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GLOSSARY OF ACRONYMS

A

ACP (Aerosol Climatology Product)

AGP (Ancillary Geographic Product)

ATB (Algorithm Theoretical Basis)

AVHRR (Advanced Very High Resolution Radiometer)
AZM (Azimuthal Model)

B

BOA (Bottom-of-Atmosphere)

BRF (Bidirectional Reflectance Factor)

D

DAAC (Distributed Active Archive Center)
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DDV (Dense Dark Vegetation)

DEM (Digital Elevation Model)

DID (DEM Intermediate Dataset)

E

EOS (Earth Observing System)

G
GSFC (Goddard Space Flight Center)

IAMAP (International Association for Meteorology and Atmospheric Physics)

IR (Infrared)

| SCCP (International Satellite Cloud Climatology Project)
J

JPL (Jet Propulsion Laboratory)

L

LBID (Land Biome Intermediate Dataset)
LUT (Look-up Table)



M
MISR (Multi-angle Imaging SpectroRadiometer)

N

NDVI (Normalized Difference V egetation Index)
NSIDC (National Snow and Ice Data Center)

R

RH (Relative Humidity)
RT (Radiative Transfer)

S

SAGE (Stratospheric Aerosol and Gas Experiment)

SCF (Science Computing Facility)

SeaWiFS (Sea-viewing, Wide-Field-of-View Sensor)
SMART (Simulated MISR Ancillary Radiative Transfer)
SOM (Space Oblique Mercator)

T

TASC (Terrestrial Atmosphere and Surface Climatol ogy)
TOA (Top-of-Atmosphere)

TOAC (Tropical Ocean Atmospheric Correction)

TOMS (Total Ozone Mapping Spectrometer)

w

WCP (World Climate Programme)
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1. INTRODUCTION
1.1 PURPOSE

ThisAlgorithm Theoretical Basis (ATB) document describesthe algorithms used to generate
the parameters of certain ancillary products and datasets used during Level 2 processing of Multi-
angle Imaging SpectroRadiometer (MISR) data. These ancillary products and datasets are summa-
rized in Table 1. In particular, this document identifies sources of input data, both MISR and non-
MISR, and providesthe physical theory and mathematical background underlying the usage of this
information in deriving the parameters.

Table1: Level 2 Ancillary Products and Datasets

Product/Dataset name Contents

Terrestrial Atmosphere and Surface » Standard values of meteorological variables, ozone abundances, and
Climatology (TASC) Dataset snow/ice cover to be used as defaults during data processing if
data from external sources are unavailable

Aerosol Climatology Product (ACP) * Aerosol model size distributions, refractive indices, scattering and
extinction coefficients, scattering phase functions, particle densities,
particle shape and hygroscopic model parameters

* Definition of aerosol mixtures to be used during retrievals and
information to be used during retrievals

» Climatological likelihood indicators for each model

Simulated MISR Ancillary Radiative | ¢ Top-of-atmosphere equivalent reflectances, downwelling irradiances,
Transfer (SMART) Dataset atmospheric transmission and backscatter data for the aerosol modelsto
be used during Level 2 retrievals

Tropical Ocean Atmospheric Correc- | » Atmospheric model information to be used for ocean color retrieval
tion (TOAC) Dataset

Ancillary Land Biome (ALB) Dataset | « Canopy Architecture Radiative Transfer (CART) file contains
radiative transfer parameters associated with biome-dependent complex
canopy/soil models used in theretrieval of LAI/FPAR with the
primary algorithm

* NDVI-FPAR Regression Coefficients file used in retrieval of FPAR
with the default algorithm

* Biome Classification Map file contains biome type of each 1.1-km
subregion of the land surface into one of six categories, for use during
retrieval of FPAR with default algorithm

1.2 SCOPE

Thisdocument coversthe algorithm theoretical basisfor the parametersto beincluded in cer-
tain Level 2 ancillary products and datasets in the at-launch time frame. These products and
datasets are to be generated at the MISR Science Computing Facility (SCF), and then delivered to
the DAAC for use during routine processing of MISR data. The theoretical basisfor the Azimuthal
Model (AZM) Dataset, used during Level 2 processing for generation of the albedo parameters of



the TOA/Cloud Product, is described in [M-10].

Chapter 1 describes the purpose and scope of the document. Chapter 2 is concerned with the
TASC Dataset, Chapter 3 with the ACP, Chapter 4 with the SMART Dataset, Chapter 5 with the
TOAC Dataset, and Chapter 6 with the ALB Dataset. References to publications cited in the text
are provided in Chapter 7. Within the text, these references are indicated by a number initalicized
square brackets, e.qg., [1].

1.3 MISR DOCUMENTS

Referencesto MISR Project and reference documents are indicated by a number initalicized
square brackets asfollows, e.g., [M-1]. The MISR web site (http://www-misr.jpl.nasa.gov) should
be consulted to determine the |latest released version of each of these documents.

[M-1] Experiment Overview, JPL D-13407.
[M-2] Data Product Description, JPL D-11103.

[M-3] Level 1 Radiance Scaling and Conditioning Algorithm Theoretical Basis, JPL
D-11507.

[M-4] Level 1 Georectification and Registration Algorithm Theoretical Basis, JPL
D-11532.

[M-5] Level 1 Cloud Detection Algorithm Theoretical Basis, JPL D-13397.

[M-6] Level 1 In-flight Radiometric Calibration and Characterization Algorithm
Theoretical Basis, JPL D-13398.

[M-7] Level 1 Ancillary Geographic Product Algorithm Theoretical Basis, JPL D-
13400.

[M-8] Level 1 In-flight Geometric Calibration Algorithm Theoretical Basis, JPL D-
13399.

[M-9] Level 2 Cloud Detection and Classification Algorithm Theoretical Basis, JPL
D-11399.

[M-10] Level 2 Top-of-Atmosphere Albedo Algorithm Theoretical Basis, JPL D-
13401.

[M-11] Level 2 Aerosol Retrieval Algorithm Theoretical Basis, JPL D-11400.

[M-12] Level 2 Surface Retrieval Algorithm Theoretical Basis, JPL D-11401.



| [M-13] Algorithm Development Plan, JPL D-11220.
[M-14] In-flight Radiometric Calibration and Characterization Plan, JPL D-13315.
[M-15] In-flight Geometric Calibration Plan, JPL D-13228.
[M-16] Science DataValidation Plan, JPL D-12626.
[M-17] Science Data Processing Sizing Estimates, JPL D-125609.
1.4 TERMINOLOGY

The following terms are used within this document:

Standard Product: A product generated routinely at the DAAC.

Ancillary Dataset: A dataset generated at the SCF and delivered to the DAAC for
use asinput during routine processing. Ancillary Datasets may be updated either
on a regular or sporadic basis at the SCF and new versions delivered to the
DAAC, or in some cases, automated updating may occur at the DAAC. Ancil-
lary Datasets are not required by users of MISR data to interpret the contents of
Standard Products.

Ancillary Product: A product generated at the SCF and delivered to the DAAC for
use during routine processing or as a supportive product necessary for the inter-
pretation of Standard Products. Ancillary Products may be updated either on a
regular or sporadic basis at the SCF and new versions delivered to the DAAC.
Ancillary Products are distinguished from Ancillary Datasets in that they are
needed by users of MISR datato interpret the contents of Standard Products.

Parameter: A variable contained within a product or dataset.
1.5 PROCESSING FLOW CONVENTIONS

Processing flow concepts are shown diagrammatically throughout the document. The con-
| vention for the various elements displayed in these diagramsis shown in Figure 1.

@ Input @ Intermediate Dataset @ Output

*
Process* Numbers next to process

boxes refer to sections in the
<> Decision or Branch

text describing the algorithm
Figure 1. Conventionsused in processing flow diagrams




1.6 EXPERIMENT OVERVIEW

An overview of the MISR science objectives, instrument, calibration approach, and data
products, is provided in [M-1].

1.7 ALGORITHM VALIDATION

Details on planned field campaigns, experimental methodol ogies, and instrument calibration
and data reduction procedures are documented in [M-16].

1.8 ALGORITHM DEVELOPMENT SCHEDULE

A strategy for time-phased development of the algorithms for the products and datasets de-
scribed in this document, and alisting of key development milestones, are provided in [M-13].

19 PRACTICAL CONSIDERATIONS

Requirements on data processing and storage are described in [M-17]. Software guidelines
to be followed during algorithm development are described in [M-13].

1.10 REVISIONS

The original version of this document was dated August 15, 1996. This version is Revision
A. Changes from the original document are indicated through the use of change bars, as shown at
the left.



2. TERRESTRIAL ATMOSPHERE AND SURFACE CLIMATOLOGY
DATASET

21 PURPOSE

The Level 2 Terrestrial Atmosphere and Surface Climatology (TASC) Dataset consists of
monthly and spatially-dependent climatological variables needed by various agorithms during
routine processing. These parameters are used as default inputs to the Level 2 TOA/Cloud and
Aerosol/Surface retrievals (see [M-9], [M-10], [M-11], [M-12]). The TASC Dataset will be used
when measured meteorological and surface data are unavailable.

2.2 CONTENTS

Table 2 gives a detailed description of the TASC Dataset. It will be stored on a cylindrical
equal angle grid. During routine processing, values obtained from the TASC will accessthe nearest
bin value, i.e., no interpolation will be used. The grid is comprised of a set of bins measuring 1.0°
in latitude and longitude (64,800 bins), and in monthly intervals representing an average value for
the month. The mean surface altitude above sealevel, z,, isreported. The surface level referred to
in the following table corresponds to this altitude. Atmospheric temperature is given as vertical
profiles, asafunction of altitude, z, above sealevel. The vertical grid has aspacing of 0.5 km from
sea level to 20 km altitude. For heights above 20 km, the value of atmospheric temperature at 25
km altitude is used. Thus, there are 42 values of z at which T(2) is reported.

Table 2: Contents of the TASC Dataset

Parameter Description Units

7 Mean surface altitude km
U Climatological surface wind speed (zonal) m sec’t
Vv Climatological surface wind speed (meridional) m sec’t
w Climatological column precipitable water above surface level cm
Po Climatological atmospheric surface pressure hPa
To Climatological atmospheric surface temperature K

T(2 Climatological atmospheric temperature vs. height profile K

Co, Climatological column ozone abundance Dobsons
H, Climatological tropopause height km

Hic Climatological high-cloud height km
Sl Climatological snow/ice cover mask none




The climatological high-cloud height is established to be equal to 80% of the climatological
tropopause height. The justification for thisis based on a study by Dowling and Radke [ 16] who
show that cirrus cloud-center heights typically occur at an altitude of 70 - 80% of the tropopause
height anywhere on Earth. Additionally, astudy by Baum et al. [ 4] shows that high cloud altitudes
in the International Satellite Cloud Climatology Project (ISCCP) database are biased low, making
them unreliable for deriving a high cloud climatology. Should a different strategy for setting the
climatological high-cloud height be adopted in the future, this field of the TASC Dataset will be
replaced with the updated values.

2.3 PROCESSING OUTLINE

Figure 2 shows conceptually the processesinvolved in the generation of the TASC Dataset.

Numbers next to process
boxes refer to sections in the

Establish 25.1 252 Terrestrial \ text describing the algorithm
Climatological standard 'Vl'aatpl?grt]o /;;g%sur;?aecrg
Data climatological > . — )
fields grid Climatology

Dataset

Figure 2. Conceptual processing flow for generation of the TASC Dataset
24 INPUT DATA

Parameters will be acquired from various sources, including the EOS Data A ssimilation Of -
fice (DAO), the GSFC DAAC (for TOMS ozone data), the National Snow and Ice Data Center
(NSIDC), and other sources.

25 THEORETICAL BASIS
25.1 Establish standard climatological fields

This step involvesidentifying the sources of input data, and determining the spatial and tem-
poral averaging to be applied prior to mapping onto the MISR grid.

2.5.2 Map onto latitude/longitude grid

This step involves aresampling and binning of the appropriate parameters onto the cylindri-
cal grid.



3. AEROSOL CLIMATOLOGY PRODUCT
3.1 PURPOSE

The Aerosol Climatology Product consists of three parts:

(1) Aerosol physical and optical propertiesfile: This contains the microphysical and
scattering characteristics of the pure aerosol models upon which the routine re-
trievals are based. The physical properties (size distribution, index of refraction,
and tendency to adsorb water) are based upon current knowledge. The effective
optical properties are calculated using Mie theory for spherical particles, and el-
lipsoid approximations/geometric optics for non-spherical cases, for a range of
relative humidities. Size statistics and indices of refraction are calculated, and
optical properties are reported for all MISR bands.

(2) Aerosol mixture file: During routine aerosol retrievals at the DAAC, it is neces-
sary to establish the mixtures of pure aerosols included in the ACP that will be
compared to the MISR observations. For each region of the globe, the ACP de-
finesthose mixtures, for each of theretrieval pathways that may occur (i.e., dark
water, DDV, or heterogeneous land).

(3) Aerosol “clim-likely” file: It is possible that more than one of these models may
meet the retrieval convergence criteria for a given region. Thus, the third pur-
pose of the ACP is to assign a likelihood value to each of the selected aerosol
models, based on reasonable climatological expectations. As such, it will pro-
vide amechanism for finding anomalous conditions, which may indicatethe dis-
covery of unexpected aerosol distributions, or limitations of the algorithm.

3.2 CONTENTS

The present compilation of the individual (i.e., “pure’) aerosol components to be contained
inthe ACP is presented in Table 3. Each pure particle type has a single composition (given by the
indices of refraction), and a single size distribution (log-normal or power law with specified size
parameters). Accumulation and coarse mode refer to physical mechanisms generally associated
with the formation of particles of specified composition and size range. Nucleation mode particles
are not included as the small size of the particles resultsin very low extinction cross sectionsrela-
tive to the accumul ation and coarse modes under natural conditions, and thus are expected to have
anegligible effect on the radiances as observed by MISR. The particlesin Table 3 were selected
because they are among the most common, and they capture a significant range of the variability
of particle properties observed in the atmosphere. The indices of refraction shown arefor all MISR
bands. The column labeled RH is the relative humidity at which the properties shown in the table
are reported. The treatment of relative humidity is discussed in the next section. The degree to
which particles hydrate with increasing RH is based on Hanel [24].



Table 3: Pureparticletypesin the ACP

Vary
r r r n n g RH . h h h
Aerosol 1 2 | o | a r | 3 with b t S | Shape
(um) | (um) | (um) (band) | (band) | (9/cm®) | (%) | oy | (kM) | (km) | (km) ®
Sulfate/nitrate 1 0.007 | 0.7 007 | 1.86 | nfa | 1.53(dl) 0.0 (@l 17 0 Yes 0 15 2 Spheres
(Accum.)
Sulfate/nitrate 2 005 | 20 | 045 | 1.30 | nfa | 143(al) | 0.0l 1.7 0.3 No 15 30 10 Spheres
(Accum.)
Mineral dust 1 0.47 0.47 0.47 1.00 0 5 2
(Accum.)

X 0.0085 (1) Prolate/
Mineral dust 2 na | 153@l) | 0.0055(2) 26 0 No 5 10 10 oblate
(Accum,) 0.0045 (3) spheroids
Mineral dust 05 | 150 | 190 | 260 0.0012(4) 0 2 | 10
(Coarse)

Seasdt (Accum.) | 0.05 1.0 035 | 251 | nfa | 1.50(@l) 0.0 (@l 2.2 0 Yes 0 5 2 Spheres
Sea salt (Coarse) 1.0 200 | 330 | 2.03 0 2 10
Black carbon 0001 | 05 | 0012 | 200 | nfa | 1.75(l) | 0.455(1) 2.3 0 No 0 8 10 Spheres
0.440 (2)
0.435 (3)
0.430 (4)
Carbonaceous 0.007 | 20 013 | 1.80 | n/a | 143 (dl) 0.0035 18 97 No 0 5 2 Spheres
particles @n
Near-surface fog 0.5 50.0 n‘a na | 25 | 1.33(@@l) 0.0 (Al 1.0 100 No 0 1 10 Spheres
Thin cirrus 3.0 200.0 see see | see | 1.316(1) | 1.91e9 (D) 1.0 100 No 10 11 10 Fractal
text text | text | 1.311(2) | 3.11e9(2)
1.308 (3) | 1.89e-8 (3)
1.304 (4) | 2.15e-7 (4)




Table 3isan attempt at putting together a general-purpose global set of most common aero-
sol types. Under natural conditions, there will be exceptions to this baseline, and that the MISR
instrument may have greater sensitivity to some particle types than others. We plan to revise this
Tableafter launch in order to optimize the climatology to the actual performance of theinstrument.

All aerosolsin Table 3 are modeled using alog-normal particle size distribution, except for
near-surface fog, which follows a power law. Both types of distributions are characterized by min-
imum and maximum radius (r4, r»). The log-normal size distribution is also parameterized by the
characteristic radius (r.) and characteristic width (o), defined in Egs. (6) and (7), whereas the pow-
er-law distribution is parameterized by an exponent (a) defined by Eqg. (9). The cirrus size distri-
bution is based on cirrostratus observations [ 73]. All aerosol particles are assumed spherical, ex-
cept for mineral dust, which is modeled as randomly oriented prolate and oblate spheroids with a
uniform distribution of aspect ratios between 1.2 and 2.4 [47], and thin cirrus, which employs a

| fractal model. Carbonaceous (also referred to as biomass burning) particles are hygroscopic, but
the humidity conditions near fires vary on length scales short compared to the MISR instrument
resolution. Thus, for these particles we do not vary the properties as a function of RH as is done
for the other hygroscopic particles; instead, we fix the values of index of refraction at the values
shown in Table 3, which are for 97% RH, and use radius values that favor particles away from the
source [56]. The particles denoted as sulfate/nitrate 1 are typical of those found in the troposphere.
The particles denoted sulfate/nitrate 2 are adopted asthe “ standard” stratospheric particletype, and
are assumed to have a size distribution in equilibrium with the ambient humidity values of the
stratosphere [ 79]. Table 3 aso provides real and imaginary refractive indices (n,, n;) and particle
densities ().

Each pure particle is also characterized by vertical distribution information, captured by
three parameters: hy,, the base height of the aerosol layer; hy, the top height of the aerosol layer; and
hg, the scale height of the layer. Values for these are also provided in Table 3.

During retrievals, mixtures of these pure particles are generated and compared to the MISR
observations. The rules used to obtain the properties of mixtures from those of the pure particle
typesaregivenin 83.5.3 and 83.5.4. The aerosol mixturefileinthe ACP containsdatafor theentire
suite of mixturesto beincluded intheretrievals. Therelative abundances of each component of the
mixtures are defined in terms of fraction of total optical depth (not by numbers of particles). As
part of the tabulation of aerosol mixtures, theretrieval pathway indicator isabit flag that establish-
es whether the particular aerosol mixture is to be used for dark water and/or DDV and/or hetero-
geneous land retrievals.

Table 4 shows the suite of tropospheric mixtures to be used in the ACP. The relative abun-
dances, expressed as percentages of the total aerosol extinction optical depth, are wavelength and
relative humidity dependent, due to the dependence of extinction cross section on wavelength and

| RH. Thus, the entries in Table 4 are for band 2 and RH = 70% as the reference. To generate the

9



data contained in the ACP, the rel ative abundances are converted to other wavelengths and relative
humidities using the extinction cross sections contained in the aerosol physical and optical proper-
tiesfile. Note that in some MISR documentation, the carbonaceous particles are referred to as bio-
mass burning particles, and black carbon is referred to as soot.

