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Introduction

The lowest 11 km or so o f the atmosphere comprises a 
region known as the troposphere, the region in which we live. 
As we know from  experience, it is a changeable, turbulent 
region. Above the troposphere, separated from it  by the tropo- 
pause, lies the stratosphere, a region that is quite d ifferent in 
many ways. It is more stable and regular in its behavior; it  is 
also more strongly affected by chemical processes, such as 
those which produce the ozone layer it  contains, and by radia
tive heating and cooling.

The stratosphere was not discovered until the turn o f the 
century. In form ation about its temperature, winds, and 
composition came slowly, largely because it  was d iff ic u lt and 
expensive to send instruments into the distant, hostile reaches 
o f the upper atmosphere. Moreover, there was relatively little  
interest or support fo r research on a subject fo r which no 
practical importance was recognized. A fte r World War II, the 
pace o f research and instrument development began to 
increase.

In the last few years the field o f stratospheric research has 
grown rapidly. This stems partly from  a recognition that tools 
are becoming available w ith which to attack fundamental 
scientific questions about the coupled chemical, radiative, and 
dynamical processes o f the upper atmosphere. An even more 
im portant spur has been the questions which have recently 
been raised about the impact o f man’s activities on strato
spheric chemistry. Particular concern has been expressed about 
the stability o f the layer o f ozone, which protects the earth’s 
surface from  biologically harmful u ltravio let radiation.

The firs t o f these questions concerned the effects o f super
sonic transport engine emissions on stratospheric ozone and on 
the layer o f particles which modifies the earth’s radiation 
budget. Next, the compounds used as propellants in aerosol 
spray cans— the chlorofluoromethanes— were identified as a 
class o f anthropogenic materials which could lead to reduction 
in stratospheric ozone. Most recently, scientists have pointed 
out that the release o f nitrogen dioxide from the w o rld ’s 
increasingly extensive and intensive agriculture may lead to 
reduced stratospheric ozone concentrations.

A ll o f these concerns were based on theoretical studies and 
computer models o f stratospheric chemistry. However, it very 
qu ickly became apparent that the measurement base was 
inadequate to confirm  many o f the assumptions which had 
been made, or the model predictions. The result has been a 
concerted e ffo rt to increase our measuring ab ility  through the 
development o f new instruments, improvement o f older ones, 
and increased deployment in the upper atmosphere. A fte r 
several years o f increased observational activ ity, we are now at 
a particularly interesting time to review some o f the instru

ments and techniques being used to provide answers to these 
scientific and environmental questions.

It should be noted at the outset that the stratosphere is not 
a simple place to make measurements. A irc ra ft can get in to the 
lowest levels, but most measurements made w ith in  the atmo
sphere must be obtained from balloons and rockets. Both tend 
to be expensive platforms, fo r which launches are dependent 
on surface conditions. Instruments must be capable o f opera
tion w ithou t direct human contact. For balloons especially, 
the cold temperatures and low pressures in the stratosphere are 
harsh conditions fo r many sensor components.

In this issue of Atmospheric Technology, a variety o f tech
niques are described by scientists who have developed and 
used them. In one group are the capture techniques, in which 
material is brought back from  the stratosphere fo r laboratory 
analysis. The cryogenic sampling o f gases described by Heidt is 
an example o f this type, as are the particle collection devices 
covered in Cadle’s article.

A second group contains those instruments which perform 
their analyses in situ w ith in  the atmosphere. The examples 
described here are R id ley’s chemiluminescent apparatus; the 
filte r technique o f Bonelli, Lazrus, and Gandrud; the use o f 
mass spectrometry as described by Woods; and the devices 
described by Grams and Rosen fo r determining the size d is tri
bution and optical properties o f the particles. Perhaps the 
most technically demanding o f this type are Anderson’s 
resonance fluorescence instruments.

Remote measurements, in which the state o f the atmo
sphere is determined from analysis o f the electromagnetic 
radiation it  absorbs, scatters, or emits, have always played a 
major role in providing inform ation on the distant strato
sphere. Noxon describes one o f the newest applications o f 
ground-based sensing using scattered radiation. The measure
ment o f atmospheric absorption and emission o f infrared 
radiation w ith a high-resolution spectrometer to detect trace 
gases is described by Murcray. A ll o f these instruments provide 
inform ation on the concentration o f gases or properties o f 
particles at one place or along a single path through the atmo
sphere. These data can help confirm  detailed photochemical 
mechanisms.

The study o f the transport o f material by stratospheric 
motions and o f the chemical-radiative-dynamical system 
requires global observations. Several remote sensing techniques 
used on satellites are reviewed by Gille and Mankin. The 
problems o f correlating conventional balloon and rocket data 
w ith satellite data to produce coherent data sets are outlined 
by Finger.
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O f the many im portant advances in measurement capability 
over the last few years, I believe that two are like ly to be most 
influential in the next few years. The firs t is the development 
o f instruments, based on the application o f laboratory tech
niques, fo r the measurement o f very short-lived, highly reac
tive compounds and radicals that are the crucial intermediaries 
in atmospheric chemical chains. The future w ill see the 
combined use o f these and conventional instruments to obtain 
simultaneous measurement o f all im portant species in a chain 
o f chemical reactions. Such data are required to test the 
chemistry contained in our models.

The second development is the maturing o f the satellite 
remote sensing measurement and analysis techniques. These 
now have the ab ility  to provide data that go beyond local 
chemistry, and the application o f these data w ill c larify global 
aspects o f the upper atmosphere. The future should see the 
development o f the capability to measure additional trace

species in the stratosphere and the extension o f measurements 
into the mesosphere and low thermosphere. In itia lly , many 
new measurements w ill be made from the space shuttle, w ith 
long-lived, free-flying satellites fo r upper atmosphere research 
coming later.

A fu ture trend w ill be an increased emphasis on the tropo
sphere, since it is the source o f many o f the species that in flu 
ence the upper atmosphere. This w ill necessitate the develop
ment o f fast-response instruments capable o f nearly continu
ous measurements.

The results o f all these measurements w ill no doubt force us 
to change our views o f the stratosphere and lead us to refine 
the questions we ask. These questions, in turn, w ill call fo rth  a 
new generation o f instruments. What follows is a snapshot o f a 
rapidly changing field at this instant o f time.

2
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Whole Air Collection and Analysis

Leroy E. Heidt

A number o f techniques have been developed in past years 
to measure the d istribution o f stratospheric trace gases. One o f 
the oldest is the direct sampling o f air or selected constituents. 
This method separates the determination into two steps: firs t, 
collection o f a representative sample, and second, analysis o f 
the sample in the laboratory. Most o f the major constituents 
o f air have been measured in this manner, but the method has 
also been used successfully to  measure the trace species. Its 
major advantages are that the collection devices used in the 
field can be simple and that the most sensitive laboratory 
techniques can be used fo r analyses. The disadvantages are that 
only a relatively lim ited set o f data points can be taken along a 
given sampling profile, that application is lim ited to those 
trace gases which are suffic iently stable to resist reaction 
during collection and storage, and that the analysis techniques 
are more susceptible to contamination sources than are remote 
sensing techniques.

Collection techniques can be classified into two basic 
groups: those that collect whole air samples and those that 
selectively collect one or more trace gases on a suitable 
trapping device. The form er technique is preferred in our 
laboratory. The fo llow ing is a description o f the collection and 
analytical techniques employed by our group.

The Grab Sample

Whole air sampling involves collecting an air sample in a 
suitable container w ithou t fractionating its constituents. The 
simplest method is to expose a previously evacuated container 
to  ambient air until it  has reached pressure equilibrium  and 
then to close it. In this way we collect a “ grab sample”  fo r 
which the pressure is tha t o f ambient air at the sampling a lti
tude. Because o f its sim plic ity, grab sampling has been used 
extensively on aircraft, balloons, and rockets. It was employed 
by our group fo r stratospheric sample collections aboard 
balloon payloads from  1965 until 1973 and is still used on the 
NCAR aircraft to  collect whole air samples in the troposphere 
up to an altitude o f approximately 1 3 km.

Grab sampling techniques are usually lim ited to  the lower 
stratosphere because the size o f samples collected diminishes 
w ith altitude as a result o f decreasing air pressure. Reactions 
on the walls o f the sample containers also become a problem 
in low-pressure samples. For this reason analytical measure
ments o f grab samples are usually lim ited to the more stable 
trace gases (CFI4 , methane; CO, carbon monoxide; C 0 2, 
carbon dioxide; N2 0 , nitrous oxide; and H2 , hydrogen). Even

these, however, m ight be altered by contamination unless the 
sampling devices are handled carefully.

Contamination, which is a problem in all sampling tech
niques, can be caused by external and internal sources. Exter
nal contam ination is that caused by substances released from 
the sampling vehicle by outgassing (desorption) o f the p lat
form  and as emissions from  engines or other components. This 
problem can usually be eliminated by proper location o f the 
air sample in let (Ehhalt and Heidt, 1973). Internal contamina
tion is that due to the outgassing o f the surfaces in contact 
w ith the sample during its collection, storage, and measure
ment. For example, stainless steel is widely used in the 
construction o f sample containers because i t  is easy to fabri
cate and clean. However, at low pressures i t  releases H20  
(water), H2, CO, C 0 2 , and CH4 in significant amounts. 
Fortunately, electropolishing o f the stainless steel surfaces and 
subsequent bakeout at 400°C reduce outgassing rates by 
several orders o f magnitude (Strausser, 1968). The surfaces can 
be made still more inert by oxidation in an oxygen atmosphere 
at 400°C (Heidt and Ehhalt, 1972).

Cryogenic Samples

One way to  increase the amount o f substance captured in 
whole air samples is to  condense them in samplers cooled w ith 
liquid neon (Ne), H2, or helium (He). This collection tech
nique has some definite advantages because the compression 
ratio can be very large. A large air sample can be collected in a 
small volume and thus be exposed to only a small surface area. 
Sample m odification and contam ination are minim ized. In 
fact, most gas reaction rates are slowed considerably at low 
temperatures, so that a number o f the more reactive consti
tuents are preserved as long as the sample is kept cold. More
over, the larger samples allow the measurement o f a larger

A u tho r

Leroy E. Heidt is a member of the N CA R in Situ Measure
ments and Photochemical Modeling Project. His research is 
concerned with studies o f stratospheric and tropospheric 
chemistry, with emphasis on cryogenic collection techniques 
and measurements of trace gases.
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number o f trace gases. And since the sampler requires very 
little  power, it  can be carried on a variety o f sampling 
platforms.

Several types o f cryogenic samplers have been developed 
and flown on a variety o f platforms (Denton, 1970). A firs t 
version o f our low-temperature sampler, which was designed to 
collect eight samples o f 5 £ STP, was flown on 9 September 
1973. A second sampler, collecting 16 samples, was flown on 
7 May 1974 to a maximum altitude o f 35 km. Both flights 
demonstrated the systems’ ab ility  to bring back from the 
stratosphere to the laboratory large air samples free o f 
contamination and fractionation (Lueb, Ehhalt, and Heidt, 
1975). Vertical profiles o f H2 , CH4 , CO, N20 , CF2CI2 and 
CFCI3 (chlorofluoromethanes), and H20  vapor have been 
measured in samples collected w ith these systems (Ehhalt et 
al., 1974; Heidt et al., 1975). A th ird  system, which was 
completed in 1 975, can be flow n on a separate balloon to 
extend the altitude profile  to 45 km by collecting eight 
samples in a lightweight payload.

The three low-temperature sampling systems now in use are 
all based on the fact that at the temperature o f liquid Ne 
(27K) most gases in air are condensed into solids w ith vapor 
pressures below 1.3 X 10-2 N /m 2 (10-4 to rr); e.g., at 30K, 
the pressure o f N2 (nitrogen) is ~4 .0  X 10“ 3 N /m 2 
(~3 X 10 _s to rr), and that o f 0 2 (oxygen) is 
~2 .7  X 1O '5 N /m 2 (~2 X 10 “ 7 to rr). In our systems, the

Fig. 1 Schematic diagram o f the basic components o f the cryogenic 
whole air sampler. Sample cylinders are actually arranged in concentric 
circles o f eight cylinders each with the purge pump in the center. AP 
indicates a change in pressure. (See Lueb, Ehhalt, and Heidt, 1975.)

CYLINDER CYLINDER

sample containers are partly immersed in liquid Ne and thus 
act as “ cryopumps,”  freezing the air on the cold surfaces. The 
attainable pumping speed is suffic ient to maintain a volume 
flow  o f 23 E/min, even at an ambient in let pressure o f only
1.3 X 102 N /m 2 (1.0 torr). The 10 C samples standardized to a 
temperature o f 0°C and a pressure o f 1 atm (1 atm = 1 mm o f 
mercury) are collected in a volume o f 0.75 2 and noncondens- 
ables (H2 , He, Ne) build up a residual pressure o f only
3.3 N /m 2 (2.5 X 10-2 to rr), so back-diffusion does not occur. 
It  is im portant that the internal surfaces be clean, to prevent 
contamination from  outgassing or desorption o f trace gases 
from the walls (Lueb, Ehhalt, and Heidt, 1975).

The Sampling System

Stainless steel cylinders 70 cm long and 3.8 cm in diameter 
are connected to a common manifold through a bellows-sealed 
stainless high-vacuum valve which is driven by a 28 V dc m otor 
(Fig. 1). Each m otor drives its valve through a clutch which 
insures proper torque fo r leak-tight closure. When the 
collected samples are allowed to  warm to room temperature, 
pressures up to 20 atm are attained. For safety, a stainless steel 
rupture disk is welded in to each sample cylinder extension 
tube (Fig. 2). Each cylinder has been pressure-tested to 
170 atm w ithou t permanent deformation, and the rupture disk 
burst pressure is set at 102 atm. The extension tube extends
10 cm beyond the mounting flange into the sample cylinder as 
an added precaution to prevent back-diffusion o f the non- 
condensables.

Before flight, the stainless steel Dewar (an insulated con
tainer fo r storing cold liquids) is filled  w ith liquid Ne to 1 5 cm 
below the top flange. This keeps the liquid Ne level below the 
extension tubes, whose temperature thus remains suffic iently 
above the liquid Ne temperature to prevent the plugging o f the 
extension tubes by solid air. During fligh t, ullage gas pressure 
in the Dewar is maintained at 0.5 atm above ambient pressure 
by relief valves to prevent freezing o f the cryogen at pressures 
below the trip le po in t o f Ne. The cold Ne bo il-o ff gas is 
warmed to ambient temperatures in a black aluminum ballast 
tank and vented through a hose extending 20 m above the 
gondola that carries the balloon payload.

The flexible in let line extends 2 m to the outside and 6 m 
below the gondola to avoid possible sources o f contamination 
in the payload. It is capped w ith a stainless steel rupture disk 
which bursts after the package reaches floa t a ltitude, exposing 
a clean inlet. This is accomplished by tem porarily opening a 
motor-driven valve by telemetry command, thereby con
necting the in let line to a stainless cylinder containing high- 
pressure dry N2 gas (Fig. 1). This procedure is designed to 
prevent absorption o f H20  vapor in the baked-out in le t line 
before launch and during the ascent through the moist 
troposphere.
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A number o f secondary measurements (pressure, tempera
ture, flow  rates, etc.) are performed during the flig h t and 
telemetered to the ground as described by Lueb, Ehhalt, and 
Heidt (1975). Telemetry, as well as launch and recovery 
support, is usually provided by N CAR’s National Scientific 
Balloon Facility at Palestine, Texas.

The sampling system, w ith the battery power supply and 
telemetry system, is housed in a gondola which is suspended 
70 m below the balloon to minim ize contamination from  the 
outgassing o f the large balloon surface (Fig. 3). The entire 
system is allowed to flo a t at maximum altitude fo r approxi
mately 2 h to allow outgassing o f the gondola and balloon.
The firs t sample is taken during the latter part o f the flo a t to 
serve as a m onitor fo r possible contamination by balloon and 
gondola. A ll other samples are collected while the balloon 
maintains a slow descent (~50 m /m in) to insure that any 
contamination is swept upward and away from the in le t by the 
relative air m otion. Prior to inhalation o f any sample, a purge 
pump (Fig. 2) is opened long enough to flush the in let line and 
manifold w ith ambient air o f at least 20 times its volume.
Flow rates are pressure-dependent, so sampling times vary w ith

altitude. These range from  90 min at 45 km to 20 s at 15 km. 
A t the end o f the sampling mission the balloon is cut o f f  and 
the payload returns to  the ground on a parachute. We attem pt 
to have a recovery crew as close as possible to the landing site 
to take the necessary precautions fo r safe surface transport o f 
the samples.

Sample Analyses

When the samples are returned to the laboratory, they are 
individually attached to a high-vacuum pumping system w ith a 
bu ilt-in  precision pressure gage and volume-calibrated mani
fo ld . Since the volumes o f the individual tubes are calibrated 
prior to use, the total volume o f each sample collected can be 
determined from  the pressure measurement. A t this time, two 
aliquots o f the sample are w ithdrawn. One is used fo r the gas 
chromatographic analyses and one is stored fo r fu ture use.

Fig. 3 Balloon flight train.

Fig. 2 Sample cylinder with motor-driven valve. Note rupture disk and 
in let extension into the cylinder. (See Lueb, Ehhalt, and Heidt, 1975.)

TELEMETRY— £

VALVE PACKAGE

TERMINATE FITTING

PARACHUTE

70 m CABLE LADDER 

LAUNCH FITTING

SCIENTIFIC GONDOLA 

INSULATED BONNET 

BATTERIES 
CRUSH PAD

DEWAR
BALLAST

SAMPLE INLET LINE
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Mass Chromatography

•  Molecular hydrogen and neon. The concentrations o f 
molecular H2 and Ne are measured w ith a gas chromatograph 
equipped w ith a radio-frequency glow discharge detector. The 
H2 and Ne are resolved from the other components in air in a 
stainless steel “ colum n”  6  mm in outside diameter and 3 m 
long that has been packed w ith a Linde 5 A  molecular sieve. 
Details o f this technique, together w ith sensitivity and calibra
tion in form ation, were published by Heidt and Ehhalt (1972). 
The natural concentration o f Ne remains constant at 18.18 
parts per m illion (ppm) over the altitude range o f our collec
tions. We measure Ne, therefore, in order to prove that the 
sample was not fractionated during collection or handling.

•  Methane, carbon monoxide, and carbon dioxide. The 
technique fo r measuring the concentrations o f CH4, CO, and 
C 0 2 is similar to that used fo r H2 and Ne. The detector used, 
however, is an H2 flame ionization detector (F ID ). Also, after 
separation o f CO and C 0 2 from  CH4 on a 5 A molecular sieve 
column, the CO and C 0 2 are converted to CH4 by passing 
them over a nickel catalyst using the H2 which feeds the 
detector flame fo r conversion. The original CH4 remains 
unchanged as it passes through the converter. Since the FID is 
extremely sensitive fo r hydrocarbons, the sensitivity fo r CO 
and C 0 2 is greatly enhanced.

•  Chlorofluoromethanes and nitrous oxide. The chloro- 
fluoromethanes, CF2 CI2 and CFCI3, are measured w ith a 
th ird gas chromatograph equipped w ith a silicon-oil-on- 
chromosorb column (A lltech) and an electron capture detector 
(ECD). The ECD is so extremely sensitive to Cl that it can be 
used to detect concentrations o f only a few parts per tr illion . 
Other stratospheric trace constituents “ seen”  by this detector 
are CCI4 (carbon tetrachloride), CH3 CCI3 (methyl chloro
form ), and CH3CI (methyl chloride).

In addition, we are now using the ECD to measure N20  in 
each o f our samples. The column packing used fo r this separa
tion is a silica bead (Waters Porasil). Concentrations vary from 
2 0  parts per b illion (ppb) in the middle stratosphere to more 
than 300 ppb in the troposphere.

Mass Spectrometry

•  Nitrous oxide and carbon dioxide. The air sample remain
ing in each collection tube is then used fo r a second determina
tion o f N20  and C 0 2 . The collection tube is attached to a 
vacuum system and cooled to the temperature o f liqu id N2 , 
and the 0 2 and N2 are pumped away. The total volume o f 0 2 

and N2 is measured w ith a gas meter attached to the exhaust 
port o f the vacuum pump. The liquid N2 cryogen is then 
replaced w ith dry ice. This insures that the H20  is quantita
tively retained in the collection tube while the N20  and C 0 2 

are transferred by a Toepler pump into a special volume-

calibrated McLeod gage in which the gas volume is determined. 
Thus, from  the volume o f this gas fraction (which is essentially 
C 02 ) and the volume o f stratospheric air measured w ith the 
gas meter, we calculate a C 0 2 m ixing ratio fo r each sample.

A second measurement o f the N20  m ixing ratio is deter
mined by mass spectrometric analysis. The N2 0 /C 0 2 ratio in 
the C 0 2 m ixture is measured by comparing the ratio o f the 
peak heights at mass 30 and 44 to those fo r a set o f standard 
N2 0 /C 0 2 m ixtures covering the concentration range o f 
interest and including pure C 02 . The peak height ratios o f 
mass 30 to mass 44 are directly proportional to the N20  
m ixing ratio in the C 0 2 (Ehhalt, Roper, and Moore, 1975). 
The use o f two d ifferent analytical techniques to measure the 
same components (C 0 2 and N2 0 )  provides a check o f 
measurement accuracy and precision fo r each sample.

•  Water vapor. The measurement o f stratospheric H20  
concentrations presents a number o f new experimental d if f i
culties, because there are numerous possible sources o f H20  
contamination inherent in the design and handling o f any 
sampling system. Most, however, are eliminated w ith the use 
o f a common manifold and closed in let line, as described 
previously. In addition, the entire sampling system is baked at 
300°C fo r a m inimum o f three days prior to launch. During 
this period the residuals in the system are monitored w ith a 
small mass spectrometer until the H20  has reached an 
equilibrium .

A fte r N20  and C 0 2 measurements have been completed, 
the only constituent remaining in the sample collection cy lin 
ders is H2 0 . A t this time, the dry ice coolant is replaced w ith 
an oven and the tube is heated to 300°C. The H20  is collected 
in a trap submersed in liquid N2. This trap is subsequently 
warmed and the H20  is pumped through hot (600°C) uranium 
oxide to reduce it to H2 . The volume o f H2 is measured w ith 
the calibrated Toepler-McLeod gage to determine total H20  in 
each sample.

Summary

Over the past decade our group has developed analytical 
techniques to measure stratospheric and tropospheric m ixing 
ratios o f the fo llow ing trace constituents: H2 , Ne, CH4 , CO, 
C 02 , N2 0 , CFCI3 , CF2 CI2 , and H2 0 . As the list o f measure
ments grew, so did the need fo r larger whole air samples. In 
1973, therefore, we developed our firs t cryogenic sampler to 
collect large stratospheric samples in a vertical profile. Two 
additional systems that have since been put in to  use provide 
the capability to collect whole air samples at any altitude up 
to  45 km.

Development work now in progress includes a cryogenic 
sampler to  collect air samples aboard a small meteorological

6
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rocket such as the Areas or Canadian Black Brant V I. This 
system w ill allow us to extend our vertical profile to 70 km.

Further developments in balloon payloads are under way in 
a collaborative project w ith Sandia Laboratories o f A lbuquer
que, New Mexico. A small, lightweight gas chromatograph is 
being constructed which w ill be flow n w ith the cryogenic 
sampling systems. It w ill provide in situ measurements o f the 
highly reactive chlorine trace constituents CCI4, CH 3 CI, 
CH3 CCI3 , and others that cannot be stored in whole air 
samplers.

Analytical techniques in the laboratory are being expanded 
to include H2S (hydrogen sulfide), S02 (sulfur dioxide), COS 
(carbonyl sulfide), and CS2 (carbon disulfide).

Future field experiments will concentrate on measurements 
o f the seasonal variations o f each o f the above trace constitu
ents at three latitudes in the northern hemisphere (32°N, 
50°N, and 60°N); some equatorial and southern hemisphere 
measurements w ill also be made.
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Stratospheric Trace Gas Sampling with

Chemical Absorption Filters

Joseph E. Bonelli, Colorado State University, A llan L. Lazrus, and Bruce W. Gandrud

Recent interest in stratospheric chemistry, sparked in part 
by the suggested roles o f atomic chlorine (Cl) and nitrogen 
oxides (NOx ) in the catalytic destruction o f ozone (0 3), has 
made sampling and measurement o f trace constituents above 
the tropopause highly desirable. An ongoing research program 
in the In Situ Studies Project at the National Center fo r 
Atmospheric Research carries out aircraft and balloon-borne 
stratospheric chemical sampling at regular intervals by using 
chemically impregnated filters to collect particles and reactive 
gases.
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The concept behind sampling chemicals w ith impregnated 
filters is quite straightforward: the filte r material provides a 
matrix o f support on which suitable chemical reagents or 
solvents (or both) can be dispersed w ith a large ratio o f surface 
area to volume. Gaseous materials passing through the filte r 
may dissolve in or react w ith the impregnating material. 
Although an untreated filte r can effic ien tly  capture particles in 
a certain size range, a specially impregnated filte r can e ffic ien t
ly capture both particles and reactive or soluble gases. The 
impregnating materials are chosen fo r their selective absorp
tion properties; acidic gases are, fo r example, e ffic ien tly  
captured on base-impregnated filters. We refer to this process 
o f capture, which probably involves absorption and sub
sequent chemical reaction, as chemical absorption.

The use o f chemically impregnated filters offers several 
d istinct advantages as a high altitude sampling technique. 
Perhaps most im portant is the large extent to which concentra
tion enhancement may be accomplished fo r those constituents 
w ith very low ambient concentrations. In addition, quite large 
samples may be conveniently collected on impregnated 
filte rs— 3,000-4,000 m3 o f ambient air are sampled during a 
typical sampling episode. Another benefit o f the approach is 
that collection efficiencies may be determined easily, simply 
by sampling w ith filters arranged in series. Also, many experi
mental artifacts encountered when other atmospheric sampling 
techniques are used may be eliminated by masking a portion 
o f the filte r to obtain contamination control samples.

Application o f the chemical absorption process is lim ited by 
the low temperatures encountered in the stratosphere. Because 
the rates o f chemical processes depend markedly on tempera
ture, only those reactions w ith low thermodynamic energy 
barriers can be used in sampling stratospheric chemicals w ith 
absorption filters. Other lim iting  factors are the physical and 
chemical properties o f the impregnating material under condi
tions in the stratosphere, where temperatures as low as — 80°C 
and pressures o f 5 mb are encountered.

A fte r sampling is completed, the exposed filters may be 
conveniently returned to the laboratory fo r chemical analysis. 
In the current NCAR program, water extractions are made on 
sections o f the exposed filters and trace chemical determina
tions are performed on the aqueous extracts to detect particu
lar water-soluble species (see below fo r list). Sim ilar determina
tions o f trace species in the extracts are made at other
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laboratories by other methods. For example, W.A. Sedlacek o f 
the Los Alamos Scientific Laboratory (LASL) makes 
determinations o f bromine (Br) and Cl w ith the complemen
tary elemental analysis technique o f neutron activation.

Analyses performed on the filte r extracts at NCAR include 
determinations o f Cl", N 0 3~, NH4+, and SO4 2 ”  concentrations 
by visible spectrophotometry; o f Na+, K+, and Ca2 + concentra
tions by atomic absorption spectrophotometry; and o f F" 
concentrations by specific ion electrode analysis. Am bient 
stratospheric concentrations o f these species are calculated 
from  the ionic concentrations found in the aqueous extracts 
and volume data on the air that was sampled. Further details 
on analysis techniques are given beiow.

The In Situ Studies Project at NCAR, o f which the strato
spheric chemical sampling program is a part, is committed to 
measuring trace constituent concentrations in the stratosphere 
to complement chemical modeling results at NCAR and else
where. Modeling results im ply that free Cl atoms in the strato
sphere may abstract hydrogen (H) atoms from CH4 , H2 0 2, 
H 0 2 , or molecular H2, thereby form ing hydrogen chloride 
(HCI) in very low ambient concentrations. The NCAR strato
spheric chemical sampling program succeeded in capturing and 
detecting HCI and H N 0 3 in the stratosphere by using chemical 
absorption filters. HBr and HF have been detected as well, at 
much lower ambient concentrations.

To date, the filte r material used by NCAR to carry out 
stratospheric sampling by chemical absorption is the same as 
that used by the A tom ic Energy Commission, or AEC, to 
collect stratospheric radioactive debris w ith the use o f aircraft 
and balloon sampling techniques (AEC became the Energy 
Research and Development Adm inistration, or ERDA, which 
is now part o f the U.S. Department o f Energy). The filters are 
manufactured under government contract from a natural cellu
lose product and are treated w ith Kronisol1 oil (d ibutoxyethyl 
phthalate) to improve their efficiency at collecting small 
particles. The ERDA designation fo r this filte r paper is Insti
tute o f Paper Chemistry (IPC) type 1478 (IPC 1478).
Although the filters used by ERDA contain significant 
amounts o f the stratospheric ionic species o f interest, a tech
nique fo r removing most water-soluble impurities has been 
developed in which the filters are washed repeatedly with 
filtered and deionized water saturated w ith Kronisol.

Since it is usually necessary to distinguish between gas and 
solid phase origins fo r samples o f stratospheric species (both 
particulate and certain gaseous materials are captured on 
impregnated filters), we use impregnated and nonimpregnated 
sections on the same filte r to make direct comparisons. 
Chemical migration o f the impregnating or sample material is

1 Kronisol is a registered trademark of the FMC Corporation.

prevented by partition ing o f the filte r  w ith chemically inert 
silicone rubber that penetrates the filte r material. The same 
technique can be used to separate segments o f a filte r impreg
nated w ith d ifferent materials in order to sample two or more 
trace constituents simultaneously. The latter technique was 
proven viable in recent tropospheric sampling o f the 
Mt. St. Augustine volcano plume w ith the NCAR Electra 
Samovar system. The Samovar system is a particulate sampler 
that is mounted on NCAR’s Lockheed Electra and is used fo r 
tropospheric aerosol sampling.

Although several impregnating materials are currently under 
consideration fo r use in stratospheric sampling filters, thus far 
only tetrabutylamm onium hydroxide (TBAH) has been used 
successfully. Some time ago the NCAR research program 
found that gaseous stratospheric H N 0 3 was absorbed rather 
e ffic ien tly  on unimpregnated (neutral) IPC 1478 filters. 
Further experiments showed that H N 0 3 (as well as other 
acidic gases, including HCI) could be collected w ith virtually 
100% efficiency on base-impregnated filters. In accordance 
w ith the current interest in ambient stratospheric HCI concen
trations, base-impregnated filte r samples are being collected on 
a regular basis.

Filters impregnated w ith several alkaline materials were 
tried in stratospheric sampling w ith varying degrees o f success. 
The best material fo r capturing acidic gases, from the stand
points o f collection efficiency and com patib ility  w ith K ron i
sol, was found to be TBAH (Fig. 1). TBAH has the additional

Fig. 7 Segmented and impregnated IPC 1478 filte r used fo r balloon 
sampling.

Im pregna ted
c o n tro l
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advantages o f remaining viscous at — 70°C and o f having a low 
vapor pressure at room temperature. Quaternary ammonium 
salts (such as TBAH), however, are usually made by reacting 
an alkyl halide w ith ammonia. Therefore, the halide im purity 
in commercially available TBAH is high. Fortunately, repeated 
treatment w ith an anion exchange resin reduces the halide 
im purity  to an acceptable level.

The NCAR stratospheric filte r sampling program currently 
uses two platforms to obtain stratospheric samples. Sampling 
from  WB-57F and U-2 (NASA) a ircraft is conducted on a 
regular basis at altitudes up to 21 km. And samples from 
higher altitudes (up to 37 km) are obtained w ith balloon-borne 
samplers. The IPC 1478 filters used in both a ircraft and 
balloon samplers are atypical in that they show a low pressure 
drop at high face velocity (that is, their resistance to flow  is 
small). Consequently, ram air pressure can provide the air flow  
on the aircraft samplers, and mechanical blower pumps and air 
ejector pumps are used on the balloon samplers.

A irc ra ft Sampling

For several years, the AEC and ERDA have been carrying 
out Project Airstream, a quarterly deployment o f WB-57F

Fig. 2 The U- 1 filte r sampling foil.

aircraft fo r sampling high altitude, stratospheric radioactive 
debris. Sampling is usually conducted from  75°N latitude to 
various points in the southern hemisphere at about 100°W 
longitude and at two or more altitudes between 12 and 20 km 
(40,000 and 65,000 ft) .

The WB-57F is equipped w ith a filte r sampling fo il (offic ia l 
designation, U-1) in the lower right bomb bay (Fig. 2). The 
U-1 consists o f an inner storage chamber located inside the 
aircraft bomb bay and an outer sampling chamber outside the 
aircraft. The outer chamber is referred to as a sampling fo il 
because o f its aerodynamic shape. The U-1 can carry 1 3 filters, 
each 41 cm in diameter, which are held in stainless steel 
screens that in turn are contained in aluminum element 
holders. The element holders advance along steel rails in the 
inner chamber and pass sequentially over a port that leads to 
the outer chamber, or fo il. Each filte r is pushed into the fo il 
by an activating arm and is held in position by a pneumatic 
sealing ring that also forms an a irtigh t seal between the inner 
and outer chambers. The U-1 sampler is operated from  the 
a ircraft cockpit by the fligh t engineer/navigator and is 
designed so that erroneous or m ultip le filte r exposures are 
impossible.

In the past, NCAR participated in Project Airstream by 
obtaining and analyzing filte r samples o f stratospheric particu

Second s ta tion  
v iew  lo o k in g  fo rw a rd
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lates. However, in May 1976 Project Airstream was success
fu lly  flow n w ith NCAR neutral and base-impregnated filters to 
obtain, fo r the firs t time, a latitudinal d istribution o f lower 
stratospheric HCI and HBr from  10°S to 75°N (Fig. 3).

A lim ited amount o f sampling conducted by the NASA U-2 
a ircraft equipped w ith the six-position F-2 sampling fo il has 
produced similar results. And, as previously mentioned, 
successful tropospheric sampling was recently carried out w ith 
the NCAR Electra/Samovar system.

Balloon Sampling

To extend trace constituent measurements to higher a lti
tudes than are possible w ith aircraft, balloon-borne samplers 
are used to obtain filte r samples up to 37 km (120,000 ft) . 
Two samplers are in use, both o f which were developed under 
AEC contract several years ago to sample stratospheric radio
active debris (Figs. 4 and 5). The sampler used at altitudes of 
30 km (100,000 ft)  or less is aspirated by a motor-driven 
centrifugal blower and is designated DFS (direct flow  
sampler). The sampler used at altitudes greater than 30 km 
uses on-board compressed nitrogen in air ejector (AE) venturi 
configuration.

Both the DFS and AE samplers accommodate only one 
filte r. Consequently, contamination control blanks are 
obtained as small masked portions o f the single filte r. Typical 
filters are ha lf neutral and half impregnated and have control 
masks installed on a small segment o f each side.

The samplers remain sealed until the balloon package 
reaches its assigned altitude. A t that time, the inlet and 
exhaust doors are opened and the pump is started. Sampling 
usually lasts 4-5 h at floa t altitude. The sampling package then 
descends by parachute and is recovered either on the ground 
or, over inhospitable terrain, in midair.

Impeller integrators located downstream o f the filte r 
measure the volume o f air sampled. As w ith the a ircraft 
samples, the total mass o f air sampled is calculated by using 
densities from the U.S. Standard Atmosphere Supplements 
and applying appropriate temperature corrections.

Sample Handling

Although very large air samples are taken during chemical 
absorption filte r sampling in the stratosphere, ambient concen
trations o f trace constituents are so small that subsequent 
chemical determinations o f the water-soluble filte r extracts 
are, in effect, trace determinations. In addition, the potential 
fo r contamination on chemical absorption filters, particularly
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Fig. 3 Stratospheric HCI reported as 10~9 g o f Cl per gram o f air. 
Points o f balloon symbols indicate latitude range per filte r collection. 
Longitude is approximately 95 ° W.

Fig. 4 Schematic diagram o f Atomic Energy Commission direct flow  
particle sampler mode! DFS-2B (balloon-borne).
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Fig. 6 Flow chart showing the process o f sample 
handling. LASL is the Los Alamos Scientific 
Laboratory.
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fo r the chloride ion, is quite large. Therefore, chemical absorp
tion filters must be prepared and handled w ith great care 
(Fig. 6).

The IPC 1478 filters are firs t cut to  size and then are parti
tioned w ith silicone rubber. They are installed in U-1 filte r 
screens and are washed repeatedly w ith filtered, deionized 
water saturated w ith Kronisol. A fte r thorough air drying, the 
filters are masked and a methanolic solution o f TBAH is 
sprayed on the filte r surface in an atmosphere o f dry helium. 
The filters are then installed in aircraft or balloon filte r holders 
under clean-room conditions and are triple-bagged in u ltra 
clean 0.2 mm (6 m il) polyethylene bags before being sent to 
the field.

A fte r sampling, the triple-bagged exposed filters are 
removed from their holders and cut, again under clean-room 
conditions, and are sealed in individual ultraclean bags. An 
appropriate volume o f deionized water containing wetting 
agent is introduced into the bags by burette and the bags are 
agitated in an ultrasonic cleaner fo r 1 2 min. The turb id extract 
is either decanted o ff or vacuum filtered, i f  necessary; is 
centrifuged at 1 8,000 revolutions per m inute fo r 20 m in; and 
is carefully decanted again. The clear aqueous extracts are then 
ready fo r chemical analyses.

A t no time in the sample handling procedure are the filters 
touched by bare hands or exposed to room air fo r more than a 
few seconds. The balloon samplers remain completely sealed 
except during actual sampling, and the U-1 and F-2 aircraft 
sampling fo ils are sealed both inside and outside the a ircraft by 
pneumatic sealing rings.

Chemical Analyses

As mentioned above, we perform chemical analyses at 
NCAR fo r species o f interest in the filte r extracts. We use 
automated analyzers in routine analyses fo r C f, NH4+, N 0 3~, 
and S042 ~ (Fig. 7). A lthough the specific analytical methods 
used are d ifferent fo r each o f the above ions, the analyses all 
depend on the form ation by chemical reaction o f a visible, 
light-absorbing species in solution and on the subsequent 
measurement o f concentration by visible absorption spectro
photom etry.

The analytical determination o f C f,  fo r example, depends 
on the form ation o f the colored anion hexathiocyanatoiron 
(I II)  [Fe(SCN|“ ] . C f  is capable o f displacing (SCN)-  from 
aqueous, unhydrolyzed Hg(SCN)2 . As a result, (SCN)' is avail
able to complex w ith solvated Fe3 + in acid solution. Transi
tion metal ions such as Fe3 + often absorb light in the visible 
region when in solution because o f d-orbital sp litting caused 
by the presence o f neutral or negatively charged ligands such 
as H20  or (SC N f. The metal d-orbitals, which are degenerate

in the free gaseous ion, are unequally perturbed by the 
prox im ity  o f the ligands. Electronic transitions from the lower 
to upper d levels fo r Fe(SCN)6 ”  occur as a consequence o f 
absorption in the visible region at 480 nm. We compare the 
absorbance measured in the samples to that measured in a set o f 
standards and calculate the concentrations directly.

