the 5191 radiometer in the A band repion was such that the frequencies
of interest overlapped into the .74 um H20 band. To investigate these
effects, a copy of the Lowtran 2 [27 computer code was obtained.

Figures 1, 2, and 3 illustrate one of the problems associated with
analyzing the S191 data, namely spectral resolutlon. The spectral reso-
lution of the $19]) in the A band region was about 20 nm. The term
sec 0 + sec ¢ is the sum of seconts of the solar zenith angle and radio-
meter nadir angle in the plane of the sun, satellite, and reflecting
surface., A trianpular instrument response function, F=1-|13%:31L
was assumed for these calculations.

Asuume tﬂut we are trying to determine the pressure level of a
cloud top. Assume that the cloud top is actually at 900 mb and that an
error of 0,01 is made in the determination of the transmittance. For
AX = 20 nm and scc 0 + sec ¢ = 2, this is an error of 70 nlb.  For Ax =
5 nm the error is onlv 130 mb. TFigure 2 ‘“ows errors of a similar
magnitude. Figure 3 shows the "reference” channcl 754.0 nm for the
spectral resolution of the §191. As can be noted the reference or out-
of -band channel is now sufficlently wide that it overlaps into the oxygen

absorption band on one side and a water vapor absorption band on the other.
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In the 5191 daca for January 12, 1974, it was noted that the
intensity op the long wavelength side of the A hand'was greater
than that on the short wavelength side, This will be explained
in greater decail In tﬁe experimental results section. The Lowtran
2 program was used to investipate this effect as it contains
data for other atmospheric gases and aerosol models. Using a mid-latitude
winter model atmosphere with an acrosol distribution that corgegponds to
a visibiliry of 23 km, transmittances were calculated between 833,3 nm
{12,000 cm_]) aund 709.2 nm (14,000 cm-l) in increments of 5 cmhl. (The
Lowtran 2 program actually is parameterized in wavenumbers.) The triangular
instrument responsc functlon was used. The transmittances and instrument
response function vere convolved with the solar irradiance SpQthUHI£3:7 to
give irradiance values for solar zenith angles of 6C° and 80° for heights of
0 and 5 km in the atmosnhere. The results of ihese calculations are pre-
sented in Table 2. Ay is the wavelength of the relative maxlmum and the
short wave wavalength eide of the A band and Az is the relative maximum on

the long wavelength side of the A band. 0 = golar zenith angle,

Table 2
h =0 km
o = 60° g = 80°
Al = 740.7 nn, Az = 786.2 Al = 741.8 nm, A2 = 788.0 nm
1().1) ”"1)
= I/ e = 5
I(Az) 1.040 I(A,) +955
h =35 km
6 = 60° o= 80°
Al = 726.7 nm, Az = 784.9 nm Al = 727.0 nm, A2 = 786.,5 nm
T0) I(\) )
T(_i? = 1,100 T-a.;j_ = 1.047
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I(}) is the computed irradiance at wavelingth A,

The most notable result of these calculations is the steadily
decreasing irradlance ratio within increasing alr mass. Finally
(h = 0 km, 0= 80°) the ratio becomes less than one, confirming
the measurements. The other interesting feature is the shift to
longer wavelengths of the relative maxdunis.. A careful examination of
the Lowtran results indicates that molecular (Rayleigh) scattering
and aerosol scattering are about equally important in producing
these shifts,

2, 2.0 um CO, Band

2
In the spectral intervals of interest, 2,06 1,03 um.and 2,12
4.03 um, there are about 3000 lines. While not all of these are
strong enough to be consldered 1n atmospheric absorption calcula-
tions, there are still too many lines to make line-by-line calcula-
tions practicable. Accordingly the Lowtran 2 E?] program was used
together with an instrument response function and solar drradiance
values [3] to compute the expected irradiances, The mid-latitude

winter mod(l atmosphere with an aerosol model corresponding to a

visibility of 23 km was uscd. The transmission is defined as

. 1(2.06 um)
TI(2.12 ym)?

value, The results of these caleculations are shown in Figure 4,

where T is the computed atmospheric irradiance

B. Experimental Results
1. General Information
The data to be analyzed were divided inte catepories by cloud

type or snow. Measurements of sunlipht reflected [rom snow ficlds
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is particularly useful in that the pressure level (the earth's
surface) of the reflecting surface ls relatively casy to infer and
there i8 no penetrotion problem. Thus the snow serves as a calibra-
tion point. Snow data were obtained for [ive days during the SL-4
misslon, January 11, 12, 20, 22, and 24.