Table 4: Tropospheric particle mixtures contained in the ACP

Minimum Maximum
Conditions Components relative relative
abundance | abundance

Clean maritime Sulfate mode 1 10% 80%
Sea salt accumulation 10% 80%

Sea salt coarse 0% 20%

Industrial maritime Sulfate mode 1 10% 80%
Sea salt accumulation 10% 80%

| Black carbon 10% 20%
| | Carbonaceous maritime Sulfate mode 1 10% 70%
Sea salt accumulation 10% 70%

| Carbonaceous 20% 80%
Dusty maritime Sulfate mode 1 10% 70%
Sea salt accumulation 10% 70%

| Mineral dust accumulation 2 20% 60%
Clean continental Sulfate mode 1 10% 90%

| Mineral dust accumulation 1 10% 80%
| Black carbon 0% 10%
| | Industria continental Sulfate mode 1 10% 70%
| Mineral dust accumulation 1 0% 70%
| Black carbon 20% 40%
| | Carbonaceous continental Sulfate mode 1 10% 70%
| Mineral dust accumulation 1 10% 70%
| Carbonaceous 20% 80%
Dusty continental Sulfate mode 1 10% 80%
Mineral dust accumulation 2 10% 80%

| Mineral dust coarse 10% 20%
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The third part of the ACP provides climatological likelihoods of each aerosol mixture,
stored on a cylindrical equal angle grid. The grid is set to 1.0° in latitude and longitude (64,800
bins), and provides climatological likelihoods in monthly intervals. These climatological likeli-
hood values range from 0 to 3, with avalue of 0 indicating that it would be very surprising to see
aparticular compositional mixturein theregion at that season, whereas avalue of 3would indicate
that the occurrence would be commonplace. In each region, the value of the likelihood is based on
an assessment of the available data (AVHRR ocean aerosol retrievals, global and mesoscale aero-
sol modeling, and in situ aerosol measurements). The quality of the available datawill vary greatly
from region to region, and a quality indicator, ranging from O (good) to 3 (poor) isincluded.

The detailed contents of the ACP are provided in Table 5. Within the aerosol physical and
optical propertiesfile, each aerosol (including tropospheric, stratospheric, and cirrus) isidentified
by a single model number (m), corresponding to a “pure” particle type. “Effective’ properties,
where indicated, refer to averages weighted by the particle cross sectional areas and the size distri-
bution function.

Table5: Contents of the ACP

Parameter Description Units

Aerosol physical and optical propertiesfile
Model identifiers

name Aerosol pure particle name, which is unique for each par- none
ticle composition/size distribution, relative humidity, and
atmospheric layer identifier

m Aerosol pure particle model number none
Mya Water activity model number none
ihygro Indicates whether the particle hydrates as atmospheric none

relative humidity increases. For particles that hydrate, a
particular model for water activity is specified

ishape Particle shape parameter (spherical, polyhedral, prolate/ none
oblate spheroidal, or fractal)
RH Relative humidity (decimal fraction 0.0 for particles that none
do not hydrate; 0.7, 0.8, 0.9, 0.99 for particles that
hydrate)

Particle size distribution parameters, vertical distribution parameters, and other physical prop-
erties

Mgy Size distribution model identifier (log-normal or power- none
law)
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Table5: Contents of the ACP (continued)

Parameter Description Units
rq Smallest particle radius in the particle size distribution to um
be considered
ro Largest particle radius in the particle size distribution to um
be considered
e Characteristic radius for log-normal size distributions Hm
o Characteristic width of the log-normal particle size distri- um
bution (fill value used if not applicable)
a Exponent of the power-law size distribution (fill value none
used if not applicable)
<r> Arithmetic mean particle radius um
G Mean geometric cross sectional area per particle, um?
weighted by the particle size distribution
\Y Mean volume per particle, weighted by the particle size um3
distribution
I eff Effective particle radius = (3/4)(V/G) um
Veft Effective variance of the size distribution Hm
Fow Volume-weighted mean particle radius pm
3 Aerosol particle density gom™
hy Aerosol layer base height km
h; Aerosol layer top height km
hg Aerosol layer scale height km
Optical properties
Ny Index of refraction (real part), weighted by the size distri- none
bution, at 4 MISR wavelengths
n; Index of refraction (imaginary part), weighted by the size none
distribution, at 4 MISR wavelengths
Ksca Effective scattering cross section at 4 MISR wavelengths um?
Kext Effective extinction cross section at 4 MISR wavelengths um?
w Effective single scattering albedo at 4 MISR wavelengths none
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Table5: Contents of the ACP (continued)

Parameter Description Units
g Effective scattering anisotropy parameter at 4 MISR none
wavelengths
p(Q) Effective scattering phase function on afixed grid at 205 sl
scattering angles (Q), ranging from 0 to 180°, at 4 MISR
wavelengths
Aerosol mixturefile
mix Model number of the aerosol mixture none
my, My, mg | Aerosol pure particle model identifiers for up to 3 none
components in the aerosol mixture
fq, fo, f3 Relative abundances (as fractions of total optical depth) none
of the 3 aerosol components, specified in each spectral
band
11,13, 14 Optical depth of the mixturein MISR bands 1, 3, and 4, none
when the optical depth in band 2 equals unity
Wpix Single-scattering albedo of the aerosol mixture, specified none
in each spectral band
path Retrieval pathway indicator flag none
Aerosol “clim-likely” file (on cylindrical equal angle grid)
mix Model number of the aerosol mixture none
555 Climatological column optical depth at 555 nm
CL Climatological likelihood of the aerosol mixture, month- none
by-month (values range from 0 to 3)
DQ Confidence level for the climatological likelihoods none
(values range from 0 to 3)

3.3 PROCESSING OUTLINE

The ACP is generated pre-launch at the MISR SCF and delivered to the DAAC. Figure 3
shows conceptually the processes involved in its generation.
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Figure 3. Conceptual processing flow for generation of the ACP
INPUT DATA

354

Input data for the aerosol physical and optical properties file within the ACP are primarily
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obtained from the scientific literature. Cirrus particle single-scattering properties were calculated
by Takano and Liou [ 73] (seealso[44]). The near-surface fog properties are taken from Pruppack-
er and Klett [ 61], and the particle size distribution is model ed by a power-law function (e.g., [25]),
witha = 2.5 [see Eg. (9)]. The properties of the carbonaceous particles are from[17]. Mode 2 sul-
fates are based on analysis of SAGE |l data[79]. Mineral dust optical properties come from the



work of Mishchenko et al. [47]. For the other particle types in the ACP, data are taken from [ 1],
[11], [69], [81], and other sources.

Sources of information that are used as input for generating the ACP climatological likeli-
hood parameters are summarized in Table 6. Coveragein all casesis global, with the exception of
the total column optical depth, derived from the AVHRR Ocean Aerosol Product, which ranges
between +70° and -70° latitude.

Table 6: Global-scale input data for the ACP

atial Temporal .
Aerosol Source > ) po Parameter Units
resolution resolution
Total (assumes sulfate) [30], 1°x1° Weekly/monthly | Total column none
[62], (07/891t0 12/93) | optical depth
[71] (at 0.55 pm)
Sulfates [8], 28°x2.8° Monthly Columnmass | gm™
[39] loading
Column opti- none
cal depth (0.5
t0 0.7 um)
Sulfates, carbonaceous [56] 45°x75° Monthly Columnmass | g m2
smoke, black carbon loading
Mineral dust [75], 7.5° x 10.0° Seasonally Column mass | kg dust/
[76] loading kg air

In addition, in situ observations of particle properties and surface measurements of column
optical depth are used where available. Among these arerelatively large efforts associated with the
Laramie balloon program [12], [ 27], the Mauna L oa station [ 9], a network of global sun-photom-
eter observations [28], and several multi-instrument comparative studies [66], [67], [68], [79].
Other published sources include air mass aerosol composition mixing analyses (e.g., [54]), the
conjoint statistical analysis of air mass trajectories and aerosol samples[43], [ 74], and many local
measurement efforts.

A geographic information system (ERDAS Imagine) is used to facilitate comparison, re-
projection, and storage of the data. Initially we will work with data that are not affected by the Pi-
natubo eruption.

3.5 THEORETICAL BASIS

Figure 3 shows those processes which occur at the MISR SCF prior to launch with respect
to generation of the ACP. In the following sections, the physical basis and a mathematical descrip-
tion of the algorithm which is used to implement each processis presented.
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3.5.1 Establish sizesand refractiveindicesfor pure aerosol models

Establishment of the size distributions and optical constants for the pure aerosols involves
two steps. First, the scientific literature is examined to establish a set of particles, and their associ-
ated properties, which form the basis of the MISR retrievals. In the second step, we verify that these
particles are distinguishable from one another by the MISR observations, using sensitivity studies.
Adjustmentsto the size distributions or particlelist are made as result of thisactivity. For example,
sensitivity studies have shown that the component commonly denoted “water soluble” [11] is not
distinguishable by MISR from the sulfate accumulation mode 1 in Table 3. We accordingly use the
sulfate particlesin their place.

3.5.2 Calculatesizedistributions and refractive indices as function of RH
3.5.21 Physicsof the problem

The relative humidity (RH) is known to have an important influence on aerosol properties,
affecting both the particle size distribution and the indices of refraction. The magnitude of the hy-
dration varies greatly with particle composition [24], [69]. For common hygroscopic aerosol
types, most of the increase in particle radius takes place as RH increases above 70%, and can in-
crease the particle radius by factors of 5 as RH approaches 99% (particularly for typical sulfate and
sea-salt particle types).

Particle growth due to changes in RH is often reported using a ratio of the radii at relative
humidities of 85% and 35%. Popular values of thisratio for “global average” conditionsare 1.7 £
0.3, which are characteristic for maritime aerosols [ 24] . Tropospheric continental aerosols appar-
ently are less hygroscopic, with the ratio typically ~ 1.55 [24], and tend to be multi-modal, with
some components more hygroscopic than others [72]. The most common conditions assumed
when little else is known about ambient conditions is an ammonium sulfate composition, with ac-
cumulation mode size distribution, in 80 or 85% RH.

The net effect of RH on optical properties depends on the initial particle size distribution as
well as on the magnitude of hydration: if the size distribution shifts from small sizes, where the
particle scattering cross-section issmall, into aregion where the particle scattering efficiency at the
wavelengths of interest is much greater, hydration will make alarge difference, whereasif the par-
ticles are already in aregime where scattering is efficient, hydration will have a much smaller ef-
fect [26]. The difference amounts to factors of two to three in scattering efficiency for some com-
mon aerosol models.

3.5.2.2 Mathematical description of the algorithm

The relative humidity dependence of sizes and refractive indices for the MISR aerosol re-
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trieval sensitivity studies uses the method now standard in most models, which wasfirst devel oped
by Hanel [24] and refined by Shettle and Fenn [69]. The approach includes both the surface ten-
sion and sol ute effects on particle vapor pressurein a semi-empirical way. The basic equations are:

Wik

r(hydrated) = r(dry)[1+% EI\/I(aW)} )

which can be derived from simple geometric considerations. In Eqg. (1), r(dry) and &(dry) are the
dry particle radius and density, M is the ratio m(water)/m(dry), where m(water) is the mass of
condensed water and m(dry) is the dry particle mass, £(water) is the density of water, and r isthe
net particle radius. The ratio M is obtained from experimental data as a function of the water
activity a,,. The largest uncertainty in this model is that M(a,,) varies with particle properties. We
are following current research in this area and will use the best available data. Water activity is
related to the vapor pressure over the particle, and is given in terms of RH for typical atmospheric
aerosols as:

0.00105
a, = RH DexpE- : aa )

Because of the non-linear dependence of Egs. (1) and (2) onr and a,,, they are solved itera-
tively, as per [69]. The final particle density and indices of refraction are obtained by volume
weighting, according to:

3
¢(hydrated) = g(water) +[£(dry) —&(water)] E[r(hg/(:rra):t)ed)} ®
3
N, i(hydrated) = n, ;(water) +[n, ;(dry)—n, ;(water)] E[r(hg/(;rrgt)ed)} )

where the subscript r, i on the refractive index indicates real or imaginary.

These equations describe the changes in particle properties for a given particle size. In actu-
ality, the dry particleswill have avariety of sizes represented by adistribution. A commonly used
distribution, and the one adopted by MISR, is the log-normal distribution. Letting n(r) dr be the
number of particles per unit volumeinthe sizeranger tor + dr, thelog-normal distribution states:

N G-(Inr —Inr )2D
n(r) = — Cexp 3 >0
(2)™ “r Ono U 2(lng)” 0O

(5)

where
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Inr, = %J’Inr Ch(r)dr (6)
ry
I

(Inc)? = %I(Inr—lnrc)z Ch(r)dr 7)

51
where N isthe total number of particles per unit volume, given by

P

N = In(r)dr 8

For each particle type in the climatol ogy which ismodeled as hydrating with increasing RH,
the dry size distribution parametersr. and o are first specified. The size distribution to which the
particles evolve under hydration is then fitted to a new log-normal distribution, which serves as
input for the Mie cal cul ations (the appropriate theory because hydrated particles are taken as spher-
ical) of their single-scattering properties. This approach retains the full effect of hydration on the
particle optical properties.

The surface fog and mineral dust models in the ACP use a power-law size distribution, as
discussed in 83.5.1. In this case,

n(r) =Cco® 9)

where the normalization constant C is determined by integrating Eq. (9) between limitsr, and r,
(see Table 5) and applying Eq. (8).

3.5.3 Calculate effective aer osol geometric parameters
3.5.3.1 Physicsof the problem

As described above, the size distribution of the particles which hydrate with increasing rela
tive humidity is assumed to follow alog-normal distribution for each aerosol component. It is as-
sumed that humidity will change the size distribution according to the above theory. The hydrated
sizedistribution will then be parameterized by anew log-normal distribution with amodified mean
and standard deviation.
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3.5.3.2 Mathematical description of the algorithm

The moments of the size distribution of the aerosol mixture can be determined:

Iy
Ir Ch(r)dr
meanradius = &+ — (10)

I

J’n(r)dr

r

I
J’nr2 Cr Ch(r)dr

effectiveradius r; = - (12)

)

Inr2 Ch(r)dr
My
o
J’anE(r—reff)2 Ch(r)dr

effective variance vy = - - (12)

rgﬁfnr2 Ch(r)dr

r

I
J'gnr3 [r Ch(r)dr

volume-weighted radius r,,, = rlrz (13)

Ignrg Ch(r)dr

f

In addition, we define the parameters G and V as follows:

)

Inr2 Ch(r)dr
G= e (14)

P

J’n(r)dr

I

19



Iy

J’gnr3 Ch(r)dr
V=4 (15)

P

J’ n(r)dr
E]
from which we can see that an aternate expression for Eq. (11) is
3V

Veff = Te

3.5.4 Calculate effective aerosol optical parameters

(16)

3.5.4.1 Physicsof theproblem

The theory to be used for calculation of the single scattering properties of the aerosols de-
pends on whether the particles are spherical or nonspherical. Mie theory describes the scattering
from homogeneous spheres. The theory for nonspherical particlesis more complex, not only from
a computational standpoint but because of the wide variety of shapes that particles can take. For
MISR, it isassumed that dust particles are a mixture of randomly oriented prolate and oblate sphe-
roids. Scattering properties of such particles are obtained by the T-matrix method [45], [47]. Ice
particle scattering is calculated using ray tracing [ 73] .

3.5.4.2 Mathematical description of the algorithm

Using a polydisperse distribution of particle sizes, the single-particle theories provide effec-
tive single-scattering albedo, w; , the effective single scattering phase function, pe, effective
phase function asymmetry parameter, g, and effective scattering and extinction cross sections
K @nd Keyt. Each of theseis calculated as an average over the particle size distribution, weighted
by the geometric cross sectional area of each particle, i.e.:

)

J'nrz h(r) DX(r)dr
X = = (17)

Ia
Inrz Ch(r)dr

r

where X represents one of the variables described above.

20



3.5.5 ldentify likely aerosol mixtures

Aerosol retrievals will use as candidate models mixtures of the basic components shown in
Table 3, with mixing ratios specified on aquantized grid as determined from sensitivity studies cur-
rently in progress. Certain filters will be used on the climatology to eliminate unreasonable cases
(e.g., elimination of sea salt over mid-continents; upper bounds to the possible mixing ratio of
black carbon, etc.). Sensitivity studies are being performed to determine which mixtures are dis-
tinguishable by the MISR instrument under the illumination and viewing conditions of the EOS
orbit. Models which are observationally indistinguishable to within the measurement uncertainties
of MISR will be binned together, thus limiting the number of distinct combinations. When com-
plete, the climatology will provide various mixtures to be used in the retrieval process, yielding a
substantial improvement over previous satellite-based retrievals of tropospheric aerosols, which
have assumed afixed, single aerosol type for al situations[62].

The aerosol models to be compared with MISR observations during the retrievals consist of
tropospheric models generated from mixtures of the pure particles contained in the ACP, plusfog,
cirrus, and a stratospheric aerosol. Each tropospheric mixture contains up to three pure particles,
and the relative abundances are specified in the mixture file of the ACP. Tropospheric aerosols are
divided into marine and continental, and each of these two groupings is subdivided into four cate-
gories: clean, industrial, carbonaceous, and dusty. All maritime mixtures contain accumulation
mode 1 sulfate and accumul ation mode sea salt plus athird component which is either coarse mode
sea salt, black carbon, carbonaceous aerosol, or accumulation mode mineral dust. All continental
mixtures contain accumulation mode 1 sulfate and accumulation mode mineral dust plus a third
component which is either black carbon, carbonaceous aerosol, or coarse mode mineral dust.

The starting points for generation of the “clim-likely” part the ACP are spatial and temporal
patternsin the column optical depths reported in the AVHRR Ocean Aerosol Product to infer par-
ticle composition and source region in some instances. For example, the northern tropical maxi-
mum in optical depth has been attributed to Sahara dust over the Atlantic, whereas asmaller, late-
summer increase in northern mid-latitudes is attributed to dust from the Gobi desert blown east-
ward over the Pacific [41], [71]. A number of other seasonal patternsin aerosols have been inter-
preted in terms of whether the aerosols originate from land or from ocean sources, based on pre-
vailing wind patterns, and whether the plumes appear to be attached to land regions or not [ 30].

3.5.6 Comparedistribution modelsto satellite data

To determine climatological likelihoods of the various aerosol mixtures, the sulfate, carbon-
aceous particles and black carbon, and mineral dust global distribution models are compared on a
region-by-region basis with the AVHRR results over oceans, identifying locations where the par-
ticle composition is likely to be different from that assumed in the AVHRR analysis, and noting
the respective values of optical depth. Over land, we will rely on a comparison among model re-
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sults alone, plus assumptions about the continuity of results across coastal regions. From these
comparisons, we will produce separate data layers for aerosol optical depth and aerosol type, and
athird data layer indicating the constraint used at each grid point.

