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ABSTRACT

High—resolution spectral radiance measurements were taken by a spectral radiometer on board a heli-
copter over the US Oklahoma Southern Great Plain near the Aimospheric Radiation Measurements (ARM)
site during August 1998, The radiometer has a speciral range from 350 nm to 2500 nm at 1 pm resolution.
The measurements covered several grass and cropland scene types at multiple solar zenith angles. Detailed
atmospheric corrections using the Moderate Resolution Transmittance (MODTRAN) radiation model and
in—situ sounding and acrosol measurements have been applied to the helicopter measurements in order 1o re-
trieve the surface and top of atmosphere (TOA) Bidirectional Reflectance Distribution Function (BRDF)
characteristics. The atmospheric corrections are most significant in the visible wavelengths and in the strong
water vapor absorption wavelengths in the near infrared region, Adjusting the BRDF to TOA requires a
larger correction in the visible channcls since Rayleigh scattering contributes significantly to the TOA
reflectance. The opposite corrections to the visible and near infrarred wavelengths can alter the radiance dif-
ference and ratio that many remote sensing techniques are based on, such as the normalized difference vege-
tation index (NDVT), The data show that surface BRDFs and spectral albedos are highly sensitive to the veg-
etation type and solsr zenith angle while BRDF at TOA depends more on atmospheric conditions and the vi
ewing geometry, Comparison with the Clouds and the Earth’s Radiant Energy System (CERES) derived
clear sky Angular Distribution Model (ADM} for crop and grass scenc type shows a standard deviation of
0.0 in broadband anisotropic function at 25° solar zenith angle and 0.15 at 50° solar zenith angle,
respectively,
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1. Introduction

The classical definition of bi—directional reflectance—distribution function (BRDF) is a
derivative, distribution function, relating the irradiance incident from one given direction to
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its contribution to the radiance reflected in another direction (Nicodemus et al., 1977)
f,(oi,rpi:(?,,(p,)= dL (0,00, 0. E)/ dE; 0, ¢;) [SP'_[], 4}

where  (zenith angle) and ¢ (azimuth angle) together indicate a direction, the subseript i indi-
cates quantities associated with incident radiant flux, the subscript r indicates reflected ra-
diant flux, E; is incident irradiance, L, is reflected radiance, and d indicates a differential quan-
tity.

In earth remote sensing, the angular distribution of the reflectance for incoming solar ra-
diation at given solar zenith angle is crucial in converting radiances to the irradiance (Wielicki
et al., 1996, Green and Hinton, 1996). The direction of the sun indicated by solar zenith angle
(0,) and the direction for the reflectance (0, ¢} comprises the bidirectional concept in this con-
text (where ¢ is relative to sun azimuth angle). The commonly used parameters describing
BRDF characteristics include anisotropic parameter and bidirectional reflectance factor, etc.
The anisotropic parameter is defined as the ratio of the equivalent Lambertion flux to the ac-
tual flux (Suttles et al, 1988), Let M(@,) be hemispheric reflected flux, R(6,.0,0) for
anisotropic function (ASF), then,
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The ASF is widely used in the satellite Angular Distribution Model (ADM), which con-
vert radiance measurements into fluxes, The ADM is normalized so that
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The BRDF reflectivity is defined as the ratio of actual radiance (o the radiance from a
perfectly diffuse nonabsorbing surface, following Capderou (1988)
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This formula can be applied at the top of the atmosphere (TOA), where E is the TOA nor-

mal solar irradiance, that is, the solar constant corrected for the earth—sun distance. To bring

down this formula to the surface, we can use the hemispherical downwelling flux (M,,) in-
stead of Ecos(fly) in (5), so that it becomes

p(0o.8,0)= nL(6.0.0)M 4, (6)

