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L..BERDUCTION

A, Statement of Problem

The reduction of apparen‘bk object contrast by haze light
(atmospheric flare) has long been recognized as one of the Llimiting
factors in the performence of asrial photography; however, only limited
asrisl meesurements of atmospheric haze effects have been,made and no
measurcments are presen'l;ly fépor'bed at the altitudes used by moderm
militery eircraft. A progrem of atmosﬁheric heze study is now being
vndertaken by the Boston Univérsity Physical Research Laboratory under
USAF Contract. An airborns "telephotométric device is being comstructed
to provide the data necessary for 'bﬁis study. The device is ﬁow par-
tielly completed, and the first airborne tests sh_oa_ld occur about the
time this thesis is submitted. |

The purpose of this thesis is to briefly describe this equip-
ment and to presemt a proposed program for collection and analysis of
data collected curing the initiel flights of this instrument.

It is expected 't;ha:t this pre,sen'b' study will give a quantita-
tive description of the principé,l- s:ticiospheric haze conditions found in
modern aerial f‘econnaiésance. Spe,»cificyally, it is enticipated that the
resuljbsvwill show the exis'bénce o.f correlations beﬁveen haze conditions
and other paremeters, thereby permitting the optimum scheduling of photo-
grephic missions and indicating the best Photvographic orientation for a
glven set of conditions. ’ |
B, Atmogpheric Hagé

The earth's ctmosphere is cdmposed of loosely-packed ges mole-

cules, weter vapor, water droplets and dust. Atmospheric haze light re-



sults from the interference of these atmospheric components with the pro-
| pagetion of light weves. The following table lists the approximate sizes
- of particles found in the atmosphere. |

Orders of Size of Atmospheric Parti cg,egl

Gas moleéules , 10'4 micron
COmbustioﬁ_ nuclei (ary) 10~ micron
Sea~salt nuclei ' (ary) 10~ micron
Sea~ éal‘h nuclei | (humid) 1 micron
Fog, clouci ; _ 1l to 100 microns
Dust o . 1 micron‘

Wave length of greem light 0.5 microns

The measurable resui‘h of 'a'bmospher:'lc interference on passage
of light can be consideréc_l wi'thout investigating the physical phenomena
causing the interferehce; To do this, 1t is convenient to first con-
gider one narfow light beam /paséing through an atmosphere umcontaminated '
by other light sources. The intensity of this beam will always decrease
as the light penetrates farther into the atmosphere. This loss of in-
tengity is +to some extent due 'bd absorption of light by atmospheric
particles but primerily results from the fact that some light is scat-
tered to one side by the a:tmospherié particles. If there are many beams
of light in the immediate vieinity of the first beam, some of the light
deflected from extraneous light beams will by chance be propagated along

the path of the original light beam and will add to its intensity. Thus

1 Brock,. G.C., PHYSICAL ASPECTS OF AERTAL PHOTOGRAPHY, Longmens, Green
& Co., Page 197



thers will be, first, a subtractive effect caused by the atmosphere ab-

- sorbing and scettering light from the light Eeam and, second, the addi-

tive effect of some of the light scattered from the extraneous light
beams. In asctual aerial reconnaiésa.nce, there are an infinite number
of extraneous light beems and an extremsly 1ong path length from object
to receptor. ' |

UTrue abgorption represents the actual disappearance of light,
the energy of which is converted in'bo‘ heat motion of the molecules of
the absorbing meterial. This will occur to only & small extent (in en
atmosphere of finely divided ﬁar‘bicles) Y2 The sbsorption coefficient
in Lembert's equetion (I=I,e~*9) includes loss of light due to absorp-
tion snd seattering. It is in thié sense thet the term absorption is
used in 'ﬁhis pé,per. |

"Haze light" or "seattered light", as used in this paper, will

' commote that light which appears to originate st the atmospheric parti-

cles. Attemp‘bs.ha.ve been ma,de'“t:ro calculate ma,themé.tica.l sxpressions for
primery and _secondary scé:b'teriﬁag of sunlight and epproximste formules
developed. Refersnces for sgch‘s'tudies of scattered and rescattered
light are given in the bibliography.

- When viewed from an aircraft, the light scattered upward by
the é:l:mosphere is added evenly to the light reflected from ground ob-

jects, reducing ‘the luminous differences by which these objects aré rec=

ognized. Since all experimental dats indicate thet the total amount of

2 Jenkins and White, FUNDAMENTALS OF PHYSICAL OPTICS, McGraw-Hill Book
Co,, Page 271



.up-welling light will inecrease with increased sltitude and since image-

form:hog light attenuation must increase with inecreased altitude, any in-
crease in up-welling light (for a fized orien'ba:bion) must indicate an
even greater increase in scattered or haze light. Therefore, ‘the evalua-
tion of up-welling 1light can be used as & measure of a:l:mosnheric haze

condi‘hions.

BArly in the 18th cembury Newbon studied the scettering of
light by 't];e atmosphers and theorized that fhis scettering was the ceuse
of thse blué color of the sky. In the middle of the 19th century, Claus-
jus derivéd the squstion I=Ige” K}’A for the reduction of light inten-
gity as it ie passed through en etmogphere, In this equation I is the
trensmitted intensity, I is the initial intensity, d is the length of

the etmospheric path, A s the wave lemgth of light transmitted, and k

ig an attenuation constant. Toward the end of the 19th cenmtury, J. W.

