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ABSTRACT

Statistical analysis of refractive index gradients has been ap-

plied to some measurements made in the sub-cloud layers at altitudes

from 1, 000 ft to 3, 000 ft over the Caribbean Sea. The data were ar-

ranged in bivariate frequency tables of & N versus AS and tests were

made to determine if these distributions changed with respect to alti -

tude and horizontal location, and to see if the distributions repre sent-

ing cloud air were different from the clear-air distributions. The tests

revealed a high degree of sampling variability which masked any other

variability which might be present. The distributions of AN show

that over ninety per cent of the values are less than one N unit, reflect-

ing the high humidity encountered at these altitudes.

Autocorrelograms of three low-altitude passes are inconclusive

because lag sizes were too large to detect the gradient activity and the

records were too short for meso-scale variation to be verified. The

co'relogram for a record of data gathered entirely in clear air showed

high positive correlation over a distance of approximately 28 km.

The integrated refractive index change along the aircraft flight

path in cloud has been computed for a number of clouds from both the

subtropical oceans and the continental United States. The mean be -

havior of this integral function is shown for the tropical ocean clouds.

A difference in the size distribution of the integral function between

ii



the ocean and continental clouds is examined and attributed to a

biased sampling of the ocean clouds with respect to cloud-environ-

ment refractive index difference.

Gross refractive index measurements have been made on

additional cloud samples.
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SECTION I

INTRODUCTION

For the past several years the Cloud Physics Laboratory has

been analysing measurements cf refractive index made with an air.,

borne refractometer in and in the vicinity of convective clouds. The

refractive index measurements were made by Tr, R. M. Cunningham

of the Geophysics Research Directorate, Air Force Cambridge Research

Center during the years 1955-1956 in clouds over the continental United

States, the Baham Islands, and the Caribbean Sea south of Puerto Rico

For the most part, analysis work at the University of Chicago has been

coacerned with the clouds situated in the Bahama-Caribbean Region

Some of the final analysis has included continental clouds, primarily

for comparison purposes.

The present report is the first of two final reports summarizing

the refractive index investigations. Two previous reports (1) and (Z)

described data reduction techniques and presented two types of analysis.

one micro-scale and one on a scale of the order of cloud dimensions.

The material presented here represents a continuation of this two-fold

approach, although the analysis techniques are different and some dif-,

ferent parts of the atmosphere are considered.

-1-
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One type of analysis originated by Cunningham and continued

by the Univ-ersity of Chicago is the measurement of gross, or cloud-

scale refra-ctive index features. These include such measurements as

the refractive index difference between cloud core and environment,

cloud sizes, transition zone sizes, and related features. These meas-

urements have been made for additional clouds and are presented in

this report.

A considerable amount of attention has been given to the refrac-

tive index behavior at altitudes lower than those considered in previous

work, in particular, the layer of the atmosphere between the altitude

of cloud b ase s and a level approximately 1, 000 ft above the ground (sea

surface). The refractive index records obtained at these altitudes were

studied by- means of the gradient technique of (1) and (2) and by autocor..

relation axalysis.

A specific problem, that of the cumulative effect of refractive

index turbulence on a line passing through a cloud, was examined ising

statistical methods.

Statistical techniques have been employed throughout the refrac.-

tive inde3c analysis. In particular, tests of significance such as the

t-test, rank tests, and tests using chi-square have been employed and

frequent :reference is made to them in the text. These tests and their

use are described in textbooks in Statistics of which (4) is just one of

the many to which the reader might refer.
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Most of the analysis presented in this report was undertaken to

meet various requirements of the Air Force. In the course of the

analysis some problems have appeared which hold particular interest

for meteorologists. It is proposed to consider some of these in the

second of the two final reports.



SECTION II

LOW ALTITUDE ANALYSIS

A. Refractive index gradient behavior at low altitudes

On several of the late 1956 flights in the Caribbean Area refrac-

tive index measurements were made at altitudes corresponding to the

height of cloud bases and lower. To make these measurements the air-

craft was flown for periods of time of the order of minutes on constant

headings with the Sanborn Recorder running at a fast speed. At the high-

est of these low altitude passes (2, 000 to 3,000 ft) some clouds were

penetrated very near to their bases. On the lower passes (1,000 ft) no

cloud was intercepted, but the aircraft often flew through precipitation

areas.

Seven of the low altitude passes from the flights of 28 November

and 30 November were chosen to be analyzed. Table 1 summarizes the

passes. The 28 November flight was assigned the identification number

4 and that of 30 November the number 5.

Fig. I and 2 show the relative flight paths of the aircraft during

the low altitude passes with cloud penetrations identified. The flight

paths are presented to emphasize the lateral proximity of the passes

on each day.

Photographs of clouds associated with two of the passes are pre-

sented in fig, 3 and 4.

