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Full Title

Removing rural roads from the National Land Cover Database to create improved urban maps
for the United States, 1992-2011

Description

Rural roads were removed from the National Land Cover Database developed classes and wall-
to-wall maps for the conterminous United States were created for four years (1992, 2001, 2006,
and 2011) to better characterize urban development and urban change.

Abstract

Quantifying change in urban land provides important information to create empirical models
examining the effects of human land use. Maps of developed land from the National Land Cover
Database (NLCD) of the conterminous United States include rural roads in the developed land
class and therefore overestimate the amount of urban land. To better map the urban class and
understand how urban lands change over time, we removed rural roads and small patches of rural
development from the NLCD developed class and created four wall-to-wall maps (1992, 2001,
2006, and 2011) of urban land. Removing rural roads from the NLCD developed class involved a
multi-step filtering process, data fusion using geospatial road and developed land data, and
manual editing. Reference data classified as urban or not urban from a stratified random sample
was used to assess the accuracy of the 2001 and 2006 urban and NLCD maps. The newly created
urban maps had higher overall accuracy (98.7%) than the NLCD maps (96.2%). More
importantly, the urban maps resulted in lower commission error of the urban class (23% versus
57% for the NLCD in 2006) with the trade-off of slightly inflated omission error (20% for the
urban map, 16% for NLCD in 2006). The removal of approximately 230,000 km? of rural roads

from the NLCD developed class resulted in maps that better characterize the urban footprint.
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These urban maps are more suited to modeling applications and policy decisions that rely on
quantitative and spatially explicit information regarding urban lands.
Keywords: developed; urban, roads; land use; land cover; land change; NLCD; United States
1. Introduction

Urban land is defined in a variety of ways, but is generally distinguished from other
forms of developed land based on higher population density, higher building density, higher land
use intensity, and/or more impervious cover. For the purposes of this article, urban is defined as
densely developed clusters of land including residential, commercial, and industrial land uses.
We define “rural roads” as all roads located outside of urban areas, as well as small patches of
rural development such as mixed-use agricultural communities, low-density outposts, mining
drill pads, railroads, and highway rest stops. We subsume all non-urban land types under the
label “rural roads” to simplify terminology because rural roads represent the vast majority of area
represented by these types of non-urban development. Monitoring the status, trends, and spatial
patterns of urban lands is essential to understanding the causes and consequences of human land
use practices on the landscape. By linking urban changes to spatiotemporal factors and policy
drivers (Bengston et al., 2004; Wang et al., 2012), scientists, planners, and land managers may be
able to anticipate future changes on the landscape. Similarly, understanding how urban changes
directly impact wildlife habitat (including habitat loss and fragmentation) (Fahrig, 2003;
Swenson and Franklin, 2000), surface and ground-water hydrology (Gdébel et al., 2004; Strauch
et al., 2008), and surface albedo (Taha et al., 1988), as well as how changes indirectly alter
species biodiversity and air and water pollution (Fahrig, 2003; Strauch et al., 2008) may help

land-use planners mitigate against further impacts by establishing urban growth limits or
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boundaries. Effective land management planning relies on dependable, consistent data
representing changes in the urban footprint over time.

While many tabular data and spatially-explicit maps currently provide national-scale
information on developed lands in the United States (US Department of Agriculture, 2011;
Falcone, 2015; Loveland et al., 2002; Mitchell, 1977; Nusser and Goebel, 1997; Price et al.,
2006; Sleeter et al., 2013; Soulard et al., 2014; Theobald, 2014; US Census Bureau, 2016a, US
Census Bureau, 2016b, US Geological Survey, 2016), few focus on the urban component of
developed lands. Developed lands often include both rural and urban areas, and are commonly
defined using a modified Anderson classification scheme (Anderson, 1976). Anderson defines
developed lands as:

Areas of intensive use with much of the land covered by structures. Included in

this category are cities, towns, villages, strip developments along highways,

transportation, power, and communications facilities, and areas such as those

occupied by mills, shopping centers, industrial and commercial complexes, and

institutions that may, in some instances, be isolated from urban areas.