Another useful "calibration" tonrpet is the coastal stratus
that occur frequently along the western United States. Thedir fre-
quent occurrence, usually very uniform tops, and extent make thew
excellent targets, In addition they are almost certair iy composed
of liquid water droplets. Data for coastal stratus were obtoined
duving the 5L-3 mission on August 8, September 10, and September 15,

One of the goals of the experiment is to differentiate between
water and ice clouds, It would thercfore he desirable to obtain
from clowdr vhieceh are komwn to he uniguely one or other, Clrrns
clouds are almost always composed of ice particles, so that spectra
taken from cirrus would alwest certainly be from clouds composed
of ice particles. Data for clrrus were taken en June 5, December
1, December 2, and January 18,

Cloud layers of different heights are often associated with
frontal systems.  An unanswered question about this method of deter-
mining cloud physical parameters is how is it affcected by multi-layer
clouds. In the hope of answering this question and acquiring in-
formation about frontal clouds 1In gencral, spectra of frontal clouds
wuere taken on June 4, Junz 12, June 13, August 5, August 9, January

25, and January 31.
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Another cloud type of particular finterest is the cumulonliyas
or thunderstorm. Attempts were made to obtain spectra of Cbh on
June 4, June 13, August 5, an’ Spetemboer 12,

On June 9, and June 1N, measurements were made of a tropleal
depression,

Due to the poor quality of the DAC imagery,the poor qunlity
of the radiometric data, and the time constraints on the investipga-
tion, Lt was declded not to do further analysis on the §L-2
data,

2. A Band Results

Two methods of analysis for the A band data werc considered
and discarded as inadequate. TInitially it was believed that sampling
would bLe done frequently enough that the wavelengths of interest,

+ 754 and (763 um could simply be read out and ruLioed to plve the
transmissic . wpon examining the actual data it was found that the
instrument was not sampled at thesec wavelengths or even the same
wavelengths every time, Further it was noted that the wavelenpth
of the absorption maxumum (i.e., the band center) as determined by
the JSC supplied wavelength calibration data was slgnificantly
Jdifferent from its true position. An analysis of the calibration
dati revealed the two longer wavelength absorption bands in the BG-36
Schott glass and the band center of the A band {ormed nearly a
straight line. A straight line was fit by least squares to these
three points and this line was used as the wavelenpth calibration

for the A band region. This is discussed more fully in Sce. IV,

RERATTCRILITY OF THE
. .o 3 POCR
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Sceondly it was intended ro use . deconvolution procedure to
Improve the appurent spectrial resolution of the data. However as
the spectra often do not contain data at 754 and .763 ym the decon-
volution procedure could not be used either,

3. CO2 Band Results

The long wuavelength data was processed in the following way:
The raw data (counts) were converted to voltages and then to wave-
Teagth or radiance by algorithms recommended in [7] or [8] or described
elscwhere in this report. The wavelengths of interest are .61 pm,
2.060 pm, and 2.125 um. Screening criteria for wavelength were
used to Insure appropriate values were obtained., All wavelengths had
to be within +,003 ym of the specified wavelengths. The wave-
length closest to the wavelength of interest was chosen and in the
event of a tie (i.e., 1f gamples werce found at both +.061 um and
-,00) um), then the long wavelength value would be chosen. The
ratio of the radiance at 1,061 ym to the vaaiance at 2.125 pm was
computed as was the ratio of the radiance of 2.06 um to that at
2.125 ym. As each spectrum 1s identified by time, the program per-—
mitted averaging between two specified times, Mean values and
standard caviations were computed for all radiances, wavelengthls,
and ratios., The data are presented by target type (i.e., snow,

Ci, ete.), a particular day, and in some instances - .articular

day is subdivided into vanges of air mass.
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Snow Data

January 11

R = 1(1.61)

1(2.125)
to 3.44
January 12
R = 3.602
to 3.39

January 20

R = 3,045
to 4.18

R = 2.128
to 4,11

January 22

R = 3.320
to 3.55

R = 3.300
to 3.39

R = 3.378
to 3.26

R = 3.442
to 3.24

January 24

R = 3.336
to 3.73

R = 3.160
to 3.72

*.568

*.451

+,527

+.285

*.356

t.281

T, 256

+.747

+.605

= 3,553 +.423
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T = ,352 1,060 R = 3.657 *,379
The alr mass ranged from 3.52 to 3,40
1 = ,378 1,086 R = 3.566 t.426
The alr mass ranged from 3.36 to 3.23