3.5.7 Apply regional in situ constraints

Contingent upon available time and resources, we will then apply the constraints of the in
situ data, placing emphasis on those studies that provide (1) simultaneous measurements of multi-
ple parameters, such as aerosol composition, column optical depth, and size distribution, (2) long
time series of consistent measurements, and (3) measurements at |ocations where surface proper-
tiesarerelatively well-characterized, since they can serve as validation sites for the solar radiation
flux budget. If there are suitable sunphotometer observations in ocean regions sampled by the
AVHRR product, we will perform a statistical comparison using either an optimal sub-sampling
technique (e.g., [31]), or if thein situ observations are dense enough in space and time, an analysis
based on spatial coherence. Thein situ data are used to fill in gaps and resolve discrepancies where
possible. In particular, these observations are used to test the assumptions of about particle com-
position, modality, and width of size distribution made to varying degrees by each of the global-
scale studies.

3.5.8 Scale aerosol mixingratios

Relative abundances of the components are defined in the ACP in terms of fraction of total
optical depth (not by numbers of particles). Since these relative abundances are wavelength and
relative humidity dependent, due to the dependence of extinction cross section on wavelength and
RH, we first specify a reference wavelength and relative humidity in establishing mixing ratios.
The reference conditions used are band 2 (555 nm) and RH = 70%. The tabulated extinction cross
sections as a function of wavelength and RH, contained in the aerosol physical and optical proper-
tiesfile of the ACP, are then used to calculate optical depth fractions for any other wavelength or
relative humidity.

Starting with the relative contributions to the total extinction optical depth of the three com-
ponents in each tropospheric aerosol mixture in band 2 and the reference relative humidity, we de-
note these reference relative amounts asfy,, fo,, and f5,. Let kq,, ko, and ks, be the extinction cross
sections of the three components at the reference wavelength and RH. The relative abundances at
adifferent wavelength and RH, denoted f,, f,, and f5, are then calculated from the extinction cross
sections at that wavelength and RH, k1, k,, and k3 and the above quantities by:

(kn/knr)fnr

3
z (kn/knr)fnr
n=1

(18)

n =
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where the summation over nisfor each of the three components in the aerosol mixture.

3.5.9 Determine optical depth spectral scale factors

For a given optical depth in band 2, which is used as the reference band during aerosol re-
trievals, it is necessary to determine the optical depth at the other MISR wavelengths and RH for
agiven aerosol mixture. Denoting the optical depth in the reference band and RH asr,, the optical
depth in adifferent band and RH, 1, is given by

3
t=1 Y (ke K)oy (19)
n=1

where the summation is over the (up to) three aerosol componentsin the mixture. If thereisjust a
single aerosol component, as in the case of fog, cirrus, and stratospheric aerosol, Eq. (19) reduces
to asimple scaling by the spectral extinction cross section.

3.5.10 Determine aerosol mixture single-scattering albedos

Calculation of the radiative properties of mixtures of aerosols requires knowledge of the sin-
gle-scattering albedo of the mixture. For a mixture of n particle types, with w_ defined to be the
single-scattering albedo of the nth particle, the single-scattering albedo of the mixtureis given by

Omix = anmn (20)
n
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4. SSIMULATED MISR ANCILLARY RADIATIVE TRANSFER DATASET
4.1 PURPOSE

The Simulated MISR Ancillary Radiative Transfer (SMART) Dataset contains radiation
fields to which the MI SR observations are compared during the retrievals and is generated by per-
forming radiative transfer calculations on stratified atmospheric models containing the pure aero-
sols found in the ACP. The calculations contained in the SMART Dataset include two surface
boundary condition cases: (1) spectrally black surface, providing the path radiance field for all re-
trieval situations, and (2) the surface-leaving field for oceans or large dark water bodies.

We assume a stratified atmosphere with three distinct strata plus a surface model as shown
inFigure4. Thetop stratum isasingle, homogeneous layer composed solely of Rayleigh scatterers.
The middle stratum is a combination of tropospheric aerosol, stratospheric aerosol, or cirrus cloud
plus Rayleigh scatterers. This stratum can be broken up into a number of homogeneous layers to
simulate the density variation of its components with altitude. The aerosol or cirrus component is
characterized by the atitudes of the base and top of the stratum (stratospheric aerosol base and top
altitudes are above the tropopause, tropospheric aerosol or cirrus cloud base and top altitudes are
below the tropopause). For the aerosol or cirrus the vertical variation of particle density within the
stratum is described by a scale height. The bottom atmospheric stratum extends from the surface
to the base of the middle stratum and can also be broken up into a number of homogeneous layers
containing both Rayleigh scatterers and absorbing water vapor, each with a vertical variation of
density described by its own scale height. Note that for those tropospheric aerosol models with a
layer base at the surface, the bottom and middle strata are combined into one stratum which con-
tains aerosols, Rayleigh scatterers, and water vapor. It is assumed that this stacking of strata as
shown in Figure 4 is adequate to represent the real atmosphere for the purposes of MISR aerosol
retrievals.

Rayleigh Top atmospheric stratum

Tropospheric Aerosol, Stratospheric Aerosol, or Cirrus Cloud

+ Rayleigh Middle atmospheric stratum

Rayleigh + Water Vapor Bottom atmospheric stratum

Pl llllllll 222l Surface Mode
(Black or Dark water)

Figure 4. Stratified models assumed in the SMART Dataset
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All of the stratadepicted in Figure 4 are not populated simultaneously with the various types
of atmospheric scatterers. That is, the tropospheric aerosol models do not contain any cirrus or
stratospheric aerosol, the cirrus model has no tropospheric or stratospheric aerosol, and the strato-
spheric aerosol model does not contain any tropospheric aerosol or cirrus. At-launch retrievalswill
consider mixtures of tropospheric aerosol models, but mixtures of tropospheric aerosols, cirrus,
and stratospheric aerosols will not be considered until the post-launch era, when we have had the
opportunity to examine the results of retrievals on actual MISR data. The optical depth of the water
vapor contained in the bottom stratum is established using a standard atmosphere.

4.2 CONTENTS

Each entry in the SMART dataset is specified by the parameters listed in Table 7. The last
five parameters in the table are not used for aerosol retrievals but they are used for surface reflec-
tanceretrievals. All parameters with angular dependence use a common set of angle grids. For co-
sine of solar zenith angle pgthe grid point number is 81 with values ranging from 0.2 -1.0 (0.01),
where the number in parenthesis indicates the grid point separation. The grid of cosine of view ze-
nith angle pis partitioned into five segments, each corresponding to asymmetric pair of MISR cam-
eras (Df and Da, Cf and Ca, etc.). The D, C, B, and off nadir A camera segments cover the ranges
0.31-0.35(0.01), 0.47-0.51 (0.01), 0.66-0.71 (0.01), and 0.85-0.90 (0.01), respectively, and thefifth
segment, corresponding to the nadir A camera, covers the range 0.95-1.0 (0.01). Thus, there are 5
grid points in each of the first two segments and 6 grid points in each of the last three segments,
resulting in atotal of 28 view zenith angle grid points. Instead of relative azimuth angle ¢—qy, an
equival ent representation in terms of scattering angle Q isused in the SMART dataset. The scatter-
ing angle range is partitioned into 4 contiguous segments, 0°-120° (2.5°), 120°-150°(1°), 150°-
175° (2.5°), and 175°-180°(1°), totaling 94 grid points. In general, a selection of any particular (u,
Ho) combination will not allow the complete range of scattering angles to exist. Thus, the 94 scat-
tering angle grid is supplemented by two additional points, representing the minimum and maxi-
mum allowabl e scattering anglesfor aparticular (u, pg) pair, bringing the total number of scattering
angle grid points to 96.

Following launch, it will probably be necessary to update the ACP and the SMART Dataset,
to adjust for systematic behavior noted in the early retrieval results, to account for new types of
aerosols. However, changes to the SMART Dataset may result in systematic changes to the re-
trieved aerosol models, and possibly to the retrieved optical depths. Thus, any changes being con-
sidered to the ACP or SMART Dataset after routine production of the MISR Aerosol/Surface Prod-
uct beginswill first be studied at the MISR SCF. Any resulting changesto the baseline will be doc-
umented, and adecision will be made whether to implement the change, and whether it isnecessary
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to reprocess part or all of the prior MISR Aerosol/Surface Product.

Table 7: Contents of the SMART Dataset

Parameter Description Units
m Aerosol model number, including composition/size type none
identifier, relative humidity (%), and atmospheric layer
identifier
T Aerosol optical depth in the four MISR bands none
P Ambient pressure hPa
H, Mo Cosines of view and solar angles none
Q Scattering angle deg
Radiation parameters for black surface
Pss Single-scattered top-of-atmosphere equival ent reflectance none
in each MISR spectral band for the model conditions and
geometries specified above
Pms Multiple-scattered top-of-atmosphere equivalent reflec- none
tance in each MISR spectral band for the model condi-
tions and geometries specified above
edifl, Single-scattered diffuse irradiance at the bottom of the none
atmosphere in each MISR spectral band for the model
conditions specified above, normalized to the exo-
atmospheric solar irradiance
edift Multiple-scattered diffuse irradiance at the bottom of the none
atmosphere in each MISR spectral band for the model
conditions specified above, normalized to the exo-
atmospheric solar irradiance
Toss Single-scattered upward-directed diffuse atmospheric none
transmittance, integrated over azimuth angle, in each
MISR spectral band for the model conditions and
geometries specified above
Toms Multiple-scattered upward-directed diffuse atmospheric none

transmittance, integrated over azimuth angle, in each
MISR spectral band for the model conditions and
geometries specified above
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Table 7: Contentsof the SMART Dataset (continued)

Parameter

Description

Units

T1ss

Single-scattered upward-directed diffuse atmospheric
transmittance, weighted by the cosine of the azimuth
angle and integrated over azimuth angle, in each MISR
spectral band for the model conditions specified above

none

Tl,ms

Multiple-scattered upward-directed diffuse atmospheric
transmittance, weighted by the cosine of the azimuth
angle and integrated over azimuth angle, in each MISR
spectral band for the model conditions specified above

none

Single-scattered upward-directed diffuse atmospheric
transmittance, integrated over azimuth and illumination
zenith angle, in each MISR spectral band for the model
conditions specified above

none

Multiple-scattered upward-directed diffuse atmospheric
transmittance, integrated over azimuth and illumination
zenith angle, in each MISR spectral band for the model
conditions specified above

none

Single-scattered bottom-of-atmosphere bihemispherical
albedo in each MISR spectral band for the model condi-
tions specified above

none

Sms

Multiple-scattered bottom-of-atmosphere bihemispheri-
cal albedo in each MISR spectral band for the model con-
ditions specified above

none

Additional parameters for dark water surfaces

w

Surface wind speed

m sec’

Psurf

Component of top-of-atmosphere equivalent reflectance
corresponding to radiation that has interacted with the
surface in each MISR spectral band for the model condi-
tions and geometries specified above

none
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4.3 PROCESSING OUTLINE

Figure 5 shows conceptually the processes involved in generation of the SMART Dataset.

Numbers next to process
boxes refer to sections in the
text describing the algorithm

A | Calculate 451 Calculate 45.2
Aeroso radiation additional
Climatology parameters ———#» TOA > gz,\i/ltgseTt
Product for black parameters
surface for dark water

Figure 5. Conceptual processing flow for generation of the SMART Dataset
44 INPUT DATA

The primary source of input data for generation of the SMART Dataset is the ACP. Using
the optical properties of the aerosols contained in the ACP, forward radiative transfer calculations
are performed at the MISR SCF, as outlined in Figure 5, to calculate the parameters in Table 7.
These are calculated for avariety of view and illumination geometries, corresponding to the range
of values relevant to the MISR experiment. The results are provided over ranges of total aerosol
optical depth, aerosol type, and relative humidity.

45 THEORETICAL BASIS

For the aerosol retrievals over dark water, the pre-calculated radiation fields in the SMART
Dataset are provided assuming a surface model that accounts for the effects of wind speed on sun
glint and whitecaps. In the case of homogenous land regions identified as being covered by Dense
Dark Vegetation (DDV), the portion of the SMART Dataset containing the black surface top-of-
atmosphere radiation fields, as well as the atmospheric transmittance and bottom-of-atmosphere
irradiance data are used, and the TOA equivalent reflectances assuming a prescribed surface bidi-
rectional reflectance model are calculated during theretrieval processing at the DAAC. Finally, for
the retrievals over heterogeneous land surfaces the radiation fields al so use the black surfacefield,
and the effects of surface reflectance are accounted for during the actual retrievals.

45.1 Calculateradiation parametersfor black surface
45.1.1 Physicsof the problem

The physical basis for describing the transport of radiation in the atmosphere, its interaction
with aerosols, and its interaction between the atmosphere and the surface isradiative transfer (RT)
theory (e.g., [7]). The radiative transfer equation can be solved for avariety of surface boundary
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conditions, including non-lambertian and heterogeneous (in reflectance) terrain. Retrievals over
regions of complex topography are not envisioned at launch, so the underlying theory behind the
aerosol retrievals assumes aflat lower boundary. Extinction of radiation occurs viatwo processes.
absorption and scattering. Attenuation of the incident and reflected beams is offset by diffuse ra-
diation that has been (1) reflected by the atmosphere without reaching the surface, (2) subjected to
multiple reflections between the atmosphere and surface, and (3) scattered into the line-of-sight
from neighboring terrain. With regard to the latter process, often referred to as the “ adjacency ef-
fect”, the horizontal photon diffusion (or “blurring”) scale length is of the order of the effective
scale height of the atmospheric scatterers. Thus, images of a surface overlain by an atmosphere
with an optical depth dominated by tropospheric aerosols in the lower few kilometers will have a
non-negligible blurred component if the image spatial resolution is coarser than ~ 1 km. Thisisthe
3-D radiativetransfer regime[13], [ 14], [ 34] . On the other hand, when theimage spatial resolution
isgreater than ~ 1 km no significant blurring is expected. Thisisthe standard 1-D radiative transfer
regime.

Forward radiative transfer calculations, which will form the basis for the MISR aerosol re-
trieval, are based on the doubling/adding method of solving the RT equation for plane-parallel ge-
ometry. The principle behind doubling/adding is to calculate an exact solution for horizontally ho-
mogeneous layers of extremely small optical thickness, and then to use a recipe to describe the
combined effect of pairs of layers. This process is repeated to build up layers of arbitrary optical
thickness. When the subsequent layers have the same optical properties astheinitial layers, a geo-
metric doubling process builds up the atmospheric model. For vertically inhomogeneous atmo-
spheres, subsequent layers are added. Further description of this method is found in Hansen and
Travis[25].

The MISR approach isto consider the atmosphere to be vertically stratified into three strata
(see Figure 4). A high altitude, purely absorbing layer consisting of ozone, is not included in the
forward calculations; rather, a correction is made during the retrieval process. Forward radiative
transfer calculations are performed using the matrix operator technigue of Grant and Hunt [ 22] for
anumber of different tropospheric aerosol types, and for arange of optical depths of tropospheric
aerosol, cirrus cloud, and stratospheric aerosol. The minor water vapor absorption affecting the
MISR band 4 radiancesisincluded in the forward cal culations. We use standard atmospheric tem-
perature and water vapor profiles to establish the water vapor optical depth. Although this proce-
dure is not strictly accurate, the water vapor optical depth in band 4 is only on the order of afew
thousandths, as determined from convolution of MODTRAN spectra with the predicted MISR
spectral response. The Rayleigh scattering will be described by asingle value for the optical depth,
specified for a reference surface pressure. Since Rayleigh optical depth is proportional to the sur-
face pressure, the computed TOA equivalent reflectances in all four bands will need to allow for
any variations in surface pressure. Over land the pressure variations can be significant due to
changesinterrain elevation. Thisis handled by performing the calculationsin the SMART Dataset
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for several pressure values, and interpolating to the appropriate value during the retrievals.

The parametersin the SMART Dataset corresponding to the black surface case are split into
their contributions due to single scattering and multiple scattering. Thereason for thisisthat during
aerosol and surface retrievals, mixtures of the pure aerosols contained in the ACP will be em-
ployed, and the radiation parametersfor the mixtures are calculated from the fields for the pure par-
ticles, and combined according to a newly developed linear mixing approach (see [ M-11] and [ M-
12]). This modified linear mixing approach is more accurate than standard linear mixing when
thereisalarge variation in the single scattering albedos of the component aerosols. However, this
improved accuracy is achieved at the expense of requiring the single and multiple-scattered fields
to be considered separately.

Polarization of scattered light can affect the radiances measured by MISR. The differencein
the radiance field as computed by a vector code from that computed by a scalar code is dominated
by the highly polarized Rayleigh-scattered light from gas molecules. Aerosols have smaller polar-
ization over most angles and the radiance field can be calculated adequately for the purpose of in-
terpreting M1SR observations with a scalar code. To include the effects of polarization we correct
radiances in our scalar calculations by subtracting the contribution due to the Rayleigh scattering,
including its interaction with the surface. We then add back this contribution as calculated with a
vector code. The interaction of the polarized Rayleigh scattering from the atmosphere and the po-
larizing Fresnel reflection from the water surfaceisimportant. Initially, we implement a correction
only to the atmospheric path radiance. A correction to the surface term corresponding to water-
leaving radiances is deferred to alater time.

A wide variety of surface reflectance properties can be handled by the adding method; how-
ever, our retrieval approach requires storing in the SMART Dataset only the radiation fields for a
black surface and a surface glitter/whitecap model. In the case of calm ocean (no wind), the reflec-
tion function for specular reflection is Fourier decomposed in azimuth. Instead of integrating over
zenith angle asis done for diffuse radiation, atmosphere-surface interactions are formed by multi-
plying the surface reflection matrix by the reflection matrix for the atmosphere. For a smooth sur-
facethereflection matrix isadiagonal onewith the magnitude of each element given by the Fresnel
reflection law. For arough surface (e.g., when wind is present) off-diagonal terms become impor-
tant. The magnitude of the off-diagonal terms can be estimated from Cox-Munk theory [ 10], [80]
(see 84.5.2). Complex surfaces consisting of Fresnel and diffuse reflection can be added as well,
weighted by their fractional areas.

45.1.2 Mathematical description of the algorithm
45.1.2.1 General background

The dependence of Rayleigh optical depth on surface pressure and wavelength is given as
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follows[68]:

B016+0.074 A + 0")’\5(%

PEo 7(0.00864 + 6.5x10°° [7) Th 21)

TRayleigh =

where P is the ambient pressure in millibars, Py is the standard surface pressure of 1013.25 mbar,
zisthe height above sea level in km, and A is the wavelength expressed in um. We plan to ignore
the z dependence in Eq. (21), as it results in an increase in Rayleigh optical depth at the shortest
MISR wavelength of only 0.0016 at 9 km atitude (the height of Mt. Everest), and thisisan extreme
case. The equation differs dightly from an inverse fourth power law due to the wavelength
dependence of the index of refraction of air. This formulation will be used to produce data in the
SMART Dataset corresponding to two values of pressure. The pressure values chosen span the
range that will be encountered during aerosol retrievals at any altitude above the surface.