Perhaps the most commonly used resource for maps of developed lands over time is the National
Land Cover Database (NLCD). NLCD provides wall-to-wall maps of land cover and land-cover
change for the conterminous United States (CONUS) across four map dates (1992, 2001, 2006,
and 2011) (Fry et al., 2009; Homer et al., 2004; Jin et al., 2013; Vogelmann et al., 2001; Xian et
al., 2009). The 2001, 2006, and 2011 NLCD classification employed classification and
regression trees (CART), impervious surface area estimates, and ancillary data to classify land-
use/land-cover (LULC) types from Landsat imagery based on a modified Anderson Level 11

(Anderson 1976) classification, separating developed land into four classes (21-open space, 22-
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low-intensity, 23- medium-intensity, and 24-high-intensity) (table 1). According to Homer et al.
(2007), these four developed classes are derived by establishing thresholds within NLCD’s
imperviousness data product. The NLCD developed classes include roads where impervious
pixels intersect ancillary vector data from the U.S. Department of Transportation's Bureau of
Transportation Statistics (BTS) roads (US Department of Transportation Bureau of
Transportation, 2016). The NLCD Level I developed class aggregates the Level II classes 21, 22,

23, and 24 (table 1).

Table 1. USGS National Land Cover Database Level I Developed classes.

NLCD Class NLCD Class Definition

21 Developed, Open Space - areas with a mixture of some constructed materials, but

mostly vegetation in the form of lawn grasses. Impervious surfaces account for less
than 20% of total cover. These areas most commonly include large-lot single-family
housing units, parks, golf courses, and vegetation planted in developed settings for

recreation, erosion control, or aesthetic purposes.

22 Developed, Low Intensity - areas with a mixture of constructed materials and
vegetation. Impervious surfaces account for 20% to 49% percent of total cover.

These areas most commonly include single-family housing units.

23 Developed, Medium Intensity - areas with a mixture of constructed materials and
vegetation. Impervious surfaces account for 50% to 79% of the total cover. These

areas most commonly include single-family housing units.

24 Developed High Intensity - highly developed areas where people reside or work in
high numbers. Examples include apartment complexes, row houses and
commercial/industrial. Impervious surfaces account for 80% to 100% of the total

cover.
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Formal accuracy estimates and a qualitative assessment of NLCD against satellite
imagery and aerial photography suggest that NLCD does an effective job mapping
developed lands, with Level I user’s accuracy ranging from 73-74 % and producer’s
accuracy ranging from 72-74 % (2001 and 2006, respectively) (Wickham et al., 2013). A
characteristic of the NLCD dataset is that rural roads are not differentiated from
developed areas that are more traditionally considered part of the urban footprint. This
addition of rural roads to core developed areas results in estimates of developed land far
higher than the actual area of urban land. Additionally, commission errors of the
developed class occur because the road network includes primary and secondary roads
that are delineated three or more 30-meter pixels wide, and tertiary roads including gravel
tracks and logging routes. Most roads are not wider than 90 meters, which means that
NLCD often over-represents actual road area. Road density is inconsistent, with large
differences between the western and eastern United States stemming from the use of
automated processes in the west to reduce the mapping of dirt tracks through rural areas.
Finally, NLCD treats the road network as a static input across the 2001, 2006, and 2011
map dates, unlike the rest of the developed footprint that changes dynamically over time.

While including rural roads as part of the developed footprint may be desirable in
some applications focused on examining all impervious lands (Bierwagen et al., 2010;
Booth et al., 2002; Powell et al., 2008; Weng, 2012; Yang et al., 2003), end users often
prefer a finer level of detail and autonomy to distinguish between urban development,
rural development and roads (Brown et al., 2005; Endreny and Thomas, 2009; Hilferink
and Rietveld, 1999; Leyk et al., 2014; Theobald, 2014). In select cases, the

aforementioned problems with how roads are represented in NLCD have required
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researchers working on precise land use assessments and reliable empirical models to edit
out roads to create quality developed maps as an input (Schwarz et al. 20001; Sleeter et
al., 2017; US Environmental Protection Agency, 2017). In many of these assessments and
modeling efforts, the proportion of the developed footprint characterized by higher-
intensity urban use is of particular interest. To more accurately represent this urban
component of developed lands and better understand how urban land changes over time,
errors attributable to including rural roads in the NLCD developed class must be
resolved.