Rayleigh studied athmosrherie optics and prpposedyl;;is theory for scat-
tering of light, vHis mathematical investigation geve a general law for
scattered light intensity, for particles the linsar dimensioms of which
are considerably smeller than wave length of incident light and whose
index of refrection is different from that of the swrounding medium.
The scattered light intensity, undsr these circumstances, is found to
be proportionel to the incident light intensity, to the square of the
volume of ‘ché scattering particle, and inirersely prOp'dr'bional %o the

fourth power of the incident light wave length.3

&
3 Jenking end White, FUNDAMENTALS OF PHYSICAL OPTICS, McGraw-Hill Book
Co., Page 281




In ‘the lower atmosphers, particles much larger than the everage
upper-atmosphere particle are constantly being dispersed by dust storms,
fires, volcenos, industriel plents and eva;ﬁors:tion processes. The ex-
tent of this atmogpheric contamination varies continuelly from place to
place and ffém time to time. Thus the atmospheric scattering fumetion
is _confinually varying, and scattered light intensity is found to be pro-
portional to something less thén the fourth power of the incidemt light
wave length.:

'The ‘begirming of weather forecasting after the Crimesn War in-

creaged genéral interest in the atmospheric phenomena. The invention of

. the aircraft gave added impetus to the study of the atinosphere. The im-

portance of serial photogra.phy now requires a greater understanding of
the atmogphexic phenomena.; particularly an Vunders‘banding of etmogpheric
haze. ' | -

| Congiderable a'b'tezrtion haé been given by the Nevy and the
Weather Bureau to 'bhé a:lrbenua‘bion of light along hqrizontal paths and tbo
the dsterioration of apparent object contrast along such paths. A photo-
electric device for mesasuring a‘bmdspheric attenvation of brightness con~-
tragt along & horizontal pa:bh is described in a paper from the Optical
Research Laboratory of the University of Texas.? For *bhié study, seven
black and:Whi‘tevtarge'bs‘_we_I‘-é situated from 300 yards to 15,267 yards
from the :tei;bhotometer énd were gra;dua:hed s0 'é.s to each subtend the same
angle at the meter. The pﬁrpose of 'thié study was to determine the mete-

orologicel factors which iiifluence' vigibility end to determine ths prac-

4 Colemen, H.S., Morris, F.J., Rosenberger, H.E., A PHOTOELECTRIC METHOD

OF MEASURING THE ATMOSPHERIC ATTENUATION OF ERICHTNESS CONTRAST ALONG
A HORIZONTAL PATH FCR THE VISIBLE REGION OF THE SPECTRUM, J.0.8.4. TOL.
39, (1949) Page 615



ticel applicebility of Koschmieder's law for theoreticel sttenuvation, In
terms of contrast this lew can be expressed as Gy=C, o~#® whers R is
range, B is attenuation coefficiewt, Co is the inheremt object bright-
ness contrast, and Cq is the apparent brightness contrast. Koachmieder's
law was found to be applicabls for far more cases of interest than the
simplifying assumptions used in its derivetion would be expéc‘bed to per-
mit., In their paper, Coleman, Morris end Rosenberger es;ablish no corre-
lation between meteorologlical date and contrast attenuation, Presently,
studies along horizontal peths are being mede at the Wesleyen University,
ORDVES facility &t Bradley Eield, Gomec'ﬁicu't. Reports of work accom-
plighed by this school bear e military classification and canmot be de-
scribed here.

In 1923 Ea.s'tma.n Kodak Co. made aerial photographic measure-
ments of haze factors at low e,l'titudes,E‘ and in 1929 I. F. Hand mads
photometric measurements over various lendscapes at altitudes up to
9,000 feet, During 1942 and 1943 D. B. Merrill mades several aerial
haze investigetions for the Army Ar Forces.® The first flight (from
2,000 to 20,000 feet) measured up-welling light intensity through three
filters usiﬁé G. E. Exposure meters., Only one flight was completed using
this equipment in 1942, the results of which showed neutral scattering
up to 5,000 fest. Above this altituds, blus light intensity increased
most rapidly while red i‘igh'b intensity increaged mogt slowly. Im 1.943

o

b Research Laboratory, Hestmen Kodak Co., D. Van Nostrand Co., Inc, (1923)
ARRTAL HAZE AND ITS EFFECT ON PHOTOCRAFHY FROM THE AIR

6 Photogrephic Laboretory, Wright-Patterson AFB, Serial Nos. HExp-M-59-
877-22~2, Eng-59~-667-22-4, Eng~59-66T7-22~0




ax. automatic recording device using calibrated exposure meters pointed
vertically downwerd was flown tan timeg, the highest altitude achieved
being 30,000 feet. From this series of i‘liglqts the average ratio of
image-forming light to total up-welling light et 30,000 feet in three
spectral rexiges was found to be blue 1-5, green 3-10, red 4-10, A final
report in this series describes a method for reprnduéing heze effects in
a laboratory by placing lightly painted glass plates between object and
camera, These plates were to be used for testing the effects of haze on
color photography.

Tlge Royel Airereft Egtablighment of HEngland published in 1950
a report by R. Hall- describing observations mede at altitudes up to
16,500 feet.! The theorstical section of this publication defines haze
factor as per cent of light intensity added by the atmosphere divided
by the gromd brigll'pneés as seen through the a:bmo_Sphei-a of a horizontal,
white diffuse reflector on the groumd. The conclusion of this report
was that ha:e does not scatter light evenly in all direc’biohs, the great-
est scattering effect occurring at the image of that point on the g?ound
which is intercepted by the solar ray through the aircraft. The recom-
mendation wag that verticel photégraphs should not be taken when the
sola.f rays will make, with the zenith, angles less than the semi-field
angle of the lens.

S. Q. Duntley, in & summery of war-time studies made by Sec~-
tion 16.3 Natiomsl Defense Research qumi'b'hee, hes given a clear mathe-

maticel description of atmospheric scattering and attenuetion effects

7.British Technical Note, PH 429, BFFECT OF HAZE IN AERIAL PHOTOGRAPHY




along slant pa,ths.s ‘His finel equation for apparent objsct luminance as
G -8, R -6R
seen from & distence R ist By = *5:1(! —e" ) + B, €'

~ where Bg - apparent lumineance

2

T

inherent object luminance

gttenuation coefficient at.ground lével
~ luminous dsnsitly of the atmésphere
- fraction of .q.scattered toward viewer at groumd level
R - the Opticél slant raﬁge, the path length within a homogenous
atmogphere along which light would encounter the same number
of particles actually encountersed elong the slamt path R
‘within & standard atmosphers
This equation is' then employed _izi,'bhe deve10pmen‘t of an e:i.;)ression for
contrast reduction. Apparent contrast in this report was defined as
object brightness minus backg"qund brightness divided by backeground .
brightness. The prineipal limitetion of this approach is the employment

of en ideelized stendard atmosphe’ré.which seldom exists in nature. The

offect of this inherent discrepemcy is partially reduced by graphical

i-epresenta'tions vhich allow the observer to compensate for sharply de-
fi’ne_d ‘haze layers &t which the etmospheric composition changes abruptly.
The altitudes between such lajers ars thén agsumed to vary as wouid a
standard atmosphere. 1 | |