The 865 nm MISR channel is nearly centered on a window region where there is little ab-
sorption by water vapor. Neverthel ess, some water lines do overlap the passband. We estimate that
the absorption optical depth for water vapor varies from 0.002 for a standard atmosphere model to
0.005 for a saturated tropical atmosphere model. The standard atmosphere Rayleigh scattering op-
tical depth at 865 nm is 0.016, and MISR expects to retrieve aerosol optical depths of afew hun-
dredths, so water vapor absorption is considered important enough to warrant inclusion in the ra-
diative transfer calculations.

As described above, water vapor is modeled as being confined to the lowest layer of the at-
mosphere. The simplest way to incorporate it into the forward radiative transfer calculation isto
add its absorption optical depth to that of the Rayleigh atmosphere and any aerosol considered to
be concentrated in the lowest stratum. Then, the combined optical depth for aerosol, Rayleigh, and
water vapor would be

T =ttt (22)

and the effective single scattering albedo of any layer in the bottom atmospheric stratum would be

T..+tT1 W T+ T
©w = as R — eff "a R (23)

T
t Ta T TRY Ty

where wg is defined by Eq. (17), 1, is the aerosol extinction optical depth, 1,4 is the aerosol
scattering optical depth, 1R is the Rayleigh scattering optical depth, and t,, and is the water vapor
optical depth. The optical depth of water is an average over the MISR passband. It is computed by
convolving the results of MODTRAN with the sensitivity function for the instrument. The water
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vapor optical depth will be determined using a standard atmosphere temperature profile. Errorsin
the temperature profile produce errorsin water vapor optical depth of approximately 0.001 or less,
which is small compared to the effects of other uncertainties.

Asdiscussed in 83.2, aerosol layers are characterized by three vertical distribution parame-
ters: hy, the base height of the aerosol layer; hy, the top height of the aerosol layer; and hg, the scale

height of the layer. Using these parameters, aerosol extinction coefficient k varieswith altitude zas

k(z) = 0, 0sz<h,

k(2) = K(hb)expg—hig, h,<z<h,
S

k(z) = 0,z>h, (33)
and
00 h, h h
= [x@dz = K(hb)J'eXpD hDdz = k(hy)h, [[expD—h—D—expD hD} (3b)
0

b

Notethat when it is desired to make the aerosol layer vertically uniform, we choose hgto be alarge
number (e.g., 1000 km), and Eq. (3b) reducesto

r, = k(hy) Oh,—hy] (30)

The radiance L leaving the top of the atmosphere can be written as

I-x, y(_p1 Ho: @— ([b) = Latm(_“, g, @ — qb) +
12m
+ eXp(—t/p) []{]:'[IIRSUH( TRILN- (P)me(u Ho o' — (po)Ude(P +
12ml2n 00

1
T Ty o= 0) ORI w07 = @) LG (W g, @' - go) ' ch” dodi'dy’
0000

(24)
where x, y are the image spatial coordinates in a Cartesian coordinate system in which +z points
toward the center of the Earth and is normal to the surface ellipsoid (not the local topographically-
defined surface orientation), +x points toward the north pole, 6 and 6, are the view and Sun angles
with respect to the +z axis, u = |cos 6|, u, = |cos8,|, ¢, isthe azimuthal angle of the solar illumination
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vector, and g is the azimuthal angle of a vector pointing toward the MISR instrument, also in the
ellipsoid reference system. These definitions|ead to the convention of using -p and p for upwelling
and downwelling radiation respectively. The properties of the atmosphere are assumed to be
horizontally homogeneous. On the right-hand-side of Eq. (24), L&™ is the radiance field scattered
by the atmosphere to space without interacting with the surface (i.e., the path radiance), t is the
optical depth of the total atmosphere, L;(“‘f, is the direct and diffuse downward radiance field
incident on the surface, Ty isthe upward diffuse transmittance, and R)S(}J{,f isthe spatially variable
surface bidirectional reflectance factor (BRF). The BRF of a surface target is defined as the
bidirectional reflectance distribution function of the target ratioed to the bidirectional reflectance
distribution function from a non-absorbing lambertian surface with all measurements made under
identical atmospheric conditions [53].

In the general three-dimensional solution to the radiative transfer problem with a horizontal-
ly uniform atmosphere over a spatialy varying and flat surface, the transmittance Ty, can be
thought of as a point-spread function and with the convolution operation [ describes the blurring
effect of the atmosphere on the surface reflectance Ri“;f [15]. When the image spatial resolution
is comparable to the atmospheric scattering scale height (defined by the vertical distribution of the
aerosols and/or Rayleigh scattering molecules), Eq. (24) reduces to the standard one-dimensional
radiative transfer regime, and Ty, is effectively adelta function in the spatial coordinates. In this
case, Eq. (24) simplifiesto:

I‘X, y(_“w “0! ¢o— (R)) = Latm(_“! p‘O! ¢o— q:b) +
12m
+ €Xp(-T/1) D}TJ'J’ R (1 1 = @) LIS (W 1, @'~ go) ' chu' dp +
00

12ml2n
1 .
F 3 T 0= @) RET (w0 =) LIS (' g, o'~ gy ch dodyde’
0000 (25)

MISR data will be acquired in various averaging modes. The 3-D radiative transfer regime
is appropriate for the high-resolution channels (1 x 1 or 1 x 4) and the 1-D regime is appropriate
for 4 x 4-averaged samples.

A further simplification of Eq. (25) occurs over surfaces which are uniform in reflectance.
For such cases, Eq. (25) issimplified by eliminating the x, y subscripts from the equation. Finaly,

in the case where the surface is black, only the path radiance term survives.

The polarization correction is implemented according to the following equation:

33



L = L—Lgayieigh * LRayleigh (26)

where L is the radiance incl uding the effects of polarization, L is the radiance computed by the
scalar radiative transfer code, and the last two terms on the right-hand-side of Eq. (26) are the
radiances for a model with clear atmosphere only and no aerosols, from scalar and polarization
codes, respectively.

45.1.2.2 TOA equivalent reflectances

The general relationship between equivalent reflectance and radianceis:

Pequiv = ik, / Egy (27)
where L, is the spectral radiance incident at the sensor, and E,, is the spectral exo-atmospheric
solar irradiance at wavelength A. The use of equivalent reflectance permits radiance levels to be
expressed in terms of a single band-independent parameter. Equivalent reflectance conceptually
represents an arbitrary radiance level in terms of the particular value of reflectance of an exo-
atmospheric lambertian target, illuminated by the Sun at normal incidence, that would yield the
same radiance at the sensor.

For ablack surface, the TOA equivalent reflectances stored in the SMART Dataset are, for
each spectral band,

Pss = T[Lgstm/EO
Pms = LA/ Eq

(28)

where the subscripts indicate that the radiation field has been separated into its single- and
multiple-scattered components. Equivalent reflectance calculations performed in generating the
SMART Dataset are monochromatic, with the exception that the water vapor optical depth
included in the band 4 calculations is an average for the MISR passband.

Equivalent reflectances are stored in the SMART Dataset as afunction of the geometric vari-
ables y, pg, and Q, where Q is the scattering angle, given by

1 1
cosQ = g+ (1-p2)*(1-p3)*cos(o— g) (29)

The storage in terms of p, pg, and Q, rather than the more conventional p, pg, and ¢- ¢, is done so



that the grid in Q can be tailored to enable finer coverage in angular regions where the aerosol
single-scattering phase functions vary rapidly, e.g., in the presence of rainbows.

45.1.2.3 BOA diffuseirradiance

~ Theradiancefield incident upon the surface at the bottom of the atmosphere (BOA), denoted
Inc

L ™ in EqQ. (25), may be separated into direct and diffuse components, that is,

Llnc(u,,uo, (p,_(po) — Ldir(ll',lvlo, (p,_(po) + Ldiff(“',HO,CP'—(PO)

m .
= ;()Eoexp(—T/uo) + L9 (W', 1 0= @) (30)

If we now integrate Ldiff over solid angle to obtain an irradiance, and normalize to the exo-
atmospheric solar irradiance Eg, and further separate the diffuse field into its single- and multiple-
scattered components, we obtain:

12n
. 1 .
S = £ f JL&" (ng 0'- aphuch doy
00

121
. 1 .
efims = £, J L (W 0= q)u'ch do
00 (31)

45.1.2.4 Upward diffuse transmittance

The upward diffuse transmittance, T, may be expanded in a Fourier seriesin azimuth angle.
If we retain only the first two terms of the expansion, the mathematical representation of thisis

T(—', =1, ¢ —@) OTy(—p', =) + T (-1, —pn) cos(¢' — ) (32
with
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and

21
I 1 I U U
Tl =) = S T, =, ¢’ —9)cos(e’ —g)de’ (34)
0

The integrated diffuse transmittance, t, is related to Ty by the following equation:

1
t(—u) = ZHITO(—M', —p) dp’ (35)
0

The terms defined by Egs. (33) - (35) are then separated in to their single-scattered and multiple-
scattered components.

45.1.25 BOA bihemispherical albedo

The bottom-of-atmosphere bihemispherical albedo for isotropic incident radiation, s, is de-
fined according to the following equation:

12ml2n

s = 1—1151 [ [ [ "M~ 0 9)uchiclodh dg (36)
0000

where patm(u, —u', - ") isthe underside atmospheric path radiance expressed as an equivalent
reflectance. We also separate sinto its single-scattered and multiple-scattered components.

45.2 Calculate additional TOA parametersfor dark water
45.21 Physicsof the problem

Referring to Eq. (25), this step involves cal culating the sum of the second and third terms on
the right-hand-side, that is, the radiation field corresponding to photons which have interacted with
the surface. Unlike the parameters contained in the SMART Dataset for the black surface case, we
do not require a separation into single- and multiple-scattered components, as standard linear mix-
ing theory will be used for these terms during the retrieval process.

Under conditionswhen thereisno surface wind, the water surfaceisflat and actsasa Fresnel
reflector. Sunlight incident on the surface is reflected only in the specular direction. However, itis
more common that there is some surface wind. The long-term annual mean wind speed over the
oceans varies from about 5 - 9 m/sec [29]. The wind roughens the water surface, which can then
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be modeled as an array of facets with a distribution of slopes. A basic theory was worked out by
Cox and Munk [10]. Aswind speed increases, the wave slopes increase and the glitter pattern in-
creases in angular width. Over dark water, this model will be used to establish the lower boundary
condition for the RT calculations. In addition, it will be used to determine which cameras cannot
be used in the aerosol retrieval due to contamination by glitter.

At viewing geometries away from the sunglint pattern, the water surface is nearly black at
670 and 865 nm, though a small surface brightness resulting from the presence of whitecapsis as-
sumed. The fraction of the sea surface that is covered by whitecapsis afunction of wind speed W,
however it is also related to the atmospheric stability, and possibly to the water temperature itself
[6], [48]. Gordon and Wang [ 20] have shown that for wind speeds less than 10 - 12 m/sec present
models relating whitecap reflectance to wind speed are sufficient for SeaWiFS atmospheric cor-
rections when the aerosol scattering is weakly dependent on wavelength. Since the equivalent re-
flectance of the sea surface due to whitecapsis small for these wind speeds (e.g., < 0.007 for W<
14 m/sec), the model adopted for MISR uses only wind speed as an input parameter, and is based
on Monahan and O’ Muircheartaigh [49] and Koepke [38]. The dark water surface parameters are
evaluated for three wind speeds, 2, 5, and 10 m/sec, in the SMART dataset.

45.2.2 Mathematical description of the algorithm

We begin by describing the mathematical form of the surface BRF, RSUrT | for reflection from
the ocean surface.

The contribution to the MI SR-measured radiance from sun glitter (the specular reflection of
sunlight from the sea surface) is modeled according to the formulation of Cox and Munk [10] and
modified by Mishchenko and Travis[46]. In this development the sea surfaceis modeled as a col-
lection of facets with individual slope components z, and z,. In a coordinate system with the +y
axis pointing toward the Sun (such that the projection of the Sun’ s rays on the sea surface isalong
the -y axis), given the solar zenith angle and the angles 6 and ¢ specifying the reflected ray, the ori-
entation (B, a) of the facet normal n; (see Figure 6) required for the facet to reflect sunlight in the
direction of (8, g) isfound from:

Cos(2y) = €0osBCosB, — SiNBSING,COSe
cosp = ((cose + cos6,)/ 2cosy

cosa = (cosesin®—sing,)/2cosysing
sina = (Sinesing)/2cosysing
z, = Sinatanp

z, = cosatanp 37)
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Note that for aflat (smooth) surface, ¢ = 0.

Incident
Solar Ray

Figure 6. Geometry of reflection from a rough sea surface. n; isthe unit normal to the facet
that isoriented properly to reflect the sunlight as shown

The BRF of the surface due to sun glitter, in the absence of an atmosphere, is

rolitter _ i (y) 4p(zx’ Z'y)S(H, M) (38)
Appy(cosp)

wherer(y) isthe Fresnel reflectance for unpolarized light incident at an angley, and p(z ,Z y) isthe
probability density of surface slopes for isotropic wind given by [46]:

p(2,02,) = (21") " exp[~(% +n?)/2] (39)
where
E=2/s
n = z'y/ S (40)

and the mean square surface slope 2 is related to the near-surface scalar wind speed by

2¢” = 0.003 + 0.00512 OW (41)

with Win m/sec. In Eq. (38), Sis ashadowing function given by [46]:
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Sk, ko) = 1+ A(p) + Alg) “2
where
1
1H2(1 - p?)7?2 0 2 O 0
A(p) = éaT“} DE Cexp————L-erfc 2 (43)
02s"(1—p ) 5, 2(1- %
and erfc is the complementary error function.
The BRF of the sea surface due to whitecaps, in the absence of an atmosphere, is

RUMtECAP — (22) (2,95 x 107°W>* (44)

where the factor 0.22 is the effective reflectance of a whitecap, taken to be lambertian [38]. The
fraction of the sea surface covered by whitecaps enters into this equation and is expressed as an
empirical power law in the wind speed W.

A different algorithm to calculate whitecap reflectance is given by Gregg and Carder [ 23],
and is aformulation based on wind stress. This algorithm includes the density of air, the drag co-
efficient asafunction of wind speed, and a number of coefficients relating wind stress to foam re-
flectance. A comparison of EqQ. (44) with Gregg and Carder’s algorithm shows negligible differ-
ences for wind speeds up to 18 m/sec.

The BRF for the surface is then taken to be the sum of the glitter and whitecap contributions.
Putting these expressions into the second and third terms on the right-hand-side of Eq. (25), then
converting the resulting field to equivalent reflectance according to Eq. (27), provides the param-
eter to be incorporated into the SMART Dataset.
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5. TROPICAL OCEAN ATMOSPHERIC CORRECTION DATASET
5.1 PURPOSE

The Tropical Ocean Atmospheric Correction (TOAC) Dataset contains components of the
reflectance of the atmosphere-ocean surface combination relating to the aerosol and itsinteraction
with molecular scattering. It is used in atmospheric correction of MISR imagery over the tropical
oceans in amanner similar to that described in[21]. Thisuseis also described in considerable de-
taill in[19]. It isgenerated by radiative transfer (RT) calculations performed for atwo-layer atmo-
sphere with aerosol scattering in the lower layer and molecular scattering in the upper layer. The
radiative properties of the aerosol are presently taken from the generic models of Shettle and Fenn
[69]. In the computations, the sea surface is modeled as a flat Fresnel-reflecting surface that ab-
sorbs all of the radiance transmitted into the water. Thus, the vertical structure of the atmospheric
model issimilar to that in Figure 4 without the top two layers and without water vapor. Accounting
for the effects of whitecaps and sun glitter on theradiation field isnot required, asthey areremoved
from the TOA reflectance before application of the TOAC Dataset.

5.2 CONTENTS

For a given aerosol model, the TOAC Dataset contains the coefficients a(m)(—p, Hoh)

b™ (—, ugn) L and ¢™ (4, pgir) defined by Egs. (50) and (52) below, for 0< m< 14, 35 val-
ues of -y, 33 values of pg, and 4 MISR spectral bands. Presently the computations have been com-
pleted for 12 aerosol models of Shettle and Fenn [69]. During the ocean surface water-leaving
equivalent reflectance retrieval sto be performed during generation of the ocean surface parameters
of the MISR Aerosol/Surface Product, these coefficients are used in conjunction with MISR-de-
rived aerosol and Rayleigh-aerosol interaction components of the top-of-atmosphere radiation
field to generate estimates of the aerosol single-scattering signature. Thisisthen used in the atmo-

spheric correction algorithm.

5.3 PROCESSING OUTLINE

Figure 7 shows conceptually the processesinvolved in the generation of the TOAC Dataset.

551

Compute
e TOAC
radiation - Dataset

parameters

Aerosol
Models

Numbers next to process
boxes refer to sections in the
text describing the algorithm

Figure 7. Conceptual processing flow for generation of the TOAC Dataset
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5.4 [INPUT DATA

The input data are the aerosol models. Basic generic models [69] have been used in gener-
ating the present TOAC Dataset; however, new models are expected to be available in the future.

5.5 THEORETICAL BASIS
55.1 Computeradiation parameters

55.1.1 General background

After removal of the components of the TOA reflectance due to whitecaps and sun glitter,
and correcting for the two-way ozone absorption, the residual reflectance p; can be written

Py = P+ Pyt Pt Eoy, (45)

where p, is the reflectance resulting from scattering by air molecules (Rayleigh scattering) in the
absence of the aerosol and p, is the reflectance resulting from scattering by the aerosol in the
absence of the air. The term p,, is the interaction term between molecular and aerosol scattering.
It accountsfor photonsfirst scattered by the air then scattered by aerosols, or photonsfirst scattered
by aerosols then air, etc. This term is zero in the single scattering case. In the last term, t is the
diffuse transmittance of the atmosphere and p,, is the water-leaving reflectance (resulting from
radiance backscattered out of the ocean). In producing the TOAC Dataset, p,, = 0, SO
P, = P, tp,+ P, All Of these reflectances are functions of the viewing-solar geometry (-, po, @
- @p), Where p is a positive number, and the wavelength A. If single scattering were the correct
physics describing radiative transfer in the atmosphere, this equation would become

pt = prs+ pas (46)

where the additional subscript s signifies single scattering. Note that the term p,5 ismissing, asthis
term results from multiple scattering. The single-scattered aerosol reflectance is given by

(M) T4(A) Pa(—Hs 1o, @ — @A)

o 47

Pas(A) =
where

Pa(—H: Mg, 0= @:h) = Pa(Qy, A) +[r(kg) + 1 ()] (Pa(Qp 2)) (48)

and
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1 1
c0SQ; = —jpg + (1 —p?)%(1-p3)%cos(o— @)

1 1
cosQ,, = +(1-p2)2(1—p2)2cos(p—

2 = HHg t (1—p2) (1 —pg)-cos(o— ) (49)
and r(o) is the Fresnel reflectance of the interface for an incident angle cos(a). The parameters
1a(A), @, (A), and P,(Q,A) are, respectively, the aerosol optical thickness, the aerosol single
scattering albedo, and the aerosol scattering phase function for a scattering angle Q.

55.1.2 Application tothe TOAC Dataset

The TOAC Dataset relates (p, + pra)/Hg 10 padHg for any given geometry (-y, pg, @ - ¢p) and
MISR spectral band. As p4gis proportional to w_t_p,, it is seen that the TOAC Dataset provides
the aerosol contribution to p; as a function of the aerosol concentration (which is proportional to
15) and the agrosol model (specified by w,p, ).

