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Abstract—The first Moderate Resolution Imaging Spectrora- I. INTRODUCTION
diometer (MODIS) instrument is planned for launch by NASA in . . .
1998. This instrument will provide a new and improved capability HE MODERATE Resolution Imaging Spectroradiometer
for terrestrial satellite remote sensing aimed at meeting the needs (MODIS) instrument has been designed to provide im-

of global change research. The MODIS standard products will proved monitoring for land, ocean, and atmosphere research.
provide new and improved tools for moderate resolution land The design of the land imaging component combines charac-

surface monitoring. These higher order data products have been - : . .
designed to remove the burden of certain common types of data teristics of the Advanced Very High Resolution Radiometer

processing from the user community and meet the more general (AVHR_R) and t_he Landsat Themati_c Mapper, adding sp_egtral
needs of global-to-regional monitoring, modeling, and assess-bands in the middle and long-wave infrared (IR) and providing
ment. The near-daily coverage of moderate resolution data from g spatial resolution of 250 m, 500 m, and 1 km. Spectral
MODIS, coupled with the planned increase in high-resolution o4 nnels for improved atmospheric and cloud characterization
sampling from Landsat 7, will provide a powerful combination of h b included t it both th | of at heri
observations. The full potential of MODIS will be realized once ave been included to perml_ 0 e remova 9_a mospheric
a stable and well-calibrated time-series of multispectral data has €ffects on surface observations and the provision of atmo-
been established. In this paper the proposed MODIS standard spheric measurements. Summary tables describing the MODIS
products for land applications are described along with the jnstrument, the spectral bands and their signal-to-noise and
current plans for data quality assessment and product validation. spatial characteristics are provided by Bareesl. [1]

Ind_ex Terms—Earth Observing System-Moderate Resolution The first MODIS will be launched on the morning (AM1)
Imaging Spectroradiometer (EOS-MODIS), global change, mon- piatform of the Earth Observing System (EOS). MODIS
itoring, satellite remote sensing. . . il - L i

will provide global, near-daily imaging capability, comple
menting the spectral, spatial, and temporal coverage of the
other research instruments onboard the platform, i.e., Ad-
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TABLE | [17]. This technique uses high-altitude cloud and ocean ob-

MODLAND TEeAM AND THEIR PRODUCT RESPONSIBILITIES servations to perform calibration in two steps: computing the
MODIS Team Member MODIS Product calibration between bands and then the absolute calibration
E. Vermote Surface Reflectance of the visible bands. A relative calibration between bands
i‘ \g’t‘i‘;‘hlew xRV E;”g;:gi‘(’jiTemperat“re is established using high-altitude bright clouds, which can
A R _Huete/C_ O Justice Vegetation Indexes be considered as_spectrally uniform in the visible gnd near-
R. B. Myneni/S. W. Running LAI/FPAR IR (NIR). Corrections for the effect of stratospheric ozone
C. 0. Justice/Y. J. Kaufman Fires/Burned Area absorption and the atmosphere above the clouds are performed
D. Hall Snow/lce/Sea Ice prior to derivation of the band ratio, which in this case,
J.R.G. Tovynshend/A. Strahler |Land Cover/Land Cover Change corresponds to the calibration ratio.
S. W. Running PSN/NPP

The procedure currently used for the AVHRR is to select
high cloud of about 20-km altitude using the Lin band
to identify cloudy pixels for which the apparent temperature
indexes (VI's), leaf area index (LAI), fraction of absorbeds between 220 and 225 K. Very cold clou@s220 K) are
photosynthetically active radiation (FPAR), active fires, burnexzoided since they could be composed mostly of ice. The ratio
area, and snow and ice cover. The MODLAND team and thdietween bands has been found to be very stable (less than
product responsibilities are shown in Table I. 0.5% rms) and compares very well to the ratio derived using

At-launch bidirectional reflectance distribution functiorother stable sites, such as desert surfaces. The accuracy of this
(BRDF)/Albedo and LAI/FPAR products will be enhancednterband ratio was shown to be better than 1%. As part of the
during the first year of data provision to include data fromrocedure, clear areas of ocean are automatically selected and
the MISR instrument. MODIS will also generate a standamcombination of visible and NIR bands that depend mainly on
product of net primary productivity (NPP), using an ecosysteRayleigh scattering, and therefore, correct for aerosol effects,
model, the MODIS LAI/FPAR product, and ancillary dataare used to compute an interband coefficient and compared
MODIS land cover and vegetation cover change products hawereference values to establish absolute calibration relative
been designed to meet the needs of the United States Gldbathe sun. In addition to calibration coefficients, the average
Change Research Program and the NASA programmatic foagsosol optical thickness is computed. These data are used to
on land cover and land use change (LCLUC) [14]. The suifdter cloudy and noisy areas, including those where aerosol
of MODIS land products will meet several of the needeptical thickness is too high. This method has shown good
for satellite data outlined for the Global Climate Observingtability (2-3% rms) and compares well with other vicarious
System [15] and is planned to complement the operatiorelibration methods.
products generated by the emerging National Polar-Orbiting
Operational Environmental Satellite System (NPOESS).

The algorithms for the MODIS products are described ig- MODIS Geolocation
the MODIS Algorithm Technical Background Documents, The MODIS instrument will provide data in 36 spectral
available on the World Wide Web (http://eospso.gsfhands at three different spatial resolutions. The detectors

nasa.gov/atbd/pgl.html). from the different bands are aligned to form spatial elements,
each with 81 data channels (one from each of the 29, 1-km

II. MODIS DATA resolution bands, four from each of the five 500-m resolution

t?ands, and sixteen from each of the two 250-m resolution

There are five levels of MODIS land products in order Opa
increasing level of processing. Level-1b data are generate
from Level-0 by appending geolocation and calibration daE
to the raw instrument data.

ds).
he MODIS earth location algorithm operates as part of
fle Level-1 (L1) processing system for MODIS data. MODIS
data are unresampled throughout the Level-1 and Level-2 (L2)
. . ) processing, and the earth location data fields are treated as
A. Vicarious Calibration of Land Level-1b Data additional attributes of the spatial elements that contain the
Absolute calibration of Level-1b data is a critical step iMODIS data, thus describing the ground location explicitly
developing a stable time-series. This emphasis on calibratiom each spatial element.
for MODIS is a direct response to problems with the optical The Level-1A earth location algorithm provides a single set
AVHRR channels that are not calibrated onboard. As a resudf, earth location fields for each spatial element. This spatial
techniques known as vicarious calibration have been develement is modeled as a detector in a band located near the
oped using radiances of known targets. The MODIS instrumenttical axis of the instrument. This band is used to determine
will use multiple onboard calibration systems to ensure thtte locations of all of the bands.
a calibration accuracy of 2% relative to the sun’s radiance The MODIS earth location algorithm produces eight pieces
[16]. Vicarious calibration techniques will continue to be o0bf information for each 1-km spatial element: geodetic latitude
importance for MODIS, however, by providing independerdand longitude, height above the earth ellipsoid, satellite zenith
validation of the onboard calibration system. angle, satellite azimuth, range to the satellite, solar zenith
For MODIS, we are planning to apply a vicarious calibratioangle, and solar azimuth. The MODLAND team requires
technique that was developed and tested with AVHRR datse earth location knowledge be accurate to 0.1 pixels at
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two standard deviations for the 1-km bands to enable image TABLE I
registration for change detection. S"T";E(';SE \%ng FF(’)R;(T?EE?_'ZEDLOSRDSDGZET’S

MODIS will use ground control points (GCP’s) for calibra-
tion of the instrument alignment. The goal of this calibration is Processing (MFLOPS)| Archiving (GB/day)
to improve the inflight knowledge of the relationship betwee.l_.gzg::g :?‘ESEG igg AfGSFC) ‘1‘(7)7 (EDC) 5(NSIBC)
the MODIS instrument boresight and the platform navigatiofi; ¢35 ar NSIDC 70 8

reference base. There is no current requirement on the accuracy
of the knowledge of this error, however, there is a goal

to measure this alignment to an accuracy of 3 arc/s at one .
standard deviation. Also, for interorbit variations, there is & 9rid format. Multiple layers are used to store samples from

goal for each 16-day period to measure the alignment to tflifferent _orbits acquir.ed on the'same day, so that all instrument
same 3-arc/s accuracy throughout the orbit. observat_lons for a given location are pre_served. MODLANI:_)

The production software will use the 250-m bands and ti @lgorithms can take advantage of this format to exploit
GCP’s to automatically measure residual errors. Two typggjltmle_s_amples of the surface more fully than conventional
of GCP data will be used for the land and oceans. Sm&PMPOSIting approaches.