The latest alrborne telephotometer tests I have found reported
were made by P. Di Carmen and R.V A VF.: Carruthers in 21.9.50.9 The purpose
8 §.Q. Duntley, THH REDUCTION OF APPARENT CONTRAST BY THE ATMOSPHERH,

T.0.8.4. Vol. 38 (1948) Page 179

9 P.D. Carmsn and R.A.F. Carruthers, .BRIGi-HJNESS OF FINE DHTAIL IN AIR
PHOTOGRAPHY, J.0,8.4, Vol. 41 (1951) Page 305




of their survey Was to determine the frequency of occurrence of "bhe va.ri-_-v
ous brightness values through’owb' a bfigh'bness range. Although determina-
tion of atmospheric haze values was not the primary purpose of these
flights, it is shown that iigh{t addéd by the atmosphere caﬁses e decrease
in brightness differences and that as al'bi'hudé increases the overall
brightness rangs decreaées.

Solaf radiation as measured &t ground level is directly af-
fected by the partiéle distribu‘tion and content of the atmosphere end
therefore can probably be correlated with atmospheric haze meesurements.
Hxtensive studies of solar ré.dié.tion have been made by H. Kim'balllgmd
L B, H_andll. Today, in over seventy éoiar radiation laboratories lo-
cé:bed 'bhroughout the forty-eight stetes, Puerto Rico, Alask#, end Hawaii,
con's‘ban'h measurements of solar radiation. are being recorded from sun-up
wntil sunset. Thess measurements are of total illumination between the
| wave lengths 0.3 and 0.7 5 and are mads usi'tig a black S.i.d white segmented
thermocouple termed & pyrheliometer. Measurements are made for the fol-
lowing orientations: |

| 1. On a horizontel surface
2. On four verticel surfaces facing the cardinal
points
3. On a surface normel to the sun's direction with
skylight eliminated |
4, On o é11r£a.ce normel to the sun's direction wi’hhl
direct sunlight eliminated -
10 Kimball, H., SOLAR ENERGY DISTRIBUI'ION CURVES, Monthly Weather Review
Vol. 52 (1924) Page 473 _

11 Kimball, H., Hend, I.F., INVESTIGATION OF THE DUST CONTENT OF THE AT-
MOSPHERE, Monthly Weather Review Vol. 52 (1924) Page 133
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HE TELEPHOT OMWTER ITS_US]
A. Recording .Tég:em‘ otometer

Bscause of the expéritﬁen'bal nature of this progrem, it was de-
clded to approach the pr‘oﬁlem éf evaluating haze conditions by a study
of up-welling light. The haze recorder? now ‘being constructed at Boston
University, is a telephofometgic ‘device which will measure the up-welling
light along a path 156 dsgreeé wide from horizon through the nadir to the
opposite horizon. The ligh't-l-a!ccep'bing optics of the haze recorder is
mounted in the bottom of the aircraft fuselage so as to extend slightly
beneath the aircraft. |

The up-welling 1ight is accepted by a right prism which will
rotate about en axis perpsendicular to the center of one of its faces,
(See Appendix, Figure 2) This prism reflects the up~welling 1light inmto
an aa;jacent fixed right prism. The fixed priem reflects the light up-
ward 'bhrough a low-frequency, mechanical chopper inte a beam~splitter.
Here, it is =gain reflected and passed through a three-sector (blu_e,
green and red) filter wheel into a photomultiplisr tube. Light from a
callbrating Lamp passés through a higlaofrequency chopper, and then
~ through the seme beam-splitter and filter wheel into the photomultiplier
tube. The ligh'b-—aécepting opticsg, or piclk-up head, consists of both
prisms, the beam-split'ter, the mechanical choppers, the calibrating lamp,
the filter wheel and ‘the photomultiplier 'bube.

The photomul‘bipl:.er signal is senmt to a recording assembly
where the superimposed, high~frequency signal is filtered out and used
+0 maintain & fesd-back self-callibrating system. The low-frequsncy, up—
welling light signal is rectified and displayed on an oscilloscope as

*See Appendix, Figure 1



Y axis displacement. The X axis sweep of the oseilloscope is synchfo—-
nized with the a:b.gle' of the roteting pi‘ism as it sweeps from horizon to
horizon. Thirty-five millimster pic'ﬁures are taken of the oseilloscope
face and juxteposed flight instruments during each sweep of the pick-up
head,

Flight ingtruments surrounding the oscilloscope face include
a remote indicating compass, & pressure altimeter, a free air tempera-
ture gege, gravitational tip end tilt indicetors end & set of lights
indiceting the sweep-plane bearing of the recorder hee.d rela'tiv.e +o the
Llongitudinal axisrof the aircraft;

The operating sequence of the heze recorder is automatic and,

beginning with the sweep. plans of ‘the pick-up head parallel to the longi-

tudinal axis of the alrcraft, a separete sweep is made of light inten-
sity through eech filter ('bluev, green, red). The pleme of 'thé sweep 1is
next rotated 45 degrees where blue, green and réd light ih‘bensity meas~
urements are again made. V'I‘hi_s cyele is repested at 90°, 136° and 186°.
The direction of the sweep Aplane ro‘bé:hion is then reversed and measure-
ments are reﬁe’a‘ted at 135°, 90° and 45°, The sweep plene of the pick-
up head then rotetes to 0% and ths insfrumént is automatically turned
off, | | |

- The recorder Will be calibrated using & source of known spec-
trel quelity end intensity, so that the imtemsity through each filter
will read unity when the op'tical exis is direcfed toward the calibration
lamp, This calibration lamp will be chosen so as to gemerally approxl-
mete the _intensity en average ground scene would produce under dayiight

illumination at low altitude.

11



B. -+ ight
1. Definitions |
The following five definitions will serwve to convey a general
concept of the memner in which the "haze recorder" will be flown.
1. Sweep ~ rotation of the ligrt-é.ccep'bing optics so as to measure the
light intensity from ome horizon through the nadir to the
opposite horizon.

2, Set -~ a series of three consecutive sweeps, each measuring the

1light intensity through a different color filter; first blue,.

then green, then red.

