


Authors
Suming Jin, Limin Yang, Patrick Danielson, Collin Homer, Joyce Fry, and George Xian

This article is available at DigitalCommons@University of Nebraska - Lincoln: https://digitalcommons.unl.edu/
usgsstaffpub/711









S. Jin et al. / Remote Sensing of Environment 132 (2013) 159-175 161

commission and omission errors in detecting land cover changes over
different regions with a variety of landscapes. Hence, for spectral
change detection, the NLCD 2006 adopted the MIICA method as the
operational procedure (Fry et al., 2011) considering the major im-
provements beyond the CV-based approach reported in Xian and
Homer (2009).

In early 2011, the MRLC initiated a research and development
phase for the production of NLCD 2011. A new strategy for NLCD
2011 change detection has been developed by incorporating lessons
learned from the NLCD 2006 production. The new change detection
strategy employs spectral-based change detection algorithms to ex-
tract change information from multitemporal and multispectral re-
motely sensed data, including MIICA and another novel change
method called Zone. In addition, the new strategy also includes a
knowledge-based system that provides critical information on land
cover status and trends and the likelihood of land cover change. For
each Landsat path and row, implementation of the new strategy
uses two image pairs for spectral change analysis in order to reduce
commission and omission errors caused by seasonal and phenology
changes. It is noted that the output of this new spectral change detec-
tion approach is not equivalent to the NLCD 2011 final land cover
change product. Instead, it is one of the intermediate products of
the NLCD 2011 that provides critical and rich information on location
and magnitude of potential change areas and serves as the basis for
characterizing land cover changes for the nation.

3. Methods
3.1. Overview of the comprehensive change detection method (CCDM)

The CCDM (Fig. 1) includes three major components: MIICA (see
Section 3.2), Zone (Section 3.3), and Combination (Section 3.4) of
change results from two Landsat image pairs. The MIICA is a change
detection method that uses four spectral indices to capture a full
range of land cover disturbance and land cover change patterns be-
tween two dates. Zone is a change detection method that is specifical-
ly designed to detect the changes related to forest such as forest
regeneration, forest fire, and forest harvest. Zone is a supplementary
change detection method for MIICA, especially for regions where fre-
quent forest disturbance happens, because Zone is more sensitive to
detecting subtle changes. Both MIICA and Zone will each generate a
change map with two change classes: Biomass Increase (BI) and Bio-
mass Decrease (BD). Because MIICA and Zone will be applied to each
of the two image pairs, a combination strategy is developed to inte-
grate the change results of the two pairs based on a set of logical
rules to reduce commission and omission errors at the same time.

Fig. 1. Flowchart of general change detection strategy in the study.

The CCDM procedures are implemented by mappers for each and
every WRS path/row within U.S. in a consistent way.

As indicated in Fig. 1, two image pairs of circa 2006 and circa 2011,
ideally one leaf-on pair and one leaf-off pair, are selected for each
path/row. All the images are preprocessed following the MRLC 2001
protocol (Chander et al., 2009). Image pairs are geometrically
corrected and converted to top-of-atmosphere reflectance. The top-
of-atmosphere reflectance for all six reflective bands (bands 1-5, 7)
is multiplied by 400 to rescale the data into unsigned 8-bit range.
Clouds and their shadows are masked out for each individual Landsat
image.

3.2. Multi-Index Integrated Change Analysis (MIICA)

The MIICA (Fig. 2) has been developed to capture a full range of land
cover disturbance and potential land cover change patterns, including
both change spatial location and change direction (BI and BD). Recog-
nizing the complementary nature of the multiple spectral indices in
detecting different land cover changes, we integrated four indices into
the MIICA model to more accurately detect true land cover changes be-
tween two dates. The four indices are the differenced Normalized Burn
Ratio (dNBR), the differenced Normalized Difference Vegetation Index
(dNDVI), the Change Vector (CV), and a new index called the Relative
Change Vector Maximum (RCVMAX) (Egs. (1)-(4)).

