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R eliable irformation on global land cover is re- 

quired to assist the solution of a wide range of 
environmental problems. Information from conven- 
tional ground-based data has signifkant dejcien- 
rics as denwnstrated by an analysis of these 
sources. Data from the Advanced \‘ey High Reso- 
lution Radiometer has been used to carry out land 
rover classijkation at continental scales. The spe- 
~ijk data sets that have been used, have substantial 
limitations and the need for the use of alternate 
data bases is outlined. The Moderate Resolution 
Imaging Spectrometer (MODIS) of the Earth Oh- 

serving System (EOS) Will be a substantially better 
instrument in terms of several spectral, radiomet- 
ric, and geometric properties than the A17HRR. 
However, in terms of its total jield of view und 
frequency of imaging the instrument Will be com- 
parable to the AVHRR for global land cover moni- 
toring. 

INTRODUCTION 

There is considerable ignorance concerning the 
global distribution of vegetation types. This is an 
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issue of increasing concern given the rate of trans- 
formation of the Earth’s vegetation cover, and the 
profound impacts that these changes are having on 
the global emironment and its habitability. 
Changes in land cover for agriculture, human set- 
tlements, and other purposes are among the most 
pewasive and obvious impacts of human activities 
on the global environment (Turner, 1989). Changes 
in land cover have profound implications for the 
functioning of ecosystems, biogeochemical fluxes, 
and climate (XRC, 1988; IGBP, 1990). Despite 
the fundamental transformations that humans have 
made to the surface of the Earth, there is no 
reliable, comprehensive data base of changes in 
the vegetative cover of the land surface on a global 
scale. 

In this paper our initial objective is to examine 
the adequacy of traditional approaches for the 
derivation of global information on land cover. The 
contribution of coarse resolution satellite data from 
the NOAA series of satellites will then be dis- 
cussed. Finally the potential of one of the future 
sensor systems of NASA’s Earth Observing Sys- 
tem, namely MODIS, will be e\*aluated for the 
purposes of global land cover monitoring. Atten- 
tion is restricted largely to the role of remotely 
sensed data in deriling information on land cover 
classes. For many purposes, the derivation of bio- 
physical properties of the Earth’s surface by direct 
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It has been argued that existing maps are ade- 
quate for the depiction of global vegetation cover 
(Thomas and Henderson-Sellers, 19Si), but com- 
parison of estimates of the areas occupied by the 
major vegetation types suggests this is an overly 
optimistic Lyiewpoint (Fig. 11. Clearly estimates 
(vary considerably, and even where there is corre- 
spondence for particular categories, such as agri- 
cultural land, this can arise simply because the 
estimates are derived from the same source. The 
variations of these global compilations arise from a 
number of reasons. First, they rely on compilation 
from numerous separate sources, since direct 

‘ground obsenations using an agreed system of 
classification has never been directly attempted at 
a global scale. Integrating local studies into re- 
gional ones and thence into global maps raises 
problems if only because the original maps were 
often produced at different dates. .4 greater prob- 
lem is that widely varying criteria are used in 
classification (Fosberg, 1967; Kuchler, 196’7; 

/ 

inlcrsion of remotely sensed data is ultimately a 
more desirable objecti\,e. Sotwithstanding recent 
ad\Tances in the estimation of biophysical charac- 

teristics such as leaf area index and canopy rcsis- 
tance (e.g., Semani and Running, I9S9; Running, 
1990), comprehensive derivation of canopy charac- 
teristics including nonfoliar properties must auait 
the derivation of more refined procedures and 
better global data sets, which almost certainly will 
have to include microu,ave data. However, deriv- 
ing maps of the current distribution of land cover 
classes and how they are changing is a much more 
feasible objective and hence current and future 
prospects will be e\paluated for these tasks. 

LIMITATIONS OF CURRENT GLOB.4L 
VEGETATION MAPS 

Mueller-Dombois, 19741. For example, although 
classifications are usually based on inherent vege- 
tation properties, these may rely either on ph!Ts- 
iognomic properties such as growth and life forms, 
three-dimensional structure, and seasonal period- 
icity or on floristic properties related to the species 
present (Box, 1981; \Vhittaker, 19’70). Alternati\.el! 
various environmental properties may be used as 
surrogate criteria for discriminating betuveen vege- 

, tation bpes (e.g., Ehrlich and Roughgarden, I9S7> 

Emanuel et aI (1985) 
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Fi,oure 1. \‘ariations in estimates of the global extent of cover 
types for: (a) ten main cww types (the apparent total area 
varies because of djfferrnt estimates of the extent of unvege- 
tated cateporirs such as desert. and ice caps): (b) cultivated 
land; (cl forest land. 

