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1. Introduction

This paper describes a series of radiometric, geometric, seasonal-change and classification methods applied to satellite imagery for the purpose of classifying land-cover in 2002 of the Greater Puget Sound Region. The classification product serves as input to the Puget Sound Regional Synthesis Model (PRISM), a major University of Washington, inter-disciplinary project that models the inter-related dynamics of regional atmosphere, land-surface processes, marine environment, biological reserves, urbanization and information technologies. 

The Urban Ecology Research Lab (UERL), an inter-disciplinary UW lab focused on describing and modeling interactions among biological processes, human interactions and urban development, developed these methodologies for land-cover analysis, and performed all data preparation, seasonal-change, classification and accuracy assessment steps discussed here.

Regional land-cover analysis is one of the major UERL’s research activities aming to explain and model impacts of urban development patterns on interconnected biophysical elements and ecological processes occurring throughout the Greater Puget Sound Region. Our efforts to produce a regional land-cover classification for 2002 also feeds into the lab’s current efforts to analyze time-series, land-cover development patterns in the Central Puget Sound Region, and builds upon land-cover products which now span nearly twenty years. 

2. Data Acquisition

A combination of Landsat TM and ETM+ imagery covering the extent of the greater Puget Sound region was acquired for this project. Thematic Mapper (TM), an instrument of NASA distributed by the U.S. Geological Survey (USGS), is a multi-spectral, scanning radiometer carried on Landsat satellites 4 and 5. It has been providing continuous, 16-day cycle, global coverage since July 1982. TM contains seven spectral bands (bands 1-5 and 7) representing the visible, near-infrared and mid-infrared wavelength regions, with a spatial resolution of 30-meters. The Enhanced Thematic Mapper (ETM+), launched on Landsat satellite 7 in April 1999, contains the same data parameters as TM, but has upgraded radiometric calibrations.

We acquired four summer and four winter scenes in 2001 and 2002 (Figure 1) via Earth Explorer, an on-line data browser and acquisition service of USGS. The datasets cover the full map extent of the Greater Puget Sound Region (Figure 2), and the full spatial extent of twelve Washington counties, including Whatcom, San Juan, Skagit, Island, Snohomish, Jefferson, Kitsap, King, Grays Harbor, Mason, Thurston and Pierce. Large portions of other counties are also covered. 

	Image ID
	Acquisition Date
	Season
	Path/Row
	Satellite
	Sun Elevation
	Sun Azimuth

	5046026000220210
	7/21/2002
	Summer
	46-26
	Landsat 5 TM
	55
	136

	5046027000220210
	7/21/2002
	Summer
	46-27
	Landsat 5 TM
	56
	134

	5047026000219310
	7/12/2002
	Summer
	47-26
	Landsat 5 TM
	57
	135

	5047027000219310
	7/12/2002
	Summer
	47-27
	Landsat 5 TM
	57
	132

	5046026000135910
	12/25/2001
	Winter
	46-26
	Landsat 5 TM
	15
	158

	5046027000135910
	12/25/2001
	Winter
	46-27
	Landsat 5 TM
	16
	158

	7047026000205750
	2/26/2002
	Winter
	47-26
	Landsat 7 EMT+
	29
	153

	7047027000205750
	2/26/2002
	Winter
	47-27
	Landsat 7 EMT+
	30
	152


Figure 1: Dataset Information
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Figure 2: Map Extent of Landsat Images

3. Summer Data Preparation

A series of geographic, radiometric, data conversion, image inter-calibration and data management steps were applied to the summer scenes to prepare them for land-cover classification. Many of the processing steps were performed using RSI’s Environment for Visualizing Images (ENVI), a comprehensive image processing software used for advanced hyper-spectral image analysis, radiometric and geometric corrections and image classification. Other steps, including all classification methodologies were performed using ESRI’s Erdas Imagine, a comprehensive, geographic imaging suite. These steps are outlined in the figure below, and the following sections describe these steps in greater detail.
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Figure 3: Data Processing Methodologies

3.1 Geographic registration

Prior to geo-registering these images, we mosaicked the row-images in each path to derive two discrete path images: paths 46 and 47. This was done simply to reduce the number of discrete images with which to geo-register.

TM path 46 was geo-registered to the geographic projection and coordinates (universal transverse mercator UTM, datum NAD83, Zone 10-North, units meters) of our in-house, 30 meter digital elevation model (DEM) using a first-order polynomial warping equation incorporating a selection of known ground control points (gcp’s). The image was “resampled” to 30 meter cell resolution using a nearest-neighbor method. Ground control points with high RMS (Root-Mean-Square) errors were discarded, so that only those gcp’s with an RMS less than 1-pixel were used in the resampling. Path 47 was then co-registered to path 46 using the same methodology (see figure below).
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Figure 4: Geo-registration Using DEM and Ground Control Points

3.2 Data subsets and management

The data were then subset to the geographic extent of the DEM, image files were renamed and organized, and the ground control point files saved.

3.3 Radiometric corrections

A series of radiometric corrections were applied to the image data, including instrument calibration, atmospheric compensation and image-to-image inter-calibration. These steps are explained below.