image neighborhoods extracted from Landsat data will be usednitially, two F_’rOdUCtS will be archived and distributed in
in a normalized grayscale correlation over land. In additidh® L2C format: land surface reflectance and thermal anom-

to image correlation, vector shoreline data will be used f&li€S- Two supplemental data sets of the viewing geometry

GCP’s. This involves a thresholding technique to separate lafig observation pointers will also be available in the L2G
from water, typically using small islands, peninsulas, or laketormat. T_he obs_ervatl.on pointer data stores |nformat|on_ about
The control point residuals will also be used to monitdin€ spatial relationship between each sensor observation and

the stability of, and estimate refinements to, the instrumenf&tPut grid cell. , ,
geometric parameters. For example, the static errors in thdn the current design, the production of the MODIS land
EOS spacecraft attitude knowledge and the MODIS instrumefieducts is split among three EOS Distributed Active Archive
pointing knowledge will be modeled as refinements to tHe€nters (DAAC’s) at the Goddard Space Flight Center
preflight knowledge of the instrument-to-platform alignment(GSFC), Greenbelt, MD, the EROS Data Center (EDC),
In the first year after launch, analysis will be performed tg1°uX Falls, SD, and the National Snow and Ice Data Center
estimate the systematic biases in the instrument alignment rfS!DC), Boulder, CO. The L2 and L2G products will be
trix by looking for constant biases in the distortions, estimafyoduced at GSFC. The L3 snow and sea ice products will
systematic biases correlated with scan angle and/or mirror sif§, Produced at NSIDC, and the remainder of the L3 and
and detect within-orbit thermal variations in the geometrit# [and products will be produced at EDC. Due to the high

parameters by correlating the distortions with the position fpatial resolution of the land bands, the land products use
orbit relative to the sun. about 50% of the processing resources budgeted for MODIS.

Of the computational resource budget allocated for the land
products, less than 10% is needed by the L2 processes, 30%
C. Land Product Levels by the L2G processes, and 60% by L3 and L4 processes.
When in full operation, an average of more than 200 GB of
DIS land products will be produced and archived each day.
g,ingle 16-bit geophysical variable stored at 250 m covering
e land area of the earth is 5 GB. Table Il shows a summary of
product processing loads and archive volumes planned for
ODIS. The distributed production of land products requires

L2 products are derived from calibrated radiances, previo
MODIS products, and ancillary data and are computed agk
stored in the original sensor sampling space. Gridded produ&1
known as Level-2G (L2G) are generated from a single d
of L2 data, reorganized, and stored in an earth-based grj

preserving all samples of the ongmal L2 data [18] reliable and efficient inter-DAAC communication networks.
Level 3 (L3) products are spatially resampled, averag : . : .
: . : -~ For operational daily production, about 400 GB of data will be
and/or temporarily composited to produce a single estlma{te . , ) :
. . . . ._transferred daily between the DAAC’s, primarily from GSFC
of a geophysical variable for each grid location. The timg
. : o EDC.
scale of the L3 products varies from a single day to an entire
year. L3 products at a reduced spatial resolution Cp-wiill
also be provided for the climate modeling community, as a
series of climate modeling grids (CMG’s). A full discussion
of the MODIS grids and their projections is provided by Surface Reflectance
Masuokaet al. [19]. The Level-4 (L4) products are generated The MODIS atmospheric correction algorithm over land
by incorporation of MODIS data into models to estimate theill be applied to bands 1-7, centered at 648, 858, 470, 555,
geophysical variables. 1240, 1640, and 2130 nm.

The L2G method developed to store land products hasThe MODIS atmospheric correction algorithm uses aerosol
several advantages over current methods for storing geophgse water vapor information derived from the MODIS data,
ical parameters at L2. Wide-angle sensors often make maearects for adjacency effects, and takes into account the direc-
than one observation of a given location with in a 24-tional properties of the observed surface. Previous operational

period. The new method stores an entire day of L2 data éorrection schemes have assumed a standard atmosphere with

I1l. LAND PRODUCTS
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zero or constant aerosol loading and a uniform, Lambertidine equation is written as [25]
surface. The MODIS algorithm relies on the modeling of

atmospheric effects, as described in the Second Simulation BEOA (fs [y Ps —

the Satellite Signal in the Solar Spectrum radiative code (6S)

Pu)
()

[20],_ an_d is simplified_ in the MODIS code fo_r operatiopal = pR4A 4 T/ He =T s s (Js s Joos s — o)
application. The code is fully documented and includes simu- @ ()
lation of the effects of the atmospheric point spread function -~ -~ —
and surface reflectance directionality. Currently the 6S code is e Tty (ps)p e T Mt ()
being used as a reference to test the correct implementation of (@)
the MODIS atmospheric correction algorithm. =2
The surface reflectance product is an estimate of the surface +ta(ps ) ta(pe)p + Tt T (o) S(p) (1)

spectral reflectance for each band, as it would have been 1-5p

measured at ground level, if there were no atmospheric soghere pro4 is the top of the atmosphere reflectanpg,; 4
tering or absorption. The correction procedure stems from tkethe atmospheric intrinsic reflectance,is the atmosphere
modeling work by Tare’et al. [21]. The correction scheme optical thickness (Rayleigh aerosol)., is the cosine of the
includes corrections for the effects of atmospheric gaseslar zenith angley.. is the cosine of the view zenith angle,
aerosols, and thin cirrus clouds and is applied to all noncloudy is the surface bidirectional reflectance functign, — ¢.,
L1B pixels that pass the L1B quality control tests. The surfa¢e the difference between solar and view azimuti{;,) is
reflectance product is the input for the generation of severak diffuse downward atmospheric transmissibifye, ) is the
land products: VI's, BRDF/albedo, thermal anomaly, angdiffuse upward atmospheric transmissidfz4(u,) is the
FPAR/LAL total (diffuse + direct) downward atmospheric transmission,

Atmospheric correction for heterogeneous ground condi, .(u,) is the total (diffuse+ direct) upward atmospheric
tions has been addressed by several researchers [21]-[&3hsmission, and the other terms jnare convolution of
The correction approach adopted by MODIS is to assurnige atmospheric downward or upward radiation field with the
that the signal received by the satellite is a combinatiGurface bidirectional reflectance function.
of the reflectance of the target pixel and reflectances fromin our approach, we use the ratio between the estimated
surrounding pixels, each weighted by their distance froBRDF coupled with the atmosphere and the actual surface
the target. Because the apparent signal at the top-of-ttBRDF to correct the measured values, as shown in (2) at the
atmosphere (TOA) comes from the target and adjacent pixdisttom of the page.
this effect is called the adjacency effect. The correction in- As currently developed, the atmospheric correction process
volves inverting the linear combination of reflectances to solvges the MODIS calibrated radiances and estimates the sur-
for the reflectance of the target pixel. It should be noted thigice reflectance. In addition to the estimates of the surface
this effect will be less important for MODIS with 250-500-nreflectance, the data product contains the following quality
pixels than it is for higher spatial resolution data, e.g., th&ssurance (QA) information for each pixel:
Landsat Thematic Mapper (TM). 1) integrity of the surface reflectance estimate;

The result of correction using a classical Lambertian ap-2) syccessful completion of the correction scheme;

proach is inexact due to a coupling t_)etween the surface3) presence of cloud (clear, cloudy, mixed, shadow);
BRDF and atmosphere BRDF [24] The difference between the4) presence of cirrus cloud (no Cirrus' |0W, average, h|gh),

true ground reflectance and the reflectance computed without) source of aerosol information: MODIS aerosol, clima-
coupling can reach 0.02 for off-nadir views. tology;
The contribution of the target to the signal at TOA is ) presence of aerosol (low, average, high);
decomposed as the sum of the following four terms: 7) source of water vapor information: MODIS water vapor,
1) climatology;
source of ozone information: MODIS ozone, climatol-

photons directly transmitted from the sun to the target
and directly reflected back to the sensor; 8)
photons scattered by the atmosphere then reflected by 09y,

the target and transmitted directly to the sensor; 9) whether the pixel is land or water.

photons transmitted directly to the target but scatteredThe current prelaunch version of the software reads MODIS
by the atmosphere on their way to the sensor; synthetic data [26] and writes MODIS products using the
photons having at least two interactions with the atmokierarchical data format (HDF) structure. Using this code, we
phere and one with the target. were able to successfully implement the correction for the

2)
3)

4)

pTOA(Nsv M,y (/)) = PR+ A + ei‘r/uv eir/us Ps (l’LSv s d)) o
e~ Tt (s ) p* 4+ G_TL/MStd(MU)Tp—* + td(ﬂs)ﬁ(ﬂv)?'ﬁ‘
Ty 4 (105) Ty 4 (110)S ()7