soils, or human influences. Other approaches corn 
bine inherent \.egetation characteristics and envi 
ronmental properties (e.g., USESCO, 1975 
\l’alter, 1985). Consequently the compilers of th( 
global estimates have to reclassify maps into 
common scheme based on inherently? incompatibl 



classifications. E\*en if the same classificato? q- 
preach has been adopted. the size of the specific 
parameters used to separate &sses can \.ar~.. 
Hence the proportions occupied by classes \vith 
:he same label in Figure 1 are usually not directI!, 
pomparable. Not only does the total area occupied 
by different classes vary substantially between au- 
:‘horities, but the detailed spatial distribution often 
\,aries substantially even \vhere the total glob;il 
estimates of a co\‘er t!.pe are similar. \lajor at- 
tempts ha\,e been made to synthesize our current 
:no\vledge to generate digital global data bases, 
:,otably b!r \latthe\vs (1983) and Henderson- 
sellers et al. (19S6). and. although the!, represent 
:mpro\~ements on pre\-ious kno\\.ledge, the pre\-i- 
WS discussion ine\.itably casts doubt on their in- 

ternal consistent!,. 

USE OF D.4T.4 FROM THE ADVANCED VERY 
HIGH RESOLUTION R4DIOMETER FOR 
L4ND CO\‘ER CL4SSIFICATION 

-- 
_. 
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The absence of satisfactory land cover maps at 
‘cry broad scales has encouraged attempts to use 
-emote sensing data to provide this information. 
Data from conventional Earth resources satellites 
such as Landsat and SPOT are unsuited to this 
.ask, because their data volumes at global scales 
ire extremely large. However, such data have 
leen used as a complementary source of infomla- 
rion for the production of maps at continental 
.cales (e.g., UNESCO, 1981). An alternative source 
)f data is coarse spatial resolution data from the 
idvanced Very High Resolution Radiometer 
.4VHRR) from the NOAA series of satellites. 

rhese data are obtainable globally on a daily basis 
nd have been shown to have considerable poten- 
ial for monitoring vegetation (e.g., Tucker et al., 
985; Justice et al., 1985; Goward et al., 1985; 

Jellers, 19851, notably through the use of a spec- 
ral ratio, known as the normalized difference veg- 
tation index (NDV’I), which is sensitive to vegeta- 
Ion activity. It is derived from the ratio of the red 
R) and near infrared (NIR) spectral bands as 
nllows: NDVI = (NIR - R)/(NIR + R). The daily 
vailability of these coarse resolution data has 
nabled automated methods of preprocessing to be 
arried out allowing global data sets to be pro- 
.uced in which the effects of clouds and other 
tmospheric effects are substantially reduced 
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Figwe 2. \‘ariations in the .SD\‘I \vith time for three con- 
trasting vegetation t!pcs in South .\merica. The desert area is 
alua!s distinct from the other two categories. However, the 
crrrada (savanna woodland) and the tropical rain forest are 
similar for much of the year. but during the d? season the 
cerrado has a distinctively lower ND\‘1 value. This graph 
emphasizes the need to consider \,ariations in the ND\‘1 
throughout the year rather than for individual dates when 
tying to discriminate between land cover types. [Based on 
data from Tounshend et al. (I%;).] 

(Holben, 19861, especially when they are resam- 
pled to coarser resolutions. 

The basic spatial resolution of AVHRR data is 
1.1 km, but no global data sets exist at this resolu- 
tion. However, global data are collected and 
archived daily at a resolution of 4 km through an 
on-board sampling process. No data at this resolu- 
tion have been directly used for global land inves- 
tigations because of the dificulties of handling the 
resultant large volumes of data, but instead resam- 
pled data sets have been used with a resolution of 
15-20 km in the form of NOAA’s Global Vegeta- 
tion Index (G\iI) product (Kidwell, 1990) and with 
a resolution of 7.6 km in the form of NASA’s 
Laboratory for Terrestrial Physics product gener- 
ated by the GIMMS group at the Goddard Space 
Flight Center (Townshend and Justice, 1986). 