dNBR = (By4_B;7)/(B14 + By7)_ (Bys_By7)/(Bos + Byy) (1)
dNDVI = (B;,_B13)/(B14 + Bi3) _ (Bys_By3)/(Byy + By3) (2)
CV = ¥ .(B;;—By)? 3)
RCVMAX = Zih(B]i—BZi) / max(Bmle-)zi (4)

where By; (i=1...5, 7) denotes the ith band of the early date Landsat
image, B,; (i=1...5, 7) means the ith band of the late date Landsat
image, and max(B1i, B2i) means the maximum value of By; and By;.
These four indices complement each other. The CV captures the
absolute value of total spectral change between two dates and likely
shows the general change pattern (i.e., higher CV value reflects larger
spectral change which indicates a higher possibility of change in land

Fig. 2. The flowchart of the MIICA model.
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cover type), yet the magnitude of CV is heavily affected by the land
cover and land use types. For example, agriculture lands tend to be
highlighted using CV alone due to distinct seasonal and phenology
changes and frequent crop rotations even though the land use re-
mains unchanged; in contrast, change of water tends to be difficult
to detect by CV because of the low spectral reflectance of water. The
RCVMAX measures the relative total spectral change between two
dates. RCVMAX can quantify the magnitude of relative change and
shows a general change pattern. A greater RCVMAX indicates a higher
possibility of change. For example, it can detect changes that occurred
at water boundaries very well. However, both RCVMAX and CV can gen-
erate some noise (false changes) because of the impacts by terrain,
atmosphere, and phenology and may not be optimal for detecting cer-
tain types of disturbances; neither will provide information on change
direction. Because of the limitation, two other commonly used spectral
indices, NBR and NDVI, are adopted to complement the CV and
RCVMAX. The NBR has been widely used for monitoring fire distur-
bance, and NDVI is used for monitoring vegetation condition and
vigor. Both NBR and NDVI are less sensitive to topographic and radio-
metric effects than individual bands because they are ratios of spectral
bands. Both indices are believed to be associated with some important
biophysical parameters and are more sensitive to forest regeneration
and disturbances such as forest harvest and forest fire. The differences
between two date NBR and NDVI (i.e., ANBR and dNDVI) will indicate
not only the change magnitude but also the change direction. A greater
positive value indicates a higher possibility of biomass decrease (i.e.,
lower greenness in a later date image) and a greater negative value in-
dicates a higher possibility of biomass increase (i.e., higher greenness in
a later date image).

Here, a multi-index threshold approach (i.e., MIICA) was devel-
oped to define pixels of either BI or BD by simultaneously examine
the multiple thresholds as determined by the magnitude of each
change index described in Egs. (1)-(4). The use of multiple thresh-
olds is necessary to examine the consensus of change determined
by all spectral change indices. The MIICA model calculates global
means and standard deviations for dNBR, dNDVI, CV, and RCVMAX,
then sorts each index into several ranks/classes according to the spec-
tral distance from their global means using the standard deviation as
a measure unit. Next, a set of specific thresholds for the four indices
and integration rules are used to determine the change location and
direction between the time periods. For this study, the thresholds
are determined empirically through a comprehensive test in areas
with diverse land cover and land use types within the conterminous
UsS.

Within the MIICA model, the integration rules (i.e. conditional state-
ments) are designed to take advantage of the strength from each index
with the goal of minimizing the omission error in detecting real land
cover changes while limiting the commission error. For example, one
integration rule requires CV be greater than its global mean, RCVMAX
be greater than its global mean plus 0.75 times its global standard devi-
ation, and dNDVI be less than its global mean minus 0.5 times its global
standard deviation to label a pixel as Bl class. Another example of the in-
tegration rule to labels a pixel as Bl is that if the pixel's CV is greater than
its global mean, RCVMAX is greater than its global mean plus 3.0 times
its global standard deviation, and dNDVI is less than its global mean.

