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Aerosol Monitoring by Satellite Horizon Scanning
C. R. GRAY,* H. L. MALCHOW,! D. C. MERRITT^ R. E. VAR|

Charles Stark Draper Laboratory, MIT, Cambridge, Mass.

A newly adapted horizon-scanning technique can simultaneously monitor the vertical distribution of aerosols,
as well as ozone and neutral atmospheric density, in the stratosphere and mesosphere for both meteorological and
ecological application in a global satellite-monitoring program. The horizon-inversion technique permits the
conversion of scattered solar-radiation horizon (limb) profiles into the vertical distribution of aerosol extinction
coefficients. Results are given based on real and simulated experimental data which indicate that the aerosol
layers can be identified and that the potential exists for estimating the physical characteristics of aerosols within
a layer.

Introduction

STRATOSPHERIC distributions of aerosols have been
drawing increasing attention as a result of new knowledge

concerning their role in the Earth's radiation balance. These
particles are now known to cause temperature changes both
in the stratosphere and at the Earth's surface. Of particular
interest is the aerosol vertical distribution which is influenced
both by man-made environmental pollutants and by natural
phenomena.

This paper describes a mathematical technique of horizon-
radiance inversion developed to recover the vertical distribu-
tion of aerosol extinction and, coincidentally, ozone and neu-
tral atmospheric density in the stratosphere and mesosphere.l
The technique provides for the inversion of horizon-intensity
profiles obtained by scanning the Earth's sunlit horizon
with a satellite-borne sensor. In this experimental configura-
tion, a satellite-based sensor with a limited field of view
mechanically scans the Earth's horizon (Fig. 1) in a multispec-
tral mode, allowing the aerosols to be distinguished from
other atmospheric constituents, such as the neutral atmosphere
and ozone. The sensor output is inverted by applying a
Kalman-Bucy recursive filter to the received signal, using a
reference-intensity profile generated by a theoretical radia-
tive-transfer simulation. When the scattering or absorption
cross sections are well known (as in the case of ozone and the
neutral atmosphere), the received multispectral signals are inver-
ted to yield constituent-density information. When the cross
sections are not well known, however—as in the case of
aerosols—the extinction profile is obtained directly from the
inversion. Further development of this horizon-inversion

Fig. 1 Horizon-inversion geometry.
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technique will permit determination of aerosol-scattering
cross section and the associated size distribution in the
stratosphere and mesosphere.

The horizon-inversion concept was chosen based on
several considerations. Ground-based techniques are intrin-
sically insensitive to higher-altitude phenomena because of
the overwhelming interference of the intervening atmosphere.
The need arose, therefore, for satellite-borne remote sensors.
The earliest ones, such as those carried by the Nimbus
satellites, were downward-looking. However, since remote-
sensing experiments have less spatial resolution along the line
of sight than in the perpendicular direction, both ground-based
vertical and satellite-based downward-looking experiments
provide good horizontal resolution but relatively poor vertical
resolution. This fact provided the impetus for the experimen-
tal configuration chosen here, in which the weakly-resolved
direction is tangent to the Earth and the strongly-resolved
direction (perpendicular to the line of sight) is along a local
vertical. Thus, the horizon-inversion concept provides a
highly accurate—and at the same time systematic—technique
for global monitoring of the vertical distributions of various
atmospheric constituents.

In this paper, the procedure for optimum wavelength
selection is described, and convergence of the inversion
model is discussed in relation to accuracies in the measure-
ment model and the a priori knowledge of constituent densities.
In addition, estimates of the inversion accuracy are given for
the case of real experimental data, and also for simulated
data generated by the radiative-transfer model.

Horizon-Inversion Technique

The following is a brief description of the horizon-inversion
technique. Processed outputs from a multispectral photo-
meter, which form a selected set of points along the horizon's
tangent line of sight, are encoded and transmitted to the Earth.
On the ground, a computer code compares the measured
radiative intensity to a theoretical prediction; in proportion to
the difference between measurement and prediction, the com-
puter corrects previous estimates of the atmospheric-constitu-
ent densities, taking into account uncertainties in the a priori
knowledge of the atmosphere and the various measurement
noises. The procedure involves two primary mathematical
structures—a radiative-transfer simulation for formulation
of the theoretical prediction, and a recursive filter algorithm
for treating the measurement noise and modeling errors.
An abbreviated discussion of these two mathematical struc-
tures follows.

