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Measurements of solar radiation were acquired with a multiwavelength, airborne, tracking sunphotometer
during the First International Satellite Land Surface Climatology Project Field Experiment (FIFE). These
measurements will permit the atmospheric correction of remotely sensed data acquired over the FIFE study area
in eastern Kansas. Atmospheric optical properties derived from the sunphotometer measurements included total
optical depth, aerosol optical depth, aerosol size distribution, aerosol phase function, and aerosol single
scattering albedo. Data analyzed from two dates, June 6 and October 11, 1987, indicated the presence of
aerosols with markedly different optical properties. Aerosol optical depths for the June 6 measurements
exhibited a spectral dependence that peaked at the short wavelengths; whereas optical depths on October 11
decreased monotonically with wavelength and closely followed an Angstrom law wavelength dependence.
Subsequent inversion of these data yielded a unimodal aerosol size distribution for June 6 and a power law size
distribution (consistent with the Angstrom law wavelength dependence) for October 11. These differences are
reflected in plots of the aerosol phase function. Variability of the atmospheric optical properties in both time
and space illustrates the need to make sunphotometer measurements at the same time that remotely sensed data
are acquired.

Introduction

THE main objective of the International Satellite Land
Surface Climatology Project (ISLSCP) is to derive quanti-

tative information on land-surface climatological conditions
from satellite observations of radiation reflected and emitted
from the Earth. The First ISLSCP Field Experiment (FIFE)
sponsored by NASA was conceived as a vehicle for the devel-
opment and validation of methods to convert satellite-ob-
served radiances into climatologically useful variables to ana-
lyze biosphere-atmosphere interactions. One set of problems
associated with the quantitative use of satellite radiances to
derive surface properties involves effects due to the interven-
ing atmosphere. Not only does the atmosphere reduce the
transmission of the incoming, reflected, and emitted radia-
tion, but it contributes reflected and emitted radiation of its
own. Under some conditions, atmospheric radiation com-
prises over 90% of the satellite-observed radiance, but even a
much smaller effect would degrade the quantitative use of
these data unless they are analyzed properly.

The interaction of radiation with the atmosphere is complex
and has proved difficult to calculate without reference to
measurements made at, or close to, the time and location of
interest. Effects due to Rayleigh scattering from atmospheric
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gases are well understood because the major gases (nitrogen
and oxygen) that comprise 99% of the atmosphere are well
mixed, and their concentrations with altitude are known; the
small variations in surface pressure can be accounted for
easily. The effects due to both small particle (aerosol) scatter-
ing and water vapor absorption are quite variable due to the
wide range of aerosol and water vapor concentrations and to
the variety of aerosols found in the atmosphere. Because
aerosol and water vapor concentrations cannot be known a
priori, they must be measured at the time and location of
remote sensing data acquisition. Unfortunately, most remote
sensing investigations have not been able to acquire this infor-
mation. The FIFE Science Plan1 specifically included acquisi-
tion of such data.

Many studies have shown that aerosols affect the trans-
mission of electromagnetic radiation in the atmosphere. The
sizes of the majority of aerosol particles are close to the
wavelength of visible light.2 The physical properties of aero-
sols such as size, shape, refractive index, and concentration in
the atmosphere control the aerosol interaction with light ac-
cording to a set of optical properties. Three fundamental
properties are 1) the aerosol optical depth—an indirect mea-
sure of the size and number of particles present in a given
column of air, 2) the single scattering albedo—the fraction of
light intercepted that is scattered by a single particle, and 3)
the phase function—a measure of the light scattered by a
particle as a function of angle with respect to the direction of
original propagation.

The goal of our research is to provide quantitative correc-
tions for atmospheric effects in remotely sensed data acquired
during FIFE. In this paper, we describe the use of an airborne
tracking sunphotometer mounted on a NASA C-130 aircraft,
which measured solar radiation at the same time as remotely
sensed data were acquired. Aerosol optical depths were
derived from the sunphotometer measurements by calculating
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the total atmospheric optical depths and then subtracting the
best estimates of optical depths due to Rayleigh scattering,
ozone, and nitrogen dioxide. The aerosol optical depths were
subsequently inverted to yield estimates of the columnar aero-
sol size distributions, from which corresponding phase func-
tions and single scattering albedos were calculated using Mie
theory. These data will be used in radiative transfer models to
remove atmospheric effects from remotely sensed data ac-
quired during FIFE.