Other notable, large-scale attempts have been made to improve NLCD developed
classes by adding more developed classes and resolving classification problems (Claggett
et al., 2013; Falcone, 2015; Theobald, 2014). For example, USGS NAWQA Wall-to-
Wall Anthropogenic Land Use Trends (NWALT) is derived from a multi-tiered process
incorporating ancillary data to combine land use products and to modify NLCD by
thinning rural roads (Falcone, 2015). These modified products fix some errors associated
with the inclusion of roads in the NLCD products (Endreny and Thomas, 2009) but
neither provide a comprehensive, consistent product representative of urban land cover
with corresponding accuracy estimates, nor describe a benchmark method that can be
replicated.

The objective of our study is to generate more reliable maps of urban lands in the
United States by removing rural roads from the NLCD developed class for each map date
while retaining developed lands represented by urban infrastructure and urban roads. The
road removal process relies on merging NLCD developed maps with readily available

geospatial data, applying multiple filtering processes, and performing automated and
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manual editing to correct the urban footprint. We create urban maps for CONUS for four
dates (1992, 2001, 2006, and 2011). Finally, an accuracy assessment is performed on the
newly created urban maps and the NLCD maps for the years 2001 and 2006 to evaluate
how well the different products capture urban lands. The new urban maps provide
accurate spatially explicit data on urban land and urban change critical to research on the
causes and consequences of urban expansion across the country.
2. Materials and Methods
2.1 Removing rural roads from NLCD

In general, the removal of rural roads from the NLCD developed classes was achieved by
applying several neighborhood filtering operations and various manual and automated editing
procedures to resolve omission and commission errors (fig. 1). We did not attempt to remove
roads from urban areas because roads within high-density development are considered part of the
urban class. The first step in the process was to aggregate the 2001 NLCD (Homer et al., 2007)
Level II developed classes into just one class (Level I developed) to provide a base from which
to identify urban areas (Level I and Level II are based on Anderson (1976)). Unlike the 1992
NLCD map (Vogelmann et al., 2001), the 2001 NLCD map is the first year that roads were
included in the developed classes. The Level I developed class provided an ideal starting point
for delineating urban areas because the four Level Il developed classes coalesce into larger
clumps or contiguous groups of pixels when viewed as one thematic layer (fig. 2A). Many of
these clumps were clearly urban areas where roads, residential, commercial, and industrial areas
had merged. The NLCD Level I developed class was then intersected with a circa-2000 BTS
roads dataset (US Department of Transportation Bureau of Transportation, 2016) to identify

which NLCD developed pixels corresponded to roads defined by BTS, and to include roads
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omitted by NLCD in the western United States. The fusion of NLCD and BTS data also ensured
that subsequent process steps were applied uniformly across the country, and that
implementation of our methods did not result in the loss of small urban developments throughout

the West.

Prepare developed land composite layer
by intersecting 2001 NLCD and BTS

Apply neighborhood maijority filters
to erode road elements

Overlay ancillary data masks to remove
urban commission errors

Manual editing of remaining
urban commission errors

Manual editing of urban omission errors

2001

Classify unidirectional urban change

1992 2006 2011

Figure 1 (black/white): Conceptual diagram describing the process of removing roads from
NLCD to create urban maps. The process includes neighborhood filtering, as well as automated

and manual editing processes to resolve commission and omission errors.
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The aggregated NLCD 2001 and BTS composite was then used as the starting point for
identifying urban areas by removing pixels that corresponded to rural roads. We evaluated a
variety of filtering functions to remove road pixels. We initially tested small neighborhood filters
to erode the road pixels in the NLCD/BTS composite (fig. 3). Neighborhood filters are
morphological operators available in the ERDAS Imagine (Intergraph, 2014) software package
that use a square structuring element (also known as a kernel or array) that passes over each cell
in the classified map and performs an operation based on the characteristics of the neighboring
pixels. For example, a 3x3 majority filter recodes the center pixel in the kernel to the value
corresponding to the class that represents the majority of pixels in the larger 9-cell array. While
small kernels (3x3) effectively removed scattered pixels and narrow road elements, they were
ineffective at removing wide road elements. After testing four different kernel sizes, we settled
on a 9x9 majority filter because it removed most road pixels without excessively eroding core
urban areas. Next a second filter pass was applied to remove developed pixels remaining where
roads in the NLCD/BTS composite were widest. Collectively, this process removed small
isolated pixels and thin linear features in the developed image and left large contiguous groups of
pixels intact. To restore urban pixels omitted after the initial filtering was complete, we
performed an inverse filtering function (also referred to as dilation) to re-insert developed pixels
along the edge of urban areas that had been nibbled away during removal of road pixels. A
qualitative assessment of the filtered NLCD/BTS composite suggested that the preceding
filtering steps provided an improved delineation of urban areas, but problems remained. The
filtered product incorrectly retained groups of pixels (i.e., commission errors) that corresponded
to wide sections of primary roads, highway interchanges, road intersections with adjacent

development, and sections of highways with parallel frontage roads. Moreover, the filtered
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Figure 2 (color): Illustration representing (A) lands mapped as developed by 2001 NLCD, (B)
rural roads removed from NLCD developed lands, and (C) 2001 urban map where speckle

associated with roads has been removed.