3. Bum - four consecutive sets, all made at the same eltitude, with
the aircraft "he_ading into the sun. The first set in each
ruin is made with the plane of the swesp parellel to the
longi'budihai axis of the aircraft,

4, might - sterting at some set high altitude, it is intended that
each successgive rum be made at one-half the previous alti-
tude. A flight will consist of all runs made during one
descent, ‘

5, Misslon- A missiqn will congist of &ll flights made between ome teke-

 off and landing of the aircraft.
. Thus each flight should yield a three-dimensional plot of
relative intensity of up-welling light for three spectral ranges.
2. Collection of Data
The dete ussd for the atmospheric haze study will be 'derived
from three primary sources; the haze recorder, an asrial observer and

ground station reports. Thers will be some repetition of dete in order

12




to achieve positive identification and as a check for instrument mel-
fuhction.

The initial flights will consist of a series of runs over &
pro-selected target area, each run being at one-half the altitude of
the previous run, Test flights, howsver, will be carried out in re-
verse order so that the effect altitude has on the electrical compon-
ents of the haze recorder may be determined. - During each run the air-
craft will be maintained streight and level while the haze recorder is
turned on a;a.d one opereting cycle completed,

Twenty-four photographs showing up-welling light intensity as
a function of sweep angle will be taken during each oper;ati_ng cycle,
However, half of these photographs will be duplicates with respect to
orientation. Thils duplicetion will afford e means of checking the re-
poatability of the instrunent under flight conditions. Assuming the
ingtrument will faithfully record intensity values during laboratory
vibretion tests and that aircraft elsctrical powsr is mainiained within
sa‘t; limits, uneven grmmd reflectance values should be suspected as a
cause of non-repeatability of meesurements. If this oceursg, it is sug-
gested thet (as a check of this suspicion) flights be planned over more
unlform terrain.

Initiel fiig,h'ts other then egquipment test flights should be
made during clear weather and over terrain which is not perfectly wmi-
‘form. These circumstances ars well-suited for checking the instrument's
repeetability of measurement, for clear weather will exclude the possi-
bility of clouds causing varia.tions in 1light intemsity, and lack of ter-

rain wmiformity will test the ebility of the 15 degree acceptance angle

13




to integrate ground reflectance valuss.,

In most instances, ‘reasons for collecting the data listed be-
low are obvious, When this is not true, later seoctions of this thesig
will describe the value of such dé:ba. '

.‘I‘he following is a list of all the data to be recorded on
each frame of the 36 millimeter film 'ba‘.ken during each flight of the
haze recorder:

a. Date, mission number, air bage from which mi‘ssion is flown, and time

b, Oscilloscope trace of up-welling light intemnsity vs. sweep angle of
plek=-up head_ ’

¢. Relative bearing of the longitudinsl axis of the aircraft and the
plene formed by the sweep of the optical axis of the haze recorder;
the term "relative bearing" when used will refer to this angle. |

d, Pressure altitude of the aircraft

e, Free air temperaturs

f, Color of filter through which light is passing
g. Grevitetionsl tip amd tilt of the aircraft
The following is & list of the data which should be logged by

en observer during each flight:

a. Dete, mission number, air bage from which missién is flown, time of
beginning and ending of each flight

b. Locetlon, latitude and longitude of area over which run is made

¢, The observer's visualb Judgment of the weather conditions and general
terrain classification

d. The altitude of the sun at the beginning and end of sach flight-—this

can either be measured using a sextant or be computed using triple

14




ﬁterpolé:bion formula.
o. A record of aircraft altitude, free air temperature, wind direction
end velocity fof each flight levei |
f. A written report of‘ any malﬂmc'tioﬁs encountersd
3. Collection 6:6‘ Related Me‘teorologica,l‘Data,

One of the aimg of this study is to dé'bermine the extent of
correlation b'e‘bween' the oécufrence 61’ atmospheric conditions suitable
for good aserial photography and the preceding weather sequence. It is
apperent that a determination of this type of rele:biénship will require
extensive observations and that generaliza:tioﬁs in this respect cannot
be dramn from the initiel flights. Hven though complete past weather
records are maintained by, énd are availé.ble from, other government
agencles, the followingv list of weather data should be secured from the
U, 8. Ac ¥, weather stations clc'ses;b to the i‘ligh'bv area vhen ‘the mission is
flown:

a. Approximate wind conditions, cloud coverage end relative humidity or
dew point in the immediate ares for all flight altitudes
b. A synopsis ‘of general weether conditions for the several deys preced-
ing the mission. Pertinemt date would include: - |
1) Precipitetion - frequency éf occurrence, type and emount
2) Froumtal a.ctivi:ty‘-'kiﬁd and direction of movement
3) Contour lines of egual barometrié pressure (isobars)
4) Unusnj;é.l'wmd patterns and termperatures
5) Ground visibility |

c. & synopsis of national or regional weather conditions. The signifi-

16
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cant features of this section will include general wind patterns and
existance of wmusual storms or long periods of precipitation. Daily
netional weather maps are a.vaila.ﬁle by monthly sﬁbscrip'bion from the
Weather Buresau, Weshington 25, D.C, Monthly "Climatological Data
Netional Summary" publications are also available from the U.S,
Weather Bureau. This publication gives monthly averages of the
totel soler and sky radietion data, diffuse radistion (of sky) end
equatorial sun rediation (measured in a plane normel to sun direc-
tion) teken by seventy -stebtions throughout the United Stetes. The
local gtation for these measurements is the Blue Hill Observatory,
Milton, Masse.chuse‘b’bs.
Upon the completion of sach mission, the observer ‘should tabu-
late in permement form a report of the ground end esrial observetions
taken., This report should eventually become & part of the complete

migsion anslysis.

ITI. ANALYSIS PROCHDURES

A, BReduction of Dat

Twenty—-four oscillo:scbpé photographs will be teken during each
rm over the ‘target area, with éach flight consigting of seven or more
runs. Thereofre, at least 168 oscilloscope photographs will be taken
during each flight. After processing, it is intended that the film be
projected and examined visﬁally'. The person meking ‘Ehis visuel check
should note the presence of excessive tip or tilt end any melfunctions
of the instruments. If either exlsts, the film should be eppropriately

marked., Also during this visuel check, the integreting quelities of the



156 degree light-acceptance angle can bs evaluated, for insufficient iﬁ-—
tegration of ground reflectance values will be indicated by sharp fluc-
tuation of intensity for change in sweep angle, |

It is suggested that et this point a subétantial reduction in
the number of graphs cen be achieved by projecting and tracing appropri-
gte films to form composi'te altitude plots for sach color and relative
bearing. In this form, all the light intensity deta can be ploﬁed on
twenty-four graphs,and every swesp engle will be registered.