Radiative-Transfer Model
A variety of mathematical techniques has been applied to

the calculation of theoretical horizon profiles, including
layered iteration,2 closed-form integration,3 and Monte Carlo
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simulation.4 Some of these techniques have led to simula-
tions involving the complex phenomenon of multiple scatter-
ing, while others have been limited to single-scattering approxi-
mation. For the actual application of the horizon-inversion
technique,1 a special computer code which uses weighted
photon-path simulation is being developed; this code has
demonstrated the potential of surpassing existing codes in
accuracy and economy. However, to demonstrate the feasi-
bility of the horizon-inversion technique, a less sophisticated
transfer simulation can be employed, provided it maintains
the general features of more comprehensive models and can
be adjusted to match selected real data. A simulation that
meets these requirements has been developed5 and has been
used to derive the results presented here.

The model used in the preliminary inversion analysis is a
modified single-scattering solution to the equation of radiative
transfer. Solar radiation scattered and absorbed along the
receiver line of sight is integrated to obtain a single-scattered
theoretical intensity. The single-scattered intensity is
modified by albedo and multiple-scattering correction factors
which are obtained by comparison with other, more accurate
simulations. Values of the multiple-scattering factor depend
upon sun angles, wavelength, and the tangent height for a
particular measurement. The single-scattering model scales
the directly scattered radiation according to the value of the
aerosol or molecular angular scattering pattern which is
taken as the leading element of the Mueller matrix.

The model gives the scalar intensity at the receiver as

SUN ZENITH = 30 ALBEDO = ,20

= MS(m)[l + A(m)]h(m) (1)

where m = a given set of measurement parameters, i.e.,
wavelength, tangent height, solar zenith angle, etc., MS(m) =
a multiple-scattering correction factor, 1 + A(m) = an
albedo correction factor with A(m) equal to the fractional
increase in the radiance caused by the surface albedo, and
h(m) = a single-scattering radiative-transfer equation integral.
The integral h(m) is defined as

r
h(m)=

J - (2)

with TS = optical thickness of the curved atmosphere along
the sun's ray path to the point £ on the line of sight; r = opti-
cal thickness along the line of sight from point £ to the tele-
scope; £ = position along the telescope line of sight with zero
taken at the tangent point; L = telescope position along the
line of sight; and /= scattering source function.

The scattering source function is computed in the form

(3)

with F= solar irradiance, pt = scattering phase function for
the ith constituent, asi = scattering cross section for the ith
constituent, and pt = density of the ith constituent.

The calculation of radiance [Eq. (1)] is carried out by
dividing the atmosphere into layers and expressing the
integral [Eq. (2)] as sums over layered optical-depth increments.
Partial derivatives of Eq. (1) with respect to constituent
densities (which are used in the filter algorithm) are computed
from the summation form of Eq. (1). A sample profile set
generated by this model is displayed in Fig. 2.

The specific mathematical modeling of aerosols, which
plays an important part in the inversion procedure, is defined
in the following sentences. The data of Elterman6 are used
as the reference for the aerosol extinction at 5500 A as a
function of altitude up to 35 km. Above 35 km, the extinction
is assumed to decrease exponentially with altitude at the
same rate as neutral-density extinction. The basic curve of
extinction at 5500 A vs altitude is then scaled appropriately
for wavelength and latitude. The wavelength dependence
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Fig. 2 Simulated horizon profile data.

is based upon an assumed particle size distribution. For
this work, the power-law size distribution

n(r)=Ar~ (4)

is used, where n(r) is the number of particles at that radius, A
is a total-density related constant, r is the particle radius,
and a is the power-law parameter. Wavelength-correction
factors for extinction have been determined for a = 3 and
a = 7, with these two chosen as approximately the upper and
lower limits of a values.