N e
NLCD/BTS Composite 3x3 Majority Filter 5x5 Maijority Filter 7X7 Maijority Filter 9x9 Maijority Filter

Figure 3 (grayscale). Examples of different kernel filters applied to the NLCD/BTS composite
near Butte, MT (45°52'55.2"N, 112°40'22.8"W) indicates that smaller filters were insufficient in

removing road pixels (gray).

To improve the filtered product and to remove pixels not considered part of the urban
footprint, we performed a clump function using ERDAS IMAGINE software (Intergraph, 2014)
and deleted clumps using various criteria. The filtered product was converted to polygon features
and small clumps with fewer than 100 pixels that did not intersect with point features in the
Geographic Names Information System (GNIS) populated places (US Geological Survey, 2013)
were deleted. Larger clumps (equal to or greater than 1,250 pixels) and clumps that corresponded
to the GNIS database were retained as urban areas. All clumps larger than 100 pixels but less
than 1,250 pixels in size were screened using a manual editing process. Long linear clumps
designated as urban areas were visually inspected using Google Earth’s historical imagery and
manually deleted if determined to be a rural road.

Developed pixels incorrectly removed during filtering were re-inserted into the urban

footprint using a combination of masks and manual editing steps. Pixels removed during filtering

11
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that intersected with the BTS (US Department of Transportation Bureau of Transportation, 2016)
or National Overview Road Metrics (NORM) Euclidean distance (ED) (Watts, 2005) datasets
were considered correctly classified non-urban areas. However, pixels that did not intersect these
datasets presented a challenging editing problem because they included valid urban areas that
needed to be restored, but also included areas not considered part of the urban class, including
misaligned roads, road stubs, road shoulders, railroads, portions of fallow fields, drilling pads,
and patches of barren. Masks were compiled by using proximity buffers around roads, railroads,
and mining locations (Soulard et al., 2016; US Geological Survey, 2016). Pixels that either fell
within 90 meters of roads and railroads or that intersected mine boundaries were classified as
“not urban”. Finally, a human interpreter performed a manual editing step to correct any

remaining easily visible errors (fig. 4).
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214  Figure 4 (grayscale). Map of Kansas City, MO illustrating how automated and manual editing
215  processes were applied to resolve commission and omission errors remaining after the filtering
216  steps.
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2.2 Mapping urban change

Once the road removal and clean-up of the 2001 urban footprint were complete (fig. 2B
and 2C), we evaluated the developed pixels added between NLCD 2001 and NLCD 2006. Only
conversions “to developed” were considered in this step, since we assume changes in developed
lands are unidirectional. New roads that were built between 2001 and 2006 were manually
deleted, along with oil and gas drilling pads classified as developed. The process was repeated
for NLCD developed pixels added between 2006 and 2011. New roads that were built between
2006 and 2011 were deleted, as well as oil and gas drilling pads classified as developed.
Different procedures were used to create the 1992 urban footprint. A composite of the
disaggregated 2001 developed layer, NLCD 1992 developed (Vogelmann et al., 2001), NLCD
Retrofit 1992 developed (Fry et al., 2009), and NWALT 1992 (Falcone, 2015) was created by
intersecting all layers and comparing pixels mapped in all 1992 products with the developed
pixels in the 2001 product. Urban areas were back-classified to 1992 by retaining only those
pixels from NLCD 1992, NLCD Retrofit 1992, or NWALT 1992 that were located within the
2001 urban footprint. This process ensured that development followed a unidirectional
conversion process.

The urban (see Supplementary Material) and urban change maps were summarized
nationally for illustrative purposes. Regional results were calculated by intersecting the original
NLCD maps and the final urban maps with Level III EPA ecoregions (Omernik, 1987).
Comparative maps and statistics were compiled to highlight key differences between each set of
products.