-4-
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The refractive index measurements of the low altitude passes

were subject to two types of analysis: (1) an examination of the statis-

tics of refractive index gradients similar to the examination made for

cloud penetrations made at the higher altitudes (Z), and (2) autocorrela-

tion analysis.

The technique of data reduction for the refractive index gradients

(or more properly increments of refractive index change A N and the

space increments AS over which they are measured) was identical to

that described in previous reports. Bivariate frequency distribution

tables of AN and 4S were compiled and examined with respect to the

altitude of measurement and with respect to cloud air and clear air.

The probltm of separating clear air from cloud air has been

treated somewhat differently from previous analysis. For passes through

clouds at higher altitudes the refractive index record had a shape which

enabled the analyst to designate regions as clear air, transition, or cloud

core in an almost purely objective manner. At lower altitudes the high

environment humidities made for a much less obvious indication of cloud

boundaries.

Besides the refractometer records, two other kinds of data were

present which indicated the type of air which the aircraft instruments

were measuring. The observations of the flight -controller scientist, as

indicated by his comments on a tape record and by a signal into a line

recorder, were one. The other was provided by an Australian liquid-water
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content instrument. The controller's signals were of two kinds: an indica-

tion of the points of cloud entry and exit, and a similar signal for entry and

exit of rain areas. A discussion of the ability of an aircraft passenger to

record cloud boundaries appears in the appendix.

When refractive index records were evaluated and the values of

refractive index entered on punched cards, each card was coded to indicate

if the data point was in--cloud according to any one of the following criteria

or of any combinations of them:

1 the pattern of the refractive index record

2 the controller's in-cloud signal

3. the controller's rain signal or voice comments on the

presence of rain

4. indication of liquid water by the Australian instrument

Absence of any of these was taken as indication that the aircraft was in

cloud-free air and the data point was so coded.

After the computation of AN and .AS the data cards for each pass

were sorted into three groups: (1) those points about which there was no

doubt that they represented clear air, (Z) those points which we were cer-

tain were in cloud air and, (3) all other points. Group three consisted of

the data points which were coded according to the refractometer trace but

which had no other indication of being in-cloud. For each pass the points

in this group were re-examined along with the refractive index data record

and recorded voice comments, and it was then decided, subjectively, whether
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to consider them as cloud air or clear air.

Having grouped the data according to their presence in cloud air

or clear, they were further grouped according to the altitude at which

the measuring passes were made. Two such groups were made, one

for the passes at or near 1,000 ft, and one for those at 2,500 and 3,000

ft. Bivariate distributions of AN versus 4_S were then compiled for

each of these four groups. In these distributions the absolute value of

,L\N is considered. The marginal distributions are presented in fig. 5,

6, 7, and 8. Table 2 presents distributions of "IN values for ZAS meas-

ured below the resolution of the data reduction equipment. Examination

of the frequency distribution curves suggests no difference in gradient

intensity or size distribution between the two altitudes or between the

cloud air and the clear air. The distributions of refractive index incre-

ments show in all cases that about ninety per cent of the z4N values are

less than one N unit. This is a manifestation of the high humidities of

the lower altitudes which allow less freedom for refractive index varia-

tions. This phenomenon is anticipated to a certain extent by the small

values of the range of refractive index change for each of the low altitude

passes (table 1).

In order to see if the distributions of AN versus niS underwent

any significant change with respect to altitude or spatial change, it was

decided to examine them with the aid of statistical tests of significance

What was done was to treat the frequency distribution class intervals as
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columns in a contingency table and the data groups to be examined

(samples from individual passes, altitude groups, cloud and clear air)

as rows. Chi-square for each box could then be computed and the total

chi-square examined at the appropriate level of significance (we chose

5 per cent) Such a test could be performed on either the marginal

distributions or the bivariate distributions themselves.

TABLE 2. DISTRIBUTION OF VALUES OF .iN MEASURED OVER

FLIGHT PATH INTERVALS LESS THAN THE MINIMUM

RESOLUTION OF THE DATA REDUCTION SYSTEM

N Clear Air Cloud Air

0.0 0.4 73 163

0.5 - 0.9 37 78

1.0 -1.4 4 13

1.5 -1.9 2 5

2 0-2.4 2

The purpose of making tests of significance in distributions of

,nN versus AS was to answer the question: Are there significant dif-

ferences in the distributions of refractive index increments with res-

pect to their space sizes when the sample distributions are from popu-

lations respectively: (I) at different vertical positions (2) at different

horizontal positons and (3) in clear air and in-cloud ? With the possible

exception of (2) our data lend themselves to seeking answers to this

problem. On each day the sampling passes were separated by differ-

ences of the order of a few miles (fig. I and 2). On a synoptic scale
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these horizontal distances might be insignificant while on a meso-scale

they might be important. As will be seen below, the tests make this

point merely academic.

