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Introduction

The following report presents standard 
methods used at the Center for Coastal Geology 
for the rectification of satellite imagery and the 
enhancement and normalization of dn (digital 
number) values in all bands to permit inter-scene 
comparisons. Minimal pre-processing is 
necessary when conducting a one-time analysis 
of satellite imagery for land cover within a 
particular area. However, when a time-series of 
imagery is compared or when an area 
encompassed by many images is analyzed, 
accurate and compatible spatial and spectral data 
must be employed.

The report is divided into two chapters. 
Chapter 1 is written as a generic approach to 
image processing with explanations of how and 
why particular steps are conducted. Chapter 2 
presents image pre-processing, step-by-step, as 
would be conducted with PCI, Inc. software on 
Landsat satellite imagery. The imagery utilized is 
entirely Landsat TM (Thematic Mapper) and 
MSS (Multi-spectral Scanner).

The first chapter includes basic image 
pre-processing steps in a generic format with 
equations for indices and calibrations. The 
theory and general approach may be applied to 
other imagery types and software. Although 
there will be specific references to the particulars 
of our own project and resources, these 
techniques may be creatively adapted to suit 
other research needs. Appendix A provides an 
outline of the pre-processing steps.

The second chapter covers image 
processing with PCI, Inc., as conducted on the 
Florida Big Bend coastal wetlands project. The 
chapter addresses software-specific parameters 
for each procedure, details on implementation, 
and includes a flow chart for PCI EASI 
procedures,. The procedures included will

permit the subsequent pre-processing of imagery 
in a manner suitable for additional time-series 
analysis.

Satellite imagery used in the detection 
of change along coastlines is processed in a 
standardized fashion to ensure temporal, spatial, 
and spectral compatibility between scenes. 
Imagery is initially selected to correlate as 
closely as possible with season and time-of-year 
coincident with high biomass and favorable 
atmospheric conditions as appropriate per region. 
Tide level at time of overpass in coastal areas 
can be critical in the evaluation of between-scene 
differences in the intertidal zone. However, due 
to cloud cover and image availability, tide level 
variations are accepted as an inherent limitation 
to inter-scene compatibility.

Imagery is registered to the UTM 
coordinate system using GPS-collected (Global 
Positioning System) ground control points, 
achieving inter-scene compatibility of < one 
pixel for Landsat TM. All images meet map 
accuracy standards of 1:25,000. Radiometric 
calibration and solar atmospheric correction are 
performed on all images to derive surface 
reflectance dn values in each band. The 
calculation of surface reflectance permits change 
analysis to be based on relative spectral changes 
or changes in vegetation biomass with less 
emphasis placed on land cover category 
variations. A vegetation index and wetness index 
is calculated for each image. The resulting pre- 
processed imagery is ready for inter-scene 
comparisons.

The procedures used here represent an 
implementation of techniques by Dobson et al. 
(1995), a document which describes approaches 
recommended by the NOAA Coastal Change 
Analysis Program (C-CAP).



Chapter 1

Image processing methods

1.1 SCENE SELECTION

1.1.1 Season
Initial imagery selection includes 

determination of the appropriate dates and time 
frame for analysis. Leaf-off, or winter aerial 
photography, has traditionally been used in the 
determination of wetland habitats. However, 
satellite imagery does not have the same spectral 
and textural clues as aerial photography and must 
be employed in a different manner to identify 
land cover and change detection. Spring imagery 
is selected for the Gulf coast sub-tropical 
environment to maximize distinctions in 
vegetative health and quantity by providing 
maximum biomass during a period with a high 
probability of haze-free images. Biomass would 
not be adequately identified in winter imagery. 
The selection of imagery dates must be region 
and project-specific and should be advised by 
local ecologists familiar with the territory and the 
particular research issue.

Our primary project area is in the Big 
Bend region of the Florida Gulf coast (Figure 1). 
Two scenes are required to cover the area, and two 
seasons are required to fully classify the land 
cover. Winter imagery is used to augment the 
spring imagery for the distinction and 
classification of deciduous vegetation. A total of 
four coordinated scenes were acquired for the base 
years in the analysis (Table 1). Supplementary 
analysis in the time series requires contemporary 
spring scenes for each additional year.

1.1.2 Water Level
Tide levels can adversely affect the 

determination of intertidal environments. It is 
preferable to select scenes with similar low water 
levels to optimize the characterization of low 
elevation intertidal zones. Each additional 
decimeter of water contributes to the mis- 
identification of 1-1.5% of the intertidal zone as

documented by Jensen et al. (1993), and Raabe 
and Stumpf (1997). C-CAP recommends 
selecting tide levels within 0.3 - 0.6 m of mean 
low water (MLW), which maximizes the utility 
of the imagery (Dobson et al., 1995). The tide 
range in the study area is approximately 1 m 
from MLLW (Mean Lower Low Water) to 
MHHW (Mean Higher High Water). Although 
the majority of the intertidal environment along 
the Big Bend is high marsh, low water level at 
the time of satellite overpass enhances the 
discrimination of the low intertidal environment.

Due to a combination of factors such as 
cloud cover and scene availability, the imagery 
secured for the Big Bend does not entirely fit the 
C-CAP standards, but is the best available for the 
analysis. Some variability in water level is 
acceptable if two scenes per year are employed in 
the analysis. In the Big Bend we found that a 
complementary scene near MLW in the same 
year can facilitate the correction of differences 
caused by water level (Table 1). The 1986 south 
imagery exhibits high water level in both winter 
and spring, and consequently poses the greatest 
difficulty in identifying low elevation intertidal 
habitats.

Table 1. Landsat TM imaees and 
Cedar Key water level at time of overpass

Landsat 
coordinates 

path/row
18/39

18/39

18/39

18/39

17/40

17/40

17/40

17/40

Location

Tallahassee, FL

Tallahassee, FL

Tallahassee, FL

Tallahassee, FL

Cedar Key, FL

Cedar Key, FL

Cedar Key, FL

Cedar Key, FL

Date

01/23/85

04/25/86

11/29/93

04/09/95

01/16/85

04/25/86

01/12/95

04/02/95

Cedar Key 
water level 

(msl)
0.40

1.05

0.71

1.46

1.18

1.29

1.26

0.54
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1.1.3 Cloud cover
Cloud cover is the most limiting 

parameter in scene selection. Listings may be 
misleading, and previews of imagery should be 
made whenever possible to ensure quality data 
before purchase. Although it is advisable to 
select entirely cloud-free imagery, in some cases 
it may be necessary to establish only that the 
critical study area is cloud-free.

1.1.4 Simultaneous coverage
When a study area is large and/or 

encompasses more than one scene, simultaneous 
coverage of the whole area is warranted. It is 
possible, under ideal conditions, to secure several 
images within days or at most within 3-4 weeks 
that cover the entire area. In the instance where a 
study area falls between two scenes in the same 
path, it is possible to order an image that 
straddles the image boundaries, eliminating the 
need to mosaic scenes together.

1.1.5 Specifications

The CD-ROM Format 
Imagery obtained from the EROS Data 

Center (EDC) and EOSAT is now provided in 
CD-ROM format. The procedures that follow 
begin with this format. Other formats may be 
accommodated with minor adjustments in the 
initial steps. All imagery for this project is 
obtained in Space Oblique Mercator (SOM) and 
with Nearest Neighbor resampling (NN). NN 
resampling is recommended for studies involving 
spectral analyses because it minimizes alterations 
to the count values. Other resampling such as 
cubic convolution may be preferred in studies 
involving pattern recognition.

1.2 SCENE PREPARATION

1.2.1 Download raw imagery
The contents of the CDROM will 

include 7 bands of TM along with summary and 
header files. All 7 bands of data are extracted 
from the CD and converted to a readable format 
for image processing. The header file is also 
extracted at this point.

The PCI procedures, CDEOSAT and 
CDNLAPS, read data off the CD-ROM, create a 
new file on disk, write the band data, and extract 
header information which is written into an 
orbital segment attached to the new file. The 
orbital segment will be used in the rectification 
of the imagery to the UTM coordinate system. 
Other coordinate systems may be employed in a 
similar manner.

1.2.2 Check header file
The header file should accompany the 

scene and a readable copy of the header file is 
made to disk. A sample header file may be found 
in Appendix B. Information from the header file 
is used in subsequent processing steps. Trailer 
files may or may not accompany the imagery. 
Typically, the information desired from this file 
is the time of overpass in Greenwich Mean Time 
(GMT), which is noted for use in the radiometric 
enhancement.