To reducethe size of the TOAC Dataset, p, + p4 iSfitted using least squares to p,g according
to

A) +p, (A ’
Og[pa( )uopra( ) _ a(}\)+b()\)|ogp%z)+c(>\)[log

pzﬂs(%)}2

Ty (50)

where a(A), b(x), and c(A) are functions of wavelength and the geometry, and the logarithms are
base e. To further reduce storage, the azimuthal dependence of a, b, and c is handled using Fourier
anaysis, i.e.,

M
a(-1, 1, 0= @A) = a7 (N +2 5 @™ (4, ugd) cosm(o— @) (51)

m=1
where

Tt

2™ (-, 1gi0) = F[a(, g, 0— i) COSM(0— ) (52
0

with similar expressions for b and c.

Given amodel of the aerosol, the required computations consist of the use of 1-D radiative
transfer theory as described in 84.5.1.2.1. The vertical structure of the atmosphere consists of the
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sea surface and the first two layersin Figure 4 in the absence of water vapor. Ozone is assumed to
be in a separate absorbing layer above the second layer and is not included in the computations.
Scalar RT theory is used, as polarization has a negligible effect on the relationship described by
Eq. (50). (However, in application of the full atmospheric correction algorithm, p, isrequired, and
is computed using vector RT theory.) The molecular scattering optical depth 1, is taken to be the
sea-level value, asvariationsin t, induced by changesin the surface pressure (~ 1.5%) have aneg-
ligible effect on the fits obtained using Eg. (50). Unlike the computations described in 84.5.1.2.1,
which use the doubling-adding method of solution of the RT equation, in preparation of the TOAC
Dataset, the RT equation was solved using the successive-order-of-scattering method [ 77]. Typi-
cally, the pre-computed values of p; (with p,, = 0) have uncertainties ~ 0.1%. Given py, p, iS com-
puted (also using scalar theory) to form

pt - pr = pa + pra (53)

This, along with p,5[see Eq. (47)], isthen used to determine a, b, and c for the given geometry [see

Egq. (50)]. Finaly, the Fourier components a(m)(—p, HoN) b(m)(—u, Hp:d) . and
™ (1, pin)  are determined according to Eq. (52).

The parameter p; is computed on a grid of 1,(A) values. For a given aerosol model, separate

computations are required for each value of the geometric variables, the aerosol optical depth, and
wavelength.
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6. ANCILLARY LAND BIOME DATASET
6.1 PURPOSE

The Ancillary Land Biome Dataset consists of three files:

(1) Biome Classification Map: This file contains a geographic mapping of land sur-
face classification into selected biome types, or barren. This classification is
used as input to the default mode of the LAI/FPAR algorithm for the purpose of
choosing the appropriate relationship for transforming Normalized Difference
Vegetation Index (NDV1) into FPAR (see [M-12]).

(2) Canopy Architecture Radiative Transfer (CART) file: A look-up table (LUT) ap-
proach is used to rapidly model the radiative transfer process of complex cano-
py/soil modelsto determine hemispherically-integrated canopy/soil reflectances
(used to determine LAI) and the corresponding FPAR'’s. Thisfile contains radi-
ative transfer parameters, describing transmittance and absorptance properties,
for these canopy/soil models associated with the biome types of the Biome Clas-
sification Map.

(3) NDVI-FPAR Regression Coefficientsfile: Thisfile contains the biome-dependent
regression coefficients, relating the canopy NDV1 to FPAR, and is used in con-
junction with the Biome Classification Map to determine FPAR when in the de-
fault mode of the FPAR algorithm.

6.2 CONTENTS

The Biome Classification Map consists of 233 parts, corresponding to the 233 repeat orbits
of the EOS spacecraft. The parameters in this product are reported in a Space-Oblique Mercator
(SOM) map projection. The map scale of the projection is 1.1 km; this defines the horizontal sam-
pling for each of the parameters. The horizontal datum, or surface-basis, for the projection is the
WGS84 ellipsoid. Thismap projection and surface-basisisidentical to what will be used for all the
Level 1B2 and Level 2 parameters (see [M-4] and [M-7]).

Vegetated land covers are classified into six biome types, depending on their canopy struc-
ture. The biome structure attributes are parameterized in terms of variables used by radiative trans-
fer models. The characteristics of the six biomes are as follows:

(1) Biome 1. Grasses and Cereal Crops. This biome is characterized by vertical and
lateral homogeneity, large vegetation ground cover fraction, plant height less
than a meter, erect leaf inclination, no woody material, leaf clumping and inter-
mediate soil brightness.

(2) Biome 2: Shrublands. This biome is characterized by lateral heterogeneity, small
to intermediate vegetation ground cover fraction, small leaves, woody material,
and bright backgrounds. Thisland cover istypical of semi-arid regionswith ex-
treme hot or cold (tundra/taiga) temperature regimes and poor soils.



(3) Biome 3: Broadleaf Crops. This biome is characterized by lateral heterogeneity,
large variationsin fractional vegetation ground cover from crop planting to ma-
turity, regular leaf spatial dispersion, photosynthetically active (i.e., green),
stems, and dark backgrounds.

(4) Biome 4: Savanna. Thisbiomeis characterized by two distinct vertical layers, un-
derstory isgrass (Biome 1), low fractional ground cover of overstory trees, can-
opy optics and structure therefore vertically heterogeneous. Savannas in the
tropical and sub-tropical regions are characterized as mixtures of warm grasses
and broadleaf trees. In the cooler regions at higher latitudes, they are described
as mixtures of cool grass and needle trees.

(5) Biome 5: Broadleaf Forests. This biome is characterized by vertical and lateral
heterogeneity, complete vegetation ground cover, green understory, mutual
shadowing by crowns, foliage clumping, variable crown heights, and includes
randomly oriented trunks and branches which make canopy structure spatially
variable.

(6) Biome 6: Needle Forests. This biome is characterized by needle clumping on
shoots, severe shoot clumping in whorls, dark vertical trunks, sparse green un-
derstory, crown mutual shadowing, branches randomly oriented.

Non-vegetated land is classified as barren. Finaly, the Biome Classification Map, being a
continuous pole-to-pole file, contains areas that are covered by ocean, inland water, or coastline.
These are classified as not_land.

Table 8: Biome Classification Map Contents

Parameter name Description Units

Geographic latitude Geodetic latitude coordinate of the center of the SOM grid | deg
location

Geographic longitude | Geodetic longitude coordinate of the center of the SOM deg
grid location

Surface type One of six vegetation classes, barren, or not_land none

The parameters in the Canopy Architecture Radiative Transfer file are listed in Table 9.
Those parameters dependent on solar zenith angle are evaluated at 4 angles, 15°, 30°, 45°, and 60°,
and are representative valuesfor the angle bins 0°-22.5°, 22.5°-37.5°, 37.5°-52.58nd 52.5°-70°,
respectively. Likewise, those parameters dependent on view zenith angle are evaluated at 6 angles,
4°, 15°, 30°, 45°, 60°, and 70°, representative of the angle bins 0°-8.5°, 8.5°-22.5°, 22.5°-37.5°,
37.5°-52.5°,52.5°-67.5°, and 67.5°-72.5°. Finally, those parameters dependent on rel ative azimuth
angleare also evaluated at 6 angles, 10°, 40°, 70°, 100°, 130°, and 160°, representative of the angle
bins 0°-25°, 25°-55°, 55°-85°, 85°-115°, 115°-145°, and 145°-180°.
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Table 9: Contents of CART file

Parameter Description Units
LAI parameters
bio Biome identification number none
NLal Number of LAl values per canopy model none
LA N leaf areaindices (between 0.1 and 9.85) none
Reference soil model parameters
bio Biome identification number none
Neoil Number of soil models none
soil Soil identification number none
pgff Effective soil reflectance in 4 MISR bands none
Reference |eaf albedos
bio Biome identification number none
o Reference leaf abedo (= 0.02) none
w Leaf albedosin 4 MISR bands none
Reference canopy model parameters for a black soil and Sproblem
Neun Number of solar zenith angles (= 4) none
sun_zen Solar zenith angles (15., 30., 45., 60.) deg
Nyiew Number of view zenith angles (= 6) none
view_zen | View zenith angles (4., 15., 30., 45., 60., 70.) deg
N.zim Number of view-sun azimuth angle differences ( = 6) none
azimuth Azimuth angles (10., 40., 70., 100., 130., 160.) deg
bio Biome identification number none
lai LAI identification number none
(i r',q=1 | Hemispherical downward transmittances for reference leaf albedo w none
bs and direct incident irradiances at 4 solar zenith angles
tgisfr*, q=1 | Hemispherical downward transmittances for reference leaf albedo w none

and diffuse incident irradiances at 4 solar zenith angles
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Table 9: Contentsof CART file (continued)

Parameter Description Units
tonr q Weighted hemispherical downward transmittances for the reference none
bs leaf albedo w and direct incident irradiances at 4 solar zenith angles
td|ff q Weighted hemispherical downward transmittances for the reference none
bs leaf albedo w and diffuse incident irradiances at 4 solar zenith angles
Gdir* Fraction of radiation absorbed by the canopy for the reference |eaf none
bs abedo w and direct incident irradiances at 4 solar zenith angles
Gdiff> Fraction of radiation absorbed by the canopy for the reference |eaf none
bs abedo w and diffuse incident irradiances at 4 solar zenith angles
g* Hemispherical upward transmittance for the reference leaf albedo w none
t and a source located at the canopy bottom
a* Fraction of radiation absorbed by the canopy for the reference |eaf none
a
abedo w and asource located at the canopy bottom
Solution of the minimization problem described by Eq. (123) for the none
Iotdir “black soil problem” with direct incoming solar radiation at 4 solar
bs zenith angles
Solution of the minimization problem described by Eq. (123) for the none
ptgiff “black soil problem” with direct incoming solar radiation at 4 solar
S zenith angles
ot Solution of the minimization problem described by Eq. (123) for the none
“S problem”
pay. Solution of the minimization problem described by Eq. (122) for the none
“black soil problem”
Solution of the minimization problem described by Eqg. (122) for the none
. “S problem”
wair BRF weightsin 4 MISR bands at 4 solar zenith angles, 6 view zenith none
bs, A angles, and 6 azimuth angles
w? BRF weightsin 4 MISR bands at 6 view zenith angles none
Algorithm parameters for Biome/LAIl determination
bio Biome identification number none
Ngat Number of saturation function values none
L N, mean LAI saturation function values, described by Eq. (135) none
d dispersion saturation function values, described by Eq. (136) none

sat
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Table 9: Contentsof CART file (continued)

Parameter Description Units
| lai LAI identification number none
Wiy First component of BRF [defined in Eq. (161)] in 4 MISR bands, at 4 none
I solar zenith angles, 6 view zenith angles and 6 azimuth angles
W, ) Second component of BRF [defined in Eq. (162)] in 4 MISR bands none
I and at 6 view zenith angles
soil Soail identification number none
adir Canopy/soil DHR [defined in Eq. (94)] in4 MISR bandsand at 4 solar none
model,A | zenith angles
Adiff Diffuse light component of canopy/soil BHR [defined in Eq. (157)] in none
model,A | 4 MISR bands and at 4 solar zenith angles
| | Algorithm parameters for FPAR determination
bio Biome identification number none
| lai LALI identification number none
rgg A Black soil direct irradiance canopy hemispherical reflectance [defined | none
in Eqg. (128)] infirst 3 MISR bands and at 4 solar zenith angles
rgg fA Black soil diffuse irradiance canopy hemispherical reflectance none
[defined in Eq. (158)] in first 3 MISR bands and at 4 solar zenith
angles
Tf" Direct irradiance component of test parameter [defined in Eq. (172)] none
infirst 3 MISR bands and at 4 solar zenith angles
Tgiff Diffuse irradiance component of test parameter [defined in Eq. (173)] none
infirst 3 MISR bands and at 4 solar zenith angles
Fi")\ Direct irradiance component of canopy absorptance [defined in none
Eq. (167)] infirst 3 MISR bands and at 4 solar zenith angles
Fcljff)f Diffuse irradiance component of canopy absorptance [defined in none
Eq. (168)] infirst 3 MISR bands and at 4 solar zenith angles
Foa BRF-dependent component of canopy absorptance [defined in none
Eq. (169) infirst 3 MISR bands
Wy Solar spectrum weightsin first 3 MISR bands none
‘ The identification number bio indexes biome types, defined as
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bio = 1: grasses and cereal crops
bio = 2: shrublands

bio = 3: broadleaf crops

bio = 4: savanna

bio = 5: broadleaf forests

bio = 6: needle leaf forests.

The identification number lai indexes LAI values for biome-dependent canopy models.

Theidentification number soil indexes the biome-dependent effective soil/understory reflec-
tances.

The parameters in the NDVI-FPAR Regression Coefficients file are listed in Table 10. The
regression coefficients depend only on the biome type and the solar zenith angle. The three solar
zenith angles are set at 30, 45, and 60°, covering most of the MISR sun geometry

Table 10: Contents of the NDVI-FPAR Regression Coefficientsfile

Parameter Description Units
bio Biome identification number none
Fo 1st regression coefficients at 3 solar zenith angles none
Fq 2nd regression coefficients at 3 solar zenith angles none
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6.3 PROCESSING OUTLINE

Figure 8 shows conceptually the processes involved in the generation of the ALB Dataset.

6.5.1 6.5.2
. Land Biome Map onto
AVHRR Data Clafssﬁy L g/ Intermediate SOM
surtace Dataset grid
6.5.4
Calculate ;

L Ancillary
Regression Land Biome
Coefficients Dataset

6.5.3
Calculate
canopy
RT
parameters

Figure 8. Conceptual processing flow for generation of the ALB Dataset
6.4 INPUT DATA

The Biome Classification Map of the Ancillary Land Biome Dataset is to be generated after
launch once the specific geographic locations of the EOS orbit swaths are known. An intermediate,
global dataset is created in the interim to store the land biome classification data. The Land Biome
Intermediate Dataset (LBID) is currently generated from monthly composite 1-km AVHRR path-
finder data. The NDVI-FPAR regression coefficientsfile a so requiresthe AVHRR dataset to com-
pute the NDVI. The other filesin the ALB require no input data.

6.5 THEORETICAL BASIS
6.5.1 Classify surface

Theland cover classification used to generatethe LBID isperformed asfollows. First, NDVI
is determined and an NDV1 threshold is used to separate vegetated and non-vegetated regions.
V egetated regions are then divided into tropical, temperate, and boreal zones, depending on the du-
ration of the freezing period. Within each of these zones forested regions are separated from non-
forested regions, based on the magnitude of the NDVI at maximum surface temperature. The for-
ested regions in the temperate and boreal zones are further separated into leaf and needle forests,
based on the magnitude of the near-IR reflectance at maximum NDVI. The non-forested regions,
on the other hand, are classified as savanna, broadleaf crops, shrublands, and grasses/cereals, de-
pending on the magnitude of the red reflectance at maximum NDVI. A classification map for the
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conterminous U.S. generated by applying this methodology to 1-km AVHRR data was made and
was found to be in good agreement with that of Loveland et al. [42]. The latter classification used
an extensive amount of ancillary information and therefore can be considered as ground truth.

6.5.2 Map onto SOM grid

Once the actual SOM grid to be used for MISR Level 1B2 and Level 2 products is estab-
lished, the LBID data are mapped onto the 233 orbits at 1.1-km sampling using a resampling pro-
cedure. The resulting datasets constitute the Ancillary Land Biome Dataset. The creation of thein-
termediate LBID and the mapping onto the SOM to create the ALB Dataset is analogousto the cre-
ation of the DEM Intermediate Dataset (DID), a global map of surface elevations, which is then
mapped onto the SOM grid to generate certain parameters within the Ancillary Geographic Product
(AGP). Further description of this processis presented in [M-7].

6.5.3 Calculate canopy radiativetransfer parameters
6.5.3.1 Physicsof the problem

Fundamental to the operation of the LAI/FPAR retrieval algorithm is the ability to compute
accurate spectral transmittances, reflectances and absorptances for the various biome/canopy mod-
elsthrough the use of the Canopy Architecture Radiative Transfer (CART) file. In turn, the gener-
ation of thisfile requiresthe capability of simulating radiation scattering and absorption within the
complex 3-dimensional canopies which are indicative of the six biome types. Initial modeling ef-
forts were concerned with horizontally homogeneous canopies (i.e., one-dimensional radiative
transfer) to ssmulate radiation interactions in broadleaf crops and grasslands. The governing trans-
port equations were numerically evaluated by the modified discrete ordinates method with consid-
erable attention being paid to the derivation of appropriate scattering phase functions. The methods
were benchmarked by comparing model results with published solutions and with field measure-
ments of vegetation canopy reflectance [ 70]. The model has also been numerically inverted with
considerable success [60] and validated by Privette [59] with atmospherically corrected AVHRR
data over FIFE sites. A formulation of the three-dimensional radiative transfer equation, the con-
stituent interaction coefficients, its numerical solution, and results on model comparison with re-
flectance measurements of ahardwood forest are givenin[51]. The 3-D method was also validated
extensively against shrublands reflectance measurements from the HAPEX-SAHEL field experi-
ment and found to reproduce well the non-linear canopy-soil interaction in sparse canopies [5].
More recent model developmentsallow for leaf clumping (the simulation of clumped, random and
regular leaf dispersionsin space) to beincluded in the formulation of the extinction and differential
scattering coefficients. Also included in the current version of the model is the ability to simulate
vertical tree trunks, randomly oriented branches, and the absence of light transmission through the
trunks and branches, which imbues an asymmetry aspect critical to the simulation of surface
HDRF's in forest canopies. Radiation interaction coefficients for the ensemble of |leaves and
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trunks/branches now are derived as linear mixtures with weighting proportional to their areal frac-
tion. The hot spot model of Pinty et al. [57] aso has been implemented in the radiative transfer
formulation. Thisis perhaps the most realistic model of the hot spot effect and is driven by the av-
erage gap size between leaves in a canopy. In forest canopies, however, where tree crowns mutu-
ally shade one another, crown shadows according to Li and Strahler [40] have been implemented
asthe driver of the hot spot effect. Finally, for the case of coniferous canopies, geometric models
of needle clumping on shoots and shoot clumping in whorls, are included according to aformula-
tion developed by Oker-Blum et al. [ 55]. How these modeling techniques are used to compute the
parameters in the CART file is described next.