F*) 2
1- 55

+ Ps (Nsa Has s d))

Ps (Nsv My ¢)
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The accuracy specification for the MODIS LST product is
1 K for temperatures in the 270-320-K range, which requires

MODIS L1B 58 Mb .
| granule _ better than a 0.01-K accuracy for the band-averaged emis-
3 minutes of observation sivities in the 10-12.54m region. Two algorithms have been

. developed for retrieving LST from MODIS data. A generalized

split-window LST algorithm will be used for surfaces with
o Mb i @ relatively stable emissivities that can be determined from land
v cover types and a database of surface emissivities [27], [28].
amospheric correction 7 mindles CPU A new day/night LST algorithm [29] will be used to
uniformt surface simultaneously retrieve surface band-averaged emissivities and

day and night temperatures from day-night pairs of MODIS

28 Mb thermal infrared (TIR) data in bands centered at 3.75, 3.95,
Wator Vapor 4.05, 8.55, 11.03, 12.02, and 13.33n. The advantage of
Cpone presure using daytime data from the MODIS middle IR bands is that
_ the day/night LST model can be used to determine the middle
' Boston Coupling LUT] 26 Mb IR, surface reflectance component. Combining the night data in
PRDF coupling comctin |1 onana Coupine LUT J311M these three bands and day/night data in the other four MODIS
B bands makes it possible to simultaneously retrieve surface
26 Mb emissivity and temperature. The advantage of including four
atmospheric variables (near-surface air temperature and col-

umn water vapor in daytime and nighttime) is that atmospheric
variations are considered in the retrieval procedure so that
uncertainties in the initial atmospheric conditions could be
reduced and a better self-consistent solution of the surface
emissivity and temperature could be reached.
298 Mb Lookup tables (LUT’s) and a linear interpolation scheme
are used to achieve computational efficiency for operational
production. The LUT’s for atmospheric transmission, path
radiance, downward thermal irradiance, and solar direct-beam
Fig. 1. Overview of the current software and data volume requirements fgftfyse irradiance are calculated using the MODTRANS3 code.
the MODIS surface reflectance algorithm. . . ; . .
The set of 14 nonlinear equations in the LST algorithm is
solved with the statistical regression and the least-squares-fit
atmospheric point spread function and the coupled atmosphetethod. The day/night LST processing code has been tested
surface BRDF. Each of these corrections can be selectivelith synthetic MODIS data.
activated. Fig. 1 gives an overview of the current software, Comprehensive sensitivity and error analysis has been made
data volumes, and central processing unit (CPU) requirements evaluate the performance of the day/night LST algorithm
We are currently working on operational prototypes usingnd its dependence on surface optical properties, the ranges
existing data sources and the prelaunch algorithm. In additiof atmospheric conditions and surface temperatures, and the
to AVHRR and Landsat TM, we are using test data sets fronvise-equivalent temperature differenc® F§T'and calibra-
the Polarization and Directionality Of the Earth’s Reflectance®n accuracy specifications of the MODIS instrument. In
(POLDER) instrument and the Sea-viewing Wide Field-okeases with a systematic calibration error of 0.5%, the standard
view Sensor (SeaWiFS) instruments for a selected numberdgfviations of errors in retrieved surface day and night temper-
validation sites. atures fall between 0.4-0.5 K over a wide range of surface
temperatures for midlatitude summer conditions. The standard
deviations of errors in retrieved emissivities at 11.03, 12.02
B. Land Surface Temperature pm, are 0.009, and the maximum error in retrieved surface
Land surface temperature (LST) is one of the key variabléamperature falls between 2 and 3 K.
needed to describe land surface processes. It is required fofhe day/night LST algorithm has been tested with TIR
a wide variety of climatic, hydrological, ecological, and biospectral BRDF measurement data, MODIS Airborne Simulator
geochemical studies. For example, the MODIS LST produ@#AS) data, and field measurement data [30], [31]. We have
will be used as input for models of the LST diurnal cycledeveloped a multimethod strategy for validating the LST
cloud and atmospheric vertical profiles, surface-emitted energjgorithms and applied this strategy in field campaigns over the
fluxes, and hydrological processes. The MODIS LST produgast three years in Nevada, California, and Canada. Table IlI
will provide global day and night land surface temperature arsthows a comparison of LST values retrieved from MAS data
emissivity at 1- and 5-km spatial resolutions and a derivatiand measured by IR spectrometer (MIDAC), IR thermometer
CMG product at an equal-angle projection at grids of ha{Heimann), and seven thermistors near the center of the
degree latitude and longitude, with a daily, eight-day, ari@ailroad Valley, NV, playa in June 1997. The numbers in
monthly temporal frequency. parentheses are the standard deviations of the thermistor data.

adjacency effect correction
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TABLE 111
LST VALUES MEASURED AT THE RAILROAD VALLEY, NV, PLAYA AT
11:12 PDToN JuNE 23, 1997,AND 19:59 PDToN JuNE 24, 1997

Sensor Daytime LST (°C) Evening LST (°C) [Comments
MAS 46.5 22.5 2 x 2 pixels
MIDAC 46.0 22.8 view angle v £
0° ¥
Heimann [47.1 22.3 emiss. corr. :!
2.1°C
Thermistors|46.5 23.1 (0.5) mean (s.d.)

Note that the emissivity was set to 1.0 in the IR thermomet
to get the equivalent brightness temperature in the 8.1
pm broadband of the thermometer sensitivity, and then LS
values were calculated from the brightness temperature valu
measured surface emissivity value, and estimated downw:
thermal irradiance in this broadband. This procedure correc
the effects of surface emissivity and atmosphere on LST
difference of 21°C between the brightness temperature aru
the calculated LST), giving the LST values from Heimann in (@) (b) © ©)

Table 1. Fig. 2. LST and emissivity images retrieved from MAS data acquired in

The retrieved LST and band emissivity images are sho field campaign at Railroad Valley, NV, on June 23-24, 1997. (a) LST at
y 9 1:11 PDT, June 23. (b) LST at 19:59 PDT, June 24. (c) Emissivity in MAS

in Fig. 2. The topographic effect on the LST is clearly showgang 30 (centered at 3.76m). (d) Emissivity in MAS band 42 (centered at
in both daytime and evening LST images, but not in th&55um). There are 256 gray levels in both LST and emissivity images. The

emissivity images. As expected, the LST is higher on the eal§mperature range is from5_ to 58.75°C in steps of 0.25 C. The emissivity

. - . . . . range is from 0.49 to 1.0 in steps of 0.002.
facing slopes in the mountain ranges in morning and higher
on the west-facing slopes in evening. We can see that the
pixels of small ponds, wetlands, and vegetated lands hawe parameters that describe the BRDF relate to LAl [35] and
lower LST values and higher emissivity values compared sarface or vegetation structure [36].
their neighboring pixels. Land surface albedo is a related but more general property of

A similar strategy will be used for postlaunch validationimportance to modeling the earth’s meteorological, climatolog-
including comparison of LST’s obtained from ASTER andcal, and biospheric systems [37], [38]. Defined as the fraction
AVHRR data over a range of land cover types in differemif downwelling solar shortwave radiation that is reflected
seasons. Validation sites are being selected in relatively uback into the atmosphere by the surface, it characterizes the
form and flat areas to facilitate validation at multiple viewingadiometric interface between the land and the atmosphere. It
angles. provides the lower boundary condition to any radiative transfer

The postlaunch development of the LST algorithm will inscheme in the atmosphere [39] and hence influences the TOA
clude the extension to both EOS-AM1 and EOS-PM1 MODI&diation budget, cloud formation, precipitation, and general
data and the combination of MODIS BRDF and Geostationagjrculation [40]. With respect to the land surface, it quantifies
Operational Environmental Satellite (GOES) data to study LSMe shortwave energy input into the biosphere, influencing
angular dependence and explore the synergy. the surface energy budget through the latent heat flux and

evapotranspiration. Over vegetated surfaces, albedo is strongly
influenced by the optical and structural properties of vegetation
C. Albedo and Land Surface BRDF Products and may hence serve to monitor them.