3.3.1 Instrument calibration (TM to ETM+)

The Puget Sound images are derived from both Landsat 5 (TM) and Landsat 7 (ETM+) satellites.  All Landsat TM and ETM+ images are pre-processed by USGS prior to our acquisition using standard geometric and radiometric correction methods. These methods include correcting for geo-location and terrain errors. Although the correction methods are compatible for both the TM and ETM+ instruments, ETM+ is an upgraded and superior radiometric instrument. All TM images can be converted to the radiometric calibration of ETM+ using simple data conversion algorithms provided by USGS. First, we converted TM data number values (DN5) to ETM+ data number values (DN7) using the following formula:
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The slope and intercept values for each band are provided by USGS.

Band #

Slope

Intercept

-----------------------------------------------

1

0.9898

4.2934

2

1.7731

4.7289

3

1.5348

3.9796

4

1.4239

7.032

5

0.9828

7.0185

7

1.3017

7.6568

We then converted the DN7 values to “radiance at satellite” (LS) values using the following formula:
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These gain and bias values for each band are again provided by USGS.

Band #

gain

bias

--------------------------------------------------

1

0.7756863
-6.1999969

2

0.7956862
-6.3999939

3

0.6192157
-5.0000000

4

0.6372549
-5.1000061

5

0.1257255
-0.9999981

7

0.0437255
-0.3500004

3.3.2 Atmospheric compensation (to radiance leaving the ground)

Using both physical and image-based methods, we compensated for atmospheric effects caused by scattering (path radiance) in and transmittance through the atmosphere. Generally, image data are affected by a) attenuation of land-leaving radiation due to atmospheric absorption, or transmissivity ((), and b) path radiance (Lp) or solar scattering in the atmosphere manifesting as artificial gains in radiance values. The equation below describes the process whereby radiance arriving at the sensor is converted to land-leaving radiance using two terms: a multiplicative transmissivity term ((), and an additive path-radiance term (Lp), which accounts for up-welling atmospheric radiance:
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Where:

Lg = land-leaving radiance (Wm-2µm-1sr-1)

Ls = sensor radiance (Wm-2µm-1sr-1)

Lp = path radiance (Wm-2µm-1sr-1)

( = transmissivity (unitless)

x = individual pixel

( = band effective center wavelength (µm)

Transmissivity (() was estimated using the radiative-transfer modeling software package MODerate resolution TRANsmission (MODTRAN) [PcModWin 4.0 (Ontar Corporation, 2001)]. Inputs to MODTRAN include sensor and target geometries, and standard model profiles for water vapor, air temperature, aerosols, ozone and carbon dioxide. Transmittance was estimated by calculating a set of MODTRAN models for varying topographic elevations (1-km intervals). These outputs were convolved to the spectral bandwidth of each Landsat band and used to generate values for transmissivity in each TM band. Once applied as ( in the equation above, these values compensated for radiation lost to atmospheric transmittance.

A “dark object subtraction” method was used to correct for atmospheric scattering in the path. Dark object subtraction is an image-based approach that assumes certain objects in a scene should have values very close to zero (such as water bodies), and that radiance values greater than zero over these areas can be attributed to atmospheric scattering and thereby subtracted from all pixel values in an image. To account for spatial variation in atmospheric scattering in the summer scenes, a geographically and spatially variable dark object subtraction method was performed.  Dark objects were selected spatially based on a 10x10-km grid, and at 1-km elevation intervals in order to account for variation in scattering with elevation. To select the dark objects, a 10x10-km grid was imposed on the summer scene, and a histogram of the sum of all bands was created for each of the 10x10 cells, at each 1-km elevation interval (composing 600 cells in all). The lowest 1% of the sum values were selected and tested against Rayleigh (atmospheric radiance scattering) criteria. Those spectra were averaged together to yield dark object spectra for each cell.

There were several selection criteria imposed on the dark object spectra. First, the dark objects were not used in calculations if there were fewer than 10-pixels used to create the spectra value. Further, if the sum value of a cell was greater than the mean of its neighboring cells by more than 1-standard deviation, it was discarded. Finally, if the value of a cell at a higher elevation was more than the value of a cell at a lower elevation in the same column (same x and y location), it was discarded. The remaining cells were then interpolated and resampled to make the final dark object values for each data band. These values were applied to the image data as the Lp term in the radiative transfer equation shown above.
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Figure 5: Dark Object Subtraction Matrix 

3.3.4 Image Inter-calibration

The atmospheric corrections applied to the image data successfully brought the two summer scenes to the same radiometric calibration. The two summer paths (46 and 47) were equivalent in solar geometries, and were collected near one another in date and time; therefore, it was expected that they would be similar in relative brightness across the overlapping area. 