Background
Airborne Tracking Sunphotometer

Sunphotometry has been a successful technique for measur-
ing multiwavelength aerosol optical depths for some time.
Historically, nearly all measurements have been ground
based.3"6 One problem with ground-based measurements is
that they do not yield information on the vertical profile of
optical depth. To obtain information necessary to correct
aircraft acquired remotely sensed data for atmospheric effects
requires information on the optical properties of the atmo-
sphere between the ground and the sensor. Acquisition of
optical information on the vertical profile is only possible
using an airborne sunphotometer. A second disadvantage with
ground-based sunphotometry is that regional variations of
optical depths cannot be characterized unless sunphotometer
networks are established. Airborne sunphotometry, on the
other hand, provides optical depth information at a spatial
scale required by FIFE with only one instrument.

The airborne tracking sunphotometer is mounted outside
the C-130 aircraft cabin and automatically tracks the sun. The
detector module contains six separate silicon photodetectors,
which view the sun simultaneously at six independent wave-
lengths with a two degree field of view.7'8 Table 1 shows the
wavelengths and the full-width half maximum (FWHM) for
the detector module used during FIFE. The present data ac-
quisition rate is 0.5 Hz corresponding to a spatial sampling
resolution of 200 m at an aircraft speed of 100 m s~!. The
solar tracking system automatically locates the sun if it is
within 25 deg and tracks it to an accuracy of better than 0.2
deg. The large field of view of the sun tracker simplifies initial
pointing and allows reacquisition of the sun if tracking is lost
due to abrupt aircraft movements or interception of an opti-
cally thick cloud.

First ISLSCP Field Experiment
During the late spring, summer and fall of 1987, FIFE

conducted its major field efforts at the Konza Prairie, Kan-
sas, and surrounding grassland areas during four Intensive
Field Campaigns (IFC) of approximately two weeks each.9
The C-130 flew with the airborne tracking sunphotometer
and a suite of remote sensing instruments including the
NS001 Thematic Mapper Simulator, the Thermal Infrared
Multispectral Scanner, the Push Broom Microwave Radiome-
ter, and the Advanced Solid State Array Sensor. Additionally,
remote sensing data were acquired from several Earth-orbiting
satellites including the Advanced Very High Resolution Ra-
diometer (AVHRR) on two National Oceanic and Atmo-
spheric Administration satellites NOAA-9 and NOAA-10, the
Geostationary Orbiting Environmental Satellite (GOES), the
Systeme Probatoire d'Observation de la Terre (SPOT), and
Landsat.

Table 1 Detector wavelength set for FIFE

Wavelength, nm Full-width half maximum, nm
380
450
526
600
940
1020

12.1
5.5
12.1
10.3
14.4
12.1

In addition to radiance measurements made by ground and
helicopter-mounted spectral radiometers, intensive measure-
ments of meteorological conditions, soil moisture, heat, water
vapor, and radiation fluxes were made. Several aircraft mea-
sured momentum, heat, moisture, and carbon dioxide fluxes
over the Konza Prairie to monitor the atmospheric boundary
layer. These data are being shared by over 30 FIFE investiga-
tors to analyze biosphere-atmosphere interactions in support
of the goals and objectives of ISLSCP.

Atmospheric Correction Approach
Although still in its formative stages, our approach to the

atmospheric correction of remotely sensed data for FIFE will
take three steps. First, it will be necessary to make sure all the
radiometric and atmospheric measurements form a complete
and consistent description of the system. This involves radia-
tion entering the top of the atmosphere, its interaction with
the atmosphere, reflection from the surface back into the
atmosphere, and finally, its measurement by a remote sensing
instrument. Unless all the terms balance, the atmospheric
correction problem will not be solvable: at least one of the
measurements will be lacking or faulty. If a complete, well-
understood, but one-dimensional model of the atmosphere/
surface/sensor system is used for this step, the fault will
probably lie in the calibration of the surface or remote sensing
radiometers. Given the most accepted values for extraterres-
trial irradiances10 and optical depths for Rayleigh scatter-
ing,11'12 it may be necessary to adjust the calibration of these
radiometers to achieve a consistent description. A variant of
this approach permitted analysis of Coastal Zone Color Scan-
ner data to achieve a consistent calibration of the instrument
within 1 % and implementation of reasonably accurate atmo-
spheric correction procedures.

