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The Impact of Misregistration Upon Composited
Wide Field of View Satellite Data and Implications
for Change Detection

David P. Roy

Abstract—Composited wide field of view satellite data are used of biophysical data to parameterize and validate models [10],
for many applications and_increasingly for studies of global change. [11].
Although several compositing schemes have been suggested, all as- Applications utilizing multitemporal, remotely sensed data

sume perfect geometric registration, which is not operationally fea- . . .
sible. In this study, models of the satellite imaging, geometric reg- are dependent on the accurate registration of the data into a

istration, and compositing processes are used to investigate the im-COmmon spatial framework. Although previous studies have
pact of misregistration upon the position of high contrast edges investigated the impact of misregistration on classification [12]

found in composited satellite data. Simulations are performed with  and change detection [13], [14], the impact of misregistration
respect to the compositing of advanced very high resolution ra- o composited data has not been studied. Spurious differences

diometer (AVHRR) and moderate resolution imaging spectrora- . . - .
diometer (MODIS) data. Contrast edges are found to be system- &Y be introduced into composited data when the coregistered

atically shifted in maximum and minimum value composites. The Pixels in different orbits are misregistered merely because the
degree of shifting increases with the number of orbits that are com- remotely sensed properties at different locations are composited
posited, the degree of misregistration and the view zenith angle. instead of the properties at the same location in each orbit.
The implications of these findings upon the utility of composited For example, AVHRR data are commonly composited using

satellite data for change detection are discussed. The shifts may . lized diff tation ind NDVI
systematically bias estimates of location and area when composited e maximum normalized difference vegetation index ( )

data are used. They may also cause small and/or fragmented fea-[5]. Ignoring cloud, atmospheric, and bidirectional reflectance
tures, which are evident in individual orbits to disappear in com- effects, the maximum NDVI compositing procedure will
posited data, precluding the ability to map such features or to de- preferentially select at a given location the most vegetated
tect their occurrence under a change detection scheme. orbit (highest NDVI). When coregistered pixels in different
Index Terms—Change detection, compositing, misregistration.  orbits are sensed from different parts of the surface, the max-
imum NDVI compositing procedure will preferentially select
vegetated pixels over spatially adjacent nonvegetated pixels.
This may enlarge the boundaries of vegetation features, cause
IDE FIELD of view polar orbiting sensors such as themall isolated nonvegetated features to shrink or disappear, and
advanced very high resolution radiometer (AVHRRgmooth heterogeneous vegetated/nonvegetated scenes. These
and in the future, the moderate resolution imaging spectrogffects have been observed in maximum NDVI AVHRR com-
diometer (MODIS), provide near daily sensing of the globgosites [15], [16] and reduce their utility for change detection
with appropriate resolutions to support global change studiesid other applications. This study investigates the impact of
The utility of their data is reduced however by cloud and atmenisregistration upon the location of high contrast edges found
spheric contamination [1], by changes in the effective spatial composited wide field of view satellite data. Such features
resolution across the image swath [2], and by variable sensp@aracterize many static and change/no-change boundaries
response caused by angular sensing and illumination variatigesy., burned/unburned, urban/agriculture, forest/nonforest),
combined with the anisotropy of reflectance of most naturahd their precise location is required to quantify many change
surfaces [3] and the atmosphere [4]. Unless these effects arewdnts, particularly those of anthropogenic origin [17]. Rather
interest, they should be removed or reduced prior to comparighan examine satellite data empirically, a modeling approach
of different orbits of data. A practical and commonly uset used so that a range of model parameter values may be
approach is to composite multiple orbits into a single data savestigated that would be difficult to define using satellite
that ideally is composed of cloud-free, atmospherically cledata, normalization of temporal variations caused by changing
pixels sensed close to nadir [5]. Composited data are used densing and surface conditions is not required, and the models
many regional and global scale applications including landay be used in a predictive capacity, for example, to model
cover mapping [6], [7], change detection [8], [9], and derivatioMODIS data which are not yet available.
Compositing procedures are first reviewed followed by illus-
tration of the impact of misregistration on composited AVHRR
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distribution of composited pixel values at fixed locations ovespatial resolution of these images are caused by differences in
a high contrast edge. Shifts in the position of composited catfteir viewing geometry. The August 23 image (middle row) was
trast edges due to misregistration are derived by comparisorsefised with the greatest view zenith angles and therefore has
the expected pixel values found when perfectly registered atie lowest apparent spatial resolution. The NDVI dhdralues
misregistered orbits are composited. Simulations are perforrrez@ inversely proportional because of factors that include latent
with respect to the AVHRR and MODIS sensors varying thieeat transfer through evapotranspiration and because of the
number of orbits composited, the location and viewing georfewer heat capacity and thermal inertia of vegetation compared
etry sensed by each orbit, and the degree of misregistration@that of soil. The Okavango River, running diagonally across
the different orbits. The implications of the simulation resultsach image, is greener and cooler than the surrounding savanna
upon the utility of composited data for change detection are disecause it is mostly covered by papyrus. The lower part of the
cussed. September 14 images (bottom row) are partly obscured by a
smoke plume caused by local biomass burning.