We tested this equivalence by statistically comparing sample regions where the two images overlap. Across all data bands, there was good image-to-image correlation in radiance in these sample regions. We therefore concluded that no additional inter-calibration between the two images was necessary.
3.4 Topographic correction

Variation in aspect and elevation of the earth’s surface creates a corresponding variation in the solar radiation incidence angle. The variation in solar irradiance, in turn, creates a variation in land-leaving radiance. Simply stated, brightness varies with topography across each scene, especially in areas with more extreme topography. As should be expected, illuminated (south-facing) slopes are brighter in radiance than shaded (north-facing) slopes. Assuming surfaces in the images are Lambertian in nature, we can normalize for topographic effects using a shaded relief image, which is essentially the cosine of the solar incidence angle for each pixel. The incidence angle is calculated from the Digital Elevation Model (DEM) together with the solar elevation angle and solar azimuth for the date and time of image acquisition. The correction involves dividing each band of image data by the shaded relief image. On shaded slopes the cosine of the incidence angle approaches zero, thus requiring a large topographic correction (brightening), whereas in flat areas, the incidence angle approaches one and requires no correction. An example of a shaded relief image, along with a corresponding spectral image, is displayed below.
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Figure 6: Shaded Relief Image for Topographic Correction

3.5 Image Mosaic

Once the above steps were applied and the images were corrected for atmospheric and topographic effects, the two paths were then mosaicked to form a single, discrete image. Image mosaicking spatially combines overlapping, contiguous, geo-referenced images to form a new, data-continuous image. Generally the method involves a linear ramp function, which averages the two images across a specified pixel-distance in the overlapping region. Based on their good geo-registration, very little pixel averaging was necessary to mosaic to two summer paths. It should be noted that a multi-spectral image mosaic of this spatial extent can be quite memory intensive; this image, for example, nears 2.8 GB in size. The resulting image is displayed below.
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(R – Band 4, G – Band 3, B – Band 2)

Figure 7: Corrected Summer Mosaic

3.6 Data management and organization

The image products resulting from each step described above were archived, and the transition files were discarded or archived, depending on future need. Files in general were reorganized, renamed and backed up on disc or file servers. The ground control point files, algorithms and equations used in each of the steps were retained for future use in image calculations.

4. Winter Data Preparation

The data processing and preparation steps described in the above sections were repeated for the winter image data. These included geo-registering winter path 46 to summer path 46, then co-registering winter path 47 to winter path 46; performing data calibration steps to convert radiance values to ETM+ calibration standards; correcting for atmospheric effects; topographic correction; image mosaicking and data management. We provide details below on steps unique to the winter scenes, which include earth-sun-distance corrections and image inter-calibration.

4.1 Earth/Sun/Distance Correction

Imagery captured in the winter months is impacted by low solar elevation angles. Mapping the greater Puget Sound region exacerbates this problem because it is located at the high northern latitude of 47° 39'. Sun elevation angle measures the height of the sun from the horizon, and at this latitude sun elevation reaches 65( at noon in late-June; whereas, in December sun elevation angle tends to peak at 18(. The sun’s zenith angle is the complement to the sun’s elevation angle, and is calculated by subtracting the sun’s elevation angle from 90(. Differences in these solar geometries result in winter images that can be several times darker than their summer counterparts. Another seasonal effect is caused by the changing Earth-Sun distance, which affects the solar irradiance arriving at the Earth’s surface.  We accounted for these affects using solar geometries (elevation and zenith angles) and the earth-sun distance units equivalent to the summer scenes. The result was a winter dataset artificially brightened by correcting its irradiance to the equivalent of the summer scenes, thereby preparing them for general comparisons and seasonal change analysis.

To correct the winter scenes, we obtained earth-sun distance values (in astronomical units) and solar geometries for each summer and winter data acquisition date for each Landsat path acquired. We applied these values, as in the following equation, to each winter image path to derive corrected winter image data.
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Where:
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= Earth-Sun distance in astronomical units for winter data acquisition date
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= Earth-Sun distance in astronomical units for summer data acquisition date


[image: image13.wmf]1

g

L


= New winter land-leaving radiance
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= Land-leaving radiance in original darker winter scene
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= Cosine of the summer data acquisition date zenith angle
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= Cosine of the winter data acquisition date zenith angle

4.2 Image inter-calibration

After applying earth-sun distance and solar geometry corrections to both paths of the winter image data, we checked for how well the two paths inter-related in relative brightness. Since the paths are eventually mosaicked to a single scene, good image-to-image radiometric calibration was critical. Poor inter-calibration might be expected, however, since the winter images were collected two months apart. The sample mosaic below demonstrates differences in relative brightness between the two images. The path on the left (path 47) is brighter than the path on the right (path 46), due differences in image acquisition dates. 
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(R – Band 3, G – Band 2, B – Band 1)

Figure 8: Brightness Variation Between Two Winter Landsat Scenes

The brightness variation evident in these images may be a result of increased shadowing and lower sun elevations, for which the corrections described above for solar irradiance do not account. To inter-calibrate the two winter scenes, we selected geographic regions of interest in the area where the two images overlap. The regions of interest were selected across seasonally invariant surface materials, such as water bodies, golf courses, parking lots and roofing surfaces. Statistics for each region of interest were calculated to derive mean radiance values for each wavelength band and, using regression line equations, we determined the gains and offset values for each band to inter-calibrate the darker scene (path 46) to the brighter scene (path 47). The graph below displays an example of the plotted means and regression line equation for one wavelength band.
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Figure 9: Regression Line Equation for Image Inter-calibration