By inspeéting the above sets of graphs, the number of sweep
angles which must be tebulated in order to avoid loss of interesting
fluctua:b:}ons cen be determined. | For the ﬁresent, assume that 10 degree
increments from vertical up to 70 degress Will be sufficient for :?'ecord-
ing all interesting data. Complete tabulation of intensity valuss for
one flight of seven altitudes will then consist of 2,520 readings, of
which one-half will be duplicate values. It is plemned thet this tabu-
lation will be completed mamually for the first flights; however, it is
apparen'h that automatic compufing and tebulating devices must eventually
be employed. Inquiries have disclosed the é.va.ilability of devices capa-
ble of performing this dete reduction, ultimately recording the date on
tabula.‘ciozi sheets or IBM punch cards. Automatic plotting devices are
also availeble which will trenscribe data from IBM cards to graphical
form, Weather and mission data may be coded and placed on IBM cards.

B. Data Apalysis
The data collected and tabulated should be analyzed for three

17

pi'ima.ry considerations. First, it is expected that, from this heze study,
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it will be possible to predict the best camers orientation and spectral
range under any given si%b of conditions. Second, this progrem should
determine those ground measurements which, separately or in combinstion,
will indicate to a greé:ber extent 'bhexi viéua.l Judgment the sxisting haze
conditions. Third, it is hoped that weather sequences, which produce
héze conditions compatable v}i'bh good photography, can be systemetically
discovered and recorded as an aid for scheduling future photographic
'mi'ss:‘i.vcns. | | ‘

.In order that the reader will heve an imderstzmding of 'thé
plots or graphs proposéd in this theslis, hypothetical curves suggeéting
the general shape 'expeéted will bs included following the mention of
such graphs. . »

The composite plots previously described will give the first

-indication of best camera orientation and spectral renge.

RELATIVE BEARING
~ o°ligoe—

250!
8000'
200\_’\/4000‘
\_\vzooo
IsOL/\—/ 1000"

70 35 0 .35 70
SWEEP ANGLE

RELATIVE INTENSITY [N PERCENT

Figure 3. Hypothetical Composite Plot of Appropriate Slope Photographs




When the flights have been madé over level and relatively wniform ground
areas, depressions in 'bhese plots will ordinerily indicate directions of
low haze intensity. |

This plot will also afford e quick check for synchronizetion
between the scope trace and the sweep of the roteting prism. Unless the
sun is directly overhead, the lowest intensity values will generally be
noted vertically downward; therefore, when most traces have their lowest
velues centered on the scope or when the lowest imtensity values are
scattered Aevenly ebout this central point, the synchronization will be
satisfactory, Should the iowest intensity valuss be consistently to one
slde of center for all relative bearings, then improper synchronié/a:tion
ghould be suspected. Shouid fbhe lowest intensity values be conslstently
0 one side of center for only one relative bearing, this will indicate
that either the plane was not being flown straight and level or theat
landscepe having a very low reflectence value is located in that direc-
tion, When the latter is actually the case, the lowest point on the
curve will move toward center and the depression will become narrower as
eltitude is increased.

Proper operation of the meter indicating the relative bearing
of the sweep cen be checked by noting picture sequence and the general
symmetry of the curves about the ver/i;ical axis; generally the 90 degrse
relative bearing position should prove to be the more symmetrical trace.

Previous investigations havé shown that atmospheric heze does

not scatter incidemt 1light equelly in all directions. ® This is some=

12 Brock, G.C., PHYSICAL ASPECTS OF AIR PHOTOGRAPHY, Page 200
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'times noticea:ble from an airpleane, vhen the ground appears clearer in one
direction then in others. Polar plots in which r is relative intenmsity
and € is the relative bearing will be primery tools for determining this
direction of minimum haze or best optical axis orientation. Such' ploté
s}}_culd be made first keeping filfer colér end sweep angle conshbant whilé
verying eltitude, end then with filter color and eltitude constanmt while
varying sweep angle. These graphs will slvuow;l’the effects of difectionél
scattering and specular raflec’tion; while indentations in such plots will
| indicsate 1§w values of scattersd 1light intensity emd consequéntly best
orientations for oblid_ue' photograpﬁy; The value of this type plot can

be better demomstreted by the following hypothetical polar plotst

30
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As the haze recorder is now pla.nnsd, these curves are to be

drawn smoothly through eight points, This is a practical arrengement
for simplifying instrument design and construection, It is expected
that graphicel studies of the data collected on initial flights will
disclose the directions in which meesurements may be discontinued and
will indicate tendencies to be investigeted in regions not presently
planmed for observetion., For practica.l ai:plice:bions, the direction of
minimum scetber does not have to be defined exactly. Instead directioms
ghould be selected that are removed from regions of intense scattering
& distance greater than the semifisld angle of any given camera,

Tt should not be expected that a few such plots will fully
describe the directional‘ scatbtering, Initiel plots mey show trends,
but atmospheric haze effect is a function of a great many veriables,
and observa‘bionsl should bs made for many varied sets of conditions.‘
Por instence & s:!_c:piﬁg haze level, such as is caused by' frontel move-
ments, will probably alter the form of the polar scattering plot. Alseo
+he location of the low intensity values will undoubiedly be influenced
by the sun's altitude, Therefore, a general trend of the direc;b‘ion of
minimum haze effect as ha_ze conditions and sun altitude very may not be
discernible from the above plots. In this case, it will be helpful to
determine the angle between the sun direction and the line of sight

which shows the minimum haze effect, This angls is better defined by

the following sketch.
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reletive bearing

dip angle of the recorder head

‘altitude of the sun (measured at the aircraft)

angle between the sun's direction end the observer's
line of sight

cosa= cosf coge cose® + sing sin &

(DeveloPmen‘b of this equation is given in Figure 6 of the Appendix)‘

The difference in sun eltitude wheﬁ measured at the aircraft

and ot point P caused by curvature of the earth does not enter this

problem, since with respect to the aircraft all rays from the sun are

effectively parallel.