Land surface reflectance is highly anisotropic. Its value asThe MODIS BRDF/albedo product will provide both the
observed from space depends both on the angle at which BRDF and the albedo of the global land surface for use
surface is viewed and on the angle of solar illumination. Thia climate change research and ecological modeling [41].
is mainly due to directional effects in the radiative transf@8RDF and albedo will be calculated from a 16-day time
within vegetation canopies or soils, geometric effects, suskries of atmospherically corrected multiangular reflectance
as shadow-casting and mutual shadowing due to the threbservations with a spatial resolution of 1 km. In four spectral
dimensional (3-D) structure of vegetation and other surfabands, three visible and one NIR, data from MODIS and
elements, and to the anisotropy of the optical properties thie MISR instrument will be combined to derive the product
scene constituents (for example, soil particles and leavesjth improved angular coverage. In three MODIS land bands
This anisotropy is characterized by the BRDF of the langeyond the NIR, the product will be derived from MODIS data
surface [32]. In remote-sensing data processing, knowledgeatine, as there are no corresponding MISR bands. Albedo will
the BRDF allows us to normalize observations with varyinglso be given for all visible, NIR, and shortwave bands.
viewing and illumination angles (for MODIS, across the swath The observed MODIS and MISR multiangular reflectances
and with latitude and season) to a standard geometry [38te used to invert a semiempirical BRDF model, the Ambrals
[34]. With respect to land surface and vegetation modelinBRDF model [41] [42], for its three parameters. This model,
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of the so-called kernel-driven type [43], describes surface
reflectance as a linear combination of three scattering terms:
1) isotropic scattering, 2) radiative transfer-type volume scat-
tering (as from homogeneously layered vegetation canopies,
such as grass or croplands), and 3) geometric-optical surface
scattering (as from discrete vegetation canopies or other rough
surfaces, such as sparse forests or rough, barren fields or
deserts), terms that are derived from physical BRDF models
[44]. The Ambrals BRDF model has been validated using field-
observed data sets and successfully applied to airborne and
satellite-observed multiangular data sets [42], [45], [46].

The MODIS BRDF/albedo algorithm was tested using the
National Oceanographic and Atmospheric Administration
(NOAA)-14 AVHRR and GOES-8 Imager data over New
England [47]. Data from these instruments were calibrated,
geolocated, and carefully cloud-cleared at a spatial resolution
of 1 km for a time period in September 1995. Each of
160800 pixels was inverted using the Ambrals BRDF
model. Fig. 3(a) shows in the left panel the bidirectional
reflectance normalized to nadir viewing and a sun position
overhead in the red band. The right panel of Fig. 3(b)
shows the corresponding bihemispherical (white-sky) land
surface albedo. Due to volume scattering and shadow-casting
effects at off-nadir angles, the contrast is diminished when
compared to the reflectance image, illustrating the influence
of surface reflectance anisotropy on albedo and the importance
of correcting for it. Similar testing has also been performed
for a Sahelian environment [45], [12] and is in progress for
a tropical environment in Amazonia. Studies are underway to
address the temporal and spatial consistency of the inversions,
seasonal and interannual changes, and some aspects of the
relationship between BRDF/albedo and land cover type.

The MODIS BRDF/albedo product will provide global ()
data sets of BRDF model parameters, geometrically adjusﬁiij 3. Ambrals BRDF model inversions of combined AVHRR and GOES

r

. . . ohservations of New England from September 1995. Red band, spatial
reflectances, and albedo similar to those shown in Fig. 3. olution 1 km. (a) BRDF-derived reflectance for nadir viewing and sun
will supply improved definitions of the radiometric conditionoverhead. Landscape patterns are clearly visible: the bright cities of Boston,
of the land surface for a range of subsequent inferencesM , Providence, RI, and New York, NY (center right, lower right, and lower

deli f th he h d bi h left); forested regions in the Adirondacks, Catskills, and Berkshires (upper
modeling of the earth’s atmosphere an losphere. left, lower left, and north-south in left center); and the Connecticut, Hudson,

and Mohawk river valleys with their altered vegetation and agriculture
(lower center, north—-south on the left, and east-west on the upper left). (b)

D. MODIS VI's Bihemispherical (white-sky) albedo. Both images are scaled the same using
a linear grayscale from 0.0 to 0.08.

VI's have emerged as an important tool for a number of

earth science and resource management applications [4],

9 b . . - . B
[10], [48], [49]. The MODIS VI products have been designeglle NDVI retains certain favorable ratioing properties that

for precise, seasonal and interannual monitoring of the eartﬁeguc,:e noise and uncertainty assomgted with instrument char-
gteristics and external sources of noise (e.g., cloud shadows),

vegetation. Two indexes are planned as MODIS products. S . : : !
normalized difference vegetation index (NDVI) will maintai ut there are certain disadvantages, including nonlinearity and

continuity with the AVHRR-NDVI data record, which haSscaling problems, an asymptotic (saturated) signal at high leaf

provided a time series of seasonal and interannual variatidﬂgmass' and sensitivity to exposed soil backgrounds with

since 1982 and an enhanced vegetation index (EVI), which V\ﬁ’ﬁ’afe vegr(]atatitt)an [53]' lobed imize th . .
extend sensitivity into dense forested biomes and agriculturaIT e EVI has been developed to optimize the vegetation sig-

areas while reducing canopy background and aerosol sourl while minimizing aerosol apd canopy background sources
of noise. of uncertainty [52]. The equation takes the form

The NDVI was originally developed to enhance the vege-py| — 2.5(pnir — prod)/ (L + puir + Clpred — Copoe) ()
tation signals over sparsely vegetated rangelands [50] ) ) )

where L is the canopy background correction and snow
correction that addresses differential NIR and red radiant
NDVI = (pnir — pred)/(Pnir + Pred)- (3) transfer (transmittance) through a canopy aiitl and C2
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0E - ,F“_r- Fig. 4 shows the resulting response of these VI's over a
5 ¥ . range of vegetation types derived from MODIS simulated data
E F @ and atmospherically corrected Landsat TM images. The NDVI,
':-' 3 with its asymptotic behavior at high-leaf biomass conditions,
04 o ;‘i has been shown to be useful in the derivation of FPAR
a T and fractional cover, which have similar asymptotic patterns.
* The EVI, with its extended sensitivity, is more responsive to
03 - :' * . canopy structural parameters, such as LAl. Some postlaunch
“...i“‘ refinements are expected with the coefficients of the EVI,
— based upon the true response of the MODIS. Fig. 5(b) shows
Wi - an early example of the EVI product generated from global
0 T T J SeaWiFS data. In comparison with the NDVI [Fig. 5(a)], the
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Fig. 4. The response of two VI's, (a) NDVI and (b) EVI, over a global rang
of vegetated canopies derived from MODIS simulated, and atmospheric
corrected, Landsat TM images (W denotes Water).
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08

EVI product shows increased variability in rain forest regions
and reduced effects of smoke but also has a high EVI value
for snow-covered surfaces.

The MODIS instrument will acquire one—two-day, bidirec-
ﬁ'\onal reflectance data of the earth’s surface under a wide range

%of solar illumination and sensor viewing angleisb5°). Due to

frequent cloud cover and variable sun-target-sensor geometry,
MODIS data will be composited in time and space for accurate

are the coefficients of the aerosol term, which uses the blygq continuous monitoring of terrestrial land cover conditions.
band to correct for aerosol effects in the red band [53]. Thig,e MODIS VI products are based on temporal composit-
equation doesn't ratio bands to remove noise, and thus, itiig of daily, cloud-screened, and atmospherically corrected,
susceptible to the level of noise remaining in the MODI8urface bidirectional reflectances prior to the computation of
surface reflectance product. The coefficients currently usede VI. With atmospherically corrected data, the maximum
L =1;C1 = 6; and C2 = 7.5, are fairly robust and have value compositing (MVC) technique developed by Holben
been applied to Landsat TM, ground observation data, afi#t] and applied by James and Kalluri [55] becomes less
simulated canopy model data. useful and surface anisotropic properties become relatively



1236 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 36, NO. 4, JULY 1998

Fig. 6. Global NDVI image, based on the MODIS compositing algorithm (AVHRR data, August 1-16, 1988, 8-km spatial resolution).

more pronounced [56]. The approach adopted for MODIS The following global VI maps depicting spatial and tem-
compositing is based on standardization of the anisotrogioral variations in vegetation activity will be derived us-
reflectances to a constant view angle at a representative salgr MODIS data from atmospherically corrected and nadir-
zenith angle. Nadir reflectances are the preferred choice &mjusted surface reflectances:

the following reasons [57]: « 250-m high resolution NDVI (16-day and monthly);
« nadir pixels have the finest spatial resolution with minimal < 1-km standard resolution NDVI and EVI (16-day and
distortions; monthly);
e atmospheric correction is most reliable and accurate fore 25-km coarse resolution NDVI and EVI (16-day and
near-nadir measurements; monthly - CMG product).