We determine alkali metal and alkaline earth cation (Na+, K+, 
and Ca2 +) concentrations by atomic absorption spectro
photom etry. To determine fluoride ion (F") concentration, we 
use ion-specific electrode analysis. The electromotive force 
generated across an immersed lanthanum fluoride crystal, one 
side o f which is exposed to a solution o f known composition, 
is a known function o f the F”  concentration in solution. We 
compare the results o f sample analysis directly to laboratory 
standard solutions.

Analyses performed at LASL fo r the elements Cl, Br, and I 
are done by neutron activation. The aqueous filte r extract is 
irradiated w ith thermal neutrons and the resulting activities o f 
the gamma-emitting radioisotopes thus formed in the sample 
are compared to standards.

Future Prospects

The use o f chemical absorption filters in stratospheric 
sampling is a new and unique technique. A lthough only one 
type o f impregnated filte r has been successfully flow n in the 
stratosphere to date, the possibilities fo r fu ture applications o f 
the technique are quite broad. Current research on aqueous 
and nonaqueous solvent systems as impregnants and on the 
inclusion o f oxidizing or reducing agents in the impregnating 
material is quite promising. By judicious choice o f impreg
nating materials, it  should be possible to absorb selectively 
specific gaseous constituents and transform them on the filte r 
to  a form  that may be easily analyzed.

Efforts are under way at NCAR to develop more compact, 
inexpensive, and e ffic ient samplers fo r obtaining stratospheric 
filte r samples. The samplers in use require expensive aircraft 
time and large and expensive balloon deployments to obtain 
relatively few samples. We at the NCAR program hope soon to 
field a balloon-borne sequential f ilte r  sampler that weighs less 
than 50 kg and can be flow n more economically.

Acknowledgment. Data collection and analysis fo r the 
stratospheric chemical filte r sampling research program at 
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Collection and Analysis of Stratospheric Particles

Richard D. Cadle

Records o f observations o f the optical effects produced by 
particles in the upper atmosphere date back to at least 1636, 
when strange “ sun glows”  were observed in Scandinavia after 
the eruption o f Hekla in Iceland (Furneaux, 1964; Lamb,
1970). Highly explosive volcanic eruptions often introduce 
huge amounts o f particulate material in to the stratosphere, 
and the resulting optical effects, typ ica lly b rillian t golden 
sunsets, may persist fo r several years and be observed over 
much o f the globe.

One o f the earliest scientific studies o f stratospheric 
particles was made by Gruner and K leinert (1927), who 
measured tw iligh t effects that they interpreted as being 
produced by dust in the stratosphere. Since 1927 numerous 
measurements o f stratospheric aerosols have been made by 
using remote sensing techniques o f various kinds. In addition 
to continued studies o f tw iligh t effects, measurements have 
been made o f daytime sky brightness and extinction, and 
searchlight and laser radar (lidar) techniques (Grams, 1975) 
have been applied. The firs t collection o f stratospheric 
particles was accomplished in the 1930s when spores o f a 
number o f molds were collected between altitudes o f 22.1 and 
10.8 km (72,500 and 36,000 ft)  in a spore trap released from 
the balloon Explorer II. However, except fo r that identifica
tion o f biological material, collections and analyses o f strato
spheric particles were not made until about 1959, when J unge 
and his co-workers collected stratospheric particles w ith 
impactors flow n on balloons and a ircraft (Chagnon and Junge, 
1961; J unge and Manson, 1961; J unge, Chagnon, and Manson, 
1961). They measured the concentrations, size distributions, 
and composition o f particles larger than 0.1 nm in radius and
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found that very few particles larger than 1 nm in radius were 
collected. The collected material was analyzed by electron 
microprobe and X-ray fluorescence techniques, which provide 
only the elemental composition (McCrone and Delly, 1973). 
These techniques are described later in this article. The 
predominant element was sulfur, which was later found to be 
almost entirely in the form  o f sulfate. Smaller amounts o f 
elements indicative o f silicates, such as silicon, aluminum, cal
cium, and iron, were also found. The greatest concentrations 
o f particles in the size range from  0.1 to 1 nm in radius were 
observed between altitudes o f about 16 and 23 km. Because o f 
the preponderance o f sulfur, the names sulfur layer or sulfate 
layer are often applied to the stratospheric region w ith large 
concentrations o f particles in this size range. The sulfate 
appears to be largely in the form  o f sulfuric acid, much o f 
which is formed by the oxidation and hydration o f sulfur 
dioxide.

Numerous collections and analyses o f stratospheric particu
late material have been made by various groups since the 
pioneering measurements by Junge and his co-workers. The 
results o f these collections, which were made almost entirely 
by impaction or filtra tio n , have been reviewed by Cadle and 
Grams (1975). (Impaction and filtra tio n  techniques are 
described later in this article.) The fo llow ing are some o f the 
results that have been obtained:

•  The sulfur layer is highly structured, often consisting o f 
several sublayers.

•  The particle concentrations increase by an order o f 
magnitude or more after major, highly explosive volcanic 
eruptions.

•  The particles may consist largely o f volcanic ash fo r 
weeks or months after such eruptions. Nonetheless, the 
hydrogen sulfide and sulfur dioxide emitted by the erup
tions are converted to sulfuric acid, thereby greatly 
increasing the sulfate concentration.

•  The peak concentration tends to parallel the tropopause 
in altitude, being higher at the equator than near the 
poles.

•  The collected particles have many d ifferent forms, as 
shown by transmission and scanning electron microscopy. 
Flattened spheres w ith satellites around them are impure 
sulfuric acid. Hexagonal plates are almost certainly 
ammonium sulfate (Desvignes, Remoissenet, and
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Maretek, 1971). Chains and clusters o f very small par
ticles may be wood smoke or extraterrestrial material, 
and irregular solid particles are probably volcanic ash.

Impactors

Impactors have often been used fo r collecting stratospheric 
particles. When a suspension o f particles in air (an aerosol) 
impinges on or flows around a surface the air is diverted by the 
surface; but i f  the particles are suffic iently large or dense their 
inertia causes them to impact on the surface, where they may 
then be retained. O f course, even w ithou t the effect o f inertial 
forces, some particles intercept the surfaces. The numerous 
devices that have been designed fo r impacting particles from 
aerosols fall rather naturally in to two classes. One class con
sists o f objects such as fibers, threads, or rods, which are 
moved rapidly through the aerosol or on which the aerosol is 
blown or drawn. The other class consists o f one or more 
apertures facing a collecting surface. The aerosol is drawn 
through the apertures, or jets, and is deflected by the collect
ing surface. Figure 1 is a schematic drawing o f the second class 
o f impactor.

Several theoretical and experimental investigations o f the 
collection efficiencies o f impactors have been undertaken. 
Perhaps the best known studies are those o f Ranz and Wong 
(1952) and one o f the most recent, relating to je t impactors, 
by Marple and Liu (1974). The theory is usually developed in 
terms o f the inertial parameter, which is defined as the ratio o f 
the stopping distance o f the particle to a characteristic length 
o f the impactor. When a particle is given an impulse velocity, 
uQ, in a still gas, the distance that the particle travels before it 
comes to a complete stop is the stopping distance, S, given by 
the equation S = uQpd2/1 8t? where p is the particle density, d 
is its diameter, and r? is the gas viscosity. The characteristic 
length is the diameter o f the fiber or rod or, in the case o f jet 
impactors, the diameter o f the circular opening or the w idth of 
the slit (D in Fig. 1). The collection efficiency o f a je t impac
to r is also influenced by the distance from the je t to  the collec
tion surface (L in Fig. 1), and the efficiency o f all impactors is 
strongly affected by the amount o f the impacting particles 
retained by the collection surface. Retention is often increased 
by coating the surface w ith a sticky substance, such as silicone 
oil.

The impactors flow n on a ircraft in the stratosphere have 
usually consisted o f a surface (rod or wire) exposed to the 
fligh t airstream. Figure 2 is a drawing o f the impactor used 
during NCAR investigations o f stratospheric aerosols (Cadle,
1972; Cadle and Grams, 1975). This impactor is a modifica
tion o f one used by Junge and Manson (1961). Both versions 
were designed to be flow n on U.S. A ir Force a ircraft (U-2s and 
WB-57Fs) w ith very high altitude capability. Particles are 
collected on tw o fla t surfaces facing in to the airstream. These

Fig. 1 Diagram o f a je t impactor. D, diameter o f je t; L, distance from 
je t orifice to collecting surface.

Fig. 2 Impactor probe for sampling from an aircraft. The motor 
assembly fo r pushing the collection surface into the airstream is not 
shown.
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surfaces have d iffe ren t w idths and thus have d iffe ren t impac
tion efficiencies. The housing fo r the impactor, a tube contain
ing the rod and spring, is mounted on the outside o f the 
aircraft.

A sample is obtained by pushing the collecting surface out 
o f the housing in to  the airstream w ith the use o f a m otor 
inside the aircraft. Extending the collection surface compresses 
the spring, which provides a positive seal when the surface is 
retracted. A major d ifficu lty  in the use o f impactors is prevent
ing contam ination o f the collection surfaces. These surfaces 
must be thoroughly cleaned and otherwise prepared in the 
laboratory, which is preferably also a clean room, and then 
sealed. The seal should be broken only at the beginning o f 
sampling and should be closed again immediately after 
sampling. Junge and Manson (1961) prepared the sampling 
surface by washing and coating i t  w ith germanium or gold. 
Often the surface was also coated w ith silicone 200 flu id  to 
increase retention o f particles. The metal coating was required 
fo r electron microprobe analysis o f the collected particles. The 
impactors were sealed in plastic bags before being shipped.

Ferry and Lem (1974a) designed an impactor that used 
0.2 jum palladium wires as collecting surfaces and was flow n on 
Convair 990 and U-2 aircraft. The th in wires provided e ffic ient 
collection o f particles as small as 0.06 ;um in diameter. 
Contamination o f the sampling surfaces was avoided by the 
use o f sealed modules which were cleaned and assembled in a 
clean room. The impactor consists o f two palladium wires, one 
o f which has been ligh tly  coated w ith silicone o il, mounted in 
an aluminum ring. The ring is installed in a “ s tandoff”  
attached to the lid o f the module. The lid is sealed to the 
bottom  o f the module w ith sealing screws, and the sealed 
module can then be removed from  the clean room and in
stalled in the sampling instrum ent w ithou t danger o f 
contam ination.

Some o f the best size d istribution data obtained thus far 
have been obtained w ith the Ferry and Lem impactor (Ferry 
and Lem, 1974b). Their results indicated that the size d istribu
tion is unimodal rather than bimodal as suggested by the 
results o f several other investigations.

Junge et al. (1961) collected stratospheric particles w ith je t 
impactors flow n on balloons. Each impactor consisted o f 
several jets and collecting plates operated in series, thereby 
perm itting size-grading through successively finer jets (a 
cascade impactor). The collecting plates were coated to 
improve retention o f particles. A t firs t, commercial Casella 
impactors were used, but later special impactors designed fo r 
stratospheric conditions were employed (Zeller, Schekman, 
and Stern, 1959). The air sampling system flow n on the bal
loon consisted o f a motor-driven pump that drew air through 
each o f several cascade impactors in turn. Each impactor was 
connected to its individual in let tube, which was mounted

vertically at the top o f the instrument. The in le t tubes were 
protected from  contam ination by sliding closures that were 
open only during the sampling period. The sampling sequence 
was controlled either by radio from  the ground or autom atical
ly by a barometric switch. As many as 1 2 samples could be 
obtained at d iffe ren t altitudes, or several at the floa ting  a lti
tude. A camera photographed a m onitoring panel at 1 min 
intervals to  record the flow  rate, sampling time, air tempera
ture, and the pressure drop across the impactor. The sampling 
system was recovered by parachute.

A somewhat d iffe ren t type o f  je t impactor was used by Bigg 
and Uno (1974). The particles were impacted on a series o f 
electron microscope grids tha t were rotated slowly beneath the 
jet o f the impactor, thereby providing a continuous record o f 
changes during the ascent o f the balloon.

Filters

In principle, almost any type o f filte r  could be used to 
sample stratospheric aerosol particles. Membrane filters have 
been used to determine the concentrations o f freezing nuclei 
in the stratosphere (Cadle et al., 1969), and such filte rs were 
also used by Fireman and K irtne r (1961) and by Hodge 
(1961). However, most o f the collections have been made with 
fiber filters. There are several reasons fo r the extensive use o f 
fiber filters fo r stratospheric sampling. The pressure drop 
across them fo r a particular linear flow  rate is much lower than 
w ith many other types o f filte rs  and, by using fibers w ith 
diameters o f less than a micrometer, filters can be prepared 
that collect even A itken particles e ffic ien tly . In addition, f i l 
ters o f very high pu rity  can be prepared from  organic po ly
mers, as described below.

The theory o f air filtra tio n  has been reviewed many times in 
the past and, recently, by Davies (1973). The usual theoretical 
method is, firs t, to describe quantitatively the deposition on 
single fibers by each o f several mechanisms; next, to consider 
the combined mechanisms fo r single fibers; and, fina lly , to 
apply the results fo r single fibers to complete filters. This 
approach, especially the last step, has been only partia lly 
successful. The mechanisms o f filtra tio n  that are usually 
considered are impaction o f the particles on the fibers, direct 
interception, and d iffusion as a result o f Brownian m otion. 
Gravitational settling o f the particles, as well as electrical 
charges on the fibers, the particles, or both, may affect the 
collection efficiency o f the filters.

Collection o f particles by impaction has been discussed 
above. The larger the particles, the smaller the diameter o f the 
fibers, and the greater the linear flow  velocity through the 
filte r, the more effective w ill be this mechanism. Direct in ter
ception, also mentioned above, occurs when a particle fo llow 
ing the flow  lines o f the air around the fiber comes in contact
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Tabic 1
Measured Collection Efficiencies as a Function 

o f Fiber and Particle Diameter

w ith it. Contact occurs when the particle center reaches w ith in  
a distance from  the fiber center equal to  the sum o f the par
ticle and fiber radii; thus the likelihood o f direct interception 
increases w ith particle diameter. Collection by Brownian 
d iffusion is especially effective fo r very small particles; the 
diffusion coeffic ient, Dc, is given by the equation Dc = 
RT/SnridN where R is the gas constant, T  is the absolute tem
perature, N  is Avogadro’s number, r? is the gas viscosity, and d 
is the particle diameter. The use o f fiber filte rs is one o f the 
most effective means fo r collecting particles whose diameter is 
less than a micrometer from  aerosols.

Theories o f fiber filte rs predict tha t a m inimum particle 
collection efficiency may occur fo r an intermediate particle 
size that is too small fo r e ffic ient collection by interception 
and impaction and too large fo r e ffic ien t collection by d iffu 
sion. This prediction has been verified by experiment. Mea
sured efficiencies demonstrating this effect fo r polystyrene 
fiber filters o f a type used fo r stratospheric sampling are 
shown in Table 1 (Cadle and Thuman, 1960). The collection 
efficiency was defined as the original number concentration o f 
the particles minus that in the filte red air, divided by the 
original number concentration.

A t least three types o f fiber filters have been flow n. Those 
prepared by the Institute o f Paper Chemistry (IPC) fo r use by 
the A tom ic Energy Commission to measure atmospheric radio
activ ity  have been used most often fo r sampling stratospheric 
particles. They are cellulose fiber filters impregnated w ith the
oil d ibutoxyethyl phthalate to increase retention o f particles. 
The IPC filte rs have a high concentration o f sulfate that in ter
feres w ith their use fo r analysis o f sulfate concentrations in the 
stratosphere. Therefore, an automated precleaning process was 
developed at NCAR. The washing procedure consists o f several 
extractions w ith filtered, deionized water saturated w ith 
d ibutoxyethyl phthalate (Gandrud and Lazrus, 1972). The 
procedure does not affect the flow  rate or the collection 
efficiency.

The second type o f filte r consists o f mats o f polystyrene 
fibers prepared by a method developed by Cadle and Thuman 
(1960). The process involves producing a high-velocity stream 
o f a solution o f polymeric material which, when introduced 
into a high-velocity air stream, is broken up and drawn into 
fibers from  which the solvent evaporates. The adjustable spray 
nozzle is constructed in such a way that an annular blast o f air 
surrounds the stream o f solution coming from  the nozzle.
Both the solution in a container below the nozzle and the 
entrance to the annular air je t are subjected to the same 
pressure— usually 3.44 X 105 N /m 2 . The resulting fibers are 
drawn by suction against Dacron netting held in a vertical 
position on a wire screen until a mat about 5 mm th ick 
accumulates. The polymer solution must be suffic iently con
centrated, and thus suffic iently viscous, that fibers instead o f 
droplets are produced.

E FFK  IENCY FOR 
M EAN FIBER INDICATED PAR TICLE DIAM ETER

D IA M E T ER  (nm) (Fraction Collected)

0 .0 1 um 0.1 yin 1.0 mi"

0 .972 0.57 0 .990

0 .972 0.857 > 0 .9 9 9 9

0 .992 0.992 > 0 .9 9 9 9

The combination o f polystyrene and methylene chloride has 
been found to  produce excellent filters, but other combina
tions can be used. By starting the filte r preparation w ith redis
tilled monomer and carrying ou t the entire process in a clean 
room, filters o f nearly pure polyethylene can be prepared. The 
purity  o f such filters as compared w ith most others is a great 
advantage when the collected material is analyzed, especially if  
the analysis is by neutron activation. Also, by using as dilute a 
polymer solution as possible, fibers w ith diameters o f less than 
a micrometer can be obtained (Table 1). Neutron activation 
analysis involves irradiating the sample w ith neutrons, thereby 
converting many o f the elements to radioactive species that 
em it gamma radiation. The gamma ray energies are characteris
tic  o f the elements that produce them and are measured, 
together w ith the gamma ray intensities.

The th ird  type o f fiber filte r used fo r stratospheric sampling 
is a commercial polystyrene fibe r filte r manufactured by 
D elbag-Luftfilter o f West Berlin. These filters have a greater 
pressure drop across the f ilte r  and lower purity  than those 
described in the preceding paragraph.

Numerous sampling systems have been developed fo r 
sampling w ith filte rs carried on a ircraft and balloons. A much- 
used system is that on the U.S. A ir  Force WB-57F aircraft. 
These a ircraft are equipped to carry 12 filters, each 42 cm in 
diameter, and expose them sequentially during fligh t. The 
filters are held in a “ record changer”  in what would normally 
be the bomb bay o f the airplane, and they are lowered in to  or 
raised from a tubular a irfo il beneath the plane by electrical 
signals from  the cockpit. A ir is forced through the filters by 
the m otion o f the plane. A ll three types o f fiber filters men
tioned above have been used w ith  this system. During some o f 
the sampling, at least two filte rs on each flig h t were exposed 
fo r a few seconds (as compared w ith the usual 30 or 40 min o f 
sampling time) to provide contam ination control blanks.

Special pumps have been designed fo r higher altitude 
sampling w ith filters carried on balloons (Coulon, 1970). One 
such pump produces a partial vacuum behind the filte r w ith a
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Table 1

Measured Collection Efficiencies as a Function 
o f Fiber and Particle Diameter

w ith it. Contact occurs when the particle center reaches w ith in  
a distance from  the fiber center equal to  the sum o f the par
ticle and fiber radii; thus the likelihood o f direct interception 
increases w ith particle diameter. Collection by Brownian 
diffusion is especially effective fo r very small particles; the 
diffusion coeffic ient, Dc, is given by the equation D c = 
RTl'in-qdN where R  is the gas constant, T  is the absolute tem
perature, N  is Avogadro’s number, r? is the gas viscosity, and d 
is the particle diameter. The use o f fiber filte rs is one o f the 
most effective means fo r collecting particles whose diameter is 
less than a micrometer from  aerosols.

Theories o f fiber filte rs predict tha t a m inim um particle 
collection efficiency may occur fo r an intermediate particle 
size that is too small fo r e ffic ient collection by interception 
and impaction and too large fo r e ffic ien t collection by d iffu 
sion. This prediction has been verified by experiment. Mea
sured efficiencies demonstrating this effect fo r polystyrene 
fiber filters o f a type used fo r stratospheric sampling are 
shown in Table 1 (Cadle and Thuman, 1960). The collection 
efficiency was defined as the original number concentration o f 
the particles minus that in the filte red air, divided by the 
original number concentration.

A t least three types o f fiber filters have been flow n. Those 
prepared by the Institute o f Paper Chemistry (IPC) fo r use by 
the A tom ic Energy Commission to measure atmospheric radio
activ ity  have been used most often fo r sampling stratospheric 
particles. They are cellulose fiber filters impregnated w ith the
oil d ibutoxyethyl phthalate to increase retention o f particles. 
The IPC filte rs have a high concentration o f sulfate that in ter
feres w ith their use fo r analysis o f sulfate concentrations in the 
stratosphere. Therefore, an automated precleaning process was 
developed at NCAR. The washing procedure consists o f several 
extractions w ith filtered, deionized water saturated w ith 
d ibu toxyethyl phthalate (Gandrud and Lazrus, 1972). The 
procedure does not affect the flow  rate or the collection 
efficiency.

The second type o f filte r consists o f mats o f polystyrene 
fibers prepared by a method developed by Cadle and Thuman
(1960). The process involves producing a high-velocity stream 
o f a solution o f polymeric material which, when introduced 
into a high-velocity air stream, is broken up and drawn into 
fibers from  which the solvent evaporates. The adjustable spray 
nozzle is constructed in such a way tha t an annular blast o f air 
surrounds the stream o f solution coming from  the nozzle.
Both the solution in a container below the nozzle and the 
entrance to the annular air je t are subjected to the same 
pressure— usually 3.44 X 10s N /m 2 . The resulting fibers are 
drawn by suction against Dacron netting held in a vertical 
position on a wire screen until a mat about 5 mm th ick 
accumulates. The polymer solution must be suffic iently con
centrated, and thus suffic iently viscous, that fibers instead o f 
droplets are produced.

Ef f :> IE N O  FOK 
MEAN FIBER INDICATED I’ ARTICLE DIAMETER

DIAM ETER (/jm) (Fraction Collected)

0.01 uni 0.1 m >ii 1.0 M'li

0 .972 0.57 0 .990

0 .972 0 .857 > 0 .9 9 9 9

0 .992 0 .992 > 0 .9 9 9 9

The combination o f polystyrene and methylene chloride has 
been found to produce excellent filters, but other combina
tions can be used. By starting the filte r preparation w ith redis
tilled monomer and carrying ou t the entire process in a clean 
room, filte rs o f nearly pure polyethylene can be prepared. The 
purity  o f such filters as compared w ith most others is a great 
advantage when the collected material is analyzed, especially if  
the analysis is by neutron activation. Also, by using as dilute a 
polymer solution as possible, fibers w ith diameters o f less than 
a m icrometer can be obtained (Table 1). Neutron activation 
analysis involves irradiating the sample w ith neutrons, thereby 
converting many o f the elements to radioactive species that 
em it gamma radiation. The gamma ray energies are characteris
tic  o f the elements tha t produce them and are measured, 
together w ith the gamma ray intensities.

The th ird  type o f fiber filte r used fo r stratospheric sampling 
is a commercial polystyrene fiber filte r manufactured by 
D elbag-Luftfilter o f West Berlin. These filters have a greater 
pressure drop across the filte r and lower pu rity  than those 
described in the preceding paragraph.

Numerous sampling systems have been developed fo r 
sampling w ith filters carried on a ircraft and balloons. A much- 
used system is tha t on the U.S. A ir  Force WB-57F aircraft. 
These a ircraft are equipped to carry 12 filters, each 42 cm in 
diameter, and expose them sequentially during fligh t. The 
filters are held in a “ record changer”  in what would normally 
be the bomb bay o f the airplane, and they are lowered in to  or 
raised from a tubular a irfo il beneath the plane by electrical 
signals from  the cockpit. A ir is forced through the filte rs by 
the m otion o f the plane. A ll three types o f fiber filters men
tioned above have been used w ith  this system. During some o f 
the sampling, at least two filte rs on each flig h t were exposed 
fo r a few seconds (as compared w ith the usual 30 or 40 min o f 
sampling time) to provide contam ination control blanks.

Special pumps have been designed fo r higher altitude 
sampling w ith filte rs carried on balloons (Coulon, 1970). One 
such pump produces a partial vacuum behind the filte r w ith a
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venturi throat. Another pump, designed fo r somewhat lower 
altitudes, uses a vane (Bonelli et al., this issue).

Analyses

A large number o f techniques have been used to determine 
the nature o f particles once they have been collected. The 
types o f inform ation desired include concentrations o f particu
late material in the atmosphere, size distributions o f the par
ticles, and elemental and molecular compositions.

The number concentrations and size distributions have 
usually been obtained from  transmission or scanning electron 
micrographs o f the collected particles (Cadle, 1975). When 
such inform ation is desired, the collections are normally made 
by means o f impactors. A t times, electron microscope grids 
have been mounted on the impactor surfaces. Electron m icro
graphs o f the particles also provide inform ation about particle 
shape, which can often be used as a clue in identify ing the 
particles. When the particles are crystalline, electron d iffrac
tion patterns produced by individual particles can usually be 
obtained w ith a transmission electron microscope. Such 
patterns have been used to establish that hexagonal plates 
collected from the stratosphere are ammonium sulfate.

The elemental composition o f individual particles collected 
by impaction can often be partia lly determined w ith an elec
tron microprobe, which is a very close relative o f the scanning 
electron microscope. A very narrow beam o f electrons from  an 
electron gun is focused on the particle being studied. The 
particle surface emits X rays whose wavelengths are deter
mined w ith an X-ray spectrometer. The X-ray spectrum is 
determined by the elemental composition o f the particle. Most 
X-ray spectrometers use crystals as d iffraction gratings that are 
rotated to focus various wavelengths on the detector. The elec
tron microprobe can be used in at least two ways. One involves 
focusing the electron beam on a single particle and deter
mining the X-ray spectrum fo r a large number o f elements, and 
the other involves setting the spectrometer on a single wave
length and scanning the entire fie ld w ith the electron probe. 
When the second approach is used the ou tpu t from the detec
to r produces an image o f the particles containing the corre
sponding element in relatively high concentrations. Most elec
tron microprobes can be used as low-resolution electron 
microscopes.

Ruled gratings are sometimes used instead o f crystals, and 
the newer electron microprobes are also equipped with 
energy-dispersive X-ray analyzers (EDXRA). The latter can be 
used to detect and identify elements in conjunction w ith a 
scanning electron microscope, but the EDXRA, although it 
detects elements rapidly, has poor wavelength resolution.

X rays w ith wavelengths shorter than those produced by the 
elements being studied can be used instead o f electrons as the 
exciting radiation. This method o f elemental analysis (X-ray 
fluorescence) is usually applied to a bulk sample rather than to 
individual particles.

Many methods have been used fo r analyzing the particles 
collected by filters. For the most part, these methods have 
involved analyzing the bulk material rather than individual 
particles. In fact, one o f the main reasons fo r sampling w ith 
filters is that suffic iently large amounts o f material are col
lected that various methods o f bulk analysis can be used. 
Physical methods fo r analyzing fo r specific elements include 
neutron activation and atomic absorption spectroscopy. In 
addition, many chemical methods can be used to analyze fo r 
specific ions. I f  large numbers o f filters are to be analyzed, 
colorim etric chemical techniques that can be automated, fo r 
example, w ith an Auto Analyzer, are especially appropriate. 
The chemical methods require a prelim inary extraction o f the 
filters. A t NCAR this is accomplished by placing the filters in 
water containing 120 ppm o f a nonionic wetting agent. The 
filters are then extracted in one step by an ultrasonic cleaner. 
The filte r material is removed by filtra tio n  through a M illipore 
filte r w ith a pore diameter o f 10 j^im, and the resulting material 
is then ultracentrifuged at 1 8,000 rpm. Sulfate and ammonium 
ion concentrations in the extract have been determined at 
NCAR by using the methods o f Lazrus, Lorange, and Lodge
(1968), and chloride concentrations are determined by the 
method o f Iwasaki et al. (1956).

References

Bigg, E.K., and A. Uno, 1974: Size d istribution and nature o f 
stratospheric aerosols. In Proc. International Conference on 
Structure, Composition, and General Circulation o f the 
Upper and Lower Atmospheres, and Possible Anthropogenic 
Perturbations, Vol. 1, Melbourne, Australia, 14-25 January. 
International Association o f Meteorology and Atmospheric 
Physics, Downsview, Ontario, Canada, 144-157.

Cadle, R.D., 1972: Composition o f the stratospheric sulfate 
layer. Trans. Am. Geophys. Union 53, 812-820.

------------ , 1975: The Measurement o f Airborne Particles.
Wiley-lnterscience, New York, N.Y.

------------ and G.W. Grams, 1975: Stratospheric aerosol par
ticles and their optical properties. Rev. Geophys. Space 
Phys. 13, 475-501.

18



NUMBER 9 - S P R I N G  1978

------------ and W.C. Thuman, 1960: Filters from  submicron-
diameter organic fibers. ind. Eng. Chem. 52, 315-31 6.

------------ , R. Bleck, J.P. Shedlovsky, I.H. B liffo rd , J. Rosinski,
and A .L . Lazrus, 1969: Trace constituents in the v ic in ity  o f 
je t streams, j .  Appl. Meteorol. 8, 348-356.

Chagnon, C.W., and C.E. Junge, 1961: The vertical d istribu
tion o f submicron particles in the stratosphere.
J. Meteorol. 18, 746-752.

Coulon, R.P., 1970: Upper A ir Sampling and Monitoring 
Program. Technical Report 3430, Contract A T (1 1-1 )-401, 
V.S.A.E.C., L itton  Systems, Inc., Minneapolis, Minn.

Davies, C.N., 1973: A ir Filtration. Academic Press, New York, 
N .Y., 171 pp.

Desvignes, J.-M., M. Remoissenet, and V. Maretek, 1971: 
Preparation o f (NH4)2S 04 monocrystals. Krist. Tech. 6, 
203-211.

Ferry, C.N., and H.Y. Lem, 1974a: Aerosols in the strato
sphere. In Proc. Third Conference on the Climatic Impact 
Assessment Program (A.J. Broderick and T.M. Hard, Eds.), 
U.S. Department o f Transportation, Cambridge, Mass.,
26 February - 1 March. DOT-TSC-OST-74-15, Washington, 
D.C., 310-317.

------------ a n d ------------- , 1974b: Aerosols at 20 km Altitude.
Paper presented at the Second Conference on Environmen
tal Impact o f Aerospace Operations in the High A tm o
sphere, San Diego, Calif. American Meteorological Society, 
Boston, Mass.

Fireman, E.L., and G.A. K irtner, 1961: The nature o f dust 
collected at high altitudes. Geochim. Cosmochim. Acta 24, 
10 - 22 .

Furneaux, R., 1964: Krakatoa. Prentice-Hall, Inc., Englewood 
C liffs, N.J., 224 pp.

Gandrud, B.W., and A .L. Lazrus, 1972: Design o f system fo r 
removing water-soluble materials from  I PC-1478 filte r 
paper. Environ. Sci. Technol. 6, 455-457.

Hodge, P.W., 1961: Sampling dust from  the stratosphere. 
Smithson. Contrib. Astrophys. 5, 145-152.

Iwasaki, I., S. Utsumi, K. Hagine, and T. Ozawa, 1956: A new 
spectrophotometric method fo r the determination o f small 
amounts o f chloride using the mercuric thiocyanate 
method. Bull. Chem. Soc. jpn. 29, 860-864.

Junge, C.E., and J.E. Manson, 1961: Stratospheric aerosol 
s tudies./. Geophys. Res. 66, 2163-2182.

------------ , C.W. Chagnon, and J.E. Manson, 1961: Stratospheric
aerosols./. Meteorol. 18, 81-108.

Lamb, H.H., 1970: Volcanic dust in the atmosphere; w ith a 
chronology and assessment o f its meteorological signifi
cance. Philos. Trans. R. Soc. London 266, 425-533.

Lazrus, A .L., E. Lorange, and J .P. Lodge J r., 1968: New auto
mated techniques fo r sulfate ion and fo r total inorganic 
nitrogen. In Trace Inorganics in Water (R.F. Gould, Ed.), 
Advances in Chemistry Series, American Chemical Society 
Publications, Washington, D.C., 164-171.

Marple, V .A ., and B.Y.H. Liu, 1974: Characteristics o f laminar 
je t impactors. Environ. Sci. Technol. 8, 648-654.

McCrone, W.C., and J .G. Delly, 1973: The Particle Atlas,
Vol. 2. Ann Arbor Science Publishers, Ann Arbor, Mich.

Ranz, W.E., and J.B. Wong, 1952: Impaction o f dust and 
smoke particles. Ind. Eng. Chem. 44, 1371-1381.

Zeller, H.W., A .L  Schekman, and S.C. Stern, 1959: Balloon- 
Borne Particulate Fractionator. Final Report, Contract 
No. AF19(604)-4943, General Mills, Inc., Minneapolis,
Minn.

Grams, G.W., Winter 1974-75: Lidar: Some current uses and 
potential applications in the atmospheric sciences. A tmos. 
Technol. No. 6, 61-70.

Gruner, P., and H. K leinert, 1927: Die Dammerungerscheinen. 
In Probieme der Kosmichen Physik, Vol. 10, Henrie Grand, 
Hamburg, West Germany, 1-113.

19



ATMOSPHERIC TECHNOLOGY

In-Situ Mass Spectrometry at Stratospheric Altitudes

Robert O. Woods, Sandia Laboratories

Balloon-borne experiments aimed at measuring atmospheric 
composition can be divided in to two general categories. In 
one, the mean properties o f a column o f air more or less 
remote from the instrum ent are investigated by techniques 
such as optical spectroscopy. In the second, the properties o f a 
sample taken in the immediate v ic in ity  o f the payload are 
investigated. This may be done either by on-board analytic 
instruments or by techniques by which the sample is stored to 
be analyzed later in the laboratory.

We w ill discuss here the application o f one technique fo r 
in -fligh t analysis. This technique, or indeed any technique 
which is to  be used in the fligh t environment, w ill never 
compete in sensitivity or range w ith analysis performed in the 
laboratory. Flight techniques do, however, possess advantages 
which make them attractive fo r certain studies. For example, 
it is possible to obtain continuous— or nearly continuous—  
data during time intervals o f particular interest, such as sunrise 
or sunset. In-flight analysis is almost mandatory fo r chemical 
release experiments, in which a p u ff o f gas is released and the 
time history o f its interaction w ith the ambient atmosphere is 
studied. Here the need is fo r data that are continuous in time 
and are taken at a known point in space. And i f  properly 
performed, an in-situ analysis is not subject to artifacts caused 
by prolonged contact w ith the walls o f a container where 
outgassed products might be introduced into the sample and 
where recombination and chemical reactions take place to an 
indeterminate degree.

A utho r

Robert O. Woods is affiliated with Sandia Laboratories in 
Albuquerque, New Mexico, where he is involved in develop
ment of instrumentation for atmospheric research and vacuum 
technology. Among the instrument systems he has developed 
are mass and optical spectrometers, charged particle detectors, 
and ion anemometers for use on rocket- and balloon-borne 
experiments. He received engineering and doctoral degrees 
from Princeton University, fellowships from the Ford and 
National Science Foundations, and is a member o f several 
honorary and professional societies.

Relative Merits o f the Technique

Mass spectrometry, the subject o f this article, has a number 
o f d istinct advantages fo r atmospheric research. The ones best 
exploited are its ability  to  give continuous data regarding 
concentrations o f any species which it can sense, its ab ility  to 
identify a wide variety o f species not necessarily specified 
a priori, and its ab ility  to detect ionic as well as (or better 
than) neutral constituents. Its greatest disadvantages are its 
inab ility  to detect neutral trace constituents below the parts- 
per-m illion level fo r most species and occasional ambiguities 
caused by species having similar mass numbers.

There are a number o f general types o f mass spectrometers, 
but all have certain operational features in common. In every 
case, the species o f interest is transformed into the gas phase 
(unnecessary in the case o f atmospheric research where the 
subject is already a gas), ionized (usually by bombardment 
w ith a beam o f electrons), and caused to move (usually by an 
accelerating voltage). When the ions are in motion, their elec
trical charge provides a “ handle”  by which they can be 
manipulated w ith a controlled electrical or magnetic field.
Such a field exerts a force upon an ion that is proportional to 
its electrical charge. This force divided by the mass o f the ion 
is a measure o f the acceleration imparted by the field to the 
ion. Thus a mixed beam o f ions can be resolved into a number 
o f discrete “ rays,”  each having a given mass-to-charge ratio 
(M/e). These can be detected at d ifferent points w ith in the 
“ analyzer”  portion o f the instrument or, alternatively, caused 
to pass one after another through the same point by varying 
the intensity o f the field. Ions are most easily detected by an 
electric current sensor (electrometer), usually w ith an electron 
m ultip lie r as a first-stage amplifier. The electrical current at a 
given value o f M/e is an indicator o f the relative abundance o f 
an ionic species. Thus, as the instrument is scanned over some 
range o f M/e, the ou tpu t takes the form  o f a series o f peaks o f 
varying amplitude. This is the mass spectrum o f the m ixture.

It is possible to detect very small concentrations o f ambient 
ions because the mass spectrometer ignores neutrals when 
configured to detect ions. Unfortunately the reverse is not 
true; when a mass spectrometer is looking at neutrals, the ions 
are lost in the background. In the case o f our instrument, we 
have demonstrated a sensitivity adequate to detect normally 
occurring densities o f n itric  oxide ions (NO+) at altitudes in the 
vic in ity  o f 50 km, although the data were statistical in nature 
and not adequate to establish absolute concentration levels. 
This points out another d ifficu lty  involved in the application 
o f mass spectrometry— the fact that, although it  is easy to
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obtain data regarding relative concentrations and changes, it is 
d iff ic u lt to  measure absolute concentrations. The greatest 
value o f fligh t mass spectrometry is thus in perturbation 
studies, where the response o f the atmosphere to inputs such 
as diurnal variation o f solar radiation or artific ia l chemical 
releases is reflected in concentration changes. Also, since the 
instrument need not be specifically set up to look at a chosen 
species, a single experiment might involve measuring concen
trations o f a range o f constituents such as nitrogen oxides, 
hydrated ions, and chlorine compounds— all preferably in the 
ionic state.

System Description

The fligh t system described here grew out o f an instrument 
originally developed fo r application on sounding rockets. 
Because o f the environment fo r which it was designed, the 
analyzer itself was immediately adaptable to balloon experi
ments, being rugged and lightweight. It was necessary, 
however, to  add a pumping system in order to  allow the instru
ment to  operate at the lower altitudes and higher densities o f a 
balloon experiment. This had not been necessary in previous 
experiments at rocket sounding altitudes.

The mass analyzer is a radio frequency (RF) quadrupole o f 
the type described in the landmark paper o f Paul, Reinhard, 
and von Zahn (1958). The rods are arranged around an inside 
radius (r0 in the usual notation) o f 2.5 mm. Their length is
12 cm. The instrument operates at a frequency o f approxi
mately 1 MHz.

In a quadrupole mass spectrometer, a beam o f ions that is to 
be resolved into bundles o f ions having discrete values o f M/e 
is injected in to the electrical field produced by fou r parallel 
electrodes. A bias voltage is superimposed upon a radio fre 
quency voltage to produce an electrical field that has the 
property o f allowing ions o f a value o f only 1 M/e to traverse 
the analyzer at a time. As the voltages are swept, successive 
ionic species appear at the outle t o f the analyzer and are 
detected by an electron m ultip lie r. The mechanism by which 
this separation takes place is described in easily understood 
terms by Dawson and Whetten (1968).