Using this equation, & polar plot of intensity

against the angle between sum's direction and the observer's line of
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‘sight can be cons_’oructéd'. A plot®of this type is shown in Figure % of
the Appendix'3; the velue O in this plot equals (180° - @) es 8 is de-
fined for the foregoing equation. ' '

A plot oflligh"'b intensity through each filter vs. log altituds,
similar to those shown in Figure & of the Appendix,14 ghould be made for |
vertical measurements and certain other orientations which prove of int-
erest. The ’general ghape such gija.phs will assume during good phofographic
woather is established by 'thebry and obsérVa.tions made vertically down- ’
ward from sltitudes up to 20,000 fest. Thisg investigation should extend
the observations 'i:o the altitudes attaineble with modern sircraft, amd .
a serieg of such plots ‘should be: producsd showing the variatidns caused
by cha.‘ngeskin weather conditions, camera orientetions and sun altitude.
Such plots will give a clear visuel impression of the percentage of scat-
tersd light found:in sach of the three spectral regions. Past investi-
gations and visual vobserVa'hionsr indicete that the layer of atmosghere
just above the. grovnd genez;a.ily scatters light to the sams extent in all
'wave lengths. This layer vof neutral scettering haze is seldom visuelly
apparent from the growund but is usually quite appafent from sbove. The
ver‘bica.l extent of this la.yezf ghould bs immedia:bély discernible from the
relative intensity vs. log altitude ﬁlots, for below this altitude ;l:he
three curves should be coinqidei;t, : o |

;E\ztura _'inves’bigéa:hi-oﬁs, beybnd this initial flight plan, can be
made using filters which roﬁghly duy&licate the spectral sengitivity
13 British Technicel Report, PH 429, Figure 4, Page 16

14 Photographic Laboratory Wright-Patterson AFB, Technical Note
Fing-59-667-22-5 - |
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range of commonlﬁ"uSed £ilm end filter combinetions. This type of in-
vestigation can then form a partial basis for future selection of film~
filter combina:tions‘ t0 be used with a givén se‘i; of conditions. By
meesuring the light intensity through each filter delivered by the
gtandard ce.libra:bibn llémp ueed, a ratio of the light intensity to the
recorder reading can be ss‘babliéhed.[ In this mammer an estimate of
the light intensity available in each spectral renge in any observed
orien‘batiozi can be quickiy made without employing slaborate procedures.
Some of the factors to be considered in the selection of a film-filter
combination ere the light iﬁ‘bensi'ty availeble, the ra:f:io of image-
forming 1iéh'b to total light, the film speed, the film comtrast, and
‘the amount of shadowvde'tail redquired. Since shadows are illuminated
primaerily by scattered light and this seme scatter light tends to com-
press object confrast, it is recognized that a compromise must be made
in the final selsction of film and filter.

Numerous other methods of plotting ;bhis detea are obvious, and .
some wili, probébly be employed for leater missions. The 'threev plots de-
scribed above should give a.n over=all plcture of the atmospheric haze
- 1ight encountered and will indicate thoss areas in which more extemsive
obgervations should be made. ' The first two proposed plots do not reguire
calculations,end the celculations necessary for the third plot, one com-
pletely tabulated, can be used for all missions,

When data from the initial missions has been collected, it is
vsugges‘bed that & study be made of the possibility of devising & worksble
coefficient of haze or method for classifying the various forms of haze.

If a system for classifying the form and extent of haze can be developed,
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it will aid materisally m establishing correlations betwesen heze and the
conditions governing haze; however, deta now available is inadequate for
conjecture as to the probable form of this system.

The aerial photographer long ago discovered that days which
visuelly appear similar in regerd to haze often prove to be quite dif-
ferent photographically. In order to better judge atmospheric heze
conditions before beginning & photographlc mission, these early photog-
raphers developed some general "ruld of thumb" guides. These included,
beyond a cursory exeminetion of general #isibili'by, e visuel examination
of the darkness of shadows, the ‘hue of the sky, end estimates of the
engle subtended by the horizon and the point at which the horizon gray
ghades off into deep sky blue.l® To make passable estimetes of haze
conditions from these cualitative guides requires & great deal of ex~-
perience é.nd a good visual memory. This present study is the first ox-
te'nsive orgenized sea.rch‘for physica.l phenomena which will servé as in- ‘
dicators of haze conditions,

Bocause of the great number and veriety of observetions needed
for this phase of the study, data collected during the initlal flights
will be insufficient for drawiﬁg positive conclusions, Thisg data will
only be valuable when considered in conjunction with the data collected
on many future missions. The process of analyzing this date now eppears
to be a straight-forwerd job of recording the various phenomena along
with the haze classificetion and then, by studying the various values or
by drawing appropriaste grephs, determine those values which best define

haze. Therefore, this report will only in a gemeral menner consider

15 From conversation with Lt. Col. H. W. Pote



some of the physical phenomena which will possibly be useful in future

analysis,

The ground observetions found to be most useful by prectical
aerial photographers will more then likely be found from this study to
have an importent correletion. The darkmess of ground shadows, or more
properly the ratio of light intensity reflected by a shadow area to the
light intensity reflected from the surrounding area, will roughly indi-
cate the total amowmt of scabtering or total haze valus. This ratio
cen be determined by use of a simple photometer or illuminometer along

with some chosen surface, possibly a white matte material. Measure-

-ments of this nature are regularly being made throughout the coumtry

at solar radistion laboratories previously described,

Obgervetion of the hue of the sky will, to some exten'b, indi-
cate the thickness of the atmosphere's neutral scettering layer and, to
this extent, the quality of the scattered or haze light. A graduated
gtrip of material painted white et one end changing gredually *tq deep
blue at the other and arranged so as to be viewed simul‘taneously with
an area of the sky will allow repeatable values to be assigned to vari-
ous 'sky hues.

Other deta for comsideration will be surfece visibility, sur-
face wind direction and veloeity, relative humidity, barometric pres—
sure and surface temperature.