3.3. Zone of dNBR and dNDVI change detection method

The ultimate goal of MIICA model is to capture a full range of land
cover disturbance patterns to update the land cover and land use con-
dition. However, in its current form, the MIICA may fail to capture
subtle or gradual change such as forest regeneration, especially for re-
gions with a fast forest succession. As a result, it can miss partially or
entirely some changed patches. To compensate for the weakness of
the MIICA, a Zone method is introduced by using dNBR and dNDVI
only. The dNBR and dNDVI are not only sensitive to the magnitude

of the related forest change but also to the direction of the change,
and both indices reflect those changes for forest in the same system-
atic way, which is not always the case for agricultural lands and
water. We used these characteristics and developed a model, called
“Zone,” to strengthen mapping forest regeneration and disturbances
including forest harvest, forest fire, and other agent that may lead to
land cover conversion from the forestland.

To implement the Zone model (Fig. 3), we divide dNBR (and
dNDVI) into four zones according to its magnitude (standard devia-
tion from mean) and direction (positive or negative deviation from
mean). The four zones are: 1) pixels with biomass decrease and the
dNDVI (or dNBR) exceeds its mean and is less than its mean plus
0.5 standard deviation, 2) pixels with biomass increase and the
dNDVI (or dNBR) is less than or equal to its mean and greater than
its mean minus 0.5 standard deviation, 3) pixels with biomass de-
crease and the dNDVI (or dNBR) exceeds its mean plus 0.5 standard
deviation, and 4) pixels with biomass increase and the dNDVI (or
dNBR) is less than its mean plus 0.5 standard deviation. The zones
from dNBR and dNDVI are then combined to obtain an image with a
total of 16 zones. We then designate the zone with high-order magni-
tude and the same positive direction from both dNBR and dNDVI as
BD class (i.e., zone 44) and the zone with high-order magnitude and
the same negative direction from both dNBR and dNDVI as BI class
(i.e., zone 33).

3.4. Combination of change outputs

3.4.1. Knowledge-based combination

As discussed in Sections 3.2 & 3.3, for each Landsat path/row foot-
print, four change maps from two image pairs are generated by the
MIICA and Zone models. This section addresses the issue of how to com-
bine those changes to obtain a reasonable change map without intro-
ducing large commission errors while minimizing omission errors.

Fig. 4 shows a flowchart for the combination procedure. During
the combination process, we stratified land cover types into “stable”
and “dynamic” groups based on the prior knowledge of land cover
land use change history to assist reasonable integration. Some spec-
tral changes shown in stable group are likely associated with phenol-
ogy or seasonal change, but unlikely the true land cover change if the
spectral change is identified by only one change pair. In contrast,
spectral changes shown in dynamic group are likely to reflect true
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Fig. 3. The flowchart of Zone model.
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land cover change if the change is identified by either change pair.
Therefore, two general rules are created for different cases based on
land cover types (group). The general rule “AND,” which requires both
change pairs to agree (as changes), will be used for combining changes
for the “stable” group (likely phenology and seasonal changes) to min-
imize commission errors. The general rule “OR,” which counts a pixel as
a change if change is detected from either pair, will be used for combin-
ing changes for the “dynamic” group (likely true land cover change) to
minimize omission errors. When “OR” is applied, the change direction is
determined by the early-date change pair first, then by the late-date
change pair. Here, the early date is determined by the images of circa
2006.

We use NLCD 2006 to categorize the land cover into the above two
groups. The “dynamic” group includes forests, shrub, herbaceous, and
woody wetlands, and the “stable” group includes the rest of the land
cover classes. For some regions, especially the western United States,
there are large areas of persistent herbaceous and shrub classes rather
than the intermediate successional stage of forests seen in the eastern
United States. These two persistent herbaceous and shrub classes are
likely to experience phenology or seasonal changes but unlikely to
have true land cover changes; therefore, they are more appropriately
included in the “stable” group. To define this particular group, we add
NLCD 2001 in addition to NLCD 2006 to create a mask of persistent
herbaceous and shrub classes. The herbaceous and shrub areas
where both NLCD 2001 and NLCD 2006 agree are counted as persis-
tent herbaceous and shrub classes. For change analysis in many
areas in the western United States, we recommend to use this revised
category.

As mentioned in Section 3.3 that the Zone model was particularly
designed for forest-related change as a complementary method for
MIICA, therefore we use the “dynamic” group to create a thematic
mask to derive changes for related forest classes. We also mentioned
in Section 3.3 that the Zone method is sensitive to subtle change and
especially suitable for area with fast-growing vegetation; therefore,
change results from the Zone model are strongly recommended to
be combined with MIICA change map for those regions, e.g. for the
southeastern United States. Users have the option not to use Zone
according to the condition of each study area.