4.3 Image mosaic

As with the summer data, we performed image mosaicking to join the two inter-calibrated and corrected winter scenes. The figure below displays the final winter image product.
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(R – Band 4, G – Band 3, B – Band 2)
Figure 10: Corrected Winter Mosaic

5. Image Classification

This section outlines our steps and methodologies used to thematically classify the summer image mosaic. Our goals included classifying the image to major land-cover classes, concentrating on proportions of urban, forest, grasses, and bare ground elements, and following a methodology developed by this lab for the purpose of time-series, land-cover classification and change detection. A few classification approaches were combined, forming a complex, hybrid methodology for thematically classifying the summer dataset. These approaches include the application of a spectral unmixing approach based on fractions of spectral endmembers, supervised classification based on known training sites, and seasonal change analysis using the winter images. The figure below displays our major classification steps.
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Figure 11: Classification Methodologies

5.1 Supervised-classification

Supervised classification is based on the notion that a priori (known) information is used to classify image pixels by specifying various training areas representing land-covers present in a scene. These training areas are used to derive representative spectral signatures, which are evaluated statistically to ensure separability among training classes. The computer uses distance algorithms based on the signatures to categorize all other pixels in an image to a specific theme.

We applied supervised classification by extracting spectral signatures from various land-cover types in the summer image, using high-resolution ortho-photography for referencing the materials. The various land-cover types included dense urban surfaces (e.g. pavements, roofing surfaces), mixed-urban areas (e.g. residential), grasses, clear-cut forests, bare ground and agricultural lands. These image-based, reference spectral signatures are termed “areas of interest” (AOI’s). At each supervised classification interval, we masked water and vegetation using a three-class image comprised of water, vegetation and non-vegetation, derived from spectral unmixing, discussed below. The vegetation class was later disaggregated using spectral unmixing and seasonal change strategies, also discussed below.

5.2 Spectral Unmixing

Spectral mixture analysis (SMA) is based on the theory that a limited number of surface materials cause a majority of spectral variation in an image. Since multiple land-cover types can be represented in a single pixel, SMA estimates approximate proportions of land-cover types at the sub pixel level. The relative proportions are based on the selection of pure reference spectral signatures, or endmembers, of specific land-cover types. Using linear mixing models, SMA results in an image representing relative proportions of each endmember for every pixel.

A spectral unmixing model incorporating green vegetation, non-vegetation (or urban) materials, and water (or shade) endmembers was applied to the summer dataset. Following on the theory that shade is distributed proportionally among vegetation and urban features, we shade normalized the resulting SMA image by dividing the vegetation proportions in each pixel by the sum of these proportions and the non-vegetation proportions. The shade-normalized SMA image was applied later to assist with the urban and vegetation classes, and was also used to construct a three-class image of vegetation, non-vegetation and water, which was used in a variety of masking steps during the classification process.

5.3 Spectral Unmixing Applied to Vegetation

Using shade fractions from the mixing model, we separated green grass pixels from other types of vegetation. This is based on the theory that grass vegetation has a very low proportion of shade per pixel relative to forested areas. To determine where to threshold the shade fractions for grass detection we computed statistics on AOI’s representing grass, deciduous forest, and coniferous forest. Based on the mean statistics of the shade fraction for grass, we determined a shade threshold of approximately 10%, naming all vegetation pixels with shade fractions less than this threshold as grass or low-lying shrub, and above this threshold as forest and larger shrub areas.

5.4 Spectral Unmixing Applied to Urban 

Using the urban classes derived from supervised classification, we used a mixing model to derive relative proportions of shade (e.g. water), green vegetation and non-vegetation (e.g. pavement) in each pixel classified as urban or mixed urban. After normalizing for shade, we calculated the proportions of vegetation and non-vegetation in each urban pixel, and developed three classes of urban: greater than 75% paved, between 50 -75% paved, and less than 50% paved. We later merged the medium and light paved classes for a total of two urban classes: dense urban (>75%) and medium-light urban (<75%). 

5.5 Seasonal Change Analysis

For the remaining vegetation pixels derived from supervised classification, we used a seasonal change approach to disaggregate deciduous tree cover, coniferous and mixed forests. Earlier efforts by this lab to classify forest types revealed that good separability of deciduous and coniferous forests was not attainable using a single-season image, and therefore those forest types had been merged to a single forest class. With the addition of a leaf-off image from the same year, we were able to improve upon the mapping of these unique forest types. We measured seasonal change in green vegetation using the Normalized Difference Vegetation Index (NDVI). NDVI is one type of vegetation index used in large-area vegetation monitoring from satellite or aircraft remote sensing data. The index is derived by applying a mathematical equation to the visible red and near-infrared (IR) wavelength bands, based on the theory that green vegetation will be highlighted due to its relatively high near-IR reflectance and low visible red reflectance. As a normalized index, NDVI helps control for problems relating to illumination change (shade), slope and aspect in the scene.