The second step in our approach to atmospheric correction
is to formulate a simpler atmospheric model using a single
scattering approximation, which permits the separation of
Rayleigh scattering from scattering caused by aerosols. A
somewhat more complex version of this approach would allow
multiple Rayleigh scattering while keeping the aerosol scatter-
ing separate. The simplified model of the radiances, L, at each
wavelength, received at the sensor can be written

H '==- Lip ~r 1 pi-is (1)

where the subscripts /, p, and s refer to quantities at the
sensor, atmosphere, and surface, respectively, and T is the
diffuse transmittance. The surface radiance Ls is the quantity
we must solve for. The transmittance can be written

where the total optical depth r is the sum of optical depths due
to Rayleigh and aerosol scattering, water vapor, ozone, and
nitrogen dioxide absorption, /x is the cosine of the zenith angle
to the sensor, and JLIO is the cosine of the solar zenith angle. The
path radiance can be decomposed according to the single
scattering approximation:

= Ljr ~T (3)

where r and a refer to the Rayleigh and aerosol components.
Both of these path radiances can be written as

(4)

Hence, in addition to the Rayleigh and aerosol optical
depths rX9 it will be necessary to estimate the single scattering
albedos co* and the scattering phase functions Px. The Ray-
leigh phase function is well known, and wr = 1. King et al.13

presented a method for deriving an aerosol size distribution
from multiwavelength aerosol optical depth measurements.
The aerosol size distribution can be used in Mie theory cou-
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pled with reasonable assumptions about the index of refrac-
tion of the aerosols to estimate the aerosol single scattering
albedo and the aerosol phase function. The other variables
in the equation are more tractable. The extraterrestrial irradi-
ances F0 in each spectral band of the remote sensing instru-
ment are determined by convolving the spectral response of
the band with the measurements of Neckel and Labs.10 The
ozone transmittances ro3, use ozone concentrations modeled
by van Heuklon14 for the full atmospheric path. With the
determination of these parameters, the single scattering model
is complete and will permit the derivation of the surface
radiances.

The third step in our atmospheric correction approach is to
extend the single scattering model. One possibility has been
mentioned previously: incorporate multiple Rayleigh scatter-
ing while still treating aerosol scattering separately. Another
possibility is to modify a two-stream radiative flux model to
obtain directional values or radiances.

Methods
Data Collection

Sunphotometer data were collected during all of the day-
time flights of the C-130 during the four IFCs. Data were
acquired concurrently with the NS001 Thematic Mapper Sim-
ulator and the other instruments at approximately 1850, 3350,
and 5200 m altitude mean sea level (msl) for flight lines over
the Konza Prairie. Data were acquired simultaneously with
SPOT, Landsat, and NOAA-9 and NOAA-10 overpasses on
numerous occasions. During ascent and descent of the C-130
sunphotometer, data were collected, providing altitudinal pro-
files of optical depth. Sunphotometer measurements were
made before and after flights at the Manhattan, Kansas, air-
port to allow measurement of the entire atmospheric slab.
During the ferry run between California and Kansas on Octo-
ber 4, 1987, measurements were acquired that permitted a
calibration of the sunphotometer.

Data Analysis
Measurements of solar radiation were obtained in the form

of voltage from the six photodetectors of the sunphotometer.
Each voltage was assumed to be proportional to the directly
transmitted solar irradiance averaged over the corresponding
filter spectral bandwidth intercepted by the detector. For all
sunphotometer channels except 940 nm, it was assumed that
the attenuation of solar radiation was adequately described by
the Bouguer-Lambert-Beer extinction law:

V = (R7R)2V0e~mT = V6e-mr (5)

where V is the output voltage of the detector at a given
wavelength, F0 is the zero air-mass voltage intercept at that
wavelength for the mean Earth-sun separation R', R is the
Earth-sun separation at the time of observation, m is the
atmospheric air mass between the instrument and the sun, r is
the wavelength-dependent total vertical optical depth above
the sunphotometer, and VQ is the zero-air-mass voltage inter-
cept for the Earth-sun separation R at the time of observation.
This assumption is valid if the amount of diffusely scattered
light collected by the sunphotometer is negligible, a condition
that is generally satisfied for measurements under background
(cloud-free and smoke-free) atmospheric conditions. Charac-
terization of the attenuation in the 940 nm channel is compli-
cated by water vapor absorption bands that, in general, do not
follow Beer's law.