6.5.3.2 Radiation transport in a canopy

The domain V in which aplant canopy is located is a parallelepiped of dimension Xg= Yg=
1.1 km and biome-dependent height Zg. The domain V can contain sub-domains (or fine cells)
whose size depends on the heterogeneity of the biome type. The top 3V;, bottom &V, and lateral
3V, surfaces of the parallelepiped form the canopy boundary, 8V = 8V+ 8V,,+ 8V,. Note that the
boundary &V is excluded from the definition of the domain V [18]. The function characterizing the
radiation field is the monochromatic radiance L, which isafunction of wavelength A, location r
=(X, Y, 2), view direction Q, and Sun direction Q. Inthe absence of polarization, frequency shifting
interactions, and emission processes within the canopy, the monochromatic radiance is given by
the steady-state radiative transfer equation,

Qe+ OLy(r, Q,Q) +o(r,Q)L,(r,Q,Q,) = J’oﬂ(r,g' ~ Q)L (r, @', y)da’
TU

+F,(r, Q, Q) (54

where Q « O isaderivative at r along the direction Q. Note that thereisaterm F, in thisequation
which accounts for the hot spot effect: all current canopy radiation models are described by an
equation of this form. A choice of F, depends on the model used to simulate the hot spot effect
and it is assumed to be known. We should note that F, may take on negative values. Thus, Eq.
(54) is a closed mathematical equation (not a “physical equation”) used as a theoretical basis to
build and justify an algorithm for LAI/FPAR retrieval. Such equations also arise in reactor
problems and so we will closely follow some methods from this discipline [18], [ 78].

The position vector r denotes the Cartesian coordinates triplet (X, y, z) with (0 <x < Xg), (O
<y<Yg and (0 <z< Zg withitsorigin, O = (0, 0, 0), at the top of the canopy. A right-handed
coordinate system is used in which the z-axisis aligned with the normal to the Earth’ sellipsoid and
pointing downward, and the x-axis is aligned with agreat circle and points towards the north pole.
The Sun angleis defined with respect to the outward normal to the surface ellipsoid. The same nor-
mal isused as the polar axisto express a unit direction, Q = (u, ¢), within the vegetation layer. This
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means that within the vegetation layer, the cosine of the polar (zenith) angle takes on negative val-
ues for the downward direction and positive ones for the upward direction of radiation travel.

The function o (in m 1) isthe total interaction cross-section which does not depend on wave-
lengthand o, (in m'lsr'l) isthe differential scattering cross-section from the direction Q" into a

differential solid angle about Q at r. In canopy transport theory these coefficients are defined as
[50], [63]

o(r, Q) = u (r)G(r, Q) = uL(r)%[I g.(r, Q)2+ |d, (55)
21+

I — 1 T
US,)\(I‘,Q - Q) = u,_(r)ﬁr)\(r,Q - Q)

1 , '
UL(r)é;[J' gL(r,QL)|Q -QL|y|_')\(I’,QL,Q - Q)do,
21+ (56)

where u; (in m'l) is the leaf area density distribution function, G (dimensionless) is the mean
projection of leaf normals at r onto a plane perpendicular to the direction Q, g, isthe probability
density of the leaf normal distribution over the upper hemisphere 2rt+, y, , (in s7Y) is the leaf
scattering phase function, and I, isthe area scattering phase function.The precise description of
these variables can be found in the literature [ 50], [63]. The leaf areaindex LAI is defined as

LAl = ;(—S—]'DTSJUL(r)dr (57)

Equation (54) alone does not provide afull description of the transport process. It is neces-
sary to specify the incident radiance at the canopy boundary &V, i.e., specification of the boundary
conditions. Because our plant canopy is adjacent to the atmosphere, neighboring canopies, and the
soil, al which have different reflection properties, the following boundary conditions will be used
to describe the incoming radiation [ 65] :

La(rp ,9Q9) = Lgh(ry @,Q) + Lph(r)s(@—9g), 103V, +n <0 )
1 [ ' ' '
Q'.n>0
lat lat
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1

La(rp ©.Q9) = = Ry A(Q', Q)L (rp, @', Qp)|Q"+ nyd, 1y L3V, Q-ny<0

Q'-n,>0 (60)

where L and LtOIO are the diffuse and monodirectional components of solar radiation incident
onthe top surface of the canopy boundary &Vy; Qg = (Hg, @p) IS the direction of the monodirectional
solar component; 3 is the Dirac delta-function; L'n?tA is the intensity of the monodirectional solar
radiation arriving at a pomt r, sV, along Qg without experiencing an interaction with the
neighboring canopies, LOl » Is the diffuse radiation penetrating through the lateral surface 3V,
R yand Ry, (ins” 1) are the bidirectiona reflectance factors of the lateral and the bottom
surfaces, respectively; and n;, n; and ny, are the outward normals at points r, 00 8V,, r, 0 8V,and
r, 0 sV, respectively. A solution of the boundary value problem, expressed by Egs. (54) - (60)
describes the radiation regime in a plant canopy.

6.5.3.2.1 Assumptions

Conservativity. A radiative transfer model is defined to be conservative if the energy conser-
vation law holds true for any elementary volume [ 3]. Within a conservative model, the radiation
absorbed, transmitted and reflected by the canopy is always equal to the radiation incident on the
canopy. A rather wide family of canopy-radiation models which account for the hot spot are equiv-
aent to the solution of the above boundary value problem in which the function F, hasthe form,

Fa(r, 2,9 = [o(r, Q) —o,(r, 2, 0)] Ly A(r, 2, Q) (61)

Here, L, , isthe upward directed, once-scattered radiance produced by the hot spot, and o, isa
model-dependent, total interaction cross-section, introduced in canopy radiation modelsto account
for the hot spot and to evaluate L, , . Thetotal interaction cross-section o is used to evaluate the
attenuation of both the direct solar radiance and the multi-scattered radiance. Because F, can take
on negative values, it has no physical meaning in the sense of an energy conservation law. These
types of canopy-radiation models are mainly used to fit smulated BRF's to measured BRF's.
However, the capacity of a model to simulate the canopy reflection is not sufficient to solve the
inverse problem. Inverted canopy-radiation models must also satisfy energy conservation and
provide the correct proportions between canopy absorptance, transmittance and reflectance.
Because our retrieval algorithm is based on energy conservation, we formulate the following
“minimum” requirements of the canopy-radiation models used to generate the CART parameters,

J:dl’JF)\(r,Q,QO)dQ = 0, rov
n (62)

for any A. These equations do not allow a“non-physical source” F, to influence the canopy solar



energy balance. Currently we useamodel for o, proposedin Myneni et a. [52] whichis modified
as described in 86.5.3.6. A non-conservative canopy radiation model can not be used to generate
the CART file parameters for our LAI/FPAR retrieval algorithm.

Anisotropy of incoming diffuse radiation. A model of the clear sky proposed by Pokrowski
[58] isused to simulate the ratio between the angular distribution of incoming diffuse radiation and
its flux,

top

L5 (r,, Q,Q 1+Q+Q

toc; ApQ,Q9) [1_exp|j—0.3aj} 0 <0
2I Lga(re Q, Qp)luldQ
™ (63)

We assume that thisratio does not depend on wavelength. The diffuse radiation Lff'i also does not

depend on the top boundary space point r, [1 8V, .

Optical properties of the foliage. The leaf scattering phase function y, , is assumed to be
bi-Lambertian [64], i.e. afraction of the energy intercepted by the foliage element is reflected or
transmitted in a cosine distribution about the leaf normal,

' 1 '
Yua(h QL Q' - Q) = orp(r)jQ-Q, (Q-Q)(Q"-Q)<0
1 '
= ﬁtD,)\(r)|Q'QL|’ (Q-Q)(Q"-Q)>0

(64)

Hererp ) and tp, ) arethespectral reflectance and transmittance, respectively, of theleaf element
and they depend on wavel ength and the space point r. Figure 9 shows an example of the sensitivity
of the one-year shoot (Picea abies (L) Karst) spectral reflectance r, , toitslocation in space. In
spite of this spatial variation, shapes of the spectral reflection and the spectral transmittance are
rather stable. For example, if we compare the spectral curves of Figure 9 with its mean spectral
variations taken over space points, then the deviation is, on average, about 12-15% which does not
exceed the accuracy of the models[37]. Therefore, weignorethe spatial variation of foliage optical
propertiesin our calculations. Our algorithm will be parameterized in terms of spectral |eaf albedo,

®(A) = Fpp*1tp ) (65)

| For each biome, the mean spectral |eaf albedo is assumed to be known and archived in the CART
file.
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Figure 9. The spectral reflectance of spruce one-year shoots derived from measurements.
Three characteristics of the shoots wer e chosen to study the spatial variations of foliage
spectral properties - age of the needles on the one-year shoot (top), position within thetree
crown (middle), and geographical orientation with respect to the tree stem (bottom)
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Grasseg/cereal crops and broad leaf crops. We idealize these vegetation canopies as a hor-
izontally homogeneous medium. The total interaction cross-section o, the differential scattering
Cross-section Og )+ and the function F, [defined by Eq. (61)] depend only on the vertical coordi-
nate and direction and are given by

o(r, Q) = u (2G(Q) (66)

04 A(1 Q' - 0) = U (D3, (22 - Q) (67)
Zs

LAl = Iu,_(z)dz (68)
0

The area scattering phase function I, describes erectophile (grasses/cereal crops) or uniform
(broadleaf crops) types of leaf orientation. The boundary condition described by Eq. (59) for the
lateral surface 3V, can be omitted and the operator Q « O takes the form -p-0/0z in this case.

Remaining biome types. The radiation penetrating through the lateral sides of the canopy de-
pends on the neighboring environment. Its influence on the radiative field within the canopy is es-
pecially pronounced near the lateral canopy boundary. Therefore, inaccuraciesin thelateral bound-
ary conditions may cause distortions in the simulated radiation field in this domain. These distor-
tions, however, decrease with distance from this boundary towards the center of thedomainV. The
size dependence of the“distorted area’ on adjoining vegetation, on the atmospheric conditions, and
the model resolution, induced by utilizing our current approach, was studied by Kranigk [39]. In
particular, it has been shown that these lateral side effects can be neglected when the radiative re-
gimeisanalyzed in arather extended canopy. Therefore, we idealize our canopy as a horizontally
infinite region. We will use the “vacuum” boundary condition for the lateral surface to numerically
evaluate a solution for the case of horizontally infinite domain,

L,(r, Q,Q,) = 0, rrdsv,, Q.n <0
A o) | | | (69)

Soil reflectance. The bidirectional soil reflectance factor Ry, , ishorizontally homogeneous,
i.e., it does not depend on the space point ry,.

All calculations to evaluate the parametersin the CART file were made under the above as-

sumptions. We note that these assumptions were verified by comparison of our three-dimensional
simulation results with field measurements [ 37].
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6.5.3.3 Soail reflectance

To parameterize the contribution of soil to the canopy-radiation regime, we introduce an ef-
fective soil reflectance as

1

,—TJ | Roa(@', @)luw|Ly(ry, @', Qg)dade’
- 270+

1
PerA(Tp) = 7O

1 f I’bDEVb, Q'nb<0
’_sz q(Q") W Ly(ry, Q' Qg)dQ’
= .(70)

Here L, isthe solution of the boundary value problem for the transport equation. The function g
is a configurable function to “tune” the CART file parameters without modifying the algorithm.
Note that the effective soil reflection depends on the canopy structure as well as on the incoming
radiation. However, as follows from the above definition, the variation of pgﬁ, , satisfies the
following inequality,

q max 1 o
< r, < =
peﬁ"\( b) Q' o021 q(Q’")

min 1 g
Q' O2nTT q(Q")

(71)

I.e., the range of variations depends on the integrated bidirectional soil reflectance factor only.
This property in part allows us to formul ate the following assumptions.

6.5.3.3.1 Assumptions

Effective soil reflectance homogeneity. For each biome, the effective soil reflectance does
not depend on the space point ry, [13V,,.

Spectral dependence. The pattern of the effective soil reflectances pgff' , for each biome in
the MISR spectral bands can be found in the CART file. The current version contains 29 effective
soil reflectance patterns shown in Fig. 10, evaluated from the model of Jacquemoud et al. [ 33] with
model inputs from Baret et al. [ 2], which represent dark, medium, and bright sails.
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Figure 10. Spectral effective ground reflectance for 29 different soils. It includesthree soil
types described as mixtures of clay, sand, and peat. Each typeischaracterized by three
moisturelevels(wet, medium, and dry) and from two to threelevelsof soil roughness (rough,
medium, smooth or rough and smooth).

Soil anisotropy. To account for soil anisotropy, we introduce an effective soil anisotropy,

1 I I I I
’_‘zf Rp, A(Q", Q)IW[Ly(r, @', Qg)da
T[_

S, Q) = —— 1

r,dsVv, Q+«n,<0

q n 1 1 I I I ' b b’ b

Pett A (M) 1—12J’ q(Q")IW[Ly(ry Q' Qp)da
T[_

(72)

The effective soil anisotropy g depends on the canopy structure as well as on the incoming
| radiation. We note the following property of this parameter:

59



[ Sy @)ida = 1

2T+

(73)

i.e., theintegral in Eq. (73) depends neither on spatial nor spectral variables. For each biome type,

the effective soil anisotropy does not depend on wavelength.

For grasses/cereal crops and broadleaf crops, the soil reflectance is assumed lambertian. We

also set q = 1. The effective soil reflection and soil anisotropy then have the form,

q _
Peir A(T) = Riama

Si(rp, Q) = /n

For shrublands and savanna we represent the bidirectional soil reflectance factor as

Rp A(Q, Q) = Ri(Q)Ry(Q)

and we set

q(Q’') = Ry(Q")/p;

The effective soil reflection and soil anisotropy then have the form

pgff,}\(rb) = P1Py

SCI(rb, Q) — ]_:-L[DRZ(Q)

*

P2

where

1 I I I
o1 = 7 ] Rul)lulda

T[_

1 I I T
Py = ,—TZJ’ Ry(Q")lw'[d
'r[_

(74)

(75)

(76)

(77)

(78)

These biomes are characterized by arelative small value of ground cover (0.2 - 0.6 and 0.2 - 0.4).
The use of the above model for the bidirectional soil reflectance factor means that only the
incoming direct beam of solar radiation which reaches the soil can influence the anisotropy of the
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radiation field in the plant canopy.

Finally, for needle forests and broadleaf forests, we must solve the transport equation, described
by Egs. (54) - (60), to evaluate the effective soil reflectance and soil anisotropy as a function of
LAI and sun position. Note that these are intermediate calculations and are used to precompute
some parameters stored in the CART file.

6.5.3.4 Basic algorithm equations

It follows from the linearity of Eq. (54) that its solution can be represented by the following
sum

La(r, ,Q9) = Ly a(rQ,Qp) + Lieg a(1 2, Qq) (79)

Here L , is the solution of the “black soil problem” which satisfies Eq. (54) with boundary
conditions expressed by Egs. (58) and (69), and

Lps a(My @, Q) = 0, r, 08V, Q+n,<0 &)

Thefunction L, , also satisfies Eq. (54) with F, =0 and boundary conditions expressed by Eq.
(69) and

Lrest,)\(rt' Q, QO) = 01 rt W 6Vt’ Qe nt <0 (81)
1 , ' ' '
Lrest A(Tp @, Q) = - Ry A(Q' Q)L (rp, @', Qp)|Q" « nyd’, 1y 03V, Q+ny<0
Qronb>0 (82)

Note that L, , depends on the solution of the “whole transport problem”. Taking into account
Eq. (72), we can rewrite Eq. (82) as

Lrest, A (P @, Q) = pgff,)\(rb) [(5(ry, @) OT)\(rp, Q) (83)

where

Ta(Ty Q) = ZJ'Q(Q')|H'|L>\(rb,Q',Qo)dQ'. (84)

T[_
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6.5.3.4.1 Assumptions

We replace Tg in Eq. (83) by its mean over the soil surface. Thisimplies that the variable
Tg isindependent of the space point ry,. (Thisassumption isautomatically fulfilled if aone-dimen-
sional radiative transfer model is used to evaluate the radiation field in plant canopies). Thus, the
boundary condition can be rewritten as

Lrest, 2 (T @, Q0) = Py o(p) EB'(r,, @) () (85)

Taking into account Eq. (85), we then can rewrite the solution of the transport problem, Eq.
(79), as

Ly(r, @, Q0) = Lpg a(r, Q,Qp) + pgys 5 (rp) TR (Qq) CLy(r, Q) (86)
where Lg satisfies Eq. (54) with F, = 0, and with boundary conditions expressed by Eq. (69) and
Ly(r, Q) =0, r,08V, Q+n,<0

Ly(r, @) = SU(r,, Q), r, 08V, Q+n,<0 (&7)

Thus, Lf\' describes the radiative regime in the plant canopy generated by the anisotropic and
heterogeneous source S located at the bottom of the canopy. We term the problem of finding Lg
an “Sproblem”. Substituting Eg. (86) in EQ. (84) we get

Ty (" Q) = Zf q(Q") Mpg A(rp Q"5 Qp) 'l dQ’
-
+parA(Tp) CTA(2) O @) L3 (ry, @)l do’
)
= Ths a (T Q) + Pty 2 () CTR(Rg) TR (1) (€8)
where
T&ﬁmQ&=qu0&mﬁ%QmmmwQ
)

r%@:Jmmuﬂmamwa
w (89)
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We then average Eq. (88) over the soil surface. This allows us to express Tg via Tgs, A My, and
Peyt » - Substituting the averaged T} into Eq. (86) we get

q

Peff A
La(r, Q,Q0) = Lig 5 (1, @, Q9) + —= T s A (Qp) LA (T, Q) (90)
1—pgiAMA

Here Tgs, A\ pgﬁ, , and rﬁ are averages over the canopy bottom. Note that we can replace the
approximate equality in Eq. (90) by exact equality if aone-dimensional canopy-radiation model is
used to evaluate the radiative regimein plant canopy. It followsfrom Eq. (90) that the model BHR,
Anotiel 3+ the model HDRF, r 4o ., and the fraction of incident direct and diffuse radiation
absorbed by the vegetation, aﬂ%“;el, »» & the wavelength A can be expressed as

q

hem _ hem qD peff,/\ O hem, q
Anot o A (Qg) =T (Q)+t[{ﬁt Q) (91)
model, 0 bs, A\*°0 )\Eﬂ.—pgﬁ’/\r}\ bs, A 0
‘ (@ 0) =1 (2, 0.) +19(a) ] P e ag 92)
model, A\2%: 220) = Tpg A 32 229) T Ty Wq bs, A \*°0
(L — Pty AT
hem (Q ) hem(Q )+ q(Q )D pgff/\ O hem, q(Q ) (93)
a =~a a iﬂ t '
model, A\*°0 bs, A\*“0 A0 Dl—pgﬁ‘)\r)\ bs, A 0

hem

where rpe" |y, and e are the BHR, HDRF, and the fraction of radiation absorbed by the
vegetation, respectively, when the soil reflectance is identically zero. Likewise, the model DHR,

quigdel, A th%_model BRF, Rioger, - @nd the fraction of direct incident radiation absorbed by the
vegetation, a.. . , , can be expressed as
del, A =T W ,
mode 0 bs, A\7°0 )\En-_pgff’Ar}\ bs, A 0
0 nlpg s O g
Rimodel, (@2 Qg) = Rps A (2, Q) + TQ(Q)B—%(] ' tblsf')\q(Qo) : (95)
[ —pgir AT
dir _dir 4 a0 0 pPgga O dir, o5
model, A(Q0) = apg 2 () ""A(Qo)mB a %tbs,x (Q0) - (96)
~Petf, A"
Here
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m, bs, A

ZJ’ W' Ly(r, Q', Q) da’
T[_

dlr q

d r,qg _ bs A (Qo)
ths x (Q) = ar (98)
Zl’lplLA (r, @', Qy)do’
are the weighted canopy transmittances,
= [ WILi(r, @) (99)
2T+
is the transmittance resulting from the anisotropic source ¥ located at the canopy bottom,
q - 19
7, (Q) = Ly(r, Q) (100)

is the radiance generated by S which leaves the top of the plant canopy, and ai‘ is the radiance
generated by S¥ and absorbed by the vegetation. The radiation reflected, transmitted, and absorbed
by the vegetation must be related via the energy conservation law:

) A hem,qu(Q )
bs, A 0

e 2 (Q0) + K3(Q) Etbem Q) +aper(Qy) = 1, ky(Qp) = —Shem -
ths x (20)

d di d d di or9=1(q,)
i ir, ir, i _ ir, _ bs A 0

g (20) + Ky Q) (e (Q0) *apg 2 (%) = 1 Ky () = Sdlr q

ths A (o)

1(Qg) +th(Qp) +ay(Qy) = 1 (101)

Note that all variables in Egs. (91)- (96) are mean values averaged over the top surface of the
canopy.