In the original (rocket) configuration, shown as Fig. 1, the 
analyzer was equipped w ith a seminude ion source in the 
interest o f m inim izing the recombination o f atomic oxygen on 
surfaces— a problem later solved by the in troduction o f an 
enclosed, cryogenically cooled ion source (Offermann and 
Trinks, 1971). In Fig. 1, the analyzer is shown w ith the ion 
source at the top, as it would be in a rocket experiment. The 
quadrupole rods are located inside a perforated cylindrical 
housing and are not visible in the photograph. When adapted 
fo r balloon use, the analyzer was mounted in an inverted 
position, the inlet to the system being at the bottom .

In order to adapt it  fo r balloon experiments, the analyzer 
was fitted  w ith a sample induction system, which incorporated 
a valve and an enclosed ion source that had the unusual charac
teristic o f allowing the unobstructed passage o f ambient ions 
into the in let aperture, through the source, and into the 
analyzer. The arrangement is diagrammed in Fig. 2. A sample 
o f the ambient atmosphere is admitted when the valve is 
opened upon command from the ground. The gold-plated 
Teflon plunger was originally actuated by a rotary solenoid/ 
cam mechanism. This was replaced on subsequent flights by a 
pneumatic bellows assembly.

C onflicting pressure requirements had to be satisfied by the 
pumping arrangement. It was desirable that the pressure in the 
analyzer and in the electron m ultip lier, which is located at its 
far end, be kept as low as possible. This was done to prevent 
scattering o f ions by background molecules w ith in  the 
analyzer and to prevent arcing o f the high-voltage electrodes o f 
the Johnson Laboratories type MM-1 m ultip lie r. On the other 
hand, it  was desirable that a higher pressure (10 “ 4 to rr, or
1.3 X 1CT2 N /m 2) be maintained in the ion source in order to 
produce a large number o f ions when the instrument was 
operated in the neutral mode. D ifferential pumping was 
accomplished by allowing the ion source to communicate w ith 
the body o f the pump through a replaceable aperture. This 
made it possible to trade o ff the sizes o f the in le t “ p inhole”  
and the exhaust aperture to control the pressure in the source

Figure 1.
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Figure 2.

Figure 3.

chamber. The pressure in the pump itself was typ ica lly in the 
1CT7- 1 ( r 8 to rr (~1.3 X 10“ 6 N /m 2) range.

This system was developed fo r use in the “ Stratcom”  series 
o f balloon experiments, in which a large number o f experi
ments have been flow n in single payloads to obtain simultane
ous measurements o f related parameters. Since it was not 
intended that an entire payload be comm itted to the mass 
spectrometer, and since the total scientific payload o f the firs t 
fligh t was to have a mass o f no more than 113 kg, a system 
was required which was light in weight and which consumed a 
minimum o f power. Sampling was to be performed inter
m itten tly  over a period on the order o f one day. This meant 
that the system required a high pumping speed combined with 
economical use o f commodities such as cryogens or battery 
power during the “ standby”  periods.

Cryopum ping

A fte r an extensive investigation into the power require
ments and concom itant battery weights o f active pumping 
systems, it  was decided to use a non-power-consuming cryo- 
pump (Stern and DiPaolo, 1 969). With this system a quantity 
o f zeolite (Linde 5A) is chilled by liquid nitrogen and serves to 
adsorb the gas w ith in  the vacuum system. This has the advan
tage o f requiring no on-board power source; the only thing 
being consumed is the cryogen needed to maintain the neces
sary low temperature against heat absorbed during the flight.
A high in te rm itten t pumping speed, combined w ith the ab ility  
to  recuperate between samples, is obtained by packaging the 
zeolite in a geometry w ith a high surface-to-volume ratio. 
Cryopumping, which is essentially a surface effect, takes place 
at a high rate on the surface o f the package during sampling. 
During the standby periods, the adsorbed gas redistributes 
itself by diffusing to the interior o f the package, thereby 
reestablishing the surface capability fo r high momentary 
pumping speed.

The primary disadvantage o f zeolite pumping at liquid 
nitrogen temperatures lies in its inab ility  to pump certain 
gases, such as helium and neon. As a result, a sizable back
ground o f these gases builds up w ith in  a pump. I f  necessary, 
these gases can be removed by adding a small-capacity 
appendix pump to the system and expending the power 
necessary to operate it. In our case the background o f noble 
gases has never become high enough to warrant supplementary 
pumping.

A cutaway drawing o f the fligh t pump is shown in Fig. 3. It 
can be seen that the geometry closely resembles that o f a 
conventional Dewar. The cryogen is contained by an inner 
vessel which is insulated by vacuum and by radiation shields. 
This is in direct contrast to most laboratory cryopumps, in 
which a zeolite container is immersed in a cryogenic bath and
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heat is abstracted from  the outside o f the package. Here the 
zeolite, in pellet form , is contained in a number o f screen 
pouches, which serve to provide the favorable surface-to- 
volume ratio. L iquid nitrogen circulates from  the reservoir 
through a manifold in to U-tubes which are in contact w ith the 
zeolite. Heat conduction is promoted by copper sheets which 
fi l l  the areas bounded by the tubes.

It is necessary to outgas zeolite by baking i t  under vacuum 
before use. This is accomplished by circulating heated air from  
an external oven through the central vent tube in the cryogen 
reservoir and in to  the U-tubes. Pumping is done by a mechani
cal forepump, which is mated w ith the system by means o f a 
copper tube (not shown) that is pinched o f f  before fligh t.

The quadrupole analyzer is mounted below the zeolite 
package, w ith its in let at the very bottom o f the vacuum sys
tem. Below this, outside the vacuum shell, is the valve assem
bly. Figure 3 shows the older, solenoid-operated mechanism. 
This proved to be too shock-sensitive fo r reliable operation 
during launch and was replaced w ith a very positive-acting 
pneumatic valve (shown in Fig. 5). A t the top o f the analyzer 
is a shielded container fo r the electron m ultip lie r, which serves 
to detect and am plify the ion current. Immediately below the 
m ultip lie r is a pair o f modified commercial flanges w ith copper 
O-ring seals. When these are disassembled, the system is broken 
into two entirely divorced assemblies. The upper comprises the 
cryopump, and the lower carries the mass spectrometer.

Electronics Package

A number o f electrical feed-throughs are located in the 
lower flange. On the inside, connections are hard-wired to the 
mass spectrometer. Cable connectors on the outside serve to 
carry bias voltages, filam ent power, and signals from or to  an 
electronics package. The remote location o f this package is 
dictated by the need to maintain thermal control o f the elec
tronics by enclosing all c ircu itry  in a common container and 
thus having to stabilize the temperature o f only a single 
package. A number o f problems fo llow  from  this arrangement, 
among them the tendency o f the elastomer cable surfaces to 
produce spurious gases in the v ic in ity  o f the mass spectrometer 
inlet, the notorious unre liab ility  o f cable terminals at the 
temperatures and pressures common to balloon experiments, 
and the fact that at radio frequencies more power is dissipated 
in the cables than in the instrument itself. It  is hoped tha t in 
future experiments it w ill be possible to m ount the quadrupole 
electronics in a hermetically sealed package mounted directly 
on the vacuum system. This w ill entail either very accurate 
temperature compensation o f the c ircu itry  or thermal control 
o f the mass spectrometer package independent o f the main 
package.

Sample Induction

Since the primary object o f the experiment is to sample 
ambient ions, the immediate v ic in ity  o f the mass spectrometer 
in let is kept as unobstructed as possible. No draw-in potential 
is used. Entrainment in the neutral gas flow  is relied upon as a 
mechanism fo r inducing ions in to the instrument. Although 
ineffic ient, this method has proven successful in investigating a 
relatively abundant ionic species (NO+).

In the case o f neutrals, reliance is placed upon the fact that 
the aperture allows an uncontaminated sample to enter the 
instrument, at least during portions o f the fligh t in which there 
is a relative wind from the lower hemisphere viewed by the 
payload. By using an arrangement which is free o f pipes or 
ducts, we hope to avoid the contam ination problems asso
ciated w ith induction o f a sample through a channel. As a 
concurrent e ffo rt, we have developed and test flown an ion 
anemometer which measures relative winds at the payload.
This in form ation can be used to support an in-situ experiment 
by determining those portions o f the flig h t during which the 
instrument sampled the unperturbed ambient atmosphere. 
W ithout relative wind data it is d iffic u lt to separate true condi
tions from  perturbations introduced by payload outgassing.

C ircu itry

The c ircu itry  flown on the firs t two experiments to generate 
time-varying bias voltages and to telemeter signal ou tpu t 
operated prim arily in the analog mode; the only exception was 
the pulse-counting circuits used fo r detection when the instru
ment was operating in the ions mode. This has been changed in 
the interest o f more readily interfacing w ith the digital com
mand and control equipment now in use and also to facilitate 
computerized data reduction. The sawtooth modulation o f 
voltage required to scan a quadrupole mass spectrometer is 
now generated dig ita lly rather than by a resistance-capacitance 
network w ith appropriate amplifiers.

A ll functions are commanded from the ground, w ith real
time readouts being provided in the command station. This 
provides a very flexib le arrangement in which unexpected 
features can be examined in great detail, the mode o f opera
tion can be adapted to events such as sunrise or sunset, and the 
data cycle can be adjusted to factors which cannot be pre
dicted a p rio ri— such as a pressure rise w ith in  the pump. 
Factors which can be manipulated in almost any permutation 
are: range o f mass scan, “ peak picking”  o f any selected mass 
peak or portion o f the range, electrometer or pulse counting 
fo r detection, investigation o f ambient ions or neutrals, and 
opening time o f the sampling valve. Data are telemetered and 
recorded at a ground station rather than on board.
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In the process o f upgrading the instrument by interfacing it 
w ith the digital c ircu itry , further increase in capability has 
been made by extending the mass range. The original c ircu itry  
was designed to scan only to M/e 50, this being adequate fo r 
the lim ited purposes o f the original rocket-borne experiment. 
For this mass range, the peak amplitude o f the radio-frequency 
voltage applied to the analyzer was only 25 V, a value fa irly  
easy to reach w ith low-power, solid-state c ircu itry . Since the 
greatest interest is now in hydrated ions and other heavier 
species, the mass range has been extended to approximately 
150. This requires a peak RF amplitude on the order o f 70 V. 
Generating such voltages w ith in  the close tolerances required 
by the instrument using miniaturized c ircu itry  is not a trivial 
problem— particularly when transmission lines on the order 
o f a meter in length are involved.

Figure 4. F light Experience

Figure 4 shows the mass spectrometer installed in the air
frame before its second fligh t (from  the NCAR fac ility  at 
Palestine, Texas). The surface o f the cryopump has been 
shrouded w ith a Mylar “ space blanket”  fo r additional thermal 

Figure 5. insulation. This photograph was taken during an early stage o f
final f lig h t assembly; fo r this reason a number o f pieces o f 
ground support paraphernalia are in evidence. A large square 
o f foam, fo r example, can be seen in place around the neck o f 
the Dewar. This was intended to prevent condensed water 
from running down the outside o f the cryopump. I t  was 
removed before flight.

Figure 5 is a close-up o f the second version o f the inlet 
valve, taken at approximately the same camera angle. Another 
block o f Styrofoam can be seen taped to  the small flange on 
the right o f the assembly. This served to protect the copper 
tube p inch-off during payload assembly. The Teflon valve 
plunger can be seen at the center o f the bottom  flange. To the 
le ft o f it  is a pair o f springs which exert^force upon a lever to 
close the valve. Between the springs is a small cylinder contain
ing a pneumatically operated bellows which is pressurized to 
open it.

The white object in the foreground and the open-ended 
horizontal cylinder at the rear composed a cooperative experi
ment fielded by L. Hale o f Pennsylvania State University. The 
horizontal cylinder contained a Lyman-alpha lamp which 
could be turned on to irradiate the v ic in ity  o f the mass spec
trom eter inlet. When this was done, NO+ ions were produced in 
the ambient air and then detected by the mass spectrometer. 
The white object is an ion probe, used prim arily fo r diagnostic 
purposes in this experiment. The Lyman-alpha experiment was 
partia lly successful in that the mass spectrometer showed itself 
capable o f detecting NO+ ions in the concentrations actually 
present. The data were, however, otherwise anomalous, 
apparently due to photoemission o f electrons from  metal
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surfaces under bombardment by the ultravio let radiation. The 
only surprise provided by the second fligh t data was the 
indication o f extremely high background levels o f water vapor, 
caused by outgassing o f the payload.

Figure 6 shows a preflight sample spectrum. This covers the 
mass range up to approximately 50 atomic mass units (AMU). 
The outpu t is logarithmic, adjusted to one decade per graticule 
unit. The blunt shapes o f the peaks are due to the logarithmic 
compression. Note that there is a dynamic range o f 103 
between the lowest and highest peaks. The data channel 
extended fo r another decade above the highest peak. The fla t 
base line was due to the fact that the electrometer had a fin ite  
threshold, below which it  transmitted zero signal.

The pump shown in Fig. 4 is the same un it that had been 
flown in the firs t experiment. It showed remarkable shock 
resistance. It has now survived two parachute landing impacts 
and still retains its vacuum integrity. It has been retired, but is 
being used as a backup unit. Reconditioning it fo r flig h t 
proved to be easier than anticipated.

Figure 7.

Figure 6.
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Data Reduction

On earlier flights, data were either telemetered in the analog 
(logarithmic electrometer) mode or as a series o f ion counts 
every 0.01 s. In either case, data reduction was a slow process 
because each po in t had to be dealt w ith manually. Computer 
interfacing fo r data reduction has been facilitated by putting 
the ou tput in to a computer-compatible format. O u tpu t from 
either the electrometer or the pulse-counting mode is trans
m itted in digital form , along w ith the corresponding value o f 
the ramp voltage at the time the datum was taken. The system 
which accomplishes this is shown in Fig. 7, along w ith the 
elements which control the mass scan and other functions. 
Data are transmitted at a rate o f 37.5 frames per second; each 
frame contains the value o f the ramp voltage at that time and 
three successive values o f (digitized) signal current or count 
rate. The ramp, which is generated d ig ita lly , advances the RF 
voltage in increments o f fou r steps per AMU. The increments 
are smoothed in the ou tpu t c ircu itry  so as to give a continuous 
scan rather than a stairstep.
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Measurements of Minor Constituents in the

Stratosphere by Chemiluminescence

B.A. R idley, Y o rk  University

The substantial increase since 1971 in the number o f mea
surements reported fo r m inor constituents in the stratosphere 
has largely been due to the organization o f and support by the 
Climatic Impact Assessment Program (CIAP) o f the U.S. 
Department o f Transportation. Originally, CIAP investigations 
dealt prim arily w ith the supersonic transport problem and the 
role o f oxides o f nitrogen (NOx ) in stratospheric chemistry. 
More recently, the question o f ozone removal by the products 
o f photodissociation o f fluorocarbons has taken center stage 
and has promoted a proliferation o f activ ity to  measure 
concentrations o f these species in the troposphere and strato
sphere. Undoubtedly, other possible anthropogenic perturba
tions, w ith their concom itant political and economic ques
tions, w ill be suggested in the future.

Prior to  the CIAP investigations models o f stratospheric 
ozone chemistry predicted more ozone than was measured. 
The unknown loss processes in the early models are now 
generally accepted as being due to the reactions o f NOx and 
oxides o f hydrogen (HOx ) w ith ozone (0 3 ). In the upper 
stratosphere HOx chemistry dominates, while NOx does so in 
the lower stratosphere. Although it is not unequivocally estab
lished, this general acceptance has its basis in the results 
obtained during the CIAP studies. Much has been learned 
during the past few years, but there is still much to be done in 
describing the stratosphere in its present form . More and 
better data are needed about the abundance o f the m inor
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constituents in the stratosphere, as well as about their la titud i
nal, seasonal, diurnal, and natural variation. This in turn 
should lead to increased confidence in the predictions o f 
stratospheric models and perhaps in turn to  logical decision
making.

Instruments to measure concentrations o f constituents in 
the stratosphere can be divided into those o f remote sensing 
and in-situ techniques. In this article l discuss three in-situ 
methods that have as their operating principle a chemi- 
luminescent reaction. It is not a comprehensive review. In-situ 
methods have the advantage o f allowing diurnal measurements 
and determination o f fine structure in altitude profile  varia
tions. The data analysis is also straightforward and quite 
simple. I have had direct experience w ith only one-of the 
instruments discussed below.

Simply stated, a chemiluminescent reaction is one in which 
some fraction o f the energy released as the products form 
ultim ate ly appears as light. The elementary reaction yields a 
product in a nonequilibrium , energy-rich state. Emission may 
occur directly from  this electronically or vibrationally excited 
state, or i t  may result after energy transfer from  the excited 
product to  another species or state. The efficiency o f produc
tion o f the excited state depends on the number o f product 
channels allowed by the inherent interatomic potentials. Some 
examples o f e ffic ient production o f excited rotation-vibration 
states are provided by many exothermic atom-molecule 
exchange reactions. The ensuing infrared chemiluminescence 
has been used by Polanyi (1972) and his co-workers to investi
gate the dynamics o f elementary reactions in great detail. An 
example is the reaction

H +  0 3 -  0 H f  +  O2 ( 1 )

0 H t  -> o h  + hv (2)

in which the vibrationally excited hydroxyl radicals (OH^) are 
produced up to the maximum allowed by the energetics o f the 
reaction, the ninth vibrational level. This reaction was pro
posed by Bates and Nicolet (1950) and Herzberg (1951) to be 
responsible fo r the Meinel Band emission in the night sky. It 
has also been demonstrated (Finlayson, 1973) to be one o f the 
processes occurring in the O3 -C2 H4 reaction discussed below. 
A less e ffic ien t chemiluminescent reaction tha t yields an elec
tronically excited product is the NO-O3 reaction. This reac
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tion is the basis o f the NO instrument discussed below and is 
also one o f the most im portant reactions involved in the NOx 
chain removal o f 0 3 from  the stratosphere. Many other chemi- 
luminescent reactions are known and have been discussed in 
articles by Carrington and Garvin (1969) and by Polanyi
(1972).

Regener (1960, 1964) was the firs t to  develop and apply a 
chemiluminescent instrument fo r measuring 0 3 in the strato
sphere. The basic method was later adapted by Randhawa 
(1967) and Hilsenrath, Seiden, and Goodman (1969) fo r 
parachute drop rocket experiments and, during the Cl AP 
study, by Rosen, Sedlacek, and Ostherr (1975) fo r the 
WB-57F high altitude aircraft. A ll o f these instruments have as 
their basis the detection o f chemiluminescence on exposure o f 
0 3 to a solid surface impregnated w ith a suitable dye. A t firs t 
Regener used lum inol as the active medium, but in later sondes 
rhodamine B (Rh-B) on a silica gel or Vycor substrate was 
used. Various m odifications o f the preparation, substrate, and 
binders have been used by d ifferent groups.

In a typical instrum ent the solid active disk is placed direct
ly in fro n t o f and very close to the end w indow o f a suitable 
photom ultip lie r tube (PMT) to maximize the light gathering 
efficiency. The emission from  Rh-B - 0 3 lies in the red and 
peaks near 580 nm. In the Regener balloon sonde, air was 
drawn over the active disk w ith a small aspirator. The 
Randhawa sonde, however, used a self-pumping feature that 
was later adopted by the group at NASA/Goddard. A  diagram 
is shown in Fig. 1. The ballast volume is evacuated on rocket 
ascent and pressure equilibration causes air to flow  past the 
disk during the parachute drop.

With proper choice o f a irflow , the chemiluminescent inten
sity is proportional to the 0 3 flu x  to the detector. However, 
the sensitivity o f the disk to 0 3 depends on the preparation 
technique and is degraded by aging and exposure to light and 
moisture. As a consequence, the instruments fo r balloon and 
rocket flights require light baffling and preflight calibration. In 
this respect the calibration technique used by Hilsenrath et al.
(1969), in which the fligh t was simulated on the ground w ith 
respect to pressure, flow , and expected 0 3) appears to be the 
most reliable.

The Rh-B instruments are reported to be highly specific to 
0 3. Regener (1964) found the response to N 0 2, S02, and 
peroxyacetylnitrate (PAN) to be 5,000 times less than that to 
0 3. Hodgeson et al. (1970), in a description o f a ground-based 
instrument, reported that the above compounds plus H2S,
C3 H8, H20 , NH3, NO, Cl2, and H20 2 do not interfere. In the 
stratosphere, where most o f these compounds have concentra
tions much lower than that o f 0 3, the specificity is expected 
to be very high. Rh-B also chemiluminesces in the presence o f 
oxygen atoms (H .l. Schiff, private communication) and this 
could be an im portant interfering species in the upper strato
sphere. However, i t  is expected that, at the low a irflow  used, 
atom recombination would occur on the walls and light baffles 
before reaching the active disk.

Few o f the papers that give descriptions o f the instruments 
contain precise statements o f the sensitivity or lim it o f detec
tion. The WB-57F instrument is an exception, w ith a reported 
detection lim it o f 1 /umb (~20 ppb o f volume at 18 km).

Fig. 1 Chemiluminescent 0 3 sonde from parachute drop by Randhawa 
(1967).

Fig. 2 Density distribution data from comparison flight on 16 Septem
ber 1968 for O3 measurements by chemiluminescent (—), optical (o), 
and Brewer-Mast (•) techniques (taken from Hilsenrath et al., 1969).

OZONE DENSITY (MOL / CM3 )

28



NUMBER 9 - S P R I N G  1978

With preflight calibration the accuracy o f the rocket sonde 
technique is ±20% between 20 and 65 km. The reported 
accuracy o f the WB-57F instrument is ±10%. Figure 2 (from 
Hilsenrath et al., 1969) shows the results o f a fligh t in which 
the results o f the chemiluminescent sonde are compared to 
those from  an optical sonde and a balloon sonde o f the 
Brewer-Mast type. The agreement is quite good.

The mechanism responsible fo r the chemiluminescent 
Rh-B - 0 3 surface reaction is not known in detail although it 
has been suggested (Hodgeson et al., 1970) that the emission 
occurs from an unreacted dye molecule excited by energy 
transfer from an energy-rich product o f the primary reaction. 
In the gas phase, however, the mechanisms o f many chemi
luminescent reactions are known in considerable detail. An 
example useful fo r the discussion o f NO instruments is the 
reaction between NO and 0 3. The reaction and chemi
luminescence properties have been studied extensively by 
Thrush and his co-workers (Clynne, Thrush, and Wayne, 1964; 
Clough and Thrush, 1966). The mechanism is

NO + 03

[NOr JSS

N02 * + 02 (3)

NO2 + 02 (4 )

NOz + hv (5)

NO2 + M (6)

where M is any species or surface present.

The continuum emission from the electronically excited 
product, N 0 2 *, extends from 580 nm to 2,800 nm and peaks 
near 1,200 nm. The wavelength dependence o f the chemi
luminescence is shown in Fig. 3. The rate coefficients deter
mined by Thrush and his co-workers fo r the production o f the 
excited and ground states at temperature T  are, respectively,

kt = 0.71 X 1 0 '12 exp -1 1 7 0/ T  cm3 / m o lecu le/ s

h  = 1 . 3 X 1 0 " e x p -2 1 00fT

( 7)

( 8)

ks [NO] [O3 ] 

ks +  ks [Af]
(10)

where [ ] denotes number density. The chemiluminescent 
intensity (photons/cm3 s) is thus

J  = k, [NO ] ss
_  k3 k, [NO] [0 3 ]

(11)

(12)

ks +  k.6 [M ]

A t pressures characteristic o f the stratosphere, the rate o f 
physical quenching o f N 0 2 *  by any species M (step 6) 
dominates the rate o f spontaneous emission (step 5) or 
k 6 [M ] >  k s , and the intensity is

j  = fo fa  [NO] [0 3 ] 

ks [Af]

The intensity is directly proportional to  the rate o f the N 0 -0 3 
reaction and inversely proportional to the total gas pressure, P, 
since [M] “  P.

The fraction o f the N 0 2 * produced that actually emits is 
dependent on pressure and is given by

0 3 )
ks +  ks [Af] ks [Af]

In air at an altitude near 24 km only about one N 0 2 * in 3,000 
radiates. The overall chemiluminescent efficiency is given by 
the product (pep̂  and is dependent on both pressure and 
temperature.

In 1970, tw o groups (Fontijn , Sabadell, and Ronco; Stuhl 
and N iki) reported laboratory techniques fo r measuring NO 
concentrations in air samples on the basis o f this reaction. The 
methods exhibited a linear and rapid response, allowed con
tinuous m onitoring, and were specific to NO in the presence o f 
a number o f other air pollutants. Commercial instruments fo r 
po llu tion  studies became available shortly afterwards, but 
these lacked the sensitivity to measure the concentrations o f 
NO expected in the lower stratosphere and were not designed 
fo r balloon platforms. Therefore, a laboratory study was

Fig. 3 Relative intensity distribution from the NO-Oz chemi
luminescent reaction. (Clough and Thrush, 1966.)

Because channels (3) and (4) have a d ifferent temperature 
dependence, the fraction o f N 02 *  produced is dependent on 
temperature and is given by

<0 = _ * i ----- (9)
&3 +  1<A

A t temperatures o f 295K and 220K that are characteristic o f 
the laboratory and the lower stratosphere, <p is 0.08 and 0.03, 
respectively.

When the loss and production rates o f N 0 2 * balance, a 
steady-state (SS) concentration is attained and given by

v
k .

I
§

fc

£
WAVELENGTH (nm)
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undertaken (Ridley, Schiff, and Welge, 1972) to investigate 
the possibility o f adapting the technique fo r measurements 
from  balloons and high altitude aircraft. An instrum ent opera
tional at ambient pressures and having a detection lim it better 
than 1 ppb (volume) in the 20-30 km region was required.

The design resulting from  these prototype experiments is 
shown in Fig. 4. A ir containing a small m ixing ratio  o f NO

PMT

3

*•----------------L  — H

' f -  \

A ir +  NO

passes through a cylindrical reaction volume w ith a cross 
section o f A, length o f L , and volume flow  rate o f fr,P- A 
PMT views along the axis o f the cylinder. From above, the 
intensity per un it o f volume at a distance of x  from the PMT is

(14)
j x  ■

I f  the 0 3 concentration is in such considerable excess that 
first-order kinetics prevail, the ambient air concentration o f 
NO ([N O ] 0 ) decreases exponentially down the tube.

[NO] = [NO]o exp-C fci + k t )  [O3 ] A x lf ,
T , P

[NO]o e xp -w r (15)

The PMT views the total volume, and the integrated intensity 
(photons/s) is

I  = = f T p  (M^NOo [1 -  exp-w L ] ( 1 6 )

For any set o f flow  conditions and temperature, the maximum 
possible intensity is realized when no NO is pumped unreacted 
from the field o f view o f the PMT. Less than 2% is unreacted if 
wL >  4. Then

i  = [N0]o (17)

Fig. 4 Simple diagram for the N 0 -0 3 instrument.

Fig. 5 Diagram o f NO instrument. The inlet and exhaust pipes are 
about 1.8 m long.

Exhaust

The PMT response S is proportional to / and, i f  the depen 
dence on M is w ritten exp lic itly ,

[NO]os  °= T,P
[M]

(18)

Thus, under these conditions, the response is essentially 
independent o f the 0 3 concentration. In terms o f the NO 
mixing ratio Mno> pressure P, and the mass flow  o f air F 0 
(standard cm3/s, or sees), Eq. (18) can be rewritten

S = oFo — (19)

where c is a p roportiona lity  factor dependent on temperature 
through tp, PMT sensitivity, and reaction vessel geometry. The 
response o f an ambient pressure instrument can be maximized 
by using as large an a irflow  as is compatible w ith payload 
weight restrictions, power availability, 0 3 supplies, and mixing 
considerations. Increasing c by having e ffic ien t ligh t gathering 
in the viewing region by the use o f highly reflective surfaces 
also improves the response. In theory, S can be further in
creased by increasing <j> or the gas temperature because k 3 is a 
function that increases w ith temperature.

In practice, however, the increase in response w ith gas 
temperature much above room temperature is offset by an 
increase in a background signal that is present when 0 3 is 
added to flows o f pure air. I t  is present w ith glass, stainless 
steel, aluminum, and gold surfaces. The wavelength depen
dence is not known in detail, but attempts to define it showed 
tha t emission occurred throughout the detected region o f the 
N 0 -0 3 reaction. The cause o f this signal is also unknown, 
although it  is suspected to be a surface decomposition o f 0 3. 
Further details o f this signal are described elsewhere (Ridley et 
al., 1972).

The firs t stratospheric instrument based on the above design
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principles was b u ilt at York University, while the electronics 
fo r control, signal conditioning, telemetry, and commands 
were designed and constructed at Utah State University.
Details o f this have been published (Ridley and Howlett,
1974). The firs t measurements o f NO in the lower stratosphere 
were made w ith the instrument in December 1972 (Ridley et 
al., 1975). More recently, improved smaller and lighter instru
ments were constructed at York fo r regular balloon sampling 
in the Energy Research and Development A dm in istra tion ’s 
(now the U.S. Department o f Energy) Ash Can program. 
Another prototype has been flown aboard the NASA 
Convair 990 fo r tropospheric measurements. Several w ill be 
integrated in to commercial Boeing 747 a ircraft as part o f the 
NASA Global Atmospheric Sampling Program. Sim ilar instru
ments are being constructed at the National Oceanic and 
Atmospheric Adm inistration laboratories in Boulder, Colo
rado, fo r remote ground stations. Utah State has continued to 
take measurements from  the WB-57F, and Loewenstein and 
Savage (1975) have constructed and flown a very similar 
instrument aboard the U-2.

The balloon instrument now in use is representative o f its 
type and w ill be discussed here. A diagram that does no t show 
the details o f flow  regulation is shown in Fig. 5. The weight 
and size o f the instrument w ithou t the O3 supply and in let 
and exhaust tubes are about 45 kg and 0.4 by 0.4 by 0.25 m, 
respectively. The reaction vessel is a Pyrex cylinder w ith a 
reflective gold coating. A PMT cooled by dry ice views the 
length o f the tube through a filte r that transmits wavelengths 
above about 600 nm. The PMT is insensitive to  wavelengths 
above about 900 nm. Therefore, only a small fraction o f the 
continuous emission o f Fig. 3 may be sampled. Further 
developments in PMT technology w ill allow concom itant 
increases in instrument sensitivity.

As indicated previously, as high an a irflow  as possible is 
desired. Therefore, the instrument pressure drop is kept low 
by the use o f large-diameter tubing throughout. The need fo r 
light baffles to exclude sunlight is obvious. Proportional con
trolled heaters raise the ambient gas temperature to about 
300K. Am bient air is drawn through the instrument by a 
squirrel-cage fan that is approximately a constant volume 
pump. Below an altitude o f about 22 km a flow  contro ller 
lim its the total a irflow  to about 275 sees. Near an a ltitude o f
28 km the pumping efficiency drops to about 100 sees. The 
a irflow , pressure, and temperature are measured in the in let 
section by appropriate calibrated transducers.

A t present, 0 3 is stored and flown in stainless steel or 
aluminum cylinders as a solution o f 6-10% 0 3 in CF3CI at the 
temperature o f dry ice. The vaporized flow  o f this m ixture to 
the instrument is controlled at about 10 sees.

The instrument cycles through three modes by tim er con
trol o f stainless steel solenoid valves. In the firs t, zero or purge

mode, 0 3 is added through valve 1. The purge volume o f the 
instrument is about six times larger than that o f the reaction 
vessel, and the residence time fo r the 0 3 flow  used is sufficient 
to  remove ambient NO from  the air sample prior to its 
reaching the reaction vessel. A t the same time, the change in 
the 0 3 concentration is negligible; recorded counts are due to 
the background 0 3 emission. In the measure mode, 0 3 is 
added by way o f valve 2 through a m ixing flange at the PMT 
end o f the reaction vessel. Thus, the difference in signal counts 
between these two operational modes is proportional to the 
ambient NO m ixing ratio. The instrument is calibrated 
between every purge and measure mode by adding known 
amounts o f NO from  a high-pressure tank containing a few 
ppm (volume) o f NO in N2 through valve 3 while the 0 3 flows 
through valve 2. The difference in counts between the calibra
tion and measure modes is thus attributable to the addition o f 
the known NO flow .

The analog housekeeping signals are A /D  converted and 
stored as a 12 b it word on a digital recorder. Photon counting 
is used and the counts are stored as a 16 b it word on the same 
recorder. No telemetry or ground command system is used; 
during flig h t the instrument is controlled entirely by timers 
and pressure switches.

The calibration tanks are evacuated to low pressure w ith a 
diffusion pump and filled from  a larger gas cylinder whose 
m ixing ratio is checked periodically by the supplier, is cross 
checked w ith a standard from  another supplier, and is checked 
periodically w ith the use o f a mass spectrometer. A t present 
the fligh t tanks are analyzed against the standard before and 
after each fligh t. The accuracy o f the m ixing ratio determined 
in this way is usually better than ±15%. Any error is directly 
transferred to the stratospheric measurement. An accurate 
flow-controlled d ilu tion  system is being assembled to improve 
the accuracy o f the calibration gas analysis.

Figures 6, 7, and 8 show results obtained from  three 
separate balloon flights, two from  Churchill, Manitoba, and 
one from  Flolloman A ir Force Base, New Mexico. The mixing 
ratio, which increases w ith altitude between ~ 2 0  and 30 km, is 
characteristic o f many profile  measurements. Figures 7 and 8 
show part o f the diurnal variation o f NO during sunset and 
sunrise when NO is converted to N 0 2 by reactions (3) and (4) 
as the sun sets or when N 0 2 is photolyzed to NO as the sun 
rises (Ridley et al., 1976; 1977). The accuracy o f the measure
ment is determined by errors in the calibration gas analysis, 
the a irflow  measurement (±7%), and the calibration gas flows 
(±4%) i f  the ambient NO concentration is not perturbed by 
the measurement technique.

Three possible sampling errors have been considered. First, 
there is the possibility o f contamination from  the balloon, the 
payload, or both. Second, there is the possibility that the 
ambient NO is depleted by reaction w ith the 0 3-rich exhaust
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from the instrument. Th ird , there is the possibility that the 
NO content o f the sampled air is reduced by adsorption, by 
heterogeneous reaction w ith the ambient 0 3 on the in let tube, 
or both. Laboratory tests and experiments during balloon 
flights have been made to investigate possible errors from these 
sources. These are too lengthy to be included here but are 
described in detail elsewhere (Ridley et al., 1975). However, 
the result o f the tests was confirm ation o f the absence o f 
significant sampling errors from  these sources.

The chemiluminescent method, s tric tly  speaking, is not an 
absolute technique. For example, ethylene (C2 H 4 ) is known 
to chemiluminesce w ith O 3 , as are many other compounds. 
Specificity can be increased by decreasing the transmission 
w indow o f the PMT. For measurements o f m ixing ratios in the

Fig. 6 NO m ixing ratio profiles from  Churchill, Manitoba, at 
58° N for solar zenith angles less than 9 0 °— an example o f  
daytim e short-term variability.

Fig. 7 Sunset decay o f  NO caused by 0 3 oxidation to N 0 2 
for the 22 July 1974 Churchill, Manitoba, flight at 34.5 km. 
N 0 9 0 is the observed NO m ixing ratio for solar zenith  angles 
< 90° (cf. Fig. 6). The solid curve is the result o f  a m odeI 
calculation by J. McConnell for the location, temperature, 
and 0 3 conditions measured during the flight.

Fig. 8 Sunrise measurements o f  NO at Holloman A ir Force 
Base, New Mexico, in May 1975 at 26.5 km  and 33° N 
(Ridley et al., 1977). The rapid increase is mainly due to the 
photolysis o f  N O . to form NO.

LOCAL TIME
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ppb (volume) range w ith existing PMTs the w indow cannot be 
decreased very much. For the filte r and PMT used in the 
stratospheric instrument the response to C2FI4, fo r example, 
was at least 200-300 times lower than that to  NO. This is in 
part because o f the lower overall chemiluminescent efficiency 
o f the O3-C2 H4 reaction and also because the transition 
probabilities are very low  fo r the high overtone emission from 
OH produced in the 600-900 nm region. Fontijn et al. (1970) 
presented data to show that the interference to an NO signal 
equivalent to about 10 ppb was negligible fo r parts per m illion 
or higher m ixing ratios o f C 02 , N 0 2 , CO, C2H4, NH3, S 02, 
and H20 . In addition, the balloon sampler has the advantage 
that measured or expected concentrations o f possible in ter
ference gases in the stratosphere are low enough to present no 
serious interference. In the strictest sense, however, the NO 
instrument must be regarded as determining only upper lim its 
to the NO concentration.

A t the present time, the results o f comparing stratospheric 
data obtained by the chemiluminescent technique to those 
obtained by long-path infrared absorption or emission tech
niques are not conclusive. Both techniques have shown that 
long- and short-term variability in the NO concentrations is 
well outside the accuracy reported fo r each measurement. 
Recent attempts to compare the chemiluminescent and long- 
path absorption methods were unsuccessful because o f instru
ment and payload problems. Even so, differences in results 
obtained from an in-situ method and from a remote-sensing 
method may not be unexpected, as the latter obtain averages 
over a considerable atmospheric path. Two other in-situ instru
ments that have obtained results are the chemiluminescent U-2 
instrument and the spin-flip laser absorption technique (Burk- 
hardt, Lambert, and Patel, 1975), which requires ground 
calibration. I f  allowance is made fo r the considerable natural 
variability o f NO and the fact that the flights were made from 
d ifferent locations and at d ifferent times, the results are 
comparable. Confidence would be gained i f  comparisons were 
made during a balloon fligh t. However, comparison o f the 
performance o f chemiluminescent analyzers in air po llu tion  
studies w ith results obtained by other techniques (e.g., 
Baumgardner, Clark, and Stevens, 1975) has shown tha t the 
chemiluminescent method is quite reliable.

In several laboratories work is under way to equip strato
spheric chemiluminescent samplers w ith devices that w ill con
vert ambient N 0 2 to NO and thus allow simultaneous in-situ 
measurements. I f  workable designs are found this w ill allow 
rather stringent tests o f the chemistry o f stratospheric models, 
especially during diurnal measurements. On the diurnal time 
scale, transport processes that are not well defined in models 
are unim portant and photochemical processes dominate. A ir 
po llu tion instruments generally use surface reactions to 
successfully convert N 0 2 to  NO. However, these converters 
are not readily adaptable to the high flow  condition required 
in stratospheric instruments. In addition, the efficiency and

operating characteristics have to be determined fo r strato
spheric samples containing relatively large amounts o f 0 3 and 
H N 0 3 and lesser amounts o f N2 0 5.

A th ird  chemiluminescent instrument, recommended and 
used widely fo r tropospheric 0 3 monitoring, has been flown 
on balloon platforms fo r stratospheric measurements, but to 
my knowledge no results have been published. Because it has 
not been used fo r stratospheric 0 3 measurements, only a very 
brie f discussion is given.