Calibration
To derive reliable estimates of spectral optical depth from

multiwavelength sunphotometer measurements, precise values
of the intercept voltages must be used in Eq. (5). These values
are estimates of the voltages that the instrument would mea-
sure if it were positioned at the5 top of the atmosphere. The

intercept voltages were derived using the NASA Langley plot
calibration method. The least-squares regression line fitting
the logarithm of V plotted against air-mass m was calculated,
thus obtaining VQ by extrapolation to zero air mass:

-mr (6)

The intercepts change over time due to filter degradation,
drift in amplifier gain, detector alignment, or variation in the
solar constant. For the FIFE data acquisition period, intercept
voltages were calculated by interpolation using values derived
from airborne measurements obtained on March 12 and Octo-
ber 4, 1987, and ground-based measurements obtained at
Mauna Loa Observatory, Hawaii, during a six-day period in
early spring 1988.

Derivation of Aerosol Optical Depths
Measurements obtained during FIFE were screened to re-

move low detector voltages due to attenuation by clouds, loss
of sun acquisition during steeply banked turns, or obstruction
of the sun by the C-130 tail section. Air mass was calculated as
a function of time from solar ephemeris data. Corresponding
total spectral optical depths were calculated using Eq. (5). The
total optical depths included attenuation due to molecular
scattering, aerosol extinction, and gaseous absorption:

Tt — Tr TO3 (7)

where the primary gaseous absorbers are nitrogen dioxide
(primarily in the 380- and 450-nm bands), ozone (in the 526-
and 600-nm channels), and water vapor (in the 940-nm band).
Aerosol optical depths were calculated from Eq. (7) after
making reasonable estimates of the Rayleigh and gaseous opti-
cal depth contributions. Rayleigh optical depths were calcu-
lated from the aircraft altimeter measurements and a model
atmosphere. Optical depths due to absorption by nitrogen
dioxide were interpolated from stratospheric column content
measurements by Noxon15 and were less than 0.01 at all wave-
lengths. It was assumed that absorption by tropospheric nitro-
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Fig. 1 Vertical profile of aerosol optical depth acquired during spiral
descent over the FIFE study area on June 6, 1987.
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Fig. 2 Variation of total and aerosol optical depths at 450 and 1020
nm along a 5-km flight line (expressed as a function of time) at an
altitude of 4900 m msl on June 6,1987, for 450 nm, TNOZ = 0.0076 and
703 = 0.0010.
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Fig. 3 Mean spectral optical depths derived from measurements
made on October 11,1987; error bars depict ± la and uncertainties in
the observed aerosol optical depths; the curve indicates the regression
fit to the data using the inverted aerosol size distribution.

gen dioxide was negligible. Estimates of ozone optical depths
were determined from the climatological stratospheric ozone
column content model of van Heuklon,14 which yielded opti-
cal depth values of about 0.032 at 600 nm and 0.014 at 526 nm
for the Konza Prairie based on an ozone column content of
290 matm cm. A more complete description of optical depth
corrections applied to measurements obtained with the air-
borne sunphotometer is presented in Pueschel et al.16

Results
Airborne tracking sunphotometer data acquired during

FIFE were reduced to optical depths and submitted to the
FIFE information system for use by all FIFE investigators for
*'golden and silver days,'' those days when conditions per-
mitted most of the important measurements to be made. Opti-
cal depths were reported every 2 s for individual flight lines,
ascents, descents, satellite overpasses, and surface measure-

ments before and after flights. For each listing, the following
quantities were provided: time, latitude, longitude, altitude,
total optical depths for the six wavelengths, net optical depths
(total optical depth minus the Rayleigh optical depth) for 380,
450, 526, 600, and 1020 nm, and the water vapor overburden
derived from the 940-nm channel. A header file for each group
of measurements was provided that contained ancillary infor-
mation on the zero air-mass voltages used, ozone optical
depths and nitrogen dioxide optical depths. In the following
sections, examples of data are presented as well as products
derived from them including plots of spectral optical depths,
aerosol size distributions, aerosol phase functions, and aerosol
single scattering albedos. In these examples, ozone and nitro-
gen dioxide optical depths have been subtracted from the net
optical depths.