Recursive Filter

A modified extended Kalman-Bucy filter was used for the
inversion process. This technique has a number of advan-
tages: it can work easily with the complex solution to the
equations of radiative transfer; it provides an optimal estimate
of aerosol extinction and other constituent densities, consider-
ing both the measured data and initial statistics of the con-
stituents; it provides a covariance matrix describing the
second-order statistics of the optimal estimate.

In general, the extended Kalman-Bucy filter estimates the
parameters or state (x) of a system, given measurements (y)
of the system. The system in this application consists of the
atmosphere and the measuring instrument. The modeled
measurement equation for the system is

y(m) = I(x9m) -f- w (5)

where I(x9m) is a theoretically predicted value of the horizon
radiance, m refers to the measurement-parameter wavelength
and tangent height, and w is the instrument noise. The
atmospheric state (x) is defined as a vector having as elements
either the densities p or the extinction coefficients ft of the
atmosphere at a chosen set of altitudes zt. Thus, for example,
the state vector can be written as

x = [pjvOO, . . . pN(Zn)', poOO, . . . p0(zn); pA(Zl), . . . pA(Zn)] (6)

The filter operates recursively by incorporating each new
measurement of limb intensity at a particular tangent height
and wavelength in an update of both the estimate of the state
x(m) and the covariance P(m) associated with the estimate.
The actual update is done in three steps: 1) Calculate the
weighting factor or gain K of the filter

K(m + 1) = P(m)B(m + \Y[B(m + \)P(m)B(m R]
(7)
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where P9B, and R are defined below. 2) Incorporate the
actual measurements y in an update of x(ni)

x(m + 1) = K(m + l)[y - 1)1 (8)
3) Update the covariance matrix P to include the information
gained from the measurement

P(m + 1) = P(m) - K(m (9)
Equation (8) shows that the new optimal estimate ±(m -f 1)

is equal to the old estimate x(m) plus a weighting factor
K(m -h 1) times the difference between the predicted value of
the measurement 7(x,w -f 1) (based on the estimate of the
state) and the actual value of the measurement y. The
degree and distribution among the elements of x of the update
depend upon three parameters. The first is the measurement-
variance noise R. A noisy measurement will be lightly
weighted. The second parameter is the covariance matrix P.
Those elements of the state having small variances will be
displaced proportionately less by the new measurement
than elements which are poorly known. The third parameter
is the measurement vector B(m). This vector defines the
contribution of each element of the state to the measurement.
For example, constituents below the tangent height do not
contribute significantly to the measured intensity, and thus
the corresponding elements of B(m) are nearly zero. B(m) is
defined as

The linear Kalman-Bucy filter assumes that B is independent
of Xt for the scattered-light case; however, here I(x,m) is
nonlinear and it is necessary to work with the extended
Kalman-Bucy filter. For the extended filter, the model
measurement equation is expressed as

where A* is the difference between the state and a nominal
estimate of the state. It can be seen from Eq. (11) that it is
necessary to have an initial estimate of the state which is
sufficiently close to the actual state at the time of the measure-
ments to preserve the assumed conditions of linearity.

For most systems to, which filters are applied, the state is
a function of the measurement parameter—usually time,
but in this case it is a function of a combination of wave-
length and tangent height. Since dx/dm = 0 in this case, the
filtering equations are somewhat simplified.

The filter requires an initial estimate of the statistics of the
atmospheric state. Since little is known about the correla-
tions between constituent densities, the covariance matrix
is initially set with zero cross correlation. Variances are
generally expressed as a constant fraction a of the densities;
thus, initially

0
Po = (a*,)2

lo
(12)

The filter described thus far assumes that the system behaves
linearly about the initial estimate (i.e., the value of the meas-
urement vector B is not functionally dependent on the esti-
mate of the state), that the mathematical model of the system
is exact, and that the measurements are made with an unbiased
instrument. Few systems approximate these assumptions
sufficiently well, however, and it is necessary to modify the
filter program with techniques7 which will ensure that the
optimal estimate of the state will converge sufficiently close to
the true state—even when these assumptions are not valid.
The modifications depend in large part on the specific sys-
tem, and can be determined only through extensive simula-
tion. The techniques which were developed to improve the
filter convergence for horizon inversion are described below.