- established biophysical relationships between VI's and postlaunch refinements to the compositing procedure in-
ground measurements are based on nadir measuremeglisde the use of previous BRDF results in the current com-
An empirical model developed by Walthadk al, [58] is positing period to raise the proportion of nadir-equivalent data
utilized to derive nadir-equivalent reflectance data for easklected. MODIS will provide data products with improved
pixel at 16—day intervals sensor characteristics (e.g., calibration), better cloud detection
and screening capability, atmospheric correction, and nadir-
pA(O0, By, @) = axO? + byO, cos(®y — B,) +Cx (5) adjgsted surface refle(_:tance values. On!y sun anglg effect.s,
residual aerosols, and instrument uncertainties associated with
band-to-band registration and scene registration will limit the
where the reflectances\, are modeled as a function of viewtility of the MODIS VI data record.
zenith anglg®,,) and sun(®, ) and view azimuth angle@., ). In order to provide precise measures of vegetation spatial
The model parameters, andc, are obtained using a least-and temporal variations, the VI's require careful absolute
squares curve fitting procedure, withequal to the reflectance and relative radiometric calibration. Field validation exercises
at nadir. examining L1B radiometric calibration activities, the atmo-
After inversion of the model, nadir-equivalent reflectancespheric correction and the surface reflectance product will
and VI values are computed using forward modeling. Brovide important insight into the VI product performance.
minimum of five clear acquisitions from the same pixel arRelative calibration, filter degradation, and orbital drift will
needed for the inversion. If the nadir reflectance retrievBe monitored over a series of calibration test sites, including
from the BRDF model is not possible due to cloud cover, desert areas and dense tropica| forests.
maximum VI compositing is applied within a limited range of validation of the biophysical component of the VI products
view angle. A global NDVI image, derived using the MODISyill be undertaken to ensure that the spatial and temporal
compositing algorithm, is shown in Fig. 6. The nadir-viewariations depicted by the VI are associated with real surface
composite resulted in a greater proportion of near-nadir pixgégetation changes. Our activities in biophysical validation are
values such that average continental-scale NDVI values weiigsely coupled with the LAI/FPAR and land cover products
up to 30% lower than the off-nadir values selected with thgnd will include field sampling and radiometric measurement

MVC approach [57]. For MODIS VI products, quality controlat a number of test sites representing different land cover types.
flags, sun and view angles, geolocation, and the reflectances

used in computation of the VI's will also be generated. )

The atmospherically corrected reflectances allow the user fheMODIS LAI/FPAR Algorithm

means for computation of additional, experimental, or biome- Large-scale ecosystem modeling is used to simulate a range
specific VI's. of ecological responses to changes in climate and chemical



JUSTICEet al: MODIS: LAND REMOTE SENSING FOR GLOBAL CHANGE RESEARCH 1237

composition of the atmosphere, including changes in tlire vegetation media, it has not been used in conjunction with
distribution of terrestrial plant communities across the glolmatellite data before, therefore, a simple backup algorithm
in response to climate changes. LAl is a state parameterti@t uses NDVI-LAI and NDVI-FPAR relations, specific to
several models describing the fluxes of energy, mass (elgndcovers, sun angles, and background brightness has also
water and C@),, and momentum between the surface and tleen implemented. This latter algorithm has been tested with
planetary boundary layer. Variables that describe vegetatiowltiyear AVHRR data to produce global fields of LAI (Fig. 7)
canopy structure and its energy absorption capacity are &ad FPAR (Fig. 8).

quired by several of the EOS Interdisciplinary Projects [59].

The MODIS LAI/FPAR products use canopy radiation models

for the retrieval of LAl and FPAR from surface reflectanc&- Fire Products

measurements. The MODIS fire products consist of data sets at different
To estimate the canopy radiation regime, the following threspatial and temporal resolutions designed to meet the needs
important features must be carefully formulated: of the global change research community. The targeted users

1) architecture of individual trees and the entire canopy;include ecologists, atmospheric chemists, and global modelers

2) optical properties of vegetation elements (leaves, sterf§ncerned with the fire emissions of gases and particulates,
etc.) and soil; the former depends on physiologicé’l‘e impact of fire as a vegetation disturbance regime and the
conditions (water status, pigment concentration, etcg@ntribution of fire to biogeochemical cycles [66], [67]. The
and products will provide information on the distribution of fires

3) atmospheric conditions that determine the incident radPd their frequency and timing, information pertaining to the
ation field. emissions from the fires, and the area burned. The active fire

For MODIS LAI/EPAR we use a 3-D radiative transferproducts will be generated shortly after launch, the burned area

. . . roducts are planned for release one year later.
model [60] to derive simple spectral and angular biome- . . : .
o . . The MODIS fire algorithms are based on experience gained
specific signatures of vegetation canopies and the above men-

tioned variables [61], [62]. However, these relationships ausmg the AVHRR sensor and the development of the IGBP-

not used directly to obtain the best fit with measured spectraS Global Fire Product [68]-{71]. In summary, the difference

and angular characteristics of vegetation canopies Accountqu response between the 3.9- and /irb- channels are used
9 9 PIES. iogidentify fires and the temperatures of surrounding pixels

forfea.tures specific to the problem of r{idiative transfer in pIag}e used to determine the background surface temperature of
canopies, we adapt techniques used in other fields of phy g active fire pixel. The sensitivity of the MODIS detectors

for our retrieval algorlth m [63], [64]. Allowing us to explicitly to high-temperature sources will lead to improved detection
separate the contribution of ground reflectance to the obser characterization over the AVHRR. The 10:30 a.m./p.m

radiances as well as to split a complicated radiative trans erpass of the first MODIS will result in a sampling of the
problem .into severgl independent' and simpler SprrObl,erﬂﬁurnal cycle of fire activity, which in some areas may be
the solutions of which are stored in the form of LUT whichy o niimal for detecting active fires. The addition of the 2: 30
are then used to retrieve LAl and FPAR. a.m./p.m. observations from the MODIS EOS-PM1 instrument
The solutions of these subproblems are components \gf| hrovide a more comprehensive fire monitoring system.

various forms of the energy conservation law (€.g., €anopy|y the postlaunch period, a new algorithm will be tested
transmittance and absorptance of a vacuum-bounded Veggta; will provide an estimation of the emitted energy. This
tion canopy). They are determined from general pmpe”'qﬁﬁ%orithm uses a relationship between emitted energy from a
of radiative transfer and are independent of the models u and the sensor response at 3@. A full description of

to generate the LUT. Thus, we express the angular afit MODIS active fire algorithms is provided by Kaufmen
spectral signatures of vegetation canopies in terms of an enesgy[71].
conservation law. Our algorithm is designed to return valuespa/HRR 1-km data are currently being used to test a MODIS
of LAl and FPAR that provide the best agreement with thgostlaunch burn scar product. The methodology will necessar-
measured data and the energy conservation law. Since §)&e multitemporal because of intrinsic surface variations and
algorithm interacts only with the elements of the LUT, it$he low probability of daily cloud-free observations. Burn scars
functioning does not depend on any particular canopy radiatigfolve and revegetate at differing rates in different biomes
model. This flexible feature allows the use of the best canogyd climatic regimes. Burn scars are identified by the contrast
model for the generation of the LUT. between preburn and postburn reflectances, as portrayed by
Experimental data required to validate the model are thogeémposited data. The output of the MODIS active fire product
related to the incident radiation field, canopy structure. leaf angll also be used in the burn scar procedure to help identify
soil spectral optical properties, and canopy transmittance angned pixels.
reflectance. By comparing simulation results with measuredThe reflective component of the 3;8n is currently being
data, we can determine the applicability of a canopy radiati@valuated as the primary burn scar indicator [72], [73]. The
model for generating the LUT [59], [65]. With the LUT reflective component of the mid-IR may be extracted by using
generated using the verified model, test products can &evariety of techniques and is less sensitive to scattering by
validated with data from prelaunch field campaigns. Althougémoke aerosols than shorter wavelengths, but it is sensitive to
the proposed algorithm uses the physics of radiation transfee presence of water at the surface [74], [75].
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Fig. 7. Global LAl estimated with the MODIS at-launch algorithm. NDVI-LAI relationships were derived from the radiative transfer model and applied
to the AVHRR Pathfinder NDVI data set. The land-cover-specific relations were applied to the ten-day composite NDVI data, and the resulting LAI values
were averaged to obtain monthly LAI at the 8-km native resolution of the Pathfinder data and then aggregated tdiae@r2kat-long projection. This

was done for all years from 1982 to 1990. The panel shows the color-coded image of LAl in July obtained by further averaging over the nine-year period
of record. Areas colored white denote either missing data (terminator effect) or where the algorithm failed.
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Fig. 8. Fraction of photosynthetically active radiation (FPAR) absorbed by green vegetation estimated with the MODIS backup algorithm. NDVI-FPAR
relationships were derived from the radiative transfer model and applied to the AVHRR Pathfinder NDVI data set. The land-cover-specific recdiopliéeder

to the ten-day composite NDVI data, and the resulting FPAR values were averaged to obtain monthly FPAR at the 8-km native resolution of the Rathfinder da
and then aggregated to a 0°2tear lat—long projection. This was done for all years from 1982 to 1990. The panel shows the color-coded image of FPAR in July
obtained by further averaging over the nine-year period of record. Areas colored white denote either missing data (terminator effect) or gbetierthi@idd.