The surface BRDF, as defined above for this work, depends upon the sun, atmosphere,
and viewing geometry, as well as the surface composition and structure, A more rigorously de-
fined BRDF would be expressed as a function of two angles (incident and reflected) and be
valid at particular wavelength (monochromatic); it would then indeed be a property of the sur-
face and not depend uont the atmosphere or sun, We have adopted an alternative definition
wherein the incident beam, which is enumerated by the solar zenity angle, also consists of dif-
fuse radiation scattered downward by the atmosphere, Our BRDF span narrow wavelength in-
tervals and are not monochromatic. The BRDF's of surface canopies are sometimes used for
classifying the global ecosystem (Middleton, 1991; Liet al,, 1995; Qin et al., 1998; Sanderm-
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¢ier et al,, 1999), Data collected in this study is mainly for (a) testing radiative transfer mod-
eling and {b) improving satellite remote sensing of clouds and radiative fluxes.

Section 2 will introduce a helicopter BRDF campaign and the initial processing of the da-
ta. In Section 3, a radiative transfer model is used to correct the BRDF measurements to sur-
face and TOA., Section 4 discusses the effect of atmospheric correction to the BRDF and the
resulted surface and TOA BRDF characteristics, The last section summaries current work,

2. Dats and initial processing

The CERES ARM Radiation Experiment (CARE) is a joint effort of the Clouds and the
Earth’s Radiant Energy System (CERES, Wielicki, B. A., et al.,, 1996) and the Atmospheric
Radiation Measurement (ARM, Stokes and Schwartz, 1994). CERES is designed to provide
comprehensive surface radiometric measurements and airborne scanning measurements of the
bi—directional reflectance distribution function (BRDF) for a variety of ecosystems
worldwide to validate and be incorporated into the CERES retrieval algorithm. The lack of
agreement between thoery and measurement for shortwave in clear conditions in the CERES
ARM GEWEX Experiment (CAGEX, Charlock and Alberta, 1996) and in the related sutdies
(ie., Kato et al, 1997) suggested the need for a better understanding of surface optics. The
first CARE field campaign, CARE 1, was conducted in north—central Oklahoma in the vicini-
ty of the department of energy’s Cloud and Atmospheric Radiation Testbed (CART) facility
during August 1998. CERES has adopted the International Geo—sphere Biosphere Pro-
gramme’s {IGBP) surface characterization scheme in which the earth’s surface is composed of
17 distinet homogeneous categories. The principal focus of CARE I was to provide compre-
hensive clear—sky BRDF measurements for mid—continental cropland during late summer.
Coincident CERES Airborne Radiometer Scanner (ARS) reflected spectral directional ra-
diance and upwelling irradiance measurements, CERES and CART site surface flux and
aerosol measurements, and CERES # TRMM satellite observations constitute a comprehen-
sive data set providing investigators with an opportunity to validate models and satellite
retrieval algorithms,

North central Oklahoma in the vicinity of the SGP CART site is an agricultural region
dominated by the production of winter wheat, and to a less degree, some soybeans, sorghum,
grass, and alfalfa field, The predominant soil types in this area are either silt loam or silty clay
loam in composition. Relief in this region is generally minor, less than 1 vertical meter relief
per 500 horizontal meters. Pre—mission aerial and surface reconnaissance had selected five
large homogeneous fields near the central facility for intensive BRDF study. The selected tar-
gets include fields of milo, soybean, alfalfa, grass and wheat (the wheat field was then fallow
and consisted of bare soil, so it is referred to as bare soil in this paper). A typical CERES foot-
print in this region consists of a mosaic of such fields, each of which has a different speciral
BRDF.