1.2.3 Visual check
All new imagery is previewed, band-by- 

band, to determine if data lines are missing or 
other anomalous features exist in the scene. The 
visual review must be done at full-resolution. 
Attention is focused on identifying lines or 
blocks of missing data in each band for 
subsequent "repair." Haze or cloud cover that 
may render parts of the scene ineffective for 
analysis is noted as well. In our case the visual 
check is conducted in PCI Imageworks with 
seven image planes in the display window. Each 
portion of the image is displayed at full- 
resolution, and each band is viewed separately to 
identify missing data.

It is useful to examine the range and 
histogram of count values in each band at this 
time. Occasionally imagery is purchased with 
offset or anomalous count values. A quick 
evaluation now may save time later. Band 6, the 
thermal band, is especially prone to such errors.

1.2.4 Line replacement and 
destriping

Missing lines are "repaired," and other 
problems are resolved in each band before the 
scene is rectified to the UTM coordinate system. 
Once rectification has been conducted, errors



will no longer coincide with horizontal lines of 
data and are virtually impossible to fix. Image 
line replacement is a simple procedure that 
allows the operator to fill-in missing lines with 
the line above, below, or with an average of the 
two.

It also may be necessary to conduct 
destriping of the image if a linear pattern is 
prominent in the image. It is usually a more 
significant problem with Landsat MSS than with 
TM or SPOT, and affects dark objects such as 
water in particular. However, we have run 
several variations of a destriping procedure on 
scenes with an 8 to 9-line repetitive stripe and 
have concluded that the output image was not 
improved over the original. Although we do not 
conduct this procedure ourselves, it may be 
advisable in other situations, and, if necessary, 
must be attempted in this initial phase of pre 
processing, before rectification.

1.3 ORTHORECTIFICATION 
OF IMAGERY

Rectification of the imagery requires 
several steps: identification of ground control 
within the imagery, collection of ground control 
points with a GPS unit, development of a 
rectification model, reprojection of the imagery 
using the model, and two accuracy checks.

Three terms are defined:

1. Rectification fixes each feature in the 
imagery to the correct position on the earth

2. Reprojection involves transforming 
and rectifying the image to a standard projection 
such as Universal Transverse Mercator (UTM)

3. Registration involves having features 
in multiple scenes exactly match each other in 
location

Ideally, the rectification and 
reprojection will inherently produce co- 
registered images. We use rectification and 
reprojection procedures which result in sufficient 
accuracy to produce co-registered scenes. The 
reprojection is critical in that it produces images 
in a standard projection such as UTM or state 
plane.

However, in some projects, a previously 
rectified scene might be used as reference so that

all scenes are registered to the base scene. For 
instance, a set of Landsat MSS scenes might be 
registered to a NALC (North American Land 
Characterization) scene. If the above or other 
procedures are used where a polynomial 
transform "rubber sheet" adjustment is 
employed, it is usually preferable to co-register 
scenes, then conduct the reprojection and 
rectification on all of them. Co-registration 
without rectification is never recommended.

1.3.1 Coordinate System
Rectification and reprojection of 

satellite imagery to a standard coordinate system 
is performed on all scenes in the project. 
Whether you use UTM or another coordinate 
system, the reprojection allows the determination 
of geographic coordinates for features identified 
in the analysis and facilitates integration with 
other geographic data sets. The approach used in 
the Big Bend project employs a PCI procedure, 
SORTHO, which reprojects the image based on 
satellite orbital information and a set of standard 
ground control points. The results effectively 
combine both inter-scene compatibility and 
coordinate plane rectification. To achieve co- 
registration without rubber sheeting, a common 
set of ground control points is used for all 
images. In this way the original data is rectified 
and reprojected from the Space Oblique 
Mercator (SOM) projection of the raw data to the 
Universal Transverse Mercator (UTM) 
coordinate system, with corresponding results in 
each subsequent image rectification.

1.3.2 Ground control in image
Ground control points are identified in 

the imagery as clearly visible point or right-angle 
positions, which are also accessible by road. 
Approximately twice as many points are 
identified as are ultimately required for the 
registration for several reasons. Some positions 
are not retrievable in the field, not all positions 
are identifiable in all imagery, and some 
positions are held out as part of the registration 
accuracy check. The operator examines a full- 
resolution image display to select the ground 
control. Preferred locations are corners at small 
to intermediate right-angle road intersections in 
rural or low-density developed areas. Highly 
developed areas tend to give blurred intersections 
and are difficult to re-locate in subsequent



imagery. The identification of visible and 
distinct locations in the imagery which are also 
accessible to a field team is a major challenge in 
many regions. Alternatives to road intersections 
and right angles may be selected based on other 
landscape features. For example, the end of a 
bridge over a stream may be suitable. 
Consideration is given to the clarity of the 
location and the possibility of re-identification of 
the same point in earlier and later imagery. 
Good judgment and careful selection ensures 
accurate registration of the study area.

The set of selected positions are marked 
on the imagery file with a vector which can be 
displayed on a field laptop computer for 
identification during the field reconnaissance. If 
the technology is not available, a hardcopy is 
printed of each potential ground control point in 
the imagery, and these are bound with map sheets 
to aid in field identification.

1.3.3 Ground control in field
Accurate ground control points are 

collected for each image based on pre-identified 
locations as described in section 3.2. A hand 
held Global Positioning System (GPS) unit is 
employed with accuracy guaranteed 5-10 m. 
Positioning of < 10 m requires differential, P- 
code, or comparable receivers for accurate 
rectification of Landsat TM or SPOT imagery. 
Standard non-differential units do not produce 
the necessary sub-pixel accuracy.

Field plans should include 5-10 minutes 
per station for data collection and site 
documentation to facilitate identification of the 
positions in subsequent imagery. We 
recommend a minimum of 2-3 readings per 
position, and 24-30 positions per image. The 
ground control should be well-distributed across 
the image and at locations which are visible in 
imagery over a period of 5-10 years. As some 
GPS readings turn out to be poor quality, we 
recommend collecting multiple readings at each 
location. Accurate and complete field notes 
accompanying the collection of GPS ground 
control facilitate the identification of the 
positions in subsequent imagery. A description 
including county, road, and intersection names, 
distance from nearby intersections, directional 
designators, and photographs are helpful in 
future relocation. We have also concluded that 
the occupation of an intersection corner,

appropriately designated (as in "southwest 
corner"), is better than occupying the center of a 
road intersection as has been previously 
practiced.

Other techniques exist for the collection 
of ground control points and may be applied 
where resources are limited. For instance, low- 
cost, non-differential, non-P-code GPS receivers 
can be used, providing positional accuracy of 30- 
100 m. Map accuracy in will be reduced from 
the 1:25,000 achieved in this project to 1:50,000 
or more. Alternative approaches include 
digitization of positions from mylar 7.5 minute 
quadrangles, or the selection of similar positions 
from digital data sets including vectors, digital 
orthophotographs, and other imagery. Each 
approach carries with it inherent errors, of which 
the analyst should be aware. At the very least, 
the operator should know the error range for the 
input coordinates prior to the analysis. This will 
determine an acceptable RMS error range and 
whether or not the intended and final map 
accuracy will be achieved. The same caution 
applies to the selection of alternative adjustment 
techniques.

The PCI software in use for this project 
has a field version of GCPWORKS (under our 
investigation), which incorporates the selection 
of ground control in the imagery and the 
collection of GPS ground control simultaneously, 
on a field laptop computer. Although this does 
not eliminate the need to carefully select quality 
and well-distributed control within the image and 
in the field, it does consolidate the work, and 
allows the operator to evaluate the quality of the 
ground control as it is being collected. The on- 
site development of a rectification model 
eliminates costly returns to the field in the event 
some ground control proves useless.

The GPS unit employed in this project 
has a stated accuracy of <10 m, which met our 
mapping needs with TM and MSS. Higher 
resolution imagery such as SPOT and IRS may 
benefit from even higher accuracy ground 
control, available with newer GPS units at 1-5 m. 
Although 24-30 positions are collected per 
image, not every position is used in the actual 
rectification. In addition to the elimination of 
poor quality positions, other ground control 
points are not easily relocated in the imagery and 
are not used. Eight to ten positions are used to 
rectify the imagery, and another 10-12 are set 
aside to be used in the accuracy check.



1.3.4 Create model
A model is created with the ground 

control points. It is preferable to use a low-order 
polynomial transform to reduce distortion in the 
final image, particularly at scene edges or over 
large water bodies. The PCI procedure we use 
makes the conversion between the two systems 
without introducing distortion to the resulting 
image as is normally found in polynomial 
adjustments. We prefer this approach as it gives 
consistent spatial positioning across the image. 
Other registration packages are available and 
may be applied with varying results depending 
on the quality of the ground control and the 
amount of distortion introduced in the 
polynomial function.