The chemiluminescent reaction involved is that between 0 3 
and C2 H4 . The reaction has been studied (Finlayson, 1973), 
but some o f the details are not completely clear. However, two 
excited products have been identified as the source o f the 
emission. One is electronically excited formaldehyde, which 
emits in the region from  300 to 600 nm and peaks near 
440 nm. Another is vibrationally excited OH that is believed 
to be formed by reaction (1). The strongest emission from OH 
occurs in the infrared, but high overtone emission can be 
detected down to about 550 nm. The rate coeffic ient fo r the 
overall 0 3-C2 H4 reaction is about 500 times slower than that 
fo r NO and 0 3 at 300K, and the fraction o f excited fo rm al
dehyde produced is very low. Consequently, the overall chemi
luminescent efficiency o f the 0 3-C2H4 reaction is much lower 
than that o f the N 0 -0 3 reactions under similar conditions o f 
pressure, temperature, and concentration. However, very sensi
tive instruments are produced because the emission region 
from  excited formaldehyde is completely accessible to a 
variety o f very sensitive PMTs.

Nederbragt, van der Horst, and van Duijn (1965) were the 
firs t to  use this reaction in a laboratory instrument designed to 
m onitor 0 3 near an accelerator. By 1970 instruments fo r 
ground-based m onitoring were commercially available. Unlike 
wet chemical methods fo r measuring 0 3, which respond with 
reduced sensitivity to other oxidants in the air sample, the 
chemiluminescent instrument shows negligible interference 
from  expected maximum concentrations o f the other species 
(N 0 2, S02 , PAN, H20 2 , N20 5, NO, . . .) found in polluted 
air.

In “ pure a ir”  samples containing 0 3, comparison tests w ith 
wet chemical methods and u ltravio let absorption methods give 
results w ith good agreement. In samples containing other 
oxidants the chemiluminescent method gives lower results, as 
expected.

The commercial instruments operate at reasonably low 
flows and do not usually have self-calibrating features. How
ever, the general principles are quite similar to those men
tioned in discussing the NO instrument.
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Instrumentation for In-Situ Measurements 

of the Optical Properties 

of Stratospheric Aerosol Particles

Gerald W. Grams, Georgia Institute o f Technology, and James M. Rosen, University o f Wyoming

Interest in atmospheric aerosols began nearly a century ago 
w ith investigations into noctilucent clouds, mother-of-pearl 
clouds, and various tw ilig h t effects thought to be caused by 
the presence o f dust in the atmosphere. The Krakatoa eruption 
in 1883 convinced scientists that volcanic dust could be 
injected in to the stratosphere, and a significant amount o f 
literature since that time has been concerned w ith methods o f 
determining the aerosol content o f various layers o f the atmo
sphere quantitatively (Harris, 1971).

The existence o f a semipermanent layer o f sulfate particles 
in the stratosphere was firs t established by Junge and Manson 
(1961); Junge (1961); and Junge, Chagnon, and Manson
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(1961), who used impactors flow n on balloons and aircraft, 
although Gruner and K leinert (1927) and Gruner (1942) had 
already deduced from  the colors o f the sky at tw iligh t that 
there was an omnipresent layer o f dust above the tropopause. 
The so-called “ Junge layer”  or “ sulfate layer”  has since been 
verified and extensively studied by many investigators 
employing both in-situ and remote sensing techniques. The 
research on stratospheric particles has greatly accelerated 
during the past decade because o f concern that man’s activities 
may be increasing the average concentration o f stratospheric 
particles. Increased recognition o f the significance o f strato
spheric aerosols as an atmospheric constituent has been 
documented in several recent publications (e.g., Rosen, 1969; 
Reiter, 1971; Castleman, 1974; Cadle and Grams, 1975).

B rillian t sunsets have been observed and unusual colors have 
been imparted to the sun and moon after many o f the most 
v iolent volcanic eruptions. I t  is the optical properties o f the 
aerosol particles that determine these spectacular visual 
effects, which attract public attention to the presence o f the 
stratospheric aerosol layer. The optical properties o f the 
particles must be known before quantitative studies o f the 
impact o f the stratospheric aerosol layer on the earth’s radia
tion balance (and, hence, on climate) can be carried out. The 
optical properties must also be known before aerosol concen
trations can be inferred from  the wide variety o f remote 
sensing techniques that have been used during the past decade 
or so to study the stratospheric aerosol layer (e.g., tw iligh t- 
and daytime-sky intensity measurements, solar extinction 
measurements, searchlight and laser-radar measurements). 
However, very few measurements o f the parameters needed fo r 
characterizing the optical effects o f the stratospheric aerosol 
layer have been acquired to date.

The inform ation that does exist has generally been obtained 
in programs that have been conducted fo r purposes other than 
that o f establishing aerosol optical properties. Some o f these 
programs have explored the temporal and spatial variability o f 
the number o f aerosol particles in the stratosphere. Others 
have obtained data on the composition o f the aerosol particles. 
S till others have measured certain specific physical properties 
o f the stratospheric aerosol layer, such as optical back- 
scattering or extinction profiles. In a few cases, two or more
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groups have collaborated to provide simultaneous data on 
several properties o f the layer. For example, several attempts 
have been made to compare optical backscattering profiles 
w ith aerosol concentrations obtained from  balloon-borne dust- 
sondes or from  filters flow n on aircraft. (See, fo r example, 
Northam et al., 1974; Russell, Viezee, and Hake, 1974.)

A number o f investigators have, nevertheless, been able to 
combine theoretical considerations w ith some o f the data 
obtained in the various observational studies to deduce some 
self-consistent models o f the chemical or physical properties o f 
the stratospheric aerosol layer; optical models, fo r example, 
have recently been postulated by Pollack and Toon (1976) and 
by Pinnick, Rosen, and Hofmann (1976). However, there have 
not yet been any specific attempts to obtain complete data 
sets through coordinated field programs to measure those 
optical properties o f the aerosol particles that are needed to 
calculate the effects o f the stratospheric aerosol layer on the 
earth’s radiation balance or to interpret aerosol data obtained 
by remote optical probing techniques.

Applications

Before describing some o f the instrumentation that we have 
developed fo r in-situ measurements o f the physical properties 
o f aerosol particles to determine their optical effects, we w ill 
describe some examples o f theoretical climate studies and 
experimental remote sensing studies to illustrate the optica lly 
im portant parameters. This discussion is not meant to be a 
review o f these research areas. We have merely selected a few 
results that may provide the reader w ith some insight about 
the role o f the optical parameters in a variety o f physical 
processes that occur in the atmosphere.

Climate Studies

During the past decade, a number o f individuals (e.g., 
McCormick and Ludwig, 1967; Bryson, 1968) and groups (e.g., 
SCEP, 1970; SMIC, 1971) have expressed concern that 
increased aerosol po llu tion  could m odify the transfer o f radi
ant energy between the sun and the earth and that this pertur
bation could alter the earth’s climate. For example, recent 
technological advances in the forms o f supersonic transports 
and the space shuttle may make significant changes in the 
character o f the stratospheric aerosol layer. To assess the 
effects o f such possibilities quantitatively, other investigators 
(e.g., Charlson and Pilat, 1969; Atwater, 1970; Ensor et al.,
1971; Rasool and Schneider, 1971; M itchell, 1971; Barrett,
1971; Neumann and Cohen, 1972; Yamamoto and Tanaka,
1972; Braslau and Dave, 1973a,b; Chylek and Coakley, 1974; 
Shettle and Green, 1974; Pollack et al., 1976; Harshvardhan 
and Cess, 1976; Coakley and Grams, 1976; Luther, 1976; 
Fiocco, Grams, and Mugnai, 1976a,b) developed models to 
describe the radiative energy exchange in the earth-atmosphere

system and the effects that increased aerosol content might 
have on this exchange. These models range in com plexity from 
very approximate form ulations to more detailed and realistic 
treatments that require complex numerical procedures to 
obtain solutions.

Regardless o f their degree o f com plexity, these models all 
begin by assuming that the particles are homogeneous spheres, 
so that aerosol scattering characteristics may be uniquely and 
analytically calculated by the use o f M ie’s (1908) solution o f 
general scattering theory. Scattering coefficients fo r Mie’s solu
tion are related to the size and composition o f the spherical 
particles through a size parameter x = 2 n r l \  (where r  is the 
particle radius and X the wavelength o f the incident radiation) 
and a complex index o f refraction m = /7r  e — ^ iiv i' (where the 
real part, n r e ,  is the ratio o f the speed o f light in vacuum to 
its speed w ith in the particle, and the imaginary part, « im > 's an 
absorption parameter). Comprehensive discussions o f the Mie 
theory can be found in such standard references as van de 
Hulst (1957), Deirmendjian (1969), and Kerker (1969); a 
summary o f numerical results obtained by Mie calculations fo r 
light scattering by small particles can be found in a review 
article on the stratospheric aerosol layer and its optical effects 
by Cadle and Grams (1975).

The details o f the way in which energy is redistributed in 
the atmosphere because o f particle scattering are o f obvious 
importance in the climate models. We can illustrate how the 
intensity o f the light scattered by aerosol particles varies w ith 
the scattering angle 9 by referring to Fig. 1. When x is very 
small, say x  ~  0.1, the scattering is known as “ Rayleigh scat
tering,”  because this special case was considered by Rayleigh 
(1871) in his classical explanation o f the blue color o f the sky. 
The behavior o f the angular scattering pattern in the small- 
particle case is illustrated in Fig. 1 (a), fo r which scattering 
phase functions Pi (6) and P2 (0), as defined by Deirmendjian 
(1969), have been plotted fo r small particles o f the size 
x = 0.1. P\ refers to scattering in the plane perpendicular to 
the electric vector o f an incident linearly polarized beam, and 
P2 refers to scattering in the parallel plane. We see no angular 
variation in the perpendicular scattering plane and a cos20 
variation in the parallel plane. The other curves in Fig. 1 illus
trate the effect o f increasing the particle size; parts (b), (c), 
and (d) refer to x  = 1, x  = 10, and at = 1 00, respectively. 
Although these curves, as well as the curve in Fig. 1 (a), refer to 
a calculation fo r the complex refractive index 
m  = 1.5 — 0.005/', the behavior displayed in the graphs is repre
sentative o f the general behavior o f most commonly observed 
refractive index values. A larger and larger portion o f the 
energy is scattered in the forward direction as the particle size 
increases. Moreover, a great deal o f structure can exist in the 
angular d istribution o f the scattered radiation, and the struc
ture gets more pronounced as the particle size increases.
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Fig. 1 Normalized phase functions for spherical 
particles with complex refractive index  m =
1.5 — 0.005  i and Mie size parameters (a) x  =  0.1, 
(b) x  =  /,  (c) x  =  10, and (d) x  =  100. Solid lines 
are values o f  P[ (T), and dashed lines are values o f  
P2(0). (From Cadle and Grams, 1975.)

SCATTERING ANGLE

S C A T T E R IN G  A N G L E  (deg  )

Fig. 2 The angular variation o f  scattered-light 
intensity for aerosols with log-normal size-number 
distributions, with tg=  1 \xm, og = 2, and  Np =
1 particle/cm 3 in the scattering plane (a) perpendicu
lar and (b) parallel to the electric vector o f  incident 
polarized light o f  wavelength 0.633 [im. Curves (c) 
and (d) are the result o f  adding molecular scattering 
contributions at standard temperature and pressure 
(dashed lines) to the aerosol scattering calculations 
o f  (a) and (b), respectively. Calculations refer to 
particles having =  1.525 and the indicated  
values o f  ni/yj. (From Grams, Dascher, and Wyman, 
1975.)
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Practically speaking, however, much o f the indicated aerosol 
structure disappears when these results are applied to  a poly- 
disperse aerosol. Figure 2 illustrates this effect. Parts (a) and
(b) show bistatic radar cross sections (a parameter tha t is 
d irectly proportional to the actual amount o f light scattered in 
each angular direction) that might have been obtained by 
integrating Mie results over a log-normal size d istribution func
tion (Herdan, 1960) w ith a geometric mean radius o f 1 ;um, a 
geometric standard deviation o f two, and a number concentra
tion o f 1 /cm 3. In this figure, « r  e = 1 -525, the wavelength o f 
the incident light is 0.633 ;um, and n im values are indicated on 
each curve. Since x ~  10 fo r r  = 1 Aim and X = 0.633 /Um, the 
n |(vi curves should be compared with the curves in Fig. 1(c). 
When the comparison is made, we see that the large-amplitude 
fluctuations obtained fo r monodisperse particles have dis
appeared. Another obvious feature o f these curves is the fact 
that, as/7||v] increases, the scattering cross section fo r angles

larger than about 0 = 15° decreases in a rather dramatic 
fashion. Parts (c) and (d) are the result o f adding the contribu
tions from Rayleigh scattering by atmospheric molecules at 
standard pressure and temperature to curves (a) and (b), 
respectively; the resultant curves are more characteristic o f the 
angular scattering pattern fo r an atmospheric volume contain
ing both aerosols and molecules. Further comments on the 
curves in Fig. 2 w ill be given later in this article.

As incident solar radiation encounters the aerosol layer, 
some o f the light scattered by the particles is scattered away 
from the earth’s surface and lost to  outer space. Thus, as a 
first-order effect, the stratospheric aerosol layer denies some 
o f the radiation to the region below the stratosphere— an 
effect somewhat equivalent to reducing the value ofthe solar 
constant. When the particles are very small and they scatter 
according to Rayleigh theory, approximately ha lf o f all the

Fig. 3 Percentage o f  change in upward flux o f  terrestrial radiation at the base o f  the 
stratospheric aerosol layer as a function o f  the radius o f  the aerosol particle. The calcula
tions are for a mass concentration o f  1 ng /m 3 in a layer 10 km  thick. The density o f  the 
aerosol particles is taken to be 2.0 g /cm 3. The solid line is the value o f  A F ^ / F , * ;  the 
dashed and d o tted  line is the contribution to A F Z / F , *  due to the effects o f  the particles 
on terrestrial radiation; the dashed and double-dotted line is the contribution due to the 
effects o f  the particles on solar radiation; the do tted  line indicates A F , +/ F , + =  0. The 
indices o f  refraction are as follows: (a) 1.5 -  0 .0\ for solar radiation and 1.5 - 0 . 1  i for 
terrestrial radiation; (b) 1.5 -  0.01 \ and 1.5 — 0 .1 1; (c) 1.5 -  0 .0 i and 1.5 — 0 .5 i;
(d) 1.5 -  0.01 i and 1.5 -  0 .5 i .  (From Coakley and Grams, 1976.)

Fig. 4 Size distributions and concentrations o f  strato
spheric particles obtained by various investigators, 
p lo tted  as dU /d (log r) versus radius. (From Cadle and 
Grams, 1975.)

10 .1 

RADIUS (/im)
.1 I 10

RADIUS (/im)

f r i e n d

MIRANDA

/BLIFFORD 
< & RINGER

FERRY

JUNGE

38



NU M B E R  9 - S P R I N G  1978

scattered light is scattered back to outer space [see Fig. 1 (a ) ]. 
This “ backscattered frac tion ”  decreases as the particle size 
increases (Wiscombe and Grams, 1976), but that effect may be 
balanced by a corresponding increase in the total scattering 
cross section at the larger particle sizes. A t any rate, a substan
tial fraction o f the light scattered by the largest particles 
propagates toward the earth and it  could thus still enter into 
the radiation balance o f the earth-atmosphere system below 
the stratosphere. Also, the aerosol particles in the stratospheric 
layer absorb some o f the incident solar and terrestrial radiation 
and could possibly add more energy to the earth-atmosphere 
system than they remove by the scattering losses. Obviously, 
the relative contributions o f each o f these competing effects 
would have im portant consequences fo r the climate o f the 
earth.

We can introduce some o f the optica lly im portant param
eters w ith the aid o f Fig. 3, taken from  results presented in a 
recent paper by Coakley and Grams (1976) on the relative 
influence o f the visible and infrared optical properties o f a 
stratospheric aerosol layer on the global climate. Their study 
derived an analytic expression fo r the fractional change in the 
upward flu x  o f terrestrial infrared radiation, A F 1+/F 1+, at the 
base o f a layer o f stratospheric particles. This parameter was 
chosen because a number o f previous climate studies (e.g., 
Budyko, 1969; Manabe and Wetherald, 1967) had indicated 
that a 1% change in A /r1+//r 1+ would result in an approximate
ly 1 K change in the global mean surface temperature. The 
calculations in Fig. 3 refer to  a layer o f monodisperse particles 
10 km th ick and w ith a mass concentration o f 1 jug/m3. The 
specific gravity o f the particles is taken to be two; other details 
are given in the figure caption.

We can draw some interesting conclusions from Fig. 3 about 
the role o f the imaginary refractive index values in the results 
o f the A /r i+/F i+ calculations. As we stated earlier, the complex 
refractive index o f the stratospheric particles is not well 
known. For visible wavelengths, many o f the investigators who 
have attempted to determine its value m ight agree tha trtR g  
may be anywhere between 1.4 and 1.5, w ith n \^  between 0 
and about 0.01 — perhaps on the order o f 0.001.

There is probably more inform ation available about the 
complex refractive index fo r infrared radiation. For example, 
spectral data are available at infrared wavelengths fo r many o f 
the compounds thought to  be components o f the stratospheric 
aerosol layer. For most materials, the infrared n\y\ values 
exh ib it a great deal o f spectral variation and they fluctuate 
rapidly from values o f less than 0.1 to values exceeding 1 over 
the range o f wavelengths that are im portant in the terrestrial 
radiation spectrum. As a means o f gaining some perspective on 
the effect o f refractive index on A F 1+/F i+, Coakley and Grams 
(1976) carried out their calculations fo r the four cases 
described in the caption o f Fig. 3. For this particular model, 
the influence o f the stratospheric aerosol layer on the incident

solar radiation is not very sensitive to the choice o f the 
imaginary index fo r the visible spectrum, whereas the effect o f 
the aerosol layer on terrestrial radiation changes greatly w ith 
changes in the infrared imaginary index.

The results also indicate tha t particle size has very im por
tant effects on the calculations. Both small particles 
(radii ~  0.05 pm) and large particles (radii ~  1 pm) generally 
have a greater influence on terrestrial infrared radiation than 
on the incident solar radiation. Therefore, these particles 
contribute to warming at the earth’s surface, as indicated by 
the increase in A F ^ /F i* .  Particles o f intermediate sizes affect 
the incident solar radiation more strongly than they affect the 
terrestrial radiation and they thereby contribute to cooling at 
the surface, as indicated by the large decrease in A F 1+/F 1+ fo r 
particles in the size range 0.1 pm ^  r  ~  0.5 pm.

The above results show a global temperature increase o f a 
few tenths o f a degree Kelvin i f  the particles are either very 
large or very small; on the other hand, a temperature decrease 
o f about 0.8K ensues if the particles all have dimensions on 
the order o f r =  0.2 pm. Thus we see that the size d istribution 
is extremely im portant in calculations o f the effect o f the 
stratospheric aerosol layer on the average global surface 
temperature.

Yet, the size d istribution o f the aerosols is still very uncer
tain, as shown in Fig. 4. The figure shows the wide variety o f 
results obtained from measurements o f stratospheric particles 
by d ifferent groups. Most o f the size d istribution curves shown 
in Fig. 4 indicate that, fo r sizes smaller than about 1 pm in 
radius, the number o f particles often tends to increase rapidly 
w ith decreasing particle size. Thus, the smaller particles may 
have the most im portant optical effects because they are so 
numerous. On the other hand, the cross section o f a particle 
increases w ith particle radius; even though there may be fewer 
large particles, they could still dominate aerosol optical effects 
because the cross section per particle may be significantly 
larger than that o f the small particles. Obviously, the shape o f 
the size d istribution function (i.e., the relative number concen
trations o f large and small particles) is very im portant fo r 
establishing the size ranges that must be measured in order to 
deduce useful conclusions concerning the optical properties o f 
the stratospheric aerosol layer. Cadle and Grams (1975) 
considered this problem in their review paper and concluded 
that any future size d istribution measurements conducted to 
provide inform ation on the optical properties o f the strato
spheric aerosol layer should cover at least the interval between 
0.1 and 2 pm in radius; they also concluded that measure
ments should be made over an even wider range o f particle 
sizes, i f  possible.

The example chosen to introduce the importance o f optical 
properties demonstrated that calculations o f changes in the 
global mean surface temperatures are sensitive to particle size
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Fig. 5  Heating rates at 19 km  as a function  
o f  latitude and planetary albedo, A .  Calcula
tions refer to aerosol particles with a mass 
m ixing ratio o f  1 ppb and the j  unge (1963) 
size-number distribution function. Each graph 
refers to particles with different complex  
refractive index spectra. The first three graphs 
(a-c) refer to sulfuric acid droplets containing 
increasing amounts o f  impurities; the last 
graph (d) refers to fine-ash particles. See tex t  
for more details. (From Fiocco, Grams, and 
Mugnai, 1976a.)

Fig. 6 Percent o f  reduction in the 
solar constant, AS/S , for an obliquely 
incident solar beam with 60° zenith  
angle for globally averaged values o f  
the losses due to the "upward" scat
tering and absorption. Particle layer 
parameters are described in the text.
(From Cadle and Grams, 1975.)
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and to the infrared values o f the complex refractive index o f 
the particles. We saw that the A F 1+/ / r 1+ calculations were not 
very sensitive to refractive index variations in the visible spec
trum. On the other hand, calculations o f rates o f atmospheric 
heating induced by stratospheric aerosol particles are extreme
ly sensitive toA?iM values in the visible spectrum.

Figure 5 shows heating rates (in degrees Kelvin per day) fo r 
January at 19 km as a function o f latitude and o f the albedo 
o f the underlying earth-atmosphere system fo r fou r different 
models o f the spectral variation in the complex refractive 
index. The firs t three parts o f the figure refer to a m ixture o f 
75% sulfuric acid in water, as specified by Palmer and Williams 
(1975). Each refractive index model differs in its value o f /71m 
for visible radiation: (a) sulfuric acid droplets w ithout 
impurities havingn\y\ = 0, (b) droplets that include some 
absorbing material, such that/7|M = 0.001, and (c) droplets 
having larger amounts o f impurities, such that /71ivi = 0.005. 
Part (d) refers to particles having the refractive index spectrum 
o f the "synthetic aerosol”  model proposed by Ivlev and 
Popova (1 973). Temperature and density data are from  the 
atmospheric models identified as 45°N January,
30°N January, 15°N annual, 30°N July, and 45°N July in the 
U.S. Standard Atmosphere Supplements, 1966.

The atmospheric heating rates are presented fo r aerosol 
particles having a Junge (1963) size-number d istribution, 
d/V /d(logr) = C /r3, in the radius interval 0.03 3 /im . The 
particle mass m ixing ratio is 1 ppb; typical stratospheric aero
sol m ixing ratios varied from  somewhat less than 1 ppb to 
more than 100 ppb, depending on altitude and latitude after 
the eruption o f the Mt. Agung volcano in early 1963 (Cadle, 
Kiang, and Louis, 1976). For each particle composition, 
heating rates are presented fo r albedo values A = 0.1 and 
A = 0.7; results fo r intermediate values o f A can be obtained 
by linear interpolation. Parts (a), (b), and (c) o f Fig. 3 show a 
substantial increase in the rates o f atmospheric heating 
induced by the aerosols as the visible n\^\ value is increased. 
The refractive index model used in part (d) has the same 
visible imaginary refractive index value as that in part (c), 
namely n\^\ = 0.005, although the visible /7r  e values and the 
complex refractive index spectrum in the infrared d iffe r from
(c) to (d). Note, however, that the curves in parts (c) and (d) 
are quite similar relative to the much larger changes that 
resulted from increasing only the visible n\y\ values in parts 
(a), (b), and (c). Thus, the rates o f atmospheric heating 
induced at stratospheric levels by the aerosol layer are more 
sensitive to changes in the visible n im values. As in the 
A F i+/F i+ calculations, these results also depend on the particle 
sizes used in the heating rate calculations (Fiocco, Grams, and 
Mugnai, 1976b).

We have not yet discussed the role o f changes in /7p> e values. 
When the Mie scattering calculations are used in the climate 
models, the results generally do not depend on /7 re  as much

as on /71ivi , but some changes w ith /7r e  are expected. Figure 6 
shows the change AS/S in the effective solar constant as a 
function o f particle radius and visible «im  values fo r two 
d ifferent choices o f the visible /7 r  e value fo r a layer o f par
ticles 10 km th ick and w ith mass concentration 1 jug/m3 and 
fo r an obliquely incident solar beam with a zenith angle o f 
60°. The calculations show AS/S fo r monodisperse aerosol 
particles having (a) n r  e = 1 -4 and (b) n r  e = 1-5. The aerosol 
layer parameters chosen fo r Fig. 6 are similar to those 
observed at m idlatitude locations in the northern hemisphere 
about one year after the Mt. Agung volcano eruption in early 
1963. For nominal aerosol properties o f r  ~  0.3 /im  and 
n |ivi ~  0.001, we see that AS/S is about 0.5% if  « r e  = 1-4 and 
about 1% i f  /? re  = 1.5. Thus, the present uncertainty in the 
visible « r  ^ value leads to an uncertainty o f almost a factor o f 
two in AS/S. However, data on the aerosol size d istribution are 
important, since particles that are much larger or smaller than 
0.3 /im  in radius are less dependent on the visible a7re value.

We have cursorily summarized the way in which different 
aerosol parameters can affect model calculations o f the 
clim atic effects o f a stratospheric aerosol layer. The particle 
size d istribution from  0.1 to  2 /im  in radius is known to be o f 
particular importance. The spectral variation o f the complex 
refractive index is also required in order to specify the 
particles’ scattering and absorption fo r both visible and infra
red radiation.

Particle interactions w ith the solar and terrestrial radiation 
fields are calculated by assuming that the particles are homo
geneous spheres having size-number distributions characteristic 
o f the stratospheric aerosol layer. Since the particles sus
pended in the atmosphere often do appear to be compact, 
amorphous solids or spherical droplets, i t  is commonly 
assumed that Mie scattering theory accurately describes the 
particle scattering effects. I f  the particles are known to be 
nonspherical, it  is frequently assumed that random particle 
orientations w ill probably cause the scattering to agree w ith 
that calculated by M ie’s theory. Some stratospheric aerosol 
studies indicate that at least some o f the particles are non
spherical, and it therefore is im portant to indicate what is 
presently known about the effects o f nonsphericity.

Holland and Gagne (1970) used a polar nephelometer to 
study scattering from irregularly shaped particles to emphasize 
the differences between measured angular scattering patterns 
and those calculated from  Mie’s solution fo r spheres. Although 
they found reasonable agreement w ith Mie theory fo r forward 
scattering (i.e., scattering angles less than about 90°), they 
found the intensity o f the backscattered light to be less than 
that predicted fo r spherical particles. This general conclusion 
was also obtained in experimental work carried out by 
D. Huffman and A. Hunt at the University o f Arizona and by 
R. Pinnick at the University o f Wyoming and, later, at NCAR.
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The results o f Chylek, Grams, and Pinnick (1976) are pre
sented in Fig. 7 to illustrate the nature o f the differences in 
scattering between spherical and nonspherical particles. The 
overall effect o f nonsphericity— a reduction in the intensity 
o f the light scattered in the backward d irection— is somewhat 
similar to the effect o f increasing/?^ values. (See Fig. 2.) 
Those results suggest that i f  the scatterers are not spherical, 
the Mie formulas may overestimate the scattering intensities 
calculated fo r specific values o f particle radius and refractive 
index, especially fo r scattering in the backward directions.

Remote Sensing Studies

In discussing remote sensing techniques, we differentiate 
between “ active”  and “ passive”  remote sensing devices. In 
general, passive techniques rely on a measurement o f the 
available energy emitted, absorbed, or scattered by the 
medium being sensed. Although passive techniques are usually 
simpler and less expensive than active techniques, they are also 
less versatile. Active systems, such as radar, have the advantage

o f being able to influence the magnitude o f the signal received 
at the detector by contro lling the ou tpu t o f the transmitter, 
and they are therefore less restricted by the lim itations o f the 
naturally available energy. However, they are generally more 
complex and require more power than passive systems.

A variety o f remote atmospheric probing techniques have 
been developed to determine the aerosol content o f the strato
sphere. During the past decade or so, experimental radarlike 
systems have been developed that use lasers instead o f m icro
wave tubes to transmit a pulse o f electromagnetic energy 
which propagates through the atmosphere and, at any instant, 
illuminates a well-defined volume containing both molecules 
and aerosol particles. The intensity o f light backscattered by 
the atmospheric constituents is measured as a function o f time 
after laser pulsing. Since these active laser probes so closely 
parallel radar systems in principles o f operation, they are often 
called laser radars or optical radars. (Another common term 
fo r this type o f instrument is lidar, an acronym fo r //'ght 
detecting and ranging.)

Fig. 7 Comparison o f  measured angular scattering patterns at 
\  = 0.6328 ixm (circles with error bars) with those calculated by Mie 
theory (solid lines) and a m odified form o f  M ie’s theory, which 
approximates scattering by  nonspherical particles (dashed lines). Par
ticle composition and complex refractive index are identified on each 
scattering diagram; each diagram also contains the geometric mean 
radius, \g, and geometric standard deviation, Tg, for log-normal size 
distributions obtained by determining the radii o f  spheres o f  equal cross 
sections for several thousand particles from scanning electron micro
scope photographs. Examples o f  such photographs are presented above 
the scattering diagrams to illustrate their respective particle shapes. 
(From Chylek, Grams, and Pinnick, 1976.)

Laser backscattering observations have been used to docu
ment temporal variations in the aerosol layer. The firs t applica
tion o f laser technology to stratospheric aerosol measurements 
used a lidar operating from a fixed site (see Fiocco and Grams,
1964). Observations o f stratospheric aerosols were made in 
Lexington, Massachusetts, during 1964 and 1965 (Grams and 
Fiocco, 1967); additional observations were conducted at

10 H l l l l [i l l  II 1 I 1 I I I I I 1 I I T | r I I I I I 1 1 I !
Flowmoster Ink Residue 

m = 1 .6 5 -0 .0 6 9 / 
r g = 0.112/i.m  , t r g =2.27

1011 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

3 I I I I | I I I I I 11 I
Potassium Chlorate 

m= L5I - 0 / '  “ 
rg = O .I3 7 ^m ,c rg =2.l2

■ 11

\  a

1111111111111111111111111
30 60  90  120 150 180 0  30 60  90 120 150 180 

S C A T T E R IN G  A N G L E  (d e g . )

42



N U M B E R  9 - S P R I N G  1978

College, Alaska, in the summer o f 1964. Vertical profiles o f 
aerosol concentration were determined by comparing the op ti
cal radar echoes w ith the expected return from the molecular 
atmosphere. The 1964-65 results had maximum “ scattering 
ra tio ”  values o f about 1.9 ± 0.3 fo r the laser wavelength 
0.694 pm. Clemesha and Rodrigues (1971) reported an average 
maximum scattering ratio o f 1.4 at 20 km fo r 23°S during 
July and August 1970. O ttway (1972) reported decreasing 
aerosol concentrations over Kingston, Jamaica, during 
1969-1971, w ith an average scattering ratio o f 1.25 fo r the 
maximum aerosol concentration at 22 km. Fox et al. (1973) 
operated an airborne lidar aboard the NASA Convair 990 jet 
a ircraft over the Pacific Ocean south o f Hawaii in August 1971 
and over the A tlantic  Ocean in September 1971; they reported 
that laser echoes from  altitudes o f 15-35 km varied from  
values o f 1.0 to 1.2. Fernald, Frush, and Schuster (1974) and 
Russell et al. (1976) also reported aerosol backscattering cross 
sections to be 10-15% o f the molecular contributions.

In late 1974, the laser backscattering ratios increased to 
values on the order o f two (and higher) after the eruption o f 
the Fuego volcano (Fegley and Ellis, 1975; F.G. Fernald, 
personal com m unication , 1975; McCormick and Fuller, 1975), 
thereby increasing the scattering ratio to the values that had 
been observed after the eruption o f the Agung volcano. A t the 
time this article was w ritten the scattering ratio values were 
again very small— on the order o f 1.1 and less. Figure 8 
summarizes the lidar measurements and compares them with 
results obtained during the same time period w ith the Univer
sity o f Wyoming photoelectric particle counter (to be de
scribed later in this article). These studies appear to bracket 
the natural variability in the backscattering cross section o f the 
stratospheric aerosol layer, which ranges from  an increase that 
is about twice as large as the molecular contribution to an 
amount that is so small relative to molecular backscattering 
that it  cannot be detected unless extreme care is taken in 
establishing the actual molecular density profiles used to 
calculate scattering ratios.

Fig. 8 Comparison o f  stratospheric aerosol measurements by 
four independent techniques between 1962 and 1974 (from  
Russell and Hake, 1977). Part (a) shows the m axim um  ratio o f  
particulate to gaseous backscattering, Rmax -  1, os observed by  
a num ber o f  groups: GF (Grams and Fiocco, 1967), CL (Collis 
and Ligda, 1966), C (Clemesha, Kent, and Wright, 1966),
5  (Schuster, 1970), CR (Clemesha and Rodrigues, 1971), O 
(Ottway, 1972), FS (C.L. Frush and B.G. Schuster, personal 
com m un ica t ion , ) ,  F (Fox e t at., 1973), YE (Young and Eiford, 
1975), and RH (Russell and Hake, 1977). Part (b) shows the 

num ber o f  particles with radii greater than 0.15 nm, as measured 
with the University o f  Wyoming dustsonde.

There is a good deal o f interest in relating these laser back- 
scattering data to other physical properties o f the aerosol 
layer, such as the mass concentration o f the particulates in the 
layer. The light-scattering data are influenced by the same 
parameters as in the climate studies— the particle shape, size 
d istribution, and complex refractive index. Figure 9 shows 
that interpretation o f the lidar results is sensitive to these 
parameters. The figure shows the aerosol mass m ixing ratio (in 
parts per b illion) necessary fo r the aerosol backscattering to 
equal the molecular backscattering at the wavelength o f the 
ruby laser used in most o f the lidar studies (X = 0.694 ^m ).

Fig. 9 Aerosol mass m ixing ratio required to produce equal molecular 
and aerosol backscattering (Rmax — 1 - 1 )  for the same four refractive 
index models used in Fig. 5. See tex t for more details.

POWER LAW P A R A M E T E R  (a)
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Results are shown fo r the same refractive index models used in 
Fig. 5; in particular, the calculations were carried ou t fo r 
complex refractive indices (a) m = 1.428 — 0/', (b) 
m  = 1.428 -  0.001 /, (c) m = 1.428 -  0.005/, and (d) 
m = 1.65 — 0.005/'. In all cases, results were obtained fo r a 
power-law size d istribution as a function o f the “ slope”  param
eter, a, fo r the three d ifferent radius intervals, indicated on the 
top right corner o f each graph. Order-of-magnitude changes in 
the mass concentration inferred from  the backscattering data 
are possible i f  one changes the power-law parameter, a, the 
radius lim its over which the size d istribution is integrated, or 
the refractive index o f the particles. Particle shape would also 
be an im portant parameter; fo r example, the curves in Fig. 9 
indicate that nonspherical particles would backscatter some 
three or four times less light than that calculated fo r Mie 
theory.

A t the present time, a new passive technique fo r remote 
sensing o f stratospheric aerosols on a global scale is being 
developed by NASA fo r operation on a satellite platform  
(McCormick et al., 1976). In this technique, illustrated in

Fig. 10 Part (a) depicts a satellite solar occuitation experim ent for  
measuring aerosol concentrations in the stratosphere. Part (b) illustrates 
the solar occuitation geometry. See tex t for more details.

Fig. 10, a satellite sensor measures the attenuation o f solar 
radiation by the aerosol layer. As the satellite approaches the 
earth’s shadow (satellite sunset), the intensity o f the solar 
radiation measured by the sensor decreases as the line o f sight 
from  the satellite to the sun passes through the layer o f par
ticles. As the satellite continues in its orb it, the satelIite-sun 
ray path scans the earth's atmosphere down to the horizon, 
providing data on the attenuation o f solar radiation by 
d ifferent atmospheric layers; the procedure is repeated in 
reverse during satellite sunrise.

The radiance data measured by the satellite sensor as a func
tion o f the tangent path height during the solar occuitation 
experiment can be analyzed by dividing the atmosphere into a 
number o f thin concentric shells assumed to be o f uniform 
aerosol concentration. The total extinction along each ray 
path is then calculated by determining the attenuation by 
successively lower atmospheric shells, taking into account the 
effects o f solar limb darkening and atmospheric refraction; 
these results can then be converted into profiles o f the volume 
extinction coefficient o f the aerosol particles versus altitude at 
the tangent point. The satellite sensor, which has a field o f 
view o f approximately 0.5 arcmin, provides aerosol extinction 
profiles w ith a vertical resolution o f better than 1 km.

NASA plans to fly  two experiments o f this type in the near 
future. The firs t is the SAM II (Stratospheric Aerosol Measure
ment II), to be flown aboard the Nimbus G satellite, which 
will be launched in late 1 978 into a high-noon, sun- 
synchronous orb it at an altitude o f 955 km; the SAM 11 
tangent-point profiles to be obtained from  this o rb it lie in 
polar regions in the bands o f latitudes from 64° to 80° in both 
the northern and southern hemispheres. The SAM II instru
ment is a single-channel photometer operating in a narrow- 
wavelength band centered at 1 (jm. The extinction o f the solar 
beam at this wavelength is dominated by aerosol effects; over 
the 10-30 km altitude interval, fo r example, the aerosol 
extinction is more than an order o f magnitude larger than the 
molecular extinction for representative models o f atmospheric 
density and aerosol concentration profiles.

A similar solar occuitation experiment, designated SAGE 
(Stratospheric Aerosol and Gas Experiment), w ill be flown on 
N ASA’s Applications Explorer Mission B satellite (AEM-B), 
scheduled fo r launch in early 1979. AEM-B w ill have a circular 
o rb it at an altitude o f 600 km and an inclination o f 50°; the 
h igh-orbit precession o f the satellite relative to the sun will 
provide global aerosol data from the equator to  ±72° o f la ti
tude, repeating this coverage every two weeks. The SAGE 
instrument has four spectral channels centered at 0.385, 0.45, 
0.6, and 1 /im . Aerosol profiles w ill again be derived from the 
data obtained by the 1 fim  channel; the 0.6 /um channel will 
provide simultaneous ozone profiles by analysis o f the attenua
tion o f solar radiation in the Chappius ozone absorption 
bands.
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As in the backscattering profiles obtained in the active laser 
probing studies, the remote sensing data obtained in these 
solar occultation experiments require additional data on aero
sol optical properties in order fo r the extinction profiles to be 
related to other physical properties o f the aerosol particles.
The aerosol attenuation again depends on such parameters as 
the particle size, shape, and complex refractive index.
Figure 11 shows the optical thickness o f an ensemble o f mono
disperse spherical particles as a function o f particle size and 
refractive index fo r a beam o f radiation in a narrow- 
wavelength band between 0.96 and 1.04 /im  (approximately 
the spectral bandpass o f the SAM II instrument); Thekaekara’s 
(1973) data on the spectral variation o f the solar flu x  were 
used fo r the calculations. The results represent the fractional 
attenuation o f the solar beam intensity per kilometer o f trans
mission through a volume containing spherical particles with 
specific gravities o f two and a mass concentration o f 1 /ig /m 3.

