
Ft I

ATMOSPHERIC PHYSICS
I' i

fhi do~cumcnt sclo: ~

for utTb -tcf i unhkritJod.

Irv~~~~Q Idsriutlo Is

UNIVERSITY OF MINNESOTA
Repoducd by the

CLEARINGHOUSE
for Federal Scientific & Tnchnical
Information Springfield Va 22151



The Use of Extinction from High Altitude

Balloons as a Probe

of the A spheric Aerosols*

by

T. J. Pepin

At•ospheric Physics Report

No. AP-31

October, 1969

*This work was supported by the Office of Naval Research under Contract
No. N0001.,-67-A-0113-000 ,.

Reproduction in whole or in part is permitted for any purpose of the
United States Government,

I:



I .Abstract

I A simple instrument is described that measures the intensity of solar

radiation in four spectral regions. Instruments of this type have been used

* to observe the atmospheric extinction from high altitude balloons at sunrise

since mid 1965. The data from these balloon flights are described and the

vertical profiles of atmosrheric aerosols determined from these measurements

are presented. Evidence is given for the tire variation of aerosols at high

altitude.



I. Introduction

In the past decade a number of vertical soundings using balloon borne collecting

devices and sampling devices have been made to deterirdne the vertical distribution,

concentration and composition of the atmospheric aerosols. Also, kidirect measurements

have been made of the aerosols in the snttoephere using optical techniques, e.g.

twilight sky intensity measuremmts, searchlight and laser probing and solar

extinction measur'ents fron rockets and satellites. Fron these measuremuents

it has long been realized that the concentration of the aerosols varies in time.

Because of the complexity of the collecting and sampling devices and the difficulty

of reliably observing the stratospheric aerosols from the strface, it has been

difficult to monitor the time variations of this important atmosr*eric constituent.

A small simple optical instument was developed that measures the extinction

of the solar radiation at four wavelengths from a high altitude balloon. From

these measurements using the techniques described in this paper, the vertical

concentration times the effective scattering size of the aerosols can easily be

determined. Since the instrunent is small and weighs less then 12 pounds it can

routinely be carried to high altitudes on 100,000 ft 3 balloons enabling the study

of the time varilations of the aerosols.

II. Description of Equipment and Measurement.

The balloon borne instrument consists of four telescopes that look in the

horizontal direction with 14 degree x 14 degree fields each centered 90 degrees

in azimuth from each other. This assembly is rotated beneath the balloon at

a constant angular speed of approximately 1 revolution per minute as the balloon

floats at constant altitude. During this time the rising sun traverses the

vertical fields of the telescopes. The intensity of the solar radiation is

measured in four spectral regions as a function of time by the telescopes as
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they rotate. The intensities are measured to an accurecy of 1%.

The construction details of these telescopes are illustrated in Figure 1.

For convenience the telescopes will be referred to as A, 1, C and D for the

re, inder of this report. Table 1 summarizes the spectral sensitivities of

the telescope q.

Table 1

T-elescope AEOAIX leA]

A 3670 300

B 4300 350

C 5950 400

D 9100 1400

UO is wmvelength of maximum sensitivity and AX is the full width

at one half max sensitivity.)

Telescopes A, B and C employ type 929 vacuum phototubes with S-4 response

as detectors. Telescope D uses a type 925 vacuum phototube which has a S-1

response. For each telescope the vignetting curve is measured by scanning

over the sun before each flight. This allows one to make a corretion for

any deviation from a flat response across the field. This correction is

less than 4%.

*rFigure 2 illustrates the exponential extinction coefficient per atmosphere (k)

as a function of wavelength produced by the various atspheric absorbers under

good average conditions at sea level. Ther aom tiwee curves illustrated in

4this figure, one for the molecular or Rayleigh cooponent per atmosphere (k a 1/A ),

one for the aerosol conponent per atmospherm (this cunrm assume k a 1/A and

is norwalized to C. W. Allen's (1963) value at I0) and the third cuwre illustrates

the atmospheric absorption for ozone as a function of wavelength assuming 3rm of
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ozone per atmosphere. Also mariced on this figure are the spectral responses

of the four telescopes. One observes that telescope A is primarily sensitive

to the extinction produced by the molecular or Rayleigh scattering of the

atmosphere. Telescope B is also sensitive to the Rayleigh component and to some

extent the extinction produced by the atmospheric aerosols. Telescope C is

centered in the middle of the Chappuis bends of ozone. Along with being

sensitive to extinction produced by the molecular and aerosol components of

the atmosphere it is sensitive to absorption caused by the Chappuis bends.

Telescope D is primwrily sensitive to the extinction caused in the atzmosphere

due to the presence of the atrwspheric aerosol ccuipnent.

Figure 3 demonstrates the intensity that one would expect to observ

as a function of atmospheric path for each of the four telescopes assuming a

pire molecular atmosphere.