Fig. 9 shows AVHRR 1-km NDVI and Channel 3 (3.7resolution, and sea ice cover and IST at 1-km resolution.
pm) VI (VI3) maps computed over an active burn near th8tatistics will be provided regarding the extent and persistence
Okavango Delta, southern Africa. The VI3 is computed asf snow and ice cover at each grid cell for the Level-3
with the NDVI, but with substitution of the red reflectancgyroducts. CMG products at quarter degree resolution are also
with the reflective component of the mid-IR [74]. The outpufnder development. The snow and ice products are intended
of the most recent fire algorithm [68] is shown superimposgg; climatologists and modelers as input to hydrological, sea

on the NDVI image. ice, and general circulation models. For example, using the
Regional Atmospheric Modeling System (RAMS) [77], snow
G. Snow, Lake Ice, and Sea Ice Cover melt rates can be generated by snow-melt routines with snow

Algorithms are under development to map global snof¥ient data from the MODIS snow maps. For sea ice, the
cover (including ice on large, inland lakes), sea ice coveV!ODIS IST product can be used in energy-balance models
and sea ice surface temperature (IST) using MODIS data [78].Provide an estimate of the energy flux between the ocean
The L2 snow and sea ice products represent images of 50@f¢ the atmosphere. IST is calculated using a split-window
spatial resolution snow or 1-km spatial resolution sea ice #&chnique [86]. The anticipated accuracy for the IST is in the
the time of data acquisition. The L3 products (digital map@nge of 0.3-2.1 K.
gridded to a map projection) will provide daily and eight- The MODIS snow data are also likely to be used by
day composites of global snow and lake ice cover at 500-&agencies, such as the NOAA Operational Hydrologic Remote
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Fig. 10. MAS false-color image of an area southeast of Fairbanks,
Alaska, acquired on April 13, 1995. MAS channels 1 (0.527-0.571),

7 (0.848-0.891um), and 10 (1.582-1.635m) were used to generate the
color composite. Harding Lake is visible in the image. The result of the
MODIS snow-mapping algorithm is shown in black and white, where white
is snow-covered area and black is non-snow-covered area.

ronmental Satellite Data and Information Service (NESDIS)
since 1966 [79].

The snow- and sea ice-mapping algorithms employ criteria
() to identify and classify snow and ice by reflective characteris-

Fig. 9. Area of biomass burning near the Okavango Delta, Botswana, Sotits, and by temperature for sea ice, on a pixel-by-pixel basis
Africa, depicted by NOAA-11 AVHRR local area coverage data (1.1 km ; _ _
nadir pixels) September 6, 1989. (a) NDVI: red indicates the positions of ti%o] (Fig. 10). The MODIS 858-nm, 555-nm, and 168

detected active fires evident at origins of the smoke plumes and burn sB@Nds are used to map snow and ice, and the 11.00- and 12.1-

edges. (b) VI3: burn scars darker (lower moisture and vegetation cover) thgm bands are used to calculate IST. In addition, NDVI data
the surrounding savanna. Smoke plumes evident in the NDVI image more t : ; : ; ;
500-km long and largely unseen in the VI3 image, which shows consideram%y be used in conjunction with the MODIS snow index to

stronger discrimination between the burned and unburned areas. improve snow mapping in forested areas. MODIS L1B, a 1-km
resolution land/water mask, and the MODIS cloud mask are
used in the snow product production. A key criterion in the
Sensing Center (NOHRSC) [78], for use in existing regionadentification of snow and sea ice is the normalized difference
snow-cover mapping projects. The MODIS-derived maps wiihow index (NDSI). The usefulness of the NDSI is based on
enable study of long-term trends in snow, lake ice, and sea ibe fact that snow and ice are considerably more reflective
extent and duration, in conjunction with the available records the visible than in the shortwave IR part of the spectrum,
of snow and ice extent produced by NOAA’s National Enviwhere the reflectance of snow drops to near-zero values. On
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Fig. 11. MAS false-color image (left) of sea ice, water, and clouds, acquired on April 8, 1995, over the Bering Sea near St. Lawrence Island, AK. MAS
channels 1 (0.527-0.5%dm), 7 (0.848-0.891:m), and 10 (1.582-1.635m) were used to generate the color composite. The sea ice map (right) was generated
by the ice-mapping algorithm from the false-color image; sea ice is shown in orange, clouds are in white, and land (St. Lawrence Island) is in green.

the other hand, reflectance of most clouds remains high in th&ing ground and aircraft data in the postlaunch time frame.
shortwave IR. The snow-mapping algorithm has been run on more than
Sea ice is identified by reflective characteristics using crit80 Landsat TM scenes and on a number of MAS scenes.
ria tests and logic similar to the snow algorithm [81] (Fig. 11)Applying a prototype snow-mapping algorithm to an example
Sea ice extent is determined in two ways: by reflectivEM scene of the snow-covered Sierra Nevada Mountains, CA,
characteristics and by IST. The sea ice product contains tyielded a>>95% accuracy in mapping snow cover for pixels
maps of sea ice extent, one for each method of determinatitimat contain about 50% or more snow cover when compared
Sea ice types may be classified based on reflective featungth results of snow mapping conducted using a thresholding
or on temperature. Classification of sea ice types is beiagd spectral-mixture modeling technique and field and aircraft
investigated with MAS data with the possibility that a seabservations [82].
ice classification may be integrated into the MODIS sea ice The MODIS snow and ice data products will be validated
data product. in relationship to EOS and non-EOS snow data sets as well
Algorithm testing has been undertaken by aircraft and fieks ground observations using aircraft and field campaigns.
experiments in forested areas of Montana, SaskatchewBnstlaunch validation of river-basin scale areas will employ
Alaska and New England and over prairies in Montana, tundandsat-7 Enhanced Thematic Mapper plus (EfMind EOS
in Alaska, agricultural areas in Wisconsin, and over sea iéelvanced Spaceborne Thermal Emission and Reflection Ra-
in the Bering and Beaufort Seas off the coast of Alaskdiometer (ASTER) data and NOHRSC snow maps. For post-
Additional campaigns are planned to validate the snow malasinch validation at the hemispheric scale, NOAA/NESDIS
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TABLE IV

LAND CoVER AND LAND CoVvER CHANGE PrRODUCTS

1241

to land surface temperature and spatial texture. The classifier
algorithm will be either an advanced form of decision tree

Product Spatial Temporal  |Delivery PI [84] or neural network [85], or possibly a hybrid of both.
Resolution | Resolution Recent tests with comparable data sets have shown that these
'(‘g&%?over 1 km quarterly \June 1999 | Strahler classifiers are capable of very high accuracy when trained and
Land Cover |25° quarterly June 1999 |Strahler then tested on unseen data. As a prototype, a classification
Land Cover [250 m quarterly June 1998 |Townshend of vegetation and land cover using 1-km composited AVHRR
Change NDVI data was prepared for Central America based on 450
t?]g?];:ewer 1 km quarterly | Sept. 1999 | Strahler training sites derived from TM with validation by local experts
Land Cover |1 km 1 km yearly |Sept. 1999 |Townshend and some field observations (Fig. 12) [86]. In the postlaunch