The hypothesis tested by a contingency table chi-squre compu-

tation is that of independence, i. e., that the data distribution by columns

(here the class intervals of AN and aS) is independent of the distribu-

tion by rows (the various passes for example).

The first data to be tested were the distributions of passes 4-1

through 4-5. These measurements were made at the same altitude on

28 November 1956. The chi-square test on these data rejected the

hypothesis of independence at a highly significant value (P 0. 0005)

both for clear air and cloud air. This would seem to say that each of

the samples was unique.

The next step was to test passes 4-2 and 4 5: these passes were

separated by approximately 6 km in air space, Here too, the hypothesis

was rejected For clear air P lay between 0. 001 and 0. 005 and for cloud

air P was less than 0. 0005.

Two more such tests were made. All of the clear-air data for

the 2, 000 ft passes were pooled and compared with the cloud-air data for

the ;ame altitade, and finally the cloud-air and clear-air distributions

for 2, 000 ft were compared with those of 1,000 ft In both cases the hy-

pothesis of independence was again rejected.

. tp-it-,ntly iny .y:tematic variation in the distribution of N

ver ;u S within the -mall regions of the atmo phere which we are
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considering here is either absent or indistinguishable from the variability

among the samples as treated in our testing framework. A lack of varia--

tion in the distributions over altitude changes of 1, 500 ft should not be

surprising. Where altitude variation has been shown (1, 2), the altitude

ranges have been of the order of thousands of feet rather than hundreds.

Indeed data taken at altitudes separated by 1, 000 ft were often combined

and considered to represent a single median altitude

The data for all passes in pooled form are presented in Appendix

I, Only the cloud, and clearair identity has been maintained. Once

again the difference between two distributions is highly significant sta-

tistically. In this case, however, it may be safe to draw some more

nearly enlightening conclusions.

An examination of the two distribution tables reveals that the

largest differences between them lie among the "limb" boxes. For nS

values less than 5 meters the largest A N's are more frequently found in

the cloud samples. For small values of AN the larger S values pre-

dominate in the clear air This seen-is rcasonable. Our rules for sepa-

rating cloud air from clear air have caused us to label any low-level

analogue of the transition zone as cloud air, Previous work has shown

that the larger AN values measured over small distances (larger gra-

dients) are most frequent in the transition zones. Small values of the

refractive index gradient usually are most frequent in the clear air.
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B. Autocorrelation of low altitude refractive index records

A different approach to the examination of refractive index be-.

havior at the lower altitudes is that of autocorrelation analysis. Auto-

correlation coefficients were computed for low altitude passes 4-7 and

5-3 and a pass from another flight, that of 20 November. The latter

pass was made under conditions similar to those of the low altitude

passes discussed in the preceding paragraphs.

For all three runs the correlation coefficients were computed

for lag units of 0. 1 sec of refractive index record. A second set of

coefficients were computed for run 4-7 using lag units of 1 sec. The

choice of these lag sizes was dictated by convenience of data reduction.

It is generally agreed that in autocorrelation analysis the maxi-

mum number of lags should not exceed 25 per cent of the total length

of the record under consideration, Some statisticians, with whom the

author has been able to discuss the problem, suggest the optimum num-

ber of lags is about 5 pei cent, As a compromise we chose 10 per cent

for these computations.

Since we are using a time-series analysis tool to examine a

spatial quantity, the lags are converted to flight..path length using the

mean air speeds of the respective runs. At B-29 air speeds a lag of

0. 1 sec may be thought of as corresponding to 10 m of flight path. By

reading the data record at such an interval we exclude most of the

gradient-scale refractive index activity. In i:he tables of Appendix 1
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approximately 90 per cent of the cloud-air gradients are measured over

distances of les.s than 10 m. The 1 sec lag unit precludes the considera-

tion of all the data in Appendix I and all but a trivial number of the gradi-

ent sizes encountered in the previous gradient studies.

Fig. 9 and 10 present the correlograms. Table 3 presents a

summary of the flight data associated with the passes. We can see

from the figures that the correlograms have detected no periodic phenom-

ena, Perhaps the beginnings of a cycle are indicated by the correlogram

for 20 November. It is interesting to note that for pass 5-3 which was

made entirely in cloud-free air, very high positive correlation is main-,

tained through the region for which the correlation coefficients were com-

puted. It would seem reasonable to expect that any periodicity that appeared

would have wave lengths of the order of the distance between clouds. The

20 November pass made 4 penetrations into cloud air. If the negative part

of that correlogram is indeed half a wave length of oscillation, the wave

length of approximately 3 km which it suggests would certainly be a reason-

able figure for cloud spacing.