Airborne measurements were performed by the CERES ARS system. The system was car-
ried aboard a Bell UH-1h helicopter. It was originally developed to derive desert BRDFs
(Purgold et al., 1994) and later improved by adding GPS and other instruments (Wheeler et
al, 1997), The system was updated for the CARE experiment to improve the data resolution
and in—flight stability, A spectral radiometer with 5° field of view {FOV) was installed to pro-
vide the directional radiance measurements for the determination of BRDF estimates for a
given surface target, Measurements were repeated for specific targets for multiple solar zenith
angles from 75 degrees to 20 degrees, Each BRDF flight profile consists of a five—leg pattern
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over a given target of interest (Fig. 1a shows the horizontal geometry). With respect to the sun
azimuth angle, the legs were flown at 0, 20, 45, 90, and 135 degrees. During each leg of the pat-
tern the target is “ tracked” through a range of viewing zeniths from +75 degrees to —75 de-
grees. The vertical geometry of the maneuver is shown in Fig. 1b, wherein the helicopter flies
from left to right. Measurements were taken from an altitude of 300 m Average Ground Level
(AGL) at a nominal speed of 25.7 m/ 5. Data was collected at 4 Hz, corresponding to a reso-
lution of approximately 1° in view zenity angle, As the instrument FOV (field of view) is 5°,
the 300 m altitude results in average surface footprint diameters ranging from 27 m at nadir to
approximately 408 m at 75° viewing zenith. It takes about 12 minutes for the helicopter to
complete the 5—leg maneuver, The spectral resolution for the reflectance measurements is 1
nm over the range of 0,3 10 2.5 um. These high viewing zenity angle and spectral resolution ca-
pabilities surpass those of some other existing systems (ie., ASAS (Ranson et al, 1994);
PARABOLA (Deering et al, 1992); and MODIS Airborne Simulator (MAS, King et al,
1996)) currently in use for BRDF validation studies.

A total of 31 complete BRDF measurements were obtained by the helicopter on six clear
mornings during August 3-28, 1998. A “complete” BRDF means that the helicopter had com-
pleted all 5 legs (only 4 legs for milo at 25° solar zenith angle). Table 1 lists the julian days at
which the BRDF measurements for a given scene (row) and approximate SZA (column) was
taken, Note that the measurements for each scene type and SZA were generally not taken dur-
ing the same day, Changes in local conditions during CARE 1 are not accounted in Table 1.
For example: By tilting the stem of a plant, a gross change in wind speed (or direction when at
high speed) can affect the BRDF as much as ‘a change of a few degrees in SZA, Change in sur-
face moisture due to precipitation or evaporation affects the albedo of exposed soil, Daily
growth of the vegetation canopy also has an effect on BRDF.

Table 1. BRDF measurements taken during August 1998

SZA/ . o o o o o 0
25 3s° 40 45 50 65 70 75
Scene
Grass 229 219 219 219 219 19 219 219
Milo 229 X 228 227 227 226 226 226
Soybean 229 X 229 228 228 227 227 227
Bare Soil 229 X 227 218 226 218 218 218
Alfalfa X X X 229 229 X X X

The raw data appear in different zenith angle intervals due to the combined effect of heli-
copter forward speed and pod angle rotation rates. Since the helicopter was pointing at the fix-
ed surface target, the viewing zenith angle changes much faster near the nadir point than
at the higher viewing zenith angles. The effective resolution for viewing zenith angle changes
from about 0.2 degrees to 2.5 degrees and back to 0.2 degrees during one leg flight, Figure 2
shows the raw data of one BRDF measurement made at solar zenith angle of approximately
42° over the soybean field, Besides the noise which is likely related to the heterogeneity of the
surface, peaks in the forward and backward directions are perceivable, The maximum ra-
diance near the anti—solar direction (—42°) in Leg 1 is the signal of a hot spot (an increase in
brightness at the viewing angle with minimum shadow).

The initial data processing includes converting the helicopter geometry into relative
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Fig. 2. The radiance measurements of § legs at one complete BRDF flight.

surface geometry, smoothing and re—sampling the radiance into regular 1° zenith angle grid.
Data beyond the view zenith angle is of 70° are not used because they are usually noisy (partly
due to large footprint size.and difficulty of aiming at the ground target). A Lee filter (Lee,
1986) that smoothes addilive noise by generating statistics in a local neighborhood was used
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to minimize the measurement noise. Special attention was paid to the measurements near the
hot spot area, where we avoided over smoothing by using a narrower window for the Lee fil-
tet,

The spectral albedos are calculated from spectral upwelling and downwelling fluxes. The
downwelling flux was measured by a similar spectral radiometer with 180° FOV located near
the surface in the central of the BRDF measurements, Upwelling flux was integrated from the
helicopter radiance measurements using equation {2}, The radiance beyond 70 degree viewing
zenith angle was extrapolated; this will introduce some error, Interpolation in azimuth angle
is also required, as the flight pattern (Fig. 1a) has only 5 legs, These high resolution spectral
albedos in multiple solar zenith angles are a useful supplement of the BRDF measurements,
they will be used to retrieve the surface and atmospheric radiation budget SARB in CERES
and are suitable for application in GCM radiation packages.