In Landsat TM, the visible red (band 3) ranges from 0.63-0.69 (m, and the near-IR (band 4) from 0.76-0.90 (m. The following equation indicates how NDVI is calculated using these bands.
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We derived NDVI for the winter and summer image mosaics, then calculated NDVI change between the two by subtracting winter NDVI from summer NDVI. We masked this image with the supervised classification image (urban, bare soil, dry grass, etc.), the grass pixels and water, so that change was evaluated using only the pixels representing forest. Assuming that coniferous forest changes very little from winter to summer, while deciduous changes greatly in green vegetation, and mixed canopy to some degree in between these two, we computed statistics on AOI’s representing deciduous, coniferous and mixed forest. Based on these statistics we developed thresholds for each forest type based on specified distances from their means, and evaluated how their statistical means related to each other. High-resolution, digital ortho-photography was used to substantiate the thresholds used, and the result was a disaggregation of deciduous, mixed and coniferous forests based on physical parameters related to seasonal change.

5.6 Classification Issues

In a few cases, we experienced misclassification errors during the supervised classification process. These were anticipated based on previous classification efforts by this lab, which has developed methods to help correct these errors. The following sections outline a few of the major problems we encountered during classification and the steps we took to resolve them.

5.6.1 Clear-cut Forest

We encountered problems disaggregating the clear-cut class from the mixed urban classes, as the soil and vegetation elements in clear-cut areas are spectrally similar to the pavement and vegetation elements in residential areas. The result is a mixing of these two classes in the resulting classified image; some clear-cut areas were classified as mixed urban, while residential areas experienced a few clear-cut pixels. For the most part, the misclassified pixels were isolated in nature, creating a “salt and pepper” affect in the image. To eliminate the clear-cut pixels from the mixed urban areas, while expanding the regions of true clear-cut areas, we used filtering techniques (e.g. neighborhood filters) to “blend” true clear-cut pixels while removing isolated pixels less than a specified, contiguous pixel count (e.g. less than 5 contiguous pixels). This resulted in smoothed patches of clear-cut classes, and eliminated isolated patches of misclassified clear-cuts and mixed urban pixels. With the clear-cut class established, we were able to mask those pixels and re-run a supervised classification for mixed urban without the clear-cut signatures, resulting in less misclassification of these two classes.

5.6.2 Native Grasslands

A similar technique was applied to the native grasslands class. There is an area composed of native grasses in the south end of Puget Sound, which is for the most part spectrally unique from other vegetation and grass elements in the region. However, a few isolated pixels representing this class were speckled throughout other regions of the image. We therefore applied a filtering technique to eliminate these, while smoothing the area composed of native grasslands.

5.6.3 Agriculture

Misclassification between agricultural lands and mixed urban was also experienced, based on similarities in the relative proportions of bare soil and vegetation in each land-cover type. This resulted in a speckling of mixed urban pixels appearing in agricultural areas. To help eliminate these misclassified pixels, we selected as many AOI’s as possible that represented the different types of agricultural land present in the scene, and performed a supervised classification using these signature files. The classes resulting from these signatures were later merged to the grass/crop class, as it was challenging and erroneous to disaggregate cropland from pasture, re-growing agriculture and other grasses in the image.

5.6.4 Bare soil

We checked the classified image for misclassification occurring with bare soil and urban or mixed urban classes. Bare soil may include agricultural fields in fallow, excavation sites in urban areas, or recently cleared forest lands. While each of these land-cover types has an element of bare soil, causing problems with misclassification, clear cuts and agricultural lands should contain some element of vegetation, while bare ground should be void of vegetation. We analyzed the resulting image for this type of misclassification.

5.7 Preliminary classification 

We merged the products from the classification steps outlined above to produce a preliminary classification image. This merged image included the supervised classification product, the spectral unmixing product related to grass, the spectral unmixing product related to proportions of urban, and the seasonal change (NDVI) forest classes. This image is comprised of the following: dense urban (>75%); medium-light urban (<75%); bare ground; clear-cuts; native grasslands; dry grass; grass/crops/shrubs; mixed/deciduous forest; coniferous forest; and re-growth.

5.8 Post Classification

The preliminary image required some degree of post-classification to manage misclassification and data errors related to snow/ice, shorelines/mudflats/water bodies, and clouds. This involved the use of spatial data analysis, image masking, and data modeling to derive the final classification product. The major steps involved are discussed below.

5.8.1 Elevation

The extreme topography of the Cascade Range results in many pixels that are completely shaded, which cannot be normalized by a topographic correction.  Because of their low reflectance values across each band, these pixels are typically mis-classified as water during supervised classification. In order to differentiate between steep slopes and water in this classificaiton, percentage slope was derived from a DEM and any pixel that was greater than 20% slope and classifed as water was recoded to the no data- steep slope category. 

Snow, rock and ice features in the higher elevations of the summer scene were misclassified as “urban” based on their relative spectral brightness across all data bands. Using a 30-meter Digital Elevation Model (DEM), we created a data model that categorized all urban pixels in the classified image that were also above 1000-meters in the DEM as snow, rock and ice. This process assisted with the pixels in high-elevation areas misclassifying as “urban.” 