The major obstacle to obtaining a convergent filter is the
basic nonlinearity of the system. It was initially found in

simulations that the filter could not converge if errors in any
of the initial state element estimates exceeded 20%. This
was an unacceptable constraint, since most aerosol densities
may not be known to that degree of accuracy. The range
of convergence of the filter was found, however, to be extend-
able to cases where initial state element estimates were in
error by an order of magnitude or more through 1) damping
the filter gain (at the cost of slower convergence) and 2) re-
placing the constituent densities with the log of the densities
in the state vector. The latter technique improves the perfor-
mance of the filter because it makes B(m) more nearly indepen-
dent of the state x.

The necessary modeling assumption of a layered atmosphere
also interferes with the convergence of the filter. If the
horizon-intensity data have a finer resolution than the vertical
intervals assigned to the elements of the state, the filter will
tend to "learn" one portion of the state too well, and will
thus tend to overcompensate for the error in another portion
of the state, causing the state to oscillate. This problem was
handled by repeatedly sampling tangent-height data in altitude
intervals compatible with those of the state, rather than
handling each data point sequentially.

Various techniques have been applied to the treatment of
biased measurements. These errors can be handled if the
nature of the bias is known, for then it is possible to estimate
the bias as an additional element of the state vector. The
success of the technique depends primarily on the initial
statistics ascribed to the densities and to the bias term. If
the densities are reasonably well known, it is a simple matter
to estimate the bias; and if the bias is well known, it is easy to
estimate the densities. If both are poorly known, however,
it is difficult to distinguish between an actual bias and a
measurement bias. The filter does, however, provide an
estimate of the bias and its uncertainty, which makes the
confidence values for the final estimate of the densities
realistic. The technique has been tested with reasonable
success for the case of a bias error in tangent height.

Sensitivity

A. central problem in horizon inversion is that of selecting
wavelength channels which allow the probing of a particular
atmospheric-constituent density over a selected altitude
region. For example, one may be interested in the optimal
channel for probing ozone in the 40-50 km region. A
mathematical solution to this problem has been derived, and
is labeled the "sensitivity" function. Values of the sensitivity
function—or simply "sensitivity"—range from zero to unity,
and .larger sensitivities denote that fractional changes in
constituent densities produce proportionally larger changes
in the measured radiation signal. Since the information
content for a particular constituent and altitude is reflected
in a decrease in the variance asscociated with that element,
it is natural to look at the covariance-update equation for
the definition of sensitivity, namely

P(m + 1) = P(m) - K(m + \)B(m + l)P(m) (13)

The term of interest here is K(m + \)B(m + l)P(m), which is
the decrease in the covariance for a particular measurement
condition. Normalizing by P(m) yields a sensitivity matrix
K(m + l)B(m + 1). Of particular interest in the sensitivity
matrix are the diagonal elements which indicate the relative
decrease in variance of the elements of the state vector for a
given measurement. To isolate the effects of the measure-
ment vector on the sensitivity, the instrument noise is assumed
to be zero, and the covariance is assumed to maintain its
initial value. With these assumptions, the sensitivity of the
y'th element of the state vector is defined as
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Fig. 3 Horizon-inversion sensitivity: 40-km line of-sight distribution.

For the purposes 9f the sensitivity analysis, the state
vector is assumed to be defined at 1-km intervals. Figure 3
is an example of a plot of sensitivity vs altitude for neutral
atmospheric density, ozone, and aerosols at a tangent height
of 40 km and at wavelengths of 2500, 4000, and 7000 A.
These curves indicate that wavelengths around the ozone peak
(2500 A) do not penetrate below 50 km, whereas the longer
wavelengths (4000 and 7000 A) which are attenuated less by
ozone have a peak sensitivity at the tangent height. This
curve also indicates that 4000 A is the optimal wavelength
for determining neutral atmospheric density at 40 km,
whereas 7000 A is the optimal wavelength for aerosols.

Since the peak sensitivity usually occurs at the tangent
height, it is convenient to analyze a complete limb scan by
plotting peak sensitivity vs tangent height for the three constit-
uents at various wavelengths. This is done in Fig. 4 for two
values of the sun's zenith angle. The sun's azimuth angle is
assumed to be zerd (coplanar), and the zenith angle is defined
relative to an Earth radius vector which is normal to the line
of sight. A zenith angle of 90° means that the telescope is
pointed directly at the sun.