User-entered coordinates
Imagery is brought to display on the 

monitor for the collection and identification of 
ground control points. These ground control 
points are part of the original set selected from 
the imagery at full-resolution display and 
subsequently collected in the field. They are 
spatially well-distributed over the extent of the 
image and show promise of being stable and 
easily identifiable in a time series. The GPS 
coordinates collected at these locations show 
little variation in repeat readings.

During the identification of ground 
control, watch the RMS (root mean square) error 
for each ground control point and the total RMS 
error in both x and y. Examine the scatter plot of 
the ground control to help identify positions 
which are in error. Within reason, it is possible 
to adjust the location of the ground control in the 
imagery to achieve optimal positioning and 
distortion-free rectification.

We have found with 10m accuracy in 
the GPS and 30 m resolution in the imagery that 
the RMS of each individual position and the total 
RMS need not exceed 0.5 pixels (15 m). At the 
same time, consider that excessive adjustment of 
point positions to produce significantly lower 
RMS readings will introduce errors in the final 
adjustment. An RMS of 0.5 pixels indicates that 
the position is + 15 m or 1/2 pixel from the 
optimal location. Under the circumstances, it is 
reasonable to expect a total RMS of 0.3-0.6 
pixels, or 10 - 20 m, best fits the accuracy 
achievable with the given data. We have found 
that substantially forcing the model to lower

errors introduces regional distortion into the final 
image.

Model
The collection of ground control points 

in the imagery leads to the development of a 
model to adjust the full image to the new 
coordinate system. See Chapter 2 for detailed 
steps in PCI. If not running GCPWORKS, and 
SMODEL, follow appropriate steps for software 
application.

1.3.5 Satellite image rectification
The goal of image rectification is to 

facilitate the overlay of additional imagery and 
other geographic data sets. A standard map area, 
with boundaries set in UTM, is established for 
each scene, thus all image files for the same 
region, once rectified, will occupy the same map 
area. The UTM bounds for the scene are 
established according to the file size, the 28.5 x 
28.5 m pixels (57 x 57 m pixels for Landsat 
MSS), and the minimum/maximum northing and 
easting required to contain the full scene area. 
These boundaries, the UTM zone and the 
ellipsoid are established on each newly-created 
empty file.

The size and initial boundaries for the 
two scenes in the study (Figures 2 and 3) are 
shown in Table 2 with UTM zone 17 coordinates 
for the upper left and lower right corners. The 
north image is cut at the Florida/Georgia border, 
approximately -1100 lines (Figure 3). A new 
file of matching size is created for each image in 
the series. A matching georeference segment is 
established on each file. Details are provided in 
Chapter 2.



Figure 2. Rectification and reprojection from SOM to UTM, Landsat Path 17 Row 40.



Figure 3. Rectification and reprojection from SOM to UTM, Landsat Path 18 Row 39

Figure 3



In the event new regions are processed 
under these instructions, the designation of an 
output file size and geographic extent will 
depend on project needs, although it is 
recommended that full, or close to full scenes are 
pre-processed to maximize their subsequent 
utility. The calculation of file size is determined 
by the maximum and minimum eastings and

northings of the raw image and the pixel size. 
Pixels in Landsat TM are 28.5 x 28.5 m, in MSS 
the pixel size is 57 x 57 m. Image rectification is 
conducted with the model segment created 
earlier, and the output applied to the newly- 
created and georeferenced image file discussed 
in the preceding paragraph.

Table 2. Scene size and coordinates for seoreferencins segment

Landsat TM Big Bend
File Information

Path/Row
Initial file size

Final file size (x/y)
Pixel size (x/y in meters)

Upper left coordinates (UTM)
Lower right coordinates (UTM)

Scene Location
Tallahassee

18/39
6967 pixels/5965 lines
7556 pixels/5412 lines

28.5/28.5
98560 E, 3408400 N
313906 E, 3254158 N

Cedar Key
17/40

6967 pixels/59651ines
7916 pixels/71 12 lines

28.5/28.5
210287 £,32961 ION
435893 E, 3093418 N

1.3.6 Accuracy check
Accuracy checks involve both geographic or map 
accuracy, and co-registration or inter-scene 
accuracy. It is important to recognize that 
multiple scenes may meet one criteria and not the 
other. Two scenes may be co-registered to 
within a pixel, but have significant geographic 
error. Conversely, scenes may meet a standard 
map accuracy in a selected coordinate system, 
but have systematic errors that result in poor co- 
registration between scenes. Mis-registration 
may result from poor models or the use of high 
order polynomials. Evaluation of both map 
accuracy and image co-registration is necessary 
subsequent to image reprojection.

UTM or coordinate system accuracy
Image rectification is not complete 

without accuracy checks. If check points were 
not entered and evaluated as in GCPWORKS 
and SMODEL above, it is necessary at this point 
to objectively locate 8-12 check points in the 
rectified image. The evaluation will give a 
measure of the map accuracy, the percentage of 
the image within the standard 'x' m. Obviously 
the evaluation varies according to the resolution 
of the imagery, the accuracy of the ground

control, and the intended accuracy for the 
particular study. The measure obtained tells the 
user the expected positional accuracy of the 
majority of features in the image.

The check points are part of the larger 
set of ground control established with GPS as 
described in 1.3.2 and 1.3.3. Visually locate 
each ground control check point with the cursor 
in the rectified image. Note the image 
coordinates at the location, and evaluate how far 
the position is from the known x,y (UTM) 
coordinates. It may be difficult to conduct this 
step objectively. Try evaluating the portion of a 
pixel from which your visual position strays from 
the coordinates at which it visually should be. In 
our case, the goal was to accurately map 90% or 
more of the map features within 20 m of their 
known location, so we evaluate each position 
relative to our objective.

The accuracy check of the image to the 
UTM coordinate system meets our needs and is 
acceptable. Clearly, with only 12 check points, 
only one position per x/y component can exceed 
the established tolerance. It is worth conducting 
a careful check at this point to ensure good 
geographic correlation of data. If there is a 
geographic error in the image, it helps if you
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have indicated in which direction it shifted with a 
simple + after each x/y offset.

Inter-image accuracy
The second accuracy check is conducted 

on imagery which will be used in inter-scene 
comparisons. It has been a common practice to 
rectify only one image, and then register all other 
images to the base scene, or to co-register all 
scenes to a master and apply the rectification for 
that scene to all others. While the standard 
approach provides a solution to multiple-image 
registration, every image in the present study is 
rectified individually to UTM coordinate system. 
According to this approach, each subsequent 
image is rectified using the same set of ground 
control points, and is visually checked against the 
original, or first-rectified base image as follows.

The inter-scene accuracy check consists 
of selecting 3 to 4 areas within the image to be 
displayed, one by one, at full resolution with 
selected bands from each image. Two methods 
are used to check inter-scene registration: (1) a 
simultaneous display of the same band from both 
scenes, using color as a reference to examine 
horizontal and vertical linear features, (2) a 
flicker state between the two scenes with the 
cursor at a fixed, well-defined location. Both 
methods may be applied regardless of the 
software in use.

In the first method single bands, usually 
band 4 or 3, from each scene are displayed 
simultaneously in a red-green-blue (RGB) 
display. Offsets will be obvious in either the x or 
y direction as bands of color on either side of a 
vertical or horizontal roadway (Plate 1). The 
first evaluation gives a quick check on overall 
alignment of the two images.

In the second approach the bands from 
the base image are displayed simultaneously with 
the same bands from the new image in a 
multiple-image plane display and set to flicker 
state. Three to five right-angle road intersections 
which display true horizontal and vertical 
direction within the image are evaluated in each 
of the selected full-resolution windows. Each 
intersection is evaluated and recorded in a table 
(see Chapter 2.2.7).

Plate 2 illustrates the position of the 
cursor at a right angle road intersection in the 
base image and evaluation of the cursor position

relative to the intersection in the newly-rectified 
image. The cursor is placed at the center of the 
intersection in the base image, as if two 
imaginary lines were drawn N/S and E/W, taking 
into consideration the mixed pixel effect. The 
display is flickered to the newly-registered 
image, and the location of the intersection is 
compared in half pixel increments. Roads and 
intersections at non-right angles to the pixel/line 
orientation are never used in this evaluation. See 
Plate 3 for examples of intersections preferred 
for evaluation. The second method provides the 
operator with a detailed evaluation of inter-scene 
compatibility and the direction of offsets, if any.

Expected inter-scene registration is + 
one pixel. A trend of greater than one pixel in x 
or y requires re-examination of the ground 
control point segment and a repeat of the whole 
rectification process. Consistent offsets or 
regional trends of greater than one pixel suggest 
poor quality registration and require re- 
rectification of the imagery with a thorough 
evaluation of the ground control point 
coordinates, positioning, and land cover changes 
between the imagery dates.