2.3 2001 and 2006 Accuracy Assessment

14
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The accuracy of the final versions of the 2001 and 2006 maps of the binary classification
“urban” and “not urban” was evaluated where rural roads were included in the “not urban” class.
The sample selected for the accuracy assessment of the 2006 NLCD products (Wickham et al.,
2013) provided the sample locations for assessing the accuracy of the urban maps. The NLCD
sampling design was stratified geographically by ten regions of the United States, and within
each geographic stratum further stratified by land-cover change. For each sampled pixel,
reference labels were obtained for 2001 and 2006 (the interpreter did not know the map class
label). The original NLCD reference classification provided from Wickham et al. (2013) for each
of the 15,000 sample pixels included a primary and alternate classification for each sample pixel.
Because “urban” is not one of the NLCD land-cover classes, the NLCD sample pixels had to be
re-interpreted to assess accuracy of the urban class. Given that the urban class is a subset of the
NLCD developed class, the re-interpretation of the reference class labeling could be limited to
only those sample pixels that had a primary or alternate label of “developed” in the NLCD
reference sample database.

For the 2001 reference classification we used circa-2001 Landsat imagery and 1998—
2001 aerial imagery to determine if the pixel should be re-labeled from “developed” to “not
urban” if the pixel was a rural road or fell more than 500 meters outside of a designated urban
area (US Census Bureau, 2016b). The 2006 reference sample pixels were similarly re-examined
using 2005 Landsat imagery and 2003—2007 aerial imagery to re-label sample pixels from
“developed” to “not urban” if the pixel was a rural road or was located well outside of an urban
area. Through this procedure we effectively revised the definition of the remaining developed
reference sample pixels to correspond to our definition of “urban”. Our reference data

interpretation protocol mirrors that of the NLCD accuracy assessment in that a 3-by-3 pixel
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window was applied to provide context for the class labeling (Wickham et al., 2010). Accuracy
estimates and standard errors were produced using the same formulas reported by Wickham et al.
(2013).
3. Results
3.1 Comparative Assessment of NLCD and Urban Maps

In the NLCD products for 2001, 2006, and 2011, the developed class totaled 434,990
km?, 446,660 km?, and 454,290 km? respectively. The mapped developed area represents
roughly 6% of the land area in the conterminous United States. The change in map area of the
NLCD developed class was 12,670 km? for 2001-2006 and 7,630 km? for 2006-2011. The
process of creating urban maps by removing rural roads from the NLCD developed class resulted
in the deletion of 230,360 km?, 230,670 km?, and 230,880 km? from the NLCD developed class
area in 2001, 2006, and 2011, respectively. The resulting urban maps included far less area of
urban land, totaling 173,580 km? in 1992, 203,640 km? in 2001, 215,990 km? in 2006, and
223,410 km? in 2011, or about 3% of the land area in the conterminous United States (see
Supplementary Material). The annual rate of change in urban area decreased over time.
Specifically, the change in mapped area of urban land was 3,339 km? per year for 1992-2001
(30,050 km? total), 2,472 km? per year for 2001-2006 (12,360 km? total), and 1,484 km? per year

for 2006-2011 (7,420 km? total).
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281  Figure 5 (color): Comparisons between NLCD developed class (left panel) and the new urban
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283  and 2011).
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Within Level III Ecoregions the total area of NLCD developed land differs substantially
from the total area of urban land (fig. 5; table 2). For example, many of the ecoregions with the
largest developed footprint in NLCD 2011 also contain a sizable urban footprint in the 2011
urban map. The top 10 ecoregions of total NLCD developed area and the top 10 of total urban
area include ecoregions in the eastern and western United States with major urban centers (table
2): Ecoregion 75 includes major urban centers throughout northern and central Florida including
Jacksonville, Orlando, and St. Petersburg, Ecoregion 45 includes Atlanta (Georgia), Charlotte
(North Carolina) and Raleigh-Durham (North Carolina), Ecoregion 6 includes the San Francisco-
Bay Area and Los Angeles-San Diego Area (California), and Ecoregion 67, which is the second
largest ecoregion in the United States, includes Mobile (Alabama), Tallahassee (Florida),
Fayetteville (North Carolina), Richmond (Virginia), and substantial portions of Baltimore
(Maryland) and Washington (District of Columbia). Although total areas and rankings differ
between the two maps, seven of the ecoregions with the largest developed footprint in NLCD
2011 are also included in the urban map list. The most notable differences between NLCD and
the urban maps are that Ecoregions 47 (Western Corn Belt), 27 (Central Great Plains), and 25
(Western High Plains) are no longer among the top ten. The smaller urban land area relative to
the developed land area across these ecoregions is the result of removal of rural roads during
editing. In the ecoregions removed from the top 10 of total developed area, the only major urban
centers are Omaha (Nebraska) and Des Moines (Iowa) in Ecoregion 47, Wichita (Kansas) and