The value of these AVHRR data arises primar- 
ily from their multi-temporal use, since this allows 
vegetation types to be characterized using their 
seasonal (or phenological) variations in the NDVI 
(Townshend et al., 1987). In Figure 2 it can be 
seen that for substantial portions of a year differ- 
ent vegetation types may have similar NDVI val- 
ues, but that at other times they may display very 
different ones. A multitemporal approach using 
data from throughout the year is essential for 
satisfactory discrimination between most cover 
classes, when using the NDVI (cf. Thomas and 
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Figure 3. Variations in the accuracy with w.hich training set 
data are classified for South .4merican cover types. Yote that 

Percentage Accuracy of Cover Classification 

accuracies based on training data give overestimates, and the> 
should be used only to gain a comparative indication of the 
relative success of the methods. [Based on data from Town - 
shend et al. (1987) ] 

Henderson-Sellers, 1987; Henderson-Sellers, 
1989). Initial work on continental land cover clas- 
sification used a measure of the mean annual 
NDVI value and seasonality (Tucker et al., 19SS), 
as represented by the first two principal compo- 
nents of i annual set of AVHRR data. Subse- 
quently, multiple images from different dates 
throughout the year have been used in attempting 
land cover classifications (Townshend et al., 1987; 
1989) and+Gonsiderable improvements in accurac) 
were found as the number of images was in- 
creased (Fig. 3). 

Preliminary land co\‘er maps have been de- 
rived at continental scales by Tucker et al. (1985) 
for Africa and by Touynshend et al. (1987) for 
South America using sQA4’s G\‘I product with 
pixel sizes of approximately 13-20 km. Shimoda 
et al. (1986) have used the same very coarse reso- 
lution data to derive statistical estimates of global 
land cover types: more recently Koomanoff (1989) 
has produced a global map of nine has, ‘c ve eta- 
tion t+$$,>sing an integrated annzl value of the 
ND-1 thoigh without any consideration of sea- 
sonality. At a subcontinental scale Millington et al. 
(1989) used AVHRR data resampled to 8 km reso- 
lution from NASA/GSFC to stratify cover types 

for eight countries in southern .4frica as a basis for 
estimating the supply of fuelwood. 

USE OF DATA FROM THE .4DVANCED \‘ERY 
HIGH RESOLUATION RADIOMETER FOR 
Ja4h’D COVER CL.4SSIFIC.QTION 

Despite the encouraging results from these pre- 
liminary investigations, the resultant maps derived 

from satellite data have substantial limitations. 
Most attempts have used NOAA’s GVI product, 
which has a number of significant deficiencies. 
Notable among these is its very coarse resolution 
of approximately 20 km as a result of a complex set 
of resampling procedures from the 1 km data of 
the A\‘HRR (Townshend and Justice, 1986). The 
GVI product also has the problem that off-nadir 
pixels, which suffer markedly from atmospheric 
effects, are preferentially sampled especially in 
higher latitudes in generating the 20 km pixels 
from the finer resolution data (Coward et al., 1991): 
also in this product the original DN values are 
used rather than the reflectance or radiances. 
which-yields distorted values of the ND\‘I. 

Additional limitations of previous work include 
the fact that analyses have relied on only a singh 
year’s data, and consequently interannual \*ariabjl- 
ity in vegetation response to climatic condition+ 
can lead to errors in the inferred distribution oi 
vegetation types especially in semiarid and season- 
ally flooded areas. Also, boundaries between CO\Y 
types with similar phenologies such as those by 
tween the moist sa\*annas, tropical rain forest, an( 
degraded tropical rain forest in Afi-ica are unreli 
able. For example, in the southern Central Africa: 
Republic the northern boundary of the centri. 
.&can rain forest is difficult to separate reliabl 

from the moist sa\*anna woodlands to the north 
because the latter have little seasonal \*ariation i 

their ND\-1 (Justice and Kendall, forthcoming). 1 

other locations such as the southeastern margins ( 

the Amazonian rain forest this boundan, is MI 

defined by the ND\‘1 data (Townshend et :*‘ 
198’i). Additionally lvetlands are not well distil 
guished from other segetation t\vpes on these rnaly 
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.-ILTERNATE SOL’RCES OF RE!ifOTELY 

SESSED D.4T.4 

Gi~yn these limitations. it is natural to look to 
other sources of remoteI!, sensed data. .\lthouyh 
large quantities of such data exist. the\. are usliall~~ 
not in an appropriateI!. comprehensi1.e and acces- 
sihle format to allo\v their use at broad scales. This 
problem has alread!. been alluded to in the context 
of fine resolution Landsat and SPOT data, but 
ca\.en data from the indil-idual bands from the 

.\\*HRR sensor are currend\. unavailable in forms 

hllitable for global land co\.er classification. The 
potential of these data is shorn in the work of 
Justice and Kendall (forthcoming), who demon- 
strate that thermal infrared data from the A\‘HRR 
can be used to locate the boundary between tropi- 
cal rain forest and sa\.anna \.egetation, more reli- 
ably than with the use of SD\? data. 