Coastal Stratus Data
August 8
T = .576 t.048 R = 3,681 *.220
The air mass ranged from 3.37 to 3.17
September 10

T = 636 t,027 R = 3.598 T,158

No DAC data were taken during this pass, however the estimated range of

the air mass was from 2.5 to 2.1,
September 15

T - 668 +.026 R - 2,805 +, 108

The air mass ranged from 2,66 to 2.45

T = .655 *.034 R = 3.142 *.201

The air mass ranged from 2.45 to 2.27

Cirrus Data

December 1

8/C ephemeris data were not available so that analysis of this day's

gpectra werc not performed
December 2
T = ,780 L.065 R = 3.208 +,371
The air mass ranged from 3.0- to 3.46
T = ,780 t.064 R = 3.238 *.498

The air mass ranged from 3.46 to 3.37



T =

454 F, . 089

- 14 =
January 18

R = 3,173 t.841

The afr mass ranged from 3.84 to 3,82

Not

TS:

ale

analyzad

.515 *.150

ailr mass ranged from

.632 *,053
alr mass ranged from
625 T,062
air mass ranged trom
.525 *.123

air mass ranged from

Frontal Clouds

August 5

Aupust 9
R= 3,11 t.661
3.16 to 2.94
January 25
R = 3.435 *.641
2.86 to 2.78
R = 3.297 *. 549
2.18 ta 2,41
R = 3.105 *1.876

2.70 to 2.65
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TIT. Scattering Caltculatlons and Cloud Models

A. Cloud Models

Both water and lee zlouds were assumed to have Gaususian particle
size distributions, tor the liquld water clouds partleles sizes of
1-20 um were assumed, with 1 and 20 ym bedng cut-of f limits.  The cal-
culations wore performed {n increments of 1 um. Mean radii of 4, 8,

12, and 16 wm were assumed s were stadard deviatlons of 0.5, 1.0, and
2.0 ww.  For the dce clouds the particles were represented as equivaloent
spheres of radii of 10-100 wm in increments of 10 pm.  Menn radll of

30, 50, and 70 ym were assumed as were standavd deviations of 5, 10,

and 15 pm.

B. Scattoring Calculations

The calculstions were performed using Lechniques described in [h. %7.
The caleunlations use indices of refraction devdved from Irvvine and Pollack

{: ﬁ}.

The dndices of refraction are uscd to cempute a Mie scattering
function for a spherieal droplet. The drop size distrvibution is combined with
the sinple particle scattering function to yield a phase function for
siuple scattering layer. By a layer doublinp technique, the scattering
properties of thicker layers may be computed.  Computations were porformed for
wavelenpths of .76 wm, 1.61 pm, 2,06 pm, and 2.12 ypm.  The computations
included a range of albedoes which ean be related to ahsorption taking

place in the cloud layer. The ranpe of values Is piven in Table 3.
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Table }
Wavelength 70 um 1.61 um 2,06 ym 2002 pm
Albedo (watoer) 0.9, 1.0 JO5, 975, 95, L4715, J95, 975,
1,00 1.00 1.00
Albode (lee) 0.1, 0.2, 80, .85, 95, 975, 75, W8,
0.3, 0.4 L90, 95 1.00, 4.3, 85, .40
0.4, 0.0,
0.8

i T et s et

The computations are for ten discrete solar Jueldence and ratellite
vicwing angles vhose cosliunes range from 2,05 to 0.93 in iucrements
0.1, This geneeates o 10 % 10 seactering matrix,

C. Representative Caleulations

As the preceding discussion indieates a tvemendous number of
scattering matrices were computed, 1t would be prohibitive to roproe

duce all of these matvices for ihis veport but vepresentative results

Ration of the out-of=hand channels ave also of dnterest to this In=

vestipation, They arve: S(.76)/5(2.12), $(.76)/8(1.61), and S(1.061}/8(2

§ = geattering matvix.  The voatio, S(1.01)/8(2.12), was to detevwine
the thermodynamic phase of the clowd particles,  Ag can be seen [rom
Figure 5 , theovetdenlly there is an adequate separat fon, however,
experdmental data presented dn Seetion Vo oindicate therve s not suflfi-
cient resolution to veliably diffeorentinte boetwoen water and fee
clouds.  The vatio, S¢.763/5(1.61), is curvently conaldered a botter
chodee to give this information. Results {or this vatlo ave plven

in Flpure 0,

LA2),

L et vy p g e e = Y g C e
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The particle size parometer 1s to be inforred from the ratio,
§(.76)/5(2.12), Figure 7 a shows results for two size distribution
of liquid water drop size distribucions and Figure 7 b shows results
for two ice cloud distributions.