Again, good judgment, and a second 
opinion may help to eliminate operator errors or 
unforeseen problems. All imagery in the current 
project must meet the + one pixel inter-scene 
accuracy before additional processing can be 
conducted. The goal is consistently met and 
presents no real problem with this particular set 
of imagery. We encourage other projects to 
develop similar methods to achieve high inter- 
scene positional registration.

1.4 RADIOMETRICAND 
ATMOSPHERIC 
CORRECTIONS

Several band enhancements and 
corrections are applied to the rectified imagery to 
normalize the dn (digital number) values, 
facilitating direct spectral comparisons between 
imagery bands and a comparable set of values as 
input to indices and clustering programs. 
Radiometric calibration, conversion to 
reflectance or solar correction, and atmospheric 
correction are conducted on every image. The 
adjustments rely heavily on data contained within 
the header file, including gain, bias, and solar 
zenith angle. Programs have been written in-
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house to facilitate the radiometric and 
atmospheric corrections. The aerosol adjustment 
still relies on a visual/manual assessment of dark 
water values, although it may also be automated 
eventually.

1.4.1 Radiometric correction
The digital counts in the image are 

transformed to reflectance using the calibration 
that comes with the files and the equations and 
constants of Price (1987), and Markham and 
Barker (1985):

EQUATION 1. REFLECTANCE CALIBRATION

where X is the band; the radiance, L, is 
determined by:

EQUATION 2. RADIANCE

L = G*N + BIAS o

EQ is the solar constant (Price, 1987; 
Markham and Barker, 1985), r is the normalized 
earth-sun distance, 60 is the solar zenith angle at 
the image center, N is the digital count, G is the 
calibration slope, and BIAS is the calibration 
offset for zero radiance. A scale factor of 500 is 
applied to bands 1,2,3,4,5, and 7 to convert to 1 
byte per pixel (0-255). A scale factor of 100 is 
applied to band 6. More sophisticated 
computations for reflectance exist. These 
involve additional terms in equation 1 for 
atmospheric transmission, and are being 
considered for implementation.

1.4.2 Atmospheric correction
The atmosphere introduces two forms of 

path radiance into the signal, radiance from 
Rayleigh or molecular scatter, and radiance from 
aerosols or haze. These can be removed 
simultaneously using dark object subtractions. 
However, improvements in atmospheric 
correction offers advantages in treating 
atmospheric and Rayleigh corrections separately. 
If no dark water exists in the scene, the Rayleigh 
correction is critical.

Rayleigh radiance is removed before the 
dark object subtraction. While not critical, when 
dark water is present, removal of the Rayleigh 
path radiance permits pixel by pixel correction of 
aerosols for water pixels and allows better 
control on the adjustment for aerosols. The 
Rayleigh term is determined using standard 
equations and coefficients. Models such as 
LOWTRAN (Air Force) can be used for the 
solution.

1.4.3 Aerosol correction
The aerosol correction is performed 

using subtraction from bands 1-4. Because the 
Big Bend region has black-water lakes and 
rivers, water can be found that has negligible 
reflectance in all bands. A dark-object 
subtraction is used, with the reflectance of the 
darkest water being the value subtracted. The 
correction is either constant or decreases slightly 
with wavelength (Chavez, 1989). The dn value 
selected should be that corresponding to the 
lowest value that has a significant number of 
pixels. In bands 3 and 4 the dark water area 
should be the same region. Identifying dark water 
in the blue and green bands may be difficult. If a 
suitable area is not present, extrapolation from 
bands 3 and 4 may be necessary.

8
9
9
10
5

13
7

9
9
9
10

The foregoing values represent pixels in 
the darkest water area of a scene. The 5 and 13 
values are probably artifacts of the sensor (or 
boats). A value of 8 would be appropriate for 
dark water subtraction.

Normalization of marsh for bands 3 and 
4 is determined in the image overlap. By 
convention, we use values of zero to define 
missing data. A simple model is applied to all 
bands to restore zeroes to a value of one within 
the image bitmap. The non-image area 
surrounding the scene is eliminated from this and 
the index calculations by the application of an 
"image-only" mask, detailed in Chapter 2.3 and 
2.4.1.
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1.5 INDICES
Analysis includes the calculation of a 

vegetation index, wetness index, temperature, 
and water reflectance. Each index provides a 
means to compare a particular feature between 
different scenes.

1.5.1 Vegetation Index
Subsequent analysis uses band ratioing as a 
surrogate measure of biomass. The vegetation 
index is a ratio of TM bands 3 and 4. The 
normalized difference vegetation index (NDVI) 
is a quantification of green biomass. It is not 
meaningful for water.

EQUATIONS. NDVI (NORMALIZED
DIFFERENCE VEGETATION INDEX)

when it is possible to observe the source and 
redistribution patterns of the relatively wanner 
waters of the Floridan aquifer. We convert 
radiance of TM band 6 to Celsius + 5 . Resulting 
values include freezing temperatures, which may 
occasionally occur in the region.

EQUATIONS. TEMPERATURE IN CELSIUS
Celsius + 5 =

(1260.56/ln(60.776/(L(6)/100)+l)-268)

1.5.4 Water Reflectance
Water reflectance is calculated as the 

difference of bands 2 and 4.

EQUATION 6. WATER REFLECTANCE

Water reflectance = R(2)-R (4)

NDVI =
R(4)-R(3) 
R(4) + R(3)

where 4 and 3 are near-infrared and red bands, 
respectively, and R = reflectance after aerosol 
correction. A weight of 0.01 for the ratio 
denominator will scale NDVI by 100, such that 
an NDVI of 1.0 produces a count of 100.

1.5.2 Wetness Index
The wetness index is a measure of the 

wetness in the soil observable through the canopy 
and is particularly effective in distinguishing 
tidal influence in the coastal marsh zone and in 
areas with thin vegetation canopy. It is 
calculated based on the inversion of a procedure 
used to delineate open or standing water. We 
find that the gradient provided with the inverse, 
the "wetness index", shown here is effective in 
delineating the extent of tidal flooding in the 
coastal marshes.

EQUATION 4. WETNESS INDEX

WETNESS = R (5) - R (2)

1.5.3 Temperature
Temperature is calculated from the 

thermal band, TM band 6. The contrast in water 
temperatures is particularly noteworthy in Florida 
gulf coastal waters during the winter season,
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Chapter 2

Image processing software procedures

2.0 INTRODUCTION
Many of the image pre-processing steps 

are conducted within an image-processing 
software package. The Center for Coastal 
Geology group uses PCI, Inc. The following 
chapter includes specific instructions on running 
the procedures. It should serve as a guide to the 
basic steps required within this program.

Initial scene selection and ordering is 
conducted outside of the image processing 
package. A flow chart (Plate 4) is provided to 
help the novice follow the different kinds of steps 
involved and the order in which they are 
conducted. The check list in Appendix A should 
become the basis for your own notes, including 
adjustments and new developments.

2.1 SCENE PREPARATION
Imagery is downloaded from the CD- 

ROM disk with CDNLAPS or CDEOSAT, 
depending on the format of the disk. Important 
information is included in the header file. Take 
time to learn to read the header file with the 
instructions accompanying your order. Look for 
format (NLAPS or EOSAT), band sequential or 
pixel interleaved (BSQ, BIL), number of pixels 
and lines, date and time of acquisition, 
resampling scheme (NN, CC, BL), and so on.

Table 3. CDNLAPS procedure parameters

Once downloaded to a .pix file, examine each 
band at full resolution for missing lines or blocks 
of missing data, heavy clouds, and the histogram 
of dn values. Each band should exhibit a normal 
range and distribution for the season and region 
covered. Now is the time to repair or return an 
image with serious problems.

Table 3 shows the parameters set for 
CDNLAPS. Table 4 shows parameters set for 
LRP to fix line number 100 in band 2 with the 
mean from the line above and the line below. 
The EASI procedure, LRP, requires the operator 
to specify the missing line(s) +1 to correctly 
identify the lines to be replaced. If destriping is 
attempted, read about DSTR1PE in EASI help.

CDEOSAT CD EOSAT Fast Format V6.0 EASI/PACE 12:31 16-Feb-97
NLAPSHD - NLAPS Header File Name :/cdrom/cdroml/filename.hd
FILE - Database File Name :path/newfile.pix
CDIC - CD Input Channel List } 1 2 3 4 5 6 7
TEX1 - Database Descriptive Text 1 :path_row_location
REPORT - Report Mode: TERM/OFF/filename :path/newfileorb.rep

Table 4. LRP, line replacement parameters

LRP Image Line Replacement V6.0 EASI/PACE 08:29 17-Feb-97
FILE - Database File Name :pathname/filenlaps.pix
DBOC - Database Output Channel List } 2
DBOW -Database Output Window > 101
RMOD - Replacement Mode: ABOV/BELO/MEAN:MEAN
LINC - Line Increment Factor > 1
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2.2 ORTHORECTIFICATION 
OF IMAGERY

The orbital segment created in 
CDEOSAT or CDNLAPS contains information 
used in an adjustment between the estimated 
latitude/longitude of the raw imagery and the 
desired coordinate system. SMODEL creates a 
model from the orbital segment and a ground 
control point segment. The ground control 
segment is created in GCPWORKS.