3. Atmospheric correction

3.1 A standard example

To develop a BRDF for the surface with measurements taken by a helicopter, we must ac-
count for the intervening atmosphere; the change in radiant intensity through absorption and
scattering by gases and aerosols in the path. While absorption and single scattering along the
path tend to attenuate the radiance, multiple scattering into the path enhances the radiance,
We have chosen a standard mid—latitude atmosphere with and without boundary layer
aerosol 1o show the magnitude of the atmospheric correction for the visible and near infrared
bands. This is most prominent between the helicopter level and TOA, and with the presence
of aerosol. Figures 3a and 3b show that for visible band, the enhancement by multiple scat-
teting is larger than the attenuation by absorption. The multiple scattering is even larger with
the presence of boundary layer aerosols which also cause radiance peaks in the forward direc-
tion. For the near IR, due to gaseous absorption, the radiance at 300 m is weaker than at the
surface, This is because both aerosol and molecular scattering optical depths decreases quick-
Iy with wavelengths while gaseous absorption mostly occurs in near IR, Figure 4 shows the ra-
diance difference between TOA and surface, The cotrrection patterns are similar to the pre-
vious figure with positive correction for visible band and negative correction for near IR in
most angular region. The magnitudes of the correction for TOA are larger due to longer dis-
tance between the surface and TOA and hence larger optical depth in between. Under
aerosol-loaded condition, both forward and backward directions have peak radiance at TOA
due to the limb brightening effect of aerosol (forward) and rayleigh scattering (backward) in
the visible band (Fig. 4b). For the near IR, the molecular scattering decreases more sharply
than the scattering by particles so that in the backward direction, abserption dominates while
in the forward direction, the aerosol forward scattering still dominates the absorption process
(Fig, 4). The other important factor is that acrosol phase function is strongly forward peaked
and molecular scattering phase function is symmetry in the forward and backward directions.
The figures also show the angular dependence of the correction of radiance. The absorption is
symmetric along azimuth direction with larger values occurring at higher viewing zenith angle
where the absotption optical depth is larger (Figs. 3¢ and 4c), The multiple scattering of
aerosol has peaks in the forward direction (Figs. 3b, 3d and Figs. 4b, 4d),

Thus atmospheric correction is needed to bring the helicopter BRDF measurements
down to the surface. The same correction is requited if these BRDF are to be used at the
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TOA., There ar¢ many atmospheric correction algorithms, mostly for the correction rom top
of atmosphere to the surface or vise versa (Whitlock and Stuart, 1997; Wanner ¢t al., 1997},
In this study, we have employed a full radiative transfer model to conduct the required correc-
tion. The Moderale—Resolution Trnasmittance (MODTRAN) radiation model is chosen be-
cause it includes absorption, single scartering and multiple scattering processes involving both
molecules and acrosols, It calculates atmospheric radiance and transmittunce for
wavenumbers from 0 to 50,000 em ™ at a nominal spectral resolution of 2 ¢cm™ (Abreu and
Anderson, 1996), The model fits the required spectral range and resolution with acceptable
speed. It is used to compute the radiance difference at the helicopter and surface (or TOA) lev-
els with in—situ soundings and aerosol profiles, The model calculated radiance difference tells
how much correction is needed.
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3.2 fnput for BROF correction