TABLE 3. SUMMARY OF AUTOCORRELATION PASSES

Pass Altitude Path Length Path Length No. of Path Length
(feet) per 0. 1 sec Total Clouds In Cloud

Entered
20 Nov. 1956 2400 9.9 m 27.9 km 4 350 m

4-7 1000 9.0 m 16.0 km 2* 4600 m

5-3 1000 8.6 m 27.6 km 0 0

*A/c passed through a rain shower below cloud bases.
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It is evident from the -e correlogram, that the atmospheric varia-

tions which govern the refractive index variation as measured here are on

a scale which runs from between-cloud distances down to the me so-scale

distances. The near identity of the two correlograms for pass 4-7 demon-

strate s that 0. 1 sec lag at B-Z9 air speeds is a much smaller unit than is

necessary to examine this type of refractive inde.. -ctivity. On the other

hand, the 0. 1 sec lag is too large by perhaps a factor of 4 to furnish an

autocorrelogram of the refractive index variability which has been examined

in gradient studies.



SECTION III

THE INTEGRATED REFRACTIVE INDEX CHANGE

ALONG THE AIRCRAFT FLIGHT PATH WITHIN A CLOUD

A. Introduction

The effect exercised by a field of refractive index gradients upon

a ray passing through it is cumulative, being integrated along the path

of the ray, starting at the boundary of the field, In this section we pro-

pose to examine statistically this integrated refractive index change along

a line. The line is that of the aircraft flight path. The refractive index

gradient field is that of cloud air, both transition and core.

The function which we consider is -1ANdS, where S is distance

along the flight path from the inbound cloud edge n N is the difference

between the refractive index at any point within the cloud and that of the

environment at the cloud edge. Fig. 11 shows schematically ,/ NdS

with respect to the refractometer records as the aircraft penetrates a

cloud. The value of the function fA NdS at a distance S from the cloud

edge is the area bounded by the trace of the refractive index record, a

horizontal line at zero .5N, and a vertical line at distance S. The di-

mensions of the functions are N-unit meters.

B. Computation methods

Computations of '6NdS have been made for two groups of clouds,

a sample from the Bahama flights of summer 1956 and a sample from the

continental flights of 1955.
-15-
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The clouds chosen for the computations of ANdS from the 1956

flights were those for which refractive index gradients had been com-

puted by machine methods. For these clouds values of gradient AN and

A S already existed on punch cards. To arrive at ANdS the problem

was essentially to sum the gradient /N's and LSIs after the cards

were placed in proper sequence. This was accomplished on the Univer-

sity of Chicago's Univac.

In evaluating ANdS for the 1955 clouds, areas under cloud de-

flections of the refractive index records were measured by means of the

Benson-Lehner "Oscar".

C. Mean behavior of ) ANdS

In analyzing the results of the computations of LAINdS, it has

been our purpose to attempt to determine what values of the integral

might be expected at selected points in the atmosphere with reference to

altitude and horizontal distance from the cloud edge.

Fig. 1Z through Z3 present mean values of the function j NdS

for the first 00 m of cloud flight path by altitude groups. Also shown in

these figures are the extreme values of the function for each sample for

which the mean is computed.

The data in fig. 12 through 17 are from the summer flights of

1956. The 4,000 ft clouds are from the 19 June flight, the 9,000 ft clouds

from the 21 June flight, and the remainder from the flight of 15 June.
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There are clouds in which the integral function is seen to be

negative over part or all of the flight path segment (200 m) shown in

the figures. This is an indication of values of refractive index within

the cloud which are lower than the refractive index at the cloud edge.

In many cases this probably indicates an error in determining the

exact point at which the aircraft entered the cloud. Although in most

cases clouds are exactly defined by the shape of the refractometer

record, there are exceptions and in these cases other factors must

be considered in order to locate the cloud edge. The exceptions are

generally of two kinds. When the aircraft penetrates clouds at low

altitudes with high environment humidity and a large amount of refrac.-

tive index turbulence in the environment air, it is often difficult to pick

the exact break in the refractive index record which identifies the cloud

boundary. At the highest altitude of cloud penetration, where there is

negligible change in refractive index from environment air to cloud air,

there is no break in the refractive index record to identify the cloud

edge. In these cases the cloud edge is determined from the signal given

by the controller-observer, riding in the nose of the aircraft. This

signal may be in error by more than + 1/Z sec (Appendix II) for several

reasons, most important of which are difficulty in making the decision

of the precise moment of aircraft entry into cloud and the time lag in

putting the signal in the record once the decision has been made. At B-29

air speeds 1/z sec corresponds to a distance of approximately 50 m.
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In order to demonstrate an altitude variation in the integral func-

tion, all of the mean curves for the summer 1956 clouds are presented

in fig. 24, Although the sample for which the mean functiois have been

computed are selective, we may generalize on a few aspects of the fig--

ure.

Among other things the integral functions reflect the state of

environment-saturation refractive index difference. We shall see later

that, unfortunately, our sample of clouds is biased with respect to this

measurement. However, the variation with altitude cf environment-

saturation refractive index difference is demonstrated rather well here.