The use of data from other parts of the spec- 
trum in distinguishing between different land co\ver 
types at broad scales has also been demonstrated 
in the application of microwave data sets from the 
S\414R (Scanning \lultifrequenc!y 14icrokvave Ra- 
diometer) sensor, which have been compiled into 
global data sets (Choudhury and Tucker, 19S8). 
These data use the \4icrowave Polarized Differ- 
ence Temperature 04PDT) derived from the dif- 
ference in temperatures between horizontally and 
vertically polarized radiation at 37 GHz. The 
14PDT data can be used to assist the recognition 
of wetlands (Giddings and Choudhury, 1989) and 
various other cover types, especially when com- 
bined with AVHRR data (Justice et al., 1989b; 
Townshend et al., 1989). Such data suffer from the 
limitations of only being available for coarse reso- 
lutions at around 20 km and from problems in the 
interpretation of the factors controlling the MPDT # . 

would be much improved by the creation of inter- 
nally consistent global data bases from existing 
coarse resolution data sets. This would require a 
substantial amount of work and resources in re- 
sampling the data to common spatial and temporal 
reference s>.stems and in reducing atmospheric 
effects; unfortunateI!‘, there is little indication at 
present that this \vill be carried out in the immedi- 
ate future. 1 rr 

5tc‘~..:Jy’ ‘. 

THE POTESTI,IL OF THE MODER4TE J/ 

RESOLUTIOS IMAGING SPECTROMETER 

FOR L4ND CO\‘ER DISCRIhlIN.4TION 

The pre\ious sections ha1.e illustrated the need for 
impro\.ed land co\rer information at global scales 
and the substantial potential of existing data 
sources from the NO.44 series of satellites to 
pro\.ide it. Other existing remotely sensed data 
sets ha1.e the capability to reduce these deficien- 
cies but their practical application is limited by a 
number of factors including a sparsiw of globally 
cornposited data sets. the coarse resolution of some 
of the data sets, and the fact that some data sets 
are no longer being acquired. It is natural there- 
fore to look to future sensor systems to examine 
their role in providing improved land cover infor- 
mation. Any assessment of the likely improve- 
ments arising from these future sensors is a com- 
plex question, because they are dependent on so 
many different sensor characteristics (Fig. 4). They 
include the more usual measures of sensor capabil- 
ity, such as spatial resolution and the number and 
location of spectral bands. Others relate to the 
consistency of the data sets through time, such as 
radiometric calibration and bandwidth stability, 
which are especially important for detecting 

(Townshend et al., 1989). H changes in land cover. Monitoring change reliably 
Another sburce of coarse resolution data is the’ ’ 

5. 
1s also dependent on the accuracy with which we 

Coastal Zone Color Scanner (CZCS) whose short spatially coregister images if we are not to intro- 
wave visible bands have been shown to be capableu duce errors due to a failure to compare the same 
of discriminating between high latitude cover types w area of ground at different times. Variations in 
(Petzold and Goward, 1988). \iew angle are also known to be significant be- 
from both the CZCS and SMYJ cause of the non-Lambertian reflectance of most 
longer being acquired, though th \.egetative suifaces. Hence apparent changes in 
Sensor Microwave Imager) ground characteristics may be simply a result of 
Defense \leteorological Satellite Program is no\\ the bidirectional reflectance function of the \sege- 
collecting data comparable Lvith those of .SM.\!R tation. The precision w,ith w-hich we measure radi- 
(Schluessel and Em~rl\., 1990). ation, as characterized by the radiometric resolu- 

In terms of existing remotely sensed data, the tion, also strongly affects our ability to monitor, 
prospects for global land co\‘er characterization especially \vhere the changes are radiometricall\* 
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Properties of sensjng systems affecting 
reliability of change detection 

I 

Geometric/Spatial Radiometrlc 
2ropertles Properl les 

Spectral 
properties 

Temporal 
properties 

pi Jz-J %xdiiY) &ii-j 
Inter-image View E~diometric 

Maximum 
Bandwidth 

registration Angle Calibration stability 
length of 
time between 
images 

Figure 1. Factors affecting ahilit! of hensing s!tstems to detect change. 

subtle. The frequent!. of imaging has major effects 
on our ability to monitor change at a global scale 
and the presence of clouds makes the required 
frequency of imaging much higher than frequent! 
\vith which changes ha\re to be monitored. Be- 
cause changes in land cover occur at \‘en different 
rates, reliable monitoring requires that a minimum 
period elapses before a change can be detected; 
consequently, the total acti\*e lifetime of a sensor 
\Ir-ill impact on its usefulness for monitoring change. 