In the sensitivity curves (Fig. 4), the relative constancy of
the ozone sensitivity with zenith angle is the result of the fact
that ozone is an absorber. The large variation in the aero-
sol and neutral atmospheric density sensitivities with zenith

angle reflects, therefore, the relative changes in the scattering-
phase functions for air and the aerosols, assumed in the
measurement model.

The peak in aerosol sensitivity around 20km is related to
the large concentration of aerosols between 35 and 20 km as-
sumed in our atmospheric model. If ozone and aerosols
had been neglected in the measurement model, the penetration
altitudes for the neutral or Rayleigh constituents would
continue to decrease with increasing wavelength, because of
the A ~ 4 dependence of the Rayleigh-scattering cross section
and the exponential distribution of neutral density. The
presence of a strong ozone-absorption peak at 2550 A,
however, accounts for the general increase in penetration
altitude as wavelength decreases below approximately
4000 A or increases above 2000 A toward the peak at 2550 A.

Simulation Results

To adequately assess the performance of the horizon-
inversion technique, a sequence of simulations was conducted.
These simulations were performed to determine whether or
not the inversion was performed adequately, since, in a
simulation—unlike in the real experimental case—the actual
value of the state is known beforehand. Therefore, if the
actual value of the state falls within the rms limits about the
final estimate of the state, the inversion has succeeded.
Many simulations have been performed, and they indicate
that bias errors, nonlinearities, and selected modeling errors
can be adequately accommodated.

The results presented in Figs. 5 and 6 illustrate the capabil-
ity of the inversion technique to determine anomalous aerosol
layers under worst-case conditions of observability (i.e.,
when the sensitivities are low). In each of these figures,
the aerosol extinction utilized in generating the simulated
data is represented by the dotted line. The two solid lines
represent the one-sigma values about the estimated extinction
at each tangent altitude. These simulations were performed
with a satellite altitude of 500 km, a ground albedo of 0.4,
and instrument white noise with an rms value of 10 ~ l * w/cm2-
A-sr, and wavelengths of 3000, 4000, 5000, 6000, and 7000 A.
Figure 5 is the result of a simulation with an anomalous a = 3
aerosol layer placed at 20 km and a sun zenith angle of —30°
(corresponding to a scattering angle of 120°). Figure 6 is
the result of a simulation with an anomalous a = 7 aerosol
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Fig. 4 Horizon-inversion peak sensi-
tivity: zenith 0° and 30°.
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Fig. 5 Simulation results: inversion of 20 km, a = 3 aerosol layer,
zenith 30°.

layer placed at 50 km and a sun zenith angle of 60° (corre-
sponding to a scattering angle of 30°).

The inversions shown in these simulation results were
chosen because they represent two of the most difficult
aerosol-inversion problems. In the first case (Fig. 5), the
scattering phase function for the large size (a = 3) aerosols
has its smallest value for the scattering angle chosen (120°).
In the second case (Fig. 6), it is difficult to differentiate
between the Rayleigh scatterers and the small size (a = 7)
aerosol Mie-scatterers.

Since, in these figures, the actual value of the state indeed
falls between the rms limits centered about the estimate of
the state, it is clear that the inversion has succeeded extremely

10° *
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z
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well under these adverse conditions. These results imply
that a horizon-inversion experiment1 will accurately deter-
mine the distribution of aerosols present in the stratosphere
and mesosphere.

Since the aerosol size distribution causes changes in the
wavelength dependence of the extinction, it is conceivable
that this parameter, as well as all other wavelength-affecting
aerosol parameters, can be determined by multispectral
horizon scans simply by expanding the state vector to include
these parameters. To estimate the expanded state, it is
required only that there be as many measurements at each
altitude as there are elements of the state at each altitude,
and that the elements can be distinguished from each other by
having different wavelength-dependent properties.

