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Abstract

Passive optical multiangle observations make possible the retrieval of scene structural characteristics that cannot be obtained with, or

require fewer underlying assumptions than, single-angle sensors. Retrievable quantities include aerosol amount over a wide variety of

surfaces (including bright targets); aerosol microphysical properties such as particle shape; geometrically-derived cloud-top heights and 3-D

cloud morphologies; distinctions between polar clouds and ice; and textural measures of sea ice, ice sheets, and vegetation. At the same time,

multiangle data are necessary for accurate retrievals of radiative quantities such as surface and top-of-atmosphere albedos, whose magnitudes

are governed by structural characteristics of the reflecting media and which involve angular integration over intrinsically anisotropic intensity

fields. Measurements of directional radiation streams also provide independent checks on model assumptions conventionally used in satellite

retrievals, such as the application of 1-D radiative transfer theory, and provide data required to constrain more sophisticated, 3-D approaches.

In this paper, the value of multiangle remote sensing in establishing physical correspondence and self-consistency between scene structural

and radiative characteristics is demonstrated using simultaneous observations from instruments aboard NASA’s Terra satellite (MISR,

CERES, ASTER, and MODIS). Illustrations pertaining to the remote sensing of clouds, aerosols, ice, and vegetation properties are presented.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Solar radiation is the fundamental energy source for the

Earth’s climate system and its web of life. Aerosols having a

host of sizes, shapes, and atmospheric distributions absorb
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and scatter radiation over different surface types, resulting in

a range of regional climate influences. Stratiform and

cumuliform cloud fields with various spatial distributions

of water and ice exist throughout the atmosphere’s vertical

domain, cooling or heating the surface below. These

surfaces in turn–smooth and crevassed, forested and arid,

rural and urban–influence and are transformed by atmos-

pheric, geodynamic, and biological processes. The complex-

ity of the Earth system makes diagnosis and prediction of
ent 97 (2005) 495 – 518
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climatic, environmental, and ecological changes enormously

challenging. Among the technologies that can be brought to

bear upon this challenge, satellites offer the most effective

means of measuring patterns and evaluating the perform-

ance of models on the global scale. The interaction of

sunlight with chemical components of the Earth system

yield myriad distributions of spectral reflectance; the

morphology, vertical stratification, geometric orientation,

and roughness of reflecting elements also give rise to

microscopic and macroscopic patterns of angular reflectance

that provide structural clues and information on the spatial

partitioning of radiation among vertical layers.

Multiangle observations bridge atmospheric and surface

3-D physical structure, the anisotropy of radiant energy, and

hemispherically integrated radiative flux. Attaining this

cohesion between internal physical properties and external

radiation anisotropy is a prerequisite to obtaining self-

consistent models of Earth system processes. Such a

strategy, as opposed to ones that ‘‘tune’’ certain variables

to generate the right radiation intensity or cloud, aerosol, or

surface cover amount, or one that presumes self-consistency

without verifying underlying assumptions, is the only way

that models can be used with confidence to predict the Earth

system’s responses to future perturbations. In this paper, we

show how measurements of reflection anisotropy are

diagnostic of structural properties of hazy, cloudy, ice-

covered, and vegetated scenes on the one hand, and

constrain fundamental radiation parameters that integrate

over angle, like top-of-atmosphere albedo, surface albedo,

or fraction of absorbed photosynthetically active radiation

on the other. We illustrate this correspondence using data

from NASA’s Terra satellite, which provides multiangle

views from several onboard instruments. Terra data con-

tribute to three broad areas of research: How do different

cloud types affect and respond to climate variations? What

are the climatic and environmental impacts of airborne

particulates (aerosols)? How does the surface respond to

climate and environmental change? Multiangle information

has been proposed as a key player in each of these areas

(Diner et al., 1999; Liang et al., 2000); several years of Terra

data now afford a refined view of some unique contributions

of such measurements. In this paper, we illustrate how such

data make fundamental contributions toward self-consistent,

physical models of radiatively important elements of the

Earth system.
2. Data sources

The interpretation of multiangle information can be

categorized into two main strategies: radiometric and

geometric. The first refers to changes in the brightness,

color, contrast, or other radiance-related quantities as a

function of view angle, captured at optical wavelengths by

quantities such as the Bidirectional Reflectance Distribution

Function (BRDF) (Martonchik et al., 2000; Nicodemus et
al., 1977), which is governed by the composition, density,

and geometric structure of the reflecting medium and

exemplified through glints, shadows, and volumetric scat-

tering. The second involves real or apparent differences in

the shape or location of observed objects, resulting from

changes in perspective (for targets with 3-D structure),

stereoscopic parallax (displacement dependent upon dis-

tance from the observer), or actual motion of the target

during the time interval between views.

In an earlier paper (Diner et al., 1999), we distinguished

between a ‘‘simultaneous’’ multiangle observing strategy, in

which measurements at more than one angle in an

orientation along the flight direction are acquired within a

period of several minutes, and a ‘‘sequential’’ strategy

whereby data from wide-field-of-view cross-track scanners

are composited over many days or weeks. Instruments that

acquire simultaneous multiangle data include the Along-

Track Scanning Radiometer (ATSR) and its successors

ATSR-2 and AATSR (Koelemeijer et al., 1998; Stricker et

al., 1995), the Polarization and Directionality of the Earth’s

Reflectances (POLDER-1 and its successors) (Deschamps et

al., 1994; Hautecoeur & Leroy, 1998), the Multi-angle

Imaging SpectroRadiometer (MISR) (Diner et al., 1998,

2002), and the Advanced Spaceborne Thermal Emission

and Reflectance radiometer (ASTER) (Abrams, 2000;

Yamaguchi et al., 1998). The sequential strategy is used

with MODerate-resolution Imaging Spectroradiometer

(MODIS) for certain applications (Lucht et al., 2000; Schaaf

et al., 2002; Wanner et al., 1997). Combinations of

simultaneous and sequential observing are obtained by the

Clouds and the Earth’s Radiant Energy System (CERES)

scanners (Wielicki et al., 1995). For scenes in which

atmospheric or surface temporal variations are minimal, or

for which multiangle signatures of a statistical nature are

sufficient, the sequential strategy can be effective. However,

for dynamically varying targets for which multiangle

information is to be used for instantaneous scene character-

ization, identification, or classification purposes, the simul-

taneous strategy is required.

NASA’s Terra spacecraft was launched into polar, 10:30

am equator-crossing sun-synchronous orbit on 18 December

1999. MISR, ASTER, MODIS, and CERES are four of the

five science instruments aboard Terra. Their principal

observational attributes are summarized in Table 1. Each

uses multiangle measurements to a greater or lesser degree

(the fifth instrument, Measurements of Pollution in the

Troposphere-MOPITT-which retrieves atmospheric carbon

monoxide concentration, does not employ a multiangle

strategy):

& MISR observes the Earth in reflected sunlight at nine

different view zenith angles and four spectral bands. In its

global science mode, ground spatial sampling is 275 m for

all nadir bands and the off-nadir red channels, and 1.1 km

for the remainder. It takes 7 min for a point to be observed

at all nine angles as the spacecraft flies overhead.



Table 1

Attributes of Terra instruments with multiangle capability

MISR CERES ASTER MODIS

Description Multiangle pushbroom imager Scanners Multispectral imager Whisk-broom imaging scanner

Angular coverage 0-, 26-, 46-, 60-, 70-, forward

and backward of nadir

Limb to limb Nadir, 31- backward of nadir 0–55- continuously (cross-track)

Multiangle strategies

employed

Radiometric, geometric Radiometric Geometric Radiometric

Spectral coverage 446, 558, 672, and 866 nm Shortwave: 0.3–5 Am
Thermal ‘‘window’’:

8–12 Am

Visible/near infrared (VNIR):

3 bands (only the NIR band

is stereo)

36 bands between 0.4 and 14.5 Am

Total: 0.3–200 Am Shortwave infrared (SWIR):

6 bands

Thermal infrared (TIR):

5 bands

Spatial resolution 275 m or 1.1 km, depending

on channel

20 km (at nadir) VNIR: 15 m 250 m–1 km (at nadir), depending

on channelSWIR: 30 m

TIR: 90 m

Scene dimensions Pole-to-pole�400 km Pole-to-pole� limb-to-limb 60 km�60 km Pole-to-pole�2300 km

Global coverage time 9 days 1 day NA 2 days
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& CERES operates in four scan modes: cross-track, along-

track, rotating azimuth plane (RAP), and programmable

azimuth plane (PAP). The cross-track scan optimizes

spatial sampling but has limited angular sampling; the

along-track scan provides measurements near the satellite

orbital plane at several view zenith angles with near-

simultaneity over the same region; the RAP mode scans

in view zenith angle as it rotates in azimuth; and the PAP

is used for specific experiments (e.g., field campaigns

and intercalibration with other instruments).

& ASTER’s Visible and Near Infrared (VNIR) subsystem

includes both a nadir view and an additional backward

telescope for stereo, with a spatial resolution of 15 m.

There is a time lag of about 55 s between the nadir and

backward views.