One may expect fo find the largest values of environment-saturation re-.

fractive index difference where convective clouds have penetrated dry

inversions--the trade-wind inversion in the case of these clouds over

the Bahamas. The maximum mean value of the integral at 6, 000 ft in

fig. 24 might be considered to demonstrate this, although the 6, 000 ft

data were acquired on a day (15 June 1956) when the trade-wind inver-

sion was relatively weak (1). The 4,000 ft data (from the flight of 19

June) were acquired in the relatively high humidity region below a strong

trade-wind inversion. The remaining functions decrease in value with

altitude in a way which follows decreasing environment-saturation refrac

tive index difference.

To say that the integral function reflects the amount of refractive

index change from environment to core (saturation) does not tell the whole
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story. The question of how much saturated air is included in the first

two hundred meters of cloud flight path still remains. This problem

will be dealt with in another part of this discussion. Let us merely

state here that, except for extremes in altitude difference, the size of

the transition zone is relatively insensitive to altitude' variation.

Another way of examining the mean behavior of the integral furic-

tion may be seen in fig. 25. Here isopleths of /\NdS are presented on

an altitude-distance graph, based on the mean measurements of the

clouds over the Bahamas. In fig. 26 are drawn isopleths of the value

of the A\N of the integral function, that is the mean refractive index ir-.

crease above environment refractive index at the cloud edge. This is,

of course, the derivative of the integral function along the aircraft flight

path. From this figure we may infer that the integral function will under-,

go its greatest increases in the lower alLiLude., although not necessarily

at the lowest, This is merely a restatement of the fact that the largest

environment to cloud refractive index differences will be found near the

trade-wind inversion. Along a given flight path the largest value of ' N

will of course be found in the cloud core and this is shown, except for

the lower altitudes, by an increase in LAN with distance into the cloud.

In the lower altitudes many of the cloud cells examined were less than

200 m in extent. The closed isopleth with the value of 8 N-units demor--

stratee that there were a sufficient number of these clouds in the ample

to show a mean decrease in AN with distance beyond approximately 120 m.
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For the purpose of examining more closely the behavior of the

integral function at the cloud edge, the mean values of L N and .i NdS

for the first 40 m of cloud flight path are shown in tables 4 and 5. For

each altitude group the first 40 m has been divided into 4 class intervals.

Means have been computed of all cloud measurements falling in these

class intervals. The means and the sample standard deviations are pre -

sented in tables 4 and 5.

D, kLNdS in ocean clouds and clouds over the continent

The clouds which are represented in fig 18 through 23 were

measured on four of Cunningham's flights over the United States in June

and July 1955. The clouds for 30 June were found 30-50 miles nort iwest

of Boston. On 17 July clouds were measured between Bedford, Massachu-

setts and Wright-Patterson Air Force Base, Ohio. The 19 July clouds

were found northeast of Tucson and the 31 July clouds were found in the

vicinity of the Arizona-California border.

Because of the geographical diversity of the continental clouds, the

data for each flight are presented separately, In presenting the data for

19 and 31 July, the integral function has been averaged over a larger alti-

tude layer than it was for the Baham clouds. This was done to obtain

suitable sample sizes.

We wish to compare the integral function in the clouds over the

United States, which we shall designate a,. "continental", with that of
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the clouds from the Bahama flights, which we shall designate as "ocean"

clouds. For the purpose of comparison we consider as a statistic the

value of f/NdS at a point Z00 m from the cloud edge. Fig. Z7 shows

the value.s of ( LNdS) 00 m from the two cloud populations with respect

to the altitude at which they were measured The sample from ocean

clouds is seen to be distributed about smaller median values than that of

the continental clouds. This is true whether we consider the samples as

a whole or separate them into "low" altitude and "high" altitude groups,

the boundary between high and low altitudes being placed somewhat arbi-

trarily at 12, 000 ft. Tests performed on these sample distributions show

that the difference in medians between continental and ocean clouds is

statistically significant.

There are two possible explanations for the apparent tendency to

ward larger values of ( JNdS) ZOO m in clouds over, the continent. If

tran.ition zone.i are leS 3 than ZOO m in size more often in the continental

clouds, then in sampling at 200 m we have sampled.transition air more

often in the ocean clouds making for smaller value 3 of the integral in these

clouds. If cloud-environment refractive index difference., are le s for

over-ocean clouds than for clouds over the continent, then the integral

function will be le , 3 for the ocean cloud.3 at all distance s.

Table ; 6 and 7 show distribution of the sizes of transition zone 3

for all of the clouds for which refractive index measurements have been

made. These include both inbound and outbound zones. Table 8 presents
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the ize distributions of the zones through which L\NdS was computed.

Statistical tests performed on these distributions to inquire if zone sizes

are ignificantly larger in one population than in the other are inconclusive.