-4 large number of sensor s!.stems are expected 
to be placed in orbit during the 1990s for environ- 
mental monitoring: including those of the first 
European Earth Resources Satellite (ERS-l), and 
those associated with the international Earth Ob- 
senGng System (EOS) of NASA, the European 
Space Agency, and the Japan National Space 
.4gency (Ormsby and Soffen, 1989; ?i’AS,4, 1990). 
For the purposes of global land cover monitoring, 
the sensor with the greatest potential is arguably 
the Moderate Resolution Imaging Spectrometer 
(NASA, 1986; Salomonson et al., 1989). 14ODIS 
has been designed for land, oceanic, and atmo- 
spheric sensing and will consist of two instru- 
ments, a nadir-pointing version (I\IODIS-N) pri- 
marily for land and atmospheric applications and a 
tilting version (>IODIS-T), which \vas designed 
primarily for oceanic purposes, but which also \rill 
ha\,e value in exploitation of bidirectional land 
properties. In 54ODIS-M a subset of its 36 spec- 
tral bands has been designed specifically for land 
applications in terms of their spectral, radiometric, 

.’ 

and spatial resolution properties. It is beyond the 
scope of this article to assess the role of microv+pave 
remote sensing in contributing to global monitor- 
ing of land cover, though clearly such data have 
the potential to provide complementary informa- 
tion on the ph!Gcal structure of vegetation. 

fihe current .4VHRR has only two bands in the 
reflective part of the spectrum (though there are 
plans to add a third middle IR band from X0.&4-K 
onwards) and three bands in the thermal infrared. 
In contrast -MODIS-I\: has 19 bands in the reflec- 
tive part of the spectrum with seven designed 
specificaIl), for land applications (Table 21, and 10 
thermal bands within atmospheric windowvs, 
though most of the latter were not chosen for land 
applications. Five of the seven land reflectance 
bands are based mainly on experience derived 
from the Thematic Mapper, their precise band- 
widths having been carefully chosen to minimize 
atmospheric effects and solar absorption (Fraun- 
hofer lines). The bands on 14ODIS-Y will be only 
20-50 nm wide compared with a typical figure of 
60 nm for the Thematic 14apper: The reflective 
bands are all only 20 nm wide. The 

-7 
near infrared 

band will be much narrowe than that of the 
AVHRR in order to avoid the water absorption 
band centered near 900 nm. Consequently, ratios 
such as the KDD\‘I or the soil-adjusted vegetation 
index (SA\‘I) of Huete (1989) will be far less 
affected by the atmosphere than the ND\‘1 of the 
A\‘HRR. .411 of the additional bands similar to 
those of the Thematic .\4apper are likely to have 
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Tabk I. Comparison of the Principal Sensor Characteristics of 510DlS and .4\‘HRR Rele\.ant 
for Land Cover Characterization 

Spectral hands for land 
cover applications 

IFO\’ (nadir) 

.4\‘HRR MODIS-S MODIS-T 

Cc.ntf,r Bandwidth 

SO-6SO nm -I70 “” 20 nm 32 hands 
T-75-1 100 nm 555 nm a0 nm (400-SSO nm”) 
1580-1~50 nm” 659 nm 20 nm 

t&5 nm 40 nm 

1240 nm 20 nm 

1640 nm 20 nm 

“130 nm 30 nm 

3 thermal bands 9 thrrmal bands 

1.1 km 500 m 1.1 km 

250 m (659 and Y65 nm) 

Sv.xth width 2X0 km 
Calibration absent 
l?adiometric quantimtion 10 bit’ 
Global frquenq I-2 da!.s 
View angle 3.54’ 
Tilt capabilib none 

“Proposed future spectral band. 

2330 km 

lunar 
12 bit 
l-2 da\x 
55” 
none 

1500 km 
lunar and solar 
12 hit 
2 days 
45” 
* 50” 

“Bands selected primarily for ocean color purposes, but also of potential \.alue for sensing soil and 
vegetation. 

‘Plans exist to increase the quantization to 12 bits from X0.44-K omvards. 