Fig. 2 illustrates maximum NDVI composites (left column)
and maximuml;, composites (right column) made from two,

Compositing procedures are used widely to produce AVHR®ne, and 23 images. The last images used in each compositing
data sets [18], [19] and are used to produce several standggtiod correspond to the images illustrated on corresponding
MODIS land products [20]. Compositing is a form of datagows in Fig. 1. As more images are composited, the width of the
fusion as defined [21]. Compositing procedures either selgdter becomes smaller in the maximufy composites and be-
from colocated pixels in the different orbits of geometricallgomes larger in the maximum NDVI composites. Although the
registered data the pixel that best satisfies some compositingiges were coregistered with no more than one pixel root mean
criteria or combine the different pixel values together. Consquare error, there is more than one pixel difference between the
positing criteria have included the maximum NDVI, maximunwidth of the river in the September 14 images (Fig. 1, bottom
difference in red and near-infrared reflectance, maximuraw)and the maximum value composites produced using 23 im-
thermal radiance, maximum surface temperature, minimurges sensed from August 15 to September 14 (Fig. 2, bottom
red reflectance, minimum scan angle, and combinations fefv). These figures illustrate how the positions of high contrast
these [5], [16], [19], [22]-[24]. Recently, the minimum blueedges such as the sides of the Okavango River, may be altered
reflectance has been suggested for compositing MODIS dpl compositing.
SeaWiFS land surface reflectance data [25]. Compositing
criteria have been developed for burned area change detecl—v SATELLITE IMAGING AND GEOMETRIC REGISTRATION
tion, including the minimum near-infrared reflectance [26], ™
minimum estimated albedo [27], and the maximum minus the Satellite Imaging Model

minimum of a burn scar index [28]. Some of the above criteria The noise free optical imading process mav be modeled as the
have been shown to select AVHRR pixels due to anisotropic : pticalimaging p y

cocpvolution of the scene radiance with the sensor point spread

Il. OVERVIEW OF COMPOSITING PROCEDURES

sensing effects rather than select pixels with reduced cloud gnd . .

atmospheric contamination [23], [29]. Compositing procedur"j}el:!:nc'[Ion (PSF) [32] defmoid

that model the bidirectional reflectance have been developed 9(x) :/ Fla)h(z — @) da 1)
to combine all or most of the coregistered pixels sensed over —oo

the compositing period to estimate a nadir reflectance [3@}here
This latter approach is not considered in this study, although itg(x) optical image (radiance distribution);
is likely to be sensitive to data misregistration for the reasons r(,) scene radiance distribution;

discussed in the introduction. . .
h(z) sensor point spread function.

The sensor PSF is considered a good measure of an imaging
lIl. I LLUSTRATION OF THE IMPACT OF MISREGISTRATION ON  system’s performance. An ideal (physically unobtainable)
ComMPOSITEDAVHRR DATA imaging system would have a PSF that causes no smoothing

The impact of misregistration upon compositing is illustrate@f te scene and can be described by an impulse funéficn

using 23 daily NOAA-11 AVHRR local area coverage imageS€fined .
(1.1 km pixels) sensed over the Okavango River, Botswana. Thes(;) =0 whenz #0 and Iim/ Sx)ydr =1. (2)
images were preprocessed using the Pathfinder Il processing =0 ¢
chain [19] and were resampled by nearest neighbor resampliffge sensor optics, detector, electronic filters, and sensor mo-
with a pixel dimension of 1.1 km. The images were coregision are commonly modeled as a single acquisition PSF by con-
tered with no more than one pixel (1.1 km) root mean squavelving the individual PSF’s of these effects together [33]. The
error using ground control points and a low order polynomialptical image may then be modeled as the convolution of the
mapping function. scene radiance distribution with the acquisition PSF. The mea-
Fig. 1 illustrates NDVI (left column) and apparent surfaceurement made by a detector will be referred to as an observa-
temperature (right column) sensed on three separate ddim and the sensed surface dimensions will be referred to as the
Apparent surface temperaturé; was calculated using the observation dimensions. If linear mixing occurs, then the sensed
split-window technique [31]. The differences in the apparegbntributions of the scene components are directly proportional
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Fig. 1. Three orbits of NDVI (left column) and apparent surface temperature (right column) derived for a common anee8@ B2 km AVHRR pixels sensed
over the Okavango River, Botswana. The data were sensed on August 16 (top), August 23 (middle), and September 14 (bottom) 1989. The mean view zenith ang
for the three orbits are 48(top), 60° (middle), and 47 (bottom).

to their surface area [34]. To simulate linear mixing, the acquiptical image collected at the sensor is digitized and quantized
sition PSF is modeled with a flat response over the observatioto discrete values for electronic storage and transmission. If
dimension as the optical image is sampled at constant intervals then the resul-

1 w tant digital image can be expressed as
_ ) |$| S ~
h(z) =< w 2 (3)
0, otherwise

whereh(z) is the acquisition point spread function given linear gs(x) = Z giAzy + ¢)0(x — iz, — @) (4)
mixing, andw is the observation dimension in theaxis.The oo
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Fig. 2. Three maximum NDVI composites (left column) and three maximum apparent surface temperature composites (right column) produced uging two orb
sensed from August 15 to August 16 (top), nine orbits sensed from August 15 to August 23 (middle), and 23 orbits sensed from August 15 to September 14
(bottom). The data sensed over the same region illustrated in Fig. 1.

where of view whiskbroom sensors such as the AVHRR and MODIS
gs(x) digital image (sampled optical image); sense the surface using a mirror which rotates at a fixed angular
g(z) optical image; rate around an axis parallel to the along track direction of flight.
Az, sample interval; The optical image is then sampled at a constant temporal rate.
Ps sample-scene phage < ¢, < Ax,). This sensing configuration and earth curvature effects cause the