& MODIS only acquires one look per overpass, but obtains

multiangle information using the sequential strategy over

a 16-day period (the repeat cycle of the Terra orbit),

capitalizing on its broad swath. Since MODIS scans

cross-track, whereas MISR’s view angles are arrayed

along-track, the angular samples from these instruments

are complementary.

3. Multiangle structural and radiative characterizations

3.1. Clouds

3.1.1. Background

Clouds play a critical role in climate because of their

influence on the Earth’s energy and hydrological cycles.

Due to their complexity, clouds are also responsible for

major uncertainties in climate model predictions of the

Earth’s response to forced perturbations, such as enhanced

greenhouse gas abundances. Even small changes in the

global distribution of cloud properties can match the 4 W

m�2 forcing associated with a doubling of the atmospheric
carbon dioxide concentration. A useful measure of the effect

of clouds on the Earth’s radiation budget is ‘‘cloud radiative

forcing’’ (CRF), defined as the difference between the

radiative flux density under cloud-free and all-sky con-

ditions. The magnitude and sign of this forcing depends on

cloud radiative properties and brightness of the underlying

surface. In order to improve our understanding of how cloud

properties may change in response to an evolving climate

and how such changes feed back upon the climate system, it

is important to accurately measure CRF as a function of the

major cloud types.

3.1.2. Value of multiangle data

Converting directionally-sampled radiances to radiative

flux requires angular distribution models (ADMs) that

account for the anisotropy of Earth scenes. The first global

estimates of CRF were made during the Earth Radiation

Budget Experiment (ERBE) (Barkstrom, 1984; Harrison et

al., 1990; Ramanathan et al., 1989) using ADMs developed

for 12 scene types (Suttles et al., 1988, 1989). Owing to the

limited accuracy of the ERBE ADMs, however, errors in

both shortwave (SW) and longwave (LW) radiative fluxes

were found to depend strongly on cloud properties (Loeb et

al., 2003b), thereby limiting their applicability for determin-

ing CRF by cloud type.

Using multiangle measurements from CERES, coinci-

dent imager retrievals of cloud and aerosol data (e.g., from

MODIS), and meteorological information from data

assimilation models, new ADMs have recently been

developed that dramatically improve the accuracy of both

SW and LW TOA radiative fluxes compared to ERBE

(Loeb et al., 2003a,b, 2005; also see http://asd-www.larc.

nasa.gov/Inversion/ for figures and tabulations of the

ADMs). In the shortwave, CERES TOA flux errors are a

factor of 2–5 smaller than ERBE, with the largest

improvements occurring for thin ice clouds and thick

liquid water clouds. In the longwave, CERES flux errors

http://asd%1Ewww.larc.nasa.gov/Inversion/


D.J. Diner et al. / Remote Sensing of Environment 97 (2005) 495–518498
are typically a factor of 1.5–2 smaller than ERBE, with

the largest reduction in error occurring for thin and

moderately thick ice clouds. Comparisons of the improved

CERES ADMs with climate model results are now

beginning to occur (e.g., Xu et al., in press).

With the advent of automated, global stereo cloud height

retrievals from MISR to complement and improve upon

simpler threshold-based infrared imager cloud height

measurements, additional improvements in relating CRF

to cloud type are underway. Multiangle imagery from a

sensor like MISR makes it possible to capture cloud-top

heights (CTH), the morphological structure of vertically

developed clouds, and cloud advection velocities as a result

of the time difference between the various looks (Horváth &

Davies, 2001; Moroney et al., 2002; Muller et al., 2002;

Zong et al., 2002) based on a purely stereophotogrammetric

(i.e., geometric) retrieval approach. Validation using

ground-based 35/94 GHz radar and lidar retrievals of

single-layer clouds shows instantaneous accuracies typically

within the predicted height resolution (¨560 m) of MISR’s

operational Multipoint Matcher algorithm (Muller et al.,

2002; Naud et al., 2002, 2004, in press). A case study

comparing automated MISR CTH retrievals with high
Fig. 1. Top: ASTER (left) and MISR imagery (right) on 12 April 2002 over

approximately 60�60 km. Bottom: CTH histograms from ASTER, using the MPG

and from MISR using the computationally faster Multipoint Matcher used in st

(ASTER), 275 m (MISR MPGC LSM) and 1100 m (MISR L2TC), respectively.
spatial resolution stereo from ASTER is shown in Fig. 1.

The top portion shows coincident ASTER and MISR cloud

imagery over Zurich-Kloten, Switzerland on 12 April 2002.

The bottom panels include height histograms extracted

using the Multi-Photo Geometrically Constrained Least-

Squares Matching (MPGC LSM) algorithm (Baltsavias,

1991; Gruen, 1985), a computationally intensive method

known for its high accuracy and reliability. Stereo CTHs

with an accuracy of T12.5 m and T280 m can be retrieved

with this algorithm from ASTER and from MISR’s nadir

and near-nadir (26-) cameras, respectively, independent of

the actual cloud height and wind speed (Seiz, 2003; Seiz et

al., submitted for publication). The MISR operational

product shows good agreement with these more computa-

tionally intensive retrievals. Additional MISR-ASTER

matchups were acquired during the December 2004 Rain

in Cumulus over Ocean (RICO) campaign, and are in the

process of being analyzed.

A key characteristic of MISR stereo heights is that the

measurements are insensitive to atmospheric temperature

profile, emissivity, and radiometric calibration drifts,

thereby providing weather and climate diagnostics inde-

pendent of common error sources and making possible the
Zurich-Kloten, Switzerland (Terra orbit 12321). The area of the scene is

C LSM matcher (left); from MISR, using the MPGC LSM matcher (center);

andard processing (right). The spatial resolution of the CTH grid is 15 m

No cloud motion correction was applied to these data.
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accurate determination of temporal trends. Using statistical

averaging to reduce instantaneous retrieval errors, a

preliminary analysis by Davies and Moroney (2005)

indicates a sensitivity of approximately T10 m in the global,

annual difference in effective CTH between one year and

another. The analysis to date implies that the annually

averaged effective CTH in 2004 was 40 m lower that in

2000, primarily due to a reduction in high-cloud fraction.

The climate significance of this initial result must await an

examination of the intervening and subsequent years, which

will occur once the MISR data are reprocessed with the

same pedigree of geometric calibration. Nonetheless, this

capability is notable in light of a multiagency report on

climate observing requirements (Ohring et al., 2004), which

derived a decadal cloud height stability requirement of 30 m

in order to detect variation attributable to climate change.

The report also calls for ‘‘independent instrument measure-

ments from space of each key climate variable’’ as a means

of verifying the accuracy of subtle climate-related effects.

As a consequence of their unique observational attributes,

the geometrically-derived global CTHs from MISR satisfy

this requirement, underscoring the importance of continued

acquisition of such diagnostics beyond the lifetime of Terra

in order to establish linkages between any observed trends

and the temporal nature of climate forcings.
Fig. 2. Frequency distribution of CERES SW CRF for footprints falling in 1-�1-

all cloud conditions. Numbers in parentheses correspond to the frequency of occ
Using MISR and MODIS to characterize the cloud cover

and cloud height distribution in 1-�1- regions observed by

CERES in its along-track scan mode, SW CRF as a function

of cloud type for 12 April 2000 is shown in Fig. 2. Each

1-�1- region is sorted according to total cloud cover into

partly (0.1–40%), mostly (40–99.9%), and overcast

(>99.9%) cloud classes, and according to cloud height for

single-layer low (0–2 km), single-layer middle (2–6 km),

single-layer high (>6 km), and multilayer cloud classes.

Next, the frequency distribution of SW CRF from CERES

for footprints falling in 1-�1- regions that are partly cloudy

(Fig. 2a), mostly cloudy (Fig. 2b), overcast (Fig. 2c), and for

all cloud conditions (Fig. 2d) is determined for each cloud

height class. To estimate SW CRF for a CERES footprint,

the instantaneous TOA flux is compared with a clear-sky

TOA flux from monthly mean SW clear-sky flux maps for

April 2000. In Fig. 2 the SW CRF is expressed in

(dimensionless) albedo units by dividing flux CRF by the

incident solar irradiance. The weakest SW CRF occurs

under partly cloudy conditions for marine single-layer low

(trade cumulus) and multilayer clouds (Fig. 2a). The SW

CRF distribution is very narrow and peaks between 0.0 and

�0.01. As cloud cover increases from partly cloudy to

mostly cloudy, the SW CRF distribution broadens, and the

frequency of multilayer clouds increases dramatically
regions that are (a) partly cloudy, (b) mostly cloudy, (c) overcast, and (d) for

urrence of a given cloud class relative to all cloud classes.
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(doubles). In 1-�1- regions that are overcast, SW CRF

becomes more pronounced with increasing cloud height, as

shown in Fig. 2c. SW radiative cooling for high clouds

ranges from approximately �0.15 to �0.65, compared to

�0.15 to �0.47 for low clouds.