,%.alue in land cover discrimination (Townshend effects are reduced (Crist and Cicone, 1984). It is 

?t al., 1983; Townshend, 1984; .4tkinson et al., also anticipated that the thermal bands will be of 
1985). Of these bands the middle IR band cen- some use in the discrimination between vegetation 
tered at 1640 nm is likely to be of greatest value types, though a lack of knowledge of the spectral 
Benson and DeGloria, 1985; Toll, 19851, because response of vegetation in this region makes their 

Jf its sensitivity to foliar moisture (Tucker, 19801, precise role difficult to evaluate at this stage. In 
Fspecially when ratioed with the band centered at order to monitor changes in the spectral sensitivity 
l-340 nm. The latter band is additional to those of each band, there are plans to provide spectral 
found on the Thematic Mapper and is also ex- calibration on MODIS (Salomonson et al., 1989). 
petted to be useful in the discrimination between One of the major limitations of the AVHRR 
different forest types (Rock, 1982). The existence system is its lack of any internal calibration to 
of these several bands offers the opportunities to monitor changes in the radiometric sensitivity of 
derive linear band combinations, in which vegeta- its reflective spectral bands through time. Evi- 
tion effects are enhanced and background soil dence has accumulated to show that the various 

T&h 2. MODIS Bands in the Ksible and Reflective Infrared Designed for Land Applications 

470 nm detection of changes in chlorophyll/carotenoid ratios indicative of plant stress 
w-w 
335 nm reflectance peak controlled by the presence of chlorophyll (Tucker, 1980) 
659 nm absorption by chlorophyll as well as tannin and anthocyanin 
865 nm related to physical structure of mesophyll layer 

1240 nm reflectance feature related to discrimination of forest types (Cox, 1983; Rock. 1982) 
1640 nm absorption due to leaf moisture content (Cox. 1983) 
2130 nm absorption due to leaf moisture content (Cox, 1963). foliar nitrogen and protein 

absorption (Petersen et al.. 1983) 

Band Cot&nations 

659 nm and 863 nm can be usvd in \.arious combinations to deri1.e tvpetation indice such as the .SD\‘J 
(Tucker. 19YO: Running. 1990) useful fur estimating ahsorhed photosynthetically acti\.r 
radiation (Sellers. 1983) 

J2fO nm and IWO nm can he used in to estimate lrdf moisture content (Cox. 1993) 



2.50 Totcxsllcwtl (‘1 t/l. 

.-\\-H RR sensors hale undergone considerable re- .KD\‘I \t’ere used as indicators of laiid co\‘er change 

drlctions in sensiti\it!v derring their lifetime. Em- in the absence of detailed land co\.er information. 

pirical corrections hased on supposedI!. un\.ai?ing Figure S sho\*.s that \\ith a 300 m resolution man!* 

ground targets such as deserts ha1.e had to be used more changes \r-ill be detected than at 3 km. 

to correct the data in order to produce more \loreo\.er, e\.en the change from 1 km resolution 

reliable monitoring over time (e.g., Tucker. 1989). [comparable \*.ith that of the A\‘HRR’s basic nadir 

Clearly there is the real prospect of identifying Instantaneous Field of \‘iew. (IFOV)] to 500 m will 

apparent changes in land co\rer which simply arise result in much improved detection of change (Fig. 

from sensor variability. MODIS will 1~aL.e radio- 6). Subsequent to the initial specification of 

metric on-board calibration for all channels. Initial .\lODIS-.V, it \vas proposed that the near-infrared 

goals were for better than 2% absolute accuracy of and red bands should have an IFOV of 250 m, for 

the maximum scene radiance for the visible. near impro\,ed detection of small clouds and for im- 

infrared, and short waste infrared bands and less pro\ved land bourrda;, identification. The impact of 

than 1% for the other infrared bands (Salomonson these bands on monitoring land cover change will 

et al., I9S91, though subsequent&* the accuracies also be substantial in the detection of change on 

have been relaxed to 5%. The corresponding tem- the basis of these simulations (Fig. 6). More de- 

poral stability of these NO groups of bands should tailed obsen.ations will rely on the use of sensors 

be less than 1% and 0.5% of the half scale \.alue \vith higher spatial resolutions such as HIRIS 

respectively o\yer a Z-week time span and \I-ith 10” (High Resolution Imaging Spectrometer), though 

temperature excursions. they will not permit global monitoring. 

Of comparable importance to the calibration of 
the instrument is the inclusion of sexvera spectral 
bands which are affected in known ways by the 
atmosphere and which can then be used to correct 
other spectral bands for atmospheric interference. 
In this way the influence of gases such as water 
vapor, oxygen, and ozone can be substantially re- 
duced and the ground leaving radiance can be 
estimated more accurately. The greatest challenge 
in reducing atmospheric effects will lie in reduc- 
ing the effects of aerosols which are especially 
important in pet-i-desert areas and in the humid 
tropics. 