The sample-scene phase describes the position of the sampl@dRR and MODIS observation dimensions and sample in-
and the sample interval defines the digital image pixel dimeterval to increase along scan at greater view zenith angles [2],
sions relative to some surface coordinate system. Wide figR®b]. Similarly, the along-track observation dimensions increase
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at greater view zenith angles but by less than half the along sdeaif the observation dimension. Nearest neighbor resampling
increase. In the along-track direction the sample interval is priray be defined [42] as
marily dependent upon the forward velocity of the sensor and

the angular velocity of the scan mirror which are designed to be 1 Az, < Ax,
constant. The AVHRR and MODIS along-track sample interval r(x) = { - = T < 2 (6)
is approximately constant for the same view zenith angle in con- 0 otherwise

secutive scan lines.
wherer(z) is the nearest neighbor resampling function, and
B. Geometric Registration Model Az, is the digital image pixel dimension in the axis. The

eometrically correct image is computed by sampling the con-

Satellite data production systems conventionally register dﬂnuous resampled image at the centers of each geometrically

ferent orbits of data by geometric correction of each orbit into a . : . ) .
: . correct image pixel (7). The geometrically correct pixel dimen-
common Earth-based coordinate system. Geometric correction . . . .
) ; sions are usually set equal to the nadir observation dimensions
can be considered a two-stage process. First, the sensed obs%p]/ their positions are predefined in a reaular arid
tions are geolocated, and then they are gridded into a predefine P P 9 9

georeferenced grid.

oo

Geolocation may be performed using parametric or nonpara- _ iA
metric approaches [36]. Parametric approaches require informa- 9e(®) i;m gr(ize +e() + gc)
tion concerning the sensing geometry and the sensor exterior X 8(x — iz, — e(x) — b.) @)

orientation parameters (attitude and position) to model the cir-

cumstances that produced the sensed data. Terrain relief infor-

mation is also required to remove relief distortion effects. Nothere

parametric approaches, such as polynomial warping, require thg-(z) ~ geometrically corrected image;

identification of distinct features that have known locations to ¢-(z)  resampled image;

model the spatial relationship between the sensed data and af\z. geometrically correct image pixel dimension;

Earth based coordinate system. Conventionally point-like fea-e(x) geolocation error;

tures termed ground control points (GCP’s) are used [37], [38]. ¢, geometrically correctimage pixel phage< ¢. <
Satellite geolocation has been performed most accurately using Az.).

both approaches where models of the sensing geometry, seng@f geolocation errors will cause the geometrically correct
exterior orientation, and the earth are combined with GCP’s iage to be sampled at incorrect locations. Geolocation er-
reduce model errors and distortions that cannot be modeled &:grs are compounded by resampling artifacts such as nearest
[39]. neighbor resampling shifts, which together reduce the relative

Gridding may be performed efficiently by mapping theegistration accuracy of different orbits of geometrically
predefined coordinates of the geometrically correct imag@rrected satellite data.

pixels into the sensed digital image [40]. The geometrically

correct image pixel values are then interpolated from the Ioc\7l
neighborhood of sensed digital image pixels. This process STATISTICAL MODEL OF THEEFFECTS OFMISREGISTRATION
) " UPON THE LOCATION OF A HIGH CONTRAST EDGE IN

k’?OW” as image resampling, may be conceptualized as sam- CoMPOSITEDWIDE FIELD OF VIEW SATELLITE DATA
pling from a continuous surface interpolated through the sensed

digital image pixel values. The continuous resampled imageThe equations described in Section IV are used to model the

may be defined [41] as imaging and nearest neighbor resampling of an orbit of satellite
data sensed over a high contrast edge. Statistical models are de-
oo veloped that describe the probability distribution of a pixel value
gr(x) = Z gs(tAzxs + ps)r(x —iAzs — ¢s)  (5) inasingle orbit of geometrically correct data and in a minimum
i=—o0 or maximum value composite derived from many orbits of geo-
metrically correct data. Shifts in the position of the composited
where contrast edge due to misregistration are derived by comparison
g-(x) resampled image (continuous) of the expected pixel values found when perfectly registered and
gs(z) digital image (discrete) misregistered orbits are composited.

r(x) resampling function . _
Az,  sample interval (sensed digital image pixel dimerf: Modeling Assumptions
sion) The following assumptions are made for mathematical

s sample-scene phase < ¢, < Ax;) tractability.
Satellite data are usually gridded by nearest neighbor resam-) The radiometric resolution and calibration of the sensor
pling prior to compositing. This is because nearest neighbor re-  are sufficient to allow detection of a high contrast edge
sampling is computationally inexpensive and does not alter the  over many orbits and at different sample-scene phases.
sensed digital image values. However, nearest neighbor resam2) The remotely sensed parameter used to composite the
pling may introduce one-dimensional geometric shiftsuptoone  data mixes linearly.
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Fig. 3. Optical image assuming linear mixing (dashed line), digital image (dots), and nearest neighbor resampled image (solid lines) of ahijmithetic
contrast edge located at= 0 and defined by lowX1 = 100) and high%2 = 200) values of some remotely sensed measure. Nadir (top), off-nadir (middle),
and far off-nadir (bottom) imaging cases are shown where the sampling interval (digital image pixel dimension) is one, two, and three timesibervetthno
dimension, respectively. Sample-scene phases of 0.0, 0.25, and 0.5 the local observation dimension are illustrated.

3) The observations are noise free, cloudless, and uncontdn-Satellite Imaging and Nearest Neighbor Resampling of an
Orbit of Data Sensed over a High Contrast Edge

inated by atmospheric effects.
4) Adjacent observation dimensions are non-overlapping

and spatially contiguous.

tions.