Because anisotropy is a strong function of spatial

resolution, CERES ADMs can only be used to infer CRF

at 10–20 km scales. Furthermore, the relationships between

parameters such as cloud liquid water path, optical depth,

and albedo are nonlinear, making representations at the

typically coarse grid scales of general circulation models

problematic. As climate models emerge that are capable of

explicitly representing higher-resolution physical and

dynamical processes at spatial scales comparable to cloud

sizes, the need arises for high-resolution, globally represen-

tative observations for testing the models. MISR’s high

spatial resolution and multiangle capability, in conjunction

with CERES broadband multiangle data, provides a uniquely

powerful combination that can overcome the resolution

limitations of CERES data alone. At scales where individual

clouds are resolved, automated stereo image-matching

methods make it possible to co-register MISR multiangle

radiances at the cloud tops and account for the spatial and

angular distribution of radiant energy (Horváth & Davies,
Fig. 3. MISR data from 5 September 2002, when the western portion of Typhoon

nadir view. Center: Cloud-top height field derived using automated stereoscopic p

could not be retrieved are shown in dark gray. These data were acquired during
2004; Genkova & Davies, 2003). Cloud type changes rapidly

with location, so MISR generates local albedos at 2.2 km

resolution, using scene identification and the zenith angle

dependence of the observations to constrain modeled

radiances in unobserved directions. An example of a

stereoscopically derived height field from MISR and the

associated narrowband albedo product is shown in Fig. 3.

Note that over the short distances (2.2 km) that MISR’s local

albedo product is generated, values can be greater than 1.0

due to the contributions from the sides of the clouds. CERES

measurements in along-track mode provide views coincident

with MISR, enabling conversion of high-resolution narrow-

band MISR albedos to broadband albedos (Davies, 2004).

Reprojection of cloud-leaving radiances to the cloud tops

also makes possible automated retrieval of cloud-specific

bidirectional reflectance factors (BRFs). BRFs projected to

cloud-top altitudes permit direct tests of conventional

assumptions invoked when using remotely sensed radiances

to infer cloud water content, particularly the reliance on

plane parallel (1-D) radiative transfer (RT) theory. Horváth

and Davies (2004) show that at MISR’s finest resolution the

modeled variation of radiance with angle using 1-D RT

theory matches the observed variation within T5% for only

about 15% of the global distribution of clouds. This
Sinlaku was situated over the Okinawan island chain. Left: Natural-color

rocessing. Right: Retrieved local albedo. Areas where heights and albedos

Terra orbit 14442.
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percentage rises to about 40% at coarse resolution, albeit for

an optical depth that is biased low due to the effects of

nonlinear averaging over regions of cloud heterogeneity.

Thus, MISR data imply that the use of 3-D RT theory for

retrieving cloud optical depths is required for over 60% of

Earth’s cloud fields. In addition, several studies use MISR

data to infer 3-D cloud structure. For example, by observing

cloud fraction as a function of angle in MISR data,

Kassianov et al. (2003) showed that it is possible to retrieve

the geometric thickness of fair-weather cumulus in the

tropical Pacific. Zuidema et al. (2003) compared Monte

Carlo reflectance simulations of tropical cumulus congestus

clouds to MISR BRFs, using the associated stereo height

retrievals as constraints on the modeling. In this case, the

Monte Carlo simulations did not appear to capture the

observed fraction of unobscured sunlit and shadowed

cloudy areas, suggesting the presence of radiatively

significant cloud variability at scales smaller than the height

field resolution of T550 m. The use of oblique multiangle

imagery for the direct reconstruction of cloud 3-D mor-

phologies is now being explored (e.g., Seiz & Davies,

submitted for publication). These efforts represent signifi-

cant steps toward understanding the roles of cloud hetero-

geneity and vertical structure on passive retrievals of cloud

liquid water and associating cloud hydrological character-

izations with radiative fluxes.

3.2. Aerosols

3.2.1. Background

Aerosols are liquid or solid airborne particulates having

sizes ranging from less than 0.1 Am to more than 1 Am.

Most aerosol sources are natural, and include volcanoes,

dust storms, forest and grassland fires, living land and

oceanic vegetation, and sea spray. Other sources are

anthropogenic, such as fossil fuel and biomass burning

and ablation from deforested and desertified surfaces.

Modeling of the industrial-era temperature record indicates

that net aerosol forcing is slightly smaller, but opposite in

sign, than forcing from anthropogenic greenhouse gases.

However, the uncertainties in aerosol anthropogenic forcing

are of the same magnitude as the effects themselves (IPCC,

2001). Calculations of aerosol effects on global climate

require the use of chemical transport, radiation, and general

circulation models. The validity of these models needs to be

evaluated against aerosol information retrieved from satel-

lites and other data sources. Stratification of aerosol optical

depths by particle type is a key component of this strategy.

3.2.2. Value of multiangle data

Sensitivity studies indicate that over dark water, multi-

angle data should be able to separate spherical from

randomly oriented non-spherical particles, and make about

a dozen distinctions based on particle microphysical proper-

ties. These can be mapped to broad, naturally occurring

aerosol types: sulfate aerosols, pollution and biomass
burning particles, sea salt, and accumulation and coarse-

mode dusts (Kahn et al., 1997, 1998, 2001). MISR

observations coincident with AErosol RObotic NETwork

(AERONET) ground stations (Dubovik et al., 2000; Holben

et al., 1998) and with intensive field campaign operations

are being used to test aerosol optical depth (Abdou et al.,

2004; Diner et al., 2001; Kahn et al., 2005; Martonchik et

al., 2004) as well as particle property sensitivity predictions.

Although detailed field validation opportunities are rare, on

9 July 2002, as part of the CRYSTAL-FACE campaign,

MISR imaged a thin cirrus cloud in the Caribbean Sea just

east of the Yucatan Peninsula, while instruments aboard the

NASA ER-2 aircraft observed the cloud remotely and the

WB-57 aircraft made in situ measurements of the cloud and

ambient aerosols. A research aerosol retrieval code (Kahn et

al., 2001) applied to MISR data obtained an aerosol optical

depth of 0.20, and identified three components: cirrus,

contributing 35% to the column optical depth, a medium,

spherical, non-absorbing, maritime-type particle contribu-

ting 50%, and Saharan dust making up the remaining 15%.

Subsequent analysis of the sub-orbital CRYSTAL data

confirmed the presence of all three components and their

proportions to within about T10% (Kahn et al., 2003).

Aerosol retrievals in the publicly available MISR

products make use of a prescribed set of aerosol models

considered to be representative of the types to be found over

the globe. The algorithms determine for which models, and

at what optical depth for each model, a set of ‘‘goodness of

fit’’ criteria is satisfied. Air mass factors ranging from 1 to 3

(owing to the view angle range from nadir to 70-) provide
considerable sensitivity to aerosol optical depth, especially

for thin haze. MISR’s nine near-simultaneous views also

cover a broad range of scattering angles, between about 60-
and 160- in mid-latitudes, making it possible to constrain

aerosol shape and, coupled with the multispectral informa-

tion, size distribution.

Over deep water bodies, the MISR standard aerosol

retrieval algorithm uses the 672 and 866 nm channels (Diner

et al., 1999; Martonchik et al., 1998), similar to other

sensors that take advantage of the practically negligible

surface reflectance at these wavelengths. At high optical

depths, data from the 446 and 558 nm bands are also

incorporated in the retrieval algorithm, since in such cases,

the advantage of having additional spectral information

outweighs any contribution from uncertainty in the short-

wavelength reflectivity of the ocean surface. One advantage

of multiangle observations is that aerosol retrievals over

water are possible even when some cameras are affected by

sunglint.

Over land, satellite aerosol retrievals are complicated by

the large spatial variability in surface bidirectional reflec-

tance, and for much of the Earth the ground reflectance is

high, e.g., desert and urban areas, which are major aerosol

source regions. The principal problem is separating the

surface and atmospheric contributions to the observed top-

of-atmosphere radiances. MISR, ATSR-2, and AATSR
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make explicit use of multiangle observations to overcome

these challenges, as the ratio of atmospheric to surface

contributions to the TOA signal increases systematically

between the nadir and steeper-angle views. The MISR

algorithm models the shape of the surface bidirectional

reflectance as a linear sum of angular empirical orthogonal

functions derived directly from the image data, making use

of spatial contrast and angular variation in the observed

signal to separate the surface and atmospheric signals even

in situations where bright, dusty aerosols overlay a bright,

dusty surface (Diner et al., 2005; Martonchik & Diner,

1992; Martonchik et al., 1998, 2002). A somewhat simpler

algorithm, formulated to make use of two look angles,

comprises the fundamental aerosol retrieval approach used
Fig. 4. Top: MISR oblique-camera image and aerosol retrievals over southern M

drifting northward over the Gulf of Mexico. Bottom: MISR oblique-camera imag

Sahara desert (6 February 2004, Terra orbit 22006). The width of each image is the

at the same spatial scale.
by ATSR-2/AATSR (North et al., 1999; Robles González,

2003; Veefkind et al., 1998).