The accurac!! of spatial registration between 
images of different dates is another property which 
greatly impacts on our ability to monitor change in 
land cover, but its impact has been little studied 
compared w+th other properties. The impact of 
misregistration arises because, if less than perfect 
registration is achieved, differences in detected 
radiance will have an error term introduced, which 
is related to the spatial variability in the surround- 
ing land cover. Since land cover often displays 
considerable local lrariability, even small errors of 
misregistration have the potential to introduce 

As discussed in the third section, although 
,4YHRR data are collected at a resolution of 1.1 
km, they are currently available globally at a reso- 
lution of 4 km at best. In order to detect important 
human induced land cover changes, it was origi- 
nally proposed that the MODIS land spectral 
bands should have a resolution of 500 m (NAS.4, 
1986). Subsequently, a simulation study .was car- 
ried out to try and assess quantitatively uvhether 
this was indeed an appropriate value. Pairs of 
images, taken at different times by the Multispec- 
tral Scanner System of Landsat, depicting seven 
areas which have undergone significant land cover 
transformations, were degraded to different candi- 

date resolutions (Justice et al., 1989al and the spa- 
tial frequency content of the difference between 
the images was examined (Townshend and Justice, 
1988). The sums of squares of changes in the 

Figure 5. Cumulative frequency distribution of the sum of 
squares of the NDVI in images depicting changes as a result 
of various land conversions (Townshend and Justice, 1968). 
These plots indicate the spatial resolution of current and 
future data sets in relation to spatial frequencies of changes in 
vegetation that have to be detected. 
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Figure 6. Proportional increases in the detection of changes 
in the NDVI with improvements in spatial resolution: (a) 
fi-om 1 km to 500 m; (b) from 500 m to 250 m. 

substantial errors into estimates of the differences 
between images obtained at different dates. In 
order to quantify such effects, experiments have 
been performed using the data sets analyzed in 
the resolution study described above (Townshend 
et al., forthcoming). The impact of misregistration 
was assessed by taking copies of each image and 
progressively misregistering it against itself. By 
this procedure only errors due to misregistration 
were induced rather than any due to actual dif- 
ferences between different time periods. Figure 7 
shows that errors increase rapidly between zero 
and one pixel misregistration and then increase 
less rapidly thereafter. Clearly this suggests that a 
high degree of coregistration is essential for reli- 
able depiction of changes in vegetation. Coregis- 
tration can be achieved through a \ariet!x of proce- 
dures including the use of ground control points, 
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image templates, or automated scene matching. 
However, of crucial importance is accurate knowl- 
edge of the pointing of the instrument, which 
allows images to be brought into approximate 
coregistration before application of any of the 
above procedures. For the A\‘HRR sensor, simple 
automated navigation systems are capable of rou- 
tinely correcting i\\‘HRR data to within 5 km: 
\I’ith accurate emphemeris data using a fully ellip- 
tical model accuracies of 1.0-1.5 km can be 
achieved (Emery et al., 1989). In the case of 
MODIS the accuracy of registration should ideally 
be equivalent to a fraction of a single 250 m pixel. 
Although subsequent processing will be required 
for satisfacton, coregistration of the two bands 
\vith finer resolutions, the performance of most of 
the MODIS bands will clearly be superior to 
AVHRR in this respect. 

Even with the near daily global coverage of 
the AVHRR, cloud-free images cannot be obtained 
for many areas of the Earth, u.ith a l- or Z-week 
frequency, and for some parts of the tropics even 
monthly images cannot be obtained. Unfortunatel> 

Figure 7. Introduction of noise into images as a result of 
misregistration. The experiment was carried out by misregis- 
tering images against themselves and then measuring the 
resultant noise by the normalized semivariance. Thus the 
effects of misregistration can be assessed without the compli- 
cating influence of actual changes between images. The plots 
are for images with a spatial resolution of 250 m from two 
dates from seven contrasting areas undergoing major land 
conversions. For further descriptions of the areas, see Town- 
shend and Justice (1988). 
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\\.ith a similar field of \.iew md 3 lwver orl)it the 

swath width of MODIS-N is somewhat smaller 
than the ,4VHRR and hence the frequency of 
imaging by MODIS-X is expected to be slightly 
worse than that of the current i\\:HRR. 