A high contrast edge such as a land—water interface, a

5) The sample interval (sensed digital image pixel dimegoil-vegetation interface, or a burned—unburned vegetation
sion) is equal to the local observation dimension, whichterface is modeled as (8). The feature is defined by low and
is assumed to be constant over several adjacent obseRigh values of a remotely sensed parameter used for maximum

or minimum value compositing such as, for example, NDVI [5]
6) The geolocation errors of different orbits are independe. blue reflectance [25]

These assumptions are not usually met when satellite data are

composited. Linear mixing may not occur for certain land cover

mixtures (i.e., sparse woodland [43] and when certainthermal pa-

kl =<0
f(x):{kQ z>0

(8)

rameters are used to composite the data [44]). Satellite data\sheref(z) is the high contrast edge composed of components
not noise free and the sensing and sampling geometry are cbhandk2 (k2 > k1) is defined by some remotely sensed com-
siderably more complex than are modeled here. In particular, @@siting parameter. Given linear mixing the optical image of the
jacent AVHRR and MODIS observation dimensions overlap bsontrast edge is defined

varying amounts across the sensor field of view [35], [45]. Fur- w

thermore, the geolocation in different orbits may not be indepen- g (97 < —5) =kl

dentas sensor exterior orientation parameters may be temporally w w k2 — k1 k24 k1
correlated over periods of many days [45], [46]. For these rea- 9 (—5 <z < 5) = <T> x+ <T)
sons, the quantitative MODIS and AVHRR simulations results w
described later in this study should be interpreted with care. 9 (95 Z 5) = k2

)
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whereg(z) is the optical image, and is the observation di- contrast edge is defined (12). The misalignment of the satellite
mension in ther axis. The nearest neighbor resampled imagitata is modeled as a shift from the correct position that the data
of the contrast edge is defined (10). Only imaging cases wheaveuld be sensed at if there were no geolocation errors and is

the observation dimension is equal to or an integer multiple ofiaracterized by a geolocation error probability distribution

the nadir observation dimension are modeled

Aa:5> —
2

Az, cz< +Aa:5
N <z
g 2 2

_(R2-k1Y (k142
o Ax, # 2

P@mw:/zz

Azg

—a

P.(z)dz

Azg

z+ 7 —a
Hmmm:/ P.(x) dz

L Aws
—82e g

Plodhma= [, Pl
A Z+ A;S —a
Ts ) _ g Az,
g,,<x>z+ 2>—k2 z=¢s when0 < ¢, < f
A s = — i
2 =¢, wheno< ¢, < 295 z = ¢s — Az, otherwise (12)
z=¢s — Axgs Otherwise (20)
where
where P(gj=0..2)|«=o probability distribution of nearest neighbor
. . ) resampled geometrically corrected pixel
g-(x) nearest neighbor resampled image; values at fixed location — a-
0o sample-_scene phase £ ¢S.<. A.xg)' . . (z) geolocation error probability distribution
Ax, sample interval (sensed digital image pixel dimen- describing the probability of axis geolo-
sion); 5 cation errors;
Az, Wnadir?s o _ Gj—o. 2 possible nearest neighbor resampled pixel
J
wnaaie  Nadir observation dimension; values (11);
i positive integer; bs sample-scene phase € ¢, < Az,);
k1,k2 values either side of the contrast edge > k1). Az, sample interval (sensed digital image pixel
The nearest neighbor resampled image is defined by two or three dimension);
discrete pixel values depending upon the sample-scene phaseAxg Wrdin

Wyadic nadir observation dimension;
go =kl ] positive integer;
(k2K o k14 k2
gL = Az, ) 2
go = k2 D. Probability of a Pixel Value over a High Contrast Edge
Az, Located in a Minimum or Maximum Value Composite
z=4¢s when0 < ¢, < e e . . .
_ If the probability distribution of a sample is identical and in-
z = ¢, — Az, otherwise (11) dependent for successive samples, then the probability distribu-
tions of the minimum and maximum sample values are defined
where by order statistics as
gj=0..2 nearest neighbor resampled pixel values;
bs sample-scene phage < ¢, < Az,); n—1
Pin =n(l-A P
Ax, sample interval (sensed digital image pixel dimen- (9) =n n_(iq)) (9)
sion); max(g) = nA(g)"" P(g)
.. g
A'Ts Whadir?, Whel’eA(g) = / P(g) dg (13)
wpadir NAdir observation dimension; —o0
i positive integer;
k1,k2 values either side of the contrast edge ¢ £1). where
g sample value;
Prin(g) minimum sample value probability distribu-
C. Probability of a Pixel Value over a High Contrast Edge tion;
Located in a Single Orbit of Nearest Neighbor Resampled Prax(9) maximum sample value probability distribu-

Geometrically Correct Data

The probability distribution of a nearest neighbor resampled P(g)
geometrically correct pixel value at a fixed location over the n

tion;
sample value probability distribution;
number of samples.
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Fig. 4. Expected minimum value composited pixel values (solid curve) and expected maximum value composited pixel values (small solid dots) found aft
compositing a single orbit (top row) and two orbits (bottom row) of nearest neighbor resampled satellite data, illustrated for the nadir imsgimywaasethe
top row of Fig. 3. The geolocation error is normally distributed with a mean of zererawlial to one third the nadir observation dimension.