Optical Depths
Figure 1 presents vertical profiles of aerosol optical depths

at 450 and 1020 nm during a descent of the C-130 on June 6,
1987. The atmospheric boundary layer is well defined by the
profile and extends from the surface to approximately 2 km.
This conforms to measurements of the atmospheric boundary
layer made by other FIFE investigators using flux measure-
ments aboard aircraft.

Figure 2 shows optical depths derived from measurements
obtained on June 6, 1987 at approximately 4900 m msl. Three
min of data (representing approximately 90 sunphotometer
observations) are shown for total and aerosol optical depths at
450 and 1020 nm. At 450 nm mpst of the total optical depth is
due to Rayleigh scattering with a very minor contribution
from nitrogen dioxide absorption. The remainder, the aerosol
optical depth, shows a 50% variation along this short (5 km)
flight line. At 1020 nm, most of the total optical depth is due
to the aerosols with only a small Rayleigh contribution. Not
only does the variation in aerosol optical depth along the flight
line exceed 100%, but its correspondence to the aerosol optical
depth at 450 nm is remarkable and extends to some of the
smaller variations along the flight line. There were no clouds
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Fig. 4 Mean spectral optical depths derived from measurements
made on June 6, 1987.
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Fig. 5 Estimated columnar aerosol size distribution and associated
uncertainties derived from the inversion of spectral optical depth data
(October 11, 1987) shown in Fig. 3.

or haze observed at the time of data acquisition according to
the all-sky cameras.17 This result calls into question the often
assumed constancy of aerosol optical depths over such short
distances.

No other determinations of aerosol optical depths were
available for intercomparison on either June 6 or October 11,
1987. Two ground-based sunphotbmeters made measurements
of optical depths nearly simultaneously with ground measure-
ments by the airborne tracking sunphotometer on July 10-11,
1987. Intercdmparisons of aerosol optical depths calculated
using a sunphotometer from NASA Goddard Space Flight
Center showed good agreement, in general, with differences of
0.02 to 0.08 units of optical depth.18 Similar comparisons
performed with a sunphotometer from the Jet Propulsion
Laboratory (JPL) indicated that the JPL instrument was con-
sistently lower by approximately 0.05 units of optical depth.
These differences are considered to be acceptable.

Spectral Dependence of Aerosol Optical Depths
The spectral dependence of aerosol optical depth is often

described according to Angstrom19:

rX = (8)

where \{ is a reference wavelength, and n is the Angstrom
exponent, which is usually in the range of 1-2 for background
aerosols. Figure 3 shows the spectral dependence of optical
depth on October 11, 1987, for a 1800-m msl flight line that
exhibited very little variation in optical depth. The solid curve
indicates the regression fit to the data from the inverted aero-
sol size distribution using the technique of King et al.13; this
line connects aerosol optical depths that have been calculated
from the inverted size distribution. It is virtually indistinguish-
able from an Angstrom law dependence with an exponent of
0.90 ± 0.08. The aerosol optical depth at 600 nm is slightly
elevated from the regression fit. This may indicate insufficient

compensation for ozone or instrumental anomalies with the
600-nm detector, which had been observed from time to time.

Figure 4 shows the spectral dependence for the optical
depths at the surface on June 6, 1987, a few hours prior to
acquisition of the data shown in Fig. 2. Almost all the corre-
sponding optical depths are somewhat higher than in both
Figs. 2 and 3, as might be expected for a surface location. The
spectral dependence of the aerosol optical depths can no
longer be characterized by the straight-line relationship of the
Angstrom law, The aerosol optical depth at 380 nm is signifi-
cantly lower than at 450 nm, suggesting that the aerosol size
distribution fails off at low radii. Several possibilities for
errors in data processing were examined to explain this result
but none were found that would eliminate the effect. Similar
results were also observed in other data from this date (both
the high and low Optical depth regions of the flight line at 4900
m shown in Fig. 2). The aerosol optical depth at 380 nm was
lower than at 450 nm in both instances. We concluded that this
result was characteristic for the atmosphere on that date. Note
that the 600-nm aerosol optical depth appears to be consistent
with surrounding values.