The input to MODTRAN for the BRDF correction includes the atmospheric soundings
which were launched before the helicopter took off, Since all the BRDF measurements were
taken in the mornings, in case of clear days, a few completed BRDF measurements can be
taken. such as on August 7 {see Table 1), and two or three soumdings were launched in the
same period of time, We averaged two or three sounding profiles for BRDF correction in or-
der to simplify the processing and reduce the random errors in the sounding, based on the ob-
servation that the lemperature and water vapor mixing ritio did not change dramatically in a
short periad of time, We use the sounding temperate, wiler vapor mixing ratio from surface
to 12 km and the mid—latitude summer atmosphere above 12 km, The daily total ozone from
TOMS (Total Ozone Mapping Spectrometer. http: // toms, gsle.nasa, gov) is used to scale the
default ozone profile and CO, mixing ratio is set as 355 ppmv.

As aerosol is important in the atmospheric correclion while it is difficult to be measured
accurately, we collected the aerosol measurements for the August 1998 period from different
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instruments, Kato et al. (2000) have compared acrosol optical depth from airborne and
ground—based measurements in ARM Oklahoma Central Facility for the period of August
1998, The airborne data were taken by a Gulf—stream aircraft from near surface to about §
km over the central facility. The measurements include the scattering coefficient by an inte-
grating nephelometer at wavelength of 450 nm, 550 nm and 700 nm and the absorption
coefficient by a particle soot absorption photometer at wavelength 565 nm. The extinction
coefficient at 550 nm is obtained by adding the scattering coefficient at 550 nm and
absorption coefficient at 565 nm (assuming the absorption coefficint is the same for 565 nm
and 550 nm). The acrosol optical depth derived from surface instrument include those from
the multifilter rotating shadowband radiometer (MFRSR, Harrison et al, 1994) at wave-
length of 415, 499, 620, 665, 862 nm and from Cimel sun—photometer operated by Aerosol
Robotic Network (AERONET, Holben et al., 2000), Both instruments are ¢stimated to have
uncertainty of 0,01 for the optical depth, Since the total optical depth integrated from the ex-
tinction coefficient profile from aircraft does not match the optical depth derived from surface
instrument, the MFRSR total aerosol optical depth at 550 nm is interpolated using Angstrom
relation (Kato et al., 2000) and then used to scale the aircraft 550 nm extinction coefficient,
which is used as input aerosol profile for the MODTRAN, The layer averaged absorption
coefficient at 450 nm, 550 nm, 700 nm is normalized to extinction coefficient at 550 nm and al-
50 used as MODTRAN input,

However, the aircraft measurements only coincident with 3 days of BRDF measurements
(Aug, 14, 15, and 17). For the other three days (Aug. 6, 7, and 16), we have used the extinc-
tion profiles from Raman Lidar measurements. The Raman Lidar uses aerosol backscattering
property to retrieve the extinction coefficient at wavelength of 355 nm. MPFRSR optical depth
and Angstrom relations are used again to scale the Raman Lidar extinction coefTicient to the
550 nm, Since there is no absorption coefficient available, we used the average absorption
coefficient of the available three days,

The other parameter for compleie description of aerosol optical property is the phase
function which decides the direction of scattered radiation, The BRDF correction requires ac-
curate information of the scattering direction. The aerosol size distribution and refractive in-
dex are basic parameters in order to estimate phase function using the Mie thoery. An alterna-
tive Henyey—Greenstein phase function uses only a single asymmetry parameter, The
asymmetry parameter recorded for the average—continental aerosol ranges from 0.64 to 0.74
(d’Almeida et al., 1991). A median value of 0.68 which represents the asymmetry parameter at
80% relative humidity was chosen for this calcuiation.