In tables 9 and 10 we examine transition zone sizes with respect

to ZOO m. Statistical tests on these 2 x Z tables show that there is no

significant difference between continental clouds and ocean clouds as

regards proportions of transition zone sizes greater than or less than

ZOO m. This applies to all of the transition zone measurements and to

the sample of measurements through which the integral functions were

computed. We may conclude then that in choosing the Z00 m point to

evaluate the integral we are not sampling transition zone air mo e often

in the ocean clouds.

TABLE 9. DISTRIBUTION OF TRANSIT1ON ZONE SIZES WITH RESPECT
TO ZOO m ALL DATA

<200 >ZOO
meters meter - Total

Continental Clouds 57 19 76

Ocean Clouds 268 103 371

To.tal .. .. . .. 3.Z5 1ZZ 447

TABLE 10. DISTRIBUTION OF TRANSITION ZONE SIZES WITH RESPECT
TO Z00 m ZONES THROUGH WHICH J NdS WAS COMPUTED

< ZOO >ZOO
meters meters Total

Continental Cloud 3 Z7 16 43

Ocean Clouds 23 28 51

Total 50 44 94
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Table 11 summarizes the measurements of refractive index dif-

ference between cloud core and environment air, Nc-N 1 (fig. 28). The

measurements in the distributions labeled "sample" apply to the clouds

for which integral functions have been computed. The data in the "popu-

lation" distributions represent all the gross refractive index cloud

measurements of (1), of Section IV, and some m,,e and reported by

Cunningham (3).

The difference in sample means of Nc-N 1 is statistically signifi-

cant, and is in the right direction to account for the difference in values

of ( NdS)Z0 0 between continental and ocean clouds. The difference

in population means is significant, but has a sign opposite to that of the

difference in sample means. Further tests show the continental sample

to be representative of the continental population but not so for the ocean

sample and ocean population. The ocean sample of measurements of

cloud-environment refractive index difference contains an unrepresenta-

tive proportion of small values.

Conclusions: We have measurements of the integrated cloud-environ-

ment refractive index difference along the flight path of the measuring

aircraft. These measurements have been made in two cloud popula-

tions which may be considered meteorologically different: clouds over

the sub-tropical ocean and clouds over the continental United States.

The measurements show larger values of the integeal function for con-

tinental clouds. These larger values of the integral may be accounted
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for by larger values of cloud-environment refractive index difference

associated with the continental clouds for which the integral functions

were computed. A much larger mass of measurements of cloud en-

vironment refractive index difference from both cloud populations

show a tendency for this statistic to be larger in the ocean clouds. Had

we taken a larger sample of ocean clouds, or a more representative

one, we should expect that the ocean clouds would produce larger

values of the integral function.

It remains to explain the reason for the unrepresentativeness in

our sample of ocean clouds. The greater frequency of larger values

of cloud-environment refractive index difference in ocean clouds is

generally attributable to the measurements made in the dry air above

the tradewind inversion. The bulk of the cloud measurements for the

computation of the integral function of the ocean clouds were made on

data from the flight of 15 June 1956. Soundings onthis date (1) show

relatively high humidities throughout, and measured values of cloud..

environment refractive index difference on this flight were relatively

low. This relatively non-typical day in the sub-tropics would seem to

be leading us to spurious conclusions about comparative sizes of the

integral function in continental clouds and clouds over the tropical

oceans.

Table 12 offers the distribution of cloud sizes (length of flight

path in cloud) for the clouds for which / L NdS was computed. These
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sizes apply to single convective cells and are comparable to table 13,

although here several cells may have come from one cloud.
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SECTION IV

MEASUREMENTS OF GROSS REFRACTIVE INDEX FEATURES

OF CONVECTIVE CLOUDS

The foundation of the analysis of refractive index features of

convective clouds is a model defined by the shape of the refractive in-

dex record trace as the aircraft passes from clear air through the

cloud back into clear air. Fig. 28 presents schematically certain

fundamental measurements based on this model. Cunningham (3) has

provided summaries of these measurements for some continental clouds

from his 1955 flights. In (1) the measurements for clouds over the

Bahamas on 15 and 19 June 1956 were presented. In this section these

measurements are offered for several of Cunningham's late 1956 flights

in the Caribbean Area and also for two of his 1955 continental flights,

the 17 July flight from Bedford to Wright Patterson Air Force Base and

the 31 July flight west of Tucson.

The sizes of transition zones have been presented in tables 6

and 7.

Fig. 29 through 35 show for each cloud Nc-NI, the difference

between refractive index in the core of the cloud and refractive index at

a point sufficiently remote from the cloud to be deemed representative

of undisturbed environment air. Also presented in these figures is a

curve representing the refractive index difference between an environment.

-3Z-
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defined by radiosonde temperature and dew point, and saturated air at

radiosonde temperature. The radiosonde ascents chosen were those

nearest to the appropriate cloud areas in time and distance.

It is evident from these figures that the radiosonde and the air-

craft do not necessarily sample the same refractive index atmosphere.