This may be written in discrete form as Substitution of (12) into (14) gives the probability distribution
. of a pixel value at a fixed location over a high contrast edge ina

-— n ; i minimum or maximum value composite. Application of (14) is

Punin(97) = 2% <n — L) (1= Alg;))" Plg;) invalid if the composited pixel values found in each orbit have

- different and/or dependent probability distributions. Although
_ n i n—i independence is assumed, the probability distributions are likely
Pmax i) — . Alg;) — Plg; Plg; i - ) ;
(9,) ; <n — z) (Alg;) (9,))" PA9,) to be different when the observations are sensed with different
N -, view zenith angles and/or sample-scene phases. In these cases,
Where(nﬂ‘) = am—r a4 an exhaustive comparison of the different probability distribu-
J tions must be performed. This is computationally expensive be-
A(gj=0..m) = ZP(gi) (14) cause, alt_hough the order of cgmpositing is qnimport_ant, dif-
i=0 ferent orbits may be sensed with the same view zenith angle
and sample-scene phase. The number of ways that a sample of

where sample value: r elements may be selected from a setfases when the order

i ’ is unimportant and repetition is allowed increases rapidly with
Poin(g)) Minimum sample value probability distribu-T as P P picly

tion;

' . e )

Prax(g;) maximum sample value probability distribu OB (m, 7) = (m+7 ) where

tion; ri(m — 1)!
P = sample value probability distribution; C®(m,r) = r-combination with replacement (15)
(gj=0---m)
m+1 number of unique sample values; For example, modeling eight composited orbits sensed with the

n number of samples. same observation dimensions and with any of ten sample-scene
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Fig. 5. Expected minimum composited pixel values found after compositifgd- 6. Minimum, mean, and maximum shifts in the position of a composited
two orbits of nearest neighbor resampled satellite data over a hypothetical hig@h contrast edge after compositing one to eight misregistered orbits sensed
contrast edge located at = 0. The orbits are modeled as being sensed Wltﬁt nadir. The shifts are calculated for every pOSS|b|e combination of ten
the same nadir observation dimension and with sample-scene phases of 0.C5@ftPle-scene phases when the order is unimportant and repetition is allowed. A
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composited pixel values (solid step), the misregistered expected composkeposited shifts are shown solid. The mean shifts are denoted by triangles.
pixel values (solid curve), and the misregistered expected composited pixel
values rounded to the closest perfectly registered expected values (dashed st-—*
are shown. The vertical lines are drawn for illustrative purposes only.

o ] "
o o
phases requires th&t?(10, 8) = 24 310 sets of eight proba- /./'/
bility distributions must be compared. To similarly model the § ™ | /0/“0/-/”
compositing of 32 orbits requires that more than 350 milliong | e
sets of 32 probability distributions must be compared. ° /c/_/
/

E. Shifts in the Position of a Composited High Contrast Edge
due to Misregistration

Shift (nadir observation dimensi
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Shifts in the position of a composited contrast edge featur
due to misregistration are found by comparison of the expecte =1
pixel values when misregistered and perfectly registered orbii /
are composited. The shifts are derived by frequent comparisc
of these values across the contrast edge. The expected pi.
values at a fixed location in a minimum and maximum value

composite are defined as Fig. 7. Maximum shifts in the position of a composited high contrast edge
after compositing one to 32 misregistered orbits sensed at nadir. The shifts are
m calculated using the conservative approximation (see text for detailsyx A 3
Jmin = Z Pinin (gj)(gj) geolocation error equal to 1.8 the nadir observation dimension is modeled. The
—0 mean shifts (triangles) and the maximum shifts (clear circles) illustrated in Fig. 6
are superimposed for comparative purposes.
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~
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Number of composited orbits

gmax = Z Rnax(gj)(gj) (16) i . .
§=0 edge profiles are derived. The shifts may or may not be
where observed in composited misregistered data depending upon the
- . location of the geometrically correct pixel centers.

Jmin expected minimum sample value;
Jmax expected maximum sample value;
Proin(gj=0..m) minimum sample value probability VI. ILLUSTRATIVE MODELING

distribution; Fig. 3 shows the optical image, the digital image and the
Poax(gj=0..m) maximum sample value probability nearest neighbor resampled image of a hypothetical contrast

distribution; edge. Nadir, off-nadir, and far off-nadir imaging cases are shown
m+1 number of unique sample values. where the observation dimension and sample interval are one,

The expected misregistered pixel values are rounded to tis®, and three times the nadir observation dimension respec-
closest perfectly registered values to enable their comparistinely. In each case the optical image smoothes the contrast edge
Comparisons are performed at intervals of one thousandthaekr the observation dimension. Sample-scene phases of 0.0,
the nadir observation dimension across the contrast edge &b and 0.5 the observation dimension are illustrated. The po-
any shifts between the perfectly registered and misregisteigtion and values of the digital and nearest neighbor resampled
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Orbits

Fig. 8. Maximum shifts in the position of a high contrast edge feature after compositing different numbers of misregistered orbits of nearesesaigples
satellite data. Shifts are calculated assuming the conservative approximation (see text for detail) and are expressed as a fraction of thextiadidiobsesion.
Misregistration errors are defined by a zero-mean normal distribution withear®r expressed in terms of the nadir observation dimension. Each orbit of satellite
data is assumed to be sensed at nadir.