Recent work indicates that MISR can distinguish differ-

ent dust shape classes (Kalashnikova et al., 2005a,

submitted for publication) and cirrus crystal habits (McFar-

lane et al., in press), the latter complementing MODIS

information on cirrus particle size. New dust models were

recently incorporated into MISR operational processing to

take advantage of this capability (aerosol product version

0016 and higher), and inclusion of a thin cirrus component

to the particle models used in MISR retrievals is planned for

the future. Other multiangle sensors have also measured

features attributable to particle shape. Backscattering aniso-

tropy peaks due to cloud glories and rainbows, and forward
exico (2 May 2002, Terra orbit 12616), when numerous fires sent smoke

e and aerosol retrievals near the Cape Verde islands, west of Africa and the

full MISR swath—about 400 km across; the vertical dimension is presented
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scattering peaks due to specular reflection by horizontally

oriented ice crystals have been observed in POLDER (e.g.,

Chepfer et al., 1999) and CERES data.

Fig. 4 shows example aerosol retrievals from MISR. The

top set of data shows a large amount of smoke from fires in

southern Mexico, and the bottom set shows Saharan dust

blowing over the Cape Verde islands. Each set of panels

includes an image from the 70--forward camera, optical

depth at 558 nm, Ångström exponent, and fraction of optical

depth due to nonspherical particles. The high Ångström

exponent and low nonspherical fraction in the first set, and

low Ångström exponent and high nonspherical fraction in

the second are consistent with the medium, spherical smoke

and large, nonspherical dust expected in these two geo-

graphical settings, respectively. Since particle sphericity is

more sensitive than optical depth to the selection of

scattering angles included in the retrieval, the blockiness

in the nonspherical fraction image for the dust storm in Fig.

4 is due to differences in the number of glint-free cameras

available for the aerosol retrieval. MISR aerosol retrievals,

globally, select component mixtures from the same input

aerosol model database, rather than imposing spatially or

temporally constrained aerosol types on the retrievals, so

within the limits of the database these results demonstrate

constraints on aerosol microphysical properties based on the
Fig. 5. MISR globally gridded aerosol optical depths (558 nm) for March 2002

pollution sources over Africa, S. America, and Asia. Some cloud masking issues o

successful MISR retrieval results for water and land, respectively, within the 1

obtained, the average result for the surrounding 3�3 array of 17.6-km regions is
multiangle/multispectral information content of the data.

The input models for MISR product versions 0016 and

higher consist of 74 mixtures of absorbing and nonabsorb-

ing spherical particles of accumulation and coarse mode

distributions in varying proportions, and nonspherical dust.

This 74-mixture set replaces a more limited 24-mixture set

used with earlier versions of the MISR aerosol product.

MISR generates global monthly and seasonal aerosol

optical depth summaries at 0.5-�0.5- resolution. Fig. 5

shows monthly-averaged aerosol optical depth at 558 nm for

March and September 2002. Notable features include

retrievals over the bright deserts of North Africa and Saudi

Arabia, which are major dust sources, and over snow-

covered areas, e.g., Alaska. In the September data, biomass

burning aerosols are visible in Southern Africa and South

America. High optical depths are found over and downwind

of the north African desert and biomass burning source

regions, in the southern hemisphere biomass burning

regions in September, and near the east Asian population

centers, as expected. Low and fairly uniform optical depths

appear over the southern oceans. At right are instantaneous

MISR/AERONET retrieval matchups for each month. Cases

for which the standard deviation of AERONET optical

depth within a 2-h window centered on the Terra overpass

exceeded 0.05 in the green band are considered indicative of
(top) and September 2002 (bottom) highlight dust, biomass burning, and

ccur at high latitudes. In the right panels, dark blue and green correspond to

7.6-km region containing AERONET sites. If no successful retrieval was

computed and plotted as light blue or light green.
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high aerosol or cloud variability and are excluded from the

plots. Each MISR value corresponds to the mean optical

depth for all aerosol mixtures in the algorithm climatology

that were deemed consistent with the observed radiances.

Globally, MISR optical depths have been validated against

AERONET and other sunphotometers over a wide variety of

surface types (Abdou et al., 2004; Diner et al., 2001; Kahn

et al., 2005; Liu et al., 2004a; Martonchik et al., 2004).

Kahn et al. (2005) studied biomass burning, continental,

dusty, and maritime aerosols, and found that two-thirds of

the 558-nm optical depth retrievals fall within 0.05 or 20%

of AERONET values, with about a third of the data within

0.03 or 10%, consistent with other studies. In a study over

five desert sites (Martonchik et al., 2004), the RMS

difference between MISR and AERONET was found to be

0.07 within 17.6-km regions containing the sunphotometers;

when averaging of the 3�3 set of surrounding 17.6-km

MISR regions is performed, this difference reduces to 0.05,

most likely due to the dominance of random retrieval

uncertainties over actual spatial variability. Fig. 5 shows that

optical depths are currently biased high over homogeneous

ice sheets (southern Greenland and Antarctica), in large

measure due to unscreened translucent ground fogs. Addi-

tional cloud masks based on angular signatures (Di Girolamo

& Wilson, 2003), capitalizing on the cloud discrimination

capability illustrated below in Section 3.3, will help rectify

this situation and are in the process of being incorporated

into the MISR data processing software.

Stereoscopic retrievals of biomass burning or dust plume

altitudes, using the same methodology described in Section

3.1, constitute another way in which multiangle data aid our

understanding of aerosol climate and environmental

impacts. Long-range transport and atmospheric residence

times of aerosols are governed, among other factors, by the

injection altitude and vertical distribution of the particles.

Near source regions, where distinct plume features are

present, automated MISR stereo processing has demonstra-

ted the ability to retrieve plume-top altitudes (Diner et al.,

2004a). Further from the source, as long as there is sufficient

spatial contrast within an airmass such that the stereo image

matching algorithm will work, altitudes at the top of aerosol

layers are retrievable. Using the UV aerosol index from the

Total Ozone Mapping Spectrometer (TOMS) as a proxy for

aerosol altitude, Fromm and Servranckx (2003) performed a

case study of the Chisholm fire in Alberta (May 2001) and

inferred that intense convection injected smoke from this

large fire up to stratospheric altitudes. Subsequent analysis

of MISR data (Diner et al., 2004b) on smoke located 1200

km from the original source provides direct confirmation

that stratospheric injection indeed occurred.

As yet, the global climate significance of long-lifetime

smoke has not been quantified systematically (Fromm et al.,

2004). Complementarity of high-resolution vertical profiling

obtained by the CALIPSO lidar (yet to be launched as of

this writing), the two-dimensional spatial coverage of plume

heights provided by MISR, and sensitivity to high-altitude
aerosol absorption provided by near-UV instruments (e.g.,

TOMS and the Ozone Mapping Instrument, OMI), and the

coupling of such observations with chemical transport

models (CTMs), make it possible to address this question.

Accurate column optical depths over land, combined with

vertical profile information from lidar or from a CTM, also

enable the retrieval of surface fine particulate matter

concentration (PM2.5), an important parameter for evaluat-

ing regional air quality. Liu et al. (2004b) showed that MISR

aerosol optical depths remove biases in the GEOS-CHEM

transport model, yielding annually averaged PM2.5 concen-

trations derived entirely independently of in situ data yet

exhibiting excellent, unbiased agreement (slope=1.0, inter-

cept negligible) with EPA surface measurements.

3.3. Cryosphere

3.3.1. Background

The Earth’s cryosphere is experiencing rapid change.

Over the past two decades, northern sea ice summertime

extent and concentration have dropped significantly (e.g.,

Comiso, 2002; Serreze et al., 2003), changing the ratio of

first-year to multi-year Arctic ice. Western Arctic sea ice has

shown dramatic thinning (Rothrock et al., 1999). In

Antarctica, the loss of Larsen Ice Shelf A in 1995 was

followed by the collapse of Larsen Ice Shelf B in 2002 and

an ensuing increase in upstream glacier velocity (Scambos

et al., 2004). Glaciers in most of the world are retreating and

thinning (e.g., Oerlemans, 2001). These changes involve a

variety of mechanisms, and linkages between surface

structure and radiation. Even small decreases in snow

albedo, due, for example, to increased snow grain size or

melt, can double the amount of absorbed energy (Nolin &

Stroeve, 1997; Stroeve et al., 1997), leading to positive

temperature-albedo feedbacks. This can produce meltwater

percolation or melt-induced fracturing (Scambos et al.,

2000; Zwally et al., 2002), resulting in glacier speed-up or

ice shelf disintegration. Ice sheets and sea ice are highly

susceptible to the impact of clouds on the surface energy

budget, with the net effect of shortwave interception and

downwelling longwave re-radiation affecting the timing of

snowmelt (Pavolonis & Key, 2003; Zhang et al., 1996). A

study by Bintanja and van den Broeke (1996) showed that

albedo and cloud transmissivity are of equal importance in

determining whether clouds have a warming or cooling

effect on ice sheet surfaces. As albedo decreases, clouds do

not have to be as optically thick in order for cloud radiative

forcing (CRF, defined in Section 3.1) to change from a

warming to a cooling effect. For sea ice, a change in the

prevalence of thin, young ice is significant in that brine

rejection during freezing affects the abundance of cold,

saline bottom waters. Thermohaline-driven currents are

among the most important components of global ocean

circulation (Bindoff et al., 2000; Broeker, 1997; Dickson et

al., 2002). In sorting out the dominant mechanisms of

cryospheric change, distinguishing ice types is necessary for
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understanding the interaction between ice formation and

melting, climate, and ocean processes. Documenting the

relationships between ice sheet albedo and roughness along

with the causes of variability, including melt, fracturing, and

ablation is needed to improve models of ice sheet response

to climate change, and cloud radiative effects must be taken

into account.