Subtracting the spectral optical depths of the low optical
depth region of the data presented in Fig. 2 from those of the
high optical depth region resulted in differences that were
optically neutral (n = 0). This type of spectral dependence is
typical of cirrus clouds lending credence to the existence of
subvisible cirrus clouds above 5000 m.

Inversion to Obtain Aerosol Size Distributions
The aerosol optical depths shown in Fig. 3 for October 11,

1987, were inverted to estimate columnar aerosol size distribu-
tions. The size distributions shown in Fig. 5 are results from
the first, fourth, and final (eighth) iterations of the con-
strained linear inversion procedure. The results of the itera-
tions are nearly indistinguishable in Fig. 5 and closely approx-
imate a power law distribution. This result is not surprising
since the initial size distribution was a power law relationship

10
100 1000

RADIUS, nm
Fig. 6 Estimated columnar size distribution and associated uncer-
tainties derived from the inversion of spectral aerosol optical depth
data (June 6, 1987) shown in Fig. 4.
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Fig. 7 Phase function calculated from aerosol size distribution for
data obtained on October 11, 1987.
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Fig. 8 Phase function calculated from aerosol size distribution for
data obtained on June 6, 1987.

that was calculated by assuming an Angstrom law depen-
dence. The inversion was carried out over the radius range of
50 to 3000 nm with an index of refraction of 1.50-0.01/, which
is reasonable for Kansas. King et al.13 showed that inversion is
not very sensitive to the exact choice of the index of refraction.
The columnar aerosol size distribution was used to obtain a
regression fit to the aerosol optical depths, and the result is
shown as the solid curve through the aerosol optical depths in
Fig. 3. The regression provides an excellent fit to the data.

Figure 6 displays the results of the inversion process for the
spectral-aerosol optical depth data shown in Fig. 4 for June 6,
1987. The size distributions for the first, fourth, and final
iterations are shown. The final iteration shows a peak in the
columnar distribution at 200 nm in radius. The peak is a direct
consequence of the decrease in aerosol optical depth from 450
to 380 nm. The changes in the columnar size distributions
throughout the iterations indicates the degree of difficulty the
procedure had in satisfying the constraints on the inversion
process. This is also observed by the regression fit the size
distribution yielded for the spectral optical depths as shown by
the solid curve in Fig. 4. The curve does not pass through the
specified error limits.

Aerosol Phase Function and Single Scattering Albedo
Figures 7 and 8 show the normalized phase functions calcu-

lated from the inverted aerosol size distributions for data
obtained on October 11 and June 6, 1987, respectively. The
phase functions are normalized to yield a total scattering
probability of unity. As expected, the phase functions are
peaked predominantly in the forward direction and, to a lesser
extent, in the backward direction. There is more forward
scattering observed in the plot of the October 11 data than is
observed in the June 6 data. This is a result of the differences
in the two aerosol size distributions since the other parameters
were held constant. Additionally, there is a distinct wave-
length dependence to the phase functions calculated from the
June 6 data that is not observed in the October 11 data. The

single scattering albedo calculated for sunphotometer data
acquired on October 11 ranged from 0.889 to 0.891, whereas
for June 6 it ranged from 0.935 to 0.950. These results are a
function of the assumed refractive index of 1.5-0.01/.

Summary
Because the objective of FIFE is to derive quantitative in-

formation on land surface climatological conditions from sat-
ellite remote sensing measurements, it is necessary to quantify
the effect of the atmosphere on these data. From measure-
ments of solar radiation made by the airborne tracking sun-
photometer, atmospheric optical properties necessary to per-
form atmospheric corrections were calculated. Variability in
atmospheric optical properties across some of the flight lines
illustrates the need for an instrument that can measure this
spatial variation. Substantial differences in atmospheric opti-
cal properties were observed in the June 6 and October 11 data
sets. These differences emphasize the need to make quantita-
tive measurements of atmospheric optical properties at the
time of remote sensing data acquisition. The atmospheric
optical properties calculated from measurements made by the
airborne tracking sunphotometer will allow atmospheric cor-
rections to be performed to the remotely sensed data acquired
during FIFE.
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