The explanation for this which immediately comes to mind is the fre-

quent remoteness of the cloud areas from the radiosonde station in both

time and space. For example, clouds investigated in the Caribbean

were compared with the San Juan sounding. The cloud areas were often

as far as 200 miles from San Juan. In fig. 36, D, the difference between

computed and measured environment -saturation refractive index differ..

ence is plotted against distance from the- radiosonde station. These data

include measurements from the late 1956 flights and from the flights of

15 and 19 June 1956. The distances are computed from the position re-

ports in the aircraft navigator's log and are accurate only to several tens

of miles. Nevertheless, it is evident that the size of D is not dependent

upon the distance. A similar absence of a relationship between D and

the time between the cloud measurement and sounding is demonstrated

in fig. 37. It seems reasonable to suppose that the frequent lack of agree -

ment between radiosonde and refractometer measurements to saturation-

environment refractive index difference is merely a mdnifestation of the

natural variability of water vapor in the atmosphere.
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Tables 13 and 14 present the frequencies of cloud-size measure-

aent with respect to the altitude of cloud penetration. All of the cloud

size measurements for the flights of Z0 November, 28 November, 30

November, 3 December, and 7 December are pooled. Table 13 includes

only single cell clouds, Table 14 contains measurements for clouds

which consisted of more than one cell or which had air within them ex-

hibiting refractive index values approaching those of environment air.

Fig. 38 through 44 show NZ-N 1 for the clouds from five of the

late 1956 flights and 2 of the 1955 flights. The measurements presented

in these figures are the ones made at the inbound cloud face. N2 -N 1 is

a measure of the modification of environment refractive index due to

the presence of cloud. When converted to units of humidity, N2 -N 1 is

an indication of the amount of environment moistening which a cloud may

produce. When presented as they are here, the values of N2 -N 1 are dis-

tributed about a mean value of 0. This is because the aircraft headings

on the cloud penetrations were fairly well randomized. It is not too dif-

ficult to demonstrate that there is a rather high correlation between the

values of N 2 -N 1 and the heading of the aircraft with respect to the direc,.

tion of the shear vector which is acting upon the cloud at the altitude of

measurement. An investigation of environment moistening based on

these measurements of N 2 -N 1 and its relationship to vertical wind shear

is the basis of analysis to be considered in the second of these final

reports.
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Fig. Z. Aircraft flight path du, ring low altitude refractive index measurements,
30 November 1956.
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Fig. 3 Low altitude pass 4-5 was made skimming
the bases of these clouds.

Fig. 4 Low altitude pass 4-7 went below these
clouds and passed through the shower area.
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Fig. 28. Schematic representation of refractometer record for a cloud penetration,
to demonstrate gross cloud refractive index measurements: N -N the

core -environment refractive index difference; NZ-N 1 , environmcenl re-
fractive index change approaching the cloud; transition zone size; cloud
size. N 1 is measured at least 15 sec prior to cloud entry.
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APPENDIX A

The refractive index gradient data from the seven low altitude

passes are presented in the following two tables, one for clear air

measurements and one for cloud measurements. The tables are bi-

variate frequency distributions of /\N, the abscissa, versus AS, the

ordinate. The class intervals of 4N are in N units, those of tS in

meters.
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Clear Air

N 0.0 0.5 1.0 1.5 2.0 2.5 3.0 .5
-0.4 -0.9 -1.h -1.9 -2.4 -2.9 -3.4 -3.9 Total

0.0
-2.49 915 427 39 6 1 1388

2.5
-4.99 1266 510 52 17 6 2 1 1854

.5.0
-7.49 935 302 42 11 1 3 1 1295

7.5
-9.99 619 188 20 4 1 832

10.0
-12.-49 383 8P 10 2 2 485

12.5
-14.99 192 62 11 1 1 267

15.0
-17.49 163 32 7 1 1 1 205

17.5
-19.99 138 20 2 2 162

20.0
-22.49 143 21 2 166

22.5
-24.99 44 10 2 1 57

25.0
-27.49 38 5 1 44

27.5
-29.99 28 6 34

30.0
-32.49 24 2 1 27

32.5
-34.99 22 22

35.o
-37.49 5 3 1 9

37.5
-39.99 14 1 15

40.0
-42.49 11 1 12

42.5
-44.99 27 2 29

45.0
-47.49 12 3 15

47.5
-49.99 11 1 12

Total 4990 1682 192 45 12 6 1 2 6930
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Cloud Air

, N 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5-0.4- -0.9 -1.4 -1.9 -2.4 -2.9 -3.4 -3.9 Total