Experimental Results

Application of the horizon-inversion formulations to the
experimental horizon profiles for determination of the strato-
spheric and mesospheric distribution of aerosols has been
most encouraging, considering the currently limited state of
experimental horizon-profile data. The experimental data
(Fig. 7) were obtained from a MIT experiment which defined
the Earth's horizon for the purpose of extablishing Apollo
navigation criteria.8 A multispectral photometer mounted
in the tail of the X-15-1 aircraft was flown on several occasions
to heights of approximately 80 km, where a number of horizon
scans were obtained. The scans at different wavelengths
were performed sequentially as the A'-15-1 ascended and
descended in its ballistic trajectory, causing some loss of
correlation between scans with regard to relative tangent-
height positioning and cloud cover. The wavelengths
were chosen at that time on the basis of navigation criteria,
rather than inversion criteria; however, the sensitivity curves
indicate that the selected wavelengths of 3500, 3800, 4200,
5800, and 7000 A yield excellent information about neutral
density and aerosols.

For inversions of these experimental results (Fig. 8), the
inversion routine had a gain-damping of three, an
instrument-noise level of 2.5 x 10~9 w/cm2-A-sr, and a
tangent-height increment spacing of 1 km. The data start
at a tangent height of approximately 60 km and continue
down to 15 km (below which level clouds significantly affect
the signal). Confidence in the accuracy of these final results
can be acquired by comparing the inversion estimate of neutral
density with a reference value of neutral density, which is a
good base line, since neutral density is reasonably well known.
The mean neutral density at all altitudes falls within the rms
limits about the inversion estimate, indicating that the inver-
sion estimates of neutral density and also, therefore, of the
other constituents, are accurate to within their predicted
rms limits. The rms limits are large, in this case, because

1.00

20 30 40 50 -60 70
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12TT
20 30 40
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Fig. 6 Simulation results: inversion of 50 km, a = 7 aerosol layer,
zenith 60°.

Fig. 7 X-15 normalized spectral radiance profiles: zenith 46°,
scattering angle 106°.
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Preliminary results show that aerosol layers can be identi-
fied with this procedure, and that the potential exists for
estimating the physical characteristics of aerosols within a
layer. The ultimate inversion accuracy obtainable from a
limb-scan experiment lies somewhere between the results
of the simulations and the uncertainties in the results of the
X-15-1 data. In the final analysis, the accuracies in the
radiative-transfer model, the predicted aerosol optical
properties, and the radiance profile data will define the
limitations on inversion accuracy. Although it is impossible
to estimate final absolute accuracy, it seems reasonable to
foresee that the use of a multiple-scattering model and
simultaneous wavelength data will pro vide significant improve-
ment over the inversion accuracies shown here for the X-15-1
data.

For meteorological purposes, these measurements are requir-
ed to gain a better understanding of the energetics and dynamics
of the upper atmosphere and its interaction with the lower
atmosphere. For ecological purposes, these measurements
would provide a capability for measuring the vertical dis-
tribution of stratospheric and mesospheric aerosols, thereby
providing base-line environmental-pollution measurements
globally for international consumption.

Fig. 8 Experimental results: inversion of X-15 data, aerosol
extinction.

of the assumed large noise level and gain-damping factor,
and because of the poor quality of these data and the model-
ing errors inherent in the single-scattering transfer model.
The two aerosol layers at 25 km and 50 km are both real;
although the rms values are large (0.5 in the log of estima-
tion at 25 km and 0.8 in the log of estimation at 50 km), the
estimated increases are even larger (0.7 in the log of estima-
tion at 25 km and 1.2 in the log of estimation at 50 km).
These two layers can both be seen in the raw data as
increases in the X-15-l horizon data at 5800 and 7000 A.
This 50-km layer is in general agreement with the layer
recently measured9 by a rocket-borne sensor at that altitude,
and with the layer suggested by satellite measurements10'11

of an anomalous increase in the backscattered ultraviolet
intensity.

Conclusions

A satellite-borne, horizon-inversion experiment provides
two significant advantages over other techniques for the
monitoring of vertical distributions of aerosols in the upper
atmosphere. First of all, the received signal is not encumbered
by noise and attenuation produced by the lower atmosphere,
and secondly, the altitude of an aerosol layer can be precisely
located to within a fraction of a kilometer by means of highly
accurate satellite ephemeris and attitude control.
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