Results are presented as contours o f constant values o f the 
optical thickness fo r a range o f particle radii from  0.01 to 
10 /tm and a range o f imaginary refractive indices from  0.001 
to  0.1 fo r real refractive index values o f 1.4 and 1.5. The 
significance o f the optical thickness is that the intensity o f a 
beam passing through the aerosol layer is reduced by e"T o f its 
original value, where r  is the total optical thickness integrated 
along the path o f the beam as it propagates through the layer. 
Thus, fo r an aerosol layer in which the particles are charac
terized by an isopleth labeled 10-3 and fo r which the nearly 
horizontal ray path above the tangent point in the occultation 
experiment is 200 km long, the total optical thickness would 
be 10 “3 X 200 or r  = 0.2. In this case, the beam intensity 
would be reduced to e ~ 0 '2, or 82% o f its original value, after 
propagating through the layer, and 18% o f the solar intensity 
would thereby have been lost to scattering and absorption by 
the particles. The mass concentration o f 1 /ig /m 3 used in the 
above calculations is representative o f the aerosol concentra
tions observed in northern m idlatitude locations about a year 
after the eruption o f the Mt. Agung volcano; i f  M  is the par
ticle concentration in units o f/ ig /m 3 and d  is the specific 
gravity o f the material in the aerosol particles, the results o f 
Fig. 11 can be scaled to other assumed aerosol parameters by 
m ultip ly ing the numerical values from the figure by the factor
2 M /d.

The actual numerical values displayed in Fig. 11 are less 
im portant to our discussion than the sensitivity o f the attenua
tion calculations to variations in the aerosol optical param
eters. For the smallest particle sizes (r ~  0.02 /im ), the optical 
thickness is a strong function o f /71ivi and relatively indepen
dent o f both /7r e  and the particle size. For the largest par
ticles (r ~  1 /im ), the optical thickness is a strong function o f 
particle size but is relatively independent o f the refractive 
index. A t intermediate sizes, the results are affected by varia
tions in both /7r e  and /7|m, as well as by the size o f the par
ticle. Since these intermediate sizes are more or less charac

teristic o f the stratospheric aerosol particles, data on the above 
parameters w ill be necessary fo r converting the aerosol extinc
tion profiles that w ill be obtained in the satellite occultation 
experiments to profiles o f other parameters such as mass 
concentration or number density. The advantages to be gained 
from  carrying out in-situ stratospheric measurement programs 
to determine representative aerosol optical properties during 
the SAM II and SAGE missions are obvious.

In-Situ Measurement Devices

We have outlined the optical parameters that are required 
fo r analytical studies o f the effect o f the stratospheric aerosol 
layer on the earth’s climate and fo r interpretation o f data on 
the aerosol layer obtained by remote probing systems. Climate 
studies require inform ation on the temporal and spatial d is tri
bution o f the stratospheric aerosol layer. The various active 
and passive remote sensing techniques could be used on a 
variety o f ground-based, balloon, aircraft, or satellite platforms 
to  provide global data on the aerosol layer— if  we had more 
inform ation on the size-number distribution o f the particles, 
their shapes, and their complex refractive indices.

During the past decade, some inform ation has been accumu
lated on the average and time-varying values o f the strato
spheric aerosol properties. Some o f the parameters that we 
have described have been extensively studied or, in some cases,

Fig. 11 A ttenuation coefficients (km ~'j for solar radiation at 1 nm  
wavelength for uniform ly distributed spherical particles having a mass 
concentration o f  1 ng /m 3, specific gravity o f  two, and the indicated  
values o f  particle radius and imaginary refractive index. Real refractive 
indices are (a) 1.4 and (b) 1.5. See tex t for more details.
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could now be studied w ith recently developed instrumenta
tion. We shall describe two types o f light-scattering devices fo r 
in-situ measurements o f the stratospheric aerosol layer. The 
firs t is a photoelectric particle counter that has been in use 
since 1 963, providing some o f the most detailed data now 
available on the spatial and temporal d istribution o f the aero
sol particles in the stratosphere. The second device is a recent
ly developed laser polar nephelometer, which was designed fo r 
airborne measurements o f aerosol scattering parameters. We 
shall then discuss the extent to which the simultaneous use o f 
two such devices would provide some o f the data tha t we have 
identified as im portant in specifying aerosol optical properties. 
We shall also discuss a few other measurements that would 
help to define aerosol optical parameters better.

The Photoelectric Particle Counter

A group at the University o f Wyoming has successfully 
applied photoelectric particle counting techniques to measure
ments o f stratospheric aerosol particles using balloon plat
forms. The aerosol detector currently in use there is an 
updated, lightweight version o f one firs t developed in the early 
1960s and described by Rosen (1964). Because its present 
weight (4.5 kg in the lightest configuration) is in the radio
sonde class, it has been called a dustsonde or an aerosolsonde.

scattered from 8° through 38° from the direction o f forward 
scattering, w ith a maximum collection efficiency at about 25°. 
The light pulses are detected by photom ultip lie r tubes, the 
outputs o f which are discriminated by size. Simultaneous 
pulses from both photom ultip liers enhance the signal-to-noise 
ratio, noise at low altitudes being mainly due to Rayleigh 
scattering from  air molecules and at high altitudes to scattering 
from  the chamber walls and cosmic ray scintillation in the 
photom ultip lie r glass. Such precautions are necessary, since for 
the smallest particles detected by the dustsonde (about 
0.30 /jm  in effective diameter) only a few photons are scat
tered in to the field o f view o f the instrument. The background 
counting rate is measured approximately every 1 5 min during 
fligh t by slightly pressurizing the scattering chamber w ith 
clean air. Thus the background, which varies w ith altitude 
since it is caused mostly by Rayleigh scattering from air 
molecules, may be subtracted from the total counting rate.
The background fo r most o f the dustsondes is essentially zero 
above about 10 km.

The air sample flow  rate is corrected fo r the effect o f expan
sion in the scattering chamber due to the balloon’s rate o f

Figure 12 shows the detector in schematic form . A ir is 
sampled at a rate o f about 0.75 8/ min in a well-defined stream 
through the focal po in t o f the condenser lens in the 2,500 cm3 
scattering chamber, where individual particles scatter light in to 
the microscopes. The optical system is able to collect light

Fig. 12 Schematic diagram o f  the University o f  Wyoming aerosol 
detector.

Fig. 13 Photoelectric particle counter response for single particles as a 
function o f  particle size. The curves have been calculated from Mie 
scattering theory and normalized for best f it  to the measured response 
for polystyrene latex particles with a real refractive index o f  1.592.

PARTICLE D IAMETER ( p )
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ascent and the effect o f the low outside temperature and is 
then used to calculate the aerosol concentration. A t strato
spheric particle concentrations o f one particle/cm 3 the 
counting rate o f the instrument is on the order o f ten counts 
per second. With a balloon ascent rate o f 5 m/s, an average o f 
100 particles is registered every 50 m. To reduce statistical 
fluctuation, 500 particles are counted fo r each data point, so 
that the average vertical resolution at the current low values o f 
the particle concentrations is about 250 m, or about 100 data 
points per sounding from  ground level to  27 km for the par
ticles 0.3 /im  in diameter.

Although the integral concentrations o f as many as five 
d ifferent m inimum sizes have been measured on a single fligh t 
by pulse-height discrim ination, the usual detector system 
measures only two integral sizes. The discriminators are 
generally calibrated to register particles having diameters o f 
>0 .3  ^im and >0.5  jUm; these sizes are based on an assumed 
index o f refraction o f 1.40. The practical upper size lim it, due 
to gravitational settling in the intake tube, is about 5 jum in 
diameter at stratospheric heights.

The response o f the instrument has been studied by using a 
vibrating capillary aerosol generator to produce uniform ly 
sized particles having indices o f refraction ranging from  nearly 
that o f water to nearly that o f carbon. Some typical results are 
shown in Fig. 13. The measured response in photoelectrons 
per particle (circles and triangles) was compared to the calcu
lated response (smooth curves) by using Mie scattering theory 
fo r the geometry o f the instrument. The experimental values 
were normalized to the calculated values w ith a single con
stant. The generally good f i t  between the experimental points 
and the theoretical values means that the response o f the 
instrument to all sizes and indices o f refraction can be deter
mined from  a single-point calibration using particles o f known 
size and index o f refraction. A more complete description o f 
the instrument, its operation, and calibration has recently been 
given by Hofmann et al. (1975).

The double-valued response o f the instrument, as illustrated 
in Fig. 13, is a problem shared to some degree by all photo
electric particle counters. However, keeping the discrim inator 
levels set to sizes smaller than 0.5 (Jm in diameter eliminates 
the problem. Above diameters o f several micrometers the 
response curves become single-valued again, but fo r this region 
there is a significant difference between absorbing and non
absorbing particles (i.e., /7| m must be known).

In a novel approach, Pinnick, Rosen, and Hofmann (1973) 
used the double-valued region o f the response curves to advan
tage in determining the index o f refraction. The basic principle 
o f this method can be easily understood by referring to 
Fig. 13. I f  a discrim inator level was set to detect particles 
larger than 0.8 /um in diameter w ith an index o f refraction o f 
1.4033, then even a moderately steep size d istribution would

PARTICLE REFRACTIVE INDEX

Fig. 14 The vertical distribution o f  index o f  refraction as obtained  
from the technique outlined in the text. The vertical bar shows the 
range o f  observed tropopause heights.

Fig. 15 The m ixing ratio profiles over Laramie, Wyoming, during the 
summers o f  1972 and 1973. The vertical bar represents the range o f  
tropopause heights.
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T----- 1 I

AEROSOL COUNT RATIO 
NUMBER (diam eter >0.3/xm ) /  NUMBER (diameter > 0 .5 /xm )

Fig. 16 Concentration ratio o f two sizes versus altitude measured at 
Laramie. The vertical bar denotes the observed range o f  tropopause 
heights.

Fig. 17 Aerosol (r >  0.15  / jm) and condensation nucleus (CN,
r >  0.01 nm) concentration profiles observed at Laramie on 30  May
1975.

produce a relatively high count; but i f  the unknown aerosol 
had a complex index o f refraction o f 1.65 — .064/, a relatively 
low count would be observed. The technique has been made 
quantitative and verified experimentally (however, i f  the 
particles are nonspherical, the model might not be applicable). 
Typical results o f using this approach on the stratospheric 
aerosol layer are shown in Fig. 14; they should be considered 
somewhat speculative at this time.

Typical results obtained w ith the dustsonde are shown in 
Fig. 1 5. The 20 km aerosol layer is easily identified. The slope 
o f the size d istribution as a function o f a ltitude can be 
examined by p lo tting a count ratio, such as the number o f 
particles greater than 0.3 (im in diameter divided by the 
number greater than 0.5 pm. For these sizes this ratio is practi
cally independent o f the refractive index. Such an analysis for 
a large number o f flights over Laramie, Wyoming, is shown in 
Fig. 16. Although there is considerable variation in a single 
fligh t as well as from fligh t to fligh t, there seems to be a 
definable mean profile.

In addition to being used to measure aerosols directly, the 
dustsonde has been applied as a simple detector to examine a 
change in an aerosol that has been subjected to some form  o f 
conditioning. The boiling po in t o f stratospheric aerosols, fo r 
instance, has been measured by heating an air sample until the 
particles produce a large drop in the counting rate (Rosen,
1971). In another application, the sampled air is firs t subjected 
to supersaturation by being passed through a thermal-gradient 
diffusion cloud chamber; the condensation nuclei that grow 
are then counted by the dustsonde. A comparison o f the aero
sol and condensation nucleus profiles obtained in this manner 
is shown in Fig. 17.

Fig. 18 Schematic illustration o f  the NCAR airborne laser polar 
nephelometer.
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Data obtained thus far with the dustsonde have made 
significant contributions to defining and understanding the 
time variations and worldwide d istribution o f stratospheric 
aerosols (Hofmann et al., 1975; Rosen, Hofmann, and Laby, 
1975). In addition the measurements have contributed to 
defining the size d istribution necessary fo r developing a 
realistic optical model o f stratospheric aerosols (Pinnick, 
Rosen, and Hofmann, 1976).

The Laser Polar Nephelometer

The general features o f this device are illustrated in Fig. 18. 
The system has been designed to operate in a pressurized air
craft cabin and to use outside air ducted through an a irflow  
tube 5 cm in diameter. The sample volume is a region tha t is 
common to the intersection o f a collimated source beam and 
the detector field o f view w ith in the a irflow  tube. The source 
is a linearly polarized laser beam. The optical system defines a 
collimated fie ld o f view (0.5° half-angle). A photom ultip lie r 
tube is located immediately behind an aperture in the focal 
plane o f the objective lens. The laser beam is mechanically 
chopped (on-off) at a 5 Hz modulation frequency; a two- 
channel pulse counter, synchronized to the laser output, 
measures the photom ultip lie r pulse rate w ith the light beam 
both on and o ff. The difference in these measured pulse rates 
is d irectly proportional to the intensity o f the scattered light 
from the volume common to the intersection o f the laser beam 
and the detector field o f view.

Measurements can be made at scattering angles o f 1 5-1 65° 
from the direction o f propagation o f the light beam. In ter
mediate angles between these extremes are obtained by 
selecting the angular increments desired (any m ultip le o f 0.1° 
can be selected for the angular increment; 5° is used in normal 
operation). Pulses provided by digital circuits control a 
stepping m otor which sequentially rotates the detector by 
preselected angular increments. The synchronous photon- 
counting system automatically begins to measure the 
scattered-light intensity immediately after the rotation to a 
new angle has been completed.

Preliminary polar nephelometer experiments on airborne 
particles by Grams et al. (1974) made use o f a prototype 
device that had been designed to measure scattered-light inten
sity in the plane perpendicular to the electric vector o f the 
incident polarized light. In that plane, where molecular scatter
ing cross sections are independent o f scattering angle, they 
found that the molecular contribution to the scattered-light 
intensity dominated at angles between 90° and 140° fo r the 
case o f airborne soil particles close to the earth’s surface 
(1.5 m). Since the proportion o f aerosol scattering relative to 
molecular scattering would generally be expected to decrease 
w ith altitude, the inab ility  to  detect aerosol scattering in the 
90-140° range would become more and more severe with 
increasing altitude.

An obvious improvement to work on in this area o f research 
was to perform the measurements in the scattering plane 
parallel to  the electric vector o f the polarized source beam o f 
the nephelometer. In that plane, molecular scattering fo llows a 
cos26 law and so varies from  the value calculated in the 
perpendicular scattering plane at angles o f 0° and 180° to a 
vanishingly small contribution at 90°. Thus the scattering 
observed near 90° would be that due only to aerosols, and the 
measurement technique could be more sensitive to /71m than 
was possible w ith the original configuration. Another tech
nique applicable to polar nephelometer measurements at very 
low aerosol concentrations has been described elsewhere 
(Grams, 1972). The latter approach involves the use o f inter- 
ferometric techniques to distinguish aerosol scattering from 
molecular scattering. The equipment required is, however, 
quite costly, and the state o f the art is still rudimentary 
enough to present problems fo r application to extensive fie ld 
measurement programs.

Figure 2 illustrated the concern described above. It showed 
values o f bistatic radar cross sections (directly proportional to 
the scattered-light intensity per un it volume) fo r scattering in 
the plane perpendicular to the electric vector o f incident 
polarized light (a) and in the plane parallel to the electric 
vector o f the incident light (b). These curves cannot actually 
be observed in Fig. 2, since the molecular components must be 
calculated and added to each o f the curves in (a) and (b). 
Results o f this operation were also presented in Fig. 2 as

Fig. 19 Comparison between observed poiar scattering diagrams and 
those calculated for observed aerosol size-number distributions and a 
variety o f  com plex refractive index values. See tex t for details.

S C A T T E R IN G  A N G L E  (deg.)
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scattering from  both aerosols and molecules in the perpendicu
lar plane (c) and in the parallel plane (d). Case (d) is more 
sensitive to the imaginary refractive index, not only because 
the molecular scattering vanishes at 90° fo r the parallel plane, 
but also because the bistatic radar cross sections display more 
variability w ith imaginary refractive index in the parallel plane. 
We have therefore oriented the laser in the present nephelom- 
eter so that the electric vector o f the linearly polarized source 
beam is parallel to the scattering plane.

Examples o f data obtained aboard the NASA Convair 990 at 
two d ifferent altitudes during January 1973 are shown in 
Fig. 19. A particle impaction device similar to tha t described 
by B liffo rd  and Ringer (1969) and Grams et al. (1972) was 
operated simultaneously to collect particles from  the same 
a irflow  tube used to make the scattered-light measurements, 
and size d istribution functions were obtained by analysis o f 
the particles collected. Calculated values o f the angular varia
tion o f the scattered-light intensity were obtained by applying 
Mie scattering theory to observed size d istribution functions 
and assuming d iffe ren t values fo r the complex index o f refrac
tion o f the particles. The calculated values are then compared 
w ith data on the actual variation o f the scattered-light inten
sity obtained w ith the polar nephelometer. The most probable 
value o f the complex refractive index is taken to be tha t which 
provided the best f i t  between the experimental light-scattering 
data and the parameters calculated from  the observed size 
d istribution function as described by Grams et al. (1974). In 
each graph o f Fig. 19, the solid lines are calculated values o f 
scattered-light intensity fo r various assumed values o f the 
refractive index; in all cases the real part is 1.55 and the 
imaginary part is, from  top to bottom , 0, 0.005, 0.01, 0.02, 
0.05, and 0.1. The date and altitude o f each observation and 
the refractive index value determined to have the best f i t  fo r a 
real part o f 1.55 are shown at the top o f each graph. Dotted 
lines represent contributions to the scattered-light intensity 
due to air molecules.

About 30 data sets o f the type shown in Fig. 19 were 
obtained in the January 1973 Convair 990 flights. Since that 
time, the device has been flown on N C AR ’s Lockheed Electra 
a ircraft on a number o f occasions to study the optical proper
ties o f tropospheric aerosols. In the early part o f 1977, the 
polar nephelometer w ill be mounted in N CAR’s Sabreliner jet 
a ircraft and operated at a high-latitude location to sample 
aerosol particles near the peak o f the stratospheric aerosol 
layer; this experiment is specifically designed to measure o p ti
cal properties o f the stratospheric aerosol layer.

The airborne device described here has demonstrated its 
ab ility  to measure polar scattering diagrams on a pressurized 
aircraft throughout the troposphere and lower regions o f the 
stratosphere. I t  has been designed to obtain reliable measure
ments o f scattered-light intensity under conditions tha t are 
extremely sensitive to the value o f the imaginary refractive

index. It has therefore been used in studies aimed at deter
mining aerosol optical properties as data inputs fo r studies o f 
the clim atic effects o f the particulate material suspended in 
the atmosphere and fo r the interpretation o f data obtained by 
remote sensing devices.

Concluding Remarks

We have discussed the physical properties o f aerosol par
ticles which are used in calculations o f the effects o f the 
stratospheric aerosol layer on the earth’s radiation balance and 
in the interpretation o f aerosol data obtained by remote 
probing techniques. The optica lly im portant properties include 
the particle size-number d istribution, shape, and complex 
refractive index fo r both visible and infrared wavelengths. The 
dustsonde has provided size d istribution data as a function o f 
a ltitude and location fo r nearly all o f the past 15 years. In 
modified forms, i t  has also been used to measure the total 
number o f particles o f all sizes (condensation nuclei) per un it 
volume o f stratospheric air and to obtain an estimate o f the 
value o f in the visible region fo r stratospheric particles. 
The polar nephelometer provides a direct measurement o f the 
scattering phase function o f the aerosol particles and, when 
used w ith particle sizing devices, i t  also provides an estimate o f 
the value o f n \^  fo r visible radiation.

There are a wide variety o f other techniques fo r measuring 
aerosol optical properties, some o f which have been applied at 
stratospheric altitudes and others which would require a con
siderable amount o f development before stratospheric applica
tions were possible. Collecting samples on particle impaction 
devices is a technique that has been commonly used fo r deter
m ining particle size, shape, and composition by electron 
microscopy (e.g., Junge, 1961; Mossop, 1965; Friend, 1966; 
B liffo rd  and Ringer, 1969; Bigg, Ono, and Thompson, 1970; 
Ferry and Lem, 1974). Any problems associated w ith the 
collection efficiency o f the impactors fo r the smaller particle 
sizes (smaller than about 0.3 jum in radius) might be overcome 
by sampling the particles w ith Nuclepore filters that have very 
small pore diameters and then analyzing the samples by scan
ning electron microscope techniques to determine particle 
sizes (e.g., Patterson and G illette, 1977) and particle shapes 
(e.g., Chylek, Grams, and Pinnick, 1976). I t  may be possible to 
m odify a differential m ob ility  analyzer (W hitby, 1976) fo r 
measurements o f the smallest particle sizes (e.g., smaller than 
0.1 /urn in radius) from  a high-altitude a ircraft or balloon.

For determining visible n im values, a wide variety o f labora
to ry  procedures can be applied to particle samples collected 
from  the atmosphere; some o f the commonly used methods 
are the diffuse reflectance technique (e.g., Lindberg and 
Laude, 1974; Patterson, G illette, and Stockton, 1977), the 
integrating sphere technique (Fischer, 1973), and the opal 
glass technique (L in, Baker, and Charlson, 1973). Visible /7RE
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values can be analyzed in the laboratory by microscope tech
niques involving the immersion o f the particles in oils o f 
known refractive indices (e.g., Patterson, G illette, and Stock
ton, 1977). In the infrared spectrum, «|m measurements on 
collected samples involve techniques such as the so-called 
potassium-bromide pellet method (e.g., Volz, 1973), and 
infrared values have been obtained by measurements o f 
the normal reflectance o f disks o f the pure aerosol material 
(e.g., Volz, 1973). Another technique fo r measuring n\^\ 
values— potentia lly  applicable from  the u ltraviolet to the 
far-infrared spectrum— involves the use o f a spectrophone, 
which responds only to the actual energy absorbed by the 
particles; this technique has been described in a recent article 
by Schleusener et al. (1976). Finally, there are a number o f 
procedures that have been used to infer /7|m values from in- 
situ radiance measurements fo r both visible wavelengths (e.g., 
Herman, Browning, and DeLuisi, 1975; Carlson and Caverly, 
1977) and infrared wavelengths (e.g., Pueschel and Kuhn, 
1975).

The above discussion o f techniques available fo r deter
mining various optical properties o f aerosol particles is not 
meant to be an all-inclusive survey. However, we have tried to 
illustrate that a wide variety o f techniques are available fo r 
measuring the various properties o f interest in optical calcula
tions. As stated above, not all the techniques could be applied 
to stratospheric aerosol studies w ithou t some developmental 
e ffo rt. Others have already been used extensively in strato
spheric measurement programs. The most im portant po in t o f 
our article is that measurement programs could be designed 
w ith the specific goal o f measuring, at the same time and 
place, all the parameters that are needed fo r calculations o f the 
radiative effects o f the aerosol layer or fo r the interpretation 
o f the data obtained by optical techniques. Perhaps this article 
can illustrate the advantages o f obtaining such data fo r future 
improvements in our understanding o f the long-term clim atic 
implications o f the presence o f aerosol particles in the 
stratosphere.
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The Measurement of Atomic and Diatomic 

Radicals in the Earth's Stratosphere

James G. Anderson, University of Michigan

Although stratospheric photochemistry has rapidly become 1
more complicated in the past five years as our inventory o f 
gases in the stratosphere has grown, the basic reaction pattern 
displayed by each o f the chemical systems (i.e., oxygen, 
hydrogen, nitrogen, and chlorine) remains simple. Figure 1 
generalizes this pattern into three common parts:

•  Chemical source terms, which represent the upward flow  
o f stable polyatom ic molecules from  the earth’s surface 
and troposphere

•  The linking radicals or molecular fragments, formed 
directly (and irreversibly) from the chemical source terms 
either by photolysis or by chemical reaction

•  The reservoir or sink terms, which are formed by the 
recombination o f the radicals, then recycled into the 
radical system by photolysis and chemical reaction, and 
fina lly  removed by downward and meridional transport.

The source and sink terms are relatively stable chemically; 
that is, they have chemical lifetimes on the order o f weeks to 
months. Their global d istribution, therefore, is generally 
governed by transport processes rather than by details o f the 
local chemical environment. In contrast, the radicals have 
chemical lifetimes on the order o f minutes and reflect, w ith 
considerable alacrity, the chemical conditions in their 
immediate v ic in ity .

The hydrogen system is presented in Fig. 2, in the same 
form at as the generalized scheme o f Fig. 1. A fte r upward
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SYSTEM OVERVIEW

Fig. 7 Photochemical schematic showing the relationship between 
chemical source terms, radicals, and sink terms.

Fig. 2 The hydrogen-oxygen system, hv  is a photon.
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I

Fig. 4 The chiorine-oxygen system, hv  is a photon.

n

diffusion, methane (CH4), produced principally by bacteria in 
marsh lands and lakes (Ehhalt, 1972), reacts w ith 0 ( '  D) in the 
stratosphere to produce OH. The methyl radical (CH3) is even
tually converted to carbon dioxide (C 02 ) after further release 
o f hydrogen to the HOx system, which consists principally o f 
OH, H, and H 0 2 . These three hydrogen radicals are intercon
verted very rapidly by reaction w ith ozone (0 3) and atomic 
oxygen (O) so that all three are in mutual steady state.

The radicals are depleted prim arily by recombination 
through OH + H 0 2 -*■ H2 O + 0 2 . The water (H2 O) thus 
formed flows downward out o f the stratosphere, thereby 
maintaining hydrogen continu ity . The balance between HOx 
and H20  is established by the reaction between 0 ( '  D) and 
H20 , which recycles hydrogen back into the radical system. 
Molecular hydrogen (H2), produced in the conversion o f CH4 
to C 0 2 (McElroy, 1976) and by the reaction

H +  HO2 H j + C b

and removed by reaction w ith O f1 D)

H2 +  OC1 D ) ->• OH +  H

completes the source-radical-sink chain fo r the hydrogen 
system.

Figure 3 presents an analogous scheme fo r the stratospheric 
nitrogen system. In this system, bacterial fixa tion  o f nitrogen 
(Alexander, 1971) results in the production o f nitrous oxide 
(N20 ) , which diffuses upward through the troposphere. Reac
tion w ith O f1 D) above the tropopause (Bates and Hays, 1967)

N2 0  +  OC1 D ) ^  NO +  NO

initiates the NOx system, principally comprising n itric  oxide 
(NO) and nitrogen dioxide (N 0 2). Recombination o f N 0 2 
with the hydroxyl radical (OH)

OH +  NO2 +  M -» HNOs +  M

forms n itric  acid (H N 0 3), which is the major sink term. The 
(N 0 2 + N 0 ) :H N 0 3 ratio is established by H N 0 3 photolysis 
and reaction w ith OH

HNO3 +  h V  -»• OH +  HO2 
OH +  HNO3 Hs 0  +  N 03 

and is balanced by the above recombination step form ing 
HNO3 .

Figure 4 represents the chlorine (Cl) system in a similar 
way, starting w ith the m ultip le sources (Rowland and Molina,
1975), CCI4 , CH3CI, CF2CI2, and CFCI3. These source gases 
are photolyzed to yield at least one Cl atom, which, along w ith 
its oxide radical partner CIO, constitutes the basis o f the CIOx 
radical system. The chlorine sink term is HCI, formed p ri
marily through the reaction o f Cl w ith CH4 or w ith the per- 
hydroxyl radical (Rowland and Molina, 1975; Stolarski and 
Cicerone, 1974; Wofsy and McElroy, 1974; Crutzen, 1974)
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CH, +  Cl -*• HCI +  CH3 

HO2 +  Cl -► HCI + O2

The CIOx :HCI ratio is established by the above tw o reactions 
in com petition w ith the recycling step (Rowland and Molina, 
1975; Stolarski and Cicerone, 1974; Wofsy and McElroy,
1974; Crutzen, 1974)

HCI + OH -*• H2 0 + Cl

An inspection o f Figs. 1-4 illustrates three key points.

•  The radicals form  the chemical link between the source 
and sink terms; w ithou t empirical evidence o f their existence 
and absolute concentration, verification o f theoretical calcula
tions relating the source and sink terms remains incomplete.

•  The radicals react directly w ith 0 3 and O, catalytically 
recombining them into molecular oxygen (0 2 ) and thus estab
lishing the efficiency o f the chemical loss process fo r O 3 in the 
stratosphere.

•  The HOx , NOx , and CIOx systems are coupled together 
in such a way that it  is impossible to draw quantitative conclu
sions regarding the relative effect o f any one system upon 0 3 
w ithou t simultaneous knowledge o f the others.

The purpose o f the research described below is to  determine 
the absolute concentration o f one or more radicals in each o f 
the major stratospheric systems in order to verify 0 3 depletion 
calculations based on the presence o f hydrogen, nitrogen, and 
chlorine source gases in the stratosphere.

Resonance Fluorescence Technique

Significant progress has been made over the past five years 
in the measurement o f stratospheric source and sink terms, 
notably by infrared absorption techniques (Murcray et al., 
1969; Toth et al., 1973; Ackerman and Muller, 1972; Farmer, 
1974), emission techniques (Houghton and Taylor, 1973; 
Harries, 1973), whole air sampling (Ehhalt, 1974; Ehhalt et al., 
1975; Schmeltekopf et al., 1975; Lovelock, Maggs, and Wade, 
1973), and filte r entrapment (Lazrus, Gandrud, and Cadle, 
1972; Lazrus and Gandrud, 1974; Lazrus et al., 1975). These 
techniques have proved useful fo r determining absolute con
centrations in the range o f parts per m illion to parts per b illion 
over extended regions o f spatial integration. Because o f the 
long chemical lifetimes o f these species, details o f their local 
structure have not been relevant and there has developed a 
very direct and beneficial exchange between field measure
ments and theoretical calculations. For such an exchange to be

feasible in the measurement o f radicals, several criteria must be 
satisfied by the experiment.

•  Sensitivity in the parts-per-trillion range must be available 
over extended altitude intervals.

•  The measurement must be confined to  a specified volume 
element in which other interacting radicals are measured simul
taneously.

•  I t  must be a straightforward matter to calibrate the 
measurement in absolute terms.

•  The method must be capable o f measuring the diurnal 
behavior o f the radicals.

One technique that satisfies the above requirements is 
atomic and molecular resonance fluorescence, the basis o f 
which is depicted in Fig. 5. A beam o f photons, resonant in 
energy w ith a preselected electronic transition o f the atom or 
molecule under study, is passed through the sample gas. The 
absorption and subsequent re-emission o f the resonant photon 
results in the isotropic redistribution o f energy from  the 
incident beam. The number o f photons scattered at right 
angles to the incident beam per un it time is proportional to 
the number o f atoms or molecules per un it volume that 
possess an allowed transition from  the ground state to an

Fig. 5 Geometry o f  the flow  through resonance fluorescence methods.
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upper bound electronic state w ith an energy difference equal 
to the energy o f the incident resonant photons. In practice, it 
is not d iff ic u lt to determine which species is responsible fo r 
the fluorescence because the energy separation between 
individual transitions o f d ifferent atoms and diatomics is much 
greater than the spectral w idth o f either the source or the 
detector.

I f  the resonant photon flux  in the incident beam is F ( \) ,  the 
resonant cross section o f the transition is ct(X), and the concen
tration o f the species w ith in the volume element A l /  is [ X ] , 
then the number o f photons, P, scattered out o f A  V is simply

(P = I f  F ( \ )  a(A)dA \ [ X ] AF 
band or 

line
I f  the overlap integral J F ( \)  a (\)dX  is replaced by the product 
Fa, where F  is the number o f photons per second w ith in  the

)'

Fig. 6 Flow pattern around flight instrument.

beam, then the above expression becomes

P = (Fo)[X]SL

where £ is the length o f the source beam w ith in  the field o f 
view o f the detector, provided that the entire diameter o f the 
source beam is also w ith in  the fie ld o f view o f the detector. 
The number o f counts registered by a photom ultip lie r w ith 
quantum efficiency 77, in conjunction w ith an optical system 
o f transmission T and optical collection efficiency eD (where e 
is the ratio o f photons collected to photons scattered) is then 
simply

S.. = F O _ m { e nT nn H  (1)x x 'D D

An inspection o f Eq. (1) reveals that fo r a given product 
ox [ X ] ,  the experiment is optim ized by maximizing the 
product F{epT[)ri}%  while at the same time m inim izing all 
other contributions to the photon count rate.

I t  is essential that the measured sample remain unaltered by 
the presence o f the detection equipment because most o f the 
species o f interest recombine w ith un it efficiency at any wall 
w ith which they collide. This problem is circumvented by 
flow ing the sample gas at high velocity in a direction perpendi
cular to both the incident beam and the direction o f observa
tion o f the detector, as shown in Fig. 5. In order to facilitate 
the absolute calibration o f the detector-source combination 
and to provide optical protection fo r the detector, the system 
is enclosed in a cylindrical pipe (Fig. 5).

In principle, this combination o f high velocity flow  and 
resonance fluorescence detection was firs t used in laboratory 
studies o f the gas phase kinetics o f d iatom ic radicals (Ander
son and Kaufman, 1972) and atoms (Clyne and Cruse, 1972) 
in which the high velocity was used prim arily to achieve time 
resolution during the removal o f one highly reactive species in 
the presence o f another.

For the application o f resonance fluorescence to in-situ 
stratospheric measurements it is necessary to arrange the pres
sure, velocity, and detection chamber dimensions in such a 
way that the diffusion time from  the scattering volume to the 
chamber wall is at least two orders o f magnitude more than 
the residence time o f the sample w ith in the instrument (i.e., 
the time between entry and detection). In addition, because 
the species are extremely sensitive to changes in temperature, 
i t  is im portant that heating processes, such as those encoun
tered during traversal o f a shock fron t, be eliminated.

In order to m inim ize the diffusion rate to the wall, the 
detection chamber and flow  pipe are housed in an aero- 
dynamically shaped pot or “ nacelle,”  which establishes 
laminar flow  around and through the instrument as shown in 
Fig. 6. This shape also desensitizes the flow  characteristics to 
changes in the angle o f attack o f the instrument, which is

SCATTERING
VOLUME

LAMP BEAM

LIGHT
TRAP
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im portant fo r stratospheric measurements that employ balloon 
and rocket platforms. For the applications discussed here, the 
instruments are borne by balloon to the stratopause 
(~1 50,000 f t  or 46 km) and then dropped on a stabilized para
chute o f "guide surface”  design which controls both the angle 
o f attack and velocity o f the package during descent.

The Resonance Lamp

Several sources can be used to induce fluorescence in atomic 
and molecular species; they generally fall into three categories: 
a high temperature blackbody such as a xenon arc, a plasma 
discharge resonance lamp, or a tunable dye laser w ith frequen
cy doubling. Although each o f the above sources has advan
tages that depend on the particular experiment, this section 
w ill focus on details o f the plasma lamp because it holds the 
greatest promise fo r development o f experiments capable o f 
simultaneously measuring the key atoms and radicals shown in 
Figs. 2-4. These devices have been used widely over the past 20 
years in the fie ld o f spectroscopy and chemical kinetics. 
Although many variations exist as to whether the discharged 
gas flows or is static, whether the plasma is excited at radio 
frequencies (100 MHz) or in the microwave region (1-1 0 GHz), 
and whether a single gas or a m ixture is discharged, the basic 
technique is as fo llows (see, fo r example, McNesby, Braun, and 
Ball, 1971).

•  A low-pressure (0.1 to 10 mm Hg) plasma is formed, 
usually in an inert gas such as helium, argon, or krypton, by 
subm itting the gas to an oscillating electric field.

•  A small amount o f gas (0.1 -1%), either the same as or 
related to the atomic or molecular transition o f interest, is 
added to the discharge region. For example, the addition o f 
small amounts o f H2 , N2, or 0 2 to  a helium plasma produces, 
respectively, the 1 216 A Lyman-alpha transition o f atomic 
hydrogen, the 1199 A and 1493 A atomic nitrogen resonance 
lines, or the 1302 A, 1304 A, 1306 A tr ip le t o f atomic 
oxygen. The addition o f H20  to argon or helium yields the 
OH band at 2811 A, 3090 A, and 3420 A, and the addition o f 
N20  to helium yields the NO gamma bands in the 
2000-3000 A region.

In practice, the development o f effective sources depends 
upon the particular application; generally the requirements 
center on achieving a highly intense, spectrally pure, unre
versed (i.e., the optical depth w ith in  the plasma at the center 
o f the resonance line must be small), low-temperature emission 
line. For application to in-situ atmospheric measurements that 
require sim plicity and durab ility , a sealed lamp is desirable. 
These devices were firs t discussed in the literature by Dieke 
and Cunningham (1952), who developed a quartz cell device 
with a uranium hydride/uranium m ixture that served simul
taneously as a source and “ getter.”  When the m ixture was

W avelength (&)

Fig. 7 Spectrum  o f  the OH lamp between 3064 and 3100 A.

Fig. 8 Spectrum o f  the atomic oxygen lamp in the vacuum ultraviolet.

Wavelength (A)
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CHLORINE RESONANCE LAMP

1200 1300 1400 1500 1600

W a v e le n g th  ( A )

Fig. 9 Spectrum  o f  the atomic chlorine lamp.

Fig. 10 Spectrum o f  the nitric oxide lamp showing the gamma bands. 
The (1-0) band at 2150  A  is suppressed by  the declining response o f  the 
photom ultip lier tube below ~2300  A.

heated to the appropriate temperature, hydrogen gas was 
evolved so that the lamp could be used as a hydrogen continu
um source or as a Lyman band source above the quartz cu to ff 
at 1600 A. Substitution o f magnesium fluoride or lith ium  
fluoride as a w indow material allowed use o f the 1216 A 
Lyman-alpha line. The extension o f this method to other 
species involves combining sources and getters in such a 
manner that a dynamic equilibrium  can be established between 
the source and getter, thereby providing control over the 
m ixing ratio o f gas added to the plasma. Figures 7, 8, 9, and 
10 show the ultravio let spectra, respectively, o f the OH, O, Cl, 
and NO lamps that were developed fo r this work. The plasma 
discharge is generally sustained by a microwave discharge o f 
~100  W although lower power (~2-3 W) radio frequency 
discharges have been used (R.A. Young,private communica
tion  to F. Kaufman, 1970).

Calibration o f the Flight Instrument

Equation (1), which relates the measured count rate Sx to 
the lamp flu x  F, the resonance scattering cross section ax , the 
species concentration [ X ] , and the instrument parameters 
\ eD Td V } ^ (as previously defined), can be w ritten

= F(y zHernH = ĉ (f) [x]
where

C (F ) x = ( 2 )

is the proportiona lity  constant between the photon count rate 
and the atom or radical concentration [ X ] . Inspection o f the 
right side o f Eq. (2) reveals that all quantities are constants fo r 
a given temperature w ith the exception o f the photon flux , F. 
Thus i f  Sx and [X ]  are measured simultaneously fo r a given 
flu x  F  (or in fact any quantity proportional to  F), CX(F) can 
be determined directly. The absolute calibration therefore 
becomes independent o f the oscillator strength o f the transi
tion, the geometric details o f the scattering chamber, and the 
characteristics o f the photom ultip lie r tube as long as all 
components remain unaltered between calibration and flight.
In order to accomplish this, a laboratory system was con
structed that would provide a known quantity o f an atom or 
radical in a flow  at the appropriate total pressure, temperature, 
and flow  velocity. Such a device (shown schematically in 
Fig. 11) may be viewed as fou r subsystems:

•  A pumping station, consisting o f a mechanical forepump 
backing a Roots blower capable o f a pumping rate 
between 0.1 and 50 mm Hg pressure o f 1,000- 
4,000 f t 3/m in (28-113 m 3/m in)

•  A fast flow  reaction chamber 15 cm in diameter and 
200 cm in length

A carrier gas addition system, consisting o f two gas
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Fig. 11 Schematic o f  the laboratory calibration facility.