5.8.2 Clouds

Clouds affected the final classification in two ways. First, a cloudbank along the Western Washington coastline was evident in the summer scene, and this obscured some of the land-area near the coastline. These cloud pixels were misclassified as “urban” due their relative spectral brightness. To manage the cloudbank, we drew polygons around the areas affected by clouds, then subset the image by these polygons (or AOI’s), resulting in an image comprised mostly of the cloudbank, with some water and land-area. We ran an unsupervised classification method on the cloudbank image, clustering the brightest pixels in the image and thematically naming them as “clouds”, which we used to replace the misclassified “urban” pixels.

Second, clouds and snow affected a large portion of the eastern half of the winter scene (Figure 12), obscuring most of the eastern and western portions of the Cascade Mountain Range. The clouds adversely affected the NDVI change analysis by erroneously evaluating seasonal change related to deciduous forest. The very low NDVI values resulting from snow and clouds in the winter scene compared to the high NDVI values in the summer scene (where snow and clouds were not at issue) resulted in high NDVI change values, spuriously describing the change as “deciduous,” when in reality most of the forest comprising the eastern and western sides of the Cascade Mountain Range are a mix of coniferous and deciduous. 

To help with this problem, we ran a supervised classification on the summer scene, concentrating the classification training areas (AOI’s) on deciduous, mixed and coniferous forests, using high-resolution ortho-photography as reference. Once we derived a good representation of these forests in the summer scene, we replaced the spurious deciduous pixels that were affected by clouds and snow. This resulted in a final classified image that utilized two methods for evaluating deciduous and coniferous forest: NDVI change and supervised classification.
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(R – Band 4, G – Band 3, B – Band 2)

Figure 12: Clouds and Snow Affecting the Eastern Portion of the Winter Scene

5.8.3 Shorelines and Water

We used spatial analysis to solve misclassification issues related to shorelines and mudflats, and to assist with thematically segregating a more pure coverage of lakes and ocean areas in the classified image. Sandy shorelines, rocky beaches and mudflats consist of materials similar to those used as aggregate materials in urban surfaces and as such were difficult to distinguish from urban elements during supervised classification. This resulted in the misclassification of shoreline beaches and wet, muddy areas near the shore. A spatial coverage comprised of vectors delineating wetlands, shorelines and beaches was used as a mask to replace the spurious pixels. This coverage also delineated major lakes and water bodies, thereby segregating water as a theme in the final classified image.

5.9 Final Classification

The final classified image (Figure 13) is comprised of the following themes: dense urban (>75% urban); light-medium urban (<75%); bare ground; dry grass; native grasslands; grass/crops/shrubs; mixed/deciduous forests; coniferous forests; re-growing vegetation; clear-cut forest; snow/rock/ice; clouds; wetlands; shoreline; and water.
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Figure 13: 2002 Classified Land-cover

6. Accuracy Assessment

We made a preliminary assessment of the accuracy of the land-cover image through the preparation of a confusion matrix. Confusion matrices compare the relationship between actual and known land-cover types (as on the ground) and the results of an automated classification. We applied high-resolution, digital, ortho-photography covering the spatial extent of the spectral images as reference data for our assessment. Our method consisted of constructing a continuous, 90-meter grid covering the spatial extent of the image data, selecting a random sample of 10% of the grids, and converting these to a polygon cover, which we overlaid onto the ortho-photography. We interpreted polygons containing homogeneous cover-types in the ortho-photography and interpreted them to a highly detailed, 22-class, land-cover classification scheme. We aggregated the total number of polygons we interpreted (2986 in all) to a super-classification of the land-cover product, comprised of 8-classes, which included intense urban; low-medium urban; bare ground; clear-cut forest; grass/crops/shrubs; mixed/deciduous forest; coniferous forest; and water. We calculated the proportion of polygons assigned to each land-cover in the highly detailed classification scheme for each super-class theme, and used these results to construct the confusion matrix (Figure 14). 

	
	2002 Land Cover Class

	Reference Class
	Heavy Urban
	Medium-Low Urban
	Bare Ground
	Clearcut / Regenerating Forest
	Grass/ Shrub/ Crop
	Deciduous and Mixed Forest
	Coniferous Forest
	Water
	Total
	Urers’s Accuraccy

	Heavy Urban
	215
	14
	 
	 
	 
	1
	 
	 
	230
	93%

	Medium-Low Urban
	52
	242
	 
	 
	2
	9
	3
	 
	308
	79%

	Land Cleared for Dev., Crops
	 
	 
	263
	1
	 
	44
	3
	 
	311
	85%

	Clearcut and Regenerating Forest
	 
	1
	2
	96
	 
	 
	4
	 
	103
	93%

	Grass/Crops
	6
	3
	18
	3
	314
	47
	3
	 
	394
	80%

	Deciduous and Mixed Forest
	 
	2
	2
	 
	5
	344
	105
	 
	458
	75%

	Coniferous Forest
	1
	 
	 
	1
	1
	26
	258
	 
	287
	90%

	Water
	1
	 
	 
	 
	 
	2
	1
	40
	44
	91%

	
	