3.4.2. Trajectory-based combination

3.4.2.1. Combination rule. Logical trajectory information, in addition to
land cover condition, is another natural choice to be employed to as-
sist reasonable integration for change detection (Fig. 5). Commission
errors in change detection can be further reduced by the logical anal-
yses using the trajectory information. For example, if a pixel was cor-
rectly classified as forest type in NLCD 2006 and identified as BI class
between 2006 and 2011, it is likely that the land cover type of the
pixel should remain as forest for NLCD 2011. However, this is based
on the assumption that the land cover label from NLCD 2006 is

correct, which may or may not be always true. To ensure that we
did not omit real change due to a possible labeling error in NLCD
2006 (base error), we introduced a concept using the Normalized
Spectral Distance (NSD) to identify the potential base error from
NLCD 2006. The NSD represents the spectral distance of each Landsat
pixel to the mean spectral signature of a land cover type it belongs to
(see Section 3.4.2.2 for detail). Specifically, for a given forest pixel that
has been identified as BI from 2006 to 2011, only when it is highly un-
likely to be mislabeled in NLCD 2006 (i.e., both NSDs from two
Landsat images of circa 2006 are lower than a set of threshold), we
then apply the logical trajectory information and convert the pixel
from the change class back to no-change class. The same rule is ap-
plied to the woody-wetland class. For the persistent herbaceous and
shrub classes in the western United States, most spectral changes
are likely to be caused by phenology and weather, which is not neces-
sarily related to real land cover change. In this case, we use not only
two NSDs from 2006 to ensure that no base error from NLCD 2006
is involved but also two NSDs from 2011 to further confirm that
those areas can still be reasonable classified as herbaceous or shrub
classes in 2011. Four NSDs are used to remove spurious changes relat-
ed to persistent herbaceous and shrub in the western United States. A
final maximum potential spectral change map is produced after the
trajectory-based combination for a Landsat path/row and to be used
for the NLCD 2011 second stage (classification) process.

3.4.2.2. Normalized Spectral Distance (NSD). NSD represents the spec-
tral distance of each Landsat pixel to the mean spectral signature of
a land cover type it belongs to (Eq. (5)):

NSD = ¥ [(Bi—tie) /03] (5)

where i is band number, c is the land cover type, B; is the ith band of
Landsat image, and . and 0. are the mean and standard deviation of
the ith band of the Landsat image over the c land cover type area,
respectively.

The concept of NSD is the same as Z-statistic. Z-statistic compares
the pixel's actual spectral value with the “expected” value. All pixels
belong to a particular class are collected to determine the expected
average spectral response and standard deviation of the class. We
used NLCD 2006 to segregate a circa 2006 Landsat image into distinct
class zones. A high NSD will occur when a pixel appears very different
from the class average and is, therefore, highly likely to have been
classified wrong. The NSD is used to identify potential/suspicious
base error of NLCD 2006.

3.5. Accuracy assessment method

To evaluate the output of the maximum potential spectral change
map derived from the CCDM process, an accuracy assessment was
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Fig. 4. The flowchart of the knowledge-based combination of change maps derived from the MIICA and Zone methods.
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Fig. 5. The flowchart of trajectory-based combination.

conducted including a statistical sampling procedure, an interpretation
protocol for selected samples, and computation of accuracy parameters.

An equalized random sampling procedure was applied to obtain
samples for the assessment, in which two strata (change and no-
change) were formed. Fifty sample units (3 by 3 Landsat pixel kernel)
were randomly drawn from each stratum and used to assess the qual-
ity of the change detection results. For each sample unit, visual inter-
pretation by two trained persons was conducted by examining 2006
and 2011 Landsat images and corresponding high resolution images
(from Google Earth and United States Department of Agriculture Na-
tional Agriculture Imagery Program images) to determine if land
cover had changed from 2006 to 2011. Our protocol for assessing
the change and no-change accuracy of the change product is based
on change of land cover type rather than the spectral change. There-
fore, a change sample can be counted as correct only when actual land
cover type change occurs. In some cases, the difference in image ac-
quisition time and year between high-resolution and Landsat images
can affect the decision for labeling the land cover of the sample unit.
In such cases, interpretation from the Landsat images was used as the
primary source to determine the final land cover label for that sample.