3.3.2. Value of multiangle data

Although passive/active microwave approaches have

been successful in discriminating multi-year from first-year

ice (e.g., Cavalieri et al., 1999; Kwok et al., 1992),

characterizing young sea ice types–and connecting these

ice types to climate-or weather-related events– remain

challenging. The extremely high emissivity and generally

low albedo of thin, brine-soaked new ice types limits the

effectiveness of passive microwave, and coarse resolution

also inhibits detailed mapping of ice sub-types. Thinner ice

types appear dark in synthetic aperture radar (SAR) because

they are more saline and have dielectric properties that

prevent radar energy from penetrating the ice surface.

Young ice types have overlapping SAR backscatter signa-

tures, and the thinnest ice types are often below the noise

floor of spaceborne SAR (Beaven et al., 1994). Classifica-

tion of sea ice types using surface roughness discerned at

optical wavelengths shows great potential for clear discrim-

ination of new and older ice types. Variations in surface

character are thought to arise from very distinct temperature,

wind, and wave effects during formation, or from the

collisional, thickening, and melt processes that occur over

time in sea ice, reflected in both the albedo and bidirectional

reflectance characteristics of the surface. In a preliminary

study by Nolin et al. (2002) over the Beaufort Sea, ice types

within areas classified by the National Ice Center (NIC) as

first-year ice were distinguishable by MISR but not

discernible by the RADARSAT SAR. CERES measure-

ments indicate, moreover, that the top-of-atmosphere albedo

of clear-sky sea ice scenes varies significantly; the mean

albedo changes from 0.45 to 0.55 at a solar zenith angle of

55- when sea ice type changes (Kato & Loeb, 2005).

Over ice sheets, surface morphology provides a record of

the combined effects of snow accumulation, ablation, and

ice movement (Herzfeld et al., 1999). An increase in melt

area leads to melt pond incursion into previously smooth

regions of the ice sheet. Changes in wind erosion and

sublimation affect sastrugi and snow dune formations in the

dry snow zone and can strongly modify the angular pattern

of reflectance (Warren et al., 1998). Structures such as

glacier crevasses and ice surges provide a record of ice

dynamics. For example, using multiangle MISR imagery,

Landsat, and synthetic aperture radar data, Fricker et al.

(2005) discovered a seasonal variation in rift growth rates

on the Amery Ice Shelf in East Antarctica, challenging

conventional wisdom that the calving of large tabular

icebergs is insensitive to seasonal effects. They concluded

that ice mélange–a complex, seasonally variable mixture of
sea ice, snow, and ice shelf fragments–and/or seasonal

changes in ocean circulation beneath the ice shelf are the

most likely explanations for this behavior. In another

Antarctic study, Nolin et al. (2002) used MISR data to

characterize ‘‘blue ice’’ surfaces on the basis of their surface

roughness. These regions of net mass loss are thought to be

indicators of changes in ice sheet ablation and accumulation

patterns (Bintanja, 1999; Bintanja & Reijmer, 2001;

Bintanja & van den Broeke, 1995). Multispectral methods

are not able to distinguish them from the spectrally similar

crevassed blue ice exposed on active glaciers. However,

multiangle MISR data can readily accomplish this distinc-

tion based on their textural signatures. Crevassed ice is

rough and therefore backward scattering whereas the

smooth blue ice (Bintanja et al., 2001) is strongly forward

scattering. Future applications might include continent-wide

mapping of blue ice areas to examine intra-annual and inter-

annual variability within the context of climate change

studies.

Nolin et al. (2002) developed a proxy for surface

roughness, consisting of a normalized difference angular

index (NDAI) that uses a combination of forward and

backward scattered radiation. NDAI is defined as (back -

� fore) / (back+fore), where ‘‘back’’ and ‘‘fore’’ correspond

to BRFs at the 60- viewing angles of MISR that happen to

be viewing predominantly backward and forward scattering,

respectively. NDAI for the area around the Jakobshavn

Glacier in western Greenland is illustrated in Fig. 6. The

April 2002 NDAI image shows lower values (smoother)

along the coast (left side of each image) where the

snowpack still covers the rough, non-glacierized terrain.

Areas around the main portion of the glacier are also

smoother in this image than in the September 2002 image

where speckled regions indicate melt ponds that have

formed during the melt season. Note that the NDAI values

are much greater in September, indicating a significant

increase in surface roughness, particularly around the main

part of the glacier. There is a much higher degree of

variability in NDAI for the upland portion of the glacier

drainage basin (center and right portions of the image) in the

September image, indicating surface roughness changes

induced by changes in surface energy balance.

Satellite observations play a vital role in measuring and

monitoring snow and ice albedo at high spatial and temporal

resolution with global coverage (e.g., De Abreu et al., 1994;

Knap & Oerlemans, 1996; Stroeve et al., 1997). Stroeve and

Nolin (2002) found that a linear combination of angular and

spectral data from MISR produced improved albedo

retrievals compared with a spectral-only model, using

regression coefficients derived through comparisons with

in situ albedo measurements from several automatic weather

stations (AWS) in Greenland. Fig. 7 (top) shows a scatter

plot comparing surface albedo at four AWS sites in

Greenland with values derived from MISR. The four

stations form an elevational transect from the accumulation

region to the ablation region of the ice sheet. Overall, the



Fig. 6. Upper left: MISR multiangle false color composite of the Jakobshavn glacier, 28 April 2002 (rough areas appear orange, smooth areas appear blue);

Bottom left: Normalized difference angular index (NDAI) image from 28 April 2002 (pre-melt); Bottom right: NDAI image from 3 September 2002 (at end of

melt season). Brighter NDAI values indicate higher roughness. Upper right: Correlation of relative ice surface roughness derived from MISR (colored lines)

and the Airborne Topographic Mapper laser altimeter (black line), for a 2001 transect over the Jakobshavn glacier.
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angular-spectral model retrieves a snow surface albedo

within about 3% of the in situ measurements, and

generates an improved correlation with in situ data relative

to a model derived from spectral information alone,

particularly at high albedos (r2=0.89 for the angular-

spectral model vs. 0.82 for the spectral-only model, and

the slope is closer to unity when the angular information is

included. We also note that the point with the lowest in

situ albedo is an outlier for the angular-spectral model.

When this point is removed from the regressions, the slope

and intercept are 0.97 and 0.02, respectively, for the

angular-spectral model and 0.78 and 0.11, respectively, for

the spectral-only model). Fig. 7 (bottom) shows the

seasonal and spatial variation in surface albedo during

the sunlit portion of 2002. Both in situ and satellite

measurements show a decrease in surface albedo from

April to July as surface temperatures warm, leading to

grain growth and eventually, snow melt. As the melt

season progresses, surface albedo at each station continues

to decline, with large decreases at the JAR1 and JAR2

sites as the snow completely melts, exposing the darker

bare glacier ice. By midsummer, an even larger decrease in
surface albedo occurs at JAR1 as compared to JAR2

because dark melt ponds develop around the station and

occupy a portion of the satellite ground instantaneous field

of view. Surface albedos increase at the end of the sunlit

season as new snow begins to blanket the area.

Obtaining an accurate picture of surface radiation budget

requires distinguishing clouds from ice and snow and

assigning proper heights to polar cloud layers. Comparisons

of MISR geometric and MODIS thermal cloud-top heights

with ground-based lidar and radar measurements of multi-

level clouds show that when optically thin clouds overlay

thicker, lower-level clouds, MODIS often detects the higher

clouds and assigns an altitude somewhere between the

upper- and lower-layer clouds, whereas the MISR opera-

tional stereo algorithm detects only the lower clouds. (For

computational efficiency, the MISR operational heights are

generated from the nadir and near-nadir cameras only; as the

oblique cameras are more likely to detect thinner, higher

clouds, an ideal approach would be to use all available

angles if a computationally efficient approach is developed.)

In other cases, if a cloud is close to the surface and in a

temperature inversion, cloud-top temperature will be close



Fig. 7. Top: Comparison between in situ and MISR-derived surface albedo over the Greenland ice sheet, using an angular-spectral regression model (blue) and

a spectral-only model (brown). Data from both 2000 and 2001 are shown. The models were developed using 29 MISR images. Bottom: Seasonal variation in

broadband albedo at four AWS sites on western margin of the Greenland ice sheet computed using the angular-spectral regression method. Data were acquired

during summer 2002. The four AWS sites are Crawford Point (69.88-N/46.97-W, 1958 meters above sea level), ETH (69.57-N/49.29-W, 1148 m.a.s.l.), JAR1

(69.29-N/49.41-W, 967 m.a.s.l.) and JAR2 (69.25-N/50.03-W, 542 m.a.s.l.).