	
	
	
	
	
	
	
	
	

	Total
	275
	262
	285
	101
	322
	473
	377
	40
	2135
	 

	Producer’s Accuraccy
	78%
	92%
	92%
	95%
	98%
	73%
	68%
	100%
	 
	83%


Overall Accuracy = 83%

Figure 14: Preliminary Accuracy Assessment Confusion Matrix

7. Classification Summaries

We categorized each class by the twelve Washington counties fully covered by the spatial extent of the image data to make preliminary summaries of the land-cover classification product. These include Whatcom, San Juan, Skagit, Island, Snohomish, Jefferson, Kitsap, King, Grays Harbor, Mason, Thurston and Pierce. We summarized the land-cover classes by area (square km) and percent land-cover for each county (Figures 15 and 16).
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Figure 15: Area of Land-cover by County
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Figure 16: Percent Land-cover by County

8. Conclusion

The major products resulting from the 2002 Land-cover Analysis of the Greater Puget Sound Region include 1) geometrically and radiometrically corrected Landsat TM and ETM+ seasonal images for 2002 covering the spatial extent of the Greater Puget Sound Region; 2) seasonal change and NDVI images; and 3) a 15-class, land-cover classification image resulting from a complex, hybrid methodology for multi-dimensional image classification. Scientists, analysts, students, policy-makers and data-modelers will apply these products for a variety of environmental and spatial analyses, to include the furthering of inter-disciplinary program goals to explain and model impacts of urban development patterns on interconnected biophysical elements and ecological processes occurring throughout the Greater Puget Sound Region. Likely next steps include follow-on methods to improve accuracy and interpretation of this land-cover product, methods for improving NDVI change analysis using seasonal images, and the implementation of this product to future analysis of time-series, regional land-cover change detection and modeling.
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				SUM NODATA		SUM LC1				% LC1		SUM LC2				SUM LC3				SUM LC4				SUM LC5				SUM LC6				SUM LC7				SUM LC8				SUM LC9		SUM LC10		SUM LC11		SUM LC12		SUM LC13		SUM LC14		SUM LC15		Total

		AREANAME

		WA, Chelan County		21154		20762						115654				34675				41159				542				131175				2209760				854110				79723		97639		1275310		0		0		0		3442980		8324643		8324643

		WA, Clallam County		335372		25035						52826				2484				55370				88				187211				1861570				1575730				0		25157		172369		21442		520		327		785169		5100670		5100670

		WA, Douglas County		0		0						0				0				0				0				0				0				0				0		0		0		0		0		0		584449		584449		584449

		WA, Grays Harbor County		18072		28409						64683				2401				47438				0				340990				2044970				2716170				0				5743		118101		683		297		74264		5462221		5581467

		WA, Island County		172		18950						45563				2531				50589				0				66827				188339				199002				0				0		0		7048		5637		76954		661612		662905

		WA, Jefferson County		76903		30603						52191				1028				26423				12				141518				2112850				2032570				0				618705		32955		2697		8310		320509		5457274		5471163

		WA, King County		3686		338040						492564				18258				73248				32				347405				2233810				2100990				58293				315860		0		13096		3881		554925		6554088		6578095

		WA, Kitsap County		982		38002						95957				3153				26142				0				70388				381948				507876				0				0		0		7923		6709		318150		1457230		1459071

		WA, Kittitas County		860		16929						55077				4687				27644				118				78695				1361090				651858				86734		80283		336408		0		0		0		3333300		6033683		6033683

		WA, Lewis County		1154		30539						60061				5051				51541				57				189234				932669				1437530				17366		23567		54471		0		2329		0		2473100		5278669		5278669

		WA, Mason County		15985		16816						58887				2920				44478				0				178979				838693				1462740				0		11730		49311		0		43538		6038		290690		3020805		3020805

		WA, Okanogan County		28254		9561						28860				35365				26502				1630				112491				1626200				189382				50963		149337		613860		0		0		0		1879800		4752205		4752205

		WA, Pacific County		1003		1790						7007				106				5482				0				43427				264787				412799				0		24135		0		813		0		0		1046470		1807819		1807819

		WA, Pierce County		2749		216779						299395				18770				107691				15463				261588				1452430				1876080				54958		66448		371691		0		19255		6897		425493		5195687		5195687

		WA, San Juan County		2066		4706						18650				289				26544				0				33497				118678				255130				0		1681		0		0		334		874		257232		719681		719681

		WA, Skagit County		16983		46519						98682				29888				59488				24				411732				1674640				1836250				32976		25062		572755		0		20364		3275		177248		5005886		5005886

		WA, Snohomish County		10761		128113						222603				13274				65464				14				393366				2241460				2148230				32150		13818		600692		0		24160		1654		195886		6091645		6091645

		WA, Thurston County		2732		59260						114574				8713				137881				32				217754				659245				829502				8257		23003		0		0		28037		1488		137802		2228280		2228280

		WA, Whatcom County		63661		71137						124091				13141				86874				0				489922				2136720				1663350				44780		26503		1133880		0		1455		0		345512		6201026		6201026