\IODIS-T \xill have an even coarser temporal 

frequency achieving global co\*erage e\‘eq 2 da\s. 
One specific benefit of IIODIS-T for land applica- 
tions relates to its tilting capabilities, which will 
enable estimates of the bidirectional reflectance 

distribution fimction (BRDF) of land cover t\‘pes 
to be made (Bamsley and 14orris, 19901. This 
should substantially increase the quality of land 
cover characterization that is possible (Gerstl and 
Simmer, 1986; Ross and Ylarshak, 19S81. How- 

e\‘er. the lower temporal frequency of the 
MODIS-T instrument, and the need for multiple 
looks at each area, u-ill substantially reduce its 

\salue for regular and comprehensive global moni- 
toring. In addition, some of the narro\v spectral 
bands required for ocean color monitoring \q*ill 
protide useful information on soil color especiall!, 
now that the 1!ODIS-T gain will be adjusted to 
permit the sensing of land surfaces. The .\lulti-.4n- 
gle Imaging Spectra-Radiometer (.\lISRl, another 
candidate instrument for the first EOS platform. 
will also pro\vide data on the BRDF, though its 
characterization \vill be less comprehensive than 
that potentially a\.ailable from SIODIS-T (Barns- 
ley and 54orris, 1990). 

One particularly important agent of land cover 
change is biomass burning. Recent developments 
have demonstrated the use of the .4\‘HRR mid-IR 
channel for fire monitoring Watson and Holben, 
1987; Kaufman et al., 1990). However, the instru- 
ment is severely limited by the low saturation 
level of the detector in relation to the high tem- 
peratures associated with burning. MODIS-N will 
include a mid-IR channel (3.75 nm) along with 
three long-wave IR channels (8.55, 11.03, and 
12.02 nml channels designed specifically for fire 
monitoring and the estimation of fire size (as well 
as the monitoring of other hot objects such as 
volcanoes). 

A further limitation of the \IODI S instrument 
for monitoring land cover will relate, in the first 
instance, to the short length of time o\w xvhich 
observations are made. Detection of many changes 
~-ill initially have to depend on comparisons be- 
tween results derived from MODIS with those 
from other instruments such as the .4\‘HRR. Com- 

bining the results from different instruments, es- 
pc~iall~~ \\.here one instrument has no on-board 
calibration, \\?I1 inevitably raise substantial practi- 

cal problems. 
.4lthough sensor performance impacts strongly 

upon our cap&lit\: to monitor land cover change, 
the \va!’ in w-hich data are subsequently processed 
in the ground segment w?ll also ha\re a major 
impact on the utility of the data. Considerable 
effort is being expended on the definition and 
design of the EOS data and information system 
(e.g., Dutton. 19S9; Billingsley et al., 19S9; Chase. 
19S91. For example, the quality of the data \vilI 
depend on the effectiveness of algorithms for at- 
mospheric correction, and the a\.ailability of global 
digital eIe\yation models for impro\Ted geometric 
correction. Furthermore, a capability, readily to 
bring together data sets from se\*eral different 
sensors, will he needed to fully exploit the syner- 
gistic benefits of data from different parts of the 
spectrum, with different spatial resolutions and 
temporal frequencies. 

CONCLUDING COMMENTS 

There are immediate requirements for reliable 
information on land co\ger at global scales. Tradi- 
tional sources of land cover information ha1.e ma- 
jor limitationsl and contain n-ran!. inconsistencies. 
AS such, it is appropriate to look to remotel>. 
sensed data to pro\.ide such information. Encour- 
aging results ha1.e been obtained at continental 
scales using a global data set derilsed from the 
S0.44’~ .4\-HRR sensor. Despite these results. 
operational provision of global land co\‘er informa- 
tion fill require better data sets in term of spec- 
tral, radiometric. temporal. and spatial properties. 

One of the important future sources of such 
information is expected to be the MODIS-N sen- 
sor of the EOS program. This instrument ~-ill be a 
substantial impro\~ement as a global sensor of land 
co\w compared I\-ith the .4\-HRR in terms of the 
number of spectral bands, their location, calibra- 
tion, spi\tial resolution, and geometric registration. 
.4dditional spectral bands will permit impro\wl 
atmospheric correction. Howe\,er, the instrument 
\vill be no better in terms of the total swath \vidth 
and the frequency of imaging. Following the plx- 
ing of \IODIS-N in orbit in the late 1990s it it 
ine\.itable that longer term comparisons \vill ha\x, 



to rely on data from earlier sensors such as the 
.i\‘HRR. Obtaining consistent results behveen 
these different sensors uill he an essential, if 
difficult, process for the longer term monitoring of 
land co\.er. 

The res~wrc~~ reported ill this ~Ju,Jcr u’os 1JuJ-t1!1 SIIIJ~JOJ-~C~ III/ 

.v.is.A Utl&r g:rU,lt WJJlh-T .\‘;\c:-.j%?, 
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