D.J. Diner et al. / Remote Sensing of Environment 97 (2005) 495–518 507
to, or greater than, the surface skin temperature, and

multiangle radiance measurements can detect clouds that

spectral radiances may not.

The value of multiangle information for polar cloud

mapping is illustrated in Fig. 8, where single-band (red)

MISR images of the Amery Ice Shelf/Lambert Glacier in

Antarctica are combined into a false-color composite: data

from the 60- forward-viewing, nadir and 60- backward-

viewing cameras are displayed as red, green and blue,

respectively. This technique, illustrated in the center panel,

uses color as a proxy for angular reflectance variations.

Clouds appear purple since they scatter in both the forward

and backward directions, making them easily distinguish-

able from the underlying ice and snow. On the ice surface

itself, rough areas exhibit enhanced backward-scattering and

appear red/orange (similar to Fig. 6), while smooth areas are

predominantly forward-scattering and appear blue. The

stereoscopically derived height field shown in the right-
hand panel provides a purely geometric technique for

differentiating clouds from ice, and has the simultaneous

benefit of providing cloud-top heights.

Analysis of 15 orbits of Terra data over the Arctic Ocean,

Greenland, Baffin Bay, and Baffin Island from the daylight

season of 2002 shows that the combination of MISR stereo

and angular signatures yields a cloud discrimination

accuracy of 92% in comparison with expert labels (Shi et

al., 2004a). Including MODIS data increases the accuracy to

>95% (Shi et al., 2004b). These unprecedented capabilities

now make it possible to quantify polar CRF, and research

focused on the Arctic–bringing together data from MISR,

MODIS, and CERES–is now getting underway. This is

timely because during the summers of 2003–2004, MISR

data show large decreases in albedo for higher elevations of

Greenland (greater than 3r change compared to previous

fluctuations) and of sufficient magnitude to lead to a likely

change in the sign of CRF over large portions of the ice



Fig. 8. These views from MISR illustrate ice surface textures, cloud-ice discrimination, and cloud-top heights over the Amery Ice Shelf/Lambert Glacier system

in East Antarctica on 25 October 2002 (Terra orbit 15171). Left: Natural-color view from the nadir camera. Center: Multiangular composite in which data from

the red band of the 60- forward-viewing, nadir and 60- backward-viewing cameras are displayed as red, green and blue, respectively. Right: Stereoscopically

derived height field. Areas exhibiting insufficient spatial contrast for stereoscopic retrieval are shown in dark gray. The small amount of ‘‘quilting’’ over the

cloud at lower left in the stereo product is due to imperfect correction for the effect of cloud motion in the automated CTH retrieval.
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sheet. The threshold albedo for such a change varies from

0.50 to 0.75 (depending on cloud transmissivity), which is

exactly the range of values documented using MISR data for

portions of the Greenland ice sheet that in the past 3 years

have experienced previously undocumented melt.

3.4. Vegetation

3.4.1. Background

Vegetation structure affects the light-use, water uptake,

and nutrient cycling efficiency of canopies, their suitability

as wildlife habitats, snow distribution and fresh water

availability in forested areas, and fire risk. Changes in

vegetation structure over time provide a signature of

natural or human disturbances, such as encroachment of

woody species into grasslands and savannas and agricul-

tural conversion. Furthermore, vegetation structure deter-

mines how solar energy is distributed between the canopy

and the ground. Estimates of the green leaf area for the

Earth’s land surface, called the Leaf Area Index (LAI), and

the Fractional amount of Photosynthetically Active Radi-
ation (FPAR) absorbed by the leaves are descriptive of

vegetation canopy structure and its energy absorption

capacity. Together with surface albedo (Dickinson et al.,

1990), these are key state variables in most ecosystem

productivity models and in global models of climate,

hydrology, and ecology.

3.4.2. Value of multiangle data

The power of multiangle remote sensing for discrim-

inating canopy structural detail has been demonstrated in

theoretical studies (e.g. Myneni et al., 1990; Pinty et al.,

2002) and field experiments (e.g., Deering et al., 1992).

Early proof-of-concept work used multi-overpass (i.e.,

sequential) Advanced Very High Resolution Radiometer

(AVHRR) data to generate approximate BRF patterns of

large (>10 kilometer) target areas in the central United

States (Privette et al., 1997) and the African Sahel

(Braswell et al., 1996). Limitations in the quality of

available data underscored the need for datasets designed

to provide dense and near-simultaneous observations of

vegetation BRF patterns and exploration of combined



D.J. Diner et al. / Remote Sensing of Environment 97 (2005) 495–518 509
multiangle and multispectral sampling for ecological and

biogeochemical modeling (Asner et al., 1998). More

recently, a number of methods have been investigated to

relate surface anisotropy to surface structure (e.g., Chen et

al., 2003; Chopping, 2000, Chopping et al., 2002, 2003;

Gao et al., 2003; Lacaze et al., 2002; Sandmeier &

Deering, 1999; Widlowski et al., 2001).

One of these efforts (Widlowski et al., 2001) uses a

parametric approach involving the Rahman-Pinty-Verstraete

(RPV) model (Rahman et al., 1993). This model represents

a BRF field by three parameters: r0, an amplitude

component that captures the surface brightness; k, an

exponent appearing in a modified Minnaert’s function

(Minnaert, 1941); and H, which captures the degree of

forward/backward scattering asymmetry, depending on its

sign. The k exponent equals 1.0 for a lambertian surface, is

<1.0 when a ‘‘bowl-shaped’’ pattern dominates (the spectral

BRF values increase with the view zenith angle), and is

>1.0 when a ‘‘bell-shaped’’ pattern is observed (the spectral

BRF values decrease with the view zenith angle). The

angular anisotropy pattern of the solar radiation field

scattered by vegetation in the red spectral domain,

represented by the k parameter, shows strong potential to

reveal surface cover structure at the sub-pixel scale (Pinty et

al., 2002).

To explore the relationship between structure and

anisotropy, a series of 3-D RT model simulations have

been conducted to represent the BRF fields emerging from

complex heterogeneous systems as well as their associated

canopy height fields. Widlowski et al. (2001, 2004) showed

that only the presence of vertically elongated foliage

clumps (tree crowns) of medium-to-high densities, over-

lying a typical soil background, can generate bell-shaped

BRF fields. Sparse tree coverage and closed vegetation

canopies, on the other hand, have bowl-shaped BRFs. The

occurrence of bell-shaped BRFs depends on the relative

contribution of the radiation that has traveled through

canopy gaps in the both downward and upward directions.

For a given Sun position, the amplitude of this so-called

uncollided or ‘‘black canopy’’ contribution (i.e., in which

the phytoelements are perfectly absorbing) strongly

depends on the background reflectance and the structural

properties of the canopy, but it always gives rise to a bell-

shaped contribution (Pinty et al., 2004). These theoretical

results have been corroborated by analyses of data acquired

over the Konza prairie in Kansas on 13 July 1999 by the

MISR airborne simulator, AirMISR (Pinty et al., 2002).

Parametric BRF fitting has also demonstrated a correlation

between the k parameter and forest cover density over

snow in the Cold Land Processes Experiment (CLPX)

study region in Colorado (Nolin, 2004) and in Glacier

National Park (Nolin & Selkowitz, 2004). This is signifi-

cant because forest density affects the surface energy

availability for snowmelt and the ability to derive snow-

covered area, with ramifications for forest and water

resource management.
The predominance of forward over backward scattering,

represented by positive values of the RPV H parameter, can

have diverse causes including the occurrence of a relatively

smooth granulated surface (e.g., snow) and/or the presence

of liquid surface water. The latter has been used with MISR

data to map the impact of dewatering that followed the 26

January 2001 Gujarat earthquake in India (Pinty et al.,

2003). Similar analyses have been applied to wetland areas,

such as Fig. 9, which displays an RPV H map derived from

MISR data over Queensland, Australia. It is straightforward

to locate the occurrence of free standing water at the surface

corresponding to a littoral complex made up of a mosaic of

mangroves (Atlas of Australian Resources, 1990).

Other methods for retrieving canopy structural informa-

tion include 3-D RT-based approaches to BRF inversion,

which have demonstrated sensitivity to mean leaf angle

inclination (Hu et al., 2003; Myneni & Knyazikhin, 2004),

and empirical methods that exploit observed statistical

relationships between vegetation canopy properties and

combined signatures of multiangle and multispectral reflec-

tance. Capitalizing on the subpixel structural information

inherent in MISR data, Braswell et al. (2003) used a neural

net to derive accurate fractional-area distributions of

primary forest, regrowing forest, and cleared land in a

disturbed tropical forest in Para, Brazil, using targeted 30-m

resolution Landsat data as the training set. Inclusion of

shortwave infrared data from MODIS provided synergistic

gains in classification accuracy. Retrieval of land classi-

fication parameters from data with ¨1 km spatial resolution

from MISR and MODIS, taking into account the factor of

nine resulting from the multiple angles of MISR, implies

about a two order of magnitude reduction in required data

volume relative to Landsat, in addition to capabilities for

global coverage and more frequent revisits of particular

sites. Over the Bartlett experimental forest in New

Hampshire, Jenkins et al. (2004) found a high correlation

between optical multiangular reflectance signature measured

with the MISR airborne simulator, AirMISR, and field

observations of stand basal area, with an RMS error of 8 m2/

ha. Extension of this capability to MISR’s coarser spatial

resolution is the subject of current research. Other studies

using neural networks, using lidar canopy height retrievals,

imply that moderate resolution multiangle imagery can be

‘‘trained’’ to extend point or profiling measurements to large

spatial areas; recent work by Ranson et al. (2005) has

demonstrated the potential of this approach using the

combination of Laser Vegetation Imaging Sensor (LVIS)

and AirMISR, and the combination of Geoscience Laser

Altimeter System (GLAS) and MISR, obtaining remarkably

good correlation between lidar-derived tree heights and the

multiangle reflectance-based predictor.