era, additional land cover products will be tested, providing
snow and sea ice hemispheric-scale maps will be ava"almm)rmation, such as the proportion of Woody cover or of
for comparison. Advanced Microwave Scanner Radiometgéciduous vegetation (Fig. 13) [87].
(AMSR) derived snow and ice maps will be available in 2000 Time-series data describing a cycle of vegetation phenology
following the EOS-PM1 launch and will also be compareglre required to derive the postlaunch land cover product. In
with the MODIS-derived snow and ice maps. the interim, while a stable time series of MODIS data is being
Accuracy of the MODIS snow maps varies with land-covedeveloped and to fulfill the land cover needs of the other
type. Preliminary results show consistently high accuragyODIS products, an at-launch land cover product will be
(nearly 100%) in tundra, prairie, and agricultural areas agférived from the AVHRR 1-km data. The at-launch product
variable and reduced accuracy in forested areas. Errors deriyigl contain the 17 IGBP classes, will be in the same format as
from field and aircraft measurements will be extrapolatefie postlaunch product, and is likely to contain multiple layers
to the global scale to gain quantitative insight into errokgith alternative land cover products.
anticipated from using the MODIS snow-mapping algorithm. [and cover change will be documented using two ap-
An error estimate, by month, will be made by determiningroaches. First, a fine-resolution (250-m) land cover change
errors in each of the different land covers, weighted by th@arm product will provide early warning that land cover
percent of that particular land cover in the snow-covered aregfange is occurring [83]. This algorithm is intended to detect
globally. The 1-km Global Land Cover and Characterizatiogbrupt land cover change induced by human activities, such
Data Base, distributed by EDC in Sioux Falls, SD, is beings forest clearing and urbanization. The algorithm will use a
used in the prelaunch time frame. Error estimates will k&mbination of techniques to detect land cover change, in-
refined in the postlaunch time frame by using the MODIgjuding differences in local spatial texture between successive
at-launch and postlaunch land cover products. dates, appearance of linear features, differences in red and
Following the launch of the EOS-PM1 spacecraft, the pote[R reflectances after compensation for seasonal differences,
tial exists for combining MODIS and AMSR data to generatgnd the angle and magnitude of differences in reflectance.
an enhanced snow product. It is hoped that a product will Bcond, as a postlaunch product, change induced primarily
developed that will employ reflective and passive-microwavs; interannual variability in climate, will be quantified at
data to map snow extent and depth daily, irrespective of clogtkm spatial resolution using a multitemporal change vector
cover and darkness. approach [88], [89]. The magnitude of the change vector and
its direction in measurement space indicate the level and type
H. Land Cover/Land Cover Change Products of change. Tests on multiyear AVHRR composited NDVI

Land cover maps are needed for global climate and ecosgigla for Africa demonstrate the ability of the change vector
tem process models as well as to characterize the distributigghnique to identify both permanent conversions and tempo-
and status of major land surface types for environment@ry modification in surface attributes produced by climatic
and ecological applications. Land cover change analysis Vigriations [90].
required for monitoring the temporal dynamics and changes in
land surface status. To meet these requirements, the MODIS ) ] o
Land Cover and Land Cover Change products include At-Net Photosynthesis/Net Primary Productivity
launch and postlaunch products at 250-m, 500-m, 1000-m, andProbably the single most fundamental measure of global
.25° resolutions, which are generally produced quarterly (sebange of highest practical interest to humankind is any change
Table V). in terrestrial biological productivity. Daily net photosynthesis

The primary land cover classification to be employed is th@®SN) is the total of photosynthesis minus all autotrophic
of the 17-class International Geosphere-Biosphere Programraspiration over a 24-h period. Net primary production (NPP)
(IGBP) classification scheme. The structural definition, dés the annual sum of daily PSN. These products will have both
velopment process, and functional flow of the MODIS Lantheoretical and practical utility. The theoretical use is primarily
Cover and Land Cover Change Products are described in foe defining the carbon balance for terrestrial surfaces in the
Algorithm Theoretical Basis Document (ATBD) [83]. context of global carbon cycle studies. The practical utility of a

The MODIS Land Cover product will be prepared byPSN/ NPP product is as a measure of crop yield, range forage
classification of multiple streams of MODIS Level-3 datand forest production, and other economically and socially
products, ranging from BRDF-corrected surface reflectancgignificant products of vegetation growth.
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Fig. 12. Land cover map of Central America derived using the proposed at-launch MODIS Land Cover algorithm.
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Fig. 13. Representation of land cover as continuous proportions of ground components based on data from the AVHRR.

PSN/NPP are MODIS L4 products produced using MODISariations in climate, such as temperature, humidity, and soil
LAI/FPAR, land cover, and daily Data Assimilation Officewater, as well as biological differences, such as land cover type
(DAO) climatology. A PSN product will be generated everand physiological differences betweél3 andC4 plants, pro-
eight days, while NPP will be produced once per annum [13juce large variations in conversion efficiency. To account for

The algorithms for these products are based on a modet biological variation, a simple biome classification scheme
usually ascribed to Monteith [91], which relates PSN and NHfased on canopy structure and dynamics, which divides global
to the amount of absorbed photosynthetically active radiatieegetation into six classes (Grass, Broadleaf annuals, Ever-
(APAR). The ability to estimate APAR from satellite-basedreen Broadleaf, Evergreen Needleleaf, Deciduous Needleleaf,
spectral vegetation indexes (SVI) allows us now to estimaEciduous Broadleaf), is used in this algorithm [93]. Fur-
PSN/NPP at global scales [92] (Fig. 14). To implement ththermore, interactions of climate and vegetation and their
algorithms, ancillary data on climate and incident photosyimfluence on conversion efficiency have been explored using
thetically active radiation (PAR) and MODIS land cover typ@an ecosystem simulation model (BIOME-BGC). Sensitivity
are required. analysis addressing optimum temperatures for photosynthesis,

While FPAR and PAR can be routinely estimated from satelariations in specific leaf area, and leaf nitrogen was used
lite data, accurate derivation of the PAR conversion efficien¢g generate values for an LUT for use in the algorithm.
(e) is difficult; therefore, it is the crux of this algorithm. Autotrophic respiration (Ra) is estimated from carbon pools
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Fig. 14. Example of global NPP that will be produced from the MODIS NPP algorithm.

TABLE V and controlling the spacecraft instrumentation. The EOSDIS
QA INFORMATION STORED FOREVERY PIXEL IN ALL MODLAND PRoDUCTS  Core System (ECS) will provide the Computing architecture

AND SUMMARIZED OVER EVERY MODLAND GRANULE AS FOUR QA METADATA, K .
INDICATING THE PERCENTAGE OF PIXELS IN THE GRANULE WITH EACH needed to accomphSh these goals [95]' The qual'ty of EOS data

QA CopE. OTHER QA INFORMATION WILL BE STORED (SEE TEXT) products will be maintained through instrument calibration and
Per Pixel QA Code Meaning characterization and quality assurance and validation activities.
00 Pixel produced, good quality, not
necessary to examine more detailed )
QA A. MODIS Quality Assessment
01 Pixel produced, unreliable or s . . .
unquantifiable quality, recommend The objective of MQDLAND QA is t(_) identify and flag .
examination of more detailed QA suspect and poor-quality data before their release to the public.
10 Pixel not produced due to cloud This task is challenging for MODLAND because of the nu-
effects. — merous error sources that may affect the data quality, because
11 Pixel not produced primarily due to

of the large volume of data products and the data dependencies
that exist between them, and because different spatial and
. . . temporal samples of data must be examined. Sources of
in stems, Igaves, gnd roots derived using LAl and land COV§dtential error include inadequacies in the robustness of the
type in various climate ZOnes. ) algorithm or the processing code used to make the products,
_The ability of these algorithms to est|mat_e PSN and NP(? erational data production, archival and dissemination errors,
WI|.| (_jepend on the accuracy of the computation of conversi d errors that may be caused by the MODIS instrument,
efficiency and the spatial and temporal accuracy of the MODlg, 5t|jite platform and the satellite-to-ground station data

FPAR and LAI products. Validation of PSN/NPP products i?ransmission.

extremely difficult at MODIS scales. However, a number of The MODLAND approach is to coordinate the storage of
efforts are underway using GOllux towers in Europe and oz resyits in all MODLAND products, the capability to infer
North America and through the compilation of field data by nich products are suspect, the extraction of these products

reasons other than cloud.

the IGBP [94]. from the data archive for detailed postproduction QA, and the
subsequent storage of postproduction QA results. EOS data
IV. MODIS DATA QUALITY AND VALIDATION will be made available soon after production, necessitating that

The EOS Data Information System (EOSDIS) will providenost QA is performed automatically by the processing soft-
the computing and network facilities to support the EOS awsare and only limited QA is performed after production has
tivities, including processing, distributing, and archiving EO8ccurred. Postproduction QA will be undertaken informally
data, exchanging results among scientists, and commandaygthe MODLAND science team at their own institutions and
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TABLE VI
MODLAND HIERARCHICAL TEST SITE SCHEME
Tier Approx. Sample Area (kr?) Description of Instrumentation and Sampling |Example Sites/ Networks
Number of Sites
1 Intensive Field Campaign 5 1000 Intensive sampling of all relevant land and FIFE, BOREAS,
Sites; International Field atmospheric parameters, including boundary lagf&PEX-Sahel, TRACE-A,
Campaign Programs gas exchange; often over land cover gradient§SAFARI 2000, LBA
2 Fully Instrumented Sites |5 100 Full suite of radiation and flux measurements;| ARM/CART sites
ground, tower, and aircraft measurements
3 Biome Tower Sites 20-30 100 Long-term, select instrument packages for Harvard Forest-Temperate

process studies; ground and tower measuremgbessiduous Forest Site
all major ecosystems and climatic regions