Oklahoma City (Oklahoma) in Ecoregion 27, and Denver (Colorado) in Ecoregion 25.

Table 2. Level III Ecoregions with the greatest total area of developed land in 2011 NLCD and

the greatest total area of urban land in the 2011 urban map.
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NLCD 2011
Eco Eco Urban 2011
Ecoregion Name Developed Ecoregion Name
# # Area (km?)
Area (km?)
Southeast Plains 65 24,740 South Coastal Plain 75 14,041
Piedmont 45 21,706 Piedmont 45 13,700
South Coastal Plain 75 18,144 CA Oak Woodlands 6 12,630
West Corn Belt Plains 47 15,918 Southeast Plains 65 10,194
CA Oak Woodlands 6 15,817 Central Corn Belt Plains 54 8,799
Central Great Plains 27 14,746 Northeast Coastal Zone 59 8,470
Ridge and Valley 67 13,883 Ridge and Valley 67 7,795
Central Corn Belt Plains 54 13,656 MI/IN Drift Plains 56 7,593
West High Plains 25 12,927 East Corn Belt Plains 55 7,310
East Corn Belt Plains 55 11,625 North Piedmont 64 6,678

3.2 2001 and 2006 Accuracy Assessment Results

Both the urban and NLCD maps for 2001 and 2006 exceeded the overall accuracy
benchmark of 85% (Anderson, 1976) for the binary classification of urban and not urban. The
overall accuracy of the urban classification improved following removal of rural roads from the
NLCD developed class, primarily due to the substantial reduction in urban commission errors
(table 3). Over 230,000 km? of area formerly classified as developed by the NLCD was removed
to create the new urban maps resulting in an increase in overall accuracy of 2.5% and a reduction
in urban commission error by over 30% relative to the NLCD developed class. The improvement
in urban commission error was achieved at the small expense of increasing the urban omission
error by 4% relative to the NLCD developed class (table 3).
Table 3. Confusion matrix for 2001 and 2006 NLCD and urban maps. Values shown are percent
area of the conterminous United States. User’s and producer’s accuracies, as well as commission

and omission error estimates, are reported as percents with standard errors in parentheses.
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2001 NLCD Developed Map

NLCD Developed Map

2001 Urban Map

Urban Map

Reference
Not
Urban Urban Total User Commission
Not Urban 93.93 0.48 94.42 99 (1) 1(1)
Urban 3.32 2.27 5.58 41 (2) 59 (2)
Total 97.25 2.75
Producer 97 (1) 82 (5)
Omission 3 (1) 18 (5) Overall 96.2% (0.2)
Reference
Not
Urban Urban Total User Commission
Not Urban 96.56 0.60 97.16 99 (1) 1(1)
Urban 0.69 2.15 2.84 76 (2) 24 (2)
Total 97.25 2.75
Producer Accuracy 99 (1) 78 (5)
Omission 1(1) 22 (5) Overall 98.7% (0.2)
2006 NLCD Developed Map
Reference
Not
Urban Urban Total User Commission
Not Urban 93.80 0.46 94.26 99 (1) 1(1)
Urban 3.30 2.44 5.74 43 (2) 57 (2)
Total 97.10 2.90

NLCD Developed Map
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329

330

331

332

333

Producer 97 (1) 84 (5)

Omission 3 (1) 16 (5) Overall 96.2% (0.2)
2006 Urban Map
Reference
Not
Urban Urban Total User Commission
No Urban 96.42 0.59 97.01 99 (1) 1(1)
Urban 0.68 2.31 2.99 77 (2) 23 (2)
CE% Total 97.10 2.90
c
§ Producer 99 (1) 80 (5)
Omission 1(1) 20 (5) Overall 98.7% (0.2)

Examining the NLCD and urban maps at the 692 re-interpreted ground reference sample
points found along rural roads indicates that a higher percent of developed land mapped by
NLCD in 2001 and 2006 intersects rural roads (40% and 46%, respectively) than the 2001 and
2006 urban maps (3% and 7%, respectively). Only 23 rural road reference sample pixels were
misclassified in the 2001 urban maps, and only 50 rural road reference sample pixels remained
misclassified in 2006.