images are controlled by the sample-scene phase. Only wh 1650m (asgme)
the sample-scene phase is zero or equal to half the obsen
tion dimension are the digital image and the resampled imag
values symmetrical about the edge. The geometrically corre:
image is not illustrated but would be defined by all or a subse o +100m (ssigme)
of the nearest neighbor resampled image pixel values dependi _ / —
upon the locations of the geometrically correct pixel centersg _ et
Fig. 3 illustrates how a high contrast edge may be shifted e e 7
a nearest neighbor resampled geometrically correctimage ai o | | .# ssom (3sigme)
how it may be broadened if the observations are sensed atgrea =~ | |/ o e B
view zenith angles. I oostee
Fig. 4 illustrates expected pixel values found after com- ‘7/:? ..... [P UUPS
positing misregistered satellite data sensed at nadir. Tk o/ florert e
expected pixel values found after compositing one and tw 0 0 2 %0 0 50 60
orbits of data are shown. When one orbit is composited th Number of composited orbits
expected values are the same for minimum and maximum value ) o . ) )
compositing. When two orbits are composited the expectF . 9. Maximum shifts in the position of a composited high contrast edge

|
! ] - ] ngtted as a function of the number of composited orbits. Results are shown for
maximum value composited pixel values are shifted towards thegeolocation errors of 550 m, 1100 m, and 1650 m, corresponding to 0.5, 1.0

lower valued side of the edge and the expected minimum valys 1.5 aAVHRR 1.1 km nadir observation dimension, and éqrggolocation

ited pixel val hifted t ds the high | errprs of 450 m and 150 m corresponding to the MODIS geolocation design
cpmp03| ed pixe Va. u.es. are shiite OW(?II’ S e Igher va ugﬁgciﬁcation and operational geolocation goal, respectively. The composited
side of the edge. This is in accordance with previously reportefits are assumed to be sensed at nadir. The conservative approximation is used
observations, for example, that maximum NDVI compositinee text for details).

enlarges vegetation boundaries, and is observed in Fig. 2.

Fig. 5 illustrates how shifts in the position of a contrasitep). The relative degree and direction of shifting is found by
edge due to compositing misregistered data are quantifigdmparison of these edge profiles at intervals of one thousandth
The expected composited pixel values found after minimugy the nadir observation dimension across the contrast edge.

value compositing two perfectly registered orbits of data ang this example shifts of 0.14,-0.06, and 0.40 the nadir
two misregistered versions are illustrated. The two orbits a§gservation dimension are found.

modeled as being sensed with the same nadir observation
dimensions and with different sample-scene phases. The
misregistered expected composited pixel values rounded to
the closest perfectly registered values are shown. The rounde@omputational simulations are performed for a range of typ-
misregistered expected composited pixel values (dashed siep) AVHRR and MODIS geolocation accuracies, compositing
are a shifted version of the perfectly registered values (sofiériods, and for different sample-scene phases and view zenith
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VII. AVHRR AND MODIS SMULATIONS
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Fig. 10. (Top) Maximum; (middle) mean, and (bottom) minimum shifts in the position of a composited high contrast edge after compositing one to eight
misregistered orbits. The shifts are shown for composites produced from observations all sensed with view zenith ahd@sles)) 46 (triangles), 57

(vertical crosses), or 83(diagonal crosses). The shifts are calculated for all the different possible combinations of ten sample-scene phases when the order is
unimportant and repetition is allowed. Ar3yeolocation error equal to 1.8 the sensed observation dimension is modeled.

angles. Each orbit of satellite data is modeled with an identidédn accuracies vary according to the geolocation methodology
and independent normal geolocation error probability distribbut are typically no better than the AVHRR observation dimen-
tion with a mean of zero and a prespecified standard deviatision, although higher accuracies are possible [39], [48]. Lower
(o). Ten sample-scene phases are modeled with phases of @ellocation accuracies may be obtained in regions where there
0.1,0.2,0.3,0.4,0.5,0.6, 0.7, 0.8, and 0.9 the local observate no apparent GCP’s and because of the presence of clouds.
dimension. In this way, a high contrast edge found after colAVHRR GAC values are computed by averaging four out of five
positing orbits sensed with different sample-scene phases ncapsecutive observations for every third LAC scanline. AVHRR
be defined with nearest neighbor values quantized at every te®AC simulations are not performed because of this nonlinear
of the edge pixel value range. Shifts in the position of the edgegixing. Global and continental scale maximum NDVI compos-
corresponding to a tenth of the edge pixel value range may thted data sets have been produced using weekly, ten day, 15 day,
be quantified. and monthly compositing periods [49].
] ] o MODIS acquires earth observations over a field of view of

A. AVHRR and MODIS Spatial Sensing Characteristics  gpproximately 119in 36 spectral bands: 29 with 1 km at nadir

The AVHRR sensor acquires earth observations over a field@servation dimensions, five with 500 m at nadir observation di-
view of approximately 110and is carried onboard the NOAA mensions, and two with 250 m at nadir observation dimensions
satellites with a mean orbital period of 102 min and a repek]. MODIS orbits the earth on the polar orbiting Earth observa-
cycle of approximately nine days [47]. AVHRR data are availion system (EOS) with a mean period of 98.9 min and a repeat
able as local area coverage (LAC) data with a nadir obserwycle of 16 days [50]. The MODIS geolocation design specifica-
tion dimension of approximately 1.1 km and as spatially avefion is 450 m (3) with an operational goal of 150 m43}to be
aged global area coverage (GAC) data. AVHRR LAC geolocachieved after postprocessing using GCP’s [45], [51]. Standard
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MODIS land products are produced with 250 m, 500 m, and :
km pixel dimensions using compositing periods of 8, 16, and 3. ———
days [20].