		WA, Yakima County		1352		10426						38132				7107				5702				2004				17341				1251470				267598				29061		14726		318092		0		0		0		3275540		5238551		5238551

				SUM NODATA		SUM LC1		SUM LC2		SUM LC3		SUM LC4		SUM LC5		SUM LC6		SUM LC7		SUM LC8		SUM LC9		SUM LC10		SUM LC11		SUM LC12		SUM LC13		SUM LC14		SUM LC15		Sum total																		Total

		WA, Grays Harbor County		18072.00		28409.00		64683.00		2401.00		47438.00		0.00		340990.00		2044970.00		2716170.00		0.00		119246		5743.00		118101.00		683.00		297.00		74264.00		5581467.00																		5581467.00		5581467.00

		WA, Island County		172.00		18950.00		45563.00		2531.00		50589.00		0.00		66827.00		188339.00		199002.00		0.00		1293		0.00		0.00		7048.00		5637.00		76954.00		662905.00																		662905.00		662905.00

		WA, Jefferson County		76903.00		30603.00		52191.00		1028.00		26423.00		12.00		141518.00		2112850.00		2032570.00		0.00		13889		618705.00		32955.00		2697.00		8310.00		320509.00		5471163.00																		5471163.00		5471163.00

		WA, King County		3686.00		338040.00		492564.00		18258.00		73248.00		32.00		347405.00		2233810.00		2100990.00		58293.00		24007		315860.00		0.00		13096.00		3881.00		554925.00		6578095.00																		6578095.00		6578095.00

		WA, Kitsap County		982.00		38002.00		95957.00		3153.00		26142.00		0.00		70388.00		381948.00		507876.00		0.00		1841		0.00		0.00		7923.00		6709.00		318150.00		1459071.00																		1459071.00		1459071.00

		WA, Mason County		15985.00		16816.00		58887.00		2920.00		44478.00		0.00		178979.00		838693.00		1462740.00		0.00		11730		49311.00		0.00		43538.00		6038.00		290690.00		3020805.00																		3020805.00		3020805.00

		WA, Pierce County		2749.00		216779.00		299395.00		18770.00		107691.00		15463.00		261588.00		1452430.00		1876080.00		54958.00		66448		371691.00		0.00		19255.00		6897.00		425493.00		5195687.00																		5195687.00		5195687.00

		WA, San Juan County		2066.00		4706.00		18650.00		289.00		26544.00		0.00		33497.00		118678.00		255130.00		0.00		1681		0.00		0.00		334.00		874.00		257232.00		719681.00																		719681.00		719681.00

		WA, Skagit County		16983.00		46519.00		98682.00		29888.00		59488.00		24.00		411732.00		1674640.00		1836250.00		32976.00		25062		572755.00		0.00		20364.00		3275.00		177248.00		5005886.00																		5005886.00		5005886.00

		WA, Snohomish County		10761.00		128113.00		222603.00		13274.00		65464.00		14.00		393366.00		2241460.00		2148230.00		32150.00		13818		600692.00		0.00		24160.00		1654.00		195886.00		6091645.00																		6091645.00		6091645.00

		WA, Thurston County		2732.00		59260.00		114574.00		8713.00		137881.00		32.00		217754.00		659245.00		829502.00		8257.00		23003		0.00		0.00		28037.00		1488.00		137802.00		2228280.00																		2228280.00		2228280.00

		WA, Whatcom County		63661.00		71137.00		124091.00		13141.00		86874.00		0.00		489922.00		2136720.00		1663350.00		44780.00		26503		1133880.00		0.00		1455.00		0.00		345512.00		6201026.00																		6201026.00		6201026.00

				nodata KM2		dense urban (>75) km2		light-med urban (<75%) km2		bareground km2		dry grass km2		native grass km2		grass/crop/shrub km2		mixed/deciduous km2		coniferous km2		regrowth km2		clear-cuts km2		snow/rock/ice km2		clouds km2		wetlands km2		shoreline km2		water km2

		WA, Grays Harbor County		16.26		25.57		58.21		2.16		42.69		0.00		306.89		1840.47		2444.55		0.00		107.32		5.17		106.29		0.61		0.27		66.84

		WA, Island County		0.15		17.06		41.01		2.28		45.53		0.00		60.14		169.51		179.10		0.00		1.16		0.00		0.00		6.34		5.07		69.26

		WA, Jefferson County		69.21		27.54		46.97		0.93		23.78		0.01		127.37		1901.57		1829.31		0.00		12.50		556.83		29.66		2.43		7.48		288.46

		WA, King County		3.32		304.24		443.31		16.43		65.92		0.03		312.66		2010.43		1890.89		52.46		21.61		284.27		0.00		11.79		3.49		499.43

		WA, Kitsap County		0.88		34.20		86.36		2.84		23.53		0.00		63.35		343.75		457.09		0.00		1.66		0.00		0.00		7.13		6.04		286.34

		WA, Mason County		14.39		15.13		53.00		2.63		40.03		0.00		161.08		754.82		1316.47		0.00		10.56		44.38		0.00		39.18		5.43		261.62
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