From the flight of April 12, 1967 Figure 4 has been constructed by plotting

the observed intensity from each of the telescopes as a function of the calculated

air mass (air mass calculations will be described in the next section). One

observes the similarity of the data frKm telescopes A and B to that expected

for a Rayleigh atmosphere whereas the data of telescopes C and D appear different.

The difference in the data of telescope C from that expected for a Rayleigh

atmosphere is a reflection of the extinction produced by the ozone component

of the atmosphere. The inflection in the data fr•m telescope D between 5 and

8 atmospheres is produced by an increased concentration of atmospheric

aerosols above the tropopause as will be discussed in later sections.

The data from this series of measurements from telescope C will be

discussed in a future report as this report will primarilv concern itself with

the atmospheric aerosols.
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III. CAlculation of Air !Sass.

In order to plot the telescone data as a function of air mass, one must

calculate the atmospheric air mass traversed by the solar ray before it enters

the telescome.

A )kznoledge of the position of the balloon as a function of tine, which

is determined from the pressure measured using an Olland cycle on the balloon

and from tracking the balloon using a G.M.D., enables one to determine by the

use of the Air Almanac the true elevation angle (a) of the sun as a function

of time. The air mass can then be calculated knowing the elevation angle of

the sun and the geometric altitude of the balloon (hB). The geometry of the

calculation is illustrated in Figure 5. a is negative for elevation angles

below the horizontal direction.

Considering first positive elevation angles, the air mass traversed by

a solar ray before entering the telescope at altitude of hB when the sun is

at elevation angle a is given by:

A(m,hB) -A(cO) "WhB) for a > 0 (1)

where P(h) is the pressure at altitude h and A(c,O) is the nuaretr of air

masses frm the surface at elevation angle a without the correction for

refraction. Since the refraction at positive elevation angles is proportional

to the density at the balloon's altitude, the correction for refraction does

not significantly influence relation(l) and need not be considered for positive

elevation angles. The surface air mass A(c,O) has been measured and calculated

for various mdel atmspnheres by a nuirber of authors. (A good review of the

deteroination of A(Mc,O) has been presented by Rozenberg (1966)). For the

present study the author has used the air mass tabulated by Allen (1963).
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For negative elevation angles ane can calculate the air mass traversed

by the solar beam before reaching the telescope by observing that at the tangent

height of the ray, hT, the air mass to the tangent point is given by"

P(hT) (2)AC0,hT)- -It,0

But, the total air mass at elevation angle -a is just twics the air mass to

the tangent point minus the air mass at ft. OR

• PC 5P~hB)
M(,.mqy 2 A(0,0) TT• - AMaO) F(D . (3)

In relations(2) and (3),hr is the height of the tangent ray which is

affected by refraction. Its height can be calculated by an iterative procedure.

Frnom Figre 5 it may be seen that the tangent height of a ray with no

refraction is given by

hT = hB cos a - R (1-cos a) (4)

where R is the radius of the earth. Fran the tangent height for a straight my

(no refraction) the first estimate of the pressuwe of the true tangent altitude

is determined, and thus the first estimate of the air mass (A') to the tangent

point traversed by the my, using equation (2). The refraction of the tangent

ray 1to the tangent point is then calculated as

5 % 0o At (5).965 + .0035 T(hT)

where T(hT) is the tenperature at altitude hT in degrees centigrade. In

equation (5),which is due to C. W. Allen (1963), 10 is the refraction per air

m . w | • . . .0-



mass and for the wavelengths used in these experiments has the numerical value

1 min of amo per air mass.

Since 0 is a small angle and most of the refraction occurs near the

tangent altitude one may obtain a second estimate of hT frcm equation (4) bv

substituting for a the apparent elevation angle -a +,0,

Having thus calculated the tangent height, corrected for refraction to

first order, relation (2) can again be used to calculate the air mass corrected

for refraction to first order and then the calculation of the tangent height

can be repeated and the iterative procedure can be continued.

A good check on the calculation of the tangent height is offered by

the data itself. It is observed that in flights made at times of good weather

that the signal of telescope D is first observed at the time when one would

just predict the sun had come over the limb of the earth. If one calculates

the tangent height at the time the first signal is observed using the above

method he finds it is only a fraction of a km indicating the correction

for refraction has been applied correctly to first order.

IV. Determination of Na(h) from Txtinction Data.

The number density tires the effective scattering size of the atirspheric

aerosols as a function of altitude, Na(h), can be determined from the extinction

data from telescope D by considering a model atmosphere consisting of a number

of layers and working out the extinction produced in each of the layers as the

solar rays traverse them.