B. Simulation Results

Fig. 6 illustrates the minimum, mean, and maximum shifts
found after compositing one to eight misregistered orbits:
sensed at nadir. The shifts are calculated for every possib§
combination of the ten sample-scene phases when the orc§
is unimportant and repetition is allowed (15). In general, the®
degree of shifting increases as more orbits are composite . e
The maximum value compositing shifts are predominantly \ /
towards the lower valued side of the feature (the mean an =1
maximum shifts are always negative). Shifts towards the highe : 2 3 4 s 6
valued side of the contrast edge occur only infrequently an. Nomber of composited orits
only when a small n,u_mber of orbits are cqmposﬁed. The,Shlgﬁ). 11. Minimum, mean, and maximum shifts in the position of a composited
are the same for minimum value compositing but occur in th@h contrast edge after compositing one to six misregistered orbits. The solid
opposite direction. Simulation of greater numbers of orbits thépes show summary statistics calculated for all the different possible ways of
those illustrated in Fig. 6 rapidly becomes computationalff eSS na en samne scene phasesand ourvew zentt ngds0sT,
prohibitive. Instead, a computationally efficient approximaines illustrate the shifts found when only far off-nadir (§bservations are
tion is made. Shifts are calculated assuming that for a givepmposited (shown for comparative purposes)sAggolocation error equal to
number of composited orbits all the observations have the sahf!"® Sensed observation dimension is modeled.

sample-scene phase. This is repeated as many times as there . . . .
are different sample-scene phases and the maximum Shif{q\éestlgated. Observations sensed with along scan observation

taken. Fig. 7 illustrates the results of this approximation f(ﬂjmerjsmns_ one, iwo, three, and four imes the nad|r.observa-
minimum or maximum value compositing one to 32 orbits angPn dimension are queled. These correspond.approxmately 0
modeling the ten sample scene-phases. The mean and n%%[é? ?nd AﬁVHER v:evtvhzenlnh ar:gleigf(ﬁn?dlr),l\ﬁgb?g, d
imum shifts shown in Fig. 6 are superimposed for comparati HRR( ak:-o na;_ |r).d_n € along-rac I|rfc_|on, I anth
purposes. It is evident that the approximation is a conservatfy i observation dimensions are only iwice as 1arge as the
estimate of the maximum shift derived by comparison of eve@?d'r observation dimension at the extreme edge of the swath.
sample-scene phase combination onsequently, the shifts calculated for thé BAd 63 imaging

Fig. 8 illustrates the maximum shifts calculated for a rangc«t-f"Ses will not.oc.:cur in the a]ong-trgck direction. Fig. .10 shows
of geolocation errors and compositing periods assuming t |ymmary statistics of the shifts derived when composited obser-

all the observations are sensed at nadir. The computationé’ lons are sensed with the sarﬁe415°_,5_7°, or 63’ view zenith .
efficient modeling approach is used so that the results gle. Fig. 11 shows summary statistics calculated for the dif-

conservative estimates. The degree of shifting is a linegy &Nt possiblg ways of cqmpositing the fgur view zenith angle
function of the geolocation error and is related to the numb&FSES: The shifts are derived by comparison of every possible

of composited orbits in an inverse exponential manner. Fig.Cmem"’ltlon of the ten sample-scene phases when the order is

illustrates these results in the context of AVHRR and MODIgnimportant and repetition is allowed (15). In Fig. 10 the shifts

data. Operational AVHRR geolocation accuracies are typical somafce_d W't_h non-_nadlr 'maging follqw the same pe_lttern as
no better than plus or minus the nadir observation dimensidh® nadir imaging shifts but are proportionally greater in mag-

Equating this with a 1100 ma3geolocation error implies that nifude according to the relative observation dimensions. For ex-

high contrast edges may be shifted by approximately 550 Ehmple’ if. the misregistered observati_ons are se_nsed with 63
and by 740 m in AVHRR composites produced using ten aVEw zen|_th angles then the observation dimensions and §h|fts
32 nadir observations, respectively. By comparison shifie four times greater than when the same number of nadir ob-
of approximately 225 m and 300 m occur after comp’ositinéervations are composited. The maximum shifts illustrated in

ten and 32 MODIS observations geolocated to the MoD[29- 11 are even greater and occur when the composited obser-

design specification (450 m¢3. These shifts decrease by avations.are sensed ‘T"t nadirf@nd far off-nadir (63)'. These
ults imply that shifts of more than four and two times those

factor of three if the observations are geolocated to the MOD} 0 . .
operational goal (150 m,. This finding implies that the |I$jstrated in Figs. 8 and 9 may occur in composited AVHRR

MODIS 250 m and 500 m observations should be geolocathiMOD'S data in the along scan and along-track directions re-

to the MODIS operational goal before they can be used fgpectlvely.
reliable pixel-level change detection.

Except near the poles, the surface sensed by wide field of
view polar orbiting sensors is sensed with different view zenith The findings of this paper have implications for change detec-
angles over the sensor repeat cycle. To simulate more realisitbm capabilities when composited data are used. Before consid-
compositing the shifts found when misregistered observatioesng these, detection limitations imposed by the properties of
are sensed with the same and different view zenith angles #re sensing system are considered for different types of change.

servation dimension}

VIII. | MPLICATIONS FOR CHANGE DETECTION
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Fig. 12. Types of spatial change and the impact of misregistration errors upon minimum and maximum value composites.