The last important input for the model is the surface reflectivity. An ideal model for
BRDF atmospheric correction should have a BRDF surface model as any radiation model
should have, as the reflectance at surface can affect the amount the atmosphere modifies in
the path, But MODTRANS3.7 has not yet incorporated surface BRDF capacity and even if it
does, it would involve inversion process to input true surface BRDF. For the first order ap-
proximation, we would apply the observed spectral albedo which is available for each BRDF
case from measurements (Fig. 5). They have captured detailed variation of albedo with the
wavelength and solar zenith angle, True surface albedo can be derived using the corrected sur-
face radiance, which means a few iterations will improve the results, For now, we consider
that the direct spectral albedo as defined in the above are enough for the BRDF correction,
we have to further resample the speciral albedo into 50 nm interval, since the model can only
input limited number of spectral intervals,
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4. Results and discussion

In order for the model to predict the atmospheric cortection component, the basic re-
quirement is for the model to be able to reproduce the observed radiance, Since MODTRAN
only has a Lambertian surface, it is unlikely that model’s radiance at 300 m should be the
same as the helicopter measurements, The angular dependence of the observed radiance at
300 m is partly due to the anisotropic reflectance at the surface, and partly due to the atmos-
pheric and aerosol effect. By taking out the atmospheric and aerosol effect, we can preserve
the angular dependence of the surface, It is reasonable to require that the model be able to re-
produce the observed downwelling flux since it does not depend on surface reflectivity as
much so that it can be used to check that the input parameters are set up correctly,

Figure 6 shows surface downwelling fluxes and upwelling fluxes at 300 m from the model
and observation for soybean field at solar zenith angle of 25°, From the figure, the model cap-
tures the spectral shape very well. It underestimates both the downwelling and upwelling flux
around 700 nm to 1100 nm. The underestimate of upwelling can partly be contributed to the
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pnderestimate of downwelling flux. The other cases have similar result, Generally, the model’s
downwelling fluxes are within 10% of the observed surface downwelling fluxes and the upwell-
ing fluxes are with 5%. The discrepancy between model and observations can come from
many sources. Other than the model’s assumptions, the input and the observed fluxes can be
major sources of error. The spectral radiometer is carefully calibrated and the reported
uncertainty is $%. As the major difference occurs smoothly in the near infrared region, it is
most likely related with aerosol specification. Since a thorough validation is not the task of
this work, and what we want from the model is the radiance difference between the two levels,
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this computation is considered adequate.

The actual atmospheric correction is quite consistent with what we saw from the stand-
ard case above, The difference of the spectral fluxes between 300 m and surface shows smooth
positive values in visible regions and negative values in the near infrared (Fig. 7a). The former
1s mainly due to the dominating aercsol and molecular scattering over gas absorption, Both
the molecular scattering (Rayleigh) and aerosol (Mie) scattering decrease with the
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wavelength, especially for rayleigh scattering (r< A7), In the near IR region, the major correc-
tion occurs in those strong absorption bands where line structures are obvious. The correction
to TOA has the similar nature, but in the visible region, the TOA flux is far larger than the di-
rect surface reflectance due to the back scattering and multiple scattering contributions of the
whole atmospheric layer. The difference in the near IR is relatively small since most of the
absorption occurs below 300 m and saturated line does not affect radiance from 300 m to
TOA (Fig. 7b).

Figure 8 shows the anisotropic factor (ASF) of the soybean field at SZA of 25° at
surface, helicopter level and TOA for wavelength 400 nm and 900 nm. Only BRDF at the heli-
copter level is direct measurement. The surface and TOA BRDF are corrected from the heli-
copter measurements. For the same scene type and same solar zenith angle, the surface BRDF
shows strong hot spot in the anti~solar direction at 400 nm. At the TOA, hot spot is barely
recognizable due to the overwhelming backscattering contributions. This is also shown in the
albedo values. The albedo at the surface differs only slightly from the measurement due to the
short distance, while the albedo at TOA is much larger, At 900 nm, the albedo at TOA is smal-
ler than the surface albedo due to the absorption effect. The hot spot is still obvious.