2.2.1 GCPWORKS
Imagery for the Florida Wetlands is 

rectified with ground control collected with GPS 
units and is reprojected to the UTM coordinate 
system. Ground control selection is described in 
Chapter 1, and can be conducted in any image 
display program, including PCI's 
MAGEWORKS. Once the ground control has 
been identified and field collected, run 
GCPWORKS to enter the coordinates at their 
respective locations in the image. The satellite 
orthorectification option is selected to permit the 
use of the orbital segment in the model.

Select "Collect/review GCP's only", 
"Satellite Ortho Correction", "User Entered 
Coordinates", and then "Select Uncorrected 
Image". Enter the path and filename of the 
nlaps.pix file. Load three bands, usually natural 
color (3,2,1) or false color (4,3,2,) are preferred 
for display. Set the units to meter, and the 
coordinate system to UTM, zone 17, row R and 
ellipsoid WGS84. Obviously, the zone and row 
will change depending on the region. Identify 
the location of 8 to 12 ground control points and 
enter the corresponding UTM coordinates 
collected with the GPS unit.

During the identification of ground 
control within GCPWORKS, watch the RMS 
error for each ground control point and the total 
RMS in both x and y. Within reason, it is 
possible to adjust the location of the ground 
control in the imagery to achieve optimal 
positioning and distortion-free rectification.

In GCPWORKS it is possible to also 
enter accuracy check points at this time. If not 
working in this program, these check points are 
set aside for a post-rectification accuracy check. 
The 10-12 accuracy check points must be of

equally high quality and well-distributed about 
the scene. Care is given to treat these positions 
and the associated error objectively, as they 
eventually provide a measure of the model's 
accuracy. These positions should be entered at 
the end, when the ground control points have 
been securely identified to avoid adjusting the 
model to fit the check points. When the operator 
is satisfied with the location of the ground 
control and the total RMS error, the ground 
control point segment is saved within 
GCPWORKS. Ideally, this will be segment #3.

2.2.2 GCPREP
A report documenting the ground 

control point segment as collected is obtained by 
running GCPREP. Run the procedure with 
ORDER set to 0. GCPREP produces a text file 
showing the list of ground control points, their 
pixel/line locations, the user-entered coordinates, 
and errors. The UTM coordinates of the ground 
control is exactly what was entered within 
GCPWORKS. This will change when the model 
is run in SMODEL. Remember, in 
GCPWORKS, the satellite orthorectification was 
selected. This forces the orbital segment to be 
referenced while developing the model. 
GCPREP does not refer to the orbital segment, 
and thus does not reflect it's influence on the 
ground control. The output from another 
procedure, GCPWRTT, may be useful in creating 
a vector segment. It requires a little editing and 
then running VREAD. The vector may be 
displayed in subsequent displays to help re-locate 
the ground control points for new imagery.

2.2.3. SMODEL
SMODEL draws on both the orbital 

segment and the ground control point segment to 
create the model, and must always be run on the 
whole scene. It is ineffective to run on a partial 
scene. If check points were entered along with 
the ground control, SMODEL will also produce a 
table showing the accuracy of the check points in 
meters. Run SMODEL as shown in Table 5. 
Both the orbital segment, 2, and the ground 
control point segment, 3, must be specified in the 
procedure. SMODEL produces a model 
segment, normally 4, which will be applied in the 
image rectification, SORTHO.
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SMODEL also produces a report 
showing the accuracy of the check points in 
meters. Examine the report for values outside of 
the range of expected and desired accuracy (see 
Appendix C). Excessive values below the 
original 10 m accuracy of the GPS positions may 
introduce distortion to the final image 
rectification. Values greater than 20 m, or 2/3 
pixel, suggest the overall registration may not 
meet inter-scene registration requirements. Note 
also that the UTM coordinates shift by the RMS 
error.

Table 5. SMODEL procedure parameters

Values for positional accuracy in this 
project are acceptable between 8-20 m. The 
rectification of a TM scene will technically meet 
1:25,000 map accuracy standards, provided that 
90% or more of the individual accuracy check 
points are within 20 m or less of their desired 
location. With 12 check points, only one can be 
> 20 m from its true location. Although we 
achieve the reported level of map accuracy, TM 
imagery will always be printed at scales of 
1:50,000 or smaller to avoid the blocky 
appearance of the pixels.

SMODEL Satellite Model Calculation V6.0 EASI/PACE 10:57 19-Feb-97
FILE - Database File Name :path/newfile.pix
DBGC - Database Ground Control Segment > 3
ORBIT - Orbit Segment Number > 2
MODEL - Satellite Model Segment >
MODINPUT- Modify Input :NO
ELLIPS - Ellipsoid for the Earth :E012
ERRUNTT - Error Unit: Pixel/Metre :METRE
REPORT - Report Mode: TERM/OFF/filename :path/smodel.rep

*#################**######*#########*#################*##*####*####

2.2.4 CIM2 - New file creation
New imagery files are created in CIM2, 

a file format which creates a separate file for 
each band, all associated by the header or .pix 
file (Table 6). The size of a fully-processed full 
size Landsat TM scene makes this option 
appealing for ease of movement and disk-space 
issues. The example shows the standard size of

the north Big Bend image, path 18, row 39. The 
size includes the removal of ~1100 lines in the 
state of Georgia and the enlargement of the file 
to reproject the region into the UTM coordinate 
system (see Figure 3). All north scenes will be 
created in the same manner. If working in 
another region, establish a standard file size 
based on the full extent of the UTM eastings and 
northings and the pixel size.

Table 6. Creation of new file for rectification in CIM2

CIM2 Create Database and Image Channel Files V6.0 EASI/PACE 14:14 16-Feb-97
FILE - Database File Name :path/newortfile.pix
TEX1 - Database Descriptive Text 1 :p!8r39
TEX2 - Database Descriptive Text 2 :sortho file/northern Big Bend
DBSZ - Database Size: Pixels, Lines > 7556 5412
PXSZ - Pixel Ground-Size in Metres > 28.5 28.5
DBNC -No. of Channels: 8U,16S,16U,32R> 7
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2.2.5 GEOSET - georeference 
segment

Every file in PCI has a georeferencing 
segment created automatically as segment 1.

The geographic boundaries, the UTM zone, and 
the ellipsoid are set in the georeferencing 
segment of the newly created CEM2 file with 
GEOSET. An example for the north Big Bend is 
shown in Table 7. The coordinates given are 
applied to each corresponding image, making 
overlays and inter-scene analysis a simple task.

Table 7. Georeferencins segment set with GEOSET procedure in PCI

GEOSET Set Georeferencing Segment V6.0 EASI/PACE 14:10 19-Feb-97 
FILE - Database File Name rpath/newortfile.pix 
UPLEFT - Upper Left Position for Databaso 3317100 201900 
LORIGHT - Lower Right Position for Databaso 3085020 447000 
MAPUNTTS- Map Units: PIXEL/UTM/others :UTM 17 R E012

2.2.6 SORTHO - satellite image 
orthorectification

Orthorectification of imagery is 
conducted in PCI with the SORTHO procedure 
which applies the model segment to the nlaps 
image file and reprojects the seven bands of data 
into the empty bands of the newly created and 
georeferenced .pix file. See Table 8 for 
SORTHO parameters.

Due to the minimal topographic 
variation along the Big Bend coast of Florida, we 
do not employ a DEM file. Instead, we estimate 
an average value for elevation as the width of 
one pixel with no offset (ESCALE). Elevations 
do not exceed -60 m in the area, and this 
appears to be sufficient for positional accuracy 
and inter-scene registration. The need for 
elevation must be determined on a region-by- 
region basis.. The SORTHO procedure may 
take up to 6 hours on a SUN SPARC 20 and is 
usually run overnight.