The computations were carried out for a wide range parameter as
indicated in Table 3 and in Sec. IIL. A, TFor the water droplet clouds,
mean radii of 4 and 16 um and standavd deviations of 0.5 and 2 um were
chosen. These values represent extremes in the slze distributions.

For the water clouds an albedo of 1 was chosen for all wavelengths,
This in the maximum theorctical value as determined from the absorp-
tion propertics of water.

For ice clouds, mean radii of 30 um and 70 ym and standard deviao-
tions of 5 and 15 um were used. These values represent extremes in
ice cloud models nged., For the dce elonds the maximm rhearerdiensd
albedo also was used for all wavelengths. For ,76 um this albedo
value is 1.0; for 1.61 pm it 1s .95; and for 2.12 um it is .90.

In all cases the calculations are for solar incildence and satellite

viewing anpgles whose cosines are .95 (i.e., 180).
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v Backgrount Daia

A. Spacecraft lleasurements

An important part of any measurements program is an independent
verification of the parameters being observed. For the Cloud Phynics
Investigation these verifications came from a variety of sources.
Some verifications were obtained from flights of NASA-JSC aircraft,
oéﬁer verifications were obtained from pillot reports filed with the
Naetional Weather Service usually by commercial air line pilots,
other sources were radar observetions of thunderstorm tops, National
Weather Service weather maps, and topographical maps.

Tables 4 and 5 give the relevant parameters for the S§L-3 and

SL~4 data,
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B. Calibration Results

As indicated in Secvion II significant difficultics were en-
countered vith the wavelength calibration in the A band reglon -7
the spectrum. Our initial treatment of the problem was based on
data given on p. 3,7-7 of [j]. This approach was to fit a series
of three straight lines of the form A = AD + Alv tc region botweeon
681 ym and .B78 ym. Segment )} was between ,68) and 745 um; Sep-
ment 2 was between 745 and 753 um and Segment 3 was becween 753
and .878 um. Subsecquently it was learned that most of the data given
in the table on p. 3,7-7 inl:?} wag interpolated and apparently used
a quadratic interpolation formula. The results of this approach
resulted in the center of A band being shifted to shorter wavelengths
by amounts of .0l uym or greater. Since the A band has been extensively
studied in the laboratory and its center is known very accurately,
it was decided to use the A band as a calibration point. Figure 8
shows a plot of ramp voltage vs wavelength for the three Schott
glass absorption bands and the oxygen A band. A lesst squares straight
line was fit to the two longer wavelength Schott glass bands and
the center of the A band., The equation for thils interval, given in
[Té},is also linear and therefore easily inverted. 'This equation
was used between .672 and .744 um. The least squares equation was
used between 745 um and 874 um, More precisely we used

A= Ay C + Ao for 740 < C 5 762
where A = wavelength in micrometers

Ao = ~1,7567 .

A, = 3.2819 x 107

C = no., of counts
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and for 763 < C < 800
A= ACH+A
1 o
where Ao = =1,73655
3

Ay = 3.263 x 107
The equations given in [8] would be of more value to users if they
were inverted (i.e., the ramp voltape should be the independent
variable rather t'an the wavelength),

Significant discrepancies were noted between transmitrance
values calculated using the Lowtran 2 program and those values de-
rived from the S-191 measurements. (Compare values given on pps.
9-11 and Fig. 4.} A number of possibilities have been hypothesized
and investigated in an attempt to explain the differences, The
wavelength calibration was among the possibilities considered. -This
was an area of particular concern as no calibration points beyond
1.91 um were used. Parenthetically it should be noted that there
are a number of absorption features in the atmosphere vetween 2.4
and 2.5 um which éOuld have been used as calibration points.

Figure 9 illustrates the reason for the concern about wavelength
calibiratien. The curve labeled Ic is an intensity curve computed
from the transmission spectra from Lowtran 2, a triangular instru-
ment rvesponse function of half-width .03 um, and solar irradiance
spectra, This curve has been normallzed to 2.125 ym. The armosphere

1s a tropical model. The curve labeled T, is the transmission spectra

computed from Lowtran 2. Tts spectral resolution is .008 um. The
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curve labeled Im is a measured spectrum of coastal stratus taken
September 10, It also has been normalized to 2,125 um. The shapes
of the spectra seem to suggest that the 8-191 spectra are offsect
by between .01 and .02 ym to the short wavelength side. The 8§-191
spectra also seem to show an anomalously steep and long rise after

the absorption minimum at 2,06 um,
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V. Data Analysis