MISR and MODIS both utilize parametric BRF models

to capture surface anisotropy and perform the integrations

necessary to produce albedo, and take advantage of the

ability to invert such models given adequate cloud-free

angular sampling (Kimes et al., 1987; Privette et al., 1996).



Fig. 9. Map of the RPV H parameter value using MISR data from 26 August 2000 over Queensland, Australia (Terra orbit 3679) on top of a surface greenness

map generated using the approach of Gobron et al. (2002). The greenness exhibits a large range of variability (low and high FPAR values), which contrasts with

a relatively spatially smooth field in the H parameter. On top of a spatially smooth background exhibiting preferential backward scattering (shown in red),

changes in the dominant scattering regime are illustrated by a sudden increase towards positive values of H (shown in blue) along the coastline. These blue

spots correspond to a littoral complex made up of a mosaic of mangroves.
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For MISR, this is facilitated with a modified form of the

RPV model. MODIS employs the RossThick-LiSparse-

Reciprocal (RTLSR) model, a semi-empirical linear super-

position of two kernels that provide parametric representa-

tions of the typical physical patterns of turbid media

volumetric scattering and the geometric-optical scattering

of sparse vegetation, plus a constant representing isotropic

scattering (Lucht et al., 2000; Roujean et al., 1992; Wanner

et al., 1997). One application is the production of view

angle-adjusted surface reflectances for phenological, land

cover classification, or land cover change applications.

Various studies have shown that the length of the growing

season is changing, which affects the global carbon cycle

(Myneni et al., 1997). Using time series of MODIS Nadir

BRDF-Adjusted surface Reflectances (NBAR) (Friedl et al.,

2002; Zhang et al., 2003) and related products in 2001,

coherent spatial patterns of the transition dates of both
greenup onset and dormancy onset were found in northern

middle and high latitudes, with vegetation greenup migrat-

ing northward about 2 days per latitude degree starting in

March and dormancy migrating southward from late

September (Zhang et al., 2004a). Urban heat effects in

vegetation growth were also demonstrated by the earlier

onset of greenup and the later onset of dormancy in urban

areas compared to rural areas (Zhang et al., 2004b).

Fig. 10 includes an example of MISR-derived winter and

summer seasonal summaries of the directional hemispher-

ical reflectance (DHR), which is a formal representation of

albedo defined for illumination conditions at a single

incidence angle (i.e., no diffuse skylight, hence the addi-

tional name ‘‘black-sky albedo’’). Noteworthy features

include vegetation seasonal changes and the advance and

retreat of the snowline. The middle panels are estimates of

DHR integrated over the photosynthetically active radiation



Fig. 10. Top: Global, seasonal summaries of DHR (also called ‘‘black-sky albedo’’) from MISR, at 0.5-�0.5- spatial resolution. The two image panels show

DHR as it was retrieved over land surfaces in MISR’s red, green, blue spectral bands for the seasonal periods December 2001–February 2002 (left), and June

2002–August 2002 (right). Middle: Maps of DHR integrated over the photosynthetically active radiation spectral range (400–700 nm), known as DHRPAR,

derived from MISR data for the same time periods. Bottom: MODIS broadband (0.3–5.0 Am) DHR for the period 17 January–1 February 2002 (left) and for

10 June–25 June 2002 (right). In order to bring out details at albedo <0.4, the MODIS color scale allows albedos >0.4 to saturate, so the MISR and MODIS

scales are different.
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(PAR) spectral range (400–700 nm) for the same time

periods, also derived from the spectral MISR data shown in

the top panels. The maps shown at the bottom are the

MODIS global total shortwave (0.3–5.0 Am) albedos for a

single 16-day interval within each seasonal period. Since

relatively little sunlight reaches the polar regions during

winter, the maps have been cropped to include only the area

which is illuminated in both hemispheres during winter and

summer. The MODIS algorithm has been shown to

successfully capture seasonal and spatial variations of

surface anisotropy and albedo globally over a variety of

surface covers (Jin et al., 2003a, 2004b; Liang et al., 2002;

Roesch et al., 2004; Wang et al., 2004). Case studies show

that MODIS and MISR surface bidirectional reflectance

factors generally agree in the common spectral bands
(green, red, and near infrared) under similar sun-view

geometries (Jin et al., 2002). When narrow-to-broadband

conversion factors (Liang, 2001) are applied to the data,

comparison of MODIS albedos with independent, instanta-

neously derived albedos from MISR indicates overall good

agreement (Fig. 11). These results enhance our confidence

in applying the satellite-retrieved global albedo fields to

model intercomparisons. To date, the largest differences

between MODIS albedo fields and surface models such as

the Community Land Model (CLM2) (Bonan, 1996) show

agreement within 5% over snow-free conditions, but have

large differences in regions with extensive snow cover, and

the model has a large negative bias over the Sahara Desert

and the Arabian Peninsula (Oleson et al., 2003; Tsvetsin-

skaya et al., 2002). Comparisons of MODIS albedo data



Fig. 11. Estimates of 0.4–1.1 Am land surface albedo for January 2001

using temporal compositing (MODIS) vs. instantaneously-derived values

(MISR) (Pinty et al., 2004). Narrow-to-broadband conversion coefficients

from Liang (2001) were used.
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with the Common Land Model and the ECHAM4 global

climate model have shown lower model winter albedo in the

northern high latitudes, primarily due to overestimation of
Fig. 12. Left: Using MISR Level 2 Land Surface Data over Africa from 23 April

mean LAI normalized to the cosine of the solar zenith angle. The linear relation sh

image of the study area.
leaf and stem area indices (Roesch et al., 2004; Zhou et al.,

2003).

Global models also need accurate information on how

solar energy is distributed between vegetation canopies and

the ground. Using the NCAR Community Climate Model,

Buermann et al. (2001) reported that satellite-derived LAI

reduced the model biases in near-surface air temperature in

comparison to observations. A detailed analysis indicated

that the use of satellite LAI fields allowed a more realistic

partitioning of the incoming solar radiation between the

canopy and the underlying ground, resulting in improved

model predictions of near-surface climate. This highlights

the need for independent estimates of vegetation and

ground absorption of solar radiation under various atmos-

pheric conditions to determine the surface energy balance.

A principal objective of the MISR multiangular LAI/FPAR

algorithm is to retrieve these quantities without requiring a

static, pre-specified global biome map. Single angle

retrievals, such as with MODIS, require such information

to constrain the results, and incorrect information on biome

type in such algorithms can fatally impact the LAI/FPAR

retrievals (Myneni et al., 2002; Tian et al., 2000). The

typical accuracy in most biome maps is about 70% (Lotsch

et al., 2003); thus, about 30% of LAI retrievals should be
2002 (Terra orbit 12480), the negative logarithm of fground is plotted against

ows that mean LAI and fground are related by Beer’s law. Right: MISR nadir
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treated as unreliable in the case of single-angle data.

Performance of the MISR LAI/FPAR algorithm for a

limited set of data from Africa suggests that with a

probability of about 25%, ambiguities in biome identifica-

tion were the limiting factor in controlling the LAI

uncertainty (Hu et al., 2003). Thus, the joint use of angular

and spectral information without a prescribed biome map or

training data results in comparable accuracy to LAI values

obtained from single-angle retrievals. However, because a

pre-defined biome map is not used, the multiangle

algorithm can adapt to changing or unknown land cover.

Multiangular retrieval of LAI in this manner is analogous

to retrievals of aerosol optical depths without pre-specify-

ing the aerosol type or surface spectral reflectance, as

discussed in Section 3.2.