Table 8. Parameters for satellite orthorectification procedure

SORTHO Satellite Image Orthorecification V6.0 EASI/PACE 14:22 16-Feb-97
FILI - Database Input File Name :path/nlapsfile.pix
FILO - Database Output File Name :path/newortfile.pix
FILEDEM - Database DEM File Name :
DBIC - Database Input Channel List } 1 2 3 4 5 6
DBOC - Database Output Channel List } 123456
DBEC - Database Elevation Channel List >
BACKELEV- Background Elevation Value >
ESCALE - Elevation Scale and Offset > 28.5 0
DBIW - Database Input Window >
MODEL - Satellite Model Segment > 4
PXSZOUT - Output Pixel Ground-Size > 28.5 28.5
RESAMPLE- Resample Mode: NEAR/BILIN/CUBIC :NEAR

2.2.7 Inter-scene accuracy check
The inter-scene registration accuracy 

check is conducted manually within an image 
display program. Run IMAGEWORKS with a 
full-resolution window -600 x 800 with 6 image 
planes. Display 3-5 well-distributed regions in 
the window, each time loading the newly

registered image (4,3,2) and the base image 
(4,3,2) with the same input window.

For instance, in image planes 1,2,3 load 
the new image (4,3,2) with an input window of 
300, 300 (x,y offsets), 600, 800 (x,y window 
size). Then load the base image to image planes 
4,5,6 (4,3,2) using the same full-resolution 
window. Examine the images first with a single
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band from each of the images in a RGB display 
mode. An example may be viewed in Plate 3. 
Look for truly horizontal or vertical roads and 
evaluate obvious offsets. A poorly registered 
image as shown to the left in Plate 3 is not worth 
evaluating further. Note the direction of the 
offsets, check other regions to confirm the 
offsets, and return to GCPWORKS to redo the 
ground control point segment.

If horizontal and vertical roads align 
well in the first input window, switch to a flicker 
state with each image displayed 4,3,2 as RGB. 
Select 3-5 right-angle road intersections for 
evaluation. See Plate 2 for selection of road 
intersections. Flicker to the base image and 
zoom in on a selected intersection. Place the 
cursor at the center of the intersection, drawing 
two imaginary lines N/S and E/W to determine 
the exact location. Leaving the cursor in 
position, flicker to the newly registered image. 
Again, mentally draw two lines and determine 
the exact center of the new intersection. Do not 
move the cursor. Evaluate if the cursor is exactly 
on target, off by 0.5 pixel, 1.0 pixel, or > 1.0 
pixel in both the x and y directions. See Plate 1 
for evaluation of cursor location.

Complete a table as follows, with 12-20 
road intersections across the scene. The table

will highlight regional or full-scene offsets. In 
this table each region and the scene as a whole 
meet the requirements of + one pixel inter-scene 
alignment. The newly registered file is 
acceptable, and image processing can proceed. 
If, however, a region or the whole scene exceeds 
one pixel offset in either direction, then 
GCPWORKS, SMODEL and SORTHO must be 
repeated. Run CLR to reset the new file channel 
values to 0 before running SORTHO again. The 
table may be used to help guide the adjustment of 
the ground control points.

For example in a TM scene: 

Region x offset (pixel) y-offset (pixel)
NW1
NW2
NWS
NE1
NE2
NE3
SE1
SE2
SE3
SW1
SW2
SW3

0
0.5 + 
1.0 + 
0
0.5 + 
0.5 + 
0.5 + 
0.5 + 
0
0.5 + 
0.5 + 
0.5 +

0.5-
0.5-
0.5-
0.5-
0
0.5-
1.0-
0
0.5-
0.5 +
0.5 +
0.5 +

2.3 RADIOMETRIC AND
ATMOSPHERIC
CORRECTION

The following sections illustrate the 
EASI procedures used for radiometric calibration 
and atmospheric correction. Information from 
the header file is employed in the procedures. A 
bitmap is created first to mask the non-image 
pixels of the *ort.pix file. Typically the mask can 
be obtained by selecting all pixels in band 1 or

Table 9. Bitmap creation with THR

band 2 with values greater than zero. The mask 
is subsequently used for the creation of indices 
and other analysis. Limiting the processing to 
the image area of the file shortens processing 
time and eliminates the formation of anomalous 
features outside of the image area. The EASI 
thresholding procedure, THR may be use for 
creating the bitmap (Table 9). If necessary a 
similar mask may be created for the non-image 
area by setting the COMP parameter to "ON". 
The complement is used to fix anomalous data 
sometimes found in band 6.

THR Thresholding Image to Bitmap V6.0 EASI/PACE 09:34 17-Feb-97
FILE - Database File Name :fltms/fileort.pix
DBIC - Database Input Channel List } 1
DBOB -Database Output Bitmap }
TVAL - Threshold Value (Min,Max) > 1 255
COMP - Complement: ON/OFF :OFF
DBSN - Database Segment Name :imageon
DBSD - Database Segment Descriptor :image bitmap excluding non-image border
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2.3.1 TMRAD
Seven additional empty channels are 

added using PCIADD2. These are the output 
channels for the radiometrically enhanced bands, 
8-14. TMRAD is an in-house EASI procedure 
which solves equations 1 and 2 in section 1.4.1. 
Sample parameters are set in Table 10. Latitude 
and longitude are given in decimal degrees, and

Table 10. EASI procedure TMRAD

longitude is a negative value in the western 
hemisphere. TMSLOPE and TMBIAS may be 
obtained from the newer header files as Gain/10 
and Bias/10, respectively. The solar constants 
(from Markham and Barker, 1986), and scale 
factors will change for different imagery and 
satellites. TEXT may be set to "stat" for a check 
on the output values (Table 11), which is also 
saved to a text file for reference.

TMRAD - radiometric correction of TM imagery V5.3 EASI/PACE 09:10 15-Aug-95 
FILE - Database File Name :/imagery/tm95/TM 19950402 
DBIC - Database Input Channel List > 1 2 3 4 5 6 7 
DBOC - Database Output Channel List > 8 9 10 11 12 13 14 
DATESITE - J.day, GMT, lat, long (W < 0) > 92 1511 28.8686 -82.4237 
TMSLOPE-Slope for TM or MSS band > 0.0632 0.1254 0.0964 0.0907

0.0125 0.0055 0.0067 
TMBIAS - TM or MSS offsets for channels 1> -0.118 -0.1935 -0.1697 -0.1628

-0.0248 0.1238 -0.0125
TMSOLAR - TM or MSS solar constants 1 - 7 > 195.7 182.9 155.7 104.7 21.93 1 
SCALEF - Scale factor for units to counts> 500 500 500 500 500 100 500 
TEXT - Text input :stat

7.452

Table 11. TMRAD output

***
***
***

*** 
***

Julian Day (year-day)= 92
Time (GMT) = 1511 
Lat/long = 28.8686 -82.4237 

Solar zenith angle = 40.5686 degrees *** 
Solar azimuth angle = 119.377 degrees 
Earth-sun distance = 0.999353 a.u. 

cos(sza) = 0.759628 
band# 1 10.00133387

slope bias solar irradiance refl/ct 
0.0632 -0.118 195.7 148.852 0.00133387 

band# 2 20.00283185
slope bias solar irradiance refl/ct 

0.1254 -0.1935 182.9 139.116 0.00283185 
band # 3 30.00255726

slope bias solar irradiance refl/ct 
0.0964 -0.1697 155.7 118.427 0.00255726 

band# 4 40.00357806
slope bias solar irradiance refl/ct 

0.0907 -0.1628 104.7 79.636 0.00357806 
band # 5 50.00235428

slope bias solar irradiance refl/ct 
0.0125 -0.0248 21.93 16.6802 0.00235428 

band* 6 6 0.0055
slope bias solar irradiance refl/ct 

0.0055 0.1238 1 0.760612 0.0055 
band* 7 70.00371355

slope bias solar irradiance refl/ct 
0.0067 -0.0125 7.452 5.66808 0.00371355
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2.3.2 RAYRAD - Rayleigh 
radiance

The Rayleigh correction factor is 
calculated with RAYRAD. Calculations may be 
found in Stumpf (1992). The procedure requires 
operator input as in Table 12, and produces 
output as in Table 13. The scale factor should be 
the same as that used in TMRAD.

Bands 1 - 4 are corrected by subtracting 
the Rayleigh values from each band respectively.

The Rayleigh values are the last column in Table 
13, rounded to the nearest whole number. 
Values for bands 5 and 7 are insignificant, and 
for band 6, irrelevant. The model used to 
accomplish the subtraction is shown in Table 14. 
The bitmap is specified with "%%2" and band 8 
as "%8". Keep in mind that the radiometrically 
enhanced bands, 8 -14, are equivalent to TM 
bands 1 - 7.