It follows from Eq. (91) that

h h hem,
Ameorgel A(Qo) - rb:,n;\(Qo) = t)\(Qo)W b:rr;\ q(QO) (102)

Peff, AT



This equation shows that the contribution of the soil to the canopy-leaving radiance is proportional
to the square of the canopy transmittance and the factor of proportionality depends on the effective
soil reflectance. If theright side is sufficiently small, we can neglect this contribution by assigning
the value zero to the effective soil reflection.

Thus, we have expressed the solution of the transport problem in terms of the effective soil
reflectance and solutions of the *black-soil problem” and “ S-problem.” The solution of the “black-
soil problem” depends on sun-view geometry, canopy architecture, and the spectral properties of
the leaves. The“ Sproblem” depends on the spectral properties of the leaves and canopy structure
only. Our approach will be to focus on the solutions to these problems, using Eqg. (90) as our basic
algorithm equation. The next step is to specify the dependence of the basic algorithm equation on
the wavelength.

6.5.3.5 Spectral variation of canopy absor ptance, transmittance, and reflectance

The following results from eigenvector theory are required to derive a relationship between
spectral leaf albedo and canopy absorptance, transmittance and reflectance.

An eigenvalue of the transport equation is anumber y such that there exists afunction ¢ sat-
isfying the equation

y[Qe @ (r, Q) +ao(r,Q)é(r,Q)] = J[GS'A(L Q' - Q)o(r,Q")dQ’ (103)

Tt

with boundary conditions

o(r,Q) =0, rosv,n Q<0 (104)

where n, is the outward normal a a point r 0 8V . The function ¢ is termed an eigenvector
corresponding to the given eigenvaluey.

The set of eigenvaluesy,, k=0, 1, 2,..., and eigenvectors ¢, , k=0, 1, 2,..., of the transport
equation is adiscrete set [ 78] . The eigenvectors are mutually orthogondl, i.e.,

Jero(r,Q)q)k(r, Q)¢ (r,Q)dQ = 3, (105)

where 3,, isthe Kronecker symbol. The solution of the transport equation can be represented as a
series in the eigenvectors of the transport equation. Coefficients of this series do not depend on
either space or angular variables and they satisfy the boundary conditions of the radiative transfer
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problem being studied.

The transport equation has a unique positive eigenvalue to which corresponds to a unique
positive [normalized in the sense of Eq. (105)] eigenvector [18]. This eigenvalue is greater than
the absolute magnitudes of the remaining eigenvalues. This means that only one eigenvector, say
¢, takes on positive valuesfor all r 0V and Q. This positive couple of eigenvector and eigen-
value plays an extremely important role in nuclear reactor theory. This positive eigenvalue alone
determinesif areactor will work as areactor, or as abomb, or will smply not work. Its value suc-
cessfully relates the reactor geometry to the absorption capacity of the active zone. Because there-
actor iscontrolled by changing the absorption capacity of the active zone (by inserting or removing
absorbents), thisvalueiscrucia to itsfunctioning. Thereisasimilar situation with our problemin
that we need to relate canopy architecture (“similar” to reactor geometry) and leaf optical proper-
ties (“similar” to the absorption capacity of the active zone).

The expansion of the solution of the transport equation in eigenvectors has mainly theoretical
value because the problem of finding these vectorsis much more complicated than finding the so-
lution of the transport equation. However, this approach is useful if we want to estimate somein-
tegrals of the solution. Therefore, we apply this technique to derive arelationship between spectral
leaf albedo and canopy absorptance, transmittance, and reflectance.

It follows from Egs. (69) and (87) that the boundary conditions of the “S-problem” do not
depend on wavelength. Equation (63) alows us to reduce the “black soil” problem to one whose
boundary conditions also do not depend on wavelength. Thisis achieved by dividing the transport
equation and the boundary conditions which define the “black soil problem™ by the irradiance (di-
rect plus diffuse) incident on the top surface of the canopy boundary. Although the boundary con-
ditions do not depend on wavelength, the solution to the transport equation is still wavelength de-
pendent. Below, we use the variable ¢ to represent the normalized solution of the “black soil prob-
lem” and the solution of the“Sproblem.” Because of Eq. (62), we canignorethefunction F, when
deriving radiation quantitieswhich areintegrated over spatial and angular variables. Expanding the
solution ¢ in eigenvectors,

0,(r, Q) = ag(A)oy(A,r,Q) + z a, (M), (A1, Q), rogv
k=1 (106)

where coefficients a, do not depend on spatial or angular variables. Here, we separate the positive
eigenvector ¢, into the first summand. As described above, only this summand, ay¢,,, takes on
positivevaluesfor any r [0V and Q. Substituting Eq. (106) into the transport equation, Eq. (54),
and differentiating with respect to the wavelength A, we get
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(29 (&9

z Qe Ou (A, r,Q)+ao(r, Q) z u (A, r, Q)
k=0 k=0

(o] d ' | |
=2 dAJUS,A(r’Q - Q)a, (Ao, (A, r,Q")do
e (107)

where

U, 2) = Sa (e 1, 2)) (108)

Because boundary conditions for the “black soil” and “S problem” do not depend on wavelength,
we have

= rosV,n-0<0, k=0,1,2, ...
u (A r,Q) =0 ) (109)

Substituting Eg. (103) into Eq. (107), we get

00 d |:|
Y [0 0+a(r, Q)] A1y W)U 1 Q) — (W) (h T, Q)gy(g =0 (110
k=0 |:| |:|

where y, is the eigenvalue corresponding to the eigenvector ¢, . It follows from this equation as
well as from the orthogonality of the eigenvectors expressed in Eq. (105) and from the boundary
conditions expressed in Eq. (109) that

dy, (2)
d d)\ E[ak()\)(bk(}" r’ Q)]
Slame ()] = 09 (112)
Solving this ordinary differential equation we find
-y (A
a (M) (AT, Q) = %:(AO)) a0 (Ao T Q)] (112)

Thus, if we know the n summand of the expansion in Eq. (106) at awavelength A, we can easily
find this summand for any other wavelength.

We introduce e, the monochromatic radiation at wavelength A intercepted by the vegetation
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canopy,
e(A) = J;ero(r,Q)q))\(r,Q)dQ (113)
and e as
eg(A) = J:ero(r, Q)¢ (r, Q)o4(A, r, Q)dQ (114)

Given e, we can evaluate the fraction a of radiation absorbed by the vegetation at the wavelength
Aas

a(A) = [1-w(N)]e(r) (115)

where w istheleaf albedo. Thereisatechniquewhich allowsusto estimate e, , whichisvery close
to e, but we skip a precise mathematical proof of this fact here. An intuitive explanation is as
follows. Putting Eq. (106) into Eg. (113) and performing an integration of the series, only the
positive term containing ayé,, “survives.” Asaresult, we get

e(\) _ eo(A)
e()\o) eo()\o)

(116)

L et us derive the dependence of e, on wavelength. Substituting Eqg. (106) into Eq. (114) and
taking into account Eq. (112) as well as the orthogonality of eigenvectors, Eq. (105), we get

1 _Vo()‘o)

ep(A) = T2y,

Cep(Ap) (117)

where y, is the positive eigenvalue corresponding to the positive eigenvector ¢,. Taking into
account Eq. (115), we can also derive the following estimation for a,

_1-v9(0) 1-w(n)
A = T2 ) T ow(ny)

Ta(,) (118)

Thus, given the canopy absorptance at the wavelength A, we can evaluate this variable at any
wavelength A. At afixed wavelength, a is afunction of canopy structure and Sun position in the
case of the “black soil problem”, and only a function of canopy structure in the case of the “S
problem.” We store a at afixed wavelength A, in the CART file.
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Similar arguments allow us to derive an expression for canopy transmittance,

Mo _ 1= Yo(Ao) 'p, A0
' 560 T o) o o)) ()

where rp, , is the spectral reflectance of the leaf element. The ratio rp ,/w is assumed to be
constant with respect to wavelength for each biome. Thus, given the canopy transmittance at the
wavelength A, we can evaluate this variable for any wavelength A. At afixed wavelength, t isa
function of canopy structure and Sun position in the case of the “black soil problem”, and a
function only of canopy structurein the case of the “ Sproblem.” We store t at afixed wavelength
Ay inthe CART file,

The canopy reflectance r isrelated to the absorptance and transmittance viathe energy con-
servation law

r(A) = 1—t(\) —a(n) (120)

Thus, given canopy transmittance and absorptance at afixed wavelength, we can obtain the canopy
reflectance for any wavelength.

Recalling that we used the same notations for the “black soil problem” and the “Sproblem”,
t in Eq. (119) repre@entStbgni 9 and tq for theﬁetwo problems, respectively. Likewise for the can-
opy reflectance, wherer represents rbS ) and rA , and for the canopy absorptance, where a, repre-

sents ag:n; and a; for the “black soil problem” and “S problem”, respectively.

The unique positive eigenvalue y,,, corresponding to the unique positive eigenvector, can be
estimated as [ 36]

Yoh) = m(n) 1-e™] (121)

where K is a coefficient which may depend on canopy structure (i.e., biome type, LAI, ground
cover, etc.) and Sun position but not on wavelength or soil type. Its specification depends on the
parameter (absorptance or transmittance) and type of transport problem (*black soil problem” or
“S problem”). The coefficient K, however, does not depend on the transport problem and Sun
position when it refers to canopy absorptance. We introduce coefficients pt, ., pt and pa which
aeequalto[1-e ] with the appropriate coefficients K for the transmittances of the “black soil
problem” and the “ Sproblem” and the canopy absorption. Note that the eigenvalue y, depends on
values of spectral leaf albedo which, in turn, depends on wavelength. It allows us to parameterize
canopy absorption and transmittance in terms of canopy structure, Sun position and leaf albedo.
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The coefficient pa, for aLAl equal to lai, isthe value of p which minimizes the expression

0.9

2
£.(plai,w) = I[ll 2[%)‘3 D o(lai, w') —a(lai, m)} (122)

0.01

Here a isthe canopy absorptance which isafunction of leaf albedo w and leaf areaindex lai and
is evaluated by solving the radiative transfer problem. w is a reference leaf albedo which is
specified below.

Inasimilar fashion, the coefficient pt, . or pt isthevalue of p which minimizesthe expres-
sion

0.9 . 2

£ (P12 @) = [%f’ Etx(lai,w*)—tx(lai,w)} dw
0.01

2

1-w Ep 1-w [pa(lai) @
+ J’ [ 4, (lai, @ ) - T_wihalial) E;L —a(lai, w )} oo
0.01 (123)

Here t, isthe canopy transmittance for the “black soil problem” (x = bs) or for the “Sproblem™ (x
= S which isafunction of leaf albedo w and leaf areaindex lai and is evaluated by solving the
radiativetransfer problem. Thevaluesof p for which &t bs and & s attain their minimum, pt, . and
pt, respectively, provide the best agreement to Eq. (119) and to the energy conservation law, Eq.
(120).

As areference |eaf albedo, we find the value of @ which minimizes the expression

LAImax
g@) = [ g, (va(lai) lai, o )diai
LAImin
LAI o
* I &, ps(Ptps(lai), lai, w )dlai
I-Almin
LA o
[ & sler(la) lai, @ )dai
e (124)
where LAI ., and LAI ..., are specified inthe CART file. A value of the reference leaf albedo for
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biomel and biome3 was found to be w = 0.1.

Thus, we can expressthe BHR in terms of the optical properties of an individual leaf and the
energy conservation law as well as in terms of solutions of the “black soil problem” and S prob-
lem” at aleaf albedo valueof w . It alows usto compare spectral measurements of the BHR with
spectral properties of individual leaves which is arather stable characteristic of green leaves.

6.5.3.6 Conservativity asatool to reduce number of retrieved solutions

Asfollows from Egs. (91), (94) and (95), a very important procedure in the LAI/FPAR re-
trieval isto smulate the BHR, DHR, and BRF when the soil reflectance isidentically zero. In spite
of the diversity of canopy reflectance models, the direct use of these black soil modelsin an inver-
sion algorithm is ineffective. In case of biomes 2 - 6, for example, the interaction of photons with
the rough and rather thin surface of tree crowns and with the soil between crown openings are the
most important factors causing the observed variation in the directional reflectance distribution of
plant canopies. This property is characteristic of many canopy reflectance models. Asaresult, they
are only dlightly sensitive to the within-canopy radiative regime. Mathematically, this condition
leads to the fact that arather wide family of canopy radiation models can be a solution to Eq. (54),
some of which can have a non-physical internal source F, . For such a model the radiation ab-
sorbed, transmitted, and reflected by the canopy may not be equal to the radiation incident on the
canopy. Thefunction F, can be chosenin such away, however, that amodel simulates the canopy
reflectance correctly, i.e., such canopy radiation models account for photon interaction within a
rather small domain of the vegetation canopy. On the other hand, just the within-canopy radiative
regimeisvery sensitive to the canopy structure and, as a consequence, to LAI. The within-canopy
radiative regime also determines the amount of solar energy absorbed by trees. Ignoring this fact
in canopy radiation models leads to a large number of non-physical solutions when one inverts a
canopy reflectance model. Therefore, Eqg. (95) must be transformed before it can be used in are-
trieval algorithm.

Let us introduce the weights

1 .
dir _ Rbs)\(Q,Qo) dir _
Wos 2 (@ Qq) = ——; o) [ Wos A (@ Q)lulde = 1
bs, AX*°0 2T+ (125)
9(Q)
Wg(Q) = —)\T’ J’W?(Q)“udQ =1
t
A 21T+ (126)

Taking into account these notations we can rewrite EQ. (95) as
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q

. . a0 p O g
- dir dir q q eff A dir, q
R (Q, Qn) =W, 5 (Q, Q1)re 5 (Qn) + Wy (Q)t t (Q,) (227)
model, A (2 Qg bs, A{Q2: Qp)rpg A (Qg A )\m bs, A (20
Using Eq. (101), we then replace canopy reflectances rir, and ry by
di dir, = di _
e r(Q0) = 1=thd " (2g) a5 (2g) = 1 (128)
rg = 1—t§—ai (129)

As aresult of this transformation we have that Eq. (127) is sensitive both to factors determining
the directional reflectance distribution of plant canopies (the weight ng)\) and to the within-
canopy radiative regime (tgg’xqzl, agg + ty, ay). Equations (127) - (129) aso alow us to
formulate a test for the “eligibility” of a canopy radiation model to generate the CART file as
follows. We evaluate the weight ng » asafunction of sun-view geometry, wavelength, and LA
by using a tested canopy reflectance model. Then, using the same canopy radiation model we
evaluate rg'sf)\ from Eqg. (128) and put it into EQ. (125). A canopy radiation model is “éeligible” to
generate the CART file if Eq. (125) is fulfilled within a given accuracy for any sun-view
combination, wavelength, and LAI. The satisfying of the condition expressed by Eq. (62) is
sufficient to passthistest. However, it isnot anecessary condition to provide the correct proportion

between canopy absorptance, transmittance, and reflectance.

We are currently not familiar with a canopy reflectance model which can pass the above test.
Therefore, we have to correct canopy radiation models for “éeligibility” to be used within our ap-
proach. The algorithm expressed by Egs. (122) - (124) satisfies this objective. Indeed, this algo-
rithm needs a reference leaf albedo and the functions pa, ptys (= ptor +pti' ) and pt which pro-
vide the best agreement to the energy conservation law for any value of sun position, wavelength,
and LAI. A canopy radiation model is recognize to be “eligible” if £(w) defined by Eq. (124) is
lessthan 0.001 (we have reached this value by using our model). Note that thereis no conflict with

the energy conservation law in the case of the S-problem.

6.5.3.7 Saturation domains

Given the retrieved spectral BHR’s (or DHR’s) and the spectral BRF s (or HDRF's), it may
be the case that the LA algorithm admits a number of solutions, covering awide range of LAI val-
ues, for a given biome type. When this happens, the retrieved reflectances and reflectance factors
are said to belong to the saturation domain, being insensitive to the various parameter values of the
canopy radiation model. Under this condition, the histograms which describe the number of times
asolution hasaparticular LAl value will appear flat over therange of LA, illustrating that the so-
lutions all have equal probability of occurrence.
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If the solutions are described by a normalized cumulative distribution function o,

WL, L)

. (130)
w(L,L

o(L',L) =

max)

where W is the number of solutions having LAl values between L and L, then do represents the
solution histogram. Here, L is the smallest LAl value (saturation point) at which saturation
| occurs. Thus, ¥ can be written as

w(L', L) =0, L<L’
WL, L) = [AHLa (LA, L' <L <L
L*SLAI <L
min{L, LAl .}
= I dH, o (LAI)
max{L", LAl .}
WL, L) = W(L, L), L>L, .,
LAI ax
= [ dH(LAD
max{L", LAl .} (131)
with
Ha(LAI) =0, LAI<LAI .,
= LAI, LAl <LAI<LAI .
= Lmaxa L 2 LmaX (132)

Under the condition of saturation, the LAI solution from the first comparison test (using retrieved

BHR Agem and AT or retrieved DHR Ag" and Aﬂ{,del, ») isformulated as,

model, A

LAl (L) = maXL E{M}dL 133
A\EA) — I dL ( )
L

min

with avariance,
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LA

da(lw) = [ [L-LATL(LY)] E{

LAl in

oLy L)}dL (134)

Analogous expressions hold for the LAI solution from the second comparison test (using BRF,
Ry ).