Fig. 12 Optica! axis o f  the atomic oxygen instrument.
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Fig. 13 The proportionality constant between the hyd ro xyl concentra
tion and the detector count rate as a function o f  lamp flux.

Fig. 14 Flight instrum ent se t up for parachute deploym ent.

mixing manifolds, a mass flow  meter fo r measuring the 
total flow  rate o f added gas, and a microwave discharge 
un it fo r discharging trace gases added to the (in most 
cases) helium or nitrogen carrier gas

•  A trace addition system used fo r adding 1 ppm or less o f 
gas at any point in the reaction zone through a movable 
loop injector.

As Fig. 11 shows, the fligh t instrument occupies the central 
portion o f the reaction zone so that a known concentration o f 
the atom or radical, formed either by discharge alone or by 
chemical reaction in the upstream portion o f the reaction 
zone, flows through the in terior o f the instrument.

A cross-sectional view o f the instrum ent’s optical axis is 
shown in Fig. 1 2. The collimated beam from the resonance 
lamp passes through the fie ld o f view o f the detector, defining 
what w ill hereafter be termed the scattering volume at the axis 
o f the flow  so as to maximize the distance from  the scattering 
volume to the wall. A photom ultiplier-interference filte r 
combination monitors the photon flu x  from the lamp during 
both calibration and flight.

The reactions (or series o f reactions) used fo r the calibration 
o f each species all share the fo llow ing characteristics.

•  They are in itiated by the dissociation o f a parent mole
cule in a microwave discharge, resulting in the form ation o f an 
atom.

•  That atom, or a radical formed therefrom, becomes one 
reactant in a fast bimolecular reaction w ith a stable molecule.

•  The atoms formed in the discharge are present in large 
excess over the nonlabile reaction partner, so that one product 
atom results from the addition o f one nonlabile molecule.

Thus i f  the concentration o f the nonlabile gas upstream o f 
the reaction zone is known accurately, the concentration o f 
the product atom or radical downstream o f the reaction region 
is known, provided that the reaction form ing the product 
atom or radical goes to completion w ith in  a distance that is 
small compared to the distance from  the injection po in t to the 
optical axis o f the fligh t instrument.

For example, in the case o f ground-state oxygen atoms or 
0 (3 P), the above reaction sequence begins w ith the microwave 
discharge o f molecular nitrogen (N2)

U  d i s c h a r g e
N2 N  +  N

followed by the addition o f NO through the movable loop 
injector shown in Fig. 11, giving ground-state oxygen atoms 
(Morse and Kaufman, 1965)
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N +  NO -*  N2 +  0 ( 3 P ) ^

in a concentration equal to that o f NO prior to reaction. The 
movable addition po in t o f NO provides verification o f the 
above kinetics: in particular, whether nitrogen atoms are 
present in suffic ient quantity that reaction (3) goes to comple
tion ; whether the calibration is independent o f microwave 
power, total pressure, flow  velocity, or NO addition po in t; and 
whether Co(F) is independent o f the calibrated atom concen
tration o f 0 (3P).

I n the case o f OH radicals the sequence becomes

a  ! L l l s c h a r e e»  H +  h

H +  NOa -* OH +  NO

so tha t each N 0 2 molecule added through the loop injector 
produces one OH radical after reaction. Figure 1 3 shows a 
typical p lo t o f C qh  (F)> which is linear w ith respect to F, as 
would be expected from  Eq. (1). Significant care is taken 
concerning the question o f C oh  (F) linearity as a function o f 
photon flu x  because it is crucial to  demonstrate whether self
absorption o f photons occurs w ith in the lamp over the inten
sity region encountered during calibration and fligh t.

A fte r completion o f the laboratory studies, the instrument 
is removed from the flow  reactor optically unaltered. Vacuum 
flanges at each end o f the instrument module are replaced w ith 
leading and trailing air fo il sections and the nacelle skin is 
installed. Support struts are added and the instrument is ready 
fo r fligh t, as shown in Fig. 14.

In s tru m e n t Design

Several objectives must be considered in the design o f the 
instrument.

•  Optical rejection o f the photon beam used to induce 
fluorescence by the detector must be achieved and the instru
ment must discriminate against atmospheric backscatter.

•  Provision must be made fo r elim inating the fluorescing 
species from the measured sample in order to determine the 
background count rate.

•  The instrument must be suffic iently small tha t a simul
taneous measurement o f a number o f interrelated species can 
be made from  a single experimental platform.

Figure 15 shows a perspective o f the detection chamber 
through which the sample flows during descent on the para
chute. Figure 16 is a cross section through the optical axis,

LIG HT BAFFLE

Fig. 15 Detection plane optica! schematic.

Fig. 16 Optica! plane o f  the hydroxy! instrument.
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Fig. 17 Plane through the flow  plane o f  the hydroxy! instrument.

showing the collim ator and baffle system used to achieve rejec
tion o f the photon beam after one traversal o f the sample. 
Figure 17 is a cross-sectional view through the axis o f the flow  
pipe, showing the light-trapping system used to eliminate con
tributions to the background count from atmospheric scatter. 
E lim ination o f the fluorescing species from  the sample is 
achieved by adding a reactant gas through the loop injector at 
the entry throat. The gas addition method can also be used to 
convert a molecule not amenable to the resonance fluores
cence technique to one which is easily detectable.

Observations

The resonance fluorescence technique described here has 
been used thus far to  study four stratospheric species: atomic 
oxygen, hydroxyl, atomic chlorine, and chlorine monoxide.

A tom ic Oxygen. Figure 1 8 displays data taken on the firs t 
two flights using this technique, in November 1974 and Febru
ary 1975. The concentration o f O was found to decrease from
2 X 109/cm 3 at 43 km to 6 X 107/cm 3 at 25 km. Significant 
local structure was apparent in the concentration profiles.

The existence o f O and the reactions contro lling its concen
tration were firs t suggested by Chapman (1930). Four reac
tions were identified as important:

•  Photolysis o f 0 2 at wavelengths short o f 2400 A  

C>2 +  h v  0  +  0

Fig. 18 A tom ic oxygen data from 25 November 1974 and 7 February 
1975 compared with theoretical profile.

0 ( 3P ) / c m 3

•  Reaction o f O w ith 0 2

O + O i + M ^ O s + M

•  Photolysis o f 0 3

0 3 +  h V  ^  0  +  O 2

•  Recombination o f O and 0 3 to reform the 0 2 bond

0  +  O 3 ^  O j  +  O 2

y 2 and / 3 define the rate at which the 0 2 and 0 3 molecules 
are fragmented by ultravio let ligh t from the sun and k \  and k 2 
are the chemical rate constants which define how fast the 
respective reactions proceed.

Laboratory studies o f the above fou r reactions have demon
strated that the firs t and the fourth , which control the concen
tration o f the sum o f O and 0 3, are relatively slow compared 
w ith the second and th ird, which control the ratio  o f the 
concentration o f O and 0 3. Thus while “ odd oxygen,”  
referred to here as Ox = O + 0 3, is formed and destroyed
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slowly, the ratio o f O to 0 3 is determined w ith in any volume 
element in the stratosphere by a simple balance between the 
exchange reactions (2) and (3) such that

[0 ] / [ 03 ] = -------—-----
ki  [M ] [0 2 ]

I f  expression (4) represents conditions in the stratosphere 
w ith reasonable accuracy, then by taking an experimentally 
determined 0 3 p ro file— o f which there are numerous 
examples from  ground-based observation (Craig, 1965), 
rockets (Krueger and Minzner, 1976), satellites (Anderson et 
al., 1969; Krueger, Heath, and Mateer, 1973), and balloons 
(Krueger and Minzner, 1976)— it  should be possible to  calcu
late the expected concentration o f O by using the well-known 
laboratory values fo r k x a n d /3. Such a calculation (based on 
an average m idlatitude 0 3 profile) is shown in Fig. 18 w ith  the 
observed O profile ; although the agreement is not excellent, 
rough agreement clearly exists. It remains to  measure O and
0 3 simultaneously w ith in the same volume element in order to 
discover whether expression (4) is s tric tly  true w ith in the 
uncertainties o f the laboratory measurements o f J 3 and k y.

H ydroxyl. The firs t diatomic radical fo r which the tech
nique was used is OH (Anderson, 1976), firs t treated theoreti
cally by Bates and Nicolet (1950). Since their classic paper on 
hydrogen-oxygen photochemistry, OH has been viewed as 
perhaps the pivotal radical in the photochemistry o f the 
earth’s atmosphere. It reacts directly w ith 0 3 in the bimolecu- 
lar step OH + 0 3 -»• H 0 2 + 0 2 , thereby in itia ting a catalytic 
destruction cycle. It controls the ratio o f reactive nitrogen 
oxides (NO and N 0 2) to the stable nitrogen compound H N 0 3 
through the three-body recombination step

OH + NC^ + M -  HN03 +  M (5)

It  also controls the ratio o f reactive chlorine (Cl and CIO) to 
stable chlorine (principally HCI) through the bimolecular reac
tion

H C I +  OH -> C l  +  H j 0  (6)

•  Expected concentrations o f Cl and CIO should approach 
the maximum predicted by photochemical models o f the 
stratosphere fo r a given concentration o f HCI, because the rate 
o f form ation o f free chlorine from  HCI, which is controlled by

(4) reaction (6), is d irectly proportional to the concentration o f 
OH.

•  Expected concentrations o f NO and N 0 2 should be pro
portionally diminished because enhanced OH densities imply 
an enhanced recombination rate o f N 0 2 through reaction (5), 
reforming H N 0 3.

A tom ic  Chlorine and Chlorine Monoxide. A th ird  fam ily o f 
photochemically reactive species tha t has been studied w ith 
this technique is the chlorine group, o f which Cl and CIO are 
the most important. They constitute a two-step catalytic cycle

C l  +  0 3 -> C IO  +  Os (7)

C IO  +  0  -*• C l  +  02
-----------------------------------------------  (8 )

0  +  0 3 ->■ O j  +  O 2

which is exceedingly e ffic ient in the recombination o f odd 
oxygen and which is also susceptible to enhancement through 
the deposition o f chlorine-containing compounds in the

Fig. 19 H ydroxyl concentration data from 18 July 1975 and 
12 January 1976.

Two observations o f OH in the stratosphere are shown in 
Fig. 19. These results exh ib it reasonable agreement w ith previ
ous mesospheric data obtained from  a zenith-oriented sound
ing rocket (Anderson, 1971) by using solar-induced 
fluorescence.

A comparison between the OH concentrations predicted 
theoretically and those observed yields the fo llow ing conclu
sions.

•  The observed concentrations o f OH in the stratosphere 
approach the maximum predicted by current stratospheric 
photochemical theory. 10'

O H /c m 5

------------1--------1----- 1----1---1---1—I—I- |--------------1 I----- 1----1 I-- 1—T"
OH(xV) IN THE EARTH'S STRATOSPHERE
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Fig. 20 Double nacelle arrangement used for observing Ci and CIO in 
the stratosphere.

Fig. 21 Volume m ixing ratio o f  Ci and CIO observed in the strato
sphere.

stratosphere— particularly the inert chlorofluorocarbons, 
which were firs t identified in this regard by Molina and Row
land (1974). Although such compounds, principally fluoro- 
carbon 11 (CF3CI) and fluorocarbon 1 2 (CF2CI2 ), are inert in 
the troposphere, they are broken down by ultravio let radiation 
in the 2000 A  spectral region when they are carried to a su ffi
ciently high altitude (~25 km) that the normal screening 
effect o f the atmosphere is reduced. The subsequent release o f 
Cl is fo llowed by reactions (7) and (8). The effectiveness o f 
this process can be determined directly only through know
ledge o f the concentrations o f both Cl and CIO in the altitude 
region between 35 and 45 km in which the 0 3 concentration 
is susceptible to control by chlorine.

Three experiments have been carried out by using the 
double instrument configuration shown in Fig. 20 to simul
taneously observe Cl and CIO. The results o f these observa
tions are shown in Fig. 21, expressed as a volume m ixing ratio 
(i.e., the number o f chlorine atoms or chlorine monoxide 
radicals divided by the total number o f molecules in a volume 
o f stratospheric air). They are compared with four model 
predictions (S.C. Liu, R.J. Cicerone, and T.M. Donahue, p r i
vate com m unication , 1977; S.C. Wofsy and M.B. McElroy, 
private com m unication , 1977; P.J. Crutzen and J. McAfee, 
private comm unication, 1977; J. Chang and P.J. Wuebbles, 
private communication, 1977) in Fig. 22.

Fig. 22 Comparison between calculated and observed Cl and CIO 
concentrations.
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Several conclusions can be drawn from Figs. 21 and 22.

•  Cl and CIO exist in the stratosphere and their concentra
tion exhibits significant variability.

•  Significant local structure is apparent.

•  Cl and CIO densities are equal to or greater than the 
densities predicted by theory.

Perhaps the key qualitative result im p lic it in this discussion 
is that molecular fragments, which define the photochemical 
structure o f the earth’s atmosphere, are observable quantities. 
Thus a direct check on the proposed photochemical mecha
nism used in model calculations can be made, leading to  an 
empirically defensible form ulation o f stratospheric photo
chemistry that includes those constituents involved d irectly in 
the catalytic destruction o f O and O3 .
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Ground-Based Methods for Stratospheric Study
John F. Noxon, National Oceanic and Atmospheric Administration

A ground-based method is one in which nothing material is 
sent up from  the earth. W ithin this restriction, approaches to 
investigating the stratosphere from the ground may be either 
active or passive. We shall begin w ith a brief survey o f the 
form er and then devote major emphasis to the latter.

Active methods all reduce to one or another type o f radar in 
which either an acoustic or an electromagnetic source sends 
energy upwards (Fig. 1). The small fraction which is returned 
to  earth after interaction in the stratosphere is examined fo r 
inform ation imposed during the interaction.

Some o f the earliest evidence on the temperature structure 
o f the stratosphere (e.g., the positive temperature gradient 
above the tropopause) came from  the discovery that major 
sources o f sound, such as exploding volcanoes, cannons, or 
bombs, could be heard at great distances from  the source but 
not at locations closer to it. This was due to refraction o f the 
sound waves as they passed into the region where temperature, 
and thus speed, increased along the path. I f  the angle o f 
incidence is small enough, the waves can actually be bent 
around and returned to earth. For locations close to the source 
the angle o f incidence is too small to perm it suffic ient refrac
tion, and so no echoes can be heard.

A fte r the second World War some attempts were made to 
study the atmospheric density up to great altitudes by means 
o f searchlights; w ith separate transm itting and receiving sites 
the altitude o f backscattering could be determined, and the 
intensity o f scattering at that a ltitude gave a measure o f the 
atmospheric density. W ith some d ifficu lty , the method actual
ly yielded densities up to 50 km; from  the density profile one 
could then also obtain a temperature profile.
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to  NOAA in 1972. His fie ld  o f  interest is atmospheric physics.

Yet neither explosions nor searchlights proved to be o f 
lasting appeal. The modern history o f active ground-based 
study o f the stratosphere began w ith the work o f Fiocco and 
his colleagues in the early 1960s, fo llow ing the invention o f 
the laser. Theirs was the firs t use o f a laser as a radar (lidar) in 
atmospheric studies; outstanding in this early work was the 
clear demonstration that near 20 km there is more scattering 
than what would be expected from  air molecules. The excess 
was identified as scattering by aerosol particulate matter in the 
so-called Junge layer, discovered earlier by direct sampling.

Another clever scheme originated by Fiocco depends upon 
the very small doppler broadening imposed when the scatter
ing is by particles that are heavier than air molecules. So 
narrow is the aerosol component that the small doppler shifts 
(or spreading) due to winds and turbulence can be resolved 
(Fig. 2). But owing to the lim ited power o f lasers, there has 
not yet been any successful ground-based application o f this 
scheme to the stratosphere. For the same reason, the use o f 
laser-induced Raman scattering in ground-based stratospheric 
study remains impractical (using the Raman effect one can in 
principle identify any m inor species from  the unique signature 
associated w ith its Raman wavelength sh ift in the scattering).

With a tunable laser one can use resonant scattering at the 
characteristic absorption wavelength o f a species and have the

Fig. 1 The geom etry o f  active probing systems, in which the trans
m itter (t) and the receiver (r) overlap their beams in the shaded area.
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benefit o f a generally much larger (by as much as 1015) 
scattering cross section than is the case fo r Raman scattering. 
Present laser technology is now very close to being able to use 
resonant scattering in ground-based study o f m inor species in 
the stratosphere. The fundamental lim it associated w ith this 
technique w ill be the need to detect the resonantly back- 
scattered signal against that due to scattering by air molecules 
and aerosols in the same volume.

But at present the major successful application o f ground- 
based lasers to the stratosphere remains the detection o f aero
sol layers. A t the same time there has been recent success in 
adapting radars themselves to studies o f the clear atmosphere 
(as opposed to thunderstorms). With suffic iently high power 
and receiver sensitivity i t  is possible to measure backscattering 
from  inhomogeneities in the neutral atmosphere, even though 
the returned signal is much weaker than in the ordinary iono
spheric application o f radar backscatter. Doppler-shifted and 
broadened radar echoes produced by winds and turbulence 
have been measured into the stratosphere by such methods.

We now turn our discussion to passive ground-based 
methods, almost all o f which ultim ately use the sun as the 
light source. The methods can be divided into those which 
involve only scattering o f sunlight in the upper atmosphere 
and those which also involve selective absorption at wave
lengths characteristic o f the species under study.

Fig. 2 The upper portion is the transm itted laser signal, which is a 
narrow band o f  wavelength. The scattered signal, at the bottom , shows 
the very broad spread o f  wavelength arising from  Rayleigh scattering by 
molecules, with a narrower spike on top corresponding to the back- 
scattering by  heavy aerosol particles. The spike shows broadening from  
the thermal m otion  o f  the particles as well as a doppler sh ift produced  
by a wind com ponent along the direction o f  observation.

The scattering investigations generally involve measuring the 
sky brightness during tw iligh t in order to take advantage o f the 
earth’s shadow as a natural height selector (Rozenberg, 1966); 
this sort o f work has been vigorously pursued, particularly in 
the U.S.S.R. In essence one attempts to infer properties o f the 
high atmosphere by studying both the brightness and color o f 
the tw iligh t sky. A classic investigation o f this type was the 
one performed by Volz and Goody (1962); by careful quanti
tative study o f the absolute intensity and the ratios o f inten
sities at various wavelengths, they were able to confirm  the 
existence o f the 20 km aerosol layer before it  was detected by 
optical radar. Much e ffo rt has also gone in to  attempts to infer 
the molecular density itself as a function o f a ltitude through 
study o f the brightness and polarization in the tw iligh t sky, 
but little  new inform ation has resulted. A ll such studies are 
plagued by the d ifficu lty  o f taking proper account o f m u ltip ly  
scattered light, whose importance grows w ith increasing solar 
depression angle.

Somewhat removed from  these techniques involving direct 
scattering o f sunlight are studies related to the so-called Ring 
effect, named after one o f its discoverers. Spectral scans o f the 
daytime sky have shown that the absorption lines in the solar 
spectrum (Fraunhofer lines) appear shallower in skylight than 
in direct solar spectra. Skylight also shows a decreased 
polarization at the position o f these lines. The observations 
indicate that a significant portion o f the intensity o f the day
time sky, up to 10%, must come from  a fla t, unpolarized 
continuum in which Fraunhofer structure is absent. The 
continuum must necessarily arise from  a source other than 
direct Rayleigh or Mie scattering (by molecules or dust), fo r 
normal scattering o f this type is wavelength-coherent (i.e., 
preserves the spectrum o f the source). The continuum repre
sents an enormous amount o f energy, since i t  is equivalent to 
about 1% o f the incident sunlight in the visible region.

Various hypothetical explanations have been proposed since 
the Ring effect was discovered more than a decade ago; they 
range from  aerosol fluorescence to processes taking place 
during reflection o f sunlight at the ground. Some recent 
measurements now seem to exclude all possibilities which do 
not involve some sort o f fluorescence in the stratosphere itself. 
These measurements confirmed the existence o f the effect well 
before sunrise when neither ground nor lower atmosphere is 
illum inated by sunlight. Laboratory measurements show that 
neither ozone (O3) nor sulfuric acid droplets (the main com
ponent o f the 20 km aerosol layer) are responsible fo r the 
fluorescence. Presumably, some other m inor species in the 
stratosphere is responsible; but the abundances o f many o f 
these are known to be insufficient, even if  a high fluorescence 
efficiency is assumed. A lthough the Ring effect is still unex
plained, i t  may ultim ately provide another tool fo r optical 
investigations o f the stratosphere.

Passive methods which use selective absorption at character
istic wavelengths have proved quite fru itfu l in ground-based
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studies o f m inor stratospheric species. F ifty  years ago Dobson 
used the fact that absorption by 0 3 increased rapidly w ith 
decreasing wavelength near 3000 A to  design an instrum ent fo r 
measuring the total 0 3 abundance and, w ith reduced accuracy, 
its height profile  in the stratosphere (see Goody, 1958; Craig,
1965). Until a few years ago, when satellite investigation 
commenced, essentially all our knowledge o f the global and 
temporal behavior o f stratospheric 0 3 had come from  the 
Dobson instrument. Even today the worldwide network o f 
Dobson instruments continues to provide unique, valuable 
inform ation on the 0 3 layer.

Although the abundances o f m inor species (for example, 
water vapor, carbon dioxide, and nitrous oxide) can be mea
sured fo r the entire atmosphere by means o f their absorption 
spectra, their stratospheric abundances are not easily 
separable, particularly i f  a species is well mixed. 0 3 is an 
exception, since nearly all o f i t  lies in the stratosphere itself; 
hydroxyl, recently detected in absorption profiles o f the 
stratosphere by Burnett (1976), is another exception. Quite 
recently, a new method o f observation has made it  possible to 
investigate the stratospheric abundance o f another im portant 
species, nitrogen dioxide or N 0 2, by ground-based techniques 
(Noxon, 1975). The m ajority o f the N 0 2 resides in the strato
sphere, where it  plays a vital role in determining the 0 3 abun
dance; even in the case o f a large manmade po llu tion source in 
the troposphere, the new technique enables the stratospheric 
N 0 2 abundance to be studied separately.

The method takes advantage o f the marked structure, cor
related w ith wavelength, exhibited by the absorption spectrum 
o f N 0 2 near 4500 A. To measure the total amount o f N 0 2 in 
the atmosphere one obtains a solar spectrum when the sun is 
near the horizon, in order to  have as long an absorbing path as 
possible (Fig. 3). However, such a spectrum does not immedi
ately reveal the N 0 2 absorption, since the background solar 
spectrum is not fla t but is heavily structured owing to  solar 
Fraunhofer lines.

But since the structure o f the solar background spectrum is 
constant, i t  is necessary only to take a second spectrum when 
the sun is high in the sky (and the atmospheric absorption 
path is small) and use it as a reference. D ividing the large-path 
solar spectrum by the small-path spectrum cancels ou t the 
constant solar structure and leaves only the absorption by the 
atmosphere itself, which in this case is due to N 0 2.

Next, one obtains an absorption spectrum o f N 0 2 in the 
troposphere (using a bright light source several kilometers 
away); since N 0 2 is well mixed in the troposphere, it  is pos
sible to compute the total abundance in a column o f atm o
sphere extending up to the tropopause and to subtract this 
from the amount measured w ith the sun as a source. The 
difference is the abundance o f N 0 2 in the stratosphere. In 
practice one finds that in unpolluted locations (such as the 
Colorado mountains) the total amount o f N 0 2 in the tropo

sphere is a very small fraction o f that in the stratosphere; thus 
the direct solar measurements alone (or similar ones at night 
w ith the moon) can give a fa irly  accurate measure o f the 
stratospheric abundance.

Moreover, measurements o f the N 0 2 absorption in the tw i
light sky effectively discriminate almost completely against the 
tropospheric N 0 2 in favor o f that in the stratosphere alone. 
The reason is that the tw iligh t sky intensity results from  over
head scattering o f solar rays that have traversed the atmo
sphere tangentially. Those which attem pt to  do so near the 
surface do not survive the passage but are removed by Ray
leigh scattering. Those which traverse the atmosphere at 
greater height do so much more effectively. In fact (at 
4500 A), a ray struggling through at ground level is attenuated 
by a factor o f more than a m illion, but one passing at about 
20 km glides through w ith its intensity reduced by only a 
factor o f four.

The analysis can be made quantitative by computer 
modeling; the way in which the observed absorption grows 
after sunset (as seen in zenith sky spectra) depends upon the 
N 0 2 d istribution in the stratosphere. Thus the tw iligh t sky 
spectra can give not only the total abundance o f stratospheric 
N 0 2 but also some inform ation on its vertical d istribution.
The approach is a direct descendant o f the one applied to 0 3 
but it  is even more useful because the well-defined wavelength 
structure in the N 0 2 spectrum eliminates certain ambiguities 
that are inherent in the 0 3 analysis.

With the stratospheric N 0 2 abundance determined by 
means o f the tw iligh t sky measurements, one can then obtain 
the total atmospheric abundance from  spectra o f the setting

Fig. 3 Geometry o f  the twilight sky  N 0 2 measurements. The thickness 
o f  the solar rays indicates their intensity as they pass through the atm o
sphere, and the thickness o f  the arrows indicates the intensity o f  the 
light after downward scattering by air molecules in the line o f  sight. 
M ost o f  the N 0 2 absorption takes place as the solar rays cross the 
sunset line, before the downward scattering toward the observer, O.
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sun. The difference gives the abundance o f N 0 2 in the tropo
sphere. Tropospheric N 0 2 behaves almost completely indepen
dently o f that in the stratosphere fo r reasons which are well 
understood; N 0 2 in the stratosphere exists as a product o f 
reactions taking place there, no t o f upward d iffusion from  the 
troposphere.

Many interesting stratospheric species absorb in the spectral 
region accessible to radio investigation. L ittle  research has yet 
been done in this area, but i t  is promising, particularly since 
stratospheric absorption is characterized by a narrow line 
w idth.

A fina l, and little  explored, approach is that by which one 
observes thermal emission from  stratospheric species. As men
tioned above, this technique w ill be helped by the fact that 
thermal emission lines (for example, in rotational transition) 
are much narrower in the stratosphere owing to reduced pres
sure broadening. The method has been applied to 0 3 w ith 
some success. A lthough the lower stratosphere is cold, the 
temperature at 40-60 km approaches that at ground level. A 
species whose density at such heights is not much less than 
that at ground level can be detected through the much reduced 
line w idth which concentrates the intensity in a narrow spec
tral range, compared w ith the greater w idth o f the emission 
line from  the lower troposphere resulting from  pressure 
broadening.

This necessarily brie f survey o f ground-based methods fo r 
studying the stratosphere should suggest that there are a 
number o f new techniques which should materially contribute 
to our knowledge o f stratospheric composition and dynamics. 
The great power o f ground-based methods lies in their ab ility  
to  m onitor the state o f affairs at one location continuously. In 
contrast, the inform ation derived from  a balloon (or rocket) 
probe, which yields an accurate height profile, is necessarily 
lim ited to occasional flights. Satellite methods are the best fo r 
worldw ide coverage, provided that a remote-sensing method is 
available, but they cannot study the behavior at a given loca
tion in any detail. One can therefore expect that ground-based 
methods w ill prove to be o f growing significance fo r studying 
this im portant region in our atmosphere.
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Infrared Spectroscopic Instrumentation for 
Stratospheric Research

David G. Murcray, University o f Denver

Historically, tw o primary roles have emerged fo r infrared 
spectroscopy in stratospheric research. The firs t is to obtain 
data pertinent to  the problems o f radiative transfer and inver
sion w ith in  the terrestrial atmosphere, and the second is to 
obtain detailed inform ation on the identification o f a large 
number o f m inor constituents in the atmosphere and their 
concentration profiles w ith height.

Early laboratory studies o f the infrared spectral properties 
o f tria tom ic molecules known to be present in the earth’s 
atmosphere showed that these molecules play a significant role 
in the radiant energy exchange in the atmosphere and the 
resulting greenhouse effect. Thus i t  became evident that, in 
order to understand the flow  o f energy in the earth’s atmo
sphere, i t  would be necessary to understand not only the 
absorption characteristics as a function o f wavelength and 
optical path fo r each atmospheric absorber, but also the varia
tion o f these parameters w ith temperature, altitude, and 
absorber d istribution in the atmosphere. Most early work on 
the problem o f the radiation flow  in the atmosphere was done 
by extrapolating laboratory data fo r the major absorbers 
(water, H20 ;  carbon dioxide, C 0 2) on a theoretical basis to 
treat the atmospheric problem. This extrapolation involved a 
number o f assumptions that required field verification. In 
addition, the laboratory studies showed that the molecular

Author

in  the past 20 years, David G. Murcray's research on the lower 
stratosphere has included measurement o f  the d istribution o f  
water vapor and other m inor constituents in the region 
between 13 and 30 km, detection o f  n itr ic  acid in the lower 
stratosphere, detection o f  nitrogen dioxide in the stratosphere, 
and measurements o f  the flo w  o f  radiation through the atm o
sphere. Murcray received his bachelor's and doctoral degrees 
from  the University o f  Denver and his master's degree from  
Oklahoma State University. He has served on the faculties o f  
several universities, has worked as a research scientist on the 
s ta ff o f  the Phillips Petroleum Company and the Denver 
Research Institute, and is currently a professor o f  physics at 
the University o f  Denver.

absorption depends on pressure and temperature. The ques
tions o f how to calculate the absorption along a variable 
pressure path and how to verify the assumptions made to 
predict the atmospheric transmission pointed out the need to 
obtain experimental data about the transmission o f infrared 
radiation in the earth’s atmosphere.

In itia lly , experimental data pertinent to the problem were 
sought w ith two techniques. The firs t was to take infrared 
solar spectra, generally from a high-altitude ground station.
The m ajority o f absorption features in such spectra are the 
result o f absorption by atmospheric molecules rather than by 
molecules in the solar atmosphere. The second was to set up a 
source and spectrometer and measure the absorption over vari
ous atmospheric paths. Although both o f these techniques 
yielded data that were useful fo r purposes o f comparison, the 
results were applicable only fo r the lower altitudes and did not 
cover a suffic ient number o f d iffe ren t pressure conditions to 
answer the slant path (variable pressure along the path) prob
lem. Additional data from  higher altitudes were needed.

In addition to being used in radiative transfer studies, atmo
spheric spectroscopy has been developed fo r use in identify ing 
atmospheric constituents. A study o f solar spectra by Adel and 
Lampland (1938) indicated the presence o f a number o f 
absorption features that were not due to the atmospheric 
molecules then known. Adel attributed the features to nitrous 
oxide (N20 ) , and subsequent studies verified his in itia l identi
fication. Since many o f the minor constituents known or 
postulated to be present in the atmosphere have strong absorp
tion features in the infrared, as do many pollutants, this study 
indicated another possible use o f solar spectra. Unfortunately, 
atmospheric water vapor and C 02 also have strong absorption 
bands in the infrared. Therefore, the use o f solar spectra fo r 
measuring trace constituents is severely lim ited at lower a lti
tudes in the earth’s atmosphere by interference from the 
absorption lines o f H20  and C 02 . This interference, coupled 
w ith the fact that i t  is the stratospheric d istribution o f the 
atmospheric constituents that is most often o f interest, again 
pointed out the desirability o f obtaining data at high altitudes. 
Thus, from  the standpoints o f both radiative transfer and trace 
constituent d istribution and m onitoring, i t  is desirable to 
obtain infrared spectra from  other than ground sites. To 
obtain such spectra i t  is necessary to build spectrometer 
systems that w ill operate properly in a harsh experimental 
environment on various platforms that are capable o f carrying
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them to high altitudes. Most stratospheric data now available 
were obtained by aircraft- and balloon-borne instruments; 
however, satellite instruments w ill certainly be used in the 
future. Many factors enter in to  the design o f the systems to be 
used in such measurements, and these are discussed in detail 
below.

Spectrometer Systems

The development and application o f spectroscopic instru
mentation fo r stratospheric research has paralleled (often w ith 
a time lag) the technical advances in spectroscopy and data 
handling processes. A spectrometer can be described as a black 
box consisting o f any system o f components that takes in 
radiation o f many wavelengths and produces a function  that 
depends on the wavelength o f radiation in some known 
fashion. The challenge fo r the experimentalist is to optim ize 
the ou tpu t w ith in  the constraints o f the total system. These 
constraints may include such things as radiant source charac
teristics (geometry, intensity, and variability), detector avail
ab ility  (particularly coolant requirements), data handling 
capabilities, physical environment, and relative cost.

Various combinations o f components have been tried as 
spectrometer “ black boxes”  over the years. O f these, three 
have proven generally practical fo r infrared spectroscopy o f 
the atmosphere. They are all various optical configurations 
employing prisms or gratings as the dispersive element and a 
moving-m irror Michelson interferometer system. Each o f these 
has advantages and disadvantages which are discussed here.

Prism Spectrometer

Common glasses that are used fo r optical components do 
not transmit radiation o f wavelengths longer than 3 ^m . There
fore, i t  was not until techniques were developed fo r making 
optical components out o f infrared transm itting materials that 
infrared prism spectrometers became possible. With the 
development o f crystal-growing techniques fo r materials such 
as KBr, AgCI, NaCI, and CaF2 , infrared prism spectroscopy 
became possible, and fo r many years most laboratory infrared 
instruments were prism spectrometers. The prism spectrometer 
has many advantages as a fie ld instrument, such as sim plic ity 
o f optical design, ease o f alignment, spectral pu rity  (only the 
wavelengths o f interest reach the infrared detector), the fact 
that simple mechanical m otion accomplishes the wavelength 
drive, and ease o f both recording and reducing the data. The 
major disadvantage to date has been the lim ited resolution that 
can be achieved w ith the current prism sizes. The question o f 
resolution gives rise to questions o f signal-to-noise ratios and is 
discussed in more detail below.

Grating Spectrometer

The quality and size o f the grating determines to a large 
extent the performance o f a grating spectrometer system.
Thus, as soon as new techniques fo r constructing gratings 
suitable fo r use in infrared spectrometers are developed, the 
gratings are put to use in spectrometer systems. A number o f 
advances in the techniques fo r ruling grating masters has 
resulted in grating spectrometers’ largely supplanting prism 
spectrometers as the predominant type o f spectrometer used 
in laboratory studies. The data handling and mechanical 
motions required fo r a grating system are similar to those used 
in the prism system. The main reason the grating has sup
planted the prism is that higher resolution can be achieved 
w ith the grating. This, too, is due to considerations o f signal- 
to-noise ratio and is discussed below. The major disadvantage 
o f the grating system is the fact that radiation o f several wave
lengths reaches the detector at the same time so filters must be 
used to  eliminate the unwanted wavelengths.

Moving-Mirror Michelson Interferometer System

In the spectrometer systems mentioned above the spec
trometer acts as a spectral analyzer so that only selected wave
lengths reach the detector. As a result, the ou tpu t from  the 
detector can be considered, to a firs t approximation, directly 
proportional to a particular wavelength o f radiation. The 
moving-mirror Michelson interferometer system is an example 
o f a d iffe ren t concept in spectrometer systems. The moving 
m irror results in the detector signal’s being modulated in a way 
that is very dependent on wavelength. However, all wave
lengths contribute to the detector signal simultaneously. When 
given the detector signal as a function o f m irror position 
(called an interferogram), one can, by perform ing a consider
able mathematical analysis (Fourier transform), obtain a p lo t 
o f signal versus wavelength (a spectrum). Although Michelson 
recognized the possibility o f using the system in this way, it 
was not until the large digital computer had been developed 
that the instrument became a really useful spectrometer 
system. In many laboratories the interferometer is replacing 
the grating instrument as the laboratory infrared spectrometer. 
The main advantages o f this type o f spectroscopy are the 
versatility o f the instrument, a good signal-to-noise ratio, and 
the associated possibility o f achieving very high resolution.
The main disadvantages, particularly from  the standpoint o f 
fie ld operations, are the precise mechanical motions required 
o f the instrument, the large amount o f data that must be 
recorded, and the number o f  calculations that must be per
formed to obtain the desired data. The question o f signal-to- 
noise ratio is discussed below.

In addition to the above techniques, a number o f other 
techniques are receiving some attention. These other tech
niques, such as the various types o f grill spectrometers,
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attem pt to combine some o f the advantages obtained by in ter
ferometers while avoiding the precise physical motion o f the 
moving-mirror Michelson interferometer. A t the present time 
these systems have not been developed to the same extent as 
the instruments described above and therefore are not con
sidered in the fo llow ing discussion.

Choice o f System

In the preceding section the various instruments that are 
currently being used as infrared spectrometers in laboratory 
studies were discussed. In designing a stratospheric infrared 
spectrometer system, one must choose among the three 
systems. Many valid factors, not the least o f which is cost, 
enter in to  this choice. On the other hand, one factor tha t is 
not valid but often affects the choice is fashion. That is, there 
currently exists a vogue that any instrument other than an 
interferometer is not "state o f the a rt.”  I f  one ignores this fad 
the choice is largely based on considerations o f resolution, size 
and weight, sensitivity, and data recording requirements. In 
most cases the primary factor in the decision is resolution, and 
this in turn is intim ately related to sensitivity. In view o f this it 
is worthwhile to consider the question in more detail. W ith the 
availability o f large replica gratings and optical filters tha t can 
be tailored to pass radiation in almost any spectral region, the 
grating system has a significant cost advantage over the prism 
system as the dispersive element in any instrument tha t 
requires moderate resolution. Thus, even though particular 
applications still exist where the prism is useful, in most cases 
the grating has the advantage. Therefore the fo llow ing discus
sion is lim ited to  the comparison o f a grating spectrometer 
w ith a moving-mirror Michelson interferometer. I f  one assumes 
that the same detector can be used w ith both instruments, 
then a comparison o f the energy reaching the detector in each 
system yields a direct comparison o f the sensitivity o f the two 
systems. In most optical systems the energy available at the 
detector depends on the "th roughpu t”  o f the system.

I f  one compares a grating spectrometer system and a 
moving-mirror Michelson interferometer system, the ratio o f 
the “ throughput”  fo r the tw o systems is given by

where F  is the focal length o f the collimating m irror used in 
the grating spectrometer and C is the length o f the slit. In most 
instruments used fo r high-resolution work, F/C is at least 30, 
so the energy throughput fo r the interferometer is an order o f 
magnitude greater than that fo r the grating spectrometer. 
However, this seemingly large advantage does not apply in all 
cases. The ratio o f 30 depends on the assumption that the area 
o f the grating is similar to the area o f the moving m irro r o f the 
interferometer. Since large 20 X 20 cm gratings are quite prac
tical and the interferometer m irro r size is usually lim ited to

8 cm diameter or less, the interferometer throughput advan
tage is significantly reduced in actual practice.

Another advantage o f the interferometer that is often men
tioned is the so-called m ultip lex advantage. In the grating spec
trometer, radiation o f only one narrow band o f wavelengths 
reaches the detector at any given time. In the interferometer 
all wavelengths are present all the time. In infrared systems 
where the system noise arises from  random fluctuations in the 
number o f photons reaching the detector from  its surround
ings, a gain in the signal-to-noise ratio  that is equivalent to 
V  T /t is possible w ith the interferometer [T  is the time 
required to  obtain the interferogram and t  is the time a given 
wavelength is present on the grating spectrometer). I f  the noise 
due to the background is reduced by cooling the detector sur
roundings, then the system noise must be due to the fluctua
tions in the photons coming from  the source. In this case the 
m ultip lex advantage is lost, and in some cases o f a strong fea
ture next to a weak feature in the source, the interferometer 
actually operates at a disadvantage.