Table 12. RAYRAD input

/pci/usgs/bin: rayrad 
enter latitude (decimal degrees) 
30.31
enter longitude (decimal degrees, where west < 0) 

-83.92
enter time in GMT, (hhmm) 
1537
enter Julian day 
119
enter scalefactor (conversion of reflectance to counts for processed imagery) 

500

Table 13. RAYRAD output

channel radiance reflectance counts
3.5128
1.6372
0.7739
0.1991
0.0026

0.0571
0.0285
0.0158
0.0060
0.0004

solar constants tau r
196.0
183.0
156.0
105.0
21.7

0.17110
0.08920
0.04840
0.01850

0.00110

28.5
14.2
7.9
3.0
0.2

taug 
0.01 
0.03 
0.02 
0.02 

0.00
solar declination = 14.686262184445 
solar zenith angle = 31.398820329709 
solar azimuth = 113.20862349932
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Table 14. Ravleieh subtraction model

doc *************************************************************
doc Correction of the radiance values gathered from using the
doc rayrad program. This program will allow corrections of the
doc digital numbers for bands 1 through 7
£jQ£ *************************************************************

doc_end 
monitor = "ON" 
report = "TERM"

file = "/path/fileort.pix"
see file
MODEL ON file
35 if (%%2 = 1) %8 = %8-29
rem 36 print "29 subtracted from dn for band 1"
40 if (%%2 = 1) %9 = %9-14
rem 41 print "14 subtracted from dn for band 2"
45 if (%%2 = 1) %10 = %10-8
rem 46 print" 8 subtracted from dn for band 3"
50 if (%%2=1) %11 = %11-3
rem 51 print" 3 subtracted from dn for band 4"
55 if (%%2 = 1) % 12 = % 12
rem 56 print" 0 subtracted from dn for band 5"
60 if(%%2=!)%13 = %13
rem 61 print" 0 subtracted from dn for band 6"
65 if (%%2 = 1) % 14 = % 14
rem 66 print" 0 subtracted from dn for band 7"
ENDMODEL
100 return

Channel 1: 16 
Channel 2: 12 
Channels: 8 
Channel 4: 6

2.3.3 Dark object subtraction
Table 15. Dark water values: 

Final atmospheric correction values are 
selected manually from a full-resolution display 
of bands 1-4, focused on areas of dark water. 
This step must be conducted, visually, AFTER 
the Rayleigh correction has been subtracted from 
the bands. The dark object subtraction itself may 
be conducted with EASI procedure, ARI, or with 
a model similar to the one in Table 14. The 
values shown in Table 15 are in the normal range 
for the region of the Big Bend coast. All channel 
descriptors (image layer histories) are renamed 
using MCD to more accurately describe the 
contents of the channel based on the pre 
processing applied.
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2.4 INDICES
Several indices are calculated at the 

final point in processing. An additional band is 
added to the .pix file for each index desired. Be 
sure to specify the correct band number when 
calculating an index. The examples below are 
based on the radiometrically enhanced data 
residing in bands 1-7 It is possible to protect 
previously processed image channels from 
accidental overwrites with the LOCK procedure.

2.4.1 Bitmap creation
A mask is employed to permit 

processing and modeling of image-only pixels. 
If not already done, the mask is created by 
selecting all pixels with a value of > 0 in TM 
band 1 or 2. The new bitmap segment is on at 
every image pixel and off at all non-image pixels. 
It is important that the operator check the band at 
full-resolution to ensure there are no zero values 
in the image area itself before running this 
procedure. The results can be checked 
afterwards on full-resolution display. Failure to 
check may result in missing data in the index 
channels. The mask is created by running THR 
as in Table 9. The mask allows the operator to 
run processes on image data only, maintaining 
values of zero in non-image areas of the file.

2.4.2 Vegetation Index
The vegetation index, NDVI may be 

calculated in the EASI procedure, RTR (Table 
16). Alternatively, a model can be written to 
take the input channels 3 and 4 and write output 
NDVI to channel 8. Differences in NDVI 
between two years may range from  90 to +90. 
These values are re-scaled to range from 1 - 200.

EQUATION 7. EASI MODEL FOR NDVI
%8 = 100 * (%4 - %3) / (%4 + %3)

2.4.3 Wetness Index
The wetness index may be calculated 

with EASI procedure, ARI (Table 17). It may 
also be run as an EASI model:

EQUATION 8. EASI MODEL FOR WETNESS 
INDEX

%9 = %5 - %2

2.4.4 Thermal band 6 temperature
Temperature is calculated from TM 

thermal band 6 (Markham and Barker, 1986) to 
degrees Celsius plus 5. We add 5 degrees to 
account for near freezing temperatures which 
occasionally occur in the Big Bend region. The 
model is run from a file as follows:

EQUATION 9. EASI MODEL FOR TEMPERATURE 
IN CELSIUS

MODEL ON "/pathname/filename.pix 
if%%2=! %10 =
(1260.56/ln(60.776/(%6/100)+l)-268); 
ENDMODEL

where segment 2 is a bitmap, masking image- 
only pixels.

2.4.5 Water reflectance
Water reflectance can be calculated with 

EASI procedure, ARI, (Table 18) or as follows:

EQUATION 10. EASI MODEL FOR WATER
REFLECTANCE

%ll = %2-%4

2.4.6 Brightness
Brightness is merely TM band 2 with 

the appropriate adjustments for radiometric 
enhancement and atmospheric corrections. This 
is sufficient for comparison of brightness 
between scenes.
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Table 16. Calculation ofNDVI using EASIRTR

RTR Real Database Channel Ratioing V6.0 EASI/PACE 14:54 16-Feb-97 
FILE - Database File Name :path/fileort.pix 
CNUM - Channels for Ratio Numerator } 4 3
WNUM 
NCON
CDEN
WDEN 
DCON

- Weights for Ratio Numerator > 
- Constant for Ratio Numerator >
- Channels for Ratio Denominator }
- Weights for Ratio Denominator > 
- Constant for Ratio Denominator >

DBOC - Database Output Channel List > 
SMOD - Scaling Mode: NONE/AUTO/LOGS 
MASK - Area Mask (Window or Bitmap) > 
ZERODIV - Value for Division by Zero >

1 
0
4

0.01 
0

-1

3
0.01

8 
:NONE 

2 
255

Table 17. Calculation of the wetness index with EASIARI

ARI Image Channel Arithmetic V6.0 EASI/PACE 14:34 16-Feb-97
FILE - Database File Name :path/fileort.pix
OPER - Operator: ADD/SUB/MUL/DIV/AND/OR:SUB
CNST -Input Scalar > 0
MASK - Area Mask (Window or Bitmap) > 2
DBIC - Database Input Channel List } 5 2
DBOC - Database Output Channel List > 9
ZERODIV - Value for Division by Zero > 255
AUTO - Autoscaling mode: ON/OFF/USER :OFF
RVAL - Function Min,Max, Output Min,Max>

Table 18. Calculation of water reflectance with EASI ARI procedure.

ARI Image Channel Arithmetic V6.0 EASI/PACE 14:34 16-Feb-97
FILE - Database File Name :path/fileort.pix
OPER - Operator: ADD/SUB/MUL/DIV/AND/OR:SUB
CNST -Input Scalar > 0
MASK - Area Mask (Window or Bitmap) > 2
DBIC - Database Input Channel List } 2 4
DBOC - Database Output Channel List > 11
ZERODIV - Value for Division by Zero > 255
AUTO - Autoscaling mode: ON/OFF/USER :OFF
RVAL - Function Min,Max, Output Min,Max>
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Appendix A

Image Pre-Processing Outline

I. Scene selection 
A. Season 
B. Water level 
C. Cloud cover
D. Simultaneous coverage of multiple path/row 
E. Specifications: NN, SOM, CD-ROM format,...

n. Scene prep
A. Download imagery and header files from CD-ROM or tape format 
B. Check header and trailer files - create orbital segment if possible 
C. Visual check of imagery - repair missing data lines where necessary 
D. Attempt destriping - abort if unsuccessful

HI. Orthorectification of imagery 
A. Coordinate system 
B. Image ground control 
C. Field ground control 
D. User-entered coordinates 
E. Model of ground control and orbital segment 
F. Rectify raw imagery to new file using model 
G. Accuracy check on registration

1. Check against UTM coordinates
2. Check inter-scene registration

IV. Radiometric enhancement and atmospheric corrections
A. Transform raw digital count values to reflectance
B. Calculate Rayleigh coefficients
C. Dark water subtraction - subtract to O's
D. Create image-pixel only bitmap
E. Model image pixels of value 0 to value 1

V. Create indices
A. Vegetation index (NDVI) 
B. Wetness index 
C. Temperature 
D. Water reflectance 

E. Brightness

VI. Data storage and documentation
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Appendix B

Sample Header File

NDF_REVISION=0.00;
PRODUCT_NUMBER=01196082300470006;
DATA_FILE_INTERLEAVING=BSQ;
TAPE_SPANNING_FLAG=1/1;
START_LINE_NUMBER=1;
START_DATA_FILE= 1;
BLOCKING_FACTOR=1;
MAP_PROJECnON_NAME=SPACE_OBUQUE_MERC;
USGS_PROJECTION_NUMBER=22;
USGS_MAP_ZONE=62;
USGS_P