Figure 9 shows the correction to spectral albedos for different scene types at 500 nm and
900 nm wavelengths with the change of solar zenith angle. At the visible channel, the albedo
increases with the cosine SZA for all the scene types. The atmospheric correction not only
makes the albedo value smaller but flatter with the solar zenith angle (Fig. 9a). The albedos in
the visible channels are generally much smaller than the Near IR region due to the
photosynthetic absorption by vegetation (Fig. 5). The relative correction at the near IR is sma-
ler and depends on the absorption bands (Fig. 9b). The opposite change of radiance at visible
wavelengths and near IR wavelengths will affect the radiance difference or ratio which many
remote sensing techniques are based on. For example, the normalized difference vegetation in-
dex (NDVI) is computed from the radiance at one visible channel and one near IR channel
(Pinker and Laszlo, 1992). In Fig. 10, NDVI computed from nadir radiance at 500 nm and
900 nm are shown for three scene types at TOA, 300 m and surface, For soybean and grass
fields, NDVI at 300 m is around 0.4 and 0.3 respectively. NDVI at surface is systematically
larger than the ones at 300 m (Figs. 10a and 10b). The NDVI at TOA is negative since ra-
diance at 500 nm is larger than at 900 nm at TOA due to back scattering contribution to visi-
ble channel and absorption in the near IR, The ND VI for bare soil is very small at surface due
to little vegetation (Fig, 10c).

The grass field ASF at selected wavelengths (500 nm and 900 nm) and solar zenith angles
(25° and 65°) are shown in Fig. 11. The variation of surface BRDF with the wavelength and
solar zenith angle is well represented here. The hot spot signal is most prominent at 500 am at
the solar zenith angle of 25° (Fig. 11a), The same plot shows that for visible channel, the over-
all reflectance at backward direction is stronger than the forward direction, At 500 nm, the
surface is less anisotropic as the ASF has small variation (note that a Lambertian surface will
have uniform ASF of unit). At high solar zenith angle (65°), both forward and backward scat-
tering peaks are prominent at 500 nm (Fig. 11c) while the peak shifts toward more backward
at 900 nm (Fig, 11d).

The BRDF at TOA has similar pattern and variations as at the surface (Fig. 12). The hot
spot signal is less obvious at 500 nm even at small solar zenith angle (Fig, 12a), The forward
and backward scattering at high viewing zenith angle (the limb brightening) is much stronger
at high solar zenith angle (Figs.12c and 12d). It demonstrates the necessity to carefully ireat
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Fig. 9. Spectral albedos with the cosine of solar zenith angle at surface and 300 m. The left pancls

are for wavelength at 500 nm, the right panels for wavelength at 900 nm,

the TOA anisotropy properties such as required by CERES ADM (angular dependence mod-
el), especially for high solar zenith angles.

One of the main objectives of the CARE experiment is to provide a validation data set
for the CERES algorithm. The CERES ADM is used to convert the satellite measured ra-
diance to fluxes at the TOA, Preliminary clear sky ADMs from CERES TRMM have been
constructsd based on 80 days of CERES Rotating Azimuth Plane (RAP) scanner
measurements, It follows the IGBP classification of ground scene type. The BRDF brought
up 1o the TOA in this study should be directly comparable to the CERES clear sky ADM for
the same scene types, although the former is based on a particular location and a particular
day, while the later is a blend of measurements for the scene type at different times,

Figure 13 compares the ASF of different scenes at solar principle plane at selected solar
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Fig, 10, NDVI at surface, 300 m and TOA with the cosine of solar zenith angle for soybean, grass
and bare soil field.

zenith angle (25° and 50°). The 500 nm ASF of the four scenes at surface differ quite obviously
at both 25° and 50° solar zenith angle due to different vegetation structure (Figs. 13a and
13b). The milo and grass field have the largest contrast in the forward and backward
direction, The bare soil has the smallest variation along the principle plane. The intensities of
hot spots for difference scenes are quite different. The BRDF at the same wavelength at TOA
has less variation for different scene types as the atmospheric effect has smoothed out the sur-
face difference (Figs. 13c and 13d). The hot spot at 25° solar zenith angle is much weaker but