The atmosphere below the balloon is conveniently divided into a r.nmber of

layers by the tangent heights of the observed rays when the sun is below the

horizon. It is convenient to index the layers from the balloon d from 1 to

k and assign the index 0 to the layer above the balloon of thicckness S which is
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assumed to contain the aerosols above the balloon. The tangent height, hk,

can be calculated by the method outlined in the previous section and the geometry

is illustrated in Figure 6. The path lengths Pik of the ith my in the kth layer

can be calculated from simple geometry and it is found:

Poo = [S {S + 2 (h1 + R) }1 1/2 (S)

where R is the radius of the earth,

Pic C (ho + S - h.) (ho + S + h. + 2R)] 1/2 (7)

1/22

-E[h - h.) (h + h. + 2R)]
0 1 0 -1

and for k > 0

i
P. k 2 E k- hi) (hk~l + h i+ 2R) 1/2 1 Pi. (8)

izk+l

Invoking the Laibert-Beer law one has the intensity I of the light my

after traversing a path length P when the incident intensity is I' as:

I V1' e"3 Y P (9)

where N is the number of scattering centers per cubic volumze and o is the

effective cross-section of the average scattering center.

ik
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By plotting the observed intensity from telescope D corrected for the

Rayleigh component as a function of air mass one can extispolate to find the

intensity at the top of the atmosphere, I®, and with the observed intensity

corrected for the Rayleigh cqmponent in the horizontal direction, 10, one

can invert relation (9) to find

(•o 0•

PO

by using relation (6) to calculate POO.

Having deternined (NaYr, one can trace the first ray below the horizontal

through the atmosphere, again using relation (9) along with (7) and (8) to find

log4 .e i " (NO) 0 P10

P 11

One can continue to solve for the (NO)k' s using the measured intensities

corrected for the Rayleigh component, 1k, for successive lcxeer layers and in

general one finds

k-i

logo (Na) Pki

(NO)k-

Pkk

In order to carry out the above calculation one nust, as has been pointed

out, assume a value for S. In the present work S was first assumed to be the

atmospheric scale height and then after the calculation was completed the

assumption was made that a was independent of altitude and the scale height of
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the aerosols was determined. This scale height was then used for S and the

calculation repeated. Since a balloon at an altitude of 32 km is above almost

all of the aerosols the choice of S does not critically influence the results.

As a test of the consistency of this method in one of the balloon flights

of this series telescope C was replaced with a telescope 1) so that there were

two identical telescopes looking in the infrared wavelength on the same flight.

The data from these telescopes were analyzed independently and are plotted in

Figure 7. Both are seen to give the same result.

V D Data from Extinction Flights.

From the surmer of 1965 to early 1968 a number of extinction flights were

made from Minneapolis and one flight (774) was made from the Panama Canal Zone.

The data from these flights have been analyzed using the method outlined

in the above sections and Na(h) has been determined at the time of each of the

measurements. Figures 8 through 29 illustrate the Nd(h)'s determined in these

measurements. In these figures the (Nd)kS have been plotted vs, the tangent

height h,, for the k th laver. The curved grid lines on the background of these

figures are proportional to lines of constant mixing ratios for the atrospheric

aerosols if the effective scattering croqs-secticn is independent of altitude.

The numerical values on the lines, thus interpreted, are proportional to the

mixing ratio.

In this series of flights the highest concentration of aerosols above the

tropopause at Minneapolis was observed in Flight 780 on December 30, 1966. The

observed Na in this layer was 6 x 10-8 cm"1 . If one assumes the average radius

of the aerosols responsible for the extinction was S5u, one calculates the

concentration of aerosols in this layer to be 4/cM
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In Flight 774 from Panama a high Nd(> 6 x 10-8 cm"') was obeerved in the

stratosphere of the tropical atmosphere. This flight was made of the same time

that J. M. Rosen (1968) made direct soundings of the aerosols. He too found

a high concentration of aerosols at this time above Panama.

VI. Variability of the Stratospheric Aerosols.

Study of these figures reveals the variability of the aerosol concentration

in the stratosphere and at an altitude just above the tropopause. These

variations are in fact systematic in tine as is evidenced in Figure 30. In

this figure the extinction coefficient klR, determined from the data of the

D telescope when the solar ray traversed one atn spheric air mass, is plotted

above the date of each flipht. As has been pointed out in earlier sections,

kiR, the extinction coef., is proportional to the average concentration of

aerosols along the path. The tangent height of a path through the atmlosphere

that traverses 1 air mass is about 26 kmn.
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Figures:

Figure 1. Construction details of telescope used in extinction measurements.

Figure 2. Exponential extinction coefficients per atmosphere as a function

of wavelength. Spectral sensitivities of the tele6copes are noted.

Figure 3. Theoretical intensity as a function of atmospheric path for the

four telescopes in a pure RayleiEh atmosphere.

Figure 4. Intensity as a function of atmospheric path for rlipght 792.

Figure 5. Geometry of the air mass calculation.

Figure 6. rsemotry in a layered atmosphere used for determining No(h).

Figure 7. Nd(h) for the flight of September 6, 1966, Data is plotted which

was determined independently from two different telescopes.

Figures
8-29. The number of aerosols tires the effective scattering cross-section Na

as a function of altitude.

Figure 30.Extinction coef., kIRO determined for the 26 km layer as a function

of the time from 1965 to 1968.
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