The MISR surface product includes PAR-integrated

bihemispherical reflectance (BHRPAR), a broadband visi-

ble albedo that accounts for both diffuse and direct

illumination. From energy conservation, the fraction of

PAR absorbed by the ground beneath the canopy is given

by the formula fground=1�BHRPAR�FPAR. This quan-

tity together with LAI can be used to derive measures of

canopy structure for use in ecological models, such as

extinction coefficient, which typically is used in conjunc-

tion with Beer’s law or a two-stream approximation to

model radiation. As an additional measure of structure,

Fig. 12 uses MISR results to show how the relationship

between fground and LAI depends on mean leaf angle

inclination. The term fground is the downward PAR flux

density at the canopy bottom multiplied by the soil

absorptance (1-albedo). Since in the photosynthetically

active region of the solar spectrum (400–700 nm) leaves

usually absorb 85–90% of intercepted radiation, the

downward PAR flux density at the canopy bottom can

be approximated by the fraction of direct incident PAR

that the vegetation canopy transmits. From theoretical

expectations, the canopy transmittance (and hence

fground) should be related by Beer’s law, given by

exp[�G(h0)LAI/cos (h0)], where h0 is the solar zenith

angle (SZA), and G(h0) is a geometric leaf orientation

factor defined as the projection of unit leaf area onto a

plane perpendicular to the illumination direction (Monsi &

Saeki, 1953; Ross, 1981). Using MISR land surface data

over Africa from 23 April 2002, Fig. 12 shows that

fground =0.95Iexp[�0.61ILAI/cos(h0)]. According to de

Wit’s (1965) classification (see also Ross, 1981, pp. 92,

116–117), the value G(h0)=0.61 at SZA=35- corresponds
to a canopy with leaves between a planophile (mostly

horizontal leaves) and plagophile (mostly leaves at 45-)
type of orientation. The coefficient 0.95 depends on the

recollision probability (Smolander & Stenberg, 2003,

2005) and the soil albedo (Shabanov et al., 2003; Wang

et al., 2003). Multiangular information provides a self-

consistent picture of how structure impacts the partitioning

of solar energy between a vegetation canopy and the

underlying surface.
4. Conclusions

Just as multispectral observations would be of dubious

value in a hypothetically gray world, multiangle measure-

ments would have limited utility on a flat, textureless planet.

Yet neither of these descriptions pertain to the spatially

complex, three-dimensional Earth we inhabit. Single-angle

multispectral measurements are powerful, yet incomplete:

linking structure and radiation to improve our understanding

of the causes and effects of climatic and environmental

change demands a multiangular perspective. In this paper,

we have illustrated how the synergistic use of multiangle

capabilities from the Terra instrument suite provides insights

into structure and radiation and the relationships between

them. Many of the insights described here could have been

realized only through analyses of the unique data products

supplied by Terra.

Given the rich content of multiangular imagery, the

analyses performed to date have just begun to capitalize

on the information provided by this measurement

approach. With several years of Terra data now in hand,

advances in the use of multiangle data for retrieval of

structural information pertaining to clouds, aerosols, and

surfaces can be expected with continuing research, and

new approaches are already undergoing development and

refinement. The upcoming launches of CALIPSO lidar

and CloudSat radar will provide unique opportunities for

integrating passive retrievals of aerosol and cloud struc-

ture with active measurements, particularly at high

latitudes where the time difference between these satellites

and Terra overpasses are minimized. The cryospheric

capabilities described in this paper imply a unique

synergy with active and passive microwave systems and

with the research themes of the International Polar Year

(IPY) (2007–2008). Research activities during IPY intend

to determine in detail the present environmental status and

to quantify polar environmental change (ICSU, 2004).

Over vegetated surfaces radiative transfer modeling

experiments (Jacquemoud & Baret, 1990; Verhoef, 1984)

reinforce the notion that the spectral and multiangle

reflectance data should enable the remote sensing of

patterns of vegetation structure and chemistry, and hence

productivity. Multiangular measurements of vegetation

structure from Terra, along with multispectral and time-

series data, are well situated to aid the North American

Carbon Program, the implementation phase of which

begins in 2005.

Current research efforts are also exploring the utility of

hyperspectral multiangle remote sensing (Barnsley et al.,

2004), and other activities are looking toward measure-

ment enhancements for the next decade, e.g., global near-

ultraviolet and high-accuracy visible/shortwave-infrared

polarimetric multiangle imaging of aerosols and clouds

at moderately high spatial resolution (Diner et al., 2004c).

Fusion of optical multiangle imaging with other techni-

ques, e.g., lidars, radars, and microwave radiometers and
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scatterometers offers an exciting vision of future innova-

tions in satellite remote sensing of Earth’s atmosphere,

cryosphere, and biosphere. The illustrations provided in

this paper will hopefully stimulate an even greater

involvement of the research community in the application

of multiangle data, furthering the use and continued

acquisition of such measurements toward improving

humankind’s understanding and stewardship of our

changing planet.
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et al. (2003). A new parameterization of canopy spectral response to

incident solar radiation: Case study with hyperspectral data from pine

dominant forest. Remote Sensing of Environment, 85, 304–315.

Wang, K., Liu, J., Zhou, X., Sparrow, M., Ma, M., Sun, Z., et al. (2004).

Validation of the MODIS global land albedo product using ground

measurements in a semidesert region on the Tibetan Plateau. Journal of

Geophysical Research, 109, D05107. doi: 10.1029/2003JD004229.

Wanner, W., Strahler, A. H., Hu, B., Lewis, P., Muller, J. -P., Li, X., et al.

(1997). Global retrieval of bidirectional reflectance and albedo over
land from EOS MODIS and MISR data: Theory and algorithm. Journal

of Geophysical Research, 102, 17143–17161.

Warren, W. G., Brandt, R. E., & O’Rawe Hinton, P. (1998). Effect of

surface roughness on bi-directional reflectance of Antarctic snow.

Journal of Geophysical Research, 103, 25789–25807.

Widlowski, J. -L., Pinty, B., Gobron, N., Verstraete, M. M., & Davis, A. B.

(2001). Characterization of surface heterogeneity detected at the

MISR/TERRA subpixel scale. Geophysical Research Letters, 24,

4639–4642.

Widlowski, J. -L., Pinty, B., Gobron, N., Verstraete, M. M., Diner, D. J., &

Davis, A. B. (2004). Canopy structure parameters derived from multi-

angular remote Sensing data for terrestrial carbon studies. Climatic

Change, 67, 403–415.

Wielicki, B. A., Cess, R. D., King, M. D., Randall, D. A., & Harrison, E. F.

(1995). Mission to planet Earth: Role of clouds and radiation in climate.

Bulletin of the American Meteorological Society, 76, 2125–2152.

Xu, K. -M., Wong, T., Wielicki, B. A., Parker, L., & Eitzen, Z. A., (in

press). Statistical analyses of satellite cloud object data from CERES.

Part I: Methodology and preliminary results of 1998 El Niño/2000 La

Niña, Journal of Climate.

Yamaguchi, Y., Kahle, A., Tsu, H., Kawakami, T., & Pniel, M. (1998).

Overview of Advanced Spaceborne Thermal Emission and Reflection

Radiometer (ASTER). IEEE Transactions on Geoscience and Remote

Sensing, 36, 1062–1071.

Zhang, X., Friedl, M., Schaaf, C. B., & Strahler, A. H. (2004). Climate

controls on vegetation phenological patterns in northern mid- and high

latitudes inferred from MODIS data. Global Change Biology, 10,

1133–1145.

Zhang, X., Friedl, M. A., Schaaf, C. B., Strahler, A. H., Hodges, J. C. F.,

Gao, F., et al. (2003). Monitoring vegetation phenology using MODIS.

Remote Sensing of Environment, 84, 471–475.

Zhang, X., Friedl, M., Schaaf, C. B., Strahler, A. H., & Schneider, A. (2004).

The footprint of urban climates on vegetation phenology. Geophysical

Research Letters, 31, L12209. doi: 10.1029/2004GL020137.

Zhang, T., Stamnes, K., & Bowling, S. A. (1996). Impact of clouds on

surface radiative fluxes and snowmelt in the arctic and subarctic.

Journal of Climate, 9, 2110–2123.

Zhou, L., Dickinson, R. E., Tian, Y., Zeng, X., Dai, Y., Yang, Z., et al.

(2003). Comparison of seasonal and spatial variations of albedos from

MODIS and Common Land Model, 2003. Journal of Geophysical

Research, 109(D1) (Art. No. D01103).

Zong, J., Davies, R., Muller, J.-P., & Diner, D. J. (2002). Photogrammetric

retrieval of cloud advection and top height from the Multi-angle

Imaging SpectroRadiometer (MISR). Photogrammetric Engineering

and Remote Sensing, 68, 821–829.

Zuidema, P., Davies, R., & Moroney, C. (2003). On the angular radiance

closure of tropical cumulus congestus clouds observed by the Multi-

angle Imaging Spectroradiometer. Journal of Geophysical Research,

108(D20), 4626. doi: 10.1029/2003JD003401.

Zwally, H. J., Abdalati, W., Herring, T., Larson, K., Saba, J., & Steffen, K.

(2002). Surface melt-induced acceleration of Greenland ice-sheet flow.

Science, 297, 218–222.

http://10.1029/2001GL014096
http://10.1029/2004GL020137
http://10.1029/2003JD004229
http://10.1029/2003JD003401

	The value of multiangle measurements for retrieving structurally and radiatively consistent properties of clouds, aerosols, and surfaces
	Introduction
	Data sources
	Multiangle structural and radiative characterizations
	Clouds
	Background
	Value of multiangle data


	Aerosols
	Background
	Value of multiangle data

	Cryosphere
	Background
	Value of multiangle data

	Vegetation
	Background
	Value of multiangle data


	Conclusions
	Acknowledgments
	References