The results from the sampling and interpretation process provide
a complete reference dataset for accuracy assessment. This reference
dataset was then used to compute the accuracy parameters for each
of the two study areas.

4. Application of the CCDM and results
4.1. Study area, data, and general procedures for change detection

To demonstrate the performance of the comprehensive change
detection method, we showcase the results from two Landsat path/
rows (p22r39 and p33r33), which are different in landscapes and rep-
resent the two different yet complete set scenarios (i.e. decision
rules) designed in the CCDM. The first Landsat path/row (22/39) is lo-
cated in Louisiana and Mississippi (Fig. 6), and the center coordinates
of the scene are 30° 17’ 42.48” N and 90° 08’ 43.50” W. According to
NLCD 2006, the area is dominated by woody wetlands (23.56%), open
water (20.46%), and evergreen forest (13.05%). Agriculture, urban,
shrub, and herbaceous account for 10.33%, 8.20%, 8.07%, and 2.82%
of the area, respectively. Forest vegetation in this area often experi-
ences fast growth with a short harvest cycle because of high temper-
ature and humidity during most of the year. For this path/row, Zone
change detection results in addition to MIICA were combined to de-
rive the maximum potential spectral change map.

The second Landsat path/row (p33r33) is located in Colorado. The
center coordinates of the image are 38° 53’ 52.47” N and 104° 39’
58.55” W. The area is dominated by herbaceous (53.71%), evergreen
forest (20.93%), and shrub (10.82%). Urban, agriculture, wetland,
and water account for 6.57%, 4.34%, 1.43%, and 0.31% of the area,

respectively. The majority of herbaceous and shrub are persistent
late successional vegetation rather than early succession stage of the
forests. The forests experience slow growth and the main disturbance
of the forests is from wildland fire without much forest harvesting ac-
tivity. Vegetation phenology can vary significantly from year to year
depending on temperature and precipitation. Hence, for this area, re-
sults from Zone were not used to compensate for the MIICA results,
and four NSDs were used to assist in reducing commission errors.

4.2. Change detection results

4.2.1. Landsat Path22/Row39

The two Landsat image pairs selected for p22r39 were acquired on
2005/02/11 vs. 2009/02/06, and on 2006/10/28 vs. 2010/11/08. Fig. 7
shows the intermediate and final results from the comprehensive
change detection methodology for the subset-1 area, which is domi-
nated by forests and woody wetland. Specifically, Fig. 7 comprises
two Landsat change pairs, four indices calculated from each change
pair, two MIICA and two Zone change maps, NLCD 2006, NSDs, and
combined change maps. Forest related changes, such as forest harvest
and regrowth, are the primary changes that occurred between the
two time periods for the subset-1 area. CV and RCVMAX characterize
change magnitude in one direction, i.e. a higher value indicates larger
spectral change and, therefore, a higher possibility of change. Both CV
and RCVMAX highlight the general change pattern, and RCVMAX
seems to show the related forest change more apparently than CV.
Both dNBR and dNDVI demonstrate a very similar change pattern
and show both magnitude and direction of change (high value for
BD and low value for BI).

Because a large proportion of forest harvest occurred between
2005/02/11 and 2006/10/28, the MIICA and Zone change map of the
early-date pair shows the opposite change direction to the change de-
rived from the late-date pair for those change areas (Fig. 7). For the
same area, BD seems to be more readily captured than Bl because the
change magnitude of BD is larger than Bl For those gradual forest
changes, the Zone model captures the change patches more completely
than the MIICA. Therefore, the related forest changes from the Zone
model are integrated with MIICA results to reduce omission errors for
this Landsat scene. The land cover from NLCD 2006 matches the Landsat
image of 2005/02/11 better than the Landsat image of 2006/10/28 for
this subset area, which is indicated by NSD. NSD of the 2006/10/28
image shows that several big patches are not likely to be in forest
stage, which can be interpreted from the two Landsat images of circa
2006 (areas harvested in between 2005/02/11 and 2006/10/28). We
noted that NLCD 2006 for the path/row p22r39 was derived using an
image acquired between 2005/02/11 and 2006/10/28. The final maxi-
mum spectral change map (combined_2MIICA_2Zone_2NSD) removes
the majority of white pixels (i.e., forest in 2006 and biomass increase
during the period) from the change map of combined_2MIICA_2Zone,
because the combined NSD does not identify those pixels as being likely
misclassified.