Change processes introduce or move boundaries in remoféhjs paper has shown that high contrast boundaries may be
sensed data except when they cause a uniform increase orsiéfted when misregistered data are composited. Because these
crease in the emitted or reflected radiation. Detection of changgsfts are systematically towards the lower or higher valued side
in the location of high contrast boundaries is limited primarilpfthe boundary they may exaggerate, reverse, or obscure change
by the precision of geometric registration if the boundaries apienomena. Sub-pixel boundary location may also be less ac-
straight and separate regions that are large relative to the pixetate because adjacent pixels may have been selected from dif-
size [17]. Changes manifested by such boundaries are oftenf@nent images sensed over the compositing period [24].
thropogenic, e.g., forest clear-cutting, agricultural cropping, or The ability to detect changes in high contrast boundary
urban development. Boundaries that are not straight and/or tloiations using composited data is dependent upon the com-
separate regions that are small relative to the pixel size cannoplositing criterion and the relative directions of the change
easily located to subpixel accuracy. Consequently, their charayal any misregistration errors. This is illustrated in Fig 12.
detection is limited by both the spatial resolution (acquisitioBhanges that occur within a compositing period are obscured
point spread function) and the geometric registration precisidrthe compositing procedure preferentially selects unchanged
[17]. These types of change are manifested by many natuoger changed pixels. If the misregistration error is in the same
processes that occur under heterogeneous environmental abrection as the change [Fig. 12(a)], then the change will
ditions, for example, vegetation growth and senescence, act@tner be exaggerated by the misregistration error or will be
of insects, fire, and grazing. Detection of changes that have olascured depending upon the compositing criterion. If the
spatial variation, e.g. growth of homogeneous vegetation cawisregistration error is in the opposite direction to the change
ering many pixels, is limited by the radiometric sensitivity ofFig. 12(b)] then the change will be detected successfully or,
the sensing system [17]. When composited data are used chahdlee misregistration error is greater than twice the change
detection capabilities may be reduced by additional limitationsiagnitude, the change direction reversed. Similar constraints
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impact the ability to detect changes in features bounded bgd shorter compositing periods will cause the least amount of
more than one high contrast boundary [Fig. 12(c) and (djhifting. The findings of this study imply that the widely used
Changes of this sort include growth or shrinkage of point-likemaximum NDVI compositing procedure may be particularly
and irregularly shaped features (e.g., overgrazing around a vgghsitive to data misregistration as maximum NDVI compositing
in semi-arid topical grasslands, development of burned arehgp been shown to preferentially select off-nadir observations
and changes in the small-axis dimension of linear features (e[g9], [52]. The results also imply that composited global data sets
certain types of forest clearance associated with agriculturaly contain larger misregistration impacts further polewards as
development). If the feature boundaries change in opposimmpre observations of the surface occur per day.
directions then the change will either be exaggerated by theThe AVHRR and MODIS simulation results may be used
misregistration error or will be obscured. Features that at@infer the approximate geometric registration accuracy, view
evident in individual orbits may disappear in composited darenith angle threshold, and number of orbits required to pro-
if the magnitude and direction of the misregistration erratuce composites suitable for change detection and other appli-
is greater than the feature’s small-axis dimension. This magtions where shifts in the position of distinct features should be
preclude the detection of small and fragmented features améhimized. Further research is required, however, before a rig-
imposes a lower size limit on change detection capabilitiesous assessment of the optimal mix of these parameters may be
commensurate with twice the misregistration error. made. This research should include models of the likely cloud
The effects described above may significantly bias area estird atmospheric contamination, the rates of change of the ter-
mates made from composited satellite data and may be propestrial features of interest, and more specific modeling of the
gated into rates of change of location and area estimated freensor imaging characteristics than described in this study. In
time series of composited data. These biases may have segemeral, it is recommended that efforts are made to improve the
implications for applications that utilize such estimates. For egeometric registration accuracy and that high view zenith angle
ample, the area of biomass burned may be estimated from carhservations are rejected before reducing the number of com-
posited data and is an important variable required to estimgiasited orbits. This is because the compositing period should
trace gas and particulate emissions [27], [28]. be sufficiently long to ensure selection of near-nadir, cloud free,
atmospherically uncontaminated observations [5]. If the geo-
metric registration accuracy can be improved, for example, by
use of ground control points, then the cost-benefit of different

The impact of misregistration upon compositing has been ilgvels of geometric improvement can be inferred by examina-
Vestigated using one-dimensional (]_-D) models of the Sate”ﬁ@n of the results described in this StUdy. Slmllarly, the benefits
imaging and geometric registration processes for a heterogérejecting high view zenith angles may be assessed against fac-
neous scene modeled by a high contrast edge such as a @hgisuch as the reduction in the sensed area. Another approach
cover interface. The position of such features has been showfageduce the impact of misregistration on composited data is
be shifted towards the lower and higher valued side of the fd@-composite observations sensed by independent satellite sys-
ture in maximum and minimum value Composites respective‘]?ms. Using different satellite data would increase the number
when misregistered data are composited. Because the shiftstdrebservations of the surface and provide the opportunity to
non-random they may systematically bias assessments megigct poorly geolocated orbits and observations sensed at high
using composited data at local and global scales. The shifts ¥i@wV zenith angles. This approach has particular potential for the
likely to bias estimates of location and area. They may al&4ODIS instrument scheduled for launch onboard two satellites
cause small and/or fragmented features that are evident in@provide morning and evening global observations in 2000 and
dividual orbits to disappear in composited data precluding t&é&ernoon and night observations in 2001.
ability to map such features or to detect their occurrence under
a change detection scheme. When composited data are used for ACKNOWLEDGMENT

change detection the requirement for accurate geometric regisrne author wishes to thank L. Giglio, R. Wolfe, X. Zhan, and
tr.at|on is h|gher than that required for the registration of indi; Townshend for helpful comments on this manuscript.
vidual satellite images e.qg., [13], [14].
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