Examples o f Spectroscopic Systems 
for Stratospheric Research

The fo llow ing discussions are derived from  experience 
gained w ith our spectroscopic systems. When the factors dis
cussed above are taken in to account i t  is evident that the main 
advantage o f the interferometer system is the throughput 
advantage. A lthough the magnitude o f this advantage is not as 
great in practice as in theory, i t  is still significant; hence, given 
no other constraints, the interferometer would be the logical 
choice in all cases. However, in many cases it  is possible to 
achieve the resolution desired in the particular measurement 
w ith an adequate signal-to-noise ratio by using a grating spec
trometer system. I f  this is the case, the throughput advantage, 
although it improves the system signal-to-noise ratio, is not the 
overriding consideration, and the other factors mentioned 
above are the determining factors. Thus, in the case o f an 
instrument we bu ilt fo r use on the WB-57F aircraft, one o f the 
determining factors was the low rate o f data recording avail
able fo r the inform ation from  the instrument.

Transmission Spectroscopy

In deciding what system to use the firs t question that must 
be answered is “ what are the measurement objectives?”  (i.e., 
resolution, source, scan time, and operational time). We faced 
the problem o f building a spectrometer system to obtain an 
infrared solar spectrum w ith a resolution o f ~ 0.1 cm -1 from  a 
balloon. Since the primary use o f this system was fo r the 
measurement o f trace constituents, data were sought during 
the period when the solar zenith angle is 90° or larger; i.e., 
sunset spectra were used. Since the optical path changes very
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rapidly during the sunset, a short instrument scan time was 
desirable. On this basis we decided that the experimental 
requirements could be met by using either a large grating 
spectrometer (1.25 m) or an interferometer. Our experience 
w ith grating spectrometers biased our choice toward building a 
grating spectrometer rather than an interferometer; however, 
the data handling as well as environmental factors entered the 
decision.

In order to achieve the desired resolution the optical align
ment o f the instrument is critica l. I f  alignment is to be main
tained throughout the fligh t, the system must be constructed 
so that alignment can be maintained while the instrum ent is 
subjected to both the accelerations associated w ith launch and 
the low temperature o f the stratosphere. The temperature 
problem can be approached in one o f two ways: either build

the instrument so that alignment is maintained over the 
temperature range expected, or provide a controlled tempera
ture environment fo r the instrument. We decided to build the 
system so that alignment was maintained over a wide tempera
ture range.

The major problem that arises from temperature changes is 
the associated change in linear dimensions. In order to reduce 
the magnitude o f this change, all critical mechanical com
ponents were fabricated from  invar. This did not completely 
eliminate the problem, since the optical components were 
made o f a low-expansion glass whose expansion coeffic ient is 
greater than that o f invar. We compensated fo r this difference 
by including small aluminum spacers in the invar rods that 
formed the main alignment dimension. This combination 
resulted in an almost complete compensation over the tem
perature range from — 60°C to +30°C, thus elim inating the

Fig. 1 Raw data showing the atmospheric absorption features present 
in the solar spectra obtained from an altitude o f  30  km  at sunset. The 
astronomical solar zenith angles are indicated for each spectrum. 
Absorption features o f  constituents o f  particular interest in the ozone  
photochem istry are labeled.
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need fo r temperature control o f the spectrometer. This system 
was flow n fo r the firs t time on 26 September 1975, and the 
solar spectra obtained at sunset in the 10-13 /im  region are 
shown in Fig. 1. The absorptions due to the minor constitu
ents o f interest in the ozone photochemistry problem are 
indicated on the figure.

Emission Spectroscopy

This spectrometer system was bu ilt to use the sun as the 
source to measure the absorptions due to atmospheric gases. 
These gases are at a temperature associated w ith their environ
ment and, therefore, em it radiation at the same wavelength as 
they absorb it. Thus another technique fo r measuring the 
amount o f a constituent that is present in the atmosphere is to 
measure the radiation emitted as a function o f altitude. Since 
the atmospheric emission is a much weaker source than the 
sun, the instrumental sensitivity required to make these 
measurements is considerably greater. Since the sensitivity o f 
infrared detectors depends on the amount o f radiation the 
detector receives from  its surroundings, to achieve maximum 
sensitivity, what the detector “ sees”  should be as cold as 
possible to reduce the background radiation.

The concept o f reducing noise (background radiation) and 
hence increasing sensitivity by cooling the surroundings leads 
to the concept o f cooling the entire instrument as much as 
possible. The cryogens available fo r cooling are liquid helium 
(He), 4K ; liquid neon (Ne), 27K; and liquid nitrogen (N2 ), 
77K. In instruments fo r the middle infrared (5-30/im ), the 
amount o f background noise reduction achieved by cooling to 
at least 27K is significant, so ideally the instrument should be 
cooled w ith Ne or He. In practice, it  is much easier and much 
less expensive to cool w ith liquid N2 , so cooling to below 77K 
is undertaken only i f  the increased sensitivity is required.

Construction o f complete instruments that w ill operate 
properly at these temperatures is not routine, and the number 
o f instruments o f this type constructed fo r field use to date is 
small. An example o f a liquid-N 2 -cooled spectrometer system 
constructed fo r balloon-borne use is shown in Fig. 2. One o f 
the advantages o f liquid N2 as a cryogen is that it  can stand a 
higher heat load, so it is not necessary to  enclose the instru
ment in a Dewar; a good layer o f insulating material (such as 
Styrofoam) is often sufficient to achieve an operational 
system. The spectrometer shown in Fig. 2 is enclosed in a 
liquid N2 container which is enclosed in Styrofoam. The spec
trometer receives radiation through an opening in the con
tainer. Frost is kept from  form ing on the optics by venting the 
cold dry N2 gas that boils o f f  in to the back o f the spectrom
eter and allowing it  to flow  out the entrance opening. An 
arrangement o f baffles acts to keep stray radiation from 
reaching the entrance and also as part o f the antifrost system. 
With this liquid-N2-cooled spectrometer system it is possible 
to take data from the ground up, since the antifrost system

Fig. 2 Optical diagram o f  a spectrometer system  cooled by  liquid 
nitrogen. The instrum ent is m oun ted  inside a container whose walls are 
cooled by liquid N 2. For flight the instrum ent is set to look a t 45°, 
which places the liquid helium Dewar containing the infrared detector 
in an upright position.

Fig. 3 Atm ospheric emission spectrum observed during a balloon flight 
from Fairbanks, Alaska, at an altitude o f  21 km  (70,000 f t)  and at an 
elevation angle o f  45°.

Wavelength (ftm)
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keeps frost from form ing on the optics even at ground level. 
This instrument was also bu ilt o f invar to reduce the change in 
alignment w ith temperature. In addition, some optical adjust
ment can be made after the instrument is cooled down. This 
spectrometer has suffic ient sensitivity to measure the atm o
spheric emission in the w indow region (10-12 /im ) at high a lti
tudes and high elevation angles w ith a resolution o f about 
5 cm -1 . A sample emission spectrum obtained w ith this un it is 
shown in Fig. 3.

Emission Interferom etry

The problem o f maintaining optical alignment in an inter
ferometer system as it is cooled to liquid N2 temperatures is 
much more severe, and it  is only recently that interferometer 
systems cooled by liquid N2 have been constructed fo r field 
use. We have taken such a system, bu ilt by Block Engineering, 
Inc. (Cambridge, Massachusetts), fo r NASA, and adapted it to  
balloon use. This system incorporates piezoelectric crystals 
that are used to align the instrument after it  is cold. Figure 4 
shows an emission spectrum obtained from an altitude o f 
23 km (75,000 ft)  w ith the instrument looking at an elevation 
angle o f 45°. The instrumental resolution o f this spectrum is 
~1 cm ’ 1.

The ultimate step in sensitivity is to cool the instrum ent to 
liquid He temperatures. This is a significant step technologi
cally because liquid He has a much lower heat capacity than 
liquid N2 . Therefore, the instrument must be bu ilt in to  a suit
able inner Dewar and the heat load from the outer Dewar to 
the inner Dewar must be reduced as far as possible. Because o f 
the heat load problem, mechanical coupling from  outside the 
Dewar in to the instrument is very d iff ic u lt and must be done

in such a way as to avoid a thermal shunt. Part o f the advan
tage o f operating the un it at 4K has to be sacrificed because a 
w indow has to allow radiation to enter the Dewar. This 
w indow cannot be cooled to liquid He temperatures since it 
interfaces to a high pressure, which presents too large a heat 
load fo r the liquid He. However, the w indow can be cooled to 
the temperature o f liquid N2 and kept frost-free. Since the 
w indow emissivity is only a few percent, this arrangement 
results in a net reduction in the background radiation from 
that o f operating the entire instrument at liquid N2 
temperature.

Helium-Cooled Emission Instruments

We constructed two grating spectrometers which operate in 
a Dewar and are cooled by liquid He. One o f these units was 
constructed fo r balloon use, the other fo r use on the WB-57F 
a ircraft and later adapted to the U-2 aircraft. On the balloon 
instrument the w indow is cooled by liquid N2 ; on the aircraft 
instrument, because an antifrost system that would operate 
satisfactorily in the a ircraft environment was not practical, the 
w indow is cooled only to ambient air temperature. Both sys
tems have worked very well as field instruments. Several 
attempts have been made by others to build interferometers 
fo r use in the middle infrared that could be cooled to < 10K 
and operated as field instruments. To date, data o f only 
marginal quality have been obtained w ith these systems. How
ever, such instruments have been bu ilt fo r balloon use in the 
far infrared where the tolerances are less stringent, since the 
wavelengths used are large. As mentioned above, the fu ll 
advantage o f such systems can only be realized at high altitude 
where the pressure is low enough to allow the instrument to 
operate w ithou t a vacuum window.

Fig. 4 Atm ospheric emission spectrum obtained  
with an interferom eter system  cooied by  liquid  
nitrogen. The spectrum was obtained in 1 s at an 
altitude o f  23 km  (75,000 ft)  and at an elevation 
angle o f  45°. The major emission features at 7. 7 nm  
are due to methane (CH,).

Wavelength (/xm)
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Future Systems

I t  is evident from  the above discussion that one o f the major 
objectives o f most instruments that are being bu ilt fo r strato
spheric research is to achieve high resolution in the spectral 
data obtained w ith the instrument. The grating spectrometer 
system is a viable alternative to the interferometer i f  the tech
nique o f solar spectroscopy is used. For measurements o f 
minor constituents and pollutants a long optical path must be 
used that can only be achieved during sunrise and sunset. For 
many applications, data on the diurnal variation o f the constit
uent are desired and solar spectroscopy cannot be used to 
obtain them. It is under these conditions that atmospheric 
emission spectroscopy becomes attractive; however, to  take 
fu ll advantage o f the technique requires high resolution. Since 
the source in this case is weak the instrumentation used must 
be designed fo r maximum sensitivity. There are several inter
ferometer systems under construction that are designed to be 
cooled to 77K or below and to be capable o f a resolution o f 
around 0.1 cm -1 . These w ill undoubtedly be used in future 
balloon-borne systems. Current satellite systems that look at 
the earth’s limb (the atmosphere above the disk) are lim ited to

filte r instruments, which w ill be replaced w ith spectroscopic 
instruments as the sensitivity and data handling problems 
associated w ith using such instruments in the space environ
ment are solved. In addition, although the above discussion has 
been lim ited to instruments used on platforms that carry them 
to high altitudes, the possibility o f m onitoring stratospheric 
molecules w ith ground-based spectrometers is also feasible 
(particularly as the available resolution is increased) and is 
currently being investigated. Thus high-resolution solar spec
troscopy from  high-altitude ground sites w ill still play a role in 
stratospheric research.
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Observing the Upper Atmosphere from Satellites

John C. Gille and William G. Mankin

In the two decades since the successful launch o f the firs t 
earth orbiter, the capabilities o f satellite-borne instruments 
have increased enormously. The firs t meteorological satellites 
provided pictorial inform ation on the troposphere. Probably 
the firs t stratospheric inform ation from  a satellite came from 
the 15 /im  channel o f the medium-resolution scanning 
radiometer on Tiros V II. The picture changed dramatically 
w ith the firs t remote sounders, flown in 1969 and 1 970 on 
Nimbus 3 and 4.

Let us firs t indicate what we mean by remote sensing. The 
electromagnetic radiation that emerges from the atmosphere 
has been reflected, attenuated, or emitted (or a combination 
o f these) by the atmosphere, in ways that depend on the 
atmospheric temperature and composition. In remote sensing, 
we measure the emerging radiation and then attem pt to infer 
atmospheric properties from  the characteristics o f the 
radiation.

To have a life o f a year or more, a satellite must f ly  at a lti
tudes o f at least a few hundred kilometers, where the density 
and thus the atmospheric drag are low. This o f course is far
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above the stratosphere, whose characteristics must therefore 
be determined by remote sensing. Because many atmospheric 
parameters affect any given emerging stream o f radiation, the 
problem o f recovering atmospheric inform ation from  a series 
o f such measurements has been called “ unscrambling the egg.”

The firs t remote sounders were vertically viewing infrared 
radiometers and spectrometers, which prim arily provided 
inform ation on tropospheric temperatures but also yielded a 
great deal o f stratospheric inform ation. In addition, Nimbus 4 
collected infrared and ultravio let data, from  which the ozone 
(0 3) d istribution was inferred. Subsequently microwave verti
cal sounders have been flow n; so far these have been applied 
prim arily to tropospheric sounding but seem destined for 
upper atmosphere applications as well. The technique o f 
sounding the planetary limb in the infrared has recently been 
employed on Nimbus 6 and w ill receive more attention in the 
future. Occultation techniques, in which the sun or a star is 
used as a source and the absorption or refraction o f a ray 
passing through the atmosphere is measured, have also been 
used.

Before we describe the instrumentation it  w ill be helpful to 
give a brie f description o f a Nimbus satellite, on which many 
o f the instruments described below firs t flew.

Nimbus 6 is shown in Fig. 1. I t  consists o f a sensory ring 
1.5 m in diameter to which the instruments are mounted and 
in which electronics and batteries are located— an upper 
frame contains antennas and an a ltitude control system, and 
two solar panels generate electrical power. From edge to edge 
the solar panels extend 3.4 m. The total height o f the space
craft is 3 m.

The satellite w ith instruments typ ica lly weighs 860 kg; i t  is 
placed in a circular o rb it 1,100 km above the earth by a Delta 
rocket. By inclining the o rb it 9° to  the earth’s axis, a sun- 
synchronous precession rate is produced; that is, the satellite 
always passes northward over the equator at local noon and 
southward at local midnight.

A ll satellite instruments have certain general characteristics. 
They must be able to operate w ith no human handling fo r long 
periods o f time. A scientist’s interactions are generally lim ited 
to a few possible commands, although microprocessors now 
allow greater fle x ib ility . They must operate reliably under the 
conditions o f space— e.g., in high vacuum and under intense 
fluxes o f solar radiation. It follows that they must be capable 
o f in -fligh t calibration, so that the effects o f long-term instru
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ment d r if t  can be measured and removed. The spacecraft also 
imposes severe constraints on the weight, volume, power 
consumption, and data rates o f the scientific payload.

What are the advantages that have led to such rapidly in
creasing use o f satellites fo r stratospheric study? Perhaps the 
most im portant one is that a satellite can provide global 
coverage w ith uniform  spacing o f data in a relatively short 
period o f time. For many problems, this provides a very good 
solution to what has been called the sampling problem. There 
is also a great un ifo rm ity  o f data from point to  point, i.e., the 
data often have high precision even though they may have 
somewhat lower absolute accuracy than observations obtained 
by balloon- or rocket-borne in-situ sensors. Consequently, 
satellite data provide a good picture o f relative fields and gradi
ents. This, o f course, is im portant in looking at the evolution 
o f three-dimensional fields w ith time and points to the use o f 
satellites to study the global problems o f dynamics, transports, 
and interrelationships o f photochemistry and dynamics. These 
are areas in which progress has not been as rapid as it has been 
fo r some o f the local problems o f atmospheric chemistry. 
Fortu itously, satellite techniques are maturing at a time when 
they are most needed fo r the understanding o f some 
stratospheric problems.

Principles o f Satellite Remote Sensing

To illustrate the principles involved in determining atm o
spheric conditions from remote measurements, it  is convenient 
to consider the processes o f emission and absorption by the 
atmosphere when scattering is negligible. This is very nearly 
the case in the microwave and infrared parts o f the spectrum 
fo r wavelengths longer than 5 jum.

The monochromatic radiance l (v) at frequency v observed 
when looking down at the atmosphere is

*  *  r oo (1 \
I (v )  = B ( v ) T  ( v )  +  I B ( y , z ) T ( . V , z ) k ( . V , z ) p ( z ) d z  'U  J 0

where the firs t term represents the blackbody emission at the 
surface transmitted by the whole atmosphere (asterisks indi
cate surface quantities) and the integral is the total emission 
by all the atmospheric layers modified by the transmission o f 
the atmosphere above. For an infinitesimal em itting layer at 
heightz, the emissivity is, by K irchho ff’s law, k (v ,z )p (z )dz  
where k{v,z ) is the absorption coefficient and p(z) is the den
sity o f the absorbing gas. The radiation from  this layer reach
ing the top o f the atmosphere is B{v,z) T(v,z)p(z)dz where 
B[v,z) is the Planck function at the local temperature and

T ( y , z )  = exp[-J gk( . v , z  ) p (.z ) Az' ] (2 )

is the transmission o f the atmosphere above z. Equation (1) 
may be w ritten in its usual form

J(v) = B*(v)T*(v) + J*°°B(v,s) ds (3)
*’ 0  O z

where the function dT(v,z)/dz is known as the weighting func
tion , since i t  indicates how much the outgoing radiance is 
weighted by the contribution o f the level z.

I f  we divide the atmosphere into N  layers o f equal th ick 
ness, we may approximate the second term in Eq. (1) as

N - k ( v ) a .
A (v) = Z  B(v,a.)fc(v)p(a.)e (4)

i=  1 % r

where we have assumed k(u) is independent o f z, and have 
written

N

^  = £  P ( 5)
J=i

fo r the total amount o f absorber above layer /.

We are now in a position to interpret Eq. (4). Let us take an 
absorber such as carbon dioxide (C 02), which is nearly uni
fo rm ly  mixed in the atmosphere. Its density falls o f f  at higher 
altitudes as the atmospheric density decreases. This is illus
trated schematically by the dashed line in Fig. 2. The total 
absorber overburden, a/, decreases in the same way. The 
exponential term is almost un ity  in the upper layers o f the 
atmosphere, where a,■ and the product k(v)a,- are small, but it  
drops rapidly to  zero fo r k{v)aj  >  1, as the dotted lines in 
Fig. 2 show.

Fig. 1 The N imbus 6 research spacecraft (from  N im b u s  6 F l i g h t  Eva lu 
a t ion  R e p o r t  No.  1). Satellites in the N imbus series have carried several 
instruments for remote sensing o f  the upper atmosphere.
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The product o f these two terms must then vanish at low and 
high altitudes, and have a maximum in between, as illustrated 
by the solid lines in Fig. 2. These solid lines are the weighting 
functions. The maximum occurs at the level at which

fc (v )a . = 1 (6)

The product k(v)a/ is referred to as the optical depth.

We can also see clearly that, fo r a nearby frequency v at 
which the absorption coefficient k( v)  is larger than k(v), the 
transmission w ill drop at a higher altitude, giving a weighting 
function that peaks at a higher altitude. This is also illustrated 
in Fig. 2. A set o f actual weighting functions fo r the 15 jum 
region o f the spectrum where C 0 2 absorbs is shown in Fig. 3.

I f  we assume that we have observations at several frequen
cies and can subtract the surface contributions, as is usually 
the case, we can write Eq. (6) as

Fig. 2 Schematic diagram showing origin o f weighting functions (see 
text). Dashed line shows distribution o f  em itting material, d o tted  line is 
transmittance from a level to space. Their product (solid line) indicates 
region from which satellite-observed radiation will originate. Upper 
weighting function corresponds to a larger absorption coefficient.

Fig. 3 Weighting function for 5 cm  1 wide bands in the 15 tim band 
o f  C 0 2, as used in the S IR S  experim ent (from Yates, 1974).

A =  B W + B  W 
2 1 21 2 22

A , .  =  8 , ^ . . , +  M  1 M\

W in

B  W., N  MN

(7)

where the subscripts on A indicate the M frequencies o f obser
vation, the subscripts on B indicate the N levels at which we 
are trying to determine B, and Wn indicates the part o f the 
weighting function that gives the contribution o f emission at 
level j  to  the measurement at frequency /'. I f  M -  N, then we 
have a simple set o f simultaneous equations that we can solve. 
I f  M <  N, as is usually the case, then we are seeking more 
answers than the number o f measurements we are putting in. 
Flowever, the atmosphere is reasonably well behaved, so we 
im p lic itly  include assumptions to get around this problem and 
solve Eq. (7) fo r the Bs.

In general the solutions may be very strange and unrealistic. 
This occurs fo r tw o reasons. First is the fact tha t the As are 
not exact, but contain measurement errors. The second, more 
fundamental reason is that the solution is not unique— more 
than one set o f Bs may satisfy Eq. (7). The most frequent 
answer to these problems is to take as the solution the most 
probable atmosphere to have given these radiances, knowing 
what the mean state o f the atmosphere in this location is and 
what its variations from  that average are. By applying these 
constraints, a reasonable set o f Bs can usually be found.

This inversion or “ unscrambling”  problem is outlined by 
Gille (1968) and discussed in detail by Rodgers (1975). Since 
B is given by

(8 )Bv (0 ) = Ci v3 Cea v / 0 - 1 ) - ‘

i f  we know B and the frequency v, we can solve easily fo r the
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temperature 6.

It  should come as no surprise, in view o f the vertical w idth 
o f the weighting functions, that the radiances w ill contain very 
little  inform ation on atmospheric features w ith rapid vertical 
variations.

In order to observe in the stratosphere and above, we clearly 
need weighting functions that peak and have most o f their area 
in or above the stratosphere. Therefore, i f  we are looking 
down we must use spectral regions w ith large absorption 
coefficients.

There is also the problem o f determining the d istribution o f 
trace constituents. The answer, in theory, is that i f  we know 
the temperatures (and therefore the Bs fo r any frequency) and 
measure the As, we can determine the T{a,-)s. From laboratory 
measurements we know the relationships that let us determine 
the as, given the Ts. For downward viewing, this has provided 
estimates o f total 0 3 and methane (CH4), but the large effect 
o f the surface term and other problems have precluded our 
obtaining vertical distributions.

These principles lead to certain requirements fo r the instru
ments. First the noise level must be low, since the am ount o f

real inform ation is a very nonlinear function o f the noise level. 
Signal-to-noise ratios o f a few hundred are generally sought. A 
second requirement is tha t the absolute accuracy be high. A ll 
relevant characteristics o f the instruments, such as spectral 
response, actual field o f view, off-axis rejection, and so fo rth , 
must be thoroughly characterized in order that voltages 
coming from  a detector may be accurately and reliably con
verted to radiances fo r inversion.

Instruments fo r Downward (Nadir) 
Sounding o f the Stratosphere

Satellite Infrared Spectrometer

The Satellite Infrared Spectrometer (SIRS) is an instrument 
fo r measuring the vertical temperature profile  o f the atmo
sphere from a satellite by using radiometry in the 1 5 /im  band 
o f C 02 (Wark, 1970). The firs t experiment, SIRS-A, was 
launched on Nimbus 3 in 1969. A second-generation instru
ment, SI RS-B, was flown on Nimbus 4 in 1970 (Wark et al., 
1970). The principal difference is the addition o f six extra 
measurement channels in the water vapor pure rotation band.

The principle o f operation is based on the fact mentioned

Fig. 4 The Satellite infrared 
Spectrom eter (SIRS) flown on 
the Nimbus 4 satellite (from  
Wark e t al., 1970).
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above, that radiation emerging from the top o f the atmosphere 
at some frequency v originates largely in a layer where the 
optical depth is o f order un ity  and thus its intensity reflects 
the blackbody function at that height.

The SIRS experiments use a grating spectrometer and 
m ultip le detectors to isolate radiation in narrow spectral 
regions. There are 14 channels on SIRS-B (see Fig. 4) and eight 
on SIRS-A. One channel is in the atmospheric "w in d o w ”  
region at 899 cm -1 to  specify the surface radiance or to  detect 
clouds in the fie ld o f view. Seven channels are in the 1 5 £im 
absorption band o f C 02 , located at frequencies w ith varying 
mean absorption and hence various heights fo r the peak o f the 
weighting function, as shown in Fig. 3. Note that only tw o are 
in the stratosphere. The remaining six channels are in the pure 
rotation band o f water (H20 ) from  280 cm -1 to 531 cm -1 , to 
estimate the tropospheric water vapor. Each channel has a 
bandwidth o f approximately 5 cm _1.

The spectrometer has two entrance ports; one views the 
earth beneath the satellite and the second views the zero back
ground o f space. The fie ld o f view is 0.04 sr. A reflective 
chopper alternates the tw o input beams onto the entrance slit 
o f the spectrometer. A scan m irror allows the earth view to be 
varied from  the nadir by ±37.8° to scan from  side to side along 
the orbital track. The scan m irror can also bring radiation from

Fig. 5 A comparison o f  a temperature profile derived from inversion 
o f  satellite radiance measurements (solid line) with measurements made 
by radiosondes (dotted  line). (From  IVark and Hilleary, 1969.)

an on-board blackbody or space in to the field o f view o f the 
earth port fo r calibration purposes.

The spectrometer is an f/5  Ebert-Fastie grating spectrometer 
o f 32 cm focal length. It differs from  a conventional design in 
having the entrance and ex it slits above and below the grating 
rather than on either side. The 6 cm grating is ruled w ith 269 
lines per centimeter and is used in the firs t fou r orders to cover 
the entire spectral range. An array o f detectors is located in 
the focal plane along w ith optical filters to eliminate radiation 
from unwanted grating orders. The detectors are specially 
developed, optica lly immersed therm istor bolometers (Drey
fus, 1962). The ou tpu t o f each detector is amplified, syn
chronously detected w ith a 6 s time constant, and telemetered 
to the ground.

There are two in-flight calibrations, fo r radiance and wave 
number. The radiance calibration consists o f turning the scan 
m irror to view a blackbody and space, fo r a two po in t calibra
tion; the linearity o f the calibration curves is established 
before fligh t. The wave-number calibration is performed by 
using monochromatic radiation from  a neon (Ne) lamp in high 
orders o f the grating.

The data collected are inverted by the procedure described 
earlier to give a vertical profile  o f atmospheric temperature. 
Special attention has been given to the problem o f obtaining 
accurate profiles when part o f the fie ld o f view contains 
clouds. An example o f such an inversion is shown in Fig. 5, in 
which the remotely sensed profile is compared w ith that 
measured by radiosondes. Such comparisons are im portant fo r 
establishing the valid ity o f the satellite data.

Pressure Modulated Radiometer

The monochromatic weighting function fo r a nadir-viewing 
radiometer has some w idth, typ ica lly a substantial fraction o f 
a scale height. However, summing over d ifferent weighting 
functions peaked at d iffe ren t heights (an inevitable conse
quence o f the fin ite  bandwidth o f a radiometer) results in a 
significant broadening o f the weighting functions. I t  is there
fore desirable to make the radiometer bandwidth very narrow. 
This restricts the amount o f energy collected, however, so that 
accurate radiances may not be obtained.

Ideally, the radiometer would collect radiation in one 
channel from  all wavelengths w ith a particular value o f the 
absorption coefficient, thereby maximizing the energy col
lected while m inim izing the smearing o f the weighting func
tions. This is not practical w ith conventional spectro
photometers because o f the rapid variation o f absorption 
coeffic ient w ith wavelength. One practical approach to this 
ideal is to use a sample o f the absorbing gas itse lf to modulate 
the atmospheric radiation by chopping between two cells with 
d iffering amounts o f the absorbing gas. This is the principle o f
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the Selective Chopper Radiometer or SCR (Abel et al., 1970), 
flow n on Nimbus 4 and 5. In such an instrument, the balance 
o f the two beams is d ifficu lt to maintain. An improved device 
is the Pressure Modulated Radiometer (PMR), such as that 
flown on Nimbus 6, launched in June 1975 (Curtis and 
Houghton, 1974). In the PMR, the gas, C 02, is contained in a 
single cell; its pressure in the cell is modulated by a moving 
piston. The atmospheric radiation transmitted by the cell is 
detected and the signal is synchronously demodulated so that 
the resultant ou tpu t represents only that atmospheric radia
tion fo r which the cell transmittance is varying.

Consider a line strong enough that cell transmission is 
negligible at the line center. Then the transmittance at the line 
center does not vary as the pressure is modulated, nor does the 
transmittance in the far wing vary significantly. The wave
lengths that are strongly modulated are those on the sides of 
the line, where the transmittance is about one-half. Thus the 
atmospheric radiation most strongly modulated is that which 
arises from atmospheric levels above which the absorption is 
about equal to the absorption in the cell.

I t  can be shown that, in the strong line case, the weighting 
function is almost independent o f line strength. A ll strong 
lines thus contribute to the signal w ithou t smearing the 
weighting function. The pressure level at which the weighting 
function peaks is proportional to the cell pressure; therefore it 
is possible to locate the weighting function where desired in 
the atmosphere. Because the lines are very narrow at low  pres
sure, the weighting functions can be located in the strato
sphere or mesosphere, well above the capability o f a simple 
spectrometer. The doppler sh ift between the atmospheric 
emission and the cell absorption when viewing along the satel
lite velocity vector can also be used to vary the location o f the 
weighting functions, scanning in height.

Figure 6 shows a diagram o f the pressure m odulator cell. A 
reservoir o f C 02 is held in the molecular sieve; the C 02 pres
sure may be varied by changing the sieve temperature. The 
piston, gas cell, and spring form  a resonator which is driven at 
constant amplitude by a servo system. The resonant fre 
quency, approximately 1 5 Hz, depends upon the gas pressure 
and so provides a convenient method o f measuring the 
pressure in fligh t.

The PMR instrument has two such cells, one 1 cm long 
which operates w ith pressures o f 0.5-3 mb, covering the 
60-90 km height range; the second 6 cm long w ith pressures o f 
1-4 mb, covering heights o f 40-60 km. A plane m irror directs 
the beam over a 30° range fo r doppler scanning. Space and an 
internal blackbody are used fo r calibration; in contrast to 
other radiometers, the blackbody, at the temperature o f the 
gas, gives a zero signal, and space produces the maximum 
signal. A thermostat controls the temperature o f the molecular

sieve and thereby the cell pressure. The detector is a pyro
electric bolometer.

The sensitivity, expressed as noise-equivalent temperature, 
depends on cell length and pressure but is about 0.1 -1K. The 
instrument weighs 1 2.5 kg and consumes less than 5 W. It 
occupies a volume o f about 0.02 m 3.

Infrared Interferometer Spectrometer

Although it  is possible to derive temperature profiles or 
answer other specific questions from measuring the radiance in 
preselected bands, fo r many purposes it is desirable to obtain 
the actual emission spectrum over some wavelength range. For 
this purpose it is necessary to use a device that measures the 
spectrum. The Infrared Interferometer Spectrometer (IRIS) 
flown on Nimbus 3 is an example o f such an instrument 
(Hanel et al., 1970, 1971). In order to  obtain good sensitivity 
and a rapid scan, a Michelson interferometer is used as a 
Fourier spectrometer. Incident radiation is split in to two 
beams which travel via d ifferent paths to recombine at the 
beamsplitter. As the difference in the optical paths varies, the 
interference pattern produced at the detector generates an 
output

S(x )  = / f l ( v )  [ J ( v )  -  S ^ (v )  ]cos(2iTVa: -  <j>)dv (9)

where R(v) is the instrumental responsivity, ![v) and Bj{v) are 
the source and instrument radiances, and x  is the optical path

Fig. 6 The pressure m odulated radiometer flown on Nimbus 6 satellite 
(from Houghton, 1975). The cell is 6  cm long.

LENS
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difference. By recording S(x) and subjecting i t  to  a Fourier 
transform, the quantity R(v), [ / (v) -  B/(v)] is recovered. 
Observation o f two calibration sources enables specification o f 
R(v) and B,(v), producing the desired spectrum, !{v),  o f the 
source. This process has the advantage that all frequencies are 
observed simultaneously rather than sequentially as in a 
grating spectrometer, giving a substantial increase in speed fo r 
the same sensitivity. In addition, interferometers generally 
collect more radiation than spectrometers because they do not 
have a narrow slit.

Interferometers must be bu ilt to  tolerances o f a fraction o f 
the wavelength observed. To achieve this in o rb it requires very 
careful design. The optical layout o f the IRIS is shown in 
Fig. 7. The required length o f the m irror m otion is determined 
to be 3.6 mm by the desired resolution o f 2.8 cm -1 (for the 
Nimbus 4 model). The wavelength range to be covered, 5- 
25 /im , determines the choice o f material fo r the beamsplitter 
and the type o f detector. The beamsplitter is a m ultilayer 
coating on a potassium bromide substrate. The detector is a 
therm istor bolometer tha t provides long-wavelength response 
w ithou t requiring cryogenic cooling. The therm istor bolom
eter, however, is relatively insensitive and slow, so tha t 10 s are 
required to produce a complete interferogram with the desired 
signal-to-noise ratio. The scan time combined w ith the orbital 
speed o f the satellite dictated the use o f an image m otion 
compensator to  eliminate effects o f satellite m otion during 
one scan.

Monochromatic light from  an Ne lamp is used to provide a 
reference signal. This signal is used to control the m irro r veloc

Fig. 7 A schematic diagram o f  the infrared Interferom eter Spectrom 
eter (IRIS) flown on the Nimbus 3 satellite (after Hanei, Conrath, and 
Schlachman, 1970).

ity  and to determine the optical path difference in the inter
ferometer to trigger sampling o f the detector output.

To achieve 1% accuracy in the spectrum, it  was necessary to 
record the interferograms w ith a large dynamic range, approxi
mately 2,000:1. Gain switching when the signal was small 
helped achieve this despite lim ited resolution in the analog-to- 
digital converter.

To minim ize the dynamic range encountered in the signals, 
the instrument was operated at 250K so that the instrumental 
radiance was near the midrange o f the anticipated atmospheric 
signals.

Intensity calibration was performed by periodically looking 
at cold space and at an on-board blackbody. The use o f the 
monochromatic Ne signal fo r sampling makes the wavelength 
self-calibrating.

The instrument weighs 14.5 kg and consumes 16 W. The 
aperture is 4 cm, w ith an 8° field o f view. The data rate o f 
3.75 kilobits per second is considerably higher than that o f 
most vertical sondes.

The double-sided interferograms are telemetered to a 
ground station where they are apodized and Fourier- 
transformed. Phase inform ation is retained because the polar
ity  o f the signal may be positive or negative. A ll the calibration 
spectra from  one o rb it are used to decalibrate and present the 
spectra on an absolute intensity scale w ith 1% accuracy.

These spectra have been used to infer temperatures as well 
as total 0 3 in a vertical column (Prabhakara et al., 1976). 
However, they cannot provide any real inform ation on the 
vertical d istribution.

Determination o f 0 3 Distribution from  

Backscattered Ultraviolet Radiation

Another approach that has been used to determine strato
spheric 0 3 distributions above 30 km is to measure the solar 
radiation subject to  Rayleigh backscattering and absorption by
0 3 in the atmosphere in the ultravio let between 2500 and 
3800 A. For this case, we can rewrite the atmospheric con tri
bution under the assumption o f single scattering as (Anderson 
et al., 1969)

J ( v , Z )  = S ' ( v ) ^  a ( v )  (1  +  c o s 2 Z)  X

r  *  (10) J r[(1 + s e c  Z ) ( f c ( v ) a  +  a(v)p)]dp

The meaning o f the terms is similar to  the emission case. S(v) 
is the solar irradiance, Z  is the solar zenith angle, and p  is 
pressure. Equation (10) represents solar radiation being 
attenuated— by absorption due to 0 3 amount a w ith an
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absorption coefficient k(v),  and by scattering due to p  atm o
spheres w ith a scattering coefficient o f a per atmosphere— as 
it traverses a slant path w ith zenith angle Z  to a level; being 
scattered; and passing vertically ou t through the atmosphere.

Again, the transmittance factor decreases from  one to  zero 
as the scattering level goes down in the atmosphere, and the 
backscattering, op, increases. Qualitatively, the situation is just 
as pictured in Fig. 2. Actual weighting functions are presented 
by Fleath, Mateer, and Krueger (1973).

Put another way, the radiation emerging from  the atm o
sphere consists o f sunlight which has penetrated to some depth 
in the atmosphere and has been scattered back upwards 
(possibly m u ltip ly  scattered). A t any particular wavelength, 
the competition between scattering and absorption results in 
the scattering taking place predominantly in a lim ited altitude 
range in the atmosphere. A t heights above this the density is 
lower, so the scattering is proportionately less; at lower heights 
the sunlight is absorbed or scattered before reaching the layer, 
or the scattered radiation is absorbed or rescattered before 
escaping from  the atmosphere. The height that contributes 
most strongly to the emergent radiance depends on the wave
length and 0 3 d istribution and the incident solar angle.

The methods fo r obtaining the vertical d istribution o f 0 3 
from the ultravio let atmospheric albedo are described by Dave 
and Mateer (1967). Because it is the atmospheric albedo, i.e., 
the ratio o f the incident solar irradiance to the scattered radi
ance, that contains the in form ation, it  is necessary to measure 
the solar u ltravio let flu x  w ith the same instrument used to 
measure the atmospheric radiance.

The backscatter u ltravio let (BUV) experiment is designed to 
use those principles to determine the total atmospheric 0 3 
quantity and its vertical d istribution in the atmosphere (Heath 
et al., 1973). I t  employs an u ltravio let spectrophotometer 
which measures the incident solar irradiance above the atmo
sphere and the radiance emerging from  the atmosphere due to 
scattering and absorption o f the solar radiation. I t  operates at
12 wavelengths between 2555 and 3398 A  in the Hartley- 
Huggins absorption bands o f 0 3.

Experimentally, the chief d iff ic u lty  is the huge variation 
w ith wavelength o f the radiances involved. The exponential 
decrease in solar radiance, combined w ith the very rapid 
increase in 0 3 absorption coefficient, implies that radiances at

Fig. 8 Optical diagram o f  the backscatter ultraviolet experim ent 
(BUV) flown on the Nimbus 4 spacecraft (from Heath, Krueger, and 
Mateer, 1970).
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RESULTS
1 0 / 1 3 / 6 7

NUMBER DENSITY

Fig. 9 Comparison o f 0 3 vertical distribution as measured by satellite 
and as measured by rockets (Anderson et a!., 1969).

wavelengths only a few hundred angstroms apart d iffe r by a 
factor o f a m illion. Extreme spectral purity  (scattered 
light S 10-8 ) in the band pass is required. This is achieved by 
the use o f a double Ebert-Fastie grating monochromator 
(Fig. 8). Each monochromator is a 25 cm focal length f/5  
instrument w ith a grating o f 2,400 grooves per m illim eter. The 
monochromators are arranged so that their dispersions add; 
this results in the cancellation o f certain aberrations on two 
passes. A special cam drives the gratings to image each o f the
13 wavelength bands on the ex it s lit in a 32 s measurement 
cycle. A fie ld lens at the e x it s lit images the grating on the 
photom ultip lie r.