The first imprcssions of the snow data are somewhat disturbing.
One notes that the measured transmittances arve significantly lower than
those predicted in Figure 4. In some cases this difference is a factor
of tws. The other point is the large standard deviations encountered.
These are typically 20% and greater. While somewhat disappointing
in chemselves, nevertheless explanations of some type are possible,

Several possible explanations for the anomalously low transmission
values were investigated and some were discussed in Section IV. The
best explanation however is that snow has a difference in absorption
between 2,06 ym and 2.125 um. This difference can be quite sipgnificant
for some kinds of snow [9] '

The reflectivity of snow is quite high in the visible but decreases
rapidly for wavelengths greater than 1.0 pm, reaching a minimum at about

e e b
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these wavelengths and hence the large variations in transmission
observed.

This decrease in reflectance can be exploited however. Based on
the analysis of only a few days data, it appears te be possible to
differentiate betwecen snow cover and clouds simply by taking the ratio
I(.754)/1(2.125). TFor example, January 20 (Snow) I(.754}/1(2.125) =
161 %63 and September 10 (Coastal Stratud I(.754)/1(2.125)= 26.4 *1.9.
The large wucertainty in the snow ratio is duec to the low values of
1(2.125).

Originally it was intended that the ratio T(1.61)/1(2.125) would

provide discrimination between water and ice clouds and possibly snow

vover as well. The data obtained during this investigation tend to show
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this is not a viable consideration, The two highest ratios are ob-
tained for the coastal stratus cases of Aupust 8 and September 10,
which most probably are liquid water dropleta. The coastal stratus
values of September 15 however fall into the rauge of cirrus cloud
ratios. The frontal clouds show a range of values and gather wide
standard deviations, Similarly there is considerable overlap be-
tween the clrrus ratios and the snow ratios., The snow ratios tend

to be higher but posscess large standard deviations.
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VI. Summary and Conclusions

Further analysis of the short wavelenpth (i.e., the oxygen A
band) data is continuing but it appears unlikely that it will be com-
pleted in time for inclusion in this report.

This investigation has produced a number of positive results.

As a result of thls progpram a number of new scattering calculations

for various models have heen performed. An atmospheric transmittance
program to calculate transmivtances on a line-by-line basis was devel-
oped for the oxygen A band. A copy of the Lowtran 2 program was obtained
and modified slightly for this investigation's particular requirements.
Thus a comprehensive set of theoretical "tools" have been acquired and
can be used to assess the problem.

Useful insights into spectral resolution requirvements, wavelength
catibrarion, accuracy amd dynainic range needs have been galned ducing
this dnvestigation, A number of these Insights have been pained In
the process of analyzing the 5191 data,

The determination of five parameters assoclated with clouds
was the goal of this experiment. These parameters are!: (1) cloud
top pressure altitude, (2) thermodynamic phase, (3) optical thickness,
(4) a particle size parameter, and (5) particle density.

Cloud top pressure altitude Thig parameter was our single most
important coal. No cloud top pressure altitudes were inferred from
the S-191 data. The most important reason for this is that no A

band transmittances were obtained. Due to the wide spectral resoclution
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and variable wavelength sampling no transmittances in the A band region
wvere deduced.  This is discussed more fully in See, II. B, 2, Trans-
mittances which were anomoulously low were deduced in the 2,0 pum
002 absorption band. There are also wavelength calibration uncer-
tainties in this region,
Thermodynamic phase Originally the ratio of I(1.6D/1(2.,125) was
to be usced to determine the thermedynamic phase, Sufficient results
were obtained from snow, cirrus, and coastal stratus to indileate
this ratio is probably not a rellable indicator of snow, ice particles
or water droplets.
Optical thickness The technique to be used for this was dependent
on an abhsolute determination of cloud reflectance at .754 um. The
spectral resolution at ,754 um was such that it overlapped into a
water vapor band and the A band itself. These difficulties coupled
with the wavelength calibration uncertainties and program time con-
straints were such that no attempts to infer optical thlckness
were made. No "in situ" measurements of optical thickiuess were
made, and estimates from peometrical thickness would be extremely
crude,
Particle size No attempt was made to infer a particle size para-
meter. As can be noted in Figs. 7a and 7b an estimate of the optical
thickness is required to make a particle size determination. This
estimate was not available. Also no "in situ" measurements of particle

slze were available,
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Particle density This is probably the most difficult determina~

tion of the five, depending in particular on optical thickness and

particle size, No attempts were made to determine particle density

and no "cloud truth" of this parameter was available.
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