The congtantly changing conditions of the atmosphere decrease
the value of this approach as a separate problem. The larger more com-

plex problem of forecasting atmospheric conditions consistent with good




aerial photogré.phy should, in iinportance, overchadow this onwfhé—spot
judgment of haze conditions. This problem is, of course, contingent
upon. the capabilities of 'bhé comparatively young science of meteoro-
logical forecasting. Beginning in 1856 with the studies of the Fremch
agbtronomer LeVerrier, the science of weather forecasting has réceived
added impetus from the two World Wars and the expending civil air
gorvices, Today the rapidity with which this science is growing
leads one to believe that phenominally accurate forecesting will soon
bé e reality. -Me'benrologists"toiday, howsever, primarily forecast gross
weether occurrences. Crogs here refers to conditions such as storms,
high winds end so forth, Heze cen vary a considerable extent under the
one condition "clear" as now forecast by meteorological stetions. Be-
cause of this, it will be necessery t0 seek out those recorded values
which a.re‘ indicative of the finer weabther variations effecting atmos-
pheric haze, The weather velues for which the finest veristiong cem
be measured and which might possi’ply be sensitive to slight veristions
in haze content of the atmogphere are solar radiation, sky color, rela~
tive humidity, atmospherie pressurs and tempera:bﬁre. Complete treetment
of this emalysis procedurs will require considerable study of weather
forecasting theory and technigue plus sample observations. Like weather
forecasting, finel haze forecasting will undoubtedly depend to a gresat
extent on the use of judgment by ‘thé forecasfer. This will ellow con~
sideration to be made of ths location of the target area, time of the
year and industrial activity.

Interviews with wea.'therv officers at the Boston weather of-

fice end Bedford Air Force Base has disclosed that all observations

_7




taken by such offices are included in the teletype messages sent out

every hour and the charts prepared every six hours, The teletype mes-
sages include stetion location, cloud coverage (height and extent),
ground vigibility, present weather, barometric pressure, tempersture,
dew point and wind direction and intensity., The charts show wind di-
rection, wind intensity, winds aloft, fromtal activity, and contour
lines of equal barometric pressure. Such records for the whole country

are aveilable at any government weather office,

IV, _CONCLUSTONS AND RIOOMVENDAT TONS

A survey of 1iterature concerning a:bmospheric haze has 'shown
thet, to a great extent, early theories of atmospheric scettering have
been substentiated by later observetions. However,‘ gerial observations
of the effect of atmospheric haze have been limited by service ceilings
of available sircraft and sensitivity of meesuring devices suitable for
use in aircraft. The higher a.].:hi'tudes achieved by modsrn recommais-
sance planes, a.nd. 'bha altitudes forecast for future airecraft, increases
the importemce of haze studies vand the development of sensitive elec-
tronic measuring equipment makes 1t possible to collect the extensive
data reqﬁired for this study. 4s a resgult of the increased need for
.'bhis informa:bion; thig present inves‘bi.ga:bion has been ingtigeted. It
is intended thet, as a result of this progream, the aerial photogra.phei'
will be able to select conditions which ninimize the detrimental ef-
fects of atmospheriec hazé light with more certainty than is possible
‘today. / | |

‘ Using hypothetical values cqnsisten'b with presently reported

deta, many methods for graphically presenting haze light intensity deta
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were studied. Those plots finally suggested in this thesis were se-
lected to gatisfactorily describe the reletionships between heze light
. intensity end other parameters while requiring e minimum amount of cel-
A oulation, Visual interpretetion of these g‘aphé should indicate the
directions and spectral range for vhich haze light is a minimum, If
it 1s desired to separate the ettenvation and scettering which ere
measured together in this study, it is recommended thet (simultaneously
with the up-welling light measuren;en‘ts)_ the sun's intensity be meas-
ured, If this is done for the same spectral renges used for the haze
recorder measurements, then betv}een two flight levels approximate
valuss for attenuation and scattering can be d.e"c.e;r‘m:i.n.eci°
It will be of interest to determine the effect of strati-
fied layers of large particles, and it is suggested theat, wvhenever such
4 layers are encountered during initial flights, the flight plen be al-
tered to include one run just above and ome run just below the visible
demarkation line, This stratified haze layer often extends from the
ground to between 5,000 and 10,000 feet and usuelly the top of this
layer is sharply defined (within 20 feet). The difference between in~
tensity measurements above and below this line will be due primerily
+0 the stratificetion end only slightly due to the difference in path
length. 4
Discussions with several weather officers indicated that
e probably no quick end simple method for forecasting etmospheric haze
’7 | conditions will be developed soon. It is therefore suggested that the

techniques developed and used by weather forecasters bs employed in this




‘Phase of the study. Aeriel collection of haze data to the extent re-

quired for this type of program is quite impractical. Therefore this

study will first seek to establish definite correlations betwsen ground

. measurements and haze conditions as measured from the air. Mamy phe~

nomene which can be measured on the groumd are e direct result of at-
mo gpheric parbicle size and distribution. It is therefore altogether
reasonables to expect the existence of such correlations. Onece such
correlations have been established, it will be possible to determine
atmospheric haze conditions at all times et many ground stetions. With
this data it may then be possible to develop technlyues for forecasting
haze conditions with reasonable accuracy, |

The spectral quality of the light reflected from the ground

ig dependent upon typs of terrain, vegetation, time of year and meny

other variables, Whenever eerial ;Shotography is being used to scquire
information concerning ome sgpecific fype of object, it would be of
value to know the quality of the light reiiected by such objects, for
then it might be possible to photogreph using a nerrow spectral band
and thus eliminate haze light from othef Spéc‘tral régions. Even for
large complex targets, most of the information desired may be retained
after elimineting portions of the spectrum. For some photographic re-

quirements, such as camouflage detection, it is necessary to eliminate

-those wave lengths of light which hide the object. The haze recorder,

with its sectored filter wheel, is an ideal tool for determining the
reletive intensity of up-welling light in several spectral regions for
various types of lendscape. Upon the successful completion of the ini-

tial test flights of the haze recorder, it is suggested that a schedule

30



be arranged for msking such observetions., This schedule should ini-
tially provide for flights over various types of landscape; these
flights ghould then be repeated over similer landscape having differ-
ent neturel situetions,

It has been suggested tha't one or more six~inch metrogon
cemeras be flown in conjunction with the haze recorder. This would
provide & general check on the operation of the haze recorder over
uneven terrain, for the poslition of high reflsctance velues in the
photogrephs and as measured by the recorder should metch, Since
for initial flights there will be no attempt to mateh spectral sen=
sitivity of the fil‘tef and photocell with any perticular photographice
film¥ﬁ1'ber combinetion, it will not be possible to quentitatively
-check the relative inteﬁsity increases measured by the haze recorder.
However, since the coldr of large ground areas is gemerally Xnown, it
mey be possible to relete the scope trapes and the photogi'aph to dis-
cover prominent discrepancies, The number of camerss and the type of
ingtellation uged during the haze rscorder flights will be dependent
upon the type of aircreft a.vailablé. It is doubtful that more than
one six-inch metrogon camera cen be used during test flights in the

T=11l sttached to the Bogton University Physicsel Research Laboratory.
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Determination of aﬁgle‘ between the smm direction and line of sight from

‘aircraft to object point P
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Figure 6.