The subset-2 area (Fig. 8) demonstrates the change-detection
method and procedures for a landscape mixed with forest, woody
wetland, and agricultural land cover types. MIICA and Zone capture
changes that occurred in forest and woody wetland areas pretty
well and show a similar pattern; however, the change patches
detected by Zone are slightly fuller than the changes patches from
MIICA. The early-date and late-date pairs show different change pat-
terns and compensate for each other. For example, the BD patch in
the lower-left corner is detected in the early-date pair but missed in
the late-date pair, and a sliver of BD change of woody wetland
(left-center) is missed in the early-date pair but picked up as BI in
the late-date pair. Using the “OR” combination rule for forest area,
the omission error was reduced by combining two change outputs
from the MIICA. For agricultural lands that likely have large spectral
change but not real land cover change, use of “AND” combination
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Fig. 6. Locations of p22r39 and p33r33 with NLCD 2006 shown for the two path/rows. Three red boxes in p22r39 indicate three subsets that were selected for demonstration in
Figs. 7-10. The first subset is the box with a red center, the second one is the box with a yellow center, and the third one is the box with a green center. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

rule reduced commission error by combining two outputs from the
MIICA. There are two big white patches (forest or woody wetland in
2006 and biomass increase during the time period) in the change map
of Combined_2MIICA_2Zone. One (upper-left corner of the subset-2)
is removed and the other one (lower-left) is kept through the NSD inte-
gration procedure because NSD only identifies the lower-left patch as
most likely being misclassified in NLCD 2006 but not the upper-left
one (classified as woody wetland in NLCD 2006). Fig. 9 shows the tran-
sitional change for these two patches using aerial photos from the Goo-
gle Earth. Both patches experienced BI change between 2006 and 2010;
however, the upper-left patch was harvested before 2005 and the
lower-left patch was harvested between 2005 and 2006. NSD was not
able to distinguish the upper-left patch possibly because the vegetation
grew back a little after harvest and the woody wetland class has a wide
spectral range.

The subset-3 area (Fig. 10) is mainly composed of cultivated crops,
water, woody wetland, and urban. Agriculture areas are likely to be
identified as change because of large spectral change due to crop ro-
tation, irrigation, and seasonality. Each MIICA captures those appar-
ent spectral changes on agriculture lands, and those spurious land
cover change pixels are greatly reduced after the combination of the
two MIICA outputs. CV is not sensitive to water turbidity and has a

low value for water bodies, which helps in identifying the water
boundary, while RCVMAX shows a large variation within water bod-
ies. Water boundary change is kept but the woody wetland change
due to variation in moisture is removed through the NSD integration
step.

4.2.2. Landsat Path33/Row33

The two Landsat image pairs selected for p33r33 were acquired on
2005/10/22 vs. 2011/10/23, and on 2007/09/26 vs. 2011/08/20. Fig. 11
shows the intermediate and final results from the comprehensive
change detection methodology for a subset area, which is dominated
by persistent grassland and forests. A major proportion of the subset
area was identified as change either by MIICA or Zone, which is likely
caused by phenology difference between two time periods. Zone
change was not included in the final change because the grassland con-
dition in the western United States is sensitive to weather and seasonal
variations, and many spectral changes are not associated with real land
cover change. The combination of two MIICAs kept the overlap change
area from each individual MIICA and reduced a large amount of com-
mission errors compared to the single MIICA output of the early-date
pair. The use of four NSDs derived from the four Landsat images further
removed a large portion of spurious changes according to the logical
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