1
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still visible (Fig. 13c) leigums 13¢ and 13f show the broadband BRDF from CARE (inte-
grated from 350 nm to 2200 nm) as well as CERES ADM:s for the cropland and grass. We
can see that the CERES ADMs match the corrected BRDF quite well. The large difference oc-
curs at high viewing zenith angle at 50° solar zenith angle, The CERES ADM has larger ASF
than CARF at backward direction while smaller in the forward direction, Besides that the da-
ta are collected at different time (thus different atmospheric and aerosol conditions), the
CARLE BRDF at TOA may have over corrected at forward direction and under corrected at
the backward direction becausc of the Lambertian surface assumption. The peak near
50° view zenith angle in the forward direction for CERES crop 15 likely observational error.
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The rms of ASF between CARE cropland (milo and soybean) and CERES crop/ mosaic is
0.07 at 25° solar zenilth angle and 0,13 at 50” solar zenith angle. For the grass lield, the rms
are 0,08 and 0,15 a1 25" and 50" solar zenith angle, respectively,

5. Concluding remarks

A total of 31 BRDF measurements were taken during CERES ARM Radiation Experi-
ments (CARE 1) by the ARS helicopter platform during August 1998, These measurements
utilize multiple sensors to obtain helicopter directional spectral radiance measurements and
sround hemispheric flux estimates, The helicopter BRDI" measurements are corrected to sur-
face as well as top of atmosphere using MODTRAN radiation model and in—situ atmospher-



1602 Advances in Atmospheric Sciences

Vol.

SZA = 25 SZA = 50
500 nm AT SURFACE
(o) (&)
2.0 T 20
% - milo x
5 '|.5r ...... soybeam e 15
= - = gross g
o —.=. bore soif
[3)
o 1.0f 1 o 1.0
g "t TwRg 2
= =
o (=]
9 05 @ Q5
2 z
0.0 n L . s 0.0 — —
-80-650-40-20 0 20 40 &0 80 -B0-60-40-20 0 20 40 60 BO
500 nm AT TOA
(e) (d)
20 " 0 — ~F
[ 4 ¢4 A
(=] A
g 1ot ] E 18f R, ]
w o Ny
o 1)
g 2 ol N ]
% (v} é 1.0
& £ e e st
2 05 2 osf 1
2 2
0.0 " ) 0.0 PP L L
-80-60-40-20 O 20 40 50 80 -80-60-40-20 O 20 40 60 80
BROADBAND AT TOA
(e) ()
20 20
- — CERES crop o —— CERES ¢rop
5 15} — - CERES grosst £ 15 — _ CERES grgss
[nd < 4
g 2 10f
g E
3 o5} | 2 ost
2 E
0L " Q.0 ' N .

-80-60-40-20 0O 20 40 60 80
WVIEW ZENITH ANGLE

Fig. 13, Anisotropic factors at principk plane for (2) milo (solid line), soybean (dottad line), prass
(dashed line) and bare soil (dash dotted line) field at 500 nm and solar zenith angle of 25° at sur-
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solar zenith angle of 50°,

ic soundings and aerosol measurements,

-80-60-40-20 0 20 40 60 80

VIEW ZENITH ANGLE

The atmospheric correction to surface results in weaker radiance at visible wavelengths
and stronger radiance at near infrared absorption bands. The correction to TOA is much larg-
er and has opposite effect. The opposite change in visible and near IR can affect spectral dif-
ference or ratio which many remote sensing techniques are based on, such as the normalized

differential vegetation index (NDVI),

From these measurements, it is found that surface BRDF is very sensitive 1o ihe scene
type as well as the viewing geometry. The BRDF at TOA is less sensitive to subtle variation of

1
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surface scene type but depend more on atmosphere and acrosol conditions, Considerable
agreement is found when comparing the BRDF corrected to TOA from this work with the
CERES clear sky ADM for vegetation and grass fields. Large discrepancy is likely to appear
at high solar zenith angle and high viewing zenith angle, in which case the atmosphere and
aerosol multiple scattering play an important role.

We have been benefited significantly from discussions with Dr. Y. Hu, C. Whitlock and F. Ros¢ in the course of
this work. D. Rutan provided the MFRSR data for August 1998, This work is supported by NASA NASI-19570,
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