Using Law of Cosines

C2=F%csc? + F4csc Zé -2 ;E‘Z:CSCO" csc® cos e
and G.z; F‘z:c-otzq- + F 2 cot%e - Z‘IFZ C’l:)tf cot &tzos\a;-
Therefore | |

cscle + csc?® - 2 cscecsc @cose = cot?q- + cot?® - 2 cote cot® cos B

or 1 - »c.c'szq-_ + 1 - - cﬂo'szg. - 2 egscEcscO®cosK = -2 cot@ cot & cos B

%o sinza '

sin?  sin’e - sin
l -~ cscCecscOdHcos& = - co.to'v'c-o'-t &cos 4

cos & = cosg-cosécosd +1
S siz & sing-sin 8

cos®& = cos@ cos € cosg + sinC siné
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DATA TAKEN FROM HAZE RECORDER
AVERAGE EXPOSURE METER RATIOS VERSUS ALTITUDE
(OVER CITY AREAS)
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ABSTRACT OF THESIS

~ An airborne telerhotometric device (neze recorde:;)'i‘s now being
congtructed at the Bo Sfboh Universi'ty Physicael Research Laborsatory to col-—
lect the data necessery ’for a st_'.udy 6f atmospheric haze, It is expected
thet this present study will indicé:te the exigtence of correlations be-
tween haze light intensity é.nd parsmeters significant in aeria.lvphotog-
raphy. The purposs of this thesis is to provide an operationel plean
including deta reduction and ‘preliminarf_analy.sis for the first explora~
tory test flights. |
' The heze recorder is being constructed to measure up-welling
light intensity izi a néﬂ&r véa:trh fz"om’ horizon through nadir to horizon.
The plene of this sweep rotates in 45° intervals relative to the longi-
tudinal axis of the aireraft, end a filter whesl synchromized vith +the
sweep from horizon to hérizon passes light alternately through blue,
green and red filters. Thus a three-dimehsional plot of up-welling
light is formed for ea.éh of three spectral ranges. A photomultiplier
tube transforms this imtensity into en electrical signal which, after
amplification, is displayed on an oscilloscope tube and photographed,
Data for this study will be derived from three ’primary sources-?—
the heze recorder, an aeria_l observer and ground station reports, The
camera photographing the oscilloscope face will also record the readings
of ju:ttap'bsed flight instruments., The instrument panel includes a com-
pass, an altimeter, a 'tempéra:ﬁure‘ gage, tip and tilt indlcators and lights
which indicete the relative bsaring of the instrument. The observér

ghould, in addition, record the sun's eltitude, wind direetion and vel-
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ocity, the general characteristics of the 'l:erfain and visuel haze condi-
tions. The ground station report should include wind conditions, cloud.l
coverage, ground visibility and a general synopsis of weather for sev-
oral. dayes preceding the mission.

Twenty-four photographs of up~welling light intensity as a
function of sweep angle will be taken during sach operating cycle, one-
half of which ere duplicates. This duplication affords a ready method
for checking repeatability of the haze recorder under flight conditions,
To insure a check of this property, it is suggested that initial flights
~be flown over terrain which is not perfectiy uniform. This ;bype of ter-
rain will elso test the ebility of the 15° acceptance angle to ef;ﬁ'ec'tively
integrate ground reflectance velues. |

The grest number of observations made during each flight of the .
haze recorde:_' make it essential thet wltimetely autometic computing end
tabulating devices bs employed. | It is suggested, however, that data re-
duction for initial flights bé carried out merually. A substential re-
duction in the number of graphe can be achieved by projecting g.nd tracing
appropriate films to form composite altitude plots for sach color amd
relative bearing.

This composi'te plot is kwell-sui'l:ed fof checking synchronize~
tion between the scope trace end the sweep of the rotating prism, for
when most traces have their lowest intenslty values centered on the scope
or evenly scattered about this point, then synchronizetion will be sat-
isfa.c'tdry. Shoinld 'bheise lowest intensity velues be to one side of cen—
tor for é.ll relat%ve bearings, then improper synchronization is indi-

éa:l;ed. The centering of the curves cen also give an imdication of the



eircraft altitude during the run,

Polar plots_in which r is relative intensity and € is rela~
tive bearing .affdrd good plots for determining best optical axis orien-
tetion. Both composite altitude plots and composite sweep angle plots
ghould be wmade, keeping &ll other values constant for each greph. Such
graphs will indicsabte the effects of spscular reflection and directional
scattering. Indentations in such plots will indicate low values of scat-
tered light intensity and comnsequently best orientations for oblique
photography. ,

A plot of light intensity through each filter vs. log alti-
tude should be made for vertical measurements and some chosen oblique
orientations. This graph will show immediately the dependence of scat~
tering on wave length of light.

It is expscted .'tha:t thé data collected will be of such a nature
that it will be possible to assume that ‘the light intensity values meag-
ured at the lowest flight level consist primerily of image~forming light.
Intensity meesurements made &t higher‘a.l'hi‘hudes will then consigt of
image~-forming light plusvsca:t'bered light., If results using this ez
sumption prove to be unsetisfectory, it 1ls suggested that simultaneous
measurements be taken of the sun's intensity at each flight level through
identical filters. From such measurements good approximations of attenuv~
ation cen be made, and cbmbining ‘the measurements from the two sources
will give good approximations of relative scattered light valuses.

Flights beyond ’l:he initial flights should be planned to deter-
mine those weather conditions which cre favorable for aerial photogratrhy.

From this same datae, the most favorable camera orientation should be de--
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termined for various sun alti‘bude.s. Flights should then be scheduled
over many types of landscape and the spectral sensitivity showing the

least heze effect over each landscape should bs recorded.
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