4 Globally Distributed Test |60 25 Limited surface and atmospheric characterizatibRERS, NOAA, CMDL,
Sites select instrument suites at different sites; widglBSRN, and SURFRAD
distributed variable sampling frequencies networks

(intermittent to continuous) capture seasonal ar
interannual variability, climatology; permanent

sites
5 Instrument Calibration <5 10 Well-instrumented for vicarious calibration; White Sands, Railroad Playa
Sites unique reflectance and emittance properties o

uniform, typically nonvegetated surfaces; ground
and aircraft measurements may include geomgtric
calibration site(s)

routinely on a sample of all MODLAND products by a smaltonsequently, QA procedures and indicators of product quality

cadre of scientific and technical staff at a centralized Landll change as the science team and the user community learn

Data Operational Product Evaluation (LDOPE) facility. more about their characteristics and the performance of the
ECS provides for the storage of per pixel QA resultglgorithm and the instrument. MODLAND QA procedures

and QA metadata for each MODIS data granule. A granudge currently being tested using simulated MODIS data and

corresponds to approximately 5 min of MODIS observatiortsultitemporal AVHRR data sets.

and covers an area of approximately 2340 2000 km.

MODLAND per pixel QA results will be derived in the g \jlidation Approach

processing software by monitoring the computational stability , . N S :
of the code, examination of the input data and its associa ODLAND's primary validation objective is to assess its

[f -4 products. To accomplish this, they will use a variety

QA data, and documentation of the code processing hiStO% validation methods, including product comparisons viith

QA metadata will summarize the application of production ansnu data collected over a distributed set of validation test sites,

postpro_ductlo_n QA procedures. QA metadata_ written durmc%mparisons with data and products from other airborne and
production will include granule-level summaries of the per

ivel OA results and an automatic quality flag set as “passe paceborne sensors, analysis of trends in the data, and analysis
P Q o e 4w > quality Tlag et as p process model results that are driven or constrained by the
suspect,” or “failed.” Postproduction QA results will be store

. . : . products. Although comprehensive validation will ultimately
in the quality flag metadata. To enable conS|stent|nterpretat|8Q achieved in concert with the broader community, the

across all M_ODLAND products, two'generic QA bits will befoIIowing section describes the activities and current plans of
stored per pixel and will be summarized over each granule A% MODLAND team
four QA metadata (Table V). Additional product-specific QA \op AND has developed a multitiered validation strategy
information will be stored at the discretion of the science team, provide measurements over the range of the earth surface-
MODLAND postproduction QA procedures will be appliedyimosphere systems and at resolutions commensurate with
to granules that have suspect or poor quality, indicated by fygyp|g pixels (250 m—1 km, or larger). Central to this plan is
QA metadata, regular samples of all MODLAND products, fiye.tiered test site scheme, developed after the hierarchical
and specific granules to evaluate suspected problems. Granglgservation scheme proposed by the Terrestrial Observation
will be obtained from the ECS data archive using a subscripyne| for Climate (TOPC) of the Global Climate Observing
tion client to order data as it is produced and a data order cliestem (GCOS). Table VI describes the MODLAND tiers and
to order existing data. A hierarchy of QA procedures, includingrovides examples. This categorization provides an inverse
visualization, knowledge-based trending, and statistical analjegree of measurement intensity per-site, with a number of
sis procedures will be applied to the granules. Postproductigifes in the tier. Thus, MODLAND will rely on few intensive
QA results will be stored in the quality flag metadata to indfield campaigns, but a large number of sites for which only
cate that the granule is “being evaluated,” or has “passed” gigher resolution satellite scenes and/or limited field data
“failed” a specified postproduction QA procedure. The qualityollection are regularly available.
flag has a default value “of not investigated.” After the initial A core set of EOS Land Test Sites is being developed
postlaunch period, the LDOPE personnel will relieve the satonsisting of Tier 3 and 4 sites, which will act as a focus
ence team of the burden of routine QA and attempt to examifte field measurement activities [94]. Typically, these sites
up to 10% of the daily averaged MODLAND data productionwill feature a tower to provide year-round sampling of most
It is recognized that some of the products are new and thegdiometric products at a central point. These measurements
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\  CIMEL sunphotameter sensing community to take research algorithms and trans-
N (sky and surface radiances «

direct radiance) form them to operational processing code to generate high-

aircraft remote sensing

7% 4 order data products. There is expectation of considerable
sbedameter sonic anemometer ?mprovement over exi§ti_ng datz_i sets._For exam_ple, marked
(near infrased v improvements are anticipated in spatial resolution, spectral
albedo) \QO“‘ radiometet band location, and calibration as compared to the AVHRR.
albedometer —. (net radiative flux)

The EOS Pathfinder experience has helped in the design
of the MODIS data products [96]. One key lesson from
Pathfinder is that the scientific user community has a
preference for higher order data products. Atmospherically
corrected, standard temporal composites, or spatially

(broadband
albeco)

solar power

anemometer (wind speed)

Ty hemomster aggregated data sets reduce the burden of data processing on
et e the user, thus, enabling resources of individual scientists to
and humidity) be focused on answering the science questions rather than

data processing. This will be particularly important in light
of the high data volumes associated with MODIS.
anemometer The strength of coarse and medium resolution remote sens-
thermometer and ing lies in the multitemporal information it provides. A stable,
[T g Moo well-calibrated time series is essential. The AVHRR Global
Area Coverage (GAC) time series has undergone three major
reprocessings as algorithms and calibration have been refined
[7]. Multiple reprocessing of MODIS data sets is essential in
the planning of the EOS computational resources. The value
of the MODIS data stream will be in part dependent on its
use within the context of precursor data sets so that trends and
change can be understood within a longer time scale. It will
be important to provide compatibility and overlap between
existing data sets and MODIS products.
The availability of MODIS data products to the user will

will be extrapolated to larger regions using ground and aiee a function of the instrument performance, robustness of the
borne remote-sensing transects e.g., with 10-100-km rad@lgorithms and associated production code, functionality and
of the site, depending on land cover heterogeneity. Sampliggerational readiness of the EOS ECS, and capacity of the
along the transects will occur episodically and more frequentifOS DAAC's to distribute data. The performance of the EOS
during times of greater phenological change. These transetif be judged by the amount and quality of data it provides.
will also be used to measure and extrapolate biophysidaurrently, as part of a cost-cutting initiative, the MODIS team
variables, such as canopy structure, which cannot be meastigebleing asked to develop a plan for producing only 25% of
from the towers. Fig. 15 depicts a typical tower configuratiothe L2—4 products in the first six months after launch, rising
To provide prelaunch algorithm evaluation and to test Tiép 100% of the planned data volume after three years.
3/4 validation methods, MODLAND team members conducted The MODIS land team is preparing to provide some im-
several preparatory field campaigns in 1997: the Winter Clo@@rtant data sets with the hope that once they have been
Experiment (WINCE) campaign for snow and ice, the Califovalidated and their utility demonstrated, they will be adopted as
nia and Western States (CALWEST) campaign to validate tetandard products for future operational satellites and provide
LST algorithm, the Prototype Validation Exercises (PROVEJe basis for long-term monitoring. It is encouraging that some
to test instrumentation and sampling strategies over a desdrthe characteristics of the MODIS land products are being
grassland in New Mexico, and mixed forest near Oak Ridg@corporated into future moderate-resolution sensing systems,
TN. Significant emphasis has been placed on product scalBi¢gh as the Japanese Global Land Imager (GLI) and the United
using the remote-sensing data acquired from aircraft, AVHRRtates NPOESS.
GOES, POLDER, TM, and SPOT during the campaigns.
As part of the EOS Validation program, MODIS plans to

make its validation data sets available to the public throughThe authors would like to thank all those who have con-
the World Wide Web; the 1997 campaigns are described tebuted to the MODLAND group effort by providing the
URL: http://pratmos.gsfc.nasa.gevjlistice/modland/valid development and coding of algorithms, L. Fishtahler for pro-

infrared gas analyzer

(IRGA; CO2 concentration)
+ data loggers
anemometer

thermaometer and

N hygrometer

fAPAR and LAl over
satellite footprint

rain gauge

Fig. 15. Schematic of a MODLAND Validation Tier 3/4 tower site.
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This paper has provided an overview of the current focus
of MODIS land-discipline activities. Preparation for MODIS
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