000000000000000;
HORIZONTAL_DATUM=WGS84;
EARTH_ELUPSOID_SEMI-MAJOR_AXIS=6378137.000;
EARTH_ELLIPSOID_SEMI-MINOR_AXIS=6356752.314;
EARTH_ELLIPSOID_ORIGIN_OFFSET=0.000,0.000,0.000;
EARTH_ELLIPSOID_ROTATION_OFFSET=0.000000.0.000000,0.000000;
PRODUCT_SIZE=FULL_SCENE;
RESAMPLING=NN;
PROCESSING_DATE/TIME=082896/08063200;
PROCESSING_SOFTWARE=NLAPS_2_0_2;
DATA_SET_TYPE=EDC_TM;
PKEL_FORMAT=BYTE;
PDCEL_ORDER=NOTJNVERTED;
BITS_PER_PIXEL=8;
PKELS_PER_UNE=6894;
LINES_PER_DATA_FILE=6393;
DATA_ORIENTATION=UPPER_LEFT/RIGHT;
NUMBER_OF_DATA_HLES=7;
UNES_PER_VOLUME=44751;
RECORD_SEE=6894;
UPPER_LEFT_CORNER=0833533.3934W,0294853.5306N,I6791740.86U39718.034;
UPPER_RIGHT_CORNER=0813527.3764W.0293125.9445N, 16803578.471,535811.556;
LOWER_RIGHT_CORNER=0815436.0583W,0275416.8972N,16985419.440,524834.333;
LOWER_LEFT_CORNER=0835254.1423W,0281128.3854N.16973581.831.328740.811;
REFERENCE_POINT=SCENE_CENTER;
REFERENCE_POSmON=0824437.0448W,0285144.7804N,16888580.150,432276.187.3447.50,3197.0
REFERENCE_OFFSET=-193.11,15.18;
ORENTAnON=273.454591;
WRS=017/040.0;
ACQUlSmON_DATEmME=050885/15314248;
SATELLTTE=LANDSAT_5;
SATELLITE_INSTRUMENT=TM;
PKEL_SPACING=28.5000,28.5000;
PIXEL SPAONG_UNrrS=METERS;
PROCESSING_LEVEL=08;
SUN_ELEVATION=61.76;
SUN_AZIMUTH= 108.55;
NUMBER_OF_BANDS_IN_VOLUME=7;
BAND 1JJAME=TM_B AND_1;
BAND1_WAVELENGTHS=0.45,0.52;
BAND1_RADIOMETRIC_GAINS/BIAS=0.6024314,-1.5200000;
BAND2_NAME=TM_BAND_2;
BAND2_WAVELENGTHS=0.52,0.60;
BAND2_RADIOMETRIC_GAINS/BIAS=1.1750981,-2.8399999;
BAND3_NAME=TM_BAND_3;
BAND3_WAVELENGTHS=0.63,0.69;
BAND3_RADIOMETRIC_GAINS/BIAS=0.8057647,-1.1700000;
BAND4_NAME=TM_BAND_4;
BAND4_WAVELENGTHS=0.76,0.9();
B AND4JIADIOMETRIC_GAINS/BIAS=0.8145490.-1,5100000;
BAND5_NAME=TM_BAND_5;
BAND5_WAVELENGTHS=1.55.1.75;
B AND5_RADIOMETRIC_GAINS/BIAS=0.1080784.-0.3700000;
BAND6_NAME=TM_BAND_6;
BAND6_WAVELENGTHS=10.40,12.50;
BAND6_RADIOMETRIC_GAINS/BIAS=0.0551582,1.23779%;
BAND7_NAME=TM_BAND_7;
BAND7_WAVELENGTHS=2.08,2.35;
BAND7_RADIOMETRIC_GAINS/BIAS=0.0569804>-0.1500000;
END_OF_HDR;

27



Appendix C

SMODEL Satellite Model Calculation

Report File: fltms/tm88smod3.txt 

Using GCPs stored in the GCP segment:

V6.0 EASI/PACE 10:3404-Dec-96

GCPID CALCULATED GCP RESIDUE (Metre)

1
2
3
4
5
6
7
8

X
269716.91
328575.40
331799.21
400117.75
403824.55
339244.69
348310.68
370506.11

Y
3284028.64
3232963.42
3266272.27
3235478.61
3228838.33
3191071.87
3166255.36
3126170.90

X
1.09

-10.40
5.79
10.25
-10.26
-6.69
12.32
-2.11

Y
-0.64
0.58
6.73
-0.61
-1.93

-10.87
1.64
5.10

RMS
1.26
10.42
8.88
10.27
10.44
12.76
12.43
5.52

RMS 8.90 5.30 10.36

RESIDUE ERRORS FOR CHECK POINTS:

GCPID CALCULATED CHECK POINT

-19
-9

-10
-11
-12
-13
-14
-15
-16
-17
-18

X Y
299418.73
329124.94

327671.62
329711.82
330920.87
330055.45
339940.18
343565.03
366101.40
335025.94
311824.53

X
3233029.69
3116528.16

3126505.34
3126556.48
3130030.77
3130044.83
3149448.61
3187000.57
3197847.99
3199333.66
3236336.17

Y
-0.73
1.06

11.38
-1.82
2.13

-0.45
-5.18
5.97
-8.40

-12.94
0.47

ERRORS (Metre)
RMS

-7.69
-5.16
-7.34
-3.48
-6.77
-13.83
-3.61
6.43
8.01
-6.66

-12.17

7.73
5.27
13.54
3.92
7.10
13.84
6.31
8.78
11.61
14.55
12.17

RMS 6.63 8.36 10.68

N02 (2 X ellipsoid normal):
aa (Unknown tied to earth rotation)
ALPHA (IFOV):
bb (Unknown of 2nd order):
CO (Scene centre column):
cc (Unknown of 2nd order):
COSKHI (Parameter):
DELGAM (Unknown of 2nd order):

0.1276623423925591D+08 
: -.2019698071206954D-02 
0.4250000000000000D-04 

0.5159405145974503D-08 
0.3441OOOOOOOOOOOOD+04 
-.1011490548231246D-08 

0.9986239362292677D+00
-.5228374067336880D-08

GAMMA (Scene orient, rel. to the North): 0.1804139211480550D+00 
K_l (Cross track scale function): 0.1650305501958989D-05 
LO (Scene centre row): 0.3209500000000000D+04 
P (Along track scale function): 0.2850017693250296D+02 
Q (Satellite-Scene centre dist): 0.6704364897025154D+06 
TAU (Levelling angle along track dir): -.5251493727041531D-01 
THETA (Levelling angle across track dir): 0.3593993241522756D-02 
THETAS (THETA/COS_KHI): 0.3598945620203554D-02 
XO (Carto coord of scene centre): 0.3 259051885403947D+06 
YO (Carto coord of scene centre): 0.3194585202192697D+07 
DELH (Radar parameter in H dir.): O.OOOOOOOOOOOOOOOOD+00 
COEFY2 (Radar parameter in Y2 dir.): O.OOOOOOOOOOOOOOOOD+00

EARTH ELLIPSOID USED : E012
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Appendix D

DATA STORAGE

I. Naming conventions

A. Image files:
Name: fltmN950402nlaps.pix

state (2) imagery type (2) region (1) date (yymmdd) level (nlaps, ort, cor)

B. Report and text files:
Include date and 3-letter abbreviation of process with either .rep or .txt. Use .rep in the case of
reports generated by EASI itself, and .txt for reports created by the operator.

II. CD-ROM Storage/Sets
Detailed information on CD-ROM storage levels is provided on each CD-ROM. In brief:

Set I contains the *nlaps file, a raw image file extracted from the original CD-ROM format and 
converted to a .pix format. The level I CD-ROM also contains the orbital and ground control point 
segments and models necessary for orthorectification of the imagery.

Set II contains the *ort file, a fully rectified image. The level n file has met accuracy standards 
both for inter-scene and coordinate plane map accuracies. The CD-ROM also includes all segments 
necessary for the rectification and all text files corresponding to the processing already completed.

Set HI contains the *cor file, a radiometrically enhanced and atmospherically corrected image. 
The file includes four additional channels of data, vegetation index, wetness index, water reflectance and 
temperature. The level IE CD-ROM also holds all text files pertaining to all levels of processing with 
summaries for ease in evaluation.
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( ) Check distinct, right angle road intersections in areas with stable road location over time

Do not check acute angles, areas undergoing development, or intersections in agricultural 
fields

Plate 3. Preferred locations for inter-scene accuracy check, Chassahowitzka, FL, 1995.
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Plate 4. Flow chart for image Dre-Drocessing with PCI, Inc.
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