0.0
-2.49 1196 572 113 31 9 4 1 1926

2.5
-4.99 2035 881 149 39 6 6 2 2 3120

5.0
-7.49 1250 467 65 11 4 1 1798

7.5
-9.99 879 175 24 3 2 1 1 1085

10.0
-12.49 368 93 11 3 475

12.5
-14.99 185 29 5 1 220

15.0
-17.49 80 17 2 99

17.5
-19.99 58 12 3 73

20.0
-22.49 38 4 1 43

22.5
-24.99 24 4 28

25.0
-27.49 7 7

27.5
-29.99 9 1 10

30.0
-32.49 8 8

32.5
-34.99 2 2

35.0
-37.49 1 1

37.5
-39.99 2 1 3

40.0
-42.49 2 2

42.5
-44.99 1 1

45.0
-47.49 2 2

17.5
-49.99 3 3

Total 6149 2256 373 88 22 11 3 4 8906



APPENDIX B

Fig. 45 through 49 present certain refractive index features of

some illustrated clouds. The clouds were selected from the late 1956

flights over the Caribbean. The photographs were made between 15 and

30 sec prior to cloud entry by the aircraft.

Graphs in each figure show respectively the refractometer

record through the cloud and A! NdS for the first 300 m of cloud flight

path. In the graph of the refractive index record zero on the ordinate

scale represents environment refractive index (N 1 in fig. 28) and zero

on the abscissa scale is the edge of the cloud.

Of the five cloud faces which are illustrated, only the one in

fig. 46 has what would be termed a hard appearance. This hardness is

reflected in a small transition zone and an integral function which in-

creases rather rapidly.

Soft, fleecy cloud faces and associated active transition zones

are demonstrated in fig. 45 and 47. The cloud in fig. 49 is growing

into very dry environment air, as evidenced by the large value of Nc-N 1.

The integral function for this cloud is consequently very large.
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APPENDIX C

ON FINDING THE EDGE OF A CLOUD

In evaluating cloud measurements made by airborne instruments,

the analyst first must identify his cloud data. He may do this qualitatively

by observing the behavior of the record of his instruments, knowing from

experience their characteristic behavior in and out of cloud. Quantitative

information about the location of the measuring aircraft with respect to

the cloud can be supplied by an observer on the aircraft. A common

practice is to have the observer apply an electrical signal to the data

records as the aircraft enters a cloud and another signal as the aircraft

passes from cloud air to environment air. This technique was employed

on the data gathering flights treated in this report.

The accuracy of determination of the time of aircraft entry into

a cloud from the observer's signal is subject to several human frailties,

the commonest of which are error of judgment and delay in putting the

signal on the record. The 1ehavior of the refractometer as the aircraft

passes through a cloud boundary is such that in a large number of cases

it indicates the cloud edge quite precisely. Indeed, the cloud as defined

by the record trace of the refractometer has formed the foundation for

the analysis presented in this report. In a large number of cases the

temperature record provided by a platinum resistance thermometer in

a vortex housing also has shown a characteristic deflection at the cloud
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edge. We present here a comparison of the abilities of the observer

and the instruments to detect the boundary of a cloud.

Data from seven of the over-water flights were examined and

73 clouds were chosen in which there was no doubt about the inbound

cloud boundary as shown by the refractometer. For each cloud three

values of time were recorded: to the time of cloud entry as indicated

by the observer's signal; tr the time of the step in the refractive index

record associated with cloud entry, and t v the time of the vortex temp-

erature deflection due to cloud penetration. The three time differences

associated with these measurements were then computed. Fig. 50 shows

the frequency distribution of tr -too the time difference between cloud

edge as indicated by the refractometer and cloud edge as indicated by

the observer. Table 15 presents the means and variances of the

distribution of the three time difference measurements.

TABLE 15. MEANS AND VARIANCES OF THE DISTRIBUTION OF THE
TIME DIFFERENCES AMONG tr, tof and tv

Statistic Mean Variance

tr -to -0.08 sec 0.808

tr-t v  -0.OZ sec 0.005

to-tv -0.06 sec 0.808

It is evident from the table that the observer's cloud signal pro-

vides most of the variance in the distributions in which it is involved.
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Fig. 50 thus presents a picture of the ability of a passenger on an air-

craft to make a record of the time when the aircraft enters a cloud

under favorable conditions at B-Z9 air speeds. Favorable conditions

are best exemplified by fig. 46, where, at the point of aircraft entry,

the cloud face appears hard and satellite cloud or scud is absent. Under

such conditions the difficulty in deciding when the aircraft passes through

the cloud boundary should be at a minimum and most of the variance of

the distribution in fig. 50 should be attributable to the observer's reaction

time. The t-test affirms that the sample of tr-to came from a population

with a mean of zero, indicating that the airborne observer anticipates

the cloud edge to the same degree that he lags it. The data represent

more than one observer and no attempt has been made to examine individual

behavior characteristics.

The standard deviation of the distribution of tr-t is 0. 9 sec. At

B-29 air speeds this represents + 90 m of flight path. How much this might

increase for clouds with diffuse edges we can only guess. The study seems

to speak rather strongly in favor of using the refractometer as a cloud in-

dicating device.
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