Discussion

Trends in area of developed land reported by different studies show considerable
variability (fig. 6). The inclusion of roads in the developed class of NLCD and the way that BTS
road data were used to map developed land result in much higher areas of developed land in
NLCD relative to USGS Land Cover Trends (LCT) (Sleeter et al., 2013) data, the USDA

National Resource Inventory (NRI) (US Department of Agriculture, 2013), the USDA Economic
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339

340

341

342

343

344

345
346

Research Service (ERS) data (US Department of Agriculture, 2011), and NWALT dataset
(Falcone, 2015) (fig. 6). The accuracy assessment results using the urban reference class
information demonstrate that NLCD includes substantial non-urban area in its developed class
across CONUS, as evidenced by high urban commission errors in 2001 and 2006 (table 3). By
removing approximately 230,000 km? of rural road area from the NLCD developed class for
each of the three dates mapped, we created urban maps with substantially smaller area of urban
relative to the total area of the NLCD developed class. The urban maps also had smaller area
than other estimates provided by map and survey data generated by USGS and USDA (fig. 6).
By excluding rural roads and small patches of rural development from NLCD, we created urban
maps that more accurately portray the true core urban areas and consequently serve to better

monitor the rates of change and spatial patterns of dense urban clusters.

500,000
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Figure 6 (color): Area of developed land (km?) for CONUS across all readily accessible tabular
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data and spatially-explicit maps. The Urban results represent the maps created by removing rural
roads from the NLCD developed class.

The urban maps reduced urban commission errors by over 30% relative to NLCD while
trading off only a 4% increase in urban omission error. Further, revising the NLCD maps led to
substantially fewer roads in the urban maps. Comparing NLCD and urban maps based on the
reference sample data illustrates that the processing removed 92% of rural roads in 2001 and
84% of rural roads in 2006. Lower commission errors relative to NLCD provide evidence that
NLCD includes roads that should not be classified as urban land use. On the other hand, higher
urban omission errors are the result of the multi-tiered clean-up processes, where the smaller
urban footprint of the new maps omits some real urban areas in the process of removing roads.
The removal of rural roads in the NLCD developed layers results in an opportunity to
incorporate contemporary road data compiled using advanced methods, such as TIGER (U.S.
Census Bureau, 2017) or private sector data from HERE (formerly NAVTEQ) (HERE, 2016),
into the developed class.

Conclusions

Early in our exploratory effort to review readily available information on urban lands in
the United States, we determined that rural roads included in the developed class of NLCD maps
were problematic due to inconsistencies in road location, density, and continuity. NLCD also
treats the road network as a static input. The process described in this article provides a way to
modify the NLCD to map an “urban” class by reducing errors associated with mapping rural
roads as “developed”. The benefits afforded by removing errors associated with the mapping of
roads and more effectively mapping urban lands from 1992 to 2011 are far reaching. Our

mapping of urban lands not only leads to more accurate results but also allows for characterizing
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actual urban growth rather than assessing changes for a more generalized developed class that

includes rural roads and other small patches of rural developed land. Based on our results, the

following conclusions can be made.

o The removal of approximately 230,000 km? of rural roads from the NLCD developed
classes led to substantially less urban land area relative to the NLCD developed land area
for each map date and this difference in area likely will impact modeling results and
policy decisions for users of these data.

o The urban maps have higher overall accuracy, much lower urban commission error rates,
and only slightly higher urban omission error rates relative to the NLCD developed class.

o Most pixels removed from the NLCD developed class and labeled as Not Urban were
located in the eastern US within regions characterized by low-density development and
an abundance of rural roads.

Reliable maps of urban change are essential to further understanding of the causes and
consequences of human land use practices on the landscape. The urban maps produced by
removing rural roads as well as other small areas of rural development from the NLCD
developed class refine the characterization of urban development patterns and change rates and
this information will assist scientists, planners, and land managers to better understand and
quantify driving forces and impacts of urban change.
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