The spectrometer isolates 12 fixed spectral bands each 10 A 
wide in the range 2555-3398 A. A separate filte r photometer 
observes in a 50 A band at 3800 A  to  determine the surface 
reflectance. Diffuse atmospheric radiation is collected by 
optical horns and depolarized by a Lyo t depolarizer. For 
measurements o f the solar irradiance, a diffuser plate may be 
moved in fro n t o f the entrance slit. Then sunlight scattered 
from  the diffuser plate is measured by exactly the same optical 
system as is sunlight scattered from  the atmosphere. Know
ledge o f the scattering coefficients o f the diffuser plate gives 
the atmospheric albedo by simple ratio. An intensity calibra
tion source enables the determination o f absolute fluxes, 
although this is not essential fo r the 0 3 determination.

Fig. 10 Vertical profile (right) o f  molecular oxygen and ozone in the 
upper atmosphere determ ined by the occultation o f  starlight by  the 
atmosphere (Hays e t al., 1972). CIRA is the C O S P A R  In te rn a t io n a l  
Reference A tm o s p h e re  (North-Holland, Amsterdam, Holland, 1965). 
The observed data are shown on the left.
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To handle the large dynamic range, the gain o f the photo
m ultip lie r and the electrometer c ircu it are autom atically 
switched. A t the low end o f the dynamic range, photon 
counting is used.

Total 0 3 is determined from ratios o f intensities at a pair o f 
wavelengths fo r which the contribution functions reach the 
surface, but fo r which the 0 3 absorption coeffic ient is 
markedly different. An example o f an 0 3 profile retrieval 
from  measurements o f backscattered u ltraviolet radiation is 
shown in Fig. 9.

The vertical distribution o f 0 3 is determined in a manner 
similar to that described above fo r temperature, using the 
individual intensities. Because o f m ultip le scattering, inform a
tion is only obtained above the 0 3 maximum near 30 km.

Occuitation

Occuitation refers to the technique in which measurements 
are made o f the light from an astronomical body as it is being 
covered (occulted) by the earth. Put another way, we look at 
the light o f the sun or a star during sunset or sunrise, starset or 
starrise. Hays and Roble (1968) showed that inform ation 
could be obtained from three kinds o f effects. These are atmo
spheric refraction, atmospheric absorption (or attenuation), 
and phase shift.

Most measurements to date have been o f absorption or 
attenuation. Hays, Roble, and Shah (1972) used a telescope on 
the O rbiting Astronomical Observatory (OAO-2) to observe 
the absorption o f starlight at frequencies in the u ltravio le t at 
which 0 3 and oxygen (0 2) were the dominant absorbers. An 
example o f the type o f data obtained is shown in Fig. 10.
From these observations, mesospheric 0 3 and thermospheric 
0 2 profiles could be determined. More recently, Riegler et al. 
(1976, 1977) have used the telescope Copernicus on OAO-3 
fo r mesospheric 0 3 determinations, using several wavelengths 
between 2500 and 3100 A.

The sun has also been used as a source to measure the d is tri
bution o f stratospheric aerosols. It should be noted that 
absolute calibration is not a problem fo r this technique, since 
all measurements are divided by the measurement above the 
atmosphere. The only instrumental requirement is fo r stab ility  
over the few seconds o f the occuitation.

Infrared Limb Scanning

A method that appears particularly useful fo r determining 
the temperature and composition above the tropopause is 
infrared lim b scanning. Instead o f pointing vertically down
ward, a radiometer is directed toward the limb or horizon, as 
seen from  the satellite, and measures the radiation em itted by

the atmosphere. The radiance is measured as a function o f 
position as the radiometer scans from  earth to space and back.

The advantages o f limb scanning have been discussed by 
Gille and House (1971) and need only be summarized here. A 
primary advantage is the ab ility  to  reach high altitudes. More 
than 60 times as much atmospheric mass lies in a horizontal 
path through the atmosphere, w ith m inimum a ltitude /; along 
the ray path, as in a vertical path down to h. Thus there is 
more em itting material and a greater signal; alternatively, the 
same signal can be sensed to a higher altitude.

A second advantage is tha t the entire signal originates in the 
atmosphere, so that none o f the inform ation needs to be used 
to correct fo r a varying background, nor do auxiliary measure
ments o f solar ou tpu t have to be made. A th ird  and perhaps 
most interesting feature is tha t the vertical widths o f the 
weighting function are only 3-4 km wide, as shown in Fig. 11. 
These are much narrower than those shown in Fig. 2 and ind i
cate the higher inherent vertical resolution in lim b emission 
measurements.

This technique, in common w ith other infrared techniques, 
can only see down to cloud top levels, so consistent coverage 
can only be obtained in and above the upper troposphere.

Fig. 11 Weighting function for Limb Radiance inversion Radiometer 
(LRI R). Compare the narrowness o f  the limb viewing weighting func
tions with the much broader weighting functions in Fig. 3.

Weighting function ( l /k m )
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A general characteristic can be pointed out. Because the 
vertical resolution is determined by geometric factors, there is 
a tendency fo r geometric characteristics in the instrum ent to 
take on the same importance as spectral characteristics do in 
nadir viewing instruments. Because the spectral band can be 
made quite broad to  receive more signal, spectral characteris
tics are considerably less critical.

The firs t satellite-borne instrum ent to exp lo it these tech
niques was the Limb Radiance Inversion Radiometer (LR IR ), 
a four-channel instrument which flew on Nimbus 6. A  sche
matic diagram o f the optical train is shown in Fig. 12. The radia
tion from  the lim b is reflected o ff the scanning m irro r to the 
primary m irror, which brings the radiation to a focus where it 
is chopped. The beam is then recollimated and directed 
through the final optical elements onto the detectors.

A mask in fro n t o f the detectors lim its the fields o f view 
seen at the horizon to four horizontal rectangles 20 km wide 
by 2 km high. Filters on the mask define the spectral response 
to two channels in the 15 /im  band o f C 02 , fo r the determina
tion o f temperature as a function o f pressure, plus broad 
channels at 9.6 pm and in the 23-25 /im  region to sense the

Fig. 12 The Limb Radiance inversion Radiometer (LRIRJ flown on 
Nimbus 6.

emission by (and thus the d istribution of) 0 3 and water vapor, 
respectively.

A scan across the horizon is obtained by rotating the scan
ning m irror, causing the fields o f view to move 2°, or about 
120 km at the horizon, 4,000 km away. During the scan the 
radiance is sampled every 80 arcsec, or about every 1.5 km 
along the radiance profile. A complete up-down scan takes 4 s. 
It  is im portant that the spacing between observations be 
known ro w ith in  a few arcseconds.

Calibration during fligh t is obtained by causing the radiom
eter to scan well above the atmosphere in order to get a cold 
space measurement, and then to look at a 320K blackbody 
located w ith in  the instrument.

The narrow field o f view (2 km corresponds to about
4 arcmin) is needed to take advantage o f the high vertical 
resolution o f the technique. Unfortunately, it  also reduces the 
magnitude o f the signal. Low noise levels and the required 
signal-to-noise ratio were achieved on LR IR  by using mercury- 
cadmium-telluride detectors, maintained at 65K in o rb it by a 
two-stage solid cryogen cooler. The cooler consisted o f a large 
mass o f solid CH4 , which sublimes at about 65K, in a highly 
insulated space w ith in  a heat shield held at 1 52K by a mass o f 
solid ammonia (NH3). Additional insulation protected the 
N H 3 shell from  heat leakage from  the outside. This was the 
firs t such device flown by NASA, and one o f the firs t ever 
flow n. A great many technical problems had to  be overcome 
before the launch, but it  operated successfully fo r the seven- 
month lifetim e o f the CH4. The LR IR  occupied 0.11 m3, 
weighed 59 kg, and consumed 21 W o f power. Its data rate o f 
4,000 bits per second required it to  have a complete tape 
recorder channel to itself.

The inversion o f limb radiance measurements is fundamen
ta lly as described above (under “ Principles o f Satellite Remote 
Sensing” ), but the problem is now very nonlinear because the 
weighting functions depend upon pressure but the geometric 
separation o f pressure surfaces depends upon temperature 
through the hydrostatic equation. Thus it is necessary to find 
the temperature profile that satisfies both the two C 02 
channel radiances and the hydrostatics. This problem does not 
occur w ith the 0 3 and water vapor measurements.

An example o f a prelim inary temperature profile  obtained 
from the LR IR  is shown by the xs in Fig. 13. It is compared to 
a nearly simultaneous rocket and radiosonde measurement 
(solid line). The rms difference between them is about 2K, 
which is very comparable to the 2.5K differences between 
rockets launched at the same place w ith in  2 h o f each other. 
(Agreement on a larger sample o f comparisons, where the two 
measurements were made w ith in  3 h, is closer to 3K.) Perhaps 
more interesting than the good agreement is the observation o f 
the vertical fine structure which can be seen.

A M M O N I A
V E S S E

M E T H A N E
V E S S E L

R E L A Y
C O L L I M A T O R

F I E L
S T O P

S C A N N I N G  
Ml  R R 0 R

M O T O R

D E T E C T O R  A ND 
R E L A Y  O P T I C S  
A S S E M B L Y

P R I M A R Y
P A R A B O L A

C E C

F I L L  A N D  
V E N T  L I N E S O L I D

C R Y O G E N

E L E C T R O N I  C S  
U N I T S

90



N U M B E R  9 - S P R I N G  1978

Outlook fo r the Future

What can be expected from satellite observation in the 
future? Some things are already planned and reasonably 
definite; others are much more speculative.

The next National Oceanic and Atmospheric Adm inistration 
operational satellite, Tiros N, w ill carry a basic sounding unit, 
which w ill have some o f the same characteristics as the earlier 
SIRS and its descendants. I t  w ill provide inform ation on the 
temperature structure o f the lower stratosphere. Tiros N will 
also carry a stratospheric sounding unit, an operational version 
o f the PMR that w ill provide temperature inform ation in the 
upper stratosphere and mesosphere. The firs t o f the Tiros N 
series is now scheduled fo r launch toward the end o f 1978.

The last o f the NASA Nimbus research satellites, Nimbus G, 
is slated fo r launch in the second half o f 1978. I t  w ill carry 
four instruments concentrating on upper atmospheric observa
tions. The Limb Infrared M onitor o f the Stratosphere (LIMS) 
will be similar to the LR IR  but w ill add measurements o f 
n itric  acid and nitrogen dioxide using bands at 11.3 and
6.2 jum, respectively, and w ill determine water vapor from  a
6.3 Mm channel.

The Stratospheric and Mesospheric Sounder (SAMS) w ill 
also view the limb in the infrared, determining temperature, 
water vapor, carbon monoxide, nitrous oxide, n itric  oxide, and 
methane vertical distributions. A t its heart it  w ill use several 
pressure modulated cells o f the type used in the PMR.

The BUV will also be flow n, w ith the addition o f a tota l 0 3 
mapping system (TOMS) and a capability fo r measuring solar 
ou tpu t in the near ultraviolet.

An occuitation instrument, the Stratospheric Aerosol 
M onitor II (SAM II) w ill determine the d istribution o f strato
spheric aerosols by using solar occuitation. It w ill be supple
mented in early 1979 by the Stratospheric Aerosol and Gas 
Experiment (SAGE), a more complex solar occuitation experi
ment which w ill also measure stratospheric 0 3. The planned 
launch date is early 1979.

The era o f using the space shuttle to transport instruments 
into space w ill begin w ith test flights in 1979. The firs t major 
opportun ity fo r upper atmospheric research w ill occur w ith 
the fligh t carrying the spacelab, provided by the European 
Space Agency. The firs t spacelab fligh t w ill carry occuitation 
spectrometers, capable o f measuring high resolution spectra o f 
the sun as it sets behind the atmosphere, fo r the purpose o f 
determining vertical distributions o f a large number o f trace 
gases. It w ill also carry near-ultraviolet instruments to measure 
emissions in the high atmosphere.

Shuttle-borne instrumentation further in the future is still 
being decided. Among the types that can take advantage o f the 
large weight, power, and volume characteristics o f the shuttle, 
and also obtain useful results in the scheduled seven-day 
missions, are infrared limb-viewing radiometers and spectrom
eters, w ith the whole instrument operated at low temperatures 
to reduce background noise, and limb-viewing microwave 
radiometers. Both o f these could determine temperatures into 
the lower thermosphere, as well as vertical distributions o f 
trace species and the nature o f the emission processes. Active 
probing w ith lasers, including resonant backscattering, laser 
fluorescence, and more exotic schemes, has been suggested fo r 
determining the concentrations o f gases and radicals. Analysis 
o f the returned light, or o f scattered sunlight, has also been 
proposed as a means o f directly determining upper atmo
spheric winds.

Even less well defined are plans fo r long-lived free-fliers, or 
unmanned satellites that could observe various characteristics 
o f the upper atmosphere over periods o f time much longer 
than the shuttle missions. Refined and more sophisticated 
versions o f previous experiments w ill no doubt be considered 
along w ith more radical new approaches.

Concluding Remarks

I t  should be clear that a great many observations o f the 
atmosphere have been obtained to date. Many o f these have

Fig. 13 Comparison o f  temperature distribution in the upper atm o
sphere determ ined by inversion o f  LRI R data with a composite o f  
radiosonde and rocketsonde data (solid line) taken at the same time.
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already been used in studies of stratospheric warmings, waves 
in the upper atmosphere, and questions related to O3. The 
major effect has been to fill in the observational picture of 
phenomena which might otherwise have been overlooked, such 
as the equatorial cooling that occurs along with a high-latitude 
stratospheric warming (Fritz and Soules, 1970). Such events 
have been rendered much more clearly from satellite observa
tions than from conventional data.

As we have indicated above, more data will be obtained in 
the future. However, strong emphasis will continue to be 
placed on the use of data already in hand and often not fu lly 
exploited.

Another trend will be for the clear definition o f scientific 
problems to guide the choice and selection of characteristics of 
the experiments that are flown. The exploratory phase is now 
passing. We know that a great many things are possible; what is 
required is a choice of the feasible techniques to help solve 
important problems.

There are thus at least three areas of activity in satellite 
observations: the study o f the data now in archives (or being 
placed there), the planning of future studies o f major problems 
using combinations o f techniques already demonstrated, and 
the traditional role of developing new techniques fo r space 
research.

The era o f rapid testing and deployment o f new instruments 
will arrive with the advent of the space shuttle and modular 
unmanned spacecraft. With those vehicles will also come a 
further loosening o f technical constraints and a new freedom 
for scientific imagination. These new data will continue the 
rapid growth of our understanding o f stratospheric chemistry 
and dynamics. Perhaps more important, they will usher in a 
whole new era in our knowledge of the mesosphere and lower 
thermosphere.
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The Compatibility of Data Used in 

Stratospheric Meteorological Analysis

Frederick G. Finger, National Meteorological Center

A prime task of the stratospheric meteorologist is to depict 
the circulation between the tropopause (about 9-16 km) and 
stratopause (near 50 km) at time intervals that permit the 
documentation of significant short-term variations (2-7 days). 
Such depictions can be made in the form o f constant-pressure 
charts, which are presently used in a number o f ways. These 
charts have provided a basis for supersonic transport flight 
forecasts and for forecasting trajectories o f experimental high- 
level balloons. They have also been used in the formulation 
and verification of stratospheric circulation models. In addi
tion, they have yielded essential information for many 
research studies, including recent investigations o f the concen
tration and distribution o f chemical constituents in the 
stratosphere.

A substantial data base is required in order to produce a 
consistent analysis of the circulation, especially i f  the features 
are to be defined over the entire northern hemisphere. Unfor
tunately, in some cases the stratospheric meteorologist must 
use data from different sources (different types o f measuring 
systems) in order to gain an adequate data base. This brings up 
the questions of the accuracy o f the data from each source, 
and even more importantly, of the compatibility o f all the 
data when used together.

It is my purpose here to recount some o f the problems that 
have faced the user o f high-level radiosonde, rocketsonde, and 
satellite data. In addition, I shall discuss the various empirical 
methods developed to overcome these problems and thus to 
permit judicious use o f these data.
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Up to the late 1950s or early 1960s, the radiosonde was the 
only instrument capable of regularly gathering stratospheric 
temperature and wind information. These observations, asso
ciated with a worldwide network, sometimes penetrated to as 
high as 10 mb (about 31 km). The ceiling for temperature and 
wind observations was extended upward to about 50-60 km 
with the development and operational use o f the meteorologi
cal rocketsonde during the 1960s. At the present time, this 
system provides information to 70 km and above from a rela
tively restricted number o f sites. Finally, in the late 1960s 
meteorological satellites began yielding large masses of 
temperature-profile data at stratospheric levels and on a global 
basis. There are a number o f satellite instruments functioning 
at present, including the Vertical Temperature Profile Radiom
eter (VTPR).

Radiosonde Observations

Balloon-borne radiosonde observations at tropospheric 
levels have been regularly taken for a relatively long period of 
time at stations in the global upper air network. Flowever, 
interest in the stratosphere was stimulated in 1952 when the 
meteorological group at the Free University o f Berlin noted 
some startling temperature changes during a special series of 
stratospheric radiosonde observations. These observations o f a 
“ sudden stratospheric warming”  were at variance with beliefs 
current at that time, according to which the stratosphere was 
portrayed as a quiescent layer.

Since the 1950s better balloons have been developed, so 
that at the present time a number of temperature (height) and 
wind observations from network stations can reasonably be 
expected to reach the 10 mb level (30 km) at any o f the given 
observation times (0000 or 1200 GMT). On a yearly average 
basis, nearly 15% o f the more than 800 stations in the global 
network can be expected to reach 10 mb for any observation 
time (see Fig. 1). This percentage, however, increases very 
rapidly with increasing pressure levels (lower heights). There is 
a seasonal effect on balloon ceilings, with colder wintertime 
temperatures reducing the number o f high-level observations.
In addition, fewer wind than temperature (height) reports can 
be expected, since at very high altitudes the balloon may be 
sufficiently distant from the station to make d rift calculations 
problematical.
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During the late 1950s, the small number of high-level radio
sonde reports that were available allowed only relatively crude 
constant-pressure charts to be constructed up to the 10 mb 
level. Formidable analysis problems were associated with 
errors in the radiosonde-measured temperatures. These errors 
were reflected in the heights computed from the temperature 
profiles. An early constant-pressure analysis at 25 mb (about 
81,000 f t  or 25 km) is shown in Fig. 2. This chart was con
structed to show the temperature bias problem associated with 
the internal-duct-type instrument used by the U.S. Weather 
Bureau until the early 1960s. The data as reported indicated 
higher height values in sunlit areas than in dark regions. The 
inconsistency (lack of geostrophy) between the analyzed 
height field near the sunrise line (SR in Fig. 3) and the re
ported winds is obvious. There is no reason to believe that 
large consistent errors are present in reported winds or that the 
winds should fail to be quasi-geostrophic along sunrise and 
sunset lines.

Although the balloon-borne radiosonde had been the work
horse for gathering upper air data for a considerable number of 
years, some of the basic instrument types were obviously not 
suitable for stratospheric measurements. The main problem 
appeared to be the effects o f solar radiation on the thermistor 
and other portions of the instrument. These heating effects 
resulted in inordinately high temperatures and therefore 
unrealistically high computed heights reported during daylight 
hours; moreover, the thermodynamic values varied noticeably 
with the solar elevation angle during the observation. Much
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Fig. 1 The percentage o f  radiosonde observations, from  the worldwide 
network, reaching various standard pressure levels. Based on data re
ceived at the National Meteorological Center from  the nearly 800  sta
tions that report upper air inform ation at 00 00  G M T  and 1200 G M T  
(Thomas, 1975).

Fig. 2  A subjective analysis o f the height field a t 25 mb (approximate
ly 25  km or 82 ,000  ft )  fo r 1200 GM T, 15 March 1958. Operational 
data were obtained prim arily with internal-duct-type radiosonde instru
ments. Num ber to right o f  station symbol represents the three middle 
digits o f  the reported height (for example, 24 7 denotes 82 ,470  ft );  to 
the le ft are reported temperatures. Line SR represents sunrise a t 25  mb; 
portion to the right is in daylight, to the ie ft in darkness (Teweles and 
Finger, 1960).
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more consistency could be noted in measured nighttime 
temperatures, although experimental research had shown that 
long-wave error should also be significant at the higher atmo
spheric levels.

An indication o f the compatibility o f stratospheric tempera
tures measured by several o f the more than one dozen radio
sonde instrument types used around the world in the late 
1960s can be seen from Fig. 3. For this study (M cln turff and 
Finger, 1968), a large sample o f data (nearly three years) was 
used to derive mean day-night differences o f temperature at 
each radiosonde station. The hundreds o f values represented 
by each curve (a curve representing an instrument type) were 
based on the temperature difference between a nighttime 
observation and a daylight observation 12 h earlier or 12 h 
later. Daylight observations were further identified by the 
value o f the solar angle at approximately the time when the 
balloon passed through the 10 mb level. It should be added 
that the day-night differences were computed from basic 
reported data, and some of the measurements had already 
been subjected to on-site corrections. This explains the varia
tions in curve configurations, which are especially notable for

Fig. 3 Mean curves o f  day-night temperature differences a t 10 mb fo r  
various types o f  radiosondes. Curves are constructed from  m onthly- 
mean differences as a function o f the monthly-mean solar elevation at 
the time o f the daylight observations a t 10 mb.

the Kew instrument (United Kingdom). The nearly zero 
differences o f the Graw instrument (Federal Republic of 
Germany) are also a result o f a correction scheme, which in 
this case is based on day-night differences.

Empirical studies such as this clearly indicate data inconsis
tencies. It is obvious that in order to make meteorological 
sense o f the information, we must reduce these inconsistencies 
to zero. For example, we would have to subtract 8-14°C from 
daytime data measured by the French Metox instrument 
(dependent on solar elevation angle) in order to reduce the 
day-night differences to zero. Data from other instruments 
would be reduced to the zero level by the same method. Thus 
all data could be reduced to a common base.

Several points should be made regarding the results, and the 
use of results, from this type o f study:

•  Day-night temperature differences generally vary accord
ing to the type o f radiosonde in use, the solar angle at the time 
o f the daytime report, and the pressure level (day-night 
differences increase with height above 100 mb).

•  Day-night differences are partially a function o f real 
diurnal variation, but up to the 10 mb level the diurnal has an 
amplitude o f less than 1°C (Finger and M clnturff, 1968).

•  Applying the average day-night difference results to day
light observations (both temperatures and heights) results in 
general compatibility o f data (reduction to nighttime levels).

•  Very little  information is available regarding long-wave 
radiation error, but for this study it was assumed to be rela
tively constant during the 24 h period and to have the same 
effect on each instrument type.

•  Application o f data adjustments insures increased data 
compatibility for synoptic analysis and does not insure in
creased accuracy (accuracy o f measurement can be achieved 
by careful design and testing, not by empirical adjustment 
schemes).

•  Since instrument types can be and sometimes are 
changed, day-night studies should be carried out on a frequent 
basis.

With regard to the last statement, it should be mentioned 
that most radiosonde equipment was not originally designed to 
make measurements at higher stratospheric levels, and there
fore the increasing errors with height were not unexpected. 
Because the needs for operational stratospheric measurements 
have increased, several countries have developed instruments 
with substantially improved high-level capabilities. For 
example, since the early 1960s the U.S. National Weather 
Service (NWS) has used an outrigger-type instrument similar to
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the military type AN/AMT4. In addition, new instruments 
have been developed by the weather services o f the United 
Kingdom and France since 1968.

Rocketsonde Observations

In contrast to the twice-daily radiosonde reports from the 
worldwide network o f stations, rocketsonde observations may 
be generally expected once a week (every Wednesday) from 
the northern hemisphere station network (Fig. 4). There are 
also several stations in the southern hemisphere associated 
with pole-to-pole networks situated near 70°W and 60° E longi
tudes. A few rocket sites launch as often as three to five times 
weekly. Unfortunately, the networks o f stations, as they are 
established, do not provide optimum coverage for meteorologi
cal purposes; rather, most stations have been located, for 
reasons of economy and safety, at preexisting rocket ranges.

There are a number o f different rocketsonde systems used 
throughout the world, ranging in length from about 3 m for 
the U.S. operational type (Bollerman, 1971) to nearly 10 m

for the type used by the Soviet Union. A schematic view o f an 
observation being made with the U.S. operational Super-Loki 
Datasonde system is shown in Fig. 5. The rocketsonde instru
ment uses a small bead thermistor for temperature measure
ment and is tracked by radar (for height and wind measure
ments) as it descends by parachute down to about 20 km (at 
20 km the descent rate is quite slow and the battery life 
becomes marginal). A pressure sensor is not included in this 
instrument; a “ tie on”  pressure for hydrostatic computation of 
the thermodynamic parameters is provided by a radiosonde 
observation which supports each rocketsonde launch.

The bead thermistor is subject to radiation errors, especially 
above about 50 km. Careful consideration of these errors has 
resulted in a correction scheme (Krumins and Lyons, 1972). 
Even more pertinent to accuracy o f measurements is the effect 
o f aerodynamic heating due to the rapid fall rate o f the para
chute at higher altitudes. This error is most noticeable at levels 
above about 50 km. The correction scheme also considers 
other, smaller sources o f error due to electrical effects and 
conduction. Average corrections derived for the operational

Fig. 4 Stations in the Cooperative 
Meteorological Rocketsonde Network  
in the northern hemisphere. Most 
stations can be expected to provide 
observations up to 60  or 70 km at 
least once per week. Several U.S. 
stations take observations several 
times per week.
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Fig. 5 Schematic depiction o f  a rocketsonde observation with the U.S. 
rocketsonde. A ltitude measurements, as well as horizontal displace
ments fo r wind calculations, are obtained with the aid o f  radar. 
Temperature inform ation is received by the meteorological recorder 
through a telemetry system. Observations are terminated a t about 
2 0  km as the descent rate becomes slow and battery power begins to 
diminish (courtesy F.J. Schmid!in, NASA Wallops Station, Virginia).

Table 1
Average Corrections fo r U.S. Datasonde System

HEIGHT (km) D AY (°C) NIGHT fC )

- 3 2 - 1 8
- 1 4 - 9

- 8 - 5
- 4 - 3
- 3 - 1
- 2 - 1
-1 - 1

Datasonde instruments are shown for selected levels in Table 1, 
but more precise determinations fo r each observation are 
applied at the various stations.

Correction schemes have been devised fo r all rocketsonde 
instrument types and are now generally applied during data 
reduction procedures. Even so, in using the data meteorolo
gists have noted inexplicable differences between observations 
from different types of instruments. For example, average 
temperature observations from Thumba, India, which uses a 
Soviet rocketsonde, and observations from several U.S. sta
tions in the Caribbean area have been shown to differ by as 
much as 15-20°C. That these differences are real meteorologi
cal effects has not been indicated by any available 
information.

The above problem points to the need fo r intercomparison 
tests to identify any bias in data measured by different types 
o f instruments. Several types o f rocketsonde instruments were 
compared at the French Guiana Space Center in September 
1973 under World Meteorological Organization auspices 
(Finger et al., 1975). Some results o f the intercomparisons are 
shown in Fig. 6. Mean temperature differences among the 
measurements o f instrument types used by the United States, 
United Kingdom, France, and the Soviet Union are greatest 
between the Soviet type and the others (these differences sub
stantiate the differences noted above between Thumba and the 
U.S. stations). Smaller differences were noted between the 
French and U.S. instruments, and those between the U.K. and 
U.S. instruments were negligible. Nighttime tests yielded 
similar results, except that the French-U.S. differences noted 
during daytime were not present. With these and other inter
comparison results from tests held at Wallops Island, Virginia, 
in March 1972, a system of adjustments has been developed 
for application to rocketsonde reports from certain instrument 
types in order to gain compatibility for synoptic analysis pur
poses. Again, as in the case of radiosonde reports, the adjust
ments are applied even though correction schemes exist for 
particular types o f instruments. It should be reemphasized that 
attaining compatibility does not insure absolute accuracy, but 
does aid tremendously in producing meteorologically consis
tent analyses.

Another measure o f an instrument’s value is the scale of 
variability it is able to delineate with accuracy. Experiments 
with the Datasonde instrument (Miller and Schmidlin, 1971) 
indicate that small-scale features (vertical wavelength o f a few 
kilometers) can be delineated from the measured temperature 
and wind profiles on a repeated basis (i.e., by two observations 
taken within less than 1 h). A fine-mesh observational network 
would be required, however, to delineate more details of 
mesoscale features.
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Satellite Observations

Satellite multichannel radiation data can be helpful in 
depicting atmospheric conditions up to at least 55 km. Several 
satellite sounders now in orbit are dedicated to stratospheric 
observations, but data are not readily available since the instru
ments are still in experimental stages. I shall concentrate 
mainly on the VTPR, which has been the primary instrument 
on board the latest series o f National Oceanic and Atmo
spheric Administration (NOAA) operational satellites 
(McMillin et al., 1973). The upper two channels o f the VTPR 
weighting functions peak at about 65 mb and 30 mb, which 
means that some stratospheric information can be derived 
from this instrument.

The tremendous advantage o f the satellite as an atmospheric 
sounder is its capability for obtaining global coverage o f obser
vations during the period o f one day. In addition, one would 
expect a high degree o f consistency from such observations 
when contrasted to in-situ observations taken by networks 
composed o f different types o f instruments. On the other 
hand, VTPR measurements are limited in that they represent 
relatively broad layers, whereas the in-situ sounders measure 
detailed vertical profiles.

A t the present time VTPR measurements are converted to 
temperature profiles by a processing system that depends on a 
sample o f radiosonde data. Thus, there is a dependency on the 
in-situ observations. A number of studies are now being carried 
out in order to assess the usability o f such data. Other continu
ing studies are focused on the compatibility o f the satellite 
data with in-situ observations.

One method of assessing the derived satellite temperature 
profiles is to compare them with operational radiosonde pro
files obtained from stations at the time the satellite passes 
overhead. The results of recent (summertime) radiosonde- 
VTPR satellite data comparisons for stratospheric levels up to 
10 mb are shown in Table 2. The operation o f the satellite 
instrument, as well as the ability of the processing system to 
derive reasonable temperature profiles, can be continually 
monitored by this type o f compatibility check. It should be 
added that a number o f changes have been made to the general 
satellite system on the basis o f such information.

Another method can be used to estimate the degree of 
compatibility among radiosonde, satellite, and rocket data.
This is based on the use o f the in-situ temperature profiles, the 
satellite instrument weighting function for a particular chan
nel, and the radiative transfer equation. Calculations involving 
the in-situ profiles can yield a radiance value which the satel
lite should have measured, provided that (1) the in-situ and 
satellite observations are coincident in space and time, (2)

there are no instrumental errors in the rocketsonde or radio
sonde measurements, and (3) the atmospheric transmittance is 
known perfectly. Since these conditions can seldom be com
pletely satisfied, some differences must be expected.

Figure 7 shows the results from a sample o f observations 
satisfying condition (1) as thoroughly as possible. It may be 
noted that results are shown not only for the VTPR, but also 
for the research instrument called the Infrared Temperature 
Profile Radiometer (ITPR) flown on Nimbus 5. I f  the mea
sured satellite radiances were perfectly compatible with the 
rocketsonde-radiosonde calculated radiance, a distribution o f 
points precisely along they  = x  line could be expected. In
stead, for each o f the satellite channels a distribution with 
some bias and some scatter is indicated. This type o f informa
tion is o f great value to the satellite experimenters and has

Fig. 6 Hesuits o f  international rocketsonde comparisons held at the 
Guiana Space Center, French Guiana, in September 1973. Six sets o f  
observations were taken. Temperature differences are shown as a func
tion o f  altitude and with respect to the U.S. rocketsonde.
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Table 2 1
Average Differences between Satellite-Derived (VTPR) and 1 
Radiosonde-Measured Tem peratures a t  S tratospheric Levels

1 August (0000 GMT) through 31 August 1976 (1200 GMT) 
Top values in each group are la titud inal band means, m iddle values are 

standard deviations, and bo ttom  values indicate the sample size.

resulted in some changes in practically all systems tested in 
this manner. O f course it also yields valuable information to 
those using the data along with the in-situ soundings for analy
sis and research purposes.

18-30

/- | |  . j 
DEGREES NORTH LATITU D E 

30-40 40-50 50-60 60-70

10 mb -1 .9 8 -0 .5 7 0.57 -1 .7 5 0.94 -1 .2 5
2.87 0.60 4.96 2.76 2.75 3.22

18 4 7 27 5 61

20 mb -0 .3 5 0.30 1.17 1.01 0.07 0.49
2.13 1.51 2.40 2.19 1.73 2.20

44 14 29 51 18 156

30 mb -1 .6 9 -1 .2 8 -1 .0 5 0.48 0.18 -0 .61
1.88 1.78 3.13 1.76 1.82 2.33

57 18 40 67 24 206
50 mb -0 .8 3 -2 .0 8 -1 .4 0 -0 .2 3 -0 .8 9 —0^88

2.19 2.04 2.34 1.56 1.45 2.05
62 21 45 69 23 220

70 mb -0 .7 7 -0 .5 3 -0 .0 6 -0 .5 6 -1 .1 6 -0 .5 8
1.82 2.77 2.25 1.58 1.67 1.97

66 23 47 74 24 234

100 mb -0 .41 -0 .1 0 0.98 0.01 0.46 0.10
2.78 2.17 2.56 1.54 1.89 2.28

67 31 43 80 25 246
150 mb 0.79 0.24 0.78 1.07 1.33 0.86

2.41 2.60 2.54 2.65 1.51 2.48
74 31 45 81 25 256

200 mb 0.69 0.45 0.36 2.05 1.65 1.12
2.32 2.29 2.74 3.40 2.73 2.90

75 30 47 81 24 257

'Private communication from  K.W. Johnson, National Environmental 
Satellite Service, NOAA.

Use of Data for Meteorological Analysis

The previous sections dealt with a general problem often 
faced by meteorologists using higher level data measured by 
different types of instruments. It is important to realize that 
use of the data for delineation o f the circulation features can 
uncover data compatibility problems. Such analyses cannot, 
however, directly yield information on data accuracy. This 
must be accomplished primarily by theoretical or laboratory 
error analysis, and to some extent by instrumental comparison 
tests.

Although we have been discussing data problems, the real 
question facing the stratospheric meteorologist is how to best 
use the available information. This was the rationale for the 
development of the radiosonde adjustment scheme, which is 
still in use today. The radiosonde reports from the upper air 
network in the northern hemisphere form the data base for 
daily objective (computer) analyses at 70, 50, 30, and 10 mb 
(approximately 18, 20, 24, and 30 km). An example o f a 
30 mb chart is shown in Fig. 8. The circulation is representa
tive o f summertime patterns, with relatively warm high pres
sure near the pole and light easterly winds at nearly all lati
tudes. These daily analyses are becoming increasingly impor
tant fo r a number o f reasons (some o f which were stated in the 
introduction). Research is continuing on how best to merge 
the large mass o f satellite data into these charts in order to 
gain better knowledge o f the circulation patterns.

Fig. 7 Comparisons o f  measured satellite radiances with those radi
ances calculated from rocketsonde-radiosonde temperature profiles 
(units are m illiwatts). Channels 5 and 6 o f  ITP R  peak at 90  mb and 
3 0  mb, respectively; channels 1 and 2 o f  VTPR peak at 65 mb and 
3 0  mb, respectively.
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Constant-pressure analyses are also constructed at 5, 2, 1, 
and 0.4 mb (35, 42, 48, and 55 km), primarily with the use of 
rocketsonde and satellite data (Staff, Upper A ir Branch,
1975). This type o f chart (at least for 5, 2, and 0.4 mb) has 
been produced since 1964. The initial analyses were relatively 
crude and depended primarily on an analyst’s interpretation of 
only a few rocket reports. However, with the development of 
more accurate rocketsonde instrumentation, with additional 
stations added to the high-level network, and with the advent 
o f operational satellite sounding information, the charts can 
now be regarded as reasonable delineations o f the higher atmo
spheric circulation.

The 0.4 mb chart (55 km) shown in Fig. 9 is one in the 
series that is analyzed on a weekly basis (each Wednesday).
One set o f analyses per week is undoubtedly not sufficient for 
depiction of all stratospheric circulation patterns, especially 
during stratospheric winter, when large-scale changes take 
place within relatively brief time periods (a few days). In addi
tion, the rocket network is far from ideal in the number and
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Fig. 8 Constant-pressure chart at 30 mb (approximately 24 km) 
analyzed by computer methods. Contours of height are solid lines. 
Labels show middle three digits of height (example: 400 is 24,000 m). 
Isotherms (dashed lines) are in degrees Celsius. Data plots for most 
radiosonde stations used in the analysis are shown with height values to 
the upper right of filled circle station symbol, temperatures are to 
upper left, and winds are indicated by shafts and barbs (each full barb is 
equal to 10 kt). Satellite data available for analysis (but not used for 
this chart) are shown by the filled star symbols over ocean areas.
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the distribution o f stations. In order to overcome some of 
these problems, methods were devised to take advantage o f the 
large mass of available satellite soundings.

Experimental satellite instruments, such as the Limb Radi
ance Inversion Radiometer (LRIR) and the Pressure 
Modulated Radiometer (PMR) were designed for stratospheric

observations and hopefully will soon provide a wealth o f infor
mation. A t present, however, only the VTPR data are readily 
available. Although the weighting functions fo r the upper 
channels 1 and 2 o f VTPR peak at 65 and 30 mb, respectively, 
their measurements are representative o f a deep layer, with an 
upper lim it near the top o f the stratosphere (about 55 km). 
Since the basic satellite radiance measurement is closely 
related to a mean layer temperature, these radiance data could, 
under certain circumstances, be used as layer thicknesses for 
purposes of analysis at upper stratospheric levels. A method

Fig. 9 Constant-pressure chart at 0.4 mb (55 km) analyzed subjective
ly. Height contours (solid lines) are labeled in meters and isotherms 
(dashed lines) in degrees Celsius. Chart represents conditions for 
Wednesday, 5 March 1973, but several days of data are plotted and 
used as an aid in the analysis procedure. Winds (pennants stand for 
50 kt) and temperatures are shown.
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for using satellite radiances has been developed by regression 
o f radiance measurements with height thickness values from a 
sample of rocketsonde-radiosonde observations (Quiroz and 
Gelman, 1972).

The regression relationships allow high-level height fields to 
be derived from VTPR radiance fields o f the northern hemi
sphere. This is done by adding the derived thicknesses to an 
already analyzed chart (those between 1 00 and 1 0 mb). These 
fields provide a good approximation of the large-scale circula
tion features. Final and more precise mapping o f the higher 
levels is then obtained by injecting data from the rocketsonde 
network into these fields. The 0.4 mb chart shown in Fig. 9 
was analyzed in this fashion. Other regressions have been 
developed with the aid o f radiance measurements and rocket
sonde temperatures at specified levels. These allow a first 
approximation of the temperature fields at 5, 2, 1, and 
0.4 mb, which can be finalized with the aid o f reported rocket
sonde temperature data.

Concluding Remarks

Until a system is developed that can give the stratospheric 
meteorologist the information he needs for analysis of all 
scales of atmospheric phenomena, he will continue to rely on 
data from many different systems. The question of data com
patibility will therefore continue to be an important concern 
for the data user. A significant contribution to the solution of 
such problems may be made most easily if the various types of 
instruments are tested with the issue of compatibility in mind.
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