These expressions alow us to test if the retrieved reflectances belong to the saturation do-
main through the formulation of a necessary condition, derived as follows. We note that both the
mean LAI and the variance, as defined by Egs. (133) and (134), are determined from model canopy
characteristics only and are independent of any retrieved or measured quantities. Therefore,
do/dL can be precomputed for each biome type and the following equation solved for L ,

LAI(L)) = ILE[dq’(L L)} , L <LAl<L

mln

m| n (135)

| resultinginafunction L (LAI). Thevarianced” associated with LAI then can be calculated from

L max

d"(CAI) = [ [L-LAT] E[

L

do(L” (LAI) L)} . (136

min

Now, if the retrieved reflectances belong to the saturation domain, then the solution from the first
comparison test, LAl and its spread ALAI;, and the solution from the second comparison test,
LAl, and its spread ALAI,, must satisfy the conditions,

LAI, = L (LAI})
LAL, = L (LAI,)
ALAIL, = d (LAI})

ALAI, = d (LAI) (137

to within a configured accuracy. If these conditions are met, this implies that the reflectances
belong to the saturated domain and that any value of LAI from 2LAI — L, to L, must be
considered a true solution with equal probability.

| To facilitate the testing of these conditions, L andd vs LAl are precomputed and stored
in the CART file. For biome types 1 (grasses/cereal crops) and 3 (broadleaf crops) the evaluation
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| of L  andd are particularly smple. It follows from Egs. (130) - (131) that the solution distribu-
tion function for the saturation domain of these two biome typesis

o(L,L) = 0, L<L
x L-L "
o(L,L) = —, L <L <Ly
. I-max_l-
o(L',L) = 1, L>L,., (139

Thus, from Egs. (135) and (136)

L = 2LAI-L, = L (LAI)

d = %(Lmax—m) = d(LAI)

/3 (139)

6.5.3.8 Canopy absorption and retrieved BRF uncertainty

How accurately canopy absorptance a;‘em can be determined, given the uncertainty AA';em

intheretrieved BRF Aiem, impacts the determination of FPAR which is defined as the fraction of
photosynthetically active radiation absorbed by green elements of the vegetation canopy. We can

write FPAR as

700
[ ax™(20)e, " (20)Eqg Ao
FPAR(q,) = %X

, (140

hem

[ &"(20)Eq yoh
400

where Eq ) isthe TOA solar irradiance spectrum and e;]em Isthe normalized irradiance incident
hem

on the canopy. The model canopy absorptance, Amodel.  » CaN be expressed as
h h ag hem h
em em em
model, A(R0) = aps A (Q0) + [ Amodel, A(Q0) =Tps A (R0)] (141)
t

A

upon substituting Eq. (91) into (93) If we replace the model BRF, A'r:%n;el’ »» by theretrieved value,
A;'em, then Eq. (141) becomes an expression for a"™M as used in Eg. (140). However, the non-
negativity of Eq. (141) can be violated when this replacement occurs, due to the uncertainty in the

value of AAem. Therefore, we start our analysis by an examination of when A';e”‘ hem takes on

" Ths A
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negative values.

As described in [M-12], determination of biome type and LAI requires that the candidate
biome/canopy/soil model pass two merit tests, the first of which is a comparison of the retrieved
BRF and the model BRF. This comparison can be described by testing whether

hem hem

‘A)\ (Q0) = Amodel, A (Q0)| = 3,(Qg) , (142)
where 3, = AA;]em [A; thresh @d Ay yhresn IS @ configurable threshhold parameter. Using Eq.
(91), thisinequality can be rewritten as

q
P
q eff, A hemq
t 1""_""'p""""'""q' bs, A (20) =3,(Q)
eff.A A <Ahem hem 0.) <
A 0 Mps, )\( 0)

peff,/\ h
2 TR () + 5,(20)
~ Peif, A" _ (143)

It follows from Eq. (143) that the difference AL - rggn; can take on negative values only if the
left side of the inequality is negative, i.e.,

q
p
q eff, A hemq
t)\—l 27— e 1(99) <8,(2p). (144)
~Petf, A"

This means that the contribution of the ground (soil and/or understory) to the canopy-leaving
radiation is comparable to the uncertainty in the retrieved BHR so that there is no reliable
information to estimate the Q, term.

There is another problem encountered when one uses Eq. (141) to evaluate the canopy ab-
sorptance. The factor 1/t% may become arbitrarily large as LAl takes on large values. Although
(Arrfon(]el A~ rBSeT)/ t, theoretically tendsto zero in these cases, Eq. (141), containing the retrieved

AQ instead of the modeled BHR, will tend to infinity as LAI increases, namely,
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im M@ —ERO0) L [Aae, (%) + 8,(2)] ~rin(0o)
LAl - o tg LAl - o tg
_jim 28 _,
Hemn (145)

Thus, small variations in can cause numerical instabilities in the FPAR retrieval technique.
Therefore, evaluation of FPAR for sufficiently dense canopies requires special attention if these
instabilities are to be avoided.

We note from Eqgs. (101) and (141) that the canopy absorptance can be written as

h h hem,g=1
am%rgel,)\(QO) = 1_Ameor3el,)\(90)_{tbs,)\ (Qo)
q q
ty +a
A Ar Ahem hem
_t_q[AmodeI,)\(QO)_rbs,)\(QO)]}
A . (146)

The expression in the braces describes the fraction of radiation absorbed by the ground (soil and/
or understory). It takes on non-negative values when

" ' thon ()
em em S,
Amodel, A (Q0) =g A (Qp) < T3 : (147)
ty + ay
Because
hem,g=1 q
. hem hem tbs,)\ (QO)tA —
lim {AmodeI,A(Qo)_rbgA(Qo)_ 1. q } =0
LAl - o 944
A , (148)
the inequality expressed by (147) can be violated due to the retrieval uncertainty when A'r},%rge,l \

is replaced by A;em. This occurs when LAI is sufficiently large. It follows from Eq. (141) and
expression (147) that

q .hemqg=1 q
hem (@) < hem(Q )+% [J![bs,}\ (Qo)t)\
4model, A\*%0/ = 8ps A320) T 7 a, d
0 htay
hem hem,g=1

Sapg A (Q) g, (Qp) (149)
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Thus,

. hem _ _hem
lim aJie A (Qg) = apg 2 (Qp)
LAl - o (150)

proving that the fraction of radiation absorbed by the ground becomes negligible for sufficiently
large LAI. Thus, the violation of expression (147) dueto theretrieval uncertainty indicates that the
contribution of the ground to the canopy absorptance does not exceed the uncertainty in A;'em and

does not provide any reliable information to estimate the Q, term. We set a&%nc}a, \ S aggn;\ in this
case.

It follows from the above discussion that the following formula can approximate aiem , the
estimate of the canopy absorptance using Al°™, as accurately as AL°™ isretrieved:

al

h h Ar ph h
ay (Qg) = apg x(2p) +‘E[Axem(90)_rbgn;\(90)]
t
A _
hem,g=1 q
. h h thsa (Do)t
if 0<AT(Qg) ~rpaa(Qg) < —
ty Ta,
h _ hem .
Note that if we set a"®™ = a"®™ wh ession (147) is violated, we get
ay = apg) W en expression (147) isvio ,weg
h h h ag hem h
em em em em
2y (Qq) = apg A(Q0) = aps 1 (Q0) + T Amodel, A(R0) =T, A ()]
t
A
_ _hem
- amodel,)\(QO) (152)
Itfollowsfrom Eq. (146) that a"" | < 1—A'*" | and, asaconsequence, al®"< 1 - Alen .

This means that the uncertainty in a, " is comparable to the uncertainty in A" for large LA

6.5.3.9 Compatibility of retrieved PAR-integrated BHR and FPAR

The proposed FPAR retrieval algorithm, described by Eq. (151), provides good agreement
between two MISR products, the PAR -integrated BHR, ANar, and FPAR. To show this, the fol-
lowing theorem is proved first:

h
Theorem: af®™< 1— A"

hem hem

Proof: Let g, = A" —Anogel x- Consider the situation when the inequality described by
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expression (147) takes place. Then, starting with Eq. (141), the description of canopy absorptance,
and using Eq. (146) and expression (147),

h h &\ Ah h
a)\em(Qo) = abZ”;(QO) + t_q[Am%n;el,)\(QO) t ey _rbgn;\(QO)]
A
q
_ _hem a
= amodel, A(Q0) + 7 [E
tx
hem hem gq=1 ti‘ + aﬁ hem hem
= 1-A(0g) (s (20) -~ A (@) —rpe (@}
A
tg + ag ag
e~ [Ey + 5 Eaa
t§ td
A A . (153)
Since the term in braces must be non-negative [see Eq. (151)],
hem hem hem q=1 t? + ag hem hem
ar(Qg) = 1-A(Qg) ~{thsr | (Qg) - A —rpe (o)1 }
A
hem
<1-A Q ED
v(0) Q (150
Then, using Eq. (140),
700
h h
| an (Qp)ey  (Qg)Eq ydh
FPAR(Q) = & —
h
[ e (2g)Eg
400
700
h h
| ACT(Qp)en  (20)Eq yOA
h
<1-40 = 1- Apar(Qp)
[ &(20)Eq yh
400 (155)

Thus, the absorption within the canopy/soil system, described by 1 — A*;‘i{g , can never belessthan
the absorption, FPAR, within the canopy only. This must always be true and the determination of

FPAR using the algorithm described by Eq. (151) will guaranteeit.
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6.5.3.10 Generation of algorithm parametersin the CART file.

During standard processing to obtain biome type and LAI, the model hemispherical reflec-
tances, A;:em and A;’” , expressed by Egs. (91) and (94) respectively, are needed in the first com-
parison test of the LAl algorithm. Thistest evaluates possible solutions by comparing these model

reflectances to the retrieved spectral hemispherically integrated reflectances (DHR and BHR).

Since alarge number of canopy/soil models are tested this requires that APn%n;eL » and Aﬂédeh ) be
determined as efficiently as possible. Now, A':n%rge,] » can bewritten as
h di di di diff
Amodel A(20) = X" (20) DAmgael, 1 (20) + [1= X" (20)] DArngge, 2(20) (156)
where Aot 5 i defined analogously to Atege 5 in Eq. (94),
AT oy =0 (g )+tqD Pt ) Dtdiff,q(Q ) (157)
model, A(Q0) = ps 2 (29 )\m bs, A (0
and with
diff di ff, g= diff
e n(Q) = 1—tpl THag) —aps\ (), (158)

defined analogously to rdir, in Eq. (128). The parameter 9" in Eq. (156) isthe ratio of the direct
irradiance on the canopy to the total radiance and is determined in the retrieval process for DHR
and BHR. Thus, to minimize computation time, Agwlcr)del, » and qu';fdeh , are precomputed and
stored directly in the CART file and Ajege » iS then computed using Eq. (156). For each biome
type, only those models with values of LAI which pass this hemispherical reflectance comparison
test can then proceed to the second test which is a comparison of the retrieved spectral BRF to the

model spectral BRF. It follows from Egs. (94) and (127) that the model BRF can be represented as

di di di ;
Rmodel, )\(Q’ Qo) = T[Wblsf)\(Q' Qo)rbls,r)\(go) + vag(Q)[A)\lr(Qo) - rgg)\(Qo)] (159)

Becausewe usetheretrieved DHR as Agi ", thisexpression for Rimodel, » doesnot explicitly depend

on soil reflectance. Again, for computational efficiency Eq. (159) can be rewritten as
di
Rmodel,}\(Q’ Qg) = Wi(Q, Qy) + W,(Q) DA\)\”(QO) (160)

where
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W, (2, Q) = nwh 5(Q, Q) —wi(@)] 3T, (2)) (161)
Wy(Q) = ntlim(@) (162)

Like Af:cr,deh 5 and A?ricf)fdel, 5 the parameters W, and W,, are also precomputed and stored in the

CART file.

The calculation of FPAR requires the determination of the fraction of direct and diffuse in-

hem

cident radiation absorbed by the vegetation, a)°™. From Eq. (141), al®" is given by

q
h h axr Ah h
ay 1 (Qp) = abini(ﬂo) + t_q[AAem(Qo)_rbg,n;\(Qo)] (163)
A
hem . . hem .
where the model BRF, A4 5+ ISTeplaced by the retrieved BRF, Ay~ . With
h di di di diff
apen(Q0) = f) (Qq) Dape 5(Qp) +[1— ) (20)] Tapg 5 (Qp). (164)
h di di di diff
Maa(0) = i (Qg) [rpe a(R) + [1= 15 (20)] Tripg 2 (2p) (165)
and rdir, and rgiff, defined by Eqgs. (128) and (158), respectively, a®™ in Eq. (163) can be recast
as
h di di di diff h
a,7(Qo) = Ty (Qg) CF1 A (Qp) + 1= T3 ()] CF1 A (Qg) + Fy 5 DAY (Q) (166)
with
dir dir ag dir,g=1 dir
i ir,g= i
Fia(Qq) = aba)\(QO)_t_q dl-thsn (Qp) —apg (2], (167)
A
diff diff ag di ff, g=1 diff
Fia(Qo) = abs,)\(QO)_t_q 1 —tpg x T (Qg) —apg 2 ()], (168)
A
and
X
Foy = —. (169)
] tg
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A non-negativity test must also be performed, as described in Eq. (151),

hem, g=1 q
hem hem tbs, A (QO) D)\

0 <Ay (Qg) =g A (Q0) < — , (170)
th T ay
which can be rewritten as
0< AQem(Qo) —rggn;\(QO) < fgir(QO) DTS”(QO) +[1- fgir(Qo)] D.I.;\jiff(QO). (171)
Here, rem is given by Eq. (165) and Tg" and T;’”f are
dir,g=1 q
i t Q. O
Tglr(QO) — _bsA - ( g) A , 172
th T ay
diff, g=1 q
i t Q,)
Tglff(Qo) — _bsA ( o) )\. 173
tg + ag

Thus, seven parameters, rdir, , rift T8 T8 FPS FI'Y and F, , , are used by the FPAR

bs, A’ "bs A
algorithm and these are precomputed and stored in the CART file to maximize algorithm
efficiency.

To compute quigdel A Aﬁg?w and all the other algorithm parameters for the CART file, it

is necessary that tgg/’\q, a{gg PR agg\, ty, and ay , the variables upon which the algorithm

parameters are dependent, be evaluated at the MISR wavelengths. This is done by using the fol-
lowing expressions, based on 86.5.3.5, which describe the spectral dependence of these parame-
ters,

dir

- 1-w Cpti(Qg) 4
dir, _ bs \*%0) dir’,
the x (Q0) = =——tpe ") (174)
*  diff
i 1-w bt (Q) g
diff, _ b 0/ diff",
ts A (%) = Tr—toe () (175)
1-w, Dhtys (Qp)
dir,q=1 l-w Ebtgisr(QO) dir ,gq=1
thga () = T tps (Qp) (176)
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* diff
diff, q=1 1-w Dbty (Q) g q=1

thsr  (Qg) = I Ebtgisff(Qo) bs (Qp) (177)

ty = i:z—;g:tq* (178)

e 1 () = i:; EEZZZ i:ifaﬂ!*(no) (179)

2pun(9) = i:i P 0 () (180

ag = i:g; g: Di:Zi\aq* (181)

where m, is the spectral leaf albedo and ptgisr, ptgisff . pt, tgisr’q*, tggf‘q*, tgisr*'qzl, tgisﬁ*'qzl,

(0, Al A% 3% pa,, and pa are 13 model canopy coefficients which depend only on
canopy structure (i.e., biome type, LAI, etc.) and not on wavelength or soil type. Those with
asterisks indicate that they are evaluated at a leaf albedo value of w (or, equivalently, at a

wavelength with that value of leaf albedo) which is currently configured to a value of 0.02.

These 13 wavelength and soil independent canopy absorption and transmission parameters,
along with the spectral leaf albedo w, and the spectral soil reflectance patterns pgﬁ, ) aeasoar-
chived in the CART for reference purposes.

6.5.3.11 Biome parametersused in modeling the CART file

The canopy model parameter types and associated values for each biome class, used to com-
pute the contents of the CART file, are listed in Table 11.

Table 11: Biome Canopy Model Parameters

r asses/
G Broadleaf L eaf Needle
Par ameter Cereal Shrublands Savanna
Crops Forests Forests
Crops

Plant LAI 0-7 0-7 0-7 0-7 0-7 0-7
Fractional Ground 1.0 0.2-0.6 0.1-1.0 0.2-04 >0.8 >0.7
Cover
Understory LAI n‘a n/a n/a 0-5 0-2 0-2
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Table 11: Biome Canopy Model Parameters (continued)

Grassey
Broadleaf L eaf Needle
Parameter Cereal | Shrublands Savanna
Crops Forests | Forests
Crops
Leaf Normal erectophile | uniform uniform uniform/ uniform/ uniform/
Orientation erectophile | planophile | planophile
Stems, Trunks & n‘a 5% 10% 10% 15-20% 15- 20%
Branches
Leaf Size (m) 0.05 0.05 0.10 n‘a n/a n/a
Crown Size (m) n/a n‘a n‘a 4x2 6x4 ax2
8x4 12x8 8x4
Reference L eaf 0.1 0.1 0.1 0.1 0.1 0.1
Albedo
Solar Zenith Angle 15-75 15-75 15-75 15-75 15-75 15-75
(deg)
View Zenith Angle 15-75 15-75 15-75 15-75 15-75 15-75
(deg)
ViewAzimuthAngle | 0-180 0-180 0-180 0-180 0-180 0-180
(deg)

Leaf water content in all cases was 0.025 m and leaf optical properties were simulated with the
PROSPECT model [32]. For savanna, leaf forests, and needle forests fractional ground cover
refersto the overstory, arange of LAI (O - 3) was aso considered for their understory, and the two
leaf normal orientations in these biomes refer to over-and understory. The trunk, stem, and branch
fractions are fraction of the canopy LAI and their optical properties are averages of those reported
for boreal canopies.

6.54 Calculate NDVI-FPAR regression coefficients

Although the cause and effect relation between FPAR and NDV I can be established theoret-
ically, itsutility depends on its sensitivity to biome characteristics. For example, if al biomes have
asimilar or nearly similar NDVI-FPAR relationship, information on global land cover would be
unnecessary when using such relationshipsfor the estimation of FPAR. Sincethisclearly isnot the
case, we must first stratify the global land cover into biome types that have sufficiently different
NDVI-FPAR relationships. Thisimpliesthat traditional land cover classifications, based on botan-
ical, ecological or functional metrics, may be unsuitable for FPAR estimations [42]. Therefore, a
land cover classification that is compatible with the FPAR algorithm is embodied in the Biome
Classification Map.

Based on Eqg. (159), the canopy models summarized in Table 11, and the soil properties|isted
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in Table 12, directional-hemispherical reflectances in the red and near IR, and PAR absorptance
were computed to derive simulated NDVI-FPAR relationships for each biome type.

Table 12: Soil M odel Parametersfor FPAR-NDVI Regression

Grasses/
Parameter Cereal | Shrublands Broadieaf Savanna L eaf Needle
Crops Forests Forests
Crops
Soil Type 60c + 40s | 20c + 80s 80c + 20s | 60c + 40s | 60c + 40s | 60c + 40s
c=clay, s=sand
Reflectance medium bright dark medium | medium | medium

These relationships are shown in Figure 11, using base case values for the model canopy pa-
rameters (base case impliesatypical value within the range of values specified in Table 11). In this
figure, the notation “Bn” refers to Biome n, where n has the same numbering convention as bio.
Theabbreviation “ulai” refersto understory LAI. From these rel ationships, regression coefficients,
Fo and F, were derived for each biome type and dependent on solar zenith angle, such that

FPAR(bIO, i) = Fy(bio, o) + F4(bio, piy) CNDVI (182)

Here, NDVI is defined as
dir dir
Avio—A
NDv| = —TiRTed (183)
ANIR T Ared

where Aﬂ,i,rR and Af',ie';I are DHR’s in the near IR and red bands, respectively.
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Figure 11. Relationships between FPAR and at-